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Abstract 

 

The main objective of this thesis was to study new valorization routes of ashes produced in 

combustion and co-combustion processes. Three main valorization pathways were analyzed: (i) 

production of cement mortars, (ii) production of concretes, and (iii) use as chemical agents to 

remove contaminants from wastewaters. 

Firstly, the ashes produced during the mono-combustion of coal, co-combustion of coal and 

meat and bone meal (MBM), and mono-combustion of MBM were characterized. The aim of 

this study was to understand the ashes properties in extreme levels of substitution of coal by a 

residue with a high contamination of specific metals. The substitution of coal by MBM 

produced ashes with higher content of heavy metals. 

Secondly, the ashes coming from an industrial power plant working under mono-combustion 

(coal) and co-combustion conditions (coal+sewage sludge+MBM) were studied. The use of co-

fuels did not promote significant changes in the chemical and ecotoxicological properties of 

ashes. Fly ashes were successfully stabilized/solidified in cement mortar, and bottom and 

circulating ashes were successfully used as raw materials in concrete. 

The third step involved the characterization and valorization of biomass ashes resulting from the 

combustion of forestry residues. The highest concentrations of metals/metalloids were found in 

the lowest particle size fractions of ashes. Biomass ashes successfully substituted cement and 

natural aggregates in concretes, without compromising their mechanical, chemical, and 

ecotoxicological properties. 

Finally, the biomass ashes were tested as chemical agents to remove contaminants from 

wastewaters. The removal of P, mainly phosphates, and Pb from wastewaters was assayed. 

Biomass ashes presented a high capacity to remove phosphates. As fly ashes were more 

efficient in removing phosphates, they were further used to remove Pb from wastewaters. 

Again, they presented a high efficiency in Pb removal. 

New potential valorization routes for these ashes are now opened, contributing to improve their 

valorization rates. 

 

Keywords: Ashes; Concrete; Ecotoxicology; Eluates; Valorization; Wastewater treatment. 
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Resumo 

 

O objectivo principal desta tese foi o de se estudar novas vias de valorização de cinzas 

produzidas em processos de combustão/co-combustão. Foram analisadas três vias principais de 

valorização: (i) produção de argamassas de cimento, (ii) produção de betão, e (iii) uso como 

agentes de remoção de contaminantes de águas residuais. 

Numa primeira fase, foram analisadas as cinzas produzidas durante a mono-combustão de 

carvão, co-combustão de carvão e farinha de carne e ossos (FCO) e mono-combustão de FCO. 

O objectivo deste ensaio consistia em avaliar as propriedades das cinzas produzidas em 

condições de substituição extremas por um resíduo contendo um elevado teor de metais 

específicos. A substituição de carvão por FCO produziu cinzas com um teor elevado de metais 

pesados. 

Numa segunda fase, foram estudadas as cinzas produzidas numa central termoeléctrica a operar 

em condições de mono-combustão (carvão) e co-combustão (carvão + lamas residuais urbanas + 

FCO). O uso destes co-combustíveis não promoveu alterações significativas nas propriedades 

químicas e ecotoxicológicas das cinzas. As cinzas volantes foram estabilizadas/solidificadas, 

com sucesso, em argamassas de cimento e as cinzas de fundo e de recirculação foram 

incorporadas, com sucesso, em betões. 

A terceira etapa envolveu a caracterização e valorização de cinzas de biomassa resultantes da 

combustão de resíduos florestais. As concentrações mais elevadas de metais/metalóides foram 

registadas nas fracções de cinzas com menores dimensões. Estas cinzas substituíram com 

sucesso cimento e agregados naturais em betão, sem comprometer as suas propriedades 

mecânicas, químicas e ecotoxicológicas. 

Por último, avaliou-se a possibilidade de se usar as cinzas de biomassa como agentes de 

remoção de contaminantes de águas residuais. Foi avaliada a remoção de P, essencialmente 

fosfatos, e Pb. As cinzas de biomassa apresentaram uma elevada capacidade para remover 

fosfatos. Dado que as cinzas volantes foram mais eficientes a remover fosfatos, foram usadas 

posteriormente para remover Pb. Uma vez mais, apresentaram uma elevada eficiência de 

remoção de Pb dos meios líquidos. 

Foram encontradas novas vias de valorização destas cinzas, contribuindo-se para aumentar a 

taxa de valorização destes subprodutos. 

 

Palavras-chave: Cinzas; Betão; Ecotoxicologia; Eluatos; Valorização; Tratamento de águas 

residuais. 
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1.1 Thermal valorization of coal, SS, MBM, and forestry residues in power plants 

 

During recent decades, developed and developing countries have been facing substantial 

challenges related to energy. One of these challenges is to find new cleaner and renewable 

sources of energy. The main goals of the Integrated Pollution Prevention and Control (IPPC) 

Directive (European Parliament and Council Directive 2008/1/EC) are the sustainable 

management of natural resources, the efficient use of energy, and the reduction of the CO2 

emissions. Despite some progress in the energy efficiency use, the overall consumption of 

energy is generally increasing. Associated with the increase of energy consumption is the 

increase in fossil CO2 emissions. Therefore, two issues that need to be solved are the decrease of 

the high levels of energy demand and the decrease of fossil CO2 emissions. 

 

In what concerns the production of energy in thermoelectric power plants, coal has been widely 

used and still is the primary fuel. In some countries and power plants, coal was replaced by 

natural gas, which has fewer environmental negative effects (Mao et al., 2005; Venkatesh et al., 

2012; McCubbina et al., 2013). Despite this fact, natural gas is a fossil fuel; therefore, its use 

also produces fossil CO2 emissions. Thus, it is not a solution for coal replacement in a long-term 

perspective. 

 

According to the Directive 2009/28/EC of the European Parliament and of the Council, each 

Member State shall ensure that the share of energy from renewable sources, in gross final 

consumption of energy in 2020, is at least its national overall target for the share of energy from 

renewable sources in that year, as defined in the Directive 2009/28/EC. Such mandatory 

national overall targets will allow the European Union (EU) to accomplish a target of at least a 

20% share of energy from renewable sources in terms of the community’s gross final 

consumption of energy in 2020. 

 

Finding and studying alternative fuels has become an imperative issue in the international 

agenda. What properties should the alternative fuels have? The best solution for power 

production must have several characteristics. It must be profitable, with low environmental 

impact and it must be sustainable. Fossil fuels are profitable, but are not sustainable and have 

significant environmental effects. The replacement of fossil fuels by renewable sources of 

energy allows the improvement of the environmental performance and sustainability of 

electricity and heat production (Pantoleontos et al., 2009; Morais et al., 2011). The 

environmental performance can be improved through, for example, the reduction of greenhouse 

gas (GHG) emissions attained by the reduction of the amount of coal extracted, transported and 
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used in the thermoelectric power plant (Prochnow et al., 2009; Rourke et al., 2009; Morais et 

al., 2011). 

 

Experience has shown that the geographic and/or seasonal availability of alternative fuels, such 

as biomass and bio-residues from seasonal activities, can be an obstacle for their extensive use 

for energy production (Richers et al., 2002). The use of non-hazardous wastes may be an 

alternative to biomass, if they are economically unattractive for recycling or if placing them in 

landfills proves to be too costly (Khan et al., 2009). The use of such wastes for energy 

production is promising if they do not promote negative effects on the combustion system, on 

the ash quality, or on the exhaust gas quality. Therefore, it is necessary to achieve satisfactory 

synergy between coal and alternative fuels, because their co-firing is a subject of great interest 

for the sustainability of energy production and reduction of GHG emissions (Lopes et al., 2003; 

Arias et al., 2008). 

 

With respect to the properties and valorization routes of coal ashes, there are several works that 

focused on this subject. For example, Ahmaruzzaman (2010) has prepared a review paper 

regarding the routes of coal fly ashes valorization. According to this author, coal fly ashes can 

be used in cement and concrete products, as structural filler and cover material, in roadways and 

pavement construction, as an additive to construction materials as a light weight aggregate, as 

infiltration barriers, and underground void filling. The properties and valorization routes of coal 

ashes seem to be already well studied. 

 

Nevertheless, the use other fuels in combustion processes will promote changes in the 

composition of ashes, as observed by Vassilev et al. (2013). Figure 1.1 shows the composition 

of coal and biomass ashes. 

 

Based on Figure 1.1, it is possible to conclude that there are differences in the composition of 

coal and biomass ashes mainly in phases “Si–Al–Fe–Na–Ti” (mostly in glass, silicates and 

oxyhydroxides), “Ca–Mg–Mn” (commonly in carbonates, oxyhydroxides, glass, silicates and 

some phosphates and sulphates), and “K–P–S–Cl“ (normally in phosphates, sulfates, chlorides, 

glass and some silicates and carbonates). These differences may lead to different routes of 

valorization for these materials. 

 

Based on this analysis, now and in the near future, a challenge in the management of ashes other 

than those produced by coal combustion is expected. These challenges are essentially associated 

with the quantity and quality of this type of ash. 
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Figure 1.1- Composition of coal and biomass ashes (Vassilev et al., 2013) 
 

Some types of non-fossil fuels have been tested in recent years in laboratory assays, in pilot-

scale units, and in industrial power plants. The main non-fossil fuels that have been tested are 

sewage sludge (SS) from urban wastewater treatment plants, meat and bone meal (MBM), and 

forestry residues. Several studies were devoted to the possibility of using these non-fossil fuels 

in power plants and assessing the effects in combustors and in the exhaust gas properties 

(Heikkinen et al., 2008; Arias et al., 2008; Khan et al., 2009; Kookos et al., 2011). 

 

Several studies have been performed related to the utilization of combustion residues. For 

example, in Sweden, solid biofuels are the major fraction of fuels used, while coal and fuel oil 

have much less utilization. In this country, 1.3 million tons of combustion residues were 

produced in 2006. Since 2002, the combustion plants implemented R&D programs aimed at 

demonstrating uses for combustion residues (ashes) and providing an improved understanding 

of combustion residues for the purpose of resolving regulatory questions. Several projects 

related to combustion residues were developed in Sweden, such as, for example, leaching tests 

for the evaluation of the environmental effects of combustion residues. The lack of experience 

with residues in real applications limits the prediction of the material behavior in real 

environments (Bjusrtröm et al., 2012). 

 

In a recent paper, Modolo et al. (2013) have successfully used bottom ashes produced during the 

combustion of forest biomass residues, namely eucalyptus bark, in a Portuguese bubbling 

fluidized bed combustor. The bottom ashes have replaced conventional sand that is used as 
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coarse aggregate in industrial rendering-mortars. The major problem identified by these authors 

was the level of leaching of chlorides, which was solved by a simple washing process. 

 

According with Sarabèr and Haasnoot (2012), the application of ashes in The Netherlands is 

based on their physical properties, nutrient concentration, or free lime content. These authors 

have identified a negative aspect, which is the (high) price of biomass ashes when compared 

with the price of municipal solid waste incinerator ashes. The most important applications of 

biomass ashes in The Netherlands are asphalt filler and fertilizer. However, these authors defend 

that the use of ashes as asphalt filler may only be possible if sound and secured. The application 

of ashes as fertilizer in agriculture depends on the capacity of reducing the concentration of 

some critical trace elements and/or if the concentration of CaO will increase. 

 

 

1.1.1 Sewage sludge 

 

According to the European Commission (2013), the production of SS in Europe has increased 

from 5.5 million tons in 1992 to 9 million tons in 2005. This increase was related to the 

implementation of the Urban Wastewater Treatment Directive (Council of the European 

Communities Directive 91/271/EEC). Table 1.1 shows the absolute sewage sludge production 

per year, the specific sewage sludge production per inhabitant equivalent (i-e), and the specific 

sewage sludge production per inhabitant equivalent attended by wastewater treatment (i-ea) in 

the EU-27. 

 

According to Table 1.1, the countries that contribute more to the production of SS in EU-27 are 

Germany, United Kingdom, Spain, France, and Italy. These five countries represent more than 

50% of the SS production in EU-27. The high amounts of SS produced in wastewater treatment 

plants pose a problem related with management and final destination. In the past, SS was mainly 

disposed of in landfills. This strategy is no longer possible, since the European Landfill 

Directive limits the deposition of biodegradable material in landfills. 

 

In the context of the “sludge directive” (Council of the European Communities Directive 

86/278/EEC), the application of SS in agricultural land generally is considered in the EU as a 

good environmental option, due to the high content of N, P and K (fertilizer) and organic matter 

(conditioner). Through this directive, the EU encourages the deposition of SS in agriculture 

lands provided no negative effects on soil, fauna, water, and humans may occur. 
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Table 1.1 - Sewage sludge production and specific sewage sludge production for total population and 
population served by wastewater treatment plants in EU-27 countries (DS: dry solids; i-e: inhabitant 
equivalent; i-ea.: population equivalent attended by wastewater treatment) (Source: Kelessidis and 

Stasinakis (2012) citing data from http://epp.eurostat.ec.europa.eu) 

Country Year 

Sewage sludge 

production 

(103 t DS/year) 

Specific sewage 

sludge production 

(kg/(i-e.year) 

Specific sewage sludge 

production 

(kg/(i-ea.year) 

Germany 2005 2170 26.3 27.7 

United Kingdom  2005 1771 29.5 32.0 

Spain 2005 1121 26.0 28.6 

France 2004 1059 17.0 21.3 

Italy 2005 1053 18.1 19.2 

Sweden 2005 210 23.3 27.1 

Portugal 2007 189 18.0 26.1 

Finland 2005 148 28.2 34.8 

 

However, a number of factors are making land-spreading of SS increasingly difficult. For 

example, the transportation distances between wastewater treatment plants and suitable 

agricultural lands generally are increasing. As a consequence, there is an increasing cost 

associated with this management option (Donatello and Cheeseman, 2013). Aside from this 

negative economic aspect, there are other negative effects. In a review paper, Fonts et al. (2012) 

presented some negative aspects of SS use, which are associated with the content of heavy 

metals and some persistent organic contaminants. Presently, many countries are defining more 

restrictive limits on pollutants/contaminants present in SS than are defined in the “sludge 

directive.” These more restrictive limits are because of public concerns about pathogen transfer 

to crops and the accumulation of heavy metals in agricultural soils. For example, in the United 

Kingdom (UK), a voluntary disposition known as the ‘‘safe sludge matrix’’ was introduced. 

This disposition only permits limited application of pre-treated SS (with very low risk of 

biological contamination) under specific conditions, namely secure harvesting intervals 

(Donatello and Cheeseman, 2013). According to Fonts et al. (2012), there is another problem 

with the deposition of SS in agricultural land. This deposition only occurs once or twice a year 

while the production of SS is more or less constant during the year. Therefore, it is necessary to 

store the SS for long periods of time, which represents a negative social influence. 

 

Another possible route for the treatment and valorization of SS is the use as a fuel for energy 

production through combustion or co-combustion. This contributes for the chemical and 

biological stabilizations of SS and allows reducing the fossil fuels for power production (Davis 

1995; ISWA, 1995; Werther and Ogada, 1999). According to Leckner et al. (2004), the high 
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content of organic matter in SS is an excellent property, which allows its use in co-combustion 

processes for the production of energy. Nevertheless, the moisture content (about 30% w/w in 

mechanical dehydrated SS) can be a problem. Therefore, the co-combustion of SS with other 

fuels with less moisture content and high lower heating value (LHV) can be viewed as an 

adequate procedure to overcome the heat loss related with its high moisture content (Lin and 

Ma, 2012). In addition, SS can be converted into a refuse-derived fuel (RDF), which is easier to 

be handled, due to its homogeneity and low moisture content (Wzorek, 2012). Table 1.2 shows 

some of the treatment methods applied to SS in some European countries. 

 
Table 1.2 - Sludge treatment methods applied in some EU countries (+: rare method; ++: common used; 

+++: most common used) (European Commission, 2006a; Kelessidis and Stanisakis, 2012, citing 
European Commission, 2001; Eco Logic and Institute for European Environmental Policy, 2009; Milieu 

Ltd., WRc and Risk & Policy Analysts Ltd (RPA), 2010; Spinosa, 2011) 
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Germany ++ ++ + ++ +++ 

United 

Kingdom 
++ +++ ++ ++    ++   ++ 

Spain ++ +++ ++ + ++ ++ 

France ++ ++ ++ ++ ++ ++ ++ 

Italy ++ +++ ++ ++ ++ ++ ++ + + 

Sweden ++ ++ ++ ++ ++ ++ ++ 

Portugal ++ ++ ++ 

Finland ++ +++ + +++ 

 

Regarding sludge stabilization, anaerobic and aerobic digestion seem to be the most common 

methods used in EU-27; anaerobic digestion is applied in 24 of 27 countries (89%), and aerobic 

digestion is used in 20 of 27 countries (74%) (Kelessidis and Stanisakis, 2012). Anaerobic 

digestion is currently used in Spain, UK, and Italy, while the technology of aerobic digestion is 

commonly used in UK, Spain, France, Italy, Sweden, Portugal, and Finland. Among EU-27, the 

thermal treatment of sewage sludge is only performed in Germany, Italy, and Sweden. 

 

Table 1.3 shows the amount of SS for which the final treatment/valorization is incineration, in 

the same countries considered in the previous tables (Table 1.1 and Table 1.2). 
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Table 1.3 - Amount of SS for which the final treatment/valorization technique is incineration, in some EU 

countries (millions of kilograms; n.a.: not available) 
(http://epp.eurostat.ec.europa.eu/portal/page/portal/statistics) 

Country 
Year 

2004 2005 2006 2007 2008 2009 

Germany 1966 2170 2049 2056 2054 n.a. 

United Kingdom 1721 1771 1792 1817 1815 1706 

Spain 1092 1121 1065 1153 1156 1205 

France 1059 n.a. n.a. n.a. n.a. n.a. 

Italy n.a. 1053 n.a. n.a. n.a. n.a. 

Sweden n.a. n.a. n.a. n.a. n.a. n.a. 

Portugal n.a. n.a. n.a. n.a. n.a. n.a. 

Finland n.a. n.a. n.a. n.a. n.a. n.a. 

 

According to the information shown in Table 1.3, between 2004 and 2009, the amount of SS 

submitted to incineration has slightly increased in Germany, UK, and Spain. In the remaining 

countries, there is no information in this period or there is information related to a few years. 

 

The increase of the amount of SS submitted to incineration increases the amount of ashes 

produced in this process. According to Cyr et al. (2007), the production of ashes ranges between 

300 and 400 kg per ton of dried SS. As the incineration of SS is a well-established technology, 

it is foreseen as an increment in the production of ashes from the combustion of SS in the near 

future. Therefore, the countries that use this type of final treatment/valorization of SS will need 

to adopt an adequate management system for the increasing amounts of ashes produced. 

 

The concentration of the major elements in SS depends on the sludge treatment processes,  level 

of industrial activity in the catchment basin, and whether the sewerage system is combined 

(collecting together urban wastewaters and storm-waters) (Donatello and Cheeseman, 2013). If 

the wastewater treatment plants include tertiary systems, probably the precipitation salts used to 

remove P, which are usually FeCl3 or Al2(SO4)3, will increase the Fe or Al content in SS and 

consequently in ashes. 

 

According to Cyr et al. (2007), the major constituents of ashes produced by SS combustion are 

Si, Al, Ca, Fe and P. Crystalline forms of these elements are quartz (SiO2), whitlockite 

(Ca3(PO4)2) and hematite (Fe2O3). Aluminum typically is present in feldspar and amorphous 

glassy phases (Mahieux et al., 2010). The content of the amorphous glassy phase may fluctuate 

considerably between SS ashes. These compounds are the major constituents of the raw material 
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that produces cements; therefore, these properties are important when considering ashes as a 

potential pozzolanic additive in blended cements. 

 

Minor elements present in ashes from SS are much more variable and are dependent on the 

degree and nature of industrial activity in the catchment basin of the wastewater treatment plant. 

 

Metals such as Hg, Cd, Sb, As, and Pb are expected to be volatilized during combustion (Elled 

et al., 2007). Nevertheless, van de Velden et al. (2008) found that 20% of Hg, 93% of As and 

almost 100% of Cd and Pb were retained in the ashes produced during the combustion of SS. 

These findings support the theory that volatile trace metals condense on the surfaces of the 

ashes as temperatures fall during flue gas heat recovery. 

 

Cyr et al. (2007) have assessed several studies related with the use of ashes from the combustion 

of SS in cement-based materials as cement or sand substitutes. The main conclusions regarding 

the properties and the changes in the production of cement-based materials were the reduction in 

the workability of fresh mortars and the increase in the setting time of cements. The majority of 

these studies have concluded that there is a decrease of the compressive strength values of 

mortars and concretes when ashes from SS are used as a cement or sand substitute. 

 

 

1.1.2 Meat and bone meal 

 

MBM is the common name for mammalian protein derived from the whole or part, excluding 

blood, of any dead mammal by the process of rendering. The production of MBM in Europe 

differs from country to country. This production depends on the dimension of the population of 

each country and on the eating habits regarding mammalian proteins. For example, in France, 

the production of MBM is higher than 850000 t/year (Chaala and Roy, 2003), while in 

Germany, there is an estimated production of 378000 t/year. In Switzerland, the production is 

close to 45000 t/year (Conesa et al., 2003). In Denmark, the production is 100000 t/year 

(Paisley and Hostrup-Pedersen, 2005), and in Spain the production is 400000 t/year. Globally, 

more than 3.5 million t per year of MBM are produced in the EU (Coutand et al., 2008). 

 

Table 1.4 shows the amounts of mammalian raw material processed, and MBM and fat 

produced, in 2012, in Portugal. The definitions of the tissues/materials belonging to categories 

1, 2, and 3 are extensive. Shorter definitions can be as follows: a) category 1 includes the 

tissues/materials with high probability of containing the disease Bovine Spongiform 

Encephalopathy (BSE) or that present a high risk of infectivity if contains the vector of the BSE 
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disease; b) category 2 includes the tissues/materials with medium probability of containing the 

disease of BSE or that present a medium risk of infectivity if contains the vector of BSE 

disease; c) category 3 includes the tissues/materials with low or very low risk of containing the 

BSE prion or that have low probability of infectivity if they contain the vector of BSE disease. 

 
Table 1.4 - Amount of mammalian raw material processed, MBM and fat produced, in 2012, in Portugal, 
as a function of the categories of risk of Bovine Spongiform Encephalopathy (BSE) defined in regulation 
number 1069/2009 of the European Parliament and Council (personal contact with the former Direcção 

de Serviços de Planeamento; n.e.: not extracted) 
Category of the sub-

products 

Amount of raw material 

processed (t) 

Amount of derived products 

MBM (t) Fat (t) 

Category 1 75464 15985 3910 

Category 2 7550 2245 n.e. 

Category 3 85175 24970 23129 

 

According to regulation number 142/2011 of the European Commission, the sub-products that 

fall in categories 1 and 2 must be submitted to an autoclaving process while the sub-products 

that fall in category 3 can be submitted to autoclaving or incineration. In Portugal, and 

according to the information of the former Direcção de Serviços de Planeamento, approximately 

168 kt of mammalian raw material were processed in 2012, which led to approximately 43 kt of 

MBM. From this amount of MBM, approximately 25 kt could be incinerated, according to 

regulation number 142/2011 of the European Commission. 

 

Incineration effectively is a possible treatment route for MBM (Heikkinen et al., 2008; Kookos 

et al., 2011). The relatively high LHV of MBM is a characteristic of this material, which makes 

it interesting for combustion (Kookos et al., 2011). Nevertheless, the use of MBM for energy is 

promising if it combines well with other fuels during the thermal conversion process for energy 

production and does not have negative effects on the combustion system, ashes quality, or 

exhaust gas emissions (Lopes et al., 2003; Tortosa Masiá et al., 2007). 

 

The ashes produced during the co-combustion of coal with MBM should be studied carefully. 

There are some studies that have concluded that the substitution of coal by MBM can produce 

ashes with higher content of contaminants, such as heavy metals (Cyr and Ludmann, 2006; 

Skodras et al., 2007; Fryda et al., 2007; Senneca et al., 2008; Coutand et al., 2009; Coutand et 

al., 2011). The properties of the ashes are particularly important, since differences in these 

properties may require different management strategies for the ashes. 
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1.1.3 Forestry residues 

 

To achieve higher levels of production of energy from renewable sources, Europe has been 

studying several types of biomass fuels and also new or adapted technologies for thermal 

conversion. Forestry residues are one of those sources to produce heat and electricity that have 

been applied on industrial and domestic scales. 

 

Cogeneration of heat and power (CHP) has been developed intensively over the past few years 

and is used by wood-processing facilities (European Commission, 2006b; Obernberger and 

Thek, 2008). In power plants without cogeneration systems, the thermodynamic cycle promotes 

the rejection of a large percentage of heat to the atmosphere. In these power plants, the heat 

rejection occurs in condensers where up to 70% of the heat in steam is emitted to the 

atmosphere. In CHP processes, the heat is not wasted and is instead used in the vicinity of the 

power plant. The power capacity of a CHP process can range from a few kilowatts to several 

megawatts along with the simultaneous production of heat ranging from less than a hundred 

kWth to several MWth (Abbasi and Abbasi, 2010). 

 

In northern Italy, many small power plants use wood chips or waste wood as fuel. The total 

amount of wood chips and waste wood consumed is approximately 300000 t/y. The amount of 

fly and bottom ashes is approximately 30000 t/y (Maschio et al., 2011). 

 

In Portugal, there are dedicated forestry biomass power plants. According to Patrão (2010), in 

2010 there were five facilities that consumed 810000 t/y of forestry residues. This value 

represents approximately 10% of the total forestry biomass available in Portugal (Centro da 

Biomassa para a Energia, 2007). Aside from the dedicated power plants, there are forestry 

biomass combustion facilities associated with the pulp and paper industrial sector. In these 

facilities, the forestry residues are also submitted to thermochemical conversion to steam 

through combustion. 

 

In Portugal, the total production of paper and board has increased 7.1% between 2010 and 2011, 

mainly due to the increase of the production of paper for printing, writing, sanitary, and 

domestic uses. As a consequence, the production of solid residues from pulp and paper 

industries has increased during the decade from 2001-2011 (Figure 1.2). 
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Figure 1.2 - Production of solid wastes in the Portuguese pulp and paper sector, in the period 2001-2011 

(CELPA, 2012) 
 

Figure 1.2 shows that from 2004 until now an increase in the production of solid wastes by the 

Portuguese pulp and paper sector was registered. This fact is related to the increase in the 

production rate of this industrial sector during the 2001-2011 decade. The production of ashes 

and other residues from boilers has also increased in this decade. 

 

Figure 1.3 shows the final destination of solid wastes produced in the Portuguese pulp and paper 

sector, in the decade from 2001-2011. 

 

 
Figure 1.3 - Final destination of solid wastes produced in the Portuguese industries of the pulp and paper 

sector, in the period 2001-2011 (CELPA, 2012) 
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The option for energetic valorization of wastes and for the valorization by other industries has 

increased since 2004 (Figure 1.3). The landfill and agricultural use options have generally 

decreased due to legislation constraints. The increase of the energetic valorization route 

indicates that the pulp and paper industrial sector is increasing the combustion of forest 

residues. This is performed by co-generation for the production of electricity. As a consequence, 

the pulp and paper industrial sector has increased the production of forestry biomass ashes 

(Figure 1.2). 

 

 

1.2 Management of ashes from combustion and co-combustion processes 

 

Generally, the ashes produced in the thermal conversion of renewable fuels present different 

physical and chemical characteristics from those produced by coal. This is an important aspect 

for the management of ashes produced in the co-combustion processes (van der Sloot et al., 

2001; Lapa et al., 2002; Lopes et al., 2005; Lapa et al., 2007; Papadimitriou et al., 2008). 

According to Cossu et al. (2012), the use of biomass ashes has a lack of practical experience. 

This may be the reason for the existence of limitations in technical and regulatory procedures, as 

well as in logistics for the use of biomass ashes. Thus, it is imperative to identify and develop 

valorization routes based on the intense study of the properties of biomass ashes (van Eijk et al., 

2012). 

 

With the increase of the combustion of alternative fuels, such as bio-wastes, some studies have 

focused on the properties of ashes resulting from their combustion (Lopes et al., 2003; Lopes et 

al., 2005; Cyr and Ludmann, 2006; Elled et al., 2007; Lapa et al., 2007; Coutand et al., 2008; 

Barbosa et al., 2009; Johnson et al., 2010). For example, some studies have revealed that the 

ashes produced during the co-combustion of coal with MBM should be analyzed carefully, 

since the substitution of coal by MBM can produce ashes with higher contaminant content, such 

as heavy metals (Cyr et al., 2006; Fryda et al., 2007; Skodras et al., 2007; Senneca et al., 2008; 

Coutand et al., 2009; Coutand et al., 2011). The properties of the ashes are particularly 

important, since differences in these properties may require different management strategies of 

the ashes produced. 

 

As a consequence of the studies on the properties of ashes produced in the combustion and co-

combustion of bio-wastes, some studies focused on the management routes of these ashes 

(Travar et al., 2009; Mandre et al., 2010; Kalembkiewicz and Chmielarz, 2012). Travar et al. 

(2009) have demonstrated that the ashes from RDF and composed mainly of paper, cardboard, 

plastic, wood, railway ties, wood chips, and municipal solid waste (MSW), showed a potential 
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to be used in landfill cover constructions. Mandre et al. (2010) have concluded that the 

application of biofuel ashes (i.e., wood and peat ashes) had a significant effect on the nutrient 

composition of peat substrate and mineral nutrition of Betula pendula seedlings. They have also 

observed an enhanced radial and height growth, which suggests that fertilization of nutrient-

poor peat soils with biofuel ashes is a possible solution for this type of material. Kalembkiewicz 

and Chmielarz (2012) have identified in a review paper that ashes from the co-combustion can 

be used in agriculture due to the pH, bulk density, contents of heavy and alkali metals, but also 

for the production of synthetic materials (zeolites) depending on the mineralogical composition 

and the content of aluminum and silicon. Other routes for the management of ashes, such as 

construction of roads, and the polymer industry, are also possible, but these authors state that 

the different characteristics of ashes that are produced by the combustion of different types of 

biomass should be considered. 

 

 

1.2.1 Recycling of ashes as fertilizers in forest soils 

 

Bjusrtröm et al. (2012) argued that the recycling of wood ashes to forest soils is the best 

management practice for this type of ashes. This is because sustainability in the use of solid 

wood biofuels requires that forestry is sustainable in terms of the nutrient return. The mineral 

nutrients removed in an intensive harvest must be returned to the forest soil, for example, in the 

form of ashes. The addition of ashes to soil is particularly important as intensive forestry 

promotes the acidification of forest soil and the addition of ashes restores its buffer capacity. 

 

In Austria, the fertilization of forests and grassland with cyclone and grate ashes from wood 

combustion is allowed, but it is strictly controlled by the authorities. Filter ashes and sludge 

from flue gases condensation are sent to landfills. In Denmark, the ashes produced by the 

combustion of woodchips often are used as fertilizers in the forest area from which the wood 

was harvested. The ashes from straw-fired thermal power plants are essentially used as fertilizer 

in agriculture. In Germany, the use of biomass ashes as a fertilizer and soil conditioner in 

agriculture and forestry is dependent on the regulation for fertilizers. The ashes retained in the 

furnace (i.e., bottom ashes or grate ashes) and produced from the mono-combustion of non-

treated biomass can be used for the production of fertilizers and soil conditioners. Nevertheless, 

the fly ashes cannot be used for such applications. The utilization of herbaceous biomass ashes 

as fertilizer, or for any other agricultural purpose, must respect the heavy metal concentration 

limits of the German Biowaste Ordinance (Spliethoff, 2010). 
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Despite all of these practices in using biomass ashes in forest soils, this option is not enough to 

guarantee the complete recycling of these by-products. Currently, the forest areas devoted to the 

ashes disposal are less than the forest areas from which the forest biomass was collected. 

Therefore, the mass of nutrients allocated per unit area of forest soils is very high, limiting the 

amount of biomass ashes that can be incorporated in these soils. 

 

 

1.2.2 Use of ashes as raw materials for civil engineering materials 

 

According to Bjusrtröm et al. (2012), the use of combustion residues in the construction sector 

may produce functionally equivalent materials, or even better, than those obtained from natural 

materials (e.g., natural aggregates, natural pozzolanic materials). However, waste materials are 

considered as handicapped when their use is considered for the production of civil engineering 

materials, as their properties differ from those of conventional natural materials. 

 

Approximately 80% of the total amount of 1.3 million tons of ashes produced in Sweden, in 

2006, were used as construction materials in the closure of landfills (i.e., as filling materials and 

for capping). However, this solution will not be available in the near future, as many current 

active landfills will be closed within the next few years. Therefore, this specific type of 

application is limited in the near future (Bjusrtröm et al., 2012). 

 

Currently, new applications for woody biomass ashes are being developed. These new 

applications are for the civil engineering sector, through the production of cement clinker, 

bricks, and binding materials for soil stabilization and landscape management. The biomass 

ashes are being used as well as raw materials for the production of synthetic aggregates, 

fertilizers or liming agents (van Eijk et al., 2012). However, according to van Eijk et al. (2012), 

only a limited amount of biomass ashes are used and a large part is still disposed of in landfills 

in many countries.  

 

The bottom ashes produced by the co-firing of coal and biomass (for up to 20% w/w of 

biomass) have been applied successfully in road construction and as concrete aggregates, 

replacing natural stone (van Eijk et al., 2012). Some studies have assessed the possibility of 

using fly ashes from coal-biomass co-firing processes for cement production. For example, a 

recent study (Tkaczewska et al., 2012) has evaluated the possibility of using fly ashes produced 

by the co-combustion of bituminous coal and wood biomass (willow shrubs) in the cement 

production of the type CEM II/A-V 42.5R. Fly ashes from the second and the third section in 

electrostatic precipitator systems were analyzed. These authors have evaluated the physical 
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properties, the chemical composition, and pozzolanic activity of the ashes, heat of hydration, 

and compressive strength of fly ashes cements. Results showed that fly ashes from the second 

and the third section can be used to obtain cement type CEM II/A-V 42.5. 

 

As was previously mentioned, there are still barriers related with the availability and quality of 

biomass ashes and ashes from blends of coal and biomass, when they are intended to be used in 

cement and concrete industries (Baxter, 2005; Pels et al., 2005; Wang and Baxter, 2007; Zheng 

et al., 2007; Umamaheswaran, 2008; van Loo and Koppejan, 2008; Rajamma et al., 2009; Wang 

et al., 2012). Some standards, such as EN 197-1 (2011) and EN 450-1 (2012), which are related 

to the use of ashes for cement preparation, or as concrete additives do not allow, or at least 

establish limitations for, the use of ashes other than coal ashes. For example, the standard EN 

450-1 (2012) allows the use of fly ashes from co-combustion of coal and biomass in concrete 

manufacturing, but it introduces the requirement for a minimum content of coal in fuel mixture 

of 60% by mass (or 50% if wood residues recently produced are used as co-fuel), and a 

maximum content of ashes, produced according to the previous description, of 30%. According 

to EN 450-1 (2012), biological solid materials, urban sewage sludge, pulp and paper sewage 

sludge, petroleum coke, meat and bone meal, gaseous and liquid fuels with very low content of 

ashes can be used as co-fuels. These restrictions on the use of co-combustion ashes, such as 

those from herbaceous and forestry biomass, are related with the alkali and chloride contents, 

and occasionally sulfates and loss on ignition. 

 

Several tests have been performed regarding the use of coal ashes (Aydın et al., 2007; Ha et al., 

2007; Singhal et al., 2008) and ashes from blends of fuels (i.e., coal and forestry/herbaceous 

biomass) in concrete production and cement-based mortars (Wieck-Hansen et al., 2000; Baxter, 

2005; Wang and Baxter, 2007; Zheng et al., 2007; Miller and Miller; 2007; Wang et al., 2008a; 

Rajamma et al., 2009; Ban and Ramli, 2011). The main conclusions were that the ashes 

resulting from blends of fuels do not promote significant changes in the bulk cement chemistry. 

The materials produced in such conditions have equal or even better performances than those 

produced with coal ashes. According to the recent studies of Melchers and Li (2009) and Pack 

et al. (2010), it is possible to use concrete containing biomass ashes for coastal protection and 

embankment reinforcement of inland water flow systems. Moreover, the use of concrete in the 

shore can reduce the eroding action of waves and also promote the development of high quality 

waves for surf practice. 
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1.2.3 Use of ashes as chemical agents to remove pollutants from wastewaters 

 

1.2.3.1 Removal of heavy metals 

 

The classical wastewater treatment processes for the removal of metals comprises their 

precipitation through the conversion of soluble metal salts into insoluble salts (Jankowski et al., 

2006; Kumpiene et al., 2008). The precipitate formed can then be removed from the treated 

wastewater by sedimentation and/or filtration. Depending on the type of process used, the 

sludge produced can be submitted to metal recovery (Meunier et al., 2002; Drogui et al., 2005). 

The classical precipitation systems use ferric-chloride, ferric-sulfate, and aluminum sulfate as 

coagulation reagents. Nevertheless, due to the high costs of these chemical reagents, many 

efforts have been made to search for lower cost coagulation reagents. 

 

There are several studies (Rao et al., 2002; Cho et al., 2005; Jankowski et al., 2006; Alinnor, 

2007; Malakootian et al., 2008; Al-Zboon et al., 2011; Gonzalez et al., 2011a) related to 

wastewater treatment using different types of fly ashes. None of these studies was focused both 

on the removal of lead (Pb) from wastewaters produced in industries of lead-acid batteries and 

on the use of forestry biomass fly ashes as a coagulation agent. The majority of these works 

were focused on the use of coal fly ashes for the purpose of removing metals from synthetic 

aqueous solutions, but not real wastewaters. 

 

Coal fly ashes have a high potential in the treatment of wastewater because of its chemical 

properties. Coal fly ashes have a high content of alumina, silica, ferric oxide, calcium oxide, 

magnesium oxide, and carbon, which may participate in the removal of several elements from 

wastewaters (Jankowski et al., 2006; Kumpiene et al., 2008). Aside from these aspects, the 

physical properties of coal fly ashes, such as porosity, particle size distribution, and surface area 

also show adequate values for the adsorption of metals from aqueous solutions. Coal fly ashes 

also have an alkaline nature, which is good when there is the need of neutralizing acidic 

wastewaters and precipitate metals under alkaline conditions (Bayat, 2002a; Bayat, 2002b). 

 

Al Zboon et al. (2011) have produced a geopolymer from coal fly ashes and used it for the 

removal of Pb2+ from a synthetic solution. These authors have tested the effects of various 

parameters such as geopolymer dosage, initial concentration of Pb2+, exposure time, pH, and 

temperature. Despite the good results that were obtained, the assays were not performed on real 

wastewater. 
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Alinnor (2007) has evaluated the removal characteristics of Pb2+ and Cu2+ from aqueous 

solution through coal fly ashes. Several conditions were tested, namely contact time, pH and 

temperature. The removal of these metals has generally increased with the increase of pH 

values. Concerning temperature, the highest removal rate of those metals was achieved at 40ºC. 

According to this author, the main mechanisms involved in the removal of Pb2+ and Cu2+ from 

solution were adsorption at the surface of the coal fly ashes and precipitation. 

 

Malakootian et al. (2008) have evaluated the removal of heavy metals (Pb and Co) from an 

effluent produced by a paint industry. The effects dealing with pH and dosages of wood ashes 

were tested. The highest Pb removal efficiency was of 96.1% at pH 2 with a contact time of 3 h 

and 100 g wood ashes/L. The highest Co removal efficiency was of 99.0 % at pH 2 with a 

contact time of 3 h and 100 g wood ashes/L. 

 

 

1.2.3.2 Removal of phosphorus (P) 

 

The European Union (EU) established the concentrations of 1 mg P/L (more than 100000 i-e 

and 2 mg P/L (10000-100000 i-e) as the limit-values of Phosphorus (P) in the treated effluents 

of urban wastewater treatment plants (WWTP) (Directive 98/15/EC). A concentration of 1 mg 

P/L is high enough to cause eutrophication problems. Therefore, despite the actual limit-values, 

some European countries have decided to define even more restrictive concentrations (0.5 to 0.8 

mg P/L) (Hussain et al., 2011). 

 

In this context, several treatment processes to remove P from wastewaters have been studied 

(for example, Ugurlu and Salman 1998; Douglas et al., 2004; Parsons and Berry, 2004). In the 

field of chemical processes, Caravelli et al. (2010) have studied the removal of P by ferric 

chloride in the presence of activated sludge. Results showed that the presence of activated 

sludge did not affect the orthophosphate precipitation. However, addition of ferric chloride 

caused a drop of pH to values not compatible with the normal activity of activated sludges. The 

addition of NaHCO3 made the removal of P more expensive. 

 

Several works related with the high P-adsorption capability have been done (Douglas et al., 

2004; Lu et al., 2009; Xiong et al., 2011). For example, Xiong et al. (2011) have studied the 

phosphate removal capability of freshwater mussel shells converted into powder. The authors 

have concluded that a thermal treatment of 700ºC, for 20 min, would be necessary to enhance 

the phosphate removal capability of the mussel shell powders from 25% to 55%, at a pH value 
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of 5.5. Despite the interesting P-removal efficiencies, the thermal treatment would increase the 

cost of the final adsorption product. 

 

Biomass ashes are very interesting inorganic materials, because they have high pH values and 

high concentrations of active Ca, Al, and Fe that can participate in P removal (Singh et al., 

2011). Aside from this aspect, these ashes contain heavy metals in trace or undetectable 

concentrations, which will not compromise the chemical quality or the toxicity level of the 

treated effluent (Olanders and Steenari, 1995; Mellbo et al., 2007; Reimann et al., 2008; 

Ahmaruzzaman, 2010). In this context, the use of forestry biomass ashes to remove P from 

wastewaters becomes a very thought-provoking issue. 

 

 

1.3 Main goals and novel aspects of the thesis 

 

The main goal of the present PhD thesis was to find new valorization routes for the ashes 

produced in the co-combustion of coal and alternative fuels, namely MBM and SS, and the 

ashes from the combustion of forestry residues. Studies related to the production of mortars 

through stabilization/solidification, production of new formulations of concretes, and removal 

of pollutants from synthetic and industrial wastewaters through the use of ashes were the new 

routes assessed in this PhD thesis for the valorization of these by-products. 

 

The main novel aspects of the present PhD thesis were the following: 

 

- To study both chemical and ecotoxicological properties of ashes produced during the 

co-combustion of coal, SS, and MBM; 

- To develop mortars and concretes with the ashes produced during the co-combustion of 

coal, SS, and MBM and to study their mechanical, chemical, and ecotoxicological 

properties; 

- To study the chemical and ecotoxicological properties of size fractionated biomass 

(forestry) ashes; 

- To develop concretes with biomass ashes and to study their mechanical, chemical and 

ecotoxicological properties after three different cure periods (i.e., 28, 60, and 90 days); 

- To test the chemical and ecotoxicological properties of concretes produced with 

biomass ashes under marine water and freshwater conditions; 

- To characterize the properties of biomass ashes as removal agents of pollutants from 

wastewaters, which is a very new issue in the reuse of this type of ashes. 
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1.4 Structure and content of the thesis 

 

Aside from the present introductory chapter, this thesis is constituted by three main chapters and 

the list of bibliographic references. Chapter 2 was devoted to the study of ashes produced during 

the co-combustion of coal, MBM, and SS, while Chapter 3 was dedicated to the study of ashes 

produced in the combustion of biomass residues. Chapter 4 comprises the main conclusions of 

all the work performed in the present thesis and future work. 

 

The structure, content, and work developed in this PhD thesis, are as follows: 

 

Chapter 1 – Introduction. This chapter indicates the reasons for which the study of ashes 

coming from co-combustion processes is important and it why has become an issue of current 

interest among the scientific community. Some aspects dealing with the co-firing of coal and 

several non-fossil fuels, and the properties and valorization routes of ashes produced during co-

combustion and mono-combustion processes are discussed. 

 

Chapter 2 - Contribution for the study and valorization of the ashes produced by the co-

combustion of coal and MBM and coal, SS and MBM. 

 

This part of the PhD thesis was developed under the European project entitled Copower 

(Contract number SES6-CT-2004-503806). Chapter 2 presents the studies on the ashes 

produced in the pilot-scale combustor of Laboratório Nacional de Energia e Geologia (LNEG) 

and in Duisburg power plant (Duisburg, Germany). 

 

First, the ashes produced during the co-combustion of coal and MBM in the pilot scale 

combustor of LNEG, in the former Unidade de Emissões Zero (UEZ), were characterized fully. 

The combustion tests performed in LNEG-UEZ essentially were devoted to the assessment of 

the properties of ashes produced in extreme conditions of substitution of coal by MBM. 

 

Second, the work was focused on the assessment of the properties of ashes produced in the 

Duisburg power plant (Duisburg, Germany). Based on the characterization of ashes, a strategy 

for their management was established: the ashes containing a higher amount of metals were 

submitted to a stabilization/solidification process for the development of inert mortars; the ashes 

with lower concentrations of metals were used as substitutes of raw materials usually applied in 

concretes. Therefore, fly ashes were stabilized/solidified, while bottom and circulation ashes 

were used for the preparation of new formulations of concretes. 
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These studies contributed to the study of new management options of ashes produced by the co-

combustion of coal and alternative fuels, namely SS and MBM. 

 

Chapter 2 is divided into two sub-chapters: 

 

Sub-Chapter 2.1. In this chapter, the characterization of ashes produced in the combustion 

of coal, co-combustion of coal and MBM, and combustion of MBM, in a pilot-scale fluidized 

bed reactor is presented. This sub-chapter is based on the following paper and oral 

communication: 

 

Barbosa, R., Lapa, N., Lopes, H., Mendes, B., 2012. Chemical and ecotoxicological properties 

of ashes produced in the co-combustion of coal and meat and bone meal in a fluidized bed 

reactor. Fuel Processing Technology 96, 48–55. 

 

Barbosa, R., Lapa, N., Lopes, H., Gulyurtlu, I., Mendes, B., 2011. Quality of Ashes Produced in 

the Co-Combustion of Coal and MBM in a Fluidized Bed Reactor. International Conference on 

Renewable Energies and Power Quality (ICREPQ’11), Las Palmas de Gran Canaria, Spain, 13-

15 April. 

 

Sub-Chapter 2.2. In this chapter, the study on the stabilization/solidification and 

valorization of ashes produced in a large-scale power plant is presented. This sub-chapter is 

based on the following paper and oral communication: 

 

Barbosa, R., Lapa, N., Lopes, H., Gulyurtlu, I., Mendes, B., 2011. Stabilization/solidification of 

fly ashes and concrete production from bottom and circulating ashes produced in a power plant 

working under mono and co-combustion conditions. Waste Management 31, 2009–2019. 

 

Barbosa, R., Lapa, N., Lopes, H, Mendes, B., 2010. Study of the valorization of ashes produced 

in a thermoelectric power plant, working under co-combustion of coal and biomass, and in a 

pulp and paper industry. International workshop on Energy Optimization in Industry and 

Reduction of CO2 emissions, Lisboa, Portugal, 3rd November. 

 

Chapter 3 - Study on the valorization of ashes produced in the combustion of forestry 

residues in a pulp and paper industry.  

 

The second part of this PhD thesis was dedicated to the reuse of biomass ashes produced in 

power plants that produce electricity by burning forestry residues. This part of the work was 
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developed with biomass ashes produced in a fluidized-bed combustor of a pulp and paper 

industry. 

 

The change in the type of ashes assessed was because of the following reasons: a) biomass 

ashes are produced in high amounts in Portugal, Europe and worldwide; b) the traditional 

valorization routes are not enough to solve the management problems dealing with these ashes; 

c) these ashes have low concentrations of heavy metals and low levels of ecotoxicity when 

compared with the ashes produced in mono-combustion of coal and co-combustion of coal and 

residues. As their use in forestry soils is becoming more restrictive and their production is 

increasing, new reuse routes are needed. Finding alternative uses for this by-product was the 

main goal of the second part of the thesis. Two new routes were investigated: incorporating 

forestry biomass ashes in concretes and using them as removal agents of pollutants from 

industrial wastewaters. This chapter is divided into the following four sub-chapters: 

 

Sub-Chapter 3.1. In this sub-chapter, the chemical and ecotoxicological properties of size 

fractionated bottom and fly ashes produced in the combustion of forestry residues in a pulp and 

paper industry is presented. The main goal of this task was to identify size fractions, which 

could pose negative effects to the chemical and ecotoxicological properties of biomass ashes 

that were used in the subsequent tasks. This sub-chapter is based on the following paper and 

oral communication in a peer reviewed workshop: 

 

Barbosa, R., Dias, D., Lapa, N., Lopes, H., Mendes, B., 2013. Chemical and ecotoxicological 

properties of size fractionated biomass ashes. Fuel Processing Technology 109, 124-132. 

 

Barbosa, R., Lapa, N., Lopes, H, Mendes, B., 2010. Study of the valorization of ashes produced 

in a thermoelectric power plant, working under co-combustion of coal and biomass, and in a 

pulp and paper industry. International workshop on Energy Optimization in Industry and 

Reduction of CO2 emissions, Lisboa, Portugal, 3rd November. 

 

Sub-Chapter 3.2. In this sub-chapter, the study on the valorization of forestry ashes as raw 

material for the production of concrete is presented. Bottom and fly ashes were used as partial 

substitutes of cement and natural aggregates for the production of concretes. After 90 days of 

cure, some concrete formulations were selected. The selected concrete formulations were 

submitted to leaching tests that simulate marine and freshwater environments. This sub-chapter 

is based on the following paper and oral communication in a peer reviewed conference: 
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Barbosa, R., Lapa, N., Dias, D., Mendes, B., 2013. Concretes containing biomass ashes: 

mechanical, chemical and ecotoxic performances. Construction and Building Materials 48, 457-

463. 

 

Barbosa, R., Lapa, N., Dias, D., Mendes, B., 2012. Using Biomass Ashes in Concretes Exposed 

to Salted Water and Freshwater: Mechanical and Chemical Properties. International Conference 

on Civil Engineering and Materials 2012—ICCEM12, Paris, France, 7th-8th July. 

 

Sub-Chapter 3.3. In this sub-chapter, a study on the valorization of forestry biomass ashes 

as a low-cost removal agent of P from industrial wastewaters is presented. Bottom and fly ashes 

were used as coagulation-flocculation agents for the removal of phosphorus from a synthetic 

wastewater and from an effluent produced in a pulp and paper mill. This sub-chapter is based on 

the following paper: 

 

Barbosa, R., Lapa, N., Lopes, H., Morujo, A., Mendes, B., Removal of phosphorus from 

wastewaters by biomass ashes. Water Science and Technology (approved for publication). 

 

Sub-Chapter 3.4. In this sub-chapter the study on the valorization of forestry biomass ashes 

as a low-cost removal agent of Pb from industrial wastewaters is presented. Bottom and fly 

ashes were used as coagulation-flocculation agents for the removal of lead (Pb2+) from a 

synthetic wastewater, and from two industrial wastewaters of a plant producing lead-acid 

batteries. This sub-chapter is based on the following paper: 

 

Barbosa, R., Lapa, N., Lopes, H., Günther, A., Dias, D., Mendes, B., 2013. Biomass fly ashes as 

low-cost chemical agents for Pb removal from synthetic and industrial wastewaters. Journal of 

Colloid and Interface Science (Submitted; Under review). 

 

Chapter 4 – General conclusions and future work. An overview of the main conclusions 
from the work performed in the PhD are presented in this chapter. 
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2 Contribution for the study and valorization of the ashes 

produced by the co-combustion of coal and MBM and coal, 

SS and MBM 
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2.1 Chemical and ecotoxicological properties of ashes 

produced in the co-combustion of coal and meat and bone 

meal in a fluidized bed reactor 
 

 

 

 

 

 

 

 
Based on the following paper and oral communication: 

Rui Barbosa, Nuno Lapa, Helena Lopes, Benilde Mendes (2012), Chemical and ecotoxicological 

properties of ashes produced in the co-combustion of coal and meat and bone meal in a fluidized bed 

reactor. Fuel Processing Technology 96, 48–55 

doi:10.1016/j.fuproc.2011.12.013 

IF (2012): 2.819; 5-year IF: 3.493 

Fuel Processing Technology is indexed on Scopus, SCImago and WoS 

 

R. Barbosa, N. Lapa, H. Lopes, I. Gulyurtlu, B. Mendes (2011) Quality of ashes produced in the co-

combustion of coal and MBM in a fluidized bed reactor. International Conference on Renewable Energies 

and Power Quality (ICREPQ’11), 13-15 April, Las Palmas de Gran Canaria, Spain 
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Abstract 

 

The co-combustion of coal and MBM is a possible energetic valorization route for this residue. 

Nevertheless, the properties of ashes produced have to be studied. To evaluate these properties, 

three combustion tests were performed in a fluidized bed reactor: 1) coal combustion; 2) 

coal+MBM (85%+15%) co-combustion; 3) MBM combustion. The characterization of ashes 

was focused on the following aspects: (1) Determination of bulk content of Cr, Zn, Ni, Cu, Pb, 

Cd, Hg, As, Ba, Mo, Sb, Se, Ca, Na, Mg, Fe, Al and K; (2) Leaching properties of ashes based 

on the European Standard EN12457-2 (2002). The eluates were characterized for some of the 

metals referred above and for Cr VI, CN-, pH, Cl-, F-, SO4
2-, Dissolved Organic Carbon and Total 

Dissolved Solids. The eluates were also characterized for ecotoxicological levels by using the 

following bio-indicators: bacterium V. fischeri, microalgae P. subcapitata and microcrustacean 

D. magna. The ashes produced in the combustion of coal and co-combustion of coal+MBM 

have not shown evidences of ecotoxicity, while the ashes produced in the combustion of MBM 

were classified as ecotoxic. An assessment of the relationship between the chemical and the 

ecotoxicological properties of the ashes was performed. pH seemed to be the chemical 

parameter that most influences the ecotoxicological level of ashes. 

 

Keywords: ashes; chemical properties; coal; combustion; ecotoxicological properties; meat and 

bone meal. 
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2.1.1 Introduction 

 

The replacement of fossil fuels by renewable sources of energy can contribute to improve the 

environmental performance and sustainability of the electricity and vapor production 

(Pantoleontos et al., 2009; Morais et al., 2011). The experience has shown that the availability 

of alternative fuels can be an obstacle for its extensive use for energy production. The use of 

non-hazardous wastes may be an alternative to biomass, if they are economically unattractive 

for recycling or if they have a high cost for landfilling (Khan et al., 2009). Co-firing non-

hazardous wastes with coal is, therefore, a subject of great interest for the sustainability of 

energy production and for the reduction of the emissions of fossil greenhouse gases (Arias et al., 

2008). 

 

One possible solution for MBM treatment is incineration (Heikkinen et al., 2008; Kookos et al., 

2011). The relatively high LHV of MBM is a characteristic of this material which allows 

classifying it as interesting for combustion (Kookos et al., 2011). Nevertheless, the use of MBM 

for energy is promising if it combines well with other fuels during the conversion process for 

energy and does not have negative effect on the combustion system, ashes quality and gaseous 

emissions (Lopes et al., 2003; Tortosa Masiá et al., 2007). 

 

The thermal valorization of organic residues with considerable quantities of mineral matter 

content may lead to the production of ashes with different properties. The ashes produced 

during the co-combustion of coal with MBM should be carefully studied, since the substitution 

of coal by MBM can produce ashes with high content of contaminants, such as heavy metals 

(Cyr et al., 2006; Fryda et al., 2007; Skodras et al., 2007; Senneca et al., 2008; Coutand et al., 

2009; Coutand et al., 2011). The properties of the ashes are particularly important, since 

differences in these properties may require different management strategies of the ashes 

produced by the facility that performs the thermal valorization of MBM. 

 

The main objectives of the work was to assess the chemical and ecotoxicological properties of 

the ashes produced during the combustion of coal with those produced during the co-

combustion of coal and MBM and to classify these ashes according to their ecotoxicity. One 

additional goal is to assess the relationship between the chemical and the ecotoxicological 

properties of the ashes. 
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2.1.2 Materials and Methods 

 

2.1.2.1 Fluidized bed reactor, fuels and combustion conditions 

 

The combustion and co-combustion tests were performed, by UEZ team, in a pilot-scale 

bubbling fluidized bed reactor (FBR) of LNEG/UEZ (Figure 2.1). This equipment includes the 

reactor and the auxiliary systems: fuel feed-in system; air fans for primary and secondary air 

injection and for exhaustion of gases, two heat exchangers and two cyclones for fly ashes 

removal. The reactor has an internal square section with 0.3m×0.3m and of 5m height. The 

internal chamber is of refractory steel (AISI 310). The bottom of the reactor is settled over a 

wind box chamber with 0.3m×0.3m and with 0.2m height. The primary air is injected through 

the wind box and is distributed at the bottom of the reactor through an air distribution plate. The 

fuel feed-in pipe is located 500 mm above the air distribution plate. The secondary air is 

injected 1100 mm above the air distribution plate. The heat exchangers are located close to the 

bed of the reactor and at the top of the combustor chamber. The bottom ashes are collected 

through the wind box and the fly ashes are collected in the bottom of two sequential cyclones. 

 

 
Figure 2.1 - Pilot-scale bubbling fluidized bed reactor where has occurred the combustion assays 

(LNEG/UEZ) 
 

The average temperatures in the first and second cyclones were of 300 and 150 °C, respectively. 

The flue gases are exhausted through a fan located in the bottom of a vertical stack. Silica sand 

was used as the fluidization agent in the bed. Further details of this FBR are shown in Gulyurtlu 

and Monteiro (1991) and Gulyurtlu et al. (2005). Three combustion tests were performed: 1) 

combustion of coal; 2) co-combustion of coal (85%) and MBM (15%); 3) combustion of MBM. 
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Each combustion test produced three types of ashes: bottom ashes and two cyclone ashes (1st 

and 2nd cyclone ashes). The fossil fuel used was a bituminous coal from the open pit mine of El 

Cerrejón, in Colombia. MBM was produced in slaughter houses of Germany. 

 

 

2.1.2.2 Bulk characterization of fuels and ashes 

 

The biomass was submitted to the following characterization: C, H, and N (CEN/TS 15104, 

2005), Cl, and S (CEN/TS 15289, 2006), moisture content (CEN/TS 14774, 2009), LHV 

(CEN/TS 14918, 2005), ashes (CEN/TS 14775, 2004), volatile matter (CEN/TS 15148, 2005), 

fixed carbon (calculated by difference). The coal was submitted to the following 

characterization: C, H, and N (ASTM D5373, 2008), S (ASTM D3177-02, 2007), Cl (ASTM 

D4208-02, 2007), moisture content (ASTM D3173, 2008), ashes (ASTM D3174, 2004), volatile 

matter (ASTM D3175, 2007). 

 

The quantification of Cr, Zn, Ni, Cu, Pb, Cd, Ba, Mo, Sb, Se, As and Hg was performed over 

samples submitted to an acidic digestion according to the USEPA Method 3051A (2007) 

(HNO3/HCl). The quantification of Mg, Al, Fe, Ca, Na and K was performed over samples 

submitted to an acidic digestion according to the European Standard EN 13656 (2002) 

(HF/HNO3/HCl). The digestions were performed in microwave oven (Milestone Ethos 1600) 

using closed vessels and with controlled temperature (175±5ºC, 10 min). The quantification of 

metals was achieved through AAS (Thermo AAS, M series): As (air-acetylene flame; EN ISO 

11969, 1996), Hg (AAS cold vapour; ISO 5666/1, 1983), Cd, Cu, Ni, Pb, Zn (AAS air acetylene 

flame; ISO 8288, 1986), Cr (AAS nitrous oxide-acetylene flame; ISO 9174, 2009), Cr VI (NF 

T90-043, 1988), Se (AAS air acetylene flame; ISO 9965, 1993), Sb, Mg, Fe (AAS, air-acetylene 

flame; APHA/AWWA/WEF, 2005), Na (AAS air acetylene flame - ISO 9964-1, 1993), K (AAS 

air acetylene - ISO 9964-2, 1993), Ca (AAS nitrous oxide flame - ISO 7980, 2010), Al, Ba, Mo 

(AAS nitrous oxide-acetylene flame; APHA/AWWA/WEF, 2005). Phosphorous content was 

determined through a UV/Vis by using the spectrophotometric method of ascorbic acid. 

 

 

2.1.2.3 Leaching test, and chemical and ecotoxicological characterizations of eluates 

 

The ashes were submitted to the leaching test described in the European Standard EN12457-2 

(2002). The eluates were characterized for As (AAS air-acetylene  flame; EN ISO 11969, 1996), 

Hg (AAS cold vapour; ISO 5666/1, 1983), Cd, Cu, Ni, Pb, Zn (AAS air acetylene flame; ISO 

8288, 1986), Cr (AAS nitrous oxide-acetylene flame; ISO 9174, 2009), Cr VI (colorimetric 
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method; NF T90-043, 1988), Se (AAS air-acetylene flame; ISO 9965, 1993), Mg, Sb (AAS air-

acetylene flame, method 3111; APHA/AWWA/WEF, 2005), Ca (AAS nitrous oxide flame; ISO 

7980, 2010), Na (AAS air-acetylene flame; ISO 9964-1, 1993), K (AAS air acetylene flame; 

ISO 9964-2, 1993), Mo, Ba (AAS nitrous oxide-acetylene flame, method 3111; 

APHA/AWWA/WEF, 2005), pH (electrometric, method 4500; APHA/AWWA/WEF, 2005), 

DOC (Dissolved Organic Carbon) (Combustion and detection by Infra-Red; ASTM D7573, 

2009), free CN- (colorimetric method; APHA/AWWA/WEF, 2005), SO4
2- (Turbidimetric, 

method 4500 E; APHA/AWWA/WEF, 2005), F- (SPADNS, method 4500 D; 

APHA/AWWA/WEF, 2005), TDS (gravimetric method; APHA/AWWA/WEF, 2005), Cl- 

(Mohr’s method; ISO 9297, 1989), phenol compounds (colorimetric method; ISO 6439, 1990). 

 

The eluates were also characterized for the following ecotoxicological parameters: a) 

Luminescence inhibition of the bacteria Vibrio fischeri (performed in a miniaturized system of 

Microtox® according with ISO 11348-3, 2007); b) Mobility inhibition of the crustacean 

Daphnia magna (performed in a miniaturized kit of Microbiotests® according with ISO 6341, 

1996); and c) growing inhibition of the algae Pseudokirchneriella subcapitata (performed in a 

miniaturized kit of Microbiotests® according with ISO 8692, 2004). The evaluation of the 

ecotoxic properties (property H14 of Council Directive 91/689/EEC, of the Council of the 

European Communities) of bottom and fly ashes was based on the Criterion and Evaluation 

Methods for Waste Ecotoxicity (CEMWE) (French Ministry of Environment). The original 

CEMWE methodology was adapted according to the discussion previously shown in Lapa et al. 

(2007). 

 

 

2.1.2.4 Chemical Index 

 

All materials were ranked according to a chemical index based on the chemical composition of 

eluates and the limit values defined in CEMWE. This chemical index was based on the 

following steps: 

(a) Calculation of the toxicity equivalent (TE): The TE was calculated by the conversion 

of the CEMWE limit value, of each parameter, from mg/L to μmol/L. Then, it was calculated 

the ratio between the parameter with the highest toxicity, i.e., the parameter with the lowest 

limit value (expressed as μmol/L), and the limit value (expressed as μmol/L) of each chemical 

parameter. 

(b) Calculation of the relative toxicity (RT): RT for each chemical parameter was 

obtained through the product of TE by the concentration determined in the eluates. 
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(c) Calculation of the toxicity level (TL): TL was calculated for each sample as the sum 

of all RT calculated for each chemical parameter. The unit of Toxicity Level is μmol/L. 

 

In this work, since in the leaching assays most of the results are lower than the quantification 

limits (QL), two values of TL are shown for each sample. The lowest one, named as “Lowest 

Toxicity Level”, was calculated assuming a concentration value of zero when the concentration 

was below the QL. The highest value of TL, named as “Highest Toxicity Level”, was calculated 

assuming the value of QL, for each parameter, when the concentration was below the QL. 

 

 

2.1.2.5 Ecotoxicological Index 

 

In order to assess the Ecotoxicological Level of each sample, three Normalized Ecotoxicity 

Levels (NEL) were defined. These NEL were defined taking into account the following values: 

1) average values of Toxicity Units (TU) obtained in D. magna, V. fischeri and P. subcapitata 

assays; 2) average values of the TU obtained in D. magna and P. subcapitata assays; 3) TU 

obtained in V. fischeri assay. The TU were calculated according to Eq. 2.1. 

 

%100
(%)ionConcentratEffectiveTU =  Eq. 2.1 

To define NEL, three threshold limits were considered: a) the lowest TU that was determined; 

b) the limit value of the ecotoxicological parameter indicated in CEMWE; and c) the highest TU 

that was determined. 

 

The conditions for the definition of the NEL were the following: 

a) The NEL values range from 0 to 100; 

b) NEL was scored as 0, for TU lower than the lowest TU that was determined; 

c) For TU between the lowest TU that was determined and the CEMWE limit value, the 

NEL ranged between 0 and 50 and it was assumed a linear relation between TU and 

NEL; 

d) For TU equal to CEMWE limit value it was attributed the score of 50; 

e) For TU between the CEMWE limit and the highest TU that could be determined, the 

NEL ranged between 50 and 100, and it was assumed a linear relation between TU and 

NEL; 

f) For TU higher than the highest TU that was determined, the score of 100 was attributed 

to NEL. 
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Figure 2.2 shows an example of conversion of TU to NEL, for V. fischeri. 

 

 
Figure 2.2 - Methodology for the definition of the NEL based on the TU obtained during the 

ecotoxicological characterization of the eluates 
 

 

2.1.3 Results and discussion 

 

2.1.3.1 Bulk characterization of fuels 

 

Table 2.1 shows the proximate analysis of fuels used in the combustion and co-combustion 

tests. The coal used on the combustion tests was a bituminous coal. This type of coal presents a 

high LHV, which is in agreement with that found by Wagland et al. (2011), of 26.5 GJ/t. The 

LHV of MBM was similar to those observed by Senneca (2008) (14.47 GJ/t) and Gulyurtlu et 

al. (2005) (13.06 GJ/t), but lower than that found by Beck et al. (2004) (15.7 GJ/t), Conesa et al. 

(2005) (17 GJ/t) and Cummins et al. (2006) (18.19 GJ/t). 

 
Table 2.1 - Proximate analysis of the fuels used in the combustion and co-combustion tests (LHV: Low 

Heating Value; ar: as received; db: dry basis) 

Fuels 
Water content 

(% wt ar) 

LHV (GJ/t 

ar) 

Ashes (% 

wt db) 

Volatile Matter 

(% wt db) 

Fixed Carbon 

(% wt db) 

Bituminous coal 13.0 24.79 12.6 37.0 50.4 

MBM 2.9 13.10 28.8 63.1 8.1 

 

Table 2.2 shows the average bulk content and elemental composition of coal and MBM.  

The concentration of Cr in coal was higher than those concentrations found by López-Antón et 

al. (2008) (19.9 mg/kg), Lopes et al. (2003) (12.2 mg/kg), Miller et al. (2004) (24.0 mg/kg) and 

Ward et al. (2011) (11.0 mg/kg). Miller et al. (2004) and Reddy et al. (2005) have found 

Highest 
TU  tested 

Lowest 
TU tested 
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concentrations of Cr and Zn similar to those found in the present work. Nevertheless, these 

authors have found higher levels of As (1.83 mg/kg and 41.9 mg/kg), Cu (25.0 and 43.0 mg/kg), 

Pb (34.0 and 29.4 mg/kg) and Se (2.4 and 12.1 mg/kg). Lopes et al. (2003) and Ward et al. 

(2011) have found similar levels of As and Cu to those determined in this work. The 

concentrations of Mg, Al, Fe, Ca, K, Na and P found in coal were higher than those determined 

by Gulyurtlu et al. (2005). The differences in the composition of coal are probably associated 

with the differences in the geological conditions in the different places from where the coal 

samples were extracted. 

 
Table 2.2 - Average bulk content and elemental composition of coal and MBM (± SD; n=2; n: number of 

replicates; SD: standard deviation; db: dry basis; n.a.: not applicable) 
Parameter Unit Coal MBM 

C % db (m/m) 66.4(±5.0) 39.2 (±4.1) 
H % db (m/m) 4.7(±0.4) 4.8 (±0.4) 
N % db (m/m) 1.4(±0.1) 8.5 (±1.0) 
S % db (m/m) 0.96(±0.01) 0.43 (±0.04) 
Cl % db (m/m) 0.07(±0.001) 0.29 (±0.03) 
Ca % db (m/m) 0.23(±0.02) 13.4 (±1.1) 
K % db (m/m) 0.24(±0.02) 0.26 (±0.03) 
Na % db (m/m) 0.08(±0.01) 0.63 (±0.07) 
P % db (m/m) 0.004(±0.0003) 5.0 (±0.51) 
Fe % db (m/m) 0.64 (±0.04) 0.020 (±0.003) 
Al % db (m/m) 1.29 (±0.10) 0.080 (±0.001) 
Mg % db (m/m) 0.0040 (±0.0003) 5.0 (±0.5) 
Ba mg/kg db <3.6(n.a.) 452 (±36) 
Sb mg/kg db <0.07(n.a.) 0.13 (±0.01) 
Mo mg/kg db <22.4(n.a.) 117 (±16) 
Se mg/kg db <0.21(n.a.) 0.30 (±0.02) 
As mg/kg db <0.73(n.a.) <0.65 (n.a.) 
Hg mg/kg db <0.27(n.a.) <0.24 (n.a.) 
Cd mg/kg db <7.3(n.a.) <6.5 (n.a.) 
Pb mg/kg db <22.8(n.a.) <20.4 (n.a.) 
Cu mg/kg db <9.4(n.a.) 9.9 (±1.2) 
Ni mg/kg db <14.4(n.a.) <14.0 (n.a.) 
Zn mg/kg db 36.8(±4.9) 94.3 (±17.1) 
Cr mg/kg db 33.5(±4.1) <10.2 (n.a.) 

 

Generally, MBM has shown the highest concentrations of the heavy metals. MBM has 

presented high levels of Ba and Mo, which can be explained by the fact that these elements are 

rapidly transported in blood plasma and accumulated in bones, through ingestion or airborne 

exposition (World Health Organization, 2003; World Health Organization, 2004). The 

concentrations of K, Fe, Mg and Na in MBM determined in the present work were similar to 

those found by Dybowska et al. (2009). MBM has presented, namely, the highest concentrations 
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of Ca and P. This fact may explain the high levels of some metals in the ashes produced during 

the combustion test. The concentrations of As, Hg, Cd, Pb and Ni were below the QL. 

 

 

2.1.3.2 Bulk characterization of ashes 

 

Table 2.3 shows the bulk composition of ashes (bottom ashes; 1st cyclone ashes; 2nd cyclone 

ashes). Generally, the metal content was higher in fly ashes. The substitution of coal by MBM 

has promoted, globally, a higher concentration of metals in ashes. The concentrations of Cr, Ni 

and As were similar in bottom ashes. The 2nd cyclone ashes, especially those produced in the 

combustion of MBM, have presented the highest concentration of Cr, Zn, Ni, Cu and Pb, which 

can be attributed to the lower particle size of the ashes that usually present enrichment in heavy 

metals due to volatilization/condensation phenomena, especially in the presence of high levels 

of Cl (Lopes et al., 2009; van de Velden et al., 2008; Barbosa et al., 2009). 

 

Ba and Mo were also found in high concentrations in the ashes from the combustion tests in 

which MBM was used as fuel. This behavior is probably associated with the high concentrations 

of these elements in MBM. The 1st and 2nd cyclone ashes, produced in the combustion of coal 

and co-combustion test, have retained As and Se in higher levels than those observed in the 

same type of ashes produced in the combustion of MBM, although the levels were insignificant 

in the fuels. The same behavior was observed for Cr and Cd. The relative high concentration of 

Cd in ashes may be explained by the following two reasons: 1) the enrichment factor in the 

ashes; and 2) the immobilization of Cd in ashes as Ca10−xCdx(PO4)6(OH)2 or as CdCO3 (otavite) 

as it was observed by Coutand et al. (2009). According to Dybowska et al. (2009), the apatite 

present in the ashes may remove Cd, Pb, Zn and Cu, through the chemical precipitation of these 

metals with phosphates as Pb hydroxylapatite, Zn phosphate (hopeite), Cd phosphate and Cu 

phosphate (libenthenite). 
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Table 2.3 - Bulk composition of bottom ashes, 1st cyclone ashes and 2nd cyclone ashes (mg/kg db ± SD, n=2; Coal: Combustion of coal; Coal+MBM: Co-
combution of coal and MBM; MBM: Combustion of MBM) 

Parameter
Bottom ashes 1st cyclone ashes 2nd cyclone ashes 

Coal Coal+MBM MBM Coal Coal+MBM MBM Coal Coal+MBM MBM 

K 4016(±201) 8070(±225) 5705(±261) 14082(±1801) 14442(±1980) 9583(±1002) 14735(±1901) 17890(±1801) 27016(±3201) 

Na 3129(±299) 7731(±701) 8121(±645) 6778(±701) 8585(±981) 15544(±1604) 6733(±701) 9300(±1202) 23236(±3001) 

Ca 48056(±501) 18078(±223) 129617(±1301) 15880(±168) 51336(±6877) 238378(±29021) 9185(±1011) 16463(±1601) 210427(±22065) 

Cr 172(±21) 162(±11) 133(±11) 313(±29) 308(±45) 572(±65) 59.0(±6.8) 292(±33) 4800(±505) 

Zn 18.3(±2.1) 28.6(±2.8) 128(±11) 148(±19) 178(±19) 233(±29) 167(±19) 234(±38) 1495(±131) 

Ni 69.6(±5.8) 30.3(±2.9) 43.5(±4.1) 298(±35) 173(±22) 202(±32) 156(±21) 158(±14) 3828(±3901) 

Cu <8.4 <10.4 <9.3 47.8(±4.1) 49.9(±6.1) 81.1(±12.9) 68.7(±8.2) 73.4(±7.9) 470(±49) 

Pb <17.4 <18.9 <17.6 <26.2 <22.5 81.1(±3.8) 44.7(±5.2) 35.6(±4.1) 470(±33) 

Cd 19.5(±1.8) 22.5(±2.1) <0.70 <9.1 <18.6 177(±21) 19.8(±1.9) 19.7(±2.2) 5.7(±0.5) 

Ba <10.4 133(±12) 3110(±401) 1238(±150) 1608(±225) 485(±55) 1086(±121) 1428(±131) 1782(±188) 

Mo <34.8 <37.7 <35.2 <37.8 73.3(±8.9) 140(±19) 90.3(±10.1) 102(±11) 508(±68) 

Sb <0.10 <0.11 <0.11 <0.11 <0.11 <0.11 <0.11 <0.11 <0.11 

Se <0.70 <0.75 <0.70 32(±3) 1.9(±0.2) <0.73 9.7(±1.2) 12.9(±1.2) <0.73 

Hg <0.42 <0.45 <0.42 <0.45 <0.61 <0.44 <0.44 <0.75 0.9(±0.1) 

As 1.4(±0.1) 0.89(±0.09) <0.70 3.5(±0.9) 3.4(±0.3) <0.73 6.0(±0.9) 6.2(±0.9) 4.8(±0.6) 
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2.1.3.3 Leaching behavior of ashes 

 

2.1.3.3.1 Chemical characterization of the eluates 

 

Table 2.4 shows the release of chemical species from the ashes under the leaching test 

conditions described in sub-chapter 2.1.2.3. 

 
Table 2.4 - Chemical characterization of the eluates produced by bottom ashes, 1st cyclone ashes and 2nd 

cyclone ashes (pH: Sorensen ± SD; other species: mg/kg db ± SD) 

Parameter 
Bottom ashes 1st cyclone ashes 2nd cyclone ashes 

Coal Coal+MB
M MBM Coal Coal+MB

M MBM Coal Coal+MB
M MBM 

pH 11.5 
(±0.1) 

9.7 
(±0.1) 

8.0 
(±0.1) 

10.5 
(±0.1) 

9.6 
(±0.1) 

7.4 
(±0.1) 

11.3 
(±0.1) 

10.8 
(±0.1) 

7.3 
(±0.1) 

SO4
-2 1580 

(±201) 
2897 

(±309) 
1863 

(±119) 
18925 

(±1900) 
18734 

(±2109) 
1786 

(±209) 
13531 

(±1208) 
10320 
(±998) 

1338 
(±189) 

DOC 54.2 
(±6.5) 

77.4 
(±8.0) <0.99 4.2 

(±0.5) 
129 

(±13) 
12.8 

(±1.3) <1.0 98.9 
(±9.1) 

72.3 
(±8.1) 

TDS 4652 
(±551) 

4775 
(±501) 

11685 
(±1099) 

26401 
(±2909) 

31519 
(±4211) 

23056 
(±2208) 

23955 
(±2588) 

35098 
(±4043) 

120056 
(±15206) 

CN- <0.13 <0.13 <0.13 0.30 
(±0.3) 

0.47 
(±0.05) 

0.21 
(±0.01) <0.13 <0.13 0.25 

(±0.3) 

Cl- 98.5 
(±9.2) <25.0 993 

(±101) 
179 

(±19) 
206 

(±22) 
1559 

(±166) 
103 

(±11) 
156 

(±16) 
302 

(±33) 

F- 95.7 
(±9.1) 

1.5 
(±0.2) 

79 
(±8) 

135 
(±14) 

108 
(±12) 

52.3 
(±5.8) 

110 
(±12) 

95.4 
(±8.2) 

641 
(±78) 

K 52 
(±4) 

153 
(±16) 

2986 
(±359) 

650 
(±75) 

610 
(±78) 

3852 
(±299) 

341 
(±38) 

1033 
(±99) 

2430 
(±258) 

Na 127 
(±19) 

244 
(±29) 

2310 
(±302) 

781 
(±79) 

958 
(±110) 

3782 
(±404) 

658 
(±78) 

2302 
(±189) 

22739 
(±2354) 

Ca 757 
(±88) 

799 
(±99) 

113 
(±12) 

1939 
(±202) 

2880 
(±301) 

1610 
(±198) 

2953 
(±301) 

1234 
(±120) 

6621 
(±689) 

Cr <0.49 <0.50 2.0 
(±0.3) <0.51 <0.51 4.6 

(±0.5) <0.51 <0.52 3.3 
(±0.4) 

CrVI <0.49 <0.50 1.6 
(±0.2) <0.51 <0.51 1.8 

(±0.2) <0.51 <0.52 1.7 
(±0.2) 

Ni <0.20 <0.20 <0.20 <0.20 <0.20 <0.20 <0.20 <0.20 17.2 
(±1.9) 

Ba <1.6 6.0 
(±0.6) <1.6 4.5 

(±0.6) <1.6 6.5 
(±0.7) <1.6 2.7 

(±0.3) 
4.1 

(±0.4) 

Mo 6.9 
(±0.7) 

6.1 
(±0.6) <0.97 33.3 

(±4.0) 
18.2 

(±1.9) 
46.1 

(±3.1) 
71.3 

(±9.9) 
79.7 

(±8.0) 
35.5 

(±4.9) 

Se 0.19 
(±0.02) <0.009 0.50 

(±0.05) 
29.7 

(±3.2) 
0.10 

(±0.01) 
0.09 

(±0.01) 
0.82 

(±0.7) 
9.6 

(±0.9) 0.28(±0.03)

Hg <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.05 
(±0.01) <0.01 <0.01 

As <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.12 
(±0.01) <0.03 0.17(±0.02)

 

The concentrations of Sb, Zn, Ni, Cu, Pb, Cd and phenolic compounds were below the QL 

values. pH values of the eluates produced by bottom ashes were between 8.0 and 11.5, which 

can be attributed to the high level of alkaline oxides in the bottom ashes. pH values of eluates 
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produced by the 1st cyclone ashes were slightly lower (7.4 and 10.5) than those of bottom ashes. 

pH levels of eluates from the 2nd cyclone ashes were similar to those from the 1st cyclone ashes 

(7.3 to 11.3). The decrease of pH levels from the eluates of bottom to fly ashes are probably 

related to the presence of acidic condensates from the flue gases (Otsuka, 2008; Jiao et al., 

2011). 

 

The concentration of Cr VI was below the QL, except in the eluates produced by the ashes from 

the combustion of MBM. The concentrations of alkali (Na and K) and Cl- were, generally, 

higher in the eluates produced by ashes of the co-combustion test and in the combustion of 

MBM, which can be due to the high concentration of this element in MBM (Gulyurtlu et al., 

2007). The concentrations of F- and SO4
2- were higher in the ashes resulting from the 

combustion tests in which coal was used as fuel. Generally, Cl-, F-, SO4
2- were found in higher 

concentration in fly ashes, which may be associated with the accumulation of soluble particles 

with high content of these species and to the presence of acidic condensates (Barbosa et al., 

2009). 

 

The combustion tests in which MBM was used as fuel have produced ashes with higher 

concentration of Total Dissolved Solids (TDS), specially the fly ashes retained in the 2nd 

cyclone. Relative high concentration of As was also found in the eluate of the 2nd cyclone ashes 

of the combustion of MBM. This behavior was also observed by McDonnell et al. (2010), and 

can be associated to the higher contents of soluble species in these particles (Barbosa et al., 

2009). 

 

Figure 2.3 shows the Lowest and Highest Toxicity Levels of eluates. 

 

 
Figure 2.3 - Lowest and Highest Toxicity Levels based on the ecotoxicological characterization of the 

eluates and the limits defined in CEMWE 
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Ashes produced in the combustion of MBM have presented the highest TL. Among these ashes, 

the increasing order of toxicity is as follows: bottom ashes < 2nd cyclone ashes < 1st cyclone 

ashes. The TL values in the eluates of the ashes produced during the combustion of MBM are 

related with the leachability of Cr and Cr VI. The ashes produced during the combustion of coal 

and co-combustion of coal and MBM have presented similar TL values. 

 

 

2.1.3.3.2 Ecotoxicological characterization of eluates 

 

Table 2.5 shows the TU limits defined by CEMWE and those obtained in the eluates of ashes. 

The eluates have presented low ecotoxicological levels which were even below the limit values 

defined in CEMWE. Based on CEMWE, all ashes were classified as non-ecotoxic. 

 
Table 2.5- TU limits defined in CEMWE and TU of the eluates of bottom ashes, 1st cyclone ashes and 2nd 

cyclone ashes 

Parameter 
CEMWE 

limit 

Bottom ashes 1st cyclone ashes 2nd cyclone ashes 

Coal 
Coal + 

MBM
MBM Coal 

Coal + 

MBM
MBM Coal 

Coal + 

MBM 
MBM

D. magna 10 1.95 <1.05 <1.05 <1.05 <1.05 1.57 <1.05 <1.05 3.39 

V. fischeri 10 4.59 <1.01 2.58 <1.01 <1.01 2.35 <1.01 <1.01 <1.01 

P. subcapitata 1000 4.63 1.91 <1.05 <1.05 <1.05 <1.05 28.6 1.31 2.53 

 

The bottom ashes produced during the combustion of coal have presented higher ecotoxicity 

levels probably due to the high pH levels (Barbosa, 2005; Barbosa et al., 2009; Lopes et al., 

1999) or the synergic effect of pH and solubility of heavy metals. The 2nd cyclone ashes have 

produced eluates with the highest ecotoxicological levels, especially those produced in the 

combustion of coal. The P. subcapitata was particular sensitive to the eluate produced by the 2nd 

cyclone ashes from the combustion of coal. 

 

Figure 2.4 shows the NEL. Generally, the ashes produced during the combustion of MBM have 

presented NEL values higher than the other ashes, except for the bottom ashes produced in the 

combustion assays with coal. 
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Figure 2.4 - NEL of the eluates of bottom ashes, 1st cyclone ashes and 2nd cyclone ashes 

 

 

2.1.3.4 Assessment of factors that affect the biological response of the biological 

indicators 

 

It is difficult to indicate a definitive explanation for the biological responses shown in Table 2.5, 

since the eluates of ashes are a very complex matrix. Nevertheless, it is proposed in this work a 

methodology to identify which parameters have significantly conditioned the biological 

responses of the biological indicators. An analysis of possible relationships between the 

chemical and ecotoxicological characterizations was performed. The assessment was developed 

through the application of dispersion graphs to a set of parameters. It was decided to consider 

the NEL values for the three bio-indicators tested as a whole (D. magna, V. fischeri and P. 

subcapitata), the NEL values for freshwater organisms (D. magna and P. subcapitata), and the 

NEL values of the marine organism (V. fischeri). These last two were considered as independent 

approaches from the former. The main reason for this methodology is related with the 

possibility of occurring different biological responses by those two groups of organisms. For 

example, the organisms belonging to a marine environment can be more resistant to higher 

concentrations of Cl-, and SO4
2- than those belonging to freshwater environment (Kang et al., 

2011). 

 

Figure 2.5 to Figure 2.7 show the relationship between the pH and the NEL values of the three 

bio-indicators, the NEL values based on the results of the marine bio-indicator and the NEL 

values based on the results of the freshwater bio-indicators, respectively. The results seem to 
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close to the interval 8 to 10 have promoted low NEL values, while pH levels above or below 

this interval have promoted an increase of this ecotoxicological parameter. 

 

 
Figure 2.5 - Relationship between pH and NEL based on the average of the Ecotoxicity Levels of the 

three bio-indicators 
 

 
Figure 2.6 - Relationship between pH and NEL based on the Ecotoxicity Levels of the marine bio-

indicator (V. fischeri) 

 

 
Figure 2.7 - Relationship between pH and NEL based on the average of the Ecotoxicity Levels of the 

freshwater bio-indicators (D. magna and P. subcapitata) 
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Figure 2.8 to Figure 2.10 show the relationship between Mo and the NEL values of the three 

bio-indicators, the NEL values based on the results of the marine bio-indicator and the NEL 

values based on the results of the freshwater bio-indicators, respectively. In what concerns the 

remaining chemical parameters, it was not observed any positive relationship between the NEL 

values and those parameters. Therefore, they will not be shown in this work. It is only 

interesting to stress that in what concerns the remaining parameters, the results have 

demonstrated generally that the relationship between them and the biological response was 

similar to that observed for Mo. 

 

 
Figure 2.8 - Relationship between the concentration of Mo and NEL based on the average of the 

Ecotoxicity Levels of the three bio-indicators 
 

 
Figure 2.9 - Relationship between the concentration of Mo and NEL based on the Ecotoxicity Levels of 

the marine bio-indicator (V. fischeri) 
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Figure 2.10 - Relationship between the concentration of Mo and NEL based on the average of the 

Ecotoxicity Levels of the freshwater bio-indicators (D. magna and P. subcapitata) 
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Figure 2.11 - Relationship between the Lowest Toxicity Level and NEL based on the average of the 

Ecotoxicity Levels of the three bio-indicators 
 

 
Figure 2.12 - Relationship between the Lowest Toxicity Level and NEL based on the Ecotoxicity Levels 

of the marine bio-indicator (V. fischeri) 

 

 
Figure 2.13 - Relationship between the Lowest Toxicity Level and NEL based on the average of the 

Ecotoxicity Levels of the freshwater bio-indicator 
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2.1.3.5 Classification of the ashes according to CEMWE and to the Council Decision 

2003/33/EC 

 

Based on CEMWE, the ashes produced during the combustion of coal and co-combustion of 

coal and MBM have not shown evidences of ecotoxicity. All ashes produced during the 

combustion of MBM were classified as ecotoxic, due to the chemical composition of the 

eluates. 

 

Table 2.6 shows the classification of ashes according to the Council Decision 2003/33/EC. Fly 

ashes need to be stabilized prior to landfilling, except the 1st cyclone ashes produced during the 

co-combustion of coal and MBM. These can be landfilled in a landfill for hazardous waste. The 

bottom ashes were classified as non-hazardous residues. 

 
Table 2.6 - Classification of the ashes according to the Council Decision 2003/33/EC (N-H: Non 

Hazardous; H: Hazardous; DnA: Deposition not Allowed) 

Classification 

Bottom ashes 1st cyclone ashes 2nd cyclone ashes 

Coal 
Coal + 

MBM 
MBM Coal 

Coal + 

MBM 
MBM Coal 

Coal + 

MBM 
MBM 

N-H N-H N-H DnA H DnA DnA DnA DnA 

Due to… 
Mo, Se, F-, 

SO4
2-, TDS

Mo, SO4
2-, 

TDS 

Cr, Ni, Cl-, 

F-, SO4
2-, 

TDS 

Mo, Se Mo, F- Mo Mo Mo, Se 
Mo, Ni, F-, 

TDS 

 

 

2.1.4 Conclusions 

 

Generally, the leaching rates of metals in the ashes were low. The substitution of coal by MBM 

produced ashes with higher content of heavy metals. It was not observed any pattern in the 

release of metals in the ashes. The release of chloride and alkali (Na and K) was higher in the 

eluates of ashes from the co-combustion of coal and MBM and combustion of MBM than in the 

eluates of ashes resulting from the coal combustion. 

 

The biological responses of the organisms tested are, probably, associated with the pH of the 

eluates. Nevertheless, it is necessary to develop more studies in order to identify the factors that 

promote the high levels of ecotoxicity in some eluates. 
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According to CEMWE, the ashes produced during the combustion of coal and co-combustion 

test did not show evidences of ecotoxicity. All ashes produced during the combustion of MBM 

were classified as ecotoxic due to the chemical composition of the eluates. 

 

According to the Council Decision 2003/33/EC, all fly ashes need stabilization prior to their 

landfilling, except the 1st cyclone ashes produced in the co-combustion test that were classified 

as a hazardous residue. The bottom ashes were classified as non-hazardous residues. 

 

Despite the differences in the scope of CEMWE and Council Decision 2003/33/EC, it can be 

stated that its application to ashes has led to different conclusions about the classification of 

these materials. 
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2.2 Stabilization/solidification of fly ashes and concrete 

production from bottom and circulating ashes produced 

in a power plant working under mono and co-combustion 

conditions 
 

 

 
Based on the following paper and oral communication: 

Rui Barbosa, Nuno Lapa, Helena Lopes, Ibrahim Gulyurtlu, Benilde Mendes (2011), 

Stabilization/solidification of fly ashes and concrete production from bottom and circulating ashes 

produced in a power plant working under mono and co-combustion conditions. Waste Management 31, 

2009–2019 

doi:10.1016/j.wasman.2011.04.020 

IF (2012): 2.485; 5-year IF: 2.926 

Waste Management is indexed on Scopus, SCImago and WoS 

 

R. Barbosa, N. Lapa, H. Lopes, B. Mendes (2010), Study of the valorization of ashes produced in a 

thermoelectric power plant, working under co-combustion of coal and biomass, and in a pulp and paper 

industry. Workshop "Energy Optimization in Industry and Reduction of CO2 Emissions”. Organized by 

the Executive Commitee of the International Agreement IETS (Comité Executivo do Acordo 

Internacional IETS), in the scope of the International Energy Agency (Agência Internacional de Energia) 

jointly with the Grupo Nacional para a Integração de Processos (GNIP), Lisboa, 3rd November.
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Abstract 

 

Two combustion tests were performed in a fluidized bed combustor of a thermo-electric power 

plant: 1) Combustion of coal; 2) Co-combustion of coal (68.7% w/w), SS (9.2% w/w) and 

MBM (22.1% w/w). Three samples of ashes (bottom, circulating and fly ashes) were collected 

in each combustion test. The ashes were submitted to the following assays: a) Evaluation of the 

leaching behaviour; b) Stabilization/solidification of fly ashes and evaluation of the leaching 

behaviour of the stabilized/solidified (s/s) materials; c) Production of concrete from bottom and 

circulating ashes. The eluates of all materials were submitted to chemical and ecotoxicological 

characterizations. The crude ashes have shown similar chemical and ecotoxicological properties 

among them. The s/s materials have presented compressive strengths between 25 and 40 MPa, 

low emission levels of metals through leaching and were classified as non-hazardous materials. 

The formulations of concrete have presented compressive strengths between 12 and 24 MPa. 

According to the Dutch Building Materials Decree (BMD), some concrete formulations can be 

used in both scenarios of limited moistening and without insulation, and with permanent 

moistening and with insulation. 

 

Keywords: Ashes; Coal; Concrete; Co-combustion; Meat and bone meal; Sewage sludge



51 
 

2.2.1 Introduction 

 

The best solution for power production has to be profitable, environmentally sound and 

sustainable. The use of fossil fuels is profitable, but it is neither sustainable nor environmentally 

sound. The replacement of fossil fuels by renewable sources of primary energy can contribute to 

improve the environmental performance of electricity production and to move forward in a 

sustainable way. 

 

The environmental performance is improved due, for example, to the reduction of the emission 

of Green House Gases (GHG) from the extraction sites of fossil fuels up to the power 

production at the thermoelectric power plant (Morais et al., 2008; Prochnow et al., 2009; 

Rourke et al., 2009). Nevertheless, field experience has shown that the availability of biomass 

can be a serious obstacle for its extensive use for energy production (Richers et al., 2002).  

 

There is a possibility of rendering the use of biomass more viable by blending it with non-

hazardous waste materials which are economically unattractive for recycling or which has a 

high land-filling cost (Khan et al., 2009). The use of such wastes for energy is promising, 

provided they do not promote negative effect on the combustion system, on the ashes quality 

and on the quality of gaseous emissions. It is therefore necessary to achieve a satisfactory 

synergy between coal, biomass and wastes, because their co-firing is a subject of great interest 

for the sustainability of energy production and reduction of the emissions of GHG (Lopes et al., 

2003; Arias et al., 2008). 

 

Under this framework, the European project named COPOWER was developed to assess the 

possibility to partially replace the coal used in a power plant of 243 MWth by biomass and non-

hazardous wastes for the production of electricity. The main aim was to evaluate in what extent 

the coal could be replaced by renewable sources (biomass and non-hazardous wastes) without 

the need for technical modifications of the electricity production process, without loss of 

profitability in the electricity production and without compromising the environmental 

performance of the power plant in terms of the quality of exhaustion gases and ashes produced. 

 

In this work, the bottom, circulating and fly ashes produced during the combustion assays with 

coal and co-combustion assays with coal, sewage sludge and MBM were analyzed. A strategy 

for the stabilization/solidification of fly ashes and for the valorisation of bottom and circulating 

ashes as concrete was performed. 
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2.2.2 Materials and Methods 

 

2.2.2.1 Description of the power plant and combustion and co-combustion assays 

 

The power plant studied in this work is located in Duisburg (Germany) and has installed a 

fluidized-bed furnace with a thermal power of 243 MWth. Its conversion efficiency of thermal 

energy into electricity is of 40% and uses bituminous coal as the main fuel. Two other 

renewable fuels were tested in this work: sewage sludge and MBM. Figure 2.14 shows the 

Duisburg power plant. 
 

 

Figure 2.14 – Duisburg power plant 
 

The coal came from a Colombian open-pit mine. The sewage sludge was produced in urban 

wastewater treatment plants located in the vicinity of the power plant, and was collected in 

primary and secondary treatment systems. The sewage sludge resulted from dehydration 

processes with iron salts. MBM came from different companies located all over Germany that 

converts the residues of slaughter houses into MBM. The following two combustion tests were 

performed in the Duisburg power plant: 1) Combustion of coal. This trial was defined as “1st"; 

2) Co-combustion of coal, sewage sludge and MBM. This trial was defined as “2nd". The 

feeding rates of fuels are shown in Table 2.7. The coal substitution rate in the co-combustion 

test was defined in energy basis. During the combustions tests, limestone was added for sulphur 

capture. 

 
Table 2.7 - Feeding rates of fuels in the combustion and co-combustion tests 

Fuel Feeding rate (t/h) Variation coefficient (%) 
Combustion test 

Bituminous Coal 33.5±3.3 5.9 
Co-combustion test 

Bituminous Coal 29.40±1.69 5.7 
Sewage sludge 3.93±1.25 31.8 

MBM 9.46±2.23 23.6 



53 
 

2.2.2.1.1 Chemical characterization of fuels 

 

The bulk content of different metals in fuels was determined according to the USEPA Method 

3051A (2007) and EN 13656 (2002) (for Ca, Mg, Na, Al, K, Fe and P). The quantification was 

achieved through Atomic Absorption Spectrometry (Thermo AAS, M series) after an acidic 

digestion with HNO3 (65% v/v) and HCl (37% v/v) (3:1) (USEPA Method 3051A, 2007), or 

HF, HNO3 and HCl (EN 13656, 2002), in a microwave oven (Milestone Ethos 1600) using 

closed vessels. The digestion temperature was permanently controlled during the digestion 

process. P was determined through UV/Vis. The elemental composition of fuels was determined 

according to: a) CEN/TS 15104 (2005) (biofuels) and ASTM D5373 (2008) (coal) for C, H and 

N content; b) CEN/TS 15289 (2006) (biofuels) and ASTM D3177-02 (coal) for S; c) CEN/TS 

15289 (2006) (biofuels) and ASTM D 4208-02 (coal) for Cl. 

 

The proximate analysis of fuels is shown in Table 2.8. The moisture content was determined 

according to ASTM D3173 (2008), the LHV was determined according to ASTM D5865 

(2010), the ashes content was determined according to ASTM D3174 (2004), the volatile matter 

content was determined according to ASTM D3175 (2007) and the fixed carbon content was 

determined according to ASTM D 3172 (2007). 

 
Table 2.8 -Proximate analysis of the fuels used in the combustion and co-combustion tests (LHV: Low 

Heating Value; db: dry basis) 

Fuels Water content 
(% as received) 

LHV (GJ/t as 
received) 

Ashes (% 
db) 

Volatile 
Matter (% 

db) 

Fixed Carbon 
(% db) 

Bituminous coal 13.0 24.79 12.6 37.0 50.4 
Sewage sludge 74.6 14.20 (db) 44.9 49.6 5.3 

MBM 2.9 13.10 28.8 63.1 8.1 
 

 

2.2.2.1.2 Ashes analysed 

 

Bottom ashes (WBK), circulating ashes (FBK) and fly ashes (EGR) produced in the combustion 

tests were collected and maintained in tight vessels with a small atmosphere (<5% of vessel 

volume), at a temperature of 4ºC, and in the absence of light. The WBK was collected in the 

bottom of the fluidised-bed furnace, the FBK was collected in the circulating line of ashes from 

the cyclones to the furnace, and the EGR was collected in the flue gas treatment system after the 

electrostatic precipitator. 
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2.2.2.1.3 Chemical and ecotoxicological characterization of ashes 

 

The ashes were submitted to the assays described in Figure 2.15. 

 

 
Figure 2.15 - Diagram on the assays to which all ashes were submitted 

 

a) Quantification of the bulk content of metals – The methodology was the same as described 

before for chemical characterization of fuels in what concerns the USEPA Method 3051A 

(2007). 

b) Leaching behaviour – All ashes were submitted to the leaching tests described in the 

standards number EN 12457-2 (2002) (completely mixed batch test) and NEN 7343 (1995) 

(column leaching test – CLT). The extraction cycles were performed under a controlled 

temperature of 20±2ºC. 

 

The eluates produced in both leaching tests EN 12457-2 (2002) and NEN 7343 (1995) were 

characterised for chemical and ecotoxicological parameters (Figure 2.15). The chemical 

parameters analysed were the following: pH (electrometric, method 4500; 

APHA/AWWA/WEF, 2005), F- (SPADNS, method 4500 D; APHA/AWWA/WEF, 2005), TDS 

(gravimetric method; APHA/AWWA/WEF, 2005), DOC (Combustion and detection by Infra-

Red; ASTM D7573, 2009), SO4
2- (Turbidimetric, method 4500 E; APHA/AWWA/WEF, 2005), 

free CN (colorimetric method; APHA/AWWA/WEF, 2005), phenol compounds (colorimetric 

method; ISO 6439, 1990), Cl- (Mohr’s method; ISO 9297, 1989), As (AAS air-acetylene flame; 

EN ISO 11969, 1996), Sb (AAS air-acetylene flame; APHA/AWWA/WEF, 2005), Ba, Mo 

(AAS nitrous-acetylene flame; APHA/AWWA/WEF, 2005), Cd, Cu, Ni, Pb, Zn (AAS air-

acetylene flame; ISO 8288, 1986), Se (AAS air-acetylene flame; ISO 9965, 1993), Hg (AAS 

cold vapour; ISO 5666/1, 1983), Cr (AAS nitrous oxide-acetylene flame; ISO 9174, 2009) and 

Cr VI (colorimetric method; NF T90-043, 1988). 

Leaching behaviour
EN 12457-2 at a L/S=10 L/kg
NEN 7343

Chemical characterisation
European Council Decision 2003/33/CE
French Regulation CEMWE
Dutch Building Material Decree

Bulk content of metals
Acidic digestion and AAS quantification

Ecotoxicological characterisation
French Regulation CEMWE

Ashes
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Figure 2.16 shows the filling procedure of columns with ashes (a) and three columns containing 

bottom, circulation and fly ashes (b). 

 

  
Figure 2.16 - Filling procedure of columns with ashes (a) and detail of three columns containing bottom, 

circulation and fly ashes (b) 
 

The ecotoxicological characterization of eluates followed the principles defined in the modified 

version of CEMWE (igure 2.17) (French Ministry of Environment, 1998). This modified 

version of CEMWE was proposed by Lapa et al. (2002) and was used in different works for the 

ecotoxicological characterization of ashes. For example, Lapa et al. (2007) and Barbosa et al. 

(2009) have used it for the characterization of ashes produced in the co-combustion of coal and 

SS. 

 

 
Figure 2.17 - Diagram on the modified methodology of the French regulation CEMWE 

Ashes

Chemical characterisation 
of eluates (CC)

Ecotoxicological characterisation
of eluates (EC)

CC>limit
values

EC>limit
values

Ecotoxic material Ecotoxic materialThere is no evidence to
classify the material as ecotoxic

no no

yes yes

(a)
(b) 
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The ecotoxicological parameters determined in the eluates are shown in Table 2.9. 

 
Table 2.9 - Ecotoxicological parameters analysed in the eluates 

Type of test Effect analysed, biological indicator and standards used 

Short-term 
test/Acute effect 

Luminescence inhibition of Vibrio fischeri (bacterium), performed in a 
miniaturized system of Microtox® according with ISO 11348-3, 2007 
Mobility inhibition of Daphnia magna (crustacean), performed in a 
miniaturized kit of Microbiotests® according with ISO 6341, 1996 

Long-term 
test/Chronic effect  

Growth rate inhibition of Pseudokirchneriella subcapitata (algae), performed 
in a miniaturized kit of Microbiotests® according with ISO 8692, 2004 

 

 

2.2.2.1.4 Stabilization/solidification of fly ashes (EGR) and leaching behaviour 

evaluation 

 

EGR ashes were submitted to a stabilisation/solidification process with the aim to reduce the 

emission of chemical species. Cement CEM IV/A(V) 32.5N was used in the 

stabilisation/solidification of EGR ashes. The formulations were prepared as indicated in Table 

2.10 and the mortars were injected in cylindrical moulds of polystyrene. 

 
Table 2.10 - Formulations of the s/s materials prepared with fly ashes obtained in both combustion and 

co-combustion assays 
Ratio ashes:cement:water 

(wet weight) 
Fly Ashes 
(% w/w) 

Cement 
(% w/w) 

Water 
(% w/w) 

Water/Cement ratio 
(% w/w) 

1:0.62:0.70 43.1 26.7 30.2 1.13 
1:0.62:0.78 41.7 25.8 32.5 1.26 
1:0.62:0.82 41.0 25.4 33.6 1.32 
1:0.62:0.86 40.3 25.0 34.7 1.39 
1:0.62:0.88 40.0 24.8 35.2 1.42 

 

Before hardening, the moulds were vibrated with a vibratory mill (Retsch AS 200 digit) with 

amplitude of 0.3 for 2 minutes, in order to release the air bubbles retained inside them. Then, 

they were sealed and maintained at 20±1ºC, during 28 days, for cure. After the cure cycle, the 

s/s materials were submitted to a compressive strength test which was performed under their 

longitudinal axis. The s/s materials were coded as shown in Table 2.11. 

 
Table 2.11 - Codes of the formulations of s/s materials 

Ratio ashes:cement:water 
(wet weight) 

Fly ashes (EGR) from the 
combustion test 

Fly ashes (EGR) from the co-
combustion test 

1:0.62:0.70 A F 
1:0.62:0.78 B G 
1:0.62:0.82 C H 
1:0.62:0.86 D I 
1:0.62:0.88 E J 
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Figure 2.18 shows the s/s formulations prepared with fly ashes produced in both combustion 

and co-combustion tests. 

 

 

Figure 2.18 - Formulations of the s/s materials prepared with fly ashes 

 

Then, the s/s materials were also submitted to the leaching test defined in the French standard 

number AFNOR X31-211. This is a batch leaching test performed over monolithic materials, 

with demineralized water and a liquid to solid (L/S) ratio of 10 L/kg, during 24h. The eluates 

were submitted to chemical and ecotoxicological characterizations. The chemical 

characterization followed the same parameters, standards and methods indicated in sub-chapter 

2.2.2.1.3. Also the following parameters were determined: Ca (AAS nitrous oxide-acetylene 

flame; ISO 7980, 2010), Na (AAS air-acetylene flame; ISO 9964-1, 1993), K (AAS air-

acetylene flame; ISO 9964-2, 1993), Mg (AAS air-acetylene flame; APHA/AWWA/WEF, 

2005). The ecotoxicological characterization comprised the following bio-indicators: Vibrio 

fischeri (performed in a miniaturized system of Microtox® according with ISO 11348-3, 2007); 

b) Mobility inhibition of the crustacean Daphnia magna (performed in a miniaturized kit of 

Microbiotests® according with ISO 6341, 1996); and c) growing inhibition of the algae 

Pseudokirchneriella subcapitata (performed in a miniaturized kit of Microbiotests® according 

with ISO 8692, 2004). 

 

 

2.2.2.1.5 Development of concrete formulations based on bottom and circulating ashes 

 

Several concrete formulations were prepared through the mixture of bottom and circulating 

ashes produced in the same combustion test (Table 2.12). Portland cement CEM I 42.5R was 
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used to produce these concretes. Coarse aggregates of siliceous gravel (dimension <4mm) and 

fine aggregates of washed sand (dimension <0.3mm) were used. 

 
Table 2.12 - Formulations of concretes prepared with the mixture of bottom and circulating ashes 
obtained in the combustion and co-combustion assays (w/w: weight/weight; w/c: water/cement) 

Formulation parameters Formulation Codes 
BET1 BET4 BET2 BET5 BET3 BET6 

Substitution of cement by ashes 
(% w/w) 10 20 33 

Deionised water (g) 100 100 100 
Mixture of bottom+circulating 
ashes (1:1 w/w) from the 
combustion of coal (g)  

16.9 0 33.8 0 55.8 0 

Mixture of bottom+circulating 
ashes (1:1 w/w) from the co-
combustion of  
coal+sewage sludge+MBM (g) 

0 16.9 0 33.8 0 55.8 

Cement CEM I 42.5R (g) 152.1 135.2 113.2 
Fine aggregates (g) 358 358 358 
Coarse aggregates (g) 526 526 526 
w/c ratios 0.66 0.74 0.88 

 

The formulations of concrete were placed in sealed cylindrical moulds of polystyrene and 

maintained at 20±1ºC, during 28 days, for cure. Once the cure was completed, concretes were 

submitted to a compressive strength test which was performed under their longitudinal axis. 

 

Concretes were also submitted to the diffusion leaching test defined in the Dutch standard 

number NEN 7345 (1995). In this leaching test, monolithic samples are placed in contact with 

demineralized water, in a closed vessel, with a liquid to volume (L/V) ratio of 5 L/dm3. This 

leaching test lasts for 64 days. During this extraction time, the leaching agent is substituted and 

collected several times at the following days: 0.25, 1.0, 2.25, 4, 9, 16, 32 and 64 d. Based in the 

diffusion test results, an assessment can be made of the time dependency of the leaching 

behaviour of the chemical species analysed under real conditions of use of a monolithic material 

(Marion et al., 2005; Alonso-Santurde et al., 2010). 

 

The eluates were submitted to chemical and ecotoxicological characterizations. The chemical 

characterization followed the same parameters, standards and methods indicated in sub-chapter 

2.2.2.1.4. The ecotoxicological characterization comprised the bio-indicator Vibrio fischeri 

(performed in a miniaturized system of Microtox® according with ISO 11348-3, 2007). 

 

 

 

 

 



59 
 

2.2.3 Results and Discussion 

 

2.2.3.1 Bulk content and elemental composition of fuels 

 

Table 2.13 shows the bulk content and elemental composition of fuels. 

 
Table 2.13 - Average bulk content and elemental composition of coal, SS and MBM (n=2; ± SD; n: 

number of replicates; SD: standard deviation; db: dry basis; n.a.: not applicable) 
Parameter Unit Coal SS MBM 

C % db (m/m) 66.4 (±5.0) 28.8 (±3.0) 39.2 (±4.1) 

H % db (m/m) 4.7 (±0.4) 6.0 (±0.7) 4.8 (±0.4) 

N % db (m/m) 1.4 (±0.1) 3.7 (±0.4) 8.5 (±1.0) 

S % db (m/m) 0.96 (±0.01) 1.40 (±0.1) 0.43 (±0.04) 

Cl % db (m/m) 0.070 (±0.001) 0.070 (±0.001) 0.29 (±0.03) 

Ca % db (m/m) 0.23 (±0.02) 4.0 (±0.5) 13.4 (±1.1) 

Fe % db (m/m) 0.64 (±0.04) 6.7 (±0.7) 0.020 (±0.003) 

Al % db (m/m) 1.29 (±0.10) 2.5 (±0.3) 0.080 (±0.001) 

K % db (m/m) 0.24 (±0.02) 0.43 (±0.05) 0.26 (±0.03) 

Na % db (m/m) 0.08 (±0.01) 0.18 (±0.02) 0.63 (±0.07) 

Mg % db (m/m) 0.19 (±0.02) 0.50 (±0.06) 0.24 (±0.03) 

P % db (m/m) 0.0040 (±0.0003) 2.52 (±0.21) 5.0 (±0.5) 

Ba mg/kg db <3.65 (n.a.) 1150 (±91) 452 (±36) 

Sb mg/kg db <0.07 (n.a.) 1.91 (±0.21) 0.13 (±0.01) 

Mo mg/kg db <22.4 (n.a.) 326 (±41) 117 (±16) 

Se mg/kg db <0.21 (n.a.) 853 (±106) 0.30 (±0.02) 

As mg/kg db <0.73 (n.a.) 4.5 (±0.55) <0.65 (n.a.) 

Hg mg/kg db <0.27 (n.a.) 0.85 (±0.09) <0.24 (n.a.) 

Cd mg/kg db <7.3 (n.a.) <21.6 (n.a.) <6.52 (n.a.) 

Pb mg/kg db <22.8 (n.a.) 281 (±31) <20.4 (n.a.) 

Cu mg/kg db <9.4 (n.a.) 654 (±89) 9.9 (±1.2) 

Ni mg/kg db <14.4 (n.a.) <43.4 (n.a.) <14.0 (n.a.) 

Zn mg/kg db 36.8 (±4.9) 3333 (±401) 94.3 (±17.1) 

Cr mg/kg db 33.5 (±4.1) 147 (±19) <10.2 (n.a.) 

 

In coal, Zn and Cr were detected above the quantification limits and the concentrations were 

similar to those found by Miller et al. (2004) and Reddy et al. (2005). Other works have found 

lower levels of Cr than those found in this work (Lopes et al., 2003; Miller et al., 2004; López-

Antón et al., 2008, Ward et al., 2011). The concentrations of As, Cu, Pb and Se were lower than 

those found by Miller et al. (2004) and Reddy et al. (2005) which have reported levels of As of 
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1.83 mg/kg and 41.9 mg/kg, Cu of 25.0 and 43.0 mg/kg, Pb of 34.0 and 29.4 mg/kg, and Se of 

2.4 and 12.1 mg/kg, respectively. Lopes et al. (2003) and Ward et al. (2011) have reported 

similar levels of As and Cu to those found in this work. The concentrations of Mg, Al, Fe, Ca, 

K, Na and P found in coal were lower than those found by Shao et al. (2011), but higher than 

those found by Gulyurtlu et al. (2005). These differences in the bulk content of coal may be 

attributed to the different geological origins and type of coals analysed. In this work, a 

bituminous coal coming from an open-pit mine in Colombia was studied, while all the other 

authors have analysed this and other types of coals from different geographic and geological 

origins. 

 

Among the renewable fuels tested in this work, sewage sludge has presented the highest 

concentrations of Hg, Sb, Ba, Mo, Se, Pb, Zn and Cr. Similar results in a different sewage 

sludge were reported by Miller et al. (2004), Rule et al. (2006) and Üstün (2009). Yuan et al. 

(2011) have found similar levels of Cu, lower levels of Zn, Pb and Cr and higher levels of Ni 

than those determined in this work. Elled et al. (2007) and Miller et al. (2004) have determined 

similar concentrations of Hg to those shown in Table 2.13, but higher levels of Sb. 

 

MBM has presented high levels of Ba and Mo probably because these elements are rapidly 

transported in blood plasma from food or airborne exposure mainly to bones (World Health 

Organization, 2003; World Health Organization, 2004). The concentrations of K, Fe, Mg and 

Na determined in the MBM analysed in this work were similar to those found by Dybowska et 

al. (2009). Among the fuels analysed, MBM has presented the highest concentrations of Ca and 

P. This fact may explain the high levels of some metals in the ashes produced during the 

combustion test as it will be referred in the following section. 

 

 

2.2.3.2 Bulk content of metals in ashes 

 

Table 2.14 shows the average bulk content of metals in ashes. Globally, the concentrations of 

Cr, Zn, Ni, Cu, Pb and Cd were similar in bottom and circulating ashes of both combustion and 

co-combustion tests. In their study related with the characterization of fly ashes from coal, 

Johnson et al. (2010) have found lower concentrations of Zn, Cu and Mo (37, 37 and 13 mg/kg, 

respectively) but higher concentrations of Ni, Pb and Ba (28, 39 and 3800 mg/kg) than those 

shown in Table 2.14. 
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Table 2.14 - Average bulk content of bottom, circulating and fly ashes obtained in the combustion, “1st", and co-combustion assay, “2nd" (n: number of replicates; SD: 
standard deviation; db: dry basis; n.a.: not applicable) 

Sample Cr Zn As Ni Cu Pb Cd Hg  Ba Mo Sb Se 

Combustion of coal (n=2; ± SD; mg/kg db) 

WBK-1st 56.2 (±5.5) 268 (±15) <0.63(n.a.) 33.9 (±2.5) 32.5 (±4.0) <19.7 (n.a.) <6.3 (n.a.) <0.24 (n.a.) 660 (±78) 39.4 (±4.2) 0.14 (±0.01) <0.18 (n.a.) 

FBK-1st 61.0 (±6.0) 551 (±52) <0.64(n.a.) 23.2 (±3.1) 23.9 (±2.6) <19.9 (n.a.) <6.4 (n.a.) <0.24 (n.a.) 742 (±85) 27.4 (±3.1) 0.21 (±0.01) <0.18 (n.a.) 

EGR-1st 59.1 (±10.5) 93.9 (±2.1) <0.64(n.a.) 23.3 (±15.1) 59.6 (±0.6) <19.9 (n.a.) <6.4 (n.a.) <0.24 (n.a.) 779 (±90) 27.4 (±3.8) 0.070 (±0.008) 1.7 (±0.2) 

Co-combustion of coal+sewage sludge+MBM (n=2 ; ± SD; mg/kg db) 

WBK-2nd 74.2 (±19.4) 255 (±16) 11.8(±0.8) 33.0 (±0.3) 46.2 (±8.5) <19.9 (n.a.) <6.4 (n.a.) 0.39 (±0.21) 1259 (±120) 23.3 (±2.1) 0.28 (±0.03) 0.31 (±0.04) 

FBK-2nd 60.6 (±4.4) 260 (±9) 12.2(±0.1) 24.6 (±2.8) 41.0 (±3.3) <20.0 (n.a.) <6.4 (n.a.) 0.29 (±0.07) 851 (±93) 31.0 (±4.0) <0.06 (n.a.) 0.29 (±0.03) 

EGR-2nd 171 (±18) 331 (±25) 5.8(±0.8) 29.4 (±5.3) 108 (±11) 33.2 (±2.3) <6.3 (n.a.) 0.48 (±0.06) 2369 (±240) 20.5 (±3.7) 3.35 (±0.41) 0.38 (±0.04) 
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The concentration of Zn in circulating ashes produced in the co-combustion test was less than a 

half of the concentration in the same type of ashes produced in the combustion test, but it was 

about three times higher in the fly ashes collected in the co-combustion test. The co-combustion 

test may have produced unburned carbon which can cause, according to Nakayama et al. (2008), 

the reduction of ZnO to Zn contributing for its volatilization. This process associated to the 

condensation over fine particles in the coldest parts of the furnace might increase the 

concentration of Zn in fly ashes. 

 

The concentration of Cu in bottom ashes produced during the co-combustion test was about 

46.2 mg/kg. This concentration is slightly lower than the concentration found by Cyr and 

Ludmann (2006) (70.3 mg/kg). The ashes produced during the co-combustion test have 

presented higher concentration of Cu than the ashes produced during the combustion of coal. 

The increasing rate was about 1.5, 1.7 and 1.8 in the bottom, circulating and fly ashes, 

respectively. The higher concentrations of Cu obtained in the ashes produced in the co-

combustion test can be attributed to the higher concentration of this metal in the sewage sludge 

used in this co-combustion test. 

 

The concentrations of As and Hg were, generally, higher in all ashes produced during the co-

combustion test than in the ashes produced in the combustion assay. This can be attributed to 

the higher concentrations of Hg and As in the sewage sludge used in the co-combustion test. 

The concentration of As in the fly ashes produced during the combustion of coal was low. 

Narukawa et al. (2005) have found higher levels of this element in fly ashes resulting from the 

combustion of the same fuel (5.4 to 22.3 mg/kg). 

 

It was also observed a tendency for a higher accumulation of Cr, Zn, Cu, Pb, Hg and As in the 

fly ashes of the co-combustion test than in the fly ashes of the combustion test. This may be 

explained, in part, by the sum of the concentrations of these metals in the SS and MBM and also 

by the influence of Cl present in the MBM that might have promoted the formation of metal 

chlorides (Folgueras et al., 2003; Polettini et al., 2004; Sun et al., 2004; Mizuno et al., 2006). 

 

Cyr and Ludmann (2006) have found, in a study related with the combustion of MBM, that the 

concentration of Cr in bottom ashes was about half of the concentration found in this work 

(32.42 mg/kg). The reason for this difference may be related with the highest concentration of 

Cr obtained in MBM that was used in this work. 

 

Zn, Cu and Pb have presented high concentrations in fly ashes produced during the co-

combustion test which may be explained by the high concentrations of Ca and P in MBM. High 



63 
 

concentrations of Ca and P may lead to the production of higher levels of apatite, which can 

contribute for the retention of Zn, Cu and Pb in the ashes as Ca substitutes (Coutand et al., 2008; 

Dybowska et al., 2009). 

 

The high concentrations of Mo and Sb in sewage sludge and MBM and Se in sewage sludge 

have conducted to the production of ashes with high concentrations of these metals. Narukawa 

et al. (2005) have found levels of Se slightly higher in this type of ashes (2.3 to 5.2 mg/kg) than 

those observed in this work. In what concerns Mo, these authors have found lower levels of this 

element (1.0 to 3.9 mg/kg) than those determined in this work. 

 

 

2.2.3.3 Leaching behaviour of ashes based on EN 12457-2 

 

In Table 2.15 it is shown the characterization of eluates produced according to EN 12457-2. pH 

values were extremely alkaline. In what concerns the parameter cyanides, it was expected its 

presence in the ashes, especially in those produced during the combustion of biomass (Barber et 

al., 2003). The analytical results show that the concentration of cyanides was lower in the 

eluates produced by the ashes resulting from the co-combustion test than in the eluates produced 

by the ashes of the combustion assay. This may be explained by the presence of higher levels of 

limestone in the ashes of the co-combustion assay, which promoted a faster hydrolysis of 

cyanides (Schäfer and Bonn, 2002). 

 

Cr and Cr VI were not detected in the eluates produced by the bottom and circulating ashes 

from both combustion tests. In what concerns the fly ashes, the concentration of Cr was very 

similar in these ashes produced in both combustion tests. In the fly ashes obtained from the 

combustion of coal, Cr was present almost in the oxidation state VI, which is in agreement with 

the results obtained by Chai et al. (2009). 

 

In the fly ashes produced during the combustion of coal, the concentration of Cr was two times 

higher than the concentration found by Koukozas et al. (2011) in the same type of material. 

Nevertheless, the concentration of Zn in the coal fly ashes obtained in this work was five times 

lower than the concentration found by those authors. In the eluates produced by the fly ashes 

from the co-combustion test, the concentration of Cr VI was less than one third of the 

concentration of Cr. The differences in the speciation of Cr may be explained by the reduction 

of the redox potential in ashes eventually caused by the oxidation conditions during the 

combustion and formation of ashes in the treatment system of exhaustion gases (Chai et al., 

2009). 



64 
 

 
Table 2.15 - Chemical characterization of the eluates of bottom, circulating and fly ashes, produced according to the European leaching standard number EN 12457-2 

(“1st”: ashes produced in the combustion trial; “2nd": ashes produced in co-combustion trial; n: number of replicates; SD: standard deviation; n.a.: not applicable) 

Sample 
Phenol 

Compounds 
Sulphates Fluorides Chlorides CN- pH TDS DOC Cr Cr VI 

Combustion of coal (n=2; ± SD; mg/kg db, except for pH – Sorensen scale) 

WBK-1st 1.15 (±0.14) 11500 (±284) 73.2 (±6.0) 7445 (±459) 0.24 (±0.01) 13.7 (±0.2) 40659 (±623) 50.5 (±2.1) <0.50 (n.a.) <0.50 (n.a.) 

FBK-1st 0.80 (±0.07) 11400 (±706) 68.2 (±7.4) 1395 (±35) 0.23 (±0.01) 13.2 (±0.9) 41897 (±1017) 10.0 (±1.4) <0.50 (n.a.) <0.50 (n.a.) 

EGR-1st 0.70 (±0.07) 12000 (±1,415) 68.2 (±6.7) 1645 (±35) 0.18 (±0.01) 13.6 (±0.3) 47778 (±738) 62.5 (±6.4) 1.29 (±0.02) 1.28 (±0.04) 

Co-combustion of coal+sewage sludge+MBM (n=2; mg/kg db, except for pH – Sorensen scale) 

WBK-2nd 0.70 (±0.22) 10509 (±708) 20.5 (±2.7) 1220 (±142) <0.13 (n.a.) 13.0 (±0.1) 39536 (±882) 25.9 (±1.2) <0.50 (n.a.) <0.50 (n.a.) 

FBK-2nd <0.50 (n.a.) 11308 (±704) 53.0 (±7.2) 1270 (±71) <0.13 (n.a.) 13.2 (±0.1) 41182 (±1956) 37.6 (±4.3) <0.50 (n.a.) <0.50 (n.a.) 

EGR-2nd <0.50 (n.a.) 14308 (±1702) 53.0 (±4.3) 1280 (±142) <0.13 (n.a.) 13.4 (±0.1) 45740 (±1702) 39.7 (±5.1) 1.27 (±0.03) <0.50 (n.a.) 

 

Sample Zn As Ni Cu Pb Cd Hg Ba Mo Sb Se 

Combustion of coal (n=2; ± SD; mg/kg db) 

WBK-1st 0.15 (0.02) <0.03  (n.a.) <0.63 (n.a.) <0.41 (n.a.) <1.00 (n.a) <0.32(n.a.) <0.01 (n.a.) <0.16 (n.a.) 5.0 (±2.6) 0.010 (±0.002) 0.01 (<0.001) 

FBK-1st <0.13 (n.a.) <0.03 (n.a.) <0.63 (n.a.) <0.41 (n.a.) 1.56 (±0.78) <0.32(n.a.) <0.01 (n.a.) <0.16 (n.a.) 3.5 (±0.72) 0.010 (±0.002) 0.01 (<0.001) 

EGR-1st 0.17 (0.07) <0.03 (n.a.) <0.63 (n.a.) <0.41 (n.a.) <1.00 (n.a.) <0.32(n.a.) <0.01 (n.a.) <0.16 (n.a.) 5.7 (±0.91) 0.0050 <0.0005 0.06 (±0.04) 

Co-combustion of coal+sewage sludge+MBM (n=2; ± SD; mg/kg db)  

WBK-2nd <0.13 (n.a.) <0.03  (n.a.) <0.63 (n.a.) <0.41 (n.a.) <1.00 (n.a.) <0.32 (n.a.) <0.01 (n.a.) <0.16 (n.a.) 1.4 (±0.1) <0.003. (n.a.) <0.01 (n.a.) 

FBK-2nd <0.13 (n.a.) <0.03 (n.a.) 0.95 (±0.14) <0.41 (n.a.) <1.00 (n.a.) <0.32 (n.a.) <0.01 (n.a.) <0.16 (n.a.) 2.3 (±0.1) <0.003. (n.a.) <0.01 (n.a.) 

EGR-2nd <0.13 (n.a.) <0.03 (n.a.) 0.68 (±0.07) <0.41 (n.a.) <1.03 (n.a.) <0.32 (n.a.) <0.01 (n.a.) <0.16 (n.a.) 4.2 (±0.3) <0.003. (n.a.) 0.030 (±0.003) 
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The concentration of Mo in the eluates of all ashes was between the limit values for inert and for 

non-hazardous residues (0.5 to 10 mg/kg). The leaching rate of Sb was very low. According to 

Cornelis et al. (2006), at pH>12, calcium antimonite comes into solution due to portlandite 

formation, but the subsequent increase in Sb leaching is reduced due to the interaction of Sb 

with portlandite and ettringite. In a study performed by Miravet et al. (2006) it is concluded that 

Sb is strongly bound to fly ashes. 

 

Based on the limits defined in the European Council Decision 2003/33/EC, the bottom ashes 

produced in the combustion test were classified as non-hazardous materials, due to the 

concentrations of sulphates, fluorides, chlorides, TDS, and Mo that were above the limits for 

inert materials and below the limits for non-hazardous materials. 

 

Circulating ashes were also classified as non-hazardous. Those produced by the combustion of 

coal have obtained this classification due to the concentration of sulphates, fluorides, chlorides, 

TDS, Mo, and Pb, while those produced during the co-combustion test were classified as non-

hazardous due to the concentration of sulphates, fluorides, chlorides, TDS, Mo, and Ni. 

 

Fly ashes were classified as non-hazardous residues due to the concentrations of sulphates, 

fluorides, chlorides, TDS, Mo, and Cr. The fly ashes produced during the combustion test were 

classified as non-hazardous due also to the concentration of Ni. 

 

Fly ashes produced in the co-combustion test have shown concentrations of Cr VI higher than 

the limit defined in CEMWE. The concentration of phenolic compounds in the bottom ashes 

produced in the combustion of coal was higher than the limit defined in CEMWE, therefore, 

they were also classified as ecotoxic materials. 

 

 

2.2.3.4 Ecotoxicological characterization of eluates obtained by EN 12457-2 leaching test 

 

In Table 2.16 it is shown the ecotoxicological levels of the eluates of ashes produced with the 

European leaching standard number EN 12457-2 (2002), and the ecotoxicological limit values 

defined in the CEMWE. High ecotoxicity levels of the eluates were observed for all bio-

indicators. 

 

Similarly to the observations of Lapa et al. (2002 and 2007), the biological indicator with the 

highest sensitivity was V. fischeri. The effect on the bio-indicators may be attributed to the pH 

of the eluate and/or to the bioavailability of heavy metals (Lapa et al., 2002, Tsiridis et al., 
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2006; Lapa et al., 2007; Barbosa et al., 2009). Comparing the ecotoxicological levels obtained 

in the eluates of ashes to CEMWE limit values, it is possible to conclude that all ashes have 

shown ecotoxic characteristics for the bio-indicators tested. 

 
Table 2.16 - Ecotoxicological levels of the eluates of bottom, circulating and fly ashes, produced 
according to the European leaching standard number EN 12457-2 and limit values defined in the 

CEMWE 

Eluate of the ashes 
V. fischeri 

(EC50 – 30 min, %) 
P. subcapitata 

(EC20 – 72 h, %) 
D. magna 

(EC50 – 48 h, %) 
WBK–1st 
(Combustion test) 

<1 5 2 

WBK–2nd 
(Co-combustion test) 

<1 <1 3 

FBK–1st 
(Combustion test) 

<1 3 3 

FBK–2nd 
(Co-combustion test) 

<1 <1 3 

EGR–1st  
(Combustion test) 

<1 4 3 

EGR–2nd 
(Co-combustion test) 

<1 <1 3 

CEMWE limit values 10 0.1 10 
 

 

2.2.3.5 Leaching behaviour of ashes based on the leaching test NEN 7343 

 

Several authors argue that CLT, such as the leaching test NEN 7343 (1995), are better 

simulations of the real conditions of leaching than the batch leaching tests such as EN 12457-2 

(2002). According to Jones (1995), the composition of eluates produced as a function of time by 

the percolation of water through ashes can be better predicted by a long term CLT than by a 

batch leaching test performed in a unique cycle. Reemtsma and Mehrtens (1997) have argued 

that dynamic CLT appears to better simulate natural conditions. CLT removes, initially, the 

most mobiles elements from ashes, hence they will not be in solution for continued interaction 

with other elements as it is observed in batch leaching tests (Wang et al., 2008b).  

 

Figure 2.19 shows the variation of DOC, chlorides and Cr VI in the eluates produced by CLT 

NEN 7343 (1995) when applied to the three types of ashes produced in the combustion and co-

combustion assays. Generally, fly ashes showed a tendency to release higher concentrations of 

chlorides and Cr VI than bottom and circulating ashes. High leaching rates of chlorides are 

common in fly ashes produced during the combustion of coal and biomass as observed by 
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Aguiar del Toro et al. (2009) and Ahmaruzzaman (2010). López-Antón et al. (2008) have 

verified high dissolution rates of Cr VI from fly ashes in a similar column leaching test. 

 

The concentrations of Pb, Cd, As, Cu, Ni, Hg, Zn and Sb were below the limit values for inert 

materials, but the concentrations of Mo and Ba were between the limit values for inert and non-

hazardous materials. 

 

 

Figure 2.19 - Accumulated concentration of DOC, Cl, and Cr (VI) in the eluates of NEN 7343 column 
leaching test to which the ashes were submitted (1st: combustion test; 2nd: co-combustion test) 

 

Table 2.17 shows the classification of ashes based on the analytical results obtained in the 

eluates, after a L/S ratio of 0.1 L/kg has been achieved in NEN 7343 (1995) leaching test, and 

considering the limit values defined in the Council Decision 2003/33/EC. 

 

The bottom and circulating ashes from both combustion tests were classified as non-hazardous, 

while fly ashes were classified as hazardous materials. 
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Table 2.17 - Classification of the ashes produced in the combustion and co-combustion tests, based on the 
results obtained in the leaching test NEN 7343 for C0 of L/S=0.1 L/kg and according to the limits defined 

in the Council Decision 2003/33/EC 
Ashes Classification according Council Decision 2003/33/EC 

WBK – Combustion test Non-hazardous material 

WBK – Co-combustion test Non-hazardous material 

FBK  – Combustion test Non-hazardous material 

FBK  – Co-combustion test Non-hazardous material 

EGR – Combustion test Hazardous material 

EGR – Co-combustion test Hazardous material 

 

 

2.2.3.6 Ecotoxicological characterization of eluates obtained by NEN 7343 leaching test 

 

The ecotoxicity levels of eluates produced by NEN 7343 (1995) leaching test (Figure 2.20) were 

high for both biological indicators used, particularly for V. fischeri. The eluates produced in the 

first L/S ratio of NEN 7343 (1995) (0.1 L/kg) leaching test seemed to have, generally, higher 

ecotoxicity levels than the eluates produced with L/S ratios >2 L/kg. This fact may be related 

with the higher releasing rates of different chemical species in the beginning of the CLT. No 

significant differences were observed between the ecotoxicity levels of the eluates of ashes 

produced in both combustion and co-combustion tests. 
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Figure 2.20 - Ecotoxicity levels for P. subcapitata and V. fischeri of the eluates produced through NEN 7343 column leaching test to which the ashes were submitted 
(1st: combustion test; 2nd: co-combustion test) 
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2.2.3.7 Mechanical characterization and leaching behaviour of s/s materials produced 

with fly ashes (EGR) 

 

The addition of coal fly ashes to Portland cement concrete improves its workability (United 

States Department of Transportation – Federal Highway Transportation, 2012). If other 

combustion residues are added to Portland cement concrete, a reduction in workability can 

generally be observed. However, alternative combustion residues may have different pozzolanic 

activities, which may influence some properties of the concrete, namely its strength (Payá et al., 

2002; Donattelo et al., 2010; Johnson et al., 2010). 

 

In Figure 2.21 it is shown the compressive strength of s/s mortars produced with the mixture of 

fly ashes, Cement CEM IV/A(V) 32.5N and water, as presented in Table 2.10. The compressive 

strengths obtained were between 25 and 40 MPa which can be considered to be a range of 

normal to high compressive strength values. These results clearly show the good properties of 

the fly ashes produced in both combustion and co-combustion assays. The compressive strength 

variation within each group of s/s materials was mainly due to the variation of the water/cement 

ratio. High water/cement ratios have promoted the reduction of the compressive strength. 

According to Felekoglu (2007), this is due to the increase of the micro-pores in mortar structure 

after the solidification period. 

 

 

Figure 2.21 - Compressive strength, after 28 days of cure, of s/s materials produced with the fly ashes of 
the combustion assay with coal and co-combustion assay with coal+SS+MBM (SD are presented in error 

bars) 
 

Concentrations of Ba and Mo in the eluates of the s/s materials, obtained through the AFNOR 

X31-211 leaching test, are shown in Figure 2.22. The majority of the chemical species 

quantified in the eluates, namely phenol compounds, sulphates, fluorides, chlorides, DOC, TDS, 

0
5

10
15
20
25
30
35
40
45
50

A B C D E F G H I J

C
om

pr
es

si
ve

 s
tr

en
gt

h 
(M

Pa
) 

s/s materials

Combustion of coal Combustion of coal+SS+MBM



71 
 

Sb, Se and Ba, have presented concentrations below the limit values defined for inert materials 

in the European Council Decision 2003/33/EC. Only Mo was detected in concentrations slightly 

above the limit value for inert materials. 

 

It was observed a significant reduction on the emission of all chemical species from the s/s 

materials when compared with the same levels emitted by crude fly ashes. The matrix was 

effective on retaining the chemical species that easily released from the crude fly ashes. 

 

 

 

Figure 2.22 - Concentrations of Ba and Mo in the eluates of s/s materials, produced through the standard 
leaching test AFNOR X31-211 
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2.2.3.8 Ecotoxicological characterization of s/s materials produced with fly ashes (EGR) 

 

The ecotoxicity levels of the eluates of the s/s materials (Table 2.18) were lower than the levels 

determined for crude fly ashes and were also lower than CEMWE limit values, except for V. 

fischeri. The ecotoxicity levels obtained for V. fischeri can be attributed to the extreme alkaline 

pH values of the eluates to which the bacterium is highly sensitive, or to other chemical species 

that were not quantified (Lapa et al., 2007; Barbosa et al., 2009; Ghirardinia et al., 2009). 

 
Table 2.18 - Ecotoxicity levels of the eluates of s/s materials and CEMWE limit values 

s/s formulation eluate 
V. fischeri 

(EC50 – 30 min, %) 
P. subcapitata 

(EC20 – 72 h, %) 
D. magna 

(EC50 – 48 h, %) 
ELU A 5 24 25 
ELU B 7 29 22 
ELU C 6 39 24 
ELU D 6 22 21 
ELU E 5 36 22 
ELU F 6 35 24 
ELU G 6 22 24 
ELU H 6 27 24 
ELU I 6 41 24 
ELU J 5 20 24 

CEMWE limit values 10 0.1 10 
 

 

2.2.3.9 Mechanical characterization and leaching behaviour of concretes 

 

Figure 2.23 shows the compressive strength of the concretes produced after 28 days of cure. The 

compressive strength is directly related to the microstructure of the hardened concrete and to the 

w/c ratio. As w/c ratio decreases, the compressive strength increases. Furthermore, the strength 

of the coarse aggregate, mineralogical origin and quality can become controlling factors at high 

compressive strengths (United States Department of Transportation - Federal Highway, and 

Technology, 2001). In the concretes produced in this work, the compressive strength varied 

between 12 and 24 MPa. Generally, these results were lower than would be expected based on 

the high quality of the cement used. This can be attributed to the following factors: a) High 

percentages of ashes used; b) Bad chemical properties of ashes; c) Substitution of cement by the 

mixtures of bottom and circulating ashes instead of using these mixtures to substitute the 

aggregates. 
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Figure 2.23 - Compressive strength, after 28 days of cure, of concretes produced with the mixtures of 
bottom and circulating ashes 

 

The cumulative releases of chlorides and sulphates from concretes are shown in Figure 2.24. 

Chlorides and sulphates were selected because their release patterns are representatives of the 

two basic release patterns that were observed for all the leachable chemical species. Chlorides 

represent the chemical species that present a biphasic release with an initial release rate higher 

than the release rate observed for the second phase. This leaching behaviour is of type I 

according to Chandler et al. (1997). Sulphates represent the chemical species with a monophasic 

release in which the release rate are constant all over the leaching process (type II leaching 

behaviour). 

 

In Table 2.19 it is shown the calculated emission factors (Ic) of each chemical species released 

from the concretes according to the BMD. The Ic values were calculated according with Eq. 2.2: 

isobevexttempd64  f * f * f *  f * E=cI  Eq. 2.2 

 

E64d means the emission after 64 days of leaching, in the diffusion leaching test (NEN 7345, 

1995) (mg/m2); 

ftemp means the correction factor of the temperature, from the laboratory to environment (=0.7); 

fext means the extrapolation factor from 64 days to 1 or 100 years. This factor is 2.4 for sulfates 

and chlorides and 15 for the remaining parameters; 

fbev means the correction for the moistening conditions of exposure. This factor is 1 and 0.1 for 

conditions of permanent and limited moistening conditions, respectively; 

Fiso means the correction factor for the isolation conditions. This factor is 1 without insulation 

conditions and is 0.1 with insulation conditions. 
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Figure 2.24 - Cumulative releases of chlorides and sulphates from the concretes, obtained through the NEN 7345 column leaching test 
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Depending on the moisture and isolation conditions there are, in BMD, three categories, which 

are: 

 

- Category 1A: permanent moistening and without insulation conditions. In this category, 

the expression isobev  f * f  will assume the value of 1 * 1 . 

 

- Category 1B: limited moistening and without insulation conditions. In this category, the 

expression isobev  f * f  will assume the value of 1 * 0.1 . 

 

- Category 2: permanent moistening and with insulation conditions. In this category, the 

expression isobev  f * f  will assume the value of 0.1 * 1 . 

 

Based on the values of Imax of BMD and indicated in last column of Table 2.19, it is possible to 

conclude that all concretes with a substitution level of cement by ashes of 10% and 20% (w/w) 

ashes, except BET 5, can be used with limited moistening and without insulation, or with 

permanent moistening and with insulation, respectively. These concretes (BET1, BET 2 and 

BET 4) cannot be used in permanent moistening and without insulation conditions due to the 

emission factors of cyanide, mercury, and cadmium (underlined values). 

 

The emission factor of cyanide was above the Imax, for all categories, in concretes BET3 and 

BET6, while the emission factor of mercury was above the Imax in concrete BET5. Therefore, 

concretes that were prepared with 33% (w/w) ashes (BET3 and BET6) and BET 5 formulation 

cannot be used as civil engineering materials. 
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Table 2.19 - Calculated emission factors (Ic) of concretes BET1 to BET 6, maximum emission factors (Imax) and assessment on the possibility of using concretes as 

civil engineering materials (emission factors expressed as mg/m2; Underlined numbers means that the Ic level of that category is above the Imax; NU: Not usable in the 
category; U: Usable in the category) 

 

 

Chemical 

species 

BET 1 BET 2 BET 3 BET 4 BET 5 BET 6 
Imax Ic (Catg. 

1A) 

Ic (Catg. 

1B and 2) 

Ic (Catg. 

1A) 

Ic (Catg. 

1B and 2) 

Ic (Catg. 

1A) 

Ic (Catg. 

1B and 2) 

Ic (Catg. 

1A) 

Ic (Catg. 

1B and 2) 

Ic (Catg. 

1A) 

Ic (Catg. 

1B and 2) 

Ic (Catg. 

1A) 

Ic (Catg. 

1B and 2) 

Chloride 677 214 648 205 663 210 772 244 670 212 672 213 30000 

Fluoride 138 43.6 62.7 19.8 62.7 19.8 179 56.5 50.2 15.9 50.2 15.9 14000 

Sulphate 2407 761 2407 761 2407 761 2608 825 2407 761 2507 793 45000 

Cyanide 34.1 10.8 34.1 10.8 56.3 17.8 26.3 8.33 31.5 9.96 50.0 15.8 15 

Antimony 1.81 0.57 1.59 0.50 1.84 0.58 2.01 0.63 2.30 0.73 1.67 0.53 39 

Barium 305 96.3 498 157 449 142 304 96.0 218 69.1 525 166 6300 

Cadmium 17.9 5.65 14.7 4.66 12.9 4.06 16.6 5.25 24.5 7.73 14.4 4.56 12 

Lead 441 139 420 133 404 128 404 128 251 79.3 284 89.8 1275 

Copper 50.2 15.9 50.2 15.9 50.2 15.9 50.2 15.9 50.2 15.9 59.9 18.9 540 

Mercury 6.02 1.90 6.02 1.90 6.02 1.90 6.79 2.15 21.2 6.69 12.5 3.94 4.5 

Zinc 213 67.3 211 66.6 93.4 29.5 45.1 14.3 26.3 8.33 25.1 7.93 2100 

Classification NU U NU U NU NU NU U NU NU NU NU -- 
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2.2.3.10 Ecotoxicological characterization of concretes 

 

Figure 2.25 to Figure 2.30 show the evolution of the ecotoxicity levels of the eluates, expressed 

as Toxicity Units (TU=100%/EC50), as a function of the accumulated L/A. 

 

Figure 2.25 - Evolution of the TU as function of the accumulated L/A (L/m2) of the eluates of BET 1 

 

Figure 2.26 - Evolution of the TU as function of the accumulated L/A (L/m2) of the eluates of BET 2 

 

Figure 2.27 - Evolution of the TU as function of the accumulated L/A (L/m2) of the eluates of BET 3 
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Figure 2.28 - Evolution of the TU as function of the accumulated L/A (L/m2) of the eluates of BET 4 
 

 

Figure 2.29 - Evolution of the TU as function of the accumulated L/A (L/m2) of the eluates of BET 5 
 

 

Figure 2.30 - Evolution of the TU as function of the accumulated L/A (L/m2) of the eluates of BET 6 
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There is no specific pattern in the evolution of the TU of the elautes. Nevertheless, it was 

observed a reduction in the TU in concrete formulations in which were used co-combustion 

ashes instead of coal ashes. The reduction in the TU was evident in BET 1 (10% coal ashes) vs. 

BET 4 (10% co-combustion ashes) and BET 2 (20% coal ashes) vs. BET 5 (20% co-combustion 

ashes). This means that the incorporation of co-combustion ashes in concrete has promoted 

lower ecotoxicological levels than those observed in the concretes in which it was incorporated 

coal ashes. 

 

 

2.2.4 Conclusions 

 

Generally, the use of co-fuels has no promoted significant changes in the leaching behaviour of 

the ashes. It was observed similar chemical and ecotoxicological properties of the eluates of the 

same type of ashes. 

 

It was possible to stabilise adequately the fly ashes produced in both combustion and co-

combustion tests. All s/s mortars achieved a good degree of stabilisation, being characterized by 

medium to high compressive strengths and being classified as non-hazardous materials. 

 

The compressive strengths of concretes produced with the mixture of bottom and circulating 

ashes were in the range of low to medium values. Based on the BMD, the concretes prepared 

with 10% and 20% (w/w) ashes, except the formulation BET 5, could be used in real conditions 

with limited moistening and without insulation, and with permanent moistening and with 

insulation, respectively. 

 

It was observed a reduction in the TU in concrete formulations in which were used co-

combustion ashes instead of coal ashes. The reduction in the TU was evident in BET 1 (10% 

coal ashes) vs. BET 4 (10% co-combustion ashes) and BET 2 (20% coal ashes) vs. BET 5 (20% 

co-combustion ashes). This means that the incorporation of co-combustion ashes in concrete has 

promoted lower ecotoxicological levels than those observed in the concretes in which it was 

incorporated coal ashes. 
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3 Study on the valorization of ashes produced in the 

combustion of forestry residues in a pulp and paper 

industry 
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3.1 Chemical and ecotoxicological properties of size 

fractionated biomass ashes 
 

 

 

 

 

 

 

 
Based on the following paper and oral communication: 

Rui Barbosa, Diogo Dias, Nuno Lapa, Helena Lopes, Benilde Mendes (2013), Chemical and 

ecotoxicological properties of size fractionated biomass ashes. Fuel Processing Technology 109, 124-132 

dx.doi.org/10.1016/j.fuproc.2012.09.048 

IF (2012): 2.819; 5-year IF: 3.493 

Fuel Processing Technology is indexed on Scopus, SCImago and WoS 

 

R. Barbosa, N. Lapa, H. Lopes, B. Mendes (2010), Study of the valorization of ashes produced in a 

thermoelectric power plant, working under co-combustion of coal and biomass, and in a pulp and paper 

industry. Workshop "Energy Optimization in Industry and Reduction of CO2 Emissions”. Organized by 

the Executive Commitee of the International Agreement IETS (Comité Executivo do Acordo 

Internacional IETS), in the scope of the International Energy Agency (Agência Internacional de Energia) 

jointly with the Grupo Nacional para a Integração de Processos (GNIP), Lisboa, 3rd November. 
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ABSTRACT 

 

The main aim of this work was to study the chemical and ecotoxicological properties of ashes 

produced in a biomass boiler of a pulp and paper industry and evaluate possible differences 

depending on the particle size of bottom and fly ashes. The pulp and paper industry in which the 

ashes were collected produces electricity by burning eucalyptus bark and pine bark in a 

Bubbling Fluidized Bed Combustor. Crude bottom and fly ashes and their size fractions, 

obtained through sieving, were analysed for a set of metals and for leaching behaviour. The 

eluates were also submitted to ecotoxicological characterization, using five bio-indicators. The 

highest concentrations of metals and metalloids were found in the lower particle size fractions 

of bottom and fly ashes. However, generally, it could not be observed any specific releasing 

pattern of metals depending on the particle size, except for fly ashes in which the releasing rate 

of some earth and alkali-earth metals seemed to increase for lower particle size fractions. No 

specific pattern of the ecotoxicity levels could be associated to the different particle size 

fractions of ashes. However, the fractions of bottom ashes with 4000-10000 µm and >10000 µm 

have presented the lowest ecotoxicity levels. All the samples were classified as ecotoxic, except 

the fraction of bottom ashes >10000 µm. 

 

Keywords: biomass ashes; bulk content; chemical properties; ecotoxicological properties; 

leachability; particle size fractionation. 
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3.1.1 Introduction 

 

Coal combustion and co-firing of low cost alternative fuels, such as tires, fuel oil and sewage 

sludge, have been tested for many years (Callén et al., 1998; Alvarez et al., 2004a; Alvarez et 

al., 2004b; Reddy et al., 2005; Izquierdo et al., 2008). These studies have demonstrated that 

when some wastes are used as alternative fuels in high blending percentages with coal (for 

example when using tyre rubber at a substitution level of 30%) can contribute to higher 

emissions levels of pollutants on flue gases and on the ashes produced during the thermal 

valorisation. More recently, the scientific community and the energy industry sector has started 

to study other types of wastes, such as the biomass residues, in order to find fuels with lower 

content of pollutants that can be blended with fossil fuels (Vamvuka et al., 2009; Singh et al., 

2011). 

 

In the case of the pulp and paper industry, a huge fraction of the biomass received is not 

appropriate for pulp and paper production. This residual fraction of biomass is considered to be 

a bio-waste that can be valorised. The most common valorisation route of these forest residues 

is the thermal valorisation through combustion, since the energy content is high enough for 

energy recovery (Sami et al., 2001; Acma et al., 2003; Al-Kassir et al., 2010; González et al., 

2011b). In the Portuguese pulp and paper industry, one of the largest worldwide, the thermal 

valorisation of forest residues is widely used, contributing to reduce the forest fires, to improve 

the environmental performance of the energy production sector and, particularly, to reduce the 

emissions of GHG (Fruergaard et al., 2009; Morais et al., 2011). 

 

Nevertheless, the combustion of forest residues gives rise to important quantities of ashes which 

requires sustainable management strategies. The type of ashes produced depends on the type of 

boiler and the treatment system of the exhaustion gases. Currently, two types of ashes are 

produced: bottom and fly ashes. In the systems with a circulating ashes line implemented, also 

there are circulating ashes, but normally they are mixed with bottom ashes due to similar 

properties and composition (please, see sub-chapter 2.2). The bottom ashes are collected at the 

bottom of the boilers, while the fly ashes are collected in the cooler zones of the boilers and/or 

retained in the treatment systems of the exhaustion gases. 

 

These two types of ashes usually present different physical and chemical properties, depending 

on the type of biomass used and on the combustion conditions (furnace temperature profile, 

residence time of fuels and gases, biomass mixtures, fuel feeding systems and gas treatment 

systems, among other factors). The average size and particle size distribution of ashes are also 
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different as it was observed by different authors (Rajamma et al., 2009; Singh et al., 2011; 

Esteves et al., 2012; Sata et al., 2012). 

 

The hazardous nature of ashes is normally associated to the presence of contaminants, such as 

heavy metals, halogens and sulphates, among others. However, ashes are mainly composed by 

silica and salts of alkali and alkali-earth metals, which may influence the release of 

contaminants and their global toxicity. Stiernström et al. (2011) revealed that the presence of 

non-hazardous metals in the eluates, such as Ca and K, plays an important role on the overall 

toxicity of complex ashes eluates. In addition to Ca compounds, also the presence of Fe and Al 

hydrates interfere with the release of heavy metals due to sorption processes (Saffarzadeh et al., 

2011). 

 

Fly ashes present lower particle sizes than bottom ashes, while the concentrations of heavy 

metals and other contaminants, such as Cl, are generally higher than that of bottom ashes 

(Obernberger et al., 1997; Camerani et al., 2002; Sarkar and Rano, 2007). Several bibliographic 

references reveals that fly ashes present usually higher toxicity levels than bottom ashes (Aguiar 

del Toro et al., 2009; Dahl et al., 2009; Dahl et al., 2010). 

 

There also are several studies dedicated to the leaching behaviour of ashes. For example, 

Lindberg et al. (2013) have studied the leaching rate of Sb, Mo, Ba and Cr VI in this type of 

matrix. Sloot et al. (2001) and Klemm (1998) have performed a deep study of the leaching 

behaviour of Mo and have concluded that this element leaches as molybdate and the leaching 

rate is pH-dependent. They have also observed an association of Mo to ettringite which, under 

high pH levels, produce water-soluble oxyanions species. Goumans et al. (1994) and Kent et al. 

(2007) have studied the mechanisms that influence the solubility of Ba. Goumans et al. (1994) 

have observed a high influence of sulphate in the leaching behaviour of Ba while Kent et al. 

(2007) have demonstrated the important role of chromate in the leaching behaviour of Ba. These 

two studies have concluded that the solubility of Ba is influenced either by sulphate and 

chromate. 

 

The study of the leaching behaviour of Cr VI was studied by several authors (Allison et al., 

1991; Perkins, 2000; Chirenje et al., 2002; Jing et al., 2006). These authors have observed that 

Cr VI may leachate in the presence of dissolved organic carbon (Chirenje et al., 2002), 

associated with ettringite (Perkins, 2000) or as calcium metalates (Allison et al., 1991; Jing et 

al., 2006). 
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However studies focusing on both chemical and ecotoxicological properties of size fractionated 

biomass ashes are scarce (Poykio et al., 2009; Dahl et al., 2010; Singh et al., 2011), being not 

possible to know if any patterns on the distribution of chemical species can be defined among 

the different size fractions of biomass ashes and even any kind of ecotoxicological pattern is 

associated to them. 

 

The main aim of this study was to assess the chemical and ecotoxicological properties of size 

fractionated biomass ashes, which were produced during the combustion of forest residues in a 

boiler of a pulp and paper industry. Several ecotoxicological indicators were tested in order to 

evaluate the different toxicity responses and possible correlations with the chemical parameters. 

As there is a growing interest in the reutilization of these ashes, e.g. in civil engineering 

materials, this work intended to find out if any specific particle size fractions might be less 

interesting for this type of valorisation due to eventual high metal content and high ecotoxicity 

levels. This study will allow the development of new works, which will consist in the 

preparation of new formulations of concrete constituted, partially, by biomass ashes. These new 

formulations of concrete will be used for coastal zone protection. This study will also allow 

identifying if there are fractions less interesting, from the chemical and ecotoxicological point of 

view, for the removal of pollutants from industrial wastewater samples. 

 

 

3.1.2 Materials and Methods 

 

3.1.2.1  Origin of biomass ashes 

 

The biomass ashes – fly and bottom ashes – were produced in a Portuguese biomass boiler of a 

pulp and paper industry that produces electricity by burning eucalyptus bark and pine bark in a 

Bubbling Fluidized Bed Combustor (BFBC). Bottom ashes were collected at the bottom of the 

BFBC and the fly ashes were collected in the hopper of the electrostatic precipitator used for 

flue gas treatment. The BFBC uses sand as fluidizing agent. The ashes were stored in air-tight 

polypropylene containers and maintained at a temperature of 4±1ºC, in the absence of light, to 

reduce ageing and to prevent weathering by uptake of moisture and carbonation. 

 

 

3.1.2.2 Size fractionation of biomass ashes 

 

Bottom and fly ashes were sieved using the following meshes (Retsch): 20, 50, 200, 500, 850, 

2000, 4000 and 10000 μm (ISO 3310-2, 1999), depending on the type of ashes. The sieving 
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process was performed in a vibratory sieve shaker AS 200 Digit (Retsch), during 90 min and 

with amplitude of 1.5 mm. The significant size fractions (mass higher than 5% w/w) were 

selected for detailed characterization. 

 

 

3.1.2.3 Ashes inorganic composition 

 

The ashes were submitted to acidic and alkaline digestions to determine the metal bulk contents. 

The quantification of Cr, Zn, Ni, Cu, Pb, Cd, Ba, Mo, Sb, Se, As, Hg, Mg, Al, Fe, Ca, Na and K 

was performed over samples submitted to an acidic digestion according to the USEPA Method 

3051A (2007) (9 ml of concentrated nitric acid, 65% v/v, + 3 ml of concentrated hydrochloric 

acid, 37% v/v). The digestion was developed in microwave oven (Milestone Ethos 1600) using 

closed vessels and with controlled temperature (175 ± 5 °C, 10 min). The digested samples were 

filtered through glass fiber filters (Schleicher & Schuell) and the quantification of metals was 

achieved through AAS (Thermo AAS, M series): As (AAS air-acetylene flame; EN ISO 11969, 

1996), Hg (AAS cold vapour; ISO 5666/1, 1983), Cd, Cu, Ni, Pb, Zn (AAS air acetylene flame; 

ISO 8288, 1986), Cr (AAS nitrous oxide-acetylene flame; ISO 9174, 2009), Se (AAS air-

acetylene flame; ISO 9965, 1993), Mg, Sb, Fe (AAS air-acetylene flame, method 3111; 

APHA/AWWA/WEF, 2005), Ca (AAS nitrous oxide flame; ISO 7980, 2010), Na (AAS air-

acetylene flame; ISO 9964-1, 1993), K (AAS air acetylene flame; ISO 9964-2, 1993), Mo, Ba, 

Al (AAS nitrous oxide-acetylene flame, method 3111; APHA/AWWA/WEF, 2005). 

 

The alkaline digestion was performed following USEPA Method 3060A using a mixture of 20 g 

NaOH + 30 g Na2CO3 in 1 L of deionized water. The digested samples were filtered through 

0.45 μm membrane filters (Schleicher & Schuell) and the final pH values were adjusted to 

7.5±0.3 for quantification of Cr VI (USEPA Method 7196A, 1992).  

 

The sulphur content was measured in the as-received ashes and in their particle sizes using an 

automatic analyser Leco SC-144DR (ASTM Method D 5016, 2008). 

 

 

3.1.2.4 Impure silica content 

 

The glass fibre filters with the filtration residues resulting from the acidic digestion was heated 

up to 1200°C, during 10 min, in a microwave oven (CEM, model MAS 7000). The remaining 

residue was weighted with an analytical balance (Metler Toledo; precision ±0.0001 g) and 

assumed to be the impure silica. 
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3.1.2.5 Leaching test and chemical and ecotoxicological characterizations of aqueous 

eluates 

 

The as-received ashes and the particle size fractions selected were submitted to leaching 

according to the European standard EN 12457-2 (2002). The leaching test was performed with 

deionized water, using a L/S ratio of 10 L/kg, during 24 hours, at a temperature of 20±2ºC. The 

suspensions were then filtered through 0.45 µm porosity nitrate cellulose membranes 

(Schleicher & Schuell). 

 

The chemical characterization of the filtered eluates comprised the following parameters: pH 

(electrometric, method 4500; APHA/AWWA/WEF, 2005), DOC (Dissolved Organic Carbon) 

(Combustion and detection by Infra-Red; ASTM D7573, 2009), SO4
2- (Turbidimetric, method 

4500 E; APHA/AWWA/WEF, 2005), F- (SPADNS, method 4500 D; APHA/AWWA/WEF, 

2005), TDS (gravimetric method; APHA/AWWA/WEF, 2005), Cl- (Mohr’s method; ISO 9297, 

1989), As (air-acetylene flame; EN ISO 11969, 1996), Hg (AAS cold vapour; ISO 5666/1, 

1983), Cd, Cu, Ni, Pb, Zn (AAS air acetylene flame; ISO 8288, 1986), Cr (AAS nitrous oxide-

acetylene flame; ISO 9174, 2009), Cr VI (NF T90-043, 1988), Se (AAS air acetylene flame; 

ISO 9965, 1993), Sb, Mg, Fe (AAS, air-acetylene flame; APHA/AWWA/WEF, 2005), Na 

(AAS air acetylene flame - ISO 9964-1, 1993), K (AAS air acetylene - ISO 9964-2, 1993), Ca 

(AAS nitrous oxide flame - ISO 7980, 2010), Al, Ba, Mo, (AAS, nitrous oxide-acetylene flame; 

APHA/AWWA/WEF, 2005). 

 

The ecotoxicological characterization of the eluates comprised the following assays: a) 

Luminescence inhibition of the bacterium Vibrio fischeri (performed in a miniaturized system 

of Microtox® according with ISO 11348-3, 2007); b) Mobility inhibition of the freshwater 

micro-crustacean Daphnia magna (performed in a miniaturized kit of Microbiotests® according 

with ISO 6341, 1996); c) Mobility inhibition of the marine micro-crustacean Artemia 

franciscana (miniaturized test kit from MicroBioTests Inc. according with ASTM E1440–91, 

2004); d) Growth inhibition of the freshwater microalgae Pseudokirchneriella subcapitata 

(performed in a miniaturized kit of Microbiotests® according with ISO 8692, 2004); e) Growth 

inhibition of the marine microalgae Phaeodactylum tricornutum (performed in a miniaturized 

kit of Microbiotests® according with ISO 10253, 2006). 

 

The Effective Concentration (ECxx) of each eluate was determined for each biological indicator. 

ECxx means the eluate concentration, expressed in percentage, which caused a specific reference 

effect of xx% for each biological population tested. 
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Each ECxx has been transformed in Toxicity Units (TU) (dimensionless) according to Eq. 3.1: 

 

TU = 100%/ECxx Eq. 3.1 
 

Three types of TU were calculated for each sample: a) a global TU, which was based on the 

average of the TU of all biological indicators; b) a TU based on the average values of TU of the 

marine biological indicators (V. fischeri, P. tricornutum and A. franciscana); and c) a TU based 

on the average values of TU of the freshwater biological indicators (D. magna and P. 

subcapitata). If ECxx values were below or above the extreme concentrations tested, the 

calculation of TU was based on the extreme concentrations (ex. when ECxx < 1% it was 

considered ECxx = 1%; when ECxx > 90% it was considered ECxx = 90%). The eluates were not 

submitted to the correction of the pH levels prior the ecotoxicological tests, since the correction 

of the pH may promote changes in the solubilisation or speciation of metals and it was also an 

aim of this work to include the pH effect on the global ecotoxicity of ashes and their size 

fractions. 

 

 

3.1.2.6 Ecotoxicological classification of the ashes 

 

The evaluation of the ecotoxic properties (Hazardous property H14, according to the Council 

Directive 91/689/EEC, of the Council of the European Communities) of the ashes were based 

on the CEMWE (Lapa et al., 2002; Barbosa, 2005). The original CEMWE methodology was 

adapted as it was discussed in a previous work (Lapa et al., 2002). The ecotoxicological 

classification of the ashes was based on chemical and ecotoxicological characterization of the 

eluates of the ashes. The chemical parameters comprised in the ecotoxicological classification, 

through CEMWE, were As, Cd, Cr, CrVI, Cu, Hg, Ni, Pb, Zn and phenolic compounds. The 

ecotoxicological parameters comprised in the ecotoxicological classification, through CEMWE, 

were D. magna and V. fischeri. 

 

 

3.1.3 Results and Discussion 

 

3.1.3.1 Size fractionation 

 

Figure 3.1 shows the particle size distribution of bottom and fly ashes as the cumulative 

undersize distributions. The horizontal lines crossing yy=10%, yy=50% and yy=90% define the 
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parameters D10, (cumulative undersize distribution of 10%), D50 (cumulative undersize 

distribution of 50%), and D90). 

 

 
Figure 3.1- Particle size distribution of biomass ashes (cumulative undersize distribution of 90%), 

respectively. 
 

The bottom ashes were mainly constituted by particles with dimensions falling in the size 

ranges of: 200-500 µm (9.2% w/w), 500–850 µm (24.1% w/w), 850–2000 µm (34.9% w/w), 

2000–4000 µm (10.0% w/w), 4000–10000 µm (10.8% w/w) and > 10000 µm (8.5% w/w). 

These six particle size fractions comprised 97.5% of the total mass of bottom ashes. The bottom 

ashes presented D10= 307 µm, D50= 980 µm and D90 = 6444 µm. 

 

The fly ashes were composed by finer particles. The majority of their mass (94.8% w/w) was 

obtained in three size ranges: 20–50 µm (48.0% w/w), 50–200 µm (36.3% w/w) and 200–500 

µm (10.5% w/w). The fly ashes presented D10= 13 µm, D50=34 µm and D90= 161 µm. 

 

This size distribution of fly ashes is similar to that found by Singh et al. (2011) (D90 = 135 µm). 

The studies performed by Rajamma et al. (2009) have shown that the particle sizes of fly ashes 

were typically below 50 µm. These authors have cut the ashes at 500 µm in order to remove the 

elongated particles, which can explain the lower dimension of the particles. Esteves et al. (2012) 

have found a slightly lower particle dimension (D50=21 µm) in a study related with fly ashes 

produced in a co-generation process of a pulp and paper industry. The works developed by Sata 

et al. (2012) have also shown a lower particle dimension of the fly ashes, since their D50 were 

between 10 and 13 µm. The differences in the particle size can be related with several aspects, 

namely the combustion system, the characteristics of the fluidizing agent, the system treatment 

of the gaseous effluents and the fuels used. 
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3.1.3.2 Bulk content in metals 

 

Figure 3.2 and Figure 3.3 show the bulk inorganic composition of bottom ashes and their 

particle size fractions for a set of elements. The concentration of Hg, Cd, Ni, Mo, Pb, Cu, Ba, 

and Cr (not shown in these Figures) were below the quantification level. 

 

Bottom ashes were mainly composed by alkali and alkali-earth metals and trace concentrations 

of heavy metals and metalloids. Alkali (Na, K) and alkali-earth elements (Ca, Mg) were the 

major components of biomass ashes, due to high concentrations of these elements in forest 

biomass. Some of the metals and metalloids determined are also present in forest biomass due to 

their role as minor nutrients (Steenari et al., 1999a; Dahl et al., 2009; Singh et al., 2011). 

 

Generally, the highest concentrations of alkali and alkali-earth metals, heavy metals and 

metalloids were found in the lowest particle size fractions of 200-500 and 500-800 µm. Dahl et 

al. (2009) have found in their work related with ashes produced by the co-combustion of 

biomass-derived fuels (wood chips, sawdust, bark, and peat) similar concentrations of Cu and 

Zn (3.7 mg Cu/kg and 41 mg Zn/kg), but lower concentrations of K (90 mg K/kg), Mg (2100 

mg Mg/kg) and Na (100 mg Na/kg) and a higher concentration of Ca (19200 mg Ca/kg). In a 

work dedicated to chemical extraction of heavy metals from bottom and fly ashes produced in a 

biomass combustion system of a pulp and paper mill plant, Nurmesniemi et al. (2008) have 

found higher values of Ca (29300 mg /kg) than those found in the present work. These 

differences may be related with the composition of the fuels or with the combustion conditions, 

namely, with the temperature in the combustion chambers. 

 

It was not possible to measure S content in the higher size fractions, due to the heterogeneity 

and dimension of the particles. Nevertheless, in the other particle size fractions it was observed 

a tendency for the increase of S content with the increase of the particle size, namely in the 

fractions higher than 500-850 µm. In a review paper of Khan et al. (2009), the composition of 

several biomass types, sewage sludge and bituminous coal and the composition of the ashes 

produced by these fuels were presented. In what concerns the S content, its concentration has 

ranged between the detection limit and 2000 mg/kg in the biomass fuels and between the 

detection limit and 56000 mg S/kg in the bottom ashes produced by this fuel. 

 

The work developed by Vamvuka et al. (2009) related with the combustion of lignite, olive 

kernel and olive tree wood has indicated that the biomass fuel presented an S content much 

more reduced than that indicated by Khan et al. (2009), namely 800 mg S/kg, for olive kernel 

and 300 mg S/kg for olive tree wood, which has produced bottom ashes with lower S content 
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(14000 mg S/kg and 8400 mg S/kg in the bottom ashes obtained in the combustion of olive 

kernel and olive tree wood, respectively). Ingerslev et al. (2011) have studied some properties of 

wood chips (Pinus sylvestris L.) and the ashes produced by the combustion of this material. 

These authors have found an S content of 5260 mg/kg in the ashes they have characterized. 

 

The wide range of the S content, in the bottom ashes, found by Khan et al. (2009), Vamvuka et 

al. (2009) and Ingerslev et al. (2011) may be related with the composition of the biomass used 

in the combustions assays. The concentration of S in the as-received bottom ashes characterized 

in the present work falls (376 mg/kg db) is below the concentrations found by those authors. 

 

 
Figure 3.2 - Inorganic bulk content of bottom ashes and their particle size fractions for Zn, Se, CrVI, As, 

and Sb (n=2) 
 

 
Figure 3.3 - Inorganic bulk content of bottom ashes and their particle size fractions for Ca, Mg, Fe, K, Na, 

and S (n=2) 
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Figure 3.4 to Figure 3.7 show the results of bulk content of metals present in fly ashes. The 

concentrations of Hg, Cd, Ni, and Mo were below the quantification limit. 

 

These ashes were mainly composed by alkali and alkali-earth metals, and vestigial 

concentrations of heavy metals and metalloids. Globally, the highest concentrations of metals 

were also determined in the lowest particle size fraction (20-50 µm) and the lowest 

concentrations were detected in the highest particle size fraction (200-500 µm). 

 

The concentrations of heavy metals were globally higher in fly ashes than those determined for 

bottom ashes. For instance, Pb and Ba contents were higher in the size fractions of 20-50 µm 

and 50-200 µm, ranging from 27.9 mg Pb/kg to 306 mg Ba/kg. The Hg content was <0.503 

mg/kg in the as-received ashes and ranged between 0.408 and 0.598 mg/kg in the size 

fractionated samples. Cu and Cr were above the quantification limits in all size fractions in 

concentrations ranging from 8.96 mg Cu/kg (200-500 µm) up to 59 mg Cr/kg (20-50 µm). The 

presence of these elements in the fly ashes can be explained by the fact that some trace metals 

are often volatilized during combustion and condense in the cooler parts of the exhaustion 

system. Condensation over the surface of particles that constitute fly ashes leads to higher 

concentrations of heavy metals in fly ashes rather than in bottom ashes (Steenari et al., 1999b). 

 

 
Figure 3.4 - Inorganic bulk content of fly ashes and their particle size fractions for Ca, Al, Mg, Fe and K 

(n=2) 
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Figure 3.5 - Inorganic bulk content of fly ashes and their particle size fractions for S, Na, Ba, and Zn 

(n=2) 
 

 
Figure 3.6 - Inorganic bulk content of fly ashes and their particle size fractions for Cr, Pb, and Cu (n=2) 

 

 
Figure 3.7 - Inorganic bulk content of fly ashes and their particle size fractions for As, Se, CrVI, and Sb 

(n=2) 
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Rajamma et al. (2009) have characterized two types of fly ashes. One of them was produced in a 

biomass thermal power plant dedicated to electricity production from forest residues, while the 

other one was produced in a biomass co-generation plant located in a pulp and paper industry. 

These authors have found similar concentrations of, for example, Hg (<1.0 mg/kg), Cd (1 and 

1.3 mg/kg) and Ni (27 to 35 mg/kg) to those determined in the present work. The concentrations 

of Pb and Cu were also similar to those found by Rajamma et al. (2009) in the fly ashes from 

the biomass co-generation plant (12 mg Pb/kg and 27 mg Cu/kg). Nevertheless, these authors 

have found higher concentrations of these two metals in fly ashes collected at the biomass 

thermal power plant dedicated to electricity production (191 mg Pb/kg and 99 mg Cu/kg). 

 

Ingerslev et al. (2011) have found slightly higher levels of Cd (14.6 mg/kg), Ni (18.8 mg/kg) 

and lower Pb (19.3 mg/kg) than those determined in the present study, but higher concentrations 

of Cu (110 mg/kg) and Cr (159 mg/kg). Dahl et al. (2009) have found lower concentrations of 

Cu (22 mg/kg), but higher concentrations of Zn (370 mg/kg). 

 

Singh et al. (2011) have performed an extensive characterization of fly ashes produced from 

different fuels. Concerning the biomass fly ashes, these authors have found similar 

concentrations of Hg (<0.1 mg/kg), Mo (10 mg/kg), Zn (161 mg/kg), Pb (26 mg/kg), Ba (376 

mg/kg) and Cr (61 mg/kg) to those determined in the present work. The concentration of Cu 

was higher (113 mg/kg) and As and Se concentrations reported were 60-fold and about 15-fold 

lower, respectively, than those found in the present work. 

 

According to IAWG (1997), the metals that may form oxyanions, As, Se and Sb, tend to form 

volatile compounds at relatively low temperatures and are easily partitioned into the fly ashes 

and other air pollution control residues. Nearly all As and Sb volatilize at temperatures above 

500 °C. If these elements condense in fly ashes surface, they tend to be oxidized by the metal 

oxides and form the corresponding non-volatile metal arsenates or antimonates (Mahuli et al., 

1997; Paoletti, 2002; Sterling and Helble, 2003; Paoletti et al., 2001). This fact may explain the 

higher concentrations of As, Se and Sb in fly ashes than in bottom ashes. 

 

Dahl et al. (2009), Ingerslev et al. (2011) and Esteves et al. (2012) have found similar 

concentrations of Mg to those presented in Figure 3.4: 25000 mg/kg, 19860 mg/kg and 17000 

mg/kg, respectively. In what concerns K, Esteves et al. (2012) have found a similar 

concentration (17177 mg/kg), but the concentrations found by Ingerslev et al. (2011) (43500 

mg/kg) and Dahl et al. (2009) (9700 mg/kg) were slightly different. Esteves et al. (2012) have 

determined a similar concentration of Ca (37000 mg/kg), while Ingerslev et al. (2011) and Dahl 
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et al. (2009) have found higher concentrations (129000 mg/kg and 140000 mg/kg, respectively). 

The concentrations of Na determined in the present study were similar to those found by 

Ingerslev et al. (2011) (5970 mg/kg) and Dahl et al. (2009) (1400 mg/kg). 

 

The S content in the as-received fly ashes was higher than in the as-received bottom ashes and 

has shown a tendency to decrease with the increasing of the particle size of fly ashes, which was 

very marked. Nevertheless, the S content seems low when compared with the results of other 

works. For instance, the work developed by Ingerslev et al. (2011), related with the properties of 

fly ashes from forest biomass, has shown an S content about four times higher than that 

observed in the present work. 

 

 

3.1.3.3 Impure silica content 

 

Figure 3.8 shows the content on impure silica for both as-received bottom and fly ashes and for 

their particle size fractions. 

 

 
Figure 3.8 - Impure silica content of bottom and fly ashes and their particle size fractions (n=2) 

 

The content on impure silica was found to be higher in bottom ashes than in fly ashes. It was not 

observed any pattern in the distribution of this parameter with the particle size increasing of 

bottom ashes, except that the lower size fraction presented the lower contents. 
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On the contrary, the concentration of impure silica in fly ashes has risen with the particle size 

increase, which may be related with the elutriation effect of sand that was used as fluidizing 

agent. 

 

 

3.1.3.4 Chemical characterization of aqueous eluates 

 

Figure 3.9 to Figure 3.12 show the chemical characterization of eluates of bottom ashes and 

their particle size fractions. The concentrations of As, Se, Hg, Cd, Ni, Zn, Pb, Cu, Cr, and Fe 

were below the limit of quantification. Figure 3.13 to Figure 3.16 show the chemical 

characterization of eluates of fly ashes and their particle size fractions. The concentrations of Se, 

Hg, Cd, Ni, Zn, Pb, Cr, and Fe were below the limit of quantification. 

 

The eluates of both biomass ashes were highly alkaline, due to the presence of oxides that are 

formed during the combustion process in excess air. All eluates have demonstrated the high 

mobility of chlorides and sulphates from the bottom and fly ashes, although they present a 

different mobility pattern, depending on the particle size increase. For both ashes, the 

concentration of chlorides have decreased with the particle size increase from 200-500 µm up to 

>10000 µm, while sulphates have shown an increasing mobility with the increase of particle 

size distribution. The increase was more evident in the higher size fractions. Nevertheless, due 

to the higher concentrations of chlorides than sulphates in the eluates of both ashes, TDS have 

shown a variation similar to chlorides, i.e., a decrease of their concentration with the increase of 

the particle dimensions, although this variation has been more pronounced in fly ashes. 

 

The different mobility of alkali and alkali-earth metals, namely Ca, Na and K, from both bottom 

and fly ashes, was the most evident characteristic of these biomass ashes. No mobility pattern of 

these metals from bottom ashes was evident, as their release may be highly controlled by the 

presence of other chemical species, such as sulphates. In a different way, the release patterns of 

Ca, K, and in a lower extent of Na, seemed to follow a decreasing leaching rate with the particle 

size increase of fly ashes. This is probably due to the lower concentration of controlling 

chemical releasing species in fly ashes, such as sulphates, than in bottom ashes. 

 

The eluates of both biomass ashes were characterized, as stated previously, by low or 

undetectable concentrations of heavy metals and metalloids showing the low content and low 

mobility of these metals in fly and bottom ashes. No special mobility pattern from both biomass 

ashes was possible to define for these groups of metals, due to their low concentrations. It was 

observed some exceptions in what concerns the solubilisation rate of Sb, Mo, Ba and Cr VI in 
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bottom ashes. According to Lindberg et al. (2013), these elements can form compounds such as 

oxides, sulphides and sulphates, which are easily soluble. 

 

According to a study performed by van der Sloot et al. (2001) related with the water leachable 

metal forms in bottom ashes from MSW incineration plants, at a L/S ratio of 2 L/kg, almost all 

the water-soluble Mo was released, in the form of molybdate (oxyanion). These authors have 

concluded that the leaching of Mo from that type of ashes was pH-dependent, with the highest 

leaching rates being observed for pH levels above 8. According to Klemm (1998), it is possible 

to find ettringite in ashes. This mineral may contain oxyanions of amphoteric heavy metals, 

which under high pH levels usually form water-soluble oxyanions species. The combination of 

pH level and oxyanion-substituted ettringite may explain the high leaching levels observed for 

Mo. 

 

According to Goumans et al. (1994), the solubility of Ba is sulphate-dependent. The ratio 

between the concentrations of sulphate and Ba, in the eluates of as-received bottom ashes, was 

31 mmol SO4
2/mmol Ba. This means that the concentration of sulphate was clearly higher than 

the concentration of Ba, which may indicate that Ba might be solubilized as barium sulphate. In 

the eluates from the size fractionated bottom ashes, the ratio between the concentrations of 

sulphate and Ba were 23 mmol SO4
2-/mmol Ba (200-500 µm), 48 mmol SO4

2-/mmol Ba (500-

850 µm) and 58 mmol SO4
2-/mmol Ba (850-2000 µm). Once again, this may indicate that Ba 

has probably solubilized as barium sulphate. According to Kent et al. (2007), Ba can also be 

mobilized as barium chromate (BaCrO4) at high pH levels. In the eluates of the higher particle 

size fractions, the concentrations of Ba were below the quantification limit despite the high 

concentration of sulphates. 

 

Although the sensibility of the quantification methods of Cr and Cr VI are different, one can 

deduce that at least 50% of Cr may exist in the hexavalent oxidation state. Cr VI is more mobile 

than Cr III under alkaline conditions and it does not exist as free ion, but as chromate (CrO4
2-), 

dichromate (Cr2O7
2-), or chromium trioxide (CrO3). Therefore, Cr VI behaves as divalent anions 

rather than hexavalent cations (Chirenje et al., 2002). 
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Figure 3.9 - Content on TDS, chloride and Ca of the eluates of bottom ashes and 
their particle size fractions (n=2) 

Figure 3.10 - Content on sulphate, potassium, DOC and pH level of the eluates of 
bottom ashes and their particle size fractions (n=2) 

Figure 3.11 - Content on Na, Ba, Al, Mo, and fluoride of the eluates of bottom 
ashes and their particle size fractions (n=2) 

Figure 3.12 - Content on Mg, CrVI, and Sb of the eluates of bottom ashes and 
their particle size fractions (n=2) 
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Figure 3.13 - Content on Na, sulphates, DOC, Ba, Al, and Fluorides of the 
eluates of fly ashes and their particle size fractions (n=2) 

Figure 3.14 - Content on TDS, chlorides, K, and pH levels of the eluates of 
fly ashes and their particle size fractions (n=2) 

 

Figure 3.15 - Content on Mo, Cu, CrVI, and Mg of the eluates of fly ashes 
and their particle size fractions (n=2) 

Figure 3.16 - Content on As, and Sb of the eluates of fly ashes and their 
particle size fractions (n=2) 
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According to Chirenje et al. (2002), the solubilisation of Cr VI may be associated with the 

presence of DOC, if the organic carbon compounds form complexes of cations, like Fe or Al. 

Since the concentrations of Fe in the eluates of the ashes are below the quantification limit, the 

mobilization of Cr VI from the ashes may be associated to the complex DOC-Al-Cr VI. As it 

was indicated previously, Cr VI might have also leached as barium chromate (Kent et al., 2007). 

Perkins (2000) has shown that Cr VI-ettringite precipitated from Ca- and Al-containing 

solutions at pH values greater than 10. At high pH levels, when there is an excess of carbonate 

over the available Ca, Cr VI-ettringite is unstable due to the formation of calcite and gibbsite. 

Therefore, Cr VI-ettringite and related minerals are most likely to be important in systems at 

high pH values when there is a large excess of Ca over carbonate or when precipitation of 

calcium carbonate is inhibited. Allison et al. (1991) and Jing et al. (2006) have also observed 

that the release of CrVI and CrIII is essentially associated to calcium metalates (CaCrO4.xH2O, 

Ca2Cr2O5.yH2O) and the solubility of CrVI as calcium metalate is higher than the solubility of 

CrIII as calcium metalate. Besides this, Cornellis et al. (2008) have indicated that the most 

common oxidation state of Cr in the ashes is the hexavalent state. These facts may explain the 

presence of CrVI in the eluates. 

 

The concentrations of As, Sb and Ba in fly ashes were all above the quantification limits. 

Nevertheless, the leaching rates were very low, especially for As and Sb. According to Cornelis 

et al. (2008), the release of As and Sb is associated to Ca and Ba metalates. Nevertheless, the 

solubilities of Ca and Ba metalates are relatively low, especially for pH around 12, which may 

explain the low leaching rates of As and Sb. 

 

The release of sulphates was similar to what happened for the bottom ashes, presenting an 

increase in the higher size fractions of ashes. In the bottom ashes, the release of S, as sulphate, 

has not followed any pattern and has ranged between 5% and about 17%. In what concern the 

fly ashes, the release of S, as sulphate, has ranged between 0.6% and about 20%. In the fly ashes 

it was observed a very marked tendency, since the release of S as sulphates has increased with 

the increasing of the particle size of fly ashes. 

 

The concentrations of Cu in the eluates of fly ashes and in the eluates of the particle size 

fractions were similar. Cappai et al. (2012) have studied the mobility of a set of metals from 

fresh fly ashes of MSW combustion plants and from fly ashes submitted to accelerated 

carbonation. In what concerns the leaching behaviour of Cu, Cappai et al. (2012) have 

concluded, for pH levels similar to those observed in the present work (around 12-13), that the 

solubilisation of Cu was slightly higher in the treated fly ashes than in the fresh ashes. In this 
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study, despite the ashes have not been submitted to accelerated carbonation, the leaching 

behaviour of Cu was similar to that observed by Cappai et al. (2012) for treated fly ashes. 

 

Quina et al. (2009) have studied the influence of pH on the leaching behaviour of a set of metals 

from municipal solid waste air pollution control residues. They have concluded that the leaching 

level of Cu was similar to those observed in the present work (about 1 mg Cu/kg for pH levels 

of 12-13). Those authors have observed, for pH levels of about 12-13, concentrations levels of 

Pb (300-800 mg/kg), Zn (30-60 mg/kg), Cr (5-20 mg/kg) and Ni (1-4 mg/kg) higher than those 

found in the present study. These relative high differences in eluates, especially in what 

concerns Pb, may be related with the different composition of fuels used. 

 

 

3.1.3.5 Ecotoxicological characterization and classification of eluates 

 

Figure 3.17 and Figure 3.18 show the ecotoxicological characterization of eluates. 

 

 
Figure 3.17 - Ecotoxicological characterization of eluates from bottom ashes and their particle size 

fractions (n=2) 
 

  
Figure 3.18 - Ecotoxicological characterization of eluates from fly ashes and their particle size fractions 

(n=2) 
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Figure 3.19 to Figure 3.21 show the TU values for all biological indicators tested, for marine 

biological indicators, and for the freshwater biological indicators, respectively. 

 

 
Figure 3.19 - Toxicity Units of bottom and fly ashes and their particle size fractions for both marine and 

freshwater biological indicators 
 

 
Figure 3.20 - Toxicity Units of bottom and fly ashes and their particle size fractions for marine biological 

indicators 
 

 
Figure 3.21 - Toxicity Units of bottom and fly ashes and their particle size fractions for freshwater 

biological indicators 
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Generally, V. fischeri was found to be the most sensitive biological indicator and A. franciscana 

the least sensitive for all eluates. Excluding the bacterium V. fischeri, the biological indicators 

from marine environment (P. tricornutum and A. franciscana) have shown lower sensitivity to 

the toxicity levels of all eluates than the organisms from fresh water environments (P. 

subcapitata and D. magna). This behaviour may be related with the fact that the marine 

environment may have promoted a reduction of the toxicity of the compounds, due to salt 

concentration. The higher degree of the toxicity level determined for fresh water organisms may 

be also due to osmotic effects on these organisms caused by high salt concentration in eluates. 

 

The eluate of the particle size fraction >10000 µm of bottom ashes has presented the lowest 

ecotoxicological levels. Marine organisms were more sensitive to the eluate produced by the 

bottom ashes as-received than to the eluates produced by the different particle size fractions of 

these ashes. In what concerns the ecotoxicological levels of fly ashes for marine organisms, it 

was not observed any significant difference between the as-received samples and the size 

fractionated samples. 

 

Once again, the eluate of the particle size fraction >10000 µm of bottom ashes has presented the 

lowest ecotoxicological levels. In what concerns the fly ashes it was observed that the as-

received ashes have present lower ecotoxicological levels than the size fractions. It was 

observed an increase in the TU with the particle size increasing. 

 

All the samples were classified as ecotoxic based on CEMWE, except the fraction of bottom 

ashes > 10000 µm. The ecotoxic classification was mainly due to the effects on V. fischeri and 

D. magna (bottom ashes as-received and their particle size 200-500 µm, 500-850 µm, 850-2000 

µm and 2000-4000 µm and the fractions 20-50 µm and 200-500 µm of fly ashes), and V. 

fischeri (bottom ashes fraction of 4000-10000 µm, fly ashes as-received and its fraction of 50-

200 µm). 

 

 

3.1.4 Conclusions 

 

The bulk characterization has shown that bottom and fly ashes were mainly composed by earth 

metals, alkali-earth metals and silica compounds. The concentrations of heavy metals and 

metalloids were found to be vestigial or undetectable. The highest concentrations of metals and 

metalloids were found in the lower particle size fractions of both bottom and fly ashes. 
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Chlorides, sulphates, Ca, K, and in a lower extent Na were the main elements leached from all 

fractions of bottom and fly ashes. It was not observed any releasing pattern from the particle 

size fractions, except in the fly ashes for which the releasing rate of some earth and alkali-earth 

metals seemed to increase with the decrease of particle size fractions. 

 

The freshwater organisms revealed to be more sensitivity to the eluates of bottom and fly ashes 

and of their particle size fractions than marine organisms. The larger particle size fractions of 

bottom ashes of 4000-10000 µm and >10000 µm have presented lower ecotoxicity levels than 

the other particle size fractions. All the samples were classified as ecotoxic, except the fraction 

of bottom ashes > 10000 µm. 

 

It was not found any relationship between the chemical and the ecotoxicological behaviour of 

the eluate of the ashes, which demonstrates that both chemical and ecotoxicological 

characterisations are complementary and not exclusive. 
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3.2 Concretes containing biomass ashes: Mechanical, 

chemical and ecotoxic performances 
 

 

 

 

 

 

 

 

 

 

 

Based on the following paper and oral communication: 

Rui Barbosa, Nuno Lapa, Diogo Dias, Benilde Mendes (2013), Concretes containing biomass ashes: 

Mechanical, chemical and ecotoxic performances. Construction and Building Materials 48, 457-463 

dx.doi.org/10.1016/j.conbuildmat.2013.07.031 

IF (2012): 2.293; 5-year IF: 2.818 

Construction and Building Materials is indexed on Scopus, SCImago and WoS 

 

Rui Barbosa, Diogo Dias, Nuno Lapa, Benilde Mendes (2012), Using biomass ashes in concretes exposed 

to salted water and freshwater: mechanical and chemical properties. International Conference on Civil 

Engineering Materials 2012 (ICCEM’12). 7th-8th July, Paris, France 
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ABSTRACT 

 

The objective of this work was to assess the possibility of using biomass ashes as substitutes for 

cement and natural aggregates in concretes, without compromising their mechanical, chemical, 

and ecotoxic properties. Thirteen concrete formulations were prepared with different 

percentages of bottom and fly ashes produced in the power plant of a pulp and paper industry. 

These formulations were submitted to mechanical compressive strength assays, after 28, 60, and 

90 days of cure. The reference formulation (without biomass ashes) and two formulations with 

biomass ashes were selected for further characterization. After 90 days of cure, the selected 

formulations were submitted to the leaching test described in the EN12457-2 (2002) (L/S=10 

L/kg, 24h batch cycle) by using two leaching agents: a synthetic marine water (ASPM medium 

based on ISO 10253, 2006) and a synthetic freshwater (medium ISO 6341, 1996). The eluates 

produced were submitted to chemical characterization (a set of 19 metals, pH, SO4
2-, F-, 

dissolved organic carbon, chlorides, phenolic compounds, and total dissolved solids) and to an 

ecotoxicological characterization (marine eluates: bioluminescence inhibition of the bacterium 

Vibrio fischeri; growth inhibition of the microalgae Phaedactilum tricornutum; mobility 

inhibition of the microcrustacean Artemia franciscana; freshwater eluates: mobility inhibition of 

the microcrustacean Daphnia magna; growth inhibition of the microalgae Pseudokirchneriella 

subcapitata). The substitution of 10% cement by fly ashes has promoted similar to higher levels 

of the compressive strength than those registered for the reference formulation. The new 

formulations presented emission levels of chemical species similar to, or even lower than, those 

observed for the reference formulation. The ecotoxicological levels were reduced for all of the 

formulations. 

 

Keywords: Biomass ashes; chemical behavior; concrete; ecotoxicological levels; leachability; 

mechanical properties; salted and freshwater environments 
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3.2.1 Introduction 

 

The production of electric energy through the use of forest residues is one of the possible ways 

to increase the production of renewable energy and to promote sustainable development through 

the reduction of the direct emission of greenhouse gases associated with the energy sector 

(Morais et al., 2011). 

 

A considerable amount of the forest biomass received by pulp and paper industries is not 

appropriate for pulp and paper production. This biomass is considered a residue that can be 

valorized. As it was referred in a previous work, the most common valorization route of these 

forest residues is their thermal valorization through combustion, since the energy content is high 

enough for energy recovery (Acma, 2003; Al-Kassir et al., 2010; González et al., 2011b; Sami 

et al., 2001). 

 

In the Portuguese pulp and paper sector, the thermal valorization of forest residues through 

combustion is widely used. Nevertheless, the combustion of biomass produces ashes that need 

an adequate management strategy. 

 

The types of ashes produced depend on the characteristics of the boiler and the treatment system 

of the exhaustion gases. Usually, two types of ashes are produced: bottom and fly ashes. The 

former type is collected at the bottom of the boilers, while the latter is collected in the treatment 

system of the exhaustion gases. Two main strategies have been adopted in the last years for the 

management of these ashes: the addition of the ashes to the forest soils (as soil conditioner) and 

their incorporation in cement production. The first solution has some limitations imposed by the 

European legislation, due to the high content of biomass ashes in alkali and alkali-earth metals. 

The second option is also limited since the cement industries are not able to receive all fly ashes 

produced by the pulp and paper industry, due to a low incorporation rate in the cement 

production process. Therefore, it is necessary to find new applications for biomass ashes. 

 

Several studies have shown that the production of construction materials, mainly cement-based 

mortars and concretes, is actually part of the solution for the management of biomass ashes, 

with a higher level of utilization, despite some technical and commercial barriers (Baxter, 2005; 

Pels et al., 2005; van Loo and Koppejan, 2008). In fact, there are concerns about the availability 

and quality of biomass ashes and blends of coal and biomass ashes, when used in cement and 

concrete industries (Baxter, 2005; Pels et al., 2005; Wang and Baxter, 2007; van Loo and 

Koppejan, 2008; Zheng et al., 2007; Umamaheswaran and Batra, 2008; Rajamma et al., 2009; 

Wang et al., 2012). Some standards, such as EN 197-1 (2011) and EN 450-1 (2012) which are 
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related with the use of ashes for cement preparation, or as concrete additives do not allow or at 

least establish limitations for the use of ashes other than coal ashes. For example, the standard 

EN 450-1 (2012) allows the use of fly ashes from the co-combustion of coal and biomass in 

concrete manufacturing, but it introduces the requirement for a minimum content of coal in fuel 

mixture of 60% by mass (or 50% if wood residues recently produced are used as co-fuel) and a 

maximum content of ashes of 30%. 

 

Several tests have been performed regarding the use of coal ashes (Aydın et al., 2007; Ha et al., 

2007; Singhal et al., 2008) and ashes blends (coal and biomass) in concrete production and 

cement-based mortars (with up to 10-25% of cement replaced by ashes) (Wieck-Hansen et al., 

2000; Baxter, 2005; Miller and Miller, 2007; Zheng et al., 2007; van Loo and Koppejan, 2008; 

Rajamma et al., 2009; Wang et al., 2008a; Wang et al., 2008c; Ban and Ramlim, 2011). The 

main conclusions were that the ashes blends do not promote significant changes in the bulk 

cement chemistry. The materials produced in such conditions have equal or even better 

performances than those produced by coal ashes. 

 

Concrete incorporating biomass ashes for coastal protection and embankment reinforcement of 

inland water flow systems is a potential solution for using these ashes (Melchers and Li, 2009; 

Pack, 2010). Moreover, the use of concrete in the shore can reduce the eroding action of waves 

and promote the development of high quality waves for water sports as for example surf 

practice. 

 

To the authors’ knowledge, it is the first time that concretes incorporating biomass ashes from a 

pulp and paper industry are simultaneously submitted to mechanical characterization and 

leaching under marine and freshwater conditions. The use of both chemical and 

ecotoxicological parameters is a follow-up of the previous works in which the authors have 

stressed the need for gathering these two types of characterizations to support the eco-

compatibility assessment of new materials for civil engineering works (Barbosa et al., 2011; 

Lapa et al., 2012). 

 

The main objective of this work was to produce concrete formulations by using biomass ashes 

as substitutes of cement and natural aggregates, without compromising their mechanical 

performance, the emission of chemical species and the ecotoxicological properties. Therefore, 

the compressive strength resistance of concretes produced with bottom and fly ashes from the 

combustion of forest residues was studied, and the chemical and ecotoxicological properties of 

some selected concrete formulations was assessed. These chemical and ecotoxicological 

properties were assessed under marine and freshwater leaching conditions. 
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3.2.2 Materials and Methods 

 

3.2.2.1 Origin of biomass ashes 

 

The fly and bottom ashes used in this work were produced in a Portuguese biomass boiler from 

a pulp and paper Company. This Company produces electricity through the combustion of bark 

from eucalyptus and pine, and other forest residues, in a BFBC. The bottom ashes were 

collected at the bottom of the combustion chamber and the fly ashes were collected in the 

electrostatic precipitator of the air pollution control system. The BFBC uses sand as a fluidizing 

agent. During the transport and conservation in the laboratory, the ashes were stored in dark 

airtight polypropylene containers and maintained at a temperature of 4±1°C, in the absence of 

light, to prevent their weathering and carbonation. 

 

 

3.2.2.2 Concrete formulations 

 

Thirteen formulations of concrete were prepared (Figure 3.22) with the codes F10B0, F10B9, 

F10B18, F10B36, F20B0, F20B9, F20B18, F20B36, F30B0, F30B9, F30B18, and F30B36. “F” 

means fly ashes, “B” means bottom ashes and the numbers represent the mass substitution 

percentage in wet basis. 

 

 

Figure 3.22 - Composition of the thirteen formulations of concrete (w/b: water/binder ratio; % wet basis) 
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The reference formulation (ref) was composed by the usual materials used in concretes: cement, 

sand, 10 mm calcareous gravel, and water. The composition of the reference formulation was 

adapted from Nawy (2008). The water/cement (w/c) ratio was slightly higher than that defined 

by Nawy (2008) due to the high water absorbance by pozzolanic materials, namely the biomass 

fly ashes. This behavior was to be expected as it was observed by other authors (Elinwa and 

Mahmood, 2002; Abdullahi, 2006). 

 

The remaining formulations were prepared with bottom and fly ashes. Three levels of cement 

substitution by fly ashes were used: 10% (formulations F10B0, F10B9, F10B18, F10B36), 20% 

(formulations F20B0, F20B9, F20B18, F20B36) and 30% (formulations F30B0, F30B9, 

F30B18, F30B36). In each of these formulations, four substitution percentages of aggregates 

(sand and calcareous gravel) by bottom ashes were tested: 0% (F10B0, F20B0, F30B0), 9% 

(F10B9, F20B9, F30B9), 18% (F10B18, F20B18, F30B18), 36% (F10B36, F20B36, F30B36). 

 

The fresh concrete was prepared in a concrete mixer (Matest B025-SP), and then was placed in 

cylindrical plastic molds with 80 mm height and 70 mm diameter. Each mold containing the 

fresh concrete was submitted to a vibration process, with an amplitude of 0.3 mm, in a 

mechanical vibrator (Retsch AS 200 digit), in order to remove air bubbles. The molds were then 

capped in order to avoid air contact, and stored at 20±1°C, in a climate chamber, on the absence 

of light, all over the cure periods. 

 

 

3.2.2.3 Compressive strength test 

 

The concrete formulations were submitted to cure periods of 28, 60, and 90 days, in the absence 

of light, at 20±1°C, and in airtight plastic molds to avoid their carbonation. In each of these cure 

periods, duplicate samples of each formulation were submitted to a compressive strength test in 

a Form+Test Digimess-M10 press, according to the standard NP EN 12390-3 (2011). After 90 

days of cure, three formulations were selected for further characterization: the reference 

formulation (ref) and formulations F10B18, and F30B18. The criteria for the selection of the 

two new formulations were the following: formulation with the highest compressive strength 

result from all of the formulations; and formulation with the highest compressive strength result 

among the set of formulations with the highest substitution level of cement by fly ashes 

(formulations F30B0, F30B9, F30B18, and F30B36). 

 

Figure 3.23 shows the compressive strength tests over the concrete formulations. 

 



113 
 

  

  
Figure 3.23 - Compressive strength tests over the concrete formulations; (a) preparation of the Form+Test 

Digimess-M10 press; (b) placing the concrete in Form+Test Digimess-M10 press; (c) first phase of 
roture; (d) concrete formulation after compressive strength test 

 

 

3.2.2.4 Leaching tests and chemical and ecotoxicological characterization of the eluates 

 

The selected formulations (formulation ref and two other formulations) were submitted to two 

different leaching tests after 90 days of cure: 

 

a) Leaching test with a liquid to L/S ratio of 10 L/kg (according to the European Standard EN 

12457-2, 2002), using a synthetic freshwater medium as a leaching agent (ISO 6341, 1996); 

b) Leaching test with a L/S ratio of 10 L/kg, using a synthetic marine water as a leaching agent 

(ASPM medium, based on ISO 10253, 2006). 

 

The chemical composition of the freshwater medium was: 64.75 mg/L NaHCO3, 294 mg/L 

CaCl2.2H2O, 5.75 mg/L KCl and 123.25 mg/L MgSO4.7H2O. The chemical composition of the 

marine water media was 26400 mg/L NaCl, 840 mg/L KCl, 1670 mg/L CaCl2, 4600 mg/L 

MgCl2, 5580 mg/L MgSO4, 170 mg/L NaHCO3 and 30 mg/L H3BO3. Despite these chemical 

compositions, the leaching tests always included blank tests. The chemical compositions of the 

(a)  (b) 

(c)  (d)
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eluates of the blank tests were deducted from the chemical compositions of the eluates obtained 

with the concretes. Therefore, the concentrations of the eluates presented in this paper are 

exclusively due to the emission from the concretes and not to the composition of the leaching 

media. 

 

The eluates produced in both leaching tests were submitted to a chemical characterization that 

comprised the following parameters and methodologies: Hg (AAS cold vapor; ISO 5666/1, 

19683), As (AAS air-acetylene flame; EN ISO 11969, 1996), Cd, Cu, Ni, Pb, Zn (AAS air-

acetylene flame; ISO 8288, 1986), Cr (AAS nitroux oxide-acetylene flame; ISO 9174, 2009), Cr 

VI (colorimetric method; NF T90-043, 1988), Fe, Mg, Sb (AAS air-acetylene flame; 

APHA/AWWA/WEF, 2005), Al, Ba, Mo (AAS nitrous oxide-acetylene flame; 

APHA/AWWA/WEF, 2005), Na (AAS air-acetylene flame; ISO 9964-1, 1993), K (AAS air-

acetylene flame; ISO 9964-2, 1993), Ca (AAS nitrous oxide-acetylene flame; ISO 7980, 2010) 

Se (AAS air-acetylene flame; ISO 9965, 1993), Cl- (Mohr’s method; ISO 9297, 1989), pH 

(electrometric - method 4500; APHA/AWWA/WEF, 2005), DOC (Dissolved Organic Carbon) 

(Combustion and detection by Infra-Red; ASTM D7573, 2009), SO4
2- (Turbidimetric - method 

4500 E; APHA/AWWA/WEF, 2005), F- (SPADNS - method 4500 D, APHA/AWWA/WEF, 

2005), total dissolved solids (TDS) (gravimetric method; APHA/AWWA/WEF, 2005), and 

phenolic compounds (colorimetric method; ISO 6439, 1990). 

 

The eluates were also characterized to a set of ecotoxicological parameters. The marine eluates 

were submitted to the following ecotoxicological characterization: bioluminescence inhibition 

of the bacterium Vibrio fischeri (miniaturized system of Microtox®; ISO 11348-3, 2007), 

growth inhibition of the microalgae Phaedactilum tricornutum (miniaturized kit of 

Microbiotests®; ISO 10253, 2006), and mobility inhibition of the microcrustacean Artemia 

franciscana (miniaturized kit of Microbiotests®; ASTM E1440-91, 2004). The freshwater 

eluates were submitted to the following ecotoxicological characterization: mobility inhibition of 

the microcrustacean Daphnia magna (miniaturized kit of Microbiotests®; ISO 6341, 1996), and 

growth inhibition of the microalgae Pseudokirchneriella subcapitata (miniaturized kit of 

Microbiotests®; ISO 8692, 2004). 

 

 

3.2.2.5 Ecotoxicological classification of the concretes 

 

The evaluation of the ecotoxic properties of the concretes, based on code H14 of the Council 

Directive 91/689/EEC (Council of the European Communities), was based on the CEMWE. The 

original CEMWE methodology was adapted according to Lapa et al. (2007). The 
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ecotoxicological classification was based on the chemical and ecotoxicological parameters 

common to both the characterization performed in the present work and the CEMWE. 

 

 

3.2.3 Results and Discussion 

 

3.2.3.1 Compressive strength results 

 

Figure 3.24 to Figure 3.26  show the results of the compressive strength test after 28, 60, and 90 

days of cure of the reference formulation (ref) and of all the new formulations. 

 

 
Figure 3.24 - Compressive strength values of the reference formulation (ref) and the formulations F10B0, 

F10B9, F10B18, and F10B36, after 28, 60 and 90 days of cure (±SD, 2 repl.) 
 

 
Figure 3.25 - Compressive strength values of the reference formulation (ref) and the formulations F20B0, 

F20B9, F20B18, F20B36, after 28, 60 and 90 days of cure (±SD, 2 repl.) 
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Figure 3.26 - Compressive strength values of the reference formulation (ref) and the formulations F30B0, 

F30B9, F30B18, and F30B36, after 28, 60 and 90 days of cure (±SD, 2 repl.) 
 

The compressive strengths of the reference formulation were very similar for a cure period of 60 

and 90 days (~32 MPa), while the compressive strength values of the new formulations have 

generally increased with the increase of the cure period. 

 

It also was observed that the compressive strength results of all the new formulations revealed a 

tendency of reduction with the increasing percentage of fly ashes in the concrete formulations. 

Only the lowest substitution level of cement by fly ashes (10%) has produced concretes with 

compressive strength values similar to, or slightly higher than that obtained for the reference 

material. In the new formulations with substitution levels of 20% and 30% of cement by fly 

ashes, the highest compressive strength results were obtained in the formulations containing a 

percentage of substitution of natural aggregates by bottom ashes of 18% (F20B18 and F30B18). 

 

Further studies are needed to identify this mechanical behavior. Nevertheless, some possibilities 

can be pointed out. In a review paper of Stark (2011), this author summarized some recent 

advances in the field of cement hydration. It is indicated in this review that the hydration of C3S 

proceeds in different stages. In the first period of 1 to 6 hours, there is a very low level of 

chemical activity (dormant or induction period). After this period, it will occur in an intense 

hydration, which is associated with the formation of C-S-H and calcium carbonate and release 

of thermal energy. The extension of these reactions may affect the strength of concrete. 

According to Nawy (2008), the presence of C3S promotes a moderate reaction rate of the 

hydration of Portland cement and contributes to high strength values of concrete. 

 

It seems, as will be discussed further on, that the hydration process has been delayed with the 

addition of ashes. This may indicate that ashes do not present or present low levels of C3S. 
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Therefore, their use in the new formulations of concretes has yielded lower values of 

compressive strength. 

 

Wang et al. (2008a) have developed a work dedicated to the study of a set of mechanical 

properties of concrete containing fly ashes from the combustion of biomass. Wang and 

colleagues have studied eight types of concrete formulations, which included the reference 

formulation (cement Type I and II) and concrete prepared with wood fly ashes. These authors 

have substituted 25% of cement by fly ashes. This substitution level is comparable to the 

formulations F20B0, F20B9, F20B18, and F20B36 (20% substitution of cement by fly ashes) 

and F30B0, F30B9, F30B18, and F30B36 (30% substitution of cement by fly ashes) tested in 

the present work. Wang et al. (2008a) have observed that the reference formulation presented 

compressive strength results of approximately 30, 37, and 37 MPa, for the cure periods of 28, 

56, and 91 days, respectively. These compressive strength results are a little higher than the 

values registered in the present work, namely for 28 days of cure. In what concerns the concrete 

produced with wood fly ashes, Wang et al. (2008a) have observed compressive strength results 

of approximately 24, 28, and 27 MPa, for the cure periods of 28, 56, and 91 days, respectively. 

These compressive strength results are similar to those of the formulations containing 20% and 

30% (F20B0, F20B9, F20B18, F20B36, F30B0, F30B9, F30B18, and F30B36) that have been 

tested in the present work. 

 

Rajamma et al. (2009) have studied the properties of concretes produced with two types of 

biomass ashes. One of those biomass ashes was produced in a dedicated biomass power plant, 

while the second one was produced in a boiler of a pulp and paper industry. These authors have 

tested the compressive strength of three substitution levels of cement by ashes (10%, 20%, and 

30%), after 28 days of cure. These conditions are comparable with those associated with 

formulations F10B0, F20B0, and F30B0 for the same cure period used in the present work. 

 

The reference formulation has presented a compressive strength value of approximately 41.5 

MPa. The formulations of concretes produced by the ashes from a dedicated biomass power 

plant have presented compressive strength values of 43.3, 32.5, and 22.6 MPa, for 10%, 20%, 

and 30% substitution levels of cement by fly ashes, respectively. The concretes containing fly 

ashes produced in a pulp and paper industry have presented compressive strength values of 35.8, 

30.1, and 26.7 MPa for 10%, 20%, and 30% substitution levels of cement by fly ashes, 

respectively. The compressive strength values found by Rajamma et al. (2009) are higher than 

those found in the present work, which were approximately 20, 21, and 19 MPa for F10B0, 

F20B0, and F30B0, respectively. The differences found on the compressive strength values may 

be related with the types of cement used. Rajamma et al. (2009) have used cement type 42.5R, 
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which allows high compressive strength values and faster mechanical stabilization than that 

used in the present work (32.5N). 

 

Wang and Baxter (2007) have studied several properties of concretes produced with fly ashes 

obtained from the co-combustion of coal and switch grass. One of those properties was the 

compressive strength. These authors have used Portland cement of types I and II, a water/binder 

ratio of 0.5 and a substitution level of cement by fly ashes of 25%. Aside from the reference 

concrete, the authors have studied the properties of concretes with “20% fly ashes + 80% 

cement” and “10% fly ashes + 90% cement.” The reference concrete has achieved compressive 

strength values of approximately 29 and 38 MPa, after 28 and 91 days of cure, respectively. The 

concrete prepared with “20% fly ashes + 80% cement” has attained compressive values of 

approximately 32 and 37 MPa, after 28 and 91 days of cure respectively. The concrete prepared 

with “10% fly ashes + 90% cement” has attained compressive values of approximately 25 and 

40 MPa, after 28 and 91 days of cure, respectively. These values are higher than those observed 

in the present work, even for the formulations containing 20% fly ashes. One possible reason for 

this behavior can be related to the fact that Wang and Baxter (2007) have used fly ashes 

produced by the combustion of biomass ashes and coal, which may present higher pozzolanic 

properties than those used in the present work. 

 

Relationship between the cure period and the compressive strength results 

 

Figure 3.27 shows the relationship between the cure period and the compressive strength results 

for the three substitution levels of cement by fly ashes (0%, 10%, 20%, and 30%). In this 

Figure, each data point was defined as the average value of the compressive strength results of 

the four formulations with the same level of substitution of cement by fly ashes, for each cure 

period. 

 

As it was observed on Figure 3.26, the compressive strength of the reference formulation, after 

60 days of cure, was similar to that observed after 90 days of cure. This behavior was not 

observed for the formulations containing biomass ashes. This may suggest that the use of 

alternative materials have delayed the hydration process for the cure times considered in the 

present work. It was also observed that the compressive strength values of the formulations 

were similar after 28 days of cure, but a higher increase rate of the compressive strength was 

observed in the formulations in which lower substitution levels of cement by fly ashes were 

used (Figure 3.27). The increase ratio of the compressive strength results were 0.1801, 0.1577, 

and 0.0985 MPa/d for 10%, 20%, and 30% of substitution of cement by fly ashes, respectively, 
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which indicates that the higher the substitution level of cement by fly ashes is, the lower the 

increase of the compressive strength along the cure period is. 

 

 
Figure 3.27 - Evolution of the compressive strength values as a function of the cure period for reference 
concrete and concrete formulations prepared with the three substitution levels of cement by fly ashes (0, 

10, 20 and 30%). 
 

 

3.2.3.2 Chemical characterization of eluates 

 

3.2.3.2.1 Freshwater eluates 

 

Table 3.1 and Figure 3.28 show the chemical characterization of the eluates of concretes with 

the codes ref, F10B18, and F30B18, submitted to a cure period of 90 days, produced under 

freshwater leaching conditions. 

 

The pH values produced by the freshwater eluates were approximately 10. These pH levels in 

the freshwater eluates indicate the release of oxides from the formulations and a low buffer 

capacity of the leaching agent. Nevertheless, no significant difference was observed between the 

reference material and the new formulations F10B18 and F30B18. 

 

The other set of parameters presented in Table 3.1 indicate very low emission levels of chemical 

species, since all of the concentrations were below the respective quantification limits, except 

for CrVI. Nevertheless, the concentrations of CrVI in the eluates were very low (less than 2 

µg/kg db). It is important to stress that the concentrations of this element in the formulation 

containing biomass ashes (F10B18 and F30B18) were lower than that observed for the reference 

formulation (ref). 
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In a previous work (Barbosa et al., 2013) performed by the same authors of these manuscript 

with the same biomass ashes, the concentrations of CrVI in the bottom and fly ashes were 

higher than those determined in the freshwater eluates of concretes. The concentrations of CrVI 

in bottom and fly ashes were, respectively, of 860 and 690 µg/kg (db) and the leachable 

fractions were, respectively, of 250 and 330 µg/kg (db). The incorporation of biomass ashes in a 

concrete matrix has led to a high reduction level of the emission of this parameter to a range of 

1.66 to 1.69 µg/kg, which corresponds to a reduction ratio of approximately 400-fold (bulk 

composition) and 100-fold (leachable faction), probably due to the dilution factor of ashes in the 

cement matrix, but also to the encapsulation of CrVI in the matrix. 

 
Table 3.1 - Chemical characterization of the freshwater eluates of the concrete formulations with the 

codes ref, F10B18 and F30B18 (n=2, mg/kg db (±SD), except Sb, Hg, As, Se and Cr VI in µg/kg db and 
pH in Sorensen scale; n.a.: not applicable) 

Parameter ref Freshwater F10B18 Freshwater F30B18 Freshwater 
pH 10.3 (±0.1) 10.4 (±0.2) 10.1 (±0.1) 
Phenolic compounds < 0.54 (n.a.) < 0.55 (n.a.) < 0.55 (n.a.) 
F- < 0.54 (n.a.) < 0.55 (n.a.) < 0.55 (n.a.) 
DOC < 10.9 (n.a.) < 11.1 (n.a.) < 11.1 (n.a.) 
As < 3.48 (n.a.) < 3.54 (n.a.) < 3.54 (n.a.) 
Sb < 3.26 (n.a.) < 3.32 (n.a.) < 3.32 (n.a.) 
Se < 9.90 (n.a.) < 10.1 (n.a.) < 10.1 (n.a.) 
Cu < 0.45 (n.a.) < 0.45 (n.a.) < 0.45 (n.a.) 
Zn < 0.14 (n.a.) < 0.14 (n.a.) < 0.14 (n.a.) 
Ba < 1.74 (n.a.) < 1.77 (n.a.) < 1.77 (n.a.) 
Hg < 13.1 (n.a.) < 13.3 (n.a.) < 13.3 (n.a.) 
Cd < 0.35 (n.a.) < 0.35 (n.a.) < 0.35 (n.a.) 
Mo < 1.07 (n.a.) < 1.08 (n.a.) < 1.08 (n.a.) 
Pb < 1.09 (n.a.) < 1.11 (n.a.) < 1.11 (n.a.) 
Ni < 0.69 (n.a.) < 0.70 (n.a.) < 0.70 (n.a.) 
Cr < 0.54 (n.a.) < 0.55 (n.a.) < 0.55 (n.a.) 
Cr VI 1.98 (±0.11) 1.66 (±0.20) 1.69 (±0.13) 
Al < 3.70 (n.a.) < 3.76 (n.a.) < 3.76 (n.a.) 
Fe < 0.65 (n.a.) < 0.66 (n.a.) < 0.66 (n.a.) 
Mg < 0.033 (n.a.) < 0.033 (n.a.) < 0.033 (n.a.) 

 

 
Figure 3.28 - Concentrations of TDS, sodium, sulfate, potassium, calcium and chlorides on the freshwater 

eluates of the formulations with the codes ref, F10B18 and F30B18 
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As discussed in a previous work (Barbosa et al., 2013), the bulk content showed that the 

biomass fly ashes were mainly composed by alkali and earth-alkali elements (K = 17529 mg/kg 

db, Na = 1953 mg/kg db, Ca = 258639 mg/kg db, Mg = 22317 mg/kg db, and Ba = 336 mg/kg 

db). Also Fe and Al were present in high concentrations (Fe = 13531 mg/kg db, and Al = 24278 

mg/kg db). Nevertheless, the leaching rates of these elements were quite distinct among them. 

The leaching rates of Ca and Na were approximately 17% of the bulk content, whereas the 

leaching rate of K was only approximately 6%. Mg has presented a very low leaching rate 

(<0.001% of the bulk content). 

 

The data shown in Figure 3.28 indicate a clear tendency for the reduction of the concentrations 

of TDS, Cl-, Ca2+ and Na+ from the reference formulation (ref) to the formulation with the code 

F30B18. Nevertheless, an increase in the concentrations of SO4
2- and K+ was observed in the 

new concrete formulations (F10B18 and F30B18). This aspect may be related to the high 

content of S and K, especially in the fly ashes, as was observed by Barbosa et al. (2013) in a 

previous work. 

 

 

3.2.3.2.2 Marine eluates 

 

Table 3.2 and Figure 3.29 show the chemical characterization of the eluates of concretes with 

the codes ref, F10B18 and F30B18, submitted to a cure period of 90 days, obtained in the 

leaching test with the synthetic marine water. 

 

The pH values of the eluates were approximately 8, which correspond to the typical pH level of 

the seawater. This demonstrates the high pH buffering capacity of the synthetic marine water, 

because no significant change in the pH was registered due to the contact with the concrete 

formulations as it was observed in the synthetic freshwater. The other chemical parameters have 

presented a very low mobility from all of the formulations of concretes as their concentrations 

were below the quantification limits, except for CrVI. The emission of CrVI was very low and 

was below that determined in the freshwater eluates. The lower concentrations of CrVI in the 

marine eluates can be explained by the differences in the pH values of marine water and 

freshwater. Since CrVI has an amphoteric behavior, a reduction of its concentration in the pH 

levels near the neutrality, as registered for the marine water, may be expected. 

 

The results shown in Figure 3.29 indicate a clear tendency for the reduction of the 

concentrations of TDS, K+, Ca2+ and Na+ from the ref material to the concrete with the 
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formulation F30B18. Nevertheless, an increase in the concentrations of Cl- in the formulations 

containing biomass ashes was observed. The concentrations of SO4
2- have not changed in the 

new concrete formulations (F10B18 and F30B18). 

 
Table 3.2 - Chemical characterization of the marine eluates of the concrete formulations with the codes 

ref, F10B18 and F30B18 (n=2, mg/kg db (±SD), except Sb, Hg, As, Se and Cr VI in µg/kg db and pH in 
Sorensen scale; n.a.: not applicable) 

Parameter ref Marine water F10B18 Marine water F30B18 Marine water 
pH 8.04 (±0.20) 8.14 (±0.08) 8.02 (±0.04) 
Phenolic compounds < 0.54 (n.a.) < 0.55 (n.a.) < 0.55 (n.a.) 
F- < 0.54 (n.a.) < 0.55 (n.a.) < 0.55 (n.a.) 
DOC < 10.9 (n.a.) < 11.1 (n.a.) < 11.1 (n.a.) 
As < 3.48 (n.a.) < 3.55 (n.a.) < 3.54 (n.a.) 
Sb < 3.26 (n.a.) < 3.33 (n.a.) < 3.32 (n.a.) 
Se < 9.90 (n.a.) < 10.1 (n.a.) < 10.1 (n.a.) 
Cu < 0.446 (n.a.) < 0.455 (n.a.) < 0.453 (n.a.) 
Zn < 0.141 (n.a.) < 0.144 (n.a.) < 0.144 (n.a.) 
Ba < 1.74 (n.a.) < 1.77 (n.a.) < 1.77 (n.a.) 
Hg < 13.1 (n.a.) < 13.3 (n.a.) < 13.3 (n.a.) 
Cd < 0.348 (n.a.) < 0.355 (n.a.) < 0.354 (n.a.) 
Mo < 1.07 (n.a.) < 1.09 (n.a.) < 1.08 (n.a.) 
Pb < 1.09 (n.a.) < 1.11 (n.a.) < 1.11 (n.a.) 
Ni < 0.686 (n.a.) < 0.698 (n.a.) < 0.696 (n.a.) 
Cr < 0.544 (n.a.) < 0.554 (n.a.) < 0.553 (n.a.) 
Cr VI 0.26 (±0.01) 0.35 (±0.01) 0.077 (±0.001) 
Al < 3.70 (n.a.) < 3.77 (n.a.) < 3.76 (n.a.) 
Fe < 0.653 (n.a.) < 0.665 (n.a.) < 0.663 (n.a.) 
Mg < 0.033 (n.a.) < 0.033 (n.a.) < 0.033 (n.a.) 

 

 
Figure 3.29 - Concentrations of TDS, sodium, sulfate, potassium, calcium and chloride on the marine 

eluates of the formulations with the codes ref, F10B18 and F30B18 
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and P. subcapitata. Figure 3.31 shows the ecotoxicological levels of the eluates of concretes 

with the codes ref, F10B18 and F30B18 produced with the synthetic marine water, regarding the 

organisms A. franciscana, V. fischeri, and P. tricornutum. 

 

Figure 3.30 - Ecotoxicological levels of the freshwater eluates of the concretes with the codes ref, 
F10B18, and F30B18 to the microcrustacean D. magna and microalgae P. subcapitata 

 

  

 
Figure 3.31 - Ecotoxicological levels of the marine eluates of the concretes ref, F10B18, and F30B18 to 

the organisms A. franciscana, V. fischeri, and P. tricornutum 
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ashes were used was similar (F10B18) to, or even higher (F30B18) than that observed for the 

reference material (ref), which indicates that no ecotoxicity was added to the concretes due to 

the use of biomass ashes. In a previous study performed by Barbosa et al. (2013) with the same 

biomass ashes, the ecotoxicological levels found for the as-received ashes were much higher 

than those found in the new concrete formulations (F10B18 and F30B18). This indicates that 

the incorporation of bottom and fly ashes in a concrete matrix has reduced their ecotoxicological 

levels. 

 

According with the methodology indicated in CEMWE and adopted by Lapa et al. (2007), the 

formulations with the codes ref, F10B18 and F30B18 were classified as “without evidence of 

ecotoxicity,” since both chemical and ecotoxicological characterizations have indicated 

concentrations of chemical species and ecotoxicological levels below the CEMWE limits. 

 

 

3.2.4 Conclusions 

 

Concrete formulations were produced by using biomass ashes as substitutes of cement and 

natural aggregates, without compromising their mechanical performance, the emission of 

chemical species, and the ecotoxicological properties, under marine and freshwater leaching 

conditions. 

 

The concrete formulations prepared with biomass ashes have presented a range of values for 

compression strength from slightly higher to lower than those determined for the reference 

concrete. The formulations in which fly ashes were used to replace 10% of the cement (F10B0, 

F10B9, F10B18, and F10B36) have presented similar to slightly higher compressive strength 

values than those of the reference concrete. By opposition, the incorporation of 30% fly ashes 

has conducted to concretes with lower compressive strength values than that registered for the 

reference material. The substitution level of 18% of aggregates by bottom ashes (F10B18, 

F20B18, and F30B18) yielded for the highest compressive strength values among the new 

formulations of concretes. 

 

The formulations selected for further chemical and ecotoxicological characterizations (ref, 

F10B18, and F30B18) have presented very low emission levels of chemical species in both 

marine and freshwater leaching scenarios. The new formulations F10B18 and F30B18 have 

presented emission levels similar to, or lower than those observed for the reference formulation. 

The ecotoxicological levels of the eluates produced by the new formulations of concretes were 

similar to, or even lower than that observed for the reference material. 
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ABSTRACT 

 

Removal batch assays of phosphates from a synthetic wastewater (SWW) and a pulp and paper 

mill wastewater (PPWW) with two forestry biomass ashes were performed. The supernatants 

were not only chemically characterized but also the ecotoxicity was determined using two 

organisms: Vibrio fischeri and Artemia franciscana. The addition of fly and bottom ashes to the 

SWW in solid/liquid (S/L) ratios of 3.35 and 9.05 g/L, respectively, achieved removal 

percentages of phosphates >97% for both ashes. The addition of fly and bottom ashes to the 

PPWW in S/L ratios of 34.45 and 46.59 g/L, respectively, yield removal percentages of 

phosphates >90% for both ashes. According to the results of the Langmuir and Freundlich 

isotherms, the removal of phosphates from the SWW was mainly explained by surface removal 

mechanisms, while the removal from the PPWW was partially explained by multi-layer 

mechanisms. The supernatants resulting from the treatment of SWW and PPWW with both 

biomass ashes did not present acute ecotoxicity. 

 

Keywords: Biomass ashes; ecotoxicity; pulp and paper mill wastewater; removal of phosphates 
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3.3.1 Introduction 

 

Phosphorus (P) is an essential nutrient to biological activity in aquatic environments. However, 

the discharge of treated wastewaters containing P can stimulate the growth of photosynthetic 

algae and toxic cyanobacteria leading to eutrophication processes of natural water bodies and 

water contamination with toxins (Ugurlu and Salman, 1998; Douglas et al., 2004; Parsons and 

Berry; 2004; Lu et al., 2009; Xu et al., 2010; García-Albacete et al., 2012). 

 

The EU established the concentrations of 1 and 2 mg P/L as the limit values for P discharges in 

the treated effluents of urban wastewater treatment plants (WWTP), depending on the number 

of inhabitants-equivalent attended by the WWTP. Nevertheless, some countries followed 

stricter limit-values (0.5 to 0.8 mg P/L) than those defined by EU to control eutrophication 

processes (Hussain et al., 2011; Sabir et al., 2011). This was based on the knowledge that a 

concentration as low as 1 mg P/L is high enough to cause eutrophication problems in natural 

water bodies. 

 

Several chemical and biological treatment processes have been studied to remove P from 

wastewaters (Ugurlu and Salman, 1998; Douglas et al., 2004; Parsons and Berry; 2004; Yang et 

al., 2006; Wood et al., 2006; Pratt and Shilton, 2010), many of them chemical and other 

biological processes. 

 

Caravelli et al. (2010) have studied the removal of P by ferric chloride in the presence of 

activated sludge. The authors have found that the presence of biomass did not affect the 

orthophosphate precipitation. However, a decrease of pH to values not compatible with the 

normal activity of activated sludge needed the addition of NaHCO3, making more expensive the 

P-removal. 

 

Al-Najjar et al. (2011) performed an interesting study on the role of microbial stringent response 

in excess intracellular accumulation of phosphorus in mixed consortia. The authors fed with 

synthetic wastewater four bench-scale sequencing batch reactors (SBRs) that were seeded with 

activated sludge. The SBRs were operated under either fully oxic or anoxic/oxic conditions. 

High percentages of phosphorus were removed (67-99%) in all four reactors. Nevertheless, it is 

unknown if the same behavior of the microbial consortia would be reached in real wastewaters. 

The effect of organic and hydraulic loads of real wastewaters is also unpredictable in the 

biological systems for P-removal. 
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In a very unusual researching topic, Boelee et al. (2011) have studied the nitrogen and 

phosphorus removal from municipal wastewater effluent using microalgal biofilms. The studies 

on microalgal films for nutrient removal from treated effluents are very scarce. Boelee et al. 

(2011) have cultivated microalgal biofilms in flow cells under different nutrient loads and 

continuous lighting. In this study a synthetic wastewater was also used. Authors have found a 

high uptake capacity for a load of 1.0 g NO3
-- N/(m2*d) and 0.13 g PO4

3- - P/(m2*d) under a 

light intensity of 230 mmol photons/(m2*s). Once again, it was not studied for a real wastewater 

if the microalgal nutrient uptake would be similar to that observed for synthetic wastewater, and 

if the population would present a stable behavior over time. 

 

The common aspects to all of the studies dealing with P-removal are the following: the chemical 

processes are highly efficient but very expensive, due to the costs of chemical reagents needed; 

biological processes are less expensive, but not as efficient as chemical processes, due to the 

unpredictable behavior of microorganisms involved in P-removal, namely when they are 

submitted to variations of chemical composition and hydraulic load of real wastewaters.  

 

Among the group of chemical processes, the reuse of residue materials to remove P from 

wastewaters has been attempted in several works. This is an interesting issue of study, because 

of the high P-adsorption capability of some types of residues and also their low cost (Ugurlu 

and Salman, 1998; Douglas et al., 2004; Parsons and Berry; 2004; Lu et al., 2009). 

 

Xiong et al. (2011) have studied the phosphate removal capability of freshwater mussel shells 

transformed into powder. The authors have concluded that a thermal treatment of 700ºC for 20 

min would be necessary to enhance the phosphate removal capability of the mussel shell 

powders from 25% to 55%, at a pH value of 5.5. Despite of the interesting P-removal 

efficiencies, the thermal treatment would increase the cost of the final adsorption product. 

Nevertheless, the reuse of sub-products from thermal processes would avoid the need of thermal 

activation and consequently could decrease the final adsorbent cost. 

 

Lu et al. (2009) have tested the phosphate removal mechanism from aqueous solution by using 

coal fly ashes. The major conclusions pointed out for a rapid phosphate removal: 68% to 96% of 

the maximum phosphate removal capability was reached in the first 5 minutes of contact time. 

 

Xu et al. (2010) studied the phosphate removal from aqueous solutions by chemically activated 

coal fly ashes. The activation was performed by sulfuric acid. The authors have concluded that 

the activation of coal fly ashes significantly enhanced their phosphate immobilization 
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capability, due to the increase of the specific surface area from 8.8 to 32.5 m2/g after the 

treatment with sulfuric acid. 

 

Regardless the effectiveness of coal ashes to remove phosphates from wastewaters, this coal 

combustion sub-product is normally composed by high concentrations of heavy metals (Ludwig 

et al., 2005), which can be transferred to the wastewater during the treatment. Although P 

concentration might be reduced to levels below the critical concentration for eutrophication, the 

dissolution of heavy metals from coal ashes in the wastewater can increase its ecotoxicity level 

and compromise its discharge in natural water bodies. There is a lack of discussion on this 

important issue in the bibliography. 

 

In this framework, the use of ashes resulting from the combustion of forest biomass is much 

more interesting than coal ashes, due to the high concentrations of Ca, Al and Fe that can 

participate in phosphate removal from wastewaters. Moreover, the trace or even undetectable 

concentrations of heavy metals would not compromise the ecotoxicity level of the treated 

effluents (Mellbo et al., 2007). 

 

The combustion technologies used to produce electricity from forest biomass also produce solid 

residues, namely fly and bottom ashes that must be recycled or disposed of properly (Reimann 

et al., 2008; Umamaheswaran and Batra, 2008; Ahmaruzzaman, 2010). The characteristics of 

biomass ashes are quite diverse from each other, depending on the type of biomass, soil and 

harvesting method used (Olanders and Steenari, 1995; Ahmaruzzaman, 2010; Singh et al., 

2011). Furthermore, the same type of biomass can differ among itself due to biomass growth 

conditions, weather, storage and geographical origin. 

 

The presence of several active metals that are usually used in chemical coagulation-flocculation 

treatments, such as Ca, Al and Fe (Grubb et al., 2000; Pengthamkeerati et al., 2008; Xu et al., 

2010), makes biomass ashes a promising material for the removal of P from wastewaters. 

 

Besides these aspects, the reuse of sub-products from thermal processes would be much more 

interesting, because they avoid the thermal activation pre-treatment. This aspect is quite 

important since other products that have been tested require a previous thermal activation before 

their use as efficient adsorbents, increasing the cost of the final adsorption product (Xiong et al., 

2011). 
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The main objectives of this work were to (i) study the potential of biomass ashes to remove 

phosphates from both a SWW and a PPWW, and (ii) assess the ecotoxicity impact caused by the 

addition of these ashes to both wastewaters. 

 

 
3.3.2 Materials and Methods 

 

3.3.2.1 Origin and characterization of biomass ashes 

 

Two types of biomass ashes were used in this study: fly and bottom ashes. They were collected 

in a biomass power plant that produces electricity by burning forestry residues (bark of 

eucalyptus and pine). The bottom ashes were collected in the bottom of the furnace and fly 

ashes was collected in the bag-house filters. In a previous work (Barbosa et al., 2013), both 

biomass ashes were characterized for (i) particle size distribution (ISO 3310-2, 1999), and (ii) 

chemical composition through an acidic digestion (USEPA Method 3051A, 2007). 

 

 

3.3.2.2 Origin and characterization of wastewaters 

 

A phosphate solution was used as the SWW. This was prepared as follows: Na2HPO4.12H2O 

(Sigma-Aldrich) at an initial concentration of 20±2 mg P/L (initial pH: 8.5±0.1). 

 

A treated wastewater from a pulp and paper mill wastewater treatment plant (PPWWTP) was 

also used. Samples of the PPWW were collected in the discharge channel of the PPWWTP, just 

before the receiving water body (river estuary with a salted water environment). The PPWWTP 

includes the following treatment steps: neutralization, primary settling, high load activated 

sludge, and secondary settling.  

 

Prior to the removal assays of phosphates, the PPWW was characterized to the following set of 

parameters: Total P (acidic digestion followed by colorimetry, method 4500; 

APHA/AWWA/WEF 2005), phosphates (colorimetric, method 4500; APHA/AWWA/WEF 

2005), pH (electrometric, method 4500; APHA/AWWA/WEF, 2005); conductivity 

(electrometric; ISO 7888, 1985; color (spectrophotometric; method 2120 C; 

APHA/AWWA/WEF, 2005), Total Suspended Solids (TSS) (gravimetric; method 2540D; 

APHA/AWWA/WEF, 2005), Chemical Oxygen Demand (COD) (volumetric, method 5220 B; 

APHA/AWWA/WEF, 2005), Biochemical Oxygen Demand (BOD5) (respirometric; method 

5210 B; APHA/AWWA/WEF, 2005), Kjeldahl nitrogen (titrimetric; ISO 5663, 1984), 
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ammonium (titrimetric; ISO 5664, 1984), nitrates and nitrites (ionic chromatography, method 

4110; APHA/AWWA/WEF 2005), Ca (acidic digestion according with 3015A USEPA, 

followed by quantificaition by AAS nitrous oxide flame; ISO 7980, 2010), Al, Ba (acidic 

digestion according with 3015A USEPA, AAS nitrous oxide-acetylene flame, method 3111; 

APHA/AWWA/WEF, 2005), Fe, Sb (acidic digestion according with 3015A USEPA, AAS air-

acetylene flame; APHA/AWWA/WEF, 2005). 

 

 

3.3.2.3 Removal assays of phosphates 

 

The removal assays of phosphates were conducted in triplicate under batch conditions, 

according to the following procedure (constant temperature of 20±2ºC): 

 

(i) Aliquots of 500 mL of each wastewater were added to glass beakers; 

(ii) Known amounts of fly and bottom ashes were added to each beaker (SWW: S/L ratios 

varying from 0.084 to 53.53 g/L for fly ashes, and from 0.57 to 72.39 g/L for bottom ashes; 

PPWW: S/L ratios varying from 0.013 to 34.45 g/L for fly ashes, and from 0.091 to 46.59 g/L 

for bottom ashes); 

(iii) The mixtures were stirred in a Jar-test equipment for 1 min, at 100 rpm, followed by a 

slow stirring period of 15 min, at 40 rpm;  

(iv) The mixtures were then settled for 30 min. 

 

Figure 3.32 shows the phase (iv) of the settle down of the supernatants submitted to fly ashes 

treatment. 

 

 

Figure 3.32 - Detail of the phase (iv) of the samples treated with fly ashes 
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The supernatants were filtered through a cellulose ester membrane of 0.45 µm porosity 

(Whatman, ref. 10401612). An aliquot of 100 mL of the filtered solutions was preserved for the 

quantification of phosphates (standard and method as referred before). An additional aliquot of 

50 mL was preserved for the quantification of Al, Ba, Ca, Fe, and Sb (standards and methods as 

referred in sub-chapter 3.3.2.2). Al, Ca, and Fe were quantified because they are the 

predominant elements involved in the removal process of phosphates. Ba and Sb were 

quantified because they were the only metals detected in aqueous eluates of the biomass ashes 

(Barbosa et al., 2013). 

 

A removal test of P was performed in a larger volume of the PPWW to allow for an extended 

characterization of two supernatants obtained with two different S/L ratios. The supernatants 

resulting from this enlarged test were characterized for total P, phosphates, pH, conductivity, 

color, TSS, COD, BOD5, N-Kjeldahl, ammonium, nitrates, nitrites, Al, Ba, Ca, Fe, and Sb 

(standards and methods as referred in sub-chapter 3.3.2.2) as these are some of the chemical 

parameters that has to be controlled in the effluent of the PPWWTP. 

 

 

3.3.2.4 Acute ecotoxicity of wastewaters and supernatants 

 

The acute ecotoxicity of the SWW, PPWW and supernatants were assessed by using the 

following bioindicators: marine bioluminescent bacterium Vibrio fischeri (performed in a 

miniaturized system of Microtox® according with ISO 11348-3, 2007); salted water 

microcrustacean Artemia franciscana (performed in a miniaturized test kit from MicroBioTests 

Inc. according with ASTM E1440–91, 2004). Only marine organisms were used because the 

PPWW is directly discharged into a river estuary with salted water. The pH values of all 

samples were adjusted to 8.0±0.5 prior to the biological assays, because the effect of pH in the 

ecotoxicity was not intended to be analyzed. 

 

 

3.3.2.5 Isotherms of Langmuir and Freundlich and statistical analysis 

 

The data obtained in the removal assays of phosphates from the SWW and PPWW were 

modeled according to the isotherms of Langmuir (Eq. 3.2) and Freundlich (Eq. 3.3) (Santhosh et 

al., 2003): 

 

Ce/Ye = [1/(Q*b)]+Ce/Q Eq. 3.2 
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where Ce is the equilibrium concentration of the chemical species adsorbed (mg/L), Ye is the 

mass of the chemical species adsorbed by unit mass of the adsorbent (mg/g), Q is the maximum 

amount of the chemical species adsorbed per unit mass of the adsorbent (mg/g), and b is the 

Langmuir’s constant (L/mg). The Langmuir’s isotherm is a mono-layer model, applicable to 

cases in which the adsorption occurs in the surface layer of the adsorbent; 

 

log Ye = log P + (1/n)*log Ce Eq. 3.3 
 

where Ce and Ye have the same meanings as defined above, and P and n are empirical constants 

(Freundlich’s parameters) (dimensionless). If the value of n is greater than 1, then it must be 

concluded that a good adsorption of the adsorbate took place onto the adsorbent. The isotherms 

of Langmuir and Freundlich were adjusted to the experimental values with the minimum least-

square method. 

 

The statistical quality of the adjustments of both isotherms was tested by both the analysis of the 

determination coefficients (R2) and F-test (two-sample for variances). In the F-test, the null 

hypothesis of the equality of the variances of experimental Ye values (σexp,Ye) and modeled Ye 

values (σmod,Ye) was tested (H0: σexp,Ye = σmod,Ye). The experimental Ye values were obtained in the 

removal assays of phosphates, and the modeled Ye values were calculated by using the variables 

of the isotherms of Langmuir and Freundlich derived from the application of the mathematical 

models to the experimental values. The F-critical values were obtained for a significance level 

of 0.05. 

 

 

3.3.3 Results and Discussion 

 

3.3.3.1 Particle size distribution and chemical composition of biomass ashes 

 

According to a previous work (Barbosa et al., 2013), fly ashes were mainly composed of 

particles with dimensions ranging from 20 to 200 µm (84.3% w/w db), while bottom ashes was 

predominantly composed of particles with sizes comprised between 200 and 4000 µm (78.3% 

w/w db). The data obtained in the size fractionation of ashes showed that fly ashes was mostly 

composed of fine particles, while the bottom ashes was mostly constituted of coarse particles. 

The chemical composition of the acidic digested samples of both fly and bottom ashes (Barbosa 

et al. 2013) revealed that alkali and alkaline-earth metals were the major elements in fly and 

bottom ashes (concentration and standard deviation in fly ashes): K = 17529±1372 mg/kg db, 

Na = 1953±269 mg/kg db, Ca = 43576±6103 mg/kg db, Mg = 22317±2128 mg/kg db, and Ba = 
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248±8 mg/kg db; concentration and standard deviation in bottom ashes: K = 3419±119 mg/kg 

db, Na = 283±15 mg/kg db, Ca = 14900±100 mg/kg db, Mg = 4627±432 mg/kg db, and Ba < 

62.6 mg/kg db). 

 

Fe and Al also showed high concentrations in both ashes (fly ashes: Fe = 17529±1372 mg/kg 

db, and Al = 27913±4298 mg/kg db; bottom ashes: Fe = 3560±340 mg/kg db, and Al = 

3737±277 mg/kg db). Zn, Cr, Cu, As, Sb, and Se presented low or very low concentrations in 

both ashes (142±0.3 mg Zn/kg db in fly ashes and 30.3±2.4 mg Zn/kg db in bottom ashes; 

48.6±3.7 mg Cr/kg db in fly ashes and <19.6 mg Cr/kg db in bottom ashes; 33.1±2.3 mg Cu/kg 

in fly ashes and <16.1 mg Cu/kg db in bottom ashes; 6.27±0.92 mg As/kg db in fly ashes and 

0.80±0.02 mg As/kg in bottom ashes; 0.51±0.08 mg Sb/kg db in fly ashes and 0.19±0.02 mg 

Sb/kg in bottom ashes; 1.6±0.2 mg Se/kg in fly ashes 3.1±0.1 mg Se/kg db in bottom ashes). 

Mo, Ni, Cd, Hg, and Pb were below the respective QL (Mo < 41.1 mg/kg db in fly ashes <38.4 

mg/kg db in bottom ashes; Ni <26.4 mg/kg db in fly ashes and <24.7 mg/kg db in bottom ashes; 

Cd 13.4 mg/kg db in fly ashes and <12.6 mg/kg db in bottom ashes; Hg <0.50 mg/kg db in fly 

ashes and <0.47 mg/kg db in bottom ashes; Pb <41.9 mg/kg db in fly ashes and <33.5 mg/kg db 

in bottom ashes). 

 

 

3.3.3.2 Removal assays of phosphates from the SWW 

 

Figure 3.33 shows the average removal efficiencies of phosphates and standard deviations 

obtained in the SWW as a function of the S/L ratios for both ashes. 

 

 

Figure 3.33 - Average removal efficiencies of phosphates obtained in the assays with the SWW as a 
function of the addition of biomass ashes 
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The removal percentages of phosphates for both biomass ashes increased rapidly with the 

increase of S/L ratios. The addition of 3.35 g/L of fly ashes to the SWW lead to a removal 

efficiency of phosphates of 99.3%, while the addition of 9.05 g/L of bottom ashes yield a 

removal percentage of only 97.6%. 

 

Table 3.3 and Table 3.4 present the average concentrations of Ca, and Al in the supernatants 

obtained in the removal assays of phosphates from the SWW as a function of S/L ratios. 

 
Table 3.3 - Al, and Ca content in the supernatants treated with fly ashes 

S/L (g/L) 0.08 0.17 0.33 0.67 1.34 3.35 6.69 13.4 26.8 53.5 
Al (mg/L) 0.73 0.75 0.75 0.85 0.96 1.11 2.64 4.90 5.71 6.97 
Ca (mg/L) 0.84 0.61 0.98 0.51 0.67 5.11 56.1 62.3 105 157 

 
Table 3.4 - Al, and Ca content in the supernatants treated with bottom ashes 
S/L (g/L) 0.57 1.13 2.26 4.52 9.05 18.10 36.20 72.39 
Al (mg/L) 0.34 0.34 0.34 0.34 0.41 1.52 2.26 2.34 
Ca (mg/L) 0.45 0.02 0.02 0.53 2.33 27.66 92.09 108.79 

 

The concentrations of Sb, Fe, and Ba (data not shown) in the supernatants were below the QL 

for all of the S/L ratios, except for Ba concerning the supernatant in which the maximum dosage 

of fly ashes was applied (Ba = 0.19 mg/L). The average concentrations of Ca in the supernatants 

rose with the increasing dosage of both biomass ashes. The average concentrations of Al in the 

supernatants also tended to increase with the increasing dosage of ashes. The concentrations of 

Al in the supernatants were high, especially for fly ashes, but all of them were much below the 

limit concentration defined by European and Portuguese legislations for treated wastewaters (10 

mg/L). Also it is necessary to consider that these results were obtained in a synthetic 

wastewater; therefore, no other chemical substances were present in the liquid medium that can 

be involved in Al biding and removal, as it may occur in real wastewaters. Hence, the 

concentrations of Al tend to be higher in this wastewater. 

 

Figure 3.34 shows the final pH values of SWW supernatants after the treatment with both 

biomass ashes. The SWW presented a low buffer capacity as the pH value significantly 

increased from about 8.5 to 11.0 for the low S/L ratios comprised in the range of 0.08 to 2.26 

g/L for both biomass ashes. This significant increase in the pH values of supernatants also may 

contribute to the removal of phosphates from the SWW through precipitation, as the phosphates 

form insoluble salts at high pH values. In this context, it is interesting to note the similarity 

between the curves of the average removal efficiencies of phosphates (Figure 3.33) and the 

curves of the final pH values of supernatants (Figure 3.34) as a function of the S/L ratios of both 
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biomass ashes. 

 

 
Figure 3.34 - Final pH values of the supernatants of the SWW after the treatment with fly and bottom 

ashes 
 

 

3.3.3.3 Ecotoxicological levels of supernatants from the SWW 

 

Figure 3.35 shows the ecotoxicological levels of SWW and the supernatants obtained after the 

treatment with bottom and fly ashes, for V. fischeri and A. franciscana. 

 

 

Figure 3.35 - Ecotoxicological levels of synthetic wastewater and of six supernatants obtained after the 
synthetic wastewater treatment with fly and bottom ashes. 
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min >99% for V. fischeri, and EC50-24 h >90% for A. franciscana). Therefore, it is possible to 

conclude that the addition of both fly and bottom ashes to the SWW had not promoted any level 

of acute ecotoxicity in the wastewaters. 
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3.3.3.4 Modeling the removal of phosphates from the SWW 

 

Table 3.5 shows the parameters of the isotherms of Langmuir and Freundlich for the removal of 

phosphates from the SWW for both bottom and fly ashes. 

 

The F-test shows that the variances of the modeled values were equal to the variances of the 

experimental values, for a significance level of 0.05, and for both isotherms. Therefore, both 

isotherms explained well the variance of the experimental data for both ashes. R2 values were 

higher for bottom ashes than for fly ashes, indicating that the isotherms of Langmuir and 

Freundlich explained better the adsorption of phosphates onto the former ashes than onto the 

latter. Moreover, the R2 values were higher for the Langmuir’s isotherm than for the 

Freundlich’s isotherm, meaning that the adsorption of phosphates onto the biomass ashes 

mainly occurred as a mono-layer mechanism, especially in the case of bottom ashes. 

 

The Langmuir’s isotherm indicated that the fly ashes showed a high adsorption capacity of 

phosphates with a Q value (12.9 mg/g) almost 4 times higher than the Q value for bottom ashes 

(3.4 mg/g). The Freundlich’s isotherm pointed out for strong adsorption processes of the 

phosphates onto both bottom and fly ashes, as the n values were quite above 1. 

 

Q values for coal fly ashes are reported to be in the range of 63.2 to 427 mg P/g (Li et al., 2006). 

The Q values for both ashes studied in the present work were lower than these values reported 

for coal fly ashes. Nevertheless, it is important to stress that the biomass ashes pose less 

ecotoxicity risk than coal fly ashes, as they contain trace or even undetectable concentrations of 

toxic metals. 



138 
 

 
 
 

Table 3.5 - Parameters of the isotherms of Langmuir and Freundlich, R2, and F-test values for the removal tests of phosphates performed in the SWW (df: 
degrees of freedom; p: probability of F-critical to be higher or lower than F-ratio depending on the value of F-ratio to be higher or lower than 1, 

respectively; Null hypothesis: σexp,Ye = σmod,Ye) 

Biomass ashes 

SWW 

Isotherm of Langmuir F-test results 

Q (mg/g) b (L/mg) R2 F-ratio df p F-critical one tail Decision 

Bottom ashes 3.4 2.08 0.976 0.741 7 0.352 0.264 Null hypothesis accepted 

Fly ashes 12.9 0.40 0.704 2.26 9 0.120 3.18 Null hypothesis accepted 

Biomass ashes 

SWW 

Isotherm of Freundlich F-test results 

n P R2 F-ratio df p F-critical one tail Decision 

Bottom ashes 3.5 1.59 0.843 0.863 7 0.426 0.264 Null hypothesis accepted 

Fly ashes 2.7 3.94 0.581 2.93 9 0.063 3.18 Null hypothesis accepted 
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3.3.3.5 Chemical characterization of the crude PPWW 

 

Figure 3.36 to Figure 3.39 show the data obtained in the chemical characterization of the 

PPWW before the treatment with biomass ashes (crude PPWW) Figure 3.36 to Figure 3.39 also 

show the chemical characterization after the treatment of PPWW with fly ashes (S/L ratio of 

34.45 g/L), and bottom ashes (S/L ratio of 46.59 g/L). The data relative to the treated effluents 

is presented in the same Figures of the crude PPWW in order to be easier the treatment 

efficiency. The discussion related with the treated effluents will be discussed later. 

 

The concentrations of N-kjeldhal, ammonium, nitrate, nitrite, Ba, Fe, and Sb in crude PPWW 

were below the QL (N-kjeldhal: < 7 mg N/L; ammonium: < 0.03 mg N/L; nitrate: < 0.68 mg 

N/L; nitrite: < 0.15 mg N/L; Ba: 0.16 mg Ba/L; Fe: < 0.06 mg Fe/L; Sb: < 0.3 µg/L). 

 

The pH value was close to neutrality while the concentration of Ca was 36.6±1.3 mg/L. Total P 

was mainly constituted by phosphates, which were present in an average concentration 

(3.18±0.14 mg P/L) much lower than the concentration tested in the synthetic wastewater (20 

mg P/L). The average chemical characterization is in agreement with several studies found in 

literature for the same type of wastewaters (for example, Devi et al., 2011). 

 

The concentrations of TSS, BOD5, COD, and the values for colour and conductivity were in 

agreement with several studies found in literature for the same type of wastewaters. Pokhrel and 

Viraraghavan (2004) determined similar concentrations of TSS (34 mg/L), BOD5 (23 mg/L) and 

colour (4668 Hazen), as well as Devi et al. (2011) for TSS (27.5 mg/L), BOD5 (27.5 mg/L) and 

COD (316.2 mg/L). 

 

El-Bestawy et al. (2008) and Diniz et al. (2011) have reported values for COD of 552 mg/L and 

392 mg/L, respectively, while Ugurlu and Karaoglu (2011) have obtained concentrations of 

BOD5 of 25.5 mg/L and of COD of 426 mg/L. The Thematic European Network named 

Industrial Liquid Effluents - ILE (2006) have also reported concentrations of TSS of 36 mg/L), 

BOD5 of 23 mg/L and COD of 384 mg/L for treated pulp and paper mill effluents. All these 

data are similar to the results obtained in the treated wastewater of pulp and paper mill studied 

in the present work. 
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Figure 3.36 - Conductivity, color, and COD of the crude PPWW and extended 
characterization of two supernatants obtained after the treatment of the PPWW 
with fly ashes (S/L ratio = 34.45 g/L) and bottom ashes (S/L ratio = 46.59 g/L) 

(±SD;n=3) 

 
Figure 3.37 - Al, Ca, and pH of the crude PPWW and extended characterization of 

two supernatants obtained after the treatment of the PPWW with fly ashes (S/L 
ratio = 34.45 g/L) and bottom ashes (S/L ratio = 46.59 g/L) (±SD; n=3) 

 
Figure 3.38 - TSS and BOD5 of the crude PPWW and extended characterization 

of two supernatants obtained after the treatment of the PPWW with fly ashes (S/L 
ratio of 34.45 g/L) and bottom ashes (S/L ratio = 46.59 g/L) (±SD; n=3) 

 
Figure 3.39 - Total P and phosphates of the crude PPWW and extended 

characterization of two supernatants obtained after the treatment of the PPWW 
with fly ashes (S/L ratio=34.45 g/L) and bottom ashes (S/L ratio= 46.59 g/L) 

(±SD;n=3) 
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3.3.3.6 Removal assays of phosphates from the PPWW 

 

Figure  3.40 shows the removal efficiencies of phosphates and standard deviations for the 

PPWW as a function of the S/L ratios for both bottom and fly ashes.  

 

 
Figure 3.40 - Average removal efficiencies of phosphates obtained in the assays with the PPWW as a 

function of the addition of biomass ashes 

 

The removal percentages were higher for the addition of fly ashes than for bottom ashes. The 

addition of 34.45 g/L of fly ashes yield to a removal percentage of 97.6%, while the addition of 

46.59 g/L of bottom ashes only reached a removal percentage of 90.3%. The addition of fly 

ashes promoted a strong increase in the removal efficiencies of phosphates for the lowest S/L 

ratios, while the addition of bottom ashes only achieved high removal efficiencies for the 

highest S/L ratios (46.59 g/L). 

 

The concentrations of Sb, Fe, Ba, and Al in the supernatants of the PPWW (results not shown) 

were below the respective QL (Sb ≤ 0.0003 mg/L, Fe ≤ 0.06 mg/L, Ba ≤ 0.16 mg/L, and Al 

≤0.34 mg/L) for all of the dosages of both biomass ashes. The concentrations of Ca (results not 

shown) in the supernatants rose with the increase of S/L ratios of both fly and bottom ashes. The 

higher concentrations of Ca in the supernatants after the treatment with fly and bottom ashes 

were 58.0 and 50.0 mg/L, respectively. 

 

Concerning Al, the behavior registered in the SWW was not repeated in the PPWW. The Al 

concentrations were low (≤0.34 mg/L, QL), demonstrating that Al might be removed from the 

liquid medium through other chemical substances present in a real wastewater. 
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Figure 3.41 presents the final pH values of PPWW supernatants after the treatment with both 

biomass ashes. 

 

Figure 3.41 - . Final pH values of the supernatants of the PPWW after the treatment with fly and bottom 
ashes 

 

The pH increase was not as intensive for the first S/L ratios as registered for the SWW 

supernatants, meaning that PPWW presented a high buffer capacity. The pH increase was more 

linear in PPWW supernatants and the highest pH values only were attained for the two highest 

S/L ratios tested (34.45 g/L for fly ashes, and 46.59 g/L for bottom ashes). Some similarity 

between the phosphate removal curves and pH curves was observed for PPWW supernatants, 

but not as strong as for SWW. 
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ranging from 90.1 (to 0.32 mg P/L) when using bottom ashes to 96.5% (to 0.11 mg P/L) when 

using fly ashes. These results are very interesting if an additional decrease in P concentration 

will become necessary in future legislation. Furthermore, additional high reduction percentages 

in color, TSS, COD and BOD5 were registered in the supernatants obtained after the treatment 

with both ashes. 

 

The chemical element Al presented an increase in its concentration from the crude PPWW 

(<0.34 mg/L) to the supernatant treated with fly ashes (1.08 mg/L). This average concentration 

was below the limit concentration defined by the European and Portuguese legislations for 

treated wastewaters (10 mg/L). However, in countries in which this limit concentration is more 

restrictive, the S/L ratio of ashes added to the wastewaters also becomes a factor of concern in 

the treatment process, and eventually the bottom ashes can be considered more adequate to 

remove phosphates than fly ashes, as it caused no increase in Al concentration in the supernatant 

(Figure 3.36, Figure 3.37, Figure 3.38, and Figure 3.39). 

 

Also the Al concentrations in the supernatants of the PPWW were much lower than those 

registered in the supernatants of SWW, for both biomass ashes. It is assumed that other 

chemical substances present in the PPWW were responsible for the Al removal during the 

treatment with both biomass ashes. 

 

The pH increased significantly in the supernatants of the PPWW after the treatment with fly and 

bottom ashes (7.79 in PPWW; 11.86 in the supernatant of fly ashes; 10.86 in the supernatant of 

bottom ashes). This is due to the solubility of oxides existing in the ashes that produces strong 

hydroxides in the liquid medium. This can have two important consequences: firstly, the high 

pH values may be involved in the removal of phosphates as they form insoluble salts and 

precipitate under such high pH values; secondly, if this treatment system with biomass ashes 

would be implemented in a wastewater treatment plant, the supernatants should be submitted to 

a pH correction to a neutral value prior to their discharge in the environment, in order to avoid 

the pH change in the receiving aquatic ecosystem. 

 

The ecotoxicological characterization carried out in the PPWW and in the two supernatants had 

not indicated ecotoxicity for both biological indicators (EC50-30 min >99% for V. fischeri, and 

EC50-24 h >90% for A. franciscana). Therefore, it is possible to conclude that the treatment of 

the PPWW with both fly and bottom ashes had not caused acute ecotoxicity in the supernatants. 
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3.3.3.8 Modeling the removal of phosphates from the PPWW 

 

Table 3.6 presents a summary of the data obtained in the modeling process of the phosphate 

removal from PPWW through the isotherms of Langmuir and Freundlich. 

 

Low fitness degrees of both isotherms to the experimental data were registered, although the 

highest values of R2 for Freundlich’s isotherm indicate for a removal process that partially 

occurred according to a multi-layer mechanism. 

 

The results of the F-test supported the conclusion that the variances of the modeled data were 

not equal to the variances of the experimental data (σexp,Ye ≠ σmod,Ye) for both isotherms and 

biomass ashes. Therefore, it is possible to conclude that the Langmuir’s and Freundlich’s 

isotherms did not explain adequately the removal process of phosphates from the PPWW, which 

can be explained by the following two reasons: 

 

a) The process was not chiefly governed by adsorption mechanisms, but also by other 

mechanisms. The presence of Ca and Al in both biomass ashes and their high solubility in 

PPWW may indicate that coagulation-flocculation processes took place. Moreover, as both 

biomass ashes have promoted a high increase in the pH of the PPWW supernatants for values of  
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Table 3.6 - Parameters of the isotherms of Langmuir and Freundlich, R2, and F-test values for the removal tests of phosphates performed in the PPWW (df: degrees of 
freedom; p: probability of F-critical to be higher or lower than F-ratio depending on the value of F-ratio to be higher or lower than 1, respectively; Null hypothesis: 

σexp,Ye = σmod,Ye) 

Biomass ashes 

PPWW 

Isotherm of Langmuir F-test results 

Q (mg/g) b (L/mg) R2 F-ratio df p F-critical one tail Decision 

Bottom ashes 0.44 0.279 0.066 452 11 5.9E10-13 2.82 Null hypothesis rejected 

Fly ashes 1.73 0.293 0.206 209 11 3.9E10-11 2.82 Null hypothesis rejected 

Biomass ashes 

PPWW 

Isotherm of Freundlich F-test results 

n P R2 F-ratio df p F-critical one tail Decision 

Bottom ashes 0.62 0.378 0.355 104 11 1.8E10-9 2.82 Null hypothesis rejected 

Fly ashes 0.89 1.97 0.526 74.8 11 1.8E10-8 2.82 Null hypothesis rejected 
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10.86 (bottom ashes) and 11.86 (fly ashes), it is possible that precipitation processes could 

also take part in the global removal process of phosphates;  

 

b) Other substances present in the PPWW can compete with phosphates in the removal 

process considerably. As stated by Maurer and Boller (1999), the removal model is highly 

dependent on wastewater composition, such as dissolved solids, particulate solids, and 

phosphorus speciation, which are critical in PPWW. 

 

 

3.3.4 Conclusions 

 

Biomass ashes have presented a high capacity to remove phosphates from a SWW and PPWW 

and have not promoted any change in the ecotoxicity levels of the treated effluents. 

Nevertheless, fly ashes were more efficient in removing P than bottom ashes.  

 

The removal of phosphates from the SWW was primarily governed by mono-layer mechanisms, 

while the removal of phosphates from the PPWW was partially explained by multi-layer 

mechanisms. Also precipitation probably occurred as a removal mechanism of phosphates, as 

both biomass ashes promoted a significant increase in the pH values of the supernatants of 

SWW and PPWW. 

 

Globally, the use of biomass ashes, especially fly ashes, can be a promising methodology for 

removing phosphates from wastewaters, although further studies on the kinetics involved are 

needed. 
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3.4 Biomass fly ashes as low-cost chemical agents for Pb 

removal from synthetic and industrial wastewaters 
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ABSTRACT 

 

The main aim of this work was to study the removal efficiency of Pb from synthetic and 

industrial wastewaters by using biomass fly ashes. The biomass fly ashes were produced in a 

biomass boiler of a pulp and paper industry. Three concentrations of Pb2+ were tested in the 

synthetic wastewater (1, 10 and 1000 mg Pb/L). Moreover, two different wastewaters were 

collected in an industrial wastewater treatment plant (IWWTP) of an industry of lead-acid 

batteries: (i) wastewater of the equalization tank, and (ii) IWWTP effluent. All the wastewaters 

were submitted to coagulation-flocculation tests with a wide range of biomass fly ashes dosage 

(expressed as Solid/Liquid – S/L – ratios). All supernatants were characterized for chemical and 

ecotoxicological parameters. The use of biomass fly ashes has reduced significantly the Pb 

concentration in the synthetic wastewater and in the wastewaters collected in the IWWTP. For 

example, the definitive coagulation-flocculation assays performed over the IWWTP effluent 

presented a very low concentration of Pb (0.35 mg/L) for the S/L ratio of 1.23 g/L. Globally, the 

ecotoxicological characterization of the supernatants resulting from the coagulation-flocculation 

assays of all wastewaters has indicated an overall reduction on the ecotoxicity of the crude 

wastewaters, due to the removal of Pb. 

 

Keywords: Biomass fly ashes; Ecotoxicity; Industrial wastewaters; Lead-acid batteries; Pb. 
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3.4.1 Introduction 

 

The most common sources of lead in the environment are Pb-base pigments in paints, Pb-

containing pesticides, discarded batteries, shooting ranges or waterfowl hunting sites and 

plumbing installations or repair sites (Kadirvelu and Goel, 2007). Despite some efforts on the 

reduction of the use of lead in some industrial activities and in some manufactured products, 

there are still some industries that use lead as raw material. Since lead is a heavy metal which is 

toxic to humans and to other living beings (Povey, 2010; Islam et al., 2011; Shu et al., 2012; 

Needleman and Gee, 2013) it is extremely important to remove this pollutant from wastewater. 

 

The precipitation of metals from wastewaters involves the conversion of the soluble metal salt 

to insoluble salts (Jankowski et al., 2006; Kumpiene et al., 2008). The precipitate formed can 

then be removed from the treated wastewater by sedimentation and/or filtration. This process 

usually needs a pH adjustment, followed by the addition of a chemical coagulant (Bayat, 2002a; 

Bayat 2002b; Allinor, 2007; Ahmaruzzaman, 2010; Al-Zboon et al., 2011). Typically, metals 

precipitate from the solution as hydroxides, sulfides or carbonates. Depending on the type of the 

process used, it may be produced a sludge with so high concentrations of metals that can be 

submitted to metal recovery (Meunier et al., 2002; Drogui et al., 2005). The classical 

wastewater treatment systems use ferric-chloride, ferric-sulfate and aluminum sulfate as 

coagulation reagents, but due to their high cost, the industrial sector has become to search for 

efficient and low cost chemical agents. 

 

In this framework, several studies (Gupta and Torres, 1998; Rao et al., 2002; Cho et al., 2005; 

Jankowski et al., 2006; Alinnor, 2007; Malakootian et al., 2008; Al Zboon et al., 2011; 

Gonzalez et al., 2011a) have been performed related with wastewater treatment using fly ashes 

produced from the combustion of several fuels. However, none of these studies was focused 

neither on the treatment of wastewaters produced by industries of lead-acid batteries nor on the 

use of biomass fly ashes from forestry residues as chemical agent for metal removal. 

 

Coal fly ashes have a high potential in the treatment of wastewater because of its chemical 

composition. This type of fly ashes has high content on alumina, silica, ferric oxide, calcium 

oxide, magnesium oxide and carbon, which can participate on the removal of several elements 

(Jankowski et al., 2006; Kumpiene et al., 2008). Moreover, the physical properties of coal fly 

ashes, such as porosity, particle size distribution and surface area, make them also attractive for 

the treatment of wastewaters. The alkaline nature of fly ashes is also a good property since make 

them a good neutralizing agent of acid wastewaters (Bayat, 2002a; Bayat, 2002b). 
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Al Zboon et al. (2011) have produced a geopolymer from coal fly ashes and used it for the 

removal of Pb2+ from an aqueous wastewater. The authors have tested the effect of various 

parameters on lead adsorption, including geopolymer dosage, initial concentration, contact time, 

pH and temperature. Despite of the good results that were obtained, the assays performed were 

not applied to a real wastewater sample, but only to a synthetic one. 

 

Gupta and Torres (1998) have evaluated the removal of heavy metals and the changes on the 

toxicity of an effluent of a municipal wastewater treatment plant by using coal fly ashes. After 

the treatment with fly ashes, a reduction in toxicity and in the concentrations of Cu, Pb, PO4
3-, 

and NO3
- were registered. 

 

Cho et al. (2005) have investigated the possibility of using coal fly ashes as a chemical 

adsorbent. The authors have performed batch experiments to evaluate the removal of heavy 

metals from synthetic aqueous solutions by fly ashes. Adsorption studies were done at various 

pH values (3–10), at 25 ºC, and for heavy metal concentrations (Zn, Pb, Cd and Cu) of 10–400 

mg/L using fly ashes dosages of 10, 20 and 40 g/L. The authors have concluded that coal fly 

ashes may promote good removal efficiencies unless the wastewater is strongly acidic. 

 

Alinnor (2007) has evaluated the removal characteristics of Pb2+ and Cu2+ ions from aqueous 

solution by coal fly ashes under various conditions of contact time, pH and temperature (30 to 

60ºC). The level of removal of these metals has generally increased with the increasing of pH 

values. In what concerns the effect of temperature, the highest removal rate of those metals was 

achieved at 40ºC. According to this author, the main mechanisms involved in the removal of 

Pb2+ and Cu2+ from solution were adsorption at the surface of the coal fly ashes and 

precipitation. 

 

Malakootian et al. (2008) have evaluated the removal of heavy metals (Pb and Co) from an 

effluent produced by a paint industry. The effect of pH and dosages of wood ashes were tested. 

The highest Pb removal efficiency was of 96.1%, at pH 2, with a contact time of 3 h and 100 

g/L wood ashes. The highest Co removal efficiency was of 99.0 %, at pH 2, with a contact time 

of 3 h and 100 g/L wood ashes. 

 

Many other studies could be referred here. Nevertheless, to the author’s knowledge, none of 

these studies was focused neither on the treatment of wastewaters from an industry of lead-acid 

batteries nor on the use of biomass fly ashes from forest residues as a chemical agent for Pb 

removal. In this framework, the main goal of this study was to assess the removal efficiency of 

Pb2+ from a synthetic wastewater containing the initial concentrations of 1, 10 and 1000 mg 
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Pb/L, and from two wastewaters of an industry of lead-acid batteries, by using biomass fly ashes 

from a biomass boiler of a pulp and paper industry. 

 

 

3.4.2 Materials and Methods 

 

3.4.2.1 Origin and characterization of biomass fly ashes 

 

The biomass fly ashes were produced in a Portuguese biomass boiler of a pulp and paper 

industry that produces electricity by burning eucalyptus and pine bark in a BFBC. The fly ashes 

were collected in the hopper of the electrostatic precipitator. The BFBC uses sand as fluidizing 

agent. The ashes were stored in air-tight polypropylene containers, at 4±1ºC, in the absence of 

light. In a previous work, Barbosa et al. (2013) have characterized this biomass fly ashes for (i) 

chemical composition through an acidic digestion (USEPA Method 3051A, 2007), and (ii) 

leaching behavior (EN 12457-2, 2002). 

 

 

3.4.2.2 Origin and characterization of wastewaters 

 

3.4.2.2.1 Synthetic wastewater 

 

Samples of the synthetic wastewater with three different initial concentrations of Pb2+ (1, 10, 

and 1000 mg Pb/L) were prepared by using Pb(NO3)2 (Panreac) and deionized water (<0.2 

µmS/cm) (Elix 5, Millipore). The Pb2+ concentrations in the samples of the synthetic wastewater 

were determined by AAS, in air-acetylene flame (ISO 8288, 1986). 

 

 

3.4.2.2.2 Industrial wastewaters 

 

Two industrial wastewaters were collected in an IWWTP of a factory that produces lead-acid 

batteries. 

 

The IWWTP is composed by: (i) a neutralization tank, in which the pH correction of the acidic 

wastewater is performed, (ii) an equalization tank, which receives the wastewater coming from 

the neutralization tank and the wastewater coming from the disassembling line of the lead-acid 

batteries, (iii) the coagulation-flocculation tank, which receives the wastewater of the 

equalization tank and in which the coagulation-flocculation agents are added, (iv) the lamellar 



152 
 

sedimentation tank, which removes the solids of the wastewater coming from the coagulation-

flocculation process, (v) the sand filter, which removes fine particles, and (vi) the discharge 

channel, which conducts the treated wastewater to the receiving water body. 

 

One of the industrial wastewater samples was collected in the equalization tank of the IWWTP. 

The other sample was collected in the final discharge channel of the IWWTP. The samples were 

cooled to 4ºC during the transportation and preserved according to ISO 5667-3 (2003). 

 

The industrial wastewaters were characterized for the following chemical species: pH 

(electrometric -method 4500; APHA/AWWA/WEF, 2005), SO4
2- (Turbidimetric - method 4500 

E; APHA/AWWA/WEF, 2005), F- (SPADNS - method 4500 D, APHA/AWWA/WEF, 2005), 

Oil and grease (extraction using trichlorotrifluoroehtane as solvent followed by gravimetric 

method – adapted from method 5520, APHA/AWWA/WEF, 2005), COD (chemical oxidation 

with potassium dichromate 0.25N, at 160 ºC, in an acidic environment – H2SO4 98–99% v/v, in 

a Behr digester, and titration with ammonium ferrous sulphate 0.25N - method 5220 B; 

APHA/AWWA/WEF, 2005), Total Hardness (Titrimetric method with EDTA - method 2340; 

APHA/AWWA/WEF, 2005), Calcic Hardness (Titrimetric method with EDTA - method 2340, 

APHA/AWWA/WEF, 2005), Fe, Sb (AAS air-acetylene flame – method 3111; 

APHA/AWWA/WEF, 2005), Al, (AAS nitrous oxide-acetylene flame– method 3111; 

APHA/AWWA/WEF, 2005), Ca (AAS nitrous oxide-acetylene flame; ISO 7980, 2010), As 

(AAS air-acetylene flame; EN ISO 11969, 1996), and Pb (AAS air-acetylene flame; ISO 8288, 

1986). 

 

 

3.4.2.3 Coagulation-flocculation assays 

 

Both synthetic and industrial wastewaters were submitted to coagulation-flocculation assays 

using the biomass fly ashes. 

 

It was assumed that the removal of Pb2+ was dependent of the content of Ca, Fe and Al in the 

eluates. Therefore, it was calculated the sum of the number of moles of Ca, Al and Fe 

[∑(nCa+nAl+nFe)] present in the eluates produced during the leaching assay of fly ashes, and 

considered the number of moles of Pb to be removed in each assay [∑(nPb)]. Each sample was 

submitted to the addition of different dosages of fly ashes, i.e. different 

[∑(nCa+nAl+nFe)]/[∑(nPb)] ratios were applied. The dosages of fly ashes were defined as S/L 

ratios (g of ashes/L of wastewater). 
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The coagulation-flocculation tests were developed in a Jar-Test apparatus and comprised the 

following steps: 1) fast stirring step - 100 rpm, during 1 min; 2) slow stirring step - 40 rpm, 

during 15 min; 3) sedimentation step - 0 rpm, during 30 min; 4) filtration of the supernatants 

using an ester-cellulose membrane with a porosity of 0.45 µm (Whatman). The coagulation-

flocculation tests were performed at a controlled temperature of 20±1ºC. Figure 3.42 shows the 

coagulation-flocculation test with synthetic wastewater and using forestry fly ashes as removal 

agent of pollutants. 

 

 

Figure 3.42 - Preparation of a coagulation-flocculation test with synthetic wastewater and using forestry 
fly ashes as removal agent of pollutants 

 

 

3.4.2.4 Characterization of supernatants 

 

3.4.2.4.1 Supernatants of the synthetic wastewater 

 

After the coagulation-flocculation tests, the supernatants resulting from the treatment of the 

synthetic wastewater samples with biomass fly ashes were characterized for the following set of 

chemical parameters: pH, Pb, As, Sb, Ca, Fe, Al, F-, SO4
2-, total and calcic hardness (standards 

and methods were indicated in 3.4.2.2) and redox potential (Electrometric, method 2580 B, 

APHA/AWWA/WEF, 2005). 

 

The ecotoxicological characterization using the biological indicators Vibrio fischeri (performed 

in a miniaturized system of Microtox® according with ISO 11348-3 2007) and Artemia 

franciscana (performed in a miniaturized test kit from MicroBioTests Inc. according with 

ASTM E1440–91 2004) was performed in four selected supernatants for each Pb2+ 
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concentration: the supernatant of the blank test (without ashes addition) and three supernatants 

obtained after the treatment with fly ashes in three different S/L ratios. The biological responses 

analyzed were the bioluminescence inhibition of V. fischeri and the mobility inhibition of A. 

franciscana. The pH values (standard and method were indicated previously) of the samples 

submitted to the ecotoxicological characterization were previously corrected to 8.0±0.3. TU 

were determined (TU = 100%/EC50; EC50 means the Effective Concentration, expressed as %, 

that promotes a biological effect on 50% of the population of the organism tested). 

 

 

3.4.2.4.2 Supernatants of the industrial wastewaters 

 

In the case of the industrial wastewaters, the coagulation-flocculation tests were performed in 

two assays: preliminary and final assays. In the preliminary assay, the characterization of the 

supernatants included the determination of pH and Pb concentration. The final assay was 

performed with only three dosages of ashes selected from the preliminary assay: the blank test 

and two dosages of biomass fly ashes corresponding to two different S/L ratios. The final assay 

was performed with large volumes of the industrial wastewaters to allow a more complete 

characterization of the supernatants. The chemical characterization comprised the following 

chemical parameters: pH, sulfates, fluorides, oil and grease, COD, total and calcic hardness, Fe, 

Al, Ca, As, Sb and Pb (standards and methods were indicated in 3.4.2.2). The ecotoxicological 

characterization comprised the same biological indicators and methodologies as referred above. 

 

 

3.4.2.4.3 Isotherms of Langmuir and Freundlich and statistical analysis 

 

The data obtained in the removal assays of lead from the SWW and IWWTP were modeled 

according to the isotherms of Langmuir (Eq. 3.4) and Freundlich (Eq. 3.5) (Santhosh et al., 

2003): 

 

Ce/Ye = [1/(Q*b)]+Ce/Q Eq. 3.4 
 

where Ce is the equilibrium concentration of the chemical species (mg/L), Ye is the mass of the 

chemical species adsorbed by unit mass of the adsorbent (mg/g), Q is the maximum amount of 

the chemical species adsorbed per unit mass of the adsorbent (mg/g), and b is the Langmuir’s 

constant (L/mg). The Langmuir’s isotherm is a mono-layer model, applicable to cases in which 

the adsorption occurs in the surface layer of the adsorbent; 
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log Ye = log P + (1/n)*log Ce Eq. 3.5
 

where Ce and Ye have the same meanings as defined above, and P and n are empirical constants 

(Freundlich’s parameters) (dimensionless). If the value of n is greater than 1, then it must be 

concluded that a good adsorption of the adsorbate took place onto the adsorbent. The isotherms 

of Langmuir and Freundlich were adjusted to the experimental values with the minimum least-

square method. 

 

The statistical significance of the adjustments of isotherms was tested with the F-test (two-

sample for variances). The null hypothesis of the equality of the variances of experimental Ye 

values (σexp,Ye) and the modeled Ye values (σmod,Ye) was tested (H0: σexp,Ye = σmod,Ye). The 

experimental Ye values were obtained in the removal assays of Pb, and the modeled Ye values 

were calculated by using the variables of the isotherms of Langmuir and Freundlich derived 

from the application of the mathematical models to the experimental values. The F-ratio (F-

calculated), was determined by dividing σexp,Ye for σmod,Ye. The F-critical values were obtained for 

a significance level of 0.05. Under these circumstances, if the F-ratio is lower than 1, then the 

null hypothesis is accepted if the F-critical value is lower than the F-ratio value, for a 

probability of p. If the F-ratio is higher than 1, then the null hypothesis is accepted if the F-

critical value is higher than the F-ratio value, for a probability of p. 

 

 

3.4.3 Results and Discussion 

 

3.4.3.1 Bulk content and leaching behavior of biomass fly ashes 

 

As published in a previous work (Barbosa et al., 2013), the bulk content showed that the 

biomass fly ashes was mainly composed by alkali and earth-alkali elements (K = 17529±1372 

mg/kg db, Na = 1953±269 mg/kg db, Ca = 43576±6103 mg/kg db, Mg = 22317±2128 mg/kg 

db, and Ba = 248±8 mg/kg db). Fe and Al also were present in high concentrations (Fe = 

17529±1372 mg/kg db, and Al = 27913±4298 mg/kg db). Nevertheless, the leaching rates of 

these elements were quite distinct among them. The leaching rates of Ca and Na were about 

17% of the bulk content, whereas the leaching rate of K was only about 6%. Mg presented a 

very low leaching rate (<0.001% of the bulk content). 

 

Zn, Cu, and Cr showed concentrations in the fly ashes of 142±1 mg/kg db, 33.1±2.3 mg/kg db 

and 48.6±3.7 mg/kg db, respectively. The percentage of Cr in the hexavalent state was quite low 
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(1.4% of total Cr). The elements Cd, Ni, Mo, Pb and Hg presented concentrations below the 

quantification limits (QL). 

 

Singh et al. (2011) performed a broad characterization of different fly ashes. In what concerns 

the biomass fly ashes, these authors have reported similar concentrations of Hg (<0.1 mg/kg), 

Mo (10 mg/kg), Zn (161 mg/kg), Pb (26 mg/kg), Ba (376 mg/kg) and Cr (61 mg/kg) to those 

determined in the present study. 

 

 

3.4.3.2 Synthetic wastewater 

 

3.4.3.2.1 Chemical characterization of the supernatants 

 

Table 3.7 shows the chemical characterization of the supernatants resulting from the 

coagulation-flocculation assays of the synthetic wastewater with an initial concentration of 1 mg 

Pb/L. 

 

The redox potential has decreased with the increase of the S/L ratio. The low redox potentials in 

the highest S/L ratios (>0.8 g/L) reveal the presence of strong oxidized species in fly ashes that 

were able to reduce the chemical species present in the synthetic wastewater, producing 

supernatants with oxidizing potentials lower than +100 mV. 

 

The release of sulfates and fluorides has not followed any pattern during the coagulation-

flocculation tests. Considering that these elements are easily soluble in water and therefore 

easily releasable from fly ashes, probably their partial precipitation with cations took place. 

 

The increase of the S/L ratio also caused the increase of the total and calcic hardness, which 

may indicate an increase of the concentration of carbonates in the solution. These anions may 

participate in the removal of several cations, namely divalent metals (Jankowski et al., 2006; 

Kumpiene et al., 2008; Jianguo et al., 2009; Gonzalez et al., 2011a; van Caneghem et al., 2012). 

 

Figure 3.43 shows the Pb concentration in the supernatants of the synthetic wastewater with an 

initial concentration of 1 mg Pb/L. 
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Table 3.7 - Chemical characterization of the supernatants resulting from the coagulation-flocculation assays of the synthetic wastewater with an initial 
concentration of 1 mg Pb/L and different S/L ratios of the biomass fly ashes (n=2; ±SD; n.a.: SD not applicable) 

Parameter Unit 
S/L ratios (g/L) 

0.00 0.03 0.05 0.10 0.20 0.40 0.80 1.20 1.61 

pH Sorensen 4.64±0.62 4.95±0.13 4.73±0.38 6.73±0.35 8.01±1.42 10.32±0.22 10.78±0.16 11.00±0.04 11.21±0.07

Redox mV +255±4 +270±28 +288±5 +205±37 +206±39 +127±47 +79.9±30 +81.2±7 +54.4±6 

SO4
2- mg/L <3.0(n.a.) 8.5±0.7 4.5±1.11 7.5±1.2 5.0±1.5 8.5±2.1 15.5±2.2 6.0±0.1 9.0±0.5 

F- mg/L <0.05(n.a.) 0.48±0.04 0.48±0.04 0.38±0.11 0.68±0.32 0.45<0.01 0.53±0.04 0.53±0.04 0.58±0.32 

Total Hardness mg CaCO3/L 2.5±0.7 3.5±0.7 2.8±0.4 5.3±1.1 7.5±1.4 13.3±0.4 24.0<0.1 35.3±1.1 37.8±5.3 

Calcic Hardness mg CaCO3/L 0.5(<0.1) 0.75±0.2 0.75±0.2 3.8±0.5 5.3±0.4 11.5(<0.1) 21.5(<0.1) 32.0±1.4 32.5±8.5 

Fe mg/L <0.06(n.a.) <0.06(n.a.) <0.06(n.a.) <0.06(n.a.) <0.06(n.a.) <0.06(n.a.) <0.06(n.a.) <0.06(n.a.) <0.06(n.a.)

Al mg/L <0.34(n.a) <0.34(n.a.) <0.34(n.a) <0.34(n.a) <0.34(n.a) <0.34(n.a) 0.47±0.07 0.92±0.01 1.32±0.19 

Ca mg/L <0.015(n.a.) <0.015(n.a.) <0.015(n.a) 0.72±0.03 0.77±0.03 0.89±0.03 4.46±0.32 4.57±0.20 4.75±0.11 

Sb µg/L <0.3(n.a.) <0.3(n.a.) <0.3(n.a.) <0.3(n.a.) <0.3(n.a.) <0.3(n.a.) <0.3(n.a.) <0.3(n.a.) 0.35±0.03 

As µg/L <2.0(n.a.) <2.0(n.a.) <2.0(n.a.) <2.0(n.a.) <2.0(n.a.) <2.0(n.a.) <2.0(n.a.) <2.0(n.a.) <2.0(n.a.) 
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Figure 3.43 - Pb concentration and Ln (Pb) in the supernatants of the synthetic wastewater (1 mg Pb/L) as 
a function of the S/L ratio of biomass fly ashes used in the coagulation-flocculation assay 

 

The concentration of Pb has decreased with the increase of S/L ratio. Above the S/L ratio of 0.4 

g/L, the Pb concentration was below the QL (0.1 mg Pb/L). The data suggest that the optimal 

dosage of fly ashes, i.e. the lowest ashes dosage that promoted the highest removal rate of Pb, 

was 400 mg fly ashes/mg Pb [calculated through the following expression: 400 mg fly ashes/L / 

(1 mg Pb/L)]. A good linear response between Ln[Pb] and S/L ratio was observed, suggesting 

that a first-order kinetic was governing the Pb removal. 

 

The increase of Pb removal as a function of the S/L ratio increase may be due to both the higher 

amount of fly ashes available and the increase of pH values when the dosages of fly ashes rose. 

According to Qiu et al. (2008), Pb2+ is present in solution mainly as PbOH+ and Pb3(OH)4
2+ for 

pH values higher than 8.85. These Pb hydroxides may precipitate in the presence of cations, 

namely Ca and P (Coutand et al., 2008; Dybowska et al., 2009). As shown in Table 3.7, at least 

Ca was present in the liquid medium after the treatment with fly ashes which suggests that this 

metal might be involved in the precipitation of Pb. 

 

Table 3.8 shows the chemical characterization of the supernatants resulting from the 

coagulation-flocculation assays of the synthetic wastewater with an initial concentration of 10 

mg Pb/L. 
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Table 3.8 - Chemical characterization of the supernatants resulting from the coagulation-flocculation assays of the synthetic wastewater with an initial 
concentration of 10 mg Pb/L and different S/L ratios of the biomass fly ashes (n=2; ±SD; n.a.: SD not applicable) 

Parameter Unit 
S/L ratios (g/L) 

0.00 0.25 0.50 1.0 2.0 4.0 8.0 12.0 16.0 

pH Sorensen 5.71±0.58 7.57±0.16 10.22±0.49 10.51±0.66 11.27±0.04 11.55±0.14 11.93±0.01 12.10±0.08 12.35±0.20

Redox mV +196±16 +208±21 +135±1 +143±81 +83.8±25.3 +49.3±11.5 +15.8±0.6 +0.3±0.6 -8.7±3.3 

SO4
2- mg/L <3.0(n.a.) 4.5±1.5 7.5±0.7 5.0±1.4 16.0±1.4 29.0±1.4 49.0(<0.1) 57.0±4.2 73.0(<0.1) 

F- mg/L <3.0(n.a) 0.35±0.07 0.45±0.14 0.60±0.14 0.58±0.04 0.63±0.11 0.63±0.04 1.13±0.04 1.33±0.04 

Total Hardness mg CaCO3/L 2.3±0.4 8.8±0.4 20.0±2.1 28.0±1.4 44.0±15.6 63.8±7.4 156±38 235±8 264±40 

Calcic Hardness mg CaCO3/L 0.50(<0.01) 6.3±0.3 14.8±2.5 24.5±3.5 37.8±15.9 51.0±7.8 131±23 214±1 246±56 

Fe mg/L <0.06(n.a.) <0.06(n.a.) <0.06(n.a.) <0.06(n.a.) <0.06(n.a.) <0.06(n.a.) <0.06(n.a.) <0.06(n.a.) <0.06(n.a.)

Al mg/L <0.34(n.a.) <0.34(n.a.) <0.34(n.a.) <0.34(n.a.) 0.98(±0.01) 2.92±0.28 5.21±0.50 7.14±0.69 8.12±0.74 

Ca mg/L <0.02(n.a.) 0.95±0.03 1.1±0.1 2.7±1.0 5.4±0.1 11.0±0.3 11.1±0.4 43.9±0.7 46.8±2 

Sb µg/L <0.3(n.a.) <0.3(n.a.) <0.3(n.a.) <0.3(n.a.) <0.3(n.a.) 0.32(n.a.) 0.68(n.a.) 0.80(n.a.) 0.62(n.a.) 

As µg/L <2.0(n.a.) <2.0(n.a.) <2.0(n.a.) <2.0(n.a.) <2.0(n.a.) <2.0(n.a.) <2.0(n.a.) <2.0(n.a.) <2.0(n.a.) 
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As it was observed in the wastewater with an initial concentration of 1 mg Pb/L, the pH has 

increased and the redox potential has decreased with the increase of the S/L ratio. The 

concentrations of Ca and Al have increased with the increase of the S/L ratio, and the 

concentrations of Fe were below the QL for all the S/L ratios. The increase of the S/L ratio has 

also promoted the increase of the total and calcic hardness, which may indicate an increase in 

the concentration of carbonates. As discussed above, the increase in hardness may be positively 

involved in the removal of Pb. 

 

Figure 3.44 shows the Pb concentration in the supernatants of the synthetic wastewater (initial 

concentration of Pb: 10 mg/L) as a function of the S/L ratio. 

 

 

Figure 3.44 - Pb concentration and Ln (Pb) in the supernatants of the synthetic wastewater (10 mg Pb/L) 
as a function of the S/L ratio of biomass fly ashes used in the coagulation-flocculation assay 

 

Two linear regressions are shown in Figure 3.44. The first one considers the S/L ratios of 0.0 

and 0.25 g/L. The concentration of Pb has decreased significantly in these first S/L ratios, in 

which a pH of 7.57 was reached. The second linear regression comprises the S/L ratios of 0.25 

to 2.0 g/L. For the S/L ratios higher than 0.25 g/L, an increase in the Pb concentrations was 

registered. As Pb is an amphoteric element, it presents a solubility increase in the form of 

Pb(OH)3 for high pH values (Chandler et al., 1997; Ecke, 2003; Bouvet et al., 2007). This fact 

and the high pH values in the supernatants of the higher S/L ratios may explain the partial re-

solubilization of Pb.  

 

The results suggest that the optimal dosage of fly ashes is between 25 to 50 mg/mg Pb 

(calculated as indicated previously). This ratio is 8 to 16-fold lower than that observed for the 

synthetic wastewater with an initial concentration of 1 mg Pb/L. The highest removal 

percentages of Pb for the S/L ratios of 0.25 g/L (>99%) and 0.50 g/L (98%) may be due to the 
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adequate pH values (7.6 and 10.2) for Pb removal (Table 3.8). These results are in agreement 

with those reported by other authors as for example Cho et al. (2005), Mousavi and Seyedi 

(2010), and Mousavi et al. (2010). 

 

Table 3.9 shows the chemical characterization of the supernatants resulting from the 

coagulation-flocculation assays of the synthetic wastewater with an initial concentration of 1000 

mg Pb/L. 

 

Once again, the pH values have increased and the redox potential has decreased with the 

increase of the S/L ratio. The concentrations of As, Sb and Fe were below the QL. The 

concentrations of Ca, Al, sulfates, fluorides, and total and calcic hardness have increased with 

the increase of the S/L ratio. As discussed previously, this indicates an increase of the 

concentrations of anions that may be involved in Pb removal. 

 

Figure 3.45 shows the Pb concentrations in the supernatants of the synthetic wastewater with an 

initial concentration of 1000 mg Pb/L as a function of the S/L ratio. 

 

 

Figure 3.45 - Pb concentration and Ln Pb in the supernatants of the synthetic wastewater (1000 mg Pb/L) 
as a function of the S/L ratio of biomass fly ashes used in the coagulation-flocculation assay 
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Table 3.9 - Chemical characterization of the supernatants resulting from the coagulation-flocculation assays of the synthetic wastewater with an 
initial concentration of 1000 mg Pb/L and different S/L ratios of the biomass fly ashes (n=2; ±SD; n.a.: not applicable) 

Parameter Unit 
S/L ratios (g/L) 

0.00 1.00 2.01 4.01 8.02 16.0 32.1 64.2 96.3 

pH Sorensen 5.16±0.46 6.66±0.03 6.91±0.01 7.11±0.08 7.77±0.15 11.66±0.04 12.31±0.11 12.77±0.05 13.04±0.09

Redox mV +205.1±1.1 +201±15 +203±9 +199±13 +178±2.8 +46±18.4 -8.7±0.3 -45.9±0.6 -65.3±0.7 

SO4
2- mg/L <3.0(n.a) <3.0(n.a) <3.0(n.a.) <3.0(n.a) 20.0±1.4 86.5±1.4 112(<1) 140±4 230(<1) 

F- mg/L <3.0(n.a) 0.5±0.1 0.48±0.11 0.65±0.07 0.95<0.01 0.98±0.04 1.10±0.07 1.18±0.11 1.25±0.07

Total Hardness mg CaCO3/L 280±7 318±32 305±7 300±21 323±4 320±7 593±103 1158±53 1880±78 

Calcic Hardness mg CaCO3/L 260±7 253±11 243±11 273±4 308±11 293±4 563±124 1063±11 1778±4 

Fe mg/L <0.06(n.a.) <0.06(n.a.) <0.06(n.a.) <0.06(n.a.) <0.06(n.a.) <0.06(n.a.) <0.06(n.a.) <0.06(n.a.) <0.06(n.a.)

Al mg/L <0.34(n.a.) <0.34(n.a.) <0.34(n.a.) <0.34(n.a.) <0.34(n.a.) 2.61±0.24 3.45±0.10 <0.34(n.a.) <0.34(n.a.)

Ca mg/L <0.015(n.a.) 17.1±5.7 55.0±15.0 68.0±15.0 122±13.2 148±28 263±41 656±36 836±68 

Sb µg/L <0.3(n.a.) <0.3(n.a.) <0.3 (n.a.) <0.3 (n.a.) <0.3(n.a.) <0.3(n.a.) <0.3(n.a.) <0.3(n.a.) <0.3(n.a.) 

As µg/L <2.0(n.a.) <2.0(n.a.) <2.0(n.a.) <2.0(n.a.) <2.0(n.a.) <2.0(n.a.) <2.0(n.a.) <2.0(n.a.) <2.0(n.a.) 
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Once again, a relationship between the removal of Pb and the pH values of the supernatants was 

observed. The removal efficiencies seemed to increase with the increase of the pH from slightly 

acidic to slightly alkaline values. Nevertheless, with the increase of the pH value to extreme 

alkaline conditions (>12), the Pb removal efficiency has decreased. The concentration of Pb has 

decreased up to the L/S ratio of 16.0 g/L, where the lowest concentration was determined (67.7 

mg Pb/L). Above the S/L ratio of 16.0 g/L, the concentration of Pb have increased to 614 mg/L 

(S/L ratio = 64.2 g/L) probably due to the solubility increase of Pb under extreme alkaline 

conditions. 

 

The experimental data suggest that for an initial concentration of 1000 mg Pb/L, the optimal 

dosage of fly ashes for the removal of Pb is about 16.0 g/L. This is equivalent to the addition of 

about 16 mg fly ashes/mg Pb, which is 25 and 2.5-fold lower than that observed for the 

synthetic wastewater with the initial concentrations of 1 mg Pb/L and 10 mg Pb/L, respectively. 

Globally, it is possible to conclude that the removal efficiency of Pb increased with the increase 

of the initial concentration of Pb in the synthetic wastewater. 

 

Figure 3.46 shows the concentration of Pb as function of pH of the SWW supernatants 

containing initial concentrations of 1, 10, and 1000 mg Pb/L. 

 

 
Figure 3.46 - Pb concentration as function of the pH of the supernatants of the SWW containing initial 

concentrations of 1, 10, and 1000 mg Pb/L 
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As indicated previously, Pb behaves as an amphoteric element. This means that the 

solubilization of Pb increases at extreme pH values and decreases at pH values close to 

neutrality. According to Figure 3.46, a reduction in the concentration of Pb in the supernatants 

was observed for pH values ranging between 8 and 10. Based on this analysis, it can be assumed 

that the removal mechanism for the removal of Pb from solution is probably associated with 

precipitation. 

 

 

3.4.3.2.2 Isotherms of Langmuir and Freundlich and statistical analysis 

 

Table 3.11 shows the parameters of the isotherms of Langmuir and Freundlich for the removal 

of Pb from the SWW by fly ashes. The R2 values were generally low, which indicates a low 

level of adjustment of the isotherms to the experimental data. This fact may indicate that the 

removal of Pb was eventually performed by precipitation instead of adsorption onto the surface 

of the fly ashes. 

 

 

3.4.3.2.3 Ecotoxicological characterization of the supernatants 

 

Table 3.10 shows the experimental data obtained in the ecotoxicological characterization of the 

supernatants of the synthetic wastewater. 

 
Table 3.10 - Ecotoxicological characterization of some supernatants of the synthetic wastewater (n=2; 

±SD; n.a.: SD not applicable) 

Synthetic wastewater S/L ratios (g/L) V. fischeri (EC50–30 min,% v/v) A. franciscana (EC50–24 h,%v/v)

1 mg Pb/L 

0.00 24.3±0.1 >90(n.a.) 

0.05 57.3±5.2 >90(n.a.) 

0.20 34.9±2.9 >90(n.a.) 

1.61 61.4±7.2 >90(n.a.) 

10 mg Pb/L 

0.00 4.4±1.4 >90(n.a.) 

0.50 40.6±5.9 >90(n.a.) 

2.01 14.0±2.9 >90(n.a.) 

16.0 50.9±5.2 >90(n.a.) 

1000 mg Pb/L 

0.00 <1(n.a.) 66.5±8.5 

2.01 <1(n.a.) 74.6±6.9 

16.0 43.2±3.9 >90(n.a.) 

96.3 1.3±0.3 >90(n.a.) 
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Table 3.11 - Parameters of the isotherms of Langmuir and Freundlich, R2, and F-test values for the removal tests of lead performed in the SWW (df: degrees of 

freedom; p: probability of F-critical to be higher or lower than F-ratio depending on the value of F-ratio to be higher or lower than 1, respectively; Null hypothesis: 
σexp,Ye = σmod,Ye) 

Effluent 

Synthetic wastewater 

Isotherm of Langmuir F-test results 

Q (mg/g) b (L/mg) R2 F-ratio df p F-critical one tail Decision 

1 mg Pb/L 1.73 -6.45 0.031 0.653 3 0.367 0.108 Null hypothesis accepted 

10 mg Pb/L 2.55 0.54 0.824 518 7 5.82*10-9 3.787 Null hypothesis rejected 

1000 mg Pb/L 96.8 0.00032 0.012 12.1 7 0.0019 3.787 Null hypothesis rejected 

Effluent 

Synthetic wastewater 

Isotherm of Freundlich F-test results 

n P R2 F-ratio df p F-critical one tail Decision 

1 mg Pb/L 2.36 0.45 0.333 2.076 3 0.108 9.277 Null hypothesis accepted 

10 mg Pb/L 1.271 0.276 0.005 2.142 6 0.188 4.284 Null hypothesis accepted 

1000 mg Pb/L 7.194 0.016 0.224 1.137*10-41 7 0.000 0.264 Null hypothesis rejected 
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The micro-crustacean A. franciscana was less sensitive than the bioluminescent bacteria V. 

fischeri, which may be explained by the different trophic levels that these organisms occupy in 

the marine ecosystems. For V. fischeri, the ecotoxicity levels significantly decreased with the 

use of biomass fly ashes to remove Pb, as the EC50-30 min values were higher in the 

supernatants obtained after the treatment with fly ashes. 

 

Figure 3.47 shows the relationship between the final Pb concentration in each supernatant after 

the coagulation-flocculation assays and the TU determined for V. fischeri. 

 

It was not observed any relationship between Pb concentration and TU for the SWW with an 

initial concentration of 1 mg Pb/L. This may be related with the low final concentrations of Pb 

in these supernatants. On the contrary, strong relationships between Pb concentration in the 

supernatants and TU values were registered for the SWW with initial concentrations of 10 and 

1000 mg Pb/L. By treating the SWW with biomass fly ashes it was possible to reduce the TU 

values in factors of 25 (initial concentration of 10 mg Pb/L) and 100 (initial concentration of 

1000 mg Pb/L). 
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Figure 3.47 - Relationships between TU, based on V. fischeri assays, of the supernatants of the SWW and 
their final Pb concentrations (A: wastewater containing an initial concentration of 1 mg Pb/L; B: 
wastewater containing an initial concentration of 10 mg Pb/L; C: wastewater containing an initial 

concentration of 1000 mg Pb/L) 
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3.4.3.3 Industrial wastewaters 

 

3.4.3.3.1 Chemical characterization of raw wastewaters 

 

Table 3.12 shows the chemical characterization of the raw industrial wastewaters and the 

discharge limit-values defined for the treated effluent of the IWWTP. 

 
Table 3.12 - Chemical characterization of the raw industrial wastewater collected in the equalization tank 

and in the discharge channel of the treated wastewater of the IWWTP (n=2; ±SD) and discharge limit-
values 

Parameter Unit 
Equalization 

tank 

IWWTP treated 

effluent 

IWWTP discharge 

limit-value 

pH Sorensen 6.80±0.10 7.2±0.10 5.5-9.5 

COD mg O2/L 28.6±2.4 16.8±4.8 1500 

Total Suspend Solids (TSS) mg/L 15.0±1.3 5.0±0.8 1000 

Sulfates mg/L 330±28 430±49 1000 

Oil and grease mg/L 3.00±0.25 4.40±0.39 100 

Total Pb mg/L 2.42±0.34 1.02±0.18 1.0 

Dissolved Pb mg/L 0.14±0.01 0.94±0.01 Not defined 

 

Both industrial wastewaters have presented pH values close to the neutrality, which reflects the 

correction of the pH to 6.0-6.5 that takes place before the equalization tank. The concentration 

of sulfates was a little higher in the IWWTP effluent, which can be due to the composition of 

the reagents used in the coagulation-flocculation process. 

 

Pb was mainly bonded to suspended solids in the sample collected from the equalization tank 

(total Pb: 2.42 mg Pb/L; dissolved Pb: 0.14 mg/L). In the treated effluent of the IWWTP, Pb 

was essentially dissolved (total Pb: 1.02 mg Pb/L; dissolved Pb: 0.94 mg/L). 

 

 

3.4.3.3.2 Preliminary coagulation-flocculation assays 

 

Figure 3.48 shows the Pb concentrations and pH values of the supernatants resulting from the 

coagulation-flocculation assays with the wastewater collected in the equalization tank. 
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Figure 3.48 - Pb concentrations and pH values of the supernatants resulting from the preliminary 
coagulation-flocculation assay with the wastewater collected in the equalization tank as a function of the 

S/L ratio 
 

Pb concentrations were below the QL for all the S/L ratios. The pH values ranged between 6.8 

and 10.8. Consequently, the dissolved Pb present in the raw wastewater has probably 

precipitated, while the Pb associated to suspended solids kept bonded to solids being removed 

with them. 

 

Figure 3.49 shows the Pb concentrations and the pH values of the supernatants resulting from 

the coagulation-flocculation assays with the IWWTP treated effluent. 

 

 

Figure 3.49 - Pb concentrations and pH values of the supernatants obtained in the preliminary 
coagulation-flocculation assay of the IWWTP treated effluent as function of the S/L ratio 
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ratio was registered. The highest S/L ratio promoted the reduction of Pb concentration to less 

than the QL (0.1 mg Pb/L), which is equivalent to a removal rate higher than 87%. 

 

Table 3.13 shows the results of the isotherms of Langmuir and Freundlich, R2, and F-test values 

for the removal tests performed in the treated effluent of the IWWTP. The sample collected in 

the equalization tank was not submitted to these tests since the concentrations of Pb were below 

the QL. 

 
Table 3.13 - Isotherms of Langmuir and Freundlich, R2, and F-test values for the removal tests of Pb 

performed in the treated effluent of the IWWTP (df: degrees of freedom; p: probability of F-critical to be 
higher or lower than F-ratio depending on the value of F-ratio to be higher or lower than 1, respectively; 

Null hypothesis: σexp,Ye = σmod,Ye) 
Isotherm of Langmuir F-test results 

Q (mg/g) b (L/mg) R2 F-ratio df p F-critical one tail Decision 

3.67 0.674 0.460 4.16 6 0.053 4.28 Null hypothesis accepted 

Isotherm of Freundlich F-test results 

n P R2 F-ratio df p F-critical one tail Decision 

0.90 3.25 0.669 3.08 7 0.080 3.79 Null hypothesis accepted 

 

The adjustment of both isotherms was weak as the R2 values were low. The removal of Pb may 

have occurred by precipitation since the pH of the eluates has ranged between 8 to 10, which 

according to Chandler et al. (1997) is the range in which Pb shows the lowest solubility. 

 

 

3.4.3.3.3 Definitive coagulation-flocculation assays 

 

Table 3.14 shows the chemical characterization of the supernatants resulting from the definitive 

coagulation-flocculation assays carried out in the wastewater of the equalization tank. 

 

The addition of fly ashes has increased the concentration of sulfates and pH values. 

Nevertheless, these parameters were still within the limit-values defined in the discharge license 

(Table 3.12). The concentrations of fluorides, total and calcic hardness, Al, Ca, and Sb also have 

moderately increased. In the S/L ratios of 0.03 and 2.91 g/L, removal rates of Pb of 22% (0.70 

mg Pb/L) and >89% (<0.1 mg Pb/L) were determined, respectively. It is possible to conclude 

that the addition of biomass fly ashes has efficiently removed Pb from the equalization tank 

wastewater. 
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Table 3.14 - Chemical characterization of the supernatants resulting from the definitive 
coagulation-flocculation assay of the wastewater collected in the equalization tank (n=2; 

±SD; n.a.: SD not applicable) 

Parameter Units 
S/L ratios (g/L) 

0.00 0.03 2.91 

pH Sorensen 6.76±0.19 6.72±0.13 9.48±0.06 

Sulfates mg SO4
2-/L 152±19 152±11 180±7 

Fluorides mg F-/L 1.35±0.21 1.43±0.04 16.5±2.1 

Oil and grease mg/L 1.85±0.46 1.65±0.36 1.10±0.19 

COD mg O2/L 25.0±7.1 20.0(<0.1) 15.0±7.1 

Total Hardness mg CaCO3/L 2.30(<0.01) 2.40(<0.01) 3.50(<0.01) 

Calcic Hardness mg CaCO3/L 1.50(<0.01) 1.60(<0.01) 2.70(<0.01) 

Fe mg/L <0.06(n.a.) <0.06(n.a.) <0.06(n.a.) 

Al mg/L <0.34(n.a.) <0.34(n.a.) 0.38±0.01 

Ca mg/L 22.0±5.8 21.2±1.8 40.3±3.3 

As µg/L <2.0(n.a.) <2.0(n.a.) <2.0(n.a.) 

Sb µg/L <0.30(n.a.) <0.30(n.a.) 0.74±0.08 

Pb mg/L 0.90±0.02 0.71±0.03 <0.10(n.a.) 

 

Table 3.15 shows the data obtained in the ecotoxicological characterization of the supernatants 

obtained from the definitive coagulation-flocculation assays performed in the equalization tank 

wastewater. 

 
Table 3.15 - Ecotoxicological characterization of the supernatants obtained from the definitive 

coagulation-flocculation assay of the industrial wastewater collected in the equalization tank (n=2; 
±SD; n.a.: SD not applicable) 

Parameter Units 
S/L ratios of the biomass fly ashes (g/L) 

0.00 0.03 2.91 

V. fischeri EC50 30min - % v/v 84.2±3.3 73.9±3.1 >99(n.a.) 

A. franciscana EC50 24h - % v/v >90(n.a.) >90(n.a.) >90(n.a.) 

 

A reduction in the ecotoxicological levels was observed for the biological indicator V. fischeri 

for the highest S/L ratio (2.91 g/L), which can probably be attributed to the reduction of the Pb 

concentration. 

 

Table 3.16 shows the chemical characterization of the supernatants obtained in the definitive 

coagulation-flocculation assay performed with the IWWTP treated effluent. 

 

The tendencies registered for sulfates, pH, fluorides, total and calcic hardness, Ca, and Sb were 

the same as for the supernatants of the definitive coagulation-flocculation assay of the 
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equalization tank wastewater. In the S/L ratios of 0.01 and 1.23 g/L, removal percentages of 

6.4% (0.88 mg Pb/L) and 62.8% (0.35 mg Pb/L) were determined, respectively. Again, the 

biomass fly ashes were an efficient agent to remove Pb from the IWWTP treated effluent. The 

treatment of the IWWTP effluent with biomass fly ashes would allow the Company to 

accomplish the limit-values defined in the discharge license and even much more restrictive 

limit-values. 

 
Table 3.16 - Chemical characterization of the supernatants resulting from the definitive coagulation-

flocculation assays of the IWWTP treated effluent (n=2; ±SD; n.a.: SD not applicable) 

Parameter Units 
S/L ratios (g/L) IWWTP discharge 

limit-value 0.00 0.01 1.23 

pH Sorensen 7.01±0.02 6.69±0.33 8.41±0.04 5.5-9.5 

Sulfates mg SO4
2-/L 395±7 415±35 465±35 1000 

Fluorides mg F-/L 5.75±1.06 6.25±1.06 6.00(<0.01) Not defined 

Oil and Grease mg/L 2.10±0.46 2.15±0.21 2.10±0.36 100 

COD mg O2/L 20.0(<0.1) 20.0(<0.1) 15.0±1.5 1500 

Total Hardness mg CaCO3/L 2.40±0.07 2.38±0.04 3.30±0.07 Not defined 

Calcic Hardness mg CaCO3/L 1.63±0.11 1.68±0.04 2.45±0.07 Not defined 

Fe mg/L <0.06(n.a.) <0.06(n.a.) <0.06(n.a.) Not defined 

Al mg/L <0.34(n.a.) <0.34(n.a.) <0.34(n.a.) Not defined 

Ca mg/L 17.6±3.2 26.7±0.9 30.0±1.6 Not defined 

As µg/L <2.0(n.a.) <2.0(n.a.) <2.0(n.a.) Not defined 

Sb µg/L <0.30(n.a.) <0.30(n.a.) 0.45±0.09 Not defined 

Pb mg/L 0.94±0.02 0.88±0.02 0.35±0.03 
Total Pb: 1.0 mg/L;
Dissolved Pb: not 

defined 
 

Table 3.17 shows the ecotoxicological characterization of the supernatants obtained from the 

definitive coagulation-flocculation assays of the IWWTP treated effluent. 

 
Table 3.17 - Ecotoxicological characterization to the supernatants obtained from the definitive 

coagulation-flocculation assay of the industrial wastewater treated effluent (n=2; n.a.: SD not applicable) 

Parameter Units 
S/L ratios (g/L) 

0.00 0.01 1.23 
V. fischeri EC50 30min - % v/v >99(n.a.) >99(n.a.) >99(n.a.) 

A. franciscana EC50 24h - % v/v >90(n.a.) >90(n.a.) >90(n.a.) 
 

No significant ecotoxicological levels were determined for both biological indicators and for all 

the S/L ratios, including the control test (S/L = 0.00 g/L). It is therefore possible to conclude 
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that the biomass fly ashes have not caused any acute ecotoxicity level in the supernatants of the 

IWWTP treated effluent. 

 

 

3.4.4 Conclusions 

 

The biomass fly ashes have reduced significantly the Pb concentration in the SWW and in the 

industrial wastewaters of the Company of lead-acid batteries. 

 

In the SWW, with an initial Pb concentration of 1 mg/L, an increase of the removal rate of Pb 

up to the S/L ratio of 0.40 g/L was registered. For the S/L ratios above 0.40 g/L, the 

concentration of Pb was below the QL. When the initial concentration of Pb of 10 mg/L was 

tested, the highest removal rate was attained for the S/L ratio of 0.25 g/L. For the S/L ratios 

above 0.25 g/L, an increase of the Pb concentrations was determined due to the re-solubilisation 

of Pb caused by the pH increase. For the initial concentration of 1000 mg Pb/L, an increase of 

the Pb removal rate up to the S/L ratio of 16 g/L was determined (67.7 mg Pb/L). For the S/L 

ratios above 16 g/L, an increase of the concentration of Pb in solution was determined to about 

615 mg Pb/L, due again to the pH increase. 

 

The ecotoxicological characterization of the supernatants of the SWW resulting from the 

coagulation-flocculation assays indicates an overall reduction of the ecotoxicity level of the 

wastewater. 

 

In what concerns the sample collected in the equalization tank of the IWWTP, the Pb 

concentrations of the samples resulting from the definitive coagulation-flocculation assay were 

very low for the S/L ratio of 0.03 g/L and below the QL for the S/L ratio of 2.91 g/L. The 

definitive coagulation-flocculation assays performed on the IWWTP treated effluent showed a 

decrease in Pb concentrations with the increase of the S/L ratio. A very low concentration of Pb 

(0.35 mg/L) was achieved in the S/L ratio of 1.23 g/L. 

 

The ecotoxicological characterization of the supernatants resulting from the coagulation-

flocculation assays of the industrial wastewaters has indicated an overall reduction of the 

ecotoxicity of the equalization tank wastewater, and undetectable levels of ecotoxicity for the 

IWWTP treated effluent. 

 

Generally, the isotherms of Langmuir and Freundlich have not adjusted to the experimental 

data. This means that the adsorption ob Pb to fly ashes was not the main removal mechanism of 
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Pb. The removal of Pb was probably governed by precipitation processes, due to changes in the 

pH of the supernatants. 

 

Globally, it is possible to conclude that the use of biomass fly ashes efficiently removed Pb 

from all the wastewaters studied. This technique may allow the industry to accomplish the 

current limit values established for the IWWTP effluent and even more restrictive limits. 
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4.1 General Conclusions 

 

4.1.1 Management and valorization of ashes from co-combustion processes 

 

In sub-chapter 2.1, the chemical and ecotoxicological behaviors of ashes produced in a lab-scale 

fluidized-bed reactor (LNEG, Portugal) were assessed. This study contributed for the 

understanding of ashes properties produced in extreme level of substitution of coal by a residue 

used as alternative fuel – MBM. 

 

The substitution of coal by MBM produced ashes with a higher content of heavy metals than 

that produced in the combustion of coal. Nevertheless, the leaching rates of metals were 

generally reduced and similar among the same type of ashes, i.e., the ashes collected in the same 

points of the combustor. The highest chemical toxicity levels were determined in the ashes 

produced during the mono-combustion of MBM (0.82 µmol/L for bottom ashes; 1.51 µmol/L 

for 1st cyclone ashes; 1.04 µmol/L for 2nd cyclone ashes); this was essentially due to the 

concentrations of Cr and CrVI in the eluates of MBM ashes. 

 

The responses of the biological indicators used to test the ecotoxicity levels of ashes from the 

mono-combustion and co-combustion assays were generally low, indicating that the organisms 

were not highly sensitive to the concentrations of chemical species released from the ashes to 

the eluates. The biological responses of the biological indicators were probably associated with 

the pH of the eluates. Nevertheless, it is necessary to develop more studies in order to identify 

the factors that effectively contributed to the ecotoxicity levels of some ashes eluates. 

 

In sub-chapter 2.2, some properties of the ashes produced in an industrial fluidized-bed power 

plant (Duisburg power plant, Germany) working under mono-combustion and co-combustion 

conditions were studied. MBM and sewage sludge (SS) were used as alternative co-fuels and 

have partially replaced coal in an energy basis.  

 

Generally, the use of co-fuels has not promoted significant changes in the leaching behavior of 

the ashes. Similar chemical and ecotoxicological properties of the eluates of ashes collected in 

the same points of the combustor and produced during different combustion regimes were 

obtained.  

 

It was possible to stabilize adequately the fly ashes produced in combustion and co-combustion 

tests. All stabilized/solidified materials achieved a good degree of mechanical solidification, 

being characterized by medium to high compressive strength values. The compressive strength 
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values have ranged from 28 to 40 MPa (for mortars produced with coal fly ashes), and 25 to 39 

MPa (for mortars produced with coal, SS and MBM fly ashes). 

 

The compressive strength values of concretes produced with the mixture of bottom and 

circulating ashes were in the range of low to medium values. The compressive strength values 

have ranged from 12 to 22 MPa (for concretes produced with coal ashes) and 13 to 24 MPa (for 

concretes produced with coal, SS and MBM ashes). Based on the Dutch BMD, some of the 

concretes developed could be used in real environmental conditions with limited moistening and 

without insulation, or with permanent moistening and with insulation.  

 

Therefore, it is possible to conclude that the use of SS and MBM as co-fuels in the same 

conditions as described in sub-chapter 2.2 does not promote significant changes in the chemical 

and ecotoxicological properties of fly, bottom and circulating ashes. Moreover, fly ashes 

produced can be stabilized/solidified adequately in cement mortar matrices, and bottom and 

circulating ashes can be used successfully as raw materials to prepare concretes for civil 

engineering works. 

 

 

4.1.2 Management and valorization of biomass ashes from the combustion of forestry 

residues 

 

Sub-chapter 3.1 was devoted to the study of physical, chemical and ecotoxicological properties 

of biomass ashes and of their particle size fractions. In this work, biomass ashes were 

considered to be the bottom and fly ashes that are produced in biomass power plants during the 

combustion of forestry residues. 

 

It was concluded that bottom and fly ashes were mainly composed by earth and alkali-earth 

metals and silica compounds. The concentrations of heavy metals and metalloids were found to 

be vestigial or below the quantification limits. The highest concentrations of metals and 

metalloids were found in the lowest particle size fractions of both bottom and fly ashes. It was 

not observed any releasing pattern from the particle size fractions, except for fly ashes in which 

the releasing rate of some earth and alkali-earth metals seemed to increase with the decrease of 

particle size fractions. 

 

The freshwater organisms revealed more sensitivity than the marine organisms to the 

ecotoxicity levels of eluates of bottom and fly ashes and of their particle size fractions. This was 

attributed to the adaptation of marine organisms to high salinity values present in the eluates of 
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ashes and of their particle size fractions. The largest particle size fractions of bottom ashes 

(4000-10000 µm and >10000 µm) have presented lower ecotoxicity levels than all the other 

particle size fractions, which can be attributed to the higher concentrations of metals and 

metalloids in the lowest particle size fractions. 

 

The valorization of biomass ashes as raw materials for the production of concretes was 

successfully performed in sub-chapter 3.2. Several new concrete formulations were prepared, as 

well as a reference concrete. The concretes produced with biomass ashes were submitted to 

compressive strength tests and to two types of leaching tests: one simulating freshwater leaching 

conditions and the other one simulating marine leaching conditions.  

 

The formulations in which fly ashes replaced 10% of cement have presented similar to slightly 

higher compressive strength values (29 to 32.6 MPa) than the average value for the reference 

concrete (32.2 MPa). On the contrary, the incorporation of 30% fly ashes has conducted to 

concretes with lower compressive strength values (23.8 to 28 MPa) than the average value 

registered for the reference concrete. 

 

The formulations selected for further chemical and ecotoxicological characterizations have 

presented very low emissions of chemical species in both marine and freshwater leaching 

conditions. Actually, the new formulations have presented chemical emissions similar to or 

even lower than those observed for the reference concrete.  

 

Also, the ecotoxicological levels of the eluates of new concretes were similar to or even lower 

than that observed for the reference concrete. The eluate produced by the reference material has 

promoted an EC50-48h for D. magna of 39.9%, while the concretes produced by the new 

materials promoted an EC50-48h for D. magna of 36.3% (F10B18) and 51.3% (F30B18). The 

other organisms have not revealed sensitive to the ecotoxicity levels of the eluates. 

 

As a global conclusion, it is possible to state that biomass ashes were successfully used as 

substitutes of cement and natural aggregates in concretes, without compromising their 

mechanical performance, the emission of chemical species, and the ecotoxicological levels 

determined under both marine and freshwater leaching conditions. 

 

Sub-chapter 3.3 was devoted to the removal of P, mainly in the form of phosphates, from 

wastewaters by using biomass ashes as chemical agents. P is a nutrient commonly present in 

treated wastewaters in concentrations around 1 mg P/L. Even when present in concentrations as 

high as 1 mg P/L, it may still cause eutrophication problems in the receiving water bodies. The 



180 
 

study on P removal was performed over synthetic and industrial wastewaters by using biomass 

ashes (bottom and fly ashes). 

 

Biomass ashes have presented a high capacity to remove phosphates from both SWW and 

PPWW. Also they have not promoted any change in the ecotoxicity levels of the treated 

effluents. Fly ashes were more efficient in removing phosphates than bottom ashes.  

 

The removal of phosphates from the SWW was primarily governed by mono-layer mechanisms, 

while the removal of phosphates from the PPWW was explained by both multi-layer 

mechanisms and precipitation through pH change of the liquid medium. 

 

A similar valorization pathway of biomass ashes was tried in the sub-chapter 3.4, but here only 

biomass fly ashes were used in the removal of the heavy metal Pb from wastewaters. Fly ashes 

were chosen because in the previous sub-chapter they proved to be the most efficient material in 

removing P. Fly ashes were used as chemical agent to remove Pb from a SWW and two 

industrial wastewaters produced in a plant of lead-acid batteries. 

 

In the SWW with an initial Pb concentration of 1 mg/L, an increase of the Pb removal rate up to 

the S/L ratio of 0.40 g/L was observed. For S/L ratios higher than 0.40 g/L, Pb concentration 

was below the quantification limit. When an initial Pb concentration of 10 mg/L was tested, the 

highest removal rate was attained for the S/L ratio of 0.25 g/L. For S/L ratios higher than this, 

an increase of the Pb concentrations was determined, due to the re-solubilization of Pb caused 

by the high pH value that was achieved in the eluates (between 7.6 and 11.3). For the initial 

concentration of 1000 mg Pb/L, the lowest concentration of Pb in the treated effluents was 

observed for the S/L ratio of 16 g/L (67.7 mg Pb/L). 

 

The ecotoxicological characterization of the supernatants of the SWW resulting from the Pb 

removal assays indicates an overall reduction of the ecotoxicity level of the wastewater. This is 

linked to the high Pb removal efficiency as this was the only toxic element present in the SWW. 

 

In what concerns the wastewater that was collected in the equalization tank of the IWWTP, Pb 

concentrations in the supernatants resulting from the definitive coagulation-flocculation assay 

were very low for the S/L ratio of 0.03 g/L (Pb = 0.71 mg Pb/L), and below the quantification 

limit for the S/L ratio of 2.91 g/L (Pb < 0.10 mg Pb/L). The definitive coagulation-flocculation 

assays performed on the effluent of the IWWTP showed a decrease in Pb concentrations with 

the increase of the S/L ratio. A very low concentration of Pb (0.35 mg/L) was achieved in the 

S/L ratio of 1.23 g/L. 
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The ecotoxicological characterization of the supernatants resulting from the Pb removal assays 

performed over the wastewaters collected in the IWWTP has indicated an overall reduction of 

the ecotoxicity. 

 

The Langmuir and Freundlich isotherms have not adjusted well to the experimental data, since 

the determination coefficients (R2) were low. The removal of Pb from the studied wastewaters 

was chiefly governed by precipitation mechanisms, due to pH increase up to values of 8 to 10. 

 

Globally, it is possible to conclude that the biomass fly ashes have promoted the Pb removal 

from all the wastewaters studied. This treatment process may allow the industry to accomplish 

the current limit values of 1 mg Pb/L, and even more restrictive limits (0.35 mg Pb/L, 

considering the results of the definitive test). 

 

Finally, this thesis shows that the ashes produced during the co-combustion of coal, MBM and 

SS in fluidized-bed combustors and the ashes produced during the combustion of forestry 

residues in a bubbling fluidized bed combustor can be used in new valorization pathways, 

namely, the production of mortars and concretes, and the removal of pollutants from liquid 

media. These alternative routes of valorization may avoid the extensive use of these ashes in 

cement production and forestland application, and the disposal in landfills. New potential 

valorization routes are now opened with the present thesis. 

 

 

4.2 Future Work 

 

It is necessary to perform other assays in order to understand more deeply the properties of the 

ashes. It would be important to perform a scanning electron microscopy of ashes, since it can 

add valuable information related with the microstructure of ashes. The knowledge of the 

microstructure of ashes may help to understand the leaching behavior of some compounds in 

leaching tests, and the adsorption of pollutants from liquid media when ashes are used as 

chemical agent for the removal of contaminants. 

 

There are a set of organic compounds which may lead to negative environmental impacts. In the 

thesis this characterization was not performed. Therefore, it would be important to perform an 

organic characterization of the eluates, namely in what concerns dioxins and furans, which can 

act as toxic compounds at very low concentrations and for long periods of exposure (chronic 

toxicity). 



182 
 

 

It is also important to submit the materials to other types of leaching tests. In laboratory 

leaching tests it is important to assess the chemical and ecotoxicological behavior of the ashes 

when the liquid to solid ratio is low, because the release of some pollutants from the ashes can 

be more marked at low solid to liquid ratios. 

 

Besides the laboratory leaching tests, it is necessary to submit the concretes to leaching tests 

under real scenarios. In real environments, the mobilization of compounds from the ashes to 

eluates may be different than that observed in the leaching assays used in the present thesis. 

Therefore, the next steps of future works can be to submit the concretes to real marine and 

freshwater environments. This would allow to study, in real conditions, the environmental 

impacts of the use of concretes containing ashes. The following questions would be answered or 

at least partially answered: a) Can the concretes be used as artificial reefs? b) What are the 

impacts in aquatic flora and fauna? c) What are the long term effects on the concrete structure? 

 

The ashes produced by the combustion of forestry residues have less content of heavy metals 

than the ashes resulting from the combustion of fossil fuels, such as coal, MBM and SS. 

Therefore it is possible to think about their use in applications that are not advisable for the 

ashes produced by the combustion of coal and residues, such as those involving the contact with 

environmental compartments (treatment of wastewaters, contaminated soils, among other 

applications). In this framework, it could be interesting to develop other assays to test their 

efficiency under different conditions of work, namely i) the removal of pollutants in continuous 

conditions, for example through column systems; and ii) in large scale (pilot and industrial 

facilities). Besides these conditions, it would be important to test a set of parameters in order to 

maximize the removal of pollutants, namely the contact time of the ashes with the wastewater, 

the effect of pH in the removal efficiency, among other factors, to be possible to define the 

removal kinetics, the best operation conditions that yield the highest removal rates, and the 

mechanisms governing the removal of pollutants. 
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