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Abstract 

Fly Ash FA produced by the incineration of Municipal Solid Waste MSW represents a 
problem of modern society. Its high toxicity level due to the presence of heavy metals 
and dioxins impede the use of standard waste handling methods such as landfilling or 
recycling as construction material. This makes fly ash subject to mandatory treatment 
processes for detoxification with a huge potential for recovering valuable resources. 
FA sampled from Dåva combined heat and power (CHP) which uses MSW as prime 
fuel contains around 20g/kg Zn alongside large amounts of sodium, potassium and 
calcium salts. In order to take advantage of the potential economic value of this 
resources, acid leaching and water wash steps were carried out using different 
leaching agents, duration, pH and liquid to solid ratios(L/S). Nitric acid and acidic 
wastewater (a by-product of the flue gas cleaning) were found to be the very effective 
with a Zn leaching around 90%. pH proved to be a important factor in the metal 
leachability with HNO3releasing Zn better at the 3,5-4,5 pH interval. Cu and Pb were 
also investigated having a more effective leachability at lower pH and short leaching 
duration regardless of the agent used in the process. Washing steps followed by acid 
leaching were also attempted in order to recover salts and possibly improve the metal 
release. The investigation showed that a water wash with L/S 2 for 5 minutes is 
enough to remove ~100% of salts.  
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List of abbreviations 
 

 
AWW                  Acidic wastewater 
BA                       Bottom Ash 
BES                     Bio-electrochemical systems 
EU27                  The European Union in the period 2007–2013 when it had 27 
                            countries   
EDTA                 Ethylenediaminetetraacetic acid 
FA                       Fly Ash 
FTIR                  Fourier-transform infrared spectroscopy  
ICP-OES           Inductively coupled plasma optical emission spectrometry   
ICP-SFMS        Inductively coupled plasma sector field mass spectrometry 
IR                        Infrared  
MSW                  Municipal Solid Waste 
MSWI                Municipal Solid Waste Incineration  
PC                       Principal component 
PCA                    Principal component analysis  
POPs                  Persistent Organic Pollutants 
PVC                    Polyvinyl chloride 
Q2                       Indicates the prediction power of the model 
R2                       Describes how much variance is explained by a model 
UV                      Unit variance scaling  
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1. Introduction 

Every year large amounts of household waste are generated. In Sweden alone, in 2016, 
4.7 million tons of household waste were discarded. Almost 500kg/capita Municipal 
Solid Waste (MSW) is generated in the country annually which represents a 
100kg/capita increase compared with 1995. This increasing trend has also been 
experienced by the EU27 countries during this period [1,2]. 
  
MSW refers in general to the normal mixed household waste but its definition can 
vary greatly from country to country. In Sweden, hazardous waste and yard waste 
alongside waste collected from schools, retail shops and offices are also included in the 
MSW definition from a collecting point of view [3]. Its composition is influenced by 
numerous cultural factors such as: the lifestyle of communities, their relative 
standards of living, consumer behavior and the level of technological advancement 
achieved by a particular country [4]. 
 
For environmental and health issues and for sustainability`s sake, MSW must be 
collected and processed in a proper manner [5].There are three methods used for 
handling waste: recycling, incineration and landfilling [3]. In Sweden, for the past 4 
years, material and biological recycling reached around 35% respectively 15% of the 
total MSW generated while only 1% ended up in landfill sites. The rest went to the 
incineration process where energy is produced, mainly in the form of heat. Moreover, 
the MSW volume can be reduced by up to 90% and this can also reduce the reactivity 
of dangerous organic substances. However, along with the heat and electricity 
produced by Municipal Solid Waste Incineration (MSWI) two types of ash are formed: 
bottom ash BA and fly ash FA. In Sweden, 1 000 000 tones of BA and 300 000 tones 
of FA are generated annually by the waste incinerators. BA is rarely considered to be 
hazardous and can be easily put in landfill sites or used as construction material. On 
the other hand, fly ash is classified as hazardous and cannot be landfiled without 
special pretreatment. It can contain considerable quantities of heavy metals such as 
As, Hg, Pb, Cu, Cd, Zn and Persistent Organic Pollutants POPs (dioxins). These metals 
are volatile and are present as well in form of volatile metal chlorides. The small 
particles that follow the flue gas and form the final fly ash will be enriched with these 
heavy metals due to the condensation process occurring in the final phase of MSWI. 
[1,2,3,6,7]. POPs present in MSW are usually destroyed during the incineration. 
However, reformation can occur in later stages when the flue gas is cooled down. The 
mechanism behind the POPs reformation entails high temperature radical reactions 
and it is not completely elucidated yet [37]. 
 
Only a very small number of Swedish waste incinerators have permission to discard 
FA in domestic landfills. In order to fulfill environmental standards for landfiling, fly 
ash must be stabilized. The goal is to decrease the leachability of potentially hazardous 
substances like chlorides and heavy metals.  
Ragn-Sells plant in Högbytorp uses a mix of MSW fly ash and coal ash which is 
stabilized and solidified. Other small scale treatments are used around the country. 
Water wash of the fly ash is performed at Kostaverket in Sundsvall while in 
Norrköping, an ash stabilization with Bamberg cake method is used by Renova. EON 
Värme directly landfills FA in an old rock cavern [8]. 
A substantial part of FA is transported to Norway were it takes part in a neutralizing 
process of sulfuric acid residues resulted from the painting industry. This process is 
considered to be a recycling step with the final product ending up in old mines at 
Langøya, Holmestrand, Norway [2]. 
 
All around the world different techniques were proposed such as: cement-based 
techniques, chemical treatment and thermal treatment. Due to the high 
concentrations of alkali chlorides present in fly ash, the dioxin decontamination is 
inefficient when cementation is applied. They hinder cement`s hydration making 
dioxins difficult to destroy or stabilize [9]. 
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By using water soluble chelating polymers, the ash volume is decreased and 
immobilized in small size pellets which can be sent directly to landfills or mixed 
beforehand with cement [10]. 
Thermal treatment is based on either evaporation of metals or stabilizing them in 
glassy matrixes. In thermal evaporation, toxic metals are removed in vapor form and it 
can be performed with or without additives. Extra chlorine can be added in order to 
form metals chlorides with boiling points that are lower compared with their 
corresponding metals or metal oxides [11]. Vitrification has great potential in solving 
the environmental issues caused by FA landfilling. The melting of fly ash at 
temperatures over 1300°C along with the appropriate amount of glass-forming 
additives, favors the formation of relative inert glasses which   completely destroy all 
dioxins. The newly formed glass-matrix can incorporate the heavy metals and thus 
stabilize them. The inert vitreous products can be used as building materials [9]. 
However, a major drawback of thermal treatment methods is the high energy 
consumption [12]. 
 
Even after the ash treatment and stabilization methods used, the final products might 
still represent a potential hazard for the environment due to the high leachability of 
metal compounds. Furthermore economic issues arise due to the fact that large 
amounts of metals end up buried making them difficult to recover in later stages.  
FA can be perceived not only as a hazardous residue but as a valuable resource of 
materials as well [10]. In Sweden the recovery potential of resources has been 
extensively investigated over the last two decades. Depending on the waste source, 
combustion technique and ash collecting method, the levels of substances present in 
ash can vary greatly. Basically, the whole periodic system can be found in FA. Zn, Cu, 
Al, Sn, Ag are among the metals considered to be interesting in the recycling context. 
The non metals class is represented by P and Sb. Salts can be found in FA in high 
quantities making them ideal candidates for future recovery attempts [8]. 
 
The Zn present in the annual amount of Swedish FA has a potential value of roughly 7 
million euro. In EU27 the value can reach up to 60 million euro assuming that a kg of 
Zn is worth 1.2 euro [13]. A full scale plant of Zn recovery is operating in Switzerland 
using a method developed by Schlumberger and his co-workers. It consists of three 
major steps: acid leaching, solvent extraction and electrolysis .Zn is recovered with a 
very high purity (99.9%). It can cover up to 1/3 of the total Zn Swiss demand if all the 
fly ash is used [14,15]. However, such a plant would not be so feasible in Sweden, 
where Zn is mined, refined and exported. Only a small percent of the total demand 
would be fulfilled. More suitable approaches are attempted by the Swedish researches, 
where metals are recovered in a mix which can later be separated and purified in an 
existing metal production process. By treating the ash with acidic wastewater, up to 
85% Zn is leached alongside with other important elements such as: Al, P, Fe. 
Hydroxide precipitation shows a >99.9% recovery of Zn from the leachates. Bio-
electrochemical systems (BES) are proposed as a replacement technology for 
hydrolysis. It is based on microbial oxidation of organic compounds which leads to a 
lower electricity consumption. 96% purity metal Zn was obtained by using this 
method with 40% lower energy consumption compared with the standard electrolysis 
[16]. 
 
Cu is another metal present in FA which is extensively studied for its recovery 
potential. Metallic Cu is commonly produced by applying thermal treatment to Cu 
ores. This process involves smelting, mineral to metal conversion and finally an 
electrolysis step in order to achieve high purity metallic Cu. This method requires 
large quantities of energy along with Cu enrichment due to its low amount in the ores 
[3].  By leaching the FA, Cu can be transfer to a liquid phase which can be further used 
in the hydrometallurgical industry. Around 2 million tons of Cu are produced yearly 
using hydrometallurgical processes which corresponds to 20% of the annual global 
production of Cu. Another advantage of leaching is that Cu enrichment is no longer 
required in the process, compared to thermal treatment. Studies conducted by 
Karlfeldt Fedje and Steenari on various FA from MSW showed an effective and 
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selective Cu leaching 40-100% by using special complex forming agents such as 
Ethylenediaminetetraacetic acid ETDA or NH4NO3 [17, 18]. 
 
Salt quantities present in FA can vary between 100g and 500g per kg ash, with NaCl 
being the most common one, followed by KCl, CaCl2 and MgCl2. By washing the ash 
with water, a hydrosaline solution is formed which can be subject to an evaporation-
cristalization process [8, 11]. Due to its origin source, these salts cannot be used in the 
food industry, but it can be used for numerous applications such as: roads deicing, 
PVC, paper manufacturing, aluminum recovery. 
A new exiting program called Ash2Salt has been launched in 2016 by Ragn-Sells. 
Their aim is to extract pure salts (NaCl, KCl, CaCl2 and others) from FA by using water 
washing techniques. At their facility in Högbytorp, a plant is designed to be built with 
an expected operational date in 2019. [8]. 
 
Studies in Japan and a municipality in Sweden have showed that FA contains even 
phosphorus in amounts as large as in sewage sludge which can be potentially 
recovered. A study performed by Kalmykova and Karlfeldt Fedje showed a 70% P 
recovery from FA. However, due to its trace metal content, it cannot be used directly 
in agriculture in Sweden but can be used in the rest of EU. Ideally is for P to be used as 
a raw material in the fertilizer production which replaces rock phosphates currently 
used [19]. 
 
Leaching of metals from fly ash is the first step performed in the recovery process. It is 
strongly influenced by various physical and chemical factors such as pH, liquid to 
solid ratio L/S and the speciation of metals [3]. Particle size, porosity and surface 
morphology of ash particles play also an important role in the leaching since they are 
influencing the transport processes [9]. Leaching agents used can be both acid and 
basic. Their selection is done with regard to the elements desired for removal [16]. 
 

Aim of the diploma work 

This thesis work aims to investigate the recovery potential of resources from the fly 
ash generated by Umeå Energi`s waste incineration process. The main focus is on how 
variations in pH, leaching time and liquid to solid ratio, influence the metal ions 
content present in the solutions formed from FA by using various leaching agents. 
Prewash of ash with water is also taken into account to recover the soluble salts and 
possibly lower the acid agents quantity required in the leaching process. 
A total of five heavy metals were included in the study: Zn, Cu and Pb alongside the 
alkali metals K, Na and the earth alkaline metal Ca. The only non metal investigated 
was P. 
All experiments are conducted at a lab scale with the ultimate goal being to create a 
process which can be used to produce high purity metals at an industrial scale. 
 

 

2. Popular scientific summary including social and 
ethical aspects 

 
2.1 Popular scientific summary 

Waste to Energy Program (WtE) is a better approach when dealing with household 
waste. It dates back to the 19 century but experienced a big growth after 2000. 
Nowadays, in Sweden, almost 100% of the waste that cannot be recycled takes part in 
this program. Garbage is no longer dumped and buried in landfill sites but instead is 
sent to specially designed incineration plants. By burning the solid waste, energy is 
generated in the form of heat and electricity. Another huge advantage is that its 
volume can be reduced up by 90%.Two major products form after the combustion 
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process: bottom ash and fly ash. Bottom ash is rarely considered hazardous and can be 
used as construction material or can be landfilled. Fly ash, however, is considered to 
be a very hazardous product which contains large quantities of heavy metals and 
Persistent Organic Pollutants. It requires special attention and treatment in order to 
lower its toxicity to admissible environmental standards. 
 
Fly ash can be also perceived as a valuable resource since it contains a wide range of 
elements that have economic value. The present project investigates their recovery 
potential from the fly ash originated at the Dåva Kraftvärmeverk MSWincineration 
plant. A statistic between 2004 and 2016 shows that an average of 21g Zn per kilo are 
present in the ash. The recovery of this considerable amount can lead to great 
economic benefits. The estimated value of the annual zinc amount present in Swedish 
fly ash is roughly 7 million euro. In the European Union the value can reach up to 60 
million euro. Beside metals, large quantities of salts are formed which, if recovered, 
can be used in numerous industrial areas or in aiding the transport safety on public 
roads. Studies in Sweden have showed that depending on the type of incineration used 
by different plants, up to 500g/kilo salt can be recovered. 
 
For removing the metals, the ash is treated with acids. This method can be extremely 
profitable, if instead of pure acids, a residue of the incineration process is used. An 
acidic wastewater is formed when the released gases are cleaned using water. In this 
study a 90% zinc release was obtained using this residue matching the results when 
nitric acid was used. The newly formed solutions need to go through several stages 
until pure metals are obtained and are done in general by specialized metal producers. 
 
Salts can be easily washed away from fly ash using water. Around 100% of the sodium 
and potassium were released by only using a waterwash step with a duration of 5 
minutes and a water volume  double to the fly ash`s weight. The salts can be recovered 
later from the liquid phase by means of evaporation.  
 
 
2.2 Social and ethical aspects 

The fly ash formation in the municipal solid waste incineration process is inevitable. 
Measurements must be taken for achieving a cleaner and more sustainable 
environment. This work, through acid leaching and water wash, can improve the 
sustainability and economy of the society by recycling various chemical elements 
which otherwise will end up buried in the ground. The process can be improved even 
more by using the acidic wastewater, which is another residue as a result of the 
incineration. In this way the residue amount will be decreased alongside its toxicity 
level, opening the door for landfills in non-hazardous waste sites. 
 

 

3. Material and methods 

 
3.1 Fly ash 

The fly ash is a textile filter ash collected from Dåva combined heat and power (CHP). 
The plant uses a Grate fired boiler combustion technique for burning MSW. The flue 
gas channel is equipped with dry lime (CaCO3) and active carbon injection. Every 
morning during a one week period, fly ash was collected. After mixing all the samples, 
the final sample was placed in a container. 
 
 
3.2 Leaching agents 

Acidic wastewater is a by-product of the flue gas cleaning and constitutes a part of the 
waste incineration process [13]. Wet scrubbing methods are used to transfer HCl from 
flue gas to a liquid phase. By doing this, the flue gas is cleaned and HCl can be 
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recovered or used in other industrial application such as acidic leaching [20]. HCl 
scrubber liquid was taken in two occasions from the same incineration plant where the 
FA was sampled with a measured pH of 0.2 and 0.38. Their molarity was 1.4M and 
1.28M respectively. The theoretical pH values for these concentrations are -0.15 and -
0.11.These differences between measured and theoretical pH-values are caused by 
measurement difficulties due to the liquid junction potential and the difference 
between the activity based pH-scale (used for calibration) and a concentration based 
pH-scale, when pH is below 2-3. Liquid junction potential is caused by the difference 
in the mobility of ions which leads to a build of charge. This electric charge will affect 
the pH measuring electrode and give a measurement error.  
 
HCl 37% and HNO3 65% from Sigma-Aldrich were used to prepare a 2M HCl and 3M 
HNO3 which in the leaching process of FA. HNO3%1 was used in the dilution of the 
leachate solutions as a preparation step for ICP-OES analysis. 
 
Deionised water (18.2MΩ/cm2) was used in the washing of FA, preparation of acidic 
solutions and all other activities that required water. 
 
 
3.3 Fly ash analysis for total elements content 

Four representative samples were sent to an accredited laboratory for the total content 
analysis. Two contained original FA and the other two were ash rests generated after 
leaching with AWW pH 3 for 5 minutes respectively one hour. The  content of As, Cd, 
Cu, Co, Hg, Ni, Pb, Sb, S, Se, Sn och Zn was determined by acid digestion according to 
a modified ASTM D3683 method followed by ICP-SFMS analysis. The remaining 
elements were digested using ASTM D3682 (LiBO2 melt) method followed by the 
same ICP-SFMS technique. Full details and results are shown in the ASL report in 
Appendix 7. The FA samples are denoted with “1” and “2”while the ash rests are “FA 
5min’’ and “FA 1h”. 
 
 
3.4FTIR analysis of fly ash 

Fourier-Transform Infrared FTIR spectroscopy is a method used for determining 
molecule structures based on their capacity to absorb infrared light. Molecules 
selectively absorb the radiation of specific wavelengths based on their chemical bound 
vibrations. The wavelength of a vibration is affected by its type. A stretching vibration 
absorbs higher energy than the corresponding bending vibration of the same bond. 
Other notable factors are mass (isotope effects), bond order and strength .The IR 
absorption leads to changes in the electric dipole moment of molecules.  The ones with 
no dipole moment are infrared silent and cannot be studied with this technique.  The 
IR active molecules will undergo a transition from the ground to excited phase when 
exposed to infrared radiation. The number of peaks in the spectrum is influenced by 
the number degrees of vibrational freedom of a molecule. The intensity of an 
absorption peak is proportional with the change of dipole moment [21]. 
 
 An FTIR analysis was performed in order to investigate the functional groups present 
in the FA matrix. Three samples were prepared. A total of 50mg of ash was added to 
an agate mortar together with ~400mg KBr (99.5% Sigma-Aldrich) and with the help 
of an agate pestle, the mix was fine-grinded until a properly homogenized sample with 
suitable particle size was obtain.  100mg respectively 150mg FA were used in the 
preparation of the other two samples. Different amount of FA were used to obtain a 
signal with an appropriate intensity which can give a good Signal/Noise ratio.  Metal 
cups were filled with the mixtures. They were a little overfilled and then brushed with 
a spatula to get rid of the extra material. By doing this a flat and smooth surface was 
obtained. 
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The analysis was performed with an IFS 66v/S spectrophotometer (Bruker Optik 
GmbH, Germany) under vacuum conditions (4 mbar). For recording and processing of 
spectra, OPUS software (version 5, Bruker Optik GmbH) was used.  The raw spectral 
region was adjusted by cutting the low end region from 580-0 waves/cm which is 
undetectable by the spectrophotometer used. Baseline correction was applied along 
with the total area normalization using the vector function to standardize the spectra. 
 
 
3.5FA buffer capacity measurements 

The buffer capacity of FA was measured in order to calculate the consumption of acid 
needed to reach a desired pH. Individual runs were performed using HNO3, HCl, 
H2SO4 and acidic wastewater.  For every acid tested, 10g of FA, 50ml water and a 
magnet were added to a glass that was placed on a magnetic stirring plate. The pH was 
measured during the entire experiment by using a SevenMulti Mettler-Toledo GmbH 
8603 digital meter by placing its electrode in the glass. Two ml acid were added every 
10 minutes and titration curves were created by using the pH values indicated after 
every addition stage.  The experiments stopped when pH 3 was reached. 
 

 
3.6 Leaching experiments 

Leaching of ash samples was performed with three leaching agents: HNO3, HCl and 
acidic waste water, each at pH 2, 3 and 4. For every pH value, four leaching times were 
tested: 5, 10, 30 minutes and 1 hour, making a total of 12 experiments for every agent. 
H2SO4 was also tested but it was removed from the study for safety reasons. Even after 
10 minutes gases were still released making it impossible to analyze the samples at 5 
and 10 minutes leaching time and compare to the other agents. All experiments were 
performed in a fume hood.  
 
A total of 10grams of FA were added to an Erlenmeyer flask with magnet placed on a 
stirring plate. Using the titration curves the amount of acid needed to reach the 
desired pH values were calculated and diluted with water to reach a 4 L/S ratio before 
the leaching process was started. The exception was the acidic wastewater which due 
to the lower H+ concentration, a 7 L/S ratio was used to ensure that pH 2 could be 
reached. Moreover, instead of 10grams FA, 5 grams were used in order to be 
accommodated in a 50ml plastic tube. After approximately 3 minutes and a half, 
almost all the CO2 and H2 were released and the content was transferred to a 50ml 
plastic tube which was placed on a rotating wheel until the leaching time was 
completed. A volume of 2ml additional water was used to transfer as much material as 
possible between the two vessels.  
 
An Eppendorf Centrifuge 5804 R was used for separation between the leached 
solutions and the ash rests. The centrifugation was performed a 5000rpm for 10 
minutes at room temperature. The solution were finally removed with the help of a 
syringe and filtered through a 0.45 µm membrane filter. 
 
 
3.7 FA water wash followed by acidic wastewater leaching 

A water wash step was performed to investigate how L/S ratio and washing time can 
influence the release of soluble salts and possibly improve the metal leaching yield. 
Three L/S ratios were tested: 2, 4 and 6 at three different washing times: 5, 10 and 20 
minutes. A total of nine samples were prepared with 5g FA each and the equivalent 
water volume (mL) for every L/S ratio and placed on the rotator for the desired 
washing time. The samples were centrifuged and filtered afterwards like in the 
previous section. The ash rests were placed in an oven at 105°C over the night and 
weighed the next day to calculate the volume reduction after a washing step. 
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 All the FA rests were then leached separately with acidic wastewater at pH 3, 10 
minutes duration time, L/S ratio 7 followed by centrifugation and filtration in the 
same way as the previous leaching experiments were performed. The newly formed 
ash rests were placed once again in the oven and weighed the next day. The full 
process is presented in Figure 1. 
 
 

 
Figure 1. Full process of water wash and leaching of FA 
 
 
3.8 Optimized method for Cu leaching 

EDTA was added alongside acidic wastewater in order to attempt an increase in Cu 
leaching. A wash step was performed prior the leaching for 5 min with L/S 2 followed 
by centrifugation and filter like in previous section. An L/S 8 was chosen for this 
leaching since the second acidic wastewater sampled had a lower H+ concentration 
than the previous one and needed more addition to reach pH 3. A total of 3 additional 
leaching experiments with AWW and 5min duration were performed. An additional 
2ml EDTA 0.4M were added to the first one, 2ml EDTA 0.8M to the second one and 
2ml EDTA 1.2M to the third one. The final solutions were centrifuged and filtrated as 
the previous ones. 
 
3.9 ICP-OES analysis 

All leaching solutions were analyzed by means of ICP-OES. Inductively coupled 
plasma optical emission spectrometry is a powerful tool used in detecting both main 
and trace elements in element matrices. It can run rapid multi element analysis with 
high precision by producing exited atoms and ions that emit electromagnetic 
radiation. The wavelengths at which the radiation is emitted are characteristic of an 
element. The intensity of an emission is positively correlated with the concentration of 
the element in the sample [22]. 
An Optima 2000DV machine from Perkin Elmer was used to analyze the leachates.  A 
few attempts were performed but oversaturated errors were obtained for almost half 

5g FA washed with water at 
each L/S and duration 

Mixtures are centrifuged 
(10min, 5000G) and filtred 

(0.45 µm)

Leachate

ICP-OES Analysis

Ash rest dried at 
105ºC

Ash rest leached with acidic water(pH 3, 
10 min duration, L/S 7)

Mixtures are centrifuged (10min, 
5000G) and filtred (0.45 µm)

Leachate

ICP-OES Analysis

Ash rest dried at 105ºC
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of the metals analyzed. To overcome this problem a sample dilution was performed. 
All dilutions were aimed to be done with an approximate weight of 2g leachate and 
40g 1%HNO3. The exact weight for each sample was used in the calculation of the 
dilution factor.  Even after one dilution step, the element levels in the matrix were still 
very high and a second dilution step was required for all leachates. This time around 
4g of the new diluted solution was mixed with ~40g 1% HNO3. No more oversatured 
errors occurred after a two step dilution of samples and all the leachates were able to 
be analyzed.  
A calibration was performed to establish the instrument sensitivity and to build 
calibration curves which can determine the concentrations of analytes present in the 
samples.  In order to draw curves with appropriate signal intensity ranges, the 
analytes were divided into main and trace elements and two calibrations were 
performed with the standard solutions presented in Appendix 5. 
 
Replicates were run for every agent at the pH and time which gave the best metal 
release. Every sample was measured 5 times and its mean value and relative standard 
deviation (formula 1) were calculated. 

RSD=
100∙𝑆𝑡𝑑𝑒𝑣

𝐱̅ 
                                                                                                                       (1) 

 
, where Stdev is the standard deviation and x̅  is the mean value. The RSD value is 
presented in %.  
 
3.10 Multivariate data analysis 

The leachability of elements was investigated further by means of multivariate 
analysis. Principal Component Analysis (PCA) was used in order to interpret the 
leaching concentration results. PCA is a multivariate projection method that describes 
the systematic variation in a data set. Each sample is projected to a PCA model and a 
Score plot is created which can be used to get an overview of the data, identifying 
groupings, trends and finding outliners (deviating samples).  The influence of 
variables on the PC is investigated with the help of Loadings plot.  Scores and 
Loadings are investigated together since the observation directions in score plots are 
explained by the same direction in variable loadings [23]. 
 
A total of 2 PCA models (one for every leaching agent) were created using the software 
Simca 14.0 by Umetrics. . HCl and acidic wastewater were considered the same class. 
The data was centered to zero mean and unit variance scaling (UV) was applied. If the 
data is not centered than usually the first PC will describe the difference between 
means which is not the point of the investigation. Scaling is a very common procedure, 
which is performed to put variables on the same scale. In UV scaling, all variables are 
scaled to equal variance.    All models were checked for strong and moderate outliners 
but all the samples are lying in the model borders [23]. 
 
R2 and Q2 of the models are presented in the PCA models figures 4 and 5. R2 
indicates how much variation is explained by the model (goodness of fit) whilst Q2 
represent the prediction power of the model [23]. 
 
 
 

4. Results and Discussion  

 
4.1 Fly characterization 

The total element concentrations in the original FA received from the accredited 
laboratory are presented in table 1.  Ca dominates in the FA matrix as a consequence 
of dry lime (CaCO3) addition in the flue gas channel. K and Na have also a relative high 
level and are possibly bound to Cl- in soluble salts form [24]. 
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Table1.Total amounts of main and trace elements in FA 

Main 
Element 

mg/kg dry ash Minor 
Element 

mg/kg dry ash 

Si 61900 As 430 

Al 28400 Ba 1600 

Ca 200 Be <0.5 
Fe 12900 Cd 160 

K 28400 Co 25 

Mg 11600 Cr 470 

Na 35200 Cu 1.3 

P 4000 Hg 20 

Ti 11100 Nb 11 
S 40500 Ni 66   

Pb 3000   
Sc 2.3   
Sr 310   
V 32   
W <50   
Y 9   

Zn 17800 

    Zr 95 

 
 
Zn and Cu are principal candidates for metal recovery from FA due to their high 
economic value and leachability.  They are mainly enriched on the surface of ash 
particles due to the condensation of their volatile chlorides. This makes their removal 
more efficient compared to other elements that are enclosed inside particles. 
From a toxicity point of view, Pb and Cr are the main factors that classify an ash into 
hazardous or non-hazardous for landfilling thus making their removal a necessity 
regardless of their economical value [8]. 
Element levels in FA can vary greatly with the MSW composition incinerated daily. In 
Table 2 the average values of some metal concentration from Dåva Kraftvärmeverk 
MSW incineration plant are presented [25]. 
 
 
Table2.Fly ash composition between 2004 and 2016. The values are presented in 
mg/kg dry ash[25]. 

Element Average Max Min 

As 210 870 24 

Cd 110 160 71 

Co 76 150 24 

Cr 340 670 5 

Cu 1000 1500 120 

Hg 13 69 4 

Ni 84 170 52 

Pb 2600 3900 1500 

Tl 1 1 1 

V 35 44 24 

Zn 20700 37000 2100 

 
 
The Zn level has displayed great variation during this period reaching a minimum 
which is twenty times lower than the maximum value. However the average value of 
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approximately 21g/kg is a good indicator that there is a real Zn recovery potential in 
the FA generated by the MSW incineration process at Dåva. The Zn, Cu, Pb and Cr 
levels from this campaign are situated in the average zone. 
 
Chemical information about functional groups in the analyzed ash is presented in 
Figure 2.  Two large peaks can be observer in the 1100-1200cm-1 and 1400-1500cm-1 
region. The first one corresponds to SO4

2- and the second one to CO3
2-. The spectrum 

is followed by two smaller peaks that could be due to CaCO3 in the 1800cm-1 and 
2500cm-1area.  The peak around 3500cm-1 is characteristic for OH- group and it is 
possible bounded to Ca in form of Ca(OH)2 [24]. The 1100cm-1SO4

- region can also be 
overlapped by a peak formed due to asymmetric stretch of Si-O-Si (quartz) or even Al-
O-Si. The sharp peak from 900 cm -1 is a result of the Si-O-M stretch where M can be 
an alkali or alkali-earth metal The small but very sharp peaks in the 650-750cm-1 can 
be caused by the symmetric stretch of the quartz or Al-O-Si [26].  
 
The high carbonate, sulfate and quartz levels correlate with the total composition of 
FA which has a high concentration of Ca, S and Si. The small difference between the 
three lines which forms the spectrum is due to the element concentration variation 
between the three representative samples prepared for the FTIR analysis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. FTIR spectrum of FA  
 
 
4.2 Leaching 

 
4.2.1 Buffer capacity 

 
Due to the dry lime (CaCO3) addition in the incineration process, the nature of fly ash 
is very basic. The proton concentration needed to reach desired pHs during the 
experiment are presented in the acid consumption curve (Figure 3). Three major 
buffering regions can be identified. In the ~7-12 pH region, H+ reacts with CO3

2-  ion 
forming HCO3

- (bicarbonate ion).In the second region (pH ~4-7) the newly formed 
HCO-

3  ions alongside the ones existing in FA react with H+ and form H2CO3 which 
decompose to CO2 and H2O. Only ~1 mmol H+ was enough to consume the CO3

2- ions 
whereas ~7 mmol H+ were required to reach stoichiometric equivalence with HCO3

-. 
This indicates that the bicarbonate ion is more abundant in the FA matrix than the 
carbonate ion. However, the curve should have a more sigmoidal form in these two 
regions and reflect a larger CO3

2 abundance. The reason why the curve is shifted to a 
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lower pH is the slow transition of the CO2from its aqueous form to gas. The pH was 
measured every 10 minutes, which was not enough to reach equilibrium.  
In the last region, from pH 4 and lower, SO4

2- ion reacts with H+ and forms hydrogen 
sulfate HSO4

2-. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.Acid consumption curve for FA (mmol/g) 
 
 
4.2.2Replicates analysis 

Reruns of some leaching experiments were performed in order to establish the 
measurement uncertainty. The reanalysis with ICP-OES was performed on the 
leachated solutions obtained after the use of every agent in this work but only at 
certain pH values and leaching times due to the large number of leaching attempts 
performed. 
In general the candidates for replicate analysis were the pH/time experiments that 
gave the highest element removal value. RDS value was calculated for each case. 
Almost all elements showed a remarkable variation. Ca and Pb are the ones with the 
highest measurement uncertainty followed by K and Na. The concentration of Ca and 
Pb leached was 3-4 times bigger in some samples than the values presented in the 
original fly ash. Large measurement uncertainties arise when analyzing heterogeneous 
samples such fly ash due to the possible spectral interferences between elements that 
can ocurr. 
Since the concentration of elements in the leached solutions were too high to be 
measured by ICP- OES means (oversaturated errors were indicated by the machine, 
making the measurement unfeasible), a sample dilution was required. Every dilution 
increases the measurement uncertainty. Moreover, the elements that are present in 
low concentration can get below detection limit when sample dilution is performed 
[27]. 

The FA total content analysis performed by the accredited laboratory has also a 
measurement uncertainty (see Appendix 7) which combined with the one of the 
leached solutions can explain why in some cases the leached metal concentration 
exceeds the one present in the original fly ash. 
 
Lastly, the sample concentration can vary due to the unequal distribution of elements 
in FA. Total analyses are performed using only 0.1g sample which can lead to great 
variation. Attempts of representative sampling were made both in the fly ash sent to 
total analysis and the leached samples. However, due to the uneven distribution of 
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elements in FA, a perfect sampling cannot be achieved, leaving room for measurement 
uncertainties in following analysis. 
 
4.2.3 PCA class HNO3 

To investigate the influence of pH and leaching time on the metal release from the ash 
matrix, a PCA model was created for every acid. This is a better approach then 
investigating the full dataset since the influence of these parameters can vary greatly 
from acid to acid. 
 
A reliable model with strong patterns was obtained for HNO3.  In figure 4, the same 
score plot is presented twice but colored different according to pH and time. The 
influence of pH is described by the first PC with an increasing trend in its direction. 
Zn, K, Na and Ca are situated right from the origin meaning that they are positively 
correlated with the increasing of pH whereas Cu, Pb, Al and P are extracted more at 
lower pH since they are situated left from the origin. This makes HNO3 a suitable 
agent for a selective Zn leaching from the rest of heavy metals. 
 
A time trend can be identified along the second PC, with 30 and 60 minutes 
observation being present in the lower part of the ellipse and 5 and 10 ones in the 
upper part. All variables are found on the positive end of the second PC meaning that 
a shorter time enables a higher leachability for all metals. P and Ca the influence of 
time is not that important since they are situated so close to the origin. According to 
the plots, time plays a huge roll for Cu and Pb which are greatly released at lower 
leaching times. This trend can be due to the reprecipitation of secondary components 
or it can just be a false correlation due to the small database and measurement errors. 

 
4.2.4 PCA class HCl and acidic wastewater 

Since the acidic wastewaster is an HCl aqueous solution it can be investigated together 
for trends in the same PCA model with HCl. The two agents were investigated also 
separately and showed the same pH and time trend. Scores and loadings are 
presented in Figure 5 and correspond to a PCA model in which both agents are 
considered to belong in the same class. 
 
Judging by R2 and Q2, a good model was obtained. However, no clear pH trend can be 
identified. The observation colored according to pH are spread more in a random way 
across the ellipse formed by the two PCs. 
 
A time trend can be identified along the second PC, decreasing in its direction and 
with a slight tilt to the right. This means that the variables will not be projected on the 
second PC axis but on a skew line through the origin that follows the trend. Zn, K, Na 
and Ca are situated very closed to each other and their projection on the line will end 
up very close to the origin, meaning that their leachability is almost unaffected by the 
increasing or decreasing of time.  For Cu, Pb and P, time plays a major role in their 
release being positively correlated with the decreasing of time, possibly due to the 
precipitation of secondary components. However, just like in the HNO3 case, the small 
database alongside measurement errors can influence the formation of this trend.
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Figure 4. Score plot colored by pH (on the top left) and colored by time (on the top right) and loadings plot (on the bottom) for the first two PC of 
HNO3 PCA model (n=12); R2= 0.879 and Q2=0.730;
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Figure 5. Score plot colored by pH (on the top left) and colored by time (on the top right) and loadings plot (on the bottom) for the first two PC of HCl 
and Acidic wastewater PCA model (n=24); R2=0.954 and Q2=0.82
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4.3 Washing of FA with water 
 
A washing step of FA with water was performed in order to investigate the recovery 
potential of soluble chlorides (NaCl, KCl) which can have both economical and 
environmental advantages.  Alongside mass reduction, extraction of salt can lead to 
less contaminated FA rests that may fulfill the landfiling requirements for non 
hazardous waste. 
 
The K and Na released in the water phase are presented in Figure 6. Nor time or L/S 
ratio affected the release of both ions. The values obtained have no significant 
difference and are >100%. As discussed in Section 4.2.2, the high heterogeneity in ash 
and other factors causes large uncertainty in the measurements. In a study conducted 
by Steenari focused on water washing of different types of fly ashes gave >100% 
chlorides removal for all samples analyzed [28]. 
 A study performed by Abbas showed that no increase in chlorides release was 
achieved when L/S ratio was increased from 2 to 4[29]. 
 
The results show that only 5 minutes and an L/S 2 is enough to obtain a high salt 
removal of K and Na. However, the study made is not enough to determine how much 
salts can be recovered from FA. 
 According literature, NaCl predominates followed closely by KCl, even if variations 
are present do to the changes in MSW composition incinerated. Rough estimations 
based on the assumption that Na binds first to chloride followed by K and Ca shows 
that from ~100g up to 500g salt per kilo can be recovered [8]. 
 
 
 
 
 
 

 

 
 
 
 
 
 
Figure 6.K removal with water at different times and L/S ratios 
 
In the case of Ca an increase of L/S ratio enabled a better release (see Figure 7). This is 
caused by the lower solubility of most sulfate compounds present in FA such as CaSO4 
compared to chlorides. Due to the difference in solubility, sulfates are more difficult to 
wash from FA than chlorides [30,31]. An increase of L/S ratio from 2 to 10 proved to 
be considerably more efficient in releasing sulfates both in the roster and fluidized bed 
fly ashes [28]. 
 
Washing time had also affected the Ca release (Figure7). A shorter time gave better 
results. With a longer time, precipitation of secondary compounds occurs. In a study 
conducted by Steenari which revealed the same trend, it is believed that the main 
reason for this is the reprecipitation of Ettringite, a hydrous calciumaluminiumsulfate 
mineral. The same phenomenon was observed in both roster and fluidized bed ashes 
[28]. This hypothesize was not tested in this work. 
 
Ca is the element with the highest measurement uncertainty in this work. Compared 
with its release when mineral acids are used, only ~10% is removed when water wash 
is used. 

https://en.wikipedia.org/wiki/Calcium
https://en.wikipedia.org/wiki/Aluminium
https://en.wikipedia.org/wiki/Sulfate_mineral
https://en.wikipedia.org/wiki/Sulfate_mineral
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Figure 7.Ca removal with water at different times and L/S ratios 
 
The influence of temperature on salt release was not studied in this work. All 
experiments were performed at room temperature. In the study performed by Abbas, 
temperatures as high as 40 C were tested. Results showed that temperature has no 
effect on chlorides removal while the sulfates experienced a reduction. This is easily 
explained by the solubility of many sulfates such as CaSO4 which is reduced with the 
increase of temperature [32]. 
 
The washing step not only enabled the salt removal but also reduced the FA mass 
which consequently reduced the leaching agent required. A ~16% mass reduction was 
obtained regardless the L/S ratio or time used in the washing process (Appendix 4). 
From an industrial point of view, a process should utilize as low resources as possible 
and have low running duration. In the case of chlorides, an outstanding yield can be 
achieved by only using L/S 2 and 5 min duration time. However, in the case of 
sulfates, a higher L/S ratio is desirable for a more efficient removal. According interest 
and demands one must decide what is best and what goals need to be achieved. 
 

4.3.1. Washed FA rests leaching with acidic wastewater 
 
All the FA rests from the water wash step were leached with acidic wastewater in order 
to investigate if the salt removal can enable a better metal release. The leaching was 
performed at pH 3 for 10 minutes, since this method proved to be the most effective in 
Zn leaching.  
 
The concentration levels of Zn, Pb and Cu are presented in Figure 8. No significant 
difference in their release was observed when a wash step was performed. The values 
are slightly lower for all FA rests compared to the ones obtained without wash. Due to 
the higher measurement uncertainty is impossible to draw relevant conclusion about 
the effects of prewash on metal leaching. 
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Figure 8. Zn, Pb and Cu leached with acidic wastewater pH3 10min. The first 
column (NW) represent the leached values when a wash step was not performed. The 
rest of columns represent the values leached at all the L/S and times the prewash 
was performed. 
 
A total of ~55% mass reduction was achieved by the acid leaching with a prior washing 
step (Appendix 4). The newly ash rest formed has a lower toxicity due to the removal 
of certain elements. In Sweden, Pb, Cl- and SO4

-are often what must be removed in 
order to get acceptance for landfilling in non hazardous waste sites [8].The Pb 
removal using acid leaching was proved to be possible in this work. Just like Zn and 
Cu, it is mainly enriched on the ash particles surface as a result of the condensation of 
its volatile chloride PbCl2 [8]. It is hard to calculate a percentage approximation since 
measurement security is huge, being sometimes even 4 times higher release compared 
to the original ash level. Soluble chlorides bond to Na and K, are also removed in high 
levels with a simple wash step. To increase the SO-

4, higher L/S ratios are needed 
assuming that SO-

4  is bond to Ca as discussed in the previous chapter. 
 

4.4 Zinc leaching 
 
According to the PC analysis the choice of leaching agent proved to have a great 
influence on the amount of elements leached, with the best yield given by acidic 
wastewater followed by HNO3 and HCl. However elements had different pH and time 
trends as shown in the PCA models for each class. In figure 9, the leached Zn (mg/kg) 
with the pH, from every leaching attempt is presented. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure9.Zn leached (mg/kg) with pH calculated  for each individual sample when 
HNO3 (left) and HCl, acidic waste water( right) where used. 
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Zn is mainly distributed in FA in form of ZnCl, but it can also be found in form of ZnO, 
Zn(OH)2 and even a small percentage of silicates[3].  In figure 9(left) it can be seen 
that pH plays a role in the Zn removal with HNO3. Two major species are identified: 
Zn2- and ZnOH- (fig.10 left). The bell shape form of the leached samples is caused by 
ZnOH- speciation which has a similar form with the peak around pH 6. The pH shift 
compared to the experimental values can be caused do to due pH measurements 
which were performed shortly after the leaching and not allowing time for equilibrium 
to be reached. 
In the case of HCl, no pH influence was detected in the experimental values all being 
almost the same (figure 9 right). To remove all major Zn species with addition of HCl 
a minimum pH of 6 is required.The main speciation is Zn2+ and ZnCl+ in addition to 
ZnCl2, ZnCl3

- and ZnCl4
- which are less abundant. 

Even if ZnCl is very soluble in water, Zn cannot be removed with washing steps due to 
the very basic nature of FA. In figure 10, it can be seen that at a pH higher than 7, 
ZnO(cr) and Zn5(OH)8Cl2(s) forms in contrast with Zn2+ which decreases drastically 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10. pH diagrams for Zn speciation with HNO3(left) and HCl(right)  
 
 All samples with an end pH measured under 3, formed a gel over night due to silicic 
acid H4SiO4 precipitation. The same phenomenon was experienced in other studies 
when fly ashes generated in roster boiler were used. No gel precipitation was observed 
on the ashes formed from fluidized bed incineration. It is believed that the gel 
formation can affect the following steps in the metallic Zn production [8,19]. 
 
In the two ash rests send to the accredited laboratory for total content analysis, the Zn 
concentration that remains does not have a statistically significant difference (see ASL 
report). The rest after 5 minutes leaching with AWW pH3 contains 13.2 g/kg 
respectively 12.8g/kg for the one formed after one hour leaching. These results are in 
accordance with the PCA model (Figure 5) which indicates that the %Zn leached with 
AWW is not affected by time.  
 
Temperature was not a parameter tested in this work since it is clearly stated in many 
papers that it has absolutely no influence on the Zn leaching [3,13]. 
 

4.5 Cu leaching 
 
The most dominating species of Cu in FA according to literature are CuO, Cu(OH)2, 
CuSO4·H2O and even metallic Cu[3]. A lower pH had enabled a better removal for all 
the leaching agents with up to 75%. 
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Figure 11. %Cu leached with pH and time using HNO3 (left) and AWW(right) 
calculated from the leachate solutions 
 
A pH under 4 is required when using HCl, in order to avoid the precipitation of 
CuCl2·3Cu(OH)2 which occurs in the 4-6,5 pH interval (figure 12). The main species in 
which Cu is leached are Cu2+ and CuCl+ followed by CuCl2 and CuCl3

- in smaller 
proportions.  
No chemical complexation occurs when HNO3 is used. However, CuO precipitates over 
pH 5. Cu2+ and CuNO3

+ represent the dominating species in which Cu is removed from 
FA with HNO3 leaching agent. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12.pH diagrams for Cu speciation with HNO3(left) and HCl(right) 
 
 
The decrease in Cu leachability with time is also confirmed by the FA rest analysis. 
Based on a 40% weight reduction, ~50% of Cu is removed after 5 minutes leaching 
with AWW pH 3 while after one hour, only a ~10% removal is achieved (see ASL 
report). The dramatic decrease of leachability with time can be explained by the   
adsorption of Cu ions during the leaching process on activated carbon and silicates 
which are found in high abundance in FA. The co-precipitation with oversaturated 
compounds can also play a role in the decreasing of ion removal in a prolonged 
leaching [34]. 
 
A Cu leaching optimization was tested for acidic wastewater since its large availability 
and no cost compared with HNO3.  A EDTA ( Ethylenediaminetetraacetic acid) 
Tetrasodium salt was added to the acidic wastewater and leaches were performed for 5 
minutes since a shorter times gives the best Cu release. pH 3 was used to avoid the gel 
formation discussed in Section 4.4.  The EDTA concentration was chosen based on a 
rough approximation of how much Zn and Cu remains after a leaching with only 
acidic wastewater and multiplied by 2 and 3 for the other two. However, no 
improvement of Cu or Zn removal was obtained using the complexing agent.  
In a study conducted by Karin Fedje , an 100%Cu release was obtained when only  
EDTA was used to leach FA with an end pH of 8.2 [24] In this work the end pH 
measured in all cases was around 3 due to the pH selection and the low EDTA amount 
added which had no influence on the final pH. 
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5. Conclusions  

• In this work the recovery potential of resources from the fly ash generated by 
the MSW incineration was studied. The results presented are informative and 
should not be considered as absolute due to the measurement uncertainties 
present at every stage. The investigated elements experienced different 
removal trends depending on the leaching agent, pH, time and L/S ratio 
making it hard to establish a method that can potentially recover all the 
valuable substances. 

• Acidic waste water proved to be an efficient leaching agent in both Zn and Cu 
removal, with results as good as HNO3. It is a perfect candidate for an 
industrial scale process since it is a waste of the incineration process and thus 
eliminating the cost of feedstock. It also has environmental benefits since a 
waste is re-entered in the process circle making it more sustainable. 

• A 5 minutes washing step with L/S 2 is enough to achieve an efficient removal 
of soluble chlorides (K and Na). Ca is removed more efficiently if higher L/S 
ratios are used due to its lower solubility. 

• No significant difference in the acid leaching of metals was observed when a 
prewashing step was used. However, a weight reduction of the ash rest up to 
16% was recorded. 

• After the ash rests were leached with acidic wastewater at pH3 for 10 minutes , 
a total of 55% weight reduction was achieved which not only lead to a lower  
amount of residue to handle but  also to a less toxic one.  

• No significant difference in Cu leaching was obtained when EDTA complex was 
added in the leaching process, 

 
 

6. Continuation of the work 

 
The results of this study show clearly the potential of Zn recovery. Acid leaching is 
only the first step in the recovery of pure metal Zn. In Switzerland the existing and 
functional process uses solvent extraction followed by electrolysis to obtain 99.9% 
pure Zn. However, as discussed, in Sweden a more appropriate manner is to form a 
metal sludge that can be send to a already existing industrial process specialized on 
recovering metals. In a study conducted by Pettersson , over 99% of the Zn present in 
the leaching solutions was able to be precipitated in form of zinc hydroxide  and 
recovered. The next step will consist in taking contact with producers within the metal 
industry which can be interested in buying the metal sludge and find out their criteria 
and demands regarding its composition [16]. 
 
In the case of Cu, an improvement in its leachability must be achieved before a solvent 
extraction step. This can be possibly realized by increasing the EDTA concentration or 
even using another complex forming agent such as NH4NO3 which gave good results in 
literature [11,24,35]. 
 
Salts are recovered relatively from the wash solution. By evaporation-crystallization 
and ethanol adding process, Tang achieved an 80% NaCl, 50% KCl and 80% CaCl2 
recovery with a purity of almost 90%. Ethanol can be recovered by distillation and 
reused in the process [36]. 
 
Finally, the ash rests must be handled. Even though the rests are clearly less toxic than 
in the beginning, they still must be tested in order to see if they are good candidates 
for landfiling in IFA sites. Another alternative would to return them in the 
incineration process. This has been tested in Sweden by Andersson and Karlfeldt 
Fedje with success. In Switzerland, there are already incineration plants that use this 
technique (www.bsh.ch) [8]. 

http://www.bsh.ch/
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Appendix 

 

Appendix 1. Full results of leaching with HNO3, HCl and AWW. Results are 
presented in mg/kg. ‘’-‘’ means undetectable concentration. 

Leaching agent L/S 
end 
pH Zn Pb Cu K Na Ca P 

HNO3 pH2 5 min  4 1.8 14625±41 9613±66 979±26 30570±31 38140±30 442551±79 2074±22 
HNO3 pH2 10 
min  4 2.2 15590±41 9894±66 904±26 33531±31 39038±30 415588±79 1940±22 

HNO3 pH2 30min  4 2.3 15105±41 9731±66 819±26 36636±31 38911±30 439926±79 1783±22 

HNO3 pH2 60min  4 2.4 14221±41 7653±66 722±26 34436±31 37922±30 437967±79 698±22 

                    

HNO3 pH3 5 min  4 3 16551±41 10612±66 799±26 33784±31 38749±30 608229±79 698±22 
HNO3 pH3 10 
min  4 3 16861±41 8595±66 846±26 38481±31 44429±30 588062±79 388±22 
HNO3 pH3 30 
min  4 3.6 19011±41 6408±66 357±26 32814±31 39747±30 564001±79 200±22 

HNO3 pH3 60min  4 3.7 16067±41 6664±66 197±26 35191±31 47428±30 609192±79 271±22 

                    

HNO3 pH4 5min  4 3.6 20671±41 8.280±66 736±26 41158±31 50868±30 608683±79 301±22 

HNO3 pH4 10min  4 3.8 20994±41 7815±66 583±26 43261±31 51168±30 607932±79 234±22 

HNO3 pH4 30min  4 4.7 17779±41 3747±66 86±26 40651±31 45750±30 615032±79 205±22 
HNO3 pH4 
60min  4 5.5 14548±41 2545±66 -  36684±31 42814±30 527197±79 152±22 

                    

HCl pH2 5 min  4 2.2 13325±5 8660±50 410±8 37603±27 44351±26 352564±61 1680±36 

HCl pH2 10 min  4 2.2 11413±5 3876±50 156±8 35363±27 37725±26 317426±61 1369±36 

HCl pH2 30 min  4 2.2 13.388±5 906±50  - 37830±27 42995±26 397099±61 505±36 

HCl pH2 60 min  4 2.2 13601±5 585±50  - 36929±27 42102±26 402.502±61 368±36 

                    

HCl pH3 5 min  4 2.7 10785±5 6914±50 428±8 31772±27 36925±26 291136±61 337±36 

HCl pH3 10 min  4 2.8 10736±5 4375±50 137±8 32558±27 39123±26 347621±61 292±36 

HCl pH3 30 min  4 2.7 12441±5 499±50  - 33499±27 39080±26 344292±61 178±36 

HCl pH3 60 min  4 2.7 10751±5 141±50  - 31279±27 34597±26 264285±61 150±36 

                    

HCl pH4 5 min  4 3.4 12463±5 7170±50 382±8 35777±27 42535±26 332389±61 196±36 

HCl pH4 10 min  4 3.4 11238±5 3861±50 119±8 34445±27 39447±26 331100±61 168±36 

HCl pH4 30 min  4 3.2 12711±5 308±50  - 35301±27 41581±26 404978±61 172±36 

HCl pH4 60 min  4 3.1 13328±5 -  -  34914±27 40080±26 333554±61 147±36 

                    

AWW pH2 5 min  7 2 18702±31 13443±59 715±23 38507±53 48416±51 695746±70 3491±50 

AWW pH2 10 min  7 2.5 19290±31 13201±59 358±23 41939±53 53290±51 788891±70 3215±50 

AWW pH2 30 min  7 2.8 20146±31 7887±59 119±23 50732±53 50623±51 906920±70 2874±50 

AWW pH2 60 min  7 2.9 19536±31 6124±59 75±23 46926±53 46929±51 825925±70 1466±50 

                    

AWW pH3 5 min  7 2.6 19371±31 15023±59 613±23 48881±53 51777±51 887428±70 3251±50 

AWW pH3 10 min  7 3 20053±31 12422±59 375±23 45885±53 55964±51 821073±70 1202±50 
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Appendix 2. Waterwash step. Results are presented in mg/kg. ‘’-‘’ means 
undetectable concentration. 

Waterwash  L/S 
end 
pH 

Zn Pb Cu K Na Ca P 

Water 5 min 2 6.8 - 266±59 - 40391±41 45555±40 20065±65 164±50 

Water 10 min 2 7.1 -  - - 46846±41 47665±40 21008±65 173±50 

Water 20 min 2 7.8 - 88±59 - 39870±41 42512±40 22024±65 165±50 

                   

Water 5 min 4 6.9  - 36±59 - 41695±41 46631±40 45067±65 363±50 

Water 10 min 4 7  - 185±59 - 43625±41 51194±40 37055±65 318±50 

Water 20 min 4 7.6  -  - - 41103±41 46808±40 34920±65 325±50 

                   

Water 5 min 6 7  - 441±59 - 42867±41 48677±40 58833±65 527±50 

Water 10 min 6 7.1  - 2252±59 - 40378±41 40628±40 43972±65 482±50 

Water 20 min 6 7.6  - 951±59 - 41050±41 41407±40 35042±65 507±50 

 

Appendix 3. Washed ash rests leaching with AWW pH 3 and 10 minutes. Results are 
presented in mg/kg. 

 

 

 

AWW pH3 30 min  7 3 19148±31 5547±59 45±23 45968±53 49346±51 723413±70 533±50 

AWW pH3 60 min 7 3.3 19221±31 3815±59 -  42417±53 49090±51 583903±70 230±50 

                    

AWW pH4 5 min  7 3.3 17488±31 13416±59 646±23 46388±53 51426±51 829509±70 647±50 

AWW pH4 10 min  7 4 17721±31 7794±59 251±23 45325±53 51537±51 652082±70 358±50 

AWW pH4 30 min  7 3.8 18266±31 3770±59  - 39729±53 47615±51 707196±70 328±50 

AWW pH4 60 min  7 4.1 17507±31 2173±59  - 42846±53 50979±51 794897±70 377±50 

Ash rests  L/S 
end 
pH 

Zn Pb Cu K Na Ca P 

Water L/S2 5 min 7 3 18564±31 10709±59 471±23 14095±53 18281±51 857183±70 1627±50 

Water L/S 2 10 min 7 3.4 16871±31 8747±59 289±23 14683±53 16664±51 775100±70 666±50 

Water L/S 2 20 min 7 3.4 17477±31 7892±59 360±23 15917±53 16825±51 815872±70 973±50 

                    

Water L/S 4 5 min 7 3.5 15149±31 7920±59 330±23 9732±53 12635±51 811476±70 594±50 

Water L/S 4 10 min 7 3.4 16796±31 9294±59 356±23 10230±53 12926±51 661852±70 505±50 

Water L/S 4 20 
min 

7 3.5 18049±31 8895±59 336±23 10263±53 13125±51 793883±70 604±50 

                    

Water L/S 6 5 min 7 3.5 16839±31 8217±59 327±23 7798±53 11089±51 563718±70 448±50 

Water L/S 6 10 min 7 3.3 17008±31 8313±59 296±23 7697±53 11433±51 671626±70 547±50 

Water L/S 6 20 
min 

7 3.3 18101±31 8850±59 354±23 7805±53 11021±51 742427±70 556±50 
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Appendix 4.FA rests weight after the washing step and leaching with AWW pH 3 
and 10 minutes. The  results are expressed in grams. 

Wash 
method Initial wt. After wash wt. After leaching wt. 

L/S 2 5min 5 4.55 2.25 

L/S 2 10min 5 4.46 2.48 

L/S 2 20min 5 4.49 2.45 

        

L/S 4 5min 5 4.25 2.31 

L/S 4 10min 5 4.32 2.22 

L/S 4 20min 5 4.34 2.4 

        

L/S 6 5min 5 4.11 2.28 

L/S 6 10min 5 4.18 2.34 

L/S 6 20min 5 4.25 2.32 
 

 

Appendix 5. 

Table 1. Preparation of calibration standards for trace elements for ICP-OES. The 
values indicate the weighed amount of substance in mg from 1000ppm stock 
solutions. 

Solution Zn Cu Pb P 1%HNO3 
Total 
mass 

1 523.1 70.5 60.8 0.5 49442.6 50097.5 

2 2540.8 270.4 270.1 5 46370.8 49457.1 

3 4959 527.6 513.5 25 42980.7 49005.8 
 

Table 2. Concentration of elements in the calibration standards in ppm. 

Solution Zn Cu Pb P 

1 10.4 1.4 1.2 0.1 

2 51.4 5.5 5.5 1.0 

3 101.2 10.8 10.5 5.1 
 

Table 3. Preparation of calibration standards for main elements for ICP-OES. The 
values indicate the weighed amount of substance in mg from 1000ppm stock 
solutions. 

Solution K Na Ca  1%HNO3 
Total 
mass 

1 135.1 268 526.2 48456.8 49386.1 

2 525.7 1290.8 5006.1 43021.5 49844.1 

3 2534.8 2471.1 25029.5 19745.3 49780.7 

4 3841.9 3870.3 37218.1 5058.8 49989.1 
 
Table 4. Concentration of elements in the calibration standards in ppm. 

Solution K Na Ca  

1 2.7 5.4 10.7 

2 10.5 25.9 100.4 

3 50.9 49.6 502.8 

4 76.9 77.4 744.5 
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Appendix 6. Mean concentration values for replicates(mg/kg) and relative standard 
deviation(%) 

  HNO3 pH4 10min HCl pH2 5min AWW pH2 10min H2O L/S 6 5min 

  Mean conc. %RSD Mean conc. %RSD Mean conc. %RSD Mean conc. %RSD 

Zn 16287 41 12844 5 15406 31    

Pb 5333 66 6388 50 9108 59    

Cu 492 26 388 8 317 23    

K 35476 31 31649 27 34397 53 33984 41 

Na 42104 30 37479 26 43306 51 45325 40 

Ca 390223 79 246263 61 497584 70 32354 65 

P 202 22 1337 36 2104 50  - -  
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Analys: MG2-AM 

L1808150 
 

N9HO4JMX9M 

 
Erbeteckning FA5min 

 
Provtagare SanduSeres 
Provtagningsdatum 2018-03-21 

 
Labnummer U11440521 

Parameter Resultat Mätosäkerhet (±) Enhet Metod Utf Sign 

Malning stålfat* ja  ArbMom 1 I PECA 

TS* 100.0  % 2 W EVWA 
SiO2 21.7 3.3 % TS 3 H NATO 
Al2O3 8.11 1.37 % TS 3 H NATO 

CaO 23.2 3.9 % TS 3 H NATO 
Fe2O3 3.35 0.63 % TS 3 H NATO 
K2O 1.27 0.25 % TS 3 H NATO 

MgO 2.32 0.49 % TS 3 H NATO 

MnO 0.104 0.014 % TS 3 H NATO 
Na2O 1.82 0.34 % TS 3 H NATO 
P2O5 1.43 0.22 % TS 3 H NATO 
TiO2 3.69 0.66 % TS 3 H NATO 

Summa* 67.0  % TS 3 I NATO 

LOI 1000°C 15.8 5% % TS 4 V LIAS 

As 507 92 mg/kg TS 3 H DKA 

Ba 2730 465 mg/kg TS 3 H NATO 

Be 0.749 0.172 mg/kg TS 3 H NATO 

Cd 45.4 7.9 mg/kg TS 3 H DKA 

Co 33.6 7.7 mg/kg TS 3 H DKA 

Cr 839 150 mg/kg TS 3 H NATO 

Cu 1370 299 mg/kg TS 3 H DKA 

Hg 28.7 6.0 mg/kg TS 3 F EVRI 

Mo* 54.9  mg/kg TS 3 S DKA 

Nb 16.3 2.3 mg/kg TS 3 H NATO 

Ni 88.8 21.6 mg/kg TS 3 H DKA 

Pb 2210 449 mg/kg TS 3 H DKA 

S* 71500  mg/kg TS 3 S DKA 

Sc 3.71 0.81 mg/kg TS 3 H NATO 

Sn* 1020  mg/kg TS 3 S DKA 

Sr 315 50 mg/kg TS 3 H NATO 

V 43.4 6.2 mg/kg TS 3 H NATO 

W <50  mg/kg TS 3 H NATO 

Y 11.1 1.6 mg/kg TS 3 H NATO 

Zn 12800 2500 mg/kg TS 3 H DKA 

Zr 165 41 mg/kg TS 3 H NATO 

Ankomstdatum 2018-03-26 Umeå Energi 

Utfärdad 2018-04-13 Eva Weidemann 
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Sweden 

Projekt Märke 1064 
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Erbeteckning FA1h 

 
Provtagare SanduSeres 
Provtagningsdatum 2018-03-21 

 
Labnummer U11440522 

Parameter Resultat Mätosäkerhet (±) Enhet Metod Utf Sign 

Malning stålfat* ja  ArbMom 1 I PECA 

TS* 101.0  % 2 W EVWA 
SiO2 19.6 3.0 % TS 3 H NATO 
Al2O3 8.24 1.40 % TS 3 H NATO 

CaO 22.2 3.8 % TS 3 H NATO 
Fe2O3 2.23 0.42 % TS 3 H NATO 
K2O 1.43 0.28 % TS 3 H NATO 

MgO 1.73 0.36 % TS 3 H NATO 

MnO 0.0810 0.0108 % TS 3 H NATO 
Na2O 1.85 0.34 % TS 3 H NATO 
P2O5 1.88 0.29 % TS 3 H NATO 
TiO2 2.94 0.53 % TS 3 H NATO 

Summa* 62.2  % TS 3 I NATO 

LOI 1000°C 19.8 5% % TS 4 V LIAS 

As 768 138 mg/kg TS 3 H DKA 

Ba 2630 434 mg/kg TS 3 H NATO 

Be 0.760 0.167 mg/kg TS 3 H NATO 

Cd 56.5 9.8 mg/kg TS 3 H DKA 

Co 34.8 8.0 mg/kg TS 3 H DKA 

Cr 786 141 mg/kg TS 3 H NATO 

Cu 2320 507 mg/kg TS 3 H DKA 

Hg 34.3 7.1 mg/kg TS 3 F EVRI 

Mo* 61.5  mg/kg TS 3 S DKA 

Nb 12.6 1.8 mg/kg TS 3 H NATO 

Ni 68.2 16.3 mg/kg TS 3 H DKA 

Pb 4530 914 mg/kg TS 3 H DKA 

S* 77000  mg/kg TS 3 S DKA 

Sc 3.82 0.74 mg/kg TS 3 H NATO 

Sn* 1140  mg/kg TS 3 S DKA 

Sr 281 45 mg/kg TS 3 H NATO 

V 50.6 6.5 mg/kg TS 3 H NATO 

W <50  mg/kg TS 3 H NATO 

Y 9.18 1.35 mg/kg TS 3 H NATO 

Zn 13200 2570 mg/kg TS 3 H DKA 

Zr 154 38 mg/kg TS 3 H NATO 
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Erbeteckning 1 
 

Provtagare SanduSeres 
Provtagningsdatum 2018-03-21 

 
Labnummer U11440523 

Parameter Resultat Mätosäkerhet (±) Enhet Metod Utf Sign 

Malning stålfat* ja  ArbMom 1 I PECA 

TS* 99.9  % 2 W EVWA 
SiO2 13.5 2.0 % TS 3 H NATO 
Al2O3 5.43 0.92 % TS 3 H NATO 

CaO 31.3 5.3 % TS 3 H NATO 
Fe2O3 1.82 0.35 % TS 3 H NATO 
K2O 3.46 0.69 % TS 3 H NATO 

MgO 1.96 0.41 % TS 3 H NATO 

MnO 0.100 0.013 % TS 3 H NATO 
Na2O 4.84 0.90 % TS 3 H NATO 
P2O5 0.917 0.142 % TS 3 H NATO 
TiO2 1.91 0.34 % TS 3 H NATO 

Summa* 65.2  % TS 3 I NATO 

LOI 1000°C 18.2 5% % TS 4 V LIAS 

As 422 76 mg/kg TS 3 H DKA 

Ba 1630 267 mg/kg TS 3 H NATO 

Be <0.5  mg/kg TS 3 H NATO 

Cd 155 27 mg/kg TS 3 H DKA 

Co 25.7 5.8 mg/kg TS 3 H DKA 

Cr 480 86 mg/kg TS 3 H NATO 

Cu 1310 286 mg/kg TS 3 H DKA 

Hg 5.77 1.20 mg/kg TS 3 F EVRI 

Mo* 37.9  mg/kg TS 3 S DKA 

Nb 9.37 1.34 mg/kg TS 3 H NATO 

Ni 63.5 15.2 mg/kg TS 3 H DKA 

Pb 2970 598 mg/kg TS 3 H DKA 

S* 40500  mg/kg TS 3 S DKA 

Sc 2.34 0.48 mg/kg TS 3 H NATO 

Sn* 579  mg/kg TS 3 S DKA 

Sr 315 47 mg/kg TS 3 H NATO 

V 32.2 4.4 mg/kg TS 3 H NATO 

W <50  mg/kg TS 3 H NATO 

Y 8.89 1.34 mg/kg TS 3 H NATO 

Zn 17700 3460 mg/kg TS 3 H DKA 

Zr 98.0 24.5 mg/kg TS 3 H NATO 
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Erbeteckning 2 
 

Provtagare SanduSeres 
Provtagningsdatum 2018-03-21 

 
Labnummer U11440524 

Parameter Resultat Mätosäkerhet (±) Enhet Metod Utf Sign 

Malning stålfat* ja  ArbMom 1 I PECA 

TS* 99.8  % 2 W EVWA 
SiO2 13.0 1.9 % TS 3 H NATO 
Al2O3 5.32 0.90 % TS 3 H NATO 

CaO 30.2 5.1 % TS 3 H NATO 
Fe2O3 1.87 0.35 % TS 3 H NATO 
K2O 3.39 0.67 % TS 3 H NATO 

MgO 1.89 0.39 % TS 3 H NATO 

MnO 0.0968 0.0129 % TS 3 H NATO 
Na2O 4.66 0.87 % TS 3 H NATO 
P2O5 0.909 0.142 % TS 3 H NATO 
TiO2 1.80 0.32 % TS 3 H NATO 

Summa* 63.1  % TS 3 I NATO 

LOI 1000°C 18.3 5% % TS 4 V LIAS 

As 432 78 mg/kg TS 3 H DKA 

Ba 1590 257 mg/kg TS 3 H NATO 

Be 0.490 0.130 mg/kg TS 3 H NATO 

Cd 158 27 mg/kg TS 3 H DKA 

Co 24.9 5.6 mg/kg TS 3 H DKA 

Cr 454 82 mg/kg TS 3 H NATO 

Cu 1300 282 mg/kg TS 3 H DKA 

Hg 5.68 1.18 mg/kg TS 3 F EVRI 

Mo* 35.0  mg/kg TS 3 S DKA 

Nb 9.01 1.29 mg/kg TS 3 H NATO 

Ni 60.9 14.6 mg/kg TS 3 H DKA 

Pb 2990 603 mg/kg TS 3 H DKA 

S* 41400  mg/kg TS 3 S DKA 

Sc 2.22 0.92 mg/kg TS 3 H NATO 

Sn* 569  mg/kg TS 3 S DKA 

Sr 312 47 mg/kg TS 3 H NATO 

V 30.9 4.0 mg/kg TS 3 H NATO 

W <50  mg/kg TS 3 H NATO 

Y 9.04 1.28 mg/kg TS 3 H NATO 

Zn 17800 3460 mg/kg TS 3 H DKA 

Zr 91.0 22.7 mg/kg TS 3 H NATO 
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 Godkännare 

DKA Dan Krekula 

EVRI Evy Rickefors 

EVWA Evelina Waara 

LIAS Linda Åström 

NATO Natallia Torapava 

PECA Peter Carlsson 

 
 

 Utf1 

F AFS 

H ICP-SFMS 

I Man.Inm. 

S ICP-SFMS 

V Våtkemi 

W Våtkemi 

 
 

* efter parameternamn indikerar icke ackrediterad analys. 

L1808150 
 

N9HO4JMX9M 

 

Mätosäkerheten anges som en utvidgad osäkerhet (enligt definitionen i "Evaluation of measurement data - Guide to the 
expression of uncertainty in measurement", JCGM 100:2008 Corrected version 2010) beräknad med täckningsfaktor lika 
med 2 vilket ger en konfidensnivå på ungefär 95%. 
Mätosäkerhet anges endast för detekterade ämnen med halter över rapporteringsgränsen. 

 
Mätosäkerhet från underleverantör anges oftast som en utvidgad osäkerhet beräknad med täckningsfaktor 2. För 
ytterligare information kontakta laboratoriet. 

 
1 

Utförande teknisk enhet (inom ALS Scandinavia) eller anlitat laboratorium (underleverantör). 

 Metod 

1 Analys enligt provberedning, malning stålfat. 

2 Analys enligt TS enligt SS 02 81 13-1. 

3 Vid analys As, Cd, Cu, Co, Hg, Ni, Pb, Sb, S, Se, Sn och Zn gäller: Analysprov har torkats vid 50°C och 
elementhalterna har TS-korrigerats till 105°C. Upplösning har skett enligt ASTM D3683 (modifierad). För övriga 
grundämnen har upplösning skett enligt ASTM D3682 (LiBO2 – smälta) . 

 

Analys med ICP-SFMS har skett enligt SS EN ISO 17294-1, 2 (mod) samt EPA-metod 200.8 (mod). 
Analys av Hg med AFS har skett enligt SS EN ISO 17852. 

 
Notera att rapporteringsgränser kan påverkas om det t.ex. finns behov av extra spädning pga provmatrisen men även 
om provmängden är begränsad. 

4 Analys enligt LOI 1000°C. 
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Denna rapport får endast återges i sin helhet, om inte utfärdande laboratorium i förväg skriftligen godkänt annat. 
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