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The most commonly landfilled side streams from pulp and paper industry are GLD and fly 

ash. The quality variation of these materials is affecting the utilization options. According to 

the results of this thesis, the variation of the main elements in both studied materials is 

varying within a mill and between studied mills. The quality variation is greater in the latter 

case. Both composite and individual sampling plans are utilized to manage the quality 

variation. The composite sampling is providing information about the average concentration 

of studied elements. Using the individual sampling, the complete mixing process can be 

verified. Even the quality variation is occurring in the side stream matter the demanded 

number of samples and increments is reasonable for the analysis process. This thesis is 

providing a good starting point for the more systematic monitoring for the quality 

optimization of studied side streams for the utilization purposes.   
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Viherlipeäsakka ja lentotuhka ovat suurimmat kaatopaikalle loppusijoitettavat jätevirrat 

sellu- ja paperiteollisuudesta ja niiden koostumuksen vaihtelu vaikuttaa olennaisesti niiden 

hyödyntämiseen. Tämän työn perusteella molempien tutkittujen jätejakeiden 

pääalkuaineiden pitoisuustasot vaihtelevat eri tehtailta kerättyjen näytteiden välillä. Myös 

tehtaiden sisällä havaittiin vaihtelua pääkomponenttien suhteen, mutta pienempänä kuin 

tehtaiden välinen vaihtelu. Jotta pääkomponenttien pitoisuusvaihteluita voidaan hallita, 

tarvitaan sekä kokooma- että yksittäisnäytteenottoa. Kokoomanäytteenotolla saadaan tietoa 

komponenttien keskiarvoisesta esiintymisestä materiaalissa ja yksittäisnäytteenotolla 

voidaan seurata sekoittumisen onnistumista. Tutkimuksen perusteella tarvittavat 

näytemäärät pysyvät kohtuullisina, vaikka laatuvaihteluita materiaalin sisällä esiintyykin. 

Tämä työ tarjoaa hyvät lähtökohdat systemaattisemmalle sivuvirtojen laaduntarkkailulle 

tulevien hyötykäyttöjen tarpeisiin.   
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1 INTRODUCTION 

 

1.1 Background 

 

Population is growing constantly, and 9.7 billion people are estimated to live in the world in 

2050 (United Nations, 2017). The population growth is increasing the demand for goods 

which production is based on natural resources. The number of people belonging to the 

middle class is increasing globally and more people are reaching for the living standards of 

developed countries.   

 

The limit of safety use of natural resources has been exceeded every year since 1969. Global 

Footprint Network has been reporting annually about Earth Overshooting Day which is the 

date when the regenerated natural resources of the year are used (Overshoot Day). Figure 1 

presents annual overshoot days since 1969. The trend of the figure is growing which means 

the date of the overshoot has been almost every year earlier than in previous years. In 2018, 

regenerated natural resources were consumed as much as 1,7 Earths could fulfill in safety 

and sustainability way. 

 

 

Figure 1 Global overshoot days in 1969-2018 (Overshoot Day) 

 

Rockström et al. (2009) have developed an approach to define the limits of safe and 

sustainable human operation space for nine environments categories called planetary 

boundaries. The crosses of defined limits can cause disastrous consequences for the 
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humanity. Figure 2 presents all the nine defined planetary boundaries. The current boundary 

levels of seven of them are presented and the sustainable level of biodiversity loss, nitrogen 

cycle and climate change are quantified exceeded. Boundary levels of chemical pollution 

and atmospheric aerosol loading boundaries are not yet determined.  

 

 

Figure 2 Planetary boundaries (Rockström et al. 2009) 

 

Generation of municipal solid waste (MSW) has increased constantly during a few decades 

due to population growth and urbanization. Urbanization is increasing the amount of 

produced MSW and the rate of produced waste is estimated to be higher than the 

urbanization rate. At the beginning of 21th century every person living in the urban residents 

were producing 0,64 kg of MSW per day and in 2025, the estimated daily value is 1.42 kg 

of MSW per person by 2025 (Hoornweg and Perinaz, 2012). About 3.5 billion people live 

without waste management (WM) services and in 2050 the number of people without WM 

services is estimated to be 5.6 billion assuming the waste production rate is still increasing 

(Waste Atlas). 

 

Circular economy is a recent concept to pursue towards the more sustainable level of 

production and limit the use of virgin natural resources. The efficiency of natural resource 

use will be increased by developing a closing-the-loop for production processes. The main 

idea of the circular economy is creating a balance between economy, environment and 



11 

 

society by increasing the lifetime of produced goods and creating value from urban and 

industrial wastes and in addition to providing advanced services as a new business model. 

(Ghisellini et al. 2016) To fulfill human needs and return the use of natural resources to the 

sustainable level the more efficiency natural resource use should be develop. Different waste 

fractions of households and different industrial sectors contain valuable elements for 

utilization. In the future, waste is replacing the use of virgin natural resources and waste can 

be the secondary resource from different kinds of elements.   

 

In addition to environment aspects, also economic aspects are driving the utilization of side 

stream instead of landfilling. There is pressure to find new ways to reuse and recycle waste 

fractions due to tightening legislation which is increasing the price of disposing costs to 

landfill and the amount of taxes (Monte 2009). Environment aspects are causing concern 

widely. Some waste fractions contain valuable materials which can replace the use of natural 

resources and at the same time reduce the harmful environment loading to nature and reduce 

the use of energy (Modolo et al. 2010). In addition, produced waste fractions can fulfill 

increased needs of natural resources but also increase an economic benefit for companies 

(Kinnarinen et al. 2016, Modolo et al. 2010). 

 

European Union has published The Waste Framework Directive which provides principles 

for the prevention of produced waste. The directive contains Waste Hierarchy which 

contains waste management actions in preferable order. Figure 3 is presenting the flow sheet 

of Waste Hierarchy. Produced waste fractions are preferred re-used or recycled as material 

than recovering the energy content in the waste. Disposing (in generally landfilling or 

thermal treatment without energy recovery) should avoid if there is other treatment method 

available. (EU Directive 2008/98/EC)  
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Figure 3 Flowsheet of waste framework (EU Directive 2008/98/EC) 

 

The separated side streams of the forest industry can be identified readily (Simons et al. 2018 

p. 11). However, the chemical composition variation of similar side stream batches has been 

noticed and it is resulted from process and raw material differences and several types of 

equipment (Gottumuttala et al. 2016, Monte 2009). The quality variation can be a challenge 

for the utilization of side streams. Restrictions of heavy metal concentration are limited the 

utilization of side streams and the variation in heavy metal concentration might cause 

problems for utilization (Simons et al. 2018 p. 11). 

 

Bioeconomy has been an advanced framework which goal is to reduce the use of fossil-

based materials by replacing them with bio-based materials, enhance the vitality of 

ecosystems and concerning the economy aspects of societies (Mccormick and Kautto 2013). 

This is expected to increase harvesting forests in Finland. Reserves of carbon sinks are a 

current topic while mitigation actions of climate change are considered. At this moment, 

proportion of carbon sinking to the forests in Finland is unclear while European Union and 

Government of Finland have different aspects and used different calculated values where 

they based their conclusions.  

 

Wood-based material has been a leader for replacing fossil-based raw materials with bio-

based material in several products (Pöyry, 2016). Demand of printing paper in pulp and 

paper industry has been decreasing due to digitalization. However, the demand of pulp 

material has been increased and the trend has been estimated to continue due to increased 

demand of packaging materials and bio-based materials will be replaced fossil-based plastic 

(Viitanen, and Mutanen 2015, Pöyry, 2016). However, the growth of the production rate will 
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increase the amount of different produced waste fractions from the mills which cause the 

new challenges in the environment aspect. 

 

The pulp and paper industry is utilizing its side streams well as its own processes and as 

producing sustainable products from side streams (Sitra 2014, p. 28, Villa et al. 2018). The 

Finnish Innovation Fund (Sitra) estimates the value for total side stream utilization is as 

much to 220-240 million euro per year. However, there are side streams outside the 

utilization in pulp and paper industry which value has been estimated to be 10-20 million 

euro per year (Sitra, 2014, p. 28). While the outputs of pulp, paper and board are increased 

from 700 to a little bit under 900 million tons per year in forest industry in Finland within 

15 years, the landfilled waste quantity is decreased from up to 900 000 tons per year (1992) 

to 82040 tons per year (2017). According to statistics from the year 2017 the greatest 

landfilled waste fractions are green liquor dregs (GLD) (71.5 %) and different ashes (12.8 

%) while other fractions have unremarkably shares. (Metsäteollisuus ry, 2018) 

 

UPM-Kymmene has launched Zero Waste -project for all its mills globally in 2015 for 

completing landfilling and start utilizing all the produced waste fractions to 2030. In 2015 

over 90% of produced process waste are recycled, however, the most difficult fractions, 

GLD and part of the produced ashes are still landfilled (UPM-Kymmene Annual report 

2015). According to UPM-Kymmene annual report (2017) 96% produced ashes from the 

mills are recovered as filling material in a road building or using for landscaping. GLD is an 

only waste fraction from the mills which is still landfilled. (UPM-Kymmene Annual report 

2017) 

 

This master thesis is made for UPM-Kymmene and is related to the company’s Zero Waste 

project. All the collected samples are originated at the pulp and paper mills of UPM-

Kymmene from Finland. The work is divided into literature and empirical parts. The aim of 

the literature part is provided widely theoretical information for supporting empirical studies. 

The empirical part is presenting the chemical composition results of samples, discussed the 

variation of the examined samples and presented the developed sampling plans based on the 

information got from the earlier stages of this work.   
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1.2 Objectives of the study 

 

The main aim of this master thesis is to develop a sampling plan for energy dispersive X-ray 

fluorescence spectrometer measurements to obtain representative composition of the side 

stream mixture from heterogeneous batches by determine the sufficient number of samples 

from separated batches.  

 

This work is concentrated on GLD and fly ash waste stream fractions produced from Kraft 

process at pulp and paper mill and from a biomass boiler, respectively. The study will 

produce information about chemical composition variation within one mill and between 

three mills located in Finland using energy dispersive X-ray spectrometer analyzer.  

 

The aim of this master’s thesis is answering the following questions: 

• What is the chemical composition of GLD produced from three mills and fly ash 

from two mills? 

• How much chemical composition of examined samples is varying between batches 

at one mill and between different mills? 

• What is the applicable sampling plan to verify a required number of representative 

samples from batches? 

• How well the designed sampling plan is working in the real sampling case? 
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2 LEGISLATION RELATED TO GREEN LIQUOR DREGS AND FLY 

ASH 

 

The Finnish legislation is affecting the utilization of the waste materials. Nowadays, the aim 

of the legislation is supporting the development of circular economy in Finland, while 

ensuring environmentally safe usage of waste materials. Different ashes including wood-

based fly ashes have been considered separately in the Finnish legislation however, the 

legislative is different depending on the usage of GLD.  

 

2.1 Government Decree on the Recovery of Certain Wastes in Earth 

Construction 

 

In 2018 Government Decree on the Recovery of Certain Wastes in Earth Construction 

(843/2017), called MARA-decree, came into force. The aim of the decree is supporting the 

development of circular economy in Finland by promoting the utilization of certain waste 

fractions in earth construction without an environment permit if the specific conditions are 

fulfilled (Government Decree 843/2017). 

 

Fly ash produced from the combustion of wood-based material is included in the decree. The 

wood-based fly ash is permitted to use in roadway and field structures, in roads mixed with 

crushed stone, in the foundation structures of industrial and storage buildings and in the earth 

construction sites as stabilizing material. According to MARA-decree, the quality of a waste 

fraction should be known. Solubility determinations of Sb, As, Ba, Cd, Cr, Cu, Hg, Pb, Mo, 

Ni, V, Zn, Se, F-, SO4
2-, Cl-, dissolved organic carbon and the total content of polyaromatic 

hydrocarbon compounds in fly ash materials should be studied from composite samples and 

the limit values of maximum permitted solubility is not allowed to exceed. Maximum values 

are listed in the decree for each purpose. (Government Decree 843/2017) 
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2.2 Decree of the Ministry of Agriculture and Forestry on Fertilizer 

Products 

 

The aim of the Fertilizer Product Act (539/2006) is ensuring that the used fertilisers, liming 

materials, soil conditioners substrates, microbe products and by-products which are used as 

fertilizer products are safe in the aspects of mill protection, foodstuffs and the environment. 

The Decree of the Ministry of Agriculture and Forestry on Fertilizer Products is providing 

detailed information about types of fertilizers and the requirements specific to the type 

designation groups (Decree of the Ministry of Agriculture and Forestry 24/11). 

 

The Decree of the Ministry of Agriculture and Forestry on Fertilizer Products is permitting 

the maximum quantity values for cadmium, arsenic and selenium in fertilizer products. In 

addition, several special minimum and maximum concentrations for different types of 

fertilizers are presented in the decree (Decree of the Ministry of Agriculture and Forestry 

24/11). GLD might contains high amount of calcium for a liming agent use and a sufficient 

amount of nutrients for fertilizer use and the concentrations of the monitored elements 

determine the possibilities of using GLD as a fertilizer. As the use of inorganic secondary 

nutrient fertilizers, the minimum contents of Ca, Mg, Na and S are 1,4%, 0,5 %, 2,2% and 

1,0%, respectively However, the minimum total content of secondary nutrients should be at 

least 8 %. (Decree of the Ministry of Agriculture and Forestry 24/11). 

 

Ashes produced from the combustion processes of peat, agrobiomass or wood are suitable 

for using as ash fertilizers if the mill growth promoting effect is apparent which means 

basically the concentration of the main nutrients exist in the material in sufficient 

concentration level. Table 1 presents the minimum nutrient content for the ash nutrients used 

as forest fertilizers. If the ash fertilizer is used elsewhere than in the forest, the minimum 

neutralizing ability must be 10 %. The maximum cadmium content in the ash fertilizers is 

25 milligrams cadmium per kilogram of dry ash fertilizer and the maximum arsenic content 

is 160 grams of arsenic per hectare during a period of 60 years. (Decree of the Ministry of 

Agriculture and Forestry 24/11). 
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Table 1 The minimum content of nutrients in the ash fertilizers used as forest fertilizer (Decree of the 

Ministry of Agriculture and Forestry 24/11). 

Element Content of d.w. [%] 

K + P 2,0 

Ca 6,0 

 

In addition to the minimum content of nutrients, the maximum contents of harmful metals 

are listed to the decree 24/11. Table 2 is presented the maximum contents of several metals 

for fertilizers.  

 

Table 2 Maximum contents of harmful metals in fertilizer materials (Decree of the Ministry of Agriculture 

and Forestry 24/11) 

Element Maximum content 

(d.w.) [mg/kg] 

Maximum content (d.w.) for 

ash-based fertilizers [mg/kg] 

As 25 40 

Hg 1,0 1,0 

Cd 1,5 25 

Cr 300 300 

Cu 600 700 

Pb 100 150 

Ni 100 150 

Zn 1500 4500 
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3 GREEN LIQUOR DREGS FROM A PULPING PROCESS 

 

Different pulping processes are available however, the Kraft process is the most widely used 

process type in pulping industry. The strongly alkaline inorganic process chemical mixture 

is used in the Kraft process. The Kraft process is useful for both soft- and hardwoods 

materials and the process is energy efficiency (Gullichsen and Fogelholm 1999, p. 16). Used 

process chemicals are regenerated in a recovery boiler which can be called “the heart of the 

Kraft process” and where the GLD is produced (Kinnarinen et al. 2016). 

 

The production rate of GLD is 6-9 kg of GLD per each ton of pulp in older boilers and 3-4 

kg per ton of pulp in newer boilers (Beer et al. 2006).  In 2016, the total amount of landfilled 

waste material was 68 500 t (d.w.) and the share of the GLD was 50 200 t (d.w.) in pulp and 

paper industry in Finland (Metsäteollisuus ry, 2016). The moisture content of GLD has 

reported being typically between 44-68 % (Apila Group Oy Ab, 2013) which increased the 

total mass of produced GLD remarkably from the dry weight masses. While the global 

statistic of generated GLD is not available, Kinnarinen et al. (2016) have been estimated the 

global GLD production to be between 0,5-1,3 million tons. Most of the generated GLD are 

landfilled also in globally (Manskinen, 2013, Pöykiö et al., 2006).  

 

Waste fractions generated from the pulp and paper sector can cause harm to the soil, water 

bodies and air. Bioavailable harmful elements can be released to soils and waters but also 

the incineration treatment can cause harmful air pollution compounds (Simão et al. 2018). 

In addition to the environment aspects, the generated amount of GLD is growing due to 

growing production of pulp and paper industry, the solution to treat and utilize GLD is 

growing.  

 

3.1 Production of green liquor dregs 

 

Process chemicals are well utilized in the Kraft process however, some residuals are 

producing from the process and GLD is the greatest waste stream from the Kraft pulping 

process. GLD is producing at the chemical cycle of the pulping process while the used 
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chemicals are regenerated for the re-use. Figure 4 presents the flow sheet of the Kraft pulping 

process.  

 

Figure 4 A flowsheet of chemical recovery process at a chemical pulp mill (Pöykiö et al. 2014) 

 

A starting chemical of Kraft process is called white liquor which is reacting with 

mechanically treated wood material. As a results lignin and partly also hemicellulose 

compounds are dissolved from the wood material to the white liquor and that process is 

called pulping. At washing step fibres are separated from the white liquor mixture for 

ensuring process chemical free wood mass for a paper making process and simultaneously 

white liquor is diluted. (Castro et al. 2009)  

 

The colour change in the liquor from white to black due to dissolution lignin and 

hemicellulose. The water content of produced black liquor is reduced by evaporation 

resulting in a stronger heavy black liquor mixture which is combusted at the recovery boiler 

while energy is released due to removing organic residual in the mixture and as a results 

inorganic salts containing mixture is produced. (Gullichsen and Fogelholm 1999, pp. 39-41) 

 

Combusted black liquor has a sludge and liquid phases. The separated sludge of combusted 

black liquor is called (GLD) (Gullichsen and Fogelholm 1999, pp. 39-41). It is important to 

get out non-process elements due to their characteristics effect fouling problems at a 

bleaching mill (Pöykiö et al. 2006). The green liquor (GL) contains process chemicals as 

inactive form and it is moved to a causticizing process where inactive compounds are 
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causticized back to active process chemicals, white liquor (Gullichsen and Fogelholm 1999, 

pp. 39-41). 

 

Produced GL is flowing to the smelt dissolving tank from the recovery boiler after the black 

liquor is combusted (Sanchez 2007). GL is washed with water by separating the GLD which 

is improving the GL causticizing (Golmaei 2018). GLD is settled to the bottom of the GL 

clarified tank (Sanchez 2007). After settled GLD is collected, it is filtered for ensuring the 

maximum separation of GL and GLD materials which is containing non-process chemical 

(Golmaei, 2018). 

 

Several filtering techniques are available however, they can be divided into film crossflow 

filtration and cake filtration which is used precoat or not. Lime mud is typically used as a 

precoat.  After filtration, process chemical residuals are washed from the GLD for ensuring 

the safe use in environment and GLD is dewatering for transportation. In the case of precoat 

process, abovementioned steps are included to the cake filtration techniques. (Golmaei, 

2018, Sanchez 2007) 

 

Strongly alkaline white liquor contain mainly hydroxide (OH-) and bisulfide (HS-) ions and 

in generally used ions are sodium-based compounds (Castro et al. 2009, Gullichsen and 

Fogelholm 1999, pp. 39-41). Elements of process chemical mixture can be divided into 

process elements and non-process elements which contain all the elements except sodium, 

sulphur, carbon, hydrogen and oxygen, which are classified as process elements (Manskinen 

et al. 2011a). Non-process elements can affect process problems and they should remove 

from the chemical cycle. Wood chips are the main source of non-process elements to the 

Kraft process (Lundqvist et al. 2006). By precipitation, non-process elements are removed 

to GLD from the chemical cycle (Manskinen et al. 2011a). 

 

Components of white liquor are reacting in the pulping process and as a result active 

compounds sodium hydroxide (NaOH) and sodium sulfide (NaS). NaS is not needed 

causticized during Kraft process however, NaOH is changed to inactive forms sodium 

carbonate (Na2CO3) (Castro et al. 2009, Gullichsen and Fogelholm 1999, p. 16, Kinnarinen 

et al. 2016). A regeneration process is changing inactive process chemicals to active form. 
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Equation 1 shows the reaction between calcium oxide (CaO) and water producing calcium 

hydroxide (Ca(OH)2), which is used as reaction chemical in the regeneration process 

(Kinnarinen et al. 2016). 

 

𝐶𝑎𝑂 (𝑠) +  𝐻2𝑂 (𝑙) → 𝐶𝑎(𝑂𝐻)2 (𝑎𝑞) 1 

 

The reaction between Na2CO3 and Ca(OH)2 is an ion exchange reaction where sodium 

carbonate is reacting back to the sodium hydroxide (equation 2) (Kinnarinen et al. 2016, 

Sanchez, 2007). 

 

𝐶𝑎(𝑂𝐻)2 (𝑎𝑞) + 𝑁𝑎2𝐶𝑂3 (𝑎𝑞) → 2 𝑁𝑎𝑂𝐻 (𝑎𝑞) + 𝐶𝑎𝐶𝑂3 (𝑠) 2 

 

In addition to recycling process chemicals, also reaction chemical of regeneration is able to 

be recycled. Produced calcium carbonate (CaCO3) is burned and the reaction produced 

calcium oxide (CaO) and carbon dioxide which is released in the reaction (equation 3) 

(Kinnarinen et al. 2016, Sanchez, 2007). Calcium oxide (CaO) reacts again with water and 

reaction chemical Ca(OH)2 is available (equation 1). 

 

𝐶𝑎𝐶𝑂3 (𝑠) → 𝐶𝑎𝑂 (𝑠) + 𝐶𝑂2 (𝑔) 3 

 

The Kraft process is well optimized and GLD is containing inorganic compounds due to 

efficiency combusting process. GLD contains mainly residues from process chemicals and 

dissolved compounds from wood material mainly non-process metals and insoluble 

compounds (Pöykiö et al. 2006).  

 

3.2 Composition of green liquor dregs  

 

Physio-chemical properties and microbiological characteristics influences to the use of waste 

utilization opportunities (Monte et al. 2009). The composition of GLD is investigated due to 

the development of utilization possibilities however, the interest about environmentally 

harmful components in the GLD has been grown while the use of GLD in the environment 

is increasing.  
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3.2.1 General properties 

 

Table 3 presents the physio-chemical properties of GLD. Electrical conductivity (EC) 

measures the movement of electricity current at the studied material. The charged particles, 

in generally ions and acids, are transported electricity in the material and the increased 

concentration of ions is increasing the EC as well (Tchobanoglous, 2003).  Neutralizing 

value (NV) is describing the ability of the studied material works as a liming agent. The NV 

is also indicating the amount of soluble oxides, hydroxides, carbonates and silicates in the 

material while these particles are responsible of liming (Manskinen et al. 2011a). Reactivity 

value (RV) is describing the neutralizing potential and is considered the speed and 

effectiveness of neutralizing (Pöykiö et al. 2006). Both NV and RV are expressed as Ca 

equivalents.  

 

Total volatile solids (TVS) is describing the amount of material volatilized at the temperature 

500 ± 50 °C (Tchobanoglous, 2003).  Loss on ignition (LOI) value is describing the mass 

change which is resulting when sample is heated under certain conditions. LOI is reported 

as a percentage of dry matter and it is depended on the temperature the sample is treated 

(SFS-EN 15169). Total organic carbon (TOC) is all the carbon which is released from the 

combusted material as carbon dioxide (SFS-EN 13137). Ash content is describing as a mass 

percentage the amount of inorganic residue after combustion at the specific conditions (SFS-

EN 14775). 
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Table 3 Physio-chemical properties of GLD 

Property Unit Result Reference 

pH value  10-12,12 Jordan et al.2002, Kinnarinen et al. 2016, 

Mahmoudkhani et al. 2004, Manskinen et 

al. 2011a, Modolo et al. 2010 

Electrical conductivity mS/cm 23,7 ± 0,3 Manskinen et al. 2011a 

Neutralizing value % (Ca, d.w.) 34,2 ± 0,1 Manskinen et al. 2011a 

Reactivity value % (Ca, d.w.) 32,7 ± 0,1 Manskinen et al. 2011a 

Dry matter content  

(105 °C) 

% 35,5-96,9 % Apila Group Oy Ab 2013, Mahmoudkhani 

et al. 2004, Manskinen et al. 2011a, 

Modolo et al. 2010, Mäkitalo et al. 2014, 

Nurmesniemi et al. 2005 

Volatile total solids  

(525 °C) 

% of (d.w.) 8,3 Modolo et al. 2010 

Loss on ignition  

(550 °C) 

% (d.w.) 5,0-14,5 Manskinen et al. 2011a, Nurmesniemi et 

al. 2004 

TOC g/kg 14,5 ± 0,5 

g/kg 

Manskinen et al. 2011a 

Ash content (1000 °C) % (d.w.) 39,9-43,1 Mäkitalo et al. 2014 

d.w. = dry matter 

 

The typical pH value of GLD is very alkaline due to alkaline compounds NaOH and Na2CO3 

occurring in GLD (Jordan et al.2002, Kinnarinen et al. 2016, Mahmoudkhani et al. 2004, 

Manskinen et al. 2011a, Modolo et al. 2010). The relatively high electrical conductivity 

value is indicating the metal ions consisting in GLD are occurring as dissolving ions in the 

material (Manskinen et al. 2011a). High NV and RV are indicating good ability to use GLD 

as a neutralizing agent (Manskinen et al. 2011a) while according to Decree of the Ministry 

of Agriculture and Forestry (24/11) the minimum neutralizing value for liming materials is 

10%.  

 

Other general properties of GLD are low hydraulic conductivity and high-water retention 

capacity and high buffer capacity which has been utilized as an alkaline barrier (Mäkitalo et 

al. 2014). The particle size of GLD is quite small. Mäkitalo et al. 2014 have been reported 

average d10, d50 and d90 values for their case 1.9 ± 0.5 μm, 11.9 ± 3.9 and 26.4 ± 0.5 μm, 

respectively. 
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Studies related to mineral composition of GLD varies a bit, however there is reported a lot 

of calcium-based minerals from GLD. Some studies have found pirssonite 

(Na2Ca(CO3)2·2H2O) (Manskinen et al. 2011a, Taylor et al. 2007). Also, calcite (Ca1-

xMgxCO3) and gipsite (CaSo4·2H2O) has been reported to find from GLD (Martins et al. 

2007). Brucite (Mg(OH)2) is common compound from ashes however, it has been also 

reported from GLD (Mäkitalo et al. 2014).  

 

3.2.2 Total element concentration  

 

Elemental concentration values vary widely due to the properties of a mill the samples are 

collected. Used process type and equipment at the mill, process conditions while GLD is 

produced, used chemicals at the process and the source of the fibers have effect on the 

composition of GLD (Monte 2009). At the laboratory, a selected sample preparation method 

and a used analyzer have effect on the results as well. The composition of GLD also in 

different batches varies however, according to Mäkitalo et al. (2014) the composition of 

GLD is not affecting the hydraulic conductivity and water retention capacity properties of 

GLD 

 

Table 4 presents reported inorganic elements and metal concentration values of GLD from 

literature (Mahmoudkhani et al. 2004, Manskinen et al. 2011a, Modolo et al. 2010, Mäkitalo 

et al. 2014, Nurmesniemi et al. 2005, Rothpfeffer 2007). In addition, the table presents the 

limit values of harmful metals and minimum contents of secondary nutrients according to 

The Decree of Ministry of Agriculture and Forestry on Fertilizer Products 24/11. 
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Table 4 Literature values of inorganic element concentration of dried GLD  

 

Element Unit  

(of d.w.) 

Literature value of total 

element concentration* 

Limit values 

for ash 

fertilizer for 

forest use  

 [mg/kg] ** 

Limit 

values for 

field use 

 [mg/kg] 

** 

Minimum 

contents of 

secondary 

nutrients  

[mg/kg] ** 

Al mg/kg 820-20200    

As mg/kg 0,2-12,2 40 25  

Ba mg/kg 230-920    

Ca g/kg 84,5-346   500 

Cd mg/kg 3,6-38,6 25 1,5  

Co mg/kg 3,1-73,6    

Cr mg/kg 4,5-332 300 300  

Cu mg/kg 61-420 700 600  

Fe mg/kg 600-20700    

Hg mg/kg 0,04-0,2 1,0 1,0  

K mg/kg 260-7590    

Mg g/kg 8,9-97,6   20 

Mn mg/kg 4150-31600    

Na g/kg 6,3-107    

Ni mg/kg 14-340 150 100  

P mg/kg 10-4920    

Pb mg/kg 2,4-60,3 150 100  

S g/kg 4,2-58,1   20 

Si mg/kg 270-12350    

Sn mg/kg 0,1-0,4    

Ti mg/kg <50-450    

Zn mg/kg 241,5-5790 4500 1500  

K+P     2 % 

d.w. = dry weight 

*Golmaei, 2018, Mahmoudkhani et al. 2004, Manskinen et al. 2011a, Modolo et al. 2010, Mäkitalo et al. 

2014, Nurmesniemi et al. 2005, Rothpfeffer 2007 

**The Decree of Ministry of Agriculture and Forestry on Fertilizer Products 24/11 
 

The main elements in the GLD are Ca, Mg, Na, S and Si. The high concentration of calcium 

in the GLD due to the composition of a pre-coat lime mud filter which contains great 

amounts of calcium compounds such as CaCO3, CaO and Ca(OH)2 (Mäkitalo et al.2014). 

The heavy metal concentrations of GLD are relatively low. According to the literature 

values, composition of GLD is reached the maximum content of calcium and magnesium 

however, in some cases the sulphur content is not enough to reach the minimum contents of 

secondary nutrients. 
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The main problem for the environment uses of GLD has been reported to be heavy metals. 

For GLD, the limit values of heavy and harmful elements are not presented however, the 

limit values for ash-based fertilizers for forest use and maximum content of harmful 

substances of fertilizers in field use have been presented in Table 4. The limit values of ash 

fertilizers are not directly applying in the case of GLD, however, it is just used to reference 

values for the assessment of the suitability to utilization in real. Comparing the element 

concentrations to the limit values of The Decree of Ministry of Agriculture and Forestry on 

Fertilizer Products (24/11), the concentrations of As, Cu, Hg, and Pb have been reported to 

be less than the limit values. The concentration variation of Cr, Ni and Zn is quite wide and 

only some of the studied GLD batches are suitable for the forest and field use. Cadmium 

concentrations seems to be the most problematic while the limit value of cadmium is 

exceeded in several studied GLD studies. Several techniques to decrease the heavy metal 

concentration in GLD has been studied and they are discussed in the chapter 3.3.2. 

 

3.2.3 Bioavailability of GLD 

 

Environment impact assessment is essential part of the decision process of waste utilization 

for the identification of possible limitations (Mäkitalo et al. 2014). The total concentrations 

of elements are not describing properties of bioavailability (Manskinen et al. 2011a, 

Nurmesniemi et al. 2005). Typical method of leachable investigation is use sequential 

extraction scheme which provide information about elements sensitivity to release to the 

environment in different conditionings (Filgueiras et al. 2002). 

 

The solubility and bioavailability of different elements containing in GLD are determined in 

few studies with very similar reagents (Manskinen et al. 2011a, Nurmesniemi et al. 2005). 

Table 5 presents leachable concentrations of non-process elements when the sample is 

handled with different solvents (Manskinen et al. 2011a, Nurmesniemi et al. 2005). The used 

solvents in water soluble, acid soluble, reducible, oxidizable and residual fraction have been 

water, CH3COOH, NH2OH-HCl, H2O2 + CH3COONH4 and HF + HNO3 + HCl, 

respectively. Weak solvents (water soluble, acid soluble, and reducible fractions) describe 

typical environment conditions. 
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Table 5 Elemental concentrations of extractable fractions in GLD (Manskinen et al. 2011a, Nurmesniemi et 

al. 2005) 

 
Total 

concentration 

(mg/kg; d.w.) 

Water 

soluble 

fraction 

(mg/kg; 

d.w.) 

Acid soluble 

fraction 

(mg/kg; 

d.w.) 

Reducible 

fraction 

(mg/kg; d.w.) 

Oxidizable 

fraction 

(mg/kg; d.w.) 

Residual 

fraction (mg/kg; 

d.w.) 

Al 820 
 

6,7 

0,8 % 

<1 

0,1 % 

349 

42,6 % 

 

As 2,7 - < 3 < 0,5 

18,5 % 

< 0,6 - 0,6 

20 - 22,2 % 

< 0,5 - < 0,6 

18,5 - 20,0 % 

< 0,8 - 2,1 

26,7 - 77,8 % 

< 0,5 

18,5 % 

Ba 431 - 910 < 1 

0,2 % 

5,3 - 32 

0,6 - 7,4 % 

87,8 - 300 

20,4 - 33,0 % 

295 - 490 

53,8 - 68,4 % 

31,4 

7,3 % 

Be < 1,0 
 

< 0,2 

20,0 % 

< 0,2 

20,0 % 

< 0,3 

30,0 % 

 

Cd 3,8 - 4,1 < 0,5 

12,2 % 

< 0,1 - 0,6 

2,6 - 14,6 % 

0,1 - < 0,5 

2,6 - 12,2 % 

2,1 - 3,4 

51,2 - 89,5 % 

< 0,5 

12,2 % 

Co 8 - 9,8 0,06 

0,6 % 

< 0,1 - 0,9 

1,3 - 9,2 % 

3 - 4,5 

37,5 - 45,9 % 

2,8 - 3,9 

35,0 - 39,8 % 

0,7 

7,1 % 

Cr 14 - 358 0,8 

0,2 % 

< 0,4 - 0,5 

0,1 - 2,9 % 

< 0,4 - 12,4 

2,9 - 3,5 

8,2 - 182 

50,8 - 58,6 % 

124 

34,6 % 

Cu 61 - 126 < 2 

1,6 % 

< 0,4 -< 2 

0,7 - 1,6 % 

< 0,4 - < 2 

0,7 - 1,6 % 

53,5 - 119 

87,7 - 94,4 % 

16,2 

12,9 % 

F < 20 
 

nd nd nd 
 

Fe 600 - 4489 < 4 

0,1 % 

< 1 - < 4 

0,1 - 0,2 % 

5,4 - 361 

0,9 - 8,0 % 

9,3 - 120 

1,65 - 2,7 % 

3285 

73,2 % 

Hg < 0,04 
 

nd nd nd 
 

Mn 4150 - 10319 < 1 

0,0 % 

18,7 - 2065 

0,5 - 20,0 % 

1880 - 5418 

45,3 - 52,5 % 

2130 - 2654 

25,7 - 51,3 % 

350 

3,4 % 

Mo < 1,0 
 

< 0,2 

20,0 % 

< 0,2 

20,0 % 

< 0,3 

20,0 % 

 

Ni 14 - 180 < 0,5 

0,3 % 

< 0,2 - 39,7 

1,4 - 22,1 % 

6 - 86,1 

42,9 - 47,8 % 

4,7 - 50,4 

28,0 - 33,6 % 

14,7 

8,2 % 

Pb 13 - 20,8 1,9 

9,1 % 

< 0,6- 2,2 

4,6 - 12,0 % 

< 0,6 - 2,5 

4,6 - 12,0 % 

5,7 - 6 

27,4 - 46,2 % 

13,1 

63,0 % 

S 12183 7724 

63,4 % 

643 

63,4 % 

65 

0,5 % 

2103 

17,3 % 

1472 

12,1 % 

Sb < 4 
 

< 0,6 

15,0 % 

< 0,6 

15,0 % 

< 0,8 

20,0 % 

 

Se < 4 
 

< 0,8 

20,0 % 

< 0,8 

20,0 % 

< 1 

25,0 % 

 

Si 270 
 

nd nd nd 
 

Ti 73 < 1 

1,4 % 

< 1 

1,4 % 

8,8 

12,1 % 

< 1 

1,4 % 

70,6 

96,7 % 

V 9,2 - < 50 1,5 

16,3 % 

< 0,4 - < 1 

0,8 - 10,9 % 

< 0,4 - 4,4 

0,8 - 47,8 % 

< 0,5 - < 1 

1,0 - 10,9 % 

3,7 

40,2 % 

Zn 1120 - 1320 0,8 

0,1 % 

1,1 - 17,6 

0,1 - 1,6 % 

90,1 - 383 

6,8 - 34,2 % 

636 - 877 

56,8 - 66,4 % 

67,6 

6,0 % 

 

The fractions of water and acid soluble and reducible are describing the possible 

circumstances in the nature while the harmful effect to the environment can be assessed 

using these results and due this only one study has been reported concentrations from the 
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residual fraction. The interest is focusing to the heavy metal releasing and especially the 

same metals which are mentioned in the legislation. According to the calculated released 

shares, the greatest share of cadmium, chromium, copper and lead are releasing while 

stronger solvent than used in reducible fraction is used. In the cases of arsenic and mercury 

the concentration levels have been too under or very close to detection limit almost each of 

the fractions.   

 

In the sight of bioavailability shares, the concentrations of nickel and zinc are more 

problematic comparing to other heavy metals while the share of the bioavailability forms are 

occurring also when weaker, nature condition describing solvents are used. The most part of 

the zinc is bioavailable in the oxidizable fraction however, over 30 % bioavailability share 

has been reported in reducible fraction. The greatest part of the nickel is bioavailable in the 

reducible fraction and over 20 % of nickel share is bioavailable even in the acid soluble 

fraction. 

 

3.3 Potential applications for green liquor dregs 

 

There is pressure to find new ways to reuse waste fractions from a pulping process due to 

tighter legislation, increased costs from waste management and forbidden landfilling (Monte 

et al. 2009). Utilization of GLD is investigated widely for different purposes due to large 

amounts of GLD is produced in the pulp and paper mills. Its high moisture content increases 

the price of pretreatment needs and affection of process conditions to the composition of 

GLD decrease utilization possibilities (Monte 2009).  However, at the energy-intensive 

industry sector the energy demand needed to decrease the moisture content of GLD is only 

a small share of the total energy consumption in the field. (Castro et al. 2009). 

 

3.3.1 Green liquor dregs as filling material  

 

Different kinds of utilization purposes have been investigated for GLD and most common 

used purposes are using GLD as cement or clinker industry as a filling material. Other 

utilization purposes are using GLD as soil improvement material. GLD has been investigated 

to replace a conventional aggregate in asphalt concrete mixed (Modolo et al. 2010). Modolo 
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et al. (2010) have been reported GLD as comparable material to replace conventional fillers 

in the production of asphalt after washing inorganic salts from the dregs and at the same time 

the particle size is becoming finer which improve the use of GLD. In addition to the recycle 

purpose of GLD, it is reported that washed salts can return to the pulp and paper process. 

 

Cement clinker industry has been interested in GLD and grits as replacing part of the share 

of conventional clinker materials. Many laboratory-scale studies have been published 

however, Castro et al. (2009) have been demonstrated the use of GLD as clinker material in 

industrial scale experiment. Conventional clinker material contains limestone with an 

addition of silicon oxide and aluminium and iron oxides. The results showed that the addition 

of 0.25% grits and 0.13% dregs did not make changes to the chemical composition of a 

clinker and the suitability of these materials as clinker production support the knowledge of 

no need for additional pre-treatment processes or modification to the process are needed.  

 

3.3.2 Green liquor dregs in agriculture 

 

It is known that the liming effect value of GLD is at the same level as the value of a 

commercial limestone product (Pöykiö et al. 2006). High pH value due to high calcium 

compounds in GLD, it has been recognized to use as substituent liming material for 

limestone used widely in agriculture (Castro et al. 2009). Studies have shown positive results 

for that purpose and in addition GLD is cost effective material replace commercial limestone 

because pH value is increasing in the ground in respect of the increase of the waste dose 

(Cabral et al 2008, Jordan et al. 2004). 

 

Jordan et al. (2004) have investigated the effect of different waste fractions additions to the 

growth of different mill species and there are evidences that dregs can be promoting at the 

least growth of some species and at least mill under the study have a good tolerance for the 

used waste fractions. However, the total effect of waste fraction use as agriculture is still 

unclear and concern is about heavy metal contents of GLD and their long-term effects on the 

roots of mills (Jordan et al. 2004). More studies are needed before the safety use is proven. 
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The use of chelating agent ethylenediaminetetraacetic acid (EDTA) as extracting heavy 

metals from GLD has been tested. EDTA shows a good extraction efficient for the Cd (59 

wt-%) and Pb (43 wt-%) and in the same time Ca as the main nutrient of GLD was kept in 

the GLD (Golmaei et al. 2018a). In addition, the use of hydrocyclone on the filtration stage 

was studied for separating harmful metals from GLD. The good separation efficient for Cd 

(90,1 wt-%), Ni (70,1 wt-%) and Zn (91,4 wt-%) achieved in the same time while Ca was 

stayed at the GLD material (Golmaei et al. 2018b) 

 

3.3.3 Green liquor dregs utilization in mining industry  

 

Pöykiö et al. (2006) have been investigated the utilization of GLD as a neutralizing agent for 

acidic wastewater neutralizing. Their studies have shown some concentration increasement 

of heavy metals as biosludge and concentration increasement of some metals in wastewater 

effluents. However, they are utilization purpose more environmentally friendly solution than 

disposing GLD. 

 

In the mining industry, the mine drainages are causing a great problem containing a lot of 

metals and having very low pH value. Mine drainage is causing while minerals included 

sulfides are oxidized while facing water and forming acidic water with sulfidic acid, heavy 

metals and metalloids (Ragnavaldsson et al. 2014). Studies are presented in literature where 

use of GLD as neutralizing and a stabilizing agent is suggested as a cost-effective treatment 

method for mine drainages (Jia et al. 2013, Mäkitalo et al. 2014, Pérez-López et al. 2011, 

Ragnavaldsson et al. 2014). 

 

Ragnavaldsson et al. (2014) demonstrated the use of GLD as a stabilizing agent in an 

industrial scale and using open waste rock pile as reference for 12 months. 20 elements were 

monitored in the pile while the average effluent was 40 % lower in the test pile compared to 

the reference pile. Even better reductions were presented in the case of most toxic elements 

(As, Cd, Pb and Hg) which reduction ranges varies between 67-87 %.  

 

Several studies have presented better neutralizing capacity values for other alkaline waste 

fractions of the Kraft processes than GLD (Jia et al. 2013, Pérez-López et al. 2011). 



31 

 

However, the amount of produced material annually limits the use of other materials while 

the total annual production of GLD is ten times greater than to the comparable waste 

fractions which suggest more the use of GLD (Pérez-López et al. 2011). 

 

Limestone is widely used the adsorbent of combustion gas treatment. UPM-Kymmene has 

piloted the utilization of GLD as replacing limestone in the treatment process of sulfur air 

pollutants at power plants as a part of their Zero Waste -project. According to the results of 

pilots the efficiency of GLD at replacing the limestone to clean sulfur from effluent air is 

compatible. (UPM Pietarsaari, 2016). 
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4 FLY ASH FROM A BIOMASS BOILER 

 

This chapter is considered fly ash produced from combustion process of wood-based 

material. By implementing the target values of renewable fuel use in energy producing 

system, biomass and especially wood residues utilization in energy production processes 

have been increased during last decade (Ojala, 2010). Forest industry together with thermal 

and electric power plants are producing 200 000-300 000 tons of ash annually in Finland 

(Nurmesniemi et al. 2012). The amount of produced ash is increasing simultaneously while 

thermal processes are increasing the use of non-fossil-based fuels.  

 

Metsäteollisuus (2016) has been reported separately share of the landfilled waste, while the 

total amount of landfilled waste produced from pulp and paper industry is 68 500 tons from 

which the share of the produced fly ash is 8500 tons (Metsäteollisuus ry, 2016). Different 

sources have been reported versatile information about the amount of total generated wood-

based fly ash in Finland which might be due to generation differences between statistic years 

but also the definition of wood-based fly ash in different sources is influencing to the results.  

 

According to Apila Group Oy Ab. (2013), the total amount of produced wood-based ash 

included both bottom and fly ashes from pulp and paper industry in Finland was 225 049 t 

in 2012 and 21 % of that was utilized as fertilizers. Hassan et al. (2019) have been estimated 

the produced fly ash from pulp and paper industry in the year2016 has been 291 000 tons 

and the total generated ash (bottom and fly ash together) has been estimated to be 1 232 000 

tons. Utilization rate of ashes generated from pulp and paper industry was 65% in 2007 in 

Finland (VTT 2009). 

 

4.1 Production of fly ash 

 

In thermal processes, reaction between excess amount of oxygen and organic compounds 

are producing gaseous carbon dioxide and water. The residue from thermal processes is 

called ash and it is containing all unburned material. In generally, these are inorganic matter 

and part of the organic matter if completely burning rate is not achieved.  
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Produced ash can be divided into bottom ash and fly ash. Bottom ash is collected directly 

from the boiler whereas the fly ash is collected from flue gas cleaning section (Emilsson, 

2006). Fly ash is the finest waste component produced from thermal processes and it is easily 

flowing with the flue gas (Pitman et al. 2006).  

 

4.2 Composition of fly ash 

 

Chemical and physical properties of fly ash are depended on different factors such as the 

fuel type, process type of the mill, type of thermal process and the separation techniques of 

fly ash (Apila Group Oy Ab 2013, Demeyer et al. 2001, Ramboll Finland Oy 2012).  

 

4.2.1 General properties 

 

Table 6 is presenting literature values of physio-chemical properties of fly ash. The meaning 

of presented values has been explained earlier in the section 3.2.1. 

 

Table 6 Physio-chemical properties of fly ash 

Property Unit Result Reference 

pH value  12,3-12,8 Dahl et al. 2010, Nurmesniemi et al. 2012, 

Pöykiö et al. 2010, Pöykiö et al. 2009 

Neutralizing value % (Ca, d.w.) 7,1-34,5 Apila Group Oy Ab 2013, Dahl et al. 2010 

Nurmesniemi et al. 2012, Pöykiö et al. 2009 

Reactivity value % (Ca, d.w.) 50,6-94 Dahl et al. 2010, Pöykiö et al. 2009 

Dry matter content (105 

°C) 

% 58,3-99,9 % Apila Group Oy Ab 2013, Dahl et al. 2010, 

Nurmesniemi et al. 2012, Pöykiö et al. 2010 

Loss on ignition (550 °C) % (d.w.) <0,5 % -10.9 % Dahl et al. 2010, Pöykiö et al. 2010, Pöykiö 

et al. 2009 

TOC g/kg <0,1 - >100 Apila Group Oy Ab 2013, Dahl et al. 

(2010), Pöykiö et al. (2009), Pöykiö et al. 

(2011) 

 

Fly ash material is very alkaline material and alkalinity is depending on the temperature of 

combustion process and longer storage time is decreasing the alkalinity of fly ash (Demeyer 

et al. 2001). NV of commercial ground limestone is reported to be from 28-38% which is 
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expressed as calcium equivalents. According to the Decree of Ministry of Agriculture and 

Forestry on Fertilizer Products (24/11) the minimum neutralizing value for liming materials 

is 10 % which some of the ashes according the literature have been achieved. Reported RV 

are representing the good or excellent ability of fly ash utilization as liming agent. 

 

Dry matter content of fly ash is reported to be high which indicates dust production while 

handling and this should be noticed especially due to high pH value of fly ash (Nurmesniemi 

et al. 2012). The LOI value of fly ash is describing the completeness of combustion process 

while high LOI value is indicating the incompletely combustion especially conducted to the 

high TOC value (Dahl et al. 2010). Dahl et al. (2010) and Pöykiö et al. (2010) have 

determined the particle distribution of fly ash. Their studies showed particle sized of fly ash 

particles are mainly under 0,0075 mm and particles diameter over 0,5 mm are not discovered 

their studies. 

 

Minerology of fly ash from biomass boiler is investigate in several studies. The formed 

minerology is depended on the temperature of combustion process, capturing system of fly 

ash and the type of fuel used as combustion process (Koukouzas et al. 2007).  High pH value 

of the fly ash is indicated metals occurring as metal salts, oxides hydroxides and carbonates 

(van Herck and Vandecasteele, 2001, Steenari et al. 1999). In addition, silicate minerals are 

determined in several studies and are resulted from particles of soil and sand, from 

transportation and handling of wood material or from silicate-based tissue used in the mill 

(Dahl et al. 2010).  

 

Nurmesniemi et al. (2012) have determined the most abundant minerals in fly ash from 

biomass boiler are albite (NaAl3O8, 28,7%), calcite (CaCO3, 18,3%), lime (CaO) and quartz 

(SiO2, 12,8%). Other determined minerals in lower quantities (<10%) are anhydrite 

(CaSO4), calcium magnesium carbonate (CaMg(CO3)2) and hematite (Fe2O3). In addition to 

these minerals Dahl et al. (2010) have reported anorthite (CaAl2SiO8), periclase (MgO), and 

goethite (FeO(OH) in fly ash. Pöykiö et al (2010) reported only hematite (Fe2O3), quartz 

(SiO2) and anhydrite (CaSO4) in fly ash. 

4.2.2 Total element concentration 
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Heavy metal concentrations are reported to be higher in fly ash than in bottom ash. This is 

due to evaporation of heavy metals in combustion process and their characteristics to adsorb 

easily to surface of fly ash particles (Dahl et al. 2010, Steenari et al. 1999). Comparing to 

reported literature heavy metal concentrations to the limit values for forest and field fertilizer 

at least some of the studied fly ash batches are reaching the limit values except literature 

values of Cr concentration which is under both forest and field use limit values. While the 

utilization of fly ash for environment use is planning, the composition of each individual 

batches should be examined. 

 

In addition to earlier mentioned process differences, also the type of fuel material has 

influence on total elemental composition. Usually, wood-based material is combusted 

together with other fuel types such as other bio-based material or even MSW and this effect 

to elemental results. In situations where pure wood-based material is combusted, the age of 

the burned wood affects to the elemental composition of fly ash. Also, the part of the burned 

wood is influencing to the elemental composition of fly ash. There are reported higher 

macro-nutrient concentrations and lower concentrations of silica compounds in fly ash while 

hardwood species are used as fuel instead of conifers (Pitman et al. 2006).  

 

There has been investigated a widely about the total element composition of fly ashes 

produced from combustion process of wood residues (Baernthaler et al. 2006, Dahl et al. 

2010, Demeyer et al. 2001, Nurmesniemi et al. 2012, Pitman et al. 2006, Pöykiö et al. 2009, 

Pöykiö et al. 2010, Pöykiö et al. 2011, Steenari et al. 1999). Table 7 is presenting literature 

values of total element content of fly ash produced from biomass boiler. 
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Table 7 Literature values of inorganic elemental composition of fly ash  

 
Unit 

(of 

d.w.) 

Literature 

value* 

Limit values 

for forest 

fertilizer 

 [mg/kg]** 

Limit values 

for field 

fertilizer 

 [mg/kg]** 

Minimum 

contents of 

secondary 

nutrients 

[mg/kg] ** 

As mg/kg < 3 – 60 40 25  

B mg/kg 34-730    

Ba mg/kg 549-4260    

Ca g/kg 58-330 
min 6 %  1,4 % 

500 mg/kg 

Cd mg/kg 0,36-140 25 2,5  

Co mg/kg 2-300    

Cr mg/kg 39-250 300 300  

Cu mg/kg 94-1800 700 600  

Fe mg/kg 3300-19500    

Hg mg/kg 0-1,7 1,0 1,0  

K mg/kg 4300-65000    

Mg mg/kg 2900-19400 
  0,5 % 

20 mg/kg 

Mn mg/kg 520-29000    

Na mg/kg 1600-3300   2,2 % 

Ni mg/kg 20-240 150 100  

P mg/kg 2400-3400    

Pb mg/kg <1,5-1000 150 100  

S mg/kg 4000-24500 
  1,0 % 

20 mg/kg 

Ti mg/kg 11-250    

V mg/kg 20-39    

Zn mg/kg 110-4865 4500 1500  

K+P   min 2 %  2,0% 

d.w.=dry weight 

*Apila Group Oy Ab 2013, Baernthaler et al. 2006, Dahl et al. 2010, Demeyer et al. 2001, Nurmesniemi et al. 

2012, Pitman et al. 2006, Pöykiö et al. 2009, Pöykiö et al. 2010, Pöykiö et al. 2011, Steenari et al. 1999 

**The Decree of Ministry of Agriculture and Forestry on Fertilizer Products 24/11 

 

Determined elemental concentrations varies in different studies. The main components of 

the fly ash are barium, calcium, iron, magnesium, manganese, phosphorous, potassium, 

sodium, sulfur and zinc. High phosphorous content in fly ash are resulted in nutrient 

compounds in the combusted wood-material (Dahl et al. 2010). Calcium is resulted from 

naturally calcium-rich wood material (Steenari et al. 1999). Fly ash is containing almost all 

the main nutrient elements which left to the residue in combustion process. However, 

nitrogen concentration is not presented in table while it is releasing in combustion process 

(Hytönen 2003, Ojala 2010) 
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While comparing the heavy metal concentrations for the forest and field fertilizer limit 

values, there can be seen that all the reported values are under the limit value of chromium. 

For arsenic, cadmium, copper, nickel and lead reported values are exceeding but also falling 

below the limit values for both forest and field fertilizers. For zinc, the highest reported value 

is quite close to the limit value of forest fertilizer however, the greater and smaller values 

have been reported for field fertilizer limit. In the case of mercury, the difference between 

highest reported value and limit fertilizer value is not very high. Minimum demanded content 

of calcium, magnesium and sulphur is exceeding.  

 

In addition to heavy metal concentration limits, the Decree of Ministry of Agriculture and 

Forestry on Fertilizer Products 24/11 is included the minimum neutralizing value demand 

for ash fertilizers which is 10 %. The neutralizing value is not only due to high calcium 

content however, it has a significant meaning to it. While the calcium content at wood ash 

is relatively high, there is a good option to achieve the minimum neutralizing target.   

 

4.2.3 Bioavailability of fly ash 

 

Leachability tests are made for testing bioavailability of elements from sample matrix and it 

is describing the risk to cause harmful effect to the environment than the total element 

concentration. Table 8 is presenting extractable concentrations of elements in acid soluble, 

reducible and oxidizable fractions (Manskinen et al. 2011b, Pöykiö et al. 2011). Water 

soluble (not reported in the table), acid soluble and reducible fractions have been describing 

naturally conditions, however the used solvents in the step of oxidizable fractions are too 

strong to occur in nature naturally. 
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Table 8 Elemental concentrations of extractable fractions (Manskinen et al. 2011b, Pöykiö et al. 2011) 

 
Total concentration 

(mg/kg; d.w.)  
Acid soluble fraction  

(mg/kg; d.w.) 
Reducible fraction  

(mg/kg; d.w.) 
Oxidizable fraction  

(mg/kg; d.w.) 

Al 30900-42500 870 - 1490 

2,8 - 3,5 % 
4500 - 5150 
12,1 - 14,6 % 

7,31 - 3620 
11,7 - 17,2 % 

As 23-46,9 < 0,6 - 1,3 
2,6 - 2,8 % 

10,8 - 16,5 
35,2 - 47,0 % 

2,3 - 6,3 
10,0 - 13,4 % 

Ba 741,3-1200 9,9 - 33 
0,8-4,5% 

234 - 248 
20,7-31,6 % 

312 - 394 
32,8-42,1% 

Be 4-4,4 0,4 
9,1 - 10,0 % 

0,9 - 1,0 
20,5 - 25,0 % 

0,7 - 1 
17,5 - 22,7 % 

Cd 1,2-1,7 0,3 - 0,8 
25,0 - 47,1 % 

< 0,1 - 0,2 
8,3 - 11,8 % 

0,1 - 0,2 
8,3 - 11,8 % 

Co 15,7-29 1,4 - 2,8 
8,9 - 9,7 % 

1,1 - 2,4 
7,0 - 8,3 % 

1,6 - 2,1 
7,2 - 10,2 % 

Cr 47,1-69 1,7 - 6,5 
3,6 - 9,4 % 

2,3 - 5,4 
4,9 - 7,8 % 

3,8 - 6,2 
8,1 - 9,0 % 

Cu 99,4-110 1,9 - 10,2 
1,9 - 9,3 % 

2,6 - 15,6 
2,6 - 14,2 % 

16,6 - 26,2 
15,1 - 26,4 % 

Fe 39833-43800 44,5 - 48,9 
0,1 % 

2400 - 3360 
5,5 - 8,4 % 

1410 - 1720 
3,2 - 4,3 % 

Hg 0,09 n.d. n.d. n.d. 

Mn 750-977,3 100 - 152 
13,3 - 15,6 % 

121 - 166 
16,1 - 17,0 % 

138 - 174 
17,8 - 18,4 % 

Mo 15,9-63 0,5 - 7,3 
3,1 - 11,6 % 

0,3 - 9,4 
1,9 - 14,9 % 

5,2 - 18,6 
29,5 - 32,7 % 

Ni 45,5-240 3,3 - 30,6 
7,3 - 12,8 % 

2,1 - 12,3 
4,6 - 5,1 % 

4,4 - 12,1 
5,0 - 9,7 % 

Pb 46,3-91 < 0,6 - 0,6 
0,7 - 1,3 % 

1,3 - 10,3 
2,8 - 11,3 % 

10,7 - 17,2 
18,9 - 23,1 % 

S 2677-5380 2090 - 5200 
78,1 - 96,7 % 

183 - 200 
3,7 - 6,8 % 

160 - 252 
3,0 - 9,4 % 

Sb 4-7 < 0,6 - 0,7 
10,0 - 15,0 % 

< 0,6 
8,6 - 15,0 % 

< 0,8 
11,4 - 20,0 % 

Se 4-5,2 < 0,8 
15,4 - 20,0 % 

< 0,8 
15,4 - 20,0 % 

1,8 - 2,2 
42,3 - 45,0 % 

Ti 1203,3 0,8 
0,1 % 

1,9 
0,2 % 

2,4 
0,2 % 

V 94,8-390 0,9 - 12,5 
0,9 - 3,2 % 

23,2 - 144 
24,5 - 36,9 % 

25,9 - 36,8 
9,4 - 27,3 % 

Zn 190-247,7 30,9 - 36,4 
0,9 - 3,2 % 

15,9 - 29,6 
24,5 - 36,9 % 

14,8 - 25,7 
9,4 - 27,3 % 

d.w. = dry weight 

 

In the cases of chromium, nickel and lead, the bioavailability in each of the studied fractions 

is very small and released mercury is too low to detect any of the studied fractions. 

Bioavailability of copper is greater in the oxidizable fraction while weaker solvent releasing 

is not remarkably. The greater released elements with weaker solvents are arsenic and zinc 
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which are releasing significantly in reducible fraction and cadmium, which maximum share 

of releasing has been achieved in acid soluble fraction. 

 

The bioavailability of several heavy metals is greater in fly ash than in GLD material while 

weaker solvents have been used. However, there are available several treatment methods for 

improving the stability of easily leachable elements in fly ash. The simplest way is 

lengthening a storage time while fly ash is absorbed moisture which influence different 

mineralization especially barium and fluoride to the slightly soluble form. Another way is 

stabilization techniques with binding material which is decreasing solubility of several 

harmful elements. (Ramboll Finland Oy 2012 p. 10) Also, according Finnish Government 

Decree (843/2017) it is recommended to treat the fly ash to decrease the solubility.  

 

4.3 Potential applications for fly ash 

 

Wood-based fly ashes are more heterogeneous materials than coal ashes which have been 

utilized in different objectives widely (VTT 2009). The suitability for the specific use must 

be examined case by case due to heterogeneous of different fly ash batches (Tiehallinto 

2007). 

 

Amount of produced ash has been increasing after different waste fractions are treated by 

thermally instead of landfilling. There are investigated utilization applications for ashes 

produced from pulp and paper industry. The development of applications is concentrated to 

advantage properties of fly ash which are its high nutrient content for fertilization use 

replacing the use of commercial fertilization applications and high pH and neutralizing 

values indicate its utilization as a liming agent (Demeyer et al. 2001, Pöykiö et al. 2009).  

 

4.3.1 Fly ash utilization as fertilizer 

 

The idea of utilization of ash produced wood is to return the taken nutrients and 

micronutrients back to forestry. However, negative effect of utilization of wood ash is 

reported which are too high heavy metal concentration and ability for dusting.  
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In Finland the first experiment of wood ash utilization started at 1937 by Metla (Ojala 2010). 

Because ash is containing nutrients and micronutrients which are concentrated to the ash 

from wood material from forest nutrient cycle, the main idea to use biomass ash as fertilizer 

in forestry is supporting the balance of nutrient cycle and especially in the same relation 

woods are used (Ojala, 2010). Fertilization of forestry is increasing the value of forests by 

improving the nutrient balance of forest and growth of trees (Ojala, 2010). 

 

Wood ash is most suitable nutrient for the nitrogen compound rich ground because the 

nitrogen is released from the ash in thermal treatment. Instead of nitrogen, fly ash as fertilizer 

is providing increasement of potassium and phosphorous for the ground, especially for 

drained peatlands, shallow peat, organic or peaty forest soils (Ojala 2010). Overall, the 

utilization of biomass ash is improving long term positive effect for wood production (Ojala 

2010, Pitman et al. 2006). Hytönen et al. (2003) and Moilanen et al. (2005) have investigated 

their field studies the effect of utilization wood ash as fertilization agent for the growth of 

Scots pine (Pinus sylvestris L.). Scots pine is growing peat fields where the nitrogen content 

is sufficient level but there is need especially for potassium and boron elements (Hytönen et 

al. 2003). According to Hytönen et al. (2003) the wood ash uses as fertilizer for Scots pine 

increased the number of healthy seedlings and increased the height growth of Scots pines. 

According to 15 years field experiment by Moilanen et al. (2005) there was significant 

regression between higher wood ash fertilization and growth response than lower 

fertilization. The mean annual volume growth was 0,5-1,4 m3/ha higher than in control plots 

after 15 years. 

 

Saarsalmi et al (2001) have investigated wood ash fertilization effect to chemical properties 

of forest soil at Scots pine plantations. They are used 3 t/ha dose of wood ash as fertilization 

and chemical properties are studied before the treatment and 7 and 16 years after the 

treatment. They reported positive long-term neutralization and fertilization effects while pH 

was increased 0,6-1,0 pH units and exchangeable acidity was decrease 58-83% during 16 

years after wood-ash treatment. However, the concentration of exchangeable aluminium 

decreased in all field test due to wood ash treatment. As a result, they concluded that wood 

ash is suitable for counteracting agent of acidification of forest soils and replacing the need 

of leaching of nutrients from soil.  
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In addition to increasing major nutrient elements (P, Ca, Mg, K and B), the wood ash is 

decreasing the leachability of Al, Fe and Mn element which might causes toxic affections 

(Demeyer et al. 2001, Pitman et al. 2006). Especially, pH rise in very acidic soils could affect 

the mobilization of these toxic metals (Pitman et al. 2006).  

 

Environment aspects are considered while the use of fly ash as fertilizer is started. However, 

the heavy metal concentrations have been reported to be close to the limit values of 

fertilization decree. Several techniques for separating heavy metals from the fly ash has been 

developed for example, gravitation, and water extraction. However, the need of heavy metal 

removing from each batch of fly ash should be examined separately due to wide variation of 

heavy metals for ensuring the suitability for fertilizer use.  

 

The abundance of heavy metals is higher in the smaller fly ash particles and the separation 

for the different fractions according to the particle size has been developed for improving 

the competence of fertilization use. Gravitation has been utilized to separate fly ash particles 

and electrostatic precipitators and classifying using air have been reported to be suitable 

techniques for fly ash particle separation. Water extraction has been developed for separating 

the nutrient content of fly ash to water soluble however, the treatment of residue is problem 

while the heavy metals are concentrated to the residue. (Apila Group Oy Ab, 2013) 

 

 According to Pitman et al. (2006) heavy metal concentrations due to wood ash use as 

fertilization is reported to be at the same level as use of commercial fertilizers. Heavy metal 

content combined with high calcium content effect the rise of pH in the soil, increasing 

microbial populations and effect mobilization nitrogen in the soil providing better 

availability nitrogen for trees and plants (Pitman et al. 2006). While fly ash is advancing the 

growth of trees, there might be affect to the forest ecosystems however, more studies are 

needed especially from different soil types. According to Demeyer et al. (2001) no 

significant environment risks are presented.  

 

Piirainen et al. (2013) investigated long-term influences of wood and peat ash treatment for 

acidity of runoffs and changes of nutrient, heavy metals and dissolved organic carbon in 
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peatland catchment area. They reported no rise concentration of Zn, Cd, Cu and Ni were 

found in the soil or groundwater in their field test where wood-based ash was used fertilizer 

agent, but some rise of Cr was reported. It is commonly known the release of nutrient is 

relative slow process, however, expect K and S elements. Piirainen et al. (2013) reported 13-

15-fold release after ash treatment compared to the reference plot. After 10-11 years of the 

treatment K level was still a little bit higher than in reference plot, however the relative 

amount of K is remained small.  

 

Fly ash with very fine particle size is affecting “shock effect” to the ground vegetations while 

pH is increasing after fly ash spreading. For improving the handling of fly ash and avoiding 

negative environment effect, the stabilization of fly ash should be considered. In all 

stabilization techniques fly ash is moisturized causing the reaction of calcium to calcium 

hydroxide or calcium carbonate which is growing the particle size of fly ash. The simplest 

way of stabilization is “self-stabilization” while the moisture is absorbed to the fly ash 

naturally while the moisture content of 15-40 % can be achieved. (Rinne, 2007) 

 

Fly ash granulating is decreasing further the dusting and reactivity of fly ash while it is easier 

to spread to environment and it is decreasing the negative effect due to high pH and high salt 

content while the dissolution is slower due to bigger particle size (Apila Group Oy Ab 2013, 

Rinne 2007). Advantages of granulated fly ash compared to the “self-stabilized” fly ash is 

faster stabilization, dusting decreasing and lower moisture content (Joensuu 2018). RaKiKY 

project started at 2018 which aim is developed forest fertilizer from the mixture of wood-

based ash and wastewater treatment plant sludge however, this is not allowed in legislation. 

The mixture has been reported to easier handling than fly ash alone, the heavy metal 

concentration level is low and WWTP sludge is providing nitrogen which is missing in fly 

ash. (Dahl and Peltonen 2018) 

 

4.3.2 Other usages of fly ash 

 

In addition to fly ash utilization as nutrients, the use in cement and bitumen industry is 

common while the produced fly ash can replace the virgin raw material. Rajamma et al. 

(2009) have studied the biomass fly ashes suitability to produce cement. The mechanical 
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strength of cement was at original level while 10 % of biomass fly ash was included to the 

cement however, the strength was 75 % comparing to the reference material while 20 % of 

biomass fly ash was added.  

 

Fly ash utilization has been studied also for bitumen and especially bitumen pavement and 

bricks production (Behnood, 2015, Li 2013, Lingling 2005) however, the studies included 

wood-based fly ash has not been widely reported. The heterogeneous characteristics might 

decrease the use of fly ash in bitumen industry, but also the abundance of sulphur and 

chloride compounds in wood-based ashes might be limited properties (VTT 2009). Due to 

high pH of fly ashes, it might affect the corrosion and that’s why the material combination 

with fly ash must planned carefully. Suitable materials for combining with fly ash are acid 

resisting steel, lead, bitumen and part of the plastic types however, the cast iron, steel and 

aluminium are not suitable combining with fly ash (Mäkelä & Höynälä 2000). 

 

Fly ashes has been utilized as a soil stabilization material due to limit the leachability of 

heavy metals from soil to the environment. The most effective method for stabilization is 

widely used pozzolanic-based stabilization/solidification (S/S) method. The method is based 

on the reaction between lime and fly ash in very high pH while silica and alumina compounds 

from fly ash are more soluble and then the calcium ions are reacting with silica and alumina 

producing cementitious hydrates which are responsible for the strength properties of end-

products.  Biomass-based fly ash is containing naturally high amount of CaO thus, it is 

suitable material for soil stabilization use (Uchariya, 2016). Fly ash as an additive is 

increasing the pozzolonic surface area which is affecting in a positive way to the strength, 

workability, buffer capacity and heavy metal leachability of the produced material 

(Dermatas, 2003). 

 

Mining industry is another general utilization use for fly ash. Fly ash can be used as a single 

material or combined with other side stream fractions as a filling material. Fly ash can be 

replacing the use of rock material and road and field constructions and sound barriers are 

typical utilization object for fly ashes but also embankments, which are not needed to protect 

from freezing, are one utilization objective for fly ash (Ramboll Finland Oy 2012, Tiehallinto 

2007, VTT 2009). Fly ash addition for the composition is reported to strengthening the 
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material thus, the width of structures can be decreased and in addition, the weight of fly ash 

is lighter comparing to the rock materials and the use of fly ash is decreasing the total mass 

of structures but also these structures are working as thermal insulation (Eerola, 2001).  
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5 X-RAY FLUORESCENCE SPECTROMETER 

 

X-ray fluorescence spectrometer (XRF) is analyze technique for quantitative and qualitative 

elementary analysis for solid and liquid materials with different matrixes. XRF-techniques 

can be divided into energy dispersive XRF (EDXRF) and wavelength dispersive XRF 

(WDXRF) techniques, however in this chapter is considered to EDXRF technique which is 

used in empirical part of this work. (Brouwer 2010, Verma 2007). EDXRF method is suitable 

for different sample matrix, both liquid and solid samples. The required sample amount for 

EDXRF analyze is small and the sample is not needed to destructive for analyze. Also, the 

sample preparation for the analyze is simple. (Verma 2007) Calibrations of EDXRF are 

stable taking even years required a new one.  

 

5.1 XRF spectrometer 

 

EDXRF techniques provide rapid multielement analysis with simultaneous detection. 

EDXRF analysis is taking only several minutes by analyzing tens of elements. It is providing 

reliable information about elements from sodium to uranium in order of periodic table. 

EDXRF analyze technique is supporting “green chemistry” thinking while no chemicals are 

needed for analysis (Yamada ,2014). Even thought, detection limit, sensitiveness and 

resolutions are optimized especially for heavy elements. Light elements can be measured 

with sufficient accuracy (Brouwer 2010). Analyze with vacuum atmosphere is increasing 

the sensitivity of light elements however, open-air nature can use also with lower accuracy 

of results. (Verma 2007) Measuring range is depending on the measured element however, 

concentrations from part per million (ppm) level to percentage (%) level are reported to be 

measurement range of EDXRF in generally which provided results from major element for 

trace elements (Brouwer 2010, Verma 2007).  

 

5.2 Operational principle of XRF 

 

The principle of EDXRF is based on X-ray radiation and capability to bombed electrons of 

atom out of the shell while fluorescence emission is produced.  
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X-rays are photons and according to wave-particle duality they have characteristics of both 

waves and particles. Photons are produced into an anode where electrons are accelerated. 

Generally used anode materials are for example W, Mo, Ag and Rh. (Harris 2016 pp. 550-

553) Electromagnetic waves can be divided into different radiation according their 

wavelengths. Figure 5 presents the wavelength of different electromagnetic radiations and 

energy content. The energy content of wave and the length of wave are inverse proportional 

to each other. X-rays are located between UV-light and γ-rays which means its wavelength 

is relatively short and the energy content relatively high. (Brouwer, 2010) 

 

 

Figure 5 Wavelengths of electromagnetic radiation (Brouwer, 2010) 

 

According to Bohr atom model, atom contains positive charged nucleus which is surrounded 

with negative charged electrons located to shells. The electrons located in certain shells have 

different energy levels while inner shells have lover energy level than outer from nucleus. 

The most inner shell is called K-shell and the names of outer shells continues in alphabetic 

order. In EDXRF techniques, samples are irradiated with X-ray radiation with high energy 

content. When X-ray radiation is facing the atom with sufficient amount of energy, electron 

from shell is expelled. Formed electron hole is filled immediately with electron from outer 

shell and the stability and original configuration of the atom is obtained. (Harris 2016 pp. 

550-553) 

 

Due to energy level difference between shells, transferred electron released the surplus 

energy as a photon also called fluorescence radiation (Verma 2007, pp. 1-12). The 

wavelength of produced fluorescence radiation is inversely proportional to the energy of 

released photon. Every element has specific energy differences between shells and the 

element is identified according to its energy content of fluorescence radiation. (Harris 2016 

pp. 550-553)  
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The identification of elements is based on the wavelengths of the emitted fluorescence 

radiation which is called qualitative analysis. In the case of quantitative analysis where the 

concentration of elements in the sample is examined, the intensity of the certain X-ray is 

considered (Brouwer 2010, Verma 2007). Figure 6 presents flow sheet of possible lines and 

electron transitions. The emission line energies are marked with the capital letter which is 

describing the shell of the dropped electron and Greek alphabet which is describing the shell 

the electron is coming (Rigaku NEX DE EDXRF). 

 

Figure 6 Flow sheet of electron transitions (Rigaku NEX DE EDXRF) 

 

5.3 EDXRF spectrometer 

 

The main components of EDXRF spectrometer is X-ray radiation source and detector 

however several components are included to EDXRF technique to improving the analytical 

results. Figure 7 presents scheme of EDXRF spectrometer components. 

 

Figure 7 Operating principle of EDXRF (Verma 2007, p. 18) 
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X-ray radiation source is irradiating the sample and causes released emitted radiation 

energies. Radioactive sources or X-ray tubes are usually used as X-ray sources in EDXRF 

techniques (Verma, 2007 p. 12). Filters are used in EDXRF technique improving the peak 

separation from background peaks and reducing X-ray intensities producing while X-ray 

radiation is facing X-ray tube materials (Brouwer, 2010). After fluorescence radiation 

(emitted photons) are produced after X-ray radiation is bombed sample they are reflected 

from different angles. Collimator is located between sample and detector and its purpose is 

collected photons from different directions and channel them to the detector (Verma 2007, 

p. 21). 

   

Detector is the last component of the measurement pathway. Solid-state detectors are in 

generally used detectors in EDXRF techniques due to their ability to detect photons (Lutz 

2007, Brouwer 2010). This technique is based on interaction between semiconductor 

material and photons and in generally used material is silicon. The electron-hole pairs are 

produced while photons are interacted with semiconductor material (Lutz 2007 pp. 9-21).). 

The number of produced electron pairs to the semiconductor material is direct proportion to 

the energy of photon which is the base to the detection (Lutz 2007 pp. 9-21). Silicon drift 

detector technique is application of solid-state detectors due to good ability of silicon act as 

semiconductor and it is most commonly used as detector of EDXRF.  

 

5.4 Sample requirements and preparation for EDXRF 

 

Successful sample preparation is prerequisite for high quality EDXRF results. EDXRF 

technique is suitable for both solid and liquid samples however, in this chapter the solid 

samples are considered while the samples in the empirical part are powdered solid samples. 

Figure 8 presents the flowsheet of preparation processes for different sample types. Part of 

the picture surrounded with red line is the part we are considered in this part due to samples 

in empirical part are powder samples. 
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Figure 8 A flow sheet of sample preparation for XRF analysis (Yamada 2014) 

 

Practically, powdered samples have several different pretreatment techniques. Pellets are 

produced by pressing pulverized sample mechanically or hydraulically and this method is 

called pressed powder method. This technique is recommended for samples which trace 

elements are interest (SFS-EN 15309). The particle size of the sample should be smaller than 

150 µm however, even smaller particle size is required for analysis of trace elements (SFS-

EN 15309). Forming agent is used in pelletization if pellet production is difficult only from 

sample (Takahashi, 2015). The forming agent should be free from analytes of interest if 

pelletization is not resulting without it (Yamada, 2014). In generally, used forming agent is 

wax and the relation of sample and agent is 10:1 by weight however, the dilution factors can 

be differed due to different sample types (SFS-EN 15309).  

 

The simplest method is measured the sample using loose powder method where sample is 

placed for the sample cup without any pretreatment handling. However, to achieve sufficient 

results vacuum atmosphere is needed but still the X-ray intensities decreased due to used 

sample cup or film and the reproducibility of sample is not as high than in pressed powder 

method. After all, this method is recommended for samples which pelletization is not 

possible or samples which are recovered after measurement. (Takahashi, 2015) Fusion bead 

is method where samples are melted with a flux material in very high temperature (over 1000 

°C) and as a result stable glass disk for analysis. Fusion bead method is more expensive 

pretreatment techniques than pellet method however it is more suitable for very 
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heterogeneous sample types such as rocks and mineral ores by decreasing the variation of 

sample properties. (Yamada, 2014) 

 

EDXRF technique is very sensitive for variation of sample matrix and errors due to 

heterogeneous of the samples. Calibration samples and unknown samples should be 

pretreated similar way to ensure similarity of properties such as particle size. (Yamada, 

2014) Particle size of the samples have a remarkably influence on the analyze results due to 

X-ray intensities are depending the grain size distribution of the samples and the influence 

can be seen to be greater for the light elements (Morikawa, 2014).   

 

5.5 Calibration of EDXRF 

 

EDXRF technique is provided two different calibration methods. Matrix-matching 

calibration is used in generally for homogeneous solid samples. This technique is required 

standard materials for creating calibration curve. These samples are measured with the 

application which should be calibrate. There are connected certain amount of peak to the 

known concentration values where the system is comparing measured intensities (SFS-EN 

15309). It is not always possibly to create matrix-matching calibration especially for waste 

fractions which have inhomogeneous matrices and suitable reference material is not 

available.  However, there is available screening calibration method for providing sufficient 

elemental content information at a semi-quantitative level by using matrix-independent 

calibration curves (SFS-EN 15309).  
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6 SAMPLING OF WASTE MATERIALS 

 

Sampling is part of the measurement process which aim is provided reliable information for 

decision making processes. The uncertainty of sample preparation and analytical 

measurements have been well studied and optimized in the laboratories however, the 

sampling process has been rarely monitored in the equal way.  

 

Sampling method effect significantly to the quality of analytical results and errors caused by 

sampling and these mistakes are not able to correct later during analysis. Sampling has been 

reported to affect the greatest part of the uncertainty for the measurement process. The error 

caused by sampling might affect even greater than 100-fold error comparing to the error 

caused during analytical procedure (Petersen et al. 2005). For ensuring the validity of made 

decisions it is important that all the steps in the measurement process are well examined and 

planned. 

 

Due to interest of environment aspects and tighten laws which are guiding the location of 

the waste materials, the composition of waste materials has been studied. While the 

increasing interest of using waste materials as a secondary raw materials source, the 

importance of the characterization of waste material is increasing and the meaning of waste 

material sampling is advancing. The accuracy of the studied population is increasing while 

the number of representative samples is increasing. Every sample has the price, and this 

should be considered while the sampling plan is developing. The balance between number 

of samples and the meaning of the single sample for the understanding of general picture 

should be find.   

 

Heterogeneity characteristic is very common for waste materials. This is due to variabilities 

of the processes the waste is generated, variability of raw materials and the mixtures of 

disposing materials (CEN/TR 15310-5). The heterogeneity is causing challenges for the 

developing sampling plan while in many cases the assumptions of normal distribution among 

the population is exist and completely homogeneous has been achieved (CEN/TR 15310-1). 

In the case of heterogenous materials these assumptions can not necessarily used. 

 



52 

 

Pierre Gy started the studies related to the statistical sampling in 1950. Today his work has 

been known as Theory of Sampling (TOS) which is focused on sampling errors of 

heterogeneous materials (Petersen et al. 2005). TOS was the first sampling theory which 

defined the sampling correctness and the representativeness approaches, and it is combining 

sampling as a technical performance with statistic approach for sampling. TOS is behind of 

many presented sampling approaches also in this thesis (Petersen et al. 2005). Nowadays, 

statistical tools for planning the sampling and asses the uncertainty due to sampling are 

available. 

 

6.1 Sampling plan design 

 

The aim of the sampling design is ensuring that the sampling protocol is providing 

representative samples for analysis. In addition, for ensuring high quality analytical results, 

timetable, economical aspects as well as human resources should be considered during the 

planning of sampling plan. Sampling method can be divided into sampling plan and the 

sampling technique (Hiltunen et al. 2011). Sampling plan is representative such as needed 

number of samples and sampling times than sampling technique is describing how the 

sampling should be done (Hiltunen et al. 2011). Measurement process contains several 

processes steps which are described mainly in Figure 9. Sampling, sample preparation and 

analyses processes are included to the three main steps of measurement process. Presented 

flowsheet is not describing the process completely while minor steps such as storage and 

transportation are left outside of the flowsheet.  

 



53 

 

 

Figure 9 Flowsheet of typical measurement process (Ramsy and Ellison, 2007)  

 

Sampling process starts from a sampling target. Sampling target means the portion of 

examined material where (a) sample/s is aiming to collect and which the sample is intended 

to represent (Ramsy and Ellison 2007). Primary sample is taken from sampling target or 

several primary samples can be collected together forming composite sample. In a laboratory 

scale, the needed amounts of samples are relatively low and finally laboratory samples are 

formed first sub-samples before the final laboratory sample.  

 

The main aim of sampling design is collected sample/s which are representing sampling 

target where the sample is taken. To achieve that goal, interest element/-s or compound/-s 

should be specified due to the concentration level of interested element have influence to the 

sampling design. While sampling design is planning, there should be specified what kind of 

conclusions are supposed to do based on the information samples are provided and what is 

the acceptable confidence level. (Hiltunen et al. 2011, SFS EN 14899). Figure 10 presents 

the flowsheet for designing the sampling plan. 
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Figure 10 Flowsheet of sampling plan (Nordtest 1996) 

 

Commonly used confidential level in sampling designs is 95 % which represents there is 5 

% possibility to left out the target element from the collected sample (Nordtest 1996). 

Uncertainty level should be considered before sampling due to influence on number of 

samples are taken. However, the legislation could define the level of uncertainty and that 

should consider while planning sampling design (Hiltunen et al. 2011). According to SFS 

EN 14899 standard the minimum information which sampling design is included are: 

• increment size 

• sample size  

• use of individual samples or composite sample 

• number of samples  

• sampling locations 

• sampling frequency   

 

Location of sample should be considered in the sampling plan and specific features of the 

location such as contamination possibilities should be considered. In addition, the time and 
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order of sampling should include to the sampling plan. Several other aspects should be 

considered based on target compound/-s such as the concentration level and homogeneous 

level in the sample. After sampling, the storage conditions should be described in the 

sampling design for ensuring the durability of target compound. (Hiltunen et al. 2011) 

 

6.2 Statistical and theoretical approach for sampling 

 

In this chapter different concepts and theories related to sampling and equations which 

provides statistical information to support sampling is presented. The concept of 

representative sample is very important for the sampling and the base of accuracy results 

which are describing the analyzed target. If collected samples are not representative, the 

increasement to the amount of collected samples are not improving the quality of analyze 

results. (Hiltunen et al. 2011) 

 

In the case the whole studied target is included to the sample totally, the sampling error is 

zero. However, due to practical and economic reasons examination of whole population is 

not worthwhile and only part of the population is studied as samples. The selection process 

of which part of the population are selected for further studies is occurring the sampling 

error. Representative sampling is an approach for decreasing the sampling error while 

according this approach collected samples are representing the whole population. 

Practically, representative sampling is decreasing the systematic error caused by sampling. 

(Hiltunen et al. 2011, Petersen et al. 2005) 

 

Practically representative sampling means that mass reduction of studied amount of 

population will be done. The aim is that the mass reduction is done correctly thus no biased 

is occurring resulting from mass reduction for ensuring the representative sample (Petersen 

et al. 2005). However, in the real world the error is always exist, but it should be considered 

while the sampling plan is designed.  

 

6.2.1 Sampling approaches 
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Probabilistic and judgement sampling are two main sampling approaches (CEN/TR 15310-

1). Probability sampling is usually more recommended sampling approach for ensuring the 

representative sampling, however, the judgement sampling is suitable sampling approach in 

the cases the probabilistic sampling is impossible execute (CEN/TR 15310-1).  

  

Probabilistic sampling is based on TOS and the statistical tools to ensure that every element 

in the examined population have the same chance to get included to the sample (Ramsey and 

Ellison, 2002 pp. 7-12, Nordtest 1996, SFS EN 14899). In addition to this more reliability 

sampling approach, the uncertainty of probabilistic sampling can be assessed and statistical 

finding from the studied population are able to be concluded (Ramsey and Ellison 2002 

pp. 7-12, SFS-EN 14899). 

 

Judgement sampling approach is utilizing “a partially-probabilistic procedure” (CEN/TR 

15310-1). This sampling approach is preferred if time and economic resources are limited 

sampling however, the quality of sampling might not be as high as achieved using 

probabilistic sampling approach especially if the knowledge of sampling target is incomplete 

(CEN/TR 15310-1, Ramsey and Ellison 2002 pp. 7-12).  

 

Figure 11 is illustrating two different methods for judgement sampling. In the left side 

picture, the sampling method is following systematic sampling method where all the samples 

are collected systematically from the certain distance from each other’s (CEN/TR 15310-1). 

This method can produce reliability information however, the chance of the sampling 

method presented right side of the picture can produce reliability information of the target 

only if the heterogeneous level is very low in the target. To achieve reliability information 

by utilizing judgement sampling is demanding high expertise of sampling and high level of 

knowledge of studied material (Ramsey and Ellison 2002 pp. 7-12). 
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Figure 11 Two different approaches for judgement sampling (CEN/TR 15310-1) 

 

6.2.1.1 Individual samples and composite samples 

 

Important decision while designing a sampling plan is the selection either individual samples 

or composite samples. Individual samples are collected and analyzed separately and each of 

individual sample from the target is directly representing only part of the studied population 

however, by combining analyze results of individual samples achieved information 

represents the total studied target if the representative sampling procedure is obtained. Using 

individual sampling, the average concentration of studied components can be achieving but 

also the variability inside the studied population can be reported. (Hiltunen et al. 2011) 

 

While every single individual sample are analyzed separately, in the composite sampling 

protocol increments are collected from the sampling target and the increments are combined 

resulting homogeneous sample (Ramsey and Ellison 2002 p. 15-16). Composite sample is 

providing information about the mean concentration of studied population however, 

composite sampling is not able to provide information of variability of target (CEN/TR 

15310-1). Composite sampling is reducing the number of analyzed sample which is reducing 

costs while it is desirable sampling approach for the suitable cases (Ramsey and Ellison 2002 

p. 15-16). 

 

6.2.1.2 Different sampling designs in probabilistic sampling 
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In this chapter several sampling designs are presented. Figure 12 illustrates simple random, 

and systematic sampling design which are presented during this chapter. The selection of 

sampling design is included to the sampling plan and selected design might affect to the 

results remarkably thus, the selection must be done carefully.   

 

  

Figure 12 Different sampling design flowsheets (CEN/TR 15310-1) 

 

Simple random sampling design is most fundamental sampling design and it has been as a 

starting point for the development of sampling designs. This sampling design is assuming 

that while the samples are collected randomly, every piece of the sample have the same 

chance to be collected. Due to random selection this sampling design is not affect systematic 

error. This design is most suitable for studying very homogeneous population. Today, the 

simple random sampling is not used as main sampling design while more effective designs 

have advance however, simple random sampling is suitable design for the sampling plan 

which contains more than one sampling stages and simple random sampling is usually used 

as a last stage. For ensuring the real random selection, random number generator or randomly 

selected numbers between 1 and N should be selected beforehand. For example, waste pile 

can be drawn to the x,y,z-coordinate system and sample collection points can be selected 

beforehand. (Ramsey and Ellison 2002 pp. 33-50) 

 

In systematic sampling design, also called grid sampling, samples are collected 

systematically, and collection points are decided beforehand. The first sample spot is 

selected randomly and after that following samples are collected keeping the same interval. 

Systematic sampling can be linked either to the mass or to the time. For example, collecting 
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samples from the moving material stream the first sample spot is selected randomly and 

following samples have been collected after certain intervals. Usually environment sampling 

cases the sampling target are three dimensional. In these cases, the sampling target is divided 

according to grid pattern which is decided beforehand and from every grid is collected the 

same numbers of samples in the same location. (Ramsey and Ellison, 2002, pp. 63-73) 

 

The advantage of systematic sampling design is the whole target population is included to 

the sampling design while the segregation due to particle distribution of sampling target is 

considered in the sampling design. Systematic sampling is usually used in the cases the trend 

of spatial or temporal correlation should be determined, looking for the maximum content 

of interest or determined the “hot spot” areas or determined different population parameters 

such as mean concentration of interests. While using systematic sampling, the awareness of 

systematic error caused when the sampling frequency is matched to the systematic sampling. 

(Ramsey and Ellison, 2002, pp. 63-73) 

 

6.2.2 Properties of examined population considered in a sampling plan 

 

6.2.2.1 Heterogeneity degree  

 

Homogeneous means the situation where each part of studied population is identical for each 

other (Gy, 1995). In the real world the completely homogeneity is never existing while 

always the difference at least in molecular or nuclear level can be observed (Petersen and 

Esbensen, 2005). All the other cases populations are heterogeneous and the level of 

heterogenous can be determined. Heterogeneity is at least some level the reason for the 

sampling error and due this the heterogeneity level of studied population should be 

considered and the sampling error due to this should be avoided. Heterogeneity can be 

divided into constitutional and distributional heterogeneity. (Gy, 1995) 

 

Constitutional heterogeneity (CH) is defined as the heterogeneity within in each fragment 

(Petersen and Esbensen, 2005). The size of the individual fragment is proportional to the 

level of CH which means that while the size of the fragment is decreased the level of CH is 

also decreasing. Mixing is not decreasing the CH but crushing or cutting of fragments is 
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decreasing the level of CH however, the CH never be zero. (Berben et al. 2014, Petersen and 

Esbensen, 2005) 

 

Distributional heterogeneity (DH) is due to studied elements unequal or non-random 

distribution of the population (Berben et al. 2014, Gy, 1995). This is often due to the particle 

size distribution, shape of particles or density of particles at the studied population when 

larger particles are falling due to gravitation and segregation can be observed especially 

when the studied population is a pile (Berden et al. 2014).  The level of DH can be decreased 

mixing a studied population and considered the heterogeneity properties during sampling 

(Berden et al. 2014, Petersen and Esbensen, 2005). The value describing the level of DH is 

always smaller than the value of CH (Petersen and Esbensen, 2005).  Figure 13 is illustrating 

the difference between CH and DH. 

 

  

Figure 13 Constitutional heterogeneity and distributional heterogeneity (Berben et al. 2014) 

 

6.2.2.2  Dimensions of studied populations 

 

Lot means a sampling target where the total volume or mass of the studied population lie 

(Petersen et al. 2005). The geometry or dimension of lot are marked 0-D – 3-D and it is 

describing in addition to the shape of the sample target but also other properties which are 

affecting the more complex variation to the samples (Petersen et al. 2005). Figure 14 presents 

different lot dimensions as a cross sector figures.   
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Figure 14 Different lot dimensions (Petersen et al. 2005) 

 

Zero-dimensional (0-D) is basically theoretical lot geometry while it is about in the cases the 

whole lot will be included to the sample or the lot is completely mixed which means the 

heterogenic level is zero (Petersen et al. 2005). Thus, there is no correlation between location 

of the lot and studied property, and the sampling error is zero in these both cases. Typical 

examples about a one-dimensional (1-D) lot is a moving material stream when the short-cut 

of the stream is included to the sample and there is no distinct autocorrelation between any 

variable such as time or process conditions (Petersen et al. 2005). A two-dimensional lot is 

a plane shaped and the collected sample should cover all the three surfaces (Petersen et al. 

2005). Three-dimensional (3-D) lot is common geometry in environment and waste material 

sampling processes while the material is piled up for example on the truck load or the 

sampling is performed in the environment. (Petersen et al. 2005).  

 

0-D and 1-D lots are the easiest handle in the sampling aspects and TOS is fully covered for 

these dimensions. It is recommended to transfer lots with higher dimensions to one-

dimensional geometry (Petersen et a. 2005). However, this is not always an option for 

practical and economic reasons, and this should be considered while designing sampling 

plan.  
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6.2.3 The number of samples 

 

The level of heterogeneous of studied population is determining how many samples should 

be taken. Sampling from a completely homogeneous sampling target is very easy while it is 

producing the same result from any of the sample collected from the target. The number of 

needed samples is increasing while materials heterogeneous level is increasing to achieve a 

high precision however, the bias is occurring in the real-world cases and 100 % precision is 

impossible to gained anymore (Nordtest 1996). Table 9 is presenting according to Nordtest 

the effect of heterogenous to the needed number of samples. Difference thumb rules for 

estimating the needed number of samples or increments has been presented. According to 

the Government Decree on the Recovery of Certain Wastes in Earth Construction 

(843/2017), the minimum number of increments for the composite sample which is 

examining 5000 tons of study material is 50 increments.  

 

Table 9 Minimum number or samples collected from the unit size of 30 tons or less (Nordtest, 1996) 

Heterogeneity No. of primary samples 

Homogenous solid residues 5 

Heterogeneous solid residues 7 

Very heterogeneous or stratified 

solid residues 

10 

  

Thus, while the required numbers of samples or increments are determined, the thump rule 

is the more representative samples or increments are collected, the higher precision of 

sampling is (Hiltunen et al. 2011). Due to practical and economic reasons the number of 

examined samples is often limited and lower costs are usually meaning higher uncertainty 

in results. The use of the information is determined the required precision level and thus the 

number of samples.  

 

There are different statistical approaches to estimated needed number of samples. However, 

there should be noticed that reliability is not improved by increasing the number of samples 

if collected samples are not representative the examined group (Hiltunen et al. 2011). 

Different equations have been used for determining the number of primary samples and 

increments for composite samples. According the Nordtest (1996) report the minimum 
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number of primary samples can be estimated however, it should be at least 5. Nordtest repot 

is presenting two equations for the determine the minimum number of primary samples 

which both are based on the variance of primary sample and the selected precision level. 

Equation 4 determine the number of primary samples based on the variance caused by 

sampling and laboratory work separately.  

 

𝑛 =
𝑡2 ∙ 𝑉𝑠

𝑢 ∙ 𝑃2 − 𝑡2 ∙ 𝑉𝑝𝑡
 

4 

 

where  

n = minimum number of primary samples 

t = Students t (1-n degrees of freedom, usually used 95 %) and two-sided distribution 

Vs = variance of primary samples 

u = number of sampling units 

P= precision 

Vpt = variance caused by sample preparation and testing 

 

The laboratory variance is not always available, and it is more desirable to determine the 

total variance of primary sample. The equation 5 is simplified equation for determine the 

required number of samples. 

 

𝑛 = (
𝑡

𝑒
)

2

∙  𝑉𝑠 
5 

where  

n = minimum number of primary samples 

t = Students t (1-n degrees of freedom, usually used 95 %) and two-sided distribution 

e = the difference between upper confidence limit and the mean value 

Vs = variance of primary samples 

 

According to Technical Report (CEN/TR 15310-1, 2006), the number of required individual 

samples can be determined with the following equation (6): 
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𝑛 = (
𝑢𝑎

𝑑
)

2

∙ (𝑠𝑠
2 + 𝑠𝑒

2) 
6 

where 

ua = the standard Normal deviate  

d = the desired precision 

ss = the standard deviation of total spatial and/or temporal variation  

se = the standard deviation of analytical error 

 

In addition, Technical Report (CEN/TR 15310-1, 2006) is presenting equation for determine 

the required number of increments for the composite sample for the population which is 

assuming to be distributed normally with the following equation (7): 

 

𝑚 =  
𝑠𝑤

2

𝑛 (
𝑑

𝑢𝑎
)

2

− 𝑠𝑏
2 − 𝑠𝑒

2

 
7 

where 

sw = the standard deviation within composite samples  

n = number of composite samples (usually only one composite sample is desirable to take, 

thus n=1) 

d = the desired precision 

ua = the standard Normal deviate  

sb = the standard deviation of between composite samples 

se = the standard deviation of analytical error 

 

6.2.3.1 The size of sample 

 

The increment and sample size are depending on the type of the sample and especially the 

particle size distribution is important factor while the minimum size is selected while the 

number of increments and primary samples of particulate materials is greater than non-

particulate materials (CEN/TR 15310-1). Due to practical and economic reasons the total 

mass of samples should be kept as small as possible even in the case of composite sample 

the demand of sample fragments is included to composite sample (Petersen et al. 2005). 
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However, the large enough for the minimizing the variability of individual particles, also 

called fundamental variability (CEN/TR 15310-1). 

 

The demand of sample size varies depend on the sample type. There is no required sample 

size for liquids, powders and sludges while their particulate characters are only limited 

(CEN/TR 15310-1). These sample types are not affecting fundamental variability during 

sampling process and only limitation for the sample size is required amount of sample for 

the laboratory analysis. The minimum increment and sample size should be determined for 

the granular and particulate materials for ensuring the representative sampling procedure. 

As sampling granulated or particulate material both the mass and volume of the individual 

particles should be considered for ensuring every part of the population has the same chance 

to be collected to the primary sample or increments. While calculating the minimum sample 

size, the particle size is considered. (CEN/TR 15310-1) 

 

6.3 Uncertainty of measuring 

 

The uncertainty of measurement can be divided into errors caused by the sampling and 

analysis. Further the errors can be divided into random and systematic errors. Random error 

is affecting to the results both directions from the true values randomly thus, it is affecting 

to the precision and repeatability of the results (Miller and Miller 2010). Systematic error is 

changing the analytical result systematically either positivity or negativity direction (Miller 

and Miller 2010). The total systematic error while systematic error might affect from several 

systemic sources is called bias.  

 

Figure 15 is describing the effect of systematic and random error to the analytical results. 

The middle part of the target is describing the true value and the red points are describing 

the analyze results. The analysed results are very close and surrounded the middle point of 

the target while the systematic and random errors are low. While the systematic error is 

increasing, all the analyzed results are close to each other’s however, the average of the 

analyse results are far from the true value. The lack of precision can be seen while the random 

effect is increasing in the figure. The analyzed results are widespread in the target however, 

the average value might be quite close to the true value. The common effect of systematic 
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and random errors is unknown and vary case by case however, the uncertainty of 

measurement is increasing in the relation of the greatness of random and systematic errors.   

 

 

Figure 15 Systematic and random error effect to the uncertainty of measurement (Nordtest. 2007) 

 

As it is earlier mentioned, sampling have a remarkably effect to the analytical result quality. 

The uncertainty level due to sampling can be determined using statistical approaches. The 

uncertainty can be defined several ways however, the simplified definition is an estimate 

attached to a test result which characterizes the range of values within which the true value 

is asserted to lie (Ramsey and Ellison, 2007). For example, the concentration results are often 

reported at the form of x ± U where x is describing the analyzed result and U the uncertainty 

(expanded uncertainty, discussed later) of the result. In practically, the “true value” of the 

analyzed sample is inside the uncertainty range in the certain confidence level. The 

advantage of this simplified definition is that it is easy to understand by the non-professional 

person however, there should be remember the real true value is never be known. 

 

The uncertainty of analysis is well studied and the both errors random and systematic can be 

quite easily examined. Random error can be studied using duplicates in the analyze processes 

while the deviation of the results is describing how precision results are. For the determining 

the systematic error causing in the analytical measurement is produced certified reference 

material which parameters are well studied in the several laboratories and the true value is 

known with high accuracy. The estimation of systematic error caused by sampling process 
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is not very easy to determine for each sampling procedure while it is not well established. 

There is developed for example reference sampling targets however, the information from 

the examined sampling target is not available fast and easily. However, the random error 

caused by sampling can be determined using duplicate sampling while the sampling process 

is repeated and the precision of the analytical results of the duplicates samples have been 

studied. Figure 16 is presented the methods for determine random and systematic error. The 

separation of random error caused from sampling or analyzing process might be difficult and 

due to this the common random error of analysis and sampling processes is determined.  

 

 

Figure 16 Analysing methods of error types (Nordtest, 2007) 

  

Figure 17 is presenting the flowsheet of uncertainty determination. The reasons which are 

affecting to the uncertainty of sampling are the errors occurring during sampling and during 

laboratory analysis (Nordtest, 2007). Heterogeneity level of the studied target is affecting 

widely to the sampling error however, other aspects for example uncorrected planned 

sampling design, transportation and physical aspects (temperature, pressure, particle size) 

have effect to the sampling error (Nordtest, 2007). 

 

 

 

Figure 17 Determination of uncertainty (Nordtest, 2007) 
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6.3.1 Replicate design 

 

Replicate design, also known as duplicate design, is method for determining the uncertainty 

of sampling but also for the whole measurement process including sampling and analyzing 

steps. As it was earlier mentioned, the determination of systematic error caused by sampling 

is difficult. The replicate design can be parallel to measuring replicates during analysis and 

in both cases, precision can be determined which is presenting the random error causing 

sampling and analyse processes. The sampling bias is assumed to be negligible while 

determining the uncertainty or it should be determined separately. (Ramsey and Ellison 2007 

pp. 17-18) 

 

The procedure of replicate design is simply while the sampling procedure is repeated twice 

in the same target to get the deviation between sub-samples within sampling target. This 

procedure is recommended to expanded at least eight or more targets which is including 10 

% of the examined sampling targets as a result of between target variance. The more the 

studied target, the more reliable standard deviation and uncertainty estimation will be 

achieved. Figure 18 is describing the replicate design procedure with the flowsheet. (Ramsey 

and Ellison 2007 pp. 17-18) 

 

 

Figure 18 The flowsheet of replicate design (Nordtest, 2007) 

 

The advantages of the replicate design are cost-effectiveness and simply to apply (EPA 2007 

pp. 17-18). The analysed results are analysed using ANOVA variance analyse to separate 

the precisions due to sampling and analysing (Thompson, 2009). 
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6.3.2 Analysis of variance 

 

After the duplicated samples are collected and analysed with analyse equipment, the data 

analysing is following. The generally used method is analysis of variance (ANOVA) which 

is powerful statistical tool for estimating and separating the variation sources between 

results. The ANOVA can be used when there is existing more than one random error source 

but also controlled variations between samples can be analysed using ANOVA. (Miller and 

Miller, 2010) 

 

Classical ANOVA is assumed the normal distribution of the examined data. If the data is 

observing the normal distribution but up to 10 % of the observations are outliers, the robust 

ANOVA is recommended to use. (SFS-ISO 18400-104, Thompson 2009) 
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7 MATERIALS 

 

7.1 Samples  

 

Studied sample types are fly ashes produced from two biomass boilers and GLD produced 

from the Kraft pulping process from three mills. 

 

7.1.1 Fly ash 

 

Fly ash samples are collected from the paper mills of Mill A and Mill B. From the Mill A is 

collected 16 samples between 25.10-3.12.2018 and 15 samples from the Mill B between 

18.10.18-1.11.18. Samples are collected randomly without any specific sampling design 

plan. Samples are kept at dry storage.  

 

7.1.2 Green liquor dregs 

 

GLD samples are collected from paper mills C, D and E. From Mill C 19 samples are 

collected between 29.10.2018-11.01.2019, from Mill E 14 samples between 17.10.18-

15.12.18 and from Mill D 15 samples between 18.10.18-28.11.2018. GLD samples have 

been kept in a cooled place at the temperature + 8 °C. Samples are collected randomly 

without any specific sampling design plan. 

 

GLD is filtered with the precoater material. Evident white spots in GLD material are 

resulting of  the pre-coater which indicate the high heterogenous level of GLD. Figure 19 

presents GLD sample before drying (left) and several GLD samples after drying. The 

outlook of samples is versatile which should be considered in the sampling and the 

homogenous process.  
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Figure 19 GLD sample before drying in left side and several GLD samples after drying 

 

 

7.2 Equipment 

 

7.2.1 Crusher 

 

GLD samples are pre-crashed using Retch Planetary Ball Mill PM 100 with the 500 ml 

grinding jar. The homogenization of the sample and the binder material mixing with the 

sample for pelleting is made with Retch Planetary Ball Mill MM 200 with the 50 ml grinding 

jar.  

 

7.2.2 Press  

 

Retsch Pellet Press PP 25 is used to form pellets for the measurement of spectrometer. 

Hydraulic pressure is contributed to achieve required pressure force for the production of 

pellets. The maximum pressure of the press is 30 t. Diameter of the formed pellet is 32 mm. 

 

7.2.3 EDXRF analyser 

 

The used EDXRF analyser is Rigaku NEX DE EDXRF spectrometer with the close-coupled 

silver anode, the end-window X-ray tube and the high-performance silicon drift detector. 

The maximum voltage is 60 kV, the maximum current 1 mA and maximum power 12 W.  In 
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addition to the air atmosphere also the helium purge is available. The autosampler carousel 

for 15 samples is supported for 32 mm diameter sample cups. Rigaku is recommended the 

particle size of samples smaller than 75 µm. (Rigaku NEX DE EDXRF) 

 

Rigaku NEX DE EDXRF spectrometer is using QuantEZ software in the management of 

spectrometer. The software is providing the standard less semi-quantitative analysis as 

Rigaku Profile Fitting-Spectra Quant X (RPF-SQX) fundamental parameter (FP) option. The 

accuracy of measurement can be improved using RPF-SQX matching library while the 

specific matrix of the sample type can be matched using several samples with the assay 

values.  In addition, the software is providing the empirical calibration method option where 

is needed the development of calibration curves.  
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8 DETERMINATION OF COMPOSITION OF GREEN LIQUOR 

DREGS AND FLY ASH 

 

8.1 Dry solids and ash content of green liquor dregs and fly ash 

 

8.1.1 Methods 

 

Determination of the dry solids content is made by weighing small amount of sample to a 

weight balanced ceramic crucible. Crucibles are kept over 12 h temperature at 105 °C. After 

that, they are cooled in an excavator and weighted. The dry solids content is calculated using 

equation 8. 

 

 

𝐷𝑟𝑦 𝑠𝑜𝑙𝑖𝑑𝑠 𝑐𝑜𝑛𝑡𝑒𝑛𝑡

=
𝑚(𝑏𝑎𝑙𝑎𝑛𝑐𝑒𝑑 𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒 + 𝑑𝑟𝑖𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒) − 𝑚(𝑏𝑎𝑙𝑎𝑛𝑐𝑒𝑑 𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒)

𝑚(𝑠𝑎𝑚𝑝𝑙𝑒, 𝑏𝑒𝑓𝑜𝑟𝑒 𝑑𝑟𝑦𝑖𝑛𝑔)
∙ 100 

8 

 

 

Ash content has been determined in the furnace at temperatures 550 °C and 950 °C. The 550 

°C ash has been made according to SFS-EN 14775. The organic carbon is realising under 

550 °C and the carbonates are releasing in temperature range 550-950 °C. The same samples 

from dry solids content analyses are used in the determination of the ash content. The 

temperature is raised two hours to the target temperature and kept two hours. Ash content is 

calculated according to equations 9 and 10.   

 

𝐴𝑏𝑠. 𝑑𝑟𝑦 =
𝑚(𝑠𝑎𝑚𝑝𝑙𝑒, 𝑏𝑒𝑓𝑜𝑟𝑒 𝑑𝑟𝑦𝑖𝑛𝑔) ∙ 𝑑𝑟𝑦 𝑠𝑜𝑙𝑖𝑑𝑠 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (105℃) %

100
 

9 

 

𝐴𝑠ℎ 𝑐𝑜𝑛𝑡𝑒𝑛𝑡

=
(𝑚(𝑏𝑎𝑙𝑎𝑛𝑐𝑒𝑑 𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒 + 𝑏𝑢𝑟𝑛𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒) − 𝑚(𝑏𝑎𝑙𝑎𝑛𝑐𝑒𝑑 𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒)) ∙ 100

𝐴𝑏𝑠. 𝑑𝑟𝑦
 

10 
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8.1.2 Results 

 

The dry solids content and ash content values at the temperatures 550 and 950 °C are 

determined for all the GLD samples. Table 10 presents the average values of the dry solids 

content and ash content for GLD samples from three different mills.  

 

Table 10 Dry matter content and ash content values at temperature 550 °C and 950 °C of GLD 

 
Mill C, 

n=18 (%) 

Mill D, 

n=13 (%) 

Mill E, 

n=12 (%) 

LITERATRUE 

VALUES (%) 

Dry solids content 

(105°C) % 

51,7 ± 3,95 47,7 ± 2,83 51,3 ± 2,49 35,5-96,9(a 

Ash content (550°C) % 

(d.w.) 

94,4 ± 2,08 92,8 ± 1,91 93,8 ± 1,06 85,5-95,0 (b 

Ash content (950°C) % 

(d.w.) 

59,8 ± 0,86 60,3 ± 0,71 72,6 ± 1,26  

(a Mahmoudkhani et al. 2004, Manskinen et al. 2011b, Modolo et al. 2010, Mäkitalo et al. 2014, Nurmesniemi et al. 2005 

(b Manskinen et al. 2011b, Nurmesniemi et al. 2004 

 

Dry solids content is relatively low and almost half of the GLD is composing of water. 

Dispersions of dry solids content and ash content between samples are not remarkably while 

they vary between 0,7-4,0 %. Dry solids content and ash content at 550 °C are at the same 

level in each examined mill. Ash content at the temperature 950 °C of the Mill E is about 10 

% higher comparing to the ash content of other mills while the ash content at Mill C and 

Mill D are very close each other. Carbonates are released at temperature range 550-950 °C 

and this result is indicated the higher carbonate concentration in the Mill C and the Mill D 

samples. Dry solids content and ash content are determined for three samples from each 

examined paper mills. Only several samples were examined due to preconception of more 

homogenous samples comparing each other’s. Table 11 presents determinate dry solids 

content and ash content for samples.  

 

Table 11 Dry content and ash contents at temperature 550 °C and 950 °C of fly ash 

 
Mill A, 

n=3 (%) 

Mill B, 

n=3 (%) 

LITERATRUE 

VALUES (%) 

Dry solids content (105°C) % 99,9 ± 0,18 99,9 ± 0,0 99,5 - 99,9(a 

Ash content (550°C) % (d.w.) 90,5 ± 4,3 95,1 ± 0,1 89,1 - >99,5(b 

Ash content (950°C) % (d.w.) 88,4 ± 5,3 98,7 ± 0,2  
(a Dahl et al. 2010, Nurmesniemi et al. 2012, Pöykiö et al. 2010 

(b Dahl et al. 2010, Pöykiö et al. 2010, Pöykiö et al. 2009 
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Dry solids content of fly ash from two mills was very high resulting 99,9 % of dry matter as 

it was assumed while fly ash is produced in very high temperature in burning process and 

dry storage conditions are affected for that. Comparing dry solids content to the literature 

values they can be seen to be in the same level. There might be noticed difference between 

Mill A and Mill B samples in both ash content. Higher ash content is indicating about 

incompletely burning especially if TOC values are also high (Dahl et al. 2010).  Dispersions 

between Mill B samples and dry solids content of Mill A are very small which was the 

preconception. However, the dispersions of ash content at both examined temperatures are 

higher. 

 

8.2 Sample preparation development for XRF analyse 

 

For achieving good results from EDXRF measurement, the sample preparation should be 

developed well. Particle size and distribution of sample has a key role for ensuring the 

reliable results from EDXRF. According to SFS 15390, the recommended particle size 

should be smaller than 150 µm however, the even smaller particles are demanded for analysis 

of low atomic mass element. The aim of the sample preparation method is developed to be 

easy, fast and reliability for fly ash and GLD samples. The aim is a stable pellet which is not 

losing particles thus, supporting the sensitive detector. Stable pellets should be as tight as 

possible for decreasing the absorption of X-ray due to empty space in the pellets and 

providing good analyse results for EDXRF analyse while the intensity level is as high as 

possible. Also, the particle size of the measured material has effect to produce high intensity 

which improve the accuracy of the analyse. 

 

8.2.1 Green liquor dregs 

 

As it was earlier reported, the dry weight of studied samples is about 50 % thus, sample 

materials are demanding drying before further preparation steps. GLD samples are dried at 

temperature of 105 °C over 12 hours. After drying and cooling, GLD is very thick and only 

hardly crushed material which is demanding pre-grinding. Pre-grinding has been done by 

using Retch Ball Mill PM 100. 
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It is decided to add a binder material before pelletizing due to variable GLD samples are 

willing to analysed with EDXRF analyser and the formed calibrations should be suitable for 

different kinds of GLD samples even for samples which might not be stable without binder. 

The binder sample mass relation has been selected to be 1:10 while it is still easy to weight, 

and it is assumed to be high enough ratio for ensuring the stability of several GLD samples. 

Cellulose and Licowax micro powder have been candidates for the selected binder material. 

Cellulose has been available only as tablet form and Retch Planetary Ball Mill MM 200 

which aim is mixing the binder material and sample together was not enough powerful to 

grind cellulose tablets small enough. Licowax micro powder shown to produce stable GLD 

pellets and was selected to the binder material. Binder materials are organic compounds with 

lower molar mass than sodium and are not detected with EDXRF thus they are not affecting 

to the analytical results. During the preparation development was noticed that pellets were 

more stable while the amount of sample was fitted to the metal pellet cups of the press. It is 

observed that about 3,6 gram of powder and GLD sample has been suitable amount of sample 

for the cups which means 3,3 grams of pre-grinded GLD sample and 0,33 grams of Licowax 

micro powder.   

 

For optimizing the grinding time for GLD samples, particle size distribution analysis has 

been done. Particle size influences on the analysing results and that is the reason the particle 

size should be standardize thus, the particle size of calibration samples and samples are the 

same. According to the Rigaku recommendations, the particle size should be under 75 µm. 

The testing procedure contains the particle size distribution for pre-grinded samples for 10, 

20 and 60 seconds which has been done with Retch Planetary Ball Mill PM 100. In addition, 

the binder material is added to pre-grinded samples and samples are grinded either 30 

seconds or 4 minutes using Retch Planetary Ball Mill MM 200. The testing procedure is 

described at the Table 12. 

 

Table 12 Testing programme of particle size distribution 

Pre-grinding time [sec] Grinding time 

10 30 sec or 4 min 

20 30 sec or 4 min 

60 30 sec or 4 min 
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Figure 20 presents the particle size distribution for pre-grinded samples. The particle size is 

decreasing clearly while the pre-grinding time is increasing. The median values of particle 

size for samples are 14,67, 11,6 and 9,124 µm for 10, 20 and 60 sec pre-grinding samples, 

respectively. In all these cases the greatest particle size is under the recommended 75 µm.  

 

 

Figure 20 Particle-size diagram for pre-grinding samples 

 

After pre-grinding, the binder material has been added to the samples. The median particle 

size for Licowax binder material has been determined to be 8,7 µm while 100 % of the 

material’s particle size is under 50 µm and 91 % of the materials particle size is under 25 

µm. Thus, the binder material has not being to affect alone to the particle size distribution 

for the grinded samples.  

 

Appendix I is presented the similar particle size diagram for the samples where is presented 

particle size resulted from the pre-grinding process but also pre-grinding and grinding 

combinations. In these figures, increased grinding time is decreasing the value of particle 

size median as Figure 21 is presenting. The all particle size diagrams are not normally 

distributed while there can be seen two tops in the lines. The reason is not clear however, 

the tops are more common seen in the lines where the grinding process is containing both 

pre-grinding and grinding steps thus, the binder material is included. The binder material 

might affect to originate more greater particles even the original particle size of binder 
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material is very fine. However, Figure 20 presents the similar shape of line of pre-grinding 

time 20 seconds which is not included binder.  

 

While the grinding time of 30 seconds is providing quite straightforward lines and the 

median particle size of each grinding time test is not differing a lot from the results of 4-

minute grinding time, this grinding time is selected for the deeper consideration. Figure 21 

presents the lines of each pre-grinding time test for 30 seconds grinding time. There can be 

seen that the differences between 10 and 20 seconds of pre-grinding tests are providing 

results very close to each other’s. The 60 seconds pre-grinding time is providing smaller 

particle size however, the smallest particles are not the goal thus, the small enough particle 

size which can be standardize with time-saving aspect is the goal for pre-treatment.   

 

Figure 21 Particle-size diagram for 30 seconds grinding tests 

 

In addition to particle size distribution, also detected intensities of EDXRF from each test 

pellets have been considered while the higher intensity is increasing the accuracy of analyze. 

GLD sample pellets have been produced from the grinding time test samples and analyzed 

with EDXRF analyzer. Considered element for the intensity aspects have been selected 

based on the greater abundance in the sample. These elements are Al, Ca, Mg, Mn, P, S, and 

Si. The clear trend between longer and shorter grinding time cannot see except for Mg, P 

and S where the longer grinding time is producing higher intensities. The figures of Al, Ca 

and Mn are not showing any trend while the lines between different grinding time are 
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crossing each other’s and in the case of silicon the shorter grinding time is producing higher 

intensities against assumption. There should be remember that the natural heterogeneity can 

be affected to the results and for ensuring these results, the more replicates are needed. Figure 

22 presents example figure each of these cases. Appendix II presents all the intensity figures 

from each grinding test steps.  
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Figure 22 Several intensity tables 

 

The final preparation protocol is following. GLD samples have been dried at 105 °C over 12 

h. Samples are pre-grinded with Retsch PM100 planetary ball mill during 10 seconds with 

500 rpm. Dried and grinded samples are kept in a desiccator. 3,33 g of sample and 0,33 g of 

Licowax C micropowder wax (Retsch) is weighted to the grinding bottle and it is grinded 30 

seconds with 25 1/s in Retsch PM200 grinder. Grinded sample is pressed using pressure of 

20 to and keeping under pressure about 10 seconds which has been the recommendation 

from the press manufacturer for GLD samples and which is producing stable pellets for the 

analyzes. The pressure is released slowly. Produced pellets are kept in the desiccator before 

analysing. 

 

8.2.2 Fly ash 

 

Chand et al. (2009) reported the fly ash pelletizing without binding material was not 

succeeded. They used cellulose as a binder in their pelletizing tests. For fly ash samples in 

mortar grinded cellulose tablets and Licowax micro powder has been tested as a binder 

material. As a result, using cellulose, the pellets were shedding more than pellets with 

Licowax micro powder. Pellets with Licowax micro powder also looked smoother surface 

which might be results of cellulose is not fine enough after mortar grinding. For these 

reasons, Licowax was selected for the binder material for fly ash samples.  
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The binder-sample relation was tested with different relations. The main observation was the 

same relation 10:1 used with GLD samples were not enough for all the tested fly ash samples. 

It seems the properties of fly ash samples vary more than in GLD samples however, the 

outlook of fly ash samples is similar than in GLD samples. After testing several different 

relations, the relation 5:1 was selected for ensuring the preparation protocol is producing 

stable pellets for all the fly ash samples due to protect sensitive detector and ensuring the 

succeeded pre-treatment method for all the varies fly ash samples.  

 

Similar way than in GLD cases, more stable pellets were produced while amount of sample 

is fitting to the pellet cups. The total amount of sample tested to be 3,6 grams was selected 

also for fly ash samples which means 3 gram of sample and 0,6 grams of Licowax 

micropowder per pellets. After testing program is noticed, the same mass of different fly ash 

sample is not fitting to the sample cups which might be due to difference in density of 

samples. Due to this, the pellets are ripping after pressing. However, in these cases the 

solution is decreasing the weighted sample mass to ensure the fitting to the cup and marked 

the changed sample mass to the software while analyzing sample.  

 

Due to dusting problem of fly ash the fly ash samples were not pre-grinded with more 

powerful PM100 ball mill. Samples have been grinded using MM200 ball mill. Grinding 

time has been observed to effect to the stability of pellets. Optimum grinding time has been 

tested using testing programme explained following. From two fly ash samples A and B 

from different mills is made six pellets with different grinding time. The grinding time might 

have another effect for pelletizing while stability of pellets is noticed to improve while 

grinding time is lifted and this is remarked especially low grinding times. In this case pellet 

with grinding time 30 seconds of sample A left out of this study while the stability of pellet 

was not good enough for analyzer. Stable pellets are more suitable for EDXRF analyses 

while detached particles are not able to damage the sensitive detector of EDXRF. 

 

Pellets are made by weighting 3 gram of sample and 0,6 grams of Licowax micro powder 

binder. Grinding times has been 30 seconds and 1, 2, 3, 4 and 5 minutes in frequency 25 

1/min. The pellet is pressed under 25 t pressure in 2 minutes which has been observed to 

produce more stable pellets. Sample A pellet with grinding time 30 seconds was not stable 
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enough to stick together and it is left out from analyse studies. Replicate samples have been 

taken before pressing for particle size distribution analysis and particle size distribution is 

examined also for original sample.  

 

According to particle size distribution analysis, increasing the grinding time is not decreasing 

the particle size significantly. This might be results in insufficient power of grinder for fly 

ash samples. However, the particle size of original samples is small enough for EDXRF 

analyzer while the recommendation for particle size is under 75 µm. Particle size distribution 

is providing information that the particle size is well standardized in preparation method 

which is important for EDXRF analysis.  

 

Table 13 is presenting the median and mean particle sizes for examined grinded samples. 

The results are showing that the remarkably differences in these results are not between 

original samples without grinding and grinded samples. In many cases the median and mean 

values are prefer increased then decreased during grinding. This might be affected the binder 

material binding to the sample and producing larger particles comparing to the original 

sample or it is indicating just the natural heterogeneity within sample because the differences 

on results between grinding time are not large. 

 

Table 13 Fly ash sample median and mean particle size results 

 Sample A Sample B 

Grinding time [min] 
Median 

[µm] 

Mean 

[µm] 

Median 

[µm] 

Mean 

[µm] 

0 22,11 24,5 12,07 15,88 

0,5 13,98 18,52 13,95 16,83 

1 16,51 21,07 12,9 16,42 

2 16,4 20,06 17,81 22,68 

3 18,69 22,81 18,35 22,9 

4 16,48 20,36 17,6 22,36 

5 16,45 20,39 14,19 17,34 

 

The particle size distribution figures have been presented below (Figure 23 and Figure 24). 

There can be seen in A sample, that shorter grinding time is producing lines with two tops 

while the more abundance particle sizes are distributed however, in the B sample, the longer 

grinding time samples are producing the same effect. Still, the lines of original sample and 



83 

 

sample with 5-minute grinding time are very close to each other, thus clear trend cannot see 

from the figures.  

 

Figure 23 Particle size distribution for A sample 

 

Figure 24 Particle size distribution for B sample 

 

The same way than for GLD samples, grinding time produced intensities are examined. 

Considered elements in intensity examination are the elements occurring in the fly ash 

samples the most abundance concentrations. These are Al, Ca, Fe, Mg, Mn, P, S and Si. 

Intensity tables for each considered element are presented in appendix III. Due to only 
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limited decreasing of particle size, the intensity tables are not providing linear correlation 

between intensity and grinding time. Fly ash can be existing as a heterogeneity material 

despite of a good sample distribution method and the elemental composition can be varying 

between pellets produced from origin samples. This might affect partly for non-linear results 

of figures.  

 

There should be remarked that the intensity differences between pellets are minor in some 

considered elements especially in low concentration levels (for example Mg) and these 

figures are not providing reliable information for supporting the decision of suitable grinding 

time for the preparation method.  According the correlation figures of intensity and grinding 

time, 3 and 4-minute grinding time is providing higher intensities for several elements (Al 

and Si). 

 

While increased grinding time is improved the stability of pellets, shortest grinding times 

left out of the selection process. The preparation method is developing for different kinds of 

fly ash samples which characterization can be varying. The preparation of samples used for 

matching library and calibration of empirical application should be equivalent to preparation 

of measured samples. The selected grinding time for sample preparation of fly ash is 4 

minutes.  

 

The final pre-treatment method is following. Fly ash and Licowax C micropowder wax have 

been weighted 3,0 g and 0,6 g, respectively. Samples are grinded in Retsch PM200 ball mill 

30 seconds using frequency 25 1/s. Grinded sample is pressed using pressure of 25 to and 

keeping under pressure 2 minutes. The pressure is released slowly, and samples are storage 

at dry place.  

 

8.3 Method development 

 

Rigaku NEX DE EDXRF spectrometer is provided three different method options. 

Fundamental parameter (FP) method is a far optimized method option which is based on 

pre-registered elemental calibrations and this method is also called “standard less method”. 



85 

 

However, these calibrations are made from pure elements and the matrix effects are not able 

to observe. (Morikava 2014, Rigaku NEX DE EDXRF) 

 

For improving analyse accuracy for the samples with complex or variable matrix there is 

available RPF-SQX FP method option. RPF-SQX is based on mathematical correction 

without use of reference materials. Mathematical correction is calculating the average atomic 

number of the sample and estimating the number of unmeasurable elements which are the 

lighter elements than sodium for simplifying spectral peaks and improving the quantitation 

of analysed elements. (Fess, 2015) Another option is empirical application where the 

calibrations for each examined element are created using standard samples which elemental 

concentrations are known. (Morikava 2014, Rigaku NEX DE EDXRF) The most accurate 

calibrations can do via this method type however, it is most laborious way to create analyse 

method for EDXRF spectrometer.  

 

Commercial calibration series and reference materials for studied sample types were not 

available. Inductively coupled plasma-optical emission spectrometry (ICP-OES) results 

from selected actual samples have been used as calibration standards and reference materials. 

While creating calibrations based on the results from other analyser instruments, it should 

be remembered that the created calibrations is not better than the results the calibration is 

based. 

 

8.3.1 RPF-SQX 

 

For both sample type was selected RPF-SQX pellet template. In this template, the used 

condition set including analyse lines, used filters, voltages, tube currents and measurement 

times for each measured element have been selected automatically. Each element can be 

measured from one to three different conditions however, the software is automatically 

selected the most suitable condition and analyse lines for each element in RPF-SQX method.  

 

Table 14 presents used measurement conditions for each condition in RPF-SQX method. 

Only change for recommended values has been made by changing measurement time from 

100 seconds to 200 seconds on Low Z condition. This condition is used for measurement of 
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lighter elements. The aim of the increasing measurement time is improving the measurement 

of light elements while it is decreasing the statistical error causes at the measurements. In 

addition to increase the measurement time helium atmosphere has been used in the 

measurements for improving the analyse accuracy of lighter elements.  

 

Table 14 Measurement conditions for RPF-SQX method 

Condition 

name 

Used filter Voltage 

[kV] 

Tube 

current 

Measurement 

time [s] 

Low Z Open 6,5 Auto  200 

Mid Z C 35,0 Auto 100 

High Z F 60,0 Auto 100 

 

The software is selecting the most optimal measuring conditions and analyse lines for each 

element automatically. Table 15 presents software’s usually selected conditions and analyse 

lines for each analysed element. In generally, the heavier the element is the higher condition 

is selected. Analyse line of Ka is selected for all the measured elements except for lead. K-

lines are providing the highest intensity while the released surplus energy is higher in K-

lines than higher lines which increase the accuracy of measurement. 
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Table 15 Measurement conditions for selected elements 

Element Condition name Analyse line 

Na Low Z Na-Ka 

Mg Low Z Mg-Ka 

Al Low Z Al-Ka 

Si Low Z Si-Ka 

P Low Z P-Ka 

S Low Z S-Ka 

K Mid Z K-Ka 

Ca Mid Z Ca-Ka 

Ti Mid Z Ti-Ka 

V Mid Z V-Ka 

Cr Mid Z Cr-Ka 

Mn Mid Z Mn-Ka 

Fe Mid Z Fe-Ka 

Co Mid Z Co-Ka 

Ni Mid Z Ni-Ka 

Cu Mid Z Cu-Ka 

Zn Mid Z Zn-Ka 

Se Mid Z Se- Ka 

Mo High Z Mo- Ka 

Cd High Z Cd-Ka 

Sn High Z Sn- Ka 

Ba High Z Ba-Ka 

Hg High Z Hg-Ka 

Pb Mid Z Pb-La 

 

8.3.1.1 Green liquor dregs 

 

Seven reference samples have been measured using the created RPF-SQX method which is 

described more detailed in the section 8.3. The measured EDXRF results have been 

compared to the reference results and the difference between these two values have been 

reported as recovery value as percentages. While the recovery value is near of 100 % it is 

very close to the reference value analysed with ICP-OES. Table 16 presents calculated 

recovery percentages for each measured element. The reference and measured results and 

calculated recovery values for each analysed sample has been reported in appendix IV. 

 

 

 

 



88 

 

 

 

Table 16 The analyzed recovery values of GLD samples measured using RPF-SQX method 

Element 

Reference values 

[mass-%] 

Measured 

values  

[mass-%] 

Recovery 

[%] 

Na 0,570-2,84 2,11-4,76 168-370 

Mg 0,769-4,98 1,18-6,82 97-153 

Al 0,108-0,723 0,357-1,05 122-330 

Si <DL 0,279-1,05  

P <DL-0,549 0,255-1,03 179-257 

S 0,373-3,07 0,581-3,23 105-156 

K 0,1042-0,4601 ND-0,0557 14 

Ca 28,8-38,4 32,6-43,0 111-114 

Ti <DL-0,016 ND-0,012 79 

V <DL ND 108-118 

Cr 0,0030-0,0322 ND-0,032 81-125 

Mn 0,192-1,74 0,214-1,83 104-114 

Fe 0,206-1,63 0,232-1,74 107-118 

Co <DL-0,0001 ND-0,0061 8593 

Ni 0,0004-0,0128 0,0038-0,0144 112-961 

Cu 0,0025-0,026 0,0046-0,027 105-182 

Zn 0,0248-0,245 0,0279-0,284 108-118 

Se  <DL ND  

Mo  <DL ND  

Cd <DL-0,0015 0,0006-0,003 202-469 

Sn  <DL ND  

Ba 0,0254-0,0523 0,0341-0,0647 122-134 

Hg - ND  

Pb <DL-0,0020 0,0002-0,0027 94-133 

DL = detection limit 

 

The recovery values might be higher for elements presenting in the sample at very low 

concentrations while only small change in results influences more to the recovery values. 

According to information from the recoveries, there can be seen quite low recoveries for 

potassium and titanium. Results of sodium, aluminium, phosphorous, cobalt, nickel, 
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cadmium indicates too high recovery values. In addition to mentioned elements, the accuracy 

of many of the measured elements are not very good level while the range of recovery values 

are quite wide. For achieving more accurate quantitative results, matching library correction 

has been used for all the elements the matrix matching has been available. 

 

Matching matrix calibrations have been made using ICP-OES results of certain samples. 

This technique is requiring several samples which element concentrations varies between 

samples. Available reference samples have been selected based on the concentration 

variation of most interested elements while the matrix matching technique for all the 

elements is requiring more reference samples. Table 17 presents created matching library 

information for certain elements which are included to RPF-SQX method.  

 

Table 17 Matching library’s calibration values for corrected elements 

Element No. of samples 
Correlation 

formula 
Correlation factor 

Mg 3 Linear 0,998783 

Al 4 Linear 0,993978 

P 3 Linear 0,999111 

S 5 Linear 0,998082 

Ca 4 Linear 0,999178 

Cr 6 Linear 0,996202 

Mn 4 Linear 0,999614 

Fe 7 Linear 0,999542 

Cu 5 Linear 0,999477 

Zn 6 Linear 0,998827 

 

The same samples have been analysed using created matrix matching calibrations. Table 18 

presents the recovery values of the measured samples while developed matrix matchings 

libraries have been used and the recovery values of method which is not using ML. 

Completed measured EDXRF results of GLD samples using ML technique and calculated 

recovery values have been reported in appendix IV. 
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Table 18 Measured results and recovery values for GLD samples 

Element 

Reference 

values 

[mass-%] 

Measured 

values using 

ML  

[mass-%] 

Recovery 

with ML 

[%] 

Recovery 

without ML 

[%] 

Na 0,570-2,84   168-370 

Mg 0,769-4,98 1,01-6,03 84-131 97-153 

Al 0,108-0,723 0,183-0,922 88-169 122-330 

Si <DL    

P <DL-0,549 0,0284-0,621 97-118 179-257 

S 0,373-3,07 0,514-3,35 107-146 105-156 

K 0,1042-0,4601   14 

Ca 28,8-38,4 30,9-39,7 103-107 111-114 

Ti <DL-0,016   79 

V <DL   108-118 

Cr 0,0030-0,0322 0,0056-0,0308 96-237 81-125 

Mn 0,192-1,74 0,202-1,85 100-112 104-114 

Fe 0,206-1,63 0,218-1,75 103-116 107-118 

Co <DL-0,0001   8593 

Ni 0,0004-0,0128   112-961 

Cu 0,0025-0,026 0,0019-0,029 75-117 105-182 

Zn 0,0248-0,245 0,0252-0,275 102-112 108-118 

Se <DL    

Mo <DL    

Cd <DL-0,0015   202-469 

Sn <DL    

Ba 0,0254-0,0523   122-134 

Hg     

Pb <DL-0,0020   94-133 

ML = matching library 

DL = detection limit 

 

According to the results of ML, in the case of many elements, the use of ML has been 

corrected the results closer to the reference value and/or decrease the range of recovery 

values. The correction of calcium has been successful while all the results are very close to 

the 100 % recovery for manganese the recovery values for all the samples except one is 

within 110 % and for zinc five of the seven samples are within 110 %.  
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Copper values have been shown to be very close to the reference value without ML and 

while the ML has been used, the correction of very low concentrations have been improved 

however, in the case of greater concentrations the recovery values have not been improved. 

The meaning of the small quantities of cupper is not giving informative knowledge for the 

study. Similar way, the recovery values of iron have been in good level without the use of 

ML. However, the correction of iron has been several percentages in the case of several 

samples while developed ML has been used thus, the ML has been selected for the use. Also, 

for sulphur, the recovery values are the same or better while the ML is used or is not used. 

This might be due to problems in the sulphur measurements from the reference sample and 

it is obviously affecting to the quality of ML.  

 

Couple MLs have been partly successful. In the case of aluminium, the use of ML has been 

correct the measured results near to the reference values and the measured results of five 

samples of seven were within the recovery of 80-120 %. For phosphorous, three samples 

from seven were within 90-110 % and three samples within 80-120% while the concentration 

of one sample has been too low to detect. In the case of magnesium, almost all samples are 

closer to the reference value while ML has been used however, two of the measured samples 

are over 120 %. In the chromium, the results of lowest concentrations measured using ML 

are not achieving the reference values however, the recovery values of over 0,01 mass-% 

values are according the reference values. Changes in the lower concentrations are affecting 

more strongly to the reference percentage value in the same time the accuracy of analytical 

equipment is decreasing while the concentration is decreasing.    

 

Based on the test presented in this chapter, the developed matching library technique has 

been decided to use for all the other elements except for copper which recovery values has 

been at the good level without use of ML.  

 

8.3.1.2 Fly ash 

 

The similar way the method development has been done for GLD samples, it is done for the 

fly ash samples. Due to high variability in element composition between GLD and fly ash 
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samples but also different pre-treatment methods for different sample types, the new 

analysing method should be developed for fly ash.  

 

Reference samples FA1-6 have been used to create the ML for RPF-SQX method. MLs have 

been made for the elements which reference values are wide range enough. Six samples have 

been available for each element calibration however, part of the samples has been left out 

from the calibrations if concentrations of the measured samples and reference values has not 

been matched especially for the samples which element concentrations have been very close 

to others. Table 19 presents more detailed information about created MLs. The correlation 

formula has been selected linear for all the elements and the correlation factors for ML 

calibrations are in generally good.   

 

Table 19 Matching library’s calibration values for corrected elements 

Element No. of samples 
Correlation 

formula 

Correlation 

factor 

Na 3 Linear 0,959176 

Mg 4 Linear 0,945544 

Al 4 Linear 0,968876 

Si 3 Linear 0,999911 

P 6 Linear 0,995635 

S 6 Linear 0,993599 

K 4 Linear 0,989102 

Ca 6 Linear 0,999431 

Ti 4 Linear 0,994531 

Mn 4 Linear 0,999977 

Fe 6 Linear 0,994578 

Ni 3 Linear 0,941623 

Cu 4 Linear 0,999969 

Zn 6 Linear 0,996261 

Pb 6 Linear 0,999317 

 

Reference samples have been measured using created RPF-SQX method. Table 20 is 

presenting calculated recovery percentages for each measured element with and without 

matching library. While the recovery value is near of 100 % it is very close to the reference 
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value analysed with ICP-OES. Appendix V is presenting the total information of recovery’s 

sample by sample.  

 

Table 20 The analyzed recoverys of fly ash samples measured using RPF-SQX method 

Element 
Recovery without ML 

[%] 

Recovery with ML 

[%] 

Na 145-346 92-138 

Mg 86-115 73-117 

Al 84-118 95-127 

Si 127-175 90-113 

P 172-440 105-118 

S 161-293 102-161 

K 53-101 97-118 

Ca 108-136 96-108 

Ti 110-139 86-104 

V ND  

Cr 85-205  

Mn 111-128 98-108 

Fe 105-113 101-111 

Co 242-1775  

Ni 62-133 61-221 

Cu 92-110 98-119 

Zn 102-114 94-115 

Se ND  

Mo 405-767  

Cd 205-266  

Sn ND  

Ba 105-127  

Hg ND  

Pb 115-200 68-148 

  ML = matching library 

 

According to Table 20 about the information from the recovery, there can be seen quite high 

recovery for the elements Na, Si, P, S, Cr, Co, Mo, Cd and Pb.  For these elements matching 

matrix correction has been used for trying to improve the quantitative results. Matching 

matrix calibrations have been made using ICP-OES results of certain samples. Table 17 
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presents created matching library information for certain elements which are included to 

RPF-SQX method. 

 

After creation of ML recoveries of method using created ML are very good improvement 

for the elements Na, Al, Si, P, K, Ca, Ti, Mn, Fe. In the case of Na, the improvement is not 

remarkably while the concentration levels of Na are too low in part of the samples to analyse 

with the RPF-SQX method rather the empirical calibration is more applicable for Na analyse. 

The developed ML for Mg has not corrected the analyse results however, the recovery range 

is wider while ML is used than the results from the common library. 

 

Recovery’s of sulphur have been very high in the analysis without ML and added ML has 

been improved the recovery’s however, recovery values are not very close to 100 %. This 

might be due to the quality of reference samples regarding of sulphur. For ML calibration of 

nickel is included only three sample due to samples settling to linear formula was poor. 

Nevertheless, the clear outliers removed from the calibration the correlation factor nickel 

ML is not very good. 

 

The ML for Zn has not been changed the results much only for couple samples the recovery’s 

have been improved and results of resto of the samples have been stay in the same level. 

The ML for lead has been improved the analyse accuracy in the higher concentrations which 

are over 0,145 % however, in lower concentrations recovery’s have been very low or very 

high. For all these mentioned elements, the MLs are selected for the method. However, the 

recovery results of copper have been very good even without addition of ML which influence 

has not been meaningful for the analyse accuracy of copper and it is selected to analyse 

without the ML. 

 

8.3.2 Empirical calibrations  

 

Due to light molar mass of sodium and challenges to measure it as high accuracy with 

EDXRF, the empirical calibration of sodium analyses for both sample types have been 

developed. In addition, empirical calibration for potassium of GLD samples has been 

developed due to very low concentration of potassium in GLD samples and in addition, 
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calcium peak in the spectrum might interfering the analysing of potassium while the peaks 

are very close to each other especially while the calcium concentration is very high in GLD 

samples. 

 

For both methods, calibration samples have been selected based on the differences of the 

element concentrations while the calibration range should be covered the whole analyse 

range (Miller and Miller, 2010). In generally, six samples or more is suitable amount of 

calibration samples for creating calibration curve (Miller and Miller, 2010) but the 

recommendation from the manufacturer of Rigaku NEX DE is 10 or more samples for 

achieve the maximum number of correct setups of software. However, in this time only six 

samples for both GLD and fly ash method are available for the empirical calibration while 

the calibration samples are the real samples from the mill and wider range of concentrations 

are not yet available. After the method has been developed, there is always the option to add 

more reference samples for defining calibration while the samples with different 

concentrations have been found.  

 

In contrast to the RPF-SQX method, there are more options to select measurement conditions 

while creating empirical calibrations. Selected conditions are following the automatically 

selected conditions in RPF-SQX method however, the more suitable Filter E which was not 

selected to the RPF-SQX method is selected for filter of analysing potassium. Selected 

conditions for sodium and potassium are presented in Table 21. 

 

Table 21 Measurement conditions of empirical calibrations 

Element Condition 

name 

Used filter Voltage 

[kV] 

Tube 

current 

Measurement 

time [s] 

Na Low Z Open 6,5 Auto  200 

K Filter E E 15,0 Auto 200 

 

 

8.3.2.1 Green liquor dregs 

 

Empirical calibration for potassium in GLD samples has been developed due to very low 

concentrations of potassium in GLD samples and furthermore the range of interest (ROI) of 
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potassium is quite close to ROI of calcium with high concentration level causing interrupting 

to potassium measurement. Sodium has been also measured using empirical calibration 

while the analysing of sodium is challenging at least quite low concentrations due to its light 

molecular weight. As a standard is used samples with ICP-OES results in different 

concentration levels 

 

Table 22 presents information about the calibrations of sodium and potassium. While the 

recommended minimum number of samples should be included to the empirical calibration 

is 10, used numbers of samples in both calibrations is too low to provide more accurate 

results. Two samples from potassium calibration must take out of the calibration curve as 

clear outliers and one of the samples is removed from the calibration curve while the 

measured results with EDXRF is not in the relation of the reference values. The more suitable 

samples will be defining the calibration accuracy however, the correlation factors of 

potassium and sodium calibrations are sufficient. In the case of sodium, the automatic 

correction of software is used to enhance the calibration accuracy. 

 

Table 22 Calibration values for empirical calibration 

Element 
Sample 

type 

No of samples 

in calibration 

Correlation 

factor 
Used corrections 

Na GLD 7 0,9362 Absorb/Enhance corrections of Mg and Al 

K GLD 5 0,995  

 

Figure 25 presents the calibration curve of sodium. The measured results measured with 

EDXRF is in the relation of reference results. The trendline is settled according to the sample 

points quite nicely and the correlation factor is sufficient. The slope of sodium calibration 

curve is quite low which means that the small change in the measured intensity effect 

radically to the analytical result.  For enhancing the calibration curve of sodium, the more 

samples from the wide range of the calibration area could be add, while the real samples 

with lower or higher sodium content will be found. Especially samples with higher 

concentration of sodium will be worthwhile for improve the direction of the calibration 

curve.  
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Figure 25 The calibration curve of sodium for GLD  

 

Figure 26 presents the calibration curve of potassium. The selected sample points are settled 

very well to the trendline thus, the correlation factor is very good. However, the more 

samples included to the calibration curve will be define the calibration. The slope of the 

calibration curve is quite high thus, even the small concentration changes can be detected 

more accurate comparing the gentle trendline. The calibration range is quite limited while 

the greatest sample is only 0,4 mass-%. To enhance the calibration of potassium, more 

samples should be added to the calibration curve and concentrate to expand the calibration 

range.  
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Figure 26 The calibration curve of potassium for GLD  

 

The clear answer to the question what sufficient accuracy of your method is not existing 

while it is depending on the user’s needs. However, Fess (2015) has been reported 70,6 % 

recovery value for sodium as analysing coal fly ash samples using Scattering FP method 

with the Rigaku NEX CG analyser which is more advanced analyser than used in this thesis. 

Comparing sodium results to the reported values by Fess (2015), the recoveries are in the 

same or better levels. Fess reported 100 % recovery for potassium. Table 23 presents 

potassium recovery values. Four samples from the seven are closer than 15 % of reference 

values. The recovery values of three of them are very low. However, the concentration levels 

are very low thus, the achieved results can be regarding good enough for the user’s needs.  

 

Table 23 Recoveries of sodium and potassium  

 Na K 

Sample 

Reference 

value  

[mass-%] 

Measured 

results 

[mass-%] 

Recovery 

[%] 

Reference 

value 

[mass-%] 

Measured 

results 

[mass-%] 

Recovery 

[%] 

GLD 1 0,9633 0,781 81,1 0,4151 0,133 32,0 

GLD 2 2,8417 2,54 89,4 0,3875 0,388 100,1 

GLD 3 1,5922 2,08 130,6 0,2027 0,222 109,5 

GLD 4 0,8381 0,847 101,1 0,1281 0,147 114,8 

GLD 5 1,9658 2,08 105,8 0,4601 0,266 57,8 

GLD 6 0,5703 0,719 126,1 0,118 0,0928 78,6 

GLD 7 1,3922 1,44 103,4 0,1042 0,107 102,7 
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8.3.2.2 Fly ash 

 

Empirical calibration has been developed for sodium analyse to fly ash samples for 

increasing the accuracy of sodium analyse due to partly the measured concentration levels 

are too low to determine using RPF-SQX method. Used measuring conditions has been 

presented in the chapter 8.3.2.  

 

Even the homogenization of the samples where the ICP-OES0 analysis and pellets for 

EDXRF has been prepared, the intensities measured using EDXRF and analytical results 

from ICP-OES has not been balanced. This can be seen from the Figure 27 where all the 

calibration samples have been presented in the diagram. The selection of the outliers is 

impossible to do and the trendline is not settled according to the samples.  

 

 

Figure 27 The calibration samples of sodium for fly ash samples 

  

There are not available more reliable reference samples for testing the accuracy of the 

method. The uncertainty of developed method is impossible to make clear using available 

samples. To enhance the calibration, more reliable reference sample results is needed and 

the effect of the better homogenization of the fly ash samples to the result can be tested. In 

addition, part of the selected reference samples could have higher sodium content to achieve 

wider calibration range while the accuracy of the analysis of sodium is better in higher 
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concentration levels in EDXRF analysis. This will be affected to the slope of the calibration 

curve which will be become more precision.    

 

8.3.3 Developed methods 

 

This chapter is combining the analysing properties of developed method separately for each 

sample types. Validation of developed methods has been left out of this report however, the 

measured reference samples are describing the validity of method for each element in this 

case.  

 

Table 24 is presenting the analysis conditions for GLD samples elements by elements. 

Automatically selected analyse lines by software are following the analyse lines listed as 

SFS 15309 standard. Briefly, the empirical analyse method has been developed for sodium 

and potassium and RPF-SQX-method is selected for the rest of the analysed elements. Table 

is included the information about the used library type, either common library from the 

software automatic library or specially for these samples developed matching library.  
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Table 24 Analysing properties for GLD samples 

Element Used method Condition name Library type Analyse line 

Na Empirical Low Z EMP Na-Ka 

Mg RPF-SQX Low Z ML Mg-Ka 

Al RPF-SQX Low Z ML Al-Ka 

Si RPF-SQX Low Z ML Si-Ka 

P RPF-SQX Low Z ML P-Ka 

S RPF-SQX Low Z ML S-Ka 

K Empirical Filter E EMP K-Ka 

Ca RPF-SQX Mid Z ML Ca-Ka 

Ti RPF-SQX Mid Z ML Ti-Ka 

V RPF-SQX Mid Z Common V-Ka 

Cr RPF-SQX Mid Z Common Cr-Ka 

Mn RPF-SQX Mid Z ML Mn-Ka 

Fe RPF-SQX Mid Z ML Fe-Ka 

Co RPF-SQX Mid Z Common Co-Ka 

Ni RPF-SQX Mid Z ML Ni-Ka 

Cu RPF-SQX Mid Z Common Cu-Ka 

Zn RPF-SQX Mid Z ML Zn-Ka 

Se RPF-SQX  Common Se-Ka 

Mo RPF-SQX  Common Mo-Ka 

Cd RPF-SQX High Z Common Cd-Ka 

Sn RPF-SQX  Common Sn-Ka 

Ba RPF-SQX  Common Ba-Ka 

Hg RPF-SQX  Common Hg-Ka 

Pb RPF-SQX  ML Pb-La 

 

Table 25 presents the measurement parameters for each studied elements of fly ash samples. 

Automatically selected analyse lines are following SFS 15309 mentioned lines. All the 

measured elements are measured using RPF-SQX-method while the empirical calibration 

for sodium is not providing reliable calibration curve due to quite low sodium concentrations 

in the reference samples. However, the created matching library for sodium is providing 

according recovery values at least sufficient results of sodium from the fly ash samples.   
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Table 25 Analysing properties for fly ash samples 

Element Used method Condition name Library type Analyse line 

Na RPF-SQX Low Z ML Na-Ka 

Mg RPF-SQX Low Z ML Mg-Ka 

Al RPF-SQX Low Z ML Al-Ka 

Si RPF-SQX Low Z ML Si-Ka 

P RPF-SQX Low Z ML P-Ka 

S RPF-SQX Low Z ML S-Ka 

K RPF-SQX Mid Z ML K-Ka 

Ca RPF-SQX Mid Z ML Ca-Ka 

Ti RPF-SQX Mid Z ML Ti-Ka 

V RPF-SQX Mid Z Common V-Ka 

Cr RPF-SQX Mid Z Common Cr-Ka 

Mn RPF-SQX Mid Z ML Mn-Ka 

Fe RPF-SQX Mid Z ML Fe-Ka 

Co RPF-SQX Mid Z Common Co-Ka 

Ni RPF-SQX Mid Z ML Ni-Ka 

Cu RPF-SQX Mid Z Common Cu-Ka 

Zn RPF-SQX Mid Z ML Zn-Ka 

Se RPF-SQX  Common Se-Ka 

Mo RPF-SQX  Common Mo-Ka 

Cd RPF-SQX High Z Common Cd-Ka 

Sn RPF-SQX  Common Sn-Ka 

Ba RPF-SQX  Common Ba-Ka 

Hg RPF-SQX  Common Hg-Ka 

Pb RPF-SQX  ML Pb-La 

 

It is difficult to developed matrix-matching based calibrations for the inhomogeneous 

matrixes especially while the commercial reference materials are not available (SFS 15309). 

Developed methods have been seemed to work at needed accuracy and providing 

quantitative information for this thesis. However, more study is needed for certifying analyse 

accuracy in low concentrations. For this, more real samples with variable elemental 

concentration are needed for further studies.   
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9 QUALITY VARIATION  

 

Determination of quality variation is very important for providing information for 

development of sampling plan to ensure the correct analytical results of elements. In this 

chapter, the measured elemental concentrations for GLD samples and fly ash samples are 

presented. The quality variation is expected to be lower in fly ash than in GLD where process 

conditions and stages effect significantly to the composition of GLD. 

 

9.1 Green liquor dregs 

 

9.1.1 Quality variation of one mill 

 

The main components have been assessed to be the components which average concentration 

in the studied samples between one mill is over 1 mass-%. Na, Mg, Ca and Mn are occurring 

mostly in samples of each of the studied mill. In addition, the average concentrations of Fe 

and S at the Mill E are over 1 mass-% and the S concentration is exceeding the 1 mass-% 

also at the Mill D temporary. The total mass share of main components varies between 41,3-

42,8 % at the three studied mills. Main components reported in the literature are the same 

than in this study. The complete EDXRF analyse results for GLD samples produced 

separately for three mills are presented in appendix VI. 

 

Figure 28 presents the concentrations of main components in the function of sampling date 

at the Mill C. There can be seen that the trend of all the other main components except 

calcium are very similar to each other during studied period. However, comparing the trend 

of calcium to the lines of other main components, there can be seen that while the 

concentration of calcium is lower, the concentrations of other main components is higher in 

the same relation and vice versa. This is due to dilution effect of calcium and relative analyse 

of EDXRF while the lower calcium content in the sample is replaced with other components. 

The order of main components in the sample is quite stabile only the share of the components 

is changing. Similar observations can be done based on the figures of Mill E and Mill D 

which are presented in the appendix VII. 
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Figure 28 Variation of GLD main components at the Mill C 

 

Calcium content changes are indicating changes in the dry solid contents and ash values at 

550 °C as Figure 29 presents using Mill E results. This might be due to increased calcium is 

originated from the less moisture product such as precoat material which is increasing the 

dry solid content of GLD. However, the ash value at 950 °C is not observing the same trend 

rather the ash content is inverse proportionally to the calcium content and further dry solids 

content and ash value at 550 °C. While carbonates are releasing between the temperature 

range at 550-950 °C, the result is indicating the increased calcium content is in carbonate 

form and is still in the sample at 550 °C, however it is releasing at the 950 °C which can be 

seen as a lower ash value. The similar observations have been done from the Mill C and Mill 

D samples are presented in the appendix VIII. 
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Figure 29 Ca concentration versus dry solid content and ash values of the samples from Mill E 

 

9.1.2 Quality variation between three mills 

 

The elemental composition of GLD from each studied mill has been comparing in this 

chapter. Table 26 presents the average elemental composition result and the standard 

deviation value for each studied mill. Relative standard deviation (RSD) value has been also 

presented and literature values from the literature part are presented to assisting the 

evaluation of analysed results. 
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Table 26 The average results from different mills about the composition of GLD samples, relative standard 

deviation values and literature values  

 
Mill C Mill D Mill E Literature 

values  
Result  

[mass-%] 

RSD  

[%] 

Result  

[mass-%] 

RSD  

[%] 

Result  

[mass-%] 

RSD  

[%] 

Result 

 [mass-%] * 

Na 1,1 ± 0,4 36 1,0 ± 0,3 26 1,5 ± 0,5 35 0,630-10,7 

Mg 3,3 ± 1,0 31 6,1 ± 1,2 19 3,3 ± 1,0 29 0,89-9,7600 

Al 0,26 ± 0,08 30 0,3 ± 0,2 73 0,51 ± 0,16 32 0,082-2,02 

Si 0,7 ± 0,2 28 0,4 ± 0,2 42 0,8 ± 0,2 29 0,027-1,235 

P 0,36 0,07 19 0,5 ± 0,2 37 0,4 ± 0,1 30 0,001-0,49 

S 0,8 ± 0,2 30 0,8 ± 0,3 37 2,1 ± 0,8 37 0,42-0,8100 

Cl 0,03 ± 0,00 17 0,02 ± 0,01 34 0,04 ± 0,01 19 
 

K 0,12 ± 0,03 21 0,16 ± 0,06 37 0,2 ± 0,08 37 0,026-0,75 

Ca 36 ± 2 4 33,4 ± 1,1 3 33 ± 2 6 8,450-34,6 

Ti 0,00 231 nd  0,00 ± 0,00 245 <0,005-0,045 

V nd  nd  nd 
  

Cr 0,01 ± 0,00 85 0,01 ± 0,00 35 0,02 ± 0,01 46 0,000-0,03 

Mn 1,1 ± 0,4 1 1,3 ± 0,2 13 1,4 ± 0,4 29 0,415-3,16 

Fe 0,18 ± 0,06 35 0,22 ± 0,10 44 1,2 ± 0,5 42 0,060-2,07 

Co nd  nd  0,00 ± 0,00 245 0-0,0074 

Ni 0,00 424 0 ±0,00 200 0,01 ± 0,00 41 0,001-0,03 

Cu 0,01 ± 0,00 35 0,02 ± 0,00 22 0,02 ± 0,01 34 0,006-0,04 

Zn 0,13 ± 0,04 31 0,23 ± 0,04 15 0,21 ± 0,06 27 0,024-0,57 

Se nd  nd  nd 
  

Mo nd  nd  nd  
 

Cd nd  nd  nd  0-0,0039 

Sn nd  nd  nd  0-0,0000 

Ba 0,06 ± 0,02 28 0,07 ± 0,02 22 0,06 ± 0,01 19 0,023-0,09 

Pb nd  nd  nd 
 

0-0,0060 

nd = not determined 

* Golmaei, 2018, Mahmoudkhani et al. 2004, Manskinen et al. 2011b, Modolo et al. 2010, Mäkitalo et al. 2014, 

Nurmesniemi et al. 2005, Rothpfeffer 2007 

 

In generally the results are following the literature values. The calcium content in the studied 

samples is very close or higher than maximum value presented in the literature. The sulphur 

content at the Mill E is higher than in other mills and presented literature values and the 

results of other two mills are also near of the maximum reported literature value. According 

to the RSD values the high average value of sulphur is not due to single samples with very 

high sulphur content rather the deviation level is in the same level than in the other mills. In 
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the same way phosphorous content is quite high in each mill comparing to the literature 

value.  

 

Based on the outlook of different samples, the assumption of the calcium content variation 

was the concentration of calcium is varying quite much between samples. The calcium 

content in the samples vary between 30,9-39,4 mass-% while other components are 

occurring in the lower about couple percentage shares in the samples. Comparing the 

examined calcium content to the literature values, higher calcium concentrations have been 

found in this study than reported in literature. The variation of calcium content was assumed 

to be quite large however, based on the results the standard deviation of calcium is 1,1-2,1 

mass-% and the RSD values for calcium are below 10 percentage which is the lowest RSD 

values of this study while RSD values of other elements are around 20-40 %. However, the 

small change in RSD values is affecting to the relatively more to the absolute results of the 

elements occurring in higher level. In the aspects of the utilization, the calcium content 

should be quite stable and vary between couple mass-percentages. In this case, all the sample 

results are within 10 mass-% which is quite much in the aspects of utilization.  

 

Figure 30 presents calcium content variation at the studied mills. The average concentration 

of calcium at Mill E and Mill D are very close to each other. The average concentration is 

differing at the Mill C which is about 3 mass-% higher comparing to others. Mill C results 

have the greatest dispersion between analysed minimum and maximum value. One sample 

from the Mill E samples is clear outlier. Two samples have been collected at the same 

sampling date thus, the reason for the outlier can be simplify random error at the analyse or 

sampling process, or actual temporary process variation. Figure 31 presents the variation of 

magnesium in each studied mill. The similar way than in calcium, also in the case of 

magnesium one of the studied mills magnesium average concentration is higher than others. 

The average concentration of magnesium is in the same level at the Mill E and Mill C. Mill 

D concentration is clearly higher than others and except two outliers, the dispersion is lowest.  
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Figure 30 The total variation of calcium in each studied mill 

 

Figure 31 The total variation of magnesium in each studied mill 

 

Figure 32 present the variation of manganese at the studied mills. The average concentration 

seems to be very close to each other especially Mill E and Mill D, however the manganous 

is presenting quite small share in the samples thus, the relative difference between Mill C to 

the Mill E and Mill D is higher. The variation of manganous concentration is much higher 

than other mills.  
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Figure 32 The total variation of manganous in each studied mill 

 

Figure 33 presents the sodium variation at the three mills. The average concentration at the 

Mill D and Mill C are very close to each to other and the minimum and maximum values 

while outliers are excepted are in the same level. The sodium variation at the Mill E is much 

higher however, the average concentration is only 0,5 mass-% higher than other mills.  

 

 

Figure 33 The total variation of sodium in each studied mill 

 

The general observation from the figures Figure 30-Figure 33 is the largest dispersion of 

Mill C two of the four main components. The number of samples form Mill C was the highest 
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and the sampling period of Mill C was longest which might be seen in the results. More 

samples from longer period might include the process variation better to the data than lower 

number of samples. According to this observation, the outlier values might not be outliers 

from the actual situation rather the first observations of the larger variation of the 

concentrations. 

 

The average concentration between three mills has been analysed using ANOVA. The 

critical p value has been selected commonly used 0,05 value which is separating the 

statistically significant (p<0,05) and non-significant (p>0,05) differences between mills in 

the elemental content. ANOVA has been calculated for each of the elements which 

concentration level is higher than detection limit of EDXRF. According to the ANOVA, the 

p-values of each of the considered elements except Ba, Pb, Ti was less than the critical p-

value. This means that there are significant differences between concentrations of main 

components from the three mills. 

 

While significant differences between three mills have been observed, ANOVA has been 

used to analyse between which mills the significant differences has been occurring. ANOVA 

has been used to test pairwise significance test between two considered mills. Table 27 

presents the p-values relation to the critical p-value between two mills. While noticing the 

number of the elements the significant difference between two mills have been observed, the 

more significant differences have been observed between Mill E and Mill C. However, the 

concentration levels of most of the studied the elements are below 1 mass-% thus, the 

significant differences of main components (Na, Mg, Ca, Mn) is more useful to observed. 

Between Mill E and Mill D there is no significant differences in the calcium content 

according to the ANOVA and from the main components, only Na and Mg content have 

significant difference between these mills. Between Mill E and Mill C and Mill D and Mill 

C there is significant differences between three out of four main components. The effect of 

the calcium in the GLD is remarkably also in the ANOVA results while the share of the 

calcium is multiple and while two mills have quite similar calcium content it is affecting 

positivity also for the other elements similarity between two mills. 
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Table 27 The relation of the p-values between two mills to the critical p-value (0,05) 

 p-values 
 Mill E-Mill C Mill E-Mill D Mill D-Mill C 

Na < p critic < p critic 0,4924 

Mg 0,8453 < p critic < p critic 

Al < p critic < p critic 0,9038 

Si 0,1866 < p critic < p critic 

P 0,3905 0,0984 < p critic 

S < p critic < p critic 0,6559 

Cl < p critic < p critic 0,1268 

K < p critic 0,0799 < p critic 

Ca < p critic 0,9191 < p critic 

Ti 0,9088 < p critic 0,1136 

Cr < p critic < p critic < p critic 

Mn < p critic 0,6097 < p critic 

Fe < p critic < p critic 0,1435 

Ni < p critic < p critic 0,1965 

Cu < p critic 0,7812 < p critic 

Zn < p critic 0,3191 < p critic 

Ba 0,7650 0,1099 0,0802 

 

While making conclusions based on the made ANOVA there should be remember that the 

number of samples from each mill are varying while the number of Mill C samples is greater 

comparing to others. In generally, the number of collected samples are small to cover 

different variation aspects presented in the GLD and some systematic error might be 

occurring. Especially samples from Mill C have been collected within two short periods 

while they are not necessarily representing the variation of process conditions and temporal 

variation.  

 

9.2 Fly ash 

 

9.2.1 Quality variation within one mill 

 

The examined fly ash samples are presenting more versatile main components comparing to 

the GLD. Elements presenting over 1 mass-% are Mg, Al, Si, K, Ca and Fe. In addition, 

samples collected from the Mill A are presenting Cl in higher shares however, the 

concentration of Cl at the Mill B is lower. The total share of main components varies at Mill 
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A between 33,46-39,54 mass-% and at Mill B between 48,2-52,4 mass-%. The completely 

EDXRF analyse results for examined fly ash samples have been reported in appendix IX. 

 

The most abundant element in samples from Mill B has been calcium which concentration 

is varying between 17,4-24,2 mass-%. The second abundant element at the Mill B is silicon 

which concentration is presented between 8,7-10,5 mass-%. At the Mill A samples there are 

two most abundant elements Ca and Si very close to each other while the concentration of 

Ca and Si are 7,2-13,2 and 8,7-12,8 mass-%, respectively.    

 

The  Figure 34 and Figure 35 presents the main component variation of fly ash for Mill A 

and Mill B, respectively, in the function of time. The concentration variation of main 

components is varying more in Mill A. The RSD values of Ca and Si are 19 and 13 %, 

respectively however, the element content at the Mill B samples is more stable and lower 

RSD values for Ca and Si have been observed 8 and 5 %, respectively.   

 

 

Figure 34 The main component variation of fly ash at Mill A 
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Figure 35 The main component variation of fly ash at Mill B 

 

There can be seen the similar observation about liming effect due to changes in the calcium 

concentrations in Figure 35 than in GLD samples. While the calcium content is decreasing, 

the concentration of other main components except potassium is increasing. This is due to 

the same reason as the case of the GLD, while the concentration of very abundant element 

is decreasing, the share of other elements is increasing while the EDXRF analyse is relatively 

analyse method. The concentration trend of potassium is not following perfectly any of the 

element lines however, the concentration of potassium is increasing in the point the calcium 

line is achieving its highest tops and decreasing while the calcium trend is achieving the 

lowest points. More study is needed to make any further conclusion about the relation of 

potassium and calcium concentration in the fly ashes however, the observation has been done 

in this study. 
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9.2.2 Quality variation between two mills 

 

The elemental composition of fly ash produced from two mills has been comparing in this 

chapter. Table 28 presents the average elemental composition result for each studied mill 

and the standard deviation value is also presented. Relative standard deviation (RSD) value 

has been also presented and in addition to the literature values presented in the literature part. 

  

Table 28 The average results from two mills about the composition of fly ash samples, literature values and 

standard deviation values 

 Mill A Mill B Literature value* 

 Result 

[mass-%] 

RSD  

[%] 

Result 

[mass-%] 

RSD  

[%] 

Result  

[mass-%] 

Na 0,5 ± 0,6 128 0,8 ± 0,2 20 0,1-0,3 

Mg 2,1 ± 0,2 11 1,4 ± 0,2 17 0,29-1,94 

Al 6,6 ± 1,0 16 7,6 ± 0,4 5 3,09-4,25 

Si 11,0 ± 1,4 13 9,0 ± 0,4 5  

P 0,80 ± 0,13 16 0,55 ± 0,06 10 0,24-0,34 

S 0,98 ± 0,23 24 0,88 ± 0,08 10 0,40-2,45 

Cl 0,9 ± 0,4 42 0,181 ± 0,012 7  

K 3,4 ± 0,4 11 1,91 ± 0,11 6 0,43-6,50 

Ca 10 ± 2 19 20,3 ± 2,0 8 5,8-33.0 

Ti 0,38 ± 0,06 15 0,154 ± 0,005 3 0,0011-0,025 

V 0,001 ± 0,003 361 nd  0,002-0,0039 

Cr 0,014 ± 0,007 53 0,006 ± 0,005 82 0,0039-0,025 

Mn 0,53 ± 0,14 26 0,36 ± 0,05 15 0,052-2,9 

Fe 3,8 ± 0,4 11 1,72 ± 0,13 8 0,33-1,95 

Co 0,006 ± 0,005 75 nd  0,0002-0,030 

Ni 0,001 ± 0,005 361 nd  0,0020-0,024 

Cu 0,025 ± 0,005 20 0,008 ± 0,004 50 0,0094-0,18 

Zn 0,16 ± 0,03 20 0,05 ± 0,01 19 0,011-0,4865 

As 0,008 ± 0,004 52 nd  < 0,0003 –0,0060 

Se nd  nd   

Mo nd  nd   

Cd nd  nd  0,000036-0,0140 

Sn nd  nd   

Ba 0,18 ± 0,04 22 0,103 ± 0,015 15 0,0549-0,426 

Pb 0,038 ± 0,014 39 nd  <0,00015-0,10 

*Apila Group Oy Ab 2013, Baernthaler et al. 2006, Dahl et al. 2010, Demeyer et al. 2001, Manskinen et al. 

2011b, Nurmesniemi et al. 2012, Pitman et al. 2006, Pöykiö et al. 2009, Pöykiö et al. 2010, Pöykiö et al. 2011, 

Steenari et al. 1999  



115 

 

As it was mentioned in chapter 9.2.1, the elemental composition of samples produced from 

Mill B are more constant comparing to the samples of Mill A. This can be seen from the 

RSD values presented in Table 28 while the RSD values of main components are in generally 

higher for Mill A samples than Mill B. In addition, while the calcium content at the Mill B 

comparing Mill A samples is about double and the liming effect is higher, the share of other 

elements is lower, and the concentration of lower elements is not exceeding the detection 

limit of EDXRF. Mill A samples have been measured low content of Co, Ni and As which 

are not detected in Mill B samples.  

 

While comparing reported results to the literature values in generally, the measured 

elemental concentrations in most of the measured elements have been higher in this study 

compared to the literature values. This can be an actual concentration level in the samples 

however, a critical survey of the developed analyse method using EDXRF should be done 

while the systematic error is not examined due to lack of the suitable reference material.  

 

In the samples of Mill B and Mill A calcium is one of the most abundant elements with 10 

and 20 mass-percentage values, respectively. The greatest reason for the element 

concentration with the fly ash samples is the burned fuel consumption. The other reason for 

the deviation of the analytical results is the time of sampling. While the Mill B samples have 

been collected in shorter period, the deviation of analytical results is lower while the 

condition changes at the mill are occurring during longer period. In contrast to the sampling 

period of Mill A where sampling period is longer, the condition changes at the mill can be 

seen in the analytical results.  

 

Figure 36 and Figure 37 presents the variation of aluminium and calcium at the Mill A and 

Mill B. Appendix X presents the variation of the other main components between studied 

two mills. The average concentration of Al and Ca is higher at Mill B samples however, the 

average concentration of other main components is lower at Mill B due to liming effect of 

the most abundant components. The variation of Mill A is much higher than in Mill B, which 

minimum and maximum values are quite close to each other. In other main components the 

average concentration at the Mill A is higher than in Mill B however, the variation at Mill A 

is much higher than in Mill B. 
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Figure 36 The total variation of aluminium in studied mills 

 

 

Figure 37 The total variation of calcium in studied mills 

 

The average concentration between two mills has been analysed using ANOVA. The critical 

p value has been selected commonly used 0,05 value which is separating the statistically 

significant (p<0,05) and non-significant (p>0,05) differences between mills in the elemental 

content. ANOVA has been calculated for each of the elements which concentration level is 

higher than detection limit of EDXRF. According to the ANOVA there is a statistically 
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significant differences in most of the studied elements. Only the p-value of Na, S, V and Ni 

is over the critical p-value which means there is not statistically significant differences in 

these elements between mills. Rest of the studied elements seem to be differed between 

mills. As a conclusion, the elemental composition of fly ashes produced from Mill B and 

Mill A are differing. The fuel composition of each mills is differing which might be one of 

the greatest reasons for the different element composition between mills. 

 

The sampling period has been for Mill B samples for two weeks and Mill A samples about 

one month.  To get more reliable results about elemental variation due to multiple aspect, 

longer sampling period is needed. The used fuel mixture is one of the greatest sources of the 

elemental composition of fly ash samples. The used fuel composition is unknown during the 

sampling period and the possibility that very homogenous fuel composition is used at the 

Mill B during sampling period could be explained very constant results. However, the 

differences between main components of these two mills have been observed in this study 

to be very different and it seems that the elemental composition is differing at some level 

between studied mills. 
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10 SAMPLING PLAN 

 

In this chapter two sampling plans has been presented for determining the average 

concentration of calcium at GLD starting material using both individual and composite 

sampling procedures. The starting point of this chapter is the results presented in the section 

9 Quality variation.  

 

Any sampling plan standard is not available specified for GLD and fly ash. Presented 

sampling plans have been designed according to SFS-EN 14899 Characterization of waste. 

Sampling of waste materials. Framework for the preparation and application of a Sampling 

Plan and technical reports CEN/TR 15310-1 – CEN/TR 15310-5. Figure 38 presents the 

flowsheet of the sampling plan design process step by step. It has been utilized to design 

both of the presented sampling plans (CEN/TR 15310-1:2006).  

 

Figure 38 Main statistical steps to define a sampling plan for testing programme (CEN/TR 15310-1:2006)  

 

Petersen et al. (2005) have published the seven sampling unit operations (SUOs) which are 

improving sampling by reducing sampling problems. SUOs are considered during designing 

process if they have been feasible. SUOs are 
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“SUO 1 Always perform a heterogeneity characterization of new materials 

SUO 2 Mix (homogenize) well before all further sampling steps 

SUO 3 Use composite sampling instead of premature focus on Ms 

SUO 4 Only use representative mass reduction 

SUO 5 Comminution whenever necessary (reduction in grain size) 

SUO 6 Perform variographic characterization of 1D heterogeneity 

SUO 7 Whenever possible turn 2-D and 3-D lots into 1-D equivalents” 

 

The GLD material is flowing to the truck load through the pile in the mill area thus, the safe 

sampling from the moving stream is not possible. Sampling from the moving stream has 

been recommended to achieve the representative samples while the particulation effect has 

not occurring and the different size particles have the equal chance to get sampled. In this 

case, the target GLD material is located on the truck load and it is not feasible to move to 

the moving stream during the sampling. The sampling has been performed from the pile 

located on the ground.  

 

The next two chapters are going through all the sampling plan steps included in the standard 

CEN/TR 15310-1:2006. The sampling plan table included the main results in each step are 

presented in the table at attachment 5. The probabilistic sampling approach (Step 4) has been 

used instead of judgemental sampling due to the remarkable advantages to achieve more 

precision results about the sampling target which has been discussed detailed in chapter 6.2. 

The judgement sampling is a relevant option if the sampling procedure cannot execute as it 

was planned for example no option to the safe sampling using the probabilistic sampling 

plan. 

 

The step 9 is not relevant to determine detailed in these cases while the particle size is very 

fine and only the needed amount of sample for laboratory analysis is limiting the minimum 

size of increment or sample (CEN/TR 15310-1). However, the particulate effect exists in the 

case of GLD even the clear particles are not existing. The separation based on density 

difference will occur during the transportation and might affect the most remarkable error of 

the sampling.  

 



120 

 

10.1 Sampling plan for the starting material 

 

As it was earlier mentioned, the heterogeneity is a key feature while the waste material is 

planned to utilize. In addition to the low heterogeneity level, achieving the acceptance 

content of critical components is also important. In the case of GLD, the naturally high 

calcium content has been utilized in many purposes. The objective of this sampling plan is 

to determine the average calcium content in the unmixed GLD material at the certain 

precision for providing information about the demand of the additive or liming agent for 

ensuring the target level of calcium for utilization application. This chapter provides the 

background information and calculations for sampling strategy completely presented in the 

appendix XI. 

 

The sampling target is the whole volume of GLD located on the truck load. While every 

truck load of GLD will be studied separately for ensuring the high-quality end product, 

collected samples need to represent only the truck load from they are collected. Even the 

particles of the GLD are very fine and the material is resembling about sludge, the particulate 

is occurring while at least the water or more wet parts are separated from the material. To 

minimize the effect of particulation on the sampling, it must be done immediately the truck 

load has been transported.  

 

The normal distribution of the used data is usually needed in the many statistical calculations. 

The normal distribution of calcium in GLD samples has been studied based on the analytical 

results presented in chapter 9. Figure 39 presents the frequency of calcium content on the y 

axis and the x-axis value is calcium concentration. The skew value of the histogram presents 

the normal distribution characterization of the data while the value zero is presenting 

completely normally distribution data. In nature many features are normally distributed 

while the collected data is large enough. The calculated skew value of the used calcium 

content data is 0,34. Based on the skew value and considering the relative low number of the 

studied samples, the data can be assumed to be at least roughly normally distributed.  
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Figure 39 Histogram of calcium concentration of GLD samples 

 

To get the number of needed samples based on equations presented in the technical report 

CEN/TR 15310-1, the variability of within- (sw) and between-spatial (sb) variation and 

error of analytical (se) have been estimated. A sw can be used the calcium content variability 

between single samples and as a sb between composite samples. As the within-spatial 

variability values is used the standard deviation of single samples from three different mills 

to be 1,99 mass-% which is presented las chapter. The between-spatial variation is a roughly 

estimation based on the assumption that the between-spatial variation is normally lower than 

within-spatial variability to be 1,0 mass-%. One goal of the sampling process is defining the 

variability values, and this is discussed later. As an analytical error is used the estimation 

based on the standard deviation of differences between measured calcium concentrations 

and reference values and to be 1,9 mass-%.  

 

The advantage of composite sampling in this case is that it is very fast to analyse while the 

number of analysed samples is lower comparing to the individual sampling. However, the 

hot spots of the unmixed material cannot be detected while composite sampling method is 

used. Due to uncertainty of the frequency of hot spots, both sampling methods have been 

tested. CEN/TR 15310-1:2006 presents the two equations for determining the demanded 

number of increments and increments for the composite samples. Equations 11 and 12 are 

presented the equations for determining the needed number of increments and individual 

samples, respectively.   
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𝑚 = 𝑠𝑤
2 /(𝑛 (

𝑑

𝑢𝑎
)

2

− 𝑠𝑏
2 − 𝑠𝑒

2) 
11 

 

where 

ua = the standard Normal deviate  

d = the desired precision 

se = the standard deviation of analytical error 

sw = the standard deviation of local (i.e. within-composite) spatial variation 

sb= the standard deviation of between-composites spatial and/or temporal variation  

n = numbers of composite samples (in practice, only one composite sample is collected thus 

n is usually 1) 

 

𝑛 = (
𝑢𝑎

𝑑
)

2

∙ (𝑠𝑠
2 + 𝑠𝑒

2) 
12 

 

 

where  

ua = the standard Normal deviate  

d = the desired precision 

ss = the standard deviation of total spatial/temporal variation (= √(𝜎𝑤
2 + 𝜎𝑏

2)) 

se = the standard deviation of analytical error 

 

The required accuracy of sampling should be as good as possible. The needed number of 

increments and individual samples are calculated using equation 11 and 12 at the different 

desired precisions (d) are presented in the Table 29 and Table 30. The confidence level of 

95 % is generally used value and is used in this thesis as well.  
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Table 29 The needed number of increments for 

composite sampling 

C  
(%) 

d 
(mass-%) 

m, 
(n=1) 

m, 
(n=2) 

95 1 -1 -1 

95 2 -1 -2 

95 3 -2 52 

95 4 -9 1 

95 5 2 0 

95 6 1 0 

95 7 0 0 
 

Table 30 The needed number of individual samples 

C 
(%) 

d 
(mass-%) 

n 

95 1 48 

95 2 12 

95 3 5 

95 4 3 

95 5 2 

95 6 1 

95 7 1 
 

 

Table 29 indicates the most desired precisions are not possible using composite sampling. 

While using duplicate composite sampling method where two composite samples from the 

same sampling target within 52 increments are included both composites is producing 

precision at 3 mass-%. As the Table 30 presents, the more options of the desired precisions 

are available while individual samples are taken. The most accurate precision with 1 mass-

% is demanding 48 individual samples. It is quite much for the timetable of this thesis 

however, 12 samples with 2 mass-% precision are possible to prepared and analyse. The 

comparison between these two strategies will be tested.  

 

10.2 Testing the developed sampling strategy 

 

The sampling strategy of produced GLD presented in the chapter 10.1 has been piloted. The 

aim of the piloting was executing the sampling strategy as it was planned to achieve more 

information about the precisions of the made assumptions related to the variability values. 

In addition, the replicate design was executed for providing information about the random 

error occurring in the total analyse process.   

 

The sampling process was executed in the landfill where the newest batch of GLD was 

examined. The sampling target was GLD in the grab of the front-end loader which was 

divided into 12 parts and the one single sample was taken from each part. This procedure 

repeated according to the replicate design plan. Increments for the composite sampling were 

collected from the same parts 6 increments from each thus total increment per composite 

sample was 72. Two composite samples were collected according to the sampling strategy 
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and this was repeated according to the replicate design two times. In this chapter is presented 

the analytical results of calcium from the composite sampling and singe sampling strategies 

and results from the replicate design. 

 

10.2.1 Determination of uncertainty 

 

The uncertainty of sampling can be determined using statistical tools for the testing 

procedure. As it was discussed in literature part, the effect of sampling to the analysis results 

is remarkably compared to the error caused by analysis itself. In many cases the total error 

is not remarkably however, the share of the error caused from sampling can be over 90 % of 

the total measurement variance (Ramsey and Ellison 2007). 

 

In the chapter 10.1 was presented developed sampling strategy for the case the average 

concentration of calcium in the truck load of GLD. In this chapter is presented the validation 

and uncertainty testing for this sampling plan. Table 31 and Table 32 present the results of 

the replicate design for both composite and singe sampling strategy, respectively according 

to the Nordtest (2007). There is presented the estimated random error based on the results of 

replicate design sampling strategy resulting of the analysis and measurement which is 

included the random error resulting from the analysis and sampling. 

 

Table 31 presents the information the composite sampling strategy was providing. The 

measured results Ca content of collected composite samples have very close to each other 

varying between 35,90-36,00 mass-% thus, the difference between average results of 

composite samples is 0,05 mass-%. While the Ca concentration results are very close to each 

other, the random error included to the measurement process of composite sample strategy 

seems to result only from the analysis. After all, the sampling error should be differed from 

the zero value, thus more studied sampling target is needed to improve the random sampling 

error estimation resulting from the collection sampling strategy.  
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Table 31 Uncertainty calculations for composite sampling strategy 

Rep Sample 1 Sample 2  

 x(111)  x(112)  

D(11)= 

|x(111)-x(112)| x(aver. 1) x(121)  x(122) 

D(12)= 

|x(121)-x(122)| x(aver. 2) 

D(1)= 

|x(aver. 1)-x(aver. 2)| 

1 36,00 35,90 0,10 35,95 36,00 36,00 0,00 36,00 0,05 

          

 Ď (1)=(ΣD(11))/n 0,10  Ď (2)=(ΣD(12))/n 0,00   

          

  Ď (analysis)=(D(1)+D(2))/2 0,05     

          

          

  Ď (measurement)=(ΣD(1))/n 0,05     

 

The single sampling strategy was providing more versatile Ca content results as the Table 

32 is presenting. The average contents of analyse replicates varying between 35,28-36,08 

mass-%. The random error of measurement is 0,52 mass-% from which analysis error is 0,27 

mass-%. This means that sampling is responsible for 0,25 mass-% error. 

 

Table 32 Uncertainty calculations for single sampling strategy 

Rep Sample 1 Sample 2  

 x(111)  x(112)  

D(11)= 

|x(111)-x(112)| x(aver. 11) x(121)  x(122) 

D(12)= 

|x(121)-x(122)| x(aver. 12) 

D(1)= 

|x(aver. 11)-x(aver.1 2)| 

1 35,58 35,28 0,30 35,43 35,83 36,08 0,24 35,95 0,52 

          

 Ď(1)=(ΣD(11))/n 0,30  Ď(2)=(ΣD(12))/n 0,24   

          

  Ď(analysis) = (Ď(1)+ Ď(2))/2 0,27     

          

          

  Ď(measurement) = (ΣD(1))/n 0,52     

 

The positive signal from the results is relatively low random error caused by analysis while 

the results are 0,05 and 0,27 mass-%. However, by increasing the number of examined 

sampling targets and measured replicates the higher random error values might be occurring 

but reported values of this study have been in a good level. Based on the uncertainty 

calculations it seems like the single sampling strategy have a higher total uncertainty value. 

Uncertainty caused by sampling was occurring only in the strategy of single sampling. One 

reason for the difference between these two strategies is number of samples included to the 
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strategy. While composite sampling was included two times two collection samples, the 

single sampling strategy was included two times 12 samples.  

 

The individual sample results have been reported in Table 33. Even the average results are 

very close to each other, there is variation between samples which can see from minimum 

and maximum values. The actual variation of sampling target based on the individual 

samples is 28,2-37,9 mass-%.  

 

Table 33 Calcium content results of single sampling strategy 

 
Sample 1 

[mass-%] 

Sample 2 

[mass-%] 

1 35,7 35,6 

2 31,7 28,2 

3 36 36,3 

4 36,1 36,6 

5 35,7 35,6 

6 35,6 35,4 

7 36,1 35,7 

8 36,1 35,8 

9 35,2 34,6 

10 36,2 36,2 

11 35,4 35,5 

12 37,2 37,9 

average 35,6 35,3 

min 31,7 28,2 

max 37,2 37,9 

 

10.2.2 Comparing composite sampling and single sampling methods 

 

To get more information about the selection process of most suitable sampling strategy, the 

statistical differences between average results of the different sampling strategies is 

considered using ANOVA. The ANOVA table is presented in the Figure 40. 
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Figure 40 ANOVA table of single and composite sampling strategies 

 

According to the p-value of ANOVA between the calcium concentration results from the 

single and composite sampling strategies, there is not seeing to be statistically significant 

difference in the results while the p-value is over 0,05. While there is not seeing statistical 

differences between sampling strategies the selection of most suitable strategy has to done 

based on the properties of the studied strategies. The uncertainty values of both studied 

strategies were relatively very low by providing quite accurate results in the sight of random 

error, both strategies have suitable choices for the selected sampling strategy. However, 

more studies are needed for the improving the uncertainty accuracy. Both sampling strategies 

have their pros and cons while the composite sampling is more cost and time saving strategy 

however the individual sampling is providing more detailed information about sampling 

target while the concentration variety of the sampling target is available.  

 

10.3 Improving of sampling strategy 

 

The particulation of the sampling target is probably one of the greatest error sources of the 

analysis procedure including sampling. To achieve more precision results, the sampling 

process should be executed immediately the sampling target is produced. However, this is 



128 

 

not possible while the transportation is usually needed from the mill to the GLD modification 

place. One option to reduce the particulation effect to the analyse results is transfer the 3D 

sampling target to 1 D however, it needs investments to the equipment and other resources.  

 

The size of the increments and single samples should be standardized. The same size samples 

are not easy to collect from the sticky GLD. However, especially in the collection sampling 

strategy the changes in the size of increments might affected emphasizing to the collection 

sample while other increments are bigger than others. In the other hand, the selection either 

mass or volume of the sample or increments should be standardized should be done. 

 

Dividing of the sampling target to the exact same size sections was impossible due to the 

sampling target was in the grab. According the idea of the sampling strategy, the sampling 

target was aimed to divided into 52 section and one increment from each section was planned 

to collect. In this case, the sampling target was too small to divide into 52 section thus, the 

sections needed to limit, and several increments needed to collect from the same section. 

There is a risk to emphasize some part of the sections more than others while the selection 

of the increments inside of each section was based on the judgement sampling.  

 

This piloting case provides more reliable information about within and between variety 

values which are estimated using variation between different sampling targets however, the 

more valuable estimation is demanding variety inside one target. The within-spatial variation 

was selected to be 1,99 mass-%, which was presenting the standard deviation of individual 

results from different sampling targets. The standard deviations of the individual sampling 

strategy results are 1,3 and 2,3 mass-%. The estimated value is between studied values 

however, there is observation the standard deviation within sampling target is varying based 

on sampling case. To get more reliable value for within-spatial variation more study is 

needed however, the number of samples could be calculated again using the highest standard 

deviation value resulting from the replicate study.  

 

Between-spatial variability was clear estimation which can be improved using the results of 

the replicate study. While the results of composite samples were very close to each other, 

the standard deviation value which has been used as between-spatial variability value is only 
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0,025 mass-%. The value is only between two results of composite samples thus, more 

replicates should be analysed for defining the estimation. The estimation of the error caused 

by analyse is clear estimate regarding to the systematic analysis error. While any suitable 

reference material is available the estimation of the systematic error is just a guess. Based 

on the replicate study results the share of the random error is minor comparing to the 

estimation of the systematic error. Based on the studied analyse uncertainties there is no need 

to change the estimation after more systematic uncertainty study results are available.  

 

Table 34 and Table 35 presents the evaluated numbers of samples for composite and single 

sampling strategy, respectively where the variability and analytical error values resulting 

from the replicate design is used.  As a result of changing values, the needed numbers of 

individual samples and increments with double composite sampling decreased. While the 

needed number of individual samples for 2 mass-% accuracy was 12, after changes 9 

individuals is enough. This is quite remarkably change while thinking the sample preparation 

process and time saving while three samples less is needed to prepare. The remarkably 

change in numbers of increments is while the double composite sampling demanding 

number of increments with 3 mass-% accuracy decreased from 52 increments to 5. However, 

the more accurate sampling strategies is chance to sample than before while earlier the 

accuracy limit was 5 mass-% and now 4 mass-%. 

  

Table 34 The needed number of increments for 

composite sampling 

C 
(%) 

d 
(mass-%) 

m, 
n=1 

m, 
n=2 

95 1 -2 -2 

95 2 -2 -3 

95 3 -4 5 

95 4 10 1 

95 5 2 1 

95 6 1 0 

95 7 1 0 

95 8 0 0 
 

Table 35 The needed number of individual samples 

C 
(%) 

d 
(mass-%) 

n  

95 1 35 

95 2 9 

95 3 4 

95 4 2 

95 5 1 

95 6 1 

95 7 1 

95 8 1 

95 9 0 
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11 CONCLUSIONS 

 

The sampling preparation procedure and an analysing method for EDXRF analyser was 

developed for both sample types. The random error of the analyse seems to be very low. The 

estimation of systematic error is very hard to determine due to the lack of applicable 

reference materials for studied sample types. The accuracy of EDXRF analyse is lower than 

ICP-OES analyse and the method development is consuming more time while the 

calibrations and selection of calibration samples take time. Still, recalibration is rarely 

needed, and the demanded sample preparation is light and an analyse time with a complete 

analyse method is very easy.   

 

The elemental composition variation of fly ash samples from two different mills were 

studied. The main elements in both studied mills are equal however, there are differences in 

the average concentrations and the deviation values between mills. The most abundant 

element calcium is present at the Mill B in two times greater than at the Mill A. The share 

of calcium influences the heavy metal concentration in the samples. The dilution effect of 

calcium is decreasing the heavy metal concentration while the calcium concentration is 

increasing and vice versa. This can be seen in the Mill A samples where higher heavy metal 

content and lower calcium content than in the Mill B is noticed. Fly ash produced in the Mill 

B has more stable quality comparing to the Mill A product which can be seen in lower main 

element RSD values at the Mill B. Statistically significant differences are observed between 

mills according to ANOVA.  

 

GLD samples produced from three different mills were studied. Na, Mg, Ca and Mg have 

been observed to be the main elements in each mill but also in Mill E Fe and S and in Mill 

D S concentrations exceeded the main element limit value. Calcium is the most abundant 

element in GLD, and it has a significant role in many occurrences in the quality of GLD. It 

causes dilution effect to other elements in GLD. Due to very high concentration level of Ca 

and relative analyse of EDXRF, Ca concentration increase is decreasing the abundance of 

other elements in GLD. There has been observed the inverse proportional between 950 °C 

ash content and calcium concentration in GLD samples. While the order of ash content was 

observed Mill E>Mill D>Mill C the order of calcium concentration was Mill E<Mill D<Mill 
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C. Increasing calcium content has been observed also to increase the dry solid content and 

550 °C ash value.  

 

The assumption was that calcium has great changes in the concentration within the mill and 

between mills. The calcium content has been observed varying between 30,9-39,4 mass-% 

in all the studied mills with standard deviation and RSD values are 1,1-2,1 mass-% and 10 

%, respectively. RSD value for Ca was the lowest value for studied elements. However, the 

small change in RSD value is affecting much more to the absolute result if the element is 

very abundant in the material. Still, while comparing the elemental result of each of the 

studied mills using ANOVA, statistically significance differences have been observed 

between mills. While considering only the main components, there were less significant 

differences between Mill E and Mill D and in addition there was not statistically significant 

difference in calcium content, which is the determinant component at the GLD. 

 

Composite and individual sample strategies were considered in the manage process of 

quality variation. Both strategies have their own advantages and weaknesses however, the 

selection of sampling strategy is based on the needed information from the sampling target. 

Composite sampling is providing information about the average elemental content in the 

sampling target with lower costs comparing with individual sampling. The individual 

sampling is providing the information about the minimum and maximum concentration in 

the sampling target in addition to average content, but the costs are higher than in composite 

sampling. Due to this, the individual sampling is more favourable for the verifying the 

complete mixing. 

 

Both sampling strategy options have been tested to determine the average calcium 

concentration of GLD. The number of increments and individual samples have been 

estimated using the incompletely random error information. The developed plans were tested 

using the replicate design for determining the random error of sampling.  According to the 

results of the test, the random error due to sampling and analysing seemed to be lower than 

expected. Due to this, within and between-spatial variation values have been defined based 

on the corrected data and the number of increments and samples are much lower in the up-

dated sampling plan. In addition, there was not occurring the statistically significant 
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difference occurring between strategies and for a resource saving aspect the composite 

sampling for this case is more suitable strategy. During transportation, the heavier particles 

are fallen to the bottom of the pile and this effect should be considered in the sampling 

procedure better in the future while it is one of the greatest error sources while sampling 

GLD. The best situation is sampling from the mixed and homogenized sampling target 

directly after mixing.   
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12 SUMMARY 

 

The aim of this master thesis was to investigate the quality variation level of GLD and fly 

ash samples produced from the several mills of UPM-Kymmene in Finland and providing 

information about a suitable sampling procedure for ensuring the correct analyse results from 

the heterogeneous waste material. This work has been made for supporting Zero Solid Waste 

target of the UPM-Kymmene. 

 

The stable quality of side streams for utilization use is an important factor. The analytical 

methods for EDXRF analyser have been developed in order to determine an elemental 

composition of GLD and fly ash samples from different mills. The analytical results have 

been providing information about the quality variation within the mill and between studied 

mills.  

 

The quality variation of the main components has been observed in both cases with both 

sample types. The variation in all the main elements was greater between mills than within 

any of the studied mill. The order of the most abundant elements in each comparable mill is 

equal however, the quality variation is occurring at the concentration levels. Calcium is 

occurring as a dilution effect on both studied sample types. While it is occurring as the most 

abundant element the changes in its concentrations are affecting the concentrations of other 

elements to the opposite way. 

 

Both composite sampling and individual sampling strategies have places in the quality 

variation control process. Before the mixing, composite sampling is providing information 

about the concentration level of critical elements whereas the individual sampling 

information about the heterogenous level of the studied batch after mixing. As a result of 

this thesis, both sampling strategies must be utilized to achieve reliable analytical results for 

each process steps whit a resource saving way. 
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Recovery results of GLD samples with and without matching library          Appendix IV 

 

GLD 1 
      

Element ICP-OES 
results 

[mg/kg] 

ICP-OES 
results 

[%] 

Measured 
EDXRF 
results 

[%] 

Recovery 
[%] 

Measured 
EDXRF 
results 

with ML 
[%] 

Recovery 
[%] 

Al 1081 0,1081 0,357 330,17 0,183 169,25 

Ba 254 0,0254 0,0341 134,03   

Ca 383754 38,3754 43 112,05 39,7 103,45 

Cd < DL #VALUE! 0,0006 
 

0,0006 
 

Co < DL #VALUE! ND 
 

ND 
 

Cr 29,5 0,0030 0,0037 125,32 0,007 237,09 

Cu 25,2 0,0025 0,0046 182,28 0,0019 75,29 

Fe 2057 0,2057 0,232 112,79 0,218 105,98 

K 4151 0,4151 ND 
 

ND 
 

Mg 7688 0,7688 1,18 153,48 1,01 131,37 

Mn 1919 0,1919 0,214 111,50 0,202 105,25 

Na 9633 0,9633 2,61 270,95   

Ni 3,95 0,0004 0,0038 961,05   

Pb < DL #VALUE! 0,0002 
 

 
 

Se < DL #VALUE! ND 
 

 
 

V < DL #VALUE! ND 
 

 
 

Zn 248 0,0248 0,0279 112,50 0,0252 101,61 

Mo < DL #VALUE! ND 
 

ND 
 

P 5494 0,5494 1,03 187,49 0,621 113,04 

S 3725 0,3725 0,581 155,99 0,514 138,00 

Si < DL #VALUE! 0,279 
 

0,311 
 

Ti < DL #VALUE! 0,0063 
 

ND 
 

Sn < DL #VALUE! ND 
 

ND 
 

 

GLD 2 
      

Element ICP-OES 
results 

[mg/kg] 

ICP-OES 
results 

[%] 

Measured 
EDXRF 
results 

[%]  

Recovery 
[%] 

Measured 
EDXRF results 
with ML [%] 

Recovery 
[%] 

Al 6712 0,6712 0,879 130,96 0,714 106,38 

Ba 484 0,0484 0,059 121,84 0,0594 122,67 

Ca 288048 28,8048 32,6 113,18 30,9 107,27 

Cd 9,58 0,0010 0,0024 250,57   

Co < DL #VALUE! 0,006 
 

  

Cr 322 0,0322 0,032 99,35 0,0308 95,63 

Cu 255 0,0255 0,027 105,89 0,0287 112,56 

Fe 16300 1,6300 1,74 106,75 1,75 107,36 

K 3875 0,3875 0,0557 14,37   

Mg 40663 4,0663 4,45 109,44 3,8 93,45 

Mn 17375 1,7375 1,83 105,32 1,85 106,48 

Na 28417 2,8417 4,76 167,51   

Ni 128 0,0128 0,0144 112,18   

Pb 15,4 0,0015 0,0015 97,57   

Se < DL #VALUE! ND 
 

  

V < DL #VALUE! ND 
 

  

Zn 2087 0,2087 0,226 108,30 0,224 107,34 

Mo < DL #VALUE! ND 
   

P 2446 0,2446 0,565 230,99 0,248 101,39 

S 30734 3,0734 3,23 105,09 3,35 109,00 

Si < DL #VALUE! 0,807 
 

  

Ti 153 0,0153 0,012 78,64   

Sn < DL #VALUE! ND 
 

  
 

ML = matching library 
DL = detection limit 
ND = not determined  
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GLD 3 
      

Element ICP-OES 
results 

[mg/kg] 

ICP-OES 
results 

[%] 

Measured 
EDXRF 
results 

[%] 

Recover
y [%] 

Measured 
EDXRF results 
with ML [%] 

Recover
y [%] 

Al 5576 0,5576 0,804 144,19 0,664 119,08 

Ba 523 0,0523 0,0647 123,59   

Ca 311376 31,1376 35 112,40 32,9 105,66 

Cd 5,96 0,0006 0,0022 368,98   

Co <DL #VALUE! 0,0049 
 

  

Cr 201 0,0201 0,0197 97,97 0,0233 115,87 

Cu 178 0,0178 0,0201 112,82 0,0205 115,06 

Fe 12492 1,2492 1,4 112,08 1,37 109,67 

K 2027 0,2027 ND 
   

Mg 34913 3,4913 4,64 132,90 4,07 116,58 

Mn 12786 1,2786 1,46 114,19 1,43 111,84 

Na 15922 1,5922 3,81 239,29   

Ni 79,8 0,0080 0,0101 126,62   

Pb 19,3 0,0019 0,0023 119,31   

Se <DL #VALUE! ND 
 

  

V <DL #VALUE! ND 
 

  

Zn 2294 0,2294 0,26 113,34 0,25 108,99 

Mo <DL #VALUE! ND 
   

P 4482 0,4482 0,803 179,14 0,433 96,60 

S 22566 2,2566 2,66 117,88 2,76 122,31 

Si <DL #VALUE! 0,698 
 

 
 

Ti 143 0,0143 ND 
 

 
 

Sn <DL #VALUE! ND 
 

 
 

 

GLD 4 
      

Element ICP-OES 
results 

[mg/kg] 

ICP-OES 
results 

[%] 

Measured 
EDXRF 
results 

[%] 

Recover
y [%] 

Measured 
EDXRF results 
with ML [%] 

Recover
y [%] 

Al 5137 0,5137 0,626 121,86 0,453 88,18 

Ba 475 0,0475 0,0607 127,73   

Ca 317800 31,7800 36,2 113,91 33,9 106,67 

Cd 3,62 0,0004 0,0017 469,24   

Co <DL #VALUE! 0,0026 
 

  

Cr 139 0,0139 0,0113 81,10 0,0143 102,63 

Cu 205 0,0205 0,0216 105,12 0,0219 106,58 

Fe 6296 0,6296 0,672 106,74 0,649 103,09 

K 1281 0,1281 ND 
   

Mg 38971 3,8971 3,79 97,25 3,28 84,17 

Mn 13261 1,3261 1,38 104,07 1,33 100,30 

Na 8381 0,8381 ND 
 

  

Ni 71,6 0,0072 0,0091 127,16   

Pb 8,53 0,0009 0,0008 93,81   

Se <DL #VALUE! ND 
 

  

V <DL #VALUE! ND 
 

  

Zn 2016 0,2016 0,226 112,09 0,216 107,13 

Mo <DL #VALUE! ND 
   

P 3136 0,3136 0,702 223,87 0,363 115,76 

S 13285 1,3285 1,43 107,64 1,45 106,88 

Si <DL #VALUE! 1,05 
 

 
 

Ti 67,3 0,0067 ND 
 

 
 

Sn <DL #VALUE! ND 
 

 
 

 

ML = matching library 

DL = detection limit 
ND = not determined 

  



Recovery results of GLD samples with and without matching library          Appendix IV 

 

GLD 5 
      

Element ICP-OES 
results 

[mg/kg] 

ICP-OES 
results 

[%] 

Measured 
EDXRF 
results 

[%] 

Recover
y [%] 

Measured 
EDXRF results 
with ML [%] 

Recover
y [%] 

Al 5604 0,5604 0,783 139,72 0,619 110,46 

Ba 457 0,0457 0,0572 125,21   

Ca 310169 31,0169 34,3 110,58 32,5 104,78 

Cd 4,92 0,0005 0,002 406,74   

Co 0,71 0,0001 0,0061 8593,26   

Cr 151 0,0151 0,0145 96,14 0,016 106,08 

Cu 189 0,0189 0,021 110,96 0,021 110,96 

Fe 14743 1,4743 1,6 108,52 1,58 107,17 

K 4601 0,4601 ND    
Mg 36224 3,6224 4,24 117,05 3,63 100,21 

Mn 14015 1,4015 1,55 110,59 1,51 107,74 

Na 19658 1,9658 3,71 188,73   

Ni 72,8 0,0073 0,0085 116,71   

Pb 16,3 0,0016 0,0016 98,37   

Se <DL #VALUE! ND    

V <DL #VALUE! ND    

Zn 2153 0,2153 0,243 112,88 0,231 107,30 

Mo <DL #VALUE! ND    
P 4661 0,4661 0,853 183,02 0,466 99,98 

S 25916 2,5916 2,83 109,20 2,9 111,90 

Si <DL #VALUE! 0,88    
Ti 164 0,0164 ND    
Sn <DL #VALUE! ND     

GLD 6 
      

Element ICP-OES 
results 

[mg/kg] 

ICP-OES 
results 

[%] 

Measured 
EDXRF 
results 

[%] 

Recover
y [%] 

Measured 
EDXRF results 
with ML [%] 

Recover
y [%] 

Al 7227 0,7227 1,05 145,30 0,922 127,58 

Ba 259 0,0259 0,0344 132,71   

Ca 319106 31,9106 35,8 112,19 33,7 105,61 

Cd 14,8 0,0015 0,003 202,39   

Co <DL #VALUE! ND    

Cr 88,8 0,0089 0,0074 83,37 0,0108 121,67 

Cu 138 0,0138 0,0164 118,77 0,0161 116,60 

Fe 2541 0,2541 0,301 118,45 0,295 116,09 

K 1180 0,1180 ND    
Mg 49814 4,9814 6,82 136,91 6,03 121,05 

Mn 11465 1,1465 1,27 110,78 1,24 108,16 

Na 5703 0,5703 2,11 369,95   

Ni 33,0 0,0033 0,006 181,98   

Pb 20,3 0,0020 0,0027 133,04   

Se <DL #VALUE! ND    

V <DL #VALUE! ND    
Zn 2452 0,2452 0,284 115,81 0,275 112,14 

Mo <DL #VALUE! ND    
P <DL #VALUE! 0,255  0,0206  
S 7068 0,7068 1,05 148,55 1,03 145,72 

Si <DL #VALUE! 0,652    
Ti <DL #VALUE! ND    
Sn <DL #VALUE! ND     

ML = matching library 

DL = detection limit 
ND = not determined   



Recovery results of GLD samples with and without matching library          Appendix IV 

 

GLD 7 
      

Element ICP-OES 
results 

[mg/kg] 

ICP-OES 
results 

[%] 

Measured 
EDXRF 
results 

[%] 

Recovery 
[%] 

Measured 
EDXRF results 
with ML [%] 

Recovery 
[%] 

Al 2443 0,2443 0,448 183,35 0,264 108,04 

Ba 490 0,0490 0,0609 124,39   

Ca 326200 32,6200 36,5 111,89 34,1 104,54 

Cd <DL #VALUE! 0,0012 
 

 
 

Co <DL #VALUE! ND 
 

 
 

Cr 43,9 0,0044 ND 
 

0,0056 127,63 

Cu 164 0,0164 0,019 115,68 0,0186 113,24 

Fe 2510 0,2510 0,295 117,55 0,283 112,77 

K 1042 0,1042 ND 
   

Mg 36795 3,6795 4,7 127,74 4,19 113,87 

Mn 12653 1,2653 1,4 110,65 1,33 105,11 

Na 13922 1,3922 3,33 239,19   

Ni 15,0 0,0015 0,0037 246,86   

Pb 7,70 0,0008 0,0009 116,92  
 

Se <DL #VALUE! ND 
 

 
 

V <DL #VALUE! ND 
 

 
 

Zn 1511 0,1511 0,179 118,43 0,168 111,15 

Mo <DL #VALUE! ND 
   

P 2100 0,2100 0,54 257,13 0,248 118,09 

S 7777 0,7777 1,07 137,59 1,05 135,02 

Si <DL #VALUE! 0,827 
 

 
 

Ti 53,5 0,0053 ND 
 

 
 

Sn <DL #VALUE! ND 
 

 
 

 

 

ML = matching library 

DL = detection limit 
ND = not determined 
 



Recovery results of fly ash samples with and without matching library          Appendix V 

 

FA1 
      

Element ICP-OES 
results 

[mg/kg] 

ICP-OES 
results 

[%] 

Measured 
EDXRF 
results 

[%] 

Recovery 
[%] 

Measured 
EDXRF results 
with ML [%] 

Recovery 
[%] 

Al 64285 6,4285 5,98 93,02 6,68 103,91 

As 108 0,0108 0,0119 110,04   

Ba 1769 0,1769 0,186 105,14    

Ca 174113 17,4113 20,7 118,89 18,1 103,96 

Cd 1,88 0,0002 0,0005 265,54   

Co 16,1 0,0016 0,0039 241,54   

Cr 205 0,0205 0,0204 99,60    

Cu 1348 0,1348 0,128 94,99 0,145 107,60 

Fe 51001 5,1001 5,73 112,35 5,65 110,78 

K 19760 1,9760 1,65 83,50 2,08 105,27 

Mg 16173 1,6173 1,55 95,84 1,48 91,51 

Mn 3372 0,3372 0,385 114,18 0,358 106,18 

Na 17158 1,7158 ND  ND  

Ni 123 0,0123 0,0077 62,40 0,0123 99,67 

Pb 1208 0,1208 0,145 120,05 0,127 105,15 

Se <DL <DL ND    

V 76,0 0,0076 ND    

Zn 2964 0,2964 0,31 104,58 0,31 104,58 

Mo 8,57 0,0009 ND    

P 14851 1,4851 2,55 171,70 1,56 105,04 

S 21035 2,1035 3,76 178,75 2,48 117,90 

Si 80686 8,0686 12,1 149,96 8,37 103,73 

Ti 6353 0,6353 0,881 138,67 0,637 100,26 
 

FA2 
      

Element ICP-OES 
results 

[mg/kg] 

ICP-OES 
results 

[%] 

Measured 
EDXRF 
results 

[%] 

Recovery 
[%] 

Measured 
EDXRF results 
with ML [%] 

Recovery 
[%] 

Al 44858 4,4858 4,5 100,32 5,71 127,29 

As <DL <DL 0,0006    

Ba 1377 0,1377 0,147 106,75    

Ca 164363 16,4363 19,9 121,07 16,4 99,78 

Cd <DL <DL 0,001    

Co 7,15 0,0007 0,0127 1775,20   

Cr 74,8 0,0075 0,0114 152,44   

Cu 93,1 0,0093 0,0094 101,01 0,0095 102,09 

Fe 43911 4,3911 4,86 110,68 4,52 102,93 

K 24640 2,4640 2,18 88,47 2,38 96,59 

Mg 20992 2,0992 2,42 115,28 2,45 116,71 

Mn 6183 0,6183 0,711 114,98 0,629 101,72 

Na 13847 1,3847 2,34 168,99 1,39 100,38 

Ni 50,7 0,0051 0,0054 106,41 0,0056 110,35 

Pb 36,5 0,0037 0,0044 120,50 0,0025 68,47 

Se <DL <DL ND    

V 37,6 0,0038 ND    

Zn 951 0,0951 0,098 103,06 0,0896 94,23 

Mo 7,60 0,0008 0,0039 512,98   

P 7829 0,7829 1,56 199,27 0,825 105,38 

S 30012 3,0012 4,82 160,60 3,06 101,96 

Si 100799 10,0799 15,4 152,78 10,2 101,19 

Ti 1930 0,1930 0,235  0,171 88,58 
 

ML = matching library 

DL = detection limit 

ND = not determined 
 

 



Recovery results of fly ash samples with and without matching library          Appendix V 

 

FA3 
      

Element ICP-OES 
results 

[mg/kg] 

ICP-OES 
results 

[%] 

Measure
d EDXRF 
results 

[%] 

Recovery 
[%] 

Measured 
EDXRF results 
with ML [%] 

Recovery 
[%] 

Al 57004 5,7004 4,77 83,68 6,07 106,48 

As 94,4 0,0094 0,0059 62,49   

Ba 1772 0,1772 0,188 106,09    

Ca 209948 20,9948 24,9 118,60 22,7 108,12 

Cd 3,90 0,0004 0,0008 205,27   

Co 8,92 0,0009 0,0031 347,60   

Cr 113 0,0113 0,0096 85,16   

Cu 164 0,0164 0,015 91,52 0,0173 105,55 

Fe 27112 2,7112 2,86 105,49 2,89 106,60 

K 30565 3,0565 2,82 92,26 3,21 105,02 

Mg 17971 1,7971 1,77 98,49 1,67 92,93 

Mn 9204 0,9204 1,02 110,83 0,983 106,80 

Na 14404 1,4404 ND  ND  

Ni 44,0 0,0044 0,0037 84,10 0,0048 109,11 

Pb 351 0,0351 0,0405 115,27 0,0354 100,75 

Se <DL <DL ND    

V 39,4 0,0039 ND    

Zn 2650 0,2650 0,269 101,51 0,275 103,77 

Mo 11,60 0,0012 0,0047 405,20   

P 8707 0,8707 1,6 183,76 0,928 106,58 

S 17430 1,7430 3,26 187,03 2,2 126,22 

Si 83694 8,3694 10,6 126,65 7,53 89,97 

Ti 3508 0,3508 0,387 110,33 0,302 86,10 
 

FA4 
      

Element ICP-OES 
results 

[mg/kg] 

ICP-OES 
results 

[%] 

Measure
d EDXRF 
results 

[%] 

Recovery 
[%] 

Measured 
EDXRF results 
with ML [%] 

Recovery 
[%] 

Al 64302 6,4302 5,84 90,82 6,11 95,02 

As <DL <DL 0,0006    

Ba 505 0,0505 0,0641 126,87   

Ca 314629 31,4629 36,1 114,74 32,6 103,61 

Cd <DL <DL ND    

Co <DL <DL 0,0026    

Cr 144 0,0144 0,0227 157,39   

Cu 415 0,0415 0,0458 110,45 0,0495 119,37 

Fe 10982 1,0982 1,22 111,09 1,12 101,98 

K 8255 0,8255 0,439 53,18 0,893 108,18 

Mg 30747 3,0747 2,95 95,94 3,01 97,89 

Mn 1432 0,1432 0,173 120,84 0,15 104,77 

Na 4773 0,4773 1,65 345,67 0,657 137,64 

Ni 72,3 0,0072 0,0096 132,81 0,016 221,35 

Pb 21,0 0,0021 0,0042 199,92 0,0031 147,56 

Se <DL <DL ND    

V <DL <DL ND    

Zn 262 0,0262 0,0298 113,95 0,0263 100,57 

Mo 4,04 0,0004 0,0031 767,01   

P 2116 0,2116 0,653 308,65 0,23 108,71 

S 6248 0,6248 1,27 203,26 0,756 121,00 

Si 69877 6,9877 12,2 174,59 7,9 113,06 

Ti 1484 0,1484 0,176 118,62 0,155 104,47 
 

ML = matching library 

DL = detection limit 

ND = not determined 
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FA5 
      

Element ICP-OES 
results 

[mg/kg] 

ICP-OES 
results 

[%] 

Measure
d EDXRF 
results 

[%] 

Recovery 
[%] 

Measured 
EDXRF results 
with ML [%] 

Recovery 
[%] 

Al 53699 5,3699 4,56 84,92 5,7 106,15 

As <DL <DL 0,0032    

Ba 1450 0,1450 0,157 108,27    

Ca 381114 38,1114 41,2 108,10 40,2 105,48 

Cd <DL <DL 0,0004    

Co 8,27 0,0008 ND    

Cr 95,2 0,0095 0,0195 204,92   

Cu 437 0,0437 0,0434 99,30 0,0506 115,77 

Fe 10718 1,0718 1,16 108,23 1,14 106,36 

K 7660 0,7660 0,436 56,92 0,901 117,63 

Mg 16052 1,6052 1,38 85,97 1,17 72,89 

Mn 406 0,0406 0,0471 116,08 0,0396 97,59 

Na 4539 0,4539 ND  ND  

Ni 27,1 0,0027 0,0029 106,98 0,0019 70,09 

Pb 872 0,0872 0,105 120,45 0,0961 110,24 

Se <DL <DL ND    

V 11 0,0011 ND    

Zn 2520 0,2520 0,279 110,70 0,289 114,66 

Mo 8,37 0,0008 ND    

P 1034 0,1034 0,455 440,12 0,111 107,37 

S 5037 0,5037 1,09 216,38 0,692 137,37 

Si 59645 5,9645 8,88 148,88 6,26 104,95 

Ti 4813 0,4813 0,585 121,53 0,463 96,19 
 

FA6 
      

Element ICP-OES 
results 

[mg/kg] 

ICP-OES 
results 

[%] 

Measure
d EDXRF 
results 

[%] 

Recovery 
[%] 

Measured 
EDXRF results 
with ML [%] 

Recovery 
[%] 

Al 79969 7,9969 9,4 117,55 8,16 102,04 

As 75,3 0,0075 0,0056 74,41   

Ba 1358 0,1358 0,146 107,50    

Ca 75668 7,5668 10,3 136,12 7,27 96,08 

Cd <DL <DL ND    

Co 7,77 0,0008 0,0056 721,01   

Cr 122 0,0122 0,0239 195,23   

Cu 222 0,0222 0,0216 97,33 0,0218 98,23 

Fe 32700 3,2700 3,69 112,84 3,31 101,22 

K 27741 2,7741 2,8 100,94 2,85 102,74 

Mg 14633 1,4633 1,41 96,36 1,32 90,21 

Mn 2997 0,2997 0,384 128,13 0,323 107,78 

Na 14785 1,4785 2,14 144,74 1,36 91,99 

Ni 33,0 0,0033 0,0027 81,79 0,002 60,59 

Pb 453 0,0453 0,0547 120,64 0,0428 94,40 

Se <DL <DL ND    

V 100 0,0100 ND    

Zn 1163 0,1163 0,129 110,96 0,115 98,92 

Mo 3,39 0,0003 ND    

P 5813 0,5813 1,45 249,44 0,687 118,18 

S 3922 0,3922 1,15 293,21 0,633 161,39 

Si 124259 12,4259 20 160,95 12,4 99,79 

Ti 3905 0,3905 0,532 136,25 0,343 87,84 
 

ML = matching library 

DL = detection limit 

ND = not determined 



Elemental composition of GLD samples collected from three mills          Appendix VI 

 

Mill E 

[mass-%] 

17.10.18 

9:00 

18.10.18 

9:30 

19.10.18 

17:45 

29.11.18 

7:50 

30.11.18 

19:00 

1.12.18 

19:00 

3.12.18 

2:00 

3.12.18 

23:00 

4.12.18 

12:15 

6.12.18 

20:10 

9.12.18 

00:10 

12.12.18 

16:30 

13.12.18 

17:30 

15.12.18 

4:00 Average Std Min Max 

Na  0,96 1,32 0,86 1,53 0,87 2,55 2,06 0,78 1,53 1,90 1,78 1,55 2,08 1,03 1,49 0,53 0,78 2,55 

Mg 2,44 3,81 3,09 3,36 4,89 3,82 3,47 0,98 2,62 4,66 3,78 2,42 3,64 2,75 3,27 0,96 0,98 4,89 

Al 0,45 0,61 0,42 0,59 0,28 0,70 0,62 0,17 0,48 0,78 0,63 0,39 0,61 0,42 0,51 0,16 0,17 0,78 

Si 0,73 1,09 1,15 0,95 0,38 0,90 0,85 0,31 0,69 1,00 0,77 0,73 0,98 0,80 0,81 0,23 0,31 1,15 

P 0,40 0,35 0,34 0,32 0,19 0,25 0,29 0,62 0,39 0,31 0,43 0,57 0,46 0,53 0,39 0,12 0,19 0,62 

Cl 0,03 0,03 0,03 0,04 0,03 0,05 0,05 0,03 0,04 0,04 0,04 0,04 0,04 0,03 0,04 0,01 0,03 0,05 

K 0,12 0,15 0,15 0,26 0,13 0,39 0,29 0,13 0,23 0,17 0,21 0,23 0,26 0,13 0,20 0,08 0,12 0,39 

Ca 34,35 32,80 33,90 32,65 35,85 30,90 32,25 39,35 33,00 30,90 32,60 33,30 32,30 33,15 33,38 2,06 30,90 39,35 

Ti 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,01 0,00 0,01 0,00 0,00 0,00 0,00 0,01 

V 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Cr 0,02 0,02 0,01 0,03 0,01 0,03 0,04 0,01 0,02 0,02 0,02 0,01 0,02 0,01 0,02 0,01 0,01 0,04 

Mn 1,08 1,57 1,35 1,57 1,11 1,83 1,59 0,20 1,32 1,82 1,38 1,24 1,49 1,47 1,36 0,39 0,20 1,83 

Fe 1,20 1,33 0,66 0,75 0,33 1,73 1,70 0,22 1,43 1,80 1,34 1,20 1,55 1,11 1,17 0,49 0,22 1,80 

Cu 0,00 0,00 0,00 0,00 0,00 0,00 0,01 0,00 0,00 0,00 0,00 0,00 0,01 0,00 0,00 0,00 0,00 0,01 

Ni 0,01 0,01 0,01 0,01 0,00 0,01 0,01 0,00 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,00 0,00 0,01 

Cu 0,02 0,02 0,02 0,02 0,01 0,03 0,02 0,00 0,02 0,02 0,02 0,02 0,02 0,02 0,02 0,01 0,00 0,03 

Zn 0,20 0,30 0,22 0,22 0,20 0,22 0,19 0,03 0,18 0,25 0,24 0,22 0,23 0,25 0,21 0,06 0,03 0,30 

As   0,00 0,00                       0,00 0,00 0,00 0,00 

Se 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

S 1,88 2,26 1,31 1,83 0,99 3,28 2,97 0,51 2,22 3,26 2,60 1,96 2,84 1,94 2,13 0,80 0,51 3,28 

Mo 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Cd 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Sn 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Ba 0,06 0,07 0,06 0,06 0,04 0,06 0,06 0,03 0,06 0,07 0,07 0,07 0,06 0,07 0,06 0,01 0,03 0,07 

Pb 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

 

 

  



Elemental composition of GLD samples collected from three mills          Appendix VI 

 

Mill D 

[mass-

%] 

18.10.18 

12:30 

19.10.18 

12:00 

22.10.18 

14:00 

24.10.18 

12:10 

29.10.18 

12:10 

31.10.18 

9:00 

2.11.18 

11:30 

7.11.18 

9:20 

9.11.18 

9:30 

12.11.18 

9:35 

14.11.18 

12:40  

16.11.18 

14:40 

 

23.11.18 

12:30 

26.11.18 

14:50  

28.11.18 

12:25 Average Std Min Max 

Na 1,21 0,95 0,85 1,03 0,87 0,88 0,85 0,86 1,01 1,19 1,11 1,24 0,67 0,68 1,76 1,01 0,26 0,67 1,76 

Mg 6,70 5,75 6,59 6,41 7,92 5,91 5,71 6,71 6,75 6,43 6,91 6,68 6,15 3,85 3,10 6,10 1,16 3,10 7,92 

Al 0,20 0,17 0,20 0,17 0,20 0,17 0,16 0,22 0,17 0,18 0,19 0,18 0,90 0,36 0,53 0,27 0,19 0,16 0,90 

Si 0,32 0,30 0,34 0,29 0,34 0,29 0,27 0,42 0,30 0,30 0,33 0,30 0,71 0,40 0,84 0,38 0,16 0,27 0,84 

P 0,51 0,59 0,53 0,60 0,51 0,61 0,64 0,65 0,57 0,57 0,53 0,57 0,02 0,15 0,30 0,49 0,18 0,02 0,65 

Cl 0,02 0,02 0,02 0,02 0,02 0,02 0,02 0,03 0,02 0,02 0,02 0,03 0,02 0,02 0,05 0,02 0,01 0,02 0,05 

K 0,20 0,13 0,11 0,16 0,13 0,13 0,13 0,11 0,15 0,18 0,18 0,21 0,09 0,11 0,33 0,16 0,06 0,09 0,33 

Ca 32,55 34,65 33,25 34,10 31,95 34,30 34,45 33,80 32,85 32,40 31,90 32,60 33,45 36,15 33,25 33,44 1,12 31,90 36,15 

Ti 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

V 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Cr 0,02 0,02 0,01 0,01 0,01 0,01 0,01 0,02 0,01 0,01 0,01 0,01 0,01 0,02 0,02 0,01 0,00 0,01 0,02 

Mn 1,32 1,15 1,38 1,23 1,56 1,22 1,09 1,44 1,46 1,27 1,43 1,40 1,25 0,89 1,41 1,30 0,16 0,89 1,56 

Fe 0,23 0,20 0,27 0,18 0,19 0,17 0,13 0,18 0,15 0,17 0,18 0,19 0,29 0,29 0,55 0,22 0,10 0,13 0,55 

Cu 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Ni 0,01 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,01 0,00 0,01 0,00 0,00 0,00 0,01 

Cu 0,02 0,02 0,02 0,02 0,02 0,01 0,01 0,02 0,02 0,02 0,02 0,02 0,02 0,01 0,02 0,02 0,00 0,01 0,02 

Zn 0,24 0,23 0,26 0,23 0,28 0,19 0,20 0,26 0,23 0,22 0,24 0,25 0,28 0,15 0,18 0,23 0,04 0,15 0,28 

As 0,00 0,00   0,00       0,00 0,00         0,00   0,00 0,00 0,00 0,00 

Se 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

S 0,91 0,62 0,73 0,67 0,66 0,54 0,52 0,61 0,59 0,67 0,66 0,75 1,03 0,82 1,71 0,77 0,28 0,52 1,71 

Mo 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Cd 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Sn 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Ba 0,07 0,07 0,08 0,07 0,07 0,08 0,07 0,10 0,08 0,08 0,07 0,06 0,04 0,04 0,05 0,07 0,02 0,04 0,10 

Pb 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

 

 

  



Elemental composition of GLD samples collected from three mills          Appendix VI 

 

Mill C 

[mass-%] 

29.10.1

8 A 

29.10.1

8 B 

29.10.1

8 C 

30.10.1

8 A 

30.10.1

8 B 

30.10.1

8 C 

30.10.1

8 D 

9.1.19 

10:39 

9.1.19 

15:00 

9.1.19 

18:30 

9.1.19 

21:10 

9.1.19 

21:50 

10.1.

19 

5:00 

10.1.19 

9:47 

10.1.19 

14:35 

10.1.19 

19:40 

10.1.19 

20:30 

10.1.19 

21:15 

11.1.19 

5:00 

Avera

ge 

St

d Min 

Ma

x 

Na 0,97 1,24 0,85 2,31 1,30 1,10 1,94 0,95 0,78 0,90 1,25 1,07 1,21 0,90 0,83 0,77 0,72 0,93 0,80 1,10 

0,4

0 

0,7

2 

1,2

5 

Mg 1,93 4,07 1,63 5,01 1,88 1,93 4,32 3,35 3,98 3,38 4,86 3,13 3,47 3,37 2,82 3,85 2,26 4,97 3,22 3,34 
1,0

4 
1,6

3 
4,8

6 

Al 0,14 0,36 0,24 0,45 0,14 0,16 0,29 0,28 0,31 0,27 0,36 0,24 0,27 0,25 0,20 0,26 0,17 0,33 0,23 0,26 
0,0

8 
0,1

4 
0,3

6 

Si 0,47 0,67 0,30 0,85 0,45 0,49 0,95 0,82 0,95 0,82 1,06 0,72 0,74 0,73 0,61 0,80 0,48 0,87 0,62 0,71 

0,2

0 

0,3

0 

1,0

6 

P 0,36 0,24 0,32 0,26 0,33 0,32 0,23 0,43 0,36 0,41 0,31 0,42 0,39 0,40 0,44 0,39 0,46 0,33 0,44 0,36 

0,0

7 

0,2

3 

0,3

1 

Cl 0,02 0,02 0,02 0,03 0,03 0,03 0,03 0,03 0,02 0,03 0,03 0,03 0,03 0,03 0,03 0,03 0,02 0,03 0,02 0,03 

0,0

0 

0,0

2 

0,0

3 

K 0,10 0,10 0,11 0,18 0,17 0,17 0,15 0,14 0,10 0,12 0,13 0,14 0,13 0,11 0,11 0,10 0,11 0,10 0,10 0,12 

0,0

3 

0,1

0 

0,1

3 

Ca 36,25 34,20 37,25 34,80 35,50 37,50 31,95 35,95 35,60 36,55 33,30 36,65 

35,4

5 36,10 36,80 35,90 38,35 34,05 37,35 35,76 

1,5

3 

31,

95 

33,

30 

Ti 0,00 0,01 0,01 0,01 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

0,0

0 

0,0

0 

0,0

0 

V 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

0,0

0 

0,0

0 

0,0

0 

Cr 0,01 0,00 0,00 0,00 0,01 0,00 0,01 0,00 0,01 0,00 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,00 0,00 0,01 

0,0

0 

0,0

0 

0,0

1 

Mn 0,77 1,31 0,56 1,61 0,77 0,49 1,41 1,06 1,25 1,04 1,70 0,97 1,18 1,13 0,95 1,27 0,63 1,63 0,87 1,08 

0,3

5 

0,4

9 

1,7

0 

Fe 0,17 0,27 0,13 0,33 0,18 0,11 0,30 0,16 0,18 0,15 0,25 0,14 0,17 0,16 0,13 0,18 0,09 0,22 0,13 0,18 
0,0

6 
0,0

9 
0,2

5 

Cu 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

0,0

0 

0,0

0 

0,0

0 

Ni 0,00 0,00 0,00 0,01 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

0,0

0 

0,0

0 

0,0

0 

Cu 0,01 0,02 0,01 0,02 0,01 0,01 0,02 0,01 0,02 0,01 0,02 0,01 0,02 0,01 0,01 0,02 0,01 0,02 0,01 0,01 

0,0

0 

0,0

1 

0,0

2 

Zn 0,11 0,17 0,08 0,20 0,10 0,06 0,18 0,13 0,15 0,12 0,21 0,12 0,14 0,14 0,12 0,15 0,08 0,19 0,10 0,13 

0,0

4 

0,0

6 

0,2

1 

As 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

0,0

0 

0,0

0 

0,0

0 

Se 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

0,0

0 

0,0

0 

0,0

0 

S 0,50 0,89 0,40 1,21 0,66 0,59 1,13 0,90 0,96 0,83 1,28 0,79 0,85 0,78 0,65 0,76 0,47 1,08 0,62 0,81 

0,2

4 

0,4

0 

1,2

8 

Mo 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

0,0

0 

0,0

0 

0,0

0 

Cd 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

0,0

0 

0,0

0 

0,0

0 

Sn 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 
0,0

0 
0,0

0 
0,0

0 

Ba 0,05 0,04 0,03 0,04 0,04 0,03 0,06 0,07 0,08 0,06 0,08 0,06 0,06 0,07 0,06 0,07 0,06 0,09 0,06 0,06 
0,0

2 
0,0

3 
0,0

8 

Pb 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

0,0

0 

0,0

0 

0,0

0 

 



The flowsheet of main components in GLD at the Mill E and Mill D mills   Appendix VII 
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Calcium content versus dry solid content and ash values in GLD   Appendix VIII 

 

 

 

 

 

 

 

 

 

 



Calcium content versus dry solid content and ash values in GLD   Appendix VIII 

 

 

 

 

  



Elemental composition of fly ash samples collected from Mill A and Mill B          Appendix IX 
Mill A 
[mass-%] 26.10.18 29.10.18 31.10.18 2.11.18 9.11.18 12.11.18 14.11.18 21.11.18 23.11.18 25.10.18 26.11.18 28.11.18 30.11.18 3.12.18 Average Std Min Max 

Na 0,00 0,00 1,31 1,12 0,00 0,00 0,00 1,75 0,00 0,97 0,55 0,00 0,75 0,00 0,4607 0,58963 0,00 1,75 

Mg 2,45 2,37 1,77 1,80 1,99 2,06 2,23 2,45 2,28 2,28 1,77 2,16 2,18 2,02 2,1293 0,227642 1,77 2,45 

Al 5,38 5,77 7,62 7,96 5,96 5,72 5,54 7,73 5,73 8,44 5,57 6,39 7,82 6,52 6,5821 1,048456 5,38 8,44 

Si 8,66 9,86 12,40 11,95 9,87 10,00 9,42 12,20 10,15 12,70 9,73 12,35 12,80 12,40 11,0350 1,416277 8,66 12,80 

P 0,99 0,93 0,60 0,63 0,87 0,91 0,98 0,73 0,96 0,80 0,72 0,72 0,63 0,78 0,8036 0,131942 0,60 0,99 

S 1,26 1,21 0,59 0,60 1,20 1,18 1,16 0,80 1,26 0,73 0,95 1,00 0,80 0,94 0,9771 0,232546 0,59 1,26 

Cl 1,25 1,37 0,42 0,41 1,32 1,27 1,25 0,52 1,33 0,60 0,57 0,73 0,58 0,69 0,8793 0,372951 0,41 1,37 

K 3,44 3,74 2,35 2,87 3,52 3,39 3,41 3,37 3,88 2,99 3,68 3,60 3,30 3,58 3,3657 0,383494 2,35 3,88 

Ca 12,45 11,40 7,54 7,16 13,20 11,40 11,90 8,61 12,60 8,58 9,02 9,17 8,91 8,68 10,0443 1,948453 7,16 13,20 

Ti 0,37 0,43 0,51 0,37 0,37 0,33 0,31 0,37 0,34 0,38 0,33 0,35 0,49 0,42 0,3836 0,057147 0,31 0,51 

V 0,00 0,00 0,01 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,0007 0,002575 0,00 0,01 

Cr 0,01 0,03 0,02 0,02 0,01 0,01 0,00 0,01 0,01 0,01 0,02 0,01 0,01 0,02 0,0136 0,007178 0,00 0,03 

Mn 0,78 0,66 0,23 0,32 0,54 0,58 0,66 0,45 0,68 0,53 0,57 0,49 0,45 0,49 0,5307 0,139666 0,23 0,78 

Fe 3,91 3,90 4,63 3,29 3,46 3,65 3,70 3,76 3,67 4,55 3,69 4,44 3,38 3,64 3,8336 0,406037 3,29 4,63 

Co 0,00 0,00 0,01 0,01 0,01 0,01 0,00 0,01 0,00 0,01 0,01 0,01 0,00 0,01 0,0064 0,004792 0,00 0,01 

Ni 0,00 0,02 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,0014 0,005151 0,00 0,02 

Cu 0,03 0,03 0,02 0,02 0,03 0,02 0,03 0,03 0,03 0,03 0,02 0,02 0,02 0,02 0,0250 0,005 0,02 0,03 

Zn 0,23 0,22 0,13 0,11 0,14 0,16 0,17 0,16 0,18 0,15 0,15 0,13 0,16 0,14 0,1593 0,031952 0,11 0,23 

As 0,01 0,01 0,01 0,01 0,00 0,00 0,01 0,01 0,00 0,01 0,01 0,01 0,01 0,01 0,0079 0,004103 0,00 0,01 

Se 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,0000 0 0,00 0,00 

Mo 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,0000 0 0,00 0,00 

Cd 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,0000 0 0,00 0,00 

Sn 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,0000 0 0,00 0,00 

Ba 0,19 0,18 0,29 0,14 0,16 0,17 0,19 0,15 0,18 0,15 0,14 0,15 0,22 0,15 0,1757 0,038677 0,14 0,29 

Pb 0,07 0,06 0,05 0,04 0,02 0,02 0,03 0,05 0,03 0,03 0,03 0,02 0,04 0,04 0,0379 0,014725 0,02 0,07 

 

  



Elemental composition of fly ash samples collected from Mill A and Mill B          Appendix IX 

 

Mill B [mass-%] 18.10.18 19.10.18 20.10.18 21.10.18 22.10.18 23.10.18 24.10.18 25.10.18 26.10.18 27.10.18 28.10.18 29.10.18 30.10.18 31.10.18 1.11.18 Average Std Min Max 

Na 0,83 0,83 0,80 0,77 0,81 0,63 0,91 0,84 0,91 0,88 0,90 0,91 0,81 0,78 0,26 0,7913 0,1585 0,26 0,91 

Mg 1,30 1,23 1,29 1,24 1,15 1,41 1,39 1,20 1,46 1,43 1,42 1,43 1,18 1,15 2,13 1,3607 0,2318 1,15 2,13 

Al 7,74 7,72 7,74 7,73 7,75 7,43 7,40 7,51 7,50 7,51 7,43 7,42 7,18 7,14 8,80 7,6000 0,3721 7,14 8,80 

Si 8,96 8,92 8,94 8,99 9,19 8,80 8,72 8,81 8,92 8,90 8,76 8,73 8,91 8,79 10,45 8,9860 0,4083 8,72 10,45 

P 0,56 0,54 0,55 0,55 0,50 0,60 0,60 0,54 0,61 0,60 0,60 0,62 0,48 0,47 0,42 0,5493 0,0574 0,42 0,62 

S 0,87 0,87 0,87 0,85 0,79 0,94 0,94 0,87 0,95 0,94 0,94 0,99 0,90 0,88 0,62 0,8813 0,0852 0,62 0,99 

Cl 0,17 0,18 0,18 0,17 0,16 0,19 0,18 0,18 0,19 0,19 0,19 0,19 0,19 0,20 0,15 0,1807 0,0129 0,15 0,20 

K 1,90 1,88 1,92 1,88 1,75 2,03 2,04 1,84 2,06 2,03 2,05 2,04 1,76 1,72 1,79 1,9127 0,1183 1,72 2,06 

Ca 20,15 20,25 20,00 19,95 20,45 19,60 19,60 20,05 19,80 19,70 19,55 20,10 24,20 23,90 17,40 20,3133 1,6144 17,40 24,20 

Ti 0,15 0,15 0,15 0,16 0,15 0,16 0,16 0,15 0,16 0,15 0,15 0,15 0,16 0,15 0,16 0,1540 0,0049 0,15 0,16 

V 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,0000 0,0000 0,00 0,00 

Cr 0,00 0,00 0,01 0,01 0,01 0,01 0,00 0,00 0,01 0,00 0,01 0,00 0,01 0,01 0,01 0,0060 0,0049 0,00 0,01 

Mn 0,35 0,34 0,35 0,35 0,28 0,41 0,42 0,33 0,43 0,41 0,41 0,43 0,31 0,30 0,26 0,3587 0,0548 0,26 0,43 

Fe 1,55 1,55 1,56 1,57 1,75 1,72 1,66 1,83 1,70 1,69 1,72 1,72 2,00 1,92 1,92 1,7240 0,1371 1,55 2,00 

Co 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,0000 0,0000 0,00 0,00 

Ni 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,0000 0,0000 0,00 0,00 

Cu 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,00 0,00 0,00 0,0080 0,0040 0,00 0,01 

Zn 0,06 0,05 0,06 0,06 0,04 0,06 0,06 0,05 0,06 0,06 0,06 0,06 0,04 0,04 0,03 0,0527 0,0100 0,03 0,06 

As 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,0000 0,0000 0,00 0,00 

Se 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,0000 0,0000 0,00 0,00 

Mo 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,0000 0,0000 0,00 0,00 

Cd 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,0000 0,0000 0,00 0,00 

Sn 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,0000 0,0000 0,00 0,00 

Ba 0,11 0,10 0,10 0,10 0,09 0,12 0,12 0,10 0,12 0,11 0,12 0,12 0,09 0,08 0,07 0,1033 0,0153 0,07 0,12 

Pb 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,0000 0,0000 0,00 0,00 

  



The sampling strategy plan   Appendix XI 
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The sampling strategy plan   Appendix XI 

The average concentration of calcium in GLD 

 Composite sampling Individual sampling 

SPECIFY THE OBJECTIVE OF THE TESTING PROGRAM 

1. Specify the objective of 

the Testing Programme 

Estimating the mean concentration of Ca in the GLD material in the 

one truck load 

DEVELOP THE TECHNICAL GOALS FROM THE OBJECTIVE 

2. Define the population to 

be sampled 

The whole amount of single starting material (GLD): one truck load 

3. Assess variability Within composite spatial variation (sw) 1,99 mass-%. 

Between composites spatial variation (sb) 1 mass-% 

The standard deviation of analytical error (se) 1,9 mass-% 

4. Select the sampling 

approach 

Probabilistic sampling 

5. Identify the scale Within sub-population 

6. Choose the required 

statistical parameter 

The mean concentration of Ca 

7. Choose the desired 

reliability 

Precision of 3 mass-% with 95 % 

confidence level 

Precision of 2 mass-% with 95 

% confidence level 

DETERMINE THE PRACTICAL INSTRUCTIONS 

8. Choose the sampling 

pattern 

Stratified random sampling 

9. Determine the 

increment/sample size 

Not relevant * 

10. Determine the use of 

composite or individual 

samples 

Composite sample type Individual samples 

11. Determine required 

number of samples 

2 composite samples and 52 

increments per sample 

12 individual samples 

DEFINE THE SAMPLING PLAN 

12. Define statistical 

elements of the Sampling 

Plan 

The examined truck load has been selected randomly.  

 

 

 


