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The most commdy landfilled side streams from pulp and paper industry are GLD and fly
ash. The quality variation of thes®terialgs affecting the utilization option&ccording to

the results of tis thesis, the variation of the main elements in both studied matsrial
varyingwithin amill and between studied mill§ hequality variation is greaten thelatter
case.Both composite and individual sampling plans are utilizednemage the quality
variation.The composite sampling is providing infaation about thaverage concentration

of studied elementdJsing he individual sampling, theompletemixing process can be
verified. Even the quality variation is occurring in thigle stream matter the demanded
number of samples and incrememdsreasonable for the dgais 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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1 INTRODUCTION

1.1 Background

Population is growingonstantlyand 9.7 billion people are estimated to line¢he worldin

2050 (United Nations, 2017The ppulation growth is increasing the demand for goods
which production ibased omatural resourceslhe 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 (Ozaghdogure 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 &aalnein previous yearin 2018,
regenerated natural resouraesre consumeds much as 1,7 Earths could fulfill in safety

and sustainability way.

@ Earth Overshoot Day @ d
1969-2018
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Figure 1 Global overshoot days in 198918 (Overshoot Day)

Rockstrom et al. (2B) have developed an approach to define the limits of safe and
sustainable human operation space for nemeironmentscategories called planetary
boundaries. The crosses of defined limits can cause disastrous consequences for the
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humanity.Figure2 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.

eNS

wot®
3)audsoV

ua!)aldapa

Figure 2 Planetary boundaries (Rockstrém et al. 2009)

Generation of municipal solid waste (MSW) has increased constantly during a few decades
due to populatio growth and urbanizatiorUrbanization 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 dftR century every person living in the urban residents
were producig 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 &Perinaz 2012). About 3.5 billion people live
without waste managemefWwM) services and in 2050 the number of people without WM

services iestimated to be 5.6 billioassuminghe 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 efficiehogtural resource
use will be increased by developing a closingloop for production processes. The main

idea of the circular economy is creating a balance between economy, environment and
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society byincreasing the lifetime of produced gsodndcreding value from urban and
industrial wastes and in addition to providing advanced services as a new business model.
(Ghisellini et al. 2016Y o fulfill human needs and return the use of natural resources to the
sustainable level the more efficiency natueslource 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 resaerfrom different kinds of elements.

In additionto environmen@spects, 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). Environmasyiects areatising concern

widely. Some waste fractions contain valuable matenhlsh can replacthe use of natural
resources and at the same time reduce the harmful enviroluaeinty to néure and reduce

the use of energy (Modolo et al. 2010). In additiproduced 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 Uniothas 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 éridere3 is presenting the flow sheet

of Waste Hierarchy. Produced waste fractions are preferraslec or recycled as material
than recovering the energy content in the waste. Disposing (in generally landfilling
thermal treatment without energy recovery) should avoid if there is other treatment method
available. EU Directive2008/98/EC)
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Figure 3 Flowsheet of waste framework (EU Directive 2008/98/EC

The separated side streamshaf forest industry can be identified readByrfions et al2018

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 i@ariean 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%imons et al. 2018 p. 11

Bioeconomyhas been an advanced framework which goal is to reduce the use of fossil
based materials by replacing them with -bessed materials, enhance the vitality of
ecosystems and concerning the economy aspects of societies (Mccormick and Kagitto 2013
This is expected to increase harvesting forests in FinRRaderves 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 whitegean Union and
Government of Finland have different aspects and used different calculated values where

they based their conclusions.

Wood-based materighasbeena leader for replacing fosdilased raw materials with bio
based material in severptoducts(Poyry, 2016).Demand of printing papdan pulp and
paperindustry has been decreasing due to digitalizatiblowever,the demand of pulp
material has been increased dhed trend has been estimated to contidue to increased
demand opackagingnaterialsandbio-based materials will be replacemséilbasedlastic

(Viitanen, and Mutanen 201B06yry, 2018 However the growth of thgproduction ratevill
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increasethe amount of differenproduced waste fractions from the miich cause the

newchallenges in the environmesgpect

The pulp and paper industry 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 2P-240 million euro per year. However, there are side streams outside the
utilization in pulp and paper industry which value has been estimated to 2 rhdlion

euro per yea(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 (201According to statistics from the ye@017 the greatest
landfilled waste fractions are green liquor dré@&D) (71.5 %) and different ashes (12.8

%) while other fractions have taemarkaby shares. (Metsateollisuus ry, 2018)

UPM-Kymmene has lancted Zero Waste-project for all its millsglobally in 2015 for
completing landfilling and start utilizing all the produced waste fractions to 2030. In 2015
over 90% of produced process waste are recytiedever, the most difficult fractions,
GLD and part of the produced ashes art kstndfilled (UPM-Kymmene Annual report
2015). According to UPMKymmene annual report (2017) 96% produced ashes from the
mills arerecovereds filling material in a road building or using for landscap{®gD is an

only waste fraction from the 8 which is still landfilled. (UPMKymmene Annual report
2017)

This master thesis is made for URMly mmene and i s related to t
project. All the collected samples are originated at the pulp and paper mills of UPM
Kymmene from FinlandThe 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, disbassed t
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 Obijectives of the study

The main aim of this master thesis is to develop a samplindgglanergy dispersiv¥-ray
fluorescence spectrometgreasurement® obtain representative composition of the side
streammixture from heterogeneous batches by determine the suffruieniber ofsample

from separated batches.

This work isconentrated orGLD 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 mile and between

threemills located in Finland usingnergy dispersiv-ray spectrometer analyzer.

The aim of this masterods thesis is answer.

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

from two mills?

1 How much chemicalamposition of examined samples is varying between batches

at one mill and between different mills?

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

samples from batches?

1 How well the designed sampling plan is workinghe real sampling case?
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2 LEGISLATION RELATED TO GREEN LIQUOR DREG S AND FLY
ASH

TheFinnish legislation is affecting the utilization of the waste matefidsvadays, e aim
of the legislation is suppang the development of circular economy in Finlanahile
ensuring environmentally safe usage of waste matebafferent ashes including woed
based fly ashes kia been consideredeparatelyin the Finnish legislationhowever,the

legislative is different depending on the usage of GLD.

2.1 Government Decreeon 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-decreecame into force. The aim of the decree is suppgthe
development of circular eaomy in Finland by promoting the utilization of certain waste
fractions in earth construction without an environmeermit if the specifi conditions are
fulfilled (Government Decre@43/2017).

Fly ash produced from the combustion of wdiaed material is includédthe decree. The
wood-based fly ash is permitted to use in roadway and field structures, in roads mixed with
crushed stone, in tHeundationstructures of indstrialand storage bldings and in the earth
construction sites as stabilizing materidcording to MARAdecree, the quality afwaste

fraction should be known. Solubility determinations of Sb, As, Ba, Cd, Cr, Cu, Hg, Pb, Mo,
Ni, V, Zn, Se, E SQ?, CI, dissolved organicarbon andhetotal 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 exceleckimum values

are listed in the decree fead purpose(Government Decre@43/2017)
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2.2 Decree of the Ministry of Agriculture and Forestry on Fertilizer

Products

The aim of the Fertilizer Product Act (539/20@6¥nsuing that the used fertilisers, liming
materials, soil conditioners substrates, microbe products apdblyicts which are used as
fertilizer products are safe in the aspectmdf protection, foodstuffs and the environment
The Decree of the Ministry of Ageculture and Forestry on Fertilizer Products is providing
detailed information about types of fertilizers and the requirements specific to the type

designation group@ecree of the Ministry of Agriculture and Foresp4/11).

The Decree of the Ministry foAgriculture 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 preented in the decrd®ecree of the Ministry of Agriculture and Forestry
24/11).GLD might contains high amount of calcium fliming agentuseand a sufficient
amount of nutrients for fertilizer use and tbencentrations of the monitored elements
determine the possibilities of using GLD as a fertiliZes 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%, respectiig However, the minimuntotal content ofsecondaryutrients should be at

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

Ashes produced frorthe @mbustion processes of peat, agrobiomass or wood are suitable
for uang as ash fertilizers if thenill growth promoting effect is apparent which means
basically the concentration dhe main nutrients exist in the material in sufficient
concentration levellablel 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 %he maximum cadmium content in thsh fertilizers is

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

is 160 grams of arsenic per hectare during a period of 60 yB&wee of the Ministry of
Agriculture and Forestrg24/11).
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Table 1 The minimum content of nutrients in the ash fertilizers used as forest fertilizeree of the
Ministry of Agriculture and Forestry 24/11)

Element Content of d.w. [%]
K+P 2,0
Ca 6,0

In additionto theminimum content of nutrientghe maximum contents of harmful metals

are listed to the decré#/11 Table2 is presentethe maximum contents of several metals
for fertilizers.

Table 2 Maximum contents of harmful metals in fertilizer materi@gcree of the Ministry of Agriculture
and Forestry 24/11)

Element Maximum  content Maximum content (d.w.) for

(d.w.) [mg/kg] 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 aaeailable however, the Kraft processhemost widely used

process type in pulping industrjhe stongly alkaline inorganic process chemical mixture

is used in the Kraft process. The Kraft process is useful for both asuft hardwoods
materials andhe process isnergyefficiency (Gullichsen and Fogelholm 1999, p. 16). Used
process chemicals are regenerated in a rec
Kraft pr oces 6l®ispndicedv(Kienarieen etlale2016).

The production rate of GLD is-® kg of GLDper each ton of pulp in older boilers aBd

kg per ton of pulp in newer boile(Beer et al. 2006)In 2016 the total amount of landfilled
waste material was @00 t (d.w.) and the share of 16&D was 50200 t(d.w.)in pulp and
paper industry irFinland (Metsateollisuus ry, 2016)'he moisture content of GLD has
reported beingypically betweem4-68 % (Apila Group Oy Ab, 201B8which increased the
total mass of produced GLEemarkablyfrom the dry weightmassesWhile the global
statistic of generated GLD is not availab{gnnarinen et al. (2016) have beestimated the
global GLD production to be between 4,3 million tons. Most of the generated GLD are
landfilled alsoin globally (Manskinen, 2013, Poykio et al., 2006).

Waste fractions generatém the pulp and paper sectoain cause harm to the soil, water
bodies and airBioavailable harmful elements can be released to soils and waters but also
the incineration treatment can cause harrafupollution compounds§mao et al. 2018

In additionto the environmenaspects, thgeneratecamount of GLDis growing due to
growing production ofulp and paer industry the solution to treat and utilizBLD is

growing.
3.1 Production of green liquor dregs
Processchemicals 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 produgjnat the chemical cycle of the pulping process while the used
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chemials are regenerated for theuse Figure4 presents the flow sheet of the Kraft pulping

process.

Wood

White 2 PULPING
Ligunor _» [l
Lime kiln ' [ Liquor and
1 CaCO, k4 Cooked Chips
« T «
: l /> Pulp
Cal) \ 1
> - ot t > Rl s Al [ 1
| WASHING
Lime CAUSTICIZING v
Waste A arara Weak Black
’ JfJ’:.I— Liquor
Slaker grits Green
Liquor > g
EVAPORATION
-
v Heavy Black
Green Liquor Liquor
Dregs COMBUSTION

Soda Recovery Boller

Figure 4 A flowsheet ofchemical recovery process at a chemical pulp mill (P6ykio et al. 2014)

A starting chemical of Kraft process is called white liquor which reacting with
mechanically treated wood material. As a results lignin and partly also hemicellulose
compounds are dissolved from the woodtemnal to the white liquor and that process is
called pulping. At washing stefibres are separated from the white liquorxmoire for
ensuring process chemical free wood mass for a paper making process and simultaneously
white liquor is diluted. (Castro et al. 2009)

The colar change in the liquor from white to black due to dissolution lignin and
hemicellulose. The water camt 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 aataining mixture is produced. (Gullichsen and Fogelholm 1999, pp139

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

black liquor is calledGLD) (Gullichsen and Fogelholm 1999, pp-&9). I is important to

get out norprocess elements due to their characteristics effect fouling problems at a
bleachingmill (PAyki6 et al. 2006). The green liqu@BL) contains process chemicals as

inactive form and it is moved to a causticizing process wheetive compounds are
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causticized back to active process chemicals, white liquor (Gullichsen and Fogelholm 1999,
pp. 3941).

ProducedsL is flowing to the smelt dissolving tarfitom the recovery boiler after the black
liquor is combuste@Sanchez 2007%L is washedvith waterby separating th&LD which

is improving theGL causttizing (Golmaei2018. GLD is settledto the bottom of th&L
clarified tank(Sanchez 2007After settled GLD is collected, it is filtereidr ensuringthe
maximumseparatiorof GL andGLD materials which is containingonprocess chemical
(Golmaei, 2018

Several filtering techniques are available however, they can be dividefilrmtorossflow
filtration and cake filtratiorwhich is used precoat or nd.ime mud is typically usedsaa
precoat. After filtration, process chemical residuals are washed from the fGLBNnsuring
thesafe use in environment a@lLD is dewatering for transportatiolm the case gprecoat
process abovementioned steps are included to the cake filtration techni@belsnaei,
2018 Sanchez 20Q7

Strongly alkaline white liquor contain mainly hydroxide (Qldnd bisulfide (HS ions and

in generally used ions are sodithased compounds (Castro et 2009, Gullichsen and
Fogelholm 1999, pp. 391). Elements of process chemical mixture can be divided into
process elements and nprocess elements which contain all the elements except sodium,
sulphur, carbon, hydrogen and oxygen, which are classifiptbasss elements (Manskinen

et al. 2014). Nonprocess elements can affect process problems and they should remove
from the chemical cycle. Wood chips are the main source oprmress elements to the
Kraft process (Lundqvist et al. 2006). By precipitatioorprocess elements are removed

to GLD from the chemical cycle (Manskinen et al. 2811

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 notdneede
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 chemicaigetdoact.
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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).

0 w Ui 00 a© 6w O 1

The reaction betweeMNaCOz and Ca(OH) is an ion exchange reaction where sodium
carbonate is reacting back to the sodium hydroxide (equa}i¢kinnarinen et al. 2016
Sanchez, 2007

6™  OVwWwUL ) g WO@ 0@V i 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 reactioati(eq 3)
(Kinnarinen et al. 201,6Sanchez, 20Q7Calcium oxide (CaO) reacts again with water and

reaction chemical Ca(OHljs available (equation 1).

O@U i ©6wli 060 Q 3

The Kraft process is well optimized and GLDcisntaining iorganic compourgldue to
efficiency combusting process. GLD contains mainly residues from process chemicals and
dissolved compounds from wood material mainly 4poocess metals and insoluble

compounds (Poyki6 et al. 2006).

3.2 Composition of green liquor dregs

Physicchemical properties and microbiological characteristics influeiodbe use of waste
utilization opportunities (Monte et al. 2009). The composition of GLD is investigated due to
the development ofitilization possibilitieshowever the interst about environmentally
harmful components the GLDhas been grown while these of GLDin the environment

is increasing.
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3.2.1 General properties

Table 3 presents the physichemical properties of GLDElectrical conductivity(EC)
measures the movementedédricity current at the studied material. THeacged particles,

in generally ions an@cids, are transported electricity in the material atite increased
concentration of ions is increasing the EC as \{Bthobanoglous, 2003 Neutralizing
value(NV) is describing the ability dhe studied materialtorks as a liminggent. The\V

is also indicatinghe amount of soluble oxides, hydroxides, carbonates and silicates in the
material while these particles aesponsible of limingManskinen et al. 20H). Reactivity

value (RV) is describing the neutralizing potential arsl consicered the speed and
effectiveness of neutralizin@Poykio et al. 2006)Both NV andRV areexpresseds Ca

equivalents.

Total volatile solids (TVS) is describing the amountnaiterial volatilizdat 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 matterd itis depended on the temperature the sample is treated
(SFSEN 15169).Total oganic carbon (TOC) iall the carbon which is released from the
combusted material as carbon dioxi@&$EN 13137. Ash content is describirgs a mass
percentage the amount of inorganic residue afierbustiorat the specific conditions (SFS

EN 14775).



23

Table 3 Physicchemical properties of GLD

Property Unit Result Reference
pH value 10-12,12 Jordan et al.2002, Kinnarinen et al. 201
Mahmoudkhani et al. 2004, Manskinen
al. 2015, Modolo et al. 2010

Electrical conductivity mS/cm 23,7+0,3 Manskinen et al. 20HL
Neutralizing value % (Ca, dw.) 34,2+0,1 Manskinen et al. 20HL
Reactivity value % (Ca, dw.) 32,7+0,1 Manskinen et al. 20HL
Dry matter content % 35,596,9 %  Apila Group Oy Ab 2013Mahmoudkhani
(105 °Q et al. 2004, Manskinen et al. 2G1 1

Modolo et al. 2010, Makitalo et al. 2014

Nurmesniemi et al. 2005

Volatile total solids % of (d.w.) 8,3 Modolo et al. 2010
(525 °Q
Loss on ignition % (d.w.) 5,014,5 Manskinen et al. 205 Nurmesniemi et
(550 °Q) al. 2004
TOC o/kg 14,5+ 0,5 Manskinen et al. 20HL
g/kg
Ash content (1000 °Q % (dw.) 39,943,1 Makitalo et al. 2014

d.w. = dry matter

The typical pH value of GLD is very alkaline due to alkaline compounds Na@HNaCOs
occurring in GLD (Jordan et al.2002, Kinnarinen et al. 2016, Mahmoudkhani et al. 2004,
Manskinen et al. 20H. Modolo et al. 2010)The relatively high electrical conductivity
value is indicating the metal ions consisting in GLD are occurrirdisaslving ions in the
material (Manskinen et al. 208 1High NV andRYV are indicatingyood ability to use GLD

as a neutralizing age(i¥lanskinen et al. 205} while according tdDecree of the Ministry

of Agriculture and Forestry (24/11the minimum neutralizing valuer liming materialsis

10%.

Other general properties of GLD are low hydraulic conductivity and-Wifier retention
capacityand high buffer capacity which has been utilized as an alkaline b@lé&italo et

al. 2014).The particle size of GLD is quite small. Makitalo et al. 2014 have been reported
average d10, d50 and d90 values for their

respectively.
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Studies related to mineral composition of GLD varies a bit, howeves theeported a lot

of calciumbased minerals from GLD. Some studies haf®und pirssonite
(NaCa(CQ)2:2H.0) (Manskinen et al. 20A] Taylor et al. 200). Also, calcite (Ca
xMgxCQs) and gipsite (CaSe2H20) has been reported to find from GLD (Martinsaet
2007). Brucite (Mg(OH) is common compound from ashes however, it has been also
reported fromGLD (Mé&kitalo 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 preparegibod

and a used analyzer have effect on the results as well. The composition of GLD also in
different batches varies however, according to Makitalo et al. (2014) the composition of
GLD is not affecting the hydraulic conductivity and water retentioraciéy properties of

GLD

Table4 presents reporteidorganic elemestand metal concentration valuesGLD from
literature (Mahmoudkhani et al. 2004, Manskinen €2@1.1, Modolo et al. 2010, Makitalo

et al. 2014, Nurmesniemi et al. 2005, Rothpfeffer 20D7addition, the table presents the
limit values of harmful metaland minimum contents of secondary nutrients according to

The Decree of Ministry of Agriculturand Forestry on Fertilizer Products 24/11.
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Table 4 Literature values ofhorganic elementoncentration oflried GLD

Element Unit Literature value of total Limit values Limit Minimum
(of dw.)  element concentration* for ash values for contents of
fertilizer for field use secondary
forestuse [mg/kg] nutrients
[mg/kg] ** * [mg/kg] **
Al mg/kg 820-20200
As mg/kg 0,212,2 40 25
Ba mg/kg 230920
Ca g/kg 84,5346 500
Cd mg/kg 3,6-38,6 25 15
Co mg/kg 3,1-73,6
Cr mg/kg 4,5332 300 300
Cu mg/kg 61-420 700 600
Fe mg/kg 600-20700
Hg mg/kg 0,040,2 1,0 1,0
K mg/kg 2607590
Mg g/kg 8,997,6 20
Mn mg/kg 415031600
Na a/kg 6,3107
Ni mg/kg 14-340 150 100
P mg/kg 10-4920
Pb mg/kg 2,460,3 150 100
S g/kg 4,2-58,1 20
Si mg/kg 27012350
Sn mg/kg 0,1-0,4
Ti mg/kg <50-450
Zn mg/kg 241,55790 4500 1500
K+P 2%

d.w. = dry weight

*Golmaei, 2018Mahmoudkhani et al. 2004, Manskinen et al. 2/ Modoloet al. 2010, Mékitalo 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 peceat lime mud filter which contains great
amounts of calcium compounds such as Ca@a0 and Ca(OH)M&kitalo et al.2014).

The heavy metal concentrations of GLD are relatively I&wcording to the literature
values, omposition 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 environmargesof 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 askbased fertilizers for forest use and maximum content of harmful
substances of fertilizers in field usave been presentedTiable4. The limit values of ash
fertilizers are not directly applying in the case of GLD, however, it isusstito reference
values for theassessment of the suitability to utilization in r&aébmparing he 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 havecpeetel to

be less than the limit valueBhe concentration variation of Cr, Ni and Zrgiste wide and

only some of the studied GLD batches are suitable for the forest and fielGadsaium
concentrations seems to be the most problenvetide the limit value of cadmium is
exceeded in several studied GLD studigsveraltechniques 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

Environmentimpact assessment is essential part of the decision process of waste utilization
for the identification of possible limitations (Makitalo et al. 2014). The total concentrations
of elements are not describimgoperties ofbioavailability (Manskinen et al2011a,
Nurmesniemi et al. 2005)['ypical method of leachable investigation is use sequential
extraction scheme which provide information about elements sensitivity to release to the

environmenin different conditionings (Filgueiras et al. 2002).

Thesolubility and bioavailability of different elements containing in GLD are determined in
few studies with very similar reagents (Manskinen et al. @0Mlirmesniemi et al. 2005).
Table 5 presents leachable concentrations of-pootess elements when the sample is
handled with different solvents (Manskinen et al. 20 Nurmesniemi et al. 2005)he used
solventsn water solubleacid soluble, reducible, oxidizable and residuaction have been
water;, CHsCOOH, NH20OH-HCI, H.O2 + CH:COONH: and HF + HNQG + HCI,
respectivelyWeak solvents (water soluble, acid soluble, and reducible fractions) describe

typical environmentonditions.
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Table 5 Elementakoncentrations of extractable fractions in G{danskinen et al. 20 Nurmesniemi et

al. 2005)
Total Water Acid soluble Reducible Oxidizable Residual
concentration  soluble fraction fraction fraction fraction (mg/kg;
(mg/kg; d.w.)  fraction (mg/kg; (mg/kg; d.w.) (mg/kg; d.w.) d.w.)
(mg/kg; d.w.)
dw.)
Al 820 6,7 <1 349
0,8 % 0,1% 42,6 %
As 2,7-<3 <0,5 <0,6-0,6 <0,5-<0,6 <0,8-2,1 <0,5
185% 20-222% 18,5-200% 26,7-77,8% 18,5 %
Ba 431-910 <1 5,3-32 87,8- 300 295-490 31,4
0,2% 0,6-7,4%  20,4-33,0% 53,8-68,4% 73%
Be <1,0 <0,2 <0,2 <0,3
20,0 % 20,0 % 30,0 %
Cd 3,8-4,1 <0,5 <0,1-0,6 0,1-<0,5 2,1-34 <0,5
122% 2,6-146% 2,6-122% 51,2-89,5% 12,2 %
Co 8-9,8 0,06 <0,1-0,9 3-45 2,8-3,9 0,7
0,6 % 13-92% 37,5-459% 35,0-39,8% 7,1 %
Cr 14- 358 0,8 <0,4-0,5 <0,4-124 8,2-182 124
0,2 % 0,1-29% 29-35 50,8- 58,6 % 34,6 %
Cu 61-126 <2 <0,4-<2 <0,4-<2 53,5-119 16,2
1,6 % 0,7-1,6 % 0,7-16%  87,7-94,4% 12,9 %
F <20 nd nd nd
Fe 600- 4489 <4 <1l-<4 5,4-361 9,3-120 3285
0,1% 0,1-0,2% 0,9-8,0% 1,65-2,7% 73,2 %
Hg <0,04 nd nd nd
Mn | 4150- 10319 <1 18,7-2065  1880- 5418 2130- 2654 350
0,0 % 0,5-20,0% 45,3-525% 25,7-51,3% 34%
Mo <1,0 <0,2 <0,2 <0,3
20,0 % 20,0 % 20,0 %
Ni 14-180 <0,5 <0,2-39,7 6-86,1 4,7-50,4 14,7
0,3% 1,4-221% 42,9-478% 28,0-33,6 % 8,2 %
Pb 13-20,8 1,9 <0,6-2,2 <0,6-2,5 57-6 13,1
9,1 % 46-120% 4,6-120% 27,4-462% 63,0 %
S 12183 7724 643 65 2103 1472
63,4 % 63,4 % 0,5% 17,3 % 12,1 %
Sh <4 <0,6 <0,6 <0,8
15,0 % 15,0 % 20,0 %
Se <4 <0,8 <0,8 <1
20,0 % 20,0 % 25,0 %
Si 270 nd nd nd
Ti 73 <1 <1 8,8 <1 70,6
14% 14% 12,1 % 14% 96,7 %
\Y 9,2-<50 15 <04-<1 <0,4-4,4 <0,5-<1 3,7
16,3% 08-109% 0,8-478% 1,0-10,9% 40,2 %
Zn 1120- 1320 0,8 1,1-17,6 90,1- 383 636- 877 67,6
0,1% 0,1-16% 6,8-342% 56,8-66,4 % 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 environcaenbe assessed

using these results and due this only one study has been reported concentaatichg fr
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residual fractionThe 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 leegleasng 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 sires, the concentrations of nickel andczere 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 bioaviéable 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 adidesol

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 nhiidhigh moisture content increases

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

GLD decrease utilization possibilities (Monte 2009). However, at the eim@agsive
industry sector thenergy demandeeded talecreas the moisture content of GLD is only

a small share of the total energy consumption in the. {i€lalstro et al2009).

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 usi).D as soil improvement materi@LD has been investigated

to replace a conventional aggregate in asphalt concrete mixed (Modolo eOxl.\N26dolo
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et al. (2010) have been reported GLD as comparable material to replace conventional fillers
in the prodution 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 angoeaess.

Cement clinker industry has been interested in GLD and grits as replacing part of the share
of conventional clinker materials. Many laboratsgale studies have been published
however, Castro et gR009 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% gritsand 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 prieeatment 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 (Poyki6é et al. 2006). High pH value due to high calcium
compounds in GLD, it has been recognized to asesubstituent 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 increasimgthe groundn 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 differentmill species and there are evidences dnagys can be promoting at the
least growth of some species and at leatunder 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 heavyahetntents of GLD and their lortgrm effects on the

roots ofmills (Jordan et al. 2004). More studies are needed before the safety use is proven.
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The use of chelating agepthylenediaminetetraacetic acid (EDTA3 extracting heavy
metals from GLDhas leen testé. EDTA shows a good extraction efficient for t6d (59
wt-%) and P43 wt%) and in the same time Ca as the main nutrient of GLD was kept in
the GLD(Golmaei et al. 2018. In addition the use of hydrocyclonen the filtration stage
was studied for separating harmful metals from GLD. The geparatiorefficientfor Cd
(90,1 wt%), Ni (70,1 wt%) and Zn 91,4 wt%) achievedn the same time while Ca was
stayed at the GLD material (Golmaei et al. 2018b)

3.3.3 Greenliquor dregs utilization in mining industry

Poykio et al. (2006) have been investigated the utilization of GLD as a neutralizing agent for
acidicwastewateneutralizing. Their studies have shown some concentration increasement
of heavy metals as bioslgd and concentration increasement of some metalastewater
effluents. However, they are utilization purpose nereéronmentallyfriendly solution than
disposing GLD.

In the mining industry, the mine drainages are causing a great problem contdwtirag a
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 resditéeature where

use of GLD as neutralizing and a stabilizing agent is suggested asedfecsve treatment
method for mine drainages (Jia et al. 2013, Méakitalo et al. 204zl Opezet al. 2011,
Ragnavaldsson et al. 2014).

Ragnavaldsson et a2014) demonstrated the use of GLD as a stabilizing agent in an
industrial scale and using open waste rock pile as refefent2 months. 20 elements were
monitored in the pile while the average effluent was 40Wer in the test pile compared to

the eference pile. #en better reductions were presented in the case of most toxic elements
(As, Cd, Pb and Hg) which reduction ranges varies betwe&7 &7.

Several studies have presented better neutralizing capacity values for other alkaline waste
fractions of the Kraft processes than GLD (Jia et al. 20A&ezLbpez et al. 2011).
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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 GBBrézLopezet al. 2011).

Limestone is widely used the adsorbent of combustion gas treatmentKyiiene has
piloted the utilization of GLD as replacing limestone in the treatment process of sulfur air
pollutant at power plants as a part of their Zero Wasteject 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 ofbased
material. By implementing tle target values of renewable fuel use in energy producing
system,biomass and especially wood residues utilization in energy production processes
have beelincreased during last decade (Ojala, 20E0Qyest industry together with thermal

and electric power plants are producing P00-300000 tons of ash annually in Finland
(Nurmesniemi et al. 2012Yheamount of produced ash is increasing sim@tarslywhile

thermal processeme increasinghe use ohonfossiltbased fuels.

Metsateollisuus (2016) has been reported separately share of the landfilled wastiewhile
total amount ofandfilled waste produced from pulp and paper industry iS@3tonsfrom

which the share of the produced fly ash is 8500 tdwstgateollisuus ry, 2016Different
sources have been reported versatile information about the amount of total generated wood
based fly ash in Finland which might be due to generation éifters between statistic years

but also the definition of woeldased fly asim different sources is influencing to the results.

According to Apila Group Oy Ab. (2013)he total amount of producesood-based ash
included both bottom and fly ashigem pulp and paper industry in Finland w5049 t

in 2012 and 21 % of that was utilized as fertilizétassan et al. (2019) have been estimated
the produced fly ash from pulp and paper industry in the year2016 has He6A@éns

and the totafjenerated asfibottom and fly ash together) has been estimated t282200
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 processesgaction betweeexess amount obxygenandorganiccompounds
are producing gaseous carbalioxide and water. The residdrom thermal processes
called ash and it is containing all unburned material. In generally, these are inorganic matter

andpart of the organic matter if completddyrning ratds not achieved.
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Produced ash can be divided into bottom ash and fly ash. Bottom ash is callieeteig
from the boilerwhereas the fly asts collected fromflue gas cleaning section (Emilsson,
2006).Fly ash ighefinestwaste component produced from thermal procemsed is easily

flowing with the flue gagPitman et al. 2006).

4.2 Composition of fly ash

Chemical and physical properties of fly ash are depended on different fawtbras the
fuel type, process type of tineill, type of thermal procesand the separation techniques of
fly ash(Apila Group Oy Ab 2013Demeyer et al. 20QRamboll Finland Oy 2012

4.2.1 General properties

Table6 is presenting literature values of physioemical properties of fly asfihe meaning

of presented values has been explained earlier in the s8@idn

Table 6 Physicchemical properties of fly ash

Property Unit Result Reference

pH value 12,312,8 Dahl et al. 2010, Nurmesniemi et al. 201
Poykio et al. 2010, Poykio et al. 2009

Neutralizing value % (Ca, d.w.) 7,1-:34,5 Apila Group Oy Ab 2013Dahl et al. 2010
Nurmesniemi et al. 2012, Poykit6 et al. 20

Reactivity value % (Ca, d.w.) 50,694 Dahl et al. 2010, Poyki6 et al. 2009

Dry matter content (105 % 58,399,9%  Apila Group Oy Ab 2013Dahl et al. 2010,

°C) Nurmesniemi et al. 2012, Poykio et al. 20

Loss on ignition (550 °C) % (dw.) <0,5%-10.9 % Dahl et al. 2010, Poykio et al. 2010, Poyt
et al. 2009

TOC o/kg <0,1->100 Apila Group Oy Ab 2013,Dahl et al.
(2010), Poyki6 et al. (2009P0ykio et al.
(2011)

Fly ash material is very alkalimaaterial and alkalinitys depending on the temperature of
combustion process atahger storage time is decreasing the alkalinity of fly(@dmeyer
et al. 2001)NV of commercial ground limestone is reported to be fror8@% which is
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expressed as calcium equivalemtscording tothe Decree of Ministry of Agriculture and
Forestry on Fertilizer Products (24/1hg minimum neutralizing value for liming materials
is 10 % which some of the ashes according the literature haea achievedeportedRV

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 pradudtite
handling and this should be noticespeciallydue to high pH value of fly ash (Nurmesniemi

et al. 2012)The LOI valueof fly ashis describinghe completeness of combustion process
while high LOI value is indicating the incompletely combustiepezially conducted to the

high TOC value(Dahl et al. 2010)Dahl et al. (2010) and Po&ykio et al. (2010) have
determined the particle distribution of fly ash. Their studies showed patrticle sized of fly ash
particles are mainly under 0,0075 mm and padidiameter 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 ofi¢l used as combustion procdseifkouzas 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 mieerals a
determined in several studies and are resulted from particles of soil and sand, from
transportation and handling of wood material or from silideteed tissue used ihe mill

(Dahl et al. 2010).

Nurmesniemi et al. (2012) have determined the mbsindant minerals in fly ash from
biomass boiler are albite (Nals, 28,7%), calcite (CaC£)18,3%), lime (CaO) and quartz
(Si02, 12,8%). Other determined minerals in lower quantities (<10%) are anhydrite
(CasQ), calcium magnesium carbonate (CaMgéPand hematite (R©3). In additionto

these minerals Dahl et al. (2010) have reported ano(@eatal2SiO8), periclase (MgO), and
goethite (FeO(OH) in fly ash. Pdykio et al (2010) reported only hem&i€©4), quartz
(Si0) and anhydrite (CaSDin 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 particl@3ahl 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 ofCr concentration which is under both forest and field use limit values. While the
utilization of fly ash for environmenise is planning, the composition of each individual

batches should be examined.

In additionto earlier mentioned process differeacalso the type of fuel material has
influence on total elemental composition. Usually, wdaded material is combusted
together with other fuel types such as otherbl@eed material or even MSW and this effect
to elemental results. In situations whpree woodbased material is combusted, the age of
the burned wood affects to the elemental composition of flyAdsh, thepart of the burned
wood is influencing to the elemental composition of fly ahere are reported higher
macraenutrient concentrans and lower concentrations of silica compounds in fly ash while

hardwood species are used as fuel instead of confgnsgn et al. 2006).

There has been investigated a widely aboutttital elementcomposition of fly ashes
produced from combustioprocess of wood residueBdernthaler et al. 2006, Dahl et al.
2010, Demeyer et al. 2001, Nurmesniemi et al. 2012, Pitman et al. 2006, Poykio et al. 2009,
Poykio et al. 2010, Poyki6 et al. 2011, Steenari et al. 192®le7 is presenting literature

values oftotal element content dfy ash produced from biomass boiler
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Table 7 Literature values oforganicelemental composition of fly ash

Limit values Limit values Minimum

Unit . for forest for field contents of
(of th/earli tg:e fertilizer fertilizer secondary
d.w.) [mg/kg]** [mg/kg]** nutrients
[mg/kg] **
As mg/kg <37 60 40 25
B mg/kg 34-730
Ba mg/kg 5494260
ca  gkg 58-330 min 6 % : 0%)'[‘; ;//"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 330019500
Hg mg/kg 0-1,7 1,0 1,0
K mg/kg 430065000
Mg  mgkg 290019400 X g;ﬁg‘}/ﬁg
Mn mg/kg 52029000
Na  mg/kg 16003300 22 %
Ni mg/kg 20-240 150 100
P mg/kg 24003400
Pb mg/kg <1,51000 150 100
S mgkg 400024500 X Ol;r?g(’//"kg
Ti mg/kg 11-250
Vv mg/kg 20-39
Zn mg/kg 1104865 4500 1500
K+P min 2 % 2,0%

d.w.=dry weight

*Apila Group Oy Ab2013, Baernthalezt al. 2006, Dahl et al. 2010, Demeyer et al. 2001, Nurmesniemi et al.
2012, Pitman et al. 2006, Poykid et al. 2009, Poykio et al. 2010, Poyki6 et al. 2011, Steenari et al. 1999
**The Decree of Ministry ofAgriculture and Forestry on Fertilizer Products 24/11

Determined elemental concentrations varies ffedint studiesThe main components of

the fly ash are barium, calcium, iron, magnesiumngaaese phosphorous, potassium,
sodium, sulfur and zincHigh phosphorous content fly ash are resulted in nutrient
compounds in the combusted wemdterial(Dahl et al. 2010). @lcium is resulted from
naturally calciurarich 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 notgeented in table while it is releasing in combustion process
(Hyténen 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 liendgf\va@itomium.

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 féder 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 Higfhimum demanded content

of calcium, magnesiumna sulphur is exceeding.

In additionto heavy metal concentration limits, tbecree 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 significantaneng to it. While the calcium content at wood ash

is relatively high, there is good optiorto achieve the minimum neutralizing target.

4.2.3 Bioavalilability of fly ash

Leachability tests are made for testing bioavailability of elements from sample aratriix

is describing the risk to cause harmful effect to the environment than the total element
concentrationTable8 is presentingxtractable concentrations of elements in acid soluble,
reducible and oxidizable fractior(8/anskinen et al. 2014, Poyki6 et al. 2011)Water
soluble (not reported in the tablagid 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 Elementalkconcentrations of extradiée fractiongManskinen et al. 20H] Poykid et al. 2011)

Total concentration

Acid soluble fraction

Reducible fraction Oxidizable fraction

(mg/kg; d.w.) (mag/kg; d.w.) (mag/kg; d.w.) (mg/kg; d.w.)
Al 3090042500 870- 1490 4500- 5150 7,31-3620
2,8-35% 12,1-146 % 11,7-17,2 %
As 23-46,9 <0,6-1,3 10,8-16,5 2,3-6,3
2,6-2,8% 35,2-47,0 % 10,0-13,4 %
Ba 741,31200 9,9-33 234-248 312-394
0,84,5% 20,7-31,6 % 32,842,1%
Be 4-4,4 0,4 0,9-1,0 0,7-1
9,1-10,0 % 20,5- 25,0 % 17,5-22,7%
Cd 1,2-1,7 0,3-0,8 <0,1-0,2 0,1-0,2
25,0-47,1% 8,3-11,8% 8,3-11,8%
Co 15,7-29 1,4-2,8 11-24 16-2,1
8,9-9,7% 7,0-8,3% 7,2-10,2%
Cr 47,169 1,7-6,5 2,3-54 3,8-6,2
3,6-9,4% 4,9-7,8% 8,1-9,0%
Cu 99,4110 1,9-10,2 2,6-15,6 16,6- 26,2
1,9-9,3% 2,6-14,2% 15,1-26,4%
Fe 3983343800 44,5-489 2400- 3360 1410- 1720
0,1% 5,5-8,4% 3,2-4,3%
Hg 0,09 n.d. n.d. n.d.
Mn 750977,3 100- 152 121-166 138-174
13,3-15,6% 16,1-17,0% 17,8-18,4%
Mo 15,963 0,5-7,3 0,3-9,4 5,2-18,6
3,1-11,6% 1,9-14,9% 29,5-32,7%
Ni 45,5240 3,3-30,6 2,1-12;3 4,4-12,1
7,3-12,8% 4,6-5,1% 5,0-9,7%
Pb 46,391 <0,6-0,6 1,3-10,3 10,7-17,2
0,7-1,3% 2,8-11,3% 18,9-23,1%
S 26775380 2090- 5200 183-200 160- 252
78,1-96,7% 3,7-6,8% 3,0-9,4%
Sb 4-7 <0,6-0,7 <0,6 <0,8
10,0- 15,0% 8,6-15,0% 11,4-20,0%
Se 45,2 <0,8 <0,8 18-2,2
15,4-20,0% 15,4-20,0% 42,3-45,0%
Ti 1203,3 0,8 1,9 2,4
0,1% 0,2% 0,2%
Y 94,8390 0,9-12,5 23,2-144 25,9-36,8
0,9-3,2% 245-36,9% 9,4-27,3%
Zn 190247,7 30,9- 36,4 15,9-29,6 14,8- 25,7
0,9-3,2% 24,5-36,9% 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 stirdettbns
Bioavailability of copper is greater in the oxidizable fraction while weradolvent releasing

is notremarkaby. 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 fractio

The bioavailability of several heavy metals is greater in fly ash than in GLD material while
weaker solvents have been used. Howetiergtare available several treatment methods for
improving the stability of easily leachable elems in fly ash. Thesimplestway is
lengtheninga storage time while fly ash mbsorbed moisture which influence different
mineralization especially barium and fluoride to the slightly soluble féwother way is
stabilization techniques with binding mag which is decreasing solubility of several
harmful elements(Ramboll Finland Oy 201p. 10) Also, according Finnish Government

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

4.3 Potential applicationsfor fly ash

Woodbased 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 batehakinto

2007).

Amount of produced ash has been increasing after different waste fractidrsated by
thermally instead ofandfilling. There are investigated utilization applications for ashes
produced fronpulp and paper industrfhe developmeraf applicationds conentrated to
advantage properties of fly asthich are its high nutrient contefr fertilization use
replacing the use of commercial fertilization applicatiamsl high pH and neutralizing
valuesindicateits utilization asaliming agen{Demeyer et al. 200B06yki6 et al. 200P

4.3.1 Fly ash utilization as fertilizer
The idea of utilization ofash produced wood is teeturn the taken nutrients and

micronutrientsback to forestryHowever, negative effect of utilization of wood ash is

reported which are too high heavy metahcentration and ability for dusting
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In Finland the first experiment @food ash utilization started at 1937 by Metla (Ojala 2010).
Because ash is containimgitrients andnicronutriens which are concentrated to the ash
from wood materiafrom forest nutrient cycle, the main idea to use biomass ash as fertilizer
in forestry is supporting the balance of nutrieptle and especially in the samelation
woodsare used (Ojala, 2010yertilization of forestry is increasirtge value of forests by

improving the nutrient balance of forest and growth of t(€gala, 2010).

Wood ash ignost suitablenutrient for the nitrogen compoundrich ground because the
nitrogen igreleasedrom the ash in thermaleatmentinstead of nitrogen, fly ash as fertilizer
is providing increasement of potassium and phosphorous for the graspeciallyfor
drained peatlandsshallow peatprganic or peatyorest soils(Ojala 2010). Overall, the
utilization of biomass ash isprovinglong term positive effect fovood productior{Ojala
2010,Pitman et al. 2006Hyt6nen et al. (2003) and Moilanen et al. (2005) have investigated
their field studies theeffect of utilization wood dsas fertilization agent for the growth of
Scots pineRinus sylvestrit..). Scots pine is growingeat fields where the nitrogen content
is sufficient level but there is needpeciallyfor potassium and boron elements (Hyttmeé

al. 2003).According to Hytonen et al. (2003) the wood aslesas fertilizer for Scots pine
increased the number of healthy seedlingsinogtased the height growth of Scots pines.
According to15 years field experiment by Moilanen et al. (2005)r¢hwvas significant
regression between higher wood ash fertilizatammd growth response than lower
fertilization. Themean annual volume growth was-1,% nm¥/hahigher than in control plots

after 15 years.

Saasdmi et al (2001) have investigated woodh dsrtilization effect to chemical properties

of forest soil at Scots pimdantations They areused 3 t/ha dosaf wood ashas fertilization

and chemical properties are studied before the treatment and 7 and 16 years after the
treatmentThey reporteghositivelong-termneutralization and fertilization effects while pH

was increased 0;6,0 pH unitsand exchangeable acidity was decreas83® during 16

years after woodsh treatmentHowever, the concentration of exchangeaddl@minium
decreased in afleld testdue to wood ash treatmerits aresult,they concluded that wood

ash is suitable forounteracting agent of acidification of forest soils egplacing the need

of leaching of nutrients from soil.
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In additionto increasing major nutrient elants (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 thesexic metals (Pitman et al. 2006).

Environmentaspects are considered while the use of fly ash as farigistartedHowever,

the heavy metal concentratorhave been reported to be close to lihet values of
fertilization decreeSeveral techniques for separating heavy metals from the fly ash has been
developedor example, gravitation, and water extractiBlowever, the needf heavy metal
removing fromeachbatch of fly ash should be examirggparately due to wide variation of

heavy metals for ensuring the suitability for fertilizer use.

The abundance of ey metalss higher in the smaller fly ash particlaadthe separation

for the different fractions according to the particle size has been developed for improving
thecompetence dkrtilization use. @vitation has been utilize¢d separatély ash paricles

and electostatic precipiteors and classifying using air hae been reported tbe suitable
techniques for fly ash particle separatidrater extraction has been developed for separating
the nutrient content of fly ash to water soluble howevertrdament of residue is problem

while the heavy metals are concentrated to the redidpéa Group Oy Ab, 2013)

According to Pitman et al. (2006)eavy metal concentrations due to wood ash as
fertilization is reported to be at the same level asofisemmercial fertilizersHeavy metal
contentcombined with high calcium content effect the rise of pH in the swreasing
microbial populations and effect mobilization nitrogen in the swibviding better
availability nitrogen for trees and plarf&itman et al. 2006)Vhile fly ash is advancing the
growth of trees, there might lafectto theforestecosysters however, morestudiesare
neededespecially from different soil typesAccording to Demeyer et al. (2001) no

significant environmentisks are presented.

Piirainen et al. (2013pvestigatedong-terminfluences of woodand peat ash treatment for

acidity of runoffs and changes nutrient, heavy metals and dissolved organic carbon in
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peatand catchment aredheyreported naise concentration of Zn, Cd, Cu and Ni were
foundin the soilor groundwater itheir field testwvherewood-based ash was used fertilizer
agent,but some rise of Cr asreported.lt is commonly knowrthe release of nutrient is
relative slowprocesshowevergexpectk and Selements. Piirainen et al. (2013) reported 13
15fold release after ash treatntecompared to theeference plotAfter 10-11 years of the
treatment K level was stilh little bit higher than in referencglot, however the relative

amount of K isemained small.

FI'y ash with very fine par tegreuhdevegstatianswhiles
pH is increasing after fly ash spreadifg@r improving the handling of fly asdind avoiding
negative environmeneffect, the stabilization of fly ash should lbensidered. In all
stabilization techniques fly ash is moisturizemlising the reaction of calcium ¢alcium
hydroxide or calcium carbonate whighgrowing the particle size of fly ashhe simplest
way of stabilization ifi s st fabi | i z ahe mastuceis abborbédeto the fly ash

naturally while the moistureontent of 1540 % can be achieve(Rinne, 2007)

Fly ash ganulatings decreasindurther the dusting and reactivity iy ashwhile it is easier
to spread to environmeand it is decreasing thmegativeeffectdue tohigh pH andigh salt

contentwhile the dissolution is slower due to bigger particle &g@la Group Oy Ab 2013

Rinne 2007. Advantages of granulated fly ash compared tofttees it fab i | i ze d o

faster stabilization, dusting decreasing &vder moisture content (Joens2d18). RaKiKY
project started at 2018hich aim is developed forest fertiliz&om the mixture ofwood
basedash andvastewatetreatment plant sluddgeowever, this is not allowed in legislation
The mixture hasheen reportedo easier handling than fly ash alortee heavy metal
concentration level is low and WWTP sludge is providiitgpgen which is missing in fly
ash.(Dahl and Peltonen 2018)

4.3.2 Other usages of fly ash
In additionto fly ash utilization as nutrients, theaugh cement and bitumen industry is

common while the produced fly ash caplacethe virgin raw material. Rajamma et al.
(2009) have studied the biomass fly ashes suitalditgroducecement. The mechanical

af

f
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strength of cement was at original levéiilg 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 ashutilization has beerstudiedalso for bitumerand especially bitumen pavemeand

bricks productionBehnood, 2015..i 2013, Lingling 2005 however, the studies included
wood-based fly ash has not been widely reporidte heterogeneous characteristics might
decrease the use of fly ash in bitumen industry, but also the abundancehoir suig

chloride compounds in woddased ashes might be limited properties (VTT 20D8E to

high pH of fly ashest might affect the corrosioand t hat 6s why t he ma
with fly ash must planned carefull@uitable materials for combining with fly ash are acid
resisting steel, lead, bitumen and part of the plastic types however, the cast iron, steel and

aluminiumare not suitable combining with fly ash (Makela & Hoynala 2000).

Fly ashes has been utilized @soil stabilization materialue to limit the leachability of
heavy metals from soil to the environmehhe most effective method for stabilization is
widely used pezolanicbased stabilization/solidification (S/S) method. The method is based
on the reation betweetime 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 propedies
products. Biomassbased fly ash is containing naturally high amount of CaO thus, it is
suitable material for soil stabilization use (Uchariya, 20Hy. ash as an additive is
increasing the pozzolonic surface area which is affecting in a posifiyeo the strength,
workability, buffer capacity and heavy metal leachability of the produced material
(Dermatas, 2003).

Mining industryis another general utilization use for fly ash. Fly ash can be used as a single
material or combined ih 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 addieveight 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 fluoresceoe spectrometer (XRRF analyzetechnique for quantitative and qualitative
elementaryanalysis for solid and liquid materials with different matrixes. XBfhniques

can be divided into energy dispersive XRF (EDXRF) and wavelength dispersive XRF
(WDXRF) techniques, however in this chapter is considered to EDXRF technltok is

used in empirical part of this warBrouwer 2010, Verma 200/ DXRF method is suitable

for different sample matrix, bothgluid and solid samples. The required sample arhéor
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 igaking only several minutes by analyzing tens of eleménssproviding
reliable information about elements from sodium to uranium in order of periode& tab
EDXRF analyze technique is supporting dAgre
needed for analysis (Yamada ,201Eyven thought,detection limit, sensitiveness and
resolutions are optimized especially for heavy elemdrght elementcan bemeasured

with sufficient accuracy (Brouwer 2010)nalyze with vacuum atmosphei® increasing

the sensitivity of light elements however, opgnnaturecanusealsowith lower accuracy

of results (Verma 2007Measuring range is depending on the measeletient however,
concentrations from part per million (ppm) level to percentage (%) level are reported to be
measurement range BDXRF 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 onrdy radiation and capability to bombed electrons of
atom out of the shell while fluorescenemissionis produced.
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X-rays are photons and according to wgagticle dualitythey havecharacteristicef both
waves and particle®hotons are producedto an anode where electrons are accelerated.
Generallyused anode materials are for example W, MoaAd Rh.(Harris 2016 pp. 550
553) Electromagnetic waves can be divided into different radiation accoritheiy
wavelengthsFigure5 presents the wavelength of different electromagnetic radiations and
energy content. The energy content of ward the length of wave are invensroportional
to each other. Xays are located between tight anda-rays which meansstwavelength

is relatively short and the energy content relatively hiBhouwer, 2010

Energy (keV) 125 0.125

| |
y-rays | X-rays | uv |
I | | | |

Wavelength (nm) 0.001 0.01 0.1 1.0 10.0 100 200

Figure 5 Wavelengths of electromagnetidiation Brouwer, 2010

According to Bohr atom model, atom contains positive charged nucleus which is surrounded
with negative charged electrons located to shellselédwtrons located in certashells have
different energy levelsvhile inner shells hve lover energy level than outer from nucleus.
The most inner shell is called-hell and the names of outer shells continues in alphabetic
order.In EDXRF techniques,anples are irradiated with-My radiation with high energy
contentWhen Xray radiaton is facing the atom with sufficient amount of energy, electron
from shell is expelled-ormed electron hole is filled immediately with electron from outer
shell and the stability and original configuration of the atom is obta(iadris 2016 pp.
550-553)

Due to energy level difference between shells, transferred electron released the surplus
energy as a photonalso called fluorescence radiatidqi'erma 2007 pp. }12). The
wavelength of produced fluorescence radiation is inversely proportional toéngyeof
released photorEvery element has specific energy differences betvatetis and the
element is identified according to its energy content of fluorescence rad{ateons 2016

pp. 550553)
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The identification of elements is based on the wangtles of the emittedluorescence
radiationwhich is called qualitative analysis. In the case of quantitative analysis where the
concentration of elements in the sample is examined, the intensity of the certnsx
considered (Brouwer 2010, Verma 200Figure6 presents flow sheet of possible lines and
electron transitionsThe emission line energies are marked withcyatal letter which is
describing the shetif thedroppecdelectron and Greedphabetvhichis describing the slie

the electron is comindRigaku NEX DE EDXRF.

"
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'\\l
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jj.“

Higher energy < LowerEnergy

Figure 6 Flow sheet of electron transitiofRigaku NEX DE EDXRIJy

5.3 EDXRF spectrometer

The main components dDXRF spectrometer is Xay radiation source andetector
however several components are included to EDXRF technique to improving the analytical

results Figure7 presents scheme of EDXRF spectrometer components.

SAMPLE

/ Filter

Secondary
Target

Collimator™.”

Si{Li)
Detector

X-ray Tube

Figure 7 Operating principle of EDXREVerma 2007, p. 18)
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X-ray radiation source is irradiating the sample and causes released emitted radiation
energies. Radioactive sources oray tubes are usually used aga§ sources in EDXRF
techniques (Verma, 2007 p. 1Ejlters are used in EDXRF technigumeproving the peak
separation from background peaks and reducirr@yXintensities producing while -Kay
radiation is facing Xray tube materialsBrouwer, 201). After fluorescence radi@n
(emitted photons) are produced aftera¥ radiation is bombed sample they are reflected
from different anglesCollimatoris located between sample and detector and its purpose is
collected photons from different directions and channel them to teetde{Verma 2007,

p. 21)

Detectoris the last component of the measurement path®aljd-state detectors are in
generally used detectors in EDXRF technigdes to their ability to detect photo(lsutz
2007, Brouwer 2010. This technique is based anteraction betweersemiconduair
materialand photonsand in generally used material is silicdihe electrorhole pairs are
produced while photons aimgeracted withbsemiconductor materialL itz 2007 pp. 21)).
The number of produced electron pairghe semiconductor materialdsrect proportion to
the energy of photon which is the base to the detectiotez (2007 pp. 21). Silicon drift
detector technique is application of sedihte detectordue to good ability of silicon act as

semiconductoand it ismostcommonly used as detector of EDXRF.

5.4 Sample requirements and preparation forEDXRF

Successful sample preparation is prerequisite for high quaDRF results.EDXRF
technique is suitable for both solid and liquid samplesever, in this chapter the solid
samples are considered while the samples in the empirical part are powdered solid samples.
Figure8 presents the flowsheet of prepapatprocesses 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 preparatiorr f8RF analysis (Yamada 2014)

Practically, powdered samples haseveraldifferent pretreatment technigaePellds are
produced bypresing pulverized sample mechanically or hydraulicalyd this method is
called pressed powder methathis technique isecommended for samples which trace
elements are interest (SIEB 15309).The particle size of the sample should be smaller than
150 um however, even smaller particle size is required for analysis of trace elements (SFS
EN 15309)Forming agent is used pdletization if pellet production is difficult only from
sample (Takahashi, 2015). The forming agent shoulddse ffom analytes of interest
pelletization is not resulting without {tramada, 2014)in generally, used forming agent is
wax and theelation of sample and agent is 10:1 by weight however, the dilution factors can
bediffereddue to different sample types (SESI 15309).

The simplest method is measured the sample using loose powder method where sample is
placed for the sample cup withicany pretreatment handling. Howewverachieve sufficient

results vacuum atmosphere is needed but still tiayXintensities decreased due to used
sample cup or film and the reproducibility of sample is not as high than in pressed powder
method. Afterall, this method is recommended for samples whielfefization is not
possible or samples which are recovered after measurement. (Takahashtuaidbpead

is method where samples are melted with a flux matenadry 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 faariation of sample matridand errors due to
heterogeneous of the samplesalibration samples andinknown samples should be
pretreatedsimilar way to ensure similarity of propertiesch as particle size. (Yamada,
2014)Particle size of the samples havemarkaby influenceon theanalyzeresultsdue 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. Matr@tching
calibration is useth generally for homogeneous solid samples. This technique is required
standard materials for creating calibration curVbese 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 int¢B5iB&N
15309).It is not alwayspossibly tocreate matrixmatching calibration especialfgr 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 segoiantitative level by usingnatrix-independent
calibration curves (SF&N 15309).
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6 SAMPLING OF WASTE MATERIALS

Sampling is part of the measurement process which gnovwsdedreliable information for
decision making processedhe 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 tikeequality of analytical results and errors caused by
samplingand these mistakese not able to correct later during analySampling has been
reported to affect the greatest part of the uncertainty for the measurement droeessor

caused by sampling might affect even greater thanfdl@Oerror comparingto the error

caused during analytical procedure (Petersen et al. 2666gnsuring 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 environmeaspects andghten laws which are guiding the location of

the waste materials, the composition of waste materials has dhedied While the
increasinginterest ofusing waste materialsas a secondary raw materials sourdég
importance of theharacterization of was material is increasing and the meaning of waste
material sampling is advancinghe 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 whithe sampling plan is developing. The balance between number
of samples anthe 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 tditiagab

of the processes the waste is generated, variability of raw materials and the mixtures of
disposing materialsGEN/TR 153165). The heterogeneity is causing challenges for the
developingsampling an whilein many cases the assumptions of nornsfibution among

the population is exist and completely homogeneous has been achieved (CEN/TR)15310

In the case of heterogenous materials these assumptions can not necessarily used.
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Pierre Gystarted the studies related to the statistical samplid@®0. Today his work has

been known as Theory of Sampling (TOS) which is focused on sampling errors of
heterogeneous materials (Petersen et al. 20@B$% was the first sampling theory which
defined the sampling correctness and the representativagm@saches, 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 t{igstisrsen et al. 2005)lowadays,
statistical tools for planning the sampling aagkes 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 analysisaddition for ensuringhigh quality analytical results,
timetable, economical aspects as well as human resources should be considered during the
planning of sampling plarSampling method can be divided into sampling plan and the
sampling technique (Hiltunen et al. 2011). Sampling plan is representative susbdasl

number of samples and sampling times than sampling technique is describing how the
sampling should be done (Hiltunen et al. 20INgasurement process contains several
processes steps which are described mainfigare9. Sampling, sample preparation and
analyses processes are included to the three main steps of measurement process. Presente:
flowsheet is not describing the process completely while minor stepsasustbrage and

transportation are left outside of the flowsheet.
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Process step Form of Description of process step
material
Sampling Sampling Target || Collection of a single sample, or several
increments combined into composite sample

e Primary Sample || Comminution and/er splithing

v
Sub-sample | | Further comminution and/or splitting

preparation

Physical sample ‘<

¥
Laboratory | | Physical preparation. e.g. drying. sieving,
sample milling, sphitting, homogenisation
|
. 2

N Testsample |y Selection of test portion for chemical
treatment preceding chenucal analysis

P ]

Test portion || Chemical treatment leading to analytical
_ determination
Analysis |

v

Test solution H Determination of analyte concentration |

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 saragbbhdratory

scale, the needed amounts of samplesaativelylow and finally laboratory samples are

formed first subsamples before the final laboratory sample.

The main aim of sampling design ¢sllectedsample/s which are representing sampling
target where the sample is taken. To achieve that goal, interest elsmemdmpounds

should be specifiedue tothe concentration level of interested elentete influence to the
sampling designWhile 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 lev@liltunen et al. 2011SFS EN 14899 Figure 10 presents

the flowsheet for designing the sampling plan.
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What is the purpose of

sampling!

| Target parameter(s) I-'n'hiu:h parameters shall be

determined?

Description of process

l

Description of
residual product

Sannpling Iovativn

Amountvolume
Lots/Sampling units

Everything of relevance for the
sampling operation

Everything of relevance for the
sampling operation

Conveyor belt, falling stream, wagons?
Accessibility?

Total amount/volume of residual product
Definition of lots and sampling units

Sampling technique | How to collect samples

Figure 10 Flowsheet of sampling plan (Nordtest 1996)

Commonly used confidential level in sampling designs is 95 % which represents there is 5

% possibilityto left out the targetelementfrom the collected sample (Nordtest 1996).

Uncertainty level should be considered before sampling due to inflle@noember of

samples are taken. However, the legislation could define the level of uncertainty and that

should consider while planning sampling desibiiltgnen et al. 2011)According to SFS

EN 14899 standard the minimum information which sampling desigiclisdedare:

)l

1
1
1
1
1

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 contanation possibilities should be considered. In addition, the time and



55

order of sampling should include to the sampling plan. Sewthalr aspects should be
considered based on target compotsdlich 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 compofkittunen et al. 2011)

6.2 Statistical and theoretical approach for sampling

In this chapter different concepts and theories relatedampling and equations which
provides statistical informatiorto support sampling is presentedhe 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 studi&atgetis incluced 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 studiedamplesThe selection process

of which part of the populatn are selected for further studies is occurring the sampling
error. Representative sampling as approachfor decreamg the sampling erromwhile
according this approach collected samples are representing the whole population
Practically, representativsampling is decreasing the systematic error caused by sampling.
(Hiltunen et al. 2011Retersen et al. 2005)

Practically representative samplingneans that mass reduction of studied amount of
populationwill be done. The aim is that the mass reductgdadne 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 alveayst,butit should be considered

while the sampling plan is designed.

6.2.1 Sampling approaches
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Probabilistic and judgement sampling are twainsampling 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-1%310

Probabilistic sampling is based di©S andhe statistical tools to ensure that every element
in the examined population have the same chance to get included to the &anpey and
Ellison, 2002pp. 7#12, Nordtest 1996, SFS EN 1489®). additionto this more reliability
sampling approach, thencertaintyof probabilistic samplingan beassessdand statistical
finding from the studied population are abldtconcludedRamsey and Ellison 2002

pp. 12, SFSEN 14899.

Judgement sampling approachs ut i | i z i-pnrgo bfiaab i @ a rsttii a&l Ipyr oc e
153101). This sampling approach is preferred if time and economic resources are limited
sampling howeverthe quality of sampling might not be as high as achieved using
probabilistic sampling appachespecially if the knowledge of sampling target is incomplete
(CEN/TR 153161, Ramsey and Ellison 20G. 712).

Figure 11 is illustrating two different methods fqudgement sampling. In the left side
picture, the sampling method is following systematic sampling method where all the samples
are collected systematically from thlg cert
This method can produce reliabilitpformation 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 judgemen sampling is demanding high expertise of sampling and high level of
knowledge of studiethaterial Ramsey and Ellison 20G. 712).
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Judgemental sampling (1) Judgemental sampling (2)
v v v v
v v

v A&
v v A J v rg

Figure 11 Two different approaches for judgement sampling (CEN/TR 18310

6.2.1.1 Individualsamples and composite samples

Important decision while designing a sampling plan is the selection either individual samples
or composite samplekdividual samples are collected and analyzed separately and each of
individual sample from the target igectly 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 dbsaied.
individual samphg, the average concentration of studied components cantbeving but
alsothe variability inside the studied population carrdégeorted (Hiltunen et al. 2011)

While every single individual sample are analyzed separately, in the composite sampling
protocolincrements are collected from the sampling target and the increments are combined
resulting homogeneous samigiRamsey and Ellison 2002 1516). Composite samplis
providing information about the mean concentrationstfdied population however,
composie sampling is not able to provide information of variability of target (CEN/TR
153101). Composite sampling is reducing the number of analyzed sample which is reducing
costs while it is desirable sampling approtmtthe suitable caseRé&msey anéllison 2002

p. 1516).

6.2.1.2 Different sampling designs in probabilistic sampling
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In this chapter several sampling designs are presdfiggade 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 designafféghtto the

resultsremarkaby thus the selection must be done carefully.

Simple random sampling Systematic sampling
[ |
| |
n u o L *
. . .
| ]
" ' m ™
. . .
. . .
.
s m ™ . . .
- . . S

Figure 12 Different sampling design flowshegtSEN/TR 153161)

Simplerandomsampling design is most fundamental samgplilesign and it has been as a
starting point for the development of sampling desigimés sampling design is assuming

that while the samples are collected randomly, epéegeof the sample have the same
chance to be collected. Dteerandom selectioris 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 ramdeampling is suitable design for the sampling plan
which contains more than one sampling stages and simple random sampling is usually used
as a last stag€or ensuring the real random selecfi@mdom number generator or randomly
selected numbers betweé& and N should be selected beforehd&mt.example waste pile

can be drawn to the x,y@ordinate system arghmple collectiorpoints canbe seleced
beforehand(Ramsey and Ellison 20Gip. 3350)

In systematic sampling design, also called grid samgpl 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 torttass or to the timd-or example, collecting
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samples from the moving material stream the Beample spot is selected randomly and
following samples have been collected after certain intervals. Usually envirosanepling

cases the sampling target aneethdimensional. In these caség 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 locatitemsey and Ellison, 200@8p. 6373)

The advantage afystematic 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 cased the t

of spatial or temporal correlation should be determined, looking for the maximum content
of interest or determined the fihot spoto &
such as mean concentration of interests. While using systematidrggritp awareness of
systematic error caused when the sampling frequency is matched to the systematic sampling.
(Ramsey and Ellison, 200@p. 6373)

6.2.2 Properties of examined population considereth a sampling plan

6.2.2.1 Heterogeneity degree

Homogeneous means the situation where each part of studied popsliaksomical for each
other (Gy, 1995)In the real worldthe completely homogeneity is never existing while
always the difference at least in molecular or nuclear level can be ob¢Estedsen and
Esbensen, 2005)All the other cases populations are heterogeneous and the level of
heterogenous can be determined. Heterogeneity Isast some level the reason for the
sampling error and due this the heterogeneity level of studied populstiould be
considered and the sampling error due to this should be avdid¢elogeneity can be

divided into constitutional and distributional heterogend®y, 1995)

Constitutional heterogeneity (CH) is defined as the heterogeneity within in rearheint
(Petersen and Esbensen, 200%)e 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 crushingtting 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 heterogeneityDH) is due to studied elements unequal or-reomdom
distribution of the population (Berbenadt 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 stuiéd 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 leva of DH i
always smaller than the value of CH (Petersen and Esbensen, E@fise13is illustrating

the difference between CH and DH.
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Constitutional heterogeneity Distributional heterogeneity

Figure 13 Constitutional heterogeneity and distributional heterogeneity (Berben et al. 2014)
6.2.2.2 Dimensionf studied populations

Lot means a sampling target whehe total volume or mass of the studspulation lie
(Petersen et al. 2005). The geometry or dimension adritmarked @ 7 3-D and it is
describingin additionto the shape of the sample target but also other properties which are
affecting the more complex variation to the samples (Petetssd. 2005)Figurel4 presents

different lot dimensions as a cross sector figures.
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Figure 14 Different lot dimensions (Petersen et2005)

Zero-dimensioml (0-D) is basicallytheoreticalot 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, theye@relation between location

of the lot and studied property, and the sampling error is zero in these bothTyases.
examples abowt onedimensional1-D) lot is amoving material streawhen the shortut

of the stream is included to the samphel ghere is no distinct autocorrelation between any
variable such as time or process conditions (Petersen et al. 200&)-dimensional lot is

a plane shaped and the collected sample should cover all the three surfaces (Petersen et al.
2005).Threedimersional(3-D) lot is common geometry in environmetd waste material
sampling processes while the material is piled up for example otrutie loador the

sampling is performed in the environmgietersen et al. 2005).

0-D and 1D lots are the easiest handle in the sampling aspects and TOS is fully covered for
thesedimensions.It is recommended to transfer lots with higher dimensions te one
dimensional geometry (Petersen et a. 2005). However, this is not always an option for
pracical and economiceasonsand 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 takenSampling from a completely homogeneous darggarget is very easy while it is
producing the same result from any of the sample collected from the fEngatumber of

needed samples is increasing while materials heterogeneous level is increasing to achieve a
high precision however, the bias iscarring in the realvorld cases and 100 % precision is
impossible to gained anymofiordtest 1996)Table9 is presenting according to Nordtest

the effect ofheterogenacsito the needed number of samplBsfference 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 numbeof increments for the composite sample which is

examining 5000 tons of study matergb0 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 stratifie 10

solid residues

Thus, while the required numbers of samples or increments are determined, the thump rule
is the more representative samptasincrements are collected, the higher precision of
sampling is(Hiltunen et al. 2011)Due to practical and economic reasons the number of
examined samples @ftenlimited and lower costs are usually meaning higher uncertainty

in results. The use of theformation 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 dHilipnen et al. 2011)
Different equations have been used for determining the number of primary samples and
increments for composite samplesccording the Nordtest (1996) report the minimum
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number of primary samples can be estim&i@gever, it should be at ledstNordtest repot
is presenting two equations for the determine the minimum number of primary samples
which both are based on the variance of primary saamdethe selected precision level
Equation4 determine the number of primary samples based orvdhance caused by

sampling and laboratory work separately.

0 w 4
6 0 W

€

where

n = minimum number of primary samples

t = Students t (-h degrees of freedom, usually used 95 %) andsialed distribution
Vs = variance of primary sangd

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 equathois simplified equation for determine the

required number of samples.

2 o6
Q

where

n = minimum number of primary samples

t = Students t (-h degrees of freedom, usually used 95 %) andsialed distribution
e = the difference between upper confidence land the mean value

Vs = variance of primary samples

According to Technical Report (CEN/TR 153102006), the number of required individual

samples can be determined with the following equatyn (
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where
Ua = the standard Nonal deviate
d = the desired precision

S s= the standard deviation of total spatial and/or temporal variation

s e= the standard deviation of analytical error

In addition, Technical Report (CEN/TR 153102006) is presenting equation for determine
the required number of increments for the composite safopline population which is
assuming to be distributed normahsth the following equation?):

where

s w = 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

S b = the standard deviation of between composite samples

S e= the standard deviation of analytical error

6.2.3.1 The size of sample

The increment and sample siaedependingon the type of the sample and especially the
particle size distribution is important factor while the minimum sizeslesctedwhile the

number of increments and primary samples of particulate materials is greater than non
particulate materials (CEN/TR 250-1). 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 enobgor the minimizing the variability of individual particles, also
called fundamental variability (CEN/TR 15310.

The demand of sample size varies depend on the sample type. There is no required sample
size for liquids, powders and sludges while thartipulate characters are only limited
(CEN/TR 153161). 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 analysi§he minimum incement 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 beonsideedfor ensuring every part of the population has the same chance

to be collected to the primary sample or incremaMtsile calculating the minimum sample

size, the patrticle size is considered. (CEN/TR 15Bj10

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 systematicRarmem error

is affecting to the results both directginom the true values randomly thusis affecting

to the precision and repeatability of the resuMglér and Miller 201Q. Systematic errois
changing the analytical result systematically either positivity or negativity dirgdtidier

and Miller 2010)The total systematic error W systematic error might affect from several

systemic sources is called bias.

Figure15is 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 surroundeditegoid of

the target while the systematic and random errors are low. While the systematic error is
i ncreasing, al | the analyzed results are
analyse results are far from the true value. The lack of pya@an 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 vaheecommon effect of systematic
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and random errorss unknown and varycase by case however, the uncertainty of

measurement is increasing in the relation of the greatness of random and systematic errors.

Systematic effect

Random effect

Figure 15 Systematic and random error effect to the uncertainty of measur@iwrdtest. 200)

As it is earlier mentioned, sampling havesaarkaby effect to the analytical result quality.

The uncertainty level due to sampling can be determined using statistical apprdaehes.
attached to a test result which characterizes the range of values within which the true value
is asserted to lie (Ramsey dgltison, 2007). Foexamplethe concentration results are often
reported at the form of x U where x isdescribing the analyzed result and U the uncertainty
(expandedu ncertai nty, di scussed | ater) of the
analyzed sample isside the uncertainty range in the certain confidence level. The
advantage of this simified definition is that it is easy to understand by the-pmfessional

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 eaily examined. Random error can be studied using duplicates in the analyze processes
while thedeviationof the results is describing how precision results are. For the determining
the systematic error causing in the analytical measurement is producgedcexterence
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 tdeterminefor each sampling proceduvéhile it is not wellestablished

There is developed for example reference sampling targets however, the information from
the examined sampling target is not availdal andeasily. However, the random error
caused by sampling can be determined usingjahip sampling while the sampling process

is repeated and the precision of the analytical results of the duplicates samples have been
studied.Figurel6is presentedie methods for determine random and systematic ditner.
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.

Process Effect class
Random (precision) Systematic (bias)
Analysis e.g. duplicate analyses e.g. certified reference materials
Sampling Duplicate samples Reference sampling target,
inter-oreanisational sampling trial

Figure 16 Analysing methods of error typésordtest, 2007)

Figurel7is presenting the flowsheet of uncertainty determinafidve reasons which are
affecting to the ncertainty of samplingre the errors occurring during sampling and during
laboratory analysigNordtest, 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 efect to the sampling error (Nordtest, 2007).

[ Heterogeneity ]

Sampling Measurement contributes Decision
i UI'ICE I"tain “ﬂ(‘et'tﬂi]_lf:.'
‘ Uncertainty ‘ ty towards

Analytical
Uncertainty

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 bugtlso for the whole measurement process including sampling and analyzing
stepsAs 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, precisionan be determined which is presenting the randoor eausing
sampling and analyse process&he sampling bias is assumed to be negligible while
determining the uncertainty or it should be determined separd&eliyngey and EllisoB007

pp. 1718)

The procedure of replicate design is simply while gra@ing procedure is repeated twice

in the same target to get the deviation betweensaufples within sampling target. This
procedure is recommended to expanded at least eight or more venggtss including 10

% of the examined sampling targets a esult of between target variancehe more the
studied target, the more reliable standard deviation and uncertainty estimation will be
achievedFigurel8is describinghe replicate design procedure with the flowsh@g&msey

and Ellison 2007 pp. 1I8)

Sampling
target

PR

Sample 1

N

i

Sample 2

AN

Analysis 1

Analysis 2

Analysis 1

Analysis 2

Figure 18 The flowsheet of replicate design (Nordtest, 2007)

The advantages of the replicate design areefbsttiveness and simply to dpgEPA 2007
pp. 1718). 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 argjyganent, the data
analysing is following. The generally used methodhalysis of variance (ANOVAyvhich

is powerful statistical tool for estimating and separating the variation sources between
results The ANOVA can be used when there is existing ntba® one random error source

but also controlled variations between samples can be analysed using ANI@\fé and

Miller, 2010)

Classical ANOVA is assumed the normal distribution of the examined data. If the data is
observing the normal distributidout up to 10 % of the observations are outli¢hg robust
ANOVA isrecommended to use. (SFSO 18400104, Thompson 2009
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7 MATERIAL S

7.1 Samples

Studiedsample types arly ashes produced froiavo biomass boilesandGLD produced
from the Kraftpulping procesrom three mills

7.1.1 Fly ash

Fly ashsamplesare collected from the paper millsiill A andMill B.. FromtheMill A is
collected16 sampledetween 25.143.12.2018and 15 samples fronthe Mill B between
18.10.181.11.18.Samples are collected randomly withamty specific sampling design

plan.Samples are kept at dry storage.

7.1.2 Green liquor dregs

GLD samples areollectedfrom paper millsC, D and E.From Mill C 19 samplesare
collected between 290.201811.01.2019, from Mill E 14 samples betweeh7.10.18
15.12.18andfrom Mill D 15 samples betweet8.10.1828.11.2018GLD samples have
been kept ina cooledplace at the enperature +8 °C. Samples are collected randomly

without anyspecific sampling design plan.

GLD is filtered with the precoater materidtvident white spots in GLD material are
resulting of the pre-coater whichindicatke the highheterogenous level ofI®. Figure 19
presentsGLD sample before drying (left) and several GLD samples aft@nglr The
outlook of sampless versatile which should be considered in the sampling ahd

homogenougrocess.
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Figure 19 GLD sample before drying in left side and several GLD samples aftiergdr

7.2 Equipment
7.2.1 Crusher

GLD samples are prerashedusing RetchPlanetary Ball MillPM 100with the 500 ml
grinding jar The homogenization othe sample andhe binder materiaimixing with the
sampléefor pelleting is madevith RetchPlanetary Ball MillIMM 200with the50 mlgrinding

jar.
7.2.2 Press

Retsch Pellet Press PP 25 is usedorm pellets for the measurement of spectrometer.
Hydraulic presste is contributed to achieve requirpcessure forcéor the production of

pellets. he maximum pressure of the pres804. Diameter of the formed pellet32 mm.
7.2.3 EDXRF analyser
The usedEDXRF analyser is Rigaku NEX DE EDXRF spectrometéh theclosecoupled

silver anode the endwindow X-ray tubeandthe high-performance silicon drift detector.

The maximum voltage is 60 kthemaximum current 1 mAnd naximum power 12 Win
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additionto theair atmosphere algbe helium purge is availabl&heautosampler carousel
for 15 samples is supported for 32 mm diameter sample Rigeku is recommendetie
particle size obamplesmaller than 75 umRigaku NEX DE EDXRIy

Rigaku NEX DE EDXRF spectrometer is using QuantEZ software inmidn@gagement of
spectrometerThe software igproviding the standard lessemiquantitative analysis as
Rigaku Profile FittingSpectra Quant X (RRBEQX) fundamental parameter (FP) option. The
accuracyof measurementan be improved using RPFQX matching library while the
specific matrix ofthe sample type can be matched using several samplesheitdssay
values. In addition, the software is providing the empirical calibration meptezhwhere

is needed the development of calibratoomves.
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8 DETERMINATION OF COMPOSITION OF GREEN LIQUOR
DREGS AND FLY ASH

8.1 Dry solids andashcontentof green liquor dregs and fly ash

8.1.1 Methods

Determination othedry solids content is made by weighing small amount of sample to a
weight balanced ceramic crucible. Crucibleslkagt over 12 h temperature at 105 °C. After
that they are cooled ianexcavatoland weightedThe dy solids content is calculated using

equations.
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Ashcontenthas beereterminedn thefurnaceat temperatures 550 °C and 950 °C. The 550
°C ash has been made accordingsFSEN 14775.The organic carbon is realising under
550°C and the carbonatese releasing in temperature range-950 °C.Thesamesamples
from dry solids content analyses are usedthe determination ofthe ash contentThe
temperature is raised two hours to thgea temperature and kept two houksh content is

calculated according to equatidhand10.
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8.1.2 Results

The dy solids content andsh contenwalues atthe temperature 550 and 950 °C are
determined foall the GLD samplesTable10 presents the average valuest@dry solids
content ancsh contentor GLD samples from three different mills.

Table 10 Dry mattercontent angsh contentalues at temperature 58C and 950°C of GLD

Mill C , Mill D, Mill E , LITERATRUE
n=18 (%) n=13(%) n=12(%) VALUES (%)
Dry solids content 51,7+3,95 47,7+2,83 51,3x2,49 35,596,92
(105°C) %
Ash content (550°C) % 94,4+2,08 92,8+1,91 93,8+ 1,06 85,595,00
(d.w.)
Ash content (950°C) % 59,8+0,86 60,3+0,71 72,6+ 1,26
(d.w.)
@Mahmoudkhani et al. 2004, Manskinen et al. 2)IModolo et al. 2010, Makitalo et al. 2014, Nurmesniemi et al. 2005

®Manskinen et a011b, Nurmesniemi et al. 2004

Dry solids content is relatively lownd almost half of the GLD is composing of water.
Dispersions of dry solids content aamsh contenbetween samples are metnarkabl/ while

they vary between 04,0 %. Dry solids content anaish contenat 550 °Careatthe same

level in each examinedill. Ash contentaitthetemperature 950 °C d¢fie Mill E is about 10

% higher comparingo theash contenof other mills whilethe ash contenat Mill C and

Mill D are very close each other. Carbonates are released at temperature radge 850

and this result is indicatl thehigher carbonate concentrationtive Mill C andthe Mill D
samplesDry solids congént andash contenaire determined for three samples freach
examined paper mills. Only several samples were examined due to preconception of more
homogenous sampl es (ddabmplegpresemygeterenmatedry soliddhrer 6 s

content anash contentor samples.

Table 11 Dry content anésh contentat temperature 55T and 950°C of fly ash

Mill A, Mill B, LITERATRUE

n=3 (%) n=3 (%) VALUES (%)
Dry solids content (105°Cy6 99,9+0,18 99,9+0,0 99,5- 99,92
Ash content (550°C) % (d.w.) 90,5+4,3 95,1+0,1 89,1->99,53°
Ash content (950°C) % (d.w.) 88,4+5,3 98,7 +£0,2

@Dabhl et al. 2010Nurmesniemi et al. 2012, Poykio et al. 2010
®Dahl et al. 2010, Poykio et al. 2010, Poykio 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 &atpre in burning process and
dry storage conditions are affected for tt@bmparing dry solids content to the literature
valuesthey can be seen to bethe same levellhere might be noticed difference between
Mill A and Mill B samples in botlash cotent Higher ash contents indicating about
incompletelyburningespecially if TOC values are also high (Dahl et al. 20D0$persions
betweenMill B samples and dry solids contentMfll A are very small which was the
preconception. However, tlikspasions ofash contenat both examined temperatures are

higher.

8.2 Sample preparation development for XRF analyse

For achievinggood results from EDXRF measurement, the sample preparation should be
developed wellParticle size and distribution of sampgias a key role for ensuring the
reliable results from EDXRFAccording to SFS 15390, the recommended particle size
should be smaller than 150 um however, the even smaller particles are demanded for analysis
of low atomic mass elementhe aim of the samelpreparation method is developgede

easy, fast and reliability for fly ash and GLD samples. The aamstisble pellet which is not

losing particleghus,supporting the sensitive detector. Stable pellets should be as tight as
possible for decreasindgné absorption of Xay due to empty space in the pellets and
providing good analyse results for EDXRF analydele the intensity level is as high as
possible Also, the patrticle size of the measured material has effect to produce high intensity

which impiove 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 $&i¥ssamples ardried at
temperature of 105 °Cver 12 hours. After drying and cooling, GLD is very thick and only
hardly crushed material whide demandingpre-grinding. Pregrinding has been done by
using Retch Ball Mill PM 100.
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It is decided to add binder materiabefore pelletizing due to variEbGLD samples are
willing to analysed with EDXRF analyser and the formed calibrastwsild 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 selectedlta®evhile 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.icowax micro powdethavebeen candidates for tiselectedinder material.
Cellulose has been available omly tablet form andRetch 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. Licowaicro powdershown to produce stable GLD
pellets and was selectedtbebinder materialBinder materials are organic compounds with
lower molar mass than sodium and are not detected with EDXRF thus thmeyt affecting

to the analytical result®uring the preparation developmemas noticedhat pellets were

more stale while the amount of sample was fitted to the metal pellet cups of the press. Itis
observed that about 3,6 gram of powder and GLD sample has been suitable amount of sample
for the cups which means 3jBamsof pre-grinded GLD sample and 0,33 grams ofdwax

micro powder

For optimizing the grinding time for GLD samples, particle size distribution analysis has
been done. Particle size influencegheanalysingesults and that is the reason the particle
size should be standardize thtige particlesize of calibration samples and samples are the
same. According to the Rigaku recommendations, the particle size should be under 75 pm.
The testing procedure contaitie particle size distribution for pgginded samples for 10,

20 and 60 seconds whichslaeen done with Retch Planetary Ball Mill PM 100. In addition,

the binder material is added to ggended samples and samples are grinded either 30
seconds or 4 minutes using Retch Planetary Ball Mill MM 200. The testing procedure is
described at th&able12.

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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Figure20 presens the particle size distribution for pgginded samples. The particle size is
decreasing clearly while the pgeindingtime is increasingThe median values of particle
size for samples are 14,67, 11,6 and 9,124 um for 10, 20 and 60 sgindieg samples,

respectivelyln all these casdabe greategparticle size isinder the recommended 75 pm.

Pre-grinding
10 sec

Sy

w

Pre-grinding
20 sec

Volume [%]

N

[y

Pre-grinding
60 sec

0 10 20 30 40 50 60
Particle size [um]

Figure 20 Particlesize dagramfor pre-grinding samples

After pregrinding, the binder material has been added to the samples. The median particle
size for Licowax binder material has been determined to be 8,7 um while 100 % of the
material déds particle size is under 50 Om a
um. Thus, the binder material has not being to afiémmeto the particle size distribution

for the grinded samples.

Appendix | ispresented the similar partckize diagram for the sampleses is presented
particle size resulted from the pgending process but also pgeinding and grinding
combinationsin these figures, increased grinding time is decreasing the value of particle
size median a&igure 21 is presentingThe 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 mercommon 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 affectto originatemore greater particles even the original particle size of binder
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material is very fine. HoweveFigure20 presentshe similar shape of linef pre-grinding

time 20 secondwhich is not included binder.

While the grinding timeof 30 seconds is providing quisraightforward lines and the
median particle size of each grinding time test is not diffeaingt from the results of 4
minute grinding time, this grinding time is selected for the deeper considefitione 21
presents the lines of each fgending time test for 30 seconds grinding time. There can be
seen that the differences between 10 and 20 seconds-gfiquleng tests are providing
results very <c¢l ose tde pregranding tineetishpwviding smallérh e
particle size howevethe smallest particles amot the goal thus, the small enough particle

size which can be standardize with tisaving aspect is the goal foretreatment

Pre-grinding
10 sec +
grinding 30
sec
Pre-grinding
20 sec +
grinding 30
sec
Pre-grinding
60 sec +
J grinding 30
0 sec
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Figure 21 Particlesize diagram foBO seconds grinding tests

In addition to particle size distribution, aldetectedntensitiesof EDXRF from each test

pellets have been considergdile thehigherintensityis increasing the accuraoyanalyze.

GLD samplepellets have been produced from the grinding time test samples and analyzed

with EDXRF analyzer. Considered element for the intensity aspects have been selected

6

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 grindneyare
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crossing each otheros and in the case of
intensities against assumptidrhere should be remember that the natural heterogeneity can
be affected to the results and for ensuring these resultaptteereplicates are needé&iure
22 presents example figure each of these c#ggsendixIl presents all the intensifigures

from each grinding test steps.
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Si
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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 pigrinded with Retsch PM100 planetary ball ndiliring 10 seconds with

500 rpm. Dried and grinded samples are kept in a desiccator. 3,33 g of aathpl&83 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 seashith has ben the recommendation

from the press manufacturer for GLD samples and which is producing stable pellets for the
analyzesThe 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 pelletizingRests; ash samples in
mortar grinded cellulose tablets and Licowaicro powderhas been tested asbinder
material. As aresult, using cellulose, the pellets were shedding more than pellets with
Licowax micro powder Pelletswith Licowax micro powderalso looked smoother surface
which might be results of cellulose is not fine enough after mortadiggn For these

reasons, Licowax was selected for the binder material for fly ash samples.
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The bindersample relation was tested with different relations. The main observation was the
same relation 10:1 used with GLD samples were not enough for adktied fly ash samples.

It seems the properties of fly ash samples vary more than in GLD samples however, the
outlook of fly ash samples similar than in GLD samplegfter testing several different
relations, the relation 5:1 was selected for ensuriegptieparation protocol is producing
stable pellets for all the fly ash samptiee to protect sensitive detector and ensuring the

succeeded preatment method for all the varies fly ash samples

Similar way than in GLD cases, more stable pellets werdyzed while amount of sample

is fitting to the pellet cups. The total amount of sample tested to be 3,6 wemselected

also for fly ash samples which means 3 gram of sample and 0,6 gfafricowax
micropowdelper pelletsAfter testing program is riced, the same massdifferent 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 weightegimple 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 negrpréed with more
powerful PM100 ball mill Samples have been grad usingMM200 ball mill. Grinding

time has been observed to effect to the stability of pellets. Optimum grinding time has been
tested using testing programme explained followkigm twofly ash samples A and B

from different mills is made six pellets thidifferent grinding timeThe 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 hyeighting3 gram of sample and 0,6 grawf Licowax micro powder
binder. Grinding times has been 30 seconds and 1, 2, 3, 4 and 5 nmnluezgiency 25
1/min. The pellet is pressed under 25 t pressure in 2 minitgsh has been observed to
produce more stable pelleBample A pellewith grinding time 30 secondsas not stable
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enough to stick together and it is left out framalyse studieRReplicatesamples hee been
taken before pressing for particle size riligttion analysisand particle size distribution is

examinedalsofor original sample.

According to particle size distribution analysigreasinghe grinding time is natecreasing
the particle size significantiy.his might be results in insufficiepower of grinder for fly
ash samplegdowever, the particle size of original sanmgie small enough for EDXRF
analyzer while the recommendation for particle size is under 7P article size distribution

is providing information that the particle sizewell standardized in preparation method
which is important for EDXRF analysis

Table13is presenting the median and mean particle sizes for examined grinded samples.
The results are showing that tr@markaby 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 samte 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 nattan and mean patrticle size results

Sample A Sample B
Grinding time [min] Median Mean Median Mean
[um] [um] [um] [um]
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 figurésmvebeen presented belowigure23 andFigure24).
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, thedinmsginal sample and
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sample withtb-minutegrinding time are very close to each other, thus clear tendotsee

from the figures.
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Figure 23 Particle size distribution for A sample
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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 concentrationesd are Al, Ca, Fe, Mg, Mn, P, S and Si.

Intensity tables for each considerementare presented iappendixlll. Due to only
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limited decreasing of particle size, the intensity tables are not providing linear correlation
between intensity and grindirtgne. Fly ash can bexistingas 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 fdmeam results

of figures.

There should be remarked that the intensity differences between pellets are minor in some
considered elements especially in low concentration leVetsekampleMg) and these
figures are not providing reliable information for supporting the decisiontebdeigrinding

time for the preparation method. According the correlation figures of intensity and grinding
time, 3 and4-minutegrinding time is providing higher intensities for several elemghits

and Si)

While increased grinding time is improvecetbtability 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 varylihg.preparation of samples used for
matching library andalibration of empirical application should be equivalent to preparation
of measured sample$he selected grinding time for sample preparation of fly ash is 4

minutes

The final pretreatment method is following. Fly ash and Licowax C micropowder was hav
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 reldasdy and samles are storage

at dry place.
8.3 Method development
Rigaku NEX DE EDXRF spectrometeris proviced three different method options.

Fundamental parameter (FP) methea far optimized method option which is based on

preregisterecklemental calibrationsndt hi s met hod i s al so .call e
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However, these calibrations arade from pure elements and the matrix effacé not able
to observe(Morikava 2014 Rigaku NEX DE EDXRIf

For improving analyse accuracy for the samples with complesamable matrix there is
available RPFSQX FP method option. RPISQX is based on mathematical correction
without use of reference materialdathematical correction is calculating the average atomic
number of the sample and estimating the number of unraae elements which are the
lighter elements than sodium for simplifying spectral peaks and improving the quantitation
of analysed elementgFess, 2015)Another option is empiricabpplication where the
calibrations for each examinetementarecreatedusingstandard samplashich elemental
concentrations are know(Morikava 2014 Rigaku NEX DE EDXRF)The most accurate
calibrationscando 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 plasmaptical emission spectrometryCP-OES results

from selected actual samples have been used as calibration stamdireferenceaterials.

While creating calibrations based on the results from other analyser instruments, it should
be rememberedhat the created calibrationsnst better than the results the calibration is

based.

8.3.1 RPF-SQX

For both sample typevas selectedRPFSQX pellet template. In this templatéhe used
condition set includingnalyse lines, used filters, voltages, tube currents and measurement
timesfor each measured elemdmdve been selectealitomatically.Each element can be
measured from one to three difat conditions however, the software is automatically

selected the most suitable condition and analyse lines for each element3QRXRRethod.

Table 14 presents used measurement conditions for each condition ¥58RRFmethod.
Only change for recommended values has been made by changing measurement time from
100 seconds to 200 seconds on LowoAdition. 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 measurkments.
addition to increse the measurement time helium atmosphere has been used in the

measurements for improving the analyse accuracy of lighter elements.

Table 14 Measurement conditions for RFFQX method

Condition Used filter  Voltage Tube Measurement
name [kV] current 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 automaticallyrablel5presents o f t wa r esélectedioaditiank dng analyse
lines for each analysed element. In generally, the heavier the element is the higher condition

is selected. Analyse line ofa&Kis selected for all the measured elements except for kead

lines areproviding the highest intensityhile the released surplus energy is higher in K

lines than higher lines which increase the accuracyezfsurement
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Table 15 Measuement 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 SKa
K Mid Z K-Ka
Ca Mid Z CaKa
Ti Mid Z Ti-Ka
\% Mid Z V-Ka
Cr Mid Z Cr-Ka
Mn Mid Z Mn-Ka
Fe Mid Z FeKa
Co Mid Z CoKa
Ni Mid Z Ni-Ka
Cu Mid Z CuKa
Zn Mid Z Zn-Ka
Se Mid Z Se Ka
Mo High Z Mo- Ka
Cd High Z CdKa
Sn High Z Sn Ka
Ba High Z Ba-Ka
Hg High Z Hg-Ka
Pb Mid Z PbLa

8.3.1.1 Green liquor dregs

Seven reference samples have been measured using the creat®@RRfethod which is
described more detailed in the section 8.3. The measured EDXRF results have been
compared to theeference results and the difference between these two values have been
reported as recovery valwss percentages. While the recovery value is near of 100 % it is
very close to the reference value analysed with-GES. Table 16 presentscalculated
recoverypercentages for each measured eleniem. reference and measured results and

calculated recovery values for each analysmdplehas been reported in appentik



Table 16 The analyzed recovery values of GLD samples measured usingQRnethod

Reference values Measured
Element [mass%] values Ret(:)overy
[mass%] ]
Na 0,5702,84 2,11:-4,76 168370
Mg 0,7694,98 1,186,82 97-153
Al 0,1080,723 0,357%#1,05 122-330
Si <DL 0,2791,05
P <DL-0,549 0,2551,03 179257
0,3733,07 0,5813,23 105156
K 0,10420,4601 ND-0,0%7 14
Ca 28,838,4 32,643,0 111114
Ti <DL-0,016 ND-0,012 79
\% <DL ND 108118
Cr 0,00300,0322 ND-0,032 81-125
Mn 0,1921,74 0,2141,83 104114
Fe 0,2061,63 0,2321,74 107-118
Co <DL-0,0001 ND-0,006L 8593
Ni 0,00040,0128 0,0038-0,014 112961
Cu 0,00250,026 0,0046-0,027 105182
Zn 0,02480,245 0,0279-0,284 108118
Se <DL ND
Mo <DL ND
Cd <DL-0,0015 0,0006-0,003 202469
Sn <DL ND
Ba 0,02540,0523 0,03410,0647 122-134
Hg - ND
Pb <DL-0,0020 0,00020,0027 94-133

DL = detection limit
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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 theecoveres there can be seejuite lowrecoveies 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 theofaregevery 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-@ES resultof certain samples.
This techniqueas requiring severatamples which element concentrations varies between
samples. Available reference samplegve been selected based on the concentration
variation of most interested elements while the matrix matcheegnique for all the
elements is requiring more reference samplekle 17 presents created matching library

information for certain elements which are included to X method.

Table 17 Matchingl i b r calibratidrsvalues for corrected elements

Element No. of samples Correlation Correlation factor
formula

Mg 3 Linear 0,998783
Al 4 Linear 0,993978
P 3 Linear 0,999111
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 besalysedising created matrix matching calibratiomable18
presents theecovey valuesof the measured samplesile 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 appeivix
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Table 18 Measured results and recovery values for GLD samples

Reference Measured
i Recovery Recovery
Element values values using with ML without ML
[mass %) ML %] %]
[mass%)
Na 0,5702,84 168370
Mg 0,7694,98 1,01:6,03 84-131 97-153
Al 0,1080,723 0,1830,922 88-169 122-330
Si <DL
P <DL-0,549 0,02840,621 97-118 179257
0,3733,07 0,5143,35 107-146 105156
K 0,10420,4601 14
Ca 28,838,4 30,939,7 103107 111114
Ti <DL-0,016 79
\% <DL 108118
Cr 0,00300,0322 0,00560,0308 96-237 81-125
Mn 0,1921,74 0,2021,85 100112 104114
Fe 0,2061,63 0,2181,75 103116 107-118
Co <DL-0,0001 8593
Ni 0,00040,0128 112961
Cu 0,00250,026  0,00190,029 75117 105182
Zn 0,02480,245 0,02520,275 102-112 108118
Se <DL
Mo <DL
Cd <DL-0,0015 202-469
Sn <DL
Ba 0,02540,0523 122134
Hg
Pb <DL-0,0020 94-133

ML = matching library

DL = detection limit

Accordingto 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

the 100 % recovery for mganesehe 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 knowledg¢feefo

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 delettediseAlso,

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 thelphur measuremenfi®m the reference sample and

it is obviously affecting to the quality of ML.

Coupk MLs have been partly successful. In the casgduphinium 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 ofl20 %. For phosphorous, three sies

from seven were within 9010 % and three samples within-820% while the concentration

of one sample has be#&o low to detect. In the case of magnesium, almost all saraptes

closer to the reference value while ML has been used however, tweorattsured 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 0,84 mass
values are according the reference values. Changes in ttedoncentrations 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 developedngdibhary technique has

been decided tasefor all the other elements except for copper which recovery values has

been at the good level withouse of ML.

8.3.1.2 Fly ash

The similar way the method development has been done for GLD samples, it is doae for th

fly ash samples. Due to high variability in element composition between GLD and fly ash
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samples but also different preeatment methods for different sample types, the new

analysng method should be developed for fly ash.

Reference samples FAALhavebeenused to create the ML f®®PFSQX methodMLs have

been made for the elements which reference valuesdeeange enougtsix samples have

been available for each element calibration however, part of the samples has been left out
from the calibratias 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 l@nddrrelation factors for ML

calibrations are in generally good

Tablel9Mat ching | i brarydéds calibration values
Element No. of samples Correlation  Correlation
formula 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

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 create@@Pmnethod.Table 20 is
presenting calculated recovery percentages for each measured elgthesutd without

matching library While the recovery value is near of 100 % it is very close to the reference



93

value analysed with IGBES.AppendixVi s presenting the total

sample by sample.

Table 20 The analyzedecovenrg offly ashsamples measured using RBEX method

Recovery without ML Recovery with ML

Element
[%6] [%]
Na 145346 92-138
Mg 86-115 73117
Al 84-118 95127
Si 127175 90-113
P 172-440 105118
161-293 102161
K 53101 97-118
Ca 108136 96-108
Ti 110139 86-104
\Y ND
Cr 85-205
Mn 111-128 98-108
Fe 105113 101-111
Co 2421775
Ni 62-133 61-221
Cu 92-110 98-119
Zn 102114 94-115
Se ND
Mo 405767
Cd 205266
Sn ND
Ba 105127
Hg ND
Pb 115200 68-148

ML = matching library

According toTable20 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 uséa trying to improve the quantitative results. Matching
matrix calibrations have been made using-[QES results of certain samplésable 17
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presents created matching library information for certain elements which are included to
RPFSQX method.

After creation of MLrecoverieof method using created Marevery good improvement

for the elements Na, Al, Si, P, K, Ca, Ti, Mfe In the case of Na, the improvement is not
remarkabl while the concentration levels of Na are too layart of the samplds analyse

with the RPFSQX method rather the empirical calibration is more apple 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.

R e ¢ o v e sulphurshave been very high in the analysis without ML ardkddVL has

been i mproved the recoveryds however, rec
might be due to the quality of reference samples regarding of sulgruviL calibration of

nickel is includedonly three sample due to samples settlindirtear formula was poor.
Nevertheless, the clear outliers removed from the calibratiosdirelation factomickel

ML is not very good.

TheMLforZnhas not been changed the results muc
have been improved and vdts of resto of the samples have been stay in the same level.

The ML for lead has been improved #realyseaccuracy in the higher concentrations which

are over 045% however, i n |l ower concentrations r
high. For all hese mentioned elements, the MLs are selected for the method. However, the
recovery results of coppbavebeen very good even without addition of ML which influence

has not been meaningful for tl@alyseaccuracyof copper and it is selected &malyse

without the ML.

8.3.2 Empirical calibration s

Due to light molar mass of sodium and challenges to measure it as high accuracy with
EDXRF, the empirical calibrationf sodiumanalysesfor both sample typebkave been
developed.In addition, empirical calibratio for potassiumof GLD samples has been
developed due to very low concentration of potassium in GLD samples and in addition,



95

calcium peak in the spectrum might interfering the analysing of potassium while the peaks
are very close to each other especialhjlevthe 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 curfMiller and Miller, 2010) but the
recommendation from the manufacturer of Rigaku NEX DE is 10 or more samples for
achieve the maximumumber of correcsetupsof 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 frormthhe@nd wider range of concentrations

are rot 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 RREQX method, there are moretigms to select measurement conditions
while creating empirical calibrations. Selected conditions are following the automatically
selected conditions in RPFQX method however, the more suitable Filter E which was not
selected to the RPEQX method is setged for filter of analysing potassium. Selected

conditions for sodium and potassium are present@dle21.

Table 21 Measurement conditionsf empirical calibrations

Element Condition Used filter ~ Voltage Tube Measurement
name [kV] current 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 ROIlazlciumwith high concentration levelusingnterrupting
to potassium measuremei@odium has been also measured using empirical calibration
while the analysing of sodium is challenging at least quite low concentrationsitiukgtat
molecular weight.As a standard is used samples with HOBS reults in different

concentration levels

Table 22 presents information about the calibratiarissodium and potassium. While the
recommended miniom number of samples should be included todhmpirical calibration

is 10, used numbers of samples in both calibrations is too low to provide more accurate
results.Two samples from potassium calibration miadte out of the calibration curve as
clear outlers and one of thesamplesis removed from the calibration curve while the
measured results with EDXRF is not in the relation of the reference vahemore suitable
samples will be defining the calibration accuracy however, the correlation factors of
potassium and sodium calibrations are sufficiéntthe case of sodium, the automatic

correction of software is used to enhance the calibration accuracy.

Table 22 Calibration values for empirical calibration

Sample No of samples Correlation

Element ) o Used corrections
type in calibration factor
Na GLD 7 0,9362 Absorb/Enhance correction$ Mg and Al
K GLD 5 0,995

Figure 25 presents the calibration curve of sodium. The measured results measured with
EDXREF is in the relation of reference results. The trendline is settled according to the sample
points quite nicelyand the correlation factor is sufficiedthe slope of sodium calibration
curve is quite low which means that the small change in the measured intensity effect
radically to the analytical result-or enhancing the calibration curve of sodium, the more
sanples from the wide range of the calibration area could be add, while the real samples
with lower or higher sodium content will be founBspecially 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

Figure26 presents the calibration curve of potassilitre selected sample pardre 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 concémtrahanges can be detected
more accurate comparing the gentle trendline. The calibration range is quite limited while
the greatest sample is only 0,4 mé&6sTo enhance the calibration of potassium, more
samples should be added to the calibration curdecancentrate texpandthe calibration
range.
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Figure 26 The calibration curve of potassium for GLD

The clear answer to the question whalfficient accuracy of your method @t existing

while it is depending on the s emedds. However, Fess (2015) has been rep@fgl%

recoveryvalue for sodiumas analysingoal fly ash samples using Scattering iaEthod

with the Rigaku NEX CG analyser which is more advanced analyser than used in this thesis.

Comparing sodium results the reported values by Fess (2015), rdmveriesare in the

same or better levels. Fess reported 100 % recovery for potaskalme. 23 presents

potassium recoveryalues 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 enoughucs thaedds.

Table 23 Recoveresof sodium and potassium

Na K
Reference Measured Reference  Measured
Recovery Recovery

Sample value results (%] value results [%]

[mass %] [mass%] ° [mass%] [mass%] 0
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 RIE®X method. Used measuring cdrahs has been
presented in the chapter 8.3.2.

Even the homogeration of the samples where the FEOES) analysis and pellets for
EDXRF has been prepad, the intensities measured using EDXRF and analytical results
from ICP-OES has not been balancddis can be seen from th&gure 27 where all the
calibration samples have been presented in the diagram. The selection of the outliers is

impossible to do and the trent# is not settled according to the samples.
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Figure 27 The calibration samples of sodidor 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

samplesTo enhance the calibratipmorereliable reference sample results eeded 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 analgéisodium is better in higher
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concentration levels in EDXRF analysis. This willdféectedto 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 develoje¢och 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 fogleantin this

case

Table 24 is presentig the analgis 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 empiriaablysemethod has been developed for sodium
and potassiom and RPFSQX-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 RPFSQX Low Z ML Mg-Ka
Al RPFSQX Low Z ML Al-Ka
Si RPFSQX Low Z ML Si-Ka

P RPFSQX Low Z ML P-Ka
S RPRSQX Low Z ML SKa
K Empirical Filter E EMP K-Ka
Ca RPRSQX Mid Z ML CaKa
Ti RPRSQX Mid Z ML Ti-Ka
\Y, RPRSQX Mid Z Common V-Ka
Cr RPESQX Mid Z Common Cr-Ka
Mn RPRSQX Mid Z ML Mn-Ka
Fe RPRSQX Mid Z ML FeKa
Co RPRSQX Mid Z Common CoKa
Ni RPRSQX Mid Z ML Ni-Ka
Cu RPRSQX Mid Z Common CuKa
Zn RPFSQX Mid Z ML Zn-Ka
Se RPRSQX Common SeKa
Mo RPRSQX Common Mo-Ka
Cd RPRSQX High Z Common CdKa
Sn RPRSQX Common SnKa
Ba RPRSQX Common Ba-Ka
Hg RPFSQX Common Hg-Ka
Pb RPFSQX ML PbLa

Table25 presents theneasuremergarameters for eactudiedelement®f fly ash samples
Automatically selected analyse lines are follogvi8FS 15309 mentioned lineall the
measured elements are measured using &Pk-method while the empirical calibration

for sodium is not providing reliable calibration curve due to quite low sodium concentrations
in the reference samples. However, theated 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 folf ashsamples

Element Used method Condition name Library type Analyse line
Na RPFSQX Low Z ML Na-Ka
Mg RPFSQX Low Z ML Mg-Ka
Al RPFSQX Low Z ML Al-Ka
Si RPFSQX Low Z ML Si-Ka

P RPFSQX Low Z ML P-Ka
S RPFSQX Low Z ML SKa
K RPFSQX Mid Z ML K-Ka
Ca RPRSQX Mid Z ML CaKa
Ti RPRSQX Mid Z ML Ti-Ka
\Y, RPRSQX Mid Z Common V-Ka
Cr RPFRSQX Mid Z Common Cr-Ka
Mn RPRSQX Mid Z ML Mn-Ka
Fe RPRSQX Mid Z ML FeKa
Co RPFRSQX Mid Z Common CoKa
Ni RPRSQX Mid Z ML Ni-Ka
Cu RPRSQX Mid Z Common CuKa
Zn RPFSQX Mid Z ML Zn-Ka
Se RPRSQX Common SeKa
Mo RPRSQX Common Mo-Ka
Cd RPFSQX High Z Common CdKa
Sn RPRSQX Common SnKa
Ba RPRSQX Common Ba-Ka
Hg RPFSQX Common Hg-Ka
Pb RPFSQX ML PbLa

It is difficult to developed matrbmatching 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
guantitative 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 f@roviding information for
development of sampling plaon ensure theorrectanalytical resultof elementsin this
chapter, the measured elemental concentrations for GLD samples and fly ash saenples
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 componentgave been assad to be the components which average concentration
in the studied samples between one mill is over 1 ##4adda, Mg, Ca and Mn are occurring
mostly in samples of each of the studied mill. In addittbe,average concentrationsk

and S at théMill E are over 1 mas% and the S concentration is exceeding the 1 fb@ass
also at theMill D temporaryThe total mass share of main components varies between 41,3
42,8% at the three studied mill§lain components reported in the literature are the same
than inthis study. The complet&DXRF analyse results for GLD samples produced

separately for three mills are presented in appendix VI.

Figure28 presentghe concentratianof main componesstin the function of sampling date

at theMill C. There can be seen that tinend of all the other main components except
calcium are very similaio each otheduring studied periacdHowever, comparing the trend

of calcium to the linesof other main components, there can be seen that while the
concentration of calcium is lower, the concentrations of other main components isiigher
the same relatioand vice versa. This is due to dilutiefiectof calciumand relativeanalyse

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 figurstilloE andMill D

which are presented in the appendix.





























































































