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Abstract

This master thesis was a project in cooperation with Héganés AB. The aim was to increase the
apparent density (AD) of two biomass chars, by three different agglomeration methods. The
reason for the investigation is that biomass char could be used as a reducing agent in the sponge
iron process at Héganas AB. The goal was to exchange anthracite in the reduction mixture to
agglomerated biomass char. Biomass char is a more environmédngaibly alternative to
anthracite. The fact that the price of anthracite of good quality is also increasing, which makes

it necessarya find an alternative material.

A characterization of the biomass chars was performed at first, where the speatfie suef,

higher heating value and composition of the biomass chars were determined. Extrusion, tumble
agglomeration and granulation in a planetary mixer were performed in order to increase the AD
of the biomass chars. A binder was necessary in all agghbiore methods, which is why a
preliminary binder investigation took pkd-our different organic polymers and one inorganic
binder have tested in this investigatidn order to see if the AD had increased and what
properties that might have an effect tre AD, an evaluation of the agglomerates was
performed. The evaluation included measuring the AD, determining the particle size
distribution, moisture content and the reactivity of the agglomerates. The final experiments
were made in a pilot scale prosewhich is similar to the sponge iron process, in order to see
how an increase iAD could affect the reduction.

The agglomerates made in the extruder resulted in the highest AD. The result was expected
since extrusion is a higbressure method comparedthe other methods. A surprising result

was, however, the increase in reactivity of the agglomerates made in the extruder. The
agglomerates made by tumble agglomeration and granulation decreased in reactivity.
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1 Introduction

1.1 Presentation of therBject

This master thesis is a project in association with Héganéds AB and is aueioin ona
previous studyl]. In theprevious studyl], different biomass chars were investigated for the

use as a reducing agent, instead of fossil material, in the sponge iron process at Héganas AB.
The reason for the investigation is the environmental aspect of biomass chars and atto the fa
that the reducing agent that is used today becomes more and more expensive. The main
environmental benefit with biomass compared to fossil materials is that biomass are renewable
if new plants or treeare planted after harvesting.

The results from therevious study1] showed that it is possible to use biomass chars as a
reducing agent. The high reactivity and the small amount of sulfur in biomass chars are some
of the advantages. Some problems arose, however, with thengedmebiomass char, such as

the low apparent density (AD) (g/dmThe low AD resulted in poor reduction compared to the
reduction with current reducing ageAD is a density measurement, where the total volume of
the maerial is taken into accoufl]. The total volume also includes the space between particles
when the material is placedarbeaker of specific volunjg]. The low AD also made it difficult

to fit all reducing agent that is necegsian the process. The sponge iron process and the
previous study will be>xglained further in the report.

The purpose of this master thesis is therefore to increase the AD by different agglomeration
methods and determine which AD that is optimal for bissnehar, when acting as reducing
agents. The agglomeration methods going to be performed are extrusion, tumble agglomeration
and granulation in a planetary mixer. For all agglomeration methods, a binder will be necessary
and to determine which binder th& suitable for each method, a preliminary binder
investigation will be done.

1.2 Aim

The aim of this master thesis is to optimize two different biomass chars by increasing the AD.
The goal is to reach an AD that is higher than-agglomerated biomassa yet lower than

the AD of the reducing agent that is used today, to utilize the high reactivity of biomass chars.
Furthermore, determine which properties of the agglomerates that are necessary for the use as
a reducing agent in the sponge iron procésfganas AB.

1.3 Scope

Three different agglomeration methods will be performed in order to increase the AD of two
different biomass chars. A preliminary binder investigation will be performed in order to
determine which and how much binder that is gaoge used in the agglomeration methods.

It was initially planned that two levels of AD should be reached for each agglomeration method.
However, due to difficulties in controlling the AD during the experiments, shortage of material
and lack of time, onlpne level of AD will be reached for eaotethod. For the experiments in

the extruder, only one of the materials will be used due to shortage of material. This means that



it will result in five samples in total. These five samples will be evaluated tondatgeAD,
particle size distribution, reduction value, compression strength, reactivity and moisture
content. A characterization of the biomass chars will also be performed, which include
determination of the composition of the biomass chars, surfaceraddagher heating value
(HHV). The final tests will take place in a pilot plant, in a process that is similar to the sponge
iron process.

1.4 Limitations
The projecwill not include any economic evaluation.

1.5Background

1.5.1 H6ganas AB

Accordingtoii St awf or ds kHlist 8% li kg k ap @t n [B]C Eric RHfthgmadn 2 s
Carl Bagge founded Hoganas Stenkolsverk in 1H®ganas Stenkolsverk was working with
coal mining and in the future years, they also manufactuvedety of other products, such as
bricks, salt glagd pottery and sanitary waf8]. In 1903, Hoganas Stenkolsverk became
HoganasBillesholm AB after a merging of the two companies Hoganas Sterg&lsand
Billesholm-Bjuvs AB[3]. Then in 1910, the sponge iroropes was built and ready to ugj.

Since 1966, theompany’s name is Hoganas £3.

Today, Hbganas AB is the leader of productadrmetal powder in the worlf#]. There are
various type of metal powders suitable for different majpibns. Metal powders can for
example be used in sintered components, surface caaithmetal injection moldingp].

The headquarters of Hoganas AB is located in Hoganas in northwestern of Skane in Sweden.
Hoganas affiliate can also be found in other parts of the world, for exampleilBhadia and
United State$5].

1.5.2 The Sponge Iron Process

The sponge iron process is a process for producing sponge iron, which is porglf ifbe
raw material used for producing sponge iron is magnetite oreotrate(Fe:04), which is the
material that will become reducét]. Thereduction mixtureconsists of coke and anthracite
[1]. Figurel.1 shows the process scheme over the sponge iron process.
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Figurel.1. The sponge iron process at HoganagAdaptedfrom [1]).

The reduction mixture and magnetite ore concentrate enter separate rotaryl{iridfter

drying, large particles in the reduction mixture will be sorted out during sievidgcaushed

[1]. The magnetite ore concentrate will enter a magnetic separation after drying, because only
ferromagnetic material is used in theogess[1]. Further, the reduction mixture and the
magnetite ore concentrate are placedapstledl]. The materials are distributed in a certain
pattern in the capsules by a packing macfihe

When the capsules are filled, they will be placed on a cart and enter a tunifi#].Kilne cart
will travel through three zones in the tunnel kiln; thelpeating zone followed by a firing zone
and acooling zond1]. The temperature in the firing zone will reach approximately 1200°C

While in the tunnel kiln, a lot of chemical reactions occur. At rather low temperatures, volatile
hydrocarbos are released, followed by oxidizing of coal when the temperature has increased
(2.1)[1].

6 6060 (1.0)

Carbon dioxide (Cg) will in turn react with anthracite in the reduction mixture at first, because
anthraite is more reactive than coke, and afterwards with coke in the Boudouard reaction (1.2)
[1]. The reason for the higher reactivity of anthracite is because of the |laepgyr pleriod
compared to coal6]. Further, anthracite therefore ntains more carbon than cok6].
Anthracite also contains a larger fraction of volatiles compared to coke, which is due to the
more anisotropic structure of anthragit¢.

80 #P ¢80 (12)



The product, carbon monoxide (CO), is used to reduce the magnetite ore concentrate, which is
done in two steps (1.3)1L.4)[1]. The first step occurs at approximately 650°C and thersk

step occurs at appximately 1000°d1]. Magnetite ore concentrate will at first be reduced to
waustite (FeO) and in a second step to iron (EE)

0® 6 6P 6'0Q6 6 b (13)
"0Q6 § 6 "0Q & (14)

The remains of carbon monoxide that will not be used to reduce magnetite ore concentrate is
combusted (1.9)].

60 O P col (15)

The reduction reactions are endothermibjch means that energy needs to be added in order
to keep the temperature staljlig. This is done by burning natural gas and also by the
exothermic reactions (1.1) and (1[5).

In order to haversough carbon monoxide in the cooling zone, there must be an excess of carbon
in the procesgl]. In addition to reducing agent, coke also work as protection against oxidation
of sponge iron if there is an excess of coke, oaat ¢arborjl]. Anthracite does not have that
property since it is more reactive than cgkg At the time when there is a possibility for
oxidizing of sponge iron, anthracite is already consufhgdt is necessary to have both coke

and anthracite in the reduction mixture, due to their different propgtiies

The outcome from the tunnel kiln is sponge iron, which has an iron content of 88d%,
residues from the reduction mixtur. The residues can be further separated in order to get
coke that can be reused in the reduction mixture and tpedalct TUlime[1]. The sponge
iron will get crushed and exposed to further treatments in order to get the final iron filwder

1.5.3 Previous Study

Alternative materials to the reducing agent that is used today in the sponge iron process at
Hoganas AB, were invagtted in a previous studyl]. The alternative materials tested were
biomass char from different biomass sources. A characterization was made on the materials to
determine for example the moisture content, amount of fixed waabd volatile matter.
Important results from the previous study are presented in Appendix 1. The alternative materials
were also investigated in pilot scale, in a process similar to the sponge iron process, to see if it
is possible to use them as reducaggnts

The resultgrom the previous studyl] showed that it seem to be possible to use biomass char

as reducing agent. Magnetite ore concentrate became reduced and sponge iron was produced.
However, all magnetite ore conceate did not become reduced. The reduction was not as good

as when using fossil materials. The AD of the alternative materials was not high enough to

4



create stability in the capsule, or enough to fit all necessary carbon content in the capsule. The
authorconcluded that the AD should at least be 300 §/unorder to fit all carbon that is
necessary during the reduction in the capsule.



2 Literature Survey

2.1 Biomas

2.1.1 Raw Biomass

Biomass is usually some kind of pldiie, such as trees, crops oapts, but biomass can also
be inthe form of municipal wastg’]. Sweden has 22.5 million hectares of forest of a to&d a
of 40.8 million hectare§’], which means that 55 % of available lasdarest.The forest in
Sweden mostly consists of Norwsgruce, Birch and Scots pifid. The biofuel from forestry
can be logging residues, clearing wood and timber that is not goingusedden some kind of
industry[2]. Different parts of the tree can be used, including branches, speadées, bark
and the trunk2].

Another important soge of biomass is agricultuf@]. Usually thebiomassconsist of some
kind of crop[7]. The most frequently used agricultural products in Swadeali{7] (energy
wood)[2] and residues of straj¥].

On the market, there are biomass that are commercial andpasducts. Byproducts that are
classed as biomass are generated by for example gndppaper industry and sawmi[lg].
Bark is for exampl@ by-product from forest industityat is usedsa saleable biomass product
[2]. A common commercial biomass i®ad residues from harvestifig.

2.1.2 Composition of Biomass
The composition dbiomass varies greatly because of the variety of sources. However, the main
comporents in a woodased biomasare listed belovj2, 8]:

1 Cellulose

1 Hemicellulose

1 Lignin

1 Extractives

Cellulose is the main component in vadeloased biomass, since appimately 50 % is cellulose
[9]. Cellulose is a polysaccharide that consists afage monomern®]. It is a semicrystalline
polymer, due to the crystalline cellulosiicrofibrils and the amorphous cellulose on the
outside of the microfibril§9]. These microfibrils arfurther arranged in bundl¢g], which can

be seen in Figure 2.1.



Figue 2.1.Cellulosic bundlegorown), hemcellulose(green) and lignin (blue)
(Adapted from[9] and[25])

Hemicellulosds a branched amorphous polynj@} that surrounds the cellulog?, where the
monomersn the main chain are xyldf]. The branches consist of compound suchasrarse,
glucose and manno$e).

Lignin consist of polymers that creates an amorphous networld b@sephenyl propane
monomer$9]. Lignin helps to keep the celbsic microfibrils togethel9]. Other than cellulose,
hemicellulose and lignin, biomass also consist of extractives,asutdrpenes, fat and phenols

2].

In the purpose of agglomeration, it is also interesting to know the cHecoizgosition of
biomass. Table 2.1 shows an example of the chemical compositmoniass based on tree
trunk [7].

Table2.1. An example of the chemical compositionbiémasg7].
Substance Biomass in the form of a tree
trunk (wt. -%)

Carbon 51.8

Oxygen  41.8

Hydrogen 6.1

Nitrogen  0.18

Sulfur 0.02

Chlorine  0.02

The amounts in the Table are measwpdried material with no asiAs can be seen in the
Table, the main content in bios®is carbon, oxygen and hydrogen.



2.1.3 Biomass Treatments

2.1.3.1 Pyrolysis

Raw biomass needs to be treated, for example by pyrolysis, before it can be used as a reducing
agent. The reason is the low energy density and the high moisture coriiemass7]. The

energy density can be calculated by using Equation (Eq.) 2.1.

0 QIOME | Wo & "'O0LIFQQL OiIiAQE i QI (Eq.2.1)

The HHV defines the ammt of energy im material[10]. There are methods for improving
biomass, however, such as pyrolysis, also called dry totiefid8]. The result from pyrolysis
is a carbaized product in solid staf@], more specifically, biomass char.

In pyrolysis, raw biomass is heated to a penature between 400°&D0°C|[7]. The heating
occur in an atmosphere with arert gas, such as nitrogf], in order to maksure no oxygen
is presenf7]. This will result in three products, which are biomass ghyrolysis oil and syngas

[7].

According to W. Wei et al7], depending on temperature and pyrolysis time, the outcome of
the reaction will be different. If the temperature is kept low, at approximately 400°C, and the
pyrolysis time is long, the amount of biomass char, pyrolysis oil and synijappvoximately

be the sameThis proess is called slow pyrolysiff the temperature is higher, approximately
500°C, and the pyrolysis time is shorter, more pyrolysis oil is produced and biomaasdha
syngas are bproducts This proess is called fast pglysis. According to the authorshere is

also a method called gasification, where syngas is the main product and biomass char and
pyrolysis oil are byproducts Gasification is performed at high temperature, approximately
1000°C and long pyrolysisme.

Raw biomass is hydrophilj which can ause sustainability probleni®]. When raw biomass
is exposedo water, it will fall apar{8]. The biomass char is on the other hand hydrophobic,
due to the pyrolysis, which will arease the biomass char’s durability againstnj@le

The biomass char produced from pyrolysis consists of approximately 1% witoisture,
compared to approximdyed0 wt-% before pyrolysi$7]. The fixed carbon content, which is
the weight loss after combustion in air of a material after the moisture content anke volat
matter has been removgl], is the carbon source that can be utilized in céda processes
[7]. It canbe calculated using Eq. 2[22]. The fixed carbon content reaches valuesvbeh
60-90 % after pyrolysi§7].

0QORM HBE pTT HIQP @& & GOb B QR [12] (Eq. 22)

The volatile matter are gaseous compounds such asdayons and carbon monoxif#},
which are releasd during pyrolysis.



In the reportwritten by M.T. Reza et a[8], the energy density (GJfirwas also measured
before and after treatment. Raw biomass and biomass char almost had the same esigrgy den
approximately 20 Gih®. The reason is according to the authors that the HHV (MJ/kg) increased
during pyrolysis, which means that biomass char hayleer HHV than raw biomasklowever,

the mass density (kgAnof biomass char became lower timaw biomassn their investigation

due to pyrolysisBased on Eq. 2.1, which could be seen in the beginning of this section, the
energy density is approximately the sameréov biomass and biomass char

As written in the Composition of Biomass, section 2.1.2, the main components irbased
biomass is cellulose, hemicellulose and lignin. Since these components can influence the
agglomeration, it is interesting to know if the pyrolysis process affectconeposition.
Moreover, the composition before and after pyrolysis at 350°C was investigated in the repor
written by M.T. Reza et 48]. The biomass used in the investigations was loblolly pine, which
consisted of 54 % cellose, 11.8 % hemicellulose, 25 % lignin, 8.9 % extractives ah@.

ash before the pyrolysi$he result$n the reporshowed that both cellulose and hemicellulose
decreased during pyrolysi® 18 % and 0 % respectivelyn relation to cellulose and
hemicellulose, thégnin content increased by pyrolysis and became 80 %. The extractives and
ash resulted in 1 % and 0.9.%ccording to the authorshe reason for that was that water
extractives, hemicellulose and about 65 % of cellulose becatatiles during pyrolysisThe

other 35 % otellulose became solid char

2.1.4Comparison between Biomaasd Fossil Materials

There are inherent differences between biomass and fossil materials. In thewsgtien by

W. Wei et al[7], it is described how the fossil fuzan be replaced by biofuel in a blast furnace.
Differences between biofuel and fossil coke are explained in the report. The moisture content
is one dissimilarity, which calpe calculated using Eq. 3.

DENQI XHEQAXR O pniT — P 2] (Eq.2.3)

For raw biomass, the moisture is usually more than 3@snomparedo 2-4 wt.-% for fossil

coke [7]. However, as written before in Pyrolysis, section 2.1.3.1, the moisture content of
biomass after upgrading treatments decreases to 2@,wthich can be seen in Table 2.2. All

the values listed in the Table are results after biomass has been trggtedyisis. The values

vary a lot depending on which coke or biomass char used, which means that the values in the
Table are only one example of a comparison.



Table2.2. An example of a comparison of important parameters for coke and
biomass chaf7].

Property Unit Coke Biomass dar
Moisture wt.-% 2-4 10
Ash wt.-% (dry basis) 10 3

Volatile matter wt.-% (dry basis) 1-3 20-25
Fixed @arbon  wt.-% (dry basis) 8588 70

Another dissimilarity between fossil materials andntéss char is the ash content. Ash is
inorganc norrcombustible compoundg]. Table 2.3 is a list of chemicals that can be found in

the ash of biomass char. Biomass char contains less ash but more volatiles, compared to coke.
The fixed carbon content is slightly higher for coke than for biomass char. A high carbon
content is important because, as written before, it is the carbbis thesential for reduction

[7]. The ash content, fixed carbon aralatile matter are based on dried material.

Table2.3. An example of ash compositiém biomass
char[7].

Substance Amount (g/kg sample)

Calcium 4,430

Potassium 2.570

Magnesium 0.910

Manganese 0.580

Phosphor  0.290

Iron 0.076

Silica 0.060

Aluminum 0.025

Titanium 0.019

Sodium <0.010

As written before, the values in the Table are only examples and can vary a lot between different
types of coke and biomass chars. The HHV is almost the same for coke and biomdas char.
the report, writterby J. Parikh et a[10], a correlation has been made that makes it possible to
mathematically determine the HHV of biomass chars, using Eq. 2.4.

"00wd ) QQ T L AOPQODI © T L VIDE a Wb X QAW T X3P IQ[10] (Eq.24)

The amount of impurities in coke and biomass char is also of interest. Fossil materials usually
contains mee sufur than biomass charg]. However, esults from the previous stud¥]
showed thathe potassium content in the ash from the majority of the biomass chars were higher
than in the ash in the fossnaterials.

10



2.1.5 Biomass Chasa Reducing Agent

There are both advantages and disadvantages with using biomass char as reducing agent in the
sponge iron process. There are not infinite amount of fossil material and if it is possible to
replace the ragting agent, there will be no dependency on fosatkenials[7]. However, there

are not an infinite amount of biomass either, unless the material usedciedeayd new trees

are planted.

Biomass is carbon neutrgd], which means that when biomass char is combusted it does not
release any extra carbon dioxide, only the amount that the biomass in the form of tree for
example, wasaken up during its growtfL3]. For this to apply, biomass need to be recycled

and new trees need to be planted after harvesting. Otherwise, biomass is not carbon neutral and
biomass will not be renewable. If a lot of forest will get harvested, the environment will be
negatively affected. lvill result in more carbon dioxide released to the atmosphere, because
there would not be enough trees and plants that could takefdathrough photosynthesis.

There is also another aspect that should be mentioned when it comes to the long terah poten
adverse effects of an increase of usage of biomass. If the demand for biomass would become
much greater, companies selling biomass would probably need more arable land. It could pose
a risk that land used for planting food crops is used for planioigdss instead. It is important

to consider the risk and prevent for it to actually happen. There is also a risk that current
applications for biofuel get threatened, saslthe use for heating houses.

It is important to keep the risks in mind, howearjong as the biomass is used in a sustainable
and environmental friendly way, biomass have nimneefits than fossil materials.

The reactivity of biomass char was @stigated by b Zou et al[14]. Biomass charcoal and

coke were testedh their investigation The biomass char used was carbonized waste wood,
which was not compacted bedothe reduction experiments the experiments, the reducing
agents reacted with carbon dioxide during heating while thight/ change was registered
Results shwed that the temperature when the reduction started with biomass char as reducing
agent, was lower than the temperature with the use of coal and coke. Furthermore, the reactivity
(weight loss/min) of biomass char was higher tharrélaetivity of coal anadoke According

to the authors, the reasons for the low reaction temperature and high reactivity of biomass char
are for example because of the high surface area anddmggnt of volatile matter

There are disadvantages with biomass as well. In thaopie study[1], the stability in the
capsule during the reduction was not high enough, which is probably due to the low AD of
biomass chars compared to fossil materials. The low AD resulted in less material in the capsule,
which in turn led to poor reductidi]. Another thing to consider is the handling of wdzased
biomass, which comprises a risk of fire when the material is sufficiently dishteelfe].

2.2 Agglomation Theory and Technology

2.2.1 Agglomeration Mechanism
In all the agglomeration experiments that will be performed in this master thesis, a binder will
be necessary to keep the agglomerates together. There are several of binders with different
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propertes. Important is to consider if the binder could affect the process and reduction. The
binder should &lo be environmentally friendly.

Different binders for production of biomass char briquettes were investiggfedDemus et
al.[15]. In their investigation, they tried water as a binder, followed by molasses and polyvinyl
alcohol (PVOH). Finally, they tested molasses mixed with water and PVOH mixed with water.
The briquette with water and molasses sustained the most presth@aydraulic testing press.

In summary, a binder with 24 % molasses and 76 % water gave the best results.

During a compaction, or agglomeration, there arises a number of different types of binding
mechanisms listed beloj&6]:

Solid bridges

Attraction forces

Mechanical interlocking bonds
Adhesion and cohesion forces
Interfacial forces

= =4 =4 A =

Solid bridges occur because of various reasons, such as diffusion of particles, crystallization of
a substance, chemical reactiomsl olidification of bindel{16]. Attraction forces are caused
byvande Waal s & f o r[l6]leThe closertwogartelesgdme together, the stronger
will the attraction forces g¢9]. The mechanical interlocking bonds takes place for example
when large particles are unfolding and gets trdgpeanother large particl@6]. Adhesion is
caused by viscous bindgaturing agglomeration, which has theldy of creating sold bridges
between particlegl6]. Moisture in the material could also work as a binder and form cohesive

forces and produce a thin adsorption layer that will creétefacial forceg9, 16].

During extrusion, the biomass material is pressed forwarddtatng screw through a dji@].

Biomass patrticles are therefore pressed against each other, which will cause the attraction forces
to beome stronger and the matdris forced to be compacté¢d]. This compaction process

will develop heat because of the friction caused by biomass char against the wall of the extruder
together with friction internally in the dmass char ahthe speed of the scrd@]. The heat

will cause bridges between the particlelofwed by interlocking bondgg].

Tumbling agglomeration can be performed by using a tumbling flaéeplate rotates at a low
speed. A small amount of material can be added to the plate followed by spraying of water in
order to form nucleates. Material is added at regular intervals and the same applies to water and
nucleates wilbecome larger by coalgiag[9]. The amount of water added could affect the size

of the agglomerates, since much water will result in large agglomerates and vice versa. There
is also a possibility that large particles are growingiby o n s u mil pagides[8].ma |

G. I. Tardos et al[17] have described the agglomeration mechanism during granulation of
powders in a mixer in their report. A binder is continuously added to the powdher miter
during granulationShearing forces will be created by the stirrer, whiclh kelp particles to
collide. The first step in agglomeration mechanisnthe nucleationThe particles will attach

to each other because of the binder, which isgortesn tike particle surfacerhe solvent in the
binder should be able to evaporate during thelatteent of the two particle¥he agglomerates
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will grow due to coalescenc®Vhen an agglomerate is saturated with binder and collide with
another agglomerate rtger ayglomerates will form

In the agglomeration experiments, it is important that a suitable amount of binder is used in
order tocreate nucleategl7]. When nucleates have been formed, there are still a lot of
parameters that wilhfluence the stability of the agglomerates, such as the viscosity of binder,
the addition rate of biret and the granulation tinj&7].

Another interesting parameter that could influence the agglomerates is the particle size
distribution of the feed. Smaller particles in the feed vafiult in better durability16] and

could lead to highedensity of the agglomerat¢8], however, more grinding also s to

higher cats [16]. A recommended particle siz#istribution is 0.50.7 mm [16]. Another
suggestion, according {8], on the feed particle size distribution is presented in Tadle

Table2.4. Suggestion on feed particle size distribut{@h
Sieve siz§um) Amount of material
on the sievg %)

+3000 1
+2000 5
+1000 20
+500 30
+250 24
-250 20
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3 Implementation

3.1 Material

Two different lomass chars will be used in the experiments, biomass char 1 (BC 1), which is

a byproduct when producing syngas during pyrolysis, in the same way as in the Literature
Survey, section 2.1.3.1. The raw material for producing BC 1 is Salix. Biomass ch@ar2) (B

is a commercial product. The reason for using these materials is because of the result from the
previous studyl], where four biomass chars, BC 1, 2, 3 and 4, from different biomass were
investigated. Table 3.1 presentsmsoof the results from the previous styii}

Table 3.1Some of the @sults from the previous stud].

Anthracite BC1 BC2 BC3 BC4

Apparent density (g/di 810 191 253 232 289
Remaining rduction mixturen the 54 45 48 46 44
capsule after reductidio)

Fixed carbonn the capsule (kg) 17.9 152 168 164 16.7
Ash (% dry basis) 8 4 7 2 15
Fixed carbor{(% dry basis) 81 85 64 76 58

The reason for choosing BC 2 in the experimerihis master thesis is because of the slightly
higher content of fixed carbon in the capsule, compared to the other materials. According to the
results in the previous studg], BC 4 seemed to have the second highest amufuiited

carbon in the capsule and moreover the highest AD, however, the high ash content that is
formed is not preferred. The reason for choosing BC 1 as the second material in the experiments,
is because it is a bgroduct from syngas production, whes®&(C 3 is a commercial product.

The appearance of both BC 1 and BC 2 is reminiscent of ground charcoal, which can be seen
in Figure 3.1. Both materials have been pyrolyzed, however, BC 1 have been pyrolyzed at a
higher temperature, which also gives the mat@ burned and smoky smell.

Figure 31. To the left:BC 1To the right: BC 2.
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The particle size distributions of theaterials are compared in Table 3.2

Table 3.2Particle size distributions of BC 1 and BC 2.

Sieve size Amount of BC 1 Amount of BC 2on
(um) onthe sieve(wt.-%) the sieve(wt.-%)
+800 87.3 20.0

+500 0.5 8.2

+425 1.0 1.6

+300 1.0 6.7

+212 0.6 7.5

+150 0.7 5.6

+106 0.4 5.7

+75 51 4.9

-75 3.4 39.8

3.2 Characterization

Two analysis will be performed by an external compavhere one is calorimetry in order to
determine HHV (kcal/kg) and the other is an analysis in order to determine the elemental
composition of the biomass chars. A BET (Brunauer Emmett T-atexlysis will be performed

by Hoganas AB, in order to detemai the specific surface area?(ky) of the biomass char
particles. All analysis will be performed on the particles that are smaller than 800 um and larger
than 500 pm -800um +500um), in order to normalize the samples angdrove the
comparability.

The HHV will be determined experimentally before agglomeration. A bomb calorimeter will
be used to determine HHVhe sample container will be placed inside of the bomb, wikich
made of stainless stgdB]. During the experiment, ater vapor will be produceld 8]. In order

to condense the formed vapor, a small amount of watérlstd be added to the borfit8].

The water will consequrtly absorb vapor molecul¢8]. Afterwards, the bomb will be filled
with oxygen, which will cause the pressureidiesof the bomb to increa$&8]. Furthermore,

the bomb is placed inside t¢fet actual calorimet¢t8]. A known amount of water will bedded

into the calorimetef18]. A thermometer is regularly measurirgettemperature of the water
[18]. The sample will be ignited andcmbustion will take plae[18]. Energy (kc§ will
therefore be transportexs heat to the water outside the bomb, per biomass char sample (kg),
during combustion (water in liquid phase asdurct) at a constant voluni#].

Usual methods for determining the composition in coal are proximate and ultimatasanalys
[11]. The result from the proximate analysis contains the amount of ash, moisture, volatile
matter andiked carbon in the materi§l1l]. The results from the ultimate analysis instead
contains the elemental composition of carbon, oxygen, hydrogen, nitaogesulfur in the
materialg11].

The ash content (%, dry basis) in the@nals will be determined by a TGA (thermogravimetric
analysis) of the samples. The samples will be heated and combusted and at the same time will
the weight change be registerdthe weight will become stabilized after combustion, which

will be the sameas the ash contefitl].
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In order to determine the composition of carbon, hydrogen and nitrogen in the materials, a CHN
analysis equipment will be usethe sample will be combusted in an electric furnace, which is
connected tdwo infrared cells, in order to detect carbon and hydrogen, and one thermal
conductivity cellin order to detect nitrogg20]. The sulfur will be analyzed in a similar way

in another equipment, where the sample is combustea furnace cwmpletely filled with
oxygen[20]. The product, sulfur dioxide (S will be detected by an infrared c4R0]. The
oxygen content in the materials will be calculated basdti@nesiis from the analysis.

In addition to the ash content and the ultimate analysis, the chlorine content in the materials
will also be determined. This will be determined lmy-exchange chromatographyn
extraction of ionic specig21] in the biomass char samples need to be performed because only
liquid samples are possible to use in-exthange chromatography. The liquid sample, the
solution, is injected tthe ionexchange equipmef22]. The iorexchange will take place in a
column (stationary phase), which is packed with particles wittexxhangers (counter ions)

[22]. An eluent (mobile phase), which also consists ofdgchangers, is algmassing through

the column[22]. The eluted sample will pass through a detector in order tyrdiete the
chlorine contenf22].

The BET-analysis will take place before and after agglomeration in order to determine the
specifc surface area of the particles. The specific surface area will be determined by nitrogen
gas adsorption. The nitrogen molecules are assumed to form a monolayer on the stiréace of
particles in the samp[@3]. The specificsurface area can be calculated baseith@mmount of
nitrogen gas (mdd solid sample), which is calculated from an adsorption isotherm, the
Avogadro number and the cressctional area of a nitrogen reolle[23].

3.3 Aggloraration Methods

3.3.1 Pretreatmenof the Biomass Chars

The particle size distributions of the two biomass chars are not the same, which could be seen
in Material, section 3.1. In order to be able to draw fair conclusions when comparing the results
betwea the materials, the particle size distributions should be more equal. BC 1 will therefore
get grinded in a BA@nill, in order to get similar size distribution as BC 2. The BAdl is a
combined hammeiand disc mill, which ispecially made for HoganasBA

BC 2 contains more moisture than BC 1, 25 % and 4 % respectively. By drying BC 2, the
conditions will be more equal when making agglomerates. Some analysis that will be done,
such as the BE&nalysis, also requires a dry material. The drying will tdkeepin a drying
cabinet, which can be seen in Figure 3.2, at 90°C.
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Figure 3.2The drying cabinet.

3.3.2 PréminaryBinderinvestigation

All agglomeration methods are in need of a binder. In order to determine how much and which
binder that is suitabl for each agglomeration method, adan investigation will be made.
Bindersthat will be investigated amrganic polymer 1, 2, 3 and 4 as well as an inorganic binder.

According to T.C. Eiselet al[24], the properties of hders can be divided into various gpsu
Moreover, the organic polymenill create a film due to a chemical reaction the particle’s
surfacg24]. Due to the chemical reaction, the film will solidify, which will causephgides

to attach to each oth¢24]. Organic polymer 23 and 4will create an inactive film on the
particle’s surfaces instef2it]. The inactive film is caused byelstickiness of the bindej24].

The attachment of the particles are therefore caused by capitagsf adhesion or cohesion
[24]. The inorganic bindewill create a chemical matrix, which means a matrix caused by a
chemi@l reaction[24]. The chemical matrix will solifly, like the chemical film24].

In the binder investigation, only one of the biomass chars will be investigated and it will be BC
2. There is notmough time to investigate both nor enough material of BC 1 to use in the binder
investigation and in the large scale agglomeration experiments.

Equipmentthat will be used inhte binder investigation agetumbling plate, a planetary mixer

and a hydraulicpress. These methods have been chosen because they are similar to the
agglomeration methods that will be performed in larger scale. Agglomerates will be made with
each method followed by an investigation of the comprassi@ngth and measuring of AD.

The first agglomerates will be made in a tumbling plate, which can be seen in Figure 3.3. The
equipment consists of a plate with approximately 1.5 dm high edges, which is fixed to a tripod.
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Figure 33. Thetumbling plate.

Biomass char will be mixed withinder and water as a starting mix. A small amount of the mix
will be added to the plate followed by spraying of water. This will be repeated until the material
is out. Some of the agglomerates will fall out from the plate when they are large enough. The
rest of the agglomerates will be removed from the plate while it is still rotating. Afterwards, the
agglomerates will be left to dry.

It can be seen in the Figure that the plate is angled. The smaller the angle, the larger will the
pellets become becausethellets will stay and tumble for a longer time in theeplafore the
pellets fall out.

It needs to be quite damp to get any agglomerates and that is why a humidity meters is placed
in the plate.

The planetary mixer that will be used for granulatioansrdinary kitchen machine, which can

be seen in Figure 3.4. The biomass char will be mixed with the binder followed by granulation
at the highest mixing speed for a short period of time, approximately three minutes. Water will
be added if necessary. Tagglomerates will be left to dry in air afterwards.

Figure 34. Thekitchen machine
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Pellets will be made in a hydraulic press. Biomass char will be mixed together with binder and
water in the kitchen machine. The pellets will be made by using a poéswhich can be seen

in Figure 3.5. Material will be added in the tool with a hole and pressed together by the hydraulic
press with 15 tons by the two pistons.

Figure 3.5Tools for thehydraulicpress.

In order to determine how sustainable the aggi@tes will become, the compression strength

of the agglomerates will be decided. The equipment consists of two load cells, which can be
seen in Figure 3.6. The agglomerate will be placed between a stamp and a load cell and crushed
using compressed airhis equipment is connected to a measuring instrument, which saves the
highest pressure (Newton) reached. It means that it measures the highest pressure the
agglomeratean withstand before it breaks.

Figue 3.6. Thecompression strength
equipment.
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The most important test is the AD measurement. It will be done by filling a funnel with the
material, which can be seen in Figure 3.7. The funnel has a hole with a specific diameter in the
bottom. A beaker of known volume and mass will be placed undernedtimtiel. The material

will flow down and become loosely packed into the beaker. When the beaker is full, the material
will be weighed and the AD can be decided. This will be done on the particles e8G0zen
+500um, which means that the agglomerates @llets need to be ground. A mortar will be
used to ground and to be sure the particles are in the correct size distribution, sieving will be
performed.

Figure 37.To the left: the equipment for measuring AD. To the right: the fufroeh above

3.3.3Agglomeration

Once the binders have been decided, the agglomeration experiments foingadilarger

amount of agglomerates can begin. In order to increase the AD of the biomass chars, three
different agglomeration methods will be performed. The methods that will be implemented are
extrusion, tumble agglomeration and granulation in a planetéxer. These methods have

been chosen because it is three methods that are available and feasible to implement within the
time frame.

3.3.31 Extrusion

Extrusion is interesting to try, since it could be a possible way to produce agglomerates
continuougy. It is also a highpressure method, compared to the other methods, which means
that the results from AD measuremeaits expected to be the highest.

The experiments in the extruder will be performed by an external company. The corresponding
experimentsd the extrusion made in the Preliminary Binder Ingadgion is the hydraulic
press.

The material will be added to the extruder and pressed forward by a screw using high pressure.
The material will be pressed through holes and the result will probablylook e cut- Aspag
| i ked pel | ebeadded duang the exttusion.i | |
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Unfortunately, for the extrusion experiments, only one of the biomass chars, BC 2, will be used.
The reason is that there is not enough of BC 1 to do all three agglomeraticmdséost of

the material is necessary for the extruder, compared to the other agglomeration methods, so a
decision was made to use the material of BC 1 for the other two aggibtom methods.

Two batches of BC 2 will be prepared for the extruder, whitthbe prepared in a planetary
mixer, which can be seen in Figure 3.8. The mixing tool that is going to be used is a dough
hook, which also can be seen in Figure 3.8. It will be mixed for 15 minutes in the planetary
mixer. It is difficult to determine it is the right amount of moisture in the mixtures so more
binder will also be prepared, which can be added if necessary.

Figure 38. To the left: the planetary mixer. To the right: the mixing tool.

After the material have been compactethim extruder, it will be lefin airto dry.

3.3.32 TumbleAgglomeration
Tumble aggbmeration will be performed in a tumbling plate in the same way as in the
Preliminary Binder Investigation, section 3.3.2.

3.3.33 Granulation

The final method is granulation in a planetary mixer, which could be seen in Figure 3.8 above.
However, the gramation tool that is going to be used can be seen in Figure 3.9. The planetary
mixer will be set to the highest speed. The granulation will be done for a short period of time,
approximately three minutes, in the same way as in the kitchen machine. Tdraegdgs will

be left in air to dry.
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Figure3.9. Granulation tool
3.4 Methods for Evaluating Agglomeration Results

3.4.1 Apparent Density

AD will be measured after the agglomeration experiments and compared with the AD of non
agglomerated material,hich was measured in the previous st{idy This will be done in the
same way as in the Preliminary Binder Investigation, section 3.3.2.

3.4.2 Reduction Value
The reduction value is heating value per volume, whichbearalclated by using EB.1

YQQ6 b dxi &6 e O N N OiXXEES JOHG] (Eq. 3.9

Reduction value is another word for energy density, which means that Eq. 2.1 in Pyrolysis,
secton 2.1.3.1, is the same as Eq. 3.1.The reduction value is more useful than the HHV since
it is based on volume and one capsule in the sponge iron process have a specific volume.

3.4.3Patrticle Size Distribution

The particle size distribution will be deteined by sieving at the size fractions; 800 um, 500

pm, 425 pm, 300 pm, 212 pm, 150 pm, 106 um and 75 pm. The goal is to reach a particle size
distribution of the biomass char agglomerates as anthracite, because it is anthracite that will be
exchanged to ibmass char. The particle size distribution of anthracite can be found in
Appendix 1.

3.4.4Compression Strength

In order to investigate how much pressure the agglomerates can withstand, the compression
strength will be determined. This will be done ie ttame way as in the Preliminary Binder
Investigation, section 3.3.2.
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3.4.5 Reactivity Test

The reason for investigating the reactivity is because of the higher reactivity of biomass char
compared to fossil materials. The reactivity of the biomass chiirbeninvestigated before

and after agglomeration in order to see if the agglomeration causes a change in the reactivity.
The reactivity will be determined in a thermogravimeffiG) oven using carbon dioxide.

The material is placed in a basket to malkee sas much as possible of the gas is reaching the
sample. The basket is placed on a scale in the oven and the weight of the sample will be
registered during the experiment. At first, nitrogen is added to begin the experiment in an inert
atmosphere. Aftet0 min, the scale will be reset and carbon dioxide (500 I/h) will be added. At
the same time will the oven be heated to 1000°C and kept at 1000°C for approximately 50
minutes. The weight of the sample will decrease as carbon dioxide react with the oah®on i
material as in the Boudouard reaction (1.2).

80 #P ¢80 (1.2

The weight will be registered every ten seconds during the experiment. The scale has a margin
of error between £ 1 g, therefore, in order to get a more reliable result, a weight median will be
calculated for each three minutd$e weight loss, TG (%), during the experiment, will be
calculated by using Eq. 3.2.

YOp —pnm (Eq.3.2)

Where m (g) is the start weight of the samplendfian(Q) is the registered weight during the
experiment, Wich has been calculated as a median.

The weight loss per minuteDTG (derivative thermogravimetryjwt.-%/min), will be
calculatedby using Eq.3.3

O'YO 8 pH ET (Eq.3.3)

Wheret is reaction time (min)pis the tine (min)when carbon dioxids added and 100 means
TG (%) at &.

3.4.6 Moisture Content

The moisture content will be determined using an equipment where the sample is weighed and
afterwards heated. It will be heated until there is no weight change, mdhatrall water has
evaporated and the wk moisture can be determined.
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3.5 Tests in Pilot Scale

Tests will also be performed in pilot scale, in a process that is similar to the sponge iron process,
to investigate if the agglomerated biomass chars a@bseias reducing agents. The pilot test
involves a single sagger furnace, which can be seen in Figure 3.10. The materials will be placed
in the capsule in the same pattern as in the sponge iron process, which will be done by using a
template. The matetiavill be vibrated down in the capsule in order to fit as much as possible

of the reduction mixture in the capsule.

Figure 3.10The single sagger furnace

The reduction mixture consists of coke and anthracite, which will be the components in the
reference. Anthracite will be exchanged to some of the agglomerated biomass chars. The
components W be mixed in a cement mixer.

In the Sponge Iron Process, section 1.5.2, the tunnel kiln with its three zorksgpng, firing
and cooling) was describedhd@ capsule in the oven in pilot scale will not move like in the
tunnel kil n, however, the corresponding fAzon
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Table 33. The course of eents in the single sagger furnace
Process Time (% of test duration) Temperature (°C)

Drying 27 Ambient- 1000
Preheating 17 Ambient- 1000
Firing 44 10001200
Cooling 12 1200Ambient

In order to make sure all material in the capsule is dried, the experiméintegin with a
drying period.

During the experiments, the temperature dhd amount of arbon monoxide and carbon
dioxidein the oven will be registered.

The results from these tests will hopefully give answer to the question which AD that is optimal
for biomass chars when used as reducing agents. Also, how much of the lmbanaskat can

fit into the capsule and how much of the magnetite ore concentrate thaeweduced by
biomass chars.

After the trial in the single sagger furnace, the produced sponge iron will be crushed between
two toothed rolls followed by grindingpia disc mill. A magnetic separation will also be done
in order to remove nemagnetic material, such as ash.

The sponge iron produced in the single sagger furnace will be analyzed by Héganas AB in order
to determine the composition of iron, oxygen, carboimogen and sulfur in the materials. The

iron composition will be divided into the total amount of iron and metallic iron. The total
amount of iron both consist of metallic iron and iron in chemical compounds. The oxygen
content will also be divided inttwo parts, the total amount of oxygen and oxygex &ne

bound to iron (+loss).

The amount of Fe in the materials will be determined by titration while the amount of oxygen
(total), carbon, nitrogen and sulfur will be determined in a similar way ashén
Characterization, section 3.2, of the biomass chars. In order to determine the oxygen that are
bound to iron, the samples will be heatednrogen in a hydrogen atmosphere.
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4 Results

4.1 Characterization Results

In order to be able to investigatke HHV and the composition of the biomass chars, the
biomass chars had to be ground into a finer particle sizes than the particBOSizm +500
pm. The result from the calorimetry can be seen in Table 4.1.

Table 41. Results from calorimetrgn
non-agglomerated materials

Sample  HHV (kcal/kg)
Anthracite 7233[1]

BC1 7178

BC 2 7148

The result from TGA, ultimate analysis and-@xchange chromatography can be seen in Table
4.2.

Table 4.2 Thecomposition of BC 1 and BC
Element (% dry basis) BC1 BC?2

Ash 7.8 5.6
Carbon 84.6 81.7
Hydrogen 1.1 21
Nitrogen 0.77 0.68
Oxygen 5.7 9.9
Chlorine 0.03 0.05
Sulfur 0.054 0.061

The results from the BE&nalysis of noragglomerated BC 1 and BC 2 can be seen ieTab

4.3. Unfortunately, it was not possible to determine the specific surface area of the
agglomerated samples. During the analysis of the agglomerated samples, the measurement in
the BET equipment did not get stabilized, which means it was not possdiiato a reliable

value of the specific surface area.

Table 4.3 Results from BEd@nalysion nonagglomerated
samples

Material ~ Specific surface area (rfikg)
Anthracite 1074

BC1 8900

BC 2 14800
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4.2 Pretreatment Results

BC 1 became ground im BAC-mill and the result of the particle size dilstition can be seen
in Table 4.4

Table 44. The particle size distributioof BC Iafter grinding A comparison ialso
made withBC 2.

Sieve size Amount of BC 1 Amount of BC 2 on
(um) on the sievgwt.-%) the sieve(wt.-%)
+800 38.1 20.0

+500 0.8 8.2

+425 3.1 1.6

+300 3.7 6.7

+212 3.2 7.5

+150 45 5.6

+106 4.5 5.7

+75 6.4 4.9

-75 35.7 39.8

In order to begin the agglomeration experiments with approximately the same moisture content
in thetwo biomass chars, BC 2 becah#ed in a drying cabinet at 90. The material was
dried on large plate§heresult can be seen in Figure 4.1

Figured.1. BC 2 after drying.

4.3 Binder Determination

In order to determine which binder that is suitdbleeach method and the amount of binder,
agglomerates were made with each binder in the tumbling plate, kitcaenima and the
hydraulic press.

After all agglomerates had been made with the various binders in each agglomeration method,
the AD and the copression strength could be determined. The result of the measured
compression strength of agglomerates made in each method, can be found in Appendix 2.
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All AD measurements have been performed on the particle size fra®fiOpm+500um. The
highest AD foreach methodk presented in Figure 4.2.

Highest AD Results during Preliminary Binder
Tumbling INvestigation

agglomeration Hydraulic press
(organic (organic
400 polymer 1) Granulation Polymer 3)
(organic Norn-
300 polymer 2) agglomerated

BC 2

AD (g/dm)
N
8

[EnY
o
o

0
Figure 4.2The highest AD afgglomerates from each method.

The amount of binder was determined by testing. The goal was to use the smallest amount of
binder that was necessary to keep the agglomerates togéligervater content was also

determined by testing. The concentrations of binder and water in the three methods with the
binder that gave the highest AD can be seen in Table 4.5.

Table 4.5 Concentration of water and bindeudng agglomeration in thbeinder investigation

Binder Amount of binder Amount of water
(wt.-%) (wt.-%)

Tumbling agglomeratiornofganic polymer L 3 63

Granulation (organic polymer) 2 4 56

Hydraulic press (organic polymej 3 0.6 29.5

4.4 Agglomeration Results

4.4.1Choice oBincer

The choice of binder for each agglomeration method was decided based on the AD results in
Binder Determination, section 4.3. The AD results of the agglomerates made in the tumbling
plate showed thatrganic polymer hs a binder gave the highest Alhich is why the organic
polymer lis chosen for the large scale tole® agglomeration. Organic polymeri2 the
agglomerates made in the kitchen machine gave thestid\D, whereas organic polymem3

the pellets made in the hydraulic press gave the higi2sA summary can be seen in Table

4.6.
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Table 46. The binders that are going to hesed in the large scakgglomeration

Method Binder solutions with water
Tumbleagglomeration Organic polymer 150 wt-%)
Granulation Organic polymer Z8 wt.-%)
Extrusion Organic polymer 32 wt.-%)

4.4.2 Extrusion

Two batches with biomass char and binder were prepared for the experiments in the extruder,
which can be seein Table4.7. The choice of th amount of binder and water wdrased on

the results iBinder Determination, section 4.3.

Table4.7. Concentration of binder and watef the two
batches prepared for the extruder.

Batch Organic polymer 3 Water

(Wt.-%) (Wt.-%)
1 0.6 29.5
2 0.2 9.6

For the first test run in the extruder, batch 1 was used.eMerytoo much heat was produced

so cooling with water was necessary. For the next run with cooling, the extruder got blocked
by the material. To solve that problem, the end plate was exchange to another with larger holes,
2-3 mm for the third test run. ab for the third test run, more moisture was added to the feed,
which resulted in 0.8 w6 binder and 39.4 wfo water. The frequency of the electric motor

that operates the extruder was set to 40 Hz. The result from the third test run was a compacted
material, which can be seen in Figure 4.3.

Figure 4.3Agglomerates made in the extruder.

4.4.3Tumble Agglomeration

The relative humidity and temperature were measured during the agglomeration in the tumbling
plate, which can be found in Appendix 3. Agglerates that were made in the tumbling plate
can be seen in Figure 4.4.
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Figure 44. Agglomerates produced in the tumbling plate

The result from tumblaggloneration can be seen in Figure 4.5
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Figure 45. Pellets made in the tumbling plate. To tedti BC 1. To the right: BC 2.

During the agglomeration in the tumbling plate, the amount of water and binder were the same
from the beginning for each biomass char, which was the same as in the Binder Determination,
section 4.3. The concentration of bemaénd water can be seen in Table 4.8.

Table 48. The concentratin of binder and wateduring
tumbling agglomeration.

Material Organic polymer1 Water

(WL.-%) (WL.-9%)
BC1 3 50
BC2 3 50
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However, the added amount of water during the tumbling aggldesevaried a lot between
the biomass chars, which can be sedrigure 4.6

Added Water during Tumbling Agglomeration
250

BC 2

N
o
o

[
a1
o

BC1

100

Added water (g)

()]
o

Figure4.6. The different amount of water added to BC 1 and BC 2 during tumbling agglomeration.

The added amount of water in the Figure is an average based on ten rurtanmbtirgy plate.

4.4.4 Granulation

The granulation was performed in two batches per biomass char, since all material could not fit
into the planetary mixer. The plan was to make the agglomerates in the same way as in the
Binder Determination, section 4\8jth the same amount of binder and water and also the same
granulation time. Unfortunately, less water and binder were used during granulation of BC 1
because it became too moist. BC 1 had not been investigated before either, which means it was
necessaryo determinetie moisture content by testing.

Further, the planetary mixer had three different mixing speeds (1, 2 and 3) and the plan was to
granulate at the highest speed. However, when the highest speed was set, the planetary mixer
stopped working andhat is the reason why sk 2 was used most of the time.

It was also difficult to see if any agglomerates had formed during the granulation, which means
that it was necessary to stop the planetary mixer often. Another reason for stopping often was
to avoidbreaking any formed agglomerates, which could happen if timeilgtéon time is too

long.

Batch 1 with BC 1 had 3.0 w& binder and 39.9 w6 water from the beginning, which can
be seen in Table 4.9. The material became too moist and no agglomeratésmed wha it
was 3.7 wt% organic polymer 2nd 51.8 wt% water, which was the reason for adding more
BC 1.
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Table4.9. A simmary of granulation using BC 1 in batch 1.

Batch 1 Organic polymer 2 Water Granulation time Speed
(BC 1) (wt.-%) (wt.-%)  (s)

From gart 3.0 39.9 60 1
Binder and water adde( 3.7 51.8 180 2

BC 1 added 3.6 49.6 60 2

BC 1 added 3.4 47.6 120 2

When it was 3.4 wi% binder and 47.6 w6 water, agglomerates were formed and it was
therefore known how much water and bindet thas necessary for batch 2. However, all the
binder and water were not added at once to minimize the risk for making it too moist again.
Approximately half of the amount of the binder and water were added at first. A summary of
the procedure can be seerTiable 4.10.

Table 410. A summary of granulation using BC 1 in batch 2.

Batch 2 Organic polymer 2 Water Granulation time Speed
(BC 1) (wt.-%) (Wt.-%)  (S)

From start 2.2 30.5 30 1
Binder added 3.4 43.7 30 2
Water added 3.3 46.0 180 2

Batch 1 and 2nade with BC 1 will be mixetiefore the evaluation of the agglomerates #mal
tests in pilot scale.

Although BC 2 was granulated in the binder investigation, it can be seen in Table 4.11 that the
approach of how the granulation of BC 2 in batch 1 was mesidted in a lot of testing before
agglomerates were made.

Table 4.11A summary of granulation of BC 2 in batch 1.

Batch 1 Organic polymer 2  Water Granulation time  Speed
(BC 2) (wt.-%) (wt.-%) (s)

From gart 3.4 44.0 30 1
Binderadded 4.0 50.5 60 2
Binderadded 4.3 54.0 60 2
Only 4.3 54.0 30 2
granulation

Wateradded 4.3 54.4 10 2
Wateradded 4.3 54.8 10 2
Wateradded 4.2 55.5 10 2
BC 2added 4.0 53.3 30 2
BC 2added 3.9 51.3 30 2
Only 3.9 51.3 30 2
granulation

BC 2added 3.8 50.6 30 2
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The procedure of batch 2itlw BC 2 can be seen in Table 4.12

Table 4.12A summary of granulation of BC 2 in batch 2.

Batch 2 Organic polymer 2 Water Granulation time  Speed
(BC 2) (Wt.-%) (Wt.-%) (s)

Start 2.7 36.0 30 1
Binderand 3.8 515 30 2
water added

Only 3.8 515 60 3
granulation

It can be seen in the Table that speed 3 was set and it worked. For this batch, a smaller amount
of material was used, which was probably the readonspeed 3 worked.

Batch 1 and 2 made with BC 2 were also mixed theresult can be seen in Figure 4.7

Figure4.7. Agglomeratesnade in the planetary mixer. To the left: BC 1. To the right: BC 2.

4.5 Results from the Agglomeration Evaluation

Result from the AD measurements can be seen in Table 4.13. The measuravetsem
performed based on the entire particle size distribution. The increase or decrease of BC 1
agglomerates compared to ragglomerated BC 1 and BC 2 agglomerates compared to non
agglomerated BC 2, are presented in the parenthesis in the Table.
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Table 4.13. AD resultsThe percentage change is presented in the

parenthesis.
Material
Anthracite
BC1
BC 2
BC1
BC1
BC 2
BC 2
BC 2

Method AD (g/dm3)
Non-agglomerated 810[1]
Non-agglomerated 191[1]
Non-agglomerated 253[1]
Tumbling Plate 225(+18 %)
Planetary Mixer 282 (+48 %)
Extruder 374(+48 %)
Tumbling Plate 241 (-5 %)
Planetary Mixer 314 (+24 %)

The reduction value was calculated using Eq. 3.1 in Reduatin Value,section 3.4.2The
result can be seen in Table 4.14

Table 414. Calculated reduction values.

Material

Anthracite
BC1
BC 2
BC1
BC1
BC 2
BC 2
BC 2

Method Reduction value
(kcal/dm3)

Non-agglomeratec 5859[1]
Non-agglomeratec 1371
Non-agdomerated 1808

Tumbling Plate 1615

Planetary Mixer 2024

Extruder 2673

Tumbling Plate 1723

Planetary Mixer 2244

The reduction value of neagglomerated BC 1 and BC 2 are calculated based on the AD
measured in the previous d{u1].

The agglomerates made in the tumbling plate were ground in amdissince those
agglomerates became too large for the pilot tests. The extruded and granulated agglomerates
did not need to be ground because the siteodgglomerates were suitable for the pilot tests.

The patrticle size distribution for all agglomeratadhples can be seen in Figure 4.8 and Figure

4.9
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Figure4.8. Particle size distribution of both agglomerated and ragglomerated BC 1.

Figure4.9. Particle size distribution of both agglomerated and ragglomerated BC 2.

The compression strengthstdts can be seen in Figure 4.1hfortunately, the agglomerates
made in the extruder and planetary mixer became too small in order to invedtigate t
compression strength.
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