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Kurzfassung

Aufgrund des Anstieges der anthropogenen Treibhausgasemissionen fiihrte die Europaische
Kommission das sogenannte Emissionshandelssystem ein. Die bei der verarbeitenden
Industrie anfallenden COz-Emissionen sind somit meldepflichtig und mittels erworbener
Emissionsrechtzertifikate auszugleichen, weshalb natirlich eine Reduktion der Emissionen
aufgrund einer Prozessoptimierung erstrebenswert ist. Die ebenso betroffene metallurgische
Industrie ist nun auf der Suche nach Alternativen, da deren Prozesse hauptsachlich auf den
Einsatz von fossilen Kohlenstofftragern und somit einer anrechenbaren COz-Emission

basieren.

Die vorliegende Arbeit versucht Uber die Implementierung von alternativen und CO- neutralen
Reduktionsmitteln in metallurgischen Recyclingprozessen eine Emissionsminimierung
herbeizufihren. Das Hauptziel stellt dabei die Herstellung sowie die anschlielende
Charakterisierung von Holzkohle und Pyrolysegas aus Biomasseabfallen dar. Im Anschluss
dessen erfolgt eine Evaluierung des Kohlenstofftragers im entsprechenden metallurgischen

Prozess.

Speziell der entwickelte ,2sDR* (Two step dust recycling)-Prozess wurde dahingehend
adaptiert, um mittels Holzkohle als Reduktionsmittel Schwermetalle simultan aus
Stahlwerksstauben rickzuflihren und dabei die CO2-Emissionen gering zu halten. Dieses
Verfahren wurde speziell entwickelt, um jeden Elektrolichtbogenstaub ohne Limitierung in
Bezug auf Materialqualitdt aufzuarbeiten und dabei entsprechend dem ,Zero Waste*

Gedanken keine neuen Abfalle zu generieren.

Die zweite Einsatzmdglichkeit von Holzkohle und Pyrolysegas, die in dieser Arbeit beleuchtet
wird, ist die notwendige Nachbehandlung von Walzoxid sowie Walzschlacke, um deren
Produktqualitat zu erhéhen. Damit Walzoxid in der primaren Zinkindustrie einsetzbar wird,
muss ein Reinigungsschritt erfolgen, da es verschiedenste Verunreinigungen enthalt. Die
einfache Deponierung von Walzschlacke ist wiederum aufgrund einer geanderten
Gesetzgebung verboten, weshalb eine Aufarbeitung unumganglich ist. Beide Produkte wurden
mit Pyrolysegas bzw. Holzkohle nachbehandelt, wobei vielversprechende Ergebnisse das

Resultat waren.

Neben den bereits erwdhnten Vorzigen beim Einsatz durch erneuerbare Rohstoffe in der
Metallurgie, stellt auch der sehr niedrige Schwefelgehalt einen klaren Vorteil dar. Die
angewandten Verfahren resultieren somit in schwefelfreien Produkten, womit kein

Zwischenschritt notwendig ist, um diese direkt ihrer weiteren Verwertung zuzufihren.



Abstract

Since the anthropogenic greenhouse gas emissions are increasing more and more, the
European Commission introduced the so-called emission trading system. With this, the CO,
emissions evolved by the manufacturing industry based in Europe have to be reported and
balanced by acquired emission allowances. The main focus now is to lower the emissions by
process optimization. It is well-known that the metallurgical industry is a big polluter, and now
searching for alternatives. Since this industry is mostly based on the utilization of fossil carbon

carrier, CO, emissions have to be accounted and paid.

The present thesis focuses on the implementation of alternative reducing agents in
metallurgical recycling processes to induce a minimization of the accountable emissions. The
main goal is the conversion and subsequent characterization of waste biomass into a
renewable charcoal and pyrolysis gas. The produced alternative reducing agent is forwarded

to the desired metallurgical process with a subsequent evaluation.

Especially the developed “2sDR” (Two step dust recycling)-process is adapted to run by
charcoal to minimize the CO, emission at the simultaneous recovery of heavy metals from
EAFD’s. This new recycling process was developed to treat EAF-dusts during melting of steel
scrap without any limitation regarding material properties. A main goal of this recycling process

was to generate no new wastes, according to the Zero Waste principles.

The second utilization possibility of charcoal and pyrolysis gas considered in this thesis is the
product upgrade of Waelz oxide as well as Waelz slag. Waelz oxide has to be treated in
advance to the recycling in the primary zinc industry since it contains several impurities. The
treatment of Waelz slag has become mandatory because of the change in the legal
requirements, since Waelz slag is classified as hazardous waste. Both species were treated

using pyrolysis gas respectively charcoal achieving very promising results.

Beside the already mentioned benefits due to the utilization of renewable resource in
metallurgical processes, a further advantage could be seen in the low quantity of sulphur. The
applied processes using renewable resources generates in products which do not require

intermediate treatment and can therefore directly be forwarded to their final application.
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Introduction

1 Introduction

In times of changing climate and limited resources, sustainability, especially in the metallurgical
industry, is getting more and more important in Europe. Furthermore, due to this, an entire
recycling of all wastes occurring should be considered in order to fulfil the above-stated goal.
Since these residues contain various heavy metals, primary resources are saved. Huge
amounts of dusts, slags and sludges are generated during metallurgical processes, which have
to be further processed or in the worst case forwarded to landfilling, often causing an enormous
financial effort. Several recycling possibilities were invented in the past to treat these “wastes”
to recover some quantities of heavy metals, leaving a new residue behind, which is —
depending on the country — utilized, for example, for construction purposes. With a future
change in the legal requirements, which has already been done in several communities — a
simple use of slags out of recycling processes might not be allowed anymore, due to the fact
that other heavy metals are still present in the slag. Often, these species are associated with
highly leachable chemical bonds, and if the mentioned residue out of a recycling process were

utilized near the soil, a contamination of ground water could not be avoided.

Therefore, considerable efforts have been made in the recent years to develop or redesign
metallurgical processes which have the aim to be specified as “zero waste” technology. That
means all various phases obtained in a process can be forwarded to a defined purpose without
the necessity to operate a landfill. In the present thesis, some of these processes will be
described with a special focus on the production of the generated CO» emissions in the field

of electric arc furnace dust recycling.

Since carbon dioxide can be associated with the global climate change, the European Union
introduced the emission trading system that forces companies to lower their emissions, which
will be described in detail in the following subchapter. With an increase of anthropogenic CO»
emissions, the natural greenhouse gas effect gets intensified, which leads to a possible change
in the global climate. A representative picture of the basic principle of the greenhouse gas

effect as well as its influencing factors can be found in Figure 1-1.

Moreover, the present thesis will put its focus on the metallurgical recycling industry that is
highly linked to fossil carbons and therefore a big polluter with respect to the overall CO>

emissions.
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Figure 1-1: Schematic drawing of the basic principle of the greenhouse effect and the influencing

parameters [1]

1.1 The European emission trading system

The European emission trading system (EU-ETS) is the strongest tool for fighting global
climate change at the moment. It covers 11,000 power plants as well as huge production
facilities in 31 countries within Europe. With this it is planned to decrease the annual CO-
emissions in Europe significantly in the coming years. The key data of this enormous trading
system

are [2; 3]:

e This system includes 28 EU countries as well as three EFTA countries (lceland,
Liechtenstein and Norway).

e Approximately 45 % of the overall GHG emissions in the EU are covered.

¢ Limitation of emissions of 11,000 power plants and production facilities as well as flights
to / from EU / EFTA countries.

The basic principle works according to the “cap and trade” system. The overall emissions
produced by power plants and other emissions are “capped” by EU legislation. The maximum
amounts of emission allowances (certificates) are regulated by the government and equal a

specific number of certificates which have to be used by these companies. Each certificate
2
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allows its owner to exhaust one ton of CO; and an equal amount of NoO and CFC
(chlorofluorocarbons), respectively [4]. Every allowance can be only used once, whereby at
the end of each year all the owned allowances have to cap the produced emissions of a
company; in case of noncompliance, penalty fees will be charged [5]. Furthermore, these
companies are published, so-called “named and shamed.” However, environmentally friendly
companies which own too many certificates are allowed to “trade” — to sell the CO, emissions
on the market. Further possibilities are the purchase of credits generated by emission saving
projects, such as reforestation in a third world country. But these concepts have to be accepted
by the “Kyoto Protocol’s Clean Development Mechanism.” The EU-ETS is responsible for a lot
of projects carried out in developing countries to invest in low carbon-consuming

technology [2].

Concluding, it can be said that this very flexible system allows the industry to decide between

several ways how to deal with their emissions [2; 6]:

e Decrease in the emission by investing in new technologies or / and change the type of
carbon carrier (e.g. to renewable ones).
e Purchase (to cover the emissions) or sale (if there are too many) of allowances.

¢ A combination of the presented alternatives.

The ramp up of the emission trading system takes several years; therefore, it was divided into

four structured phases [2]:

e 2005-2007: The emission trading system was introduced as the biggest trader
worldwide. Due to the fact that the estimated amount of allowances was too high, the
price of the certificates decreased to 0 €.

e 2008-2012: Similar to the beginning of the second period, Iceland, Norway and
Liechtenstein as well as the air traffic joined the ETS. The number of certificates
decreased by 6.5 %, but the emissions actually released were much lower since the
economic crisis reached Europe in 2008. Therefore, a lot of certificates were not used
with a subsequent decline in their price.

e 2013-2020: The third part of the emission trading system started with important
changes. The EU decided to introduce a maximum of emissions, which is an annual
decrease of 1.74 %. Moreover, the number of traded certificates should increase with
a simultaneous decrease in the national allocation of allowances.

o 2021-2028: This time period will be the future trading era.

The focus of the European community lies on gases where an exact determination is possible.

Usually, every company listed in this trading system has to participate in the ETS. Exceptions
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are allowed if the size/output is very that small. The following list gives an overview of

companies and industrial branches where participation is mandatory [2; 7]:

e Carbon dioxide (CO-) from power generation, aviation, oil refineries, steel mills as well
as nonferrous smelters, lime, ceramics and the refractories industry, and many more
¢ Nitrous oxide (N2O) exhausted by nitric, aldipic, glyoxal and glyoxylic acid producers

e Perfluorocarbons (CFCs) used in the production of aluminium

Unfortunately, the disadvantage of the ETS is that huge producing companies in Europe have
their main competitors somewhere abroad. Especially the metallurgical industry as well as
supporting companies (e.g. refractory production) are suffering, since they are losing their
competitiveness due to the additional financial efforts, as mentioned initially. Thus, they are
supported by their home countries with free allocations to prevent the upcoming “carbon
leakage.” This term means that because of the ETS, companies move their production facilities
to nations with lower or no emission legislation. In doing so, they escape the ETS, but it may
cause an increase in global anthropogenic CO, production. Therefore, the allocation of
certificates leads to a benchmarking of companies in the same branch with regards to their
technology and emissions, respectively. This means that only high technologized industries
get 100 % free certificates, and the remaining producers of the branch correspondingly less

[2]. Finally, Figure 1-2 will show the evolution of the price of one ton of CO; in the recent years.
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Figure 1-2: Price development of the CO2 taxes over the last years according to the EEX [8]
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1.2 Metallurgy and its contribution to global climate

change

The global climate change led to a transformation in legal requirements which force a country
or a community of countries to lower their greenhouse gas emissions. The most common
example is the Kyoto Protocol. By signing this type of declaration, a decrease of the
greenhouse gas emissions of 5.2 % (based on the emissions in 1990) is required [9]. The most
harmful gas is, according to the protocol, CO,, since it is the one which is produced the most.
Taking a closer look at the European Community, the biggest emitter is the energy sector,
producing 1.3 billion t CO; in 2012. The only way to lower this amount is by an additional input
of energy originated from hydroelectric, wind and solar power plants. Furthermore, some of
the caloric power plants that are operated by coal, coke and oil have to be shut down. The
second biggest polluter in the EU is the industrial sector, producing 0.5 billion t of CO in 2012

[10]. A part of this amount is contributed by metallurgical companies [11; 12].

Due to the highly technologized industry, especially in Western Europe, a reduction of
greenhouse gas emission by process optimization is hardly possible. As a consequence, new
technologies have to be applied with lower energy demand as well as low amounts of off-gas
and a minimum of newly generated residues. Another very smart way to save CO; certificates
is to use renewable resources that produce — as per definition — no CO, when they are
combusted or used for reducing purposes in the field of metallurgy. Renewable reducing
agents produce no harmful CO- since it was used and implemented in its growing phase as a
plant. With this definition, no certificates would be spent for e. g. the recycling process of
residues, which means these redundant certificates can be traded on the EEX. Some perfect
examples for such a type of renewable carbon is biomass or its conversion to charcoal, bio-oil
and pyrolysis gas [11; 12]. Basically the term “biomass” is defined by the UNFCCC (United
Nations Framework Convention on Climate Change). It says biomass is renewable if “the
biomass is originating from land areas that are forests,” if it is “woody as well as non-woody
biomass and originates from croplands and/or grasslands.” Furthermore, the term biomass
also includes its products as by-products as well as residues and wastes originated by the
agricultural and forestry industry. Moreover, biodegradable and non-fossil waste produced
during industrial processes and within municipal solid waste (MSW) can be classified as

renewable biomass [13].

Back to the main topic, it can be concluded that the driving force to lower the emissions in
metallurgical facilities is not negligible, since their emissions make a remarkable contribution
to the overall emissions. According to Table 1-1, the average specific CO2 emissions from the

production of selected metals can be found according to their production routes. It can be
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observed that significant differences exist between primary and secondary metallurgy.
Considering the emissions of each metal as well as its production route, an enormous amount
of CO; is emitted into the earth’s atmosphere. Fortunately, the recycling of metals and the
recovery of metals from metallurgical residues, respectively, offer a potential economic
advantage. First of all, primary resources can be saved when recycling wastes. Secondly,
heavy-metal-containing residues cause a lot of problems when trying to use e. g. slags for
construction purposes. Just small amounts of heavy metals within the slag are necessary to
label the residue as hazardous waste, depending on the country of origin. The reason is the
leachability of heavy metals in combination with the Group 7 elements in the periodic table.
Table 1-2 shows the limiting values of various heavy metals at landfills in different countries
and communities [14]. As the demand of metals is still high and the waste deposit demands a

high financial effort, a recovery of the heavy metals is definitely reasonable.

Table 1-1: Tabulation of selected metals in connection with their production ways and produced
emissions [15-17]

Production process Emission

(kg CO2/t Metal)
EAF route 400

Integrated blast furnace / basic 1,700-1,800
oxygen furnace route
Direct reduced iron route 2,500
Aluminium Primary’ 2,290-4,155
Secondary, Remelting 150-350
Secondary, Refining 250-390
Copper cathodes HRilnElsY 1,140
Secondary 310
RLE? Zink Hydrometallurgical pre-treatment | 43
Pyrometallurgical pre-treatment 1,425
Zink Imperial 4,325
Smelting furnace
Lead Primary 1,459
Secondary 383
Nickel 1,640
Tin 16,200
"including alumina and electrode production, melting and casting
2 Roasting-Leaching-Electrolysis

Table 1-2: Limiting values of heavy metals in landfills in selected countries and
communities [18-20]

Element Limits in Limits in the Limits in US
Austria [mg/kg] EU [mg/l]
mg/I
Zn
Pb

Cd
As
Cr
F
Cl
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1.3 Approach of this thesis

This thesis will investigate the possible utilization of alternative reducing agents in metallurgical
facilities with a main focus on the recycling of steel mill dust. This includes solid as well as
gaseous materials such as charcoal and pyrolysis gas, respectively, which are both originated
by biomass. Unfortunately, biomass is very high in volatile matter and therefore not suitable
for direct usage in the field of metallurgy, which is why a conversion process seems to be

mandatory, since it does not make any sense to change an existing process concept.

The main task of the renewable carbonaceous material and gas is to reduce the oxidic
compounds within the residue and to recover metals. With this, CO, gas is produced which
cannot be attributed to the anthropogenic greenhouse gas emission, because the gas

originates from a renewable resource.

However, the initial research focuses on the production as well as the characterization of
renewable fuels, since the achieved data serves as basis for a comparison with fossil fuels.
The target is to produce high quality charcoal where the main characteristic will be the final
carbon content in the future reducing agent. Further steps are trials in small scale using
charcoal to show if a substitution of a fossil carbon based metallurgical process is possible.
After a successful evaluation, scaling up to a bigger experimental set-up takes place, where a
slight process optimization will lead to a potential utilization for charcoal in the field of

metallurgy.
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2 Solid reducing agents

Fossil solid carbonaceous material plays an essential role in the generation of electrical power
as well as in other industrial utilizations, which means, for example, the whole metallurgical
industry. Widely known typical solid fuels are, among others, coal and coke. However, in the
field of utilization of solid carbons as reducing or carburization agents, greater distinctions have
to be made. Depending on the country of origin, there is a big variety of different carbonaceous
material. This means there is no unique or defined chemical composition of the carbons
mentioned above; only a data range of each type of coal can be given. Even charcoal would
be a possibility. Recent scientific theses have pointed out the advances of renewable
resources compared with fossil ones [21]. Whichever its structure, the application of carbons

is widespread, and its main tasks are — depending on the metallurgical process [22]:

¢ Delivery of heat energy by combustion
¢ Reducing agent

e Carburization agent

e Dust filter

e Support function (especially in shaft furnaces to ensure the gas permeability)

Various carbon carriers are available which can be found in or next (i.e. power plants) to
metallurgical operations. Information regarding typical values of the carbonaceous material

listed will be given in Chapter 2.2.

This section describes the various types of fossil carbons in detail to get an idea about their
characteristics, advantages and disadvantages. Furthermore, the following chapter will go into
detail in the field of alternative carbon carriers originating from the conversion of waste

biomass.

Basically, fossil fuels are produced by the conversion of prehistoric plants and animals and are
obtained as coal, crude oil and natural gas. Figure 2-1 shows the evolution of coal, which takes
several million years. A very slow carbonization process (coalification) converts the biomass
(for the definition see Chapter 1.2) by the absence of air to different products depending on
the retention time. Generally, it can be stated that the longer the time, the higher the carbon
content in the organic product [23]. In the following section, a short overview of the
characterization of coal will be given along with some influencing parameters on its reactivity

as well as analysis methods.
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Biomass Peat Brown coal Gascoal Lean coal Anthrazite

Aerobic dehydrogenation Coalification, lastsfor

graphitizing
decomposition several millions of years

Figure 2-1: Schematic drawing of the evolution of coal, a process that needs several million years [23]

2.1 Characterization of solid fossil carbons

Fossil solid carbons can be defined as heterogeneous composite material, since it consists of
mainly organic carbon, inorganic matter as well as porosity. Macroscopic views of coal show
that the material seems to be a rugged and porous black material. Taking a closer look,
microscopically it is made of the main part, carbonaceous matrix. Furthermore, huge amounts
of micropores as well as microfissures along with inorganic matter of any size and shape are
present. Coal is basically made of carbon, but distinctions have to be made with regards to its
bonding hybridization. Especially carbon is well known for its allotropy, which means it can be
found in a cubic structure (diamond), hexagonal structure (graphite), fullerene as well as
carbyne. Moreover, a second possibility for a division might be given; graphitizing carbons
(soft, non-porous, high density) and non-graphitizing carbons (hard, micro-porous, low

density). An illustration of these two types is provided in Figure 2-2 [24].

Usually metallurgical coke is produced out of graphitizing coal. The average structure of coke
can be described as a huge amount of small hexagonal crystals along with some quantities of
mineral matter that equals the ash content after a total combustion. These non-organics
typically have an amount of less than 15 % within the coke. Characteristic values of ash as
well as average contents of minerals in the mineral matter can be seen in Table 2-1. However,
although this species shows a low quantity in the carbonaceous material, it might have an
important influence on the reaction of the carbon with gases, metals or slags. Elements like
iron, calcium or magnesium as well as alkalis may have an influence at higher temperatures
and can affect the reactivity of carbon positively or negatively. One possibility is the covering
of the pores with a subsequent decreasing of the reactive surface by low melting particles.
Increasing basicity of the ash may have a catalytic effect on the reaction behaviour of carbon

with other species [24].
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Figure 2-2: lllustration of graphitizing (a) and non-graphitizing carbons (b) [24]

Investigations in the field of mineral matter within carbonaceous material show that the main

phases among others are represented by alumosilicates, as can be observed in

Table 2-1 [24].

Determining the chemical analysis is the major part in the characterization of carbons.

Therefore, different methods and standards are in use to test carbon carriers in an efficient

way. The most common ones are those from the American Society for Testing and Materials

(ASTM), the “Deutsche Industrie Norm” (DIN) and the International Organization for Standards

(ISO). Since the results of all analysis standards contain the same parameters, a very clear

explanation is pictured in Figure 2-3 [25].
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Figure 2-3: Basis for the characterization of solid carbon carriers [25]
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Table 2-1: Max. / Min. values of mineral matter (wt-%) in different coke samples according to [24]

Mineralogy of cokes Formula Minimum Maximum
[wt-%]
LTI 9.6 19.9
Crystal :
(Mainly anisotropic)
Akermanite Ca2MgSi207 0.1 0.5
Anatase TiO2 0.3 0.9
Anorthite (Ca,Na)(Si,Al)s0s 0.8 1.0
Bassanite CaS04.0.5H20 0.3 1.6
Boehmite AIO(OH) 04
Calcite CaCOs 0.2 0.8
Calcium iron oxide CaFe204 0.2
Cristobalite SiO2 0.1 1.8
Diopside CaMgSiz20e 0.4 1.6
Fluorapatite Cas(POa4)sF 0.3 2.9
Gehlenite CazAlzSiO7 0.1 04
Grossular CasAlz(SiOa4)s3 0.3 0.5
Hedenbergite CaFeSiz0s 0.1
Hematite Fe203 0.6
lllite (K,H30)(Al,Mg,Fe)2(Al,Si)aO10[(OH)2,H20] 0.3 2.8
Iron Fe 0.2 1.0
Jarosite (K,H30O)Fes3(SO4)2(OH)s 0.2 1.4
Lime CaO 0.1
Magnetite FesO4 0.4
Mullite AlgSi2013 9.1 29.0
Oldhamite CaS 0.1 0.2
Pyrrhotite Fe1xS 0.1 3.4
Quartz SiO2 4.1 20.0
Rutile TiO2 0.1 1.2
Spinel MgAI204 0.2
Troilite FeS 0.1 0.6
Woustite FeO 0.1 0.2
Amorphous 51.7 67.4
(Mainly isotropic)

Slight differences in the analysis methods can be found in the sample treatment like it is
explained in Table 2-2 for the so-called proximate analysis (moisture, volatiles, ash, Cri).
According to these variations, the results obtained might vary, as seen in Figure 2-4. Here,
several charcoals were investigated concerning their chemical (proximate) composition. As it

is shown below, the fixed carbon content is slightly higher when using the DIN/ISO standards
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or lower when applying the ASTM. In both cases, the fixed carbon (Crix) is calculated by the
difference to 100.

Table 2-2: Test parameters for the determination of moisture, volatiles as well as the ash content of
solid fuels [26—28] for ASTM; [29-31] for DIN

Parameter Final Temp [°C] Atmosphere TGA type Time / deviation

DIN/ISO ASTM DIN/ISO ASTM DIN/ISO

Constant weight | 00.050 % 15 °C
Volatiles 950°C | 900 °C N2 - Fixed time 7 min 7 min

750°C | 815°C 02 air Constant weight | 00.050 % | *10°C

Since this thesis applies the standards according to DIN/ISO, a short overview of the

parameters is given in the following section.
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Figure 2-4: Differences in the fixed carbon content (water free base) of seven charcoal samples
according to the analysis standard (DIN/ISO. or ASTM)

2.1.1 Ultimate analysis (CHNS)

The determination of carbon, hydrogen and nitrogen in carbonaceous material is carried out in
accordance with DIN 51732. Further, DIN EN ISO 15350 can be used to estimate the sulphur
content within the solid “fuel.” Usually, manufacturers of CHNS measurement devices provide
units which measure CHN and S at the same time using the same sample. The sample is
combusted using oxygen or an oxygen-containing atmosphere in both standardized tests. The

products can be divided into gases (mainly carbon dioxide, water moisture, elementary
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nitrogen and/or nitrous oxides as well as sulphur oxides and hydrogen halides) and the
remaining ash. For this type of analysis, the volatile fraction is forwarded to the measurement
units. In the case of CHS, the measurement principle is based on infrared spectroscopy and
nitrogen can be analysed with thermal conductivity detectors. The obtained values are equal
to the mass fraction (water free base) of the carbon and with this, the amount of oxygen is
calculated by the difference to 100. Unfortunately, both standards don’t give any information
regarding flow rate of the oxidation agent as well as the maximum temperature during the
combustion [32; 33].

2.1.2 Proximate analysis

To get information about the amounts of ash, moisture, volatiles and the fixed carbon, the

following standards can be applied [29-31]:

e DIN 51720 for volatile matter
e DIN 51719 for ash content

e DIN ISO 11465 for moisture
o Crix by the difference to 100

The testing parameters can be observed in Table 2-2. For the determination of volatile matter
(DIN 51720), some information about the applied furnace, the crucible and the arrangement of
the thermocouple in the furnace is given. Furthermore, the sample is kept in the furnace for

7 minutes in a closed system. Afterwards, it is removed from the furnace and cooled down.

With the application of DIN 51719, the ash content can be observed. In comparison to the
previous analysis method, a special focus must be on the final temperature and the residence
time. After the treatment, the sample is cooled down and weighted. Sometimes, a second

incineration has to be performed if there are some remaining organic compounds visible.
Finally, the analysis of the moisture is carried out using the parameters given in Table 2-2.

Also for the proximate analysis, no special requirements are necessary regarding furnace type

(except volatile matter) and sample size. The fixed carbon is calculated by difference.

2.1.3 Determination of the specific surface area

This chapter should explain the basic principles in the field of specific surface measurement,
since this method is applied as the characterization method of various carbonaceous material.
Along with this method, modern measurement units allow the simultaneous estimation of the

pore size distribution.
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The physical basis for this type of measurement is the adsorption of gases on solid surfaces
at varying pressures and temperatures. The variation of these parameters leads to an
increasing or decreasing layer build-up of gases on a solid. Usually the temperature is kept
constant (isothermal), which means there is only one parameter which changes — the pressure.
For the sake of completeness, it has to be mentioned that actually the thermodynamic
equilibrium between adsorption and desorption of the gas is the target of the analysis. As
already mentioned, a typical procedure for determining the specific surface area is starting at
low pressures. Narrow pores like micro and mesopores are filled by the adsorptive as well as
the free surface of the solid. Rising pressure leads to a further filling of macropores and the
formation of multi-layer adsorption. The well-known B.E.T. equation can be applied to calculate
the specific surface area based on the previously mentioned theory by drawing an adsorption

isotherm according to equ. 2-1 [34; 35]:

P
a - +C_1‘£ equ. 2-1

Po

o Vg adsorbed gas volume

e Vn:  equal value of a monolayer volume

o p: pressure that is kept variable

* po: saturation pressure of the applied gas (760 torr at -193 °C)
e C: B.E.T. constant

The given equ. 2-1 corresponds to the linear equation “y=d+kx.” It can be applied using the

following requirements [34; 35]:

e localized adsorption

e multi-layer adsorption

e homogeneous sample

e neglected adsorption heat in the first layer

e adsorption heats are equal to the condensation heat of the adsorptive as well as all
subsequent layers

e interactions of the adsorbate molecules can be neglected

“C” in equ. 2-1 is called the B.E.T. constant, which depends on the applied measurement gas

only. Theoretically, it can be calculated by applying equ. 2-2

C=exp———— equ. 2-2

Ei-EL
R-T
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whereby the variables are [34; 35]:

o Eq adsorption enthalpy of one layer
o EL: adsorption enthalpy of further layers (equal to the condensation enthalpy of the

gas on a solid surface)

Figure 2-5 shows an adsorption isotherm of a carbonaceous sample exemplarily. The
experimentally determined adsorption isotherm (red dots) is limited to the evaluation range.
The calculated BET line in red is overlaid to serve as a basis for the further calculation of the

specific surface area [34; 35].
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Figure 2-5: Extract from an adsorption isotherm with the calculated B.E.T. line [34; 35]

With this result, the slope “k” as well as the ordinate interception “d” can be calculated
according to equ. 2-3 and equ. 2-4. Further calculations lead to the determination of the

adsorbed volume and finally to the specific surface area (in m?/qg) [34; 35]:

equ. 2-3
C=—+1 equ. 2-4

Finally, the space requirement of the applied adsorbate at the desired temperature is needed

to calculate the specific surface area. The surface can be calculated using equ. 2-5 [34; 35]:

O, =V ‘N, -a_ equ. 2-5
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o Osgp: specific surface area [m?#/g]
e Na:  Avogadro constant

* am specific space of the applied gas molecule (N2, CO,, Kr, etc.)

As described previously, new measurement devices have the possibility to estimate the pore
size as well as the pore size distribution by mathematical and statistical models. A short
introduction of this topic should be mentioned here. Basically, the type of pores should be
divided by their size [36; 37]:

¢ Nanopores (< 0.9 nm)
e Micropores (0.9-2 nm)
e Mesopores (2-50 nm)

¢ Macropores (> 50 nm)

For the determination of nano and mesopores or the pore size distribution, the use of CO; is
recommended. The reason for this is the relatively high diffusion speed of the adsorbate
molecules at 0 °C in comparison to temperatures of liquid nitrogen (-193 °C). This leads to a
faster filling of the pores and a decreasing possibility for the measurement of incorrect

values [37].

For the porosity and surface area measurements in this thesis, the gas adsorption device
“NOVA 2000e” from “Quantachrome Instruments” was in use. It consists of two heating
(sample preparation) and two measurement stations. The usable adsorption gases are N for
fossil carbons and CO; for charcoals (because of the high porosity, as mentioned before).
Additionally, helium is needed as a purging gas as well as for the determination of the dead
volume of the sample holders due to the negligible adsorption rate of He. To keep the sample
at a constant temperature during the measurement, a Dewar vessel is used. This Dewar is
filled with liquid nitrogen (-193 °C) in the case of N2 adsorption measurements and filled with a
cooling liquid at 0 °C in the case of CO; adsorption measurements. For the second type of
measurement, a pump with an integrated cooler is used to keep the temperature constant.
Additionally, a vacuum pump is applied to adjust the required pressure inside the sample
holder.
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Figure 2-6: “Quantachrome Instruments NOVA 2000e” for the measurement of the specific surface
area and pore size distribution

2.1.4 Reactivity tests

Reactivity plays an important role in the characterization of carbon when it should be utilized
in metallurgical furnaces. A huge variety of different methods is available; a few of them are
described in the next section. Some of them are based on the weight loss during a thermal
treatment in a special atmosphere like CO,, while others count the ratio of the CO or CO»
produced subsequent to the thermal treatment. Due to the fact that all the test parameters like
temperature, residence time, gas composition, sample and grain size are related to
metallurgical (fossil) coke, some of them had to be adopted to make the measurement
possible. The grain size is the major problem because the shape of some biomasses is quite

different to the crushed and sieved fossil coals.

Basically, the types of reactivity measurement can be divided into those which are related to a
mass loss during a treatment with oxidizing agents (H20 or CO;) and those that measure the
quality and quantity of the oxidizing products (CO, Hy) after this treatment. A very popular
method which can be related to the first group is the standardized determination of the CRI
(Coke Reactivity Index) according to ASTM D 5341 [38]. This method is very important for
blast furnace operators since for this type of furnace, low reactivity coke is recommended.

Furthermore, this standard includes a tumbling test to measure the coke strength after this
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treatment (Coke Strength after Reaction - CSR). A second well-known test is the reactivity
measurement according to Koppers, but this test is not standardized [39]. Here, the so-called
R value is the result of the examination, which is based on the ratio of the amount of CO and

COz in the off- gas, according to equ. 2-6:

100 CO

- P .26
€0, + 1/, co ik

It has to be mentioned that several other or newer standards are available, but these two are
still the common ones, which is why they will be used for the comparison between the applied

carbonaceous materials in this thesis.

The reactivity test based on Koppers allowed a clear distinction between the reactivities of the
charcoal from different feed materials as well as a differentiation concerning charcoals from
various carbonization temperatures. Additionally, the determination of the reactivity with the
standardized CRI method (ASTM D 5341) was carried out, to also get a distinction of all
charcoals concerning their weight loss during this heat treatment. Both methods are based on
the Boudouard equation (C + CO, <« 2 CO), where the carbon from the charcoal reacts with
the CO, from the supplied gas stream. On the one hand, the Koppers test calculates an R
factor by the CO/COg;ration in the off-gas. On the other hand, the ASTM test results in the CRI
factor (coke reactivity index), which represents the weight loss after the reaction time. Figure
2-7 shows the experimental set-up for reactivity measurement at the Chair of Nonferrous

Metallurgy.

COICO,- i el 1
to gas analyser gas mixture 0 8 - +H co

2

e /_
Gas washing bottle
Charcoal Tubular furnace

Figure 2-7: Test equipment for the measurement of the reactivity from charcoals

As it was already mentioned previously, it is mandatory to place a special focus on the adopted
parameters which are different to the values that can be found in the recommendations or in
the standards. But it was necessary to combine the two experiments as well as possible, which

led to the following adjustments:
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Table 2-3: Comparison of the different characterization methods and the applied reactivity
measurement [38, 39]

Furnace

Temperature

Residence time

COz2 purging

Sample size

Grain size

Koppers

Reaction furnace Quartz tube in an Tubular furnace

vessel made of heat- | Ubbelode furnace [39] X ’
. s Alsint tube

resistant steel or similar

1,100 °C 950 °C 1,000 °C

120 min 5x 15 min 15 min

5 1/min 0.18 I/min 0.5 I/min

200 g 34 cm? 32 cm?

19-22.4 mm 0.5-1.0mm as delivered

Figure 2-8 shows the set-up for the CRI measurement. Due to the fact that relatively big Al,O3

spheres are used for preheating the gas, this type of set-up would not be possible for small or

unshaped samples since they would fall beneath the spheres and block the pores. Although

the time is the major difference between ASTM and NEM, they can be compared like it is

pictured in Figure 2-10. Exemplarily, four different cokes were analyzed, using the ASTM or

NEM method, respectively. Of course, the CRI at NEM is far too small, but the tendency of the

results obtained in the standardized test and the optimized experiment are very similar.
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Figure 2-8: Standardized furnace with attached N2/CO:2 purging and thermocouples according to
ASTM D 5341 [38]

Figure 2-9 and Figure 2-10 compare values obtained by the application of the standardized

ASTM method with the ones achieved at the Chair of Nonferrous Metallurgy as well as some

regression lines.
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Figure 2-9: Comparison of the standardized CRI value with those from the set-up available at the
Chair of Nonferrous Metallurgy
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Figure 2-10: Comparison of the obtained CRI values from the ASTM with the R-value from the NEM
testing unit

Figure 2-11 gives an overview of the reactivity measurement according to Koppers. It is clear
that this experimental set-up is not possible or necessary anymore. State of the art technology
allows the use of infrared spectroscopy, heat conductivity as well as paramagnetism-based

measurement units (cf. Chapter 3.2.1) to analyse the obtained gas fraction. Therefore, it is not
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required to do these trials at least five times, as it is recommended in the publication of Koppers

[39] to get information about the formation of the CO/CO; ratio.
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Figure 2-11: Experimental set-up for the determination of the coke reactivity according to Koppers;

1: CO2 bottle; 2: gas bubble counter; 3: pressure valve; 4: pressure balance bottle; 5: drying tower;

6: pressure gauge; 7: quartz tube; 8: Ubbelode-furnace; 9: gas receiver bottle; 10: gas extraction;
11: thermometer; a: coke sample; b: quartz sieve; c: asbestos; d: fireclay [39]

In the following subchapters, several types of coke will be explained (according to Figure 2-1),
starting with brown coal, since peat is not used in metallurgy because of its low quality.
Moreover, an overview of the production of purified coal (coke) as well as artificial carbon

carrier (Desulco® and petroleum coke) is given.

2.2 Brown coal

Brown coal, sometimes labelled as lignin in literature, is the lowest grade of solid fossil carbons,
except peat. As an example, the maximum carbon content of Victorian brown coal from
Australia is roughly 70 %. From this value, around 50 % is classified as hydrocarbons, which
leads to the conclusion that approximately 35 % of the brown coal can be defined as fixed
carbon (and therefore available for metallurgical purposes). Moreover, this type of carbon
carrier shows a high concentration of oxygen and relatively low amounts of sulphur. Finally,
based on the origin of this type of coal, it can be stated that brown coal is high in moisture but
low in ash. Typical values of the chemical composition can be found in Table 2-4. Compared
to other types, brown coal shows the lowest values of Crix, mostly because of its low age

compared to other carbons [40].
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Table 2-4: Proximate analysis [wt-%] of selected brown coals from Indonesia (col. 1-3) [41] and China
(col. 4 and 5) [42]

Berau | Samaranggau
OISO 15.35 | 16.13 22.33 17.45 15.80
Ash 4.42 6.36 2.15 6.66 11.67
VOIEUIEEE 40.68 | 37.20 38.05 41.66 34.69
Crix 39.55 | 40.31 37.47 34.23 37.84

Xiaolongtan ~ Huolinguole

Although this type of carbon has very unfortunate characteristics, only one utilization possibility
of lignin for metallurgical purposes is actually known. Particularly in some blast furnaces, this
types of coal is used in the tuyeres, where it is injected into the hearth of the furnace. Therefore,
the coal has to be grinded and pneumatically forwarded to the injection holes. The powdered
coal injection (PCI) leads to a dramatic increase in the coke amount and an increase in the
throughput of a blast furnace, respectively; details will be given in the next chapter since the

operation of PCls using stone coal is more common [43; 44].

2.3 Stone coal

In general, different names are known for stone coal; they might be labelled as hard coal, (sub)
bituminous coal or black coal, but it always means the third oldest type of coal, after peat and
brown coal. After hundreds of years in use in different kilns, furnaces, stoves, etc. it is definitely
not possible to give a defined chemical composition since the analysis depends on the
geographical origin of the carbonaceous material. Table 2-5 is a summary of the proximate
analysis of 34 Chinese stone coals to get an overview of the range of the components within
this type of carbon. In principle, stone coal can be divided into two substantial different types:
the humic coals, which are originated by wood and/or grass residues and the sapropelic ones,
which are made of all the other biomass sources (including algae, spores, plant residues,
etc.) [45; 46].

Table 2-5: Range of the proximate analysis [wt-%] of 34 selected stone coals [45]

Proximate analysis

Min. Max
Moisture
Ash
Volatiles
Crix

Basically for metallurgical operations, stone coal is the preferred carbon for producing
metallurgical coke. With this, a wide utilization could be realized, in ferrous as well as in

nonferrous metallurgy. Several products can be obtained from the carbonization of stone coal,
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depending on the parameter. Chapter 2.5 will give detailed information about the production

of coke as well as its application fields [47].
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Figure 2-12: Principal set-up of a coke oven chamber [47]
Another utilization of stone coal came up in the last 20 years, where an attempt was made to
implement coal powder into iron blast furnaces. The PCI technology leads to an optimized
process to obtain pig iron, since the injection into the tuyeres in the lower part of the shaft
furnace guarantees an immediate reaction together with the hot blast, resulting in the
production of reducing gas. Several advantages are responsible which lead to the conclusion
of labelling the process as “state-of-the-art” in modern blast furnace operations. Reduction of
the coke consumption, utilization of the hydrogen within the coke as a reducing agent and
improvement of the pig iron quality can be named as developments due to the PCI. A drawing

of the implementation of a PCI in a modern blast furnace can be observed in Figure 2-13 [48].
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Figure 2-13: Sectional drawing of the bottom part of a blast furnace equipped with a
powder coal injection [48]
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2.4 Anthracite

Anthracite is the last modification of the coalification of biomasses over millions of years. Since
the amount of volatile matter is very low and the carbon content in contrary very high, it is

considered as an alternative to the artificial and therefore more expensive coke.

Unfortunately, its thermal resistance is rather low, which causes bursting at increasing
temperatures. A possible solution to avoid the destruction of anthracite is to mill it and produce
briquettes with several additives to increase the resistance. Literature shows that a mixture of
anthracite powder with lignin, collagen and silicon additions increases the thermal resistance
and therefore, the compressive strength of a briquette made out of this input materials. An
optimization would be the substitution of silicon with silicon carbide nanotubes. The collagen
leads to an increased sticking behaviour of the briquette at room temperatures, which is
favourable for transportation and storage. However, lignite forces the resistance under
pyrolysis conditions in a temperature range between 400 and 1,200 °C. Finally, the silicon
carbide nanotubes guarantee the required strength above these temperatures in the melting
zone of a metallurgical furnace. However, metallurgical applications are the utilization in EAFs
at the charging of scrap and for injection purposes [49-51]. Table 2-6 shows the proximate

analysis of three different anthracites.

Table 2-6: Proximate analysis [wt-%] of three different anthracite coals

from China from Ukraine
[52] [53; 54]

No.2

Moisture
Ash

Volatiles
CFix

2.5 Coke

The first usage of coke was the substitution of charcoal in blast furnaces in the 18" century
because of its advantages compared to renewable charcoal. Usually, stone coal is used to
serve as a source for the carbonization process. Further applications of coke were the
production of salt out of salt brine and the calcination of lime. Today, coke is the most used
carbon carrier for metallurgical purposes, mostly because of its purity and strength, since it

fulfils the initial requirements for the iron blast furnace [55].

The carbonization process, a type of pyrolysis, is carried out at temperatures higher than

1,000 °C and in the absence of air. Pyrolysis happens after the increase of temperature in a
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coal particle and is the first step previous to combustion, gasification, liquefaction and
carbonization. The subsequent reaction mentioned before depends on the operating
parameters [56]. In case of carbonization, the major product is the obtained coke (or char) that
is mainly used for the production of pig iron in blast furnaces. Therefore, the mechanical
strength as well as porosity and gas permeability must be rather high, to move the carbon
without any massive destruction to the bottom of the furnace. The most common process for
the carbonization of coals is externally heated coke batteries, which are operated batch-wise
(see Figure 2-12 and Figure 2-14). The indirect heating takes place by the combustion of fuel
gas, often by the coke oven gas itself. After several hours, the produced coke is removed from

the furnace, quenched and forwarded to further processes [57].
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Figure 2-14: Koppers Becker underjet coke oven furnace [57]

Depending on the input material (coal), the parameters in the carbonization process and the

designated use, the obtained product can be labelled as [47]:

o “Coke” (obtained from the carburization of stone coal), gas coke, pitch coke, petroleum
coke

e Semi coke, high temperature coke

¢ Industrial coke, furnace (or metallurgical) coke, foundry coke, domestic coke, coke
breeze

e Electrode coke, calcined petroleum coke, calcined pitch coke

The big advantage of the charring process is that the amount of fixed carbon increases with
the simultaneous decrease of volatiles and ash [58]. Table 2-7 shows the chemical
composition of several cokes. Further advantages are that specific values, like sulphur (<1 %),
ash (<8.5 %) and volatiles (<1 %) are rather low for the conversion of coal to coke in the

absence of air [49].
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Table 2-7: Overview of the proximate analysis [wt-%] of eighteen different coke samples [59]

Moisture
Ash

Volatile matter

Fixed carbon

Moisture
Ash

Volatile matter

Fixed carbon

2.6 Petroleum coke

Petroleum coke is a by-product from the production of fuels and organic compounds,
respectively, during the refining of crude oil in petrochemistry. The flow sheet in Figure 2-15
shows the production overview of several oil-based compounds, including petroleum coke.
The green coke itself is the residue of the coking process, where heavy hydrocarbons are
cracked to maximize liquid products. But the major product within this process is petroleum
coke, which mainly contains all the undesirable components like sulphur, metals and nitrogen

that should not be accumulated in e.g. fuels [60].

The analysis of pet-coke varies, depending on the crude oil and the parameters (temperature,
pressure, etc.) of the production unit within the refining plant. Typical ranges of the proximate

analysis of crude (green) petroleum cokes are represented in Table 2-8 [61].

Further optimization would be the implementation of a calcining step, as it was mentioned
previously. Here, remaining oil or tar components are removed from the pores of the coke
typically in a rotary kiln or rotary hearth furnaces. With an incomplete combustion and
carbonization, respectively, the carbon content of the pet-coke is increased with a
simultaneous reduction of the amount of volatiles and moisture. About 20 % of the world’s
produced petroleum coke is sold as calcined pet-coke. In this case, the product is, among
others, utilized in metallurgical furnaces as a reducing agent or for other purposes (carbon

anodes (primary aluminium production), Séderberg anodes, graphite anodes) [60; 62].
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Table 2-8: Typical ranges of the proximate analysis of green petroleum coke (values are on dry
base) [61]
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Figure 2-15: Process overview of the origination of crude oil-derived products [63]

2.7 Desulco®

Desulco® (invented word out of desulphurized coke) is a product from the company “Superior
Graphite Co.” in Chicago, United States of America. The production plant is located in
Hopkinsville, USA, whereby a second plant is operated in Sundsvall, Sweden. This type of

carbon carrier is often used in the field of re-carburization in the casting industry [64].
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The feed material to obtain Desulco® is usually calcined petroleum coke. The purification step
is a continuous working electro-thermal furnace at temperatures higher than 2,760 °C. Due to
these operating conditions, the matrix gets rid of undesirable substances like moisture, ash
and volatiles. Especially the removal of sulphur is an important factor when utilizing a
carbonaceous material in metallurgical operations, since this element usually causes a lot of
problems. The further graphitization of the carbon leads to a unique morphology of the carbon
particles obtained. The typical analysis according to “Superior Graphite Co.” is given in Table
2-9. Obviously, it is not necessary to perform a separate ultimate or proximate analysis

because of the applied production process [64].

Table 2-9: Typical chemical analysis of Desulco® coke [64]

Standarized

values

99.9 %
0.014 %
42 ppm

10 ppm

In Figure 2-16, the production unit of this special type of carbon carrier is illustrated. The
conversion takes place in the upper part of a retort where the energy is delivered using three
electrodes, increasing the temperature up to atleast 1,700 °C, but usually higher (see previous
section). The feed material, calcined petroleum coke, is charged at the top of the furnace,
moving down during conversion. Here, the carbon is purified by the removal of remaining
volatiles and ash. The lower part mainly consists of the cooling system to get rid of the heat
prior to the discharge at the bottom of the conversion unit. Further processing after cooling

down would be a sieving step with a subsequent packaging [65].
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Figure 2-16: Drawing of a production unit for desulphurized coke [65]
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3 Alternative reducing agents

The previous chapter describes the state of the art of carbon carriers that are used in
metallurgical furnaces and kilns. Because of environmental reasons already mentioned before,
new ways have to be found to reduce the emission of greenhouse gases, especially CO,. One
possibility is the utilization of waste biomass which is converted to special charcoal. In this
thermochemical conversion process, a by-product is also formed, the so-called pyrolysis gas.
Since this gas contains a valuable amount of reducing agents (CxHy) as well, it should be
considered to think about utilization possibilities; in the case of metallurgical applications, it

might serve as an alternative reducing gas or heating gas in various furnaces [66—69].

The main organic components of fresh biomass are cellulose as well as hemicellulose and
lignin. The model in Figure 3-1 shows the schematic design of fresh biomass. Of course the
amount as well as the ratio of each component varies a lot within the different types of
biomass [66—69].

Cellulose

Figure 3-1: Visualization of the organic components in biomass [70]

To upgrade the mentioned biomass, a pyrolysis process is carried out to purify the
carbonaceous material. The basic principle as well as the obtained products are described in
Figure 3-2.

Historically, the first carbonization reactors were invented to provide charcoal for the medieval
iron making process. These very simple earth kilns were of course very inefficient, since the
charcoal yield was relatively low; a specific quantity of biomass was combusted to deliver heat
energy to run the carbonization process. An optimization of the reactor led to concrete-based

walls that guarantee a higher biomass throughput and increasing pyrolysis temperatures.
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These types of kilns can still be found in Brazil next to the mini blast furnaces. Finally, the
newest commercially used operations are mostly indirectly heated retorts. For this reason, the
charcoal yield increases and the pyrolysis gas-based fuel efficiency is very high, leading to an
economic process. Unfortunately, all the mentioned methods are not able to produce high
quality charcoal, which is why newer technologies have to be found in order to deliver satisfying

results. Among others, very popular carbonization reactors are [66; 71]:

o Rotary kilns
e Screw reactors

e Fluidized bed reactors

bio gas

(permanent gas)

thermochemical
biomass A treatment bio oil
(carbonization/gasification/ (tars)
pyrolysis)
charcoal

Figure 3-2: Products obtained from the thermochemical treatment of biomass [68]

The thermochemical conversion process was performed in a novel carbonization reactor which
is able to treat semi-continuously fresh biomass at untypically high temperatures and varying
retention times. Figure 3-3 shows the draft of the reactor that has already been described in

previous theses and was utilized in the present work [21; 72].
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Figure 3-3: Semi-continuous “twin screw reactor” for the production of high quality charcoal

For this conversion in the absence of air, the biomass is stored in a bin until the reactor is at
the desired temperatures at the very beginning. Different temperature profiles (equals heating
rate of the biomass) can be applied. Afterwards, the biomass is moved by two rotating screws
through the heated reactor and because of the absence of air, converted to charcoal. In this
process, various hydrocarbons are evolved since they are very volatile, depending on their
chemical structure. Since this gas is also combustible, it could be used to heat the furnace wall
as well as to operate the carbonization process without any externally provided power.
Considerable know-how has been acquired in recent work; therefore, only a short summary is
given which describes the carbonization process. Furthermore, it has to be mentioned that all
the charcoals used within this thesis were produced with this reactor. This section gives a
summary of the recently performed carbonization experiments as well as characterization
possibilities and results, along with an interpretation of all these ftrials. Additionally, the
pyrolysis gas is taken under investigation with respect to the condensable as well as non-

condensable fraction.

3.1 Charcoal

Charcoal is one of the products in the thermochemical treatment of biomass in the absence of
air. Beside this, a volatile fraction occurs during this treatment and can be defined as pyrolysis
gas, which is described in Chapter 3.2. Charcoal is known as the first artificial human-made
product, since the first cave paintings 40,000 years ago were done using this carbonaceous

material. The fields of application in former times were widespread; it is known that further
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uses of this renewable resource were cooking and melting of metals. The implementation of
charcoal as an energy carrier for the melting or reducing of oxidic ores retained till the

production process of coke was applied successfully [69].

The definition of biomass was already given in the introduction of this thesis [13]. In principle,
the major components of biomass are hydrogen, oxygen and carbon, as can be seen in Figure
3-4. Beside them, some nitrogen can be found as well as small traces of sulphur. Some
inorganic matter is present which consists of Na, K, Mg, Ca in addition to some chlorine.
Referring to the proximate analysis of carbonaceous material, these species can be found in
the ash fraction. The organic fraction, H, O and C are bond together and can be found as
cellulose, hemicellulose and lignin [73; 74]. The exact behaviour of these compounds as well
as their behaviour during heating up in the absence of air are described in the following section.
Nevertheless, the average chemical composition of various biomasses that were treated in the
last couple of years is pictured in Figure 3-4. The analysis methods applied here were already
presented in the previous section. Here, a ternary system is shown, similar to ternary slag
systems, where each corner represents 100 at-% of H, C and O. Furthermore, the biomass
conversion processes are layered to get an idea about the various types of thermochemical
treatment. As it is pictured here, due to a carbonization step (labelled as “P” for slow pyrolysis),
the amount of hydrogen as well as oxygen is minimized extremely, since biomass is known for
its high amount of volatiles, as it can be observed here. By applying the aforementioned

technology, it can be stated that the remaining solid gets “purified” with carbon [25; 67].

Taking a closer look at the thermochemical treatments of biomass, the basic principle of each
type of biomass treatment can be observed in Figure 3-5. Due to the supply of thermal energy,
biomass is heated up and further converted in absence of air. Major steps are the evolution of
volatile matter, which can be divided into condensable and non-condensable gases
(subsequent chapter). The remaining solid is accumulated by carbon as well as the inorganic
matter (ash). Several secondary reactions can occur which are, for instance, polymerization or

cracking reactions that lead to a further increase or decrease of each fraction [25; 67].
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Figure 3-4: Ternary diagram “C-H-O” (in at-%) of several biomasses as well as a second layer
representing several biomass conversion processes according to [25]; F = fast pyrolysis; H =
hydrogen; S= steam; O = oxygen; P = slow pyrolysis

By varying the initial parameter such as temperature, residence time, heating rate, etc. the
quantity and quality of charcoal and pyrolysis gas can be varied. Moreover, it has to be
mentioned that the parameter of highest influence for the carbonization of biomass is the raw
material itself. Since several theses were written in the past [21; 72], a short summary of their
results will be given as well as own results of performed experiments based on the mentioned

publications.
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Figure 3-5: Thermal decomposition of a biomass particle under pyrolysis conditions [25]

Beside the fact that the biomass itself influences the result of a pyrolysis, the major impact is
the carbonization temperature, as shown in Figure 3-6. Here, all the trials of the recent years

are published, beginning with initial trials in the muffle furnace (dotted line). After this batch-

34



Alternative reducing agents

wise process, the semi-continuous production in the “twin screw reactor” was implemented
(dashed line). Further optimization was carried out with regards to the ratio of charcoal quality
to maximum temperature (solid line). It could be seen that, although the yield decreased
significantly at 900 °C, the Cii did not accumulate too much. This was the reason why it was
decided that due to this fact and economic reasons, the best range to produce metallurgical

charcoal is between 750 and 850 °C.
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Figure 3-6: Development of the charcoal yield subject to the maximum
carbonization temperature; own data and from [21; 72].

In Figure 3-7, the aforementioned progress of the fixed carbon content dependent on the
obtained charcoal yield is pictured. Due to the fact that the Csy increases at high temperatures,
the charcoal yield is unfortunately rather low. This means that enormous amounts of fresh
biomass would be needed to generate a reducing agent that meets the requirements of
metallurgical operations. This fact, in combination with the economic reasons, also led to the

final decision to lower the maximum carbonization temperature.
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Figure 3-7: Banana-shaped evolution of the fixed carbon content dependent on the obtained charcoal
yield; own data and from [21; 72]

q

Regarding the influencing parameters, various experiments with changing retention times were
performed in the “twin screw reactor” to get insight into the behaviour of the yield during the
thermochemical treatment. The tests were carried out using biomass from olive cuttings, at a
temperature of 850 °C. Unfortunately, the biomass was really inhomogeneous; the woody
trunks were mixed with leaves of the trees as well as a high amount of stones. Since it was not
possible to remove the small particles, they found their way into the reaction chamber.
Therefore, the results concerning the yield have a very high fluctuation rate. Nevertheless, a
very slight decrease in the yield at higher residence times can be observed, which means that
retention times in-between 0.5 and 2.5 h led to similar yields. With respect to the fixed carbon
content, no mentionable impact on the retention time could be observed due to the fact that
the input material was very inhomogeneous, as mentioned before. The ash content is
accumulated in the charcoal. That means that with an increasing pyrolysis temperature, the
relative amount of ash also rises since the inorganic matter is inert to this treatment. In the
case of volatiles, the opposite happens. The higher the pyrolysis temperature, the lower the
amount of volatile matter; further influences could be observed with varying retention times.
With longer retention times, the volatile matter in the charcoal decreases, which is easy to
explain since the solid carbon remains in the hot reactor longer. That leads to an extra
purification of the carbonaceous material, because the volatile matter has enough time to
evaporate at these high temperatures. Moreover, some secondary cracking reactions might

occur with the subsequent precipitation of solid carbon, increasing the yield slightly.
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Figure 3-8: Evolution of the charcoal yield at varying retention times in the “twin screw reactor”

Finally, the best parameters to produce charcoal concerning good quality and economics are
in-between 700 and 800 °C and retention times of about 1-2.5 h. However, the converted
biomass is relieved by hydrogen and oxygen, as it is shown in Figure 3-13 for self- produced
charcoals as well as some commercial carbons which may be used in metallurgical operations.
What is very interesting is the fact that within this diagram, the evolution of fossil carbons can
be observed. Taking the chemical composition and the position in the ternary diagram in Figure
3-13 into account, the biomass is also the origin of fossil fuels, which means high in hydrogen
and oxygen. With the subsequent purification which lasts for long periods of time, the chemical
composition is shifted to the bottom left corner, increasing the carbon content. This can be
easily observed in this figure. The youngest fossil carbon is brown coal, higher in oxygen and
hydrogen than stone coal. Further purification to anthracite leads to a decrease in oxygen and
hydrogen, as it is shown here and similar to the carbonization of biomass and blast furnace
coke for stone coal. Finally, the high quality Desulco® is completely free from oxygen and

hydrogen and can be found in Figure 3-13 at the bottom left of the ternary system.
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Figure 3-9: Decrease of the analysed volatile matter at increasing retention times
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Figure 3-10: Overview of the results obtained in the carburization experiments in the “twin screw
reactor” as well as comparable fossil carbons from Chapter 2, according to [25], data from [21; 72] and
own experiments

The previously mentioned geological evolution of carbons can be seen in Figure 3-11, where
the progress of the ratio of H/C at the ordinate dependent on the ratio O/C at the abscissa of
several carbons is pictured. This diagram was first used in “Coal science” and is named after
its inventor — van Krevelen [25; 75]. This diagram was originally used to characterize fossil

carbons concerning their quality and further utilization. In the subsequent figure, the results
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obtained as well as other carbon carriers pointed out in this thesis were plotted according to
van Krevelen. It can be seen that the charcoal obtained from the biomass residues is high in

quality, as already stated referring to the ternary diagram.
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Figure 3-11: van Krevelen diagram with own used biomass/charcoals as well as carbonaceous
material from literature provided in Chapter 2, from [21; 72] and own literature, diagram according to
[25; 75]

Finally, the influence of the pyrolysis temperature on the specific surface area of the charcoal
should be discussed. It can be seen in Figure 3-12 that the surface area increases between
600 and 750 °C. This behaviour can be associated with the decrease in volatile matter within
the biomass, leaving a porous structure behind. Surprisingly, after reaching a maximum at
750 °C, the specific surface area decreases. According to [76; 77], it can be stated that due to
a further increase in the pyrolysis temperature, the structure of the charcoal is destroyed,

resulting in a decrease in the specific surface area.
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Figure 3-12: Evolution of the specific surface area subject to the pyrolysis temperature as well as the
retention time of the biomass/charcoal [72]

3.2 Pyrolysis gas

As already stated, the second product group obtained during pyrolysis is the gas fraction.
Biomass releases a huge variety of different gases during its conversion into charcoal, which
have to be characterized according to their utilization as a reducing agent or fuel gas. Due to
an equivalent value of hydrogen, carbon monoxide as well as hydrocarbons (CxHy) within the
pyrolysis gas, there is an available reducing potential that should be investigated in order to
obtain basic knowledge in this field. The main question, among others, is the chemical
composition of the gas fraction that is produced during the carbonization process of the
biomass/charcoal. Further thermo-chemical calculations in terms of heat value and volumetric
flow should give a rough overview as to whether this type of gas can serve as a reducing agent

in metallurgical units.

3.2.1 Characterization of the gas fraction

In principle, the gas fraction obtained during a pyrolysis/carbonization process can be divided
into two separate groups; the non-condensable gases (also known as “permanent gas”) and
the condensable ones (“tars”). Permanent gas is really easy to determine since it consists of
mainly Hz, CO, CO, and CH4. Here, the volumetric composition can be investigated very easily
using e.g. infrared, thermal conductivity and paramagnetism, as it is available at the Chair of
Nonferrous Metallurgy. Unfortunately, the tar fraction causes problems, especially if a

continuous sample taking and subsequent analysis are considered. Moreover, a prediction of
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the tar fraction using thermodynamic programs is not successful, as the evolution of non-
condensables is a result of kinetic processes [78]. This was the reason why the experiments
performed in the following section were executed with the assistance of the “DBFZ —
Deutsches Biomasse Forschungszentrum,” which has knowledge and the appropriate

equipment in the field of biomass conversion [79].

3.2.1.1 Permanent gas

Permanent gas, which is also known as non-condensable gas fraction, mainly consists of HO,
H,, CO, COz and methane. Smaller amounts are light hydrocarbon like C;Hg or C2Hs. When
applying the continuous gas measurement unit ABB EL3000 series that is available at the
Chair of Nonferrous Metallurgy, attention has to be paid to the estimated gas composition.
Especially when measuring a gas fraction which also consists of hydrocarbons, cross
influences will occur that lead to a slight increase in the accuracy of the values received by the
measurement unit. However, three types of physical principles are available to determine the

volumetric composition of a gas at the Chair:

¢ Infrared spectroscopy (CO, CO2, CH4)
e Para magnetism (O3)

e Heat conductivity (H2)

Unfortunately, the moisture (H2O) content cannot be measured online using this device, since
the water condenses in the pipes which forward the trapped gas to the gas analyser. Basically,
the liquefaction of water could be avoided by the application of a heated pipe, but the maximum
temperature in the measurement unit is limited to low temperatures, so a condenser must be
applied to remove the H>O. The only possibility to get information with regard to the water
moisture content is to carry out preliminary experiments in a TGA (thermogravimetric analysis)
to estimate the summarized content of moisture, or to condense the whole gas fraction in
advance and to separate the water from the liquid fraction. Finally, the water amount can be

estimated gravimetrically.

However, although there were remarkable problems regarding sampling and its accuracy,
comparable results were obtained, which will be explained below. First of all, and very similar

to the solid product, the influencing parameters are generally:

¢ Raw material (biomass)
e Temperature

e Retention time
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With regard to the raw material, the highest influence on the average chemical composition of
the pyrolysis gas could be evaluated. Since the amounts of cellulose, hemicellulose as well as
lignin in the raw material are responsible for gas evolution, the resulting yields of the solid and
gas fraction are quite varying. The reason is the interaction of these three hydrocarbons with
each other, resulting in various decomposition and polymerization reactions, as it can be

observed in Figure 3-13 for four different carbonized biomass residues.
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Figure 3-13: Influence of the raw material (biomass) on the average gas composition at a pyrolysis at
850 °C maximum temperature and retention time 2 h

Figure 3-14 shows the influence of the retention time of the biomass/charcoal in the reactor on
the average composition of the non-condensable fraction. It can be seen in this diagram that
especially “fast” pyrolysis (<0.5 h) leads to a formation of CO2 and CHs. It is obvious that this
can be related due to the little time for the gas formation, since especially short retention times
lead to the production of longer hydrocarbons (bio-oil production), which is expressed in a
decrease in the CO; and CH4 amounts. Longer retention times force the heat transfer in-
between the reactor (source of heat energy) and the carbonaceous material. This leads to an
increase in the CO and H formation because of the fact that the production of tars is just a
matter of kinetics. This means the long chained hydrocarbons as well as CO, and CH4 are
cracked at longer residence times and reformed, respectively, resulting in a higher yield in syn-

gas, as pictured in Figure 3-15.
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Figure 3-14: Evolution of the gas composition at varying retention times at the pyrolysis of olive tree
cuttings, 850° C

Syn-gas (synthesis gas) is usually a mixture of H, and CO, but can also contain other reducing
agents. This gas could serve as a reforming agent for further gas optimization or for
combustion as well as for metallurgical purposes. Especially in the field of the direct reduction
of iron ore, synthesis gas is required to reduce the oxidic input material. Technologies like
MIDREX, HYL/Energiron, FINMET and Circored can be named as typical representatives in
this field of direct reduction. Principally, the metallurgical procedure is based on the utilization
of shaft furnaces or fluidized bed reactors to produce direct reduced iron (DRI) or hot briquetted
iron (HBI) [80-83].

However, the syn-gas concentration at varying pyrolysis gas temperatures and different
biomass is shown in Figure 3-15. As already mentioned, the syn-gas yield increases with
higher temperatures, the reason being the cracking of long chained hydrocarbons at such
conditions, forming additional H, and CO in the pyrolysis gas.
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Figure 3-15: Overview of the obtained syn-gas content (H2 and CO) at varying pyrolysis temperatures

In the next chapter, the origin and chemistry of the tar fraction will be described in detail, since

with the know-how obtained here, the utilization possibilities can be evaluated.

3.2.1.2 Tars

During the carbonization of charcoal, a huge amount of gases are produced, which can be
divided into non-condensables and condensables. The last fraction is also known as tar. What
is typical for this product is its highly viscous behaviour after cooling down to ambient
temperature. Various problems can occur if the condensable part of the pyrolysis gas is treated
wrong. Consequently, this chapter should serve as a basis for further decisions as to how to

utilize this type of product in a smart way.

As it was already mentioned, the utilization as well as the characterization of tars might cause
problems because of their strong sticking behaviour at relatively low temperatures. The reason
is their relatively low condensation point which is, in dependence of the species respectively,
lower than 400 °C. That means that a tar sample has to be kept at elevated temperatures
and/or has to be removed from its origin and immediately forwarded to its analysis. This is the
major challenge when thinking of a continuous analysis of a non-condensable fraction that is

obtained in a continuous carbonization process, as is the case here.

Different methods are available to determine the chemistry of tars. Two well-known and often
approved methods (not standards) are the “tar protocol” and the “SPA method.” The SPA

method (Solid Phase Adsorption) was the firstinvention to take tar samples during the pyrolysis
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of biomass. Since this method has several disadvantages, a research group was founded by
the European Union for evaluating various methods to improve the technique. This resulted in
the tar protocol, which allows a semi-continuous sample measurement but continuous gas
analysis under carbonization conditions. Therefore, this newer development was chosen to be
utilized as the appropriate method during the carbonization of biomass in the twin screw

reactor. In Figure 3-16 the experimental set-up of the tar protocol is shown [84].

Probe Particle filter :
N —
& (heated) Flow [|J S
a5 E J ___S ﬂ _@ indicator U ta

| { Volume
. o : flow meter
,at,lﬁa—_. Liguid /,-, | =
Pitot fquenct \ \:__ t}ﬁ

tubes A

]

Backup
adsorber
bath
2 5
Water bath I - 3 4 6
(T =20 °C) - _ Salt and ice
Gas washing bottles bath
(T =-20°C)

Figure 3-16: Experimental set-up of the tar protocol according to the research group of the
European Union [84]

A pump extracts the hot gas by a needle through a diaphragm from the off-gas stream of the
pyrolysis reactor. Using a heated plate that keeps the temperature at 500 °C prevents the
premature condensation of the condensable fraction. A subsequent decrease in the
temperature is done by an iced filter to separate the soot. The following extraction of the tars
is carried out with three washing bottles using isopropanol, where the whole condensables are
dissolved. Two bottles are used to collect the tar; one is used as the “standby bottle” for
unforeseeable events. Finally, the tar-free fraction — basically the non-condensable species
from the pyrolysis — leaves the experimental set-up through a dryer, flow meter as well as a
gas counting unit. For safety reasons, the exhausted gas is post-combusted and fed to the off-
gas system of the building. The samples are sent to the “DBFZ” for sample preparation and
characterization regarding the chemical analysis. Because of the uncertainties concerning the
species present in the liquid, it was chosen to search for the EPA 16 PAH species since they

are well known in any kind of pyrolysis gas [85].
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3.2.1.2.1 Literature survey of the chemistry of tar

A short overview of the condensable hydrocarbons obtained during pyrolysis is given in this
section. In this part of the report, an analysis of the tar fraction from the pyrolysis of
pomegranate seed is cited. The pyrolysis parameters in this scientific publication are almost
equal to the ones performed at the Chair of Nonferrous Metallurgy. That means the maximum
temperature as well as the retention time of the biomass/charcoal are similar, leading to the

assumption that the tar compounds obtained are also nearly equal [86].

In Table 3-1, the different benzene derivates in the tar fraction are given. These species - also
known as alkylbenzenes - are basically benzene rings in which one or more hydrogen atoms

are replaced by a varying number of alkyl groups (-CHs) [86; 87].

Table 3-1: Overview of the benzene derivates obtained in the pyrolysis of pomegranate seeds [86]

Benzene Derivates

Name of compound Formula  Name of compound Formula

Methylbenzene C7Hs 1,4-Dimethyl-2-(2- Ci2H1s
methylpropyl)-
benzene
Ethylbenzene CsH1o Hexylbenzene Ci2H1s
1,3-Dimethyl-benzene CsH1o Heptylbenzene Ci3H20
Propylbenzene CoH12 Octylbenzene C14H22
1-Ethyl-2-methyl- CoH12 2,3,5-Trimethoxy- C14H1403
benzene methylbenzene
Butylbenzene CioH14 Nonylbenzene CisH24
Pentylbenzene C11H1e (1-Methylnonyl)- CieHz6
benzene
(1-Methylbutyl)- Ci1H1e Decylbenzene CieHa2s
benzene
(1-Methyldecyl)- Ci7H2s
benzene

In Table 3-2, the analysed phenols in the tar are pictured. Phenols are very similar to the
derivates of benzene; instead of an alkyl group, hydroxygroups are attached to a benzene or

arene ring [86; 87].
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Table 3-2: Phenolic compounds found in the condensable gases during pyrolysis of pomegranate
seed [86]

Phenols

Name of compound Formula Name of compound Formula

Phenol CeHsO 3-Ethylphenol CsH100
2-Methylphenol C7HsO 2-Methoxy-4- CsH1002
methylphenol
4-Methylphenol C7HsO 2-Hydroxyphenol CsHsO2
2-Methoxy phenol C7HsO2 | 3-Methoxy-2-hydroxy C7HsOs3
phenol
4-Ethyl phenol CsH100 4-Ethyl-2-methoxy C7Cs02
phenol
2-Methoxy-4-propyl | C10H14O2 | 4-Methyl-2-hydroxy C7HsO2
phenol phenol
2-Methoxy-4-(1- C10H1202 2-Methoxy-4-vinyl CoH1002
propenyl) phenol phenol
2,6-Dimethoxy-4-(2- | C11H1403 | 2,6-Dimethoxy phenol | CsH1003
propenyl)-phenol (syringol)
2-Methoxy-3-(2- C10H1203
propenyl) phenol

The acids and esters which are listed in Table 3-3 belong to the fatty acids (or aliphatic

monocarboxylic acids) and consist of chains with several carbons [86; 87].

Table 3-3: Results of the GCMS analysis of acids and esters in the tar fraction [86]

Acids and esters
Name of compound Formula Name of compound ‘ Formula

n-Octanoicacid CsH1602 Methyloctanoate CoH1802

n-Hexadecanoic-acid | CisH3202 | Methyl-hexadecanoate | C17H3402

Table 3-4 gives an overview of the different alkanes which may occur during a pyrolysis
process. This chemical compound consists of carbon and hydrogen only, which can be
branched or unbranched [86; 87].

Table 3-4: Summary of alkanes of pomegranate seeds obtained at the GCMS [86]

Alkanes ‘
Name of compound Formula Name of compound Formula
n-Decane CioH22 n-Dodecane Ci2Hze
n-Undecane C11Hz2a n-Pentadecane CisHs2
n-Hexadecane CieHz4

Table 3-5 shows the compounds which contain nitrogen. They can occur in connection with

benzene rings as well as in a molecular chain [86; 87].
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Table 3-5: List of N-containing compounds detected in the tar in a GCMS [86]

N-containing compounds

Name of compound Formula Name of compound Formula
3-Methoxypyridine CsH7NO Hexadecanenitrile CieH31N
1H-Indole CsH7/N

In Table 3-6, the last condensable species which may evolve during a pyrolysis of biomass are
shown. Polycyclic aromatic hydrocarbons (PAH) are a molecular system which has more than

two benzene rings. They are well known for their carcinogenic behaviour [86; 87].

Table 3-6: Overview of Polycyclic aromatic hydrocarbons in the condensable pyrolysis gas [86]

Polycyclic aromatic hydrocarbons (PAH)

Name of compound Formula Name of compound Formula
2-Methyl-naphthalene C11H1o 1-Methyl-naphthalene C11H1o

As seen in the previous tables, the variety of species in the tar is really vast. Therefore, it is
important to know how to proceed with the tar after leaving the pyrolysis reactor, if it is not post
combusted. This is very important if the environmental legislation and the regulations of the
maximum workplace concentration values are taken into account. The evolving chemical

compounds are all well known as unhealthy and carcinogenic, respectively.

3.2.1.2.2 Evolution of tar

A high influencing factor is the amount of N, S CI, K and other trace elements, which are
responsible for producing pollutants. As a pyrolysis process is performed during the heating
up of the biomass, CO, polycyclic aromatic hydrocarbons (PAH) and soot, together with
characteristic smoke markers of pyrolysis such as levoglucosan, guaiacols, phytosterols and
substituted syringols are released which are within the tar [88]. As a result, a categorization

can be done in four groups depending on the reaction conditions [89]:

e Primary products which are derived from cellulose, hemicellulose and lignin products
(like levoglucosan, hydroxylacetaldehydride, furfural)

e Secondary products which are mainly characterized by phenolics and olefins

o Alkyl tertiary products which are mainly methyl derivates of aromatic compounds

o Condensed tertiary products consisting of more or less condensed PAHs

But now the big question is how tar is produced during a pyrolysis/gasification process due to
the fact that it is responsible for major issues during the process. The maijor influencing factor
regarding the biomass feed material is the amount of volatiles and the water content in the

fresh biomass. The higher the values, the higher the amount of pyrolysis gas and as a result,
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the amount of tar in the gas [90]. Typical values occurring during a carbonization procedure in
the temperature range of 660 to 800 °C are reported in literature between 1 and 20 g/Nm? [91;
92].

A good overview of the tar product is given in Figure 3-17, where the primary, secondary and
tertiary products depending on the pyrolysis conditions are explained. This means that during
a thermo-chemical treatment, the different stages are passed by the biomass, forming the

pictured products [93].

Primary Processes Secondary Processes Tertiary Processes
LESISC PR AL SR I Lisht Hydrocarbons,  [B6efing, Aromatics, PNA's
Vapor co (oxygenates) aromatics, and PN IR R > COo,H ,CO —>00'Hz
Phase ** s LU g Hpp Hy 2" 2 COzH D
A oxygenates HﬁCH 4
Liguid
Phase **

Solid
Soot
2| e e B

Pyrolysis Severity ————>

* This box is meant to include solid biomass, but also its plastic or rubbery forms prior to major
rapture of covalent bonds to produce low molecular weight vapor or liquids.

*# Only first-formed products are shown. All of these products could be condensed to liquids and solids.

Figure 3-17: Possibilities for gas and tar formation depending on the pyrolysis parameters [93]

A different possibility is given in Figure 3-18, where the maturation of the tar is determined by
the pyrolysis temperature [93]. The biomass decomposition at the same time as in this figure

can be divided into four stages [90]:

e Evaporation of moisture <220 °C
e Decomposition of hemicellulose between 220 and 315 °C
e Decomposition of cellulose between 315 and 400 °C

e Lignin decomposition > 400 °C
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Figure 3-18: Change in the gas evolution during the heating up of biomass with absence of air [93]

Subsequently, the formation of the three different species during the pyrolysis process will be

described in more detail.

3.2.1.2.3 Lignin

Usually biomass consists of 20-40 % lignin, depending of course on the biomass type, but it
can be said that hardwood contains less lignin than softwood. This fraction consists of different
aromatic molecules which lead to the formation of PAHs. The pyrolysis of pure lignin results in
(non-condensable) permanent gas, char and condensable tars. The prediction of the
distribution of the products is very difficult since the decomposition of this species occurs in a

wide temperature range of 100 - 900 °C. The main products in the gas phase are [90]:

e Hy0O, methanol
¢ Phenolics (at least one OH group bond to an aromatic hydrocarbon)

o Gases (methane, ethane, ethylen, propane and carbon oxides)

3.2.1.2.4 Cellulose

The pyrolysis of cellulose takes place in the temperature range of 327-407 °C, where the main
product is tar compounds. As the empirical formula of cellulose is H(CsH1005),OH (n is variable
between 200 and ~10,000), the products are a wide variety of carbohydrates (mostly furans

and aldehydes) which are responsible for the formation of tar [90].

3.2.1.2.5 Hemicellulose

This part of the biomass is the least stable polymer. This is the reason why the decomposition
during pyrolysis is the fastest (220-315 °C), whereby the remaining char of the hemicellulose
is approximately 20 % of the original polymer. The structure is very complex, which is
responsible for the bonding of the lignin and the cellulose. The main compounds from the

pyrolysis of hemicellulose are methanol, acetic acid, furfural, acetone and C,, C3; gases [90].

Taking into account that there is also ash participating the conversion process, the chemical
reactions would change, since some of them (especially sodium and potassium) may act as a
catalyst. As an example, the products would change in their amount, creating new chemical

compounds, as it can be seen in Figure 3-19 [88]:
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Figure 3-19: Tar, gas and fly ash evolution in incomplete combustion, which can be compared with a
pyrolysis process [88]

3.2.1.2.6 Tar removal

There are also different methods available to reduce and control the tar concentration in the
pyrolysis gas, which should be mentioned here. The first method — the primary one - is to
remove the tars inside the reactor, whereby this technique is only possible with proper
adjustment and design of the reactor, which is very difficult to realize. Possibilities are the

secondary methods for the controlling of condensable hydrocarbons [90; 94]:

e Mechanism methods
scrubber, filter, cyclone and ESP
e Self-modification
similar to primary methods
e Thermal cracking
drastic increase in pyrolysis gas temperature to 1250 °C and higher
e Catalyst cracking
tar removal by catalytic reactions using Ni-based, alkali metal, dolomite or novel metal
catalysts
e Plasma methods

destruction of organic compounds with corona discharges

3.2.2 Results

The first step of the measurement of the pyrolysis gas is the removal of the solid particles like
soot and other dusts. The amount of these particles was performed during the tar

measurement in all trials, between 2.4 and 4.8 g/m3y, which means that the deviation of the
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results was in a close range. Furthermore, the overall tar content was measured, where results
of tar are obtained from 17.9 to 53.2 g/m3\ [79].

As already explained, the gas was analyzed regarding the 16 polycyclic aromatic
hydrocarbons, as they are within the pyrolysis gas and the methods for analysis are

standardized and can be performed very easily.

A big disadvantage of this test series was the incomplete analysis of all the hydrocarbons,
seeing as 20-30 % of the overall tar fraction was higher hydrocarbons which are not part of the
16 EPA PAH. According to the DBFZ, it was not possible to get more information about these
components because it was not part of the contract between the DBFZ and the University of
Leoben. Another handicap was that with the described tar separation unit, no water/steam
could be obtained, which would also be very interesting, as it would conclude the mass

balance.

In order to complete the mass balance, the permanent (non-condensable) gas was measured,
whereby very similar results as in previous reports were obtained, as can be seen in Table 3-7.
It must be said that the amounts of C.He (ethane) as well as CyHs (ethylene) were

measured [79].

Table 3-7: Average values from the permanent gas measurement [79]

Permanent gas

Vol-%

Nevertheless, the results show a very constant tar production during the steady-state gas
section of the carbonization process, as it can be observed in Table 3-8 for 1m? of tar. The
values in this table are investigated by the DBFZ and summarized and converted by the author

of the related reference, respectively [79].

At last, calculations were performed concerning the heat value of the gas with the program
HSC Chemistry 6.1. It was shown that the condensable tar fraction influences the overall heat
value in a minor way. The summarized heating value of the gas is 12 MJ/m? pyrolysis gas at
1000 °C using the data obtained in Table 3-7 and Table 3-8. The released energy amount of
the non-condensable gas is about 98.7 % of the total energy output in this case. By comparing
the value with e.g. methane (35.7 MJ/m?), the energy available from pyrolysis gas is

unfortunately really low.
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Table 3-8: Results of the tar measurement with the maximum and minimum values obtained during
the experiments [79]

Species Value [dm?®*/m? tar]
Name Formula Minimum Maximum
Naphthalene C1oHs 165.8 126.8
Acenaphthene C12H10 5.9 5.7
Acenaphthylene Ci2Hs 216.9 196.2
Fluorene C1sH1o 84.7 82.0
Phenanthrene Ci4H10 203.4 188.7
Anthracene Ci4H10 69.8 60.6
Fluoranthene CieH10 81.2 77.0
Pyrene C1sH1o 79.1 76.2
Benz(a)anthracene CigH12 28.9 23.3
Chrysene CigH12 28.0 24.8
Benzo(b)fluoranthene [EOZN gt 11.0 9.1
Benzo(k)fluoranthene REOZNgP 211 18.2
Benzo(a)pyrene CaoH12 30.4 28.1
Dibenz(ah)anthracene OZAzN 2.3 2.2
Benzo(ghi)perylene CaoH12 11.1 10.1
Indeno(1,2,3-cd)pyrene ROZA 18.6 14.7

Table 3-9 gives insight into a part of the calculation of the heat value of permanent gas.
Assuming that 100 % of this gas is combusted in an oxygen containing atmosphere, an energy
of 11.74 MJ/m? is released at an agreed temperature of 1,000 °C, if the products of the
combustion are CO; and H20 (except in the combustion of H,, CO as well as COg; here the
products are H,O and CO., respectively). Furthermore, the heat energy of methane is marked

for comparison purposes, since this species is the major component in natural gas.

Table 3-10 shows the calculation of the heat energy in the combustion of the condensable
fraction as well as the final heat value obtained with the addition of the two sums (condensable

and non-condensable species).
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Table 3-9: Part of the combustion calculation of the permanent gas fraction

MJ/m3
(Species)

Species

Ha(g) 36.5000 0.35 -1.4808 | -0.5126
CO(g) 33,3000 0.32 -1.2321 | -0.3891
COx(g) 18.0000 0.17 -31.4469 | -5.3679
CHa(g) 13.8000 0.13 -4.6714
CoHs(g) 3.2000 0.03 -21.5239 | -0.6532
C2Ha(g) 0.0000 0.00 -28.8705 | 0.0000
CeH1o(g) 0.0157 0.0001 -14.1342 | -0.0021
CrHa(g) 0.0649 0.0006 -18.7172 | -0.0115
CeHs(g) 0.5690 0.0054 -24.3836 | -0.1316
105.4496 1
Sum -11.7393615

Table 3-10: Calculation of the heat energy of the tar fraction obtained during the pyrolysis of biomass
in the “twin screw reactor”

mg/dm?(Tar(liq)) MJ/m? MJ/m?
(Species)

C1oHs(NPHg) 2671.01 9.34x1004 -0.0193
C12H10(BPHQ) 133.55 3.88x10°% -0.0008
C12Hs(ANPHg) 4560.26 1.34x103 -0.0346
CisH1o(Fg) 2149.84 5.62x10°04 -0.0111
C14H10(PAQ) 5537.46 1.31x10°03 -0.0216
C1aH10(AQ) 1824.10 4.42x10°04 -0.0079
C1sH1o(FLUQ) 2508.14 5.34x1004 -0.0112
C1sH10(PYRQ) 2442.99 5.19x1004 -0.0097
C1sH12(BAg) 977.19 1.79x10°04 -0.0047
Ci1sH12(Cg) 977.19 1.79x10°04 -0.0023
C20H12(BaPg) 423.45 6.94x10°0° -0.0008
C20H12(BkFg) 814.33 1.39x1004 -0.0026
C20H12(BaPg) 1172.64 2.03x1004 -0.0023
C22H14(DBahAg) 97.72 1.47x10°0° -0.0002
C22H12(BghiPg) 456.03 7.39x10°% -0.0010
C22H12(1123cdFg) 618.89 1.22x10°04 -0.0024
Sum (Tars) 27364.82 6.66x10°03 -0.1325
Sum  (Permanent -11.8718
gas + tars)
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3.2.3 Interpretation of the results

This chapter dealt with the analysis of the gaseous fraction, and particularly the problems
occurring with tars. Moreover, the applied techniques how to take samples were mentioned,
since especially the condensable fraction is very often the problem due to its sticking behaviour

when cooling down.

It can be stated that the main components of the gas phase are H,, CO and CO.. Unfortunately,
the H,O content is also very high, but exact values cannot be measured using the applied
technology at the Chair of Nonferrous Metallurgy. Similar problems occur if the volumetric flow
of the gas should be investigated. Of course, quite a few possibilities using physical methods
are feasible (such as the Venturi effect), but were not possible in this case for several reasons.
The major problems could be identified, such as the resistance of the measurement units (the
pressure gauges) to heat as well as the fact that the “twin screw reactor” cannot be operated
at higher pressures, which means if the diameter of the off-gas pipes is reduced (in case of the
Venturi-based measurement), the increased pressure inside the reactor is released by

“leakage” (e.g. the gap between the biomass chamber and the charging door).

However, the question of the best utilization possibility will be discussed in the following
chapter. The main problem of the pyrolysis gas itself is the condensation problem of the tars
when reaching temperatures below 400 °C, and in this connection, the sticking problems and

further clogging effects by blocked pipes are the major challenge.

3.3 Utilization possibilities

The next pages within this chapter deal with possible utilization and optimization methods of
the two fractions obtained after the carbonization process in the twin screw reactor (charcoal
and pyrolysis gas). Furthermore, current metallurgical application fields for these two products

are described and future utilization possibilities are mentioned.

3.3.1 Charcoal

Previously investigated utilization possibilities for charcoal in metallurgical furnaces could be
found in huge quantity in the field of producing pig iron in blast furnaces. Here, in principle, two
options are available to use charcoal as an alternative reducing agent. The first one is the
utilization of charcoal as the only reducing agent in the furnace. This method was state-of-the-
art in the medieval operated ancient furnaces and is still very common, especially in Brazil, in
so-called mini blast furnaces, where huge quantities of biomass are still available very cheap.
The big disadvantage is the fact that due to the low compressive strength of the charcoal, the

heights of these furnaces are limited to relatively low values. The small hearth diameters of
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~4 m in this connection lead to a very low metal production in comparison to coke-operated
blast furnaces. However, as the iron producing process is very high in the evolution of CO,,

some alternative ways have been developed [95-98].

For instance, blending the fossil coke with charcoal leads to a significant decrease in the
effective CO production in steady hot metal production. Quantities up to 20 % charcoal do not
influence the sinter or the process performance. Up to the given amount, the maximum

sintering temperatures are reduced and the sintering times increase [99—-102].

Similar research was carried out in the field of powder coal injection to blast furnaces [44; 99;
103-105]. Since the CSR and coke stability according to ASTM would result in stability too low
for coke blends with charcoal addition, the main focus of research in this field should lie on the
substitution of fossil fuels in the injection by the tuyeres. In this case, the coal-charcoal blends
can reach up to 15 % charcoal, as well. If a total substitution is considered, CO, taxes can be
reduced by 19-28 %, depending on the blast furnace size and the country of its operation.
Unfortunately, the charcoal prices vary tremendously, from very low to very high values, which
leads to the conclusion that according to [44], charcoal injection would only be possible in
Brazil, and maybe in China, India and the USA, from the economic point of view. For instance,
in Western Europe, CO, taxes higher than ~100 €/t CO, would lead to a reasonable economic

process.

Finally, it should be mentioned that the previously performed experiments were carried out
using various types of biomass. Furthermore, the pyrolysis conditions (temperature, pressure,
retention time and the reactor) varied greatly. The following considerations can be referred to

the production of charcoal using the “twin screw reactor.”

The charcoal obtained from trials using the “twin screw reactor” showed promising results
regarding its utilization in metallurgical furnaces. The conversion of special types of biomass
to charcoal achieved good Crix values, which is the main goal of those trials. The charcoal
produced is definitely suitable for the recycling of EAFDs in the Waelz kiln process, as this was
already described in a doctoral thesis [21]. Due to the low strength, the alternative reducing
agent will definitely not be used in shaft furnaces, because the reducing agent should have a
high compressive strength, which is not the case with charcoals. This means the produced
alternative reducing agent will only find its way into metallurgical furnaces when grainy carbon

particles are recommended, or it is blended with fossil coke, as mentioned before.

The products obtained in the Waelz kiln are crude Waelz oxide and Waelz slag. Since the slag
still contains some valuable metals, a post-treatment of the gained slag should be considered
to save resources as well as avoid landfilling. A detailed explanation of these concerns is

provided in Chapter 6.2. However, charcoal would be a very good option for a utilization of the
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Waelz slag in a submerged arc furnace, as in this type of furnace, an agglomeration step is
often recommended anyway. Due to this, a crushing of charcoal with a subsequent mixture
with the residue is easily possible, resulting in an e. g. agglomerated self-reducing briquette.
A total recovery of the remaining heavy metals is possible with the production of an iron alloy

as well as a saleable slag which can be used as the base material for construction purposes.

A second very good option for the utilization of the charcoal in the field of recycling is the so-
called iron bath process “2sDR” (cf. Chapter 5), which is part of a modern recycling technique
to recover heavy metals from metallurgical residues like dusts and slags. The process itself
will be described in detail in the subsequent chapters. Initial trials to generate information about
the dissolution behaviour of various carbons in an iron bath were performed in advance in a
small-scale heat resistance furnace, since the knowledge achieved here is one of the keys to
the success of the process. Results obtained here were used to scale up these trials to
approximately 30 kg input material in an induction furnace. Finally, the whole recycling process
was designed with regards to the preliminary results. In this last case, a TBRC (top blown
rotary converter) served as the furnace to recycle steel mill dusts that have already been heat

treated with the utilization of a carbon-containing iron bath.

3.3.2 Pyrolysis gas

For the second (by)-product — the gas fraction — several options are available concerning the
further procedure. Of course, the simplest way to get rid of it would be a post-combustion
immediately after leaving the reaction chamber. But it is obvious to say that this type of
treatment is the most inefficient one. It has to be mentioned that it is very important to keep the
obtained pyrolysis gas at temperatures higher than 500 °C. Since the long chain hydrocarbons
would condense and cause sticking and blocking in tubes, it is very important to forward the
produced gases as fast as possible to the place of their transformation to heat/energy. An
optimization would be the energetic use of the pyrolysis gas for heating the carbonization
reactor and/or to produce process water. If an alternative utilization of the pyrolysis gas is
considered, a huge variety of utilization possibilities are available, which is described within
this chapter. However, for metallurgical purposes, the gas might be forwarded directly or
upgraded using the methods described below. Since the pyrolysis gas trials gave a good
overview regarding the chemical composition of the gas and tar fraction, the pyrolysis gas was
used as the burner gas in the TBRC at the Chair of Nonferrous Metallurgy for clinkering crude
Waelz oxide (WOX). Therefore, the twin screw reactor is operated simultaneously with the
TBRC supplying heat energy in terms of combusting the pyrolysis gas with oxygen using an
optimized burner. The detailed experimental procedure as well as the obtained results are

described in Chapter 6.1.
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Previous studies using this technology can be found at [21]. In this case, a heavy metal-
containing residue — Waelz slag — was treated in an externally heated retort to recover the
remaining Zn (as ZnO) and to produce metallic iron. The reducing agent was an artificial
mixture of H, and CO in initial studies; after evaluating the results, the pyrolysis gas generated

during the carbonization process was utilized to recycle this residue.

As previously mentioned, the optimization methods for pyrolysis gas are manifold. Among
others, the most important ones are described in the following subchapters. All of them have
the goal of maximizing the amounts of CO and H to produce synthetic gas that might find its

way into metallurgy for reduction purposes.

3.3.2.1 Steam reforming

To destroy the long chain hydrocarbons, water is evaporated and intensively mixed with the
hot pyrolysis gas. If the humidity in the biomass is high enough, it might be possible that no
water must be added, since the water content in the biomass is sufficient. However, the result
would be an increase in the CO and H: content in the final gas stream by a cracking process.
In general, the theoretical chemical reaction for this process would look like equ. 3-1; if the
maximization of hydrogen is the target of the process, a supplementary water gas shift reaction

could be added according to equ. 3-2 [106]:

CxHy +xH,0 - (x +Y/,) Hy +y CO equ. 3-1

CO+ H,0 — CO, + H, equ. 3-2

Although these two chemical reactions run at high temperatures spontaneously, recent
research activities are focused on the utilization of several types of catalysts to shift the
reaction at lower temperatures to make the process more feasible. Figure 3-20 shows the basic
principle of the reactions in equ. 3-1 and equ. 3-2 with the application of a catalytic
support [106].

CpoogHz .‘ CO gg H2 ‘.,C02
CHy
N (M) oD w/
[ Support ] [ Support ]

Figure 3-20: Schematic drawing of a steam reforming process of CH4 with a subsequent water gas
shift reaction for increasing the H2 amount, using a metal catalyst (M) [106]
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Several types of catalysts are available, which will be mentioned in the following paragraph

since the technology is quite similar.

3.3.2.2 Catalytic upgrade

Catalysts are well known in the field of cracking processes in the petroleum industry, to reduce
the amount of long chain hydrocarbons and improve the output of more valuable products.
Since the basic principle of pyrolysis gas optimization is comparable, the available types of
catalysts were used also in several studies in this field of gas upgrading and tar minimization.
Different shapes and modifications of so-called zeolite catalysts are applied that are identified
for their cracking ability and to decrease the yield of the liquid fraction. Other already known
catalysts are (calcinated) dolomite, alumina, silica and alumosilicates, but the obtained yields
are smaller than those received with zeolites. Zeolites are artificial alumosilicates and are
formed out of SiO4 and AlO4 tetrahedra and are used as catalysts in the petroleum industry.
They are considered to be a potential candidate for hydrogen storage in the near future, as
well. In this connection, the structure can be improved by cations which may lead to an
increased behaviour for the cracking of long chain hydrocarbons and the storage capacity of
hydrogen, respectively. It should also be mentioned that especially for the utilization in the field
of biomass conversion, nickel was found to be a good option for decreasing the condensable
gas fraction. It is mostly plated on several supporters like alumina, zirconia, dolomite, etc.,

which are also used in the steam reforming of pyrolysis gas [107].

3.3.2.3 Thermal cracking

Thermal cracking is the decomposition of long chain hydrocarbons only by temperature. With
increasing temperatures, usually starting at approximately 500 °C, the condensable gases are
destroyed by the high energy supply. Among the major influencing parameters — temperature
— smaller impacts positively influence the evolution of additional non-condensable gases by
secondary pyrolysis reactions. Higher residence times, for instance, lead to a better heat
exchange and therefore better cracking. With this, the already explained water gas shift
reaction and the methanation reaction lead to a subsequent increase in the gas yield [108—

111]. This theory has also been proven by [108] and own studies mentioned earlier.

3.4 Overview of utilization possibilities

Figure 3-21 will give an overview of the applications in the field of EAFD recycling, where

alternative reducing agents can be utilized.
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The Waelz Process

Crude Waelz oxide Waelz slag
CLINKERING REDUCTION

The “2sDR”-Process

1. Step
CLINKERING

2. Step
REDUCTION

- Charcoal utilization already investigated

Charcoal utilization investigated within this thesis

Figure 3-21: Overview on the utilization possibilities of charcoal at the recycling of EAFDs
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4 Carburization of iron

The possible utilization of charcoal is the main goal within this thesis. Several experiments in
the field of biomass optimization have been performed recently to find some suitable options
for metallurgical purposes. The goal of this research is the implementation of charcoal in an
iron bath to increase the carbon content, which is called carburization. The high carbon-
containing iron produced could be used as a master alloy in the casting industry as well as a
reducing agent for zinc and collector of metals like chromium and nickel in the so-called “two
step dust recycling” process (2sDR) for the recovery of heavy metal-containing residues,
especially steel mill dusts. The first step of the research focuses on the dissolution behaviour
of different carbons, especially charcoals with different properties and petroleum coke as well
as Desulco®, as a representative of fossil carbons, which is generally used in the casting

industry for adjusting the carbon content.

These experiments were conducted at the very beginning using a hot stage microscope, where
the carbon served as the subsurface and a small pure iron cylinder was set on its surface.
These initial experiments were performed in advance to get information on the general
feasibility of the concept. After these successful trials, further tests were carried out in a heat
resistance furnace on a small scale, using pig iron granules as the base, with the subsequent

addition of carbonaceous material.

Further up-scaling led to the application of an induction furnace, where experiments were
carried out at bigger size, using approximately 25 kg of low alloyed steel. The reason for
utilizing an induction furnace was the fact that the carbonaceous material would be dissolved
easily because of the moving iron bath, which is caused by the induction effect. Furthermore,
this type of furnace is able to reach temperatures up to 1,750 °C by applying the appropriate

refractory material.

Finally, the results obtained here served as a basis concerning dissolving and burn-off
behaviour at the last increase in the experimental set-up. A TBRC (top blown rotary converter)
served as a metallurgical aggregate to recover heavy metals like Zn, Fe, and Cr, Ni from dust

produced during the melt-down of steel scrap inside the EAF (Electric Arc Furnace).

This chapter will summarize the experiments which were performed in the aforementioned
furnaces in the laboratories of the Chair of Nonferrous Metallurgy and at the Christian Doppler

Laboratory for Optimization and Biomass Utilization in Heavy Metal Recycling, respectively.
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4.1 Theoretical background — carbonization

The experiments shown in this chapter deal with the carburization of an iron bath for a
subsequent utilization in a new recycling process to recover heavy metals from metallurgical
residues, which will be explained in detail later. The aim of the initial pre-study is to increase
the carbon content in an iron melt up to the eutectic point — or in other words — to regions in

the iron carbon binary diagram with low melting temperatures, as it can be seen in Figure 4-1.
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Figure 4-1: “Iron —Carbon” binary diagram [112]

For this, two options are available in this diagram. The first desired carbon content that is more
the well-known one, is at 4.302 wt-% carbon in a liquid iron melt, according to the iron-carbon
binary phase diagram in Figure 4-2. The second one can be found at higher carbon contents
in between the Fe;C and the Fe;Cs phase at around 7-8 wt-% carbon in the metastable system.
This increase in the carbon converts the charged pure iron into cast iron related to the
requirements of the iron and steel industry. The further increase to higher carbon contents
would transform the liquid metal into an unusable material if the liquid iron carbon mixture were
solidified. However, since this is not considered in this research, the reduction potential would
increase immensely for the subsequent reduction step. An important specification for the
reduction of the heavy metal residues is the fact that the lowest carbon content after the

consumption of it should not be less than 2.14 wt-%. The melting point of the alloy would
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exceed too much and this would lead to avoidable financial expenses due to the high energy
demand for smelting. Nevertheless, although the high carbon-containing iron produced would
be a possible master alloy in the casting industry, the product will not be utilized in this industry,
because of the fact that the applied carburization agent, the charcoal, would not be carbon-
neutral anymore. Only if some CO- is produced by the reduction of oxidic residues, this
neutrality can be guaranteed and therefore, the overall emissions of a metallurgical process

can be decreased [112].

In Figure 4-3 the schematic experimental procedure can be seen, using the iron-carbon binary
diagram already used in Figure 4-2. In this case, the target was to reach 4.0 % carbon in the
induction furnace, charging three times the similar amount of carbonaceous material on the
molten surface, resulting in the final carbon content. The loss of material due to combustion by
the atmospheric air is excluded, since it would be the result of this investigation. Finally, the

material was tapped and forwarded to its analysis by a spark spectrometer.
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Figure 4-2: More detailed and technical binary diagram “Iron-Carbon” under standard conditions.

— Metastable Fe-C diagram; - - - Stable Fe-C diagram; ----Magnetic change; | Peritectic system;

Il Eutectic system; lll Eutectoid transition; a,b “law of the lever” for 1.5 % C at 1,350 °C (example)
Phases: Melt (S); 5-Ferrite (3-F); Austenite (A); Ferrite (F), Cementite (Z); Graphite (G); [113]
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In the subsequent table, additional information regarding the binary diagram “Iron-Carbon” in

Figure 4-2 is given.

Table 4-1: Additional description of the binary diagram “Fe-C” in Figure 4-2 [113]

Labelling in Figure 4-2

Temperature [°C] Carbon [wt-%]

A 1536 0.0
B 1493 0.533
CC 1147,1 153 4.302, 4.256
D,D’ 1252, 4 000 6.689, 100
E E 1147,1 153 2.140, 2.098
1147,1 153 6.689, 100
911 0.0
1493 0.086
1493 0.160
727,736 6.689,100
769, 769 -
1392 0.0
727,736 0.034, 0.032
<20 =0.0
727,736 0.758, 0.688

Of course, special focus has to be placed on the properties of the renewable carbons produced
for the carburization of iron. According to the requirements of the casting industry, carburization

agents should have the following specifications for their utilization in an iron bath [114; 115]:

Carbon content

The value of the carbon in the carbonaceous material should be as high as possible.
Commercially used petroleum coke fulfils this requirement, but low-grade charcoal does not.
During the last years, a specially developed continuous carbonization process was introduced
at the Chair of Nonferrous Metallurgy, which enables the possibility to produce high-quality

charcoal with carbon contents up to 95 % to compete with the fossil carbon industry.
Ash content

It is obvious that the ash content within the carbon should be as low as possible since high
amounts would have an impact on the dissolution behaviour and there would be something

like an undesirable slag formation.
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Sulphur

Like the ash content, the amount of sulphur in the carbons has to be very low. In this case,
there is a big advantage of renewable carbons over the fossil ones given that there is almost

no sulphur within the biomass.

Moisture content

Finally, regarding the moister content, there should be a special focus on this parameter. The
reason for this is an energy loss due to the additional energy for evaporation and there might
be the fission of water into hydrogen by carbon according to the water-gas shift reaction. This

led to a hydrogen-containing and explosive atmosphere.
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Figure 4-3: Schematic overview of the experimental procedure of the carburization experiments; in this
case, the carbon content was increased to 4.0 % using an induction furnace; diagram from [113]

With regard to the experimental procedure itself, some literature was found which dealt with
the carburization of various carbonaceous materials. Usually petroleum coke or Desulco® is
applied in commercially used cast iron smelters like the induction furnace. This furnace, for
example, is a well-known technique to smelt relatively clean iron and steel scraps for the
production of high quality cast iron. A carbonization of the molten iron is often mandatory to
adjust the correct carbon content, since the input material is low in carbon. Normally, a lot of
different solid carbon carriers like petroleum coke, high carbon coke, anthracite and other fossil

ones are used commercially. Since the basic idea is to use the dissolved carbon as a reducing
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agent in a new innovative recycling process and not for the production of cast iron, attention
has to be paid to the possible CO2 emission occurring in the reduction step of oxidic residues.
Due to the fact that fossil carbons are not sustainable concerning the emission of CO,, the
carbonization of iron by the use of charcoal from residues from the agricultural and forestry
industry is considered, as already mentioned. The results obtained in the final scale (~25 kg)
will be compared with other carbonaceous material where the dissolving behaviour is already
known, as shown in Figure 4-4. With this, the subsequent recycling process can be adjusted

to the results obtained in these preliminary examinations.
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Figure 4-4: Carbonization of steel melts at 1,550 °C with different carbon carriers, a...carbon content
of the melt; PK...petroleum coke; GK...gas-coal; hcc...high carbon coke; EK....electrode coal; HK...
char carbonized at low temperatures; A...anthracite; GE...graphite electrodes; KG...coal granules [114]

4.2 Experimental procedure

Since the experiments were performed in several furnaces located in the laboratories at the
Chair of Nonferrous Metallurgy, a short overview of these facilities should be given as well as

some essential parameters.

4.2.1 Hot stage microscope

The hot stage microscope serves as basis for many investigations in the field of metallurgy as
well as process optimization. Basically, the microscope consists of three main parts: a light
source, the high-temperature heat resistance furnace (Tmax = 1,700 °C) and a camera, as it is
pictured in Figure 4-5. A sample is placed on its sample holder and charged into the furnace.
Inside, the material is heated up according to the requirements (heat rate, final temperature).
Furthermore, during the heat treatment the sample is flushed by a gas, which could be used

to provide an oxidizing, neutral or reducing atmosphere. Due to the increasing temperature,
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the cylindrical-shaped sample changes its figure from the cylinder to a sphere, then a

hemisphere, until it is totally molten.

Figure 4-5: Drawing of the hot stage microscope available at the Chair of Nonferrous Metallurgy; the
main parts are the light source (left), the furnace (middle) and the camera (right)

The investigated characteristic temperatures of a material are usually:

e Sintering point
e Softening temperature
e Hemisphere temperature

e Melting temperature

The experimental set-up in the case of determination of the dissolution behaviour resulted in
the comparison of the estimated softening temperatures. The sample holder was filled with
carbonaceous material, as shown in Figure 4-6. The pure iron (chemical analysis, see Table
4-2) was shaped into a cylinder (2 x 2 mm) and set on the carbon surface. The increase in the
temperature led to the above-mentioned formation of a sphere as well as a hemisphere, which
was later dissolved in the carbon. The softening temperature of the tested carbons should
serve as tentative test that should provide information as to whether the charcoal produced is

able to substitute the fossil carbons at all.

Table 4-2: Chemical composition of the applied iron

ARMCO © C [wt-%] Mn [wt-%] P [wt-%] S [wt-%] N [wt-%]
pure iron

Grade 4

However, the results obtained showed a definite utilization possibility in comparison to the

fossil petroleum coke.
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cylindricaliron sample

carbon sample

sample holder

Figure 4-6: Cross-sectional view of the experimental set-up of the sample and the sample holder
inside the hot stage microscope

Table 4-3 shows the results of the trials carried out using the experimental set-up as well as

the main ash constituents and the theoretical melting point, according to FactSage™.

Table 4-3: Results of the hot stage microscope measurement as well as the major ash components as
well as the theoretical melting point according to FactSage™

Name of the Softening Al2O3 CaO MgO SiO2 Fe203 | Na2O K20 Tm
Charcoal temp. [%] [%] [%] [%] [%] [%] [%] Fact Sage
[°C]

Eucalyptus/
Pine No.2

Eucalyptus/
Pine No.6

Olive tree
cuttings

Vines

Pet-coke

As it is shown in Table 4-3, it can be recognized that the lowest softening temperature could
be observed applying the fossil petroleum coke. As regards the ash composition, some
conclusions can be made in advance. It can be seen that high MgO contents lead to higher
softening temperatures. Moreover, high alumina and quartz amounts decrease the softening
point. These considerations are based on their specific melting temperature, which is very high
in the case of MgO (2,800 °C) and slightly lower, respectively (SiO2 1,713 °C; Al,03 2,050 °C).
If more than three components are investigated simultaneously, a thermochemical software

like FactSage™ has to be applied.

The achieved results can be observed in Figure 4-7. In general, the softening temperatures
obtained in the hot stage microscope trials correlate with the calculated melting temperatures

using FactSage™.
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Figure 4-7: Calculated ternary systems using FactSage™. The green dot represents the ash analysis
of the carbonaceous material:
top left: charcoal “Eucalyptus/Pine No.2”; top right: charcoal “Eucalyptus/Pine No.6”;
middle left: charcoal “Olive tree cuttings”; middle right: charcoal “Vines”; bottom: “Petroleum coke”

4.2.2 High temperature chamber furnace

Since the previously performed experiments in the hot stage microscope mainly showed the
influence of the mineral matter, the trials in the heat resistance furnace should serve as a basis
to gain knowledge about the burn-off behaviour of carbonaceous substances in an already
carbon-containing iron bath. The furnace type applied is a heat resistance furnace with a

maximum temperature of 1,750 °C. Furthermore, the heating rate as well as several holding
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temperatures can be adjusted. Figure 4-8 and Figure 4-9 show a photo of the metallurgical

furnace utilized, which is also located at the Chair of Nonferrous Metallurgy.

Figure 4-8: High-temperature heat resistance furnace “Heraeus K 1750”

For these trials, pig iron granules served as the raw material, whereby the carbonaceous
material was added in advance, due to the experimental set-up. An Alsint crucible was used
which was filled with a small amount of granules. Afterwards, a specific amount of carbon was
added with regard to the carbon content already available within the pig iron and the fixed
carbon content in the carbonaceous material. The crucible was closed with an Alsint cup and
the finished mixture was forwarded into the furnace. Afterwards, the furnace was heated to
1500 °C within 3 h and the final temperature was kept for 30 minutes. Finally, the heating
elements were switched off and the high carbon-containing iron regulus produced solidified

and cooled down until ambient temperature was reached.

The samples were weighted to analyse the increase in the mass and forwarded to their
analysis. Here a combustion infrared detection technique from “LECO Corporation” was
applied to get information about the carbon content. Unfortunately, a simple spark analysis

couldn’t be performed since the carbon content was too high.
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Figure 4-9: Photo of the inside of the applied furnace

Table 4-4 shows the proximate chemical analysis of the applied carbonaceous material. The
chemical analysis of Desulco® can be found in Table 2-9. Roughly 150 g of pig iron granules
were used and based on this, the necessary carbon amount was calculated to reach the target

value.

Table 4-4: Proximate analysis [wt-%] of the used carbons

Carbon ‘ Volatile matter  Ash Crix Moisture

Pine/Eucalytus blend No1

Pine/Eucalytus blend No2

Olive tree cuttings
Pet-coke No1
Pet-coke No2

In Figure 4-10, the results of the first trials are shown. The increase of the carbon content in
the iron should result in the eutectic composition of 4.3 %. As it illustrated here, the best
carbonization result could be obtained with Desulco®, but this is obvious, since this
carbonaceous material is especially designed for this purpose. Surprisingly, the
Pine/Eucalyptus No. 1-charcoal achieved a very good value, similar to the 2" subspecies of
the biomass. As assumed, the charcoal made from olive tree cuttings delivered a very poor
result. Although the crucibles were covered with an Alsint hood, the char was totally exhausted.
Concerning the remaining fossil carbons, it could be observed that there was a definite

carburization, but the results were not the best. Concluding, it could be seen that a
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carburization up to 4.3 % C in an iron alloy using alternative carbons is definitely possible and
very promising; of course, the artificial Desulco® especially developed for carburizing purposes

delivered the best results.

Pine/Eucalyptus 1
4.1

Olive tree cuttings Pine/Eucalyptus 2

Pet-coke 2 Desulco(R)

—u— |ron granules [% C]
—e— Target value [% C]
Pet-coke 1 — Test result [% C]

Figure 4-10: Net diagram showing the results of the increase in the carbon content to max. 4.3 % C

Figure 4-11 shows the obtained results of pig iron granules, if a target value of 4.0 % C in an
iron alloy is desired. The big difference is that according to the Fe-C diagram in Figure 4-1, the
alloy is over eutectic, which means when cooling down, primary cementite is precipitated
instead of ferrite. Again, the target temperature was 1,500 °C in the chamber furnace, which

should be sufficient to melt the pig iron and dissolve the charcoal supplied.

The results showed quite surprising values, seeing as the achieved carbon yields were in
general very low in comparison to those of the first trials. Even the best carburization, Desulco®,
was not able to increase the amount of dissolved carbon higher than 4.11 %. Nevertheless,
Pine/Eucalyptus No. 1 and 2 again showed competitive results similar to the first trial. An
unexpectedly good value was achieved using petroleum coke No. 1, since the carburization
yield was much higher than before. Again, petroleum coke No. 2 and charcoal originated from

olive tree cuttings could be named as inappropriate for the carburization of iron.

In conclusion, it should be mentioned that the experiments revealed that these tentative tests

showed that the maximum carbon content should not exceed 4.3 % C in the iron, according to
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the Fe-C diagram the eutectic point. Furthermore, the analysis of the iron alloy was not very
easy, since common spark analysing software is usually standardized to maximum contents
of 4.3 % C. A “LECOQO” unit was the only possibility to gain knowledge about the dissolved

carbon.

Pine/Eucalyptus 1

Olive tree cuttings Pine/Eucalyptus 2

Pet-coke 2 Desulco(R)

—a— |ron granules [% C]
—eo— Target value [% C]
Petcoke 1 —A— Test result [% C]

Figure 4-11: Obtained results of the carburization diagrams up to 4.5 % C represented in a net
diagram

4.2.3 Induction furnace

The final carburization tests prior to the recycling experiments were carried out in the induction

furnace at the Chair of Nonferrous Metallurgy, which is able to melt 100 kg of iron.

The melting unit itself was produced by “ITG-Induktionsanlagen GmbH” for melting down iron

in the casting industry. The key data of the furnace are:

e Voltage: 600 V
e Frequency: 3.9 kHz
e Max. power: 80 kW

e Refractory material: Ankerindux from RHI AG

A picture of the tilted furnace can be seen in Figure 4-12. In this figure, the control unit as well

as the cooling system are missing.
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Figure 4-12: Picture of the tilted induction furnace produced by “ITG-Induktionsanlagen”

In Figure 4-13 a draft of the experimental set-up is pictured. The furnace was lined with
“Ankerindux” delivered by RHI AG, which was an appropriate refractory ramming material. The
life time of this material was 10 trials with temperatures up to 1,750 °C for a couple of hours in
each experiment. To protect the molten iron surface against the oxygen from the air, a
refractory cover, “Ankermix,” also from RHI AG, was used to have long-lasting protection.
Furthermore, a nitrogen purging was installed to support the removal of the oxygen, as can be
seen in Figure 4-13. Finally, a recess was drilled into the cover to charge the carbon carrier
onto the iron bath and have a good view of the iron melt during the experiments. This hole also
allowed a semi-continuous temperature measurement as well as the possibility to take

samples. Since the temperature was measured almost every 10 minutes, a constant

b Type B

Thermocouple

temperature could be provided.

N,- Purging

Refrectory cover

Induction coils

Permanent lining
Refrectory ramming mix

molten Iron

Figure 4-13: Simplified draft of the experimental set-up
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For validating the change in the chemical composition, basically the evolution of the carbon
content, samples were taken by applying a vacuum inside a cavity to produce a cylindrical
shape which looks like a “lollypop”. This kind of specimen is optimized for analysis in a spark
spectrometer by optical emission spectroscopy. Both measurement devices can be seen in
Figure 4-14.

Figure 4-14: Vacuum sample taker (top) and temperature measurement lance (bottom), both with
single use attachment for sampling and temperature measurement, respectively

The target in this test series was to compare different carbons regarding their usability as a
carburization agent in an iron bath. Initial trials in the heat resistance furnace and the hot stage
microscope demonstrated that it is definitely possible to use an alternative carbon carrier like
charcoal in this field, although they have higher ash melting points. These carbonaceous
materials serve later as a reducing agent for the oxidic residues from metallurgical processes

which are charged on the iron bath.

During this test series, pure iron bars were cut into 10-20 cm pieces which were placed into
the furnace. Approximately 25 kg of the pure iron were charged in each trial into the cold
furnace at the beginning to have reproducible conditions for the carburization tests. In Table

4-5 the chemical analysis of the standardized iron is given.

Table 4-5: Chemical analysis of the pure iron used in the trials

ARMCO®© C [wt%] Mn[wt-%] P [wt-%] S[wt-%] N [wt-%]
pure iron

Grade 4

The second raw material for these tests was the different carbon carriers which should be
tested with regard to the carburization behaviour in the liquid metal. A particular focus was
placed on the solubility time as well as the burn-off behaviour of the carbons when charging
them onto molten iron in larger scale and by the application of stirring using the inductance

effect. In Table 4-6 the chemical analysis (proximate analysis) is listed.
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Table 4-6: Proximate analysis [wt-%] and the sulphur content in different carbonaceous material used
in the trials

Volatiles Moisture Sulphur

Eucalyptus No.4

Eucalyptus No.6

Olive tree cuttings

Petroleum coke

Melting 25 kg of iron lasts approximately 60-90 minutes in the induction furnace, where from
the beginning of the experiment, nitrogen was purged into the crucible to remove the ambient
oxygen, as mentioned above. The amount of carbon (charcoal or coke) was around 1 kg of
carbon carrier in each trial, depending on the exact iron input. It is assumed that under ideal
conditions (100 % of carbon in the coke/charcoal, no burning off), 1 kg of carbon in 25 kg iron
would resultin 4 % of carbon in the melt. This value should not be exceeded, as more dissolved
carbon leads to a precipitation of primary cementite if the temperature decreases during the
experiment. After melting the iron, a sample was taken to analyse the initial chemical

composition prior to the carburization step.

The overall carbon sample was divided into three charges, each 333 g, if the amount of iron in
the melt was exactly 25 kg. In doing so, the solubility time as well as the burn-up behaviour
depending on the carbon content in the melt could be investigated. The three charges were
poured into the melt approximately every 15 minutes, so that the carbonaceous material had
enough time to dissolve. In between the charges, samples were taken to show the change in
the chemical composition of the melt. Finally, the high carbon-containing melt produced was
tapped and granulated for a better handling for future experiments. Therefore, a water basin
was adapted by applying a water jet splashing in the poured iron for an optimized heat removal.
By mounting a compressed air supply in a closed circular pipeline inside the water bath, a
turbulent flow inside the basin could be provided. The set-up of the water basin can be seen

in Figure 4-15.
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Figure 4-15: Water basin optimized for the granulation of liquid iron

In order to compare the different trials, so-called “carburization diagrams” were drawn, where
the carbon content is plotted against the experimental time. The burn-off from each charge

and the theoretical carbon content are shown.

The following subchapter focuses on the results of each carburization trial as well as particular

features which occurred by adding charcoal or petroleum coke to the iron bath.

4.2.3.1 Charcoal “Eucalyptus No.4”

At the beginning, the “best” alternative carbon carrier should be described. In Figure 4-16 the
carburization diagram is pictured. As can be seen in this figure, the burn-off behaviour
decreases with higher carbon in the melt. A possible reason for this behaviour seems to be the
remaining oxygen above the surface of the molten iron. Due to the charging of the charcoal,
the carbon reacts with the oxygen and produces CO, which is released through the top cover.
This theory is supported by the fact that in every trial, a combustion flame could be observed
at the top due to the combustion to CO,. Figure 4-16 shows the nominal as well as the actual
value of the carbon content in the molten iron. The result shows that the estimated value is
3.99 % C and the achieved one is 3.21 % C. Thus, the overall burn-off of the charcoal in the

iron melt results in 19.5 % C.
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Figure 4-16: Carburization and burn-off behaviour of charcoal “Eucalyptus No.4”

4.2.3.2 Charcoal “Eucalyptus No.6”

The basic idea of these trials was to get information about differences in the composition of
the input material. Although the previous and current charcoals are both originated from
eucalyptus, they are from different subspecies. In comparison to the previously investigated
charcoal, the current one contains more ash (No.4: 2.11 %; No.6: 6.65 %, compared to Table

4-6). The aim now is to see if there are differences due to the higher ash content.

Figure 4-17 shows that there is a significant difference between the Eucalyptus No.4 and No.6-
charcoal. So the conclusion is that the higher ash content influences the dissolution of the
charcoal in a bad way, since the final carbon content is 2.75 % and the overall burn-off was
30.4 %. Even though there are some alkalis like sodium and potassium within the charcoal
which may influence the solubility in a positive way, the ash melts and captures the carbon
inside the resulting molten slag. Nevertheless, the carbon content reached 2.75 %, the 2" best
result during this investigation. Perhaps the carbon in the iron would increase with longer
experimental time, but this would not be very economical since a fast dissolution rate is

recommended in this case.
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Figure 4-17: Dissolution as well as burn-off behaviour of charcoal made from eucalyptus trees
(species No.6)

4.2.3.3 Charcoal “olive tree cuttings”

This trial was carried out with the “worst” charcoal available from the previous pyrolysis
experiments. The carbon content was the lowest and the ash content was the highest (cf. Table
4-6). Due to the high ash content, the melting behaviour of the components within the slag
becomes important. After a chemical analysis of the ash it was found that a major difference
between the “eucalyptus” and the “olive trees” was the SiO; content, which is very high for
“olive tree cuttings.” Taking into account that CaO and MgO are also within the ash, SiO>
influences the melting and softening point of the resulting slag to lower temperatures according
to Table 4-3. This slag totally covers the iron bath and prevents the dissolution of charged
charcoal into the melt later. That's the reason why the maximum carbon content in the melt
reached only 0.71 % C, with theoretically 2.15 % C available from the charcoal. The overall
burn-off in this case was 45.90 %, which is a very unusually high burn-off rate in comparison
to the previously performed carburization experiments. In Figure 4-18 the carburization

diagram recorded during this experiment is shown.
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Figure 4-18: Carburization diagram of charcoal made from olive tree cuttings

4.2.3.4 Reference fossil coke “petroleum coke”

The last trial was performed with the utilization of petroleum coke (Figure 4-19) to get an idea
about the dissolution behaviour of fossil carbons in the iron bath. A big difference regarding
the chemical composition is the higher sulphur content, which is undesired because of the
possibility of evolving SO- into the off-gas stream. Although the overall burn-off was slightly
higher (45.9 %) than with charcoal from eucalyptus, the dissolution rate was the highest. This
results in a 2.06 % C in the melt before tapping. The theoretical carbon content without burn-
off would be 3.79 % C. Due to the slightly increased sulphur within the coke, a typical sulphur
smell could be recognized. An anomaly in this experiment was the high flame which evolved

from the high reactivity and the very small particle size in comparison to the charcoal.
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Figure 4-19: Results of the carburization behaviour of the fossil reference “petroleum coke”

4.3 Conclusion and further processing

With regard to the initial trials in the hot stage microscope, some important conclusions could
be arrived at. The major interest was the question as to which final temperature for smelting

the iron would be sufficient, to dissolve the carbon in the liquid.

Hot stage microscope investigations as well as simultaneously performed calculations with
FactSage™ mainly showed the influence of the mineral matter within the carbonaceous
material on the dissolution behaviour in iron. The ash from the charcoal made from olive tree
cuttings had the lowest melting point, and the ash from charcoal “Eucalytus/Pine No.2 and
No.6” the highest. “Vines” and the pet-coke achieved intermediate results. The softening
temperatures from the hot stage microscope correlate with those calculated using the
thermodynamic software. Due to the low melting temperature of the ash from charcoal “Olive”,
the dissolution behaviour will be worse, since the ash is melting previous to the iron, collecting
the carbon and preventing it to dissolve into the iron. Contrary, high ash melting temperature,
like those of “Eucalyptus/Pine No.2 and No.6” will promote the carburization, since they will
not be liquid when the iron melts. These conclusions will be confirmed by the further performed

carburization trials in the chamber furnace as well as in the induction furnace.

The small-scale carburization experiments in the chamber furnace showed a good basis for
further decisions for trials in larger scale. The bad dissolving behaviour of the charcoals from

olive tree cuttings labels this type of carbon as completely inappropriate for these purposes.
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Ad(ditionally, the excellent carbon yield in the melt of Desulco® could be proved, as already
expected since this type of carbonaceous material was designed exactly for this purpose.
Surprisingly good yields could be produced with the two remaining renewable species, various
subspecies of pine and eucalyptus tree cuttings. These two as well as the olive charcoal were
also further investigated in the larger-scale trials, similar to the pet-coke. The results achieved
by the two petroleum cokes could be retrieved in the middle field of the ranking. Based on their
relatively high specific weight in comparison to charcoals, they sank into the liquid iron by

gravitation.

However, one very important piece of information was the fact that carburization cannot be
performed very easily if carbon contents higher than 4.3 % are required in the iron. Of course,
from the materials technology point of view, iron-containing alloys more than 4.3 % C are very
rare (e. g. powder metallurgy), which is why almost no information is available in this field. But
in the present research field, higher quantities of dissolved carbon are necessary, which was
stated at the beginning of this chapter. This led to the conclusion that higher temperatures and
stronger reducing conditions or an oxygen-free atmosphere might be possible; therefore,
further investigations have to be carried out after this thesis in the future to solve this problem.
Finally, the results obtained in the small-scale trials led to the experiments in a range of 25 kg

iron.

The aim here was to test the utilization of charcoal as an alternative carburization agent in an
iron bath using an induction furnace. Due to the different structure of the renewable carbons
in comparison to the fossil ones, there might be some differences in the solubility behaviour.
Based on the previous research using smaller amounts of material, these trials in the induction
furnace were adopted to this scale. The aim was, as before, that the experiments should be
compared regarding their final carbon content as well as the dissolution rate, which is important
for further economic considerations. It could be found that the best performance concerning
the solubility was demonstrated by petroleum coke. The fossil carbon was slightly faster than
the charcoal from pine and eucalyptus tree cuttings, blend No.4, but the burn-off behaviour is
better when using the renewable input material. From this point of view, it seems that charcoal

should be preferred since the solubility rate is higher, causing lower amounts of carbon carrier.

The results obtained using pine / eucalyptus blend No.6-charcoal were not so bad, but due to
the higher ash content in comparison to the best charcoal, the dissolution rate was lower. This
results in a lower increase in the carbon content in the molten iron. Perhaps the final carbon
content would increase to higher values but the solubility rate is too low, so this would be too
uneconomical by comparing the speed with petroleum coke. The last alternative carburization
agent originated from olive tree cuttings. Although the small-scale experiments labelled this

type of charcoal as an unsuitable option, it should serve as a bad example in this test series.
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The results obtained here were, not surprisingly, a very low carbon content in the melt.
Furthermore, the huge amount of ash within the charcoal melted, forming a slag which covered
the melt. Due to this fact, further charging of charcoal or other additives will not be possible

anymore without removing the slag.

Finally, it can be stated that it is definitely possible to use renewable carbons instead of fossil
ones for the carburization of molten iron. As suggested in the previous paragraph, it is very
important to focus on the ash content of the carburization agent. Moreover, the most important
influencing factor seems to be the fixed carbon content within the charcoal. Results have
shown that this value should be higher than 85 % C.

The experiments were performed as a pilot test to get an idea about the solubility behaviour of
carbons in an iron bath. Further experiments will be carried out in larger scale with the
application of a TBRC (Top Blown Rotary Converter), where the produced high carbon-
containing iron will be part of the “two-step dust recycling” process for the recycling of steel
mill dusts. The detailed description of the process set-up as well as the theoretical background

will be explained in Chapter 5.
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5 The “2sDR” process

The “2sDR” (two step dust recycling) process is a new method to recover heavy metals from
steel mill dusts without producing any new wastes. The process consists of two separately
performed steps, beginning with clinkering and a subsequent reducing step. The next
subchapters will serve as a background for the applied process, where in the following section,
charcoal was also utilized to lower the CO, emissions in the subsequent reducing step. Based
on the results obtained in the previous carburization process, the second step in this process

was adopted.

5.1 Overview of the recycling of EAFDs

Melting down steel scrap in an electric arc furnace (EAF) leads to the formation of high
amounts of so-called electric arc furnace dusts (EAFDs). Usually, these generated dusts
contain a huge variety of species, but the majority is zinc and iron. Depending on the input
material, the values of the components can vary considerably, which means that high amounts
of halides as well as lead, chromium and nickel might also be found. The origin of the main
components, zinc and iron, can be found exemplarily in the zinc-coated iron blankets, generally
obtained from the shredding of scraps from the automotive industry. By charging the feed
material into the EAF, it is heated up immediately by electrical energy (up to 1,700 °C) and
melted down to form liquid metal. Due to the low vaporization temperature of zinc (907 °C),
fumes arise from the metal/slag bath and are drawn into the off-gas stream. Reoxidation takes
place here, forming ZnO. The necessary oxygen is delivered by the ambient oxygen, which of

course is also carried away into the off-gas system [116-120].

The high amount of iron in the dust is caused by the formation of small iron droplets during
charging, tapping, etc.. These are partly oxidized and also forwarded to the off-gas system and
can be found in the bag house filter. Although the origin of zinc and iron is relatively different,
a huge amount can be found chemically bonded to zinc ferrite. What is more, a significant
amount is bonded to halogens, such as chlorine and fluorine. In the case of chlorine, this
element can be associated with organic coatings in combination with other hydrocarbons such
as organochlorides. One very popular example is the underbody protection of cars. Fluorine
might be found in the bag filters due to the utilization of CaF. in casting powders to protect the
liquid steel surface against the atmosphere’s oxygen during the refining of steel. Since the off-
gas systems are linked, fluorine can be also found in the filter dust. Further sources can also
be flame retardants, similar to bromine, originated also from the feed material of the EAF.
Finally, slag particles as well as some sodium and potassium, are usually found in the
EAFD [116-120].
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In respect of the amounts of dust generated each year, several estimations have to be applied
to get an approximate value. First of all, the steel production via the EAF route has to be taken
into account, which was 452 m. tonnes in 2013. Assuming that between 15 and 25 kg/t of
EAFD is produced per tonne of steel, an average amount of 6.8 -11.3 m. tonnes of dust was
generated in 2013. Unfortunately, less than 44 % of the residue produced is recycled, whereof
~80 % of the amount recycled is treated with the Waelz process. According to the European
Union and the US EPA, the Waelz kiln process is known as the “best available technique” and
the “best demonstrated available technology,” respectively, for the recovery of zinc from
residues. As with every process, the Waelz process also has some initial requirements for its
feed material. In general, nowadays, a zinc content above 20 % Zn in the feed material
(currently, typically EAFD) is usually seen as an appropriate amount to run the process
economically [116; 121-124]. The following table shows a typical chemical analysis of EAFD

as well as the products obtained from the Waelz kiln process.

Table 5-1: Typical values [wt-%] of the feed material of the Waelz kiln as well as its products [125;
126]

EAFD

BHWEEIE N 55-65
0)¢

Waelz
slag

It can be stated that two fractions are produced in the Waelz process. The main one is Waelz
oxide (WOX), which contains the majority of zinc (ZnO) and Waelz slag. Several impurities are
found within the WOX; the aforementioned chlorine and fluorine are undesirable since the
product is usually processed in primary zinc metallurgy. In this case, the zinc oxide and halides
are leached using sulphuric acid. The leach is purified and forwarded to the zinc winning
electrolysis where zinc is obtained again as metal on the cathodes. The dissolved halides
within the liquid will influence the process in a bad way. Chlorine, for instance, corrodes the
lead (alloyed with silver) made anodes and forms poisonous chlorine gas. Fluorine corrodes
the oxidic passive layer on the aluminium cathodes, by the formation of HF and ZnF*, which
leads to sticking problems of zinc on the cathodes. Usually, the WOX is washed in a Na>COs-
containing solution, where these halides are dissolved within the liquid and the zinc stays in
the solid part but relatively purified. [118; 120; 127].

Nevertheless, a further problem of the Waelz kiln process can be found when taking a closer
look at the by-product, the so-called Waelz slag. Here, the total iron within the charged EAFD
is lost, which is the majority of the slag. Furthermore, several heavy metals like Cr, Ni, Mo, Cu

or even remaining Zn and Pb can be found, forming partly soluble chemical bondings. At the
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moment, the produced slag can be found in some countries in road construction. In the near
future, this utilization possibility will be forbidden, especially in the European Union, because
of the substances contained in the Waelz slag. With these new legislative regulations, which
have already been introduced in some countries, the residue must be labelled as hazardous
waste, which will definitely lead to considerable financial efforts to get rid of the slag and dump
it in special landfills. Taking a look at the slag components again, it can be seen that a total
recovery of these heavy metals is definitely feasible since a huge quantity is lost from the

disposal of the slag [128].

Therefore, various options that deal with this topic have been invented in the past, offering
alternatives to the “old-fashioned” Waelz kiln. These concepts included pyrometallurgical as
well as hydrometallurgical processes. Unfortunately, none of these processes were successful,

owing to several reasons.

Some of the alternative routes generated new wastes or were not able to treat a certain variety
of steel mill dusts occurring in metallurgical facilities. Furthermore, proposals for new concepts
did not take into account the fact that a huge quantity of zinc is bonded to iron, forming zinc
ferrite, which is definitely a factor that has to be kept in mind when processing EAFDs [129—
133]. As an example, the first drafts of the hydrometallurgical Ezinex and Zincex process did
not consider this problem properly. Especially the Zincex process is said to produce no wastes,
although according to [131] roughly 820-990 kg/t residues are produced per ton of Zn (including
leaching residue, gypsum and iron residue). Further optimization of the processes

developments included an additional facility to deal with the ferritic bonding.

It can be stated that hydrometallurgical methods for processing steel mill dusts vary between
the type of acid as well as important parameters such as pH, temperature and pressure applied
where the dust is leached. Among others, some of the important methods are the leaching of
EAFD in [134]:

e Sulphuric acid: good leaching behaviour; unfortunately, the leach has to be purified
since Cl and F are totally dissolved. The removal of zinc ferrite is possible but
regrettably only at higher temperatures and increasing acid concentrations. However,
as well known from the zinc primary industry, a subsequent iron precipitation has to be
performed, causing a huge amount of residues [132; 135].

e Soda leaching: usually this type of leaching is used to get rid of chlorine and fluorine
within the Waelz oxide. But it can be also used to precipitate zinc bicarbonate [136—
138].
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e Solvent extraction: one popular example is the Ezinex process mentioned above.
Especially the high investment costs are responsible for this process almost not being
in use [129].

e Sodium hydroxide: basically a good option to leach the residue with NaOH with a
subsequent precipitation using CO». However, a huge number of process steps and
high temperatures are necessary; therefore, this process set-up seems incomplete,

since zinc ferrite cannot be leached, which leads to significant losses.

The main conclusion regarding all of the methods is that until now, no industrial facility has
been built using such technologies. Some of them didn’t take into account how to get rid of the
problematic halides, while others did not show in detail how to proceed with them within the
process [132; 135; 137; 139-142]. Meanwhile, newer publications in this field of
hydrometallurgy are aware of the fluorine and chlorine problems occurring in the leaching of
zinc from EAFDs. However, most of these publications take into account the chlorine removal

[143; 144]; only some of them try to separate the fluorine from the leach [145; 146].

Taking a closer look at pyrometallurgical processes, it can be seen that often, rotary hearth
furnaces have been utilized to serve as an aggregate to reduce the zinc oxide in advance with
a subsequent production of direct reduced iron (DRI). The Fastmet/Fastmelt technology as
well as Inmetco process can be named as representative developments. The big problem for
this type of furnace is that instead of iron, the remaining residue is often reduced to wustite
and this leads to an agglomeration build-up with the slag and further blockings at the DRI
discharge. Similar problems occur in the Primus process, where a multiple-hearth furnace

serves as the main aggregate for alternative steel mill dust processing routes [147-149].

Especially the scale-up to pilot scale has often led to unsolvable problems. Some of these
inventions can be associated with the utilization of a submerged arc furnace (SAF). Several
projects have experienced problems with the implemented refractory material and have
therefore been stopped [147; 148; 150].

However, since most of these tests were performed several years ago, there is definitely a

possibility of new invented refractories so that the furnaces would run economically now.

Nevertheless, even though the disadvantages listed regarding the products obtained in the
Waelz kiln have been known for a long time, it is still the preferred route to process steel mill

dusts.
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5.2 Set-up of the “2sDR” process

The intensive research activities within the last years finally resulted in the “2sDR” process,
which will be described in the succeeding chapters. Moreover, to increase the sustainability as
regards the evolving CO; emissions, this process also took place using charcoal as a reducing

agent, lowering the greenhouse gas emissions and creating a “greener” recycling process.

Basically, this process consists of two separately performed steps, where the main focus lies
on the total utilization of all products obtained and without the generation of any wastes. In
terms of the process itself, the EAFD needs to be agglomerated in advance to form pellets.
There might be the option to add slag-forming additives such as silicon oxide, to improve the
melting performance in the reduction step. The first part of the thermal treatment consists of
oxidic clinkering to remove the halide as well as the majority of the lead. The clinkered material
is forwarded (under hot conditions on an industrial scale) to the second part, the reduction in
a carbon-containing iron bath. Here, the reduction of the oxidic components takes place where
all materials charged onto the iron bath are converted to products; an iron alloy, a heavy metal
free slag and a clean ZnO. The following subchapters describe the applied process steps in

detail.

5.2.1 Clinkering

The first treatment of the pelletized residues is performed in an oxidizing atmosphere. Applied
metallurgical reactors could be, for instance, a rotary kiln as well as a top-blown rotary
converter (TBRC). Since this type of aggregate is available at the Chair of Nonferrous

Metallurgy, further examinations are referred to as TBRC.

Concerning the clinkering of materials, in principle, the process has been known for a long
time. Clinkering was first used to obtain relatively pure ZnO from smelting intermediates
obtained in nonferrous metallurgy and low quality ores. In that case, the process was run
subsequent to a Waelz kiln process, similar to today’s process for the recycling of EAFDs.
During the clinkering, the highly volatile PbO was evaporated. In comparison to the steel mill
dusts, these intermediates did not contain any halides, which is why the process set-up was
very easy. However, the chemical analysis as well as the phase distribution of an EAFD is very
complex; especially the interactions between these compounds while heating up in an
oxidizing atmosphere are a challenge and actually not well understood. Only one doctoral
thesis is available which deals with this topic; so, a short summary will be given to explain the
essential facts to run the clinkering step in order to obtain a halide and lead-free feed material

for the reduction step [134]:
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e A good removal efficiency of chlorine compounds could be observed, according to
thermodynamic calculations.

e Troubles might occur with CaCl; at high vaporization times.

e Since CaF; is a very stable fluorine compound, other species associated with fluorine
can be removed more easily.

o A fast heat-up of the EAFD is recommended to obtain a good removal efficiency of

halides to avoid the building of undesirable and hard to remove compounds.

Based on this research, the maximum temperature of 1,150 °C should not be exceeded, since
this would lead to an increasing energy demand. Treatment times around 3 h guarantee an
efficiency in the chlorine and fluorine removal of more than 90 % and 85 %, respectively. Two
products can be obtained from the first step of the process; the clinker, which is low in CI, F,
and Pb and the dust where the undesirable fraction can be found as well as some amounts of
Zn lost due to the chemical bonding to halides. Since the losses are lower than 8 % of the
overall zinc input, it is acceptable because of the pure clinker achieved. Figure 5-1 shows the

experimental set-up of the clinkering process with the utilization of the TBRC.

Figure 5-1: Scheme of the clinkering step using a TBRC

The presented vapour pressure curves in Figure 5-2 and Figure 5-3 explain the theoretical
basics of the clinkering process with the variation of temperature and pressure of selected
chlorines and fluorides. In general, it can be stated that F-compounds need higher
temperatures than those linked to Cl. Indeed, as indicated beforehand, the efficiency of

chlorine is slightly higher than the flour removal performance.
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Figure 5-2 shows selected chloride compounds which are present in the steel mill dust. It can
be seen clearly that especially CaCl,;, NaCl and KCI are very hard to remove according to
thermodynamic calculation. The average working range can be observed as the turquoise
temperature range meets the atmospheric pressure line at 10° Pa. It has to be mentioned that
this figure only represents theoretical considerations. The doctoral thesis [151] concludes that
there are definitely several chemical reactions proceeded in parallel (e.g. with PbO), which
results in higher yields in the Cl removal. This theory could also be proven in the clinkering

experiments carried out during the research of the “2sDR” process.
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Figure 5-2: Vaporization pressure of selected chlorides at changing temperatures. The interception of
the turquoise lines represents the working conditions for the clinkering step

Figure 5-3 shows the dependence of the vaporization of selected halides at various
temperatures. It can be stated that in general, fluorides are more stable than chlorides, which
means that the vaporization temperature is slightly higher under oxidizing conditions. This
leads to the fact that on the whole, the fluorine content would unfortunately stay at higher

concentrations than the chlorine content after the clinkering process.

Results obtained for the clinkering trials which will be presented later will confirm the
thermodynamic considerations. However, since the overall input of fluorine is relatively low
(usually in between 0.1 and 0.5), most of the F is bonded to CaF; and can be found in these

configurations in the EAFD.
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Figure 5-3: Thermodynamic calculation of several fluorides to determine their vaporization
temperature depending on the pressure

Finally, the clinkered material, more or less free from halides, can be fed into the second step.
Saving energy should be aspired in every process, particularly in the metallurgical industry, so

it is considered to charge the hot material into the second step.

5.2.2 Reducing step

The clinkered EAFD is charged onto the molten carbon-containing iron bath in the second part
of the process. The main objective is the removal of the zinc to obtain high-quality ZnO since
the halides are almost completely removed. The material is collected in the bag house filter of
the furnace, and is ready for the production of metallic zinc by leaching in sulphuric acid with

subsequent winning electrolysis.

With respect to the iron bath process, it has to be mentioned that the idea to recover
metallurgical wastes using this set-up is actually not new. In several studies, an attempt was
made to introduce, generally said, a metal bath, for this purpose. References [152—155] could
be mentioned as examples for an iron bath process, for utilizing copper reference no. [156]
can be cited. Since this new technology is based on a mini mill solution, no pilot plants have
been available until now. Furthermore, this technology is not a centralized facility; like the
Waelz process, it will be fitted to the demands of the steel mill next to the recycling plant. In
the near future, pilot scale experiments will be performed which lead to the further scale-up to

industrial scale.
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Nevertheless, the major tasks of this process are to reduce the oxidic substances in the
clinkered residue (ZnO, Fe30.) to metals with the addition of carbon. Carbon is actually
dissolved in the iron bath and added by charging carbonaceous material onto the iron bath
together with the residue. The theoretical background of the carbon-containing iron bath was
already discussed earlier in this thesis, so a short summary of the topic will be provided. A

typical experimental set-up of the process can be found in Figure 5-4.

Figure 5-4: Experimental set-up of the second step of the 2sDR process in the TBRC

Due to the difficulties with higher carbon contents (> 4.3 % C), the decision was made to limit
the maximum amount to 4.3 % C. Furthermore, the minimum should not be lower than
2.06 % C, as the melting point of the iron alloy according to the Fe-C binary diagram would
increase, which leads to an inefficient mode of operating. This means the applicable carbon
amount is equal to 2.24 %, meaning 52 % of the overall carbon content in the melt. Since the
kinetic of dissolved carbon is very high, it is mandatory that there is always a specific amount
of carbon in the melt. However, to increase the batch size, carbon can be added together with
the residue, supporting the reduction, not influencing the carbon dissolved in the iron. But this
effect is limited due to a high burn-off rate of the charged carbon within the charcoal/EAFD

mixture, since homogenization is not easy because of the hot clinker.

Basically, the batch starts with charging clinkered EAFD onto the carbon-containing iron bath.
During this procedure, further carbon is added as well as slag-forming additives, depending on
the chemical composition and the final melting temperature of the formed slag, respectively.
The end of the process is defined as the point where the zinc is completely fumed and the iron

is totally removed from the slag.
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The products obtained are:

¢ Relatively pure ZnO; only traces of Cl and F can be found
¢ Heavy metal-free slag

¢ Iron alloy enriched with Fe, Cr, Ni, etc. from the EAFD

Regarding the thermochemical background, several publications can be found dealing with the
fuming of zinc out of the lead shaft furnace (Figure 5-5). Actually, this process is more than

100 years old, but the principles are generally still applicable for the 2sDR process.
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Figure 5-5: Slag fuming furnace for the producing of zinc out of the slag obtained in the lead shaft
furnace 1: slag feed; 2: fuming furnace; 3: post combustion chamber; 6: cooling water discharge; 7:
cooling water collector; 8: pyrite injection unit; 9: oil injection unit; 10: hot blast bustle pipe; 11: cold

blast bustle pipe [157]

The process started with the tapping of the slag out of the lead shaft furnace. The applied
carbon carriers for such a slag fuming were, among others, powdered coal and fuel all,
whereby the last example was favoured due to the increase in turbulence with the high amount
of volatile matter. In doing so, CO is produced due to temperatures higher than 1,000 °C
(usually 1,150-1,373 °C), which acts as a reducing agent. Beside other problems, a theoretical
furnace temperature lower than 1,000 °C would not be very reasonable, since the wetting angle
between ZnO and the carbonaceous material would be too small. Figure 5-5 shows an old type
of slag fuming furnace with an attached post combustion chamber for the complete re-oxidation
of Zn (and SnO) [157; 158].
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However, the carbonaceous material forms a bubble in the molten slag, consisting of CO and
surrounded by the slag and the liquid oxidic residue. In the case of the slag fuming process,
zinc oxide is reduced, further volatized and re-oxidized in the upper part of the furnace.
Furthermore, the iron oxide Fes04, which is the most stable form in liquid slags under these
conditions [159], is reduced to FeO (wustite). There is a remarkable zinc content in the
remaining slag, due to the operating conditions as well as the target of the fuming furnace.
Basically, prior to the evaporation of the Zn, it is accumulated in the bubble, consisting of CO.
According to thermodynamic calculations using HSC Chemistry software, Fe3O4 should be
reduced first under these conditions (Figure 5-6). Nevertheless, ZnO is smaller and therefore
transported faster to the boundary layer CO-bubble/slag. This leads to the fact that the Zn
already produced reduces the iron oxide, producing ZnO again and FeO at temperatures
higher than 1,300 °C. In this conjunction, the remaining Zn content in the fuming process is
relatively high (~2 % in the slag) and the carbon demand increases if higher Zn yields are
required [158; 160].

In comparison, the metal bath process operates at a higher temperature for the recovery of Zn
and even Fe out of metallurgical residues. At higher temperatures, the iron oxide is converted
to iron and with this, the Zn amount decreases to very low quantities in the remaining slag.
Due to its higher density, the liquid iron (as well as other heavy metals like Cr, Ni, etc.) moves
down, leaving a clean slag behind which can be further treated to be suitable for construction

purposes [161].

Zn0 + CO 2 Zn + CO, equ. 5-1
Fe;0, + CO 2 3FeO + CO, equ. 5-2
C+ CO, = 2C0O equ. 5-3
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Figure 5-6: Gibbs energy of selcted components depending on temperature

The aforementioned reaction system is pictured in Figure 5-7, where a char particle is set in

the middle of a CO bubble, surrounded by liquid slag. The char is converted to CO, which is

consumed by Fe3O4 and ZnO, producing CO.. Since the temperature is above 1,000 °C, the

COz is immediately reduced to CO. The reaction speed depends mainly on the kinetics of the

slag, or in other words, the transportation of the educts to the boundary layer, the reaction at

the boundary layer, and finally the movement of the products into the slag. Concluding, the

reaction behaves as follows [158—160]:

¢ High Zn contents in the residue lead to a shorter residence time of the reducing agent

e Increasing Fe®* contents leads to a low fuming efficiency of the Zn and the demand of

carbon increases

e Carbonaceous materials with low ash content, low moisture, high fixed carbon content

as well as high reactivity should be preferred
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Figure 5-7: lllustration of the reactions occurring in the molten slag, according to [159]

It has to be mentioned that the considerations stated previously were obtained for the slag
fuming process. Although these basic thoughts can be used for the “2sDR” process, it is

absolutely necessary to perform thermodynamic calculations in advance.

Since the slag consists of a multi-component system, FactSage™ was chosen to model the
slag system during the treatment of EAFD. With this, the evolution of the slag formation during
the treatment can also be investigated with regard to the melting temperature of the oxidic
mixture. As can be seen in Figure 5-8, the evolution of the produced slag out of the EAFD is
done in three steps, also using three different ternary systems, starting with the left one. Here,
the main components are given, which in the case of a typical EAFD are Zn, Fe and Ca. Minor
elements are Si and Mn. Since the partial pressure of oxygen is given, the occurring oxidic
phases result based on the thermodynamic equilibrium. Especially wustite is a big problem
because there is no fixed stoichiometric composition (Fe1xO). However, the chemical
composition of the clinkered material is represented as a pink dot in Figure 5-8. Through the
depletion of Zn due to the reduction, the point moves towards the Fe-Ca binary diagram. With
this, the concentration moves to the Fe-Ca-Si ternary diagram. Here, similar processes
happen, since the iron should also be recovered, leading to the final Ca-Si-Mn system.
Attention has to be paid to the final slag composition, since it is very important to avoid areas
with high melting temperatures. In the case of EAFD, a silicon oxide addition (sand) should be
considered [161].
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Figure 5-8: Evolution of the slag during the treatment in the 2" step of the process, starting from the
left side. The pink dot represents the slag composition and the melting temperature in each ternary
diagram, respectively [161]

Since a main goal of this thesis is the implementation of renewable reducing agents, especially
charcoal, it is possible to decrease the CO2> emission significantly: Due to the fact that all
emissions originated from the reduction of oxides cannot — as per definition — be attributed to
the other greenhouse gases occurring by using this carbon from a renewable source. Initial
experiments and results obtained in the carburization tests, explained in the preceding chapter,
show a potential field of the application of charcoal to adjust the carbon content in the iron bath
process. In contrast, generated CO; from the utilization of fossil petroleum coke, for instance,
results in similar quantities of CO,, but unfortunately, it is not renewable. This leads to
increased greenhouse gas emissions from the process. Finally, it has to be mentioned that if
there are any gases utilized for heating purposes (e.g. heating up the TBRC), they also have

to be added to the overall CO; emissions of the recycling process.

A huge benefit of the utilization of charcoal originated from renewable charcoal is the fact that
no sulphur is associated with this carbonaceous material. Neither in the obtained iron alloy nor
in the off-gas system will sulphur be found, which is definitely an advantage. With respect to
the off-gas cleaning system, no attention has to be paid to sulphur, since SO, emitters usually
need special gas cleaning steps to get rid of sulphur dioxide. Similarities can be seen in the
iron alloy where no additional desulphurization has to be performed, owing to the fact that

sulphur is well known as a steel parasite.

However, while doing the research for this project, the implementation of charcoal was

considered, based on the aforementioned advantages. Therefore, charcoal originated from
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residues of the agricultural and forestry industries was used to be converted into an alternative
carburization agent. This was employed to adjust the carbon content in the liquid iron bath as
well as to feed additional reducing agent simultaneously with the charged clinkered EAFD, to
guarantee a remaining carbon content in the metal bath after reduction of around 2 % C, as

already explained.

As it is important for the process ramp-up of the procedure, it has to be mentioned that the
very first batch is carried out using pig iron granules, given that the liquid metal bath has to be
provided in advance. The charged EAFD provides additional iron during its reduction that will
increase the quantity of the metal bath, as well as possible chromium and nickel. Therefore, it
is necessary to tap a specific amount of metal from time to time and after some batches,

respectively, to lower the volume of the iron melt.

In the subsequent chapter, the trial performed will be described with regard to the efficiency of
the metal yield as well as the chemical analysis of the dust obtained. The charcoal was

produced in the “twin screw reactor” at 850 °C and retention times of 2 h.

5.3 Utilization of charcoal in the iron bath process

The iron bath trial was performed subsequent to the first step of the process in a ~ 50 kg batch
scale; however, for the sake of completeness, the data obtained by clinkering the waste

material will be represented.

In Table 5-2, the chemical analysis of the feed material, an EAFD from a carbon steel producer,
is given as residue which was agglomerated in advance. This material was clinkered in the
TBRC at 1,100 °C with an applied retention time of 3 h. This treatment resulted in the expected
loss of halides as well as some traces of Zn and Pb, which can be observed in the same table.
The weight loss in the clinkering step was 86.8 %, which means the charged batch size of
28.5 kg was reduced to 24.7 kg. The corresponding Sankey diagram is illustrated in Figure
5-9.

Table 5-2: Overview of the chemical analysis [wt-%] of the dust before and after the clinkering step

EAFD after clinkering [ReleR¢]

It has to be mentioned that the further processing would be the straight forwarding of the hot
material to the iron bath step, to save the heat energy accumulated in the clinkered material.
As the scale of the experiments is too small compared to an industrial scale, the two steps of

the process had to be performed on two different days.
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Figure 5-9: Observed mass flow in the clinkering trials using a TBRC

For this trial, an amount of 44.8 kg of pig iron was molten in the TBRC, with a subsequent
addition of charcoal to guarantee a carbon content of around 4.3 % in the liquid phase. The
basic background of this principle was explained in Chapter 4, but it has to be mentioned that
due to the scale of the experiment, only one batch was performed and after this, the liquid
phases were tapped. In industrial scale, the slag would be removed and the iron would be re-
carburized to be ready for the next batch. With the increase of the metal bath caused by the
reduction and further collection of iron, Cr and Ni, it is necessary to tap a small amount of iron.
The chemical composition of the material utilized in the second step of the process can be
found in Table 5-3; note that 9.98 kg of the clinkered material was also used that is not

published in this table.

Table 5-3: Analysis [wt-%] of the material utilized as a basis for the metal bath process

Pig iron granules

Charcoal “Eucalyptus/Pine No. 4”

The waste material was charged onto the liquid and carbon-enriched iron bath, starting
immediately with the reduction process. The clinkered material was mixed with additional
charcoal to guarantee a final carbon amount in the melt of roughly 2 %. With this, more pre-
treated EAFD can be charged in each batch, increasing the size of the treated material per
batch as well a better exploitation rate of the iron bath. This leads to a faster increase in
elements such as Cr and Ni in the iron alloy, allowing faster tapping and further utilization of

the alloy in a steel mill as e. g. master alloy.

99



The “2sDR” process

The iron bath process was carried out at an average temperature of 1,618 °C and the EAFD
was treated for 190 min. It was observed that in general, the density of the charcoal led to a
longer charging time of the charcoal/residue mixture in comparison to the powdered pet-coke
or relatively high density coke. The highly reactive charcoal caused a high reduction rate of the
oxidic residues and further re-oxidation of Zn in the off-gas stream. This caused an enormous
increase in the off-gas temperature and with this, a limitation of the process. Usually, this issue
can be avoided by applying a spray cooling system in the off-gas pipes. Unfortunately, this
type of application is not available at the Chair of Nonferrous Metallurgy. That means the
treatment time was extended “artificially” by throttling the power supply of the methane burner

that caused a lower metal bath temperature. The corresponding Sankey diagram can be seen

in Figure 5-10.
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Figure 5-10: Sankey diagram of the second step of the “2sDR” process
In the matter of the achieved quantities of each fraction and its chemical composition,
respectively, it can generally be stated that the obtained values are very satisfying. The final

chemical composition is represented in Table 5-4.
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Table 5-4: Overview of selected elements obtained in the second step of the process, in [wt-%]

Regulus

Slag
Dust

With respect to the iron alloys obtained, several species in the metal should be discussed. The
major element in the metal is of course iron, since the charged pig iron granules are made of
this species. Further elements that are necessary for evaluating the success of the treatment
are sulphur and zinc. Both originate from the EAFD and in general, it can be stated that the
lower the value in the metal, the better the result. As can be seen in Table 5-4, the values are
really low, leading to the conclusion that the treatment was successful. Unfortunately, the
carbon content in the tapping was lower than calculated since the experimental set-up of the

methane burner caused a reduction of the CO, CO;, H, and H2O produced.

Concerning the slag composition, similar requirements are recommended. Also here, the zinc
content should be very low to label the process as successful. According to Table 5-4, the
obtained values of Zn could be lowered as well as those of lead, which is also very important
regarding the further utilization of the slag. Similar to carbon in the metal phase, iron was
oxidized due to some problems with the heat supply using the methane burner. Although the
lambda value (air number) was set below one, an incomplete mixture of the burner gases led
to inhomogeneous combustion behaviour with a subsequent undesirable but unavoidable

partial oxidizing atmosphere.

Theoretically, the dust obtained should consist of mainly ZnO. Of course, a total recovery is
impossible due to several reasons (e. g. distribution coefficient, temperature, kinetic effects,
etc.) and there is always a significant amount of carry-over material. However, for the dust
phase, the results were quite good. A slightly increased lead concentration was recognized,
but this would not pose a big problem for direct utilization in the primary zinc industry, since an

upstream process prior to the zinc electrolysis is always a Pb/Ag separation.

Only the concentration of the halides is too high, but the results achieved are based on an
unavoidable error. Due to the construction of the off-gas pipes attached to the TBRC, an
unknown quantity of dust always sticks to the inner wall of the pipes. Since the clinkering
experiments were performed using the same experimental set-up, some chlorine and fluorine
were settled inside the off-gas system, which was removed later when the second step of the
process was performed. Therefore, the realistic Cl and F content would be in the range of 0.37
and 0.09 %, respectively, which would be a very satisfying result since it can be compared with
washed Waelz oxide (0.2 % Cl and 0.1 % F).
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As a final point, the presented experiment should be compared to ones where fossil carbons
were used as carburization and reducing agent, respectively. Basically, the results in the
achieved values for each phase were very close, but one important difference could be
observed. Due to the fact that renewable resources like charcoal originated from biomass do
not carry any sulphur with them, this important factor can be neglected for process modelling.
For instance, in the case that sulphur is released to the off-gas stream, an additional gas
cleaning unit has to be attached, to remove the SO, produced. However, the big advantage of
course is the non-existent attribution of the released CO; to the greenhouse gas because of

the origin of the reducing agent.

Similarities can be stated for the sulphur content in the iron alloy. Because of the negligibly low
S amount of biomass-derived charcoal, it was almost not detected in the spark analysis. Since
sulphur is known as a steel parasite, it is usually removed prior to the steel production process
in the BOF. In the case of charcoal utilization in the “2sDR” process, desulphurization of the

generated iron alloy does not have to be performed.

Figure 5-11 illustrates the mass flow of the second step of the “2sDR” process during
continuous operation. After tapping the obtained heavy metal-free slag, the iron bath has to be
re-carburized again and then, clinkered EAFD can be charged onto the liquid metal bath once
more. At this point, the heavy metal recovery starts, similar to the descriptions mentioned
earlier. Of course, due to the iron reduction, the quantity of the iron alloy produced increases,

so that after several batches, a specific quantity of iron has to be tapped.
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C: 4.156 kg
Charcoal

Fe: 1.713 kg
Zn: 3.682 kg
Pb: 0.021 kg
ClI: 0.068 kg Iren bath process
F: 0.003 kg

Clinker

C:4.12 kg
/ S:0.011 kg

Off gas

Fe:1.713 kg
S:0.004 kg
C:0.036 kg
Zn: 0.004 kg
Pb: 0.001 kg

Iron alloy

Zn: 3.649 kg

Pb: 0.02 kg
b Cl. 0.068 kg
F:0.003 kg

Filter dust 2

Figure 5-11: Mass flow of the second step during continuous operation of the process

Concluding, it can be stated that a novel process was invented that can treat different types of

wastes using a carbon-containing iron bath. Although the process was designed using

commercially-available coke, charcoal would be an attractive alternative in the near future.

That means the technology is available, but economic considerations have to be performed to

identify the appropriate carbonaceous material.
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6 Product optimization of the Waelz process

The main product of the Waelz process is the so-called Waelz oxide; its main component is
zinc, or rather ZnO. Unfortunately, it is contaminated with halides, which find their way into the
gas phase by vaporization or carry-over. The origin, stated earlier, can be found in the input
material of the Waelz kiln, mostly EAFDs where chlorine as well as fluorine originates from
coatings on steel scrap, the major feed material of the electric arc furnace, where the dust was

generated.

However, a detailed description of the generation of the dust as well as its chemical

composition can be found in the previous chapter.

Although the Waelz process has some remarkable disadvantages, roughly 80 % of the
recycled steel mill dusts are processed using this method. The process set-up of this recycling
method is generally very simple. The residues, mostly EAFDs, are mixed with slag, forming
additives and reducing agents and agglomerated, resulting in micropellets. The material is
forwarded into the upper part of the rotary kiln. Usually, the average length of the kilns is 60 m,
with a diameter of 3.6 m. The material moves through the kiln brought about by the rotation as
well as the slight decline of the tube, heating up slowly. At the beginning, the charged material
is dried and with the increase in temperature, first reactions start. Among others, the thermal
decomposition of carbonates and sulphates, the reduction of Fe;O3 as well as the starting
Boudouard reaction can be named as representative reactions around 900 °C. After passing
a little bit more than the first half of the kiln, the main reactions start, since the temperature of
the feed material increases up to 1,200 °C. That means that most of the zinc is reduced and
volatized and the wustite obtained from the first half of the kiln is converted to iron. Shortly
after zinc leaves the bed, it gets immediately re-oxidized to ZnO, and further leaving the kiln in
the upper part. The remaining zinc-free slag moves forward toward the discharge head.
Nowadays, a huge number of the Waelz kilns use the SDHL technology, which reduces the
demand for coke as well as the necessity of the burner unit. Instead of the external heat supply,
air is blown on top of the Walz slag that re-oxidizes the iron, thereby releasing heat energy into
the kiln with this reaction. Due to its technology, the Waelz process runs without any extra
energy supply. Finally, the slag is discharged at the lower part of the kiln and cooled,

representing the second product of the process [123; 126; 157].

The obtained products, Waelz oxide (WOX) and Waelz slag, are very difficult to process in
further metallurgical operations, since the quality is inferior. As an example, the above-
mentioned halides contaminate the WOX, leading to subsequent cleaning steps to be a

suitable input material in the primary zinc industry. Therefore, several options are available,
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which were pointed out in the previous chapter. In the following sub-chapter, the most common
method, the washing of WOX with Na,COs, is described as well as an alternative method, using

pyrolysis gas.

In the case of Waelz slag, the major component is iron (as wustite); several other heavy metals,
such as Cr, Ni, etc., and the common slag components (SiO., AlO3, CaO and MgO). In earlier
times, it was possible to use the obtained slag for road construction or other construction
purposes. Nowadays, it is used for the building of disposal sites, but it still contains some
quantities of heavy metals, which is why this utilization method might be forbidden in the near
future, or is actually already prohibited in some countries. Nevertheless, the recovery of these
heavy metals as well as the iron is interesting to produce a ferroalloy and a heavy metal-free
slag which can be utilized again in road construction, to avoid the cost-intensive disposal. For
this, a recycling method will be presented that is able to treat this material by using charcoal

and to obtain the aforementioned products according to [162].

Table 6-1: Overview of several possible materials fed into the Waelz kiln, in [wt-%] [126]

Zn Pb Fe FeO Cu Al Cl C Si02 H20
Filter cake/ 31 3 - 10 0.2 - 0.4 11 15 45
Cupola furnace
Dust from 43 20 - 0.6 3 - 5 0.6 1 0.3
copper and
brass industry
Dust cupola 31 0.1 - 23 - - 0.5 5 1.3 0.4
furnace
EAF dust 23 0.1 - 35 0.1 - 0.6 2 1 10.6
Lead dust 2 68 - 5 - - 0.2 2 - 10.4
Zinc-lead oxide 44 15 - 4 0.4 - 4 0.6 1 1.8
Neutral leach 18 7 - 33 1.6 - - 0.2 3 30
Residue
Galvanization 92-94 1.0-1.6 1-3 - - - - - - -
dross
HD galvanizing 60-75 | 0.5-2.0 | 0.2-0.8 - - 2-5 - - -
ash
Cont. 65-75 | 0.1-0.5 | 0.2-0.8 - - 0.1-0.5 0.5-2 - - -
galvanizing ash
Die-casting 90-94 | 0.1-0.2 low - - 1-7 - - - -
dross
Sal skimmings 45-70 | 0.5-2.0 | 0.2-0.8 - - - 15-20 - - -
Brass fume 40-65 | 0.5-7.0 1-2 - - - 2-7 - - -
Die-casting ash 55-60 | 0.1-0.2 low - - 3-10 low - - -
Ball mill ash 55-65 | 0.1-1.0 | 0.2-0.8 - - - 2-5 - - -
Zinc 92-95 1-2 0.1-0.5 - - - - - - -
dust/overspray
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Abb. 4/35. Wiilzanlage (N 32, Bd. 3, 8. 430)
a = Materialaufgabe, b = Einlaufschurre, ¢ = Wilzofen, d = Zentralgeblése, Brenner, e = Austragskopf, f = Schlackenschurre,
g = Schlackengrube, h = Schrapper, i = Schlackenabtransport, k = Sperrluftgebliise, | = Staubkammer, m = Verdampfungs-
kiihler, n = Voroxidtransport, o = Elektrofilter, p = Wilzoxid-Transport, r = Abgasgebliise, s = Kamin

Figure 6-1: Waelz kiln for the processing of EAF dust a: Material feeding b: Reel carriers c: Waelz
rotary kiln d: Burner e: Discharge Head f: Slag reel carriers g: Slag pit h: Scrapper i: Slag removal k:
Sealed air fans I: Dust settling chamber m: Evaporation cooler n: Low grade Waelz oxide transport, o:
Electrostatic precipitator, p: Waelz-oxide transport, r: flue gas blower s: stack [157]

Table 6-2: Overview of typical values [wt-%] obtained in the Waelz process [126]

FeO | Fe(met)/Fe Basicity

Waelz slag

basic

acid
Waelz oxide 55-58 7-10 | 0.1-0.2 | 0.4-0.7 0.5-1 3-5 -

Leached 60-68 9-11 | 0.1-0.3 | 0.08-0.15 | 1-1.5 4-7 -
waelz oxide

Reactions in gas phase (Oxidising)
Zn + % 0, —» ZnO
CO+ % 0, — CO,
ZnO + CO + O, —» Zn0O + CO,

Escaping CO gas and Zn vapour

Reactions in the charge (Reducing)

ZnO + CO —» Zn + CO, FeO + CO — Fe + CO,
CO,+C—-2CO CO,+C—>2CO
Zn0+C —»Zn+CO FeO + C —» Fe + CO

Figure 6-2: The main reactions in a Waelz kiln [126]

6.1 Clinkering of Waelz oxide

The raw material within this topic is crude Waelz oxide, which is obtained in the off-gas system
of the Waelz process. The aim here was to use the top blown rotary converter (TBRC) for an
alternative method for clinkering as a subsequent treatment of crude Waelz oxide. Therefore,
two different energy carriers for providing the heating energy for the furnace were utilized and

compared.
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Usually, the most common method for cleaning the WOX is the washing using soda
bicarbonate (Na>COs3), as described in Chapter 5.1. In the following section, the procedure of

the washing step will be described:

At first, the raw material (crude Waelz oxide) is combined with the filtrate of the second leaching
step. By adding dissolved sodium bicarbonate at a pH of 9 and temperatures between 60 and
90 °C, the solid material is usually leached for 1.5-2 h. More than 90 % of the alkalis as well
as the halides can be removed during this process step. The next part is a second washing
step, where the filter cake obtained in the first step is leached. The applied liquid is tap water
at a temperature of 40 °C. The retention times of the leaching process are set around 1 h. The
remaining chlorides, sulphates and traces of fluorides can be removed using this method. The
final solid liquid separation guarantees a relatively pure solid which can be sold as “double
leached Waelz oxide” to primary zinc producers. The remaining liquid is returned to the first
step, as already stated. This process is often applied by Waelz kiln operators but has a big
disadvantage, since the wastewater has to be treated to be allowed to forward it to the sewage
discharge. This is the reason why most of the washing facilities are located next to rivers or
the sea, because of the fact that here, the permission to proceed the wastewater into the
surface water is easier to realize. The disadvantage can therefore be summarized as
follows [138; 145]:

e access to the sea
e big washing units
o difficult wastewater treatment, if no sea access is available

e additional washing step

The feed material of the clinkering process is the crude Waelz oxide, similar to the sodium
bicarbonate cleaning step. The aim is to perform the heat treatment in a temperature range
from 900-1,100 °C. Here, the halides like fluorine and chlorine as well as some heavy metals
(lead and cadmium combined to oxides, sulphides, sulphates and chlorides, fluorides) are
evaporated while ZnO remains in the solid phase. It is mandatory that for this purpose, the
furnace has to be operated in an oxidic mode. The following subchapter will give a more

detailed overview of the experimental set-up of the process [117; 138].

6.1.1 Experimental set-up of the clinkering trials

The clinkering experiments to treat crude Waelz oxide were performed in a top blown rotary
converter at the Chair of Nonferrous Metallurgy, Montanuniversitaet Leoben. The volume of
the TBRC is roughly 80 litres, depending on the thickness of the refractory material. That

means an optimum charge of material input is approximately 20-30 litres to guarantee a good
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mixing behaviour as well as a satisfying free board to exhaust volatile matter. The rotation
speed as well as the angle of the vessel can be adjusted as favoured. A drawing of the furnace
can be found on the left-hand side in Figure 6-3. The burner is usually operated by a methane-
oxygen mixture with a maximum capacity of 75 kW. The achievable maximum temperature,
depending on the investigated process and the refractory material, can be defined as 1,750 °C
to 1,800 °C. Furthermore, since the stoichiometric ratio between methane and oxygen can be

varied, it is also possible to run the aggregate under oxidizing and reducing conditions.

Since it was the aim to perform a heat treatment of crude Waelz oxide using alternative
methods, first trials were carried out with the use of the conventionally applied methane-oxygen
burner. Afterwards, a second burner provided the energy by purging pyrolysis gas, produced
in the twin screw reactor located along the TBRC, into the vessel, to use a COz-neutral source

for heating the furnace.

Special focus is laid on differences in the achieved results between the different energy carriers
used for heating the clinkering furnace. The amount of clinkered material should be in the
range of 20 kg of crude Waelz oxide, where special focus lies on the temperature profile of the

kiln as well as possible contaminations in the generated product by the pyrolysis gas.

As a raw material, crude Waelz oxide was used and clinkered under oxidizing atmosphere to
selectively vaporize contaminations like halides and lead oxide, as explained before. These
first tentative trials should show the reachable temperatures and handling of the combination
of TBRC and twin screw reactor as well as the behaviour of Waelz oxide under the atmosphere

of burned pyrolysis gas.

To utilize the pyrolysis gas as a burner gas in the TBRC, the fume hood of the metallurgical
furnace was slightly modified to guarantee a total combustion of the pyrolysis gas. Therefore,
a second burner hole was drilled into the fume hood of the TBRC to utilize the alternative
burner gas. The conventional TBRC burner was used as the oxygen supply for the combustion
of the pyrolysis gas. A draft of the modified fume hood can be seen on the right side in Figure
6-3.
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Figure 6-3: Drawing of the TBRC at the Chair of Nonferrous Metallurgy (left) as well as a draft of the
optimization of the fume hood (right)

The draft of the experimental set-up can be seen in Figure 6-4 . Furthermore, different burner
gases were used and compared regarding their applicability in this furnace and for this
purpose, respectively. Therefore, the initial idea was to divide the clinkering experiments into

three single trials, as defined below:

¢ 100 % methane; Lambda (air ratio) = 1.0
e 100 % pyrolysis gas; Lambda = 1.0

¢ methane/pyrolysis gas mixture; Lambda = 1.0

As described initially, the pyrolysis gas was provided by the twin screw reactor. The carbonized
biomass was olive tree cuttings, which were pyrolized at a maximum temperature of 900 °C
and retention times around 2 h, since here, the quality of the charcoal allows the maximum
quantity of the pyrolysis gas. If the carbonization temperatures were lower, too little gas would
be produced and the quality of the charcoal obtained would be too low. Otherwise, decreasing
retention times would lead to an enormous amount of gas production, which would lead to a
blow out of the charged material inside the TBRC. To guarantee the total combustion of the
pyrolysis gas, the occurred off-gas at the fume hood of the furnace was monitored by applying
an additional gas analyser to the off-gas hood of the TBRC, since the production of CO would

cause under stoichiometric conditions.

At the very beginning, the TBRC was slowly heated up to 1,200 °C. After reaching this
temperature, the crude Waelz oxide was charged into the furnace, whereby the clinkering
process started shortly after the heat-up of the input material. During the treatment time,
samples were taken every 30 min. to verify the success of the clinkering step. Lastly, the

treated Waelz oxide was tapped and cooled after 2 h. The charged material itself was
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forwarded to the furnace, without any agglomeration like a pelletizing step. However, during

the process of crude Waelz oxide, the material was agglomerated to pellets anyway.

The previously described experimental procedure was performed in each of the trials except
for the second one with 100 % pyrolysis gas; in this case, just one sample was taken during

the tapping.

Heat resistant valve

post combstion TBRC

(“r (f tlexible heated tube
tor

i I Twin-Screw-Reac

Figure 6-4: Draft of the experimental set-up with the twin screw reactor, the heated flexible tube and
the TBRC

6.1.2 Results of the alternative cleaning step

In this chapter, the results of the clinkering experiments carried out at the Chair of Nonferrous

Metallurgy are described.

6.1.2.1 First trial; 100 % CHa

As stated earlier, the first clinkering experiment was performed with CH4 as a burner gas at
1200 °C and a retention time of the crude Waelz oxide of 2 h. Actually, the trial could be carried
out without any problems. Since it was the first experiment in this test series, there were some
decreases in temperature when taking a sample, as pictured in Figure 6-5. The results of the
chemical analysis of the clinkered material can be seen in Table 6-3 and Figure 6-6. In
comparison to previous projects performed with a synthetic mixture of a common Waelz oxide,
the results of the first study show good efficiency in the removal of volatiles [151]. The
treatment time in this case seems to be at least 60 min., as can be seen in Table 6-3. Longer

clinkering times still have a small impact on the removal of alkalis as well as on lead.
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Figure 6-5: Recording of the temperature profile as well as the evolution of the gas composition during
the first experiment
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Figure 6-6: lllustration of the removal of the disturbing elements in the first trial

In Table 6-3, the success of the removal of disturbing elements in the first experimental

procedure is given.
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Table 6-3: Results of the chemical analysis from the samples taken during the first experiment

Removal of Elements [%]
Sample No
1

Time[min] K
30

60
|

|

90
120

2
3
4

6.1.2.2 Second trial; 100 % pyrolysis gas

The second trial was performed with the pyrolysis gas originated from the carbonization of
olive tree cuttings. The gas was collected at the exhaust pipe of the carbonization unit and
redirected by a heated flexible tube into a heat-resistant steel pipe, which served as the burner.
This steel pipe was fixed to the second burner hole (Figure 6-3). The carbonization unit was
started 1.5 h in advance to fill the carbonization reactor with biomass/charcoal to achieve

constant (steady-state) pyrolysis gas for the clinkering step.

As can be seen in the resulting temperature graph in Figure 6-7, it is hardly possible to use the
pyrolysis gas only in connection with oxygen for heating purposes, since the gas consists of
mainly Hz and CO (cf. Table 6-4). This is the reason for the reactivation of the methane burner
after approx. 45 minutes (Figure 6-7) to guarantee 1,200 °C treatment temperature of the crude
Waelz oxide. By activating the CH., the temperature increased very fast, since the combustion
energy of methane is very high. As shown in Figure 6-7, shortly after starting the methane

input, the furnace achieved the required 1,200 °C and the clinkering process could be finished.

Table 6-4: Specific combustion enthalpy of selected gas species at 900 °C

Specific Combustion
Enthalpy [MJ/m?]

Gas species

CHa

CO

H>

Pyrolysis gas '

" Details are given in Chapter 3.2

Furthermore, clogging resulting from the incomplete combustion of the pyrolysis gas shortly
after fixing the gas analysing system could be recognized. This is the reason why the graph of
the exhaust gas composition is incomplete, as illustrated in Figure 6-7. Moreover, due to the
high amount of soot which is in the pyrolysis gas, there was a significant increase in the dust

load in the off-gas cleaning system (Figure 6-8). In the second trial, a single sample was taken
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at the end. The aim was to have no influencing factors - like taking samples - on the result of
the clinkering process with pyrolysis gas.

In Table 6-5, the results of the thermal treatment are listed. Although the experimental
procedure was not satisfying, the obtained results are the same as in the first trial. The reason
for this behaviour is that the halides, which are in the crude Waelz oxide, are very volatile even
at lower temperatures. Moreover, the high amount of water originated from the combustion of
the pyrolysis gas was responsible for the good removal efficiency, allowing a kind of hydrolysis.
By comparing these results with the ones from the theoretical Waelz oxide mixture, a good

removal of disturbing elements could be observed.

Table 6-5: Result of the chemical analysis obtained in the second trial

Removal of Elements [%]

Sample No ‘ Time [min]

1 120
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Figure 6-7: Temperature distribution and exhaust gas composition in the second experiment
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Figure 6-8: Representative picture of the increasing dust load of the off-gas when using pyrolysis gas

6.1.2.3 Third trial; pyrolysis gas / CH4 gas mixture

The third experiment was performed using a pyrolysis gas/CH4 gas mixture from the beginning
of the trial as the burner gas. The experimental procedure concerning sampling was the same
as in the 1%t trial. Furthermore, the gas analysis worked more efficiently, seeing as more spare
parts were prepared in advance for fast maintenance during the trial, due to the fact that the
knowledge obtained from the second trial led to this action. With this, a total combustion of the
gas mixture could be ensured, which means that no CO, H; or any other hydrocarbons were

exhausted, since the gas analysis always showed actual data, as is described in Figure 6-9.

In Figure 6-10 and Table 6-6, the results of the chemical analysis are shown. Because there
was an undesirable reduction step shortly after the 2" sample taking, the chemical analysis
showed worse results than in the first clinkering trials. Nevertheless, compared to typical
clinkering processes, which were performed in the first two experiments, the achieved results

were satisfying.
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Figure 6-9: Plot of the temperature distribution as well as the exhaust gas composition
in the 3™ experiment
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Figure 6-10: Development of the elements during the removal of the halides in the last trial

In Table 6-6, the removal of the elements during the clinkering process is listed.
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Table 6-6: Tabulation of the removal of the elements during the 3™ experiment

Removal of Elements [%]
Time[min] K Cl
30
60
|
|

Sample No

1

90
120

2
3
4

In this part of the chapter, a short conclusion of the experiments is given and the removal of
disturbing elements such as chlorine, fluorine, as well as lead, sodium and potassium in a top
blown rotary converter are described. In Figure 6-11, a picture of the tapping after the treatment
is shown. The material itself was pelletized during the clinkering step, which was the desired

process, as expressed in a previous section.

Figure 6-11: Tapping of clinkered material from the TBRC

The first trial was carried out with 100 % CH4 as the burner gas for two hours of clinkering time
at 1,200 °C. The results show a good yield of the desired elements. Even with low clinkering
times (1 hour), there was a significant decrease in the halides, alkalis and lead. Therefore, the

percentage of these elements went down with increasing treatment time.

The second trial was done by using pyrolysis gas from the twin screw reactor. For that reason,
the pyrolysis unit was charged with 15 kg of olive tree cuttings. To achieve high amounts of
pyrolysis gas, high carbonization temperatures were chosen. The gas was redirected by a

flexible heated tube and passed into the TBRC using a steel pipe. In doing so, the main burner
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of the TBRC served as a source for the oxygen. As already mentioned, there was a
temperature loss due to the high amount of hydrogen in the pyrolysis gas and therefore, the
main burner system was switched on again. Nevertheless, the clinkering process itself was a

success if the results of the first and second trial are compared.

The combination of both experiments resulted in the last trial, where both gases were used in
combination. In principle — because of the problems which occurred in the 2" experiment —
the last trial was similar to the previous one, but more attention was paid to the gas composition
and the temperature inside the TBRC. However, there were some troubles with the total
combustion of the gas mixture, which were fixed very fast. The results regarding the chemical
composition of the clinkered material were good, comparable to the first two tests. It should be
mentioned that the experimental procedure in this case was very hard to control, due to the
parallel operation of facilities. This considerable effort in installation engineering (e.g. pyrolysis
gas delivery just in time) seems to be disadvantageous in the case of an up-scaled industrial

process.

Finally, Figure 6-12 shows a picture taken shortly after the tapping. The agglomerated treated

Waelz oxide is available in a particle size between 1 and 10 cm.

Figure 6-12: Hot clinkered material soon after tapping

Altogether it could be seen that the top blowing rotary converter is a possible furnace for
clinkering. It should be mentioned that for this kind of process, an upstream agglomeration
step is required to prevent blowouts of the crude Waelz oxide during the charging process.
However, the utilization of pyrolysis gas for heating purposes is not very reasonable; the use

of a combined methane/pyrolysis gas burner may be considered, although the dust load in the
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alternative heating agent is very high. For the moment, it seems that the best utilization
possibility of pyrolysis gas is its use as a reducing agent or the combustion for producing

electrical energy or process heat.

6.2 Treatment of Waelz slag

The aim of this study is the recovery of Fe, Cr, Ni as well as other heavy metals in an iron alloy
and to obtain ZnO and PbO in the off-gas in the reduction of Waelz slag. Therefore, charcoal
was utilized to serve as a reducing agent to save CO. emissions, to minimize the contribution

to the global climate change by using a novel recycling process.

It was already mentioned that the Waelz slag is usually used in Europe in the field of landfill
building, in earlier times even for road construction. Since the legal requirements will change
in the near future, new developments for cleaning the slag form remaining heavy metals have
to be found. At the moment, there is general research in the field of slag utilization as well as
recycling being conducted; details are published in [162]. For this, a short summary will serve
as a basis to reflect the key facts for this kind of treatment. According to this research, four
different possibilities are available as to how to deal with this topic. There might be other ones
like leaching, SX, etc., but since this chapter will show the application of charcoal, they are not

taken into account in the following section.

The first method presented treats the residue in a furnace at temperatures around 1,050 °C,
which means in the solid state. Carbon is added to the slag granules and according to
thermodynamics, carbon is converted by means of the Boudouard reaction to CO by the CO2
originated from the combustion of the methane burner. The CO/H, mixture (the H>O is reduced,
as well) acts as a reducing agent to recover mainly Zn and Pb. Unfortunately, this theory does

not take into account the bad kinetics, and the resulting yields of this process are very low.

Further possibilities are the utilization of pyrolysis gas, like it was already used here [21]. Since
the gas contains a huge amount of reducing agents, it might act as a reducing gas for the
recovery of heavy metals, in this case Zn, Fe and Pb. The Waelz slag was charged into a retort
and heated to temperatures between 1,000 and 1,150 °C. The hot pyrolysis gas was forwarded
from the twin screw reactor into the bottom of the retort. The gas was flushed form the bottom
to the top of the furnace. Zinc should be reduced and vaporized and also be exhausted at the
top. First tentative trials showed a good Zn removal efficiency, higher than 90 %. Since these
experiments were very satisfying, large-scale experiments were performed which are

mentioned in the following reference [162].

118



Product optimization of the Waelz process

The previous methods illustrate a “solid (Waelz slag)-solid (carbon)” and “solid-gas pyrolysis
gas)” reaction system, where the Waelz slag stays in the solid state. Another possibility is to
use the iron bath process presented in the previous chapter for the recycling. The difference
is that the first clinkering step is not necessary, since the volatile matter like chlorine and
fluorine compounds was already removed in the Waelz kiln. However, the basics are similar,
since the residue is charged onto a carbon-containing iron bath. That leads to a very high Zn
removal in the slag as well as a total recovery of iron, which can be found in the liquid phase
of the process. The high yields as well as the process set-up lead to the conclusion that this
type of “liquid-solid” process is a potential solution for the subsequent treatment of Waelz
slag [162].

Finally, the last option should be mentioned, which also belongs to the group of “liquid-solid”
process types, performed with a small but significant difference. Instead of an initial molten
iron bath, an iron alloy is produced batch-wise during the process. In particular, the goal was
to produce an iron alloy with the implementation of a submerged arc furnace, where a
representative drawing is pictured in Figure 6-13. The remaining zinc oxide is reduced and
volatized as well, obtained and collected in the bag house filters of the site. Hence, the treated
Waelz slag is free from heavy metals afterwards and can be forwarded for further utilization,
such as for road construction purposes. This way of treatment was chosen to be operated with
charcoal as a reducing agent, so the experimental set-up as well as the obtained results will

be presented in the following sub-chapters.

Figure 6-13: Schematic drawing of the applied submerged arc furnace [163]
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6.2.1 Experimental procedure

The trial was performed in a submerged arc furnace, with a capacity of 50 kg and maximum
power of 45 kW. The furnace was lined with Ankermix from RHI AG and with a graphite
containing ramming mix, respectively, since the operation mode of the furnace was with direct
current. Table 6-7 shows the initial composition of the Waelz slag, which was treated in this
novel recycling process. As can be seen from the table, the residue contains a relatively high
and untypical amount of ZnO as well PbO at well-optimized operations, but according to the
literature [123], these values are still realistic. Because of the fact that the residual feed material
was grainy, agglomeration did not have to take place. If an upscaling of the process is
considered, a briquetting or pelletizing step might be necessary since a certain amount of gas

permeability is required if more Zn is contained in the Waelz slag.

Table 6-7: Chemical composition of the applied Waelz slag

Species ZnO PbO Cu20 FeO ‘MnO ‘CaO ‘MgO Al2O3

Species SiO2 S ‘Cr203 ‘NIO ‘Sum

wit-%

Based on the fact that a specific basicity of the final recycled slag is recommended, some
quartz was added, also to influence the slag smelting temperature in a positive way. Since the
CaO content in the Waelz slag is relatively high, the main constituent of the additives was
quartzite. This leads to a decrease in the slag smelting behaviour, if the total recovery of Zn,
Pb, Cu, Fe as well as Sn, Cr and Ni is considered. The slag consists of mainly CaO and traces
of MgO, AlbO3; and SiO,. The quaternary diagram CaO-MgO-SiO2-Al;0O3 can be observed in
Figure 6-14. It is shown that the SiO, addition caused lower melting temperatures. The
chemical composition of the additive quartz sand is represented in Table 6-8, where it can be

seen that it contains basically silicon oxide and traces of alumina and iron oxide.

Table 6-8: Composition of the additive, which was charged for slag forming purposes

Species Fe203 AlOs  SiO2 ‘Sum
wit-% 0.6 45 94.9 | 100

Finally, the proximate analysis (dry base) of the carbonaceous material is shown in Table 6-9.
Instead of the usually mentioned ash content, the chemical composition of the material is given
to get in formation of the ash constitution. However, since the amount of ash is relatively low,
it can be neglected for the mass and energy balance. Basically, it can be stated that the fixed
carbon content is very high, which underlines the utilization of charcoal in metallurgical
furnaces. Since the original biomass is relatively free from ash (found in the bark), this type of

carbon carrier is definitely suited for this purpose.

120



Product optimization of the Waelz process

(5i0,)
0 5% Aly0
90
10
S 80
<&
se & T~iegy
S ~~
S Cnstobohte ~ 70
> k
/ 30/ iridymite — it
Wollostonite A T 8 _—_Exw \
40 | Pyroxene 5 %
Pseudowollastonite li // e // %
N % 2
Rankinite: - ﬁeliﬁe-] ] // Forsteme /(\ / <}
Merwinite 06 —_—— Monhcellne / / 40
1200780 N>~ —— [
60 S ,l D -...-.P----L-§
&2 % Slag modification J—
2€a0-Si0 5/ Q0L B e e e )
- Q /l L ///\/,— —\9 .—2“00_-06—_ ______ 30
.C '6 // -4"2\ ———‘________.___
3Ca0-5i0; /0 2000\{/ T T T T T
80 ~2 0 2,0 / / Pencluse ——2300— 20
X LN \( // L U
.. \ime \\\'( s 7 7 =2 »
0L N \\1, S/ A
N / — e —
g AN }/ Vi e/ V2 )/// v/ /\7270“ N/ 0
0 ' 20 3 0 50 60 70 86 o
(Ca0) Weight % Mg0— {Mg0)

Figure 6-14: Evolution of the slag composition by adding quartzite [164]

Table 6-9: Proximate analysis as well as ash analysis of the charcoal originated
from eucalyptus cuttings

Species Crix vol.* | SiO2 CaO MgO AlOs Fe203 Na:O KO SOs P20s5 | Sum
wt-% 955|123 |0.07 (175 |0.09 |0.02 |0.06 |0.02 |0.03|0.01|0.07 |99.9

* volatiles

The feed material was weighted and mixed and charged into the furnace little by little, which
was started with melting down a blast furnace slag, since it is known for its relatively neutral
basicity and good melting behaviour. It was possible to produce a liquid base where the waste
material can be molten down. To put it simply, the carbon reduces the oxidic metals which form
a metal bath at the bottom together with the molten slag, floating on the metal. The basic
principle as well as thermodynamics and kinetics have already been described in a previous
chapter. In the case of Zn and Pb, they are volatized and leave the furnace as ZnO and PbO,
respectively. Finally, the liquid phases are tapped and cooled down. Table 6-10 gives an

overview of the charged materials.

121



Product optimization of the Waelz process

Table 6-10: Overview of the materials charged into the SAF

Material

Waelz slag

Quartzite
Charcoal

Sum

After solidification and cooling down, the slag can be separated from the metal and weighted.
Regrettably, it was not possible to get the quantity of the dust generated during the process.
The chemical composition and the amount can be estimated by recalculation via comparison

of the feed material and the obtained products.

6.2.2 Results

Basically, it can be stated that the results obtained using this experimental set-up were very
promising regarding the yields of the single elements, as can be seen in the Sankey diagram
in Figure 6-15. Especially the recycling of iron was very successful. Only 0.32 % of the Fe input

was left in the slag.

Furthermore, zinc could be reduced as well, whereby the fraction was forwarded to the gas
phase where it was re-oxidized to ZnO, similar to lead, which partly evaporates as oxide during

heat up.

In the case of chromium, there is a slight quantity of it in the remaining slag, but this could be
avoided by upscaling the experiment. Since the reducing potential increases at higher
temperatures (that can be guaranteed at bigger furnace sizes), the residual 17.75 % Cr of the

overall Cr input can be reduced as well and found in the Fe alloy.

The carbon charged in the submerged arc furnace has two purposes; first, to reduce the oxides
and second, to increase the carbon content in the iron melt. Here, the huge benefit of
renewable carbons is underlined, because of the fact that the whole evolved C (as CO) is,

according to the definition, CO,-neutral.

With regard to the distribution of sulphur, it can be seen that it was mostly collected in the slag
as well as combusted. That means for an industrial implementation of the present process,
attention has to be paid to the removal of sulphuric components in the off-gas by applying a

subsequent flue gas treatment, mostly based on calcium hydroxide (slaked lime).

Finally, the elemental distribution of copper should be mentioned. Since copper is one of the

noblest elements within the Waelz slag, it will be collected in the metal phase. Usually, there
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might be some concern when copper is found in iron alloys, as it is known to induce surface
cracks in the hot rolling process. Therefore, in the field of construction steel production, the
limit is set to < 0.15 % Cu in the iron alloy. As the Cu content in the iron alloy equals 0.85 %, it
is far too high for simple steel processing. To utilize the produced ferroalloy for construction
steel, it has to be diluted with other iron-containing resources like steel scrap in the steel plant.
Furthermore, it is known that there are some steel grades which allow higher amounts of
copper. It is known that contents of > 0.3 % Cu lead to a significant increase in the hardness
(especially in extra low carbon steels, alloyed with titanium) as well as a higher resistance to

weathering.

i C:63kg
C,.2 kg Pb: 0.7 kg
Cr 0.4 kg J04k
Cu: 0.2 kg S:03ka
Fe: 10 kg Zn:5.2 kg
Pb: 0.7 kg Off-gas
S:1kg
Zn: 5.3 kg

Waelz slag
Cr:0.1kg
Fe:0.1kg
S5:0.7kg
Zn:Okg
Recycled slag
Fe: O kg
C:4.8kg
Reduci C:05kg
educing agent Cr: 0.3 kg
Cu:0.2kg
Fe: 18.6 kg
Pb: 0 kg
S: 0kg
Fe: O kg Zn:Ckg
Additives Ferro alloy

Figure 6-15: Sankey diagram of the applied Waelz slag recycling process

Concluding, it can be stated that a possible solution to get rid of the Waelz slag was presented,
where future studies may lead to further implementation in industrial facilities. Nevertheless, it
was shown that charcoal would be a suitable reducing agent, especially when low CO;
emissions are required. Finally, it should be mentioned that the detailed studies in this field

which also lead to this type of Waelz slag treatment can be found in the doctoral thesis of [162].

The big advantage of charcoal could also be pointed out in this case. No sulphur was added
during the charging of carbonaceous material, since charcoal is free from sulphur. This means
a possibly occurring sulphur in the off-gas system can be attributed to the fossil carbon fed in
the Waelz kiln process. However, previous studies showed a definite utilization possibility for
charcoal in the Waelz process that would finally lead to a sulphur-free process, if a submerged

arc furnace is attached to a charcoal-operated Waelz kiln.
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Table 6-11: Mass balance of selected elements obtained during the Waelz slag treatment in the SAF

6.3 Conclusion of the optimization possibilities

In this chapter, two possibilities for product upgrade were presented, both of which are based
on products obtained in the Waelz process. Furthermore, in these trials, the implementation of
an alternative resource such as charcoal or pyrolysis gas was carried out with respect to the

resulting CO» emissions, which are zero, according to the definition of CO, neutrality.

The first example presented dealt with the utilization of the pyrolysis gas that is usually a by-
product of the carbonization of biomass. Due to the fact that several options are available how
to proceed with the gaseous fraction, as it was presented in Chapter 3.3.2, the present
application should serve as a demonstration that the pyrolysis gas can be used for clinkering
purposes. The chemical analysis of the gas analysis pointed out a high amount of hydrogen
as well as carbon monoxide, which leads to a low heating value. Nevertheless, as the gas
amount at the selected temperatures is relatively high, there would be the opportunity that the
huge quantity of pyrolysis gas would be able to manage the heat supply. Unfortunately, the
amount of gas available was too low, which leads to an extreme decrease in the temperature
shortly after switching the heat supply to pyrolysis gas. That means it was necessary to switch
the methane burner on again to keep the furnace at the desired temperature. Surprisingly, the

chemical analysis of the treated material was relatively good in comparison to the trial where
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a methane/oxygen burner was used solely. The reason was that the moisture led to an
increasing volatilization behaviour of the undesirable components. A major disadvantage was
the agglomeration of the Waelz oxide, which would lead to a subsequent grinding afterwards.
A subsequent utilization of treated Waelz oxide in the primary zinc (hydro) metallurgy requires
fine powder, since a leaching step in sulphuric acid is performed prior to the winning

electrolysis.

With regard to the Waelz slag treatment in the submerged arc furnace using alternative
reducing agents, the trial showed good results. Although the fundamental principle of the
experiment was based on the “in-bed” principle, good iron recovery, according to the definition,
could be achieved. Further, the removal of the remaining heavy metals was very successful,
since the chemical analysis of the recycled slag exposed only slight quantities in the chromium
content. With a necessary process optimization, it is definitely possible to solve this issue,
because of the fact that otherwise, the slag would have to be classified as hazardous waste
[162], since the maximum content of 70 ppm in case of landfilling could be exceeded in future.
However, zinc and lead were able to be totally recovered, similar to the iron, which has a
recovery rate of nearly 99.7 % in the metal. In summary, this type of treatment is definitely a
promising technology, if the legal requirements force Waelz slag operators to treat their

obtained Waelz slag to recover the remaining quantities of heavy metals.
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7 Conclusions

In this thesis, several possibilities of employing alternative reducing agents such as charcoal
or pyrolysis gas in metallurgical recycling processes with a special focus on EAFD recycling
were presented. Usually, these types of processes are fossil carbon-based, which leads to

unavoidable CO; taxes. Therefore, the aim was to find alternatives to avoid these expenses.

The initial tasks within this scientific work were the production and characterization of charcoal
and the corresponding pyrolysis gas under various parameters like the maximum treatment
temperature and the retention time. This is necessary since raw biomass cannot be used inside
a metallurgical furnace without any change in the process set-up and without any conversion
of the biomass into a proper solid, respectively. Therefore, a special carbonization reactor was
used which is able to treat waste biomass at untypically high temperatures and at various
retention times inside the reaction chamber. A valuable result of these studies was that by
applying these relatively high temperatures, the initial requirements for utilization in a

metallurgical process are fulfilled.

Regarding the second product obtained by carburization, the pyrolysis gas, several significant
observations were made; the higher the pyrolysis temperature, the higher the amount of gas.
Furthermore, high temperatures lead to an increased formation hydrogen and carbon
monoxide. Since a total utilization of both products — the solid and the gaseous — is mandatory,

utilization possibilities should be considered in this case, as well.

Charcoal can be found in metallurgical furnaces especially in Brazil, where so-called “mini blast
furnaces” are operated. Due to the relatively low compressive strength of charcoal compared
to fossil coke, the height, and with this the output, are limited. Especially the concerns about
the possible climate change also led researchers associated with metallurgy to focus on the
renewal reducing agent. The blending of coke and utilization at sintering plants and at PCls
can be named in the case of iron and steel production and several trials for the use of charcoal

in Waelz kilns can be mentioned for the recycling of EAFDs.

The present thesis focuses on an alternative process to treat EAFDs, the so-called “2sDR”
process. The big advantage of this treatment method is a recovery of heavy metals without
any generation of new wastes. Aside from very good zinc oxide quality (no additional cleaning
necessary), a heavy metal-free slag and a heavy metal-enriched iron alloy are an encouraging
result, which should definitely lead to an upscaling into a pilot plant-size. Moreover, with the
very successful use of charcoal, the CO; generation could be decreased dramatically, since
the CO; originated due to reduction purposes cannot be contributed to the overall greenhouse

gas emissions.
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Further implementation was carried out in the recycling of Waelz slag. It was stated earlier that
future changes in the legislative requirements, which have already come into effect in some
countries, will forbid the usage of the residue as underground material in construction.
Therefore, alternative ways have to be found to minimize the amount of waste or to recover
the remaining heavy metals. Since the second option is much more environmentally friendly,
post treatment in a submerged arc furnace was performed. Analogous to the “2sDR” process,
a heavy metal-free slag remains that can be used without any problems as raw material in the
construction industry. Furthermore, an iron alloy is produced which can be applied as a master

alloy in the iron and steel industry.

An option for the utilization of the pyrolysis gas is — beside some applications to generate heat
and energy — to use it as an alternative burner gas in a metallurgical furnace. Especially the
clinkering of Waelz oxide using the combustion heat of the alternative burner gas is a very
sophisticated way to remove undesirable elements from zinc oxide. Although the achieved
results show that the heat energy is not enough to keep the temperature inside the kiln at the
desired temperature, the results were very satisfying, seeing that the combustion gases also

force the cleaning at lower temperatures.

Finally, it can be stated that the research carried out within this thesis showed a definite
possibility to use alternative reducing agents such as charcoal and pyrolysis gas in

metallurgical furnaces without any deterioration of the achieved product.
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8 Outlook

Since the utilization of charcoal in metallurgical furnaces could be proven, the present chapter
will focus on the future development of possible biomass-operated metallurgical plants.
Several factors have to be taken into account, which will definitely have an important influence
on the future implementation of charcoal and pyrolysis gas-based processes in the field of

metallurgy:

It is mandatory that every process should run continuously and without any interruption.
Therefore, it is absolutely essential that the biomass potential is high enough to deliver an
appropriate amount of raw biomass per time period to the carbonization facility. Especially
waste wood or agricultural and forestry residues are available in high amounts. Moreover, it is
known that a huge amount of these wastes is not being used at the moment, which could be

accessed easily and low in price.

Of course, since the usage of biomass is generally a very important topic regarding the
development of the climate due to the anthropogenic CO; evolution, several other technologies
are under development which implement biomass in their processes. Among others, biomass
cogeneration plants and the bio-fuels industry can be named as examples, which might lead

to an increase in the biomass price.

A high influencing factor would also be the price development of the fossil carbonaceous
materials, such as crude oil, natural gas and coal. Only increasing prices will lead to a

rethinking to change the type of carbon carriers to renewable ones.

Similar to that is the aforementioned CO; tax, which depends on the supply and demand of
companies. However, due to the fact that the emission trading system entered the third phase
in 2013, a decrease in certificates each year will increase the price for one tonne of CO,. This
will obviously lead to a higher CO. price and with this, a utilization of biomass is becoming
more and more interesting for the European industry. Because the implementation of biomass-
derived products requires some investment costs, the higher CO, taxes will lead to several
projects that deal with the utilization of biomass as an alternative reducing agent in

metallurgical facilities.
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