Production of Ferro-Alloys. Technical Field A nethod for producing
ferro-alloys (such as steel) in an electric arc furnace (EAF) enploying a
novel addwoi2u@/i2806di scl osed. In its primary function thecmourbosadaizoi ve
functions as a slag foam ng agent, as a reducing agent. However, the
additive may additionally act as a fuel and/or as a recarburiser
Background Art In the last fifty yeard, -the plastics industry has seen
enornous growth such that plastic materials and products are now essenti al
to society. Plastic produR¥ePénctiorovfit Feesorfkeoyapan has reached around
15 mllion tonnes per year, and this results in about 9 mllion tonnes per
year of related waste, 50% of ich is associated with nmunicipal solid
waste. There are increasing prgﬁiﬁﬂgiﬁﬁihgbngtics di sposal, and
internationally plastics recycling accounts for a small proportion of
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furngﬁe. §helstr$}e y_of ener% nanqgenent of a blast furnace involves the
reduct’i on" o~ f et/ BF “2Bk? €ton %ﬂ%??% “*A s a substitute fuel, plastic
injection into the tuyeres of a blast furnace has been proposed to reduce

CO2 emn ssi ons, because Background Art

In the last fifty years, the plastics industry has
seen enormous growth such that plastic materials and

15 products are now essential to society. Plastic production
in countries like Japan has reached around 15 million
tonnes per year, and this results in about 9 million
tonneg per year of related waste, 50% of which is
associated with municipal solid waste.

20 There are increasing problems with plastics disposal,
and internationally plastics recycling accounts for a
small proportion of material recovery, with the rest being
disposed either through land-filling or burning in
incinerators. Plastic materials do not degrade readily and

25 can leach toxic elements in landfill, whilst conventional
burning often generates hazardous emissions such as
dioxins.

Worldwide the steel industry is facing pressure to
minimise its impact on the environment by improving the

30 efficiency of energy and resource utilisation. For
example, particular efforts have been made to reduce the
carbon intensity of a blast furnace. One strategy of
energy management of a blast furnace involves the
reduction of fuel or coke consumption. As a substitute

35 fuel, plastic injection into the tuyeres of a blast
furnace has been proposed to reduce CO, emissions, because

plastics have a combustion energy that is at least as high



pl asti cs have a conbustion energy that is at |east as highas the pul verised
coal normally injected, and they have a higher ratio of hydrogen to carbon,
resul t i ngworodearsoc@O2 produced as a conbustion product PpcPlAARbDISmoerddi ti on
to other types of steel making furnaces is known, including to electric arc
furnaces (EAF). For exanple, 1135, 554,207 discloses a process in which EAF
wast e dust is conmbined with waste plagti-c to forma solid, which is then
added to the EAF. Simlarly, JP2004-052002 discloses a process in which
wast e pl a@%i else apel kpedagedceayenptrahiy hisieeredusangdotheymavsoft solid
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Summary

15 In a first aspect there is provided, in a method for
producing a ferro-alloy in an electric arc furnace, the
step of charging the furnace with an un-agglomerated
carbon-containing polymer such that the polymer functions
as a slag foaming agent.

20 The terminology “un-agglomerated carbon-containing
polymer” covers both fine and coarse granulated and
particulate polymers and is intended to exclude such
polymers as formed together with EAF waste dust or steel
dust. Such agglomerated solids would not function as a

25 slag foaming agent.

It has not previously been contemplated, in an
electric arc furnace, that an un-agglomerated carbon-
containing polymer could be used to cause slag foaming.
In an electric arc furnace increased slag foaming better

30 blankets the molten metal both and better holds in both
heat (ie. insulates), and this leads to considerably
reduced electricity consumption in the EAF.

The un-agglomerated carbon-containing polymer may
additionally function as a reducing agent, as a fuel

35 and/or as a recarburiser in the method for producing the
ferro-alloy. The polymer could then cause a reduction of

metal (g) oxides present in furnace feed and/or generated



and/or as a recarburiser in the nethod for producing the ferro-alloy. The
pol ynmer could then cause a reduction of netal (s) oxides present in furnace
feed and/wo g@mes@bedduri ng nmetal processing; and/ or actcasRosmoonre of
fuel; and/or act as a recarburiser to increase the anount of carbon present
with iron in the final ferro-alloy produced. For exanple, in electric arc
furnaces, the primary fuel source has3been electricity. The waste plastic
can thus enhance energy efficiency (ie. by the use of less electricity),
and can r&HER tTRE b rRIPHEFDHIY amRGErE 2Chsty af Senraet pbnEretar bon

sources saed)/@s £Okeadns s88hrbUhes¥Bsts Phasdase MBle ahmOuhepPbaCe or reduce
the use of _ expensive recar@grisers_such a ,anihéaC|te §£§§ and graphite.
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reduci'ng Agentoor° recarbur i Sers VG BT CE YT LR RES URLCR AT oner at ed
car bon- camtlaran e pobyheand hergelditet o t he furnace functions as a sl ag
foam ng precursgfey 'Ehé“f’é’e%?@f%ﬂkﬁléﬁb? J[aS rx?&&? brgéiélerg PLegyrsor or
reduci ng agent precursor. i I'st the un-"aggl oner at ed carbon- ‘cont ai ni ng
pol yner intended to include a broad range of iron-carbon alloys
(including steelsg) and other iron-carbon and/or iron-based
15 alloys, including ferrochromium, ferrochromium silicon,
ferromanganese, ferrogilicomanganese, ferrosilicon,
magnesium ferrosilicon, ferromolybdenum, ferronickel,
ferrotitanium, ferrophosphorous, ferrotungsten,
ferrovanadium, ferrozirconium etc.
20 Typically the un-agglomerated carbon-containing
polymer is charged into the furnace such that it at least
partially combusts and produces a carbonaceous residue. As
it combusts. The polymer acts a fuel. The carbonaceous
residue can then oxidige to cause slag foaming. The
25 residue may additionally function as a reducing agent or
recarburiser. Thus, typically, the un-agglomerated
carbon-containing polymer charged into the furnace
functions as a slag foaming precursor. It may also
function as a recarburiser precursor or reducing agent
30 precursor.
Whilst the un-agglomerated carbon-containing polymer
may comprise the sole additive charged into the furnace,
in a typical embodiment the un-agglomerated carbon-
containing polymer is charged into the furnace with
35 another source of carbon. This other source of carbon may
combust to act a fuel. It may also contributed to slag

foaming, and may function as a reducing agent or



may conprise the sole additive charged into the furnace, in a typical

enbodi nent the un-aggl onerated carboncontai ning polyner is charged into the
f urnace wohoemtdser source of carbon. This ot her sourcecoiAmersmoor2oay
conbust to act a fuel. It may also contributed to slag foam ng, and may
function as a reduci ng agent orrecarburiser . The other source of carbon
can be coal, coke, carbon char, charcéal- or graphite. As an exanple, the
un- aggl onerat ed carbon- containing polynmer and other source of carbon can
be char geteFHER ¥ heeT ur Hag eCblppr oxPwatel 95 i prrboRi gat bat feadi 1:1,

al though ¢dks, r@aHBoNBYNY Al YchiPEOEUr BACEraghibEnace. In a typica
adapt ati on of the nethod, %he car boncont inlqg %gl¥ner is a waste plastic.
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pol I utants, noxious gases etc. Thus, by judiciously [
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may be en@ﬂp@rmhmé@@aba¢hql1@@9@&:agglonerated carbon- containi ng pol yner
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steel , thetproducti cndfoptherat by r@-anlyysilitassdesthébedlabeney my
may be present in the polymer (eg. N, S, P, Si, halogens
15 etc) these other elements may interfere with ferro-alloy
production and/or produce contaminants, pollutants,
noxious gases etc. Thus, by judiciously selecting the
carbon-containing polymer, the formation of noxious gases
and other detrimental or harmful products can be avoided.
20 One suitable plastic is polyethylene but other plastics
such as polypropylene, polystyrene, poly butadiene
styrene, ABS, etc and even difficult to re-process
plastics such as Bakelite, etc may be employed.
Typically the un-agglomerated carbon-containing
25 polymer is charged into the furnace is the form of polymer
particles, typically of a particle size of 100 um or less.
Whilst a typical ferro-alloy produced is steel, the
production of other ferro-alloys (as described above) may
employ the charging of an un-agglomerated carbon-
30 containing polymer.
In a second aspect there is provided the use of an
un-agglomerated carbon-containing polymer as a slag
foaming agent in the production of a ferro-alloy in an
electric arc furnace.
35 Typically the use of the un-agglomerated carbon-
containing polymer is in the production of a ferro-alloy

achieved by the method of the first aspect.



enpl oy the chargi ng of an un-aggl onerated carboncontai ning polyner. In a
second aspect there is provided the use of an un-aggl onerated carbon-

cont ai ni nyopodeyurerevas a sl ag foam ng agent in the produ®Cironu2065/080720
ferro-alloy in an electric arc furnace . Typically the use of the

un- aggl onerat ed carboncontai ning polynmer is in the production of a
ferro-all oy achieved by the nmethod of 5Sthe first aspect .In a third aspect
there is provided a nmethod for producing a ferro-alloy in an_electric arc
furnace, the methad okt i 3FRREE Heha¥epss Providedag ghelghedef$Xir nace with

f eedst ockpfedudhegferforadl Oyioy Deadhngléberieesdst ogkrhlcthechdrnace to a
nol t en statgwggd to forma slag on a | ten surface of the alloy/
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gener at e an@ubet Eeree 2 hatad camsa thel s¢rgsucthea¢enaf| yhehe substance can in
addi tion 4o édppradgstdiecslagy - causes a chemcal reduction of each netal

oxide in the sl ag tolgéoduce the ferro-alloy; - recarburise a resultant
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can be chesgesindhdy ool wolsh ttlonal fageti ond hgs agds1hgnabapgest agayt be the
othe& source of_ carb as .defined in the first aspect . The un-aggl onerated
carbdf- cont ai n?ﬁf%lcp‘%l rrézrh%lip aaf%%f%elﬁté?%e%a%(? THEEFEEHY ock to the
furnace. polymsanpd echdtmped soaae tancahbesidyibetheafednabenahde
release heat energy to the molten alloy/feedstock and to
generate a substance that foams the slag.
Optionally the substance can in addition to foaming
15 the slag:
- causes a chemical reduction of each metal oxide in
the slag to produce the ferro-alloy;
- recarburise a resultant alloy of iron and carbon.
The un-agglomerated carbon-containing polymer can be

20 charged with an additional agent. The additional agent may
be the other source of carbon as defined in the first
aspect.

The un-agglomerated carbon-containing polymer may
also be charged with the feedstock to the furnace. For

25 example, the furnace can already be heated when the
feedstock and carbon-containing polymer are charged
therein (ie. in a continuous furnace operation mode) .

Typically the method of the third aspect is otherwise
as defined in the first aspect. ‘

30 The inventors have also surmised that the un—‘
agglomerated carbon-containing polymer can generally be
employed as a fuel in a reheating furnace.

Accordingly, in a fourth aspect there is provided, in
a method of operating a reheating furnace, the step of
35 charging the furnace with an un-agglomerated carbon-

containing polymer to act as a fuel.



feedst ock and carbon- containing polyner are charged therein (ie. in a
conti nuous furnace operation node) . Typically the nethod of the third
aspect i swothaevozkme as defined in the first aspect. Theprcmaanoarmoizave al so
surm sed that the unaggl onerated carbon- containing polynmer can generally
be enpl oyed as a fuel in a reheating furnace. Accordingly, in a fourth
aspect there is provided, in a methodéof operating a reheating furnace, the
step of chargi rl-lgg;the furnace with an un-aggl onerated carboncont ai ni ng

pol ymer to act ieglier thy giehgatinchEWeERas iRpFaracE: oherates at a

t enper at Wensdb{ e &ndut ©f ehusio tdsnsiasbotne contigbml Aeh 0ol yieg, typically
a tenperature thatiﬁigjc%ﬁe];}er than 1000 OC .. In, addition, the un-

aggl oner dt Hrbo f A BRI fray He that 5o ¢ht ' #he furnace in

a particu@Eedormand optionally with another fuel, such as natural gas .

In a Lifth asp ystem i r.QVi for rming th yclability of
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the polyner' s slag foamng ability; - conparing that paranmeter to one or
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met hod f grolymoslticimap af é1ierg-;rlaldy\prasdwef ioedfurnace that employs a
carbon-containing feedstock. The system comprises the
steps of:
- derxriving a value of a parameter of a given polymer that
15 is reflective of the polymer’s slag foaming ability;
- comparing that parameter to one or more parameter values
derived from one or more other polymers;
- developing a range or scale from those parameter values.
The parameter can be the height of the foam slag
20 and/or the life of the foam slag.

Brief Degcription of the Drawings

Notwithstanding other embodiments which may fall
within the method for producing a ferro-alloy as defined
25 in the Summary, specific embodiments of the method will
now be described, by way of example only, with reference
to the accompanying drawings in which:
e Figure 1 shows a schematic diagram of a horizontal tube
resistance furnace set up for a sessile drop approach, as
30 described in Example 1;
e Figures 2A to 2F each depict a drop of slag and show in
sequence slag foaming for a graphite/slag system as a
function of time, using the horizontal tube resgistance
furnace set-up of Figure 1;
35 e Figures 3A to 3F each depict a drop of slag and show in
sequence slag foaming for a coke/slag system as a function

of time, using the horizontal tube resistance furnace set-



in the Summary, specific enbodi nrents of the nethod will now be descri bed,
by way of exanple only, with reference to the acconpanying drawi ngs in

whi ch: Rvoun@/4@hows a schematic di agram of a hori zontal/Amzbes/mwerd st ance
furnace set up for a sessile drop approach, as described in Exanple 1 ;
Figures 2A to 2F each depict a drop of slag and show in sequence sl ag
foaming for a graphite/slag systemasZa-function of tinme, using the

hori zontal tupe resistance furnace set-up of Figure 1 ; Figures 3Ato 3F
each depi'® @ dfit9"6% 5fag and show in sequence slag foaning for a

coke/ sl age sydbeireas 4a fwnad e splectiive] yusidpd dthe, by @t &l dqulier

resi stance furnace setup.of ,Fgure 1, igures 4A to 4C respectively depict
a drop ofgg?%l?%? %]F%\%ulﬁjr?%{p ig %%h?te?%‘ﬁag‘tg]l{%’ aﬁﬁc%o‘ﬁé&eﬁcﬁfﬁ\?t h a slag
system aswstuan ngprdeuhong zomt ahot ibhentabi stle@cee$ Us bawee sEurnpeef Figure 1
; Figur ic diagram of a drop tube furnace set up, as

P Th b e g

descri be , igure 6 shows an XRD spectra of a carbonaceous
resi due ft oR&USEYOpIskeMisc daf¢hsumidcaphiocaam wfuse dafopertUlpsi ng reacted in

a drop tuperddddasss @s, descddHedi hdy Exanpkems1e 4 Figure 7 shows CCD i mages
of sl ag foam.ngﬁcause by various carbonaceous materials, as described in
|

Exanpl e 5 : P0G & S§TOWEWET &L RPFESEHR: O Gr R ORGSO ShétRd e
graphi t e Srdista af @3 aphaini ¢ NauG t 508l gBhPlgl t@smilesare bettén B le 5 ;
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10 shows % h&ipRreedulsheowboCCd raageisorfheflweef camdake caulssdr &ye and an
industri afs 8] 80 AsrgsssLdbed $£E£¥§§?%? s described in Example 5;
e Figure 8 shows the IR results for a reaction between a
graphite substrate and an industrial slag, as described in
15 Example 5;
e Figure 9 shows the IR results for a reaction between a
50% plastic and 50% graphite substrate and industrial
slag, as described in Example 5;
¢ Figure 10 shows the IR results for a reaction between a
20 coke substrate and an industrial slag, as described in
Example 5;
e Figure 11 shows a schematic diagram of an induction
(carbon dissolution) furnace, as described in Example 7;
e Figure 12 plots the % of carbon dissolution in a molten
25 ferro-alloy against time for the induction furnace of
Figure 11, and asg described in Example 7;
e Figures 13 A&B depict a drop of coke/slag (upper row)
and coke/HDPE plastic/slag (lower row) over time, using
the horizontal tube resistance furnace set-up of Figure 1;
30 o Figure 14 plots the combustion efficiency, 1, of coke
and mixtures of coke with plastics at 1200°C, as described in
Example 9;
] Figure 15 shows CCD images of slag foaming as a
function of time for 70%coke- 30%plastic residue/slag
35 system at 1550°C, as described in Example 10;
. Figure 16 plots CO and CO, gas generation as a

function of time, as described in Example 10;



Figure 11 shows a schematic di agram of an induction (carbon dissolution)
furnace, as described in Exanple 7 ; Figure 12 plots the % of carbon

di ssol ut iwo 2006/@40%01 ten ferro-all oy against tine for thecimiredsioor2bur nace
of Figure 11, and as described in Exanple 7 ; Figures 13 A&B depict a drop
of coke/slag (upper row) and coke/ HDPE pl astic/slag (|l ower row over tine,
using the horizontal tube reS|stance furnace set-up of Figure 1 ; Figure
14 plots the combustion efficiency, h, of coke_and ni xtures of coke with
plastics &t 120096€°, 1?asp%l%§%rF]B%dn‘ilﬂbga%l‘§O§es ofi guygensreRewsdccD

i mages ofdsfaggfmmﬂgcasoasfuﬁcm@g withi s8kéoandOUeeke- 30%l astic

resi due/ s 0 OC as descri bed Exanmpl e 10,-_ _Figure 16
pl ot's CI)%ﬁgpﬁ%ééfglgaéﬁg 5t PoRt 35S A ?ﬁn@??Sﬁlh?dt?ﬂggxﬁgpggsépfbed in
Exanpl e 1@dFigure 17 plots the nurrber of rml es of oxygen renoved during

i nteractigons t e [ e mix ture , as
descr?ﬁed in Eﬁ%éufg T% Qgﬁgg gure gpﬁﬁ E?%(&§;$ (%Iots for coke and
30%pl asu%%@%%%cwst%g@lé@ BiXQBEES 0t 15\508@scaﬁbéﬁsﬂnlEﬁdmpne 10.
Det ai | ed Desapiption of Specific Enbodlnents During extensive studi es of
EAF steel production, it was noted that the chem cal reactions between

sol ute carbon/solid carbon and slag gave rise to the process of slag

f oami ng. Sl ag fOMt@l@&Wdﬁil@t&dﬂdmw@@mmm& result of the

redugty on of ir de_in sl.a b ue 10 the
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nat ure ofWQﬁean@o’?hi’ee’cﬂlm@leﬁﬁmmalyﬂ?e@cipl@perbeEWeelh sdnhutraterl al at high
tenper at Ue£8pGRYEE 1 94605 Aa f ORI NG PLEPOBENLY the process of

slag foaming. Slag foaming occurred due to CO gas

generation as a result of the reduction of iron oxide in

15 the slag by carbon, and also due to the oxidation of
carbon. Slag foaming was noted to be strongly dependent on
the nature of the carbon feed material, with properties of
the material at high temperatures governing the slag
foaming phenomenon.

20 It was further noted that, as well as shielding the
electric arc, a foamy slag blanketed the metal bath and
held in heat, leading to considerable energy savings (ie.
reduced electricity consumption). It was noted that a
sustained level of slag foaming was critical to efficient

25 EAF steel production.

In a surprising development, it was postulated that a
un-agglomerated carbon-containing polymer (eg. waste
plastic, typically in particulate form) could be
introduced into EAF steel production. It was surmised

30 that, at the high temperatures employed in EAF gteel
production, the waste plastic would, once introduced into
the furnace, combust (thus acting as a fuel) and produce a
carbonaceous residual product. Subsequently, it was
postulated that a carbon-containing polymer could also be

35 introduced into the production of other ferro-alloys and

again produce a carbonaceous residual product.



It was further noted that, as well as shielding the electric arc, a foany
sl ag bl anketed the netal bath and held in heat, |eading to considerable
ener gy sawongs/Qim9 reduced el ectricity consunption) . PCTaRooswberdot hat a
sustai ned | evel of slag foam ng was critical to efficient EAF steel
production. In a surprising devel opnment, it was postulated that a un-

aggl omer at ed carbon- containi ng pol ynr-(eg. waste plastic, typically in
particulate form) could be introduced into EAF steel production. It was
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issolution_in |iqul eel. Structural characterisation of” the
car bonacegifered nature of carbon in plastics (eg. compared to
carbon in coke) could result in enhanced carbon
15 dissolution in liquid steel.
~ Structural characterisation of the carbonaceous
residues was conducted from a plastic-graphite mixture
introduced into a drop-tube furnace (simulating operating
conditions that might be experienced in an EAF) to observe
20 those carbonaceous residues that would subsequently lead
to foaming of liquid slag in an EAF, and to ascertain
those carbonaceous regidues that might have a reduction
capacity and/or enhanced carbon dissolution in a molten
ferro-alloy. The structural characterisation results are
25 set forth below in Example 5.
In the production of other ferro-alloys it was noted
that a variety of carbonaceous reducing materials were
being used. Known reductant materials included carbons
such as coke, coal and char, and bio-carbonsg in form of
30 charcoal produced from different types of wood. Again, it
was noted that the material properties and reactions of
these carbonaceous materials played a significant role in
dictating reductant performance.
Major experimental considerations thus also included,
35 amongst others, investigations into gasification of the
reductant, dissolution of carbon into the molten metal,

and direct reduction of slag by solid carbon.



resi dues was conducted froma plastic-graphite m xture introduced into a
drop-tube furnace (sinulating operating conditions that m ght be
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15 foaming agent) in the production of other ferro-alloys.

Examples
Non-limiting examples of methods for producing a ferro-
alloy will now be provided.

20
Example 1

To investigate slag foaming, slag/carbon interactions
were first investigated in a laboratory scale, horizontal
tube resistance furnace using the sessile drop approach. A

25 schematic diagram of the experimental set up is shown in
Figure 1. The weight of the slag used was ~0.20 g.
Initially, the sample was held on a specimen holder, which
could be pushed to the centre of the hot zone in the
furnace with the help of a stainless steel rod.

30 The slag/carbon assembly was held in the cold zone of
the furnace until the desired temperature (1550°C) was
attained and equilibrated in the hot zone of the furnace.
The assembly was inserted into the hot zone at the desired
temperature of study. This eliminated any reaction that

35 could occur at lower temperatures and possibly influence
the phenomena to be studied at the temperature of

interest. The furnace tube was purged with argon



able to be used as a reductant (and, as necessary, slag foam ng agent) in
the production of other ferro-alloys. Exanples Non-limting exanpl es of

met hods fwo 2posodwisbng a ferro alloy will now be provi degdcTERNE/000720 TO

i nvestigate slag foam ng, slag/carbon interactions were first investigated
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i mges, displaying the contact between t ag and car bonaceous nateri al,
to be captured as a function of time, from the videotape into

a computer using a frame grabber. A time-date generator
15 was used in the system to display the duration of the
process. Specially designed computer software was used to
determine the volume from the captured images, on the
basis of a curve-fitting exercise. For a better
understanding of reaction dynamics, images were recorded
20 for up to 2 hours in most cases.
The slag composition was as follows: CaO 30.48%, MgO
11.72%, 8i0, 13.34%, Al,03 5.24 %, Fey0; 33.33%, MnO 5.24%.
Slag foaming investigations were first carried out on
graphite and coke. Slag foaming investigations were later
25 carried out on plastic.

Results & Discussion

Graphite/slag system: Preliminary results on slag foaming

in a graphite/slag system are shown as a function of time
30 in Figures 2A to 2F.

Graphite showed good foaming characteristics with a
steel production slag. In Figure 2A at T=13 sec, the slag
powder is shown as just beginning to melt. In Figure 2B
the drop of liquid is shown taking shape at T=47 sec and

35 in Figure 2C is shown completely formed at T=57 sec. The
droplet then begins to grow in size, with increasingly

larger drops being observed in Figure 2D at T=lmin 7 sec,



be captured as a function of time, fromthe videotape into a conputer using
a franme grabber. A tine-date generator was used in the systemto display
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3B the drop of liquid is taking shape at T=1 min 20 sec.
In Figures 3C to 3F, images ranging from T= 2 min 15 sec
15 to T=21 min 37 sec are shown. Over this time period the
liquid drop is completely formed. The four drops show
minor fluctuations in size and volume, indicating a rather
small level of slag foaming in the coke/slag system. The
rate of slag foaming in the coke/slag system was thus
20 slower than the graphite/slag system.
Carbon dissolution studies revealed that the
dissolution rate constant for coke was smaller than that
for graphite. The slag foaming behaviour of these two
carbon types was gquite different, with the rate and extent
25 of slag foaming in the graphite/slag system being much
higher than the coke/slag system. Thus, a relationship
between carbon dissolution rate and slag foaming was

postulated.

30 Example 2
An analysis of plant operating data from an operating
EAF showed that increasing levels of coke injection
resulted in increased consumption of oxygen, although they
did not yield any well-defined pattern in power
35 consumption per ton of steel charged.
The operating EAF used two different forms of carbon

in its operation. Along with coke containing ~ 90% C, it



with a steel production slag. In Figure 3A at T=9 sec, the slag powder is
shown as just beginning to nelt. In Figure 3B the drop of liquid is taking
shape at welowmmn4@® sec. In Figures 3C to 3F, inages ramgirag2005m00726 2 m n
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power consumption, per ton of steel charged. The

efficiency of flat iron carbon in EAF steel production was

15 thus found to be much higher than the corresponding

efficiency for coke.

The inventors noted that:
1. The kinetics of carbon dissolution into liquid iron
depended strongly on the nature of carbonaceous material.

20 For example, the dissolution rate constant for coke was
smaller than that for graphite.

2. The results of the graphite/slag and coke/slag systems
of Example 1 showed that the rate and extent of slag
foaming with graphite was much higher than coke.

25 3. The kinetics of carbon/slag interactions are expected to
be quite different for solute carbon and for coke, which
resulted in wide variations in their slag foaming
behaviour.

These results indicated that an appropriate choice of

30 carbonaceous material could play an important role in slag
foaming and therefore in the energy efficiency of EAF
operation. The results also lead the inventors to surmise
that a carbon-containing polymer could be added to an EAF
and partially combust as a fuel and to produce

35 carbonaceous material residues, which could give rise to
slag foaming and/or metal oxide reduction and/or

recarburisation.



carbon) there was a significant reduction in power consunption. This trend
was interpreted in terns of the role played by the carbonaceous materi al
and i ndi cabedidiraicoan i ncrease in slag foamng | ead to aciaane@EavIi2D power
consunption, per ton of steel charged. The efficiency of flat iron carbon
in EAF steel production was thus found to be nmuch higher than the
correspondi ng efficiency for coke. Thetinventors noted that : 1 . The

ki netics of carbon dissolution into liquid iron depended strongly on the
nat ure of carbonaceous material . For exanple, the dissolution rate

const ant ExsamsD&e3was snaller than that for graphite. . The results of
the graphite/sl and coke/ sl ag syste f EX le 1 showed that the rate
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of carboﬁ&@édﬁ%t%§}@¥$aWeé%uﬁﬁs%m%¥e@nt©n%bm@hﬁterbh@ Favwshagetbahieng and
t heref orerddp thesgenexgy efficiency of EAF operation. The results also | ead
the inventors to surmse that a carbon- containing polynmer could be added
to an EAﬁgﬁﬁdE%5$£i%£%y conbust as a fuel and to produce carbonaceous
material resi dubise fdil Tdw oyl chgfhoeadeses titatéagaloamgsands osindet al oxi de
reduct.i on [e url alion e 3 The enfors_now. tested the
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ver e assefPlggnd Qe Shaht &1 0Es I aY-ABE 8L &l Soke; residue generated

from a mixture (1:1) of graphite and plastic (the XRD

spectrum of this residue is provided in Figure 6). The
15 ratio of 1:1 may vary from furnace to furnace.
Plastic material: Linear Low Density Polyethylene (LLDPE)

was obtained to represent the major constituent of plastic
waste. Particle sizes of polyethylene samples used were
less than 100 micrometers.

20 Slag: The following slag composition (%wt) was prepared:
30.48% CalO; 11.72% MgO; 13.34% Si0,; 5.24% Al,0;; 33.33%
Fep,03; 5.24% MnO. |

A substrate of carbonate material powders were
prepared by hydraulic pressing under a pressure of 2.2x10°

25 Pa. The graphite and coke powders were used as supplied.
The preparation process of the graphite and plastics
mixture is described in Example 4.

The slag was prepared by heating the homogeneous
mixture of oxide ingredients in the mixing ratio shown

30 above to 1650°C, and then casting the melt in a copper mold
after around 30 min from complete melting.

Apparatus
The horizontal furnace of Figure 1 was used for
carrying out sessile drop experiments. The dimension of

35 the ceramic furnace tube was ®50 mm inner diameter and
1000 mm in length. A specimen holder made of alumina or

graphite was inserted into the tube through a furnace



fed to an EAP. Raw materials The foll ow ng carbonaceous materials, plastics
and slag were enployed to conduct conparative slag foam ng experinents .
Car bonacewo=oesaessbal s: graphite; coke; residue generat edTiAtansaoom2At ur e
(1:1) of graphite and plastic (the XRD spectrumof this residue is provided
in Figure 6 ) . The ratio of 1:1 may vary fromfurnace to furnace. Plastic
material : Linear Low Density Pol yet W4 ene (LLDPE) was obtained to
represent the major constituent of plastic waste. Particle sizes of
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|

material ‘Powder Rt brepar SR H hYHT aufTRIGE Qsjr%é"rn ssure of

2. 2xl q8 Beamghe. graphite and coke powders were used as supplied. The

pr epacat i folo of the.giAphite and plastics mixture is described in
Exanple ; . : ed by heating the honbgeneous m xture of
oxi de i ngredi e ieHelgate iyl aatforwingn sbrmecabaB50T; et 1 trs

casting tis-diet{irdt) BnROPPRIat® digftied RELAh3D Mubd ram copplete

mel ting. Algparat us The horizontal furnace of Figure 1 was used_ for carrying

out sessiTEHRGH eXpert IR B raeR AR BIvdF 1ekd cB? affe Fedface tube was
F50 nmm i nogte dhanetier fanthdd0htin i thé edgétred s@ase@nuhel gessoude of

appard S R (T CSAp PR it P e G970 Sbrher the f U7 nace
bef or e t Haufnacmcdlwasdeatiedy ups cchdr desereed t onperaterect t ypneal |y 1550
Cin thisyt the desired temperature. This procedure eliminated any
reaction that could occur at lower temperatures and
possibly influence the phenomena to be studied at the
15 temperature of interest. The furnace tube was purged with
argon throughout the duration of the experiment.

The foaming behaviour of the slag/carbon system was
again investigated using a closely controlled and visually
monitored sessile drop technigque. Again the CCD camera

20 fitted with an IRIS lens was used to capture the live in-
situ phenomena in the furnace. Again the output from the
camera was channelled to a VCR and TV monitor to record
the entire process as a function of time. The images
displaying the contact between the slag and carbonaceous

25 material were captured over time, from the videotape and
into a computer, using a frame grabber. Again the time-
date generator was used to display the duration of the
process. Computer software determined the volume from the
captured images, on the basis of a curve-fitting exercise.

30 Slag powder (approximately 0.20g) was placed on the
carbonaceous materials substrate, which was held on the
specimen holder. Once the desired furnace temperature was
reached the specimen holder was pushed from the cold zone
to the hot zone of the furnace to start the experiment.

35 The whole reaction process was monitored by the CCD camera
and recorded using video-tape. The images were analyzed
further to calculate sample volume. Throughout the



Exanpl e . Experinental procedure To investigate slag foam ng, slag/carbon
interactions were first investigated in the horizontal tube resistance
furnace. Wwbeoalegisear bon assenbly was held in the cold romawmbosidoar2b ur nace
until the desired tenperature (1550 C) was attained and equilibrated in
the hot zone of the furnace . The assenbly was then inserted into the hot
zone at the desired tenperature. Thisl®rocedure elininated any reaction
that could occur at |ower tenperatures and possibly influence the phenonena
to be stuBfRECAT<Phe LBAPErae8rerePni vidar E5PWNTAE RuFhaveratiBecfad purged

mitPhargfn/?bﬁough@ubffhgaguwaéip@sgédtbﬁfgﬁ@?r%ﬂEmR-aﬁaﬁy%@@ﬁﬁﬂg bePav:Fug
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with an I&&lhens s usedtioncaptere the live insitu phenonena in the
furnace .Eﬁggffm%£§?9u£gg&l££on1the canera was channelled to a VCR and TV
noni tor t process as a function of tinme. The inmages
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grabber. Again the tinedate generator was used to display the duration of

the proceS¥1de chipBlay 3Bft WAF cCREPerATAedSt Hatobiake: f gbaPRhEScapt ur ed
i mages, ograpkRibesbsastia cesveudi hikbgrexeaflis€oksSl agyporder images
(appﬁgglqgtel%ho.gcgé ﬁas Flacgg on %ge car bonaceous materials substrate,
whi chwas™hel 3ol t P FEn* Mot QefS - Once the desired furnace tenperature
was reached t helspeceéaenidm| derwewms gprshledt ¢ ramlt dbag obvas zolbgetwvedlhe hot
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was nonitored by the canera and recorde u5|na vi deo- tape. e i mages
wer e anal?&%ddrOP of foamed slag was the largest as clearly shown
in the Figure 4A.
15 During the reaction of the 50% graphite/50% plastics
mixture, bubbles evolved from the slag droplet. The
occurrence of slag foaming phenomenon in the case of the
graphite/plastics mixture was established on the basis of
a high temperature vigualisation image as shown in Figure
20 4B and also on the basis of generation of CO in the off-
gas, indicating a reduction of iron oxide. This indicated
that plastics could be added to an EAF, combust as a fuel,
and the carbonaceous residues could produce slag foaming
and/or metal oxide reduction and/or recarburisation
25 effects.

Example 4

Preparation process of graphite/plastics mixture

A high temperature gas-phase reaction of a plastic-
30 graphite blend was performed using a drop tube furnace
(DTF) . The drop tube furnace is shown schematically in
Figure 5.
Each trial conducted in the DTF was completed at
1200°C and, once the furnace had reached this operating
35 temperature, oxygen and nitrogen gases were introduced
into the furnace at desired flow rates. Gas flow rates and

compositions were controlled during these experiments



further to calculate sanple vol une. Throughout theexperinent, inert gas
argon was flown at a flowrate of 1 1/mn. The off -gas was passed through
an | R anavgzess/i2meor der to obtain CO and CO2 content, wercThAwens/doe2osed to
eval uate the reaction rate. Experinental results The experinents were
conducted to investigate the slag foam ng behavi our caused by the reaction
between iron oxide in slag and the tatbonaceous materials: graphite,
graphite/ pl astic residue m xture, and coke. Typical images are shown in

Fi gures 4#81%0 48 FRkCrabedi bhoBetiRerobtabhi teChhad sYageha¥@dbser ved to
produce thercwbitad gohpusgs! Blde f Darhage ThecvobunBueingheadnopegt foaned
sl ag was theala?r’f?est as cIearI% sﬂ;(f)vm in t{;}g Fi gure 4A. Du%i ng the reaction
of the 5085 gFApHT R 8095 bl RETTLE M RE PR BUBLPES EYEI98d°From t he sl ag
dropl et . TAémciotens renter ofostlag ivaaragt pdenofreceygen &ahé cthse of the
graphist e/ plastics Al thecdpea £3' 2h! La0ed.pRLhe, DAt 200! 28001 One .
tenperature visualisation I mage as shown in # gure 4B and al'so onthe basis
of gener a¥?ble@tor@ ] POt fervedgble Pwibeati pf BetadnergonnbiriEon oxi de.

Thi s indigeded JddrdtasthesicQuUbs-Re-Roldednd o an EAF, combust as a fuel,
and the carbonaceous residues coul d %rboduce sl ag foam ng and/or netal oxide

reduction and/ dt RS Hur9earr b &7 ¥ swagpipfeducesl eparat F8® process of
gr aphi t e/ gkpestimenta Xt tefchohi ghihgnpeday unet gasal phas@eteabtobaghoh a
plasticgraphite blen S .perforned ing a drop_tube furnace (DTF) . The
dr optltoubew%)tﬁerrna%%ofes&is %%\%P%%h%ﬁ% Fed Iri}gﬁ(%ulr—?g%eo%yge%a%ﬁgt rial conduct ed
in the D wasgenngdeteds ansdl 000 any, tioacelabei¢uandcgrapditeached this

operatiNgso1id reactants into the reaction zone. The experimental

details were as follows:

Temperature (°C) 1200
Total gas flow rate
(L/min) L0
Feeding rate (g/hr) 10.0
Particle residence time
(seconds) v A2
Gas purity (%) N, = 99.5
Oy = 99.0
Gas composition 24% 0,, rest
Graphite particle size < 100um
Plastic particle size < 100um

15
This experiment indicated that, under operating
conditions that may simulate those in an EAF, the plastic
could be charged into an EAF, combust as a fuel, and form
carbonaceous residues useful for causing slag foaming,
20 metal oxide reduction and in recarburisation of molten

iron.

Example 5

EAF slag foaming phenomenon accompanying the reaction

25 between slag and carbonaceous materials




tenperature, oxygen and nitrogen gases were introduced into the furnace at
desired flowrates. Gas flow rates and conpositions were controlled during
t hese expwoi2oevi2sassi ng an automated fl ow control | er. Coelirmg2esieo720as
circulated through the furnace injector during each test so as to prevent
over heating and the occurrence of reactions prior to the interaction of
oxygen and the injected fuel material®s®in the furnace reaction zone. The
col l ector al so served the purpose of, retai ning unburnt chars generated

during each expgefRSiertents WERIFREGIPHte P e hase ¢ Prfnto the
experi Nnenépdg reamds, usdRg padt ycibdely Al theedbsgt hoavghg apMehehe €0l ed

f eedi ng pr.obe. m xt ure_of en_and nitrogen gas s used to carry the
pl astic a(il%rlg?%p I e ST Irlce)é%%ﬁ%?% t?zh? osi%g 7 C??J\é\ﬁm}%ﬁ%c.’u%he

experi nent@ststtzdd sundee @z Imttowsrgdhi steapehenent Thadstaged t hat, under
oper ati g, L{d 003 'and% Shay! a&ghéi‘oﬁéoi ”¥ s, Eﬁfi%t hg BhaphpG could

) . -
be charged 1'mto an EAF, conbust as a el ," and form catrBénaceous -rési dues

useful fok0 cAbsPHepisleag fodf fHO ndthe hedid hedictivh shap ivps 2.5

recar buri sptd®mefool tei-dd A rdoriisd sl frad nadenagmnon
acconpanyi n% the reaction between sl al%fand car bonaceous

mat eri al SEXpeTFRRMECHNe? e TATY i BT Sy eR/ att GAFPRARCEPYY sanpl e,
nor e par tresd @té yfrohea shagt fivand figgplshorenandupl agcibewi€acai on bet ween

t he sl.ag and. carbonaceous., substrate nder_an_ inert_argon at nmosphere . The
s| agigonp%%l T n]pé\}cla;sgﬁfoj% &d’j‘n‘iol.fg@k?%%’&a?%@)ﬁ- IE@%; T8t 59, Wg§£0 9%
Si 2; anduay 8seNhJoThdl bastent yERF ' $ heAsdagd was0256 $¥8aiesi @3 . Three

car bonacepls JRLEILhS YRL e CROSPOCLRL J41e gXDeLL PRk  odhey vere pure
graphite; a carbonaceous residue froma mxture of graphite and plastic

with a mixing rBtgerefe sRowsthe nERIRtyPeFtEgReot Thee raesile? 1:1

generated from 50% plastic and 50% graphite mixture after
15 Dbeing reacted in a drop tube furnace (DTF). The peaks of
plastic and graphite can be clearly seen.

The slag/carbon foaming phenomenon was recorded using
a CCD camera. Figure 7 shows the typical images of foamed
slag drops reacting with various carbonaceous substrates

20 at the time of approximately 200 secs. Slag foaming was
most vigorous in the case of reaction with graphite
substrate. Although the reaction between slag and coke and
a mixture of plastic and graphite was not as wvigorous, the
resultg indicated that plastic could act as both slag

25 foaming agent and reductant with EAF slag.

The CO and CO; contents in DTF off-gas were analyzed
using an IR analyzer. The results are shown in the
following Figures 8, 9 and 10. In the case of a graphite
substrate, the off CO and CO; gas contents were only

30 slightly larger than the other cases. This implied that
gas evolution due to a reduction of iron oxide was
occurring with all three carbonaceous materials and all
three were contributing to slag foaming.

In addition, the results of Example 5 are in

35 agreement with the results of the previous Examples,
notwithstanding the difference in composition between the

industrial slag and laboratory prepared slags.



may vary for different EAF s . Around 0.075g slag was used for each run.
The tenperature was set at 1550 OC . Figure 6 shows the XRD spectrum of the
resi due gwoenatmdicbr om 50% pl astic and 50% graphi t e m xtraorawbismozei ng
reacted in a drop tube furnace (DTF) . The peaks of plastic and graphite
can be clearly seen. The sl ag/carbon foam ng phenonenon was recorded using
a CCD camera. Figure 7 shows the typital-inmmges of foamed slag drops
reacting with various carbonaceous substrates at the tine of approxinmtely
200 sees. Slag foami ng was nost vigorous in the case of reaction with
graphite Bxidasprate. Al though the reaction between slag and coke and a

m xture of plasty raphite S. not as_vi gorous, _the results indicated
that plastic ciﬁ*% @2 %%t§§%ng %%l %%%1%6 %%%%? %%%S tdtcYaht with EAF

sl ag. ThelTCsinto@ed conteas’s the DIFiodbil gy obreaapal ptedtussngsan | R
anal yger . Theel ool 4 AP SPOUNLR AOR-DPLLOM Do FEgHNaseS 1pd and 10 I
the case of a graphite substrate, the o CO ant gas contents were only
slightly Fargestipmncihtcheney vasesvaimpkednpried thatdgae BvWBEUti on due

to a reduptiffcef (DTPN OKiBEgWBS 9CEHIHd NEheM sdmal EohBi €EoR3T RONRGEOUS
materi al s_and all thrﬁﬁ M@ée.cogérlbutl to S|$% foanlna. I n addition, the
resul ts o?x%&%ﬁ%I%'S ? Th HYreBRefd™M Eh A2 FeseFPinef PRECHFevi ous
Exanpl es, andt af tdst emclh ngesherdnf { e enstén eachosahpba waesweasséhe

i ndustyri I atof . p I , | e 6_The combusti on
effigpengéh%§@%%§€%§p asticgiﬁggé§n€%§ ?%a?e t%%gggg?l§ﬁ%rsﬁ??aﬁf?éty of
wast e pl as?¥ cdeerminafelon rohnc&APorconbert non- bl ast -type furnace. The
cormbustion ef figl @ncy,Mase %&hﬁ@i@&%&f@%@%ﬁ@%%@%&#&@f&& (DTF) of

Figure 5 using the sane conditions as_in he % 1 n the sanples
was det ertified BHeddric mixed with powdered coke, starting from 0

wt% plastic and moving up to 50 wt% plastic. The results

15 are presented in the following table:

Plastic wt% C wt % C wt % Combustion
with coke before after Efficiency (%)
0 80.43 80.39 0.25
20 ) 82.376 80.921 9.26
30 82.79 81.736 6.97
40 83.723 82.27 9.79
50 84.372 83.145 8.63

The table lists the resulting combustion efficiency
(last column), and also lists a raw wt %C analysis. The
20 decrease in wt %C is as a result of the carbon reacting
(combusting) to produce carbon monoxide and dioxide gas.
The results show that the combustion efficiency of
coke is very poor, but when waste plastics are mixed with
the coke the combustion efficiency is increased. In
25 addition, the residue that is left after combustion then
participates in other reactions in the EAF or other non-

blast-type furnace.

Example 7 .
30 To investigate the function of waste plastics as a
recarburiser in ferro-alloy production, carbon dissolution

of a carbonaceous reside was investigated in a laboratory



and after each test run (ie. after each sanple was passed through the DTF)
A LECO carbon content anal yser was used for determ nation of carbon

cont ent . Wwachoswampbe conprised varying | evels of powder edTmarves/ b8t i c

m xed with powdered coke, starting fromO wt% plastic and noving up to 50

wt % plastic. The results are presented in the followi ng table: The table

lists the resulting conbustion effiti€hcy (last colum) , and also lists a

raw w % anal ysis. The decrease in wt. % is as_a result of the carbon

reacting ?%%u%?@‘h‘@‘}l?% Prowee 2ar PorendhbstbY afeP#FeRfdégas. The

resul ts shisutdatithe combustion efficiency of coke is very poor, but when

waste plastics are mxed with th oke_.the conbustion effjicLency is
increased. In a 't?%ﬂﬁe¥¥ﬁy§%§? %h?h%?r?%c?év?sa??%?r%%L%%sY?on t hen
partici paaesieve ot heolteactromsbaiph t hempdFaonret herldodbtaste type furnace.

Examle Toiui fuest 08Le ABerJunsi oondl naste) bl 35 LGss agegatgcarbur i ser

in ferro-alloy production,” carbon di ssolution of a carbonaceous’reside was
i nvest i gat@el ing avatdlorwadr yseanbateduehreondh ur niteckat {cheattical | y

depi ct ed éfcir e éénfi@l@ré@i@&r@ﬁﬂf@uﬂﬁiﬁgetﬁé”f‘@fﬁa&\@sdﬁﬁﬂﬁéoﬂ:ﬁéd to
achieve a nolten iron bath tenperature of 1550 OC (to sinmulate an EAF
oper at i nPTRNPEIEE 1F2)2° FR RFFECRreRYeredbt PR iRt BY WAL e +Rufat ed
fjhrpugh ﬂgé:jlacé@:ty dsma«ttmtch@m@ert@mpéf@mﬁéiom ﬁytfggeﬂi@gmbbphéﬂénace
uri t r ocedur 0. as .0 prevent .over heati t o mai-ntain a

gene?gl I yﬁ%%ncs %%fe(ga%%o‘feerr%%er AP et DAY r%baen&g??gg%ﬁ?ésr e st cr eat ed
above the nol t éh awderwicE tWaste pbsstit evas A pdwiisreof lyabieo ptlasti c was
fed directhyndido the M&@ﬁefeécﬁ'fn%%‘g@é Eﬁ@%agtgﬂwréﬂebggié!en iron

bath. This plastic combusted to produce a carbonaceous resi due
This plastic combusted to produce a carbonaceous re51&ue,

which residue could function as a recarburiser. As an

15 alternative, waste plastic from eg. the drop tube furnace
of Figure 5 could be introduced onto the molten iron bath.

The carburiser cover method was the standard approach

used to study carbon dissolution. In this regard, the
carbonaceous material actually sat on top of the metal

20 bath and formed a carburiser cover. This is because, in
the experimental procedure, waste plastics material is fed
onto the top of the metal bath. A thermocouple to measure
bath temperature together with a quartz sampling tube for
removal of metal samples to progressively measure carbon

25 dissolution over time, extended through the carburiser
cover. The LECO carbon content analyser was then used to
analyse the carbon content of metal samples extracted.

The results of carbon dissolution are presented in

Figure 12. In Figure 12 it can be seen that initially

30 (Time = 0) the bath had a dissolved carbon content by
weight of 1.67%. Plastic residue was then added and the
dissolved carbon content increased to 2.97%, and then
levelled out at around the 3% level. At Time = 25 minutes,
further plastic residue was added to the bath and the

35 dissolved carbon content increased to 3.89% at T = 30
minutes.

This experiment demonstrated that the plastic residue



whi ch residue could function as a recarburiser . As an alternative, waste
plastic fromeg. the drop tube furnace of Figure 5 could be introduced onto
t he nol t emnoizn@m2b@bh. The carburi ser cover nethod was tireTsttanabanna72appr oach
used to study carbon dissolution. In this regard, the carbonaceous nmateri al
actually sat on top of the netal bath and forned a carburiser cover. This
is because, in the experinental procedlre, waste plastics material is fed
onto the top_of the netal bath. A thernocouple to neasure bath tenperature
t oget her GPthdalPguesed sanphi agfeabéveoreranbvalser. nerdl thahpl es to
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f ur nace, §£ it to conmbust to produce a carbonaceous residue, and then
facilitat g}g ts m xing into the nolten nmetal bath and allowing it time to
i ncrease carbon content to a desired |l evel. The waste plastic can repl ace

nore Example 9

15 Combustion efficiency of Coke/Plastics mixtures

Coke and its mixtures with plastics (up to 50 wt%)
were burnt in the DTF at 1200°C in an oxidising atmosphere
containing 20% O,. The feeding rate was around 0.0278 g/s.
Carbonaceous residues were collected and their carbon

20 content was measured. Assuming a negligible loss of ash
during combustion in DTF, the combustion efficiency, 7,
was calculated as:

25

4 C
=-S5y 100%
4 C

i 0
where A, and A; were ash content before and after

30 combustion, Cp, and C; respectively represented carbon
content before and after combustion in DTF, respectively.
Experimental results on the combustion efficiency of
coke/plastics mixtures are shown in Figure 14. A
logarithmic scale was used along the y-axis due to the

35 large variations in combustion efficiency.



expensi ve recarburisers such as anthracite coal and graphite . Exanple 9
Conbustion efficiency of Coke/Plastics m xtures Coke and its m xtures with
pl asti cs wopots25@owt %9 were burnt in the DIF at 1200 OECTmEM0SONITEDSI Ng
at nosphere containing 20% 2 . The feeding rate was around 0.0278 g/s.

Car bonaceous residues were collected and their carbon content was neasured.
Assuming a negligible |oss of ash durdshg conbustion in DTF, the conbustion
efficiency, h, was calculated as: where AO and A i were ash content before
and after conbudtidhis GEKAFRLT TV Pe GIUISE tuprekkit en@ardbrtzont ent
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Car bonacefmnsies@mmiesorﬁrnmmatmmuﬁlmkefﬁmmgﬁstwas abbeervedn- of f in

the DTF WﬁféhFHﬁ%§%%%iﬁ§(bfbéﬂf% component .

Example 10

15 Slag foaming on carbonaceous residues

Carbonaceous residues from mixtures of coke and
plastic after burn-off in the DTF were pressed into a die
under 9 tonnes/cm®’ load and were used as a substrate for
slag foaming experiments. After reaching desired

20 temperatures, the slag began to melt and the iron oxide
present in the slag started reacting with the carbonaceous
substrate to give off CO and CO, gases and metal iron. The
evolution of CO and CO, gases through the slag phase lead
to slag foaming. The reaction process was monitored using

25 CCD camera and recorded to DVD disc for further image
analysis. Figure 15 shows the typical images of a reaction
between a slag and a mixture of 30%plastic+70%coke. After
the slag melt down, gas bubbles were observed to evolve
through the slag phase immediately. The slag droplet

30 rolled around on the substrate vigorously due to the
generation and rupture of the gas bubbles. After about 600
secs, the slag droplet calmed down gradually with a
considerable reduction in gas generation.

Also, during the reaction between the slag and

35 coke/plastic substrate, FeO in the slag and C in the
substrate reacted to generate CO and CO, gas. The



under 9 tonnes/cm 2 | oad and were used as a substrate for slag foam ng
experinents . After reaching desired tenperatures, the slag began to nelt
and t he iwono@xi2dwsopresent in the slag started reacti ngPertAv2005800720

car bonaceous substrate to give off CO and CO2 gases and netal iron. The
evol ution of CO and CO2 gases through the slag phase |lead to slag foam ng.
The reaction process was nonitored-ugifng CCD canera and recorded to DVD
disc for further image analysis. Figure 15 shows the typical é'mages of a
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contents are shown in Figure 16. It can b een that both the and CO2
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seconds am} tdTem odecraadst W tWweree atidroredrivert ddicint e sheCRingase was
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refl ect ed JgKidRPtdLt Oford £ BIGLIQUN racd a0 betwkenshag and carbonaceous
material, as shown in Figure 17. The results indicated that the reduction

react i ondnadfersiadg st IPhRe ierfe Fiéh ¥7aster than the corresponding

The results indicated that the reduction reactions of

15 slag with coke were much faster than the corresponding
reactions with plastic-coke mixture, resulting in a larger
volume of emitted gases. These gases give rise to slag
foaming and caused changes in the volume of the slag
droplet.

20 Gas hold-up in the slag droplet was then measured in
terms of V¢/V,, where V. is the volume of slag droplet at
time t and Vo, is the initial volume. Figure 18 plots V./V,
as a function of time for coke and 30%plastic+70%coke
mixture. The results showed that much higher levels of

25 slag foaming were observed for 30% plastic + 70% coke
mixtures as compared to coke. The droplet grew much larger
in size in the case of coke/plastic mixture and this size
increase was gustained for a much longer period for the
plastic mixture as compared to coke. To a great extent,

30 this could be due rather slow rate of reactions between
the plastic mixture and slag (Figure 17), resulting in a
slow rate of gas emission, thus resulting in smaller
bubbles and a sustained foam over longer periods. For
coke, the bubble growth was rapid:'with high gas levels

35 escaping from the slag droplet.

The Example 9 and 10 investigations on coke and a

range of coke/plastic mixtures further demonstrated the



reactions with plastic-coke mxture, resulting in a |larger vol une of
emtted gases. These gases give rise to slag foam ng and caused changes in
t he vol unwoabodirenss! ag droplet . Gas hol d-up in the slagcaraapb@tioov®s t hen
measured in ternms of Vt/Vo, where Vt is the volune of slag droplet at tine
t and VO is the initial volune. Figure 18 plots Vt/Vo as a function of tine
for coke and 30%l asti c+70%€o0ke m xt @de.- The results showed that nuch

hi gher levels of slag foam ng were observed for 30% plastic + 70% coke
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waste plastics 1 n EAF steel ma pl astics m xtures showed nuch

better cdmsisiEtad tHmt R idkeeriReanssy [Samakee chidrtact eri stics of

coke/ pl astdies/ gliadtilce snive 8- D W 1D dithdipid eiath asisueoken. The slag
dropl et showed a nmuch | arger increase in volune, and the vol unme change was

sust aPned over a | onger period of time. The results also indicated that
partial rEpEmmdean of coke with coke/plastic m xtures coul d enhance carbon

corbust o SXHPLS, Wl A e IRl Gpde Sl to that
described in Example 3 and as depicted in Figure 4, the
foaming characteristics of a coke/slag system and a 50%

15 coke/50% plastic/slag system were investigated. In this
case, the plastic was a High Density Polyethylene (HDPE),
with a particle size of less than 100 micrometers. The
glag was similar to that of Example 5 and 0.078 grams and
0.092 grams of slag were respectively employed for the two

20 gsystems. The runs were conducted at different times,
hence the weights of slag are not exactly the same.
However, this weight difference does not affect the
experimental outcome.

Figures 13A&B depict in side by side comparison the

25 drop foaming behaviours of the two systems at the time
intexrvals 0, 30, 45, 60, 90, 150, 210 and 300 seconds. It
can be seen that the coke/plastic/slag system had a
relatively more rapid foaming characteristic than the
coke/slag system.

30 In other words, plastics such as HDPE can also offer
an enhanced slag foaming characteristic to an EAF or other
non-blast-type furnace, indicating that many other

plastics may offer a gimilar enhanced performance.

35 Example 12
The inventor conceived of and proposed an index to

indicate the suitability of a plastic for its re-use in



foam ng characteristics of a coke/slag systemand a 50% coke/ 50%

pl astic/slag systemwere investigated. In this case, the plastic was a Hi gh
Density Robyeddnghne (HDPE) , with a particle size of | @s3/Ate05/0000Q0

m cronmeters. The slag was simlar to that of Exanple 5 and 0.078 grans and
0.092 grams of slag were respectively enployed for the two systens. The
runs were conducted at different tim& -hence the weights of slag are not
exactly the sane. However, this weight difference does not affect the
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i ndex was"iHedlerthel Ienerat G ke rfawgexreeramieatiee 3okl vy PPt iddex)

The i nvegyscnces ed tdafcide, | rslexeeanb Tk alsorberssgriép a general sense
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plastic’s recyclability. The current system merely
provides information regarding the type of plastic (eg
15 numeral 1 for PET etc).
Finally the inventor surmised that the GIP index
could then be built upon by developing a related GIPS
index, where the “S” stands for and indicates the
suitability of the plastic for use in steelmaking.
20 In general, the experiments also indicated, that for
the production of ferro-alloys other than steel, and using
an EAF, un-agglomerated plastic could be charged into the
furnace, could combust as a fuel, and could form
carbonaceous residues useful for slag foaming, and to
25 cause metal oxide reduction, and recarburisation of molten
metal (eg. iron).
In addition, the experiments also indicated that for
reheating furnaces and the like, the un-agglomerated
plastic could be charged into the furnace, for example as
30 a supplement to other fuels such as natural gas, and yet
still combust as a fuel. This is especially so at the
‘higher temperatures (greater than 1000°C) used in furnaces
such as reheating furnaces in steel forming operations.
Thus, an effective means for using and consuming the
35 wvast quantities of waste plastics in society is provided.
Whilst a number of specific embodiments have been

described, it should be appreciated that the method for



type, does not provide any information regarding the plastic's
recyclability. The current systemnerely provides infornmation regarding the
type of pwebeemn2¢mg nuneral 1 for PET etc) . Finally thecrmmmismooRror m sed
that the G P index could then be built upon by developing a related A PS

i ndex, where the "S" stands for and indicates the suitability of the
plastic for use in steel making. In-géferal, the experinents al so indicated,
that for the production of ferro-alloys other than steel, and using an EAF,
un- aggl prefacéadpraseiracocadil@ybeaghiegembosiced Ha MaacEhedul d conbust
as a fuelgorald coul d form carbonaceous residues useful for slag foam ng,
and to cause netal oxide reduction, and recarburisation of nolten netal
(eg. iron) . In addition, the experinents also indicated that for reheating
furnaces and the |i ke, the un-agglonerated plastic could be charged into
the furnace, for exanple as a supplenment to other fuels such as natural
gas, and yet still conbust as a fuel. This is especially so at the higher
tenperatures (greater than 1000 C ) used in furnaces such as reheating
furnaces in steel formng operations. Thus, an effective neans for using
and consum ng the vast quantities of waste plastics in society is provided.
Wi | st a nunber of specific enbodi nents have been described, it should be
appreci ated that the nethod forproducing a ferro-alloy can be enbodied in
many other fornms .Clains 1 . In a nethod for producing a ferro-alloy in an
electric arc furnace, the step of charging the furnace with an un-

aggl onerated carbon- containing polyner such that the polyner functions as
a slag foamng agent. 2 . A nethod as claimed in claim1 wherein the
unaggl oner at ed carbon- contai ning polyner is charged into the



furnace such that it at least partially conbusts and produces a

car bonaceous conbustion residue, with the residue then oxidising to cause
sl ag f oamvogoocd24068 net hod as clained in claim2 wherei rRCTha20@g0626 MaY

al so act as a reducing agent or function as a recarburiser. 4 . A nmethod as
clained in any one of the precedi ng I7ai nms wherein, in addition to the un-
aggl oner at ed car boncont ai ni ng pol yner’,” anot her source of carbon is charged
into the furnace . 5. A nethod as ig&mad in claim4 wherein the other
source of carbon is coal, coke, car ar, charcoal and/or graphite
charged ilnt o t Ha faumeddwdnifidy hdvariyencofteind g Yoot yimeran 6 . A net hod as

clai med il Llediim 4,00 [ Mhere &Ry URAL B Gald R £ ai ni ng
pol ymer and _ot her source of carbon are charged 1 nto the furnace
appr oxi mitey Fh R REIHIRNGTRES R TrPoR - cpntad Hgih RP a8 HYREY in any one

of I the precedivie qjoa:ymlv\/rm_ {rgjtﬁdrhae amh-adaggignlrmjﬁiggg cafdran- con]E ai Ri ng
polynmer i s a wgste tic. .. et as .cl.ai ned 1n.any one of the
precedi nd cl ai %&pgsﬁs[ ﬁg‘a@érfegor}-n é:gtrﬁléfi i ﬁ%‘eﬁ%&h%&ﬁﬂi ses the atons
C , H ancogpianen=ited Gaorbon-®ntaA metchaeblasnedt ai srethdnygeahyirone twdie t he
precedin i whsr §) - 0 ‘ r - t.alning polyner is
char ged %r#ﬁ‘%z Ut nggcﬂe}itlt nqett lr%: flﬁtoﬁrgﬁtl%%elﬁépé;%% eé;.aqﬁdc;. A net hod as
cl ai med ipregcesné cfanbangsraciti gl st inn Wiegldue + el flerthe al | oy produced

is sygel Jhidde t@i‘erﬁ%}&ﬂ&iﬁgﬂéﬁ UErahad GrRPEcLPHAl ning pol yner as a
slag foam ng agent in the production of a ferrg-alloy in an electric arc
furnace. 312 . Bs&4od F5éd almed dimClR Wther P Fivd F&sishicot

may algso act as a reducing agent or function as a
recarburiser.
4. A method as claimed in any one of the preceding

15 claims wherein, in addition to the un-agglomerated carbon-
containing polymer, another source of carbon is charged
into the furnace.
5. A method as claimed in claim 4 wherein the other
source of carbon ig coal, coke, carbon char, charcoal

20 and/or graphite charged into the furnace with the carbon-
containing polymer.
6. A method as claimed in claim 4 or 5 wherein the un-
agglomerated carbon-containing polymer and other source of
carbon are charged into the furnace approximately in a

25 weilght ratio of 1:1.
7. A method as claimed in anonne of the preceding
claims wherein the un-agglomerated carbon-containing
polymer is a waste plastic.
8. A method as claimed in any one of the preceding

30 claimg wherein the carbon-containing polymer comprises the
atoms C, H and optionally O only.
9. A method as claimed in any one of the preceding
claims wherein the un-agglomerated carbon-containing
polymer is charged into the furnace in the form of polymer

35 particles.
10. A method as claimed in any one of the preceding

claimg wherein the ferro-alloy produced is steel.



the ferro-alloy is achieved by the nethod of any one of clainms 1 to 10. 13
. A nmethod for producing a ferro-alloy in an electric arc furnace, the

met hod cowpro@&imngebhe steps of: - charging the furnace wrhthewsdeonek for

the ferro-alloy; - heating the feedstock in the furnace to a nolten state

and to forma slag on a nolten surfacze8 of the alloy/feedstock; and -

charging the furnace with an un- aggl‘onerated carboncontai ni ng pol yner that

function s a.s]ag §oam t : ) clained in,claim1l3
wherein tslhfé1 unégéﬁ %rgeraa elgrg_cagt’rgflo%ﬁ_qe cgcnetdai%ngl%&gp o?ﬁzearlr?%n%&%él S0 as to
conbust ias tthesfag rarreningl agdrtasen Hdm rrrdugtion tdke aofeenc-alloy

al | oy/ f eedstack.jad Q- geRer gl £, 80 agent that foans the slag. 15. A nethod
as claimed in claim 14 wherein, in addition to foam ng the slag: - cause a

cheni cal Y2ductisth 3t Cacingrotidt Ohaide i WHRFSitag o Brstitet et

ferrosal luhe ENHDrarldpas ddiei Slad by Hecaidibiodeon dgpubianst al | oy of

iron and rbon.. 16. nmet hod as clainmed in any one of clains 13 to 15

wherein tﬁajlﬁ'ﬁ a{'gé:i% ated carbon- containing polynmer is charged with an

addi ti ondl3 agemt ndidtod dirse pravdhEinaal feadurtdldoyfiressh edeta@irioxi de in

t he nolt I t.ﬁg?fg@;j I . i rein the additional

agent ist (ng%ﬁar es’oﬁtr}g% 0 ccgéfb%(%]rﬁ’%fg%er#gf]n@ iér’]g%ﬁsy%(;ﬁé of clains 4 to 6
18. A rmetHnrdisng|Hersiirreemwiie Hedstods I3 tiha 7Eemrretarl kovt her wi se

as depi ned Hdh@my AR Hedd i dBk 24 CHO. £9-nd ik aded hash ©dn opesading a
reheating furnace, the step of charging the furnace wth un- aggl onerated
car boncort™ Mihf P et Fetd fOLLgegfurface of the

alloy/feedstock; and
- charging the furnace with an un-agglomerated carbon-
containing polymer that functions as a slag foaming agent.

15 14. A method as claimed in claim 13 wherein the un-
agglomerated carbon-containing polymer is charged so as to
combust in the furnace and release heat energy to the
molten alloy/feedstock and to generate an agent that foams
the slag.

20 15. A method as claimed in c¢laim 14 wherein, in addition
to foaming the slag:

- cause a chemical reduction of each metal oxide in
the slag to produce the ferro-alloy; and/or
- foams the slag;

25 - recarburise a resultant alloy of iron and carbon.
16. A method as claimed in any one of claims 13 to 15
wherein the un-agglomerated carbon-containing polymer is
charged with an additional agent that causes a chemical
reduction of each metal oxide in the molten slag.

30 17. A method as claimed in claim 16 wherein the
additional agent is the other source of carbon as defined
in any one of claims 4 to 6.

18. A method as claimed in any one of claims 13 to 17
which is otherwise as defined in any one of claims 2 to

35 10.



20. A nmethod as clained in claim19 wherein the reheating furnace operates
at a tenperature sufficient to conbust the un- aggl onerated carbon-

cont ai ni nyopodeyrrerey 21. A nethod as clainmed in clai m 19pram/AlQoeshveoRdn t he
furnace tenperature is greater than 1000 C . 22. A nmethod as clained in any
one of clainms 19 to 21 wherein the carbon- containing polyner is charged
into the furnace in a particul ate fo?r% "23. A nmethod as clained in any one

of clai 19 to_22 wherei.n the un-.aggl onerated.carhon- _caontaini ng pol yner
i s char g@&. nt gnt ﬁe“?ﬁ?‘ﬁgcgtfwoPﬁrgﬁég%e? Fﬁgﬁgglfg. KrﬁéﬂtcﬁOd%lg% claimed in
cl ai m 23 sikpr eifn chhegdnige theudlurngceamital ugasggd®mekahest emrigm -
det er m nlcgglttaligl-hgc%é%ll@?{elf by afta ganbenjcontai ning polymer in a
ferro-all oy production”furnace that errgl oys a carbon- contai ni ng feedstock,
the syst 8f-conPr meEhgdt BE stapmedf in- cdaimyilfgWhaeFsite the FeheriAB%er of a

gi vens poleyireik ckhabelrs tedf hechl el rbhe ol s esltag J eamibgtabi lity; -
conparing. that par zli‘réeter t o, one.or nore par.aneter. values derived from one

or nore e M5 30gHEre ratedy SFHPoR T A AGE S8 from t hose paranet er
val ues. 26.. A aystehodsael aladaednial almiabl®heren twherpdnatkeer 1S the

hei ght O%u&% c%o gh%%%%t%&%!%% %@%a&%&et%gntq%d%Q%ﬁ]S|ag'
22. A method as claimed in any one of claims 19 to 21

10 wherein the carbon-containing polymer is charged into the
furnace in a particulate form.

23. A method as claimed in any one of claims 19 to 22
wherein the un-agglomerated carbon-containing polymer is
charged into the furnace with another fuel.

15 24. A method as claimed in claim 23 wherein the other
fuel is natural gas.

25. A system for determining the recyclability of a
carbon-containing polymer in a ferro-alloy production
furnace that employs a carbon-containing feedstock, the

20 system comprising the steps of:

- deriving a value of a parameter of a given polymer that
is reflective of the polymer’s slag foaming ability;

- comparing that parameter to one or more parameter values
derived from one or more other polymers;

25 - developing a range or scale from those parameter values.
26. A system as claimed in claim 25 wherein the parameter
is the height of the foam slag and/or the life of the foam
slag.

30



