- 1 Production of Ferro-Alloys. Technical Field 5 A nethod for producing
ferro-alloys (such as steel) in an electric arc furnace (EAF) enploying a
novel additive is disclosed. inits primary function the novel additive
functions as a slag foam ng agent, as a reducing agent. However, the
additive may additionally act as a 10 fuel and/or as a recarburiser.
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In the last fifty years, the plastics industry has

seen enormous growth such that plastic materxrials 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
tonnes 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



as the pulverised coal normally injected, and they have a higher ratio of
hydrogen to carbon, resulting in |less CO2 produced as a conbustion product.
Plastic addition to other types of steelmaking 5 furnaces is known,
including to electric arc furnaces (EAF). For exanple, US5, 554,207

di scl oses a process in which EAF waste dust is conbined with waste plastic
to forma solid, which is then added to the EAF. Simlarly, JP2004-052002
di scl oses a process in which waste plastics 10 are knedaded together with
steel dust to forma soft solid which is added to the EAF. Neither docunent
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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 (8) oxides present in furnace feed and/or generated



- 3 during netal processing; and/or act as a source of fuel; and/or act as
a recarburiser to increase the anount of carbon present wwth iron in the
final ferro-alloy produced. For exanple, in electric arc furnaces, the 5
primary fuel source has been electricity. The waste plastic can thus enhance
energy efficiency (ie. by the use of less electricity), and can reduce the
consunption (and hence cost) of traditional carbon sources such as coke and
coal. The waste plastic may al so repd ace- 10 or reduce the use of expensive
recarburisers such as anthracite coal and graphite. Wen the term
"ferro-all dgtrihg wsedl hpredessding ;s andipendet &9 an@¢mmmeenﬂnﬁuai;range of
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into the furnace with 35 another source Of carb hi s ot her source of
car bon rTaylntended to include a broad range of 1ron carbon alloys

(including steels) and other iron-carbon and/or iron-based

15 alloys, including ferrochromium, ferrochromium silicon,
ferromanganese, ferrosilicomanganese, 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 carbonaceocus
residue can then oxidise 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



conbust to act a fuel. It may also contributed to slag foam ng, and may
function as a reducing agent or - 4 recarburiser. The other source of
carbon can be coal, coke, carbon char, charcoal or graphite. As an exanpl e,
t he un-aggl oner at ed carbon-contai ning polyner and ot her source of carbon
can be charged into the 5 furnace approximately in a weight ratio of 1:1,
al though this ratio may vary fromfurnace to furnace. In a typical
adaptati on of the nethod, the carbon- «ontaining polyner is a waste plastic.
The charging of a waste plastic into the furnace provides an effective
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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 plastice
such as polypropylene, polystyrene, poly butadiene
styrene, ABS, etc and even difficult to re-process
plasticg 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.



electric arc furnace. 35 Typically the use of the un-aggl onerated carbon-
containing polynmer is in the production of a ferro-alloy achieved by the

nmet hod of the first aspect. - 5 In a third aspect there is provided a
met hod for producing a ferro-alloy in an electric arc furnace, the nethod
conprising the steps of: - charging the furnace with feedstock for the

ferro-alloy; 5 - heating the feedstock in the furnace to a nolten state
and to forma slag on a nolten surface of the alloy/feedstock; and -
charging the furnace with an un-aggl onerated carbon- containing polyner that
functions as a sTmae flurdhgepgett thetd Typprenided ke mathagglfomrer at ed

car bon- conpabBhB8gnd 04 VABErd 521aR% 480 aR0e REct £1& OHRY Syl dde thidr nace and
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carbon-contaiglng, ol nErfégﬁg al so_be charged with the feedstock to the
®

furnace. F&r B389 , FeUMitEEe 2RaHR 2R PSR TRE St #43PMen t he

f eedst ock enetafning-melintnitigtp duyrkionseaghargesh fdwdirign ageit.i n a
continpgus furn operat i de). | I h od of the third
aspectfgs otheraf léﬁ?l'eﬁgﬁéggrﬁggﬁgm¥?%§%hé%ﬁ%%ﬁ?ﬂg%&?ﬁggpﬁventors have
al so surnm pedynant ig heharged @y @retst ednbuebobn com dfuinasepeingdner can

general ly B@iease 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.

Bccordingly, 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 dct as a fuel.



enpl oyed as a fuel in a reheating furnace. Accordingly, in a fourth aspect
there is provided, in a nmethod of operating a reheating furnace, the step
of 35 charging the furnace with an un-aggl onerated carbon- contai ni ng
polymer to act as a fuel. - 6 Typically the reheating furnace operates at a
tenperature sufficient to conbust the carbon-containing polyner, typically
a tenperature that is greater than 1000C. 5 In addition, the

un- aggl onerat ed carbon-contai ning polsyrer may be charged into the furnace
in a particulate formand optionally with another fuel, such as natural

gas. In a fifth Bxpestlly 3yst erhest pnovidethdoopErateserat ri ng t he
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which may fall "within the method for producing a ferro-alloy as defined 25
in the Sun¥@&fy, specific enbodiments of the method will nom/be descri bed,

by way of exanplfnomlﬁmfuﬁIdgpeeteaesygtemchéfﬁrdwﬁﬁﬁﬁpﬁm&ing draw ngs in
whi ch y 1, sho a chp 9 ar horlqutal t ube resistance
furnac%Pseg E§r$%§1 SYRACR! gﬁgélﬁ E 3€h %%rtﬁb(:é%5?F65§ I n Exanple 1;
Fi gures ZAPOmeéreEmra(ﬂﬁﬁnn a@1¢WOprgﬁustagnaﬁutnﬂnamnhat employs a
carbon-containing feedstock. The system comprises the
steps of:
- deriving 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 Desgcription of the Drawings

Notwithstanding other embodiments which way £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 resistance
furnace set-up of Figure 1;
35 e PFigures 3A to 3F each depict a drop of slag and show in
gsequence slag foaming for a coke/slag system as a function
of time, using the horizontal tube reasistance furnace set-



sequence slag foam ng for a graphite/slag systemas a function of tine,
using the horizontal tube resistance furnace set-up of Figure 1; 35
Figures 3A to 3F each depict a drop of slag and show in sequence sl ag

foam ng for a coke/slag systemas a function of tinme, using the horizontal
tube resistance furnace set 7 - Up of Figure 1; Figures 4A to 4C
respectively depict a drop of slag for graphite, graphite/plastic and coke,
each with a slag system and using-t¥e-horizontal tube resistance furnace
5 set-up of Figure 1; Figure 5 shows a schematic diagram of a drop tube
furnace sevpupf Biowescyi bed in Exanple 4; Figure 6 shows an XRD spectra of

a carbonaceouysieisdus cbr 28" ReaibPiAsl) GedNetSA ugERPBE 8140 Xidire after
being 10 reaﬁged in a qéépgﬁﬁgaturnace, as described in Exanple 5; Figure
7 shows CCBTPRBYER’ oFr3P$/3:f8td CcaBBEdCBye, AT arh &té8eous

mat eri al s, sgsteéescandatsinmy Btamposiapntali gube Sesimmundeh&ukRarasults for a
reactiopn b e ﬂEn!tQ substrate and an industrial slag, as described
in 15 %xa%%pgﬁg;gfﬁ&{ re g 'shows the IR results for a reaction between a
50% pl asti & FHiGBEYOgRAoWSt 8 Stbhetabie divdnandedt B drobstue as described in

Exampl e 5; fukhgué esd® $hovs tdchRpe8siht Bximp1& 4 gaction between a 20 coke
substrate and .an industrial sla as described in, Exanple 5;  Figure 11

shows a scReratd9EediCagrRaiPofMafily iRRIGh O GarBERoBPSSorat FoU%r nace, as
descri bed frolxanpbe plasthgurel B2%phehphibe Hbofurardbyerdibedabution in a

and ac%csiPRbedartn o JUE Vhe Snubl, | 98 SUSMERDT S RAEBIR 50 Folag
(upper rowp EdsthreoleSHDPE BrEsinades Rf @lasedoepingovarsedney using the
hori zont al vhybguseshsbamb@edul Rt ridlisyPasf abi@tiKed 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
glag, as described in Example 5;
e Figure 10 shows the IR results for a reaction between a
20 coke substrate and an industrial slag, as described in
Example 5;
¢ 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 as 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, n, 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 gystem 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;



30 Figure 14 plots the conbustion efficiency, t, of coke and m xtures of
coke with plastics at 1200C, as described in Exanple 9; Figure 15 shows
CCD i mages of slag foamng as a function of tine for 70%oke- 30%pl astic
residue/slag 35 system at 1550C, as described in Exanple 10; Figure 16
plots CO and CO2 gas generation as a function of tinme, as described in
Exanple 10; - 8 Figure 17 plots the nunber of noles of oxygen renoved
during interactions of slag with coke8nrd with 30%l astic+70%oke m xture,
as described in Exanple 10; and 5 Figure 18 shows the Vt/V plots for coke
and 30%l &st i CEYREDKET MLatfr ddeabunbepcot deotes f ewden rERanpe 10.
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hi gh tenpeegbmpes poverning the slag foam ng phenomenon. 20 It was further
noted that, as well as shielding the electric arc, a foany slag bl anketed
the netal bath and held in heat, |eading to considerable energy savings
(ie. reduced el ePetiediled Peasuiptiom)of ISpasdd icoEabothaéntas sust ai ned | evel
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form coul gabBon/solid carbon and slag gave rise to 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 alsc due to the oxidation of
carbon. Slag f£oaming 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 c¢ritical 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 steel
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 carbonacecus residual product.
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production of other ferro-alloys and again produce a carbonaceous residual
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15 dissolution in liquid steel.

'~ gtructural 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 get 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-carbons 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 reductiom of slag by solid carbon.



bei ng used. Known reductant materials included carbons such as coke, coal
and char, and bio-carbons in formof 30 charcoal produced fromdifferent
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wel ght o %ﬁe S aﬁbéﬁﬁ%egﬁ% resi ueg from waste plastics were also
able to be used as a reductant (and, as necessary, slag

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



Initially, the sanple was held on a speci men hol der, which could be pushed
to the centre of the hot zone in the furnace wth the help of a stainless
steel rod. 30 The sl ag/carbon assenbly was held in the cold zone of the
furnace until the desired tenperature (1550c) was attained and equilibrated
in the hot zone of the furnace. The assenbly was inserted into the hot zone
at the desired tenperature of study. This elimnated any reaction that 35
coul d occur at |ower tenperatures andibossibly influence the phenonena to
be studied at the tenperature of interest. The furnace tube was purged with
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i nvesti gat POnERREFEY 3% FAFEEEToRE gﬁm%ﬁ a%ﬁ"ﬁekfna' E5R&3P8) 35°Poani ng
i nvest i gat aonempwter |uktigrg 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 wvolume 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: Ca0 30.48%, MgO
11.72%, Si0O; 13.34%, Al,0s 5.24 %, Fey03 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 begine to grow in size, with increasingly
larger drops being observed in Figure 2D at T=1lmin 7 sec,



25 carried out on plastic. Results & Discussion G aphite/slag system
Prelimnary results on slag foamng in a graphite/slag systemare shown as
a function of tinme 30 in Figures 2A to 2F. G aphite showed good foam ng
characteristics with a steel production slag. In Figure 2A at T=13 sec, the
slag powder is shown as just beginning to nelt. In Figure 28 the drop of
liquid is shown taking shape at T=47 sec and 35 in Figure 2C is shown
conpletely forned at T=57 sec. The -dtoplet then begins to growin size,
with increasingly |arger drops being observed in Figure 2D at T=Imn 7 sec,
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sl ag foan19§ i%%EH%é%”bé”lfQﬁ?%?i%“@aking 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/mlag 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 behaviocur of these two
carbon types was quite 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 analyeis 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 ~ 920% C, it



carbon types was quite different, with the rate and extent 25 of slag
foamng in the graphite/slag system being much higher than the coke/sl ag
system Thus, a relationship between carbon dissolution rate and sl ag
foam ng was postulated. 30 Exanple 2 An analysis of plant operating data
froman operating EAF showed that increasing |evels of coke injection
resulted in increased consunption of oxygen, although they did not yield
any wel | -defined pattern in power 35 t®nsunption per ton of steel charged.
The operating EAF used two different forns of carbon in its operation.
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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 ccke.

25 3. The kinetics of carbon/slag interactions are expected to
be quite different for solute carbon and for cocke, 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 resulits 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

recarhurisation.



of Exanple 1 showed that the rate and extent of slag foamng with graphite
was rmuch higher than coke. 25 3. The kinetics of carbon/slag interactions
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resulted in wide variations in their slag foam ng behaviour. These results
i ndi cated that an appropriate choice of 30 carbonaceous material could play
an inportant role in slag foamng and therefore in the energy efficiency of
EAF operation. The results also lead the inventors to surnmise that a

car bon- cont ai ni ng pol ynmer coul d be add€éd-to an EAF. and partially conbust
as a fuel and to produce 35 carbonaceous material residues, which could give
rise to slag foam ng and/or netal oxide reduction and/or recarburisation.
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of this resedugci anpemw] ded in Figure 6). The 15 ratio of 1:1 may vary from
furnace togf%rnage gigstic material : Linear Low Density Pol yet hyl ene
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11. 72% MG, 13. 34% S 4% A1203; 33.
experiments.

Carbonaceous materials: graphite; coke; regidue 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)

wag 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% Ca0; 11.72% MgO; 13.34% Si0z; 5.24% A1203; 33.33%
Fe;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 ccke powders were used as supplied.
The preparation process of the graphite and plastics
mixture ig 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



Fe203; 5.24% WMnO. A substrate of carbonate material powders were prepared
by hydraulic pressing under a pressure of 2.2x108 25 Pa. The graphite and
coke powders were used as supplied. The preparation process of the graphite
and plastics mxture is described in Exanple 4. The sl ag was prepared by
heati ng the honbgeneous m xture of oxide ingredients in the mxing ratio
shown 30 above to 1650C, and then casting the nelt in a copper nold after
around 30 min fromconplete nelting. Apparatus The horizontal furnace of
Figure 1 was used for carrying out-s&ssile drop experinents. The di nension
of 35 the ceram c _furnace tube was 050 nminner dianeter and 1000 nmin
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at the desired temperature. This procedure eliminated any
reaction that could occur at lower temperatureg 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 sesgile drop technique. Again the CCD camera

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

25 waterial 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 veolume 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
gpecimen 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 gample volume. Throughout the



20 fitted with an IRIS |l ens was used to capture the live in- situ phenonena
in the furnace. Again the output fromthe canera was channelled to a VCR
and TV nonitor to record the entire process as a function of tinme. The
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) e
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wer e angl Ygeferf HELOL] ﬁé’s\fﬂé:“l ate sanpl e volune. Throughout the - 16
experinent—ggmi-gmen—wa, _ s flown at a flowrate of 1 1/mn. The
of f-gas was passEeae te¥RrIGiNenta MeararyReucted e darveassigatsl #heO and CO2

content, Walgh £88mPey UsEth+idure\adatenyNens eacddioibrd A weanEipeRi Ment al
results The eégerlme %é%/rvg%e conducted to investigate the _slag foam ng

behavi our EXGSBd1ByS % £ SRONP AL IBIUES § BAPG tEnd t he

car bonaceouzaphiee)pl sst iy apsidue ndxapbel edpd astke. rBgidsd Mmatese, and
coke. é{pi ggg Fmsiﬁo%ﬁi&e?%‘ﬁ? ti0n46i_gures 4A to 4C. The reaction between
graphite and slag was observed 0 produce the nost vigorous slag foam ng.
The vol une of tHee dFeRciior hawges agaphste rnd a3l wass obiseaved shown in
the Figur etéAFrééuwtm i afHrcuR Qﬁ.aéhﬁoéﬂ:%l;%.r aphy LRI Blpast i cs

m xture, bgﬁbnés evolLved from.the slag dri)gl e Qceurrence of slag
foani ng ph&ASNERSA Ph TPRMLHas WaRethe own

in the Figure 4A.
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rgest as clearly s

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 carbonaceocus 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 ig shown schematically in
Figure 5.
Each trial conducted in the DTIF 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



graphite/ plastics m xture was established on the basis of a high
tenperature visualisation imge as shown in Figure 20 4B and al so on the
basis of generation of COin the off- gas, indicating a reduction of iron
oxide. This indicated that plastics could be added to an EAF, conbust as a
fuel, and the carbonaceous residues could produce slag foam ng and/or
nmet al oxi de reduction and/or recarburisation 25 effects. Exanple 4
Preparati on process of graphite/plastités-m xture A high tenperature

gas- phase reaction of a plastic- 30 graphite blend was perfornmed using a
drop tube BgiRc Fusamaterhd lguogontbeller ndeel NG HEtes M@Ematical ly in
Figure 5. Eegdhtddetl taonsigd ethd Eu&hac@TEny@ét@@rmlﬁtrﬁﬁ e@tch £2@eC and, once

t he furnace_had reached this oper 5 ¢ erature xygen and nitrogen
gases wer e5Pnt? ot dEF T 9 égﬁﬁiﬁggeaﬁg 8%%I %EP???R&?‘ dt'es. Gas flow rates

and conposeadoinswansl @ota dheednierangiohese exyman rent he 17  using an
aut omated iﬁfa.% GO Sar DRI I RhE" cifSac LU UGt he Tur nace

i njector dur test so as_to prevent over eatln t'he ‘occurrence
of  reacti®fkl ?ﬁ??ﬁ %%FQPﬁ?#Wﬂ4m§§@tPBHPGFGo?@g%@ﬁ%&ﬁ?ﬁ&m?ﬂ?qrﬁFected f uel
materi al s bnafémgéngﬁgﬂéﬁrdﬁgmﬂgogaagn@x dhemeri®l | ector al so served the

pur pose of retai nburnt . char e erated dur | ach ex erinment. A
pl asti c- graphitépﬁT *ﬁﬂ?HQBHa&ﬁuﬁégn nY2° t He-r ‘?ﬁ%%fﬂéﬁfhl eactor using a

dry nateri ekpéebmmrtahrragtar uElngatedrgonaeelr {2k dierpiqr dhroughmaxt ure of
oxygen andy oL L1 eqfsfé@éirgq;g,%&)% CAI hYxtiife pé@sa Yo adﬂrﬁ aphite solid

reactants into t reaction he experi nent al s were as foll ows:
Tenper at urélmygqrzcﬂﬁs TR UERk O GRTEHL BhE LPRRPYiq 3nd graphite

solid reactants into the reaction zone. The experimental
details were as follows:

Temperature (°C) 1200
Total gas flow rate 1.0
(L/min)
Feeding rate (g/hr) 10.0
Particle residence tims
(seconds) - 12
Gas purity (%) N; = 99.5
Oy = 99.0
Gas composition 24% 0., rest N
Graphite particle sige < 100um
Plastic particle size < 100um

15
Thig 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 Dbetween slag and carbonaceous materials




Feeding rate (g/hr) 10.0 Particle residence tinme - 1-2 (seconds) Gas
purity (%9 N2 = 99.5 02 = 99.0 Gas conposition 24% 02, restN2 , G aphite
particle size < 100m Plastic particle size < 100m 15 This experi nent

i ndi cated that, under operating conditions that may sinulate those in an
EAF, the plastic could be charged into an EAF, conbust as a fuel, and form
car bonaceous residues useful for causing slag foam ng, 20 netal oxide
reduction and in recarburisation of -mdBten iron. Exanple 5 EAF slag foam ng
phenonenon acconpanying the reaction 25 between slag and carbonaceous
materials - 18 Experimenis waie caarieddovtt te ostudyl\amrpciaalaEARAF sl ag

sanpl e, nDI agakhing UL Al hdre tHersl A0 AT RHePHEAS BHSN1 S IdHEhdnle@ar eact i on
bet ween th%_s.ag gﬁd carbonacqgus sugigrages unger qaglnert ar gon

at nospher e PFHEIsFEG ESROMDIRiRTOITHasPe75088 CBH ABFRIMIRIUE . 99 A1203;
8.8% MO sibsf¥ated2unden =n SbhdwiOarfion basosphgref The slagg was 2.5

(Caol Y5l 02nbRESE1GAT HODALPINS CIBI Clloah YEDE FNOBCR IR ol xPeri Ments.
They wefe puré graphite; a carbonaceous resi ue'Troma“m xture graphite
and pl asti d%wi%%hS8a040 andkih$% #Ce Shelbasigiky igfddsie isdlagcvrRe. 2The rati o of

1:1 may varyrabgksddl)f ereitedFAMarbonAbosis Ratlidihld akrpTHdsed £bpr each
run. The tegperature was set at 1550 C. Figure shows the XRD spectrum of

.6
the resi dudPegSKBPELBGNER ont BB WL PFCaAT2BBdE §F apHFHEPIRAGSINE after 15
bei ng reactresiidneafdompa t miret dxe et eyraphite dhé prafsiofwitl astic and

graphi&g CQﬂxRﬁgC£§@£$yofefpi; and industrial coke. The ratio of 1:1
may vary for different EAF’'s. Around 0.075g slag was used
for each run. The temperature was set at 1550 °C.

Figure 6 shows the XRD spectrum of the resgidue
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. Pigure 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 ¢f reaction with graphite
substrate. Although the reaction between slag and coke and
a mixture of plastic and graphite was not as vigorous, the
results 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
subgtrate, 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.



The sl ag/ carbon foam ng phenonenon was recorded using a CCD canera. Figure
7 shows the typical images of foamed slag drops reacting with various
carbonaceous substrates 20 at the tine of approxinmately 200 secs. Sl ag
foam ng was nost vigorous in the case of reaction with graphite substrate.
Al t hough the reaction between slag and coke and a m xture of plastic and
graphite was not as vigorous, the results indicated that plastic could act
as both slag 25 foam ng agent and redb2tant with EAF slag. The CO and C02
contents in DTF off-gas were analyzed wusing an IR analyzer. The results are
shown in the followng Figures 8 9 and 10. In the case of a graphite
substrat e, eilpDéfe CO and CO2 gas contents were only 30 slightly larger than
t he ot her cases ThIS | t|ed %% %as ev Iut|onrpgte t.o a reduction of iron
oxi de was occur Frhd WA d1°|n EAFEEIERPH R c‘%ao’?fse 5SS YRR all  three
wer e contrubuestlggaicﬁctltazg tesnithg. shatadilitwmt tWaestreesg]Jats&iafa Bxanple 5 are
I n grge th,t r o] TheNOt Wi t hst andi ng
SEFROT Y Udh thMr o‘iswt&m%r thhﬁlé)é dﬁ&%rﬁﬁﬁl L Hﬂ

t he dlf erence I n conp05|t|on bet ween ag and | abor at ory
prepared sFagsustion effigiancy B’a?hévéé%%@lwféﬁ fikg &Hep Sbgast e pl astics

was lnvestugaa@@l (M‘R)eSif gl tsahshngytm m&:dﬂtﬁﬂ:tﬂdﬁ% ag in a fuel in
an EAF or her1 st %S%pe furnace. . The co stl %{ |ency was

eval uat ed f’l ? '@'bet ng'ﬁ"@p{‘fﬁﬁ)’a%f ﬁ&et he same
condi ti onsand aﬁteExﬁqﬂ et Hum %Cei. nafher seaqhh wmpilsa ceteeprissed before
and afigr eacBubsind W) e skl £acHoRTPlCeIESRAYIRE 1! oaugh the

DTF) . on cont ent ana ser was term nati on of carbon
cont ent . E @H @‘aﬁ%’r’f&lw c\s"‘é' PerngorESRE s of powdered waste plastic

m xed Wi th pomdeE@@hcg&g@lesto@rnbrageﬁrearpmgvtféﬁlaétdﬂ pdieedi Ng up to 50

0,
we % plasti g o T0EL1 S5 St e UiErPEERERLEY Lk NGBl M N9 kRY
wt% plastic and moving up to 50 wt% plastic. The results

15 are presented in the following table:

Plastic wt% Cwt % Cwt % 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 B2.27 9.79
50 84.372 83.145 8.63

The table lists the resulting combustion efficiency
(last column), and alsoc 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 regsults 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-alldy production, carbon digsolution
of a carbonaceous reside was investigated in a laboratory



Plastic W% CW %C wt % Conbustion wth 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 conbustion
efficiency (last colum), and also lists a raw wt % analysis. The 20
decrease in w %C is as a result of the carbon reacting (conbusting) to
produce carbon nonoxi de and di oxide gas. The results show that the
conbustion efficiency of coke is ver¥0peor, but when waste plastics are
mxed with the coke the conbustion efficiency is increased. In 25 addition,
the resi du8chgt inducieion Fygiace dsuschemat hedllpAeRistrd 91 i n ot her
reactions irFaguRe EAF or other non- blast-type furnace. Exanple 7 30 To

i nvestigate the nction of wast astics as a recarburiser in ferro-alloy
production, car boRe dr SRFRTHT c%f %‘ec PEBASE B3 ‘?oeré’ifgl]\ﬁég Hhvestigated in
a | abor at opghiegd asmpelteen nidmt ikerthf emperabsre chenedi5THl | {tadepi cted in
Figure d41. sthg &h b AR d # 0 hi eve a

nol t en %ror’ii ba%hgtgg er at %%g?ofﬂ%%%g %%a\éﬁg?ﬁﬂrg%gé%ﬁéjﬁ%%aﬁrati ng
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procedure sQ_as

Pat h t erpeAPAEoR B 17 0geh FRTHRLpn A P aa CPRL K RUBUE Thé mol ¢ en bt h
via the N2ggaerahlyt corepovtidratdf teapesraphzst i 3 mblsrdéeeh ditmepdherient o t he
furnacgg tRasPeYEEEed CRtb-RY Qn&l@%n”%h%ﬁ”vié%h@%zh gas!Ah3eplastic
conbusted to produce a carbonaceous residue, I ch Tésidue could function
as a recarburi sef Poedex, of waste plastic was fed directly into the

furnace, the powder feeding onto the molten iron bath.

This plastic combusted to produce a carbonaceous residue,

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
carbonacecus 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 disgsolution 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 reaults 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



15 alternative, waste plastic fromeg. the drop tube furnace of Figure 5
could be introduced onto the nolten iron bath. The carburiser cover nethod
was t he standard approach used to study carbon dissolution. In this regard,
the carbonaceous material actually sat on top of the netal 20 bath and
formed a carburiser cover. This is because, in the experinental procedure,
waste plastics material is fed onto the top of the netal bath. A

t hernocoupl e to nmeasure bath tenperaRare together with a quartz sanpling
tube for renpval of netal sanples to progressively neasure carbon 25

di ssol ut i ofcuy-8r bei need exz el ’f fantdiygh reparburbeet seand ddwdy . The LECO

carbon contgagrapaivseinMeSadden Haad W& daR3bysedt Aerisdt RGP LNt of
net al sanpl es .extracted. The res,ultzléﬁfrpaar bon di soi/:_lljtlpn are,dtJ)Jresent ed in

Figure 12. 3FREVGH 818D PYOFRPHY S HELLRR: PRI PIAH6L ] FiSTFMe0) the bath
had a di ssanvet EAFbon siinérniornblasti-ghpeotfuinédsds thastecidwesifie was t hen

added apd i C tent . r 7% and then
| evel | eg o&{%%gfr gg?%géﬁfﬁeﬁé&??ewc% tlfT?%esgﬁgga%lg%ﬁ}Zs, ’ further plastic
resi due wadngdeducipgt bee beastamlagtdcasitgedfolinbd ehe bbirnasifent i ncreased

to 3.89% alaliowidg 181 Yt E&SwbUdt £ RNt depppsicaies Adialaddle plastic
residue - 21 d sed as an eff.egtive reCﬁ{lburl er, and.that

cou be,

progr essi vé‘rﬁdneggﬁsgﬁc}g%%"l‘fs”b‘? HEIPAVEE LBFBoRRE JIPt-$E ™S eved with
progr essi véaitit madueilowing jpt asimec treedinduweasel nagbolk Aformtertt ey a
non- bl ast - r t resl f.Qr . 5 C i I woul d typically
be gengﬁat %ggfe?n ?‘ggﬁbiﬁ%‘a ;‘ﬁéeéé\?}agilgg&lgs? %@ ?%gg{l#éiarbf%lg@t he furnace,
al | owi ng i EXPENSIFBUSECABLWE bRt sudthEsoatbsasitesserk, andind t hen
facilitati Rgahgtgl.Xing into the nolten netal bath and allowing it time to
i ncrease carbon content to a 10 desired |evel. The waste plastic can repl ace
nore expensive recarburisers such as anthracite coal and graphite.

Example $

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% 0;. 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

A C.
=(1-2")yx100%
n=( AC) 0

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

30 combustion, Cp and C; respectively represented carbon
content hefore 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.



Exanmpl e 9 15 Conbustion efficiency of Coke/Plastics m xtures Coke and its

m xtures with plastics (up to 50 wt% were burnt in the DIF at 1200C in an
oxi di sing atnosphere containing 20% 02. 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 conmbustion in DIF, the
conbustion efficiency, i, was calculated as: 25 n=(1-A ')x100% A CO where
AO and Al were ash content before and2after 30 conbustion, CO and G
respectively represented carbon content before and after conbustion in DTF,
respectively. Bd®ecrhipmxamles gvesadh conbesins tqidhadforicyi efcyhef

coke/ pl ast icekefbxis £6s A BENAM Walz BbBHEFed 4o foe | RGRNIY B &ySCal e was used
al ong the y-axls gue %é#the,SS | ar.ge varia |on§ |QH$onbust|on ef ficiency. -
22 I'n thi $*BRAnbPe SURBTETEIYL FEHCEr PEcFRAR VA% het - SLokePpl asti cs
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ﬁogbust Ih onﬁetﬁabe%ﬁgﬁeltmllﬁf fqdr!i@agrrbzsinﬁﬁgﬁi@{l( 6@@@1‘3}@(1.3?&1&&31:%8”? al gy

ad muc er_conbustjon efficjenc an_coke,. no wel | - i ne ren
was observghgoﬂlFE%rﬁﬁf tc?ﬁerﬂQé Pga%ﬁﬁFﬁ.gﬁfﬁﬁﬁ%i% hﬁé)Wﬂééradation in the
combust i onhéfheei eomyusiasom bsEriveency thanncokasnogwplasfiefinedponent .

Exanpl 410 }an§! @Qsf%@ﬂ%&’%ﬂ”&h‘&%ﬁ%‘dsofeﬁi :‘?qg %i‘%".“%@%‘&%ﬂ esi dues

p er n e D

frommXxtures of coke and plastic_a burn-o wer € ‘pressed
into a di eno degradation in the combustion efficiency was observed

with increasing plastic component.

Example 10
15 §Slag foaming on carbonaceous resgidues

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 ag 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 carbonaceocus
substrate to give off CO and CO, gases and metal iron. The
evolution of CO and CO, gases through the glag 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 arcund on the substrate vigorously due to the
generation and rupture of the gas bubbles. After about 600
secg, the slag droplet calmed down gradually with a
considerable reduction in gas generation.

Also, during the reaction between the slag and

35 c¢oke/plastic substrate, FeO in the slag and C in the
substrate reacted to generate CO and CO; gas. The



under 9 tonnes/cn2 |oad and were used as a substrate for slag foam ng
experinents. After reaching desired 20 tenperatures, the slag began to nelt
and the iron oxide present in the slag started reacting with the
carbonaceous substrate to give off CO and C02 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 using 25 CCD canera and recorded to DVD
disc for further inmage analysis. Figure 15 shows the typical imges of a
reaction between a slag and a m xtur@3of 30%l asti c+70%oke. After the
slag nelt down, gas bubbles were observed to evolve through the slag phase
i medi at el FORTPREAEHP G deSe PBFPEJ2ER JIRREWIRS He $lssOEEr§a¢i gor ousl y

due to themigenes aidiniy il TRURI-ErofetBe. gas bubbl es. After about 600
secs, the slag df | et |.med domnggrgéual%ycqéth a c nsi der abl e reducti on
e
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h
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oxygen renoved re Kinetics tion reactlons Eetmeen sl ag
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that the redaatt Oon ressit Wik Gerwkonsbagghahd calfonieburuch faster than the
correspondlngerrgfctlonﬁlw%{q_ %%%E%g-ggge m xture, resulting in a larger
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 wmeasured in
terms of Vi./V,, where V. is the volume of slag droplet at
time t and V, is the initial wvolume. 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 sustained 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 emisgion, thus resulting in smaller
bubbles and a sustained foam over longer periods. For
coke, the bubble growth wag 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



volune of emtted gases. These gases give rise to slag foam ng and caused
changes in the volune of the slag droplet. 20 Gas hold-up in the slag
dropl et was then neasured in ternms of Vt/Vo, where Vt is the volunme of slag
droplet at tinmet and V. is the initial volune. Figure 18 plots Vt/Vo as a
function of time for coke and 30%l asti c+70%oke m xture. The results
showed that nuch higher levels of 25 slag foam ng were observed for 30%
plastic + 70% coke mxtures as conpagéd-to coke. The droplet grew much

| arger in size in the case of coke/plastic mxture and this size increase
was sust ai iedsibilitymeh Lwiigaingewnetief piastiecs pliasBAR ni xture as conpar ed

to coke. Tgt@e%aainixt@aﬁe/pi%étmc% ﬁ&sal;ﬂr@@ Q&tﬁné@trﬁlﬁfh HpWehat e of

reactions bet | ast’i c n1xturg g%ﬁ? gure 17), resultlng in a
slow rate GPMHUSLERR s % PYBE, £okgsy T Fn@ 2] bubbl es and a
sust ai ned bhaﬂaouerlémtgsroﬂ)e:’dw@lasoicsCﬂk:etufém vl | fougidowbhbwas rapi d

W th hlgh g%?‘.tla:‘?v@ﬂ g{;leesc&ﬂéﬁgﬁrog}lggoﬂ ?%?%%[@‘E)Ofed The %?arrpl e 9 and 10

i nvesti gat I ons oOn C nd a range turmes urt her
denonst r at dargpe ingueage gt bidliume, ofndt the svolbumesthangeastaiscs i n EAF

st eel maki ngusaktal SRy GF Tindur ge-abaved EuRd. bﬁ&é Seg AYUHWILLON than pure
coke. The slagcfoaa15§?%characterlstlcs of coke/plasti¢cs m xtures were found

to be 5 betf Rﬁﬂ&?a'TH@PéﬁﬁﬁmﬂFBp?%tCQH%WEHﬂh nuch |arger

I ncrease i eoke)/phRst bdidnieuned Wwenldhanpanvascativsh addmshaniomn.a | onger
period,of time. The results also indicated that partial replacenent of coke
with ¢cCoke/plastic m xtures could enhance carbon conbustion. 10 Exanple 11
In an expeBxamalal 1brocedure sinilar to that described in Exanple 3 and as

gegbg/; ed in Figufg 4n d:fSerimaifa1dpeBaeacter 4 shiter Ao ai1zeke/ sl ag system and
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
slag wag similar to that of Example 5 and 0.078 grams and
0.092 grams of slag were respectively employed for the two

20 systems. 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 feoaming behaviours of the two systems at the time
intervals 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/alag system.

30 In other words, plastice 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 similar 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



15 coke/ 50% pl astic/slag systemwere investigated. In this case, the

pl astic was a Hi gh Density Polyethylene (HDPE), wth a particle size of

| ess than 100 micronmeters. The slag was simlar to that of Exanple 5 and
0.078 granms and 0.092 grans of slag were respectively enployed for the two
20 systens. The runs were conducted at different tines, hence the weights
of slag are not exactly the sane. However, this weight difference does not
affect the experinmental outcone. Figures 13A&B depict in side by side
conparison the 25 drop foam ng behavEBurs of the two systens at the tine
intervals 0, 30, 45, 60, 90, 150, 210 and 300 seconds. It can be seen that
t he coke/ pfgs¥pcaklay myedushivnd aad pel at fombysibvle rpld i stheyg

charact eri abhchbi 858 t{i6e HOKRIEAI TRUSt RHEx 3Pad Nroidtefedtfse RhAStI CS such
as HOPE cap al so_offer_ an en@ characteristic to an EAF or

other non®BFERtTRYFE FQUF RiAS aﬁr‘]:l(':?gﬁeilt ?ﬁafafﬁ%‘%g y GthemVERESTEi cs may of fer
a simlar enhaeteed peidioritencndex3toikdnpl go 12 Tied niteni gfeneaatei ved of and
PP Sehalcty! St il N SIS EILL LY Pl BLoSlie 15 reruse
non- bl ast - 8ppélihe ae@dn ahdhan@P wadekeferred to as the Geen Index for
Plastics (or "G iHdeX)ay,The nekKEALBh SO aby ashiidiat; dla@ bpdex coul d al so
be USod | Ny dEneral oo SEIES 33 Letalifa Lo ereTqpl L of Bhast e, and
est abl i sheglbyptiahtchbe heegerierdg| fpurbekampbel tnrfengiialddyne ability of a
o350 pUBREENSh Sl ol BB S AL B0 g S 2
i denti fi cakhBncerrentastyeiem tuaed fgseddantipieat ten fy nlesddest i on regardi ng
the plasticgps, r86ys! @bt | ptkridENQnGURHEBIMSY SEE MBI R dhg the
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” gtands for and indicates the
sultability 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 regidues 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 vast 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



provi des information regarding the type of plastic (eg 15 nuneral 1 for PET
etc). Finally the inventor surm sed that the G P index could then be built
upon by developing a related G PS index, where the "S" stands for and
indicates the suitability of the plastic for use in steelmking. 20 In
general, the experinents also indicated, that for the production of
ferro-all oys other than steel, and using an EAF, un-agglonerated plastic
could be charged into the furnace,- @suld conbust as a fuel, and could form
car bonaceous residues useful for slag foaming, and to 25 cause netal oxide
reduct i on preddciagapbliersatablrnicameeembedigd fagmanyopiher n addition, the
experi mentspyalsSo i ndicated that for reheating furnaces and the |ike, the
un-aggl onerated plastic could be charged into the furnace, for exanple as
30 a supplenent to other fuels such as natural gas, and yet still conbust
as a fuel. This is especially so at the higher tenperatures (greater than
1000C) used in furnaces such as reheating furnaces in steel formng
operations. Thus, an effective means for using and consum ng the 35 vast
guantities of waste plastics in society is provided. Wilst a nunber of
speci fic enbodi nents have been described, it should be appreciated that the
nmet hod for 26 producing a ferro-alloy can be enbodied in many other forns.
27 - Cains 1. In a nmethod for producing a ferro-alloy in an electric arc
furnace, the step of charging the furnace wth an un-aggl onerated

car bon-cont ai ni ng polymer such 5 that the polyner functions as a sl ag
foam ng agent. 2. A nethod as clained in claim1l wherein the un-

aggl oner at ed carbon-contai ning polymer is charged into the furnace such
that it at least partially conbusts and



produces a carbonaceous conbustion residue, with the 10 residue then
oxidising to cause slag foamng. 3. A nethod as clainmed in claim2 wherein
the residue may also act as a reducing agent or function as a

recarburiser. 4. A method as clainmed in any one of the preceding 15 clains
wherein, in addition to the un-aggl onerated carbon- containing polyner,

anot her source of carbon is charged into the furnace. 5. A nethod as
clainmed in claim4 wherein the other source of carbon is coal, coke, carbon
char, charcoal 20 and/or graphite charged into the furnace with the carbon-
cont ai ning polyner. 6. A nethod as clained in claim4 or 5 wherein the un-
aggl onmer at ed car bon-contai ni ng pol gim nd other source of carbon are

charged igto ”ﬁafurde%ﬁ%da%{"oﬁéqﬁlﬁ : Mﬁ'&ﬂs aat:rlo of 1:1. 7. A

met hod as™ ¢l ai ned I n an ne p ece il wherein the

un- agg| onﬁl‘é@%ﬂ%aﬁ%mﬁﬁﬁu nthg strp ofechexgingakhe Plwmde. 8. A net hod
as g | ai megitm aamurpia%g%mfeﬂateae@%dmc%telﬁhfl% %Pfrﬁ%ﬁ ét v 0 onl
carpon-co I.n ner _.CO [l Ses an op i ona Yy only.
oo A rer b i it £SRCPLORS s (£ 13E0 ERATARS ISR whorel b the

un- aggl oner at e et aentmaﬁmes@ ipdlaier 1 shebatgeche nimo- t he furnace in

the Torm QiaPSliiiies 33ARLLLCLESALG, TR SnekaLATELS gy one of the

pr ecedi ng ere erro- roduce

of an un- @@W%H%ﬁﬂ#@dt@atbeﬁ ébnl%ﬁﬁﬁrgﬁqﬁﬂa}&Wrcombu%t%IQEﬂfoan1ng agent in

t he prOdUﬁ%&ﬁbé’—H @Ja%‘ﬂo?xa@lebﬁ¥ cérﬁbt?étiﬁixﬁgers'lauér Cuithnaee. 12. Use as
clained in claim1]1l mher i,n.the $roduct| of. 5.the ferro- alloy is achieved

by t heQ met RSt jping| te gause Flpg foaming.

3. Y method ag claimed in claim 2 wherein the residue
may also 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 is 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 weight ratio of 1:1.
7. A wethod as claimed in any'one 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 ¢, H and optionally O only.
9. A method as claimed in any one of the preceding
claimg 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
claime wherein the ferro-alloy produced is asteel.



13. A nmethod for producing a ferro-alloy in an electric arc furnace, the
nmet hod conprising the steps of: - charging the furnace with feedstock for
the ferro-alloy; 10 - heating the feedstock in the furnace to a nolten
state and to forma slag on a nolten surface of the alloy/feedstock; and -
charging the furnace with an un-aggl onerated carbon- containing polyner that
functions as a slag foamng agent. - 28 t4. A nethod as clained in claim13

wherein the un_aggl onerated carbon-contai ni ng pol yner is charged so as to
conbust -t heUPBr RAcanamd 2goe suerREsd EAEPEY-CONLRANIRG Podymer

al | oy/ f eedstogh agn@chaigRN ikt ah aGeNprodactieansf EhEeihr@dald®yls. A
nmet hod as clalgﬁ in.claiml4 wherein, in addition to foamng the slag: -

cause a cReffc&reFEddS AT JHfUEEAT metal oxide in the slag to produce the
ferro-al loy, auvdéons-clladmed e slladm 23 wheeeanbthes@raduesdlonaiE al | oy of

iron and _carhon. 16. A nethod .as cl ai I n ne of clainms 13 to 15

Wneregn ttl’cﬁlg %ﬁﬁ&gﬁ‘i&&ﬁ’aﬁeﬂd a&i”ﬂﬁé’ﬁﬁg%’ﬁ’ﬁ?‘ﬁi Hﬁ%g%ﬂcﬁr?gr Y Harded with an

addi ti onalladgenti thattocauses a chemical reduction of each netal oxide in

t he nol t sl ag. %. me cl.al i laim1l rein.the

additiongﬁ'age%tmggh%gefgghgﬁgggﬁa%g 8ffg§g86%1§$§dépi%Eg%ﬁfﬁkgﬁf one of

clains 4are Gurh8cel mehaetdeod lcamped siimgateoseepis cfains 13 to 17 which

is otherw . Lned d ofe _cl-ai 9 In a

met hod of o%glggg% ?I%Ltgl%r &Je?%%{yneg%%rh nafg(eéfi% tt%kzéogrp t%’% (j:f%e{:rlé_r?gﬁt%ye; furnace

wi t h1@n- agdicatrdngt &tiec Lciscist astntial ey fpoinacer too aagcldern suadle 20, A

met hod ag %ioﬁgﬁﬁadﬁia@ %‘M‘%{oﬁit%r{[ he Jeeheatdingyd furnace operates at a
0

tenperature sufficient to™ ust the un-aggl onerated carbon-contai ni ng
pol yner . 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.
l6. 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 ig otherwise as defined in any one of claims 2 to

35 10.



21. A nmethod as clainmed in claim 19 or 20 wherein the furnace tenperature
Is greater than 1000C. 22. A nethod as clainmed in any one of clains 19 to 21
10 wherein the carbon-containing polyner is charged into the furnace in a
particulate form 23. A nmethod as clainmed in any one of clains 19 to 22
wherei n the un-aggl onerated carbon-containing polyner is charged into the
furnace with another fuel. 15 24. A method as clained in claim23 wherein
the other fuel is natural gas. 202925 30

19. In a method of operating a reheating furnace, the
step of charging the furnace with un-agglomerated carbon-
containing polymer to act as a fuel.
20. A method aB claimed in claim 19 wherein the reheating
5 furnace operates at a temperature sufficient to combust
the un-agglomerated carbon-containing polymer.
21. A method as claimed in claim 19 or 20 wherein the
furnace temperature is greater than 1000°C.
22. A method as claimed in any one of claims 19 to 21
10 wherein the carbon-containing polymer is charded into the
furnace in a particulate form.
23. A method as claimed in any one of claimes 19 to 22
wherein the un-agglomerated carbon-containing polymer is
charged into the furnace with another fuel.
18 24. A method as claimed in claim 23 wherein the other
fuel is natural gas.

20
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