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FLASMA REDUCTION PROCESSING OF MATERIALS

Field af tha Invention
The present invepuon relates o the chenmucal processing of muterials in a plasma
covironment, and o pasicelar relates o syrametallugical reduclion processes in a

plasima ecyvicommein,

Background of tha invention
the pyrometailurgical reduction of mesallilerous ores and concentrates typrcally
invalves the beating o1 the ore or concentrate ina smebling furnace with & reductant to a
tznperature which generally melts the ore and at whkich chzmical reaction of the
orefconcenirate with the reductant reduces the arc/concsntrale inta metallic product or
mpgher end-value product with a lowsr oxication state, Large amounts of cnergy are
requirsd to initiate and sustain reduction processes in such smelting fumaces, and the
recovery rate ol metaiiic product often renders such operations commereially unviable.
The non-reduced components ol lhe orefconcentrate form a slag, which often contains
valuable metallic content. Kecovery of the metallic content from such slapgs is, however,

apoin ofter commercrally unfeasible by conventional methods,

Microwave radiotion has been utilised in various industrial applications for the
application of energy 1o hest materials, including the microwave heating of chemical
reactants to kinetically and thermodynamicaily stimulate the same for the initiation of
chemical reactions. Microwave treatment of metallifsrous ores and olher comparable
materials kas been viilised as an avgmentazive precursor trealment, applying energy to the
ore 1o thermodynamically stimulare the same and prepare it for conventional recovery
techaigues  such  as  conventional  pyrometallurgical  reduction,  leaching  or

hydromretalluspics) recovery processes,

Ohiact of the Invention
[L 1y the phrect of the gresenl inventon @ provide an improved pyrometallurgical

re g s i

Summary af the invention

in o brond lurm e preseps aventon provedes o process for the reduction ot @

=mutallizrous ere or concefirate comprisiiy the slteps ot-
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preparing said ece or ¢oncenlrate into a pamiculate Foro:

charging a reaction chamber with said ore or concentrate, a reductant and an Lot
i,

iradiating said reaction chamber with clestromagnetic radiaten within a frequency
range of 30 Ml to 300GH: until & norecquilinriem plasma s initiated, and

sustaining and controlling said non-sguilikrium plasma with suid radiation vnnl said
ore ar coneentrale 1s reduced o fonn redustion product.

Typicaliy. said plasea is o nan-gguilibrium plosma

Typicaliy, pressure within smd rescton chamber is maintained below 300kPa
during irradiation thereal

Typically, sazd pressure is alse maintained above 40k,

In several embodiments, said pressure is maintained at about atmospheric
PrEssurc.

Said plasma may be (nitiated in said input g',.us.

Allernatively or additionally, at least part of said input gas may be decomposed
during said irradiation, said plasma being jnitiated et least in part in the decomposcd
product of said input gas,

The reductant will typically comprise a carbonacesus matsrial,

I'he reductant may 1nclude a particulate carhonaceous material blended with said
Dre or concanleale,

The reductant may include carhon monoxide gas, said input gas including said
carbon monoxide gas, said plasma being [nitiated at least in part in szid carbon monoxide
2a%.

The reductant may comprise carban monoxide pas and a  particulate
cirbonazeaus custerial,

Allernatively, the reductant may comprise a reactive metal

The inpul gas mav rnclude ah 1eect £as,

e ENET A5 1Ay turprise dreen of nitrogen

Dl bggrul ok eniny et air

The inpat mes oo nciuds nerhane:

Prelerahly. sawd radiaian is micrawave radiation

The ore oF concenirale may pe g concentrate derived directy [rom mined ore

Allernanvely the ere or concentrate may be a non-are derived concentrale. Sand
COn-ore  cancenrie may B oo oresidus derived, waste derived ofr mining derived

concenlrate, sucn a8 teom mins wilings or eoncentrator residue,
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The vre or concentrute may be a concentrate in the form of a residue, syetas a
slag, slurry or slime, derived tram metallurgical processing aperations Such residie may
be derived from  pyrometailorgical. hyvdrometallurgical, chem omatallurgocal  ar
electromelaliurigoal processing stages during primary, secondary and/or lertiary stages of
metallurgieal provessing operations.

The reaction chamber may be in the form ef a fluidised bed resctos,

The reaction chamber mayv alternatively be in the form of an aven. sald are or
concentrate being charged into a crucible placed within said oven.

The reaction chamber may be in the form of a rotary kiln reacror

The reaction chamier may be in the form of a ¢yelone reactor,

The reaction chamber may be in the form of a conveyor fed rezctor,

in such a conveyor fed reactor, said ore or concstrate is preferahl ¥ prepared into
a pelletised paricilate form.

Preferably, said reduction product is of metallic farm.

Said metallic reaction produet may be in the form of a fume, said fume being
extracted from said reaction chamber and separated from gases produced during said

reduction.

Alternutively, said reduction product is a compound of raduced axidation state.

The reduction product may be formed by reduction of said cre or concentrats
through a series of subsequent reduction reactions.

The process may include the step of generating carbon menoxide, said plasma
being initiated and sustained at least in part in said carbon monoxide.

When said input gas includes air and said reductant includes particulate
carbonaceous muterial, said carbon monoxide may be gererated from reaction of oxygen
within said air witi said paniculate carbonaceous material.

Alternatively or additionally, when said gas ineludes particulate carbonaceous
matenal, smd carbon monoxide may be generated from reaction of carbon dioxide
produced during said reduction with said parsculate carbonaceous material.

Allernutively  or addnionzily, particulate  carbonaceous material may  be
introduced into sid reacton chamber after initiation of said plasma, said earbon
monexide being generated from ceactian of cachon dioxide produced during  said
reduction, and / or oxyvgen within said air when said inpu! gas includes air, with szid

Inttoduced parnoulale cachonaceous pearcrial.

[V ieasy) o) D2 3t s e300



B Prefirenly, sind ore ar concentrate is enveloped in a nen-oxwdising or inert gas
ent during sard reduction and during cooling of sard reduction produer [olowing
SOy P e | e R et

Preferably, siid non-exidising or inert gas is infroduced 10 said seaction chamber
baid cooling

In one cralodiment. said inpur gas is passed througl said ore or concenirate
__ el ir:ﬁ-.'li:':hn; sl

- Priferably, st iuput gas is blasred upwardly through said ore or concentrue.

Preferably, said input gas is preheated prior to charging into said resction

- Tt has been o commonly held view that the generation of plasmas during the
ave  chemical processing  of  materials, and o pasticuter -dudng the
allurgical reduction of metalliferous ores and concentraies, is detrimental to the
system harware and monitoring and donirol dizgnostics equipment, and
fngly it is typicul for such processes 1o be controlled in o manner to explicitly avoid
Beration ol a plusima.

: Reaclion rates, however, can increase by one or mors arders T ——
processing. A piasina is a mixture of excited molecules, atoemns, jons, electrons
fFombined particles in a ground state host pas. With the high particle energies
e charactesislic of such plasma vompanents, the physical and chernical bekaviour

component purticles differs markedly from cquivalent particles in the “ground

In pyromemllurgical processes conducted in @ plasma environment, there is a
minance of reoction chemistry occurring at the plasma-salid or plasma-liquid
pee. Whilst this feature is characteristic of pyromelallurgical processes in peneral,
rated across these tzrtaces are greatly enhanced by plasma chemisiry, with amn
ceal hiphly energized reactive species.

Flasmas imtinled and susiaiced ot high pressures cxhibit an approximeate
Bence of lempeiinure between electeans and heavy partbeles [ions, atoms, cxcited
peies]), Accordingly these plasmas are termed cauilibrium plasmas. as there is
Wl equilibirium relwesn panicles: 'Lhis is exhibited parcticulerly at higher pressures a3
Mgh densitv ol peecticles provides an ineneascd lrequueney ol collision botween
Hes cisirtbuting enoryy relatively evenly between paricies, providing a consostent
t"=l'rli|'m_-riLtl_:n: thrisaphour e pacicies of the plasma, Hecause of the high-eneroy

Hes (thermal muss), equiliboium plasmas have commonly been utilised as AFECUrsOr
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methods in matenial processing tor their capability to heat, sintar, melt or vaporise solid
matenials, These are all essernialiy physical processes merely taking advu;ﬂng: af the
physical theermal properies of the equil:brium plusma.

Non-equilibrivm  plasmas. which are mors charecleristic of  low nressure
envirenmenis, are characterised by pericle temperature non-equvalence, wilh the
“lemperatuce” of vlectrons far exceeding that of the temperatures of the heavier particles.
Figure | cepiets the seperation of electron and heavy particle temperatures at jow
pressures, both with conventional plasmas and plasmas stimulaied by microwave far RF)
radiation, 1t con be seen hat w higher pressures, the electron and heavy particle
temperatures merge. In o non-equilibrivm plasma, the physical and chemical behaviour of
the component particles may be profoundly ditferenr from that in the equivalent ground
state envirnnment. In a non-equilibriven plasma, with the various particle species maving
with different energies, the meassure of such energy, typically in the form of a
“temperature” will vary grestly between species arkd between particles In cach species
pepulation, This is evident when “temperature”, a measure of thermal energy, is obtained
by a mean readinfg by averaging-out the electron voltages (temperature eguivalents) of
particles having no adjustient for “thermal mass”, Accordingly, the temperature of the
plasma itsclf becomes meaningless as particle “temperatures” vary by pechaps four orders
of magnitude, and “bulk™ temperature measurements of plasma by different methods can
disagree by an order of magnitude, l

The processing effectiveness of low pressure, non-equilibrium plasmas (s
imbued by the reactivity of the chemically active species present rather than by the ol
energy available in the plasma. This reactivity makes nop-equilibriom plasmas mere
stnted to chemical reactions, a5 per that of the present application, than the equilibrium
plasmas which have been used primasily in physical processes as discussed above,

Lhe form of the Jingram of Figure 1 will be dependent upon vanous paramerers,
including the gas compositcn, wnising characteristics of the spectes present, and the
form ef enerpy upplied w the system to generats the plasma. The pressure up to which a
Alasina will be of the non-squelipricm fonn will thes vary depending on these and other
oafartieicrs

Lypiead muetheds o producing piasmas are through ienisaton by heating (thermal
slinuiabion), wmsalian oy irmdianon, and wnsing by clectrical discharpe, Whilst mast
plasma production methods wol reswlioin an equilibowm plisma ol pressires up to around
dlmuesphernie pressure, 1L 18 hedieven that the generalion of o plasma by irradialion,

particularly in the RE snd microwave trequency manges helween JOMBz and 3G0CH =,
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pushes the graph of Figure | 1o the right as depicted, such that non-cquilibrizm plasmas
can be gencrated and sustained al operationally imnportant pressures around stmospheric
(1014 kPa) and up 1 abour three aimospheres (ahowt 300 kPa) under sufficient applicd
SRCTAY, Approprale avatishie species (cnemistry ) und ot responsive radiation frequencies.

Fhys 15 belizved to be as o resull of the microwave radiation applying ensrpy (o 1he
dieletrically disparate panicies of the piasma, e particulur Lo the electrons. Al frequencies
within the RI' and microwave {requencies, only the cleetrons in the ionised field ean
[ollow the ascillations of the eleciric field applicd, As a result the electrons become more
fighly energised ol the heavier particles of the plasma, such that the REF ¢ microwave
nlusmas can penerally be defined as non-cquilibrium plesmas.  Such RFY microwave
plasmas can be induced and operated over a larpe pressure range, from below 0.1 kPa (for
operations outside the main inerest of the present invention), to pressures in excess of
300 kPa. .

When a microwave lield is appliesd across é:gas, charged particles in that pas are
accelerated. Because the mass of eiectrons is muech much less than that of the heavier ion,
arom and molecule particles, Lthe action of the field is primarily to give enerpy to the
electron. Accordingly, eleciron temperatures can be in the extremely high range of tens
ol thousands of Kelvin whercas the apparent bulk temperature of the plasma (primarily
determined by the heavier particles) 13 orders E:fmﬂgnitu-:,l: lower,

Reaction rates are gensrally governed by the mass transport diffusion of reactants,
which is greatly enhanced by diefectric heating mechanisms during R / microwave
processing, typically in the presence of an RF / microwave stimulated plasma which, by
definition, will have a high pepulation nf reactive species.

Plasma processing unlising BEF / microwave stimulation also enables a great
degres of contrel over the process, with the microwave radiation able to he dirscted to the
reactant charge, in such & way us (o envelope the entine reactant charge within the reacton
chamber or to occupy a zone discretely within the charge.  In continuous processing
systems, residence time and thermochemical parameiers can ellectively be controlled
through ecantrol obf e epphed radiaiion. providing superior processing o1 teduction
rusilis,

Whilst linver pressures woll below mmospheric pressures ensure generation of an
unambiguously non-scuilibrom plasma with o larpe disparity between Lhe tempcratures
wi the electron and hedavier particius, i the pressure 1y hHe reaction chamber is (oo low,

then the density ol reoctive species Lo camy oul the chemical processing will he wo low
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for econamically viable processing, Accardinply. it is preferred that the prassure of the
reaction chamber in which the piasma is initiated and sustained is greater than 40 kPa,

The inherent advantage of the noan-equilibrivm plusma chemistry (lonisation
cnemistry]  ef non-cquilibrium plasmns when wilised in chemical and meatallurgical
applications is that these plusmas can provide parbicles with the hivh encrgy required 1o
stimulate and compieie chemical reactions at baeh kinetic rates. For the range of
applications relevant o the present application, high rates of mass transfer ure desired
wills the high kinetic rate, Therefore, commerically vieble productivity levels are oflen
not achievable ot extremely low pressuses whiveh provide extremely low mass transfer
tates:

Conversely, lhe advantage of processing cerain reactions under non-equilibrinm
plasma conditiens, despite low muss transfer rates, is that in the low density plasma
envirorunent, the high energy free electrons and onised particles experience a greatly
increased mean free path before collision and 1:'3-—‘Jt1mhl'll:|ﬂ.t]'ﬁn, imparting greatly increased
energy (o re-combination chemistry., This inersased energy at possible resction sites
enabies the activation energy requirement to be met for reactions which require extremely
high energy input to procced. Consequently, certain thermodvoamically demanding
metallurgical and chemical reactions can be carried out efficiently, i slowly, or if at all,
by utifising the extreicely hiph energy particles at low pressures,

Processes which require protection from re-oxidation reactions bepefit from the
protection implied by removal of potential exidation sources by initial and continuing
evacuation of oxidising agents, such as the commen reduction reaction product earhon
dioxide, from the rezction environment. This can be achieved by maintaining the process
al low pressures, continually evacuating the reaction chamber, Alternatively. or
additionally, such carbon dioxids can be converted to the reductant corhon monoxide with

fin= carbon in the reaction chamber at eleveted temparatures

Erief Description of the Drawings
Frefurred fooms nf the present invention will now be deseribed by way of example
wilh relerence o the accompanying drawings wherein:
Vipure | os o dingrans showing the separzuon ot cleciean and heavy particle
lemiperiatures ina plasing at varying pressires.
Figure 2 is o parizlly cross sectipned view of o reochien chamber used in the

process.af Examndie 1
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PLASMA PROCESSING OF MATERIALS

Fiald of the Invention
The present iovertion refatas 1o the chemical processing of materals in o plasma
envraneent, and in partcular relates ta, but is nat licsited 1o, pyeometatlurpical reduction

processes in a plasma environcest,

Bazckground of the Invention
The pyromeisllurgical reduciion ol metallilerous ores and concentralos typically
involves the beating ol the ore or concentrate in @ smelting fumace with 2 reductant to a
temperiure which penerally melis the ore and at which chemical reaction of the
arsfcancentrate wilh the reductant reduces the orefconcentrate into metallic product ar
higher end-valus product with a lower oxidation sfate. Large amounts of efergy are
required to initiate and sustain reduction processes in such smelting furnaces, and the
recovery rate of metallic product often renders such operations commercially unviable.
The non-reduced components of the ore/concentrate form a slag, which often conlains
valuzble metullic corenl. Kecovery of the metallic content from such slaps is, however,

again ofizn commercinlly unreasible by conventional methods.

Microwave radiation has been utilised in various industrial applications for the
application of energy to hear materials, including the microwave heating of chemical
reactants to kinetically and thermodynam:cally stimulate the same for the initiation of
chemical reactions. Microwave treatment of metalliferous ores and other comparable
materials has been utilised as an aupmentative precursor treatment, appiying energy 1o the
are fo thermodynamically stmulare the same and prepare it for cenventional recovery
techiiques  such  as conventional  pyrometallergical  reduction,  feacking  or

nydromerailurgical recovery processes.

Object of tha Invention
itois the ni‘.-_lﬂc". 01 the present nyeation 1o p.-n'.'ifi: an ;|;n|_'.-r;:.-1.'|;|j miethiad  Tor

chemically processing materials

SRR 24 e dac G
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Summary of the Invention
I @ broad lorm the present invention prﬂ‘p"liic.‘i & melhod [ae chemical pn.‘u:.r:aﬂing aof
reactunt material comprising the steps of:

charging o reaction chamber with said reactant material and an input gas;

icradiating  said reaclion chamber Wit electromagnetic rediation within a
frequency range of 30 Mz to 300GHz until a nen-equiltbrivo plasma is initiated, and

SI_:smlning and controliing sod nr:.z:-::ql.:':j’.-hrium [:-|u_~in'.|;-1 with sanl radiatzorn unol
chemical conversion ol suid resctant material is achieved,

Typically, pressure within said reaction chamber 15 maintained below 300kPa
during urradiaticn thersof,

Typically, said pressure is also maintained above 40kPa,

Tn several embodiments, said pressure is maintained ot about atmespheric
prossure, >
Typically, said reactant material is solid, sald mathod further comprising the step
of preparing said sehd reactant material into a particulate form prior to said charging.

) The solid reactant may include a mewlliferrous ore or concentrate, said solid
reactant andfor said input gas including a reductant, said chemical conversion comprising
reduction of snid metaliiferous ore ar concentrate.

Alternalively, said chemical eo n.\rn_rsiun may comprise a disproportionation,
dissoctation or sublimation reaction.

Said chemical conversion may alternatively comprise a synthesis reaction.

Isa such a svnthesis reaction, said regctant material may comprise two gaseous
materiales |

Said chemical comversion may alternatively comprise a diffusion or materniais
processing reavtion,

Said chemicel conversion may alternativaly comprise o destroerive distiilation
reactian,

Said chenuenl econversion may altematively comprise a reactive process for
matertals nepeneration (reactivation) or celurbishment (reclamalion).,

[n snother road form the present invention provides a process [or the reduction of

a melalliferous ore or concenirale compnsing the steps of:

preparing said pre or concentrate inta o particulats form;

charzing a reaction chamber with sad ore or concentrate, a reductant and an inpul

[hAlaa Y LI L LI L 22 Bada s Sl
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irradiating said reaction chamsber with eleclromagnetic neliation within a frequency
range of 30 MHe 10 300GH2 cotil a non-equilibricm plasma is initiated, and -
sustaicring and controlling said non-equilibrivm plasma with said radiaten until said
are or cancentraze 1s reduced w form reduction pradast,
Typicaliy, said plasma 15 a non-squiiiboiem plasma.
Typically, pressure within said reaction chamber is maintained below 200kFa
during itradiation itherecl.
'vpicaily, said pressure is also mantained above 40kPa.
In severs]l embodiments, said pressurs s maintained al about atmospheric
pressiice.
“aid plasma maey be inctiated in said input gas.
Alternatively or additionally, at least part of said input gas may be decompossd

during said irradiation, said plasma being inilated at least in part in the decomposcd
.|'r

product of said input gas.

The reductant will typically comprise a carbonaceous material.

The reductant may include o pariiculate carbonaceous material blended with said
Qre OF Comssniraie, -

The reduciant may inchade carbon monoxide gas, said input gas including said
carbon monoxide gas, said plasma being initiated at least in part in said carban monoxids
HhELs . - -

The reductant may comprise carbon monoxide gas and 2 particulate
carbonaceni:s material

Ajternatively, the reductant may comprise a reactive meral.

Th= input pas may taelude pn inert gas.

The ioert gas ndy Compriss argon o eileagen,

The inpul gas may comipriss aim,

Thne inpus gas may include methare.

Preferably, said radiation s microwave radinfion.

The are or cancentrate may be a concentrate derived directly from mined ore.

Allernativaly the are or cancentrate may be 2 non-ore derved concentrase. Soid
nor-cire coneantralte may be a residue denwed, washo dertved or mining derived
concentrale. Such 0s [roIm Mine f@ilings or congentramr residue.

The pme oF copcertrsie may be a concentrale in the [orm of a residuee, such 25 2
slap. slurry or slime. denvead frem muetalivcgical processing aperafions, Sash residue may

be derved  froos pyeomemallurgical. hydromeiailurgical, chemomewmilurgocal  or

LEATIAYL SR T DI A e dac e fEe
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electromatalluripeal processing steges during primary, secondury andfor terliary stages ol
metallurpical processing operaticns: -

The reactton chamber may be invhe farm of a fluidised bed reacor

The rgaclion chamber may alternatively be ia the torm of an aven, said ere or
concentrale being charge:d intg a vrucible placed withio sud aven,

The repetion cnomber may be in the form ol a rotacy kiln reacior,

‘Uhe reaction chamber moy ke in the farm of a exclone reactar,

The reaction chamber may be in the laren of a conveyor ted reaclar.

fn sueh a convevor fed reactor, sawd ore or concetrate is prelerably prepared into
# pelletised particulate foeom

Preferably, said raduetion product 1s of metzllic torm.

Suaid merallic reaction product may be in the form of a fume, said fume being
extracted from said reaction chamber and separated from pases produced during said
reduclion, !

Alternatively. said reduction product 18 8 compound of reduced oxidation state.

The reduction product may be formed by reduction of said ore or concentrate
through a series ol subseguent reducwan reactions,

The process may include the step of generating carbon monoxide, said plasma
being initinted and sustained at least in part in said carbon monoxide.

When said input gas includes air and said reductant includes particulate
earbonaceous material, said carbon menoxide may be generated from reaction of exygen
within said atr weth said papviculate carboneceous material

Alternatively or additionally, when said gas ineludes particulate carbonaceous
material, said carbon monoxide mav be generated from reaction of carbon dioxide
praduced during said reduction with saia particulate carkoraccous material.

Alterpatively  or additionally, particulzte carbonaceous materinl may  be
intraduecd into said reaction ehamber aRer initiotton of said plasma, said carbon
monoxide heine pencrated from reaction of carbon dioxide produced during sard
reduction, and ¢ or oxypen within said a:r when said input pas includes air, with said
inteaduced parmculese carbansesoas malenal

Irefernbly, said ord or concenirate is enveloped in o pon-oxidising or ineri gas
snvirpnment durng said reduciion and dunng cocling of said reduction produet tollowing
irrascdinbiem of sand reaviie oL

Preleradly, seid non-oxidising or isert gas is introduced 1o said reactien chamber

during said gealing

SRR A REY I EL (o] [ B R R (L
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L one cicbodurens, said inpur Ras 15 passed chrough said ore or concenlrate
during said irradiating step. J

Preferably, said input pas is blasted upwaridiy lrowgh said ore or concenteare,

Preferahly, said inouc pas 15 preheatsd prior o charging inw said reaction
chamber.

Lt bas been a commonly held view thes the psncranon of plasmas during the
micrewvave  chemicul  processing of matenials, and in particular during  the
pyrometallurgical reduction of metailiferous ores and concenlrales, 15 detrimental to the
process sysiem harware and monitoring and  control dizgnostics equipment, and
accordingly il is typical for such processes to be cottrolled i o manner explicitly avoid
the generation of a plaima.

Reaction rates, however, can isereass by ene or more orders of magnitude under
plasma processing. A plasma is a mixmre of cxcited melecules, atoms, ions, electrons
and recambined particles in a ground state host gas.  With the high particle energies
which are characteristic of such plasma componsnts, the physical and chemical behaviour
of these comporent particles difters markedly frarm equivalent particles in the “ground
state”,

In pyrometallurgical processes conducted in a plasma environment, there is a
predeminance of reaction chemiscry occurring al the plasma-selid or plasma-tiquid
interfaze, Whilst this feature is eharactenstie of prrametzllurgical processes in general,
reaclion mates across these interfaces are preatly enbansed by plasma chemistey, with an
abundance of highly energized reactive species,

Plasmas initiated aed sustained al high pressures coxhibit an approximate
equivalence of temperature berween electrons and heavy particles (lons, atoms, excited
malecules), Accordinpiy these plasmas are termed equiliprium plasmas, as there is
thermal equilibrium betwesn particles. This is exhibited particularly at higher pressures as
the hiph density of paricles provides an incroased frequency of collision between
particles distributing energy relatively ovenly belwesn particles, providing a consistent
bulk temperature trsughout the parmicies of the plasma. Becruse of the high-energy
dunstiies (thermal mass), equiiibrivm plasmas have commonly been wtilised as precursor
methuds in material processing for ther canabitlity 1o hear, sinter, melt or veporise solid
materials. These are all essennaliv prysical processes merely mking advantage of the
Physieal thermae propertes af g cyuilisricm plasma,

Momeegurbbritem - plasmas, which are more charocleristic af jow pressune

savironments, ars eharacterised by poricle ternpurature ron-equivalence, with the

LI R R LR ok o B o1 B T TS )



13

“temperature” of electrons far exceeding tha of the temperatures of the heavier particles, .
Figure | demets the separation of elsctron and Licavy particle temperatures ar low
pressures, both with conventional piasmos and plasmas stmulated by microwave (or BF)
radiation. It can be s=en that at higher pressures, the electron and heavy particle
temperalures merge. In a nen-equilibrium plasma, the physical and ehemical behaviour af
the component particles muy be profoundly dilterent lrom thar in the eiquivalent ground
statz environment. o a con-cquilibrium plasma, with the various particle SPCCICS mOving
with different energies. the measure of such cnerpy, iymcally in the form of a
“temperature” will vary greatly hetwesn species and botween particles 10 coch species
population. This is evident when “lemperature”, 8 moeasure of thermal enerpy, 13 obtained
by a mean readinfp by averaging-out the electron vollages (temperature equivalents) of
particles having no adjustment tor “thermai mass”, Accerdingly, the temperature of the
plasma itsell’ becomes meaningless as particls “temperatures” vary by perhaps four orders
of magnitude, and "bulk™ temperature measurements é:lrplusmu by different methads can
disagres by an order of magnitude.

The processing effectiveness of low pressure, non-equilibrium plasmas is
imbued by the reactivity of the chemically active species present rather than by the fotal
cnerpy available in the plasma, This reactivity makes non-equilibrium plasmas more
suited to chemical reactions, as per thar of the present application, then the equilibrium
plasmas which have been used primarily in physical processes as discussed above.

The form of the diagram of Figure 1 will be dependeat upon various parameters,
including the gas composition, ionising characteristics of the species present, and the
form of energy applied to e system o gensrate the plasma, The pressure up ta which a
plasma will be of the non-equiithrium form will thus vary depending on these and othsr
parimciers.

Typical methoos of produsing plasmas ase \hrough sonisation by beating (thermal
stimulation), ionisation iy irradiation, and icnising by electrical dissharpe. Whilst most
rlasma production metbods witl result in un equilibeiven plasema ae pressures up o around
arnospheric pressure, b s bebeved that the penermion of a plasma by rradiation,
particularly in the RF and microwave frequency ranges hetween I00MHz and 300Gz,
pusces the graph of Figare | woibe rigne as depicled, sueh that non-cquilibrium plasnios
can be perermed ano sustnoed at nperationally importanl pressures arouand atmosphene
(HH 4 kPa) and wo o about Caree almuspheres (about 100 kPa) uoder sutficient applied

EISTLY, APPrOrEle avaianie species [chemesiry) and ol responsive sadiation frequencies,
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This 15 believed 10 be as o cesuly of the microwsve radintion applying enerpy w the
dieletrically dispurate particies o the plasma, in particular to the electrons, Al [requencies
within Lhe RI" and microowave fraguencics, only the electrons in the ionized rfield can
follow 1he osciilotzons of the slegiric fleid applisd. As a resull the electrons becara more
highly energised that the heavier particles of the plasma, such that the BF / microwave
plasmas can generaliv be delned as non-equilibriem plasmas,  Suach B microwawve
plasmas can he induced and uperaied over a large pressure range, From baiow 0.1 kfa [ far
operations outsde the man IRlCrest or e present invention), o pressures in excess o!
30 kPa.

When a microwave leld 18 applhied across a gas, charged particles in that gas are
accelerated, Because the mass of elecirons is much much less than that of the heavier jon,
atom and molecule particies, the action of the field is primarily w give energy to the
electron.  Accordingly, cleciron temperatures can be ijr_lu the extremncly hiph range of tens
of thousands of Kelvin whereas the apparznt bulk temperature of the plasma (primarily
determined by the heavier particles) is orders ol magnitude lower,

Reaction rales are gencrally governed by the mass wransport diffusion of reactants,
which 15 greatly enhanced by dielectric heating mechanisms during RF / microwave
processing. typically in the presence of an RF ¢ microwave stimulated plasma which, by
definition, will have a high population of reaclive specics.

Plasma processing wtilising RF / microwave stimulation also enables a great
depree of control over the process, with the microwave radistion able to be directed to the
redclant charge, in such a way as to enveiope the entire reactant charge within the reaction
chamber or to oceupy & zone discreely within the charge. In continuous processing
systems, residence time and thermockemical paramsters can effectively be controlled
through conteal of the appited radiation, providing superior processing or reduction
resulis.

Winlst lowoer pressures well below atmospheric pressures ensure generation ol an
unambipucusly non-eguilibrivm plosma with a large dispartty between the temperatures
ol the clecrron and h2avier particles, 17 the proessuce o the reaction chivmber 15 oo low,
then the density of reastive speeies 1o caccy ourt the chiemieal processing will be too low
lor ecoramically viable processing  Accordingliy, it s preferred that the pressuce of the
resctian chamboer it which the piasma is initiated and sustained s greaies than 40 kifa.

I'he imhercar advuntey af e non-cquitibrivm plasma chemisicy (ionisation
‘chemisiry]  of non-equihbonuem piasmas when utilised i ehemizal and meatallurgical

apphcations 15 that these plasimas cen provide particles with the high ensrpy required to
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stinulare and compicte cheinical reactions at hiph kinetic rates, For the mngg' af
applicabions relevant to the present appheation, hich rates of mass trensler sre desired
with the high kesetic rate, | nerefore, comumerically vizble prodecrivity levels are ofien
nol achiovable at exoemely low pressures whiveh provides extremely low mass transler
ralzs,

Conversely. the advantage of processing cenain reactions under non-equilibrium
plasma conditions. despite low mass wansfer rates, is that in the ke density plasma
covironment, the high enerpy free electrons and ioniscd particles experience a greatly
increased meun Iree path berore collision and re-combination, fnpaning greatly increased
cnergy to re-combination chemistry. This iccreased energy at possible reaction siles
cnables the activation energy requirement to be met for reactions which require extremely
high energy inout 10 proceed. Conseguently, certain thermodynamically demanding
metallurgical and chemical reactions can be carried Ful efficiently, if slowly, or if at all,
by utifising the exwremely high energy particles at low pressures.

Processes which require protection from re-oxidation reacilions benslit from the
protection implied by removal of potential oxidation sources by initial and continuing
evacuation of oxidising agents, such as the common reduction reaction product carbon
dioxide, from the resciion environment. This can be achieved by maintaining the process
at low pressures, cootinually cvacuating tne reaction chamber, Alternatively, or
additionally, such carbon dioxide can be converted to the reductant carbon monoxids with
fine carban in the regction chamber an elevated temperatuzes.

Whilst the present inventlion particularly relates to pyrometallurgical reduction of
metailiferrous ores and concentrates, chemical processing aa electromagnetic radiation
induced plasma i3 aise applicable to various other forms of chemical reactions. Such other
farms of reactions e lude:

disproportionatian, dissociation and subiimation reactions;

synthesis reactions (including combustion synthesis and synthcsis of intermetallic
materials, hord materials and cermews and gas phose synthesis reactions for the synthesis
of commzadities of value , mcluding femtilizers, trom waste and industrial emmission
gases),

ditiusion st mateculs processing reactions,

curboniraton gocd other destructiove distllnton ceactions; and

reaclive  processes for materials regenssation  (reactivaton) oc returbisbnent

* Creclamanant
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