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Abstract
In nickel sulphide ore deposits, nickel is found in one of two minerals: pentlandite, which

contains approximately 30 wt®i, and pyrrhotite, where the nickel contentass tharl wt%

Ni. Rapid growth in the demand for nickel in the second half of tHeC2®itury, combinegvith

more stringenénvironmental regulationged to the removal of pyrrhotite from the smelter feeds
and its disposabh tailings. Pyrrhotite remains an attractive resouaseglobal rckel demand
continues to increase. One proposed process for extracting the nickel is-tloeiceatration
Thermoconcentratiomecovers the nickeb aferronickelalloy with sulphur remaining in the
sulphide Significant heat input is required as the process is run at temperatures above 800°C
and the reactions asmndothermic. This thesis explores the use of microwave radiation to supply

this heat and compares it to a conventional resistance furnace.

Thermaconcentration was performed using pyrrhotite tails from Sudbury, Ontario; two iron
bearing materials from Custer, South Dakota and Clear Hills, Alberta; and metallurgical coke.
The pyrrhotite tails were used in theraseived condition and in two upgraded forms.

Upgrading of the tails was performed by magnetic separation and collectorless flotation followed
by magnetic separation. Microwave tests were condwsiagi800 W ofinput power and 120

and 300 seconds of processing time. Conventional furnace tests were performed at 900°C for 35
minutes. Limited formation of ferronickel alloy particles occurred; sample metallization was

less than 10% for all samples and particles that did form were too small to be easily recovered by
common mineral processing techniques. Three particle populations were found of low (less than
3 wt% Ni), medium (423 wt%Ni) and high (greater than 18 wité) grade all of which

appeared to have formed from the solidification of a liquid mdttss recommended that

thermaconcentration trials be conducted at longer reaction times to permit forétaltization.
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1 Introduction and Literature Review

1.1 Thesis Organization
This thesis is comprised &fchapters:

1. Introductionand Literature ReviewSets up context for the project, including nickel
demand, the nature and origin of pyrrhotite tails, and the behaviour of pyrrhosita tail
storage facilities.Relevantliteratureis reviewed,including past attempts to generate
valueadded products from pyrrhotitine fundamentals of thermooncentration
proceses core concepts of microwave heatiagdmicrowaveheating performance of
relevant mineralsThe rationale behind this research and the project objectives are also
outlined.

2. Thermodynamics: A thermodynamic model was created to explore the behaviour of the
reaction mixtures under various atmospheres and at temperatures up to 1250°C. Activity
coefficients were gathered from literature sources.

3. Materials andExperimentaMethods: Describes the feed materials, experimental
procedures, and characterization techniques uBke.feed materials are characterized
andtheupgradingprocedures useid produce concentrataredescribed Descriptions
of the microwave systenthetube furnacethe characterizatiotechniques such aéRD
andSEM, and sample designations can also be found here.

4. ExperimentaResults and Discussior€ontains the results of the experimental work.
These include permittivity measurements of the pyrrhotite tails and some reaction
mixtures, heating performance of the reaction mixtures under microwaves, absorbed
microwavepower plots, nickel metallization, XRD results, and SEM imagélseof

treated material.



5. Conclusions and Future WorlBummarizes the research conducted. Topics for future

research are proposed.

1.2 Uses of Nickel
To achievegreenhouse gas reduction targets and meet climate change objettietegity

generation from renewabltesources will need to expand dramaticaBatteriesplay an
importantrole bystoring excess energy to accountdborttermvariability in dectricity
generation and by allowing electrification of transportation (primarily automobiles).
Transportation applications are expected to drive the majority of battery deieke! is
commonly used in cathoddsut the exact amount dependstbebattery chemistry, which can
be extremely complex. Mobatterychemistries can be expected to consum&@Kky of nickel
per vehicle. Some chemistries, such as lithium iron phosphate (LFP) battened require

any nickel at all but are limited kikieir specific energy Nickel is needed in lesser amounts for
wind and concentrated solar power generatimmcentrating sunlight to heat a fluid to generate
electricity). Other clean energy technologies wheigkel plays a key rol@arehydrogen
electrolysersand specialty steels for geothermal power plants. Geothermal energy is particularly

overlooked 120 metric tonnes of nickake requiredor every MW of power producdd].

Despitetherecent focus oits potential usas a battery material, nickel is predominantilized

in metallurgical applications. The most common use is stainless steels, which comprised 64% of
demand in 2022while katteries were 15%, nefierrous alloys 7%, electroplating 6%, and the
remaining 8% split among other applicatips As aresultohickelbs use i n cl ean
technologiesthedemand iexpected to double from 2.5 million tonnes in 2021 to over 5 million

tonnes by 2040This is mostly due to an increase in battery demand as stainless steel production



is expected to remain relatively constaBatteries arexpected to comprise 40% of nickel

consumption by 204[B].

Given these two markets for primary nickedteels and batteriésnickel products are split into
two grades: Class 1 nickel, which contains >3&% Ni and is suitable for batteri¢4], and
Class 2, or ferronickelyhich isusedin stainless steels. These two grades have traditionally
been producettom two different ore types: Class 1 frahesulphideores such as pentlandite
((Ni,FelpSg)and ferronickel fronthe oxides (ateriteg. Canadian production is almost
exclusively from sulphides but globally only about 40%haf knownreserves are sulphides; the

remaining 60% are laterit¢s].

Recentlythe worldnickel markethas been severely disrupted by a laagpansiorof processing
capacity in IndonesiaThis is a result of a government ban on ore exports and a requirement that
thenickel bedomesticallyrefined to finished metal. Consequently, between 2014 and 2020
Indonesiarexports increased from 24,000 t to 636,000d@st of which was ferronick@t]. This
increase in production, combined with an increase in ability to produce Class 1 nickel from
laterites[6], lead to grice crash from US$100,000/t in 2022 to US$16,000/t in early pQ24

The price outlook remains uncertain. The European Union filed a complaint with the World
Trade Organization in 2019 over the export ban, but the subsequent ruling against Indonesia has
been appealeld]. At the same time, there are indications that prices mawitlséndonesian

stockpilesrunning low and possible Chinese production €ts$].

1.3 Nickel Sulphide Mill Practice
Production of nickel from sulphide orebodies begins by concentrating thaicig minerals,

which is almost exclusively pentlandit@{,Fe)»Ss). Pentlandite contains approximately 30



wt% Ni and 1 wt%Co and always occurs alongside other sulphides, usually pyrrffediteS, x

O 0 ) ah®pyrite (Feg [9]. Processing begins by crushing and grinding theoftmine ore

to liberatethe majority of thgpentlandite grains from the other sulphides. Final particle size
varies based on ore miner &iindingy ddneivet, ressitinginh t e n

a slurry containing approximately 50% solids with the rest being \\@ter

Pentlandite is concentrated by froth flotation, where collectors are added to make the surface of
the pentlandite repel water molecules and attach to buinltles slurry. Xanthates, such as
potassium amyl xanthate (PAY§re common collectotsut will attach to both pentlandite and
pyrrhotite. Hydroxyl ions (OH compete with xanthates and attach preferentially to pyrrhotite
thereby preveimg the xanthates from absorbing on the pyrrhotite surfades depressethe

pyrrhotite and so flotation is ually carried out under alkaline conditions. Other common
depressants includrixtures oftriethylene tetramine (TETAAndsodium sulphitéo depress
pyrrhotite and carboxy methyl cellulotedepressalc. Frothers are also added to maintain

bubble stability. Flotation is carried out in stages using cells. A diagram of a flotation cell is

shown in Figure 1.1The froth, enriched in desirable minerals, overflows the top of the cell and

is referred to as concentrate. The material that does not attach to bubbles is referred to as tails or

tailings and is removed from the bottom of the célften as many as 8 cells can be used in a

flotation stagd9].
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Figurel.1l: Flotation Cell. Numerous designs exist; this schematic shom&ehanicatell that
is commonly useth the rougher and scavenger stad€s.

Canadian operations will often mine orebodies that are high in both nickel and copper. In this
scenariorecovery ofboth pentlandite and chalcopyrif@uFeS) is desiredand bothwill float

readilyi n t he initial ( A r o.ulgasecondgpardtianrcikcujto f f | ot at i
pentlandite is depressed by increasing pHaactthlcopyriteconcentrate is producgd]. In the
Sudburyarea mills, material that does not float in the rougher cells is sent to a bank of
Ascavenger 0 c el |isatthiststage enostympyrhositeale petoveted and sent

to an additional grinding stageo f urt her | i berate small particl
between pyrrhotite grairend had not been liberated in the initial grinding stageas is

followed by additional flotation to recovére now-liberatedflame pentlandite Pyrrhotite



continues to be depressadd fornsa fipyrr hoti te tail Jemdtehiaat i s hi
that does not float in the scavenger stiadargely comprised ofnert minerals that are used for

mine backfill or as &arrieragainst oxidation of the pyrrhotite tajlkl, 12] Mills in Voi
Bay[13] and Nunavi{14] do not produce dedicatedrpyotite tails and use the scavengers for

further pentlandite/pyrrhotite separatiof flowsheet of the mineral processing operations at

Gl encoreds Strathcona Mil|l near Sudbury is sh

Ni .| NiPriRo NiSecRo |—+| Ni Scavenger ] Final
Ore Tail
r

Cu PriRo

Cu
Ore

Cu Prefloat

| Ni SecRoCinr }—'

/ { \\\

(B e

Regrind

Ni
Conc  J
Po
Tail

Figurel.2: FIl owsheet of Glencdl2le Canadads St

Pentlandite concentrates can be preskaehed usingmmonig9, 10]and chlorind9]

solutions butthe dominant processing route for pentlanddgecentrateis smeling, followed by



converting to meltthe pentlanditendremove the iron This isa multistage procedhat
produes asulphide matte containing nickel, copper, and colaliron oxidebased mixture
termed slagand an offgas rich in sulphudioxide that can be discharged or converted to

sulphuric acid or liquid S&

In SudburyVale flash smelts #pentlandite concentratising furnacesf the INCO design
(Figurel.3) [15]. Theconcentrate, fluxing agents, and oxy@ea blownthroughfour burners

two in each end of the furnace. Sulphur dioxide is extrabredigh an ofigas uptake shaft in

the middle of the react¢t0]. About 40% of the iron in the concentrate is removed in this stage,
resulting inan ironnickelcopper matt@assaying 24 wt%e and 26 wt%. Nickel, copper, and
cobalt comprise 48% of the matte by weiffti]. This matte istapped from the furnace and
charged molten into a convertwhere the remaining iron is removed by blowing air through the
matte. Highgrade nickel mattéd.5 wt%Fe, 2122 wt%S, 77 wt%NiCuCoin the Vale case

[15]) is then pouredhto moldsandslow-cooled to permit the formation of large grains ob€u

and NgS. An alloy phase also forms that contains nickel and any platinum group elements
present in the concentrat¥ale crushes the matte and separttesickel sulphides, copper
sulphides, and metall&lloy particlesby magnetic separation and froth flotat{@. High-

purity metallic nickel can be produced from the nickel sulphijesitherleaching, followed by
solvent extractiongr by treating with carbon monoxide gas tonfamickel carbonylgas. This

gasdecomposeto metallic nickel and CO above 24Q%@hich is used to recover pure nickel

9.
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Figurel.3: INCO flash smelterThis schematic depicts a copper smelting operation but the
reactor is essentially identical for nic§&D].

The second pyrometallurgical pathway involves roasting the pentlandite and then melting in an
electricarcfurnace. Roasting is a gasolid reaction that oxidizes part of the concentf@end
removes 40-70% of the sulphuin the calcind15]. The end result of roasting is a hot calcine

that contains iromickel oxides and iromickel sulphides. On melting in the electcfurnace,

the iron sulphides react with the nickel oxides to form iron oxidekich report to slag and a

nickel sulphide matté33-37 wt%Fe, 1727 wt%S, 3248 wi%NiCuCo[15]). Subsequent
converting of the matte is similar to that practiced for flash smelter [gatt&his processing
pathway is practiced by Glencore in the Sudbury areavasdised byNCO in Thompson, MB

prior to thEis. plantédés closure



1.4 Pyrrhotite
Pyrrhotite is a norstoichiometric iron sulphide minerg@le. it is defined by a compositional

range and not a strict chemical formuldhe two extreme compositions are$eeon the
sulphurrich end and FeS on the iroich end As a resulof this chemical variability, the
chemical formula for pyrrhotite is usually written agF& withx O  OThelf@rbula Fe1S,,

n O 8 is also sometimes used.

Numerous types of pyrrhotite exist with varying composgiand crystal structuse FeSg (X in

Fe.xS is equal to 0.1253% referred to as 4C pyrrhotite ahds a monoclinic crystal structure.
Within the 4C pyrrhotite structure, the iron and the sulphur atoms are arranged on alternating
planes. The iron planes alternate between completely filled planes and planes with vacancies.
Four different vacancy positions are possible, and this leads to an AFBFCFDF arrangement of
iron atoms, where A, B, C, and D layer contain vacancies in the four different positions and F
layers are fully filled with iron atomd6, 17} 4C pyrrhotite is unique amongst the major
pyrrhotite classes in thatig ferromagnetic. Stoichiometric F€6= 0)is commonly referred to

as troiliteand has a hexagonal crystal structufehdre is more sulphur than iron in the system
but not enough to form 4C pyrrhotite, NC pyrrhotite for&C pyrrhotiteis a collective term

used to describa series of closely related structurd$he nature of the crystal structsitexs

been the subject of considerable debate, with hexagonal, monoclinmrtlhodombic systems
albei ng proposed. Generally, though, the term
NC pyrrhotite contains fewer vacancies in its crystal lattice than 4C pyrrfiotiteThese

various crystal structures often occur together, with the exaeratogyof the rocks in question

depending orhebulk sulphur conteniow sulphur content results in the formation of troilite
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with NC pyrrhotite, wiereashigher sulphur values lead to NC and 4C pyrrhotite, and very high

sulphur contents result in 4C pyrrhotite mixed with py(feS) [16].

In the Sudbury area, both monoclinic and hexagonal pyrrhotite.obtnst if not all of this
pyrrhotite contains nickel in solid solution; analysis by Deffyal.[18] found that pyrrhotite
contains 0.70.8 wt%Ni and Beckeet al.[16] found nickel concentrations of 0-2704 wt%Ni
in Sudbury pyrrhotite. Additionally, the nickel contentloé pyrrhotite tailsis increased due to
small amounts dilame pentlandit¢hat have not been liberated frdihe pyrrhotite grainguring
comminution Thepyrrhotite tails fronthe Sudburyareaare krown to contairapproximately

0.8-1.0 Wt%Ni [18i 20].

1.5 Why Tailings?
It is natural to ask why pyrrhotite is discarded as waste when pentlandite contains the same

elements (nickel, iron, and sulphur), yet is the primary nickel sulphide mineral. The reasons are
both environmental and economil.pyrrhotiteis fed to a smelteapproximatey 60% of the

input material ends up in the slag. Slag volumes this large cause numerous probleips. First
nickelcopper matte is denser and will sink to the bottom of the furnace with thensiap.

Both matte and slag need to be oemd periodically and matte drople@n betrapped within

the slag (such particles are said to have become entrained). ISettendxidizing environment
inside the furnace leads to the formation of small amounts of rickgler oxides which

dissolve in the slagThese atrained matt@articlesand dissolved oxides result in slags

containing more nickednd coppethan runrof-mine ore. To recovehesevaluable metalghe

slags are often cleaned before being discarded. This usually involves edlieg the slag

followed by grinding andlotation orallowing theentrained mattéo settle out at high
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temperatures before reducing the niek@bper oxide$§21]. Finally, high slag volumes limit the

throughput of the furnace, reducing smelting capd2y.

From an environmental perspectigiggs are also problematic due to their tendency to contain
heavy metals such as lead and arseminich can contaminate surrounding areas eithdrelyg
leached by rain or througtustgenerain [23]. However, the largest environmental probiem
sulphide smeltings controllingand capturingulphurdioxide emissions fronthe offgas. The
oxidation of pyrrhotitan the smelteproduces large amounts of sulphur dioxide, which
historically weresimply vented tadheatmosphere. Thisulphur dioxidevould then form
sulphuric acidn the atmospheravhich in addition to being toxic leads to the formatioracitd

rain and the associated negative effed@ise sulphur dioxidemissions can be significantly
reduced by simply lowering the sulphur content of the smelter feed, which is done by removing
pyrrhotite[22]. Although modern practidavolves recovering the sulphur dioxide frone thiff

gas in an acid plant to reduce pollution and provide an additional revenue stream, adding
pyrrhotite back into the smelters woulttrease the amount stilphur dioxidgoroduced per

tonne of nickel andverwhelm the acid plants.

1.6 Pyrrhotite Behaviour in Tailings
Pyrrhotite tails can be stored in both surface tailings ponds or returned to the mine for use as

backfill. Surface disposal is more common since the transport of fine sulphide particles
underground poses a fire rig2d]. Inthepondsthesolids settle out, leaving a layer of water
above the sulphides to act alsaarieragainstoxidation by theoxygen in the airHowever, some

oxidation still occurs due to dissolved oxygen in the tailings water, with oxidation proceeding
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from the top of the solids to the bottomyriotite will oxidizeto form sulphuric acid as well as

elemental sulphur and goethitia the following reactios[25, 26}
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The elemental sulphur can then form sulphuric acid by
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The rats ofthese processes appear to be largely dictatéldedy™ ion concentratiotin the
tailings watermndthetemperaturg27]. The water irthetailings pondsusually has a pH >2.5
[27]. Thepore water irthedry tailings stored at Lynn Lake, MBasfound to have a pH of
around 4 \kile porewaterin the top layer of the tailings had a pHor below 2.525]. At these
pHs, metals such as nickel, cadmium, mercury, anditeie tailings or surrounding rockan
dissolve and be washed into nearby waterwdye toxicity of the metals arttieincrease irthe
pH will then negatively impact botiheaquatic ecosystems and any communities downstream

[26].

1.7 Pyrrhotite Processing Methods
Previous attempts to procdbe pyrrhotitetailingsseparate from the main smelter have focused

on recovering iron as an oxide suitabteablast furnace feed. Since blast furnaces seldom take

ore with a nickel content greater than 0.2 wt%, niekel sulphur were separated from the iron.
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Sulphurcould berecoveedeither as elemental sulphur or sulphuric 42B]. Four processes

for the extraction of nickel, iron, and sulphur froime pyrrhotitetailingsreached the commercial
stage and are discussed below.

1.7.1 Falconbridge Sulphaion Roast (19551972)

Falconbridge began processing pyrrhagii¢éingsin 1955 via singlestage sulphation roasting.

Iron reported to a solidematitephase whilghe nickel, the cobalt, andhe copper formed
sulphate$29]. Thesulphateseadily dissolved when the calcine was washed with veater

then the iron oxidevas driedo form iron ore pelletsSodium sulphidevas added to the

pregnant solution; nickel, copper, and cobalt precipitated as sulphides; and the dried precipitates
were sent to the smelter as a nickel concenfe2fe The offgas from the roaster contained

large amounts of sulphur trioxide that was vented to the atmosphere instead of being sent to an
acid plant. Falconbridge decommissioned the fadility972 tomeet pollution reduction
requirement$22].

1.7.2 Falconbridge Nickel Iron Refinery (19681972)

Falconbridgebs second ahepyehotpetailingstwaseahe Nickelct i n g
Iron Refinery (NIR) projectwhich wasdesigned to provide Ioalloy steel for pipeline
applicationg20]. Pyrrhotite was dead roastidremove all of the sulph@ndproduce

elemental sulphur from the effas. The calcine wakenreduced in a rotary kiln to produce

either a lowalloy steel or ferronickel suitable for use as a steelmaking ad{i2@ye Insufficient
piloting and poorly understood heat transfer meant that the projetiotfes technical and
commercial failurg20], leading to closure by 19722].

1.7.3 INCO Iron Ore Recovery (19561982/91)

INCO approached the pyrrhotitailingsproblem by conducting a dead roast on the pyrrhotite

feed, resulting in the nearly completenversion of pyrrhotite tbexOs and NiFeOs. Selective
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carbothermic reduction in a rotary kiln followed by quenching resulted in #h-ferronickel

calcine. An ammoniaammonium carbonate solutievas used to dissolve the alloy, leaving

magnetite behind. The magnetitasthenoxidized to formhematitepelletssuitable for blast

furnace ironmaking Nickel washydrometallurgicallyrecovered as solid NiC{before being

calcined to Ni(J10]. Sulphusrich off-gas from the roaster was sent to an acid planis Th

facility operated from 1956 until economic pressures forced the megelveryandtheiron

pellet productioroperationgo shut down in 1982. Pyrrhotite roasting for sulphuric acid

production continued until 19922].

1.7.4 Outokumpu Sulphate Roast (1968?7?)

Sulphide deposits are not unique to Canada and the same pytdiltites problem was

experiened bythe Finnish company Outokumpu Oy. Outokumpu opted for a sulphation

roasting process bdiffered from Falconbridge in both feedstocks and reactor design. Toguri

[28] describelt he procesagessidtwbati on roasting, 0 but
i mplies a far more complicated fl owsheet than
pyrrhotitepyrite concentrate, whiclwas roastedby thelocal pulp and paper industity produce

sulphuric acid Outokumpu seems to have then boughirthre oxidecalcinefrom the paper

mills and mixed it with fresh pyrrhotitpyrite concentrate The fresh concentrate was addied

provide sulphur for sulphate formation and to satis§heating requirementsf the roaster. The

final output of the processwask®i n t he form of fApurple ore, o w
were leached from theulphationroaster calcine. From the leachate solution, nickel and copper

were precipitated as sulphides ameresent tothe smelter, while cobalt was recovered from

solution by hydrogen reductidB80]. Production started in 1968 but as only a single paper

describing the proce$30] can be foungthefacility is assumed to have shut down, with the

final closure date unknown.
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1.7.5 Hydrometallurgical Processes
The processes discussed abarebased orpasting to recover sulphur with subsequent nickel
recovery by hydrometallurgyAdditionally, severapurelyhydrometallurgical processes have
been proposed teecover nickel fronpyrrhotite. The highegtrofile of these is the bioheap
leach at Talvivaara, Finland. iBloperation does not process tailirsysce all of the sulphides in
the ore are recovered in the flotation stagethepyrrhotite is processed on the heaps along with
the other sulphides in the ore such as pentlandite and chalcopyréee drewo leaching
stages, with the pregnant leach solution containing nickel, zinc, copper, and cobalt. These metals
are precipitated as copper sulphide, zinc sulphide, and acigkelt sulphide mixtureThese

are sold for further processifpgl].

Various labbench trials of leaching pyrrhotitailingsusing different lixiviants have been
conducted, but none have beemmmercialized.Peeket al.[20] attribute this lack of
commercialization to economic and safety concetmsiviants tested include HCI, water mixed
with injected SQ, and HNQ. HCIl is expensiv§20], generates % gas, anthedissoltion of
pentlandite and chalcopyrite very slow|32]. Tests where S{s mixed with a pyrrhotite slurry
in an autoclave have produced an iron sulphate solution and elemental sulphur, but nickel
recovey is poor[33]. Nitric acid leaves most of the nickel in an enriched sulphlde

sulphide requiresareful washingo removenitratesbut is otherwisa suitable smelter feedstock

[24].

For the processing @yrrhotitetailings specifically, Falconbridge trialed autoclave oxidation to
recover elemental sulphur and iron oxatehe pilot scaleThe nickel was distributeletween
the iron residue and the solution. ig&ffort was abandoned in 1955 due to issuigs

recoveringthe nickel from solution and mechanical problems with the autod24je Bioheap
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leaching has also been proposedii@tailings in both the Sudbury arge8] and northern
Russig35]. Potential issues with this include a tendencthepyrrhotite to consume acid and

rapid heat generation as the pyrrhotite oxid[3&3.

1.7.6 Thermo-concentration Processes
The process being studied in the present research aims to condéetnatkel dissolved in the

pyrrhotite into an easilyecoverable form. Mstof the early work in this field was done at
INCO and patented in 19787]. Thermodynamically the process is fairly straightforward. At
typical concentrations of Ni, Fe, and tBe nickeliferous pyrrhotite is a metal sulphide that
occurs within a singkphase region in the Nte-S system (Figuré&.4). By adding iron lime and

a reducing agent (to fix sulphuor iron oxides ana reducing agersuch that the molar ratio of
Feto Sin the systenbbecomegreater thari, the compositiomoves into a twgphase region and
the formation of an alloy phase alongside the metal sulphide becomes thermodynamically
favourable.Beyond this pointincreasing the amount of iron relative to the amount of sulphur
improvesthenickel recovery but decreases the grade of the alloy ph8keSridhar et al[38]
found that when adding oxidése optimum oxide addition was three parts pyrrhotite tailings to
one part oxide. fe pyrrhotiteforms additionaliron oxides andulphur dioxidegas if oxygen is

present and so a reducing or inert atmosphere is required.
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Figurel.4: FeNi-S ternary phase diagram at 900°The red star indicates the approximate
composition of the pyrrhotite tails.h€rmaconcentratiormims to move the composition of the
systemalong either of the red lines into a tphase region, forming troilite and an alldi.9]

Most investigations of ik process have run trials at temperatures in thel®0WC range.
Studies on pyrrhotite ha¥eund that under these conditions sulphur formgés and rapidly
diffuses to the interface between the pyrrhotite and metallid3®&m9] This combined with

themetallic iron diffuson into the sulphideesults in the formation @& dense iron sulphide
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phase at the boundary, which limits further sulphur diffusion into the beanwhile the

nickel atoms are rejected from the pyrrhotite as the sulphur content decreases and will either
report tothe metallic iron or precipitate from solid solution as a feigkel phasg39]. Prior
research by Lii40] has shown thaton diffusion is the ratdimiting step and thabelow the
liquidus temperaturtheferronickelparticles are usually too small to teeovered by subsequent
magneticsepardabn. However increasinghetemperature togproximatelyl200°C results in
melting ofthe entire systerand the formation od liquid matte.Here, rronickel particles
precipitatefrom the matten slow cooling and these are large enougtbéomagnetially

separatd

Whether or not nickel baettiffuses into the sulphide is a matter of some delsatdhar et al.

[38] found that wherthethermal treatment tinseexceeded 60 minutdmth theferronickel grade
andthenickel recovery decreased. This was attributed to-déftiksion of nickel. Liu,

howeverdid not observe this behavio40]. Liu also asserts that as the system approaches
thermodynamic equilibriurthe nickel recovery increases and that an3iiute heat treatment at

900°C permits 95% nickel recovery to the alloy, although the particles remain small. Subsequent

thermal treatment leads to particle coarsening.

1.8 Fundamentals of Microwave Heating
In a nonconductive materiathe application of melectric field willform electric dipoles inside

the material. The mechanism responsibtehe polarizatiordepends on the material in
qguestion. Sinctheelectrondnaninsulatoar e fA.Pi nimedel ectron shel |l s |
atoms become distortegsulting in an electric charge imbalanaiéhin atoms. The electric

field can also displace atomic nuclei within molecules, thereby polarizing tRenthe case
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where a permanent dipole already exists in the molecule (e.g. water) thenaiicalewill
rotate toalign itselfwith the electric field. These three mechanisms are referred to as electronic,
atomic, and orientation polarization respectively. Frorsdbelarization mechanisms follows

the complex permittivity, which has both real and imaginary components such that

- - - e (1.2)
In Equationl1.1,- is the permittivity of free space, is the real permittivity; sasethe imaginary
permittivity, andQ W p. The real permittivity , also called the polarization factor, is often
described as the degree to which microwaves can polarize the mdtepedctice this means it
isameasureadmat eri al 6s abil ity to st[4d] Eheimagiearygy i mp .
term- sesetermines how much of the incident electromagnetic radiation that is absorbed by the
materialis convertednto heat. The imaginary permittivity is often called the loss factor. Both

the real and imaginary components are often compared via the loss tangent, which is:given by

e, "B 1.2)
OwWel—
-

It should be noted that w &4 thetangeniof an anglé betweennduced electric current vectors
in complex space. Anidepth discussion of this topic is beyond the scope of this thesis,
however one is given by Metaxas and Merefii2]. The values of and-aedepend heavily on
which polarization mechanisms are actarel the resonance frequency of the dipolese
permittivities can be expected to increaséhasnicrowave frequencgpproaches the dipole

resonance frequency. Thsshown schematically in Figuieb.
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Figurel.5: Schematic dependence of polarization mechanisms and complex permittivity on
electric field frequency43]

The complex permittivitys a measure of how a material reacts to an applied electric field.

material is subjected to an applied magnetic fi¢ldre exists a complex magnetic permeability

Cr Qe 2.3
where’ is the permeability of free space,is the real permability, * seisethe imaginary
permeability, andQ W p. Since microwaves are a form of electromagnetic radiagion,

material exposed to microwaves will be subjectedltiernating magnetic and electric fields.
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While both the permittivity and the permeability dineoreticallyimportant,in practicethe
effects ofthe electridield predominate and the permeability is only considered if the material is

magnetic.

A material that absogimicrowaves s often referred to as a fil oss
me d i ulnre lodsy materiathe electric field decays as microwaves penetrate further into the
sample. This is shown schematically in Figin®@ A common parameter to describe this decay
is the penetration depth, which is the distance in the material where the electromagnetic field

deaeass topXQof the incident strengttwhereQi s E u |l e r Idis givanbyz]e r

o - ~ee (L.4)

Note that the only variables presemEquationl.4 are thereal permittivity, the imaginary

permittivity, andthe microwavewavelength_, which can also be expressedraguencyby

o & (15)

Penetration depth is independent afident microwavepower. The average power dissipated in

a given material i§42]

0 ¢" Q-ae ¢ Qe (1.6)
WhereO s the the root mean square of the electric field intgndihe magnetic portion of
Equationl.6 can begnored if the material is nemagnetic. If the behaviour of the root mean
square of the electric field with special coordinateis knownthenthe pwer dissipated at a

given locationcan be calculatebly [44]

0a ¢ Q-0 & (1.7
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Figurel.6: Schematic representation of microwave decay in a lossy mat&jal

Determining the temperature of a microwaved sample is diffitidiat is generated wherever a
microwave field is present in a lossy material and so heating is volupme#aning thathe
coolest part of the sample is often the surfddewever, thiss also the easiest part of the
sample to measutbe temperatureSurface temperatures are usually reported in the literature
and these can be measuusthgthermocouples or infrared cameras/pyrometers. Use of
embedded fibr@ptics has been trialed to measure the internal temperature of samples
However these are only useful for letemperature applications such as microwassisted
comminution andre not suitable for use above 30Q46]. Internal temperatusean be

inferred either through the use of indicator phases that melt at a known temgddétardoy
comparinghemass changes in a samplérhe Thermogravimetric Analysis (TGA) resul46].
This techniquean provide ampproximaion of the bulk temperatureut cannotlifferentiate
between a sample that reached a perfectly uniform temperature and one that had very hot and

very cold regions.



23

1.9 Microwaving of Minerals
Microwaves are commoniytilized indomesticsettings for the heating of food. The potential of

microwaves in chemical processing was recognized as early a$496Fut the technology
remains in the laboratory or pilot plant stage. Microwaves are an attractive energy source for

several reasons:

1. Volumetric heating avoids a cold centre provided that a substantial electric field is present
throughout the material. The lowest temperature usually occurs at the sludatoeheat
transferto the surrounding gasrhis is referred to as an inverse temperature profile and
is shown schematically in Figufle?.

2. Heating is dependent dhe materiab somplex permittivitytheoretically allowing only
the material of interest to be heated and thus saving energy

3. Gases generally have a l@emplexpermittivity [48, 49]andthereforedo not absorb
microwaves The required input energy is therefore reduced since the sample can be
directly heated without losinigeat tothe off-gas.

4. The leatingratedecreasg when certain phase transitions, such as melting, occur, limiting
the maximum temperaturenaaterial carachieve This permits some degree of
temperature control and can also help sawvergy but is materiaependent

5. The inputenergyto the process is electricity instead of coal or natural gas, reducing the

environmental impact of processifigenewable or carbefiee electricity is available.
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Microwaves

Hotter

Colder

Figurel.7: Inverse temperature profile common in microwave heafige material is heated
volumetrically by the microwaves; heat transfer to the surrounding gas results in lower
temperatures at the sample surf§66]

Investigations into thenicrowave responsef minerals occurred as early as 1967]. As

dielectric property data was not widely available at the time, the initial work done by Ford and
Pei[47] used material colour as a classificattenhnique. They founthat darker colours
generally indicated better heating performance. Subsequent investigati@dttandestigate

the heating behaviour of individual mineral species and then draw broader conclusions about

groups definedy chemical compositiofe.g. oxides, sulphides, silicates)

Investigations by Harrisofp1] have identified three different groups of minerals that can be
characterized based tmeir heating performansainder microwaves at 2.45 GHz. Group |

shows large heating responses to microwaves with full absorption of radiation, Group Il shows
small amounts of heating with absorption and internal reflections, while Group 11l minerals are
largely transparent to microwaves amg\w little if any temperature increase. Broadly speaking,
minerals of economic importance such as chalcopyrite, pentlanditeearatite are found in

Groups | and Il whilenost of the minerals iGroup Il would be classified agangue. There are
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some exceptions to this rule, but such exceptions are not relevant to the present research, as
pyrrhotite, chalcopyrite, and magnetite are classified as Group | minerals while hematite is in

Group Il.

The microwave heating performance of pyrrhotite has been investigated by numerous authors
[46, 51 56] and found to vary considerably. These studies are summarized irflTable

Significant factors that affect heating are sample pws@gple particle sizgarticle packing

(rocks vs. loose powder vs. pressed pellets)santple size relative iaput power. Harrison

[51] found that pyrrhotite heats faster at low temperatures as power increases, although doubling
microwave power from 1508000W only increases the sample temperatur@bgut 30°C after

20 seconds. Adding results from other investigatresslits ina rather unclear picture. For

instance, Goldbauret al.[46] reportedsurfacetemperatures approaching 400&@en applying

1200W of powerfor 210 seconds, while Chex al.[52] applied only 50V to a very small

sample (0.5Lg) anddescribegisome of thematerial agfused @fter 300 secondsi t h A mo st
unaffectedd What this means not explainedbutu s e o f t h eimpliesthenonsétofu s e d 0
sintering similar to that encountered by Goldbaum d#é].and a localized internal temperature

in excess of 1000°CHarrison[51] found a generally inverse relationship between heating rate

and particle size, which is followed by most of the minerals in this thesis with the exception of

chalcopyrite, where particle size has no effect. Hardness, cleavage, specific gravity, and mineral

crystal structure were not considered to have an effect on microwave heating rate.

A common theme across papers examining the microwave heating performance of pyrrhotite is
that only one pyrrhotite sample is testettithe crystal form of the pyrrhotite is completely
unspecified This makes comparison between monoclinic and hexagonal pyrrhotite difficult.

The aforementioned021 investigation by Goldbaum et 6] is the only work that can be
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found where crystal structure is explicitly stated. The autiested severdypes of ageceived
and upgradegyrrhotite tailsalong with a geologic sample of hexagonal pyrrhotBamples
containing high amounts of monoclinic pyrrhotite did seem to reach Higimgeraturedyut the
authorswere unable taefinitively determinewvhether crystal structur@ upgrading the

pyrrhotite tails via froth flotatiomffected heatingerformance
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Author Material Particle Size Power | Time (s) | End Temp(°C) | Mass | Sample Format
(W) _

Chen Chalcopyrite - 15 180-300 De?grlrl?géi?tion 0.51g | powder (implied)

Chen Pyrrhotite - 50 180-300 Some Fusion | 0.51g | powder (implied)

Ford Hematite - 1600 360 1000 - -
Goldbaum Pyrrhotite < 45 g 1200 30-210 150275 10g briquette
Goldbaum Pyrrhotite Tails P80 = 2 1200 30-210 225275 10g briquette
Goldbaum Pyrrhotite Tails P80 = 2 1200 60-210 175225 10g briquette
Goldbaum | Pyrrhotite Tails (Upgraded P8 0 = 2 1200 | 30-90-210 200375 10g briquette
Goldbaum | Pyrrhotite Tails (Upgraded P8 0 = 2 1200 30-210 175400 10g briquette
Harrison Chalcopyrite +1252 50 650 30 to 180 80-175 50¢g powder
Harrison Chalcopyrite +2505 00 650 30 to 180 80-195 50g powder
Harrison Chalcopyrite +5007 10 650 30 to 180 65-150 50¢g powder
Harrison Chalcopyrite +7101 000 650 30 to 180 85-165 50g powder
Harrison Chalcopyrite +10061 4 0 0| 650 30 to 180 80-180 50¢g powder
Harrison Hematite +1252 50 650 30 to 180 30-95 50g powder
Harrison Hematite +2505 00 650 30 to 180 30-95 50¢g powder
Harrison Hematite +5007 10 650 30 to 180 30-95 50g powder
Harrison Hematite +7101 000 650 30 to 180 30-80 50¢g powder
Harrison Hematite +10061 4 0 0| 650 30 to 180 30-80 50g powder
Harrison Pyrrhotite +1252 50 650 30 to 180 125275 50¢g powder
Harrison Pyrrhotite +2505 00 650 30 to 180 110270 50g powder
Harrison Pyrrhotite +5007 10 650 30 to 180 90-250 50¢g powder
Harrison Pyrrhotite +7101 000 650 30 to 180 90-240 50g powder
Harrison Pyrrhotite +10001 400 650 30to 180 80-240 50g powder

Peng Ni-Containing Pyrrhotite - 1000 100 720 - -

Liu Chalcopyrite -200 mesh 500 240 >400 509 powder

Liu Hematite -200 mesh 500 240 >980 50g powder




Liu

Liu
Van Weert
Van Weert
Van Weert
Van Weert
Walkiewicz
Walkiewicz
Walkiewicz

Pentlandite
Nickel Pyrrhotite
Pyrrhotite (Horne, QC)
Pyrrhotite (Horne, QC)
Pyrrhotite (Galax, VA)
Pyrrhotite (Galax, VA)
Chalcopyrite
Hematite
Pyrrhotite

-200 mesh
-200 mesh
-200 mesh
-8+10 mesh
-200 mesh
-8+10 mesh
-60 mesh
-60 mesh
-60 mesh

500
500

1000
1000
1000

240
240
60
60
60
60
60
420
105

>440
>800
36.6
79.9
45
69.1
920
182
886

509
509
10g
10g
10g
10g
25¢
259
25¢

28

powder
powder
cone
separated rocks
powder
separated rocks
powder
powder
powder
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1.10Research Rationale and Objectives
Production offerronickelfrom sulphidesy thermaeconcentratiorhas beestudied extensively

by severakresearcherfl9, 37 39, 57 59]. However, all previous investigations have used
conventional resistance furnaces to supply heat to the reaction mixtures. Iron is often supplied to
the process in the form of iron oxides and reduced by-stdig reduction with coke or coal.

The reduction of iron oxides by carbon is an endothermic process. Previous investigations on the
directreduction of iron oxides by solid carbon have encountered issuesmndtithermic

reactions consuming heattime outerlayersof thebriquettes, resultingif c ol d thant er s 0O
limit the kinetics of theeductionreactiond60, 61] Volumetric heating by microwavédsas the

potential to get around this problem by generating heat within the matitiet.characterimg
thethermodynamics and kinetics of ttleermaconcentration of pyrrhotite tails in resistance

furnaces, Lij62] recommended investigation of microwave heating to reduce the carbon

footprint of the processAlthough experimental trials of microwave theroancentration have

not yet been performethe microwave heating of pyrrhotite and other mineralsreaeived

significant attentioj46, 47, 5156, 63, 64] as has the microwaving of reaction mixtures to

produce metals from variouxide ores[61, 65 71]. Further, a limited amount of work has been

done on the microwave treatment of iron sulphides with lime under hydrogen for the production

of iron [72], which is similar to the sulphwiemoval pathway of therraconcentration.

The current research investigates the use of microwawagply heat to therraconcentration
reaction mixtures, with the aim cécoveing nickel fromthe pyrrhotite tailsasa ferronickel

alloy. The primary goals of this investigation are:
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. Construct a thermodynamic model to predict ferronickel alloy grade, nickel recovery to
the alloy phase, and effas composition for various reaction mixtures tredeffects of
temperature and input gas composition.

Investigate the heatirfgehavioursinder microwaves of reaction mixtures containing
pyrrhotite tails (or a concentrate derived from them), iron ore, and carbon.

. Characterize the alloy produced by the microwave tests and cothparecrowaved
samples to thoseeated in a conventional resistance furnace.

Recommend future work.
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2 Thermodynamic Modelling

2.1 Model Composition
The experimental portion of this thesis tests six thecomcentration reaction mixtures

thermodynamic model was constructechelp determine the maximum nickel recovery to a
ferroalloy phase and alloy grade fraach mixture. The modabesthe Equilibrium

Composition module ahe HSC Chemistry 6.1 prograrnihis module computes the

composition of a chemical system that minimizes the Gibbs free energy given a list of possible
species and phases at a specified pressure and tempeFatuselection of chemical species

and activity coefficients, this model draws heavily on a nickel convertor model developed by
Kyllo and Richard$73], which is itself based on a copper smelting model developed by Goto
[74]. The two models were shown to be in good agreement with plant data for a nickel convertor
[73] and a copper flash smel{&i5] respectively.Activity coefficients in the alloy phase were
primarily drawn from steelmaking data list of the species considered this models shown

in Table2.1.

HSC Chemistryautomatically sorts the chemical species sikphases: Gas, Oxide, Sulphide,
Carbide, and Metal. As sulphates are known to form layers around pdit&|&5] a separate
sulphate phase was manually adddaly default sulphates are considetedepart of the oxide
phase.Carbon was removed to a separate phase and not considered in the alloy as otherwise all
coke would be considered part of the alloy phase by the softBamuse HSC Chemistry

assumes ideal mixing by defaulttiaity coefficient datdor the various speciegas manually

inputted into the database. Activity coefficients for ¢tkile, sulphide, andnetalspeces are

given in Table®.2, 2.3, and2.4 respectively. For the gas atte sulphate phases, ideality was

assumed Inthecarbon andtarbide phasesvhich oy contain graphite and € respectively
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the Raoultian activity coefficient for these speci@s unity by definition. For some species,
most commonly in thenetal phase, activity coefficients are given as a numerical value at a

specified temperature. In this case, a regular solution was asasrfalbws:

Y
i i (2.1)

Equation2.1 wasused to estimate the activity coefficignat a temperature of interédfrom an

activity coefficienf reported in the literaturat a temperaturey.

Table2.1: Thermodynamic Model Species aRbases

Phase Gas Oxide | Sulphide | Sulphate| Carbide | Carbon Metal
Species N2 CoO CoS CoSQG FeC C Co
CO CuwO CuFeS CuSQ Cu
CO. FeO CwS FeSQ Fe
H2 FeOs FasrS | Fex(SQy)s Ni
H20 FesO4 FeS NiSOq4 S
H.S | FeO(OH)|  NiS Si
Oz NiO
S SiOe
SO
SG
SGs




Table2.2: Oxide Phase Activity Coefficients
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Species | Activity Coefficient Reference
CoO PRBT T ¢ O O € 0 [78]
VX O . 7

CwO AQ)EE,,YX YR T [75]
FeO 1 N/A
FeOs 1 (data not available) N/A
FesOq T W LU @D v8 @ [73]
Ni gTlU TT 73. 7

io A o DT 08 o [73, 79]
SIO 1.2 at1673 K [80]

Table2.3: Sulphide Phase Activity Coefficients
Species | Activity Coefficient Reference
CoS 0.4 at 1400 K [81]
CuFeS 1 (data not available) N/A
CwS 1 [73, 75]
T U s A .

FesS A @é’—.,Y iYerooge 1D o [73]
Fen.s77S 1 (data not available) N/A
NiS 1 [73]

* An expression for the activity of FeO in an oxide phase is given by Kyllo and Rich§r@. However, the
model was unable to compute values between 70000°C when the expression was used and so ideality is

assumed.
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Table2.4: Metal Phase Activity Coefficients

Species | Activity Coefficient (Taken at 1873 K unless noted) Reference
Co 0.55 [82]
Cu 0.858 [82]
Fe 1 (assumed to be solvent) N/A
Ni ¢ TE @ [82]
S AdbPuad at1773K [83]
Si 4.1 [82]

2.2 Model Limitations
The thermodynamic model calculates the quantitidkexthemical species present in a

hypothetical closed system undguilibrium conditions. Consequently, the model is useful in
determining theyaseouspecieghat can be produced during experimdnis notthe
instantaneougas composition as gas is constantly being replenigH&@ does not distinguish
between liquid and solid phases, only gas and condensed phases, meaning that solidus and
liquidus temperatures cannot be determintkis also means that phases that form distinct solid
phases will always be modelled as such, even if they can be expected to foribke hjsiid.

Solid solutions, such as nickel dissolved in pyrrhotite, are also ignéwtitionally, the
experimentafeaction times are very short, ai reactions inside the briquettes are expected to
be diffusion controlledso species that are thermodynamically stable may not form at the
temperatures predicted he model will occasionally fail to calculate results at temperatures
below 400°C. This problem can be fixed by assuming ideal solution behaviowQaf Bt the

activity coefficient inTable2.2 was used since the primary temperature range of interest was
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above 500°C.In summarythe modeis useful inestimaing the maximunpossiblerecoveres

and grade from a certain reaction mixt{urat not the composition of intermediate products

2.3 Inert Atmosphere Model
The model was run for all six reaction mixtuteEtween 25 and 1250°C under a 100% nitrogen

atmosphere at 1 bar pressur@5 Nm? of gas and 100 kg of reaction mixturensused as a

basis Table 2.5shows the input to the thermodynamic model for each of the reaction mixtures.
Complex gangue minerals suchcisochlore andnuscovite were not considered in the model
and so the columns in Table 2.5 do not sum to 100Tkg reaction mixtures have similar bulk
chemical compositions and differ primarily in mineralogy; this is discussed in more detail in
Chapter 3.Figure2.1 shows the behaviour of nickel under these conditions faf &tlereaction
mixtures. Nickel is present as nickel sulphide at low temperatures and reports to an alloy
betweer850 and425°C depending on the reaction mixtull three reaction mixtures using
ironstone ore (RM2, 4, and ®rm nickel about 25°C lower than the equivalent reaction mixture
using hematite (RM1, 3, and 5). RMs 2 and 4 produce nickel at the lowest temperature, between
350 and 33°C. RMs 1, 3, and 6 form nickel between 375 and 400°C, and RM5 produces
metallic nickel between 400 and 425°C. The order of nickel formation doesmefate with

any compositional trenith the reaction mixturelsut the formation of nickel over a small
temperature range makes intuitive sense since the chemical compositions of the mixtures are

very similar Nickel recovery for all reaction mixtures is predicted to be approximately 100%.
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Figure2.1: Nickel recovery as a function of temperature in reaction mixtures under 176fNm
N2 at 1 bar pressure.

Table2.5: Inputs to thermodynamic mod@olid species only, in kg)

Species RM1 RM2 RM3 RM4 RM5 RM6
FeOs 6.3 0 6.4 0 6.5 0
FeyOq 5.4 5.4 0 0 7.6 7.6
FeO(OH) 2.5 10.9 2.5 10.9 2.6 11.0
SiO 14.2 3.6 14.6 3.9 13.4 2.4
Fe.s77S 41.8 41.8 25.1 25.1 48.9 49.1
FeS 0 0 6.5 6.6 0 0
Co 0.01 0.01 0.01 0.02 0.01 0.01
Cu 0.16 0.16 0.41 0.41 0.10 0.10
Ni 0.66 0.66 0.64 0.65 0.65 0.66
C 15.07 15.03 15.38 14.97 14.85 14.89
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The behaviour of iron is similar across all of the reaction mixtures and Rguilkistrates the
behaviour of iron iRM1 (38.79 wt%Fe). The majority of the iron is in the form of sulphides,
both FeS and hbg7S. Since HSC does not allow for the variable composition of pyrrhotite,
having FeS and k7S presenin the amountpredictedndicates the formation ohexagonal
pyrrhotite where x in R&S is around 0.08. This ratio remains largely constant with temperature
with a slight increase ithe amount of predicted Fe&S metallic iron begins to be produced from
the oxides ab00°C. Seaton et a[60] have demonstratedatthereduction kinetics fosolid

iron oxides by solid cokarevery poor below 900°Cso it is unlikely iron forms é00°Cduring
experimental testsRather, it is at this point that the reduction of iron oxides to iron becomes
thermodynamically favourableBetween 375 and 400°C, there is a slight increase in the
equilibriumamounts of Fes7/S and FeS and a slight decrease imptieelictedrate of FeO
formation. In this reaction mixturehis temperature range also seesathget of the driving

force for nickel formation It can be inferred thaiakel is reduced metallothermically by the
metalliciron formedfrom the reduction of FeO, resulting in an increaseaisz:S and FeS As
more iron is produced it reports to the sulphide, increasing the amount of FeS phesent.

1100°C FeC formationfrom the metallic irons predicted.
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Figure2.2: Effect of temperature on the behaviour of hamntaining species in RM1 under 175
Nm? of Nz at 1 bar. Chalcopyrite and iron sulphates are not predicted to form.

Thepercentage of Co, Cu, Fe, Ni, S, and Si in the alloy as a function of temperature for RM1
(0.66 wt%Ni) are shown irFigure2.3. Full alloy composition plots for the other reaction
mixtures are shown in AppendiX Alloy nickel grade across reaction mixtures is shown in
Figure2.4. No alloy is present until metallic nickel forms and so the nickel content of the alloy
is very highat low temperaturesThisis predicted tdake place betweedi’r5 and 42%5C

depending on the reaction mixture. Omiekel reduction is completejetallic iron begins to
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form andnickel grade drops dramaticallyn RM1, copperis predicted taeport to the alloy
immediately but in the other reaction mixtures this occurs above 609iRel is diluted in the
alloy as ironoxidereduction proceeds and this process is complete betweedb80C. The
predicted alloy compositions at 9004 summarized in TabR6. Silicon and sulphur do not

report to the alloy phase significant quantities
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Figure2.3: Variation in predicted alloy grade in RM1 witmperature under 175 Nrof N2 gas
at 1 bar pressure. No alloy is present below 350°C.
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Figure2.4: Alloy nickel grade across reaction mixtures as temperatareases. Cover gas is
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Table2.6: Predicted Alloy Compositions at 900°C

RM1 | RM2 | RM3 | RM4 | RM5 | RM6

Reaction Mixture| , -o | 066 | 064 | 065 | 065 | 0.66
Ni Content

Ni 786 | 711 | 110 | 972 | 668 | 6.3

Fe 903 | 912 | 832 | 848 | 922 | 927

Cu 105 | 163 | 570 | 519 | 0.8 | 0.92

Co 005 | 001 | 015 | 026 | 009 | 0.09

2.4 Sensitivity to Oxygen
Processing of pyrrhotite under air will form sulphur dioxide\gak the iron and nickel forming

oxides. e model was ruwith increasing oxygen content in the gasnvestigate the effect of
oxygen contaminatioon the formation of the alloyAn atmosphere of 5 vol%, and 95 vol%

N2 was trialed to simulate oxygen leakage in the appaestdsir was used twnfirm the
necessity of using an inert or reducing cover g&ken modelling the gas as air, enough oxygen
is present to completely combust the carbon in the coke.c@hisimulate either running the
thermaconcentration process under air or significant oxygen contamination in a long test.
Equilibrium gas compositions for each atmosphere as a function of temperature are shown in
Figure2.5. Under the lowoxygen atmospherebaut5 mol% of the gas is C£at room
temperature and is replaced by CO beginningp@tC, with all carbon dioxide removed by
800°C This is attributed to the increased stability of C@hatemperature increases combined
with thelow amount ofoxygenavailableleading to incomplete combustion of the cokhen

air is used as the cover gas, approximately 17% of the gasiat@&»m temperature. Some

CO begins to form above 1000°C, whishattributed tdhe increased stability of CO at these

temperaturesSQ is also present in the off gas above 300°C.
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Figure2.5: Effect of temperature on gaseous species present above 100 kg of RM1 for various
starting gas mixtures. Volume of the initial gas mixtures is 1758 & pressure is 1 bar.

Under 175 Nriof 5% O, the alloy behaves very similarly to the inert atmosphere; the most
significant difference is that the NiS transforms to Ni at a slightly higher temperature. Metallic
iron also forms at a higher temperature (Figu6). This is attributed to thdelayedreduction

of iron oxides due to theoke initially reacting with oxygen to for@0O gas.Once the oxygen is
consumed, the iron oxides are reducé&te iron formed then reacts with the sulphide and

produces metallic nickel. A comparison of the nickdldxour across the various gas mixtures
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for RM1 is shown graphically in Figu&7. When modelling the cover gas as air no alloy phase
forms. Instead, nickel remains predominantly as NiS with NiO beginning to form at 550°C. The
NiO content increases with temperature. Likewise, no metallic iron is formed, with FeO being
the dominant species above 750°C. This is attributed to all of the carbon formiragn€€ OO,

with the CO content being too low to reduce FeO to iron. Under air, iron (ll) sulphate forms
below 300°C. The behaviour of iron under air is shown in Figie These results suggest that
small amounts of oxygen contamination from poor seals in the apparatus or insufficient purging
time should not have a significant impact on the formation of the ferronickel alloy, but large

amounts will interrupt the reactions and lead to the formation of nickel oxide.
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Figure2.8: Effect of temperature on the behaviour of hamntaining species in RM1 under 175
Nm? of air at 1 bar. Chalcopyrite and iron (I11) sulphate are not predicted to form.

2.5 Sulphate Formation

Since pyrrhotite and other sulphides are known to form sulphates under oxidizing atmospheres
[29, 30, 84, 85]the thermodynamic model was used to investigate the minimum oxygen content
at which sulphates form. RM1 was again used and assumed to be representative of the other
reaction mixtures. Since sulphates are present at low temperatures under*IfsaNrthe

oxygen content of the gas was lowered in steps of 1 Mluntil the model failed to predict the



47

formation of sulphates. Pressure of the gas remained at 1 bar. It was found that the amount of
iron (Il) sulphate FeS&formed decreased with oxygen content until disappearing\al¥%60-
(Figure2.9). No other sulphate species were predicted to fabxygen content does not affect

the decomposition temperature of the sulphates.
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Figure2.9: Amount of iron (ll) sulphate formed from RM1 as a function of temperature for
various oxygen additions. Pressure of the system is 1 bar.

2.6 Effect of Iron Addition
The key parameter that determines the nickel recovery from a treemmoentration process is

iron addition.Iron was added tthe pyrrhotite tails used in this thetisexplore the effects on



48

nickel recovery and alloy grade.00 kg of pyrrhotite tails was used as a basis and iron was

added in0.015 kmolincrements at 500, 80and900°C and the atmosphere wag5 Nn? of

nitrogen at 1 bar pressure. These temperatures were chosen to explore the behaviour of the tails
below the thermaoncentration temperature, within the typical operating conditiorthéomo

concentrationand above the liquidus temperature of the system.

The behaviour of the alloy does not change much with temperature and is very similar to the
behaviour discussed previously. Adding iron to the pyrrhotite tails reduces the nickel by
metallothermic reduction. Once all of the nickel is reduced, copper is reduced. Any iron that is
added beyond this point simply reports to the alloy, diluting the nickel grade. Alloy composition
with iron addition at 900°C is shown in Figl#d.0 and a comparison of nickel grade with iron
addition at the different temperatures is shown in Figukgé. At 500, 800, and 900°C, the

highest nickel grade achieved is 92.7 wii#at an iron addition of 0.075 kmol, at which point

the system has a molar Fe:S ratio of 1.1. Above the liquidus temperature, the maximum nickel
grade is slightly lower at 72.6 wt®i and occurs at a higher iron addition of 0.09 kmol. This
higher addition results in an optimum molar Fe:S ratio of 1.125. These molar ratios are less than
those calculated by Liu et §&8], who arrived at an optimum Fe:S molar ratio of 1.4 using
FactSage 7.1. This might be due to FactSage accounting for the formation of liquids at low

temperatures, whereas HSC does not distinguish between condensed phases.
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51

3 Materials and Methods

3.1 Materials
The pyrrhotite tails were obtained from industrial operations irstidburyarea. The tails were

delivered dry and had agglomerated during transit. The agglomerations were broken up by

crushing with hand rollers and pressthg smaller agglomerations through a screen. A

cumulative size curve from wet screening is shown in FiguteThe Pgo of the asreceived

(AR)mat er i al i s approximately 45 betmmagnetiddn@ t ai | s
norrmagnetic upgraded streamSmall assays of each stream were digested in aqua regia for

chemical analysiby Microwave Plasma Optical Emission Spectroscopy{OES) in the

Mining Department anthductively-Coupled Plasma Optical Emission Spectroscopy 0ES)

byt he Analytical Ser vi ¢ &€ORSmesults were us@idetegrmngs Uni v
the cobalt, copper, iron, nickel, and phosphorous conténite pyrrhotite feedsSulphur

content was determined by Carbon/Sulphur (C/S) Anaigdise Mining Departmerdnd the

results arsshown in Table 3.1.
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Figure3.1: Size distribution of aseceived pyrrhotite tails

Table3.1: Elemental Composition of AReceived and Upgraded PyrritetTails

| Co | cu| Fe | Ni | P | s
AR Tails | 0.018 | 0.25 | 49.72 | 1.04 | 0.00 | 26.71
Mags 0.015 | 0.15 | 56.70 | 1.03 | 0.00 | 29.90

Non-Mags. 0.023 | 064 | 39.08 | 1.01 | 0.00 | 21.59

3.1.1 Magnetic Concentrate
The magnetic concentrate waistaired using a Davis TubEesterto recover the magnetic

fraction of the aseceived tails.The mass balance of the magnetic separation tests is shown in
Appendix A. This stream can be expected to contain monoclinic pyrrhotite and any magnetite
present in the orebody. Thecovery ofmagnetite isonsidered to be desiraldace it is an

iron-bearing mineral that care easily reduced by coke.
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3.1.2 Non-Magnetic Concentrate
To produce the nemagnetic stream the-asceived tailsvere processed through 8 flotation
stages. The first 4 concentrates were collectorless while the last 4 used Potassium Amyl
Xanthate. The concentrates wpessedhrough the Davis Tub&esterto determine the
variation of the magnetic and nomagnetic fraction across the concentrates. Thenmamgnetic
fractions were then run through the Davis Tube Tester a second time to blend them and remove
any magnetic material that was not recovered in the initial magnetic separationfstalgje.
description of thélotation proceduras givenin AppendixA along with the mass balanoéthe
flotation and magnetic separatiolhe normagneticconcentratevas expected to benriched in
nortmagnetic sulphidesThis stream wasialled to investigate if enriching hexagonal pyrrhotite
affects microwave heating performance since this is a gap in the literatuigestream might
also provide insight into whether microwave theraomcentration would be more or less
feasible when exploiting an orebody with high quantities of hexagonal pyrrhotite
3.1.3 Iron Oxides
To provide ironfor the thermeconcentration process, two ir@ontainingmaterias were trialed.
Both materials are only useful as pradfconcept feeds due to mineralogy issueed Ochre
Hematite from Custer, South Dakota was acquir
mesh. This materials relatively poor in iron and contains large amounts of silica (see XRD
results below) Also trialed wasronstoneore from Clear Hills, Alberta that had previously been
ground to minus 20 mesh; the primary Ho@aring species in this material is goethitbe
ironstone ore is high in phosphorus, which has the potential to decrease the melting point of the
alloy phase and improve reaction kinetiédemental compositigof these iron sourcess

determined bYC/S AnalysisandICP-OESareshown in Table 3.2
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Table3.2: ElementalComposition of Irorfbearing Materials

Ke | Co |[Cu  |Fe INi  |P |S

Hematite | 1.01 0.000 [0.00 [33.55 [0.00 |[0.00 |[0.10

Ironstone | 048 | 0.006 |0.00 |39.21 |0.01 |0.51 |0.04
3.1.4 Coke

Metallurgicalcoke was used as a reductant in all reaction mixturas. Carbon/Sulphur

analyser returned a carbon value of 87.87% carbon and 0.68% sulphuokéveasalso

subjected tg@roximate analysis using thermogravimetric analysis. The procedure was based off
that described by Donahi{@6] and used by Mackowigk5]. Coke was heated to 110°C under
flowing N2 and held forlO minutes to remove moisture. It was then heated to 900°C and held to
drive off volatile matter.Oxygen was added to combust thed carbon, with any remaining
material being ash. Three proximate analysis runs were conductedexaded. fie results are

summarized in Tablg.3.

Table3.3: Proximate Analysis of Coke

Test A | Test B| Test C| Average
Water 4.5 3.6 3.5 3.9
Volatiles 16.1 105 |5.6 10.7
Fixed Carbon| 45.6 39.0 [36.3 |40.3
Ash 33.8 469 |54.6 |45.1

3.1.5 XRD
The asreceivedpyrrhotite tailings both upgraded streanas)d the iron sourcegere analyzed

by quantitative XRay Diffraction(XRD) using Reitveld analysisThe XRD resultsfor thethree
pyrrhotite materials anthe twoiron sources are summarized in TaBk The erorin the XRD

results is approximatelystwt%. Full XRD spectra are shown in Appen&ix
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Mineral Formula AR Tails | Non-Mags | Mags| Hematite | Ironstone
Albite NaAISizOg 9.1 13.8 5.2

Annite KFe?*3(AlSiz010)(OH). 7.7 2.3 1.5

Clinochlore | MgsAI(AISi 3010)(OH)s 1.2 2.8 0.8

Goethite FeO(OH) 11.8 51.1
Hematite FeOs 29.7
magneslo | CaMgaAN(SiZANO2(OH), | 2.3 8.5

Magnetite FesOq 8.5 12

Muscovite | KAl 2(AlSiz010)(OH)2 36
Pentlandite | (Ni,Fe)pSs 0.8 0.9

(Pgé;hacggﬁal) FasS, x O 0. 10 10.3

Pyrrhotite

(I\)I/onoclinic) FerSe 65.7 39.5 77.3

Quartz SiOz 2.8 3.2 09 |585 8.5
Rutile TiO2 0.2
Siderite FeCQ 4.2
Talc Mg3SisO10(OH)2 1.9 18.7 2.3

The supplied pyrrhotiteilings werepredominantly monoclinic Althoughsome hexagonal

pyrrhotitewas presenit was only detectable in theon-magnetic fraction. No chalcopyrite

(CuFeS) is detected. A pentlandite ((Ni,s8) signalwas present but is very weak; at 0.8wt%

the calculated pentlandite fractiaras less than the analytical error. Thus, pentlansliti&ely

preseni indeed its presence has been noted in other investig§t®n38, 58, 87pf Sudbury

area pyrrhotite tail$ but the amount cannot be determinedI®D analysis. Magnetite (E©4)

was present in the tails angbs the second megrevalent mineral in the magnetioncentrate

after monoclinic pyrrhotiteThe cetectable gangue minerals in the tailse quartz (Si®Q),

albite (NaAlSisOs), annite (a form obiotite, KF&*3(AlSizO10)(OH)z), clinochlore

(MgsAl(AISi 3010)(OH)s), magnesiehornblende (C&Mg4Al)(SizAl)O22(0OH),), and talc

(Mg3SisO10(OH)y).
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The hematitevas predominantly quartz, with only 29.7% being hem#E&®0Os). The

remainng 11.8 % wa goethite (FeO(OH)).The high quartz content is likely &t as a heat sink
during microwave heatingesult in the formation of large amounts of slagboth. The goethite
will decompose to hematite above 30G2@& be reduced by the cokehe crystalline fraction of
the Clear Hills irorstoneore wagpredominantly goethite, with significant amounts of muscovite
(KAI 2(AlSi3010)(OH)2) andles®r quantities of quartz and siderite (Fef£QOre from the Clear
Hills district is known to contain significant amouiit$%) of amorphous phosphatg8],

which are not detectable by XRD.

3.2 Sample Preparation
Reaction mixtures were prepareshtainng a pyrrhotite source, an irdmearing material, and

metallurgical coke in a roughly 3:1:0.7 ratidhe reaction mixture compositions wdrased off
those used by llliand Renzoni in the 1976 INCO pat¢df] and align with the 3:1 pyrrhotite
to-oxides ratio identified as the optimum by Sridhar ef38]. Reaction mixtures 1 and 2 were
made from aseceived tails, reaction mixtures 3 and 4 were made using thmagnetic

flotation concentrate, and reaction mixtures 5 and 6 contained the magnetic concentrate. Odd
numbered reaction mixtures used hematite while even numbers used ironstone ore. This is
illustrated schematically in Figu@®2 Calculated elemental compositionstio¢ reaction

mixtures are shown in Tab85. The molar ratio of iron and sulphur is between 1.30 and 1.38 in
the reaction mixtur This is slightly below the optimum of 1.4 identified by Liu e{%8] and

is attributed tailution by gangue minerals in the iron soutgeaticularly in the hematiteThe
primary gangue minerahithe hematite sample would geartz In the ironstone oréhe most

likely gangue minerals amauscovite and amorphous phosphates
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Figure3.2: Visualization of reaction mixture preparation

Table3.5: Calculated Elemental Compositions of Reaciirtures

Fe:S
Ratio

C Co Cu Fe Ni P S

RM1 13.24 0.01 0.16 38.79 0.66 0.00 17.13 1.30
RM2 13.21 0.01 0.16 40.01 0.66 0.11 17.12 1.3
RM3 13.30 0.01 0.41 31.98 0.64 0.00 13.82 1.33
RM4 13.16 0.02 0.41 33.26 0.65 0.11 13.86 1.38
RM5 13.05 0.01 0.10 43.20 0.65 0.00 19.02 1.30
RM6 13.08 0.01 0.10 44.49 0.66 0.11 19.12 1.33

3.3 Equipment and Procedures

3.3.1 Thermogravimetric Analysis/Differential Thermal Analysis (TGA/DTA)
Thermogravimetric Analysis (TGA) and Differential Thermal Analysis (DTA) were conducted

using a Netsch Jupiter F3. With the exceptiothefroximate analysis of coke, alf the
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reagents anthereaction mixtures were tested under flowmgogengas between 30 and
1250°C The @s flow rate was 3tL/min. for the purge gaaround the sampjshielding gas

flow was 20mL/min., and théneating ratavas10°C/min.

3.3.2 Inferred Temperature
Since the samples in this thesis lose mass as the temperature inGi@asaatacan beused to

infer the temperatusereached bthe microwaved sampledf the mass loss with temperature is

well established, the mass lost by a microwaved sample dautegl can be matched to the TGA
curve. This provides an estimate of the average temperature of the sample. For example, if a
given reaction mixture has been found by TGA to have lost 8% of its original mass at 800°C,
10% at 1000°C, and 12% at 1200°C, then a briquette that has been microwaved and found to
weigh 90% of its initial mass can be inferred to have reached an average internal temperature of
1000°C. This method does not account for temperature gradients within a briquette, however, so
if one part of the briquette reached 1200°C and another area of equal original mass only reached
800°C, then they would cancel each other outraiither zonavould be detected.

3.3.3 Carbon/Sulphur Analysis

The carbon and the sulphur concentrations werasuredor boththe raw materials and

reaction mixtures pogirocessing in either trmnventionafurnace othe microwavesystem

An EletraCS 2000Carbon/Suiur Determinato was used. For the pyrrhotite athe iron oxide

sources, this was done using the induction furnace side of the appatate$or the coke and
theprocessed samples the resistance furnace was utilized. For processed materials, the furnace

temperaturavas set to 1500°C.

3.3.4 XRD
In this research a Malvern Panalytical Empyrean Multipurpose Diffractometer was used to

determine the crystallographic composition of both reagents and processed materiaisyia X
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Diffraction. The method uses crushed powders and isdestructive. XRays are emitted from

anxr ay tube at a specified wavelength-RaysFor th
are incident to the sample at an anglevhichcan bevaried from 5120° by moving the xay

tube relative to the sample.-rdys are reflected by planes of atoms and usually destructively

interfere. However, at certain angles, constructive interference occurs and reflemysdcan

be detected. These angles are determined by

¢ _ ¢Qi Q¢ — (3.1)
Where_ is the wavelength of thepays,Qis the spacing between crystallographic planesgand
accounts for multiples of a given wavelength to reflect. By measuring the intensity of reflected
x-rays and the angle associated with their reflections, the presence of different crystallographic
structures can be detectiegl comparing with pure minerals characterized by XRB database.
3.3.5 SEM Analysis
Briguettes treated in the furnace or under microwaves were crushed to a powder using a mortar
and pestle. Arotary splitter was then used to split the sample representatively into eight parts.
Usually, seven of the parts were combined and stored for subseqtlwrisulphur and XRD
analysis. The remaining part of the crushed material was mounted in West System epoxy and
handground to a mirror finish. In the case of repeat samples, two parts could be taken if the
sample remaining was small. 240, 3800, and 1200 grit sandpaper were used, along with 0.3
em alumina suspended in wat ernFEIQ\imta6b0fEEG s ampl
EnvironmentaScanning Electron Microscope (SEM) using Mineral Liberation Ana(jdisA)
software. MLA scans were made in Sparse Phase Liberation mode to isolate alloy particles.
This modecaptures backscatter electron (BSE) imageh@tample surfacevith each pixel

allocated a brightness between 0 (black) and 255 (white). The software package identifies
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particles based on brightnesmsd then measures tbheemical compositionf eachparticle using
EnergyDispersive XRay SpectroscopyeDS). Each particle is categorized as a mineral by

matching the measured spectra in the sample to spectra in a dafdiciségrade in the alloy

particles occurred over such a wide range that three reference spectra were régeised.

sorted @tected alloy particles into three different phases based on compositiofiidigth

(>18 wt%Ni), MediumNickel (4-23 wt%Ni), and LowNickel (<3 wt% Ni), which is

sometimes referred to in the literatureREsmnant Iron. Pixels that were assigned to an alloy

phase but had a BSE brightness less than 205avera s si f i e d a semdvedrfronmmi n g s ¢
the datasetFor each phas&DSreadings were takeat no less than three different locations if
possibleand 35 particles were sampled at each location. EDS readings were averaged and
combined with pixel counts to calculate metallization (see below). Scanning electron

microscopy was selected over optical microscopy due to the extremely small size of ferronickel
particles, whictwere generally much lessthan20m i n si z e. dredifficuitto | es t h
resolveusingopticallight, whichhas a wavelength betweér#-0.7¢ m. El ectrons acc
25kV have an associated wavelength of 7.75%10@rand can resolve particlesl 0 without

issue.

3.3.6 Cavity Perturbation Technique

The cavity perturbation technique was used to measure the real and imaginary péesuitivit

samples Thetheory behind the methodology and the design of therapahas been described

in two papers by Hutcheon et 89, 90] An equipment schematic is shown in FigBra The

method involvesletermining theesonant frequemesand quality factor (Q factor) of a metallic

cavity. Inserting a sample into this cavity will change the resonant frequency and Q factor. The

real and imaginary permittivity is determined by comparing the resonant frequencies and Q

factor of the empty cavity with those of the cavity when the sample is present. Both the
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dielectric permittivity- and the magnetic permeabilitycan be measured depending on the
geometry of the cavity and the electromagnetic fields insddgample with a largpermittivity

or permeability will lead to a large shift in resonant frequency, lauregonant frequency shift is
asymptotic. This leads to large uncertiggin the measured permittivity abot€0 and

determining the exact permittivity valuabove 200s essentially impossible.
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Figure3.3: Schematic of the cavity perturbation appar§d@$

3.3.7 Conventional Tube Furnace Trials
The @nventional heating tests of the reaction mixtures were performed in a Thermo Scientific

F21135 Tube Furnacd he smples weighing approximately 5 grams weosenpaced into
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briquettes using a press for 3 minutes at a pressure of 300Dhes@mples were placed in a
Carbon/Sulphuanalysis boat. The boat was placed quartzcruciblewhich wasinserted into

a mullite tube, thetheendcaps were fastenedn equipment schematic is shown in FigGré.

Two different procediumesr werper acedur e banth ¢ hfeu mr
an hour to allovthetemperature tequilibratebefore the sample was slid into the hot zone of the
furnaceusingaK ype t her mocoupl e -iams ar tpa s ppositioled u Md ep M
the sample inside the heating zone before the furnace was turned on. For both methods, the

furnace was set to a low temperatur(€°C) after a 3sninute treatment at 900°C and

allowed to cool down before being turned dffitrogengas was passed through the furnace tube

at aflow rate of approximately 2 L/minThe ¢as flow was maintained from the beginning of the

run until the sample was below 200°C.
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Figure3.4: Schematic of the conventional furnageparatus

3.3.8 Microwave Trials
The microwave experiments used 2450 MHz microwave radiation generated by a Gerling

Applied EngineerindGAE) Model 913103Magnetronfed by an Alter SM 445 Switching Power

Generatar A diagram of the apparatus is shown in Figise Forward and reverse povsewrere
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measured using GAE Mode#0101detector crystals, which output forward and reverse power
as an electronic signal in mVDC. Mational Instruments USB0O09Data Acquisition System

was used to record this voltage on a compuAestepwise calibration was done on the detector
crystals and this is detailed in Appendix T avoid damaging the magnetron, reverse
microwaves were diverted into a GAEA1201dummy load by a GAESA1112circulator. The
samples were placed in a GRE2691Resonant Cavity. The cavity is equipped with three ports
to allow tubing to be run into the cavitywo of these ports were not required for this
investigation and were sealed off with metallic tape. The cavity was equipped with a mode
stirrer, which homogenizes the microwave field in the cavity; it was not used in this (Bédis.
Model GA1001stub tuners were provided with the apparatus. Stub tuners can be used to match
the impedances of the load inside the cavity, thus increasing heating efficiency. Since this
requires constant adjustment as the sample heats, the stub tuners were not used during this

investigation.

Computer  f---------------- :
Data
Acquisition
2alo Water
Detector ; : Foad

Microwave Cavity

Tuners \'
a1 ||
Magnetron

Crystals

Power
(2450  |----
: , MHz) Suppiy

/ ; Circulator

Ceramic g S A s
Platform Waveguide

Figure3.5: Schematic of microwave system
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3.3.9 Microwave Reactor Design
Sample briquetteswereprepared in an identical manner to thoselefurnace testandwere

placed in alumina boats purchased from AdValue Technologies (Tuscon, AZ, USA}puHith

alumina was selected as it is transparent to microwaves. The boats were placed in a reactor made
from groundvycor joints. Wcor was selected as a reactor material for its low absorption of
microwaves and high thermal shock resistancschematiof the reactoand a schematic of

the cavityareshown in Figure8.6 and 37 respectively Nitrogengas was passed through the
reactor at a rate of 10 SCFH for the duration
throughout sample swaps. To reduce risk of oxygen contamination samples were placed

upstream of the joint and gas was allowed to flow for at least 10 seconds before the magnetron

was turned on. Exhaust gas was vented into the cavity.

l N2z in (10 SCFH)

Alumina
Boat

Off-gas
Ground Glass Joint vented to
cavity

Figure3.6: Schematic of Wcor reactor (top view)
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Figure3.7: Schematic of microwave cavity showing experimental setup (top view)

3.4 Metallization Calculations
Strictly speaking, this thesis does not determine the recovery of the various metals since no

magnetic separation tests were performed. Recovery in this thesis is determined by way of

metallization of the nickel, copper, and cobalt. Metallizatba metal(s defined as
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However, for this research it was assumed that all of the metals of interestarerablédi.e.
they are not fAlocked awayo in silicates or ot

metallization for a given met&implifies to

) a oo (3.2)
R b Q

Whered is the mass of the briquette after processipg,Q is the metalzontent of a
given phaseg is the fraction of that phase, is the mass of the sample prior to
processing, and® Q is the overall metalzontent of the reaction mixture. Phase fraction

can be calculated in many ways, but for this work areas were used.

5 |
& ) (3.3)

In Equation 3.39 is the area of the phase of interest and is the combined areas of all

particles detected by the SEM.

3.5 Variables Investigated
Table3.6 outlines the variables investigated in this thesis. Tests were conducted with the

following parameters: 120 seconidsa microwave systemmt 800W, 300 secondm a

microwave systemat 800W, 35 minutesn a conventional furnacat 900°C with samples slid

into the hot zone once t-hestutoapeowadinat) i em
a conventional furnacat 900°C with samples positioned prior to turning on the furnace and thus
coming to temperat uires &i tiume). flrireducnéce termparatiee afdi c o | d

time was selected to provide a comparison to microwave treatment on the basis of prior work by
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Liu, who concluded that 35 minutes was sufficient to bring the system to equilibrium. The cold
insert procedure wassed in order to avoid breaking furnace tubes after this became an issue
with the hotinsert procedureThe microwave times werelected based off @fork by

Goldbaum et al. who found that pyrrhotite heats extremely well and reaches at least 1100°C
within 3.5 minutes (210 seconds). The microwave treatment times were selected to avoid

production of molten material in the microwave.

Table3.6: Variables Investigated

Variable Values

Pyrrhotite Type As-received, magnetic concentrate, raagnetic concentrate
Iron Source Hematite, Ironstone Ore (Goethite)

Treatment Method | Microwave 120, 300 seconds at 800W; Furnace 35 minutes at 900°¢

3.6 Sample Naming Convention
Each test performed during thigesis was given a unique code to aid in sample identification.

Three separate designation formats appear in this thesis or in the appendices. Those formats are:

A F( )X
A M()-##HEX
A H20( )X

Where:

A F(_)indicates a furnace test using a feed material specified in the brackets

A M(_ ) indicates a microwave test using a feed material specified in the brackets
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A H20(_ ) indicates a microwave calibration run using water. The brackets contain the
volume of water in mL
A ### is the microwave processing time in seconds, and

A Xis a letter designating the order in which the tests were performed

Thus, F(RM3)B is the second furnace test to be performed on Reaction Mixture 3, M{RM5)
120-A and M(RM5)300-A are the first microwave runs on Reaction Mixture 5 at 120 and 300
seconds, respectively, and H20)-30-C is the third calibration run at 30 seconds while using
beaker witi20 mL of water. Note that the ordgiven by the letter suffix isof a given feed

material, i.e. samples may be processed on different days with other tests using other reaction
mixtures in between and this is not reflected in the designation. Additionally, sample
designations involving reaction mixtures may be shortened for file naming or database purposes.

In this case the above examples shorten t8 A85-120-A, and M5300-A.

3.7 Safety
Numerous safety measures were taken throughout this research project. Safety goggles, a lab

coat, steetoed boots, and nitrile gloves were worn while characterizing feed materials,

performing flotation tests, preparing briquettes for Higimperature tests, and mounting split

samples in epoxy. Polishing mounted samples used the same PPE as well as Kevlar gloves under
the nitriles. Insulating furnace gloves were worn when handling hot samples, such as when
removing them from the microwave unit. An N95 dust mask was worn when breaking up newly
delivered pyrrhotite and grinding hematite. During acid digestion, long acid gloves were worn

and digestion and filtering were performed in a fume hood.
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3.8 Error Analysis
Microwave tests were performed in triplicate to determine variability and errors. The standard

deviation in mass lossegas 2.136 for 120 second samples and 2&tor 300 second samples.
Theseresulted innferred temperature standard deviations of 133 and 205°C respectively. XRD

resultswere considered accurate to within 5 wt%.

Themogravimetric analysis of briquette fragments was done in triplicate and the results
averaged. The discrepancies between individual ruews &g temperature increases but for RM1
the average standard deviatiwaes 3.136. For the other reaction mixturesanigs between 0.32

and 1.1%.

Duplicate chemical assays on the feedstock extracts weraudmgeMicrowave Plasma Optical
Emission Spectroscopy (MRES) in the mining department abg the Analytical Services Unit
at QuuUnieersidysThe discrepancy was found to be approximately 10% for copper and iron
and 5% for nickel. This variability can be attributed to different instrument sensitivities and

variations in standards.

Error in metallization is difficult to quantify due to the methods involved. Error in nickel content
using EDS varies across individual measurements but is generally around 0.5%; tluigrerror
change the results die¢ metallization calculatiortsy about 5%. Using SPL in the MLA isolates
bright particles but often classifies textural features or particularly bright pyrrhotite as alloy.

Alloy particles themselves are often isolated with large margins of sulphide or background epoxy
included, thus artifially inflating the amount of alloy reported. This is addressed by

introducing a BSE cubff value of 205. At this value some textural artifacts remain, but use of a
higher BSE cubff begins to remove alloy particles from the MLA dataset. A sensitivity analysis

found that varying BSE cudff on the SEM by 5 changes the calculated metallization value by
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10%. Finally, resolution of the MLA dataset0s85¢ m/ pi x e | and particles w
as alloy if they are largerth@p i x el s . Since many particles ar
amount of alloy phase is not represented in the MLA data. Since these particles are undetectable,
whether they balance out the lefter textural artifacts (and if not whether actual metallization is

above or below the calculated value) is unknown. This then raises the issue of whether the
undetected patrticles represent meaningful metallization since they are unlikely to be recovered.

To provide a value for this thesis metallization is said to have a relative error of 15%, but this is

largely an estimatbased off the experience of the technical staff
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4 Results and Discussion

4.1 Thermogravimetric Analysis

4.1.1 TGA/DTA of ReagentPowders
Thermogravimetric Analysis (TGA) and Differentihermal Analysis (DTA) werperformed to

determine the reaction temperatures of various components and the mass loss with temperature
for the reaction mixtures, thereby allowing estimation of the internal temperature of the samples.
Figure4.1 shows the TGA anthe DTA results from the aseceived tails and botbf the
pyrrhotiteconcentrates. The tests begin with a small increase in mass at room temperature,
which is attributed to instability in the apparatus. All three pgiatge similar values, but diverge
when both concentrates lose a large amount of mass between 150 and 46 @opis

attributedto water chemically bound to the samples in the form of either hydrates or hydroxides.
From 250400°C the massf the samples eitheloes nothange or slightly increase$he

samples then experience rapid mass loss betweeb5BC. Above 550°Che samples

continue to lose mass slowly until 2000°C at which point the rate of mass loss isstiggky

for all samples.Final sample mass is between 85.9% {nmygnetic concentratend 91.6% (as

received tails).
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Figure4.1l: TGA and DTA results for sulphide feed materials

The sudden drop in mass above 450°C is consistent withlileosture results. Tian et §01]
investigated the thermal decompositiorpgfrhotite pyrite mixtures under nitrogeand found
tha, except for audden mass decrease between@3%C sample mass slowly decreased with
increasing temperaturd his was attributed to volatilization of excess sulphur and the thermal

decomposition of pyrrhotite to troilite by the react[6i]

@Y p @0QYMWY
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The exact temperature aathountof mass lost depended on sample composition; pyrrhotite lost
2.63% of its initial mass at 578°@hd had reached 94.19% of its initial mass at 110@4@h is
greater than for the samples measured. h&mass gain before the mass loss step was not
observed.Bo g i n o v[92] enceunteraeduch a mass gain followed by a legisen analysing

a pentlandite ore in air and attributed it to the formatioRe8Q. The local maximum occurred

at 500°C. The formation of F€SQy)3 is also a possibilityCoombs and Munii85] found
Fex(SQy)zin FeS (troilite)mixtures that had been treated under air at 456f6 hoursand

Zhizhaev and Kolpaf84] encountered R€SQy)3 when heating pyrrhotite under air to
temperatures betwed®0 and50°C. Yu et al.[19] encountered both H&Qy)3z and FeS®@in
pyrrhotite tailings between 530 and 640°C under air. The formation of the sulphates in this case
was attributed to the reaction betweea@=drom oxidized pyrrhotite and S@roduced by the
decomposition of pyriteGiven these resultshe gain in sample mass is attributed to the
formation ofiron (11l) sulphatefrom oxygenthat has either contaminatdte purgegasor been
entrained in the powdeA significant mass drop betweeb04550°Cis attributed to the

sulphateshen decompasg to hematite and sulphur dioxide

Figure4.2 shows the TGA and DTA results from the crushed hematite anbtistoneore. The
ironstoneshows a rapid and dramatic mass lastl 500°Cwhich isindicative ofthethermal
decomposition of goethite. A slight mass loss is noticed in the hematite as well at 300°C, which
is expected as there is a small amount of goethite present in the material. Once goethite
decomposition is complethttle mass change occurs until the test concludes at 12500( is
expected sinc®u et al[93] have found thahematitedoes not thermally decompose until

1200°C
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Figure4.2: TGA and DTA results for iron ores

4.1.2 Comparison of Powdered andBriquetted Samples
Figure4.3 compareshe TGA of the powderedAR Tails with the averag€GA of three briquette

runs. Figuret.4 showsthe TGA andthe DTA for all three briquette runs. A prominent mass
increase occurgetween 200 and 500°C the briquette data, followed by a much larger drop in
mass. This is strongly reminiscent of TGA curves obtained by Yang ¢94l], who investigated
the oxidation behaviour of a pyrrhotite concentrate under air. The aatirisatedthe peak in
the TGA curveo sulphate formatioanddecomposition.This sharp peak around 500°C also

corresponds to the oxidation of magnetite to hematite as determined by F@5$mo
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The strongsimilaritiesbetween the TGA data collected on briquettes and the results of
investigations explicitly carried out under air suggests that a substantial amount of air gets
entrained in the briquetted his entrained air thefeads to the formation of sulphates and the
oxidation of magnetite by 500°Clhe silphates have completely decomposed by 550°C and
after this the briquette loses mass slightly faster than the powder until 10D0EO.TA data
indicatesthatan exothermic reaction occursemthis interval, suggesting that this increased
mass loss is due to remaining oxygen that is consumed as pyrrhotite oxidizes. At 1000°C the
briquette undergoes another sharp mass loss. This mass loss is veandagghlears to be an
artifact of the averaging of the three ramsinspection of Figuré.4. Afterwards the TGA plots

for the briquette and the powder are rougtdyallelandlose mass at the same raféhis final

stage of mass loss is attributed to pyrrhotite decomposition to troilite and gaseous sulphur.
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Figure4.3: Comparison of TGA data for loose and briquetted AR Tails
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Figure4.4: Variation in TGA data for briquetted AR Tails

4.1.3 Reaction Mixture Briquettes
Since microwave and conventional furnaests were conducted with briquetted samples, TGA

and DTA wereobtained fobriquettes made from threaction mixtures Briquettepreparation
usedthe same conditions as during microwave and furnace t€btsbriquettes were too large

to fit in the TGA sample holder, sbe briquettesverebroken up ané small fragmentvas

placed in the TGArucible. Three fragments were measured for each reaction mixEigere
4.5shows the average TGA resul&ll mixtures show a linear decrease in mass until around
200°C, at which point the reaction mixtures containing concentrates lose mass rapidly before

stabilizing between 300 and 400°C. This is considered to be a sulphate formation region since
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the papers discussed previoud9, 84, 85, 92, 94éncountered sample mass gains around this
temperature rangeThethermodynamic modelling conducted in Chapt@rédictedsulphate
decomposition by 300°Gvhich is lower than indicated by TGA data. This discrepascy

attributed to the sampleot beingin thermalequilibriumwith the TGA thermocouple
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Figure4.5: Average TGA results on briquetted reaction mixtures

The mixtures containing AR Tails gain mass in the sulphate reiiiigns attributed to sulphate
formationdue to theoxygentrappedn pores in the briquettes. The other reaction mixtsihesv

little mass loss or gain between 300 and 450fGs presumed that some of the mass lost during
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the decomposition of goethite in the samples is masked by the formation of sulphates. Above
400°C, allthesamples experiendeasubstantial mass loss that is expectediilphate
decomposition. At this point the behaviour of RM1 diverges from the other mixtures and is
discussed separately below. After sulphate decomposition, FaMstRirn to a rate of mass loss
roughly equal tahat experiencetlelow 200°C.This suggests that similar reactions ocacnoss
bothtemperature rangesamely the decomposition of pyrrhotit€he sample mass deases
rapidly again above 1000°C before stopping almost complelély mass loss attributed to

the reduction of iron oxides by cokace the reaction becomes kinetically favouraie the

lack of mass loss abovd.00°C is attributed to all of the coke being consumed

Once the sulphates start to decompose, RM1 loses mass in an almost linear fashion until 1250°C.
Figure4.6 shows the three experimental runs madéheiRM1 briquette fragments and the
average The average is algotted in Figuret.5. Run 1 displays an even steeper mass drop
than the average, with the DTA plot indicating an exothermic reaction between 600 and 900°C.
Since this plot is very similar to the tests under air conducted by Yand®t]alt appearshat
additional oxygen was present during Rupdrhaps due to incorrect sealing of the apparatus or
a particularly large amount of air entrained in the briquette. This additional oxygen would
oxidize the pyrrhotiteto hematiteandcombust the&oketo carbon dioxide If the coke is

removed, this then explains the lack of reduction in the average ipkbtere is no reducing

agent, reduction is impossibl&he plot of Run 2 closely follows the average and the plot of Run
3 closely resembtethe results of reaction mixture$2 A lower amount of oxygen may have
entered during Run 2 as the mass loss is less dramatic but still linear, indicating some coke
and/or pyrrhotite survives to higher temperatiref®re oxidizing Additionally,a slight

increase in mass logbove 1000°Andicates thasomeiron oxidereductionoccurs Run 3is
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considered to haveadlittle or nooxygen contamination as it closdbflows the other reaction
mixtures, showing largely linear behaviour after the sulphides decompose and a clear reduction
step. Repeat TGA runs on RM1 briquette fragments consistently produced results similar to Run
1. Such behaviour was not seen in any other reaction mixture, however, suggesting that air

entrainment is a particular issue in RM1.
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Figure4.6: Variation in TGA and DTA data for RM1 briquettes
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4.2 Permittivity Measurements

4.2.1 Effect of Frequencyon Permittivities
The cavity perturbation technique was used to determine#h@nd imaginarpermittivities of

asreceived tails, RM1, and RM2 across multiple frequencies and tempeiatdetsrmine the
effects of these variables and to gain insight into the expected microwave heating behaviour
Figures4.7-4.8 showthereal andheimaginary permittivity values for the asceived pyrrhotite
tails up to 400°C The apparatusecame unstable somewhere between3MIIC andAR Tails
data above 400°C should be discardgd.frequency increasethie real permittivity of the as
received tailglecreasesThis behaviour is known to occur for many minerals and agrees well
with the results obtained by Goldbaum ef46]. The imaginary permittivityf theAR Tails
alsodecreasswith increasing frequencgt low temperatures. édween 158150°Cthe trend
inverts and imaginary permittivity increases with frequency. Thigdisatve of the dipole
resonant frequenaghangng from below 400 MHz at 100°C to above 2985 MHz at 150°C. This
suggestshatthe oscillating speciest 100°C is different from the oscillating species at 150°C
What these speciese is unknown Half-power depth decreases with increasing frequency
across all samples. Full data plots for fpfver depth, along with complete real and imaginary

permittivity datasets can be found in AppenHix
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Figure4.8: Effect of temperature on the imaginary permittivities of theeasived tails
measured from 392985 MHz

The asreceived tails have a real permittivity of around 40 at room temperature, which is very
similar to measurements made by Goldbaum ¢#6].on a sample that was primarily hexagonal
pyrrhotite. The authors attributed the increase in the permittivity to sulphur being driven off,
resulting in vacancies that increased the permittivity. The real permittivity values in the current
research are consistently largieGoldbaum et al[46] measured a real permittivity of
approximately 200 between 2@00°C. Since grmittivity valuesgreater than 108re only

approximations due to tresymptotidrequency shiftit is difficult to say whether this difference
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is due to the samples or a random discrepancy in the measuremhérgspresent samples do
have a greater real permittivity than the hexagonal pyrrhotite measured by GoldbayAbtét al.
a plausible explanation is tléfferences in the crystal structuréhe present samples are

predominantly monoclinic pyrrhotitevhich has more vacancies than the hexagonal. form

The permittivities measured here are very largembtite and magnetite have a real permittivity
just below 6 at room temperaty8$6], while serpentine and olivine, both common gangue
minerals, have real permittivities of approximately 5 and just above 4 respef@ivelyFrom

this already high value, the real permittivity readily increases to about 150 at 200°C. It then
plateaus, staying largely between 200°C and 300°C before declining above 1000°C. The
imaginary permittivity rapidly increases from just above 10 at room temperature to around 80 at
200°C before dropping to 20 above 400°C. These numbers are also unusudlldémgtite

and magnetite have imaginary permittivities less thE6pwhile those of serpentine and

olivine are generally below [B7] 1 This is reflected in the extremely erratic values beyond this
point. The onset of erratic behaviour and the associated experimental difficulties coincides with
the decomposition of any sulphates formed at lower temperatures (indicated in the TGA data by
mass plateauing or increasing, followed by significant mass loss). Whether the sulphate
decomposition causes the increase in permittivities or if this increase is due to other factors is

unknown.

Figures4.9-4.10show the real and imaginary permittigg of Reaction Mixture 1 from room
temperature to 1100°C. Both the real and the imaginary permittivitkMafdecrease with

increasing frequencgnd his trend is also seen in RM2 data
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4.2.2 Permittivities of Reaction Mixtures
The real andmaginarypermittivities of the aseceived tails at 2467 MHz and RM1 and RM2 at

2463 MHz can be seen in Figure$l1-4.12 The differenc®f 4 MHz between the measured
frequendesis considered small enough to be ignored. Both reaction mixtures start with
permittivity values approximately half that of theraseived tails. This is attributed to the lower
proportion of pyrrhotite and the increased fraction of lepenmittivity material such as iron

oxides and coke.
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Figure4.12: Effect of temperature on the imaginary permittivity of theexived tails, RM1,
and RM2 at ~2465 MHz

Both reaction mixtureexperiene a general trend of increasing real and imaginary permédsvit

with increasing temperature. At lower temperatures, they show very similar behaviour,
suggesting the same chemical reactions occur, namely evaporation of water, decomposition of
goethite, and formation and decomposition of any sulphates. The real permittivity for RM1
climbs from a value of 20 at 100°C to 130 at 650°C. It then plateaus until 900°C where it
increases to over 1000 at 1000°C. At permittivities this large, only the trends can be relied upon,
so while the exact value is unknovtiis clearthat the real permittivity increasdramatically

before beginning to decline. The imaginary permittivity behaves similarly, except for beginning

its rise at 850°C and remains high after reaching its maximum value.
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Thereal permittivity ofRM2 climbs to approximately 150 at 650°C and then becoeaneatic.
Thisroughly coincides with the onset of metallic iron formation in the thermodynamic model.
The erratic measurements are therefore attributed to the movement of electrons during the
reduction of iron increasing the permittivity and the evolution of CO angdga®changing the
density of the sample, both of which make it harder to calculate the permittivities. Determining
the exact values of the permittivities is difficult becaaspermittivities this large the values

start to become impreciskle to the large asymptotic frequency shiftowever, the trends

remain accurate. Both permittivities likely remain high throughout this region and the real
permittivity appears to stabilize above 950°C. By contrasijhbginary permittivity drops

above 950°C. The final drop in imaginary permittivity coincides with a large decrease in sample
mass, which would be consistent with carbothermic reduction of the iron dxliel@ding to the

loss of carbori followed by melting of the sulphides.

The penetration depth of the reaction mixtues calculated using Egtion2.4 and is showimn
Figure4.13 At room temperature, the penetration depth of all three matesretgproximately
11mm As temperature increases and permittivities rise, the penetrationddephse Both
mixtures show identical behaviour until 500°C and a penetration depth win2.&t which point
they begin to deviate. The penetration depth for RM1 remains relatively constant until 850°C
whereit begins to decline. Sieaetermining the exact valuestbk permittivitiesis difficult the
calculated penetration depth is not vprgcise but there is a consistent downwards trend.
Penetration depth iIRM2 continues to drop until &C. Penetration depth values do not show a
clear trencbetweer650and 950°C, whiclis attributed tahe erratic behaviour measured in the
imaginary permittivitysince the imaginary permittivity is an input to the penetration depth

calculations.The penetration depth is probably still very draathese temperatures, if
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undetermined. Above 950°C, the RM2 penetration depth increases to around 11mm before

dropping slightly.
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Figure4.13: Penetration depth of ~2465 MHz microwaves for AR Tails, RM1, and RM2

As the real and imaginary permittivities are large for all samples measured, the reaction mixtures
will readily absorb microwaves and should heat rapidly until melting occurs. However, the
penetration depths are very lévbetween 1 and 11minand this raises the possibility of uneven
heating. The pyrrhotite can only heat if it is exposed to microwaves, and the samples tested are
so absorbent that it is possible no microwave energy will reach the core once the bulk sample
temperature increases beyond 2ZD0M this scenario e centreline @uld still reach high

temperatures, but heat would need to be generated volumetrically in a layer near the surface of



90

the sample and reach the core by conductiorthe samples tested in this thesis the briquettes

had a diameter of 12 mm and alloy particles were found near the centreline, but in larger samples
the small penetration depth might still become an isfuan extreme case thermo

concentration could be complete at the briquette surface with the core completely unreacted.
Whether or not this happens would depantionlyon thesize of the briquette, but also on the

thermal conductivity of the material and the treatment time employed.

4.3 Physical Appearance of Briquetteg\fter Thermal Treatment
Most briquettes were physically changed after treatment in eitheotiventionafurnace or the

microwavesystem Figure4.14shows photos of the M(RM400-C briquette before and after
microwave treatment. After treatment numerous circumferential cracks have appeared in the
briguette and red hematite has fornoedthe surface The formation of hematite is believed to

have occurred after the test since the sample was removed from the inert atmosphere to measure
surface temperature and left to cool in &he cracks are attributed to thermal expansion and
contraction of the briquette and the formation of steam during the decomposition of goethite.
Thermal expansiowas most pronounced the axial directionwhich can be attributed tbe

alumina boatestrictingthe briquettdrom expandingadially. The briquette can also be seen to

be partially melted in the sample interior.



Figure4.14: Photos of the M(RM4300-C briquette a) before and b) after microwave treatment
for 300 seconds at 800 W, as well as c) after removal from the alumina boat. Treatment was
conducted under flowing nitrogen but cooling occurred in air.

Figure4.15shows before and after treatment photos for F(R@I@nd an after photo for
F(RM6)-E. F(RM6)C was a hetnsert test run at 900°C while F(RME)was a cold insert test

run to measure energy consumption by the tube furnace up to and durimgirsuds hold at

900°C. After the hold, F(RM6éE was heated to approximately 1200°C, held for approximately
10 minutes, anthenallowed to slow cool. All charge materials reneigrey with little

hematite present, which is attributed to the stmslingof the samples under nitrogémiting
oxygen exposuteThe F(RM6)C briquette hd bulged in the middle and several small cracks
were evident, again likely due to thermal expansion and goethite decomposition. The f§RM6)
briquette completely disintegrated, leaving behind a black powder and small beads. This
indicates that the sample melted and alloy partidesexpect to blormed from the resulting

matte on cooling



Figure4.15: Photos of furnace briquettes briquettes a) F(RM@&gefore and b) after treatment in
a conventional furnace to 900°C and c) the F(RE&ample after treatment in a conventional
furnace at 1200°C. Treatment and cooling were performed under flowing nitrogen

4.4 Microwave Heating Behaviour of Reaction Mixture Briquettes
All six reaction mixtures appeared to heat readily under microwamearly all briquettes were

glowing orange upon removal from the microwave unit. However, substantial variability was
encountered in the power absorption of individual briquettes. Fgléshows the absorbed

power as a function of time for all RM1 samples. Power absorption initially increases until a
peak absorption value is reached. The longer this initial period of increasing absorption lasts, the
lower the peak absorption. Once peak absorption is achidgnedbsorbegower falls off

before raching a local minimum, from where it slowly increases again throughout the remainder
of the test. The vast majority of samples follow this pattern and complete plots of absorbed
power are shown in Appendix For most of the samples, the initial increase in absorbed power
is attributed to the increasing complex permittiasthe reaction mixtureBeat up Above

1000°C, both the real and the imaginary permittivity decrégusticularly in RM2i which

could explain the subsequent drop in absorbed poltewever, since the sample temperature at

this point is unknown, no conclusions can be dra®@nce the samples reach a certain
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temperaturethe oxides begin to be reduced by the coke ardl@y begins to form. This
reactioninvolving the consumption of carb@md the formation of the alloy is presumed to
decreas¢he microwave absorptiorA decrease in absorption could also be explaihtti
pyrrhotitebegins to melt at this poisince the crystal lattice would break dowdecomposition

of goethite could also account for this behaviour by forming steam and reducing the density, and

therefore the permittivity, of the briquette
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Figure4.16: Absorbed power plotted against time for RM1 samples. Input power is 800W.
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There are two plots in Figurel6that deserve further discussion: M(RMIJ0-B and M(RM1}

300A. M(RM1)-120B features several staghanges in its dataset. These are unlikely due to
changes in the sample and are more likely issues with the experimental apparatus. The apparent
decrease in absorbed power indicates that more microwaves are being detected by the reverse
power crystals. In early microwave tests, the microwave door did not always seal properly and
slapping the cavity door to make sure it was closed would lead to the jumps observed, but no
note of this exists in test records. M(RM3Q0-A shows an extremely steep increase and

decrease in absorbed power on either side of the peak, as well as an initial decrease in absorbed
power. The sharp decrease posék is rapid but not instantaneous. Sinceseading of the

cavity door or some other change in the apparatus would be expected to produce a sharp step
change like those seen in M(RM120-B, the decrease seems to be due to a sharp drop in power
absorption by the sample. The increase to the peak is sharper and could be attributed to very
rapid increases in permittivity or the cavity door coming loose. The latter option is unlikely

since once fully latched the door seldom came loose, but such an occurrence would artificially
increase the apparent absorption by reducing the reverse power measured by the detector
crystals. Again, no test records exist concerning door faults during this test. Once it became
clear that the cavity door did not always seal properly, extra care was taken to ensure that all of

the latches were engaged prior to turning on the magnetron.

Heatingbehaviourcan also be evaluated in terms of inferred temperature. Fdilifeand 4.8

show box plots of inferred temperature for the various reaction mixtures after 120 seconds and
300 seconds of microwave heating, respectivieljthe mixtures containing agceived tails,

increasing time results in a decrease in the range of observed inferred temperatures. In the case

of RM1, therange of thenferred temperatusmarrows but remains within those observed after
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120 seconds, whereas RM2 there is a clear increase in inferred temperature with treatment time.
RM6 also sees an increase in inferred temperatures with time, while RM5 sees the range of
inferred temperatures broaden and decrease, which is likely influenced by thisec800 runs

where the microwave cavity door was not sealed properly. The tests were repeated but the
inferred temperatures remained in the dataletconclusions can be drawn on the effects of

time on the inferred temperatures of RMs 3 and 4 since tests were only performed on those
reaction mixtures for 300 secondsevertheless, increasing reaction time appears to be
associated with an increase in inferred temperature for reaction mixtures containing ironstone

ore, while samples containing hematite show no clear dependence.

1000

900 A

Temperature

800 A

700 -

600 -

Inferred

500 A

400 T T T T
RM1 RM2 RM5 RM6

Figure4.17: Box plot of inferred temperatures recorded in microwaved samples treated for 120
secondsvith 800 Wof input power
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Figure4.18: Box plot of inferred temperatures recorded in microwaved samples treated for 300
seconds under 800 Wf input power

Figure4.19 plots inferred temperature against absorbed energy as measured by the detector
crystals. There ia general increase in inferred temperature as more energy is absbhied
behaviour is expected since greater energy absorption is associated with a higher internal
temperature, which leads to a greater mass loss in the sample, which is measured as an increase

in inferred temperature
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Figure4.19: Inferred temperaturplotted againshbsorbed energy for samples microwaved at
800 W for 120 and 300 seconds

Inspection of Figures 4.18 and 4.19 shows th@tmixtures containing nemagnetic
concentrates (RMs 3 and 4) have some of the highfested temperatuse Since these
mixtures contained the most gangue material, gangue content was plotted against inferred
temperatureKigure4.20). Within thehematite reaction mixtures (RMs 1, 3, and 5) ted
ironstone ore reaction mixtur@Ms 2, 4, and 6jheinferred temperature increases witle
ganguecontent This is attributed to the higleal and imagingrpermittivity of the pyrrhotite

tails. Since pyrrhotite is such a good absorber, it is thoughirtbst ofthe microwaves are
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absorbed in the outer layers of tirquettes near the surface. As these layers heat up to high
temperatures, the penetration depth decreases
the surface of the sample. Therefore,-nmagnetic mixtureswhich have the highest gangue
contenthave thegreatest penetration depth and mnest even heatingThe larger heating layer

leads to an increase in the volume of material that undergoes a reaction, leadjrepter mass

loss within the briquettanda higher inferred temperature. It is presumed that at longer reaction

times the entire briquett&ill react, andhere will be a reduced discrepancyriferred

temperatur@cross the reaction mixture$his theory was not tested due to time constraints.
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Figure4.20: Inferred temperature as a function of gangue fraction for samples microwaved at
800 W for 120 and 300 seconds
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Further evidence dhe briquettes reaching high temperatusdase presence of material that has
obviously formed from a liquid phase, bothtle SEM images (discussed below) and by the
presence gboresand glassy material in some of the briquettes (Figur4). The presence of
dendrtes in thebriquettemicrostructures suggedtse samples reachedtemperature dit least

1100:1200°Cduring the microwave tests.

4.5 Metallization
Table4.1 summarizes the metallization results for samples scanned using quantitative

mineralogy softwareThenickel metallization is extremely lagwnly a handful of tests have a
metallization of more than 10%. Hutsert furnace samples have measurable, if low,
metallization, while the colthsert samples for the same reaction mixtures show essentially no
metallization at all. The only colthsert sample with measurable metallization is F(RWM4at
6.99%. Seaton et a[60] found that for temperatures at or below 800°C, the reduction of iron
oxides by coal char was extremely slow, se aould expedittle difference between the hot
insert and coldnsert samples. If there is a differenceniatallization it is expected it woulthe
higherfor the coldinsert samples singaore time is spent at elevated temperattivas during

the hotinsert procedureEven if the rateare slow, diffusion can occur at temperatures below

900°C and so reactions can still proceed if they are thermodynamically favourable



Table4.1: Nickel Metallization inSamples Scanned using MLA Software

Sample Time (s) | Gangue (%) Metallization
M(RM1)-120C | 120 21.22 0.01%
M(RM1)-300-B 300 21.22 0.83%
M(RM2)-120C | 120 11.36 0.00%
M(RM2)-300-B | 300 11.36 0.24%
M(RM2)-300-C 300 11.36 0.00%
M(RM3)-300E | 300 35.18 7.42%
M(RM4)-300-B 300 26.32 6.25%
M(RM5)-120A | 120 18.15 0.04%
M(RM5)-300-C 300 18.15 0.00%
M(RM5)-300D | 300 18.15 0.64%
M(RM6)-120A | 120 7.70 0.00%

F(RM1)}G 2100 21.22 0.00%
F(RM2)-E 2100 11.36 0.00%
F(RM3)-B 2100 35.18 0.00%
F(RM4)YA 2100 26.32 8.17%
F(RM5)-A 2100 18.15 1.00%
F(RM5)-C 2100 18.15 0.00%
F(RM6)-B 2100 7.70 6.05%
F(RM6)-D 2100 7.70 0.00%

100
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4.6 Nickel Grade
Nickel grade in the alloy particlesries widely enough that thetamated mineralogy software

on the SEMwas unabléo identify all of the alloy particles using a single refereBonergy
Dispersive Xray Spectroscopy (EDSpectrum.This was addressed by splitting the dataset into
three different populations of alloy particleased omickel grade.The majority of both

microwaved and conventionaityeated samples contained all three particle types.

The lowest grade particles have an average nickel content <Blivt% solid state reduction
tests performed by Liu et §68] the authors found several particles in this compositional range
andconsideredhemto be remnant iron particledfRemnant iron occurs when metalhien has
beenformed from theoxides,but insufficient time has passed tbeiron to diffuse into the
sulphide or fonickel to diffuse into the metallic phash the current study, most particles are
associated with solidification microstructures, so these particles are likely formed by

precipitation from a very lomickel matte.

The midrange particles assay28 wt%Ni. These particles have been observediany other
authors who have studied thermooncentration Particles seem to mosthccur in thdower end

of the rangeErtzevaet al.[57] had average alloy grade of % wt% Ni, while Liu et al[58]
consistently achieved average particle grades of approximately 11 wt% Ni, although in un
optimized conditions averages were low#un et al.[19] reported slightly higher spot
concentrations in alloy particles, with individual particles returnin@18vt% Ni by EDS,
although no average was reported. Sridhar ¢88].also did not report average particle grades,
but measured composition across particles by electron microprobe analysis, returning nickel

contents of £24 wt% Ni
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A third, high-nickel population also exists where particles contain >18 Mit%many of which
contain >30 wt% Ni. Liu et a[58] reported the presence of small alloy particles assaying 44
wt% Ni by electron microprobe and described these particlEsrasd from pentlandite

Sridhar et al[38] also encountered at least one particle with nickel content this high, but
declined to comment on its origins. In this projediioy particles in this higiNi range are
considered to have formed from pentlandgi¢her directlyor by melting with a small amount of

pyrrhotite and theprecipitaing on cooling.

Tables 4.2 and 4.3show the average cobalt, nickel, and copper contents of all thriee

clas®s inmicrowaved and furnaeeatedsamplesrespectively The combined averages are
also shown.The mediuraNi particles have an average nickel grade that is higherthiaan
predicted by the thermodynamic model at 900°C (Tallg particularly in the furnace samples.
This is attributed to nickel diffusion continuing as the sample cools since the predicted alloy
grades allncrease at lower temperatures. Coppadesare comparable to the predicted results.
Cobalt content is recorded as being very high relative to the predictions, wényche related to
diffusion as with nickel but is more likely dte the analytical method use&DS measures the
energy of photons emitted from a sample when placed under an electronfsacondary
characteristiphotonenerg for iron is very similar to the primary photon energy éobalt
(Figure4.21). Snce the alloy particles are very high in iron the cobstsurement can be

artificially inflated. Nickel can havea similar effect on coppgbut to a lesser degree
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Figure4.21: Screenshot of the EDS spectrum for an alloy particle in M(RBIB)E.
Characteristic iron energies (teal) are similar to those for cobalt (purple), which can inflate the
calculated cobalt content of the particle.

Among the microwave testdidre is a general trend of allaickel grade increasing with time
and inferred temperature in the medtarokel and highnickel particles. This is attributed to
increased time and energy absorption leading to a greater degree of reaction. There are no clear
trends in the overall area of alloy particles and distribution of alloy particles amongst the

different phases. This is attributed to the lmuwnberof samples measured.



Table4.2: Average Nickel, Copper, and Cobalt Grades in Microwaved Samples
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M(RM1)- | M(RM1)- | M(RM2)- | M(RM3)- | M(RM4)- | M(RM5)- | M(RM5)- | M(RM6)-
120C 3008 3008 300-E 300-B 120A 300D 120A
Time (s) 120 300 300 300 300 120 300 120
Inferred Temp. (°C) 880 740 920 960 950 590 570 510
Low Co - 0.169 0.278 0.407 0.309 0.263 0.149 0.183
Ni - 2.656 1.190 1.809 2.020 3.040 1.417 0.006
Cu - 0.001 0.007 0.026 0.007 0.086 0.001 0.002
Medium Co 0.344 0.422 0.379 0.457 0.498 0.578 0.414 -
Ni 6.047 9.196 6.167 6.002 7.251 4.376 10.474 -
Cu 0.059 0.230 0.054 0.101 0.207 0.176 0.213 -
High Co - 0.265 0.325 0.729 0.704 0.262 0.336 -
Ni - 21.307 | 19.601 | 31.238 | 24.587 | 20.905 | 20.735 -
Cu - 0.381 0.461 2.060 1.732 0.586 0.393 -
Bulk Co 0.344 0.307 0.354 0.522 0.502 0.420 0.336 0.183
Ni 6.047 12.228 | 7.531 12.096 | 10.045 | 6.685 11.946 | 0.006
Cu 0.059 0.235 0.112 0.626 0.512 0.214 0.221 0.002
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Table4.3: Average Nickel, Copper, and Cobalt GradeBurnace Samples

F(RM3)-B F(RM4)A F(RM5)A F(RM6)-B
Time (s) 2100 2100 2100 2100
Inferred Temp. (°C) 820 930 560 830
Low Co 0.119 0.253 0.202 0.123
Ni 0.001 0.175 11.258 1.555
Cu 0.001 0.116 0.023 0.001
Medium Co 0.376 0.440 0.426 0.428
Ni 20.601 22.845 11.451 13.796
Cu 0.758 1.410 0.243 0.304
High Co 0.323 0.592 0.298 0.409
Ni 21.317 40.650 17.920 25.453
Cu 0.969 1.706 0.098 0.366
Bulk Co 0.273 0.508 0.360 0.354
Ni 13.973 30.764 13.221 16.585
Cu 0.576 1.476 0.172 0.268

4.7 XRD of ReactedBriquettes
XRD was performed othecrushed briquettes tetermine the crystalline species presenttand

compare withthe unreactediaterial. Theresults are shown in Tabflied. The ratios of hematite

to magnetite and pyrrhotite to troilite weralculated andre presented in Tabfes. These two

ratios were choseto attempt to quantify the extent of reaction in the samples tisedRD

data. Hematite will be reduced to magnetite by coke, anavéstitepresent following



treatment will form additional magnetite and metallic iron on cooling. A lower
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hematite:magnetite ratio thus indicates a greater degree of reduction of the ironamnddesry

high magnetite numbers indicate substantial reduction has taken plaeeationale is similar

for the pyrrhotite:troilite ratio. Since the end products of thecomcentration are an alloy and

troilite (or at least a mixture of troilite and pyrrhotite), the pyrrhotite:troilite ratio allows

comparison of the degrée which the second stage of the theroomcentration procegsiron

diffusion into the pyrrhotite and sulphur diffusion into metallic ifdmasoccured

Table4.4: XRD Analysis on Reacted Samples

Sample Albite | Fayalite | Hematite| Magnetite | Pyrrhotite | Quartz | Troilite
M(RM1)-120C | 15.2 6.1 0 21.5 20.7 18.8 17.7
M(RM1)-300B | 11.7 5.3 9.0 210 9.6 22.6 20.9
M(RM2)-120-C 16 1.0 9.1 21.4 16.9 7.9 27.7
M(RM2)-300-B 15.3 3.8 114 22.8 17.5 4.6 24.7
M(RM3)-300E | 19.7 19.0 10.6 0 9.7 22.1 18.8
M(RM4)-300-B 23.1 54 7.9 21.6 17.4 7.1 17.6
M(RM5)-120-A 0 9.0 0 18.1 32.4 16.0 24.6
M(RM5)-300-C 9.7 20.0 9.7 0.2 320 19.7 8.7
M(RM5)-300-D 2.1 1.6 9.1 30.6 12.9 20.2 23.5
M(RM6)-120-B 0 9.0 0 16.9 31.7 18.7 23.6
M(RM6)-300-A 2.3 1.7 17.2 32.7 12.2 3.3 30.7

F(RM1)-B 6.9 15.4 0 0 10.1 20.0 47.6
F(RM1)-C 8.4 17.1 0 0 17.6 17.0 40.0
F(RM1)-G 11.2 3.0 0 13.6 14.6 18.4 39.3
F(RM2)-B 10.2 9.2 0 0 20.1 4.3 56.2
F(RM2)-C 13.1 12.1 0 0 9.7 5.1 60.0
F(RM2)-E 18.1 2.7 0 9.1 21.1 6.4 42.7
F(RM3)-B 17.4 7.9 0 13.6 19.1 21.1 20.9
F(RM4)-A 15.3 13.5 0 0.5 8.5 4.0 58.3
F(RM5)-A 0 12.7 0 13.2 21.4 16.7 36.0
F(RM5)-C 0 7.6 0 17.7 17.2 16.3 41.3
F(RM6)-B 0 11.8 0 9.5 11.0 9.9 57.9
F(RM6)-D 25.5 4.5 0 13.3 17.0 2.1 37.5
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Table4.5: Hematite:Magnetite and Pyrrhotite: Troilite Ratios for Different Reaction Times

Mixture | Time Hematite:Magnetitg Pyrrhotite: Troilite
RM1 0 1.17 No Troilite
120 0 1.17
300 0.43 0.46
2100 |0 0.37
RM2 0 0 No Troilite
120 0.43 0.61
300 0.5 0.71
2100 |0 0.49
RM3 0 No Magnetite No Troilite
300 No Magnetite 0.52
2100 |0 0.91
RM4 0 No Magnetite No Troilite
300 0.37 0.9
2100 |0 0.15
RM5 0 0.86 No Troilite
120 0 1.32
300 0.30 0.5
2100 |0 0.42
RM6 0 0 No Troilite
120 0 1.34
300 0.53 040
2100 |0 0.45

The magnetite content of the microwaved samples is very high (usue8@?2Pand some

hematite is present, indicating reduction of hematite has begun but is not yet complete. Since the

amount of magnetite in the microwaved briquettes is far higher than imtbactedeaction

mixturesi or evenin the magnetic concentraitea large amount of iron reduction from hematite

to magnetite has occurred but whether reduction has prockegedd magnetite wistite

and/or ironis unclear Troilite is detectedn most samples, indicating that some metallic iron has

formed, andSEM analysis of the microwaved matedamonstragd the presence sbme

metallic phases, but the bulk material reredilargely unreactedSince none of the samples

have an inferred temperature above 1050°C, these resuttsraistent witlthosepublished by
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Ishizaki[69], who found that magnetieoke pellets needed to reach at least 1050°C for

reduction to beginThe pyrrhotite:troilite ratio generally decreases with time where both 120
second and 306econd tests were conductedich is expected. Thexceptions RM2, where

the pyrrhotite:troilite ratio is 0.61 after 120 seconds and 0.71 after 300 seconds, indicating that
the 120second samplexperienced a greater extent of reaction than thes860nd testRM3

has a similar pyrrhotite:troilite ratio as the other hemdtiiteed samples after 300 seconds and so
likely would have comparable results with RM1 and RM5 if tested for 120 seconds. RM4 has an
elevated pyrrhotite:troilite ratio relative to ththerironstonebased mixtures. There is a general
trend ofthe pyrrhotite:troilite ratio decreasing with time, which is attributed to increased

production andliffusion of metallic ironand sulphuasthereaction time increases.

The situation is somewhat improved in the furnace samples. No hematite is present, indicating
that complete reduction to magnetite has taken place. The low amount of magnetite in the
furnace sample@nost <15 wt%Yelative to the microwaved onémost >20 wt%puggests that
waustiteand/or iron have begun to fornthis inference is supported by the pyrrhotite:troilite

ratio, which is generally very low. Indeed, the lowest values of the pyrrhotite:troilite ratio are the
furnace samples for alif thereaction mixtures except for RM3 and RM&dditional supporting

evidence for magnetite reductitmwustiteis the presence of fayalite.

In the two main references for the thermodynamic mpti|74] silicawas considered an inert
material andhot considered ichemical calculations. In this researchjpob, fayalite is present

in the XRD results antheassumption thatilicais inert is invalid Fayalite content is <10 wt%

for most microwave samples except for M(RMBEYO-E and M(RM5)300-C. However, the

fayalite content of the briquettes is likely higher than what is measured here. This is because

some glassy material was noticed in some of the microwaved briquettes after treatment. The
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very fast cooling rate following microwave treatment would promote the formation of
amorphous fayalite that is not detectable by XRiDthe furnace tests, fayalite content is
generally <10 wt% for cokihsert samples and >10 wt% for insert samples, except for
F(RM4)-A, which is a coleinsert sample containing 13.5 wt% fayalifEhese results are
considered more reliable since the cooling rate was much slower, giving fayalite time to
crystalize. In general, samples made from ealdmbered reaction mixtures (using red ochre

hematite and thus high silica content) have higher fayalite contents.

Box plots of theayalite content of thenicrowave samples, comparkedsed omeaction time and
iron sourceareshown in Figuret.22 Figure4.23shows equivalent data for furnace samples,
comparing between hatsert and coldnsert samples as well as iron sour&anning ttests on

the dataset shows that iron source, microwave heating time, and furnace procedure are all
statistically significant effects. This indicates that fayalite formation is linked not only to initial
silica content but also to processing conditioAgossible explanation is thahder current
conditions litle timeis availablefor reduction of the highesrder iron oxides to ustite, which

would then react with the silica.
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Figure4.23. Box plots of fayalite content in furnace samples, split based)dinrnace insertion
temperature anB) iron source

4.8 Carbon and Sulphur Losses
As part of the thermgoncentration procesesarbon is expected to be consumed by reaction with

iron oxidesforming CO and C@gas. $me silphurloss is expected from the thermal
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decomposition of sulphides and sulphates, but most of the sugpéxpected to remain in the
sulphides Additionalsulphur lossesan occur fronthe formation oSG gasdue tooxygen
presenin thebriquette pores or in thgas stream. Figueke24compares carbon losses to overall
mass loss during the microwave tests and Figlggshows similar resultior sulphur. Some of

the samples made from RM6 show a negative carborn llossthe sample gained carbofhe

initial carbon contents were calculated from C/S anatysithe preparetkaction mixturesso

this apparent gain in carbon is attributed to improper mixing of the reaction mixture or
segregatiomf thecokeparticles in thestoragebag. There is a general trend of increasing
sulphur loss with increasing bulk mass loss, but no equivalent trend for carbon. This suggests
that reactions involving carbon reach a similar stage in all tests while variation in mas$noss is
part due to sulphur escaping, either ag& or sulphur dioxide. dgression analysis finds no
factors are statistically significant within any of the individual mixtures. When looking at the
overall dataset, however, the initial carbon content is statistically significant fothieathrbon

andthesulphur loses while theabsorbed energy is significant for sulphur only.
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Figure4.24: Carbon losses asfanction of overall mass loss for microwaved samples
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Figure4.25: Sulphur losses as a function of overall mass loss for microwaved samples

Figures4.26and4.27 comparehe carbon lossebetween reaction mixtures at 120 and 300

seconds, respectiveljquivalent box plots for sulphur losses are shown in Figures 4.28 and

4.29. Apart fromthegeneral increases thecarbon loss with time, samplégat contain

hematite show consistently higher carbon |d8se possible explanation is tigagethite

decomposition in the#onstone generated steam which created additional cracks in the briquette,

decreasing the surface contact between the cokthandwly formed hematite particlgdeading

to decreased iron reduction and carbon consumption. Fa&@sd&owsthe carbon andhe sulphur

losses for several furnace samples. The gadwe comparable to the microwave tests.
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Figure4.26: Box plot of @arbon losses for samplescrowaved for 120 seconds with 800 W of
input power
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Figure4.27: Box plot of carbon losses for samples microwaved for 300 seconds with 800 W of
input power
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Figure4.28: Box plot of sulphur losses for samples microwaved for 120 seconds with 800 W of
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Figure4.29: Box plot of sulphutosses for samples microwaved for 300 seconds with 800 W of
input power



Table4.6: Carbon and Sulphur Losses for Furnace Samples

Mass Loss (%) C Lost (g) | S Lost (g) | C Lost (%) | S Lost (%)
F(RM1)}C | 94.16 0.127 0.025 0.1661 0.0266
F(RM1)}G | 94.35 0.066 0.011 0.0882 0.0130
F(RM2)B | 91.96 0.128 0.002 0.1768 0.0017
F(RM2)}E | 91.81 0.064 0.049 0.0874 0.0525
F(RM3)B | 91.76 0.090 0.061 0.1189 0.0879
F(RM4)A | 88.4 0.039 0.072 0.0599 0.1007
F(RM5)C | 91.99 0.067 0.079 0.0910 0.0750
F(RM6)-D | 88.59 -0.110 0.234 -0.1907 0.1963

4.9 SEM Results

22 samplesvereanalyzedusing MLA software of which 15containeddlloy particles Any

particles that were found wet@o small for effective magnetgeparation (<18 m) .

116

To

a recoverable alloy product a longer reaction time and/or higpet microwave powewill be

prod:

required. Alloy phases are almost always associated with sulphides. Oxides associated with

alloy particles are rarelgureiron oxides and often contain both irorideand silia(i.e.

fayalite). Sites with alloy particles also tend to have one of the following morphtylpes:

Large sulphide masses containmgnysmall,round, andinely disseminated alloy

particles

Int er gr own

Relatively largg(5-2 0

sul phi de,

0 X

de,

and al

oy

gcahgerent alloyarticles thataresituatedon sulphideggrain

boundariesoften occurring with other particlelsut fewer than in Type |

Dendrites

Alloy particles that occur with few or no additional particles or are partially to totally

liberated from other phases by crushing

phase
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Morphology typd may be a result of extremely rapid cooling from a liquid or sstizde

nucleation within the sulphide phase. Morphology tffge associated with eutectic areas,
indicating that solidification happened relatively rapidly. Slower cooling would result in larger
particles or the formation of dendrites. Morphology tilpenay involve a liquid as well, either
asa liquid metal forming between solid grains or a sulphide solidifying first with metal rejected.
Dendrites are a known solidification microstructure and so the presence of Type IV
morphologies is considered confirmation of a liquid phasge V particles are of uncertain
origin due to their neaotal liberation and lack of nearby particles to provide context.

4.9.1 SEM Analysis d RM1 Briquettes

Of the RM1 samples, F(RMA3, M(RM1)-120-C, and M(RM1)300-B were examined under

the SEM using MLA software. No alloy particles were found in the furnace sample. For the
microwaved samples, after 120 seconds some alloy pamielesobserved Thesewvere Type |l
particles thahave formed athe grain boundaries betweéme sulphide particles (Figur.30).

All alloy particles identified by the MLA softwaifeom the microwaved samplegere classified

as mediureNi particles. After 300 seconds sofelll and V alloy particles with sharp edges
remain. These appear to have been intergranular particles that have been liberated from the
sulphides during pulverizing (Figude31). Also present ar€ype |particles that appear to have
formed from a liquid phase, as they are roundamedmbeddenh the sulphide, with intergrown

silicates and oxides nearby (Figur&2).
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ESEM ESEM
MAG: 1292 x HV: 15.0 kV. WD: 12.1 mm MAG: 1434 X 'HV=156.0 kV. WD: 12.2 mm

Figure4.30: Type lllI alloy particles in M(RM1120-C
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1346
MAG: 2357 x HV: 25.0 kV WD: 12.6 mm

Figure4.31: Liberated Type V alloy particles found in M(RM3D0-B
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Figure4.32 Type | alloy particles found in M(RM1300-B

4.9.2 SEM Analysis d RM2 Brigquettes
MLA analysis wagerformedon powders from F(RM2E, M(RM2)-120-C, and M(RM2)300

B. A crosssection of M(RM2)300-C was also scanned to tylocate the area whetiee alloy
particlesformedwithin the briquette. No alloy particles were found in F(RNE2M(RM2)-
120-C, or M(RM2)300-C. In M(RM2)120-C, dendritic structures were found comprised of Si,

Ca, and Al oxides intergrown with iron oxides (Figdr83. This indicates that some portions
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of the briquette readuliquidustemperatures >1000°C evéar a heating duration of 120

seconds. M(RM2B00-B contained many alloy particles and lowedium, and highNi phases
were found.The lowNi particles take the form dfype V particlesnearsulphides (Figurd.34),
suggesting that they have either precipitated out on cooling from a sulphide that is low in nickel
to begin with otthey formed from iron oxide. In the latter cassufficient time has elapsed for
nickel to diffuseinto the metdic phase. Elsewhere, the higitkel phasesorm in Type Il
microstructures and so are thought to have formegrecipitationfrom a matte that was high in
nickel (Figure4.35. Elsewhere, mediuralloy particles are found ifiype Il eutectic structures
(Figure4.36). Nickel grade in these alloys is generally rather low {&% Ni), but the nickel
content of the associated sulphide is generally one or two orders of magnitude 18s$W@a

Ni). Nickel contents at one location are slightly elevated-{2.8wt% Ni in the alloys and 0.65
wt% Ni in the sulphide), which is attributed to the matte being slightly enriched in nickel relative
to the other locations. This enrichment may be due to natural variatiickel content within

the pyrrhotite butis more likely the result of flame pentlanditeming a mattevith the

pyrrhotiteon melting
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Figure4.33: Elemental maps of dendrites found in M(RM2)0-C

ESEM79

MAG: 2718 x HV: 25.0 kV WD: 12.6 mm

Figure4.34: Type V lowNi particles found in M(RM2B00-B
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Figure4.35: High-Ni alloy patrticles found in a Type Il microstructureM{RM2)-300-B
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ESEM :
MAG: 1326 x HV: 15.0 kV WD.

Figure4.36. Medium:Ni alloy particles found in a Type Il eutectic microstructure in M(RM2)
300B

4.9.3 SEM Analysis d RM3 Briquettes
Due to the low amount of nemagnetic concentrate available, RM3 and RM4 were restricted to

300-secondmicrowave tests. This also means that two RM3 samples were analyzed under the
SEM: F(RM3)B and M(RM3}300E. In F(RM3)}B a singlealloy particle was observed in each
alloy category. The loviNi particleis a Type V particleéhat was liberated from other materials
during hand crushing. Given its complete liberation from other material, it may also be a piece
of contamination from the sample preparagwacess. This is considered unlikely as most
sources of contamination were stainless steett@chromium content of the particle is very

low at 0.022wt% Cr. The medium and higRi particles are at the same location and attached to
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a sulphide. These are likely to be the result of thezorentration. The nickel contents are
very similar at 20.6 and 21v8t% Ni while the sulphide contains 20#8% Ni. The particles
resembldhealloy particles formed ifType Il regionsin other samplesvhich suggests that
these particles formed from a liquid and the sokdifirea was broken up during pulverizitg

produce a sample that was representative of the entire briquette

In M(RM3)-300-E, alloy particlesrerestricted to eutectic microstructures. In this sample there
are several regions where solidification from a melt seems to have occurred. In one astance
Type Il microstructure has formed withe alloyparticlesintergrown with both sulphides and
magnesium oxides (Figude37), while in another the alloy forspart of a thregohase lamellar
structure (Figurd.38. Lamellar structures were encountered in M(RNIBD-A but the

presence of alloy within the lamellae and the magnesium oxide dendrites are unique to this
sample. Finallythe high-Ni particles havein unusuaappearance (Figue39. The

arrangement of alloy, sulphide, and oxide particles is comparable toTggest|

microstructures, but the particles aeetangulain shape. Lowand mediursNi particles are

round and often occur togetherTippe Il and Ilimicrostructures.
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ESEM ; vy
MAG: 1562 x HV:15:0 ks WD: 12.2 mm

Figure4.37: Elemental mapping of Type Il alloy particlesN{RM3)-300-E intergrown with
sulphides and magnesium oxide
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ESEM
MAG: 2977 x HV: 15.0 kV WD: 12.2 mm

Figure4.38. Lamellar plates in M(RM3B00-E showing sulphide, oxide, and alloy phases
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ESEM
MAG: 870 x/HV: 25.0 kV WD: 11.9 mm

Figure4.39: Type Il microstructure in M(RM3B00-E showing rectangular particles

4.9.4 SEM Analysis d RM4 Briguettes
As with RM3, the only samples examined from the RM4 tests were F(FR\dd M(RM4)

300B. F(RM4)}A has many alloy particles, often in eutectic regions. Some alloy padiees

of Type Il morphologysimilar to the lamellar structures found in M(RM3)0-E (Figure4.40).



129

The difference between the two is that in M(RMSB)O-E the alloy, sulphide, and oxides are all
lamellar, while in F(RM4)A the three phases have all solidified as interconnectedispher
particles. The interconnectiorssult in the alloy takingn a linear shape. More conventional
Type Il eutectic areas were also fourkdgure4.41) as were mediuralloy particles of Type V

(Figure4.42).

ESEM TN
MAG: 1688 x HV:25.00kV WD: 11:3'mim s =i

b

Figure4.40: Interconnected spheroid particledHfRM4)-A
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Figure4.41: Eutectic microstructure in F(RMA
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e

1356 W
VMAG: 2524 x H

Figure4.42: Elemental mapping of mediualloy particles inF(RM4)-A

M(RM4)-300-B contains dendritic structures indicating precipitation of alloys from a cooling
matte. These can be lewnedium, or highnickel particles. An example of IoINi

precipitation is shown in Figu#e43with EDS points marked. Elemental results from those
EDS measurements are presented in TéldleThe example in Figu4.43is particularly
interesting since the alloy particles are in a snowflake patferom this microstructure it can be
inferred thathe alloy solidifies before the sulple does Because the eutectic in the-FeS
system is at about 60t% Fe, this initial precipitation of an alloy indicatésat the matte is very
rich in iron. Nickel variation amongst the alloy patrticles is quiteildive four points are all
between 1.74 and 1.8&% Ni i which indicates thahe mattevasvery poor in nickel The
sulphide is 64vt% Fe, which is near the HeeS eutecticType leutectic microstructures were

also found Figure4.44), as were lowNi alloy particles of Type lI(Figure4.45).
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HVY  |x 452894 mm| WD det HFW 2 —
15.00 kV|y: 30.1169 mm [12.0 mm | BSED | 574 um Quanta 650

Figure4.43: Low-Ni dendrites in M(RM4J300-B showing locations of EDS measurements
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ESEM : ; ESEM ¢§
MAG: 870 X HV: 15.0 kv WD: 424 #m e AG: 4ot

Figure4.44: Type | microstructure in M(RM4300-B
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ESEM %
MAG: 632 x_HV: 15.0 kV'WD: 12.0 mm

Figure4.45: Type Il particles of lowNi alloy in M(RM4)-300-B



Table4.7: EDS measurements of LeMi dendrites in M(RM4)300-B

A B C D P
Fe 93.82 | 9459 | 93.12 | 93.51 | 63.92
Co 0.18 0.31 0.31 0.16 | 0.001
Ni 1.89 1.74 1.77 1.79 0.06
Cu 0.023 | 0.001 | 0.001 | 0.048 | 0.287
Si 0.22 0.08 0.12 0.17 0.36
P 0.003 | 0.001 | 0.001 | 0.001 | 0.512
S 0.036 | 0.001 | 0.013 | 0.001 | 23.89

4.9.5 SEM Analysis d RM5 Briquettes
More RM5 samples were examined under the SEM than any other reaction mixture. fARM5)
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F(RM5)-C, M(RM5)120-A, M(RM5)-300-C (as a briquette crosection), and M(RM5300-D

were scanned. No alloy phase was detected in the FRME&Mple Eutectic microstructures

do exist in F(RM5)A butthey are comprised slulphides and silicates. Alloy particles tend to

beof Type Il atthesulphidegrain boundariesr of Type V If they formed from solidification

of a mattethenthey do not resemble eutectic particles in other samples (Figile There are

possible issues wittihe surface qualityof both thissample and F(RM6éB as theywere the first

mounts prepared.
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ESEM 1329 Y -
MAG: 1222 x HV: 25.0 kV WD: 12.4 mMa

Figure4.46: Alloy particles in F(RM5A

After 120 seconds of microwave heating, sev&ygke | microstructuresontainingsmall alloy
particles have formed. An example is shown in Figud&. These particles are extremely small

and, while not forming dendrites, do seem to have a pattern to them. These particles@re low
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mediumnickel alloys; highNi alloys seem to be restrictedTgpe V particles not associated

with these nucleatiosites (Figure4.49).

& A

v\ ¢

MAG: 1187, x0HVE25.0 kv WD: 12.4 mm

A

Figure4.47: Type | microstructure found in M(RM&)20-A
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V1 1371
AG: 4046 x HV: 25.0 kV WD: 12.6 mm

Figure4.48: Isolated higkNi alloy particles found in M(RM5120-A

After 300 seconds of microwave heatin@yge Ill microstructure imbservedha consists of

iron oxide/sulphide lamellae and not alloy dendrites (Figu48). Such structures are not
obvious on visual inspection of BSE images but are readily visible using elemental mapping.
This suggests that the alloy was among the last phaseBdiby, and that the matte was
relatively rich in sulphur compared the M(RM4)300-B sample discussed above. All of the

alloy particles at this location are hig, as are the alloy particles at another location with
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similar oxide/sulphide structures. Leand mediumickel alloysare not associated with
lamellar structures. These are instégge V particles that seem to have formed within the

sulphide.

ESEM 1348
MAG: 2028 x HV:25.0 kV WD: 12.6 mm

Figure4.49: Elemental mapping showing iron oxide/sulphide lamellae andMigttioy
particles in M(RM5%)300-D
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4.9.6 SEM Analysis d RM6 Briquettes
FourRM6 samples were scanned: F(RMB)F(RM6)D, M(RM6)-120-A, andM(RM6)-300-A.
No alloy particles were found in F(RM®), while in M(RM6)120-A some metal particles were
obsened. Followup analysis was inconclusias towhether these particles were alloy formed
via thermeconcentration or contamination from sample preparation. In F(FBVIG)elow-Ni
alloy particles are restricted to isolated sites. Medium andMigtarticles are found in both

Type Il (Figure4.50 andType Il (Figure4.51) microstructures

Figure4.50: Eutectic microstructure of Type Il in F(RM®)
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Figure4.51: Type lll alloy particles observed in F(RMB)

M(RM6)-300-A was prepared as a briquette cresstion instead of as a mounted powder. In
contrast to other samples prepared in this manner, some alloy sites were observed. These were

almost always of Type Il(Figure4.52).
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Figure4.52: Type lll alloy particles observed in M(RM@DO-A

4.10Positioning of Alloy Particles within Treated Briquettes
The SEM samples discussed so far were made from briquettes that had been pulverized by hand

and then mounted in epoxy. As the samples were divided by a rotary splitter, they are assumed to
be chemically representative of the entire briquette. Howswee there is reason to suspect
that the briquettes heat uneverdiloy particles are expected to be located ieated layer

beneath theurfaceandit cannot be assumed that the briquettes are chemically homogenous






































































































































































































