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ABSTRACT 

SoUd residues are generated at various stages of metal production. Some of these 

residues still contain significant quantities of metals. In determining possible pro

cess routes for residues a detailed knowledge of the mineralogy (i.e. the minera1s or 

phases present) is required. This thesis examines the mineralogical characteristics 

of four residueti: copper smelter dust, jarosite residue and hot-acid-leach residue aIl 

from the metallurgical plant of Kidd Creek Mines Ltd., and low-acid-Ieach residue 

from the Canadian Electrolytic Zinc plant. 

The methodology of characterization included the fractionation of the residues 

based on particle size, magnetic susceptibility and leac!. a.bility in sulphuric acid. 

The fractions were analysed by X-ray diffractometry and electron beam techniques. 

A major phase in all the residues was zinc ferrite. The characterization of this 

phase showed that it does not have the stoichiometric composition of ZnFe20. but 

exhibits a variable composition of the type Zn.Fell_.04' This variable composition 

corresponds to a measured variation in magnetic susceptibility of the ferrites. 

Some treatment routes for these residues are examinedj special emphasis was 

placed on the potential application of magr.etic separation. The hot-acid-Ieach 

residue appeared the Most amenable to magnetic separation. 
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RÉSUMÉ 

Les différentes étapes de production des métaux enlendrent des raidus solides. 

Certains de ces résidus contiennent encore des valeurs intéressantes de métal. 

Afin de trouver des procédés pour traiter ces résidus l'on se doit d'en connaître 

la minéralogie exacte (i.e. les minéraux ou phases présents). Cette thèle porte 

sur l'étude détaillée des caractéristiques minéralogiques de quatre résidus: des 

poussières de fonderie de cuivre, des résidus de jarOlite et de lixiviation à l'acide 

chaud, tous trois provenant des installations métallurliques de Kidd Creek Mines 

Ltd., et un résidu de lixiviation à l'acide à basse concentration provenant de l'usine 

de Canadian Electrolytic Zinc. 

Pour caractériser les résidus, la méthodololie consiste à fractioner les résidus 

par: distribution granulométrique, susceptibilité magnétique et lixiviation à l'acide 

sulfurique. Les fractions obtenues furent analysées à la diffraction X et au micro

scope à balayage électronique. 

La phase majeur de tous ces résidus fut la ferrite de zinc. En caractérisant cette 

phase, il nous est apparu que cette dernière ne démontre pas la composition stoe

chiométrique ZnFe20. mais plutôt une composition variable de type Zn.Fes_cO ... 

On a pu établir un lien entre cette composition variable et la variation de suscep

tibilité magnétique des ferrites. 

On y propose aussi certaines routes pur traiter ces résidus, examinant partic

ulièrement le potentiel d'une séparation magnétique. Les résidus de lixiviation à 

l'acide chaud semblent être ceux offrant le meilleur potentiel pour une séparation 

magnétique. 



iii 

RESUMEN 

En diferentes etapu de la producci6n de metales, se pueden generar varios 

residuOi a6lidOlj algunOi de éstos todavCa contienen cantidades significativas de 

metales. Para poder determinar los métodos de procesado de dichos residuos, 

es necesario tener :nformaci6n detallada de su mineralolfa, es decir establecer 

cuales minerales 0 fues estan presentes. Esta tesis examina las caracterlsticas 

mineral6gicas de cuatro residuos metahlrgicos: polvos de fundici6n cobriza, pre

cipitado de jarosita, residuo de la lixiviaci6n en caliente con acido sulfurico, y 

residuo de la lixiviaci6n con concentraciones baju de acido. Los tres primeros de 

la planta metahlrgica de Kidd Creek Mines Ltd., y el ultimo de la planta Canadian 

Eledrolytic Zinc. 

La metodologCa de la caracterizaci6n incluy6 el fraccionado de los residuos 

con respecto al tamaiio de particula, susceptibilidad magnética y solubilidad en 

acido sulfUrico. Todas las fracciones fueron estudiadas haciendo uso de difer

entes técnicas, pero principalmente mediante difracci6n de rayos-X y microscopia 

electr6nica. La informaci6n recopilada de todas las fracciones fué integrada para 

obtener la caracterizaci6n mas completa de cada residuo original. 

Entre los hallazgos de ésta tesis, se encontr6 que la ferrita de zinc es una rase im

portante en todos los residuœ estudiados. Su importancia radiea en que represernta 

pérdidu de zinc y es la fase mas resistente a solubilizaci6n en acido sulfürico. La 

caracterizaci6n de esta fase mostr6 que no tiene una composici6n estoquiométrica 

fija (ZnFe20.) , sino que exhibe una composici6n variable dei tipo ZnaFes-aO •. Se 

encontr6 que ésta variaci6n en composici6n esta relacionada con los valores medidos 

de la susceptibilidad magnética de la ferrita. 

La presente tesis trata principalmente sobre la caracterizaci6n de los menciona

dos residuos. No obstante algunos posibles tratamient08 son examinados, con es-



-

-

iv 

pecial mfuis en el potencial de aplicaci6n de la sepAl'aci6n maan'tica. De 101 

residuOl estudiadœ, el de la lixiviaci6n Kida en caliente moetr6 buenoe resultadOl 

al Hl' tratado por separaci6n magn'tica. 
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THESIS STRUCTURE 

This thesis uses the option of includinl as part of the text five original papers 

published in learned journals. 

The thesis is structured in four sections: 

1. An extended introduction to the investigation includ:ng a review of the lit

erature on characterization of metallurgical residues. 

2. A descl'iption of the experimental technique&. 

3. A section including the five published manuscripts with connecting text. 

4. A section containing the Summary of findings and Discussion, the Condu

sions, and the Claims for origina.l contributions. 

In general the Bve manuscripts can be read as chapters without brellking the 

text structure. 

Three appendices are attac:hed at the end of Manuscript V to augment the 

information. 
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GUIDELINES REGARDING DOCTORAL THESES CONTAINING 

QUOTATIONS FROM PUBLISHED OR SUBMITTED MANUSCRIPTS 
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The candidate has the option, subject to the approval of the Department, of 
including as part of the thesis the text of an original paper, or papers, suitable 
for submission to learned journals for publication. In this case the thesis must 
still conform to a11 other requirements explained in Guidelines Concerning Thesis 
Preparation, (available at the Thesis Office). Additional material (experimental 
and design data as weil as descriptions of equipment) must be provided in suffi
dent detail to allow a clear and precise judgment to be made of the importance 
and originality of the research reported. Abstract, full introduction and conclu
sions must be included, and when more than one manuscript appears, com ... ecting 
texta and common abstracts, introduction and conclusions are required. A mere 
collection of manuscripts is not acceptable; nor can reprints of published papers be 
accepted. 

While the inclusion of manuscripts co-authored by the Candidate and others is 
not prohibited by McGill, the Cand;date is warned to make an explicit statement 
on who contributed to such work and to what extent, and Supervisors and others 
will have to hear witness to the accuracy of such claims before the Oral Committee. 
It should also 'Je noted that the task of the externat examiner is made much more 
difficult in such cases, and it is in the Candidate's interest to make authorship 
responsibilities perfectly clear. 

Excerpt from Guidelines Concerning Thesis Preparation 
FACULTY OF GRADUATE STUDIES AND RESEARCH 
Revised March 1984, Graduate Faculty Council 

Note: This excerpt must be cited in full whenever a thesis is written using manuscripts. 
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SECTION 1 

INTRODUCTION 

1.1 METALLURGICAL RESIDUES 

Metallurgieal residues inelude slap associated with ferrous and non-ferrous 

8melting, fine-grained partieulates such as precipitator dusts from stacks, and finely 

disseminated wute produets from electrolytie and other hydrometallurgical pro

cesses. These produets are important not only because they may be environmen

tally huardous if dumped, but a1so because they represent a loss sinee they often 

contain metal values in concentrations higher than th08e in the original ores. Two 

8uch examples are the dusts from copper smelting and from iron and steelmaking. 

Typieal &IIIIays of these two residues are given in Table 1.1. 

Table 1.2 [147] lists the pollutants regulated (1980) by the U.S. Environmental 

Protection Agency. ComparilOn of Tables 1.1 and 1.2, clearly shows that the dusts 

from these operations represent an environmental hazard if simply dumped. This 

is specially true if the residues contain environmentally-Ieachable phases of As, Pb, 

Cd, and Se. 

In addition to environmental hazards, dumping of residues represents a poten

tiall088 of metal values. The metal value of the residues is weil illustrated with the 

case of dusts from the steelmaking industry: the zinc content in these dusts in the 

US, is equal to about 10% of that country's imported zinc requirements [81, 82]. 

The environmental problems related ta the solid wastes from smelters and re

fineries, and the associated metal value loues have inereased the interest in further 
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treatmmt of th .. reaidues. 

Table 1.3 live. a 11Immary of the publÎlhed reHarch directl, related to the 

treatmmt of duat reaidUM. Table 1.3 wu created uaina the information provided 

b, a computer bibliopaphical search (DIALOG) throulh the followinl databues: 

Metadex 1966-19Mi Compendex 197~1984 and Cil.,.."QÏeal Abatract 1987-1984. Ta-. 
ble 1.3 quotes 100 refermces related ta dut treatmeni. Even thoup Table 1.3 il 

not intended to he a complete lïst of the related referenees, it Ihows the silni6cant 

efl'ort directed ta the treatment of dUIts. On the other hand, the literature on 

the mineraloaical charactefÏlation of the residues ia 1_ abundant. However, it 

is generally accepted that mineralogical characterization of the residues ÏI impor

tant. The c1earer undentanding of their constituents obtained from mineralolieal 

examination, for example, will help in lelectinl the form of treatment. 

From the foregoing, the &rowing interest in residue eharacterization ÏI under

standable. Goldstein et al, [81] have performed research on the characterization of 

elactrie furnace dats. Dutrizac and co-worken have characterized several residues 

from non-ferrous proc ... , [94, 98, 97, 120). The work in this thesïs deala with the 

characterization of four residues: Smelter dUIt from the Mitsubishi-copper plant 

of Kidd Creek (Reported in Manuscript fi)i Jarosite residue and Hot-acid-leach 

residue (HAL) from the hydrometallurlieal zinc plant of Kidd Creek (Manuscripts 

m and IV) and low-acid-Ieach residue of the Canadian Electrolytic Zinc (CEZ) 

plant (Manuscript V). 

1 ~ INTRODUCTION 
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Table 1.1. Typicallllay of copper smelting and steelmaking dusts. 

u . 
Fe 5-<43 35.4 31.2 
Zn 8-23 18.15 1.11 

~OTAL ~11 0.33 0.26 
1-26 1.41 1.12 

A. 0.9-1.8 *5 ·5 
Sn ~1.<4 0.025 0.01 
Cd Ml.6 0.02 0.11 
Si 0.1-0.9 2.41 3.31 
Na ~0.05 0.60 0.53 
K l1l:I0.13 1.00 1.20 
Sb <0.02 
Ag (ppm) 200-550 *5 *5 
ID trace *4 
Tl trace *4 
Se trace *4 *5 *5 
Ni trace *4 0.03 1.96 

(~ 
Co trace *4 0.01 0.03 
Bi trace *4 *5 *5 
Cr 0.64 10.10 
Mn 3.50 6.10 
Mo 0.03 0.35 
V <0.1 <0.1 
Li <0.1 <0.1 
Ca 3.13 2.48 

~I 1.50 2.22 
1.21 0.40 

AI 0.34 0.38 
F 0.92 2.98 
C 0.45 0.32 

notes: 
1 Cottrell dust from the Kidd Creek plant (Mitsubishi process) [94, 145]. 
2 Composite dust from carbon steelmaking. [144] 
3 Com~ite dust from stainless steelmaking [144] 
4 Inferred to be present from analysis of leacliing solutions. 
5 Known to be present in variable concentrations [146] 
... Data not known 

( 
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Table 1.2. Metal miniDa and Proc_inl lOurees replated by efBuent 
pide1in_ and ltandards (147) 

Cat8lory !ReI Subcateaory PoDukntl R.eplated 
Iron and lteel By-produd coke NB., CN-, oil and areue 
manufacturinl Beehive coke phenol, TSS, pH 
4OCFR420 SinterÎnl Oïl and areue, TSS, S- , F-, pH 

Blut fumace TS8, CN- , phenol, NHs, S-, F-, pH 
Open hearth f. TS8, F-, NOs, Zn, pH 
Buic axy.en f. TS8, F-, pH 
Electric arc f. TSS,F-,Zn,pH,Pb,Cd,Cr 
Vacuum des"ÏDI TS8, Zn, Mn, Pb, NOs, pH 

Nomerroua Bauxite refiniq 
metaJa/ Primary aluminium TS8, F-, pH 
40CFR421 Imeltinl· 

Secondary aluminum 
Imelting. TS8, F-, NHs , Al, Cu, COD, pH 
Primary copper 
smelting. TSS, As, Cu, Pb, Cd, Se, Zn, pH 
Primary copper TSS, As, Cu, Se, Zn, oil and 
rehing. Ilease, pH 
Secondary copper TSS, Cu, Zn, oil and grease, pH 
Primarylead TS8, Cd, Pb, Zn, pH 
Primary sine TS8,As,Cd, Se, Zn, pH 

Ferroa1loy Electric fumaces TSS, Cr, Mn, pH 
manufacturinl/ Other Imelting TSS, Cr, Mn, CN- , phenol, pH 
40CFR424 Slag processing TSS, Cr, Mn, pH 

Calcium carbide 
Curnaces. T5S, CN-, pH 
Electrolytic 
manganese. T5S, Mn, NHs, pH 
Electrolytic 
chromium. T5S, Mn, Cr, NHs, pH 

Ore mining and Iron ore TSS, Fe, pH 
dressing/ Bue and precioUB 
40CFR440 metals. TSS, Cu, Zn, Pb, HI, Cd, pH 

Aluminium ore TSS, Fe, Al, pH 
Ferroallay ores T5S, Cd, Cu, Zn, Pb, As, pH 
Uranium, radium 
and vanadium. TSS, COD, As, An, RaU8, NHs, pH 
Mercury ore TSS, Hg, Ni, pH 
Titanium ore TSS, Fe, Zn, Ni, pH 

4 
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Table 1.3. Summary of refereneel directl, related with the treatment of 
dUit reaidua. lOurees: Metadex (1966-198-4); Compendex (1970-
1984) and Chemieal Abetracta (1967-1984) 

TYPE OF TREATMENT TREATMENT TREATMENT 
TREATMENT FOR C.-Z. FOR Pb FOR Steel 

RESmuES RESIDUES .. dFoudry 
l'-YDROMETALLURGICAL 1-21, al, 2, a, 10, e8-71 
(R:aSO.-BASED) M, a8-92 19, ~52, 

se 
(OTHER SOLVENT) 20, 24-31 2a 72-93 

aa, a9, 91, 160-164 
93 

PYROMETALLURGICAL 3, a, 9, 38,53-58, 69,73-78 
17,32-37 se al, a2, 85 
M 

MIXED HYDRO-PYRO 5, l, 9, 57 69, Il 
31,1"'3 

FIXATION FOR 18,44-48 
DISPOSAL 
FLOTATION-SMEL,!'ING 47 
SIZE-CLASIFICATION AND 77-80 
PYROMETALLURGICAL 
SIMULTANEOUS 
LEACRING AND 49 
FLOTATION 

5 

TREATMENT 
FOROTHER 
RESIDUES 
58-59 

29,31, 
60 

81-87 
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1.2 ELECTRON M1CROSCOPY 

The mineralogical charaderiJation of residu. Î8 not euy .ince they tend to 

he multi-phue in eompœition and their constituent partiel .. are very Imall, of

ten 80" &ner than 10 #lm. Elemental concentrations may he readily determined 

byatomie absorption (AA) or X- ray fluorescence lpectrometry (XRV). However, 

determination of the ph .... present in the residues is much more eomplieated. Op

tieal microec:opy methods eannot he applied sinee little information ean be gained 

from partieles below about 20 l'm. The more direct route for phue identifica

tion Î8 X-ray diffractometry (XRD). However this technique doee not give phue 

UIIOCiations for individual partieles. Also, in many cases the residues are poorly 

erystalline. Because of theïr multi-phue nature and poor erystallinity, complex 

XRD spectra are produeed that are difficult to interpret. The problem of phase 

identification ean he eased by the use of electron mieroeeopy. 

Electron MicrOllcopy (EM) techniques such .. Tr&lllmiuion Electron Mi

crœcopy (TEM), Scanning Electron Micrœcopy (SEM), Electron Probe Microana

Iyzer (EPMA) and Seanning-Transmiasion Mieroacopy (STEM) have been applied 

in the characterization of a vuiety of residues [81, 94- 97, 120, 148]. Ali these 

techniques use an electron beam lOurce which is converged, focused and moved 

(scanned) with the use of magnetic lensa. The general operating principle of this 

instruments ean he underatood by eomparing the weil known optieal-transmitted 

light micrOlCope (OM) and the TEM. Figure 1.1 shows simpllfied schematic dia

grams of these two mierOlCopes. It can be seen that the "iIluminating" source of 

the TEM is an electron beam, that of the OM is visible or ultraviolet light. 

The electron microecope hu a higher resolving power that the optical mier~ 

scope. In general, a micrœcope can, at best permit discrimination of two point 
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objecu p-eater than 0.'1 A.in'. where A ia the wavelenph of the iIlummatinl radia

tloD, and , ÎI the aperture anale of the eone of radiatioD iIIumlnatiq the particles. 

Fipre 1.2 iIIutra_, in a aimplUled w&y, the rtUOn that the TEM hu a sreater 

reaolution that the optieal miCfOlCope. 

QuotatioDa of the maximum rtIOlution for commercial TEM iDatrumenta varies 

bet .... n 0.14 Dm ta 0.34 nm (for 1250 kV tG 100 kV of aceeleratina voltage of the 

electron beam). 

lIIumineting lource (ll!mp) lIIuminating lOurce (electron gunl 

,.---C:on~l.n •• rl.n.-_ 

./""--Obiiecti'l/8 I.n.--..... 

'nt.rmediate lens 

--Pro,.ctor lens 

~-- \..ooo---F'uoreseent sereen 

Optical micro.cope image Electron microscope image 

Fipre 1.1. Schematic diap'1UIII comparinl the transmitted-Upt opti
cal miCfOlCOpe and the TEM [149] 
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SINe -1 

ULTRAVIOLET LlGHT 
VISIBLE LIGHT IN AN tNMERSE MEDIUM 

OF REFRACTIVE INDEX 1.5 

.. ~ 500nm 170nm 

"R~~OLVING 
POWER 350nm 119nm 

(8) 

SIN a- 5 x 10.3 

~-

ELECTRON BEAM ACCELERATING VOLTAGE 

20kV 100kV 

.. ~ O.OO85nm O.OO37nm 

-RESOLVING 1.2nm O.50nm POWER 

specimen 

(b) 

Fipre 1.2. Schematic illustration of resolvinl power in the a) optical 
microecope and b) TEM [ISO] 

8 
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A limitation of TEM ia that the specimens must he very thin (~ 0.1 to 0.8 pm) 

to a1low the tr&D8lDÏ11ion of the electron beam. In that respect the SEM has an 

acivantage. It ,ives images through interaction with the surface of the specimen 

and, therefore, specimen thicmess ÎI not a restriction. FilW'e 1.3 depicts these 

interactions. The SEM conventionally uses the secondary electrons to produce 

an image (SEI). However with suitable detectors all the other interaction signais 

can he used to produee images. Figure 1.4 shows a smematic view of a SEM. 

The micrOICope. hu scanning coils to move the electron beam over the surface of 

the specimen. A detector that ia sensitive to the ch08en output signal from the 

specimen ÎI connected through a video amplifier to the grid of a cathode ray tube 

that ÎI scanned in synchronism with the beam on the specimen. In other words, 

the brightness at any point on the sereen will depend on the strength of the signal 

Crom the corresponding point on the specimen. Besides the advantage of working 

with thick specimens, the SEM also provides a large depth of focus in secondary 

mode (SEI). However, the resolution of the SEM is lower than that of the TEM. 

Quotations of maximum resolution for commercial SEM instruments varies between 

2.5 nm to 5 nm. 
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Figure 1.3. Electron-specimen interactions (151) 
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Fiaure 1.4. Schematic view of. SEM [lU]. The detai" (for example, 
the Dumber of 1eDH8) V&I'f between difl'erent manufac
turen. 
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Flpre 1.5 d.epicta the EMPA. From Fiprell.4 and 1.5 it CUl be lien \hat 

the SEM and the EMPA are very limilar inatrumentl. Elemental analyaia CUl 

he performed aine the characterÎ8tic X-raya l'tIultÏDI from the electron-lpecimen 

Inter.diou (Fipre 1.3). The detectlon of X-raya CID be done with wa\'elenlth 

diapenive 1JI\ema (WDS) or wilh enlllY dÎlperlive 1)'I\e1Dl (EDS). The former 

exhibita a de.lion limit of -a.l1ri" compared tg .. 0.5 wt" for EDS. HOW8ver 

WDS ayatema only ali_ for detection of cbarac\eriatic X-raya of one element per 

lpectrometer. In contr. EDS l)'llemi allow aimultaneoWl anal)'lÎ8 over the el. 

mental rance aoclium to uranium (thelowv atomc number-element limât cou Id he 

u low u boron, dependiD. on the type of detedor). 

gun 

optical 
microscope 

electron ---1 ....... "---1 
detector 

H.T. 
supply 

,....~Ratemeter .............. 

spectrometer 

specimen 
Amplifier ........ --. 

Printer, 
Computer, 

etc. 

displays 

---
Fipre 1.5. Schematic vi .. of aD elect.ron-probe microaaalyser. EMP A 

(152). 
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It ia poIIIible to bd combined commercial instruments lUth as the SEM

EMPA, the SEM-EDS-WDS, the EMPA-WDS-EDS, the SEM-TranslJlÏ&lion (a 

SEM with a detector for transmitted electrons) and the STEM (a TEM with de

tectors for SEI or BEI, etc). Amonl these instrumenta, the STEM offers the 

pouibility of performinlscanning microscopy with better resolution (~3 nm) than 

conventional SEM. 

Further details on TEM, SEM, EMPA, STEM, EDS and WDS can he found 

in references [126, 128, 151-1591. 

Usine electron miCl'OICopy techniques, the study of fine-particulate residues 

becoma poIIIible. With EDS or WDS l)'ltems to deteet X-Rays, the elemental 

composition of partic:les i, determined, from whic:h the phase(s) and the phue as

sociations can he inferred. Cryltallographic information for phase identification can 

be obtained by electron diffraction patterns in Transmission Electron Micr08copy 

(TEM). Figure 1.8 shows schematically the principle of the generation of electron 

difFraction patterns in TEM. Incident electron waves are scattered by atoms hav

ing replu three dimensional arrangements. The result of constructive scattering 

gives a series of points on the 8uorescent screen of the TEM, this is the electron 

diffraction pattern. The distance "r" of the spots in the pattern is related to the . 

crystalline interplane spacing "d". Generally, the crystalline substance can be iden

tified by comparing the set of "d" values with avaUable XRD data. It can be weil 

appreciated that the electron diffraction pattem hu great potential for micro-phase 

analysis. However, the technique requires thin samples to transmit the electrons. 

Estimates of the maximum thickneu of crystalline metal specimens for electron 

transmission at 1000 kV are 4-8 pm for a1uminum, [9811-2 ",m for copper [991 

and 1-2 pm for iron [100, 1011. In the cue of commercial 100 kV TEMjSTEM 

micl'OllCopy the penetration of electrons would he about an order of magnitude 

1 ... (~O.1 pm to 0.8 ",m). Consequently, the great majority of the particles in the 

residues are tao thick for the production of electron diffraction patterns. 
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Fipre 1.6. General principle of the lueration of an electron diffrac
tion pattern. An electron beam with wavelenph l ÏI diff'racted 
by a cryatalline plane with interpl&Dar distance -d-. The reault
in& difFracted spot ÏI B. l ia a microecope coutant obtained uinl 
mown IUbatanC.; 'r' ÎI the dÏltaDce between th. difl'racted lpot 
and the center lpot (Iiven by the undifFracted electron beam) 
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1.3 REVIEW: CHARACTERIZATION OF RESIDUES 

1.3.1 CharacterlzatloD of electrlc arc furnace (EAF) dUIts 

from .teelmaking 

Goldatein et al [81) have reported extensive work on the characterization of steel

lIlÙiq EAF dUlta. The work wu a project IpolllOred by the U.S Department of 

Commerce and included the work of 15 lCientÏlts from 4 departmentl of Lehigh 

University (Materials, Chemistry, GeoIOlY, PhysiCl) and 3 Research Centres of the 

U.S. Bureau of Mines (Avondale Md., Twin Cities, Minn., and RoUa Mo.). This 

work, a report of approximately 300 pages, is the most extensive on the character

ization of lteelmaking dUlti. 

Goldatein et al Itudied 33 samples from 25 EAF steelmaking plants. The 

chancterization wu done by the following procedures: 

1.- Weipt 1011 during drying, deDlity and surface area determinations 

2.- Chemical analysÏl and toxicity test (EP Test) 

3.- Size fractionation 

4.- Chemical AnalysÏl as function of Bize 

5.- Masnetic Separation 

6.- X-ray diffraction 

7.- Characterization of particles by SEM, TEM, and EDS 

8.- Maubauer spectrOicopy 
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Weisht 1081 wu meuured at 100 oC for -=d6hra. Denlity wu determined 

by standard pycnometry Ulinl ethanol. Ethanol wu uaed becauae lts wetting 

characteriltics are luperior to thoee of water. Negative preuure wu uled to cause 

boUinl of the alcohol to eliminate entrapped air. The determined values of the 

density were observed ta be low. The EM study indicated that thia wu due to the 

hollow sphere nature of many particles. Also, it wu luspected that ethanol was 

partly diasolving some constituents of the sample. 

Surface area wu determined by the flowinggas B.E.T. Methode The values 

found were variable from sample to sample, beil~S from ~0.1 to 8.0 m"/g.; the 

modal value was ==3 m"/g. 

1.3.1.2 Chemical analysis and EP test 

Initial semiquantitative chemical analysis was performed by emission spectrog

raphy. Using this technique the elemental content was divided into 15 groups: 

+10% (over 10%); -10+5% ... to less than 0.00001 % and not detected. The el

ements analyzed were Ag, AI, B, Ba, Bi, Ca, Cd, Co, Cr, Cu, Fe, Ga, Ge, K, Li, 

Mg, Mn, Mo, Na, Ni, Pb, Rb, Sb, Si, Sn, Sr, Ti, V, W, and Zn. The results were 

not quantitative, and they were used only as guideline values. 

Quantitative chemical analysis of major elements was done by conventional 

analytical methods. Brief descriptions for sorne of the methods were given. Ali 

analytical methods used were tested with iron and steel standards. Minor and 

trace elements were analyzed by atomie absorption (AA) techniques. General de

scriptions of sample preparation for AA were given. Zinc as ZnO was determined 

by leaching with Muspratt solution (5 g NH.CI, 20 ml NH40H cone. 0.90 S.G., 

50 ml H"O) at room tempe rature for one-hour [1651. For the partieular case of the 

ZnO determination, the reliability of the Muspratt method for these samples was 

chal1enged later based on findings from MOssbauer analysis and from leac:hability 

studies [187]. 
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The chemical compoeition of the dust samples wu found to he directly influ

enced by the chemistry of th., fumace. In general dusts from stainless steelmaking 

(SS) were higher in chromium and lower in zinc and lead than those dusts gen

erated in carbon-steelmaking (CS). Correlation hetween the chemical composition 

of the dusts and the furnace size and/or dust collecting system was not found, 

either because it does not exist or because it wu obscured by the major influence 

of charge type. 

The Extraction Procedure, EP toxicity test [1661 wu performed on the dust 

samples. The results showed that most of the samples failed the test mainly because 

of cadmium and/or lead; some samples failed the test for chromium, as weil. 

1.3.1.3 Size fractionatioD 

Size fractionation of the samples wu performed for the following studies: 

1.- For the determination of the chemistry of the dust as a function of size. 

2.- To provide size fractions for characterization by XRD and EM-EDS tech

niques. 

3.- As part of the studies performed to test the applicability of physical sepa

ration methods. 

Dry size fractionatioll was ruled out because of the particle size range involved. 

Therefore wet size fractionation had to be used. However, for each of the studies size 

fractionation was performed differently. In studies 1, and 2, there was more coneern 

about phase solubility in water, and thus size fractionation in water was avoided. 

In study 3, water solubility was ignored because industrial physical separation 

methods that use Iiquid media other than water are too costly and/or hazardous. 

Therefore in study 3, size fractionation wu done in a Warman Cyclosizer (167). 
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B01NYer, it muat be recoplJed that th. lile fractioD analyail obtalned iD Itudy 3 

il not accvately related tG th. lile diaVibution iD th. oriaiDal lampla. 

Th. mtJor problem. duriq lile fractionation in Itudi.l, and 2 wu to avoid 

aalomeration of th. phylical particulate conatituenta of th. duata. Th. aalomer

ation problem wu IOlved by tryiq aeveralliquid dispersion media. 

ln Itudy 1, propanol wu found bat to avoid &glomeration. Th. ai .. fraction

ation itaelf wu performed by eentrifu8e. The liR fractions were then lubmitted 

to chemical analyais. 

ln Itudy 2, aile fractionation wu aIao done with a eentrifule. In this Itudy 

Methanol wu found beet tG avoid .. Iomeration and wu uaed for the lize fraction

ations. However, it wu auspected that methanol could dissolve lome constituents 

of the lample. The obtained lize fractions were uaed in the characterization by 

XRD and EM-EDS techniques. 

1.3.1.4 Chemlcal analy.l. aa a fuDctlon of alze 

The resulta of the chemieal analye. u a function of size ehowed zinc, and 

lead to lM more eoncentrated in the smaller aize fractions; chromium ahowed the 

opposite tendency. Of these tendenciea, only the one for zinc wu con6rmed by 

XRD and SEM 

1.3.1.& Magnetlc SeparatloD 

Magnetic separation was performed in two different studies: 

1.- In characterization, ta provide maanetie and non-magnetic produets to char

acterize by XRD, EM-EDS and MOabauer apectrometry. 

2.- Aa part of the etudies performed to test the applicability of phYlieal sepa

ration methoda. 
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The JD8IIletic fractionation performed in .tudy 1, were .imply done by ex

tract"" the mapetiCi with the help of a Imall permanent (weak) mapet from 

a IUlpeD8ion of dUit in propauol. Th .. mapetic fractions were charaderized by 

XRD, EM-EDS and Ma..bauer. 

The mapetic aeparation in .tudy 2, wu performed in water and with a Davis 

tube (i.e. low mapetic aeld intenaity) and with an Eriez hiah- intenaity mapetie 

aeparatar at two Httinp: O.OST (500 Oe) and O.lT (1000 Oe). The magnetic prod

ucte of th .. techniqu. were not characteriled by XRD, EM-EDS or MOabauer 

Ipedrometry. 

The characterbation of the mapetic fractions of study 1 and the chemieal 

&Dalysis of the mapetic fractions of study 2, showed that the law intensity mag

netic leparations bad some potential application for the case of the CS duata. In 

leneral, the percent.e of zinc enrichment that can be obtained by law-mapetie 

aeparation is approximately equal to the percentage of ferromapetics in the dust. 

The ferromapetica are deflned u tht magnetics pulled br the Davis tube. For CS 

duste, the ferromapetic content rUlt ~ from 10 to 30 ~ and zinc contents from 

la ta 20 ". Therefore IDagnetic separation eould increue the zinc content from 

11-13" tG 22-26 ". 

1.3.1.8 X-ray DUI'ractometry (XRD) 

xaD wu performed on bulk dut sampi .. , on size fractions and on magnetie 

separation producta. In u mueh l'a only a ff..w diffraction maxima of a minor 

erystalline phase in a polyphase sample may be recorded, the final results for 

the identified phu. were drawn from integration of the XRD patterns of the 

difl'erent abe fractions and magnetic products of a ,iven duat sample. The XRD 

analyaea were done usina CuK. radiation in colijunction with a Philips APD-3600 

automated powder difl'ractometer. 
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The reaulte Ihowed th.t the dominant ph .. wu a Ipinel phue conttJnllll 

maiDI)' Iron ad linc; the pNHllce of chromium and manaan .. In the IIplnel wu 

aIao IUlpeCted. Another ~or phue often present wu ZnO. Alao variable amounte 

of .F.,O, were found. Sampi. with hiah calcium contained calcite (CaCOa) 

ad/or lime. Several minor ph ... were found in aeverallampl., IUch u: CaFl, 

fcc iron, SiC, CaO, NaCI, KCI, FeO and MIO. 

With the exception of ZnO, none of the cr)'ltalline phUIIlhowed any lianiBcant 

IÎIe dependence. The amount of ZnO relative to .pinel increued with decreuina 

particle IÎIe. 

The unit cell dimension of the Ipinel phases were calculated from interplanar 

Ipacina in back-reflection. From the values of the parameter &0, it wu Ihown that 

compoeitional variation existed. Also it was found that the parameter Bo of the 

Ipinel in the mapetic products wu close ta that of magnetite (FesO.) whereas 

the non-m.acnetic products had Ipinels with a unit cell approachina that of zinc

maDlanese ferrite. 

The Authon of the Maubauer Itud)' placed more weiaht on the ceU parameter 

determination by XRD. Thil contrasta with the more cautioned position of the 

Authon of the XRD Itudy. The caution il undentandable lince some uncertainties 

cannot he overlooked. For example, the XRn authofl recognize that the value of 

the &0 parameter wu accurate ta only ±0.03A. On the other hand the &0 value for 

Ipinels of the famil)' Zn.Fes_.O. varies hetween 8.400 A for FesO. to 8.440Afor 

ZnFeIO.. Thil indicates a variation in Bo of 0.040Â; a very close value to the 

accepted accuracy of ±0.03. 

1.3.1. '1 CharacterlzatloD of partlelel by SEM, TEM, and EDS 

EM-EDS Itudies were performed on the bulk dust lamples, on the lize fractions 

and on the lDalDetic separation produeta. One of the major difliculties encountered 
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durinl lample preparation wu to enaUJ'e aclequate de-aalomeration of the dust 

for mlcfOlCOPY. 

Th. lpecimeu wen prepared for SEM by dispenioD of the dust. in propanol. 

Th. IUlpelion wu 81tered OD 0.2 pm pore-lÏH Nucleopore alter. The liter wu 

cut and mounted OD an aluminum SEM Itub usina carbon conductinl cement 

u an aclh.ive. Carbon wu then evaporatecl onto the lpecimena prior to SEM 

examination. The lame dust-Ioaded liter wu uaed to prepare specimens for TEM 

Ulinl the JafF. Wick technique. 

Accordinl to XRD, moet of the ph ... were axides. However, in leneral, an 

EDS system il not able to detect OXJlen. The study of one sample with a win

dowleu detector in a SEM, provided 0XYlen maps that substantiated that the 

particl. were primarily oxides. Also a TEM equipped with an electron enerlY loss 

spectrometer (EELS) Iystem wu Uled to conflrm the presence of OXYlen inferred 

indirectly from electroD diffraction patterns. Limited application of this technique 

wu found due to difticulties arilina from the typical partiele thiemess. However, 

some partiel. of luitable sise Wen! studied by electroD difl'ractioD-EELS and this 

&Iso supported the XRD findinl that moet of the phases were oxides. 

Once the oxide nature of the particles wu proven, then partiele cbaracterization 

by EDS wu performed. Two techniques of SEM-EDS were applied: 

1.- Partie le observation and EDS analysis by standard SEM micr08copy, using 

secondary electron im .. es. 

2.- Partiele observation and EDS analysis by SEM and automated image anal

yaÎl (AJA). 

The latter procedure allowed the analysis of many particles in a short time but 

it had the restriction that aglomerates were considered as single particles. 

The results obtained with SEM-study 1 Ihowed: 
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a) ln general the partieles were aalomerated due to linterinl. The partiele size 

ranged from 0.1 J.&m to 10 pm, the majority oC which were less than 1 pm in 

lize. Most of the particl~ were found to he spherieal and sorne were broken 

and hollow. From this, it wu luspected that an undetermined amount of 

the spheres might he hollow. 

b) The major dominant phase Cound in ail the samples wu the spinel. 

:) The products of size fractionation were found to eontain particles that were, 

in general, larger than the size limita given in the fractionation. These 

particles were often porous. It wu eoneluded that "true" size fractionation 

by centrifugation had not taken place. 

d) Sorne distinctly faceted and spherical particles of zinc oxide cou Id be round. 

The latter were indistinguishable visually from the spinel spherical particles. 

e) A few particles were observed giving EDS-spectra corresponding to relatively 

pure oxi,~es, viz. Fe20St CaO, Si02t CdO and SnO. It was suspected that in 

many cases the cadmium in the particles was below the detectability limit 

of EDS. 

f) A large number of elements were found in most dust particles. 

The results of the SEM-EDS-AIA study 2 showed: 

a) ln general the chemistry of the predominant parUcles changed from sam

pIe to sample. Some samples had predominantly Fe-rich particles, others 

predominantly Fe+Zn-rieh particles and others predominantly Fe+Cr-rich 

particles, etc. This wu round to be related to the chemistry of the process. 

To iIlustrate this very generally consider the rollowing: 

- For a composite of 6 samples of CS dust, the Most abundant particles were: 

Fe+Zn (~55 % of the particle population), followed by Fe- rich particles 

(~16%). 
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- For a eompoeite of 2 lampl. of SS dUIt, the mOlt abundant partieles were: 

Fe+Cr (.f7"), followed by Fe-rich partiel. (~20"). 

b) The majority of the partieles in the CS dUIts were either Fe-rich or 

Fe+Zn-rich. Putieles of the group Fe+Zn Ihowecl variation in the ratio 

Il./(11.+1 ... ), where ~ ÏI the EDS peak intenlity for a liven element. Thil, 

UlumÎDl the partieles are to he of Ipinel type, me&nll a eompœitional vari

ation of the type Zn.Fes_.O,. 

e) ln many inltanees, for the cs dUIts, mapetic separation suceeeded in con

eentratinl much of the iron into the mapetie portion and much of the zinc 

into the non-mapetic. This wu lenerally not true for the SS dUIt samples. 

d) Studies were also done with dust samples eollected on partially evacuated 

thimbles situated in the cold part of the flue of the electric fumaces. From 

these cs samples it wu found that durÎDg the refininl stage there is an 

inereue of Fe-rich particles relative to the Fe+Zn-rich partieles. Aiso the 

number of particles eontaininl lead increased dramatieally. It was suspected 

that probably lead or lead oxide wu depoeited on a core of iron partieles. It 

wu also found that ü the CS dust il recycled to the furnace (a practice called 

sreenballinl addition), then the production of zinc-rich particles increasedj 

ho.ever, the increment of the Fe+Zn-rich particles was not comparable. 

This was thought as evidcnee of not enough iron dust being produced to 

accommodate the zinc as zine ferrite. 

In general, XRD failed to positively identify any lead phase in the CS dusts; this 

wu poIlibly due to the small amount of lead phase present. However, the authors 

of the SEM-EDS-AIA Itudy, when partieles with lead were found, eonsidered it 

to be present u lead oxide. In spite of this it il weil known (168) that lead has 

an extremely Itrong tendency to react with sulphur. Thil tendency is such that 

even a SOJ concentration as 10. as 10-' atm il lufticient to lulphatize PbO to 
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PbS04PbO. Therefore, it could be expected that at leut part of the lead should 

be present u an oX)'lulphate. The results of the leachiq tests HeIDII to support 

the latter. 

1.3.1.8 Ma..bauer lpectrOlCOp)" 

Some selected sampi. of CS dOIts were studied by Massbauer apectrOlcopy. 

Some producta of the masnetic separations performed with the smaU magnet 

method were aIao studied. 

It wu found that the line widtha and relative intensities of the mainetic Unes 

in the Mo..bauer spectra for all the specimens (ex:cept one) were similar to spectra 

for non-stoichiometric zinc ferrite Zn.Fea_.O. in which O.2<x<O.6. However, the 

Mëubauer technique wu Dot suitable to clarify if other metal besides Zn, 8uch as 

Ni, Mn, Mg and even Cr, could be present in the spinel. 

Ulin, the MOubauer spectra, the amount of zinc ferrite wu calculated. From 

the calculated amount of zinc ferrite, and the total amount of zinc, then the amount 

of ZnO wu calculated. The Maubauer-ZnO wu higher than the Muspratt-ZnO 

by an average of 22 %. 

M~bauer spectrometry showed that some CS duat samples had llpgraded 

levels of Zn.Fea_.O. (O.6<x<1) in the non-magnetic fraction. 

1.3.1.9 Physical aDd Chemlcal leparatioDs 

The report by Goldstein et al [SI] also presents results of physical and cllemical 

separations. This thesis will review only th08e results that are closely related to 

the characterization of the dusts. 

The reaults of the physical and chemical separations indicated that the CS and 

the SS duts were inherently different. No chemical separation method lucceeded 
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in ,ivi ... promilin, reluit. fol' the SS dat.. This wu due t;o the f.d that their 

hilh chromium and 10. sine contenu made them more refradory and therefore 

r.trleted ehemical dlIIolutlon. The phy.ieal methoda tried (tablinl, flotation, 

f1oceulation, and mapetic aeparation) for the SS aIao failed tG live an appreciable 

enriehment of &DY of the elementa of interelt (Fe, Pb, Zn, Cr, Cd). On the other 

hand, for CS data, mapetie Mparation .howed some potential for sine enrichmeut 

in the non-mapetie and Iron enrichment ta the mapetie; however, there wu no 

clear eut .paration. 

From the ltandpoint of characterilation, two of the leachina teste with the CS 

dut are inter.tin., the leachiq with Mupratt solution and a leachinl usina e. 

potentiometric titration with BISO. to an end pH of 3.5. The Muapratt [165J test 

la deemed tG dissolve free ZnO present in the lamples. On the other hand the 

HaSO.-potentiometric titration corresponds to low &cid leaching conditions, and 

therefore la a1ao deemed ta diuolve euily soluble zinc. The results of the Muspratt 

leachÎDI showed that 59" Zn wu dillolved at 75 oC (only 54" at 20 OC). On 

the other hand, the pH 3.5 lulfuric titration dillolved 69" Zn. From these results 

the authora eoneluded that the Muspratt method wu not effective in determining 

free ZnO, and that the pB 3.5 lulfuric titration la better to determine readUy 

soluble ZnO. This conclusion wu supported from the ZnO inferred by MOssbauer 

spectrometry. Therefore the composite lample of the CS dU9t appears tô> have 

approximately 69 "Zn u ZnO. 

The results of the leaching with NH.CI and NaOH are also interesting from 

the point of view of characterization. The leachinp with 25 %NH. CI and with 

25 "NaOB extracted 44" and 63" of the lead respectively. The residue of the 

NaOH leach analyRd only 0.05 "S, indicatinl that lead in that residue wu not fur

ther present u lulphate. From these results it wu inferred that lead wu present in 

the oriainal CS duats in at least two dift'erent phues. But no pouitive identification 

wu liven. 
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The work br GoldateiD et al contaiDI r.ulta of other Itudl. mYOlwcl wlth the 

NCOftl1 aud reqc1iDs of EAF. For example it d.ribel poI8ible pyrometallurlical 

proc ... for the decom,œition of sinc fenite into ZoO ad iron oxid. and aJao 

pv_ an ."lIllIIleDt of the preaent methoda for the recOYery aud recycliq of EAF 

d~ta. Since these atudies are not aùictly relatec1 with the characterilation of 

re8iduel they are Dot rtViewed in th. th ••• 

ID leDeral the concluaioD of Goldatein et al ia that sinc ferrite. are a major zinc 

ph ... in the CS duta; linC recovery from ferrites by pyro or hydrometallurlical 

methoda • diflicult. Zinc axide, the other major linc phue ia eaily leached. Theré 

are proc .... to recover linc mm ziDc ferrites, but these proc .... are more coetly 

thau thoee for ZnO. Also, th .. proceues have a lower Ii~t of linc content in 

the materiala that can he procaeed economically. For example, the Wulz kUn 

proceu (85) could treat the EAF duata and • economic if the linc content in the 

duat i1appraximately 20". (another lOurce [169] quotta 15 "Zn at a cap&City of 

50,000 tou/year of duat). On the other had chemical separation proc ... are more 

attractive because capital requirementa for a amall plant are far leu than thoae of 

pyrometallurlical procesaes. However the economic Iimit zinc content ia aaid to be 

s:=f40 "Zn. Becauae many CS dUIts do not reach thia Iimit, alternatives for zinc 

enrichment are propoaed. One enricbment method may be malnetic aeparation. 

Unfortunately lome CS dut are Dot enriched auf&ciently by malnetic methods. 

Another alternative ia baaed on the suspicion that recycling of the EAF dusts 

through greeDba1linc would enrich not only the zinc content but also the amount 

of ZoO relative to zinc ferrites. It ahould he Doted that mallletic concentration 

mipt he atill applied to th .. enriched duats. Nevenheleu the full impact on the 

EAF operation due to greenballing of CS duata ÎI not fully aubstantiated in the 

Goldatein et al. report. Another important factor for the ec~nomica1 treatment of 
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EU dUit. ÛI the praximity of the retreatmmt plant tG the dust lOurees. 

The SS dut. have a lOIr content of linC, and linc oxide or linC ferrite are 

no IODler the domiDADt phum. On dle other hand they contain hiper values of 

alloy elemenu u chromium and ~an_. Thil makes them more refractory 

tG treatment byany phyaicalaep&ration method, and increues the diflicultiea of 

their tnatment by hydrometallUl'lical methods. However the ÏDherent value of the 

aUoyq elementl in the SS data have made the recyclinl of SS dUit. tG the EAF 

commercially practical. 
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1.3.2 REVIEW: CharacterlsatloD of Cu-Smelter Cottre11 

dust 

Scott, 1984 [145} and Dutrizac and Chen, 1983 [941 have performed sorne charac

terization work on CoUreil duat from the copper .melter of Kidd Creek. The char

acterization performed by Scott [1451 wu of a practical nature and based mainly 

on standard wet chemical analysis, XRD and optical micrOlcopy of polished spec

imens. Scott found that the major phases present were linc ferrite ZnFe20., and 

metallic copper. It wu considered that ail the zinc was present as zinc ferrite and 

the residual iron wu present as Magnetite. From this usumption it wu calculated 

that magnetite wu a major phase present. Estimations (rom optical micr08copy 

showed that CU20 wu present in quantities of ~5 %. It wu also round that the 

ferrite wu optically homogeneous. 

The charaderization per(ormed by Dutrizac and Chen 194] was experimentally 

more rigorousj therefore this work will be reviewed in more detail. Dutrizac and 

Chen [94J characterized two Cottrell dust samples from the Kidd Creek copper 

smelter. This work wu generated because Kidd Creek encountered problems with 

the recycling of the Cottrell dust in their zinc leaching plant. The problems were 

associated with high levels of Fe+2 in the solutions, presumably leading to a pre

mature precipitation of jarosite in the circuit. Therefore, the characterization of 

the dust samples was planned to help explain those problems. 

The following techniques were used to characterize and study the Cottrell dust 

samples: 

1.- Wet c:hernieal analysis 

2.- MOssbauer spectrometry 

3.- Leaching with water and with H2SO. solutions (6 III Fe+3 and 50 g/l 8 2SO.) 

4.- XRD (Debye-Scherrer camera) 
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5.- Optical IDÏcfOlCopy (OM) and SEM-EDS 

1.3.2.1 Wet Cbemlc:al ADalyll8 ad Ma..bauer lpectrometry 

Non lpecifled chemical wet anal)'HI were performed to d.termine the followinl 

elementl: Cu, Fe, Zn, Pb, Na, K, As, Sb, AI, STOTAL, and S· + S-I. EfI'orla 

were made to determine Fe+1 and Fe+1 usina wet chemical methoda. These were 

abandoned because nUJDeroUi lide ractions afl'ected the reproducubility of the 

reaulta. Finally MOabauer an&lysill wu the preferred method for the determination 

of ferric and ferroU8 iron. The lampl_ analysed had approximately 15 "Cu, 6 "Fe 

and 20 "Zn. Sodium and potuaium, two elementa of interest from the point of 

view of jU08ite precipitation wen found at tao 10. concentratioDl (~0.05 % and 

~O.13" respectively) to cause premature jar08ite precipitation. 

Only qualitative Ma..bauer lpectrometry wu performed, but this wasluflicient 

to IIUpport the premise that virtually all the iron wu present in the Fe+1 form. This 

wu 10lical due to the axidizing nature of the IImeltinl procedures employed at Kidd 

Creek. 

1.1.2.2 Leachlna Te,tl 

Ail the leachinp were done in air for 1 h. at 30°C usÏDg 251 of dust in 250 ml of 

solution. It wu found that nellilible iron diallolution resulted from water leachinl; 

however, there w .. a copper extraction of s=::s20 ". The measured extent of albli 

diaaolution in water wu 100 ". 

Acidic ferric lulphate leachinl wu found to diasolve a modest amount of iron 

(~25 ")i and appraximately 77% of the copper. 

Experimenta under laboratory conditions failed to limulate the premature pre

cipitation. 
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1.1.2.1 X-ray Allal,. •• 

XRD analyaia of the CoUreil dUits revealed the presence of the followina major 

phues: PbSO., CuSO.5H20, ZnOFe20S, ZnSO.H20, (Cu,Fe)SO.H20 and Si02. 

Trace amounta of CU20 and CuO were alao found. The XRD .pectra .howed 

evidence for the presence of many other minor phues, but they could not be 

cODcluaively identified. 

XRD of the reaidues of the leach testa revealed that the major ph ... not dia

IOlved were PbSO. and ZnOFe,Oa. It wu found that leachina effectively removed 

zinc lulphates, copper lulphatea and copper oxidea. The residue of the acidic leach 

aIao revealed the presence of CUl.lS. This product wu suspected to be related to 

the alteration of copper sulfidea due to the &cid leach. 

1.3.2.4 Optical Microlcopy (OM) and SEM-EDS 

The residues were mounted in polished sections and studied by OM and by 

SEM-EDS. However no results of optical microscopy were presented. On the other 

hand, ail the presented microscopie information is related to SEM using SEI and 

BEI images; EDS analysis was also performed. 

SEM showed that the dusts consisted of coarse spheres, presumably solidified 

drops of oxides, sulphides etc. surrounded by much finer dust or fume particles. 

The finer particles were often < l ",m and could not be analyzed accurately. From 

the SEM-EDS study of the large spheres the following results were obtained: 

a) A large proportion of the spheres consisted of copper oxide or Cu-Fe-Ca 

oxides, often co-existing as complex intergrowths. Occasionally, the second 

phase also contained traces of Zn, Pb and S. 

b) Metallic copper Ipheres were found, orten rimmed or intergrown with Cu

oxides or with Fe-Cu-Zn oxidea. 
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c) Spherel of copper axides WeN aIIo obeerved. The authon atate that Ipheres 

of CUIO rimmed with CuO could be obeerved. 

d) Spherel of copper Iulphida olten with l'ima of copper lulphatee were found. 

e) The obienatioD8 of the leach reaidu. conflrmed that copper, copper oxides 

and copper lulphatee had been laraely dÛleOlved. However copper aulphides 

were Itill plentiful. The authon mentioned that the copper lulphides ap

pearecl to be altered ta covellite. Numerou &raiDs of zinc ferrites were also 

found in the leach reeidu., IOmetim. containins traces of Sn, Cu, or Pb. 

l.a.J.5 CODc:lulloD of Revlew of c:haraderlzatloD of Cu-.malter CoUreil 

dUit 

ComparÎlOn between the characterization of the copper smelter Cottrell duats 

by Scott [US] and by DutrÏlac and Chen [94] showi some obvioua dift'erences. The 

characterÏlation performed by Dutrilac and Chen [94] ia more extensive. Scott 

inferrecl the presence of mapetite and doea not report the presence of PbSO •. In 

contrat, Dutrizac and Chen did not report the presence of m&pletite as a major 

phue. The two characterÏlatioDl agree, however, that the presence of met allie 

copper is important. 

The Itatement made by Scott that the zinc ferrite is homoleneoua is based on 

optical micrOlCopy. Dutrizac and Chen do not elaborate on this particular point; 

hOMver, it can he seen from their SEM observations that typieally the particles 

(&glomerates) in the duat are eomposecl of several phases. 

The work reported by Dutrizac and Chen show. clearly the practical application 

of the characterization of residues ta improved underatanding of the pOIIIibilities of 

recyclins and retreatment. From the gathered information of the eharacterization 

it Îllhown conc1uaively that the high amountl of Fe+2 found in the induatrial 

leachiq IOlutiolUl do not come from the CoUreil duat itself. The high amountl 
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of Fe+2 in the induatrial leach proca wu explained by the auœtantial amountl 

of eopper ph ... present in the dUit (u metallie copper, u oxidea, U lulphidea 

and U lulphates). The copper ph ... promote the reduction of Fe+s to Fe+l • The 

lOuree of Fe+1 could he the CoUreil dUit itaelf or the ferrie aulphate present in 

the leachinllOlutions. Therefore, if CoUreil dust ia fed to the zinc leach circuit, a 

ItroDI oxidation Itep in the leachinglOlution must he provided or, as Donyina 1921 
pointa out, the Cottrell dust can he treated aeparately. Based on the presence of 

metallic copper particles, Dutrizac and Chen propoaed a more careful selrelation 

of the dust from the first banb of the CoUreil precipitator to recycle most of the 

met allie copper particles to the copper smelter. It also is obvious that a pre-water 

leach will reduce the copper water-soluble components in the recycling feed to the 

zine plant. The reasons for premature jar08ite precipitation were not elucidated. 

From the results of the SEM studies, it is possible to see that the authors were 

capable of discriminatinl between: 

- Cu and Cu-oxides. 

- Copper sulphides and "covellite" (although not clearly specified in the paper 

this could Mean discrimination between chalcocite, CU2S and covellite, eus; 

or even between CU2S and digenite CU1.8S). 

- Copper sulphides and copper sulphates. 

The method of discrimination between the phases is not c:Iearly elucidated by 

the authors. However, as several backscattered-electron (BE) images are presented, 

it can be inferred that the method of discrimination was performed using EDS spec

tra and the BE image. However, using solely EDS and BE information it is difficult 

to differentiate between sorne of the mentioned phases. Henee it is possible that 

the authors used information gathered by or by other techniques [961 to be able to 
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perform the mentioned discrimination in the SEM. Thil is an important consider

ation: in the characterization of complex materials it is necessary to integrate the 

information gathered by dift'erent analytical techniques. 

The sample preparation method used for SEM by Dutrizac and Chen contrasts 

with that used in the characterization of EAF dust by Goldstein et al. [811. The 

methods, polished specimen and substrate specimen, represent the two most com

monly used methods of sam pie preparation for electron microscopy of particulate 

materials. Each has its advantages and drawbacks. Polished specimens are ob

tained using resins to disperse the particles, once the resin is hard, the samples 

are then polished. The polished specimen preparation method produces a fiat sur

face that is easier to analyze due to the absence of geometrical effects between 

the sample and the X-Ray detector [139]; it also allows easy identification and 

observation of cored-type particles. However .particle dispersion in the mounting 

resins is difficult. Dilution, of the sample with solid particles known not to be 

present in the sampJ.es may be used [184] to improve the separation between the 

particles. However, even using such methods, the separation of the fine particles 

typical1yencountered in the dusts is hampered. Because of this, sometimes, only 

the coarser grains present in the polished sections are analyzed quantitatively by 

EMPA. Aiso it is known that mechanical polishing of the samples may alter cherni

cally the samples and special precautions must be taken to avoid that (an example 

of this is given by Remond et al [1701). Physical sample alteration also occurs when 

the sample contains phases with very different hardness, this May produce steps 

in the phase boundaries or even lifting of the softer phase. On the other hand the 

suhstrate specimen has the advantage of less alteration of the sample and shows 

hetter the surface morphology of the samples. However, the geometrical effects 

hetween the sample and the X-ray detector May be seriolls and give less accurate 

chemical analyses. To alleviate this high take off angles (Le. increasing the vertical 

distance between the detector and the sample) have been recommended [139]. 
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1.8.8 REVlEW: CharacterlsatloD of Realduea hm Zinc Hl'

drometaDurslca1 Treatment 

About 85" of the worlcl'. sinc currently ÏI produced by the rout-leach-electrolyaÏl 

proc .. when'" sinc .ulphide concentra MI are routecl in air ta fonn SOI lU and a 

calcine co .... tiq mœtly of ZnO and ZnOFeaO, (sinc ferrite). Zinc axide ÏI readUy 

IOluble in BISO.. But sinc ferrite • more refr.dory and leacbiq with hot and 

concenuatM BI804 (>90 ·C and BISO. > 35 III) muat he uaecl for dillOlution. 

Therefore, the leneral pr.dice ÏI to include at leut two .tepe of BISO. leachinl. 

Iron which aIao dilloIY. durÏDIacid leachiDl, can he rejected !rom the circuit u 

a readily literable precipitate br the jaroaite, loethite or hematite proc ..... [1 T 4, 

175). Alternatively, the prellllure leloCh proc .. developed by Sherritt Gordon Minee 

[17~178] can be used. In this proc ... the sinc lIulphide concentrate iIIleached at 

temperatures of ~150 ·C and undu an oXYlen partial preuure of 207 kPa. This 

proc .. hu the advant .... of fOrmÎDI elemental lIulphur and that pyrite in the 

feed iII not .ipiflcantly attacked. CODHquently, pyrite rich concentratee can be 

proceued by thil method without the neecl for extensive iron control circuits. 

Several papen on the characterization of the r.idu .. from hydrometallurlical 

zinc proc ..... have been published [95,96, 120, 148, 185]. A brief review follows 

on the characterization of these residuee . 

1.3.3.1 Revlew: MlDeralo&lcal characterlzatloD of relldue. from the 

Kldd Creek ziDc plant 

OWeDI, 1981 [1(8) performed characterization of residuee from the hydromet

a1lurlical zinc plant of Kidd Creek. Three residues were .tudied: the neutral 

leach residue, the hiah &cid leach r.idue and the jaroeite reeidue. However, these 

_idu. resulted not from the normal operation of the plant but from a test-run 

on router precipitator dUit of the lame Kidd Creek complu. 
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The methodl uecl for the characteriation ïncluded XRD (Debye-Scherrer cam

era) ad micrœcopJ. The latter wu performed usÎDI polishecl samples and optical 

methodl u weil SEM-EDS, and EMPA. 

The Deutralleach ad the hiah &cid leach reaidue were more difBcult tG study 

aiDee the ~ority of the particl. were 1_ than 20 #lm and maay WeN smaller 

than 1 pm. Be.id. th .. particl. were aalomerated by a lei-lite component of 

complu compoeitioD. The lei poeed a problem in that it wu unstable under the 

electroD beam. OD the other hand the jaroeite reaidue wu euier tG study by EM 

methoda aince the lei-lib binder wu .blent. 

XRD showed that siDc ferrite wu the major crystalline phue in all three 

reaidu.. Sodium jaroeite (NaFea(S04),C OH).) wu a major phase in the jarOlite 

r.idue. Sodium jaroeite wu aIao found iD minor .bundance in the leach residues. 

Quarts wu • trace phue in the leach reaidues. XRD showed that the major dif

ference between the leach reaidues wu that the hip-acid leach reaidue contained 

I)'PIUŒ in minor quantities. 

Besides the ~or ph ... identified by XRD several minor phases were identified 

by electron micfOKopy. It wu found that the occurrence of silver-bearing phues 

could only be identified in the high-acid leach reaidue. The gel-like binder in the 

leach residuea wu analyzed by SEM-EDS. Despite its instability under the electron 

beam, the leI ill the high-acid leach residue appeared to be, on averale, richer in 

its .mca content than the one found in the neutralleach. 

PbSO. wu expeded to be present in the neutralleach residue. However,lead 

wu found mainly u a minor to trace clement in varioUl phases in all three residues. 

It wu concluded that because of its morphological and compoeitional complexity 

its presence in the leach reaidues could not he debed. The EMPA analysis of the 

natrojaroeite in the precipitation residue showed that the lead occurred either 88 

a variable and minor element substituting for sodium in this phue, or u minute, 
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imperceptible incluaioM of lad jarœite. 

FiDalIy, DO .ilwr phu. were fOUDd in the jarœite relidue. and if .Uver wu 

prtllDt it wu below the detection limita of the EMP A (_250 ppm or silver in 

Datrojarœite) • 

It ia intereetiDI to Dotice that Oweua [U8] could dÏlcriminate between lulphide 

and lulphatee bued OD a Ihift in the wavelenath of the S Ka emiaaiœ line, which 

ÎI a reeult of dUrerences in chemical boDdin,. 

1.3.3.3 Revlew: CharaderwtloD of Jaroalte realdue trom the prellure 

leach at ComlDc:o Ltd. 

The residues formecl durinl autoclave leachinl of zinc concentrates at Cominco 

Ltd, Trail, B.C. have been characterized by Dutrizac and Chen, 1983 [95]. 

Tbe slurry from the autoclave ÎI f1uhed to atmOlpherie preaure and floated to 

remove the elemental sulphur formed in the autoclave. The f1otation tailinll are 

the jaroeite residue that wu cba.racterized by DutrÎZac and Chen. Several samples 

from diff'erent autoclave comparimentl were aIao taken to characterize the residues 

at the dift'erent stages of the autoclave proc ... 

In addition to classical chemieal analysÏ8, the rollowinl experimental techniques 

were UIed: cycloeizing, Debye-Scherrer and Guinier-deWoltl' XRD, SEM-EDS and 

EMPA. The Guinier-deWoltl' XRD analysis wu uaed becauae it hu the benefit of 

detectiDl trace amounts more easily. 

Ail the samples for electroD micr08copy studies were mounted in polished sec

tions. Belore mountinl the samples, the elemental sulphur present wu removed. 

Tbe presence of elementalsulphur in the samples can create problems durine min

eral",ical investilation. For example, in loœe powder mounts, the lulphur tends 

to coat and &glomerate other species; in polished sections, the sulphur lifts out 

pouibly takine other constituents with it as weil. Therefore elementallulphur wu 
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eliminated by eSt extraction in a Soxhlet reactor. EMPA analysÏl wu performed 

on some of the coaner Il'ained material obtained by CyclOlizer. 

Tbe collected r.ults showed tbat the residues consisted predominantly of lead 

jarosite «20 "m) tOlether with lesser amounts of elemental sulphur, lead sulphate, 

silicate minerals and traces of residualsulpbides (chalcopyrite, pyrite, sphalerite 

and pyrrhotite). 

The lead jarOlite contained minor amounts of potassium substituting for 

lead and zinc replacine trivalent iron as well as traces of silver which also 

subatitutes for lead. The results suggested that lalena is rapidly oxidized to 

PbSO. which then reacts witb ferric sulphate to form lead jarosite incorporat

ina potaaaium, zinc and silver. Apparently tbe formula of the jarosite produced is 

(Pb,K,Ag).(Fe,Zn)3(SO.h(OH)e. There was no positive identification of separate 

hydronium jarosite or potassium jar08ite phases. EMPA studies of the coarser lead 

jar08ite grains found them ta contain silver in small but variable concentrations. 

The average silver concentration and the relative amounts of the jarosite phase 

formed sUllested that the lead jar08ite is the dominant silver carrier; no other 

silver phases were detected. 

The cyc108ized fractions of jar08ite were leached with ammonium &Cetate to 

dissolve the PbSO., the residues ofthis leaching were analyzed by XRD, and it was 

found that the remainder of jarosite had cell parameters consistent with published 

values [171]. 

l.a.I.I REVlEW: Characterization of residues from pressure leach of a 

.ulphide CODcentrate from New Brunsw ick 

Dutrizac and Chen have characterized other residues, for example they have 

characterized the residues of a leach test performed by Sherritt Gordon using a 

two step pressure leaching of a Zn-Pb-Cu-Ag concentrate prepared from a New 
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Brunswick lDUIive lIulphide ore [96]. 

The experimental techniques UHd for the chwuterization were lIimUar with 

respect to those used e&rlier [95] by the same authol'll (see section 1.3.3.2). For 

the lIample preparation, besides usina the polished section technique, they also 

prepared some sublltrate samples. These samples provided some extra information 

about surface morphology that ia not provided by the polished mountina technique. 

The characterization that they performed wu with special emphasis on silver. 

It wu found that silver reports in the final l~ach reaidue mostly as unleached 

argentian tetrabedrite and precipitated silver-bearing lead jar08ite. Other silver 

carriers identified included silver bearing PbSO., unleached galena and basic iron 

sulphate gel partic1es containing silver sulphides. 

They found that screening and/or flotation of the leach residue yields a sulphur

sulphide fraction which contains m08t of the unleached argentian tetrahedrite. 

The results showed that treatment of the remaining jarosite-rich fraction by 

reductive S02 leaching converts the silver-bearing jar05ite to silver-free PbSO •. 

The silver liberated during this reaction ultimately precipitates as large complex 

sulphide-sulphate capsule-like structures rimmed by silver 8ulphides. 

I.S.3.4 REVlEW: CharacterizatioD of the residue lrom the super hot 

acid leachiDg of Vieille-Montagne 

Dutrizac and Chen, 1987 [120] have also performed characterization of the 

super hot acid leach residue produced at Vieille-Montagne, Belgium. The hy

drometallurgical zinc plant of Vieille-Montagne includes neutral, hot acid leaching 

and super hot acid leaching (>90 oc with >100 g/I H2S04)' Unwanted dissolved 

iron ia rejected by t~le goethite process [172]. The final residue of the leachings is 

washed and is sent to a two-step flotation proce&s. The first flotation concentrate 

is deemed as a silver concentrate and consista principally of elemental sulphur and 
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unleadled sphaJerite which HeIDI tG collect the lilver preaent. The Heond flot&

tioD .tep, perform.ed with the tailinp of the &nt Botation, • aimed tG produce a 

lead concentrate wmch ÏI mainl, PbSO., th. prorid_ &D additional sUver recov

eI'J. AlthouP the principal objective of hot .cid leadliq • ta diuolve &Dy sine 

praent u ferrite, a furlher role, .peciall, of the IUper hot &cid leach, • ta decom

poH &Il)' j&rolite-type compound ((K,Na,Pb,AI)Fea(SO.)I(OH).] which may have 

formed in either the Deutral or conv'mtional hot .cid leachin. circuit.. Silver- and 

lead-bearin. j&l'Olitea are not recovered extensivel, durinl flotation and because 

of their relative), low IUver and lead conteDta, they tend tG reduce the lI'ade of 

the Botation conceDtrate. Thermore jarGlite-type compound must be decompoaed 

before Botation. VarioUiltudies (173) have sUliested that &cid concentrations of 

at leut 100 1/1 HISO. are required tG liberate the Iilver and tG fOlm PbSO. from 

the jarOlites; luch conditions are latisfied in the luper hot &cid leachinlo A further 

objective of super hot .cid leachinl is to complete the ferric sulphate oxidation o( 

reaiduallphalerite present in the orilinal calcine. 

The experimental techniques used in the charaderization of the IUper hot &cid 

leach reaiùue were limilar tG those used previoual, by the lame authon (aee sections 

1.3.3.2 and 1.3.3.3). In addition to these, the followÎDI selective leachinp for ~lh 

were perfonned ta diff'erentiate the varioUi fOnDI of silver and lead present in the 

residues: 

- Leachinl with 3M NaCllOlution at ~60 oC, intended to dissolve AICI. 

- Leaching with 30 % ammonium &Cetate solution at 5~60 oC, intended to 

dissolve PbSO •. 

- Leachinl with a solution of 20 1/1 of thiourea, 2 1/1 of Fe(SO.)1.5 and 15 1/1 

BISO. at 30°, intended ta disaolve AICI and A.zS. 

It mUit he pointed out that the reaultl of the selective leachiDp must be con

.idered indicative oDly. The reuon for this is that the EM studies showed the 
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presence of a .ilica lei that encapsulated many grains. This probably, reduces the 

eff'ectivenesa or dillolutiOIll. 

From the collected experimental data it wu round that the super hot &cid leach 

residue containa ~25 "SiOI as .mC& lei and ~20 "Pb u PbSO.. The sUica gel 

likely originatea from the concentrated &cid aUack of the silicates present in the 

calcine. The lei collecta smaller grailll or jUOIite, PbSO., sulphur and zinc ferrite. 

EMPA analyses indicated that the PbSO. contained <150 ppm Ag. 

Depite the hot &cid leaching conditions, a considerable amount of 

jaroaite remaiDl in the reaidue. JUOIIites that were of the type 

(K, Pb, Na, Ag)(Fe, Al, Zn, CU)a(SO.heOH)e. The amount of silver in the jarosite 

was leu than 1 %. According to the selective leachings, t:.:Igo % of the silver is as 

AgCI. However thil phue wu not detected even after a prolonged and eareCul 

SEM-EDS search usiDg residuea whose PbSO. components were removed. The 

selective leachings also indicated that ~7" of the silver is as AgIS. This latter 

phase was observed in the EM studies. 

A number or other phases were al80 found present in the super hot a.cid leach 

residue. Elemental sulphur is a minor cOllltituent of the residue. The leachings 

with CS, indicated that ~38 % of the total sulphur il as elemental sulphur. Despite 

the severity of the hot acid leachinp, some sphalerite wu still found present. 

An interesting reature of the sphalerite wu its low iron content, suggesting that 

high-iron sphalerites are euier to leach. Many zinc ferrite grains were found still 

present. Finally, oceasional particles of FelOa, FeSI' Si02, BaSO., and silicates 

were detected. 
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1.1.1.5 REVIEW: CbaracterlzatloD of re81duel trom .u1phatloD roa.t

leach of complex .ulphldel 

r.pinOl& et al (185] have performecl characterisation of the felidues from a 

lulphatioD rout-leach proc .. performed OD a ZD-Cu-Pb-AI-Fe complu .ulphide

ore from New Bl'UDlWÏck. The ore wu routed to sulphatise the sulphides and 

theD treated with a neutralacid step followed by a hot HISO. leach. The residue 

eODtaina virtually all the orilinal iroD u FesOs, and lead as PbSO., sUver and any 

silicates. AmoDlother .tudies, they charac:teriHd the Deutral acid leach (NAL) and 

the hot acid leach (BAL) reaidues. They aIao implemented mapetic separatioD of 

the NAL and BAL l'tIidues and ex&mined miDeralOlically the mapetie produeu. 

The reaidues were fOUDd ta he fine, appraximately 80 ~ -10 p.m, 50" -3 p.m. 

PreparatioD of polished samples appeared to he diflieult. Therefore, only samples 

of the + 10 p.m fractions were aamined by optical mieroscopy. The ph ... present 

were eMUy distinpiahed in the coarse siRd fractioDi by optieal mierOlCopy. The 

ph ... ideDtified in the NAL were line ferrite, ID&I'ID&tite, FelOs, PbS04, and SiOI. 

Many of the particl. were found to be of multiphaae character. In cODtrast, oDly 

FelOs, PbSO., and SiOI were eviden~ in the HAL residue. The degree of liberation 

of the PbSO. present in the + 10 p.m fraction of the HAL residue was appraximately 

90~. From this, they elucidated that the PbS04 should be wellliberated in the 

moet abundant -10 p.m fraction. 

The NAL and HAL residues were magnetically fractionated with a Frantz sep

arator. Their results for the NAL residue showed that zinc reporta both in the 

mapetic product u ferrite and in the non-mapetic product u marmatite. This 

sUlleated that mapetic recovery of sine from the NAL residue ta recycle wu not 

feuible. The Frantl analysil on the HAL residue revealed lood separability of the 

FeIO. from the PbSO.. Therefore hip &radieDt mapeti,; separation tests (HG MS) 

were performed with the HAL residue. 89 "Pb w .. recoverecl in the non-magneticsi 

however, the separability of FelOs from PbSO. wu not hilh. 
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The mapetic producu were atudied by STEM to .... the limita of lbe mll

netie lepuatioD. Apparently IalDpl. for STEM were prepared by Iluation on 

Nucleopore !lM!!Dbran .. EIIentiaUy the STEM .. ulta .hORd that IDe F .. O. par

tiel. (-10 pm) wu preHDt in the non-mapetie procluct. It wu iDferred that thia 

hematite w. tao fine to he trapped in tbe HGMS _ta. 

1.1.1.8 Conclu.loD of Ravlew OD Charaderlsatlon of Nlldu8I from aIDc 

b;ydrometalluralca1 plaDt. 

The experimental techniques uaecl for the ehanctlri&ation of r.idu. from line 

plant raidues are bued on electron mieroKopy techniques ba.cked by X-ray diffrac

tion and some dift'erential leachinp. Optieal microecopy methoda have been used 

on eoane arained material. Samples eontainina aulphur were leached to facilitate 

the preparation and tG avoid sulphur eoatinp on partiel ... of interest. Some sub

strate II&IIIple preparation hu been 11Ied to obtaïn morpholosieal information Dot 

dillclosed by lat polÎlhed specimens. It ean he uaumed that the residues contain

m, fine partiel ... call1ed problems due tG aulomeration of th .. partieles with the 

reeins WIed in the preparation of polilbed .pecimeu. This explains why EMPA 

analysÏl wu nearly alwaya performed on large particles in the specimens. MOit of 

the eharacterizations have bem performed on bulk samplea of the residues. Some 

characterization hu been done usina the fractionation of the residues by aize or by 

chemical solubUity or by magnetic susceptibility. 

Zinc ferrite plays an important role since it ÎI often a major phase in the residues 

of the neutral and the hot &cid leach and also in the juosite residue. 
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The jaroeite residue can incorporate in its composition several elements, its 

seneral formula as ,iven by Dutriz8C [179J is MFe(SO .. )2(OB). where M could be 

Na+, K+, NBi, HaO+,Ag+, IPb+2. Therefore the jarOiite residue could be na

trojarOiite, potassium jarosite or lead jaroeite, depending mainly on the chemistry 

involved during precipitation. Silver can he incorporated in the jarosite. To fa

cilitate the recovery of silver, the silver bearing jaroeite can be decomposed with 

extreme leaching conditions (e.g super hot &cid leaching or S02 leaching). In the 

eue of Vieille-Montagne, the main silver carrier in the super hot acid is probably 

A,CI. Bowever thia is probably collected by sulphur a"lomerates. 

Gel-Iike silicates have been observed in some of the residues. These gels could 

play a detrimental role in the process due to coating and agglomeration of other 

phases. These gels also make more diflicult the characterization of the residues. 
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1.4 INTRODUCTION TO THE METHOD OF CHARAC

TERIZATION USED IN THIS THESIS 

It ÎII interestina to note that line ferrite plays an important role in the reaidues 

of EAF, in the Cu-Smelter dUits and in tbe residuea from line-hydrometalluraical 

plants. To aid eharacterÏlation of EAF duats, magnetic fractions were used. This is 

understandable sinee zinc ferrite is paramapetie. However magnetie fractionation 

bu not been &II fully exploited as pOllible in the characterization of Cu-smelter 

dusts and in the zinc-plant residues. In this thesis maanetic fractionation is used 

extensively. Also the potential of the application of magnetie separation to these 

residues is explored. 

This thesis deals with three residues: 

1. Cu-smelter dust from Kidd Creek 

2. JarOlite and hot acid leach residue from the zinc plant of Kidd Creek 

3. Low-acid-leach residue from the Canadian Electrolytic Zinc plant 

The Cu-smelter dust studied in this thesis is not exactly the same as the one 

characterized by Dutrizac and Chen 1941. In the present case most of the cop

per particles have been recycled to the Cu-smelter and the copper water-80luble 

component have been removed. 

The residues from the Kidd Creek zinc plant studied in this thesis are not the 

same as the residues studied by Owens [148].The latter residues were generated 

in a leach test with the zinc Kidd Creek plant. Aiso Owens [148] did not used 

fractionation of the bulk samples for characterization. 
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The residues studied in thia thesia were fractionated in dift'erent ways: 

1. Usine their dift'erences in size (i.e. by cyclOllizing). 

2. Usine their dift'erences in leachability in B2SO,. 

3. Usine their dift'erences in mapetic suaceptibility. 

The orieinal bulk residues sampi. and the fractions were studied by AA, XRF, 

XRD and STEM-EDS or SEM-EDS. The fractionation of the orieinal residues 

wu a powerful aid in the characterization of the residues. This is because the 

fractions are less complex than the original residues. Therefore, many phases were 

positively identified only alter the fractions were studied. This is specially true 

for XRD where, for minor phases, only a few maxima may be recorded impeding 

their positive identification even usina automated searth-match programs. Finally, 

EM studies of the fractions are made easier if bulk phase information from XRn 

is available. 

Magnetic fractionation was performed with the Frantz isodynamie separator. 

Also magnetie separations with an Eriez high gradient magnetie separator were 

tried. The fractionation with the Frantz separator isolated fractions with on1y small 

differences in magnetic sWiceptibility. This allowed the collection of information 

that could he not obtained in any other way. 

Samples for EM examination were prepared in substrate forme Polished sample 

preparation was tried initially but was abandoned, sinee sample dispersion was poor 

and plueking of sorter phases eaused material loss and surface pitting. 
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SECTION II 

EXPERIMENTAL TECHNIQUES 

Il.1 SCOPE OF SECTION Il 

Some aspects of the experimental techniqueti used for the characterization are 

explained in the Manuscripts presented in this thesis. This section provides a more 

detailed description of the techniques. 

First, this section provides details about the key experimental techniques used 

for the characterization of the several residues that are dealt with in this thesis. 

These techniques were XRF, AA, XRD, and EM (either SEM-EDS or STEM-EDS). 

Second, a tiescription is provided of the experimental methods used for specifie 

gravity determination. 

As indicated in the Introduction the fractionation of the residues provided a 

powerful aid to their characterization. Therefore, in this section details about 

the following fractionations are given: size fractionation with Cyclosizer, magnetic 

fractionation with Frantz separator and magnetic fractionation with a high gradient 

magnetic separator (HGMS). The latter technique was also used to explore the 

potential of magnetic separation. 

This section also provides details on the thermodynamic analysis used to fadl

itate the identification of the XRD spectra of samples from the Cu-smelter dust. 

II t> EXPERIMENTAL TECHNIQUES 



(. 

( 

47 

II.2 PYCNOMETER AND NULL GAS PYCNOMETER 

The specifie Iravity of the soUda wu determined both by pyenometer and null 

lU pyenometer. 

II.2.1 PycDometer 

The formula used for the determination of the specifie gravit y of the solids with a 

pyenometer (or specifie Iravity bottle) is as follows: !1121 

where: 

M-P 
6. = 

{W + M - P - 8)6, 

6, - Specifie Iravity of sample 

p - Weight of empty pyenometer 

M - Weight of pyenometer with solids 

8 - Weight of pyenometer witb soUds and full witb liquid 

W - Weigbt of pycnometer full with liquid 

6, - Specifie Iravity of Iiquid 

(II.l) 

The Iiquid used for the meuurements was water or 2-propanol. Tbe latter was 

used when the sample had eomponents which were soluble in water. 

II.2.2 Null Gas Pycnometer-

Specifie gravit y of solids was also determined by using a null-gas pycnometer 

(Quantacbrome Corporation). This unit bas the advantage that possible disso-
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lution of the sample in liquida is avoided. The nu li-lU pycnometer il less weil 

known than the standard pycnometer, and therefore, requires some description 

and explanation of its working principle: 

Figure D.l is a schematic of the null-Iu pycnometer. The sample holder ia a 

cylindrical container of 4 cm ,; by 10 cm length (upper left corner). However the 

adual samp1e-cell-holder volume includes ail the area shaded in Figure D.l. 

A lample of known weight (P) is placed inside the sample holder. The task 

of the instrument is to determine the aample volume. (Knowinl the volume, the 

calculation of the sample specific gravit y il a simple matter). The sample volume 

is determined by hermetically sealing the cell. When the syringe "s" is depressed, 

the pressure in the cell holder increases and the differentialgauge "G l " indicates 

a pressure difl'erence. Gas il allowed to ftow under pressure through needle valve 

"NI" and valves "Dl" and "Tz" to pressurize "Gz" and rebalance or null the gauge 

"G l ". When gauge "G l " is exactly nulled, the reading of gauge "Gz" is taken. If 

.-,I~~~ .... 
SHADfD AAEA / SAMPLE CUL HOLDER 

Na 
CELLYENT 
CONTAOL 

Tl 
CEllYENT 

DIFFEAENTIAL 
GAUGE 

SELECTOA 
YAlYE 

~:Z:Z::ZZZ~~ZZZZZZZl~ 

GAUGE 
13 VENT 

GAS T'. INTO 
Ga 

Figure Il.1. Schematic view of the gas-nu Il pycnometer 

this procedure il repeated without sample in the cell, then from the two readings 
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taken on MG," the lample volume can be calculated by [113]: 

V,=Vc{l- P,-Pl } 
P" - Pl 

(II.2) 

where: 

V. - Sample volume lemS] 

Va - Volume of sampJe cell holder. Determined by 

calibration with a metal eylinder of known 

weight and known specifie gravit y 

P, - Reading of "G," when "G1" is nulled with no 

sample in the eell 

P" - Reading of "G," when "G1" is nulled with 

sample in the cell 

Pl - Reading of "G," when cell holder is opened to 

atmosphere 

H the G, gauge is properly zeroed prior to each measurement, then the equation 

to ealeulate V, is simplified to: 

and finally: 

6 - P, 
, - V, 

(11.3) 

(11.4) 

II t> EXPERIMENTAL TECHNIQUES 



-, 
1 • ..... 

50 

D.S CYCLOSIZER 

Particle lise analYi. WU performed with a Warman Cycloeiser. The Cycloeiler 

la a seriel of flve hydrocyclonel with proar-ively deereuinc inlet and vortex flnder 

out let diameten and fltted with apex-chambers to retain partielea (Filure ll.2). 

The delip lives multiple IOrtml in each hyclrocylone and separation becomes quite 

sharp compued with a conventional hyclrocyclone. 

The CycloeÏHr ÏI in principle an elutriator, because it leparates a lample into 

specifie lise fractions by a technique which depends on the forces produced by the 

relative velocities of the particle and the elutriatml fluid. Partieles which have 

hydrodynamic similarity (lame free-fal1inl velocity) will be collected within the 

apex chamber of a liven cone. The results of the Cycloeizer are reported &1 an 

equivalent partie le lize which ÏI the diameter of Ipherical partic:1ea with the same 

seUlin, rate &1 thoee particles collected in a cone. 

The unit ÏI precalibrated with a standard material with a nominal cut-oft' size 

for euh cyclone (dao) based on infinite elutriation time and a set or standard 

operatinl conditions. The calibration dao values for euh cyclone are: 

Table n.l. Standard equivalent particle size for the Cycl08izer eoneS 

Cyclone No Equivalent Partiele lile 

1 "1'Dl±2 
2 33 pm ± 1 
3 23 pm ± 1 

" 15 pm ± 1 
5 11 pm ± 1 

The operatin, variables for the calibration are water ftow rate, 11.6 Ilmini 

water temperature 20 oC; and particle density 2.65 I/ems. 

D ~ EXPERIMENTAL TECHNIQUES 



( 

(. 

51 

The partie le lise ia correckd by uÏDI correction factors that conaider the test 

operatiDa condition: 

, 
where: 

de - Effective equivalent particle size 

of a cone 

doo - Calibration of equivalent particle size 

11/" I, 1. - Correction factors for temperature, 

partiele density, flow rate and 

time, respectively. [114] 

(D.5) 

To determine the IÎII distribution of the samples, a Down weight wu wet

KfeenOO on a 200-mesh sereen, the overaize wu dried and weighed; the undersize 

wu left overnipt and decanted to yield a slurry of ~200 cm
'
; a Imall amount 

of wettinl AIent wu then added (-==0.1" vol of AerOlol OT, Fisher Sc. Co.). 

The resultinl slurry wu agitated with a mechanical stirrer and, at the same time 

aaitated in an ultrasonic bath for 20 min. Then the sample wu transferred to the 

Cycloaizer sample container. The sample wu released at maximum flow rate (-==14 

l/min) to the cyclones during a period of time of ~5 min. 

ControUed elutriation wu performed by 8ubsequently reducing the water flow 

to s:::::s1l.41/min and holding it constant for =:120 min. Then water fiow wu increased 

and the 10Uds collected inta the apex-cones were discharged, tiltered, dried and 

weiahed. 
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THERMOMETER 

AOlAM[l(R ~ - MAINS WillER 

~ 
.z. -~ __ ::": ~~~ 
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Figure D.2. Diagrammatic arrangement of Warman Cyc108izer [1141 
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II.4 X-RAY FLUORESCENCE SPECTROMETRY (XRF) 

Qualitative elemental composition wu determined by XRF for the original 

retlidue-samples and for the products of B2SO. leaching and/or magnetic separa

tion. The objective of the qualitative XRF was to provide a list of elements present 

for the search-and-match program used in X-ray diffractometry. 

The XRF unit used was a Philips instrument consisting mainly of an amplifier 

(PW1366/60), a scaler/timer (PWI353/0), a goniometer (PWI050/25) and a tixed 

full-scate tecorder. The radip.tion source was a W-tube and the unit was provided 

with two analyzing crystals, l.iF and EDT. Also two radiation counters were avail

able: a scintillator counter and a gas-flow proportional counter. The unit could be 

worked under vacuum. 

In the case of the fine-powdered residue samples, they were directly briquetted 

at 27 kN/m2 to produce a cylinder of ~30 mm diameter by 4 mm height. The 

briquettes were mounted into the XRF sample holder which was pumped down to 

vacuum. The sample was rotated to reduce possible errors due to sample in ho

mogeneity. The X-ray tube was operated at 36 kV and 20 mA. The LiF analyzer 

crystal and the scintillator counter were used. The goniometer angular scan was 

10 to 90 (2(J-d~grees), at a speed of 2 o/min. Several sc ans with different recorder 

full-sc ales (between 1 x 105 and 1 x 103 counts) were performed. This method al

lowed the detection of major and minor elements in the sample. The LiF analyzing 

crystal has an interplanar distance of 0.4028 nm (4.028A). This permitted identi

fication of elements with oltomic number larger than 19 and lower than 93. While 

the element spectrum is not complete, it is sufficient for the intended use of the 

XRF which was to provide a guide to the XRD and to the EM analyses. 
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D.& ATOMIe ABSORTIO:~ SPECTROMETRY 

Quantitative analJlia for Fe, Zn, Pb, Cu, As, Sn and Cd were performed usinl 

a siDale beam atomic absortion llpectrometer 1L3S., (Instrumentation Laboratory). 

Sinale element hollow cathode lampe were UIIed &II Iight lIources. 

Sample preparation W&II dissolution of 0.2 lE of lIample by addinl Hel and HN O. 

and hutin, tG boiiiDl for 10 tG IS minutes. Alter coolinl, 50 ml of distilled wa

ter were added and the solution fUtered. The flltrate wu received in a 100 cm' 

volumetrie 8uk and diltilled water wu added tG the 100 cm' mark. From thÏlIIG

lution aliquote were taken tG dilute the solution into the Iinear ranle of abllorbance 

VI. concentration. Three meuurementll with a lample time of 3 1 were taken to 

determine the concentrations of the elementl in the aliquotll. Table II.2 shows the 

leneral conditions of the AA analYllis for the elementa of interest. 

Table D.2. Conditions of AA analyais for some elementa of interest in 
the residues 

Analyzed Detection Wavelenlth Bandpus Gu 
Element Limit [Dmj [nmj Mixture 

[III/ml] 
Aa 0.4 193.7 1 Air-Acetylene 
Cu 0.03 324.7 1 " " 
Fe 0.04 248.3 0.3 " " 
Cd 0.01 228.8 1 " " 
Zn 0.008 213.9 1 " " 
Pb 0.1 217 1 " " 
Sn 1.2 235.5 0.5 NitroUi 

Oxide and 
Acetylene 
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B.I X-RAY DIFFRACTOMETRY (XRD) 

Bulk-cryatal1oaraphic anal)'sÏII wu obtained with a vertical X-ra)' difl'ractome

ter coupled with an automated diff'radometl')' software package, Philips APD 1700; 

venion 3.0. The X-ray lOurce wu a &ne-focuaing Cu-tube (maximum rating 

1500 Wi take off' anlle of 6°) operated at 40 kV and 20 mA. An automatic di

verlence sUt wu UIed; thil sUt ia jUit clœed at 21 = 0 and at 21 = 90° the 

divergence il a maximum of 4°. This arrangement provides a constant illumination 

lenath of 12.5 mm. The automatic divel'Kence slit gives a low background in the 

low angular region with good peak-to-background ratios, and high intensities at 

high angles 1115]. A receiving sUt of 0.2 mm tolether with a scatter sHt of 10 were 

used in the loniometer. Monochromatic radiation wu obtained by the use of a 

Cl')'stal monochromator (curved graphite, plane 002, radius 225 mm). The used 

counter wu a proportional detector with sealed g&8 (97 % Xe, 3 %COz). The pulse 

high selector wu set at a window of 20-80 ". 

The &ne focuailll X-ra)' tube uaed hu a beam width of 0.04 mm. Therefore, the 

receiving slit of 0.2 mm wu larger than the beam width. Although this produced 

a poor resoiution of the CUKarl and CuKClz doublet, the a2 stripping did not pose 

special problema. This wu due to the second derivative algorithm involved in the 

APD-peak search routine. This routine deconvolutes peaks with severe overlap 

[1161. On the other hand the use of a receiving slit larger than the beam width 

facilitated the detection of peaks due ta minor phase components of the sample. 

The goniometer scans used were from 5 to 100 21-degrees, with a step size of 

0.02° and sampling times of 1, second per step. 

Two methods of sample preparation were used. When enough sample was 

available (~1.3 g), the sample wu freely poured into the cavity of the standard 
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s .. ple holder (an aluminum plate wiUa a cavity of 15x20xl.5 mm) and a Bat 

surface wu made by carefully pr.aÏDI down the lample with a Il ... IUde. Who a 

limited amount of .ample wu available, it wu Iprinkled on a doubl •• ide adh.ive 

tape. and the mounted on an empty ltandard lample holder. The adh.ive tape 

UNd (Scotch #665) did not eontribute tg the XRD lpetra. The latter sample 

preparation method illikely tg produce 1 .. orientation effecta. However, due to 

the decreued m .... 1 .. in.tense spectra were obeerved. 

For ail sampl_. other than those related to the characterization of the CoUreil 

dut, the aearch for the ph .. creatinl the XRD peab w .. performed with an 

automated search-and-matcb program, SANDMAN, APD 1700 [117-1191. 

As mentioned. the detection of peab is performed with a prolram that uaes 

a second derivative a1lorithm. This means that reliona of the spectra where the 

second derivative is neaative are eonsidered as peab. Some inflections in the XRD 

spectra, due tG the noise inherent in any intrument system, may fulBlI the criteria 

of havinl a second negative derivative and therefore give rise to the s~called noise 

indueed peab. Th .. "peaU" have nothins tG do with the phues present in the 

samples and therefore have tG he Bltered out. Normally the noise induced peab 

are eUher too broad or have almoet zero peak width. These peaks are rejected in 

the autGmated XRn program by setting a minimum peak quality (MPQ) criteria 

that a certain peak must pass to he conaidered as a true XRD peak. If the MPQ 

is set tG 1.0 then ail the peab with more than 0.01" probabillty of being noise 

induced are rejected. If the MPQ is set tG 0.5 then ail the peab with more than 1 % 

probabiJity of heinl noise induced are rejected. It is c1ear then than an automated 

peak search with larger values of MPQ accepta the better defined peab in the 

spectra and produces a list with fewer peab. For the eue of the identification of 

the major phases present it is Iikely that these phases create the stroDlest and best 

defined peaks. Therefore, in this thesis, the automated learch match of the major 

phases wu facUitated usinl Karrltripped peab with a MPQ of 1.0. Once the major 
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phue wu determined, then more peab with more UDcertaintia were allowed to 

pu. by droppinl the minimum peak quality to 0.5. The raulta of this peak searm 

were corrected to match better the major phaaes Kcepted u present, then KClr 

stripped and finally used to identify the residual phases. In some cases peaks with 

~5" probability of heing noise induced were WIed. Peaks with more than ~5 % 

probability of heing noise induced were considered unreliable and therefore were 

never used. 

To aid further the automated searm-and-match of the phases, a list of elements 

present wu provided. The source of this information was obtained by a combina

tion of AA, XRF and SEM-EDS analysis. The qualitative analyses of the samples 

allowed the automated search-and-match through the JCPDS 1 data base to be 

performed usinl chemistry information and "soft" restrictions. This means that 

the automated search wu done in three passes: 

l.-through phases that contained any of the elements declared present and that 

belong to the inorganic subfile. 

2.-through the rest of the JCPDS 2 subfile. 

3.- through the rest of the "Frequently Encountered Phases" a subtile of the 

JCPDS. 

It can be understood that "soft" restrictions mean that the searm-and-match 

program might go through search passes 2 and 3 to check for phases without 

any of the elements declared being present. On the other hand a search with 

"hard" restrictions will give results considering only the pass #1. The use of 

"soft" restricted search-and-match avoids obvious phase missing errors that may 

be due to limita in the sensitivity of the qualitative methods used. In other words if 

1 Joint CommiUee on Powder Difraction Standard. 

2The ïaoJ'lanic JCPDS .ubSle (1985) contain. 34925 phuea 
ST\e -Frequently Encountered Ph .... - .ubSle contaiu 2744 of the most common phues to find 

in Earth. 
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a phue bu a YerJ aood match it; .::~uld .,ua he identiled even if i' dOli not contain 

&Dy of ~e elementl dec1ared preunt [118]. 

For Üle eue of Üle Amp" related tG ~e charKterisa'ion of the copper Imelter 

dUit, (ManUICfipt Il), ~e HU'Ch and makh for the ph ... preaent w. done man

ually. Thia wu limply due tG 'he fac' that 'he SANDMAN PfOlrUD wu not 

a'V&ilable at the time of that work. The manu" search and match wu aided Ulinl 

likely-preHnt compoundl that were predicted from the thermodynamici involved 

in the proc .. where the dUite were produced. 
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11.1 THERMODYNAMIC PREDICTIONS 

Thermodynamïc equilibrium calculations were performed to establish which 

compounds May be formed at the different unit process of the copper smelting 

industry. The results of such calculations were used to help the identification of 

the X-ray diffractograms of the copper smelter dust. 

In order to perform the thermodynamic equilibrium calculations, the program 

EQUILIB of F· A *C*T [1401 was used. Essentially the inputs to EQUILIB are the 

reactants and the temperature of products and reactantsj then the program gives 

a list of products containing ail the known valid combinat ions of the reactants, 

from that list up to 20 products May be selected by the user. The selection May 

be done comparing the temperature of the products with the stability temperature 

ranges of the components in the list. Once the products are selected, the program 

determines the combination of the number of moles of the products that give the 

lowest total free energy: 

(11.6) 

Considering only the major and medium abundant elements of the Cottrell dust 

(Zn, Pb, Cu, Fe, As) and the major gaseous components in copper smelting (802, 

O2 , N2~, then it is possible to find out which compounds th08t: elements might 

form that are in equilibrium at the reactor conditions. The general equation to be 

considered by the program EQUILIB was: 
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Zn + Pb + Cu + Fe + As + S02 + O2 + N2 = 

(T, P) 

? 

(T, 1 At. .. ) 
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} 
(11.7) 

For thia equation the liat of the pouible producta contained more than 165 

phases. The selection of 20 producta out from 165 requires very restrictive criteria. 

Consequently, the reaction was submitted to EQUILIB in nine parts. This allowed 

a selection of (20x9) a maximum of 180 productll. The reutions proposed to 

EQUILm eonsisted of one or two metallie elements and the gaseous reactants. 

The computer output of EQUILIB gives the equilibrium number of moles of the 

gaseous phase and solid phases. An example of the output is given in Table II.3 

Table n.3 shows between brackets { } the gaseous product phase. It can be 

seen that many species have zero moles, therefore they are not stable phases for 

the eonsidered reaction. Considering the fact that the Cottrell dust is formed only 

by solidified phases, then the computer output for the different reactions may be 

simplified as in Table nA 

Different gas conditions were used in getting the stable produds given in Ta

ble n.4. These conditions are typical of sever al unit process of copper smelting 

[141, 1421: 

-Hearth Routers: Produces gases with 5 % S02 and 1 % O2 • 

-Fluid Bed Roasters: Produces gues with 10-15 % 802 and 5 % O2 , 

Roasting Temperatures: 

-For smelting: 773-873 K 

-For leaching: 950-1073 K 

-Matte smelting: Produces gases with 0.5-1.5 % 802 and P02= 10-2 • Gas 
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temperatUNI of appraximately 1523 to 1573 K. 

-Copper ameltina iD Blut furnace: Producea.ues with SOI=5 %; at a tem

perature of 1673 K appraximately (at tuyeres sone). 

-Copper ameltina iD Electric Furnacd: ProdUCII , ... with 0.4 to 5" SOI at 

temperatur. of 773 to 973 K. 

-Fluh Fumace Matte Smeltina: 

-INCO: Produces aues with 80" SOI at temperatures of appraximately 

1523 K. 

-Outokumpu: Producea g&Sel with 10 to 15 % SOI_ 

-Convertina: Produces aues with 5 to 15 % S02 at tempe ratures between 1423 

to 1523 K. 

-Mitaubiahi continuoUl copper smeltina (in the smelting fumace): Produces 

alHll with 12% SOI at temperaturll of approximately 1473 K. 
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Table D.3 •• ampl. of Ua. printou' from EQun.m 

PRESS -RB'1'URH- WIŒIf RBADY FOR OUTPUT 

? 

ZN + 0.995*02 + 02 + N2 -51073 ) (1073,0.15) (1073,0.1) (1073,0.75) 

1.324 ( .755 N2 
+ .139 5*02 
+ .7348-01 02 
+ • 320B-Ol 5*03 
+ • 120B-11 ZN 
+ .207B-22 520 
+ .947B-27 52 
+ .542B-27 ZN*5 

(1073.0, 1.00 , G) 

-r>. + .237 ZN*0(ZN*5*04)2 , 
, (1073.0, 1. 00 ,51) .... 

+ .0 ZN*5*04 
(1073.0, 1.00 ,51) 

+ .290 ZN*S*04 
(1073.0, 1.00 ,52) 

+ .0 ZN*5 
(1073.0, 1.00 ,51) 

+ .0 ZN*S 
(1073.0, 1.00 ,52) 

+ .0 ZN*O 
(1073.0, 1.00 ,51) 

+ .0 ZN3N2 
(1073.0, 1.00 ,51) 

+ .0 ZN 
(1073.0, 1.00 ,51) 

+ .0 5 
(1073.0, 1.00 ,51) 

+ .0 5 
(1073.0, 1. 00 ,52) -~ l' -
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Table D.4. Simplification oC output hm EQUILm 

REACTANTS AND TBEIR CONDITIONS EQUILIBRIUM PRODUCrs 
T Z. PS~ ~ PNI T,.IWD ZDO(ZaSO.JI ZDSO. ZDO 

L G G G - 81 SI SI 
773 1.0 0.05 0.1 0.15 - 771 0.01 0.91 0 
a73 1.0 0.05 0.1 0.85 - a71 0.01 0.97 0 

S2 
1073 1.0 0.05 0.1 0.85 = 1013 0.237 0.290 0 

SI 
773 1.0 0.15 0.1 0.15 == 713 0.01 0.97 0 
a73 1.0 0.15 0.1 0.15 == 813 0.01 0.91 0 

S2 
1073 1.0 0.15 0.1 0.15 =-= 1013 0.237 0.290 0 

G 
1523 1.0 0.05 0.01 0.94 == 1523 0 0 1.0 
1573 1.0 0.05 0.01 O.N == 1513 0 0 1.0 
1073 1.0 0.05 0.1 0.15 - 1013 0 0 0.99 
1423 1.0 0.1 O., 0.8 - 1423 0 0 1.0 
1523 1.0 0.8 0.1 0.1 - 1523 0 0 1.0 

t 
1423 1.0 0.15 0.1 0.8 - 1423 0 0 1.0 
1523 1.0 0.15 0.1 0.15 == 1523 0 0 1.0 

(. Table n.4 continues •.. 

REAC'&IV'I & iJ AND THEIR COI\fD1'I."IONI ~qUILIBRIUM PRODUCTI 
T Pb PlO, PO, PN, T,.,.oD PbO.PbSO. PbSO. (PbOJ'pbSO. PbS 

L G G G = SI SI SI SI 
773 1 .01 .1 .15 = ,.,., 0.01 0.a1 0 0 ,.,., 1 .01 .01 .11 = 11. 0.01 0.01 0 0 ,.,., 1 .01 .01 .11 = 1071 .0102 .07e 0 0 
.n 1 .01 .1 .15 = '71 .01 .a1 0 0 
.n 1 .01 .1 .11 = 1121 0 0 .181 0 
.n 1 .01 .1 .11 = 1171 0 0 0.120 0 
Ion 1 .01 .01 .11 = 1071 .01 .07'8 0 0 
1523 1 .05 .1 .11 = 1521 0 0 0.1e1 0 
lin 1 .01 .1 .11 = 11111 0 0 0.120 0 
1121 1 .01 .1 .1 = 1121 0 0 0.181 0 
1423 1 .1 .1 .1 = 1421 0 0 0.4go 0 
.n 1 .1 .01 .11 = 1e71 0 0 0 0+++ 

+++ O.II(PbO) + 0.7(10,) + 0.11(0,) + o.O"O{Pb) + 0.0'1(10.) 
TIIB PUVIOUI PRODUCTS WHEN COOLED DOWN TO ROOM TEMPERATURE WILL GIVE: 
1 1 1 1 1 = 1 2N 1 .110 1 .8021 1) l .011 

Table n.4 continues ... 

( 
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UACTANTS AND TDIR CONDmON8 BQUILIBRIUM PRODUCTS 
T Ca PS~ PO, PN3 T".OD C.OCaSO. CaSO. Ca20 

S G G G - 81 SI 81 
713 1 O.OS 0.1 0.81 - 773 0.01 O.N 0 
873 1 0.1 0.1 0.8 - an 0.01 O.in 0 
873 1 0.1 0.1 0.8 - 1073 0.5 0 0 

L 
1523 1 .05 0.1 0.81 .. 1523 0 0 0.5 

8 
an 1 0.1 0.1 0.8 .. 1573 0 0 0.5 
an 1 0.1 0.1 0.8 - 1873 0 0 0.5 

L 
1523 1 0.8 0.1 0.1 .. 1523 0 0 0.5 

8 
an 1 0.1 0.1 0.8 - 1.23 0 0 0.5 

Table n.4 continues ... 

-- REACTANTS AND THEIR CONDITIONS _EQUILIBRIUM PRODUCTS 
T r. PS02 P02 PN2 TpROD F~(80.h F~03 FesO. 

81 G G G = 81 SI 51 
773 1 0.05 0.01 0.94 = 773 0.166 0.334 0 
873 1 0.05 0.1 0.a5 = a73 0.16& 0.334 0 
873 1 0.05 0.1 0.a5 = 1073 0 0.5 0 
173 1 0.05 0.01 0.94 = 1523 0 0 0.333 
873 1 0.05 0.1 0.85 = 1573 0 0 0.333 
873 1 0.05 0.1 0.85 = 1673 0 0 0.333 

82 
1523 1 0.8 0.1 0.1 = 1523 0 0 0.333 

81 
873 1 0.05 0.1 o.as = 1.23 0 0.5 0 

Table n.4 continues ... 

, ; 
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REACTANTS AND THEIa CONDITIONS EqUlLmRIUM PRODUCTS 
T Nt PSO~ P02 PN~ T,.1I0D ~O6 ~Os 

S G G G = SI SI 
713 1 0.05 0.1 0.85 = 773 0.208 0.2925 
873 1 0.1 0.1 0.8 = 873 0.151 0.349 
873 1 0.1 0.1 0.6 = 1073 0 0.5 
773 1 0.05 0.1 0.85 = 1523 0 0.5 
813 1 0.1 0.1 0.8 = 1573 0 0.5 
873 1 0.1 0.1 0.8 = 1873 0 0.5 

G 
1523 1 0.8 0.1 0.1 = 1523 0 0.5 
813 1 0.1 0.1 0.8 = 1423 0 0.5 

Table n." continues ... 

REACTANTS AND THEIR CONDITIONS EQUILIBRIUM PRODUCTS 
T At Cu PS02 P02 PN2 TpRoD A820 3 CU20 CU3 A• CuSO" 

S S G G G = LI SI SI SI 
713 1 1 0.05 0.1 0.8S = 773 0.5 0.5 0 0 . 

G S = SI 
1073 1 1 0.05 0.1 0.8S = 298 0.401 0 0.198 0.405 

S = LI 
773 1 1 0.05 0.1 0.85 = 1513 0.5 0.499 0.0008 0 

= 
773 1 1 0.05 0.1 0.85 = 1673 0.499 0.497 0.0021 0 

G L = SI 
1673 1 1 0.05 0.1 0.85 = 298 0.401 0 0.198 0.405 

Table II.4 continues ... 
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REACTANTS AND THEIR CONDITIONS EQUILIBRIUM PRODUCTS 
T Z. AI PS02 P02 PN2 TPlIOD A1203 ZnO Zn,A. ZnS04 

L S G G G - SI SI 
173 1 1 0.05 0.1 0.85 - 773 0.5 1.0 0 0 
173 1 1 0.05 0.1 0.85 - 873 0.5 1.0 0 0 

G - SI 
1073 1 1 0.05 0.1 0.85 - 298 0.5 0.507 0 0.493 

S == 
173 1 1 0.05 0.1 0.85 - 1073 0.499 1.0 0 0 
173 1 1 0.05 0.1 0.85 - 1523 0.464 0.911 0 0 
173 1 1 0.05 0.1 0.85 - 1673 0.488 0.591 0 0 

Table II.4 continues ... 

REACTANTS AND THEIR CONDITIONS EQUILIBRIUM PRODUCTS 
T Zn Fe PS02 P02 PN2 TpROD ZnOFe2 0 3 ZnO(ZnS0 4b Fe2 0 3 

773 1 1 0.05 0.1 .085 - 298 0.260 0.247 0.240 
1073 1 1 0.05 0.1 0.85 - 298 0.260 0.247 0.240 

Table II.4 continues ... 

REACTANTS AND THEIR CONDITIONS EQUILIBRIUM PRODUCTS 
T Cu F. pso~ P02 PN~ TpRoD Cu,F,S, Cu~OF.~03 CuSO, F.~(SO')3 

S SI G G G = 83 82 SI SI 
773 1 1 .os .1 .8& = 298 0.066 0.269 0.132 0198 

L 83 = 
1673 1 1 .os 1 .85 = 298 0.066 0.269 0.132 0.198 

Table lIA END 

Table II.4 shows that the main variable is temperaturej with this in mind the 

processes may be broadly divided into low tempe rature processes (up to 1073 K, 

e.g. Roasting) and high temperature processes (up to 1573 K, e.g. Smelting and 
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Convenin,). With this division, Tables II.5 Uld II.8 present the thermodynamically 

probable compounù in the dUit. 

The CoUreil dust obtained Crom Kidd Creek comes mainly from the Mitsubishi 

Smeltinl reactor. In this reactor the temperature ÏI around 1473 K and S02 around 

12 ", therefore, Table II.e lives the probable compounda to be found in the d ust 

sample. These compounds were used to help in the identification of the phases 

producinl the XRD patterns of the samples related to the characterization of the 

Cottrell dut. 
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Table D.5. Thermodynamic Stable Compouncù in the duat comin, 
hm Routera. 

MAJOR MEDIUM MINOR 
ZINC. ZaS04 ZaO.(ZDSO.). 

ZaO 
ZaO.FelO. 

LEAn .. PbSO. PbO.PbSO. 
COPPERu CuSO. cUla Cu. FeS. 

CuO.CuSO. 
CUIO.FeIO. 

IRON .. Fe,O. Fe, (SO.). CU. FeS. 
ZaO.FeIO. 
CUIO.Fe,O. 

ARSENICu AsIO. As,O. 

Table D.6. Thermodynamic Stable Compounds in the duat comin, 
from Smeltina and Converlin, and ContinuoWl Processes 

MAJOR MEDIUM MINOR 
ZINC .. ZnO ZDO.FezO. ZDO(ZDSO.). 
LEAn .. PbSO. (PbO)4.PbSO• 
COPPERu CUlO CUIO.)'e,O. CusAa 

Cu&FeS. 
CuSO. 

IRON .. Fe.O. FezO. CuaFeS. 
CUJO.FeIO, Fez(SO.)a 

ARSENICu As,O. Cu.AI 

68 

Dt) EXPERIMENTAL TECHNIQUES 



u 

~ . 
f~ J -

69 

II.8 ELECTRON MICROSCOPY 

Electron Microeeopy wu performed with two different instrumental set-ups: 

- JEOL-SEM model T300 cou pied with a Tracor analyzer. 

- JEOL-TEM model100CX with STEM capabilities coupled with a Princeton 

Gamma-Tech. analyzer (PGT-4). 

The Truor analyzer used with the T300 SEM wu updated several times dur

ing the course of this investigations. The following systems were used: TN880j 

TNSSOOi and TN5400-TN5700. Ali the systems permitted standard EDS analysis; 

i.e. acquisition of an EDS spectra, setting of regions of interest within the EDS 

spectra and manipulation of th08e regions to produce element maps or line analy

sis, etc. The systems TN5S00 and TN5400-TN5700 also incorporated automated 

image analysis. 

The STEM set-up was used when the particle size in the samples of interest 

necessitated magnifications between ~35000 to ~100,OOOX. The PGT-4 analyzer 

also allowed ail the standard capabilities of EDS systems. 

EM-EDS methods were Most often used for characterization of the particles 

present in the dift'erent samples. Lesa frequently, the SEM-EDS set up (JEOL 

T300) wu used for bulk chemieal analysis. This was done only when the amount 

of s&mple precluded or made diflieult the bulk chemical analysis by other methods 

(AA, XRF, ete). The bulk chemical analyses performed with SEM-EDS were used 

onlyas guides for the computer search-and-match in XRD analysis. Perfonning 

bulk ehemical analysis by SEM-EDS necessitates the use of very low magnifie&

tions. Consequently the experimental EM procedure is divided in two parts: low 

magnificat ion SEM-EDS and high magnifieation EM. 
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II.8.1 Low magniftcatioD SEM-EDS 

SEM-EDS techniques were applied to the tuk of obtaining a bulk chemical 

analysis. For this very low magnifications were used on heavily loaded sample 

holdera. The analyses were, of course, considered only u guidelines and were 

performed only when the amount of sample was limited. 

The salDples were sprinkled on a double-aided adhesive tape, providing a dense 

coverage. The tape wu then mounted on a spectroscopically pure graphite stub 

(standard pin-type or planchets). There are a number of double-adhesive tapes 

commercially available. Witcomb [121] has tested several double-sided adhesive 

tapes for SEM work. From his results the Scotch double coated tape #665 wu 

selected because it shows a simple composition and gives very small EDS-KQ peaks 

due only to silicon and chlorine. The ratio of the peak to background wu only 

0.2 for both elements and would not represent an interference problem in analysis. 

Other workers [122-124] have also found tape #665 satisfactory. 

Once the double-adhesive tape with the sample wu mounted on the graphite 

stub, the edge wu painted with carbon conductive paint to enhance conductivity 

from the specimen to the stub [122]. The sample on the graphite stub wu also 

carbon coated by thermal evaporation to reduce charging phenomena in the SEM. 

The samples could be C-coated without cracking or contraction of the tape only 

when large vacuum bells were used. Two evaporator set-ups could be used without 

tape damage: 

1.- A Polaron vacuum thermoevaporator model E642 fitted with a bell jar of 

~24 cm diameter by 30 cm length. The sample stage wu rotated continu

ously at ~6-8 r.p.m. during evaporation, and the evaporation pressure wu 

2x 10-a Torrs. The distance between the electrodes and the sample stage 
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wu s::::s9 cm, and the angle between the normal to the specimen and the 

evaporation direction wu ,:11$190
• 

2.- A Denton vacuum thermoevaporator model DV -502 fitted with a beU ju of 

~25 cm diameter by 40 cm length. The sample stage wu rotated continu

ously at ~8 r .p.m, the beU pressure was 2 x 10-' Torrs. The distance between 

the electrodes and the sample atage was ~lO cm and the angle ~2g0. 

In contrast, tape damage occurred when C-coating was done with a Hummer 

VI spuUering system. This unit has a carbon-evaporation attachment. The bell 

jar of this unit is ~10 cm diameter by 15.5 cm length. The carbon electrodes are 

directly over a stationary sample stage at a distance of ~g cm. For C-evaporation, 

normally the unit is pumped down as low as possible (around 1.0x 10-2 Torrs) and 

pressurized argoD is added to live a total pressure of 1.0 X 10- i Torr. 

The tape damage occurring during C-coating with the Hummer VI system 

could be due not only to the smaller bell jar used, but also to the higher tem

perature required for C-evaporation at higher pressure~. It should be noted that 

DO tApe damage was observed if the Hummer VI system was used in the sputter

iDg mode (with a Pt-Au target). In this case the unit has a planar magnetron 

triode configuration that allows samples to be coated without thermal damaging 

effects. However this configuratioD was not used because of the higher possibility 

of overlaps in EDS analysis with the severaI peaks that lold shows. 

The sampI es thus prepared were analyzed by SEM-EDS. The heavy coverage 

of the sample on the tape was evident in the SEM by a high partic1e overlapping. 

This does not provide good microanalysis conditions. However the purpose of these 

samples was to obtain a fast, qualitative, bulk analysis. The EDS spectra were ac

quired using a chisel nose Si-Li detector with a 7.5 ILm thickness Be window, a 

detedor horizontal position to pole center line of 10 mm, a working distance of 

25 mm, with a zero sample tilt, a take-off angle between 36° to 53° and the max-
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imum SEM-acceleratinc voltase of 30 keV (JEOL-SEM T3(0) and magnifications 

lower than l00X. The X-ray count rate at these conditioJll wu ~SOOO counta/s. 

The uae of low lJlIIDi&cations and heavy lample coverace permitted bulk quali

tative analysÎS results tG he obtained from a technique thaï is normally applied 

for microanalysia. The muimum accelerating voltage wu Uled to increase detec

tion limita on the heavier elementa where only the weaker L and M emission lines 

were available. Ii is recognized that the use of high accelerating voltages involves a 

higher absortion in the sample due to an increase of the depth of X-ray production, 

R (R is a function of the &ecelerating voltage, the density of the sample and its 

critical ionization energy; for example at 30 ke V, for pure silicon, R=8.2 l'm and 

for pure zinc R=2.3I'm [125,126]). However, for the particular case, a large depth 

of penetration will yield better results for bulk qualitative analysis. 

The EDS spedra were treated with a standardless quantitative program (SQ, 

Tracor, TN5500). However the results of thie program were considered, in this 

instance, only as semi-quantitative and were used only to give an idea of the relative 

concentration of the elementa present. 

EDS with Si-Li detector and a Be window can detect [1271 elements with atomic 

numbers larger than Il (sodium). In this sense the bulk qu!!itative analysis could 

be considered incomplete. However for the intended US~ of the results this was not 

crucial (see section n.6 XRD, also ref. 118). 
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D.8.2 Sample preparatloD for HIgh-maplftcatloD EM 

The sÏMI of the particl_ preeent in the Hlid .. indicate the need to use .lectron 

miCl'OllCopy to obtain morphoJosy, chemiatry and particle-to-particlo UIIociation 

data on theae materi.... Electron microecopy of fine partiele sampla is best if 

the partieles are weil dispened. Adequate diapel1lion of the lI!&lDple il neceuary to 

DOW if particlea of difl'erent compositions are intrinsically bonded or are simply in 

elose juxtaposition due tG an improper preparation technique. 

The tirat sample tG he oitudied by EM wu the CoUreil dut of the Kidd Creek 

copper smelter. The partiele size analysis of this sample by CyclOlizer aave 88 ~ 

finer th&ll 8 ",m and 041y 3 % wu between 27 and 20 I-'m. Particles of thil size 

are susceptible to electroatatic attraction. Therefore dry mounting on a double

sided adhesive tape or even air dispersion did not provide &Il adequate dispersion. 

Figure TI.3 illustrates the CoUreil dust slightly sprinlded on a double-sided tape; 

poor dispersion is evident. For !luch situations liquid dispersion is recommended 

[81, 128]. 

The optimum Iiquid-dispersion technique wu selected by trying several tech

niques and dispersion media. The quality of dispersion wu evaluated by simple 

observation in scanning and/or transmission mode with the STEM (JEOL lOOCX). 

For this, the dispersion media wu filtered on a N ucleopore membrane filter of 

47 mm in diameter and pores of 0.2 p.m. The membrane wu C-coated using the 

same methods and precautions u th''l8e described in section n.8.l. At th" same 

time the Jaffe Wick apparatus wu prepared. Tbis consisted of a glu8 Petri dish 

where a stack of filter paper is placed a.nd soaked with chloroform. 2()().mesh elec

tron microscope griefs were placed on top of the paper-stack. A section of the 

C-coated membrane wu then C'41t and placed on top of the grid. Then the Petri 

diah wu clOled and allowed to stand ovemight. This caused dissolution of the 

backina filter by the cholorofm leavina the particles supported by a carbon film. 
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Final))' the pidl were obterved in the STEM and quality of dispersion evaluated. 

Several membrane litera are commercially a'Vailable, the mOlt common beinl: 

Millipore, Gelman, Nucleopore, Uni-pore, and Flotronica. Murphy [123] and R.oet

lurd and Chrilten8en 1129) sive information on membrane fUters for EM p1ll'p08e8. 

Nucleopore wu aeJected because itR Jack of surface structure causeslea particle 1018 

in the lIter matrix [130]. EM Ifids are available in aeveral mesh sizea; however, 

the 200-mesh sise wu aelected becallle it provides et. lood compromise between 

open area and lupport [131). Care wu taken ta use the bright side of the &rida 

to place the membrane aec:tiODl. This wu because the bright size ia smoother and 

permite beUer thermal and electricaJ contact with the specimen 1131]. The dis

penion studies were ail done usina lold or copper EM Ifida. However, once the 

dispersion technique wu establilhed, titanium griels were used. These Ifiels have 

the advantaae of producinl simple EDS spectra that do not overlap with the peaks 

of the elemente present in the sample. 

It should he noted than the same membrane filter with C-coatinl could be 

mounted on a Iraphite stub for normal Scanninl Electron MicrOlcoPY (JEOL-SEM 

T300). 

The first dispersion technique tried wu usinl water as the dispersion media. 

For this a known amount of soHds were added to 100 cms of water in a beaker. 

Then the beûer wu placed in an ultrasonic bath with water and 1eft there for 

1 hour. The 100 cm' were then filtered in the Nucleopore membrane. Table D.7 

shows the fint test series. 
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Figure n.3. Ba.cucatter image of poorly dispened dust showing par
ticle overlap 
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Table II.7. First Dispersion Series. Water used as dispersion media, 1 
hr. in uJtrasonic bath and filtration on Nucleopore 0.2 /-lm . 

SOLIDS 
CONCENTRATION 

CODE CL CN 
SOLID AMOUNT AMOUNT 
LIQUID OF OF IN SIL ON 
(SIL) WATER SOLIDS MIXTURE FILTER 

MIXTURE 
[cmS

] [g] [g/cmS
] [g/cm2

] 

SOI 100 0.0418 4.18x 10-4 2.41x10-3 

S02 100 0.0340 3.40 x 10-4 l.96xlO-s 

S06 100 0.0257 2.57xl0-4 1.48xlO-3 

S03 100 0.0177 1.77xl0-4 1.02 x 10-3 

S04 100 0.0082 8.20x10-5 4.73xlO-4 

SOS 100 0.005b 5.60xl0-5 3.23xlO-4 
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From geometric considerations, it is possible to calculate the distance between 

partic:1es in the solid-liquid mixture. Some simplifying assumption are required for 

this calculation, namely: 

1.- The particles are perfect spheres. 

2.- The particles are as far apart as possible and the inter-particle distance is 

constant. 

3.- Ali the particles have the same size and same density. 

Using these assumptions the following can be derived: 

J.- The total volume of the particles (Vp ) per unit volume in the solid/liquid 

mixture is: 

where: 

-1 3 Vp = --?ra no 
3 

cm3 of particles 
cm3 of liquid 

(11.8) 

a - particle radius [cm] 
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no - number of pariicles per unit volume 

The volume Vp can he alao obtained by: 

where: 

CL cms of particles 
Vp =: --

6p - cms oi liquid 

CL = r.oncentration of soUda per unit 

volume of mixture in 9 / cm· (see Table II.7) 

6p = density of the particJes in g / cm! 

77 

(11.9) 

Combining eqs n.s and U.9 the nnmbcr of particles per unit of volume can be 

obtained: 

(1I.10) 

2.- The considered volume of suspension (V) i.s unitary, i.e. one cubic centimeter. 

This is aIso equal to: 
4 

V = 3"" R' no - 1 

where: 

R = distance between centres of particles [cm 1 

R can be obtained substituting II.10 in II.11: 

[
as 6p] i 

R= -
CL 

3 ... The distance (d, in cm) between particles is: 

d= R-2a 

(11.11) 

(11.12) 

(11.13) 
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or, lubstitutinl ll.12 in ll.13: 

d= (n.14) 

To applyequation ll.14 to the dispersions oC Table U.7, the values oC ua" and "6," 
for the Cottreli dust must be known or estimated. The Cyclosizer size analysis 

showeci the dust to contain 88 % (wt) liner than 8 pm; and the bulk density of the 

duat wu determined as 4.5 I/cms. Table n.s shows the calculated values for the 

distance (d) between particles in the liquid suspension. The values were obtained 

assumiDg that ail the partic1es have a value of 6p=4.5 and that the particle size 

could he conaidered as 3 l'm. It can he seen that ail the solid/Iiquid mixtures have 

large inter-particle distances (d). Therefore it is possible to consider the particles 

weil dispersed in the solid/liquid mixture (even if one considers particle collisions 

due to perikinetic or orthokinetie coagulation). 

The STEM observations of the samples showed no particle dispersion. This 

is Dot lurprising aiDee ail the 100 cm' of the solidjliquid mixture were filtered. 

Therefore even if the particles were dispersed in the liquid. then on top oC the 

Nucleopore membrane they were not. This can be shown using geometric equations 

similar to those of equations II.8 to n.14, but applied to dispersion on an area: 

where: 

dN = distance between particles on the lUter (cm) 

4.7 = diameter (in cm) oC the lUter 

no = number oC particles per cmS in the solid/Iiquid mixture 

CI = pa.rticle size (cm) 

(11.15) 
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Table n.s shows that dM is a negative value for all the dispersions except SOS. 

Negative values for dN ml!NlS lack of dispersion. In the STEM observations even 

the SOS showed poor disp'ersion. This is understandable sinee dN was calculated 

for a perfect planar diPtribution of partides. This is not the H~al case. The value 

of dN for the dispersion SOS is only l "m, this is a value too low to indieate a good 

practieal dispersion. 

Table n.8. Inter-particle distances in the solid/liquid mixtures and on 
the Nuc1eopore membrane filter. 

CODE SOLIDS CONCENTRATION DISTANCE BETWEEN 
FOR PARTICLES 

SOL ID- IN THE ON THE IN THE ON THE 
LIQUID SIL FILTER SIL FILTER 

MIXTURE MIXTURE MIXTURE 
CL CN dL d N 

[g/cmS] [g/cm2
] [ J-Lm J l#J.m ] 

SOI 4.18xl0 4 2.41xl0-3 60 negative 
S02 3AOxl0-4 1.96 x 10-3 65 negative 
S06 2.57xl0-4 1.48xl0-3 72 negative 
S03 1.77xl0-4 1.02 x 10-3 82 negative 
S04 8.20xIQ-5 4. 73x 10-4 108 negative 
S05 5.60xl0-5 3.23xl0-4 124 1.08 

The aforementioned shows that in order to have a good dispersion of parti

cles in the sample for EM it is necessary to consider two factors, 1.. good particle 

dispersion in the solid/liquid mixture and 2.- good particle dispersion on the mem

brane fil ter. The next tests were planned sueh that 1/5 and 1/10 of eN for S05 

could be obtained. This would give dN values of 4 and 17 J1.m respectively. 

Figure lIA shows the sample dispersion method followed for these two tests. 

The method was developed to avoid sampling problems. The first hydrosol allows 

the use of an acceptably large soUd sample. In general sampling of liquida is easier 

than sampling of solids. Therefore the first hydrosol allows preparation of a second 
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hydlOlOl which is more diluted in solida and therefore permit. use of an acceptably 

larle volume for filtration. 

The STEM observations showed that .ample dispersion wu relatively better 

for test taCN.06 than for any other previous test. However dispersion wu still 

unsatilfactory. Therefore othet dispersion test were planned. 

HYDROSOL 1 

1 

RESlA. TED CONCENTRATIONS 
Ci. • 1.07'. ur' , .olldalcw 

-'--------~ .OT. 0.2 

HYDJtOIOL 2 

1 
REIUL TED CONCINTItATIONI 
CL • 1.12. 1~ •• olld./cr 

- ...... ------~ 10T-0.t 

CN • 1.". 1.,-.,dultlc"" 
TEIT CODE 111 CNICII 

Filure n.4. Initial Sample Dispersion 

c... 3.23 • 1ers, duet/c 

TEST CODE 1/10 c..a. 

Table Il.9 lives a brief description of ail the dispersion tests. The efFect of the 

liquid media on the solid particle dispersion was studied. Literature showed that 

methanol (81, 128, 1321 and 2-propanol (811 have been used for dispersion of other 

fine-particle solids. Two pH levels were also tried (basic :::=11.5 and &cid :::=2.5) to 
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determine the leneral effect of this variable. Besid. filtration on Nucleopore, two 

other mountinl methods were tried: eprayinl [132, 133] the solid/liquid mixture 

on Nucleopore Uld placinl drope with a micropipette on a C-coated EM Irid [122, 

123, 133). 

In the end, water dispersion methods were abandoned because it wu found that 

the eample had some water-soluble components. The method that lave adequate 

partiele dispersion for EM etudies wu that of test TU, dispersion in propanol 

followed by filtration on Nueleopore. Besides it wu found that the sample!! of this 

study had nellilible solubility in propanol. The details of this dispersion method 

are liven in Filure Il.5. Filure II.6 shows the quality of partiele separation obtained 

with the sample dispersion method of Filure II.5. Hence the sample preparation 

method depicted in Figure II.5 was adopted to prepare Most of the samples for EM 

studies. 

Not ail the sample fractions studied by SEM required the sample dispersion 

method of Figure Il.5. Some of the fractions had coarse partiele sizes. For example 

ail the fractions derived from the Cycl08izer cone 3 size (~19 ",m). These samples 

were directly and lightly sprinkled on double-side adhesive tape(Scotch #665). 

These tapes were C-coated as described in section II.8.1 
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(. 
FINE-PARTIeLE 

IAMPLE , 
1 "'O.oeoO 1 , 

TOTAL VOLUME: 10em
' 2 PROPANOL 1 Ct.. 1.21 x 10·a O lollde/em 

UL TAAIONIC BATH 
t • 111, 

1 ... 5c"" 1 

TOT AL VOLUME 10emi 
2 PROPANOL: 

0&.1 1.2 X 10.4 0 lollde/cm' 

( 
UL TRA80NIC BA TH 

t .1", . 

1 ... 50m3 1 

10em3 FIL TRATlo. ON 

2 PROPANOL 
NUCLEOPOAE G.21'1II 

CH a 3.22 x 10"· a lollde/eml 

FiBure D.5. Final method for sample preparation for E-M 

( 
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Fiaure n.s. Particle dispersion obtained usin, 2-Propanol with lolid 
concentration of 1.0xl0-c Ilcms providin, a lolid concentration 
on the membrane of 3.0x 10-1 I/cm'. 
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Table U.9. SUMMARY OF DISPERSION TESTS 
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'l'a'l' .. y 

OOD. 
SOI WATSR 100 
802 
Sa. · · 
~"I · · 
~O~ · · 
soa · · 

jOJuoa • 210 

1\rCNSoa • · Tl · · 
ft · 
Ta · · 
T6 

Ta .. 8TIIA ... ol. 100 
~- · 
'" · 
~- · 
~ · · 

T10 · · 11 WATI:R · T12 · · 
Til · · T16 M 

'l'ABLBCODU 

Hl _ .......... ,. ...... (SIL) .IM ... 
H2 _ S .. _. SIL .IM ... 

1. _ ~. el .... 1 •• "Ia 

Hl 
cr. 

lUO-1 

61.1 
".0 
26." 
IT.T 
1.2 
1.' 

107.' · · 
· 
· 
· 
· 
· 
· 
· · · 
· 1ft 

V = ...... ., ..... el .. 11./11 ..... IM ••• Ic.l ) 

OT 8 pn 

· 1. ...ATURAI. 

· · · · · · · · · · · · 0.2 · · · · · · · · 
· · · 
· · · 
· · · 
- · · -- · · 
· - · · 
- · · 0.2 · · · · · 

- · 

0" .. c..c ......... el ...... la .... SIL .Ia,." 1 • of .. licl'/c.1 0' 1i •• lcI) 
O'l' ...... .c ••• el S..rac __ 0'1' 
S .. P ..... 01 '1 •• [Il .. 1 la ... h....-c ltadl 
pH = pH el dl. SIL .Iat ... 
VHI • V ..... el Hl .... " .wq_ 82 [c.2 ) 
• _ .Uu. .... _ a 0.2 Il. N.cl .............. , F" •••• op,l .. (YIN) 

"nA 

10.6 · a 

· 
10 

· 
10.6 
..,.1 
10.6 

tT.I 
10." 

.., .. 
1 · 

1 

A .. A .. I •• ,._ (Spnw' •• 1 ... a _pwq.'Iea' ...... ) _ • 0.2 Il. N.cI.o .... (YIN) 
CN .. c..c .. tntl_ 01 ...... _ N.cI ...... la 0I .. 1I •• /c.2 01 ........ ) 

~ 

" x~t-I 
UT • pn 

100 Il.2 ••• ... ... ... "l"UIILAL · · · · · ta ••• 0.1 · Il.a WIUI 
NH .. OH · · 2.6 •• _ 

Hel .. 21.' · Il.' .i", 
NH~OH · · · · 2.".~ü 

HOI 
100 Il.2 · · NATUKAI. .. '''.1 -
100 Il.2 - 2.a.!ü 

HCI .. 17.1 · · · 
100 1I.lI - 1I.1~1" 

NH ... OH 
ao IT.' - · 
Il ••• 0.1 · · · · · · 

ao 12 - ... ATURAI. 

f"" 

• A OTHI:R 
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-~ 26. · IH · 1.1 
102 1 · 6".3 
12.1 

· II.' 

• 1.21 
1.'1 · . 

" Y O ... 

o ... 
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lOI Y '.22 
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II.9 FRANTZ ISODYNAMIe MAGNETIC SEPARATOR 

This laboratory device is best known for its geological and mineralogical ap

plication in achieving precise separations of minerais of difl'erent magnetic suscep

tibilities [109]. It has also been used to provide an indication of the amenability 

of a minerai mixture to processing by magnetic methods in general[134] and by 

HGMS in particular [104, 105, 108]. Figure II.7 shows a photograph of the Frantz 

and a schematic view of it. 

The separation of particles occurs in a tray positioned lengthwise in the gap 

(approximately 25 cm long) between specially designed pole pieces of a power

fui electromagnet. The cross-section of these "isodynamic" poles is such that the 

changing field gradient exactly balances changes in the magnetic field to yield 

a uniform magnetic force throughout the gap. Since gravit y, the only opposing 

force (adjusted by changing the side slope of the device) also remains constant, a 

separation of particles is achieved which is totally independent of their mass and 

solely a function of individual magnetic susceptibility. In despite of the later, ail 

the Frantz magnetic separations performed for the present experimental work were 

done using the cone 3 fraction of the Cyclosizer. The use of a relatively coarse 

fraction (~19 J'm) allowed the magnetic separation to be performed reasonably 

easily because electrostatic particle agglomeration is decreased on coarse particles 

and because mechanical misplacement is reduced. 
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The longitudinal variation of the magnetic field (H) in the pole gap appears 

in Figure II.8 [136]. It shows that the particles enter and exit under essentially 

zero field conditions, while being exposed to a constant H (Iongitudinally) in the 

separation zone. At the end of the separation zone a splitter in the tray parts 

the feed into magnetic and non-magnetic fractions. Beyond this splitter location 

the field smoothly and rapidly decreases allowing for continuous removal of both 

products. 

An indication of the transverse variation in the magnetic field appears in Fig

ure II.9 [136]. It can be seen that the location of the maximum field occurs slightly 

to the outside of the separation tray. Therefore the magnetics are pu lied towards 

that side. 

The Frantz magnetic separations consisted in fractionating the sample into 

magnetics and non-magnetics at a given current [mAI to the magnet coils. The 

sample was fed slowly and evenly by a vibrator to approach separation on a particle

by-particle basis. Typically the feed rate was such, that al-gram sample took 

3-days to process. When ail the sample was passed, the magnetics were weighed 

and gtored while the non-magnetics were used as feed for a higher current setting. 

Table II.10 shows the correspondence between the current in milliamperes and 

the magnetic field in Tesla (T). The values in Table 11.10 were obtained following 

the calibration procedure described elsewhere [lOS. 1:36]. 
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Figure fi. 7. a) General view of the Frantz isodynamie separator. b) 
Schematie (13S] of the Ji"rantz. FI=aravity force; !'·m=magnetic 
force; 'l=forward slopej l2=side slope (20· respectively for ail 
,he tests performed in the experimental work for this thesia 
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Figure H.8. Lonlitudinal variation of H in the pole lap of the Frantz 
separator [136] 
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Table D.IO. Calibration of the Frantz mapetic leparator Ihowin, the 
correspondence between current and mapetic field 

CWTeDt Field 
[mA] [T] 

25 0.04 
50 0.07 
100 0.13 
200 0.2675 
500 0.68 
750 1.0 
1000 1.325 
1250 1.625 
1500 1.875 
1150 2.0 
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II.10 High Gradient Magnetic Separation (HGMS) 

HGMS tests were performed on the Cottrell dust, the jarosite and hot-acid 

leach reaidues. 

The HGMS separator is a device in which the magnetic field and pracess flow 

rate are eontroUed and partieles are trapped on an array ofwires (matrix). Depend

ing on the orientation of field, flow and wires, HGMS can be further subdivided. 

One arrangement is field and flow parallel and at right angles to the wires (lon

gitudinal HGMS). The matrix wu an array of dises or sheets eut from expanded 

Metal and arranged verically. A vertical array reduces non-magnetic entrapment 

between the dics and allows passage of the small fraction of larger partieles [1381 

The HGMS apparatus used was an Eriez Magnetic model EL5-4. The unit 

consists of mild steel plates bolted together to form a box 635 mm square and 

approximately 229 mm deep. The energizing coil is completely endosed in the 

steel box. In turn, the coil encloses a Plexiglas container with the matrix through 

which the slurry is passed. The coil is coupled with a D.C. Power supply unit input 

of 480 Volts, 3-PH, 60 Hz and a dual output of 1000 Amp, at 125 Volts D.C. or 

500 Amp at 250 Volts D.C. The magnetic filed intensity of the Eriez EL5-4 unit is 

variable up to 2 Tesla (20,000 Gauss). 

The matrix in the Plexiglas was built of 28 expanded met al sheets, with 

diamond-shaped holes (4 x 8 mm) and wires with diamond cross-section with an 

hydraulic diameter of 0.5 mm. The metal sheets were held in vertical array sepa

rated by 1.5 mm aluminum IIpacers. The matrix was 6 cm long by 4x4.5 cm square 

with a mass of 46.6 g. 

Figure II.10 shows a schematic view of the apparatus set-up. The plumbing 

wu conatructed from a copper tubing with an internai diamc~er of 1.5 cm. Feed 
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from a .tiner tank Ï8 introduced via a coutant head tank. Flow rate Ï8 controlled 

by calibrated bore brUI plup in the dilcbule line. A back-flush Une ÏI aWoUable 

for matrix fluahina. The I&IDples to he telted were previously dispened in water 

with 0.1-0.2" Callon solution (ollowed by 30 minutes of ultruonic qitation. 

ITIRRER~ 
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CONSTANT HEAD 
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t.1 INT. DIA'" 
COlI ... TUeING 

'LEXIGUII 
CONTAINER --
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COlL ENCLOSURE 

~.,....-MILD l'PL CReUIT 

COlL 

fLUIH WATEA 

.ORED PLUca 

Figure n.lO. Schematic view of the HGMS set-up 
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Characterization of Metallurgical 
Residues by Electron Microscopy 
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The tirai metallurgical residue to be characterized in the experimental part of 

this ihesis wu the Cottrell dust of the Kidd Creek Mitsubishi Copper Smelter. 

The partide analysis of this residue showed 88 % finer than 8 ",m with only 3 % be

tween 27 and 20 ",m. Consequently, electron microscopy wu selected to study the 

morphology, chemistry and partide-to-partiele associations in this residue. How

ever simple sprinkling or even air dispersion to mount the powders on SEM stubs 

proved to be unacceptable due to agglomeration of particJes. Adequate dispersion 

of ihe sample is necessary to determine ü partieles of different compositions are in

trinsically bound or are simply in close juxtaposition due to the sample preparation 

technique. 

The following paper explains briefty the sample preparation technique followed 

to perform EM studies of fine-partiele residues. The paper also reveals the power 

of electron microscopy for providing information on morphology and chemistry on 

a particle-to-particle basis. The paper presents and discU8Ses hriefty some of the 

results obtained on the residues. 
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CHARACTERIZATION OF 

METALLURGICAL 

RESIDUES BY ELECTRON 

MICROSCOPY 
N. Rowlands and R. Lastra 

Metallurgical residues are commonly thought of as slags associated with fer

rous and non-ferrous smelting. However, these residues may also manifest them

selves in fine-grained particulate forms such as precipitator dusts from stacks and 

as finely disseminated waste prod~lcts from electrolytic or hydrometallurgical pro

cesses. These products are important not only as they may present environmentally 

undesirahle material if dumped but also they may contain metal values that are 

higher than those contained by the original ores. Quite often precious met ais such 

as silver, gallium, indium and gold may be concentrated in these residues and this 

increases the attractiveness of further treatment. Many of these residues may be 

recycled in smelters and periodically tapped to avoid poisoning of the smelter by 

such elements as arsenic and sulphur. However, this material must ultimately be 

treated if it is to be safely dumped. Current research in this field is involved with 

the characterization of these fine grained materials to gain a deeper understanding 

of their constituents to aid in choosing the best form _of treatment. 

On the face of it, this may appear to be a simple task but, in the case of 
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the Don-fenoua oree, the producta formecl br metallurlical proceue&l tend ta be 

quite complex. This ÏI due to the complex nature of the ores themselves and 

also to the number of chemical reutions that may take place during the refining 

proceues. Although metal concentrations may be determined by atomic absorption 

apectrometry and XRF, information on the kind of compounds formed is essential 

in the treatment of these residues. X-ray diffraction is only of Iimited use as many 

producta are poorly cryatalline, very fine grained and give complex patterns that are 

diflicult to deconvolute. Consequently, analytical electron microscopy is a usefui 

tool in providing information on morphology, chemistry and partic1e-to-particle 

lIIociations in these materiala. 

The use of electron microscopy in thia area can he best explained by using some 

examples of the materiala under study, but sample preparation is worth mention

ing before continuing. The majority of these residues are composed of particles of 

leu than 50",m and may reach aizes of less than O.5I'm. Adequate dispersion of 

samples is very important as (especially in the case of pyrometallurgical residues) 

it ia necessary to know if particles of different compositions are intrinsically bonded 

to one another or are simply in close juxtaposition due to the sample preparation 

technique (Figure 1). This eftf.~tively rules out air dIspersion on SEM stubs, as 

particles of this size are susceptible to electrostatic attraction and form tight ag

glomerates which can present difficulties in analyais. Consequently, dispersion in a 

Iiquid has proved to be more suitable, and filtration through polycarbonate fiiters 

provides a smooth surface for subsequent SEM analysis. The same filter can be 

used for preparing TEM or STEM samples by the Jaffe Wick method of coating 

the fUter surface with evaporated carbon, removing a small portion of the fiIter 

and laying it on the top of a 200 mesh electron microscope grid in the Jaffe Wick 

apparatus. The filter is dissolved by chloroform, leavine the particles embedded on 

the carbon film on top of the grid, ready for viewing in transmission mode. Various 

liquida were tested by the authon and propanol proves to be the best medium for 
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dispersion of th .. residuea. An initial dispenion of appraximately 1.0x 10-4 Ilem' 

tG provide a solids concentration on the Biter of 3.0x 10-1 Ilcml ia enouah to live 

satisfactory dispersion. 

Analysil of the untreated dust from copper smeltera presents a number of 

problems due tG the number of phases present and fusinl of phases in a hilh 

temperature-eorrosive atm08vhere. This problem can be partially overcome by 

acid 1eachinl in 2.5M HaSO.. Such leachinl efl'ectively removes copper and zinc 

oxides while leavinl iron oxides, lead sulfate and silicates in the residue. Further 

separation can be achieved by high Irade malnetic separation which separates the 

iron-fraction from lead and silicate phases. On the face of it, no further analysis 

should be necessary as the individual fractions can be treated to render the metal 

values contained within them. However, laboratory and plant testing shows thnt 

only 50 ~ Zn and 30 % Cu is removed by the leaching stage and 20 % Pb may 

report to the magnetic product aCter leaching while 5 % Fe and 14 % Zn report to 

the non-magnetics. 

X-ray diffraction lives some pointers as to why such imperfect separation may 

occur. For instance, much of the Zn and Cu are present as ferrites. These are 

spinel type compounds with a structure similar to that of Magnetite. They tend to 

be resistant to attack and may be more or less susceptible to magnetic separation, 

depending upon the Cu:Zn ratios present in their structure. Figure 2 shows a 

twinned magnetite crystal from the magnetic fraction. This is worthy of note as 

the crystal is only 5 ",m in diameter. Most magnetite is weil crystallized and EDS 

analysis of the crystal shows that Fe is the only major EDS peak. 

Figure 3 shows a backscatter image of a partiele of Cu-Zn ferrite in the mag

netic phase. It can be seen that the ferrite does not display the same degree of 

crystallinity but is spherical, indicating rapid cooling from the molten state. EDS 

analysis indicates a significant proportion of lead associated with this particle. Fur-

ther observation of the backscatter image shows a network of more electron dense 
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material on the surface of the ferrite. This CaB he explained by depoeition of more 

volatile lad or PbSO. OD the lUlface of the ferrite .. it cooled. Due to the fact 

that this material will he tiahtly bonded to the ferrite aurface, it ÏII carried over 

iDto the mapetic frlCtioD with the ferrite. 

The oppoeite el'ect ma)' aIIO take place if a ferrite partiele il heavil)' eoated with 

lad Ialta; this pariiele will report to the Don-mapetic fraction. Other partieles 

present iD the nOD-mapetie contain copper but not iron (Fipre 4). Althoup 

EDS anal)'8i1 eannot deteet the presence ofaxygen it ia likely that the copper and 

siDe oxides would be removed br the acid leaching. Couequently, th .. partieles 

repreaent iDtermetailica that are fugitive !rom the copper melt. 

It CaD be seen that treatment of these precipitaton dats can present complex 

problema. Only 50" Zn and Cu ia e .. Uy removed by acid leaching with HtSO.-a 

material readily available on site. IUrthermore 20 % Pb may be l08t to the magnetic 

fraction durml high grade mapetic separation due to bondiDl with ferrites. This is 

eapecially important u some precioUl and aemi-precioUl metals such as silver may 

he UIOCiated with the lead. Further research on precipitator dats and residues 

from electrolytic plants indicates the value of electron mierœcopy in determininl 

proceu metallurgy for retreatment of th... materials. Fip. 5 and 6 represent 

secondary electron and bacbcatter imales of ponded zinc ferrite material from an 

electrolytic zinc plant. EDS analyais indicate a minor silver-bearinl lead fraction, 

and it can be &een in the buksc:atter image that this lead il, in fact, discrete 

and could be retrieved by physical separation. EDS analysis to live Zn:Fe ratios 

may &Ct as an indicator to the magnetic properties of ferrites formed under different 

temperature conditions, hence aidiDg in defininl conditions for suitable separation. 

In conclusion, it can be seen that electron microscopy is a valuable tool in the 

characterization of fine lI'ained metallurlieal residues. Sometimes this il the only 

technique that CaD provide the information necessary for the proceasinl of these 

wutes. Further applications of electron beam technololY iD the field of process 
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ation studies; Auger spectl'08coPY in studyingsurface propertiea of particl. (often 

a very critical parameter in separatinl minerais), and the ule of EELS and win

dowless EDS detectors for the determination of non-crystalline oxides, sulphates 

and intermetallia. It ia certain that the treatment of more complex materials and 

orea neceuitate further use of such instruments in the future to aid in interpretinl 

processÏDg.trategy. 
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FiBure 1 Bacucatter image of poorly diapersed dUit shawing particle 
overlap. 

Figure 2 Twinned magnetite crystal (secondary electron imaBe) 
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Figure 3 Cu-Zn ferrite with partial PbS04 coatins (backlcatter im
age). 

Figure • Cu-Zn intermetallic (sec:ondary electron image). 
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FiBure 5 Ponded zinc ferrite (sec:ondary electron image). 

( 

FiBure 6 Ponded zinc ferrite (bacbcatter image). 
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Connecting Text for Manuscript II: 
Characterization and Separation of a 

Copper Smelter Dust residue 

SolDe of the resultl of the chuacterilation of the Kidd Creek copper .melter 

dut were includecl in Manuscript 1. ManUICript II presents more fully the reaulta 

of the characterilation of the copper IImelter duat. 

Manuacript II aJso explores the potential application of hot sulfuric &cid leach

ing and magnetic separation of the componentll of the lCid leach reaidue. 
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CHARACTERIZATION AND 

SEPARATION 

OF A COPPER SMELTER DUST 

RESIDUE 
Lastra, R., Rowlanàs, N., Rao, S.R., Finch J.A. 

ABSTRACT 

105 

Kidd Creek copper smelter Cottrell dust was characterized. It was 88 % liner 

than 81'm and contained 21.3 %Zn, 26.2 %Pb, 10.6 %Cu, 1.8 %As, 1.4 %Sn, 0.6 %Cd 

and minor amounts of Bi, Co and In. The phases positively identified were: PhSO", 

ZnO, ZnOFe203, ZnS, CU20, CU20Fe20S, and CU3As. Processing in a 1.5M H2SO" 

leach followed by magnetic separation of the leach residues achieved a 50-60 %Zn 

and 60 %Cd recovery to the leach liquor; over 40 %Fe to the magnetic fraction and 

over 80 %Pb, As, Sn to the non-magnetics. 

INTRODUCTION 

Processing of smelter and refinery soUd wastes for recycle, production of 

saleable products, or simpJy safe disposaI, is becoming increasingly important due 

to economie and environmental pressures. 
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.AI an aid in determininl the proceu route it ia necessary to know not only el

emental but mineralogical(or phase) composition. Mineral.>gical data is diflicult to 

ob tain on these complex materials due ta the formation of multi-element complexes 

with varying degrees of crystallinity. Results of examination of the mineralogy and 

some separation options on a copper smelter dust from Kidd Creek Mines are pre

sented in this paper. The Kidd Creek copper smelter is based on the Mitsubishi 

Process. This consists, briefly, of three furnaces, interconnected by gravit y laun

ders. One of the furnaces is for smelting, one for converting and another for slag 

c1ean!ng. Typical analyses of the most important inputs and outputs to the process 

are given in Table 1. The feed rate is around 55 MTPH. 

Table 1. Main Inputs and Outputs to Mitsubishi Process at Kidd 
Creek. 

%Cu "Fe %S %Pb "Zn li.!!!! 
1iii0i %802 %02 %N2 

Copper Cone. 26.5 28 32 0.5 .. - - - -
Matte 67.5 7.5 21.5 O." 1 - - - -
DiKharge Slag 0.8 40 0.6 0.2 4 - - - -
Recycle Slag 20 35 1.0 0.8 3 - - - -
S Boiler Gu - - - - - 636 24 1 73 
C Boiler Gu - - - - - 431 17 3.1 74 

Besides the main products, dusts are also formed during the smelting process 

which are trapped in Cottrell precipitators. Approximately 80 tonnes are produced 

daily and these dusts are rich in copper, zinc and trace elements such as silver, 

cadmium and indium. In addition, less desirable elements such as h'on, le ad and 

arsenic are also present. The Cottrell dusts are presently treated with sulphuric 

&cid in the zinc plant for removal of zinc and copper. Only partial rec.wery is 

attained. This study deals with the characterization of the material with view 

to developing recovery process. In order to predict suitahle techniques for phase 

separation the material was first characterized using a combinat ion of analytical 

methods. The application of electron microscopy and X-ray diffraction has already 
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been lucceaafuIJ)' appUed to understa.nd the nature of phue relatlonahipaln mueh 

simplet iron arc-fumace dau [11. 

MATERIA.L DESCRIPTION 

Particle Sile and Chemical C:oI.opoaition 

The copper smelter dUIt is colJected in CoUreil precipitators, slurried and trans

ported to the zinc plant 121. The material tested wu that received at the zinc plant 

i.e. alter water soluble component. had been removed. (In the text the term "Cot

trell dust" will olten be used, but this is to be understood as the residue of this 

water leach.) 

The sample contained about 45 % moisture with a solids specifie gravit y of 

4.506, determ.ined by p)'cnometer. CyclOllilin. showed about 88" puses 81'm and 

the s&Dlple eontained (Crom atomic absorption spectroscopy) 6.0 %Fe, 21.3 "Zn, 

26.2 "Pb, 10.6 %Cu, 1.8 "As, 1.4 "Sn, 0.6 %Cd. There wu no stronl variation in 

composition with size. 

Mineralogical Analysis 

The CoUreil dust wu studied by X-Ray dift'ractometry (XRD). The XRD pat

tern shaNed peaks of low intensity suggesting phases of poor crystallinity. The XRD 

pattern showed many peaks which complicated the task of phase identification. Ta 

&id the identification, likely eompounds were predicted from thermodynamics. The 

chemic:\l anal)'ses showed that the dust contained mainl)' Zn, Pb, Cu, Fe and As 

and it W,\S bawn that the dut wu coming Crom a pracess where the major gasefl 

are SOt (17-24%); O2(1-3%) and N,(~74%) at a temperature of 1473 K (4). Us

in. the EQUILIB prol1'UD of F* A ·C*T (Facility for Chemieal Thermodynamics 
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(3J) •• 18t of pauible ph ... wu drawn up. The compounda in thia liat ware then 

ued to help lclentify the XRD peab. Law furiher evidace wu round to Iupport 

the aiatence of 80IDe phuel which w .. coacentrated after lelddal or mqnetic 

separation. A aummary of chemical and phue compoeition of the dUIt illiven in 

Table 2. The ph ... are cl .. ifled u paaitivel)' or ~tatively identifted. 

Sc~DDinl electron DlÏcfOlCopy (STEM-JEOL lOOCX) with enerl)' dispersive 

anal)'l. (EDS) wu performed on individual partieles for morphololical and chem

ical chara.:terilation or individual ph.... Two distinct morpholoaies were evident 

"phericù- (Fipre 1) and -irreplar" (or -Ilac-type-) (e.,. Fiaure 2). 80th parti

el •• ppear to he formed by ICcretion of smaller particl. ($IlfO.lpm). The Ipherical 

partiel. wen: charaderised b)' low Iron content, but eould he either linc-rich (e'l' 

Fipre 1), copper-rich or lead-rich. The irreplar ahaped particles were richer in 

iron (e'l' Fipre 2) but aIao contained Appreciable Zn, Cu and Pb. The SEM and 

X-ra)' fluorescence anal)'lis aIso revealed the elementa As, Sn, Cd, Bi, Co, and In. 
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Table 2. Chemi~;\~ compOlitioD and ph .... prlleJlt ID the CoUreil 
dUIt. 

SUIIIII',' 1 ..... IDIITIrllD 1 IDENTIPlCATIOI METIIOD 
POIITIVlLY 

Pb 26.2 "'~I 1,2,5,7,' 

Z. 21.3 &110/ 1,2,4,15 
&IIO'I2D31 1,2,5,7,1,9 
Znl / 3,4,7,1 

Cu 10.6 CuzO 1 1,16 
CuzO'ez031 1,12,1 

,. 6.0 &110'12031 1.2,5,7,9,9 
Cu:aO"2'l31 l, 12 ,1 

Ae 1.1 Cut" /1, 17 

Cd 0.6 

s. 1.4 

Si 

Co 

1. 

1. Tbel'8Od1DUic prediction 
2. l[-ra,. diffraction of od.lnal Cottr.U duit 
,. SIM of 01'1,11111 Cottrln dUit 

ftllTATlVlLY 

eu/Zn/Pb .taUcl 14 
PbO.Pllso.e /1 

Cu/Zn/'b .taUcl 114 

CU-S co.poundl 1 6,1 
Cu ...... Il 

'1iJ41 1,2 

M:a031 1,2 
M2"41 l' 

C4-c_pound. 1 10,11,13 

Sa-c_pouodl / 10,11,1] 

II-c_pouadl 1 10,ll,ll 

Co-cHpound. 1 10,ll,ll 

In-colpound. 1 lO 

4. Indir.ct; fr_ a-ra,. fluore.c.nc. (OP) of 8zS0. leach r.l1dlll. 
5. III) of 1.5 to 2.5MllzSO. l •• ch r.l1due •• 
6. SIM 0' 0.511 8:&10. lalch re,UIII 
7. III) for product. of 'raatl: "'lIItic .. paratlon 
1. SIM for product. of 'raata ... naUc I.paration 
9. III) for producte of 8!lb Ir.dl.nt ."netlc •• paraUon (HGHS) 
10. Dr of 01'1111111 Cottr.n duet 
11. Dr of 8asO. l •• ch r.liduel 
12. Indirect; trOll the III) of 81150. IIlch rellclue. 
13. Dr for productl of rranu _IDltlc .eparation 
14. SIM for non-... n.Uc 'rnU product fr_ 1 2.51( 8210. lIlch r •• ldue 
U. III) of 0.511 Bal0. lalch r.a1c1111 
16. III) of O. 5 to 1. 511 BasO. leach rll1dlll 
17. III) of DOn-... neUc ,roduct of 1.'7T IIGIII 

100 

11. III) of non-_I.tlc procluct of 1. In IICIIS. Pha .. u.tecl blt ... en thl poillibl. phi ••• b1 ID 

autoaaced phl'I •• arch prolr. ('hlll,. APD1700) 

•• ZaIO.. ZnO.ZnlO., and CUS04 Ir. allo pr.cllct.d b~ thlr8OClynaa!c 11111,.1., but al" 
U.lol ... 04 llurr,1n, dUIt vith .. ter. 
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SULPHURIC ACID LEACHING 

Procedure 

Leaching tests were conducted by mixing the as received Cottrell dust with 

lulphuric &cid of concentration in the range 0.5 to 2.5 M and heating to boiling. 

Pulp density wu fixed at 50 % soUda by weight. The optimum le&ch time was 

determined by recording the percent weight loss of solid with time. No further 

weight loss wu observed alter 20 minutes at any acid strength. Consequently 20 

minutes wu chosen for allleaching tests. After leaching the slurry was cooledj the 

supernatant wu decanted and the residual soUds washed 6-8 times with distilled 

water and dried. The solids were assayed and examined mineralogically. 

Results 

Figure 3 shows the percent metal and phase remaining in the residue with 

increasing &cid concentration. Phases were identified by XRD; peak heights were 

used as a semi-quantitative measure of phase concentration. 

Zinc dissolution appears to be a combination of rapid ZnO leaching and rela

tively slow ZnOFe20s leaching. Copper removal is related to CUJO leaching but 

clearly CUJO does not account for all the copper present in the dust. This pro

vides indirect evidence of refractory phases, sucb as copper ferrite. The latter is 

predicted thermodynamically but it is ~-'possible to differentiate from zinc ferrite 

by XRD. Figure 4 shows a Cu-Zn sulphide in the residue of the 0.5M acid leach; 

copper and zinc sulphides are relatively insoluble in H2S04 [6) and they have been 

previously observed in the CoUreil dust [5]. Particles containing metallic copper 
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have &Iso been obaerved [5] and eonaiderins that the lenesia of IUch partiel. wu in 

aimOlpheres containml sine, then the presence of Cu-Zn metallies ia "'0 probable. 

It is known that eopper and zinc can give rile to sorne alloys that resist H2SO. 

aUack [7]. A non-macnetic fraction of the 2.5M leach reaidue was isolated on the 

Frantz isodynamie separator to try to eoneentrate this phue. Figure S showl a 

particle with high Cu and Zn, low Pb, and Fe and no S. This is taken u evidence 

of a Cu-Zn metallie in the CoUreil dust. 

From a proce811 standpoint, the results at 1.SM are probably optimum, about 

50 %Zn, 30 %Cu, and 60 CJ6Cd are recovered in the leach liquor with less than 10 %Fe 

and Pb. 

MAGNETIC SEPARATION 

Separation on the Frantz isodynamie separator 

Figure 6 lives the magnetic profile [8] for Cycl08izer eone 3 (~15#,m) of as

received material and tesidue from the 1.5M acid leach. In both cases a highly 

magnetic fraction (1<100 mA) occurs. This fraction has a I50~70 mA indicating a 

suaceptibility about 7-8 x 10-2 SI units (at 0.08 tesla). This is greater than that of 

zinc ferrite suggesting the presence of copper ferrite and iron ferrite (magnetite). 

Each eurrent (i.e. susceptibility) increment was assayed for Zn, Fe and Pb and 

a separability curve was construeted. Figure 7 shows the result for the residue of 

the I.SM leach. Iron is recovered into the mags, and lead into the non-mags; zinc 

essentially splits evenly. Since there is no strolll variation in chernical composition 

with size, this separability curve should approximate that of the whole sample. 

SEM analysis of the m08t magnetic fraction (50 mA) showed Fe-rich par

tieles with the sIal-type morphology as shown in Figure 8. A standardless 

semi-quantitative analyais for the EDS spectra of leveral particles lave an av-
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erage wt %Zn:wt %Fe ratio of 0.5. Thil il cloee to the theoretical value for zinc 

ferrites. Figure 8, also shows the X-ray map for Cu (X-ray production depth for 

copper is ~6 "m (9». The copper is present as ferrite and the lead and sulphur 

are present as PbSO". The latter is a separate phase which is agglomerated to the 

ferrite, as ilIustrated by the electron backscatter image in Figure 9. This particle 

heterogeneity will limit physical separability. 

High Gradient Magnetic Separation (HGMS) 

Procedure 

The matrix was built of 28 expanded metal sheets, with diamond-shaped holes 

and wires of diamond cross-section with a hydraulic diameter of 0.5 mm. The 

spa..::ers were held in vertical array with the sheets separated by 1.5 mm aluminum 

spacers. (A vertical array reduces non-magnetie entrapment and allows passage of 

the small fraction of larger particles (101). The matrix was 6 cm long by 4 x 4.5 cm 

square with a mass of 46.6 g and was held in a Plexiglas container. The HGMS 

was an Eriez Magnetic model EL5-4. 

Both as-received and samples after leaching at 1.5M acid were processed. 

Thirty-grams samples were dispersed in 300 ml 0.1 % Calgon solution by 30 min

utes ultrasonic agitation. A single pass at fields up to 1.8T and superfidal liquid 

velocities of 9.7 cmls was used. 

Results 

Figure 10 shows the separation achieved on leached material. Inereasing field 

has little effect. In agreement with Figure 7, iron is preferentially recovered to the 

mags, lead to the non-mags white zine splits between the two fractions. 
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Fipre Il Ihowa the separation achieved by a combination of leach and HGMS. 

The mOlt importUlt separations achieved are: 5Q.6O" Zn Uld Cd to leach Iiquor; 

over .cO" Fe to map; over 80" Pb, AI, Sn ta non-map. 

DISCUSSION 

Mineralogy 

By a combinat ion of techniques, including thermodynamic predictions, soma 

nine phases were positively identified. The major elements are Fe, Zn, Cu, and Pb. 

Aasuming Fe, Zn ,and Cu occur as oxides and Pb as the sulphate, as indicated by the 

mineralogical evidence, then over 95 % of the mass is accounted for these elements. 

Several more trace elements were identified by atomic absorption and/or X-ray 

fluorescence but their phase relationships were not positively identified. (Table 2). 

Two distinct morphologies were found. The spherical partieles were Fe-poor, 

the slag-type particles Fe-rich. This may correspond to the higher fusion tempera

turea of iron oxides (Fe304 fusion témp. is 1870 K [Il)) at the prevailing gas tem

peratures, the Fe-poor particles May have fused and consequently become rounded. 

Three magnetic oxides were identified, ZnOFe20" CU20Fe,Os and FeS04. 

Electron Microscopy observation of some ferrites showed from iron-X-ray rnaps 

more concentration of iron towards the centre of the partiele. Based on this a 

speculative mechanism of ferrite formation May be proposed. Solid iron oxides 

act as reaction centres where Zn (vapour) and Cu {liquid} oxidize and are fixed, 

according to: 

(Fe, Os} + (Zn) + 0.5(0,) = (ZnOFe,Os) AG~47' = -169.87kJ 

(Fe,Os) + 2{Cu} + 0.5(0,) = (Cu,OFe,O,) ~G~47S = -69.04kJ 

This agrees with the proposai of Yargin et al. [12]. The higher (negative) 
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fret enerl)' favours linc ferrite formation whieh &greea with the predominance of 

Zn-ferrite over Cu-ferrite. 

Other copper and zinc phases were unreacted sulphideP, presumably fugitive 

partieles from the reactor and a trace amount of Cu-Zn metallics, presumably from 

spluhing of the melt. 

A common feature to ail particles wu their highly agglomerated and chemically 

heteroleneous state. This reftects the high gas temperatures leading to fusion. 

Figure 9 shows a classie limitation to physical separation, some lead sulphate is 

clearly bound to the magnetie phases. Agglomeration poses little restriction to 

leaching as the a"lomerates are fine and probably porous. It wu felt that leaching 

May help release phases for subsequent magnetie separation. Figure 6 supports this 

view, but comparative separation tests on leache(l and un-leached samples showed 

no significant gain. 

Metallurgy 

The present results show that a 1.5M H2SO" leach of a copper smelter dust 

ean recover to the liquor nearly 30 %Cu, 50 %Zn and 60 %Cd with less than 10 %Fe 

and 5 %Pb recovery. (This is in addition to the Cu, Zn so!ubilised on slurrying the 

original dust in water for transport to the zinc plant). This leach liquor can be 

introdueed into the zinc plant circuit for recovery of these metals. 

Recovery of the magnetic fraction is facilitated by this fraction '8 high sus

eeptibility. However, partiele heterogeneity limits the separation potential. The 

magnetic product contains the bulk of the refractory oxides suggesting that thi8 

product May best be disposed off without further treatment (however the recycling 

or retreatment to more intensive processes should be evaluated). Unfortunately the 

magnetics do not retain the As and Cd which would enhance the value of magnetic 

separation as a means of concentrating deleterious materials for disposaI. 
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Th. non-mapetic produd caD he cODildered u a lead concenvate or a bulk 

Pb/Zn concentrate. The .ilver content il not Down but cleart, thla would he 

important IÏven the current (and projected) market for lead. 

The potential of mapetic separation on other reaiduea from the sine plant 

(name1, the jarœite and hot-acid-leaa:h naidu.) ÏI heinl pUl'lued. 
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Fipre 1 Example of apherical morpholOl)'. The enerl)' dispersive 
(EDS) ratioe relative ta zinc are: Zn 1.0j Fe 0.04; Cu 0.34; 
Pb 0.07; AI 0.07; S 0.01. 

Fiaure 2 Example of irreplar (-aIBl-typeW) morphology. The EDS 
ratios relative tG linC are: Zn 1.0; Fe 0.37; Cu 0.65; Pb 0.44; 
AI 0.43; S 0.98. 
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Figure 4 Fugitive Cu-Zn sulphide partide round in the residue of the 
0.5M acid leach. EDS ratios relative to zinc are: Zn 1.0; Fe 0.01; 
Cu 0.90; Pb :::=0; S 0.62. 

Ficure 5 Particle in the 75 mA non-magnetic Frants fraction from 
the 2.5M leach reaidue. EDS ratios relative to zinc are: Zn 1.0; 
Fe 0.08; Cu 0.49; Pb 0.06; S ~o. 
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Figure 8 Typical particle in the 50 mA Frantz magnetic Îraction. The 
slag-type morphology is evident. (Bright dots show the Cu-X-ray 
map.) The EDS ratios relative to zinc are: Zn 1.0; Fe 2.73; Cu 
0.60; Pb 0.98; S 0.95. 

Figure 9 Electron bacbcatter image. Shows the close association of 
severa! phases. Brighter areas are PbS04• 
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Connecting Text for Manuscripts III and 
IV: Characterlzatlon and Separation of 

Resldues from the Kldd Creek Zinc Plant 

Independent studia [92] on the Kidd Creek Copper smelter dut have shown 

the feuibility of recyclinl the dust to the linc plant of the lame company. Presently 

Kidd Creek followa that pradice. At that facility, the copper smelter duat under

,oes HISO .. leachin,. This leach treatment coincides in general with the proposed 

flowaheet in Manuacript fi (see Fipre 11 in Manuacript D). However no magnetic 

separation of the leach reaidues is performed in the Kidd Creek zinc plant. 

In the Kidd CreelE metallurgical complu the copper Imelter dust is slurried and 

tranaported to the sinc plant. The CoUreil dUIt is an additional part of tile feed to 

the linc-leachinl circuit; the main part bein, routed linC concentrate (primarily 

zinc oxide calcine), also unrOilted zinc concentrate is feed to a pressure leach 

proceu. In the zinc plant two other residues are produced: the jarOlite residue 

and the hot-acid leach (HAL) residue (Fiaure 1 of Manuacript IV gives an overall 

flowaheet of the zinc-Ieachin, circuit). Manuscript n showed that zinc ferrite is one 

of the phases present in the CoUreil duat. Zinc ferrite ia also one of the constituents 

of the zinc oxide calcine. The flow-eheet of Figure 1 in Manuscript IV shows that 

any zinc ferrite that cannot he dissolved in the HISO .. leach of the copper CoUreil 

dut will report to the jarOiite residue. However, calcine is aJso added to other 

parts of the circuit, for pH control, consequently the jarOiite residue will also 

reeeive linc ferrites from that lOurce. The HAL residue will also have zinc ferrites 

that could not he diasolved and that come into the circuit with the calcine feed to 

the neutralleach and to the low 8Cid leach. Zinc ferrites in these residues represent 
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a ... of .ine, cODJequeJltly if further recoftl')' of .inc ia lOulht then th._ rtlidu .. 

• hould he couidered for recyclÏDI or .. parate u.aUDent. A datailecl bowled,a of 

th_ minerais or ph ... prtleDt would help in determiD.iDc poaible route. for thair 

Procaliqi aJao the potential of the application of mapetic .paration for th •• 

n.idu. wu cODlidered. 

Manuacripta m and IV both deal with the characterilatioD of the jUOIite and 

the HAL residu.; however the emphuia in Manuacript m ia on the characteri

.. tion by EM methods, while ManU8Cript IV includea the evaJuation of mllnetic 

lepuation OD thia raidu •• 
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CHARACTERIZATION OF RESIDUES 

FROM A ZINC PLANT 
R. LutraQ. 

INTRODUCTION 

Metalluraical wutes of varioUi compositions are aenerated at varioua Itales 

of operation in a zinc extraction plant. These reaidues Itill contain sipi6cant 

qumtities of sinc, lead, and copper. The recovery of these valuables could he of 

economic lipificance. AI an aid in determinina pouible proc_ routes for their 

treatment, a detailecl knowlecfae of the minerai or ph ... present ia required. 

JAROSITE 

Separation of iron from zinc in zinc leaching circuits is Ulually done by jarOlite 

precipitation in which iron and other impurities are rejected. Composition of 

jarosite ia expreued by MFes(S04}t(OH). where M = K+j Na+j NHti Aa+j lPb+2 j 

8s0+; etc. [2]. AJso it appeara [3] that divalent ions IUch u Cu+2 and ZnH may 

partially replace Fe+s in the jarœite lattice, producinasmall but unwanted JOISes. 

The jaroeite reaidue u z:eceived wu a reddish-brown bulk material. Chem

ical analyaia wu determined by atomic abJorption (AA) and yielded 7.24"Zn, 

38.1696Fe, and 1.61 "Pb. Size analysia by Cycl08izer showed that nearly go" of 
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the JD&terial il <10 pm. X-ray difFrlC~ioD eXRD) patterns of the CyclOlÏler prod

OCY WeN obtaiDec1 ad th. two main cl'J8taJliD. ph .... wen identiled: .odium 

jarallte, NaF .. (SO.),(OB)I; Uld siDc ferrite, ZnFetO.. ft wu found that the 

fr.tion >15.2 pm carried hiaher proportions of ZnFeIO •. Howver, li analyais 

Ihowld that th. ~8.2 pm fraction .tU! curied 61" of the siDe contained ÏI;l the 

lampl •• 

KnowÏDI that siDe ferrite .hows a puamapetic behaviour it wu then decided 

to determÎDe the mapetic profile of the fr.tion > 15.2 pm by use of & Frantz 

isodynamic aeparator. The division of th. jaroeite reaidue into a series of producta 

obtained by th.ir different behaviour under mapetie field provided a powerful 

tool for further characterÎSation of the lample, since these Frant. producta were 

leu complu than the oliliDal raidue. Table 1 provides the raults of the magnetic 

separation, toaether with the XRD iDtenaitia iD coonts per lecond, of the stronlest 

peak of the twu main componenta. From Table 1 it ia pouible to Bee that the zinc 

ferrite concentration in the mapetics increues .. the current iDenues, up to 

2&0 mA, whert th. ratio 11ooZnFtjO.:11ooNa-jarOiite is 40:1. Alter this point, the 

mapetiCi Ihow ÏDcreuiq amoUDtI of jaroeite up to SOO mA, where the product ÎI 

almOit only Na-jarOlite. Therefore, there are two distinct mapetic producta: zinc 

ferrite and Na-jar08ite; theïr correspondina mapetic lusceptibillties are 7.61 x 10-' 

and 1.03 x 10-1 SI units, respectively. The Don-magnetic of 600 mA eontained both 

sine ferrite and Na-jarOiite as minor constituents. 

SEM of the 2&0 mA Magnetic Product 

Fieure 1 iIluatrates the type of particles mOit frequently encountered. The av

erqe EDS Zn/Fe ratio in this type of partielea wu around 0.6, which IUllest that 

th .. particl. are indeed sine ferrite. Copper is present mainly at low concen

tratioDa; the EDS Cu/Fe ratio moet often encountered wu &round 0.07. Previou 
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studi. with sine ferrites in the copper smelter dUlta [11 haft Ihawn that the amount 

of copper in the zinc ferrites pla ys an important role in their macnetic lusceptibili

tiea and May increase it to 7.5xl0-2 SI unite when the EDS Cu/Fe ratio is around 

0.9. 

SEM of the 600 mA Magnetic Product 

Fipre 2 .hows the typical partiel. found in this product. Their morphololY 

and EDS peak counts are eharacteriatic of the jarOiites. It wu pouible to find 

in them variable minor amounta of Cu, Zn, As, and Pb. X-ray mapping for these 

elementa showed an even and intimate distribution in ail particles. This result 

is in qreement with Dutrizac'. findinp [3] and sugeat that these elements are 

ineorporated in the jarOiite lattice. 

SEM of the Non-magnetic Product of 600 mA. 

The most abundant particles in this product gave large EDS Si eounts, whieh 

indicated the presence of Si02• 

A large variety of other partielea were Cound in this product. Figure 3 shows 

a particle with EDS counta indicating zinc sulphide. Figure 4 presents a particle 

with large Si and Sn contents. The presence oC Sn is not surprisinl sinee the Kidd 

Creelt ore body contains tin-bearing minerais (4]. Figure 5 shows the remains of a 

onee-Iocked particle: the Zn-SeO compound (either oxide, sulfate, or sulfite) wu 

readily dissolved but the base metal silicate remains insoluble. Finally, Figure 6 

shows a particle with morphology and composition typical of the alkali-feldspar 

family: (KNa)AISi30. with minor amounts of Zn, Fe, and Cu. The alkaJi-feldspar 

familyoceurs in the county rock of the Kidd Creek ore body [4]. 
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Table 1. X-ray difractioD intenaities of two IfiroDleafi peab for the 
fiwo moet .bandant ph ... in Fruts producta. 

Mapetic of SOmA 
Mac· of2OOmA 
Mac.of2SOmA 
Mac·of3OOmA 
Mac.of400mA 
Mac· of4SOmA 
Mac. of 500mA 
Mac. of SSOmA 
Mac. of 800mA 

Final Don-mallletic 84 
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(HOT-ACID-LEACH 

This is the saUd residue after three stages of sulfuric &cid leaching, with some 

of those leaching stages heing performed at Rf90°C. The residue wu studied in a 

way similar ta that used for the jarOlite residue. lu determined AA analysis gave 

9.80 CJ6Zn, 11.72 "Fe, 7.94 CJ6Pb, and 0.60 "Cu. Size analysis by Cyclosizer gave 

85 % <8.2 pm. 

The HAL residue wu separated into products according to their magnetic 

behaviour using the Frantz apparatus. XRD of these Frantz produc::ts showed zinc 

ferrite to he the major minerai phase in the magneties separated at 50 to 500 mA. 

However, the product richest in zinc ferrite wu that of 300 mA. The determined 

mapetic susceptibility for zinc ferrite in the HAL residue wu ~5x 10-3 SI units. 

SEM of the 50 mA Magnetic Product 

This is the fint magnetic product of the Frantz series. Two main morphologies 

were found. Figure 7 shows the Most abundant type of particles; their EDS peak 

counts indieate zinc ferrite. The second Most abundant type of particles is seen in 

Figure 8; they show large Fe counts but a180 large Pb and S eounts together with 

some Zn and Cu counts. An automated search-and-match program of the XRn 

pattern of this magnetic product identified the presence of ZnFe204 and PbCS3• 

1111> Manuscripts Published 



<. 

( 

134 

SEM of the 300 mA Magnetic Product. 

Filure 9 IIhows the most abundant type of particles in this product. The larle 

EDS counts of Fe and Zn indicate a zinc ferrite particle. The wt % ratio for Zn/Fe 

for these partieles ÏI ~O.47 (determined by ZAF-corrected EDS analysis), which 

lugeat that some zinc hu been leached out. The cOl'responding ratio for Cu/Fe 

il only ~O.03, which agrees with the low magnetic susceptibility of the zinc ferrite 

in the HAL residue. The particle in Figure 9 also shows sman amounts of Pb-S 

compounds. 

In thil product it wu possible to find particles of hematite (see Figure 10) and 

of Mn02. The presence of Mn02 is explained as an excess of the added in the first 

leachilIIsteps to reduce the undesired concentration of ferrous iron [5]. 

SEM of the 600 mA Non-magnetic Product. 

MOIt of the particles in this product suggest the presence of Si02; Figure 11 

shows an example. Aiso it wu possible to find particles with large Si counts and 

appreciable Cu, Fe, and Zn counts. Together with strongly angular features, that 

suggests the existence of base-metal silicates. 

An automated search-and-match program was used further to identify the XRO 

patterns of various magnetic and non-magnetic products of jarosite and HAL 

residues. The sueeess of the seareh program depends heavily on a provided list 

of known elements. Therefore, the results obtained by SEM-EOS were used to 

live a partial list of elements present in the produds. The results of this auto

mated search-and-match program confirmed the existence of the suggested phases 

by SEM-EDS and also added the presence of few oth"!r phases. 
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CONCLUSIONS 

1. The evidence eollected by SEM and XRD ahowed that jaroeite reaidue la 

made up of the maJor abondant phue (" >10) of Na-juOIIite, with lome amaU 

quantities of Zn, Cu, and As incorporated in the erystallattice; the medium abun

dant ph .... (10)'' >1) are sine ferrite UIOCiated with copper f!rrite in amall vari

able amounte and SiO,; and other ph ... encounterecl in amall proportions (% <1), 

which in order of abundance are feldepara, ZnS, FeS, Cu,FeSnS., Cu(Fe,SnhSu 

and Cu-Zn-Fe-Sn aUieates. 

2. The colJected evidence showed that the HAL residue were round to be, as the 

mOllt abundant phases (% > 10), ZnFe,O., Fe20s, and SiO,; as medium abundant 

ph ... (10) % >1), SnO" PbCSs, PbFee(SO.).(OH)lI, ZnS, and CuS,Sbj and as 

minor abundant phases (" <1), MnO" FeS, CusFeS., FfiS., S, and Cu,FeSnS •• 
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~Il ,1 l'l'. ~Il l.O, SI 0.03, Cu 0.01, Zn 0.01, re ()'Ol, S 0.0004. 
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Sl,ll-l': Sl 1.0, Al U.7h, 1\ 0.37,:n O ... jl, I-s 0.16, Cu O.O~. 
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FIG. 7. - -EDSPR to "e arc: "C 1 . 0, S + Ph (). 15 • Zn () • 1 rt , Cu Il.01 
FIG. 8. - -[[)SPR to Fe .Ire: , c 1 .0, ~ + Ph 1 • (J4 • :':n (J.12, ('Il (J.03. 
FIG. 9. --[()SPR to 1 e: Fe 1.0, Zn () • 1!) , S + Ph ().()~J, ('Il o . {J 1 • 
FIG. 10. - - r.DSPR ta l'c: l'e 1. 0, Zn 0.02, Cil (J. 0 1 • 
FIG. Il. --L:DSPR ta Si: 51 1. 0, Fe (J. II , Cu (). 14, Zn (J.OH, Mil O. or,. 
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CHARACTERIZATION AND 

SEPARATION OF METALLURGICAL 

RESIDUES FROM KIDD CREEK 

ZINC PROCESSING PLANT 
R. Lutra; N. RowJancù; S.R. Rao and J.A. Finch 

ABSTRACT 

Two of the major residues that are leDerated in the extraction of zinc are 

jaroeite and hot-acid-Ieach residues. Some still contain sipificant metal values. 

Samples of the two residues from the metallurgical plant of Kidd Creek Mines, Ltd., 

Ontario, Canada, were examined. Particle--size analysis showed that both residues 

were fine, 80 wC 96 heing -12 pm. The major phases identified in the jar08ite residue 

were aodium jarosite and zinc ferrite and in the HAL residue zinc ferrite, hematite, 

silica and lead jarosite. Some evidence wu found for lead sulphate/oxy-sulphate 

in the HAL residue. 

Mapetic analysis gave a zinc ferrite susceptibility of 4-8 x 10-J in both residuesj 

sodium (and lead) jaroeite were aIso magnetic, their susceptibility beingl.Ox 10-J. 

Rish aradient macnetic separation recowred 80me 20-4096 Zn from the jar08ite 

residue at zinc arades of 15-10". From the HAL residue 20-30" Zn wu recovered 
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at sine aracl- of 22-18 ". The limita tG aeparation are dilcUlled. 

INTRODUCTION 

Metallulieal wast. of different compolitioDi are lenvated at varioui It&les 

in a line mraction plant. Th .. Nlidu. Itill eontain lipitleant quantiti. of sine, 

lad and eopper and the recovery of some of these values eould be of economie 

lipitleanee. 

A deacription of the nature and Procasinl of Cottrell duat reaidue from the 

metallurlieal plant of Kidd Creek Mines, Ltd., TimmiDl, Ontario, Canada, hu 

bem liven ellewhere [1]. In the present study two more metallurlieal reaiduea from 

the plan were examined -the jaroeite residue and the hot acid leach r.idue (HAL), 

or lad-sOver residue, (Fipre 1) [2]. A sipmeant part of the zinc in the fesidue is 

present u zinc ferrite -which ÏI appreciably mapetie, sUII.tinl the pouibility 

of recoverinllÎDe mapetieally. To develop a suitable mapetie proceuinl method 

it is necasarr to identify the different phases and to delermine their malnetic 

eharacteristica. This wu achieved, respectively, by analytieal techniques (X-ray 

diffraction (XRD) and acanninl electron mieroecopy (SEM) with enerlY dispersive 

.pectrometry (EDS) for semi-quantitative elemental analysis) and by the use of a 

Frantz isodynamie aeparator. On the buis of the findinp, hilh Iradient magnetic 

separation (BGMS) wu studied for the recO'/ery of zinc ferrite. 
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THE JAROSITE RESmUE 

Description 

The separation of iron from sinc in zinc proceuing circuits can be achieved 

by precipitatinl iron as jarOiite MFe.(S04),(OH). where M = K+j Na+j NHt j 

AI+; IPb+2j H.O+; etc. (3). Some zinc, principally as zinc ferrite, is lost with the 

jarOiite. 

The jarOiite residue as received wu a reddish-brown bulky material. The chem

ical composition (determined by atomic absorption spectrometry) wu 7.24 wt % 

Zn, 38.76 wt % Fe, and 1.61 wt % Pb. If the zinc is present as zinc ferrite ZnOFe203 

and lead as PbS04 (discussed fully below) the elemental assays correspond to the 

composition ~26. 7 wt % ZnOFe20s, 70.9 wt % jarosite and 2.4 wt % PbSO •. 

The size distribution wu determined by CyclOlizer and X-ray diffraction 

(XRD) patterns of the cone fractions were taken. The patterns corresponded to 

thoee of sodium jar08ite and zinc ferrite. Filure 2 indicates the approximate size 

distributions of the two phases, which were calculated on the assumption that all 

the zinc occurs as zinc ferrite and all remaining iron is in the jarosite. It can be 

seen that the zinc ferrite is coarser than the sodium jarosite. 

Magnetic Profile and Susceptibility 

The m&lnetic profile for the CyclOlizer cone 3 fraction was obtained on a Frantz 

separator (4) and is presented in Figure 3. Two distinct magnetic fractions are 

shown to he present corresponding to 110 values of 225 mA and 495 mA. The 

mineralolical characterization of these two masnetic spedes wu performed by 
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XRD and SEM. The relative mteuit_ of &he two Itronc_t diffraction lin. Ihawn 

iD Fipre 3 indicate that the more mapetic fraction la siDc ferrite and the 1 .. 

mapetic fraction lOdium j .... lte. 

The mapetic IWlCeptibility of the sine ferrite wu found to he 7.6x 10-1 

(SI wu) and that of .ocIium jU'Olite 1.0xl0-1• The latter value il CIOH to that 

reported by Todd and Finch [5) for a ~iety of jarOlite., iDeludinl a lample from 

Canadian Electrolytic ZiDe, Ltd. Althoup the lusceptibilitia of the two phues 

difl'er, the ratio (7.5:1) ÏI iDlutBcient to a1low more than a limitec:l separation by 

JDIIDetic me&DII [6). 

The non-mapetic at 600 mA contain some aine ferrite and sodium jUOIite as 

minor constituents, the main component heiDl SiOI. Other minor component. in 

the +600 mA fraction were ZnS (~15 wt "); FeS; CUIFeSnS. and Cu(Fe,Sn)ISs.~. 

SCaDUiDI Electron Microscopy (SEM) 

The division of the jUOlite residue into a series of products on the Frantz aided 

compoeitional characterisatioD of the sample. 

200- to 250 mA fractloD 

Fiaure" ilIustratea the particle type mOit eommonly eneountered in the fraction 

200-2SO mA. The averace Zn/Fe ratio obtained by EDS wu about 0.6 which ap

proximata the Zn/Fe atomie weight ratio (0.585) for ZnOFeIOs. Copper is present 

in th .. partiela at low eoncentratioJUl, the EDS Cu/Fe ratio hein, around 0.07. 

Previousstudies of CoUreil duat (rom the copper smelter Il) showed that the con

tained zinc-burin, ferrites had an EDS Cu/Fe ratio of about 0.9 and that they 

were lipificantly more magnetic than thoee dilcUlled here. The amount of copper 

in the sine ferrite appean to play an important role in ita maanetic propertia. 
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410- to 100 mA traction 

Fipre S .hCJWI the mOlt abundant type of particle in the 450 to SOO mA prod

uct. The morpholOlY and .pectra wen characteriltic of jUOIitea. The general 

jarOllite formula ia M(l_S)(HaO)xFea(SO.)z(OH)e where x = 0.15-0.25 [7]. Conse

quently the sodium content of sodium juoeites ÏI about 3.7 wt ". This, together 

with the f&ct than Na ÏI a Iight element, explains the low Na counta round by EDS. 

The EDS spectra for the jarOllite indicated the preaence of minor amounts of 

copper, linc, arsenic and lead, which X-ray mapping showed to be evenly and 

intimately diltributed. This il in agreement with the findings of Dutrizac [7] who 

suUested that th .. e elementa were incorporated in the jar08ite lattice. The amount 

of linc incorporated in the jUOIite ÏI important since it sets the lower limit for zinc 

1018 in the jUOIIite residue. The data of Dutrizac [7] and Yar08lavtsev et al [8] 

indicate that the zinc content of sodium jarœite is between 0.8-1.9 %, depending 

on the composition of the leach solution. In the present study, the average Zn/Fe 

ratio given by EDS wu 0.0916. The zinc concentration in the jar08ites investigated 

here, therefore, is of the order of 1 wt %. 

Several jarOiite particles were round to have relatively high arsenic counts, 

suuestin, that arsenic is preferentially incorporated in the precipitated jarosite. 

Thil is in agreement with the observations of Donyina [2J and of Yaroslavtsev et 

al (8). 

+800 mA (non-magnetic) fraction 

The moet abundant particles in the +600 mA, non-magnetic product gave high 

silicon counts confirming the presence of SiOz, which had been identified earlier 

by XRD. A wide variety of other particles was round, including partieles of zinc 

sulphide and othera with large EDS counts of silicon and variable counts of base 
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metaJa, suaestinl the presence of complex bue-metal silicates. Aiso found were 

partieles with IUle tin counts and particles with larle counts of aluminium and 

silicon. The presence of tin is expected, liven the nature of the Kidd Creek ore 19]. 
The larle counts of aluminium and silicon probably correspond to feldspars and 

other silicate minerais. 191. Filure 6 shows a tin-bearing particle. 

Magnetic Separation 

SeparabUlty cune for Jarollte re.ldue 

From the assays of the malnetic products of the Frantz separator a separability 

curve for ferrite and jar08ite wu construded (Filure 7). A high delree of separa

bility is apparent, as would be expected in view of the fact that the two phases are 

not intersrown. 

DescrlptloD of HGMS test 

HGMS tests were condueted on an Eriez HGMS model EL5-4. An expanded

metal matrix wu used with diamond-shaped holes (4x8 mm) and wires of cross

sectional diameter ~800 "m. The matrix wu built from disks 38 mm in diameter 

held in a Plexillu cannister (stacked to touch), each being in 900 rC?tation to that 

adjacent. The total mus of the matrix wu 46.6 1. 

Samples of approximately 30 1 were slurried with water with 0.2 % Callon as 

a dispenant and passed throulh the matrix at various settings of slurry velocity 

and magne tic field strenlth. After collection of the slurry that had passed throulh 

the unit (i.e. the non-magnetic component), the malnet was switched off and the 

mapetic material wu flushed out and collected. 
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lleIult. of RGMS t .. t. 

The Ifade and recovery obtainec! in one set of test are presented as Figure 8. 

Recovery increued with decreuinglfade, reflecting the increased recovery of the 

less mapetic phase, jarosite, at increasing field strengths. SEM analysis showed 

that there wu no difference in the chemistry of the jarosite reporting to the mag

netic and non-magnetic fractions. 

From Figure 8 it ia apparent that the maximum zinc recovery was only 30 %. 

The expected sources of zinc 1088 were zinc sulphides, complex base-metal silicates 

and the zinc entrappf!d in the jar08ite structure; however, XRD analysis of the 

non-magnetic showed that the dominant zinc ferrite phase was zinc ferrite. Part of 

the 10118 may be attributable to fine ferrite reporting in the non-magnetics, but it 

is suspected that the ferrites have a variable susceptibility -perhaps related to a 

variable Zn/Fe ratio. SEM analysis railed to identify any difference between ferrite 

in the HGMS magnetic and non-magnetic fractions. 

A final attempt to enhance separation by incorporating roughing and cleaning 

stages resulted in some improvement (Table 1) but increased circuit complexity 

(and coet). 

Table 1. HGMS Roughing and cleaning of jarosite residue. (Field 
I.ST) 

STAGE FLOW RATE ZIN C 
cm/s GRADE % R ECOVERY 0 

Rougher 
non-mags. 4 5.69 45.0 
Cleaner 
non-mags 9 4.75 16.4 
maiS 9 14.4 38.8 
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HOT ACID LEACH RESIDUE 

Description 

The HAL residue sample wu a grey-black residue of specific aravity 3.1. The 

chemical compoeitio~, by weight, wu Zn, 9.80%; Fe, 11.'72%; Pb, 7.94 %; and Cu, 

0.60 %. Size analysis established the the sample wu >80 % -IOl'm. 

Magnetic profile and susceptibility 

The magnetic profile for the cone 3 fraction is presented as Figure 9. It shows 

an Iso value of 260 mA, very nearly the same as that found for the ferrite fractiol1 

in the jar08ite residue. The calculated magnetic susceptibility is 4 x 10-3 • 

The Frarltz separator products were assayed for zinc, iron and le ad and sep

arability curves were construded (Figure 10). Zinc (and iron) is preferentially 

recovered in the magnetics whereas most of the lead reports to the non-magnetic. 

The separability curves demonstrate the possibility of obtaining a magnetic con

centrate of zinc that is relatively free of lead. 

Euh separator product was studied by XRD, and an automated search-and

match program (APD 1700, SANDMAN, Philips) being used to identify the un

known phases. Table 2 lists the phases identified in the different products in arder 

of abundance. 
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Table 2. Ph ... identi&ed in the hot &cid leach residue by XRD 
(APD 1700, SANDMAN, Philipe) 

Frantl Major Minor 
Product (more than 10%) (leu than 10 % ) 

[mA ] 
50 ZnFe,O. Fe, Os 

PbCSs CuS,Sb 
CUIFeS. 
S 

100 ZnFe,O. ZnS 
SiO, Cu,FeSnS. 
Fe,Os 

200 ZnFe,O. Fe, Os 
SiO, SnO, 

PbFee(SO.).(OH)lI 
300 ZnFe,O. Fe, Os 

ZnS 
400 ZnFeJO. PbFee(SO.).(OHh, 

Fe, Os FeeS, 
SOO ZnFe,O. 

Fel Os 
SnO, 

600 SiO, 
FeS 
ZnFe,O. 
Fe, Os 

NON-MAG. SiO, Sn0 2 

Cu,FeSnS. FeS 
ZnFe,O. 
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Lead trithiocarbonate wu tentatively identitied .. the lead ph ... in the 50 mA 

(moet mapetic) fraction. lta occurrence could reE11lt from the presence of xanthate 

in the OriainallinC cODcentrate, which decompoHl to free xantholenic &cid when 

treated with lIulphuric &cid l10] and may lIubsequently re&Ct with lead to form 

PbCSI. 

It hu been suspectecl that a m~or lead phase would he lead jUOIIite. This 

phase wu positively identitied in the 200 and 400 mA mail. The principal lead 

phase, however, must reside in the non-mapetic fraction which contains 5.2 wt CJ6 

Pb, &Ccountml for 60" of the orilmallead in the r.idue. The thermodynamically 

stable phase from the routera (925 oC, 6 "S02) is PbS04 (with some PbOPbS04), 

which is resiatant to sulphuric &cid (1) and ia non-magnetic. No lead phue, however, 

wu identified in the non-mapetic fraction. This may be accounted for by the 

fact that 5.2 wt % Pb represents only 7.6 wt % PbS04• In a synthetic mixture 

of 7.6 wt % PbSO, with 92.4 wt % Si02 the 1100 Y..Itll-line of PbS04 gave only 

about 270 counts -compared with 1500 counta for pure PbS04• The PbS04 may 

he present but at too great dilution to he identified. On the other hand, if the 

5.2 wt" Pb were present u lead jarOlite, thia would correspond to 28.3 wt" lead 

jarosite, which should produce well-detined XRD-lines. 

The principal zinc phase was zinc ferrite, which ia distributed throughout the 

mapetic profile. No silver phase wu detected by XRn although silver is known 

[2, 7] to he present. 
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SCaDDm, electron miCr08COpy 

-10 mA fractloD 

Fiauree 11 and 12 illuatrate the twu typical morpholoaies that are found in 

the ·50 mA separator product. Representative of the first type conaiated of an 

agresate of small crystale and invariably contained high concentratioD.l of iron 

and sinc. EDS analysis of the individual cryltals lives the lame spectra as thOle 

of the whole particle; both spedra correspond to sine ferrite. The average EDS

ZAF Zn/Fe ratio of several particles wu 0.31. The partiele illustrated in Figure 12 

-besid. havins IUle iron and zinc counts- also produced hip lead and sulphur 

counts, which could he due to the presence of the leaci trithiocarbonate identified by 

XRD-APD (Table 2). Thua, the -50 mA mapetic product consÎlta of twu type of 

partiele: clean zinc ferrites and sinc ferrites agglomerated with a Pb-S compound. 

The sinc ferrites from the jaroeite and from the HAL residues have diff'erent 

morphologies. The more crystalline appearance of the zinc ferrite from the HAL 

lDay he due to the fact that luch ferrites haw been subjected to stronl &cid leacbing 

conditions. This may indicate that zinc ferrites from the HAL residue have a 

decreued IOlubility in lulphuric &cid circuits. On the other hand, zinc ferrites from 

the jUOIIite residue may he Itill he partly soluble in lulphuric ICid and, therefore, 

lIlay he recycled directly ~ the leaching part of the circuit. 

100- to aoo mA fractioD 

Fiaure 13 ilIus&rates the moet abundant type of particle present in the 200 to 

300 mA fraction. The lu&e EDS countl of iron and linC indicate that the partiele 

consÎlta of linC ferrite. The averaae EDS-ZAF Zn/Fe ratio for severa! particles 

wu 0.47 (0.37 for the -50 mA product). The theoretical weight per cent ratio 

for ZnFeJO. il 0:59. The Zn/Fe ratio can probably be correlated with magnetic 
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luceptibility (u it can for sine lulphid. (121) -the hiaher the ratio the lower 

th. luceptibillty. The occurrenee of linC ferrite at incNUma cune", aettinp, 

therefore, ahould cOrrelpond tG pro&nIIively hiaher Zn/Fe ratiOi. This wu diflleult 

tG prcwe in the pl'elellt .tudy because th. number of clean sinc ferrite partiel. 

decreuecl marbdly at hiaher currentl. The implication la that difl'erent Zn/Fe 

ratiOi form in the router or that linc ÏI preferentially leached aCter formation. 

The propoeal that sinc ferrites form by reaction on an iron oxide nucleus [1, 131 

would imply that the sine in the outer reaction layen ÎI euily leached, giving rÎle 

tG variable Zn/Fe ratiOi. 

Like that in the jaroeite residue, the ferrite in the HAL reaidue is signifieantly 

leu magnetic than that in the CoUreil dut -which &Iain, corresponds to a low 

Cu/Fe ratio (~0.06, Fipes 11, 12 and 13). 

Element ratios determined by EDS for other particlea correaponded to hematite, 

and some eontained appreciable manganese -pouibly u a result of the MnOz 

added in the neutralleachinlstage to oxidize Fe (fi) to Fe (m). 

+800 mA (noD-mapetlc) fraction 

XRD analysia of the +600 mA, non·magnetic fraction showed that 70 % of the 

total intenaity wu due to 8i02• This wu confirmed by SEM, most of the particles 

livinc ED8 spectra with larle silicon peab. Ficure 14 illustrates typical particles 

round in thia product. Some other partiel .. showed EDS spectra with larce silicon 

peab and sipificant peab for copper, iron and zinc (Figure 15), suggeating the 

presence of complex base-metal silicates. Their unleachable nature in the plant 

circuit ia indieated by their strong anlular morphology (Figure 15). 

Oec_ional particles of variable morphology were found to he rich in lead (FiC· 

ure 16). The lead content (EDS-standardless analyaÏl) varied between 78 % to 

57 ". This supporta the arlUment preaented above that the principallead phue 

ID r> Manuaeripta Published 



(~ 

152 

in the non-macnetic product is not leacl jaroeite (Pb 18.3 wt %) but lead sulphate 

PbSO .. (Pb, 68.3 wt %) and/or lead oxy-sulphate PbOPbSO. (Pb, 78.7 wt %). 

HGMS -results 

The equipment and conditions that were used to investigate high-gradient mag

netic separation oi ,he HAL residue were identical that those employed for the 

jaroeite reaidue (above). The grade and recovery of zinc obtained for the HAL 

reaidue as a function of magnetic 6eld strength for a flow rate of 9.7 cm/s are 

shawn in Figure 17. Recovery increased slightly with increasing field strength, 

whereas the grade decreased slightly. Zinc recovery approached 30 % at a grade of 

20-22 % Zn (corresponding to 75-80 wt % zinc ferrite). More that 98% of the lead 

passed to the non-magnetic fraction. For this residue, therefore, HGMS appears 

to be an attractive option in that it gives a dean, almost lead-free zinc ferrite 

concentrate. 

XRD analysÎII of the non-magnetic fraction of the runs at O.69T and 1.83T 

revealed the presence of HICa2Zn(AsO .. h(OH)z at an approximate concentration 

of 15 wt %. This phase contributes, in part, to the low recovery of zinc in the 

magnetic product. It wu found, however, that ZnFe20. was still present in the 

non-magnetic fraction and accounts for the major zinc loss. As for the jarosite 

reaidue, the suspicion is that ferrite in the non-magnetic fraction is less magnetic 

because it has a higher Zn/Fe ratio. 
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CONCLUSIONS 

J arosite residue 

1. The evidence from XRD and SEM studies showed that the jUOIite reaidue 

conaisted of the followinl phases: molt abundant -more than 10 wt %- sodium 

jarOiite, NaFes(SO .. ):a(OH)e with small quantities of zinc, copper and arsenic in

corporated in the crystallattice; of medium abundance -from 1 to 10 wt %- zinc 

ferrite, ZnOFezOs, and quartz, SiO, (in the particles of zinc ferrite, amall variable 

amounts of copper were found); and of minor abundance -Iess than 1 wt %

alkali feldspars (KNa)AlSi30a, ZnS, FeS, CuIFeSnS .. , Cu(Fe,Sn)zSu and Cu-Zn

Fe-Sn silicates. 

2. Zinc ferrite is coarser than the sodium jarosite. 

3. The magnetic susceptibilities of zinc ferrite and sodium jarosite in the 

jarosit.e residue were 7 .6x 10-' and 1.0 x 10-s respectively. The small difference 

limita the malnetic separation that can be achieved. 

Hot acid leach residue 

1. The following phases were identified in the HAL residue; most abundant 

-more than 10 wt %- ZnOFe:aO" Fe:aOs and Si02; of medium abundance -from 

1 to 10 wt%- SnOI, PbCSs, PbFee(SO .. ) .. (OH)12, ZnS, HICa:aZn(AsO .. ):a(OH)2t 

and CuS:aSb; and of minor abundance -Iess than 1 wt %- Mn02, FeS, CU3FeS"t 

F~S., S, and CU2FeSnS .. and Cu-Zn-Fe-Sn silicates. 

2. The presence of PbSO .. is predicted on thermodynamic grounds but it was 
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not identifled by XRD. SEM exurdnAtioD of the +600 mA non-mapetie from the 

Frantl leparator revealecl A few partiel. with a hip lead content, indicatinl the 

probable pfeleDCe of PbSO. or lad axy .. ulphatea. 

3. Zinc ferrite wu round to be the major mapetic phue and to have a macnetic 

lU8Ceptibility of 4.0xlO-I . Lead jaroeite ia & minor magnetic phase. 

4. HGMS separation of HAL residue At I.ST and flow rate of 9.7 emls lave 

~25 % Zn recovery at a grade of ~20 % whieh corresponds to ~75 96 zinc ferrite. 

The lead content of the magnetic fraction is <2 wt 96. For this residue, therefore 

HGMS appean ta he an attractive option sinee it lives a clean, almOlt lead-free 

zinc ferrite concentrate. The lille loues to the non-magnetic may be accounted for 

by the presence of A linC ferrite that ia Iell magnetic -possibly because of a hilher 

Zn/Fe ratio. (Similar reuoning may apply to zinc 10l8e8 to that fraction in the 

treatment of jarosite residue.) 
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Fi,ure 4 SEM microaraph of typical ferrite particle in 200 to 250 mA 
Frantz separator fraction (rom jarOiite reaidue. EDS peak ratios 
(Fe = 1): Zn, 0.62; Cu, 0.07 

Filure 5 SEM microaraph of typical jarOiite particle in 450 to 500 mA 
Frantz separator fraction of jarOlite reaidue. EDS peak ratios 
(Fe = 1): Na, 0.001; S, 0.11; Cu, 0.09; Zn, 0.02 
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FiBUre 6 SEM microlraph of tin-bearinl particle in the +600 mA 
(non- mapetic) Frants aeparator fraction Crom jarOiite reaidue. 
EDS peak ratio (Sn = 1): Si, 0.03 

159 

III E> Manuacripta Publiahed 



(. 

(~ 

11~----~~----~----~----~ ____ ~ 
.... 0 
;; 
= &1 
-10 ---.. a.. 
... 40 • .. u ... .. a.. 

20 10 10 

Pucent Weight RecOler, 

Figure 7 Magnetic separability curve for zinc ferrite and sodium 
jarOlite from jarOllite residue (Cycl08izer cone (3) product) 
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Figure 10 Magnetic separability curves for zinc and lead phases from 
HAL residue (Cyclosizer cone (3) product) 
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Figure Il SEM micrograph showing one of two typical particle mor
phologies in the -50 mA Frantz separator fraction of HAL residue. 
EDS peak ratios (Fe = 1): Zn, 0.35 (ZAF corrected); S+Pb, 0.15 
(not ZAF eorrected); Cu, 0.22 (ZAF corrected) 

Fipre 12 SEM micrograph showing second of two typical partie le 
morphologies in -50 mA Frantz separator fraction of HAL residue. 
EDS peak ratios (Fe = 1): S+Pb, 1.04 (not ZAF corrected); Zn, 
0.31 (ZAF eorrected); Cu, 0.06 (ZAF corrected) 
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Figure 13 S EM micrograph of typical particles in 200 to 300 mA Frantz 
separator fraction of HAL residue. EDS peak ratios (Fe = 1) for 
particle in centre: Zn, 0.47 (ZAF corrected); S+Pb, 0.09 (not 
ZAF correctedl: Cu. 0.31 (ZAF eorrected\ 

Figure 14 SEM mierolr&ph typical partieles in +600 mA 
malnetie) Frantz separator fraction of HAL residue. EDS peak 
ratiOl (Si = 1): Fe, 0.11; Cu, 0.14; Zn, 0.08 
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Figure 15 SEM microaraph of particle in +600 mA (non-magnetic) 
Frant. separator fraction of HAL reaidue with composition in
dicative of complex base-metal silicates. EDS peak ratios 
(Si = 1): Cu, 0.60; Zn, 0.5; Fe, 0.48 

Figure 16 SEM micrOll'aph of lead-rich particle in +600 mA(non
magnetic) Frant. separator fraction of HAL residue. EDS stan
dardless analyaia lives Pb content of 78.3 wt" 
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Connecting Text for Manuscript V: 
Evidence of variable zinc to iron ratio in 
zinc-ferrites produced from roasting of 

zinc sulphide concentrates 

The characterization of the copper smelter dust, the jarosite and the HAL 

residues reported in Manuscripts 1 to IV aU showed the presence of zinc ferrite, 

ZnFeZ04. The combined results suggested that zinc ferrite may have a variable 

Zn/Fe ratio which was possibly related to its magnetic suseeptibility. A systematie 

study to prove this variability is reported in Manuscript V. For this, a residue 

with higher concentrations of zinc ferrite was selected, this was the low-acid-leach 

residue of the Canadian Elec:trolytic Zinc plant. 

The discussions with the reviewers for manuscript V are included sinee the 

journal where the paper was published uses such format. 

Three appendixes are induded at the end of Manuscript V. They are intended 

to provide a hetter explanation for some topics just mentioned in the text for 

Manuscript V. 
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Evidence of variable Zn/Fe in 

zinc-ferrites produced from roasting of 

zinc sulphide concentrate 
R. Lutra; N. Rowlanda and J. A. Finch 

ABSTRACT 

Zn-Fe-O phases formed during routing of concentrates from zinc sulfide ores 

produce soluble zinc oxide, oxy-sulfates and insoluble ferrite compound". The 

ferrites have a general formula ZnOFe20S. However, these ferrites have a range 

of magnetic properties, suaesting variable stoichiometry. Scanning electron mi

croec:opy haB been used to obtain the general relatiomhip between the Zn/Fe ratio 

of the ferrites and their magnetic susceptibility. 

INTRODUCTION 

In preparation ff'r leachinl, zinc sulfide concentrates are roasted to form, pri

marily, zinc oxide which i& readily soluble in sulfuric &Cid. During routing zinc 

ferrite ia also formed. Zinc ferrite ia an undesirable phase because it is more difficult 

ta luch, requiring more agressive hot &cid leaching. 

In earUer papen (Lutra et al, 1987& and 1987b) the characterization of three 

residues from Kidd Creek ail containinl zinc ferrites wu reported. These residues 
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wen: 1.- Smelter dut from the Miuubilhi-c:opper plant; 2.- JarOiite residue and 

3.- Hot-Acid-Leach (HAL) reaidue. The charaderisation of those zinc ferrites was 

facilitated br mapetic fradionation at diff'erent magnetic fields, producing a series 

of mapetic fradiollll. SEM-EDS analyail of of a few «10) partieles of some of 

the Dl&IJletic fradiuDI of the HAT .. reaidue suaested that zinc ferrite may have a 

variable Zn/Fe ratio which wu pouibly related ta their magnetic susceptibility. 

Because a variable Zn/Fe ratio of zinc ferrite has important metallurgical implica

tions a systematic study wu undertaken to examine the variability of the Zn/Fe 

ratio and its relationahip to the mapetic sU8Ceptibility. This systematic study is 

reported here. For tbis study a dift'erent source of zinc ferrite wu used, a residue 

from the Canadien Electrolytic Zinc plant, and the Zn/Fe ratio values were ob

tained by SEM-EDS analysis of about 100 particles from each of the magnetic 

fractions where zinc ferrite wu found to he the most abundant phase. 

SAMPLE DESCRIPTION AND PHASE IDENTIFICA

TION 

The sample wu a red-brown moist paste from the low-acid-leach circuit of 

the zinc plant of Canadian Electrolytic Zinc (CEZ) (Figure 1). The sample as 

received wu dried at 100 oC for 24hn and homogenized. The specifie gravit y 

of the sample was determined (conventional and gas-null picnometer) to be an 

average of 4.095 with a standard deviation of 0.102. The maximum partiele size 

(determined by screening) wu about 95 pm. Size classification was performed with 

a Warman CydOlÏJer (Kelsall and McAdam, 1963) to produce five elosely sized 

fractions (Table 1). The Cyc!osizer collecta into a single cone fraction ail partieles 

which have a settling rate within a specified range. The equivalent particle size 

reported il the calculated diameter of spherical particles of specifie gravit y 4.095 

witb the same seUling rate. 
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The maJor ph ... were identified with an X-ray diffractometer coupled with an 

automated difrractometry IOftWue pacbae (APD 1700, V3, Philipe). The X-ray 

lpectra were acquired usina Cu Karl and K •• radiation from a copper tube operated 

at .f0 kV and 20 mA. The scan wu performed between 5 to 100 21-degreea with a 

t'tep lile of 0.020 des. and a lamplina time of 1 second. 

For elemental analYlis, the samples were Iprinkled on double sided adhesive 

tape, providing a dense coverage, and were mounted on graphite stubs. Standard

INa quantitative SEM-EDS anatysis (SQ, Tracor TN5500) was performed using gen

eral frames at masnificatioDII of lOOX. The results of these bulk elemental analY:JeI 

were used to prClvide the list of present elements to the automated XRn search-and

match program, as this aida characterization using the automated search-match 

software. 

Table 2 gives the major phases identified as present in the original sample and 

in the cone fractions of the cycl08izer. The approximate weight percent is only 

an estimate (given by the program SANDMAN) since matrix corrections were not 

performed. However the results do indicate the relative proportions of the major 

phases present in the cone fractions. Using the resulta in Table 2 it ia possible to 

select cone size fractions suited for the magnetic fractionation. 
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Table 1. Particle size analysis of the low acid leach residue from 
CEZ 

Cone Equivalent Weight 
Number Particle % 

Size I#'m] 
1 36.29 1.7 
2 27.21 3.9 
3 18.97 6.9 
4 12.37 7.5 
5 9.07 5.4 
-5 -9.07 74.60 
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Table 2. M-Jor phues identified by SANDMAN-APD 1700 in the 
orisinallow-acid-leac:h residue CEZ lIample and in the sile frac
tions from the CYCI08Î1el'. 

SAMPLE IDENTIFIED PHASE 
FORMULA APPROXIMATE 

wt. % 
original ZnFe204 80 

Fe20s 7 
PbSO. 5 

cone 1 ZnFe204 81 
Fe20s 4 
FeS2 4 

cone 2 ZnFe20 4 64 
Fe20S 12 
ZnS 12 

cone 3 ZnFe204 78 
Fe20S 12 

cone 4 ZnFe204 45 
Fe20S 14 
ZnS 37 
Si02 5 

cone 5 ZnFe204 71 
Fe20S 20 

-cone 5 ZnFe204 95 
Fe20S 5 
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PHASE SEPARATION ON FRAriTZ ISODYNAMIe 

MAGNETIC SEPARATOR 

Magnetic fractionation of the ferrites wu pedormed. on an isodynamie sepa

rator(Frantz). This unit achieves precis~ separation bued solely on differences in 

magnetic susceptibilities (Hess, 1959). Magnetk deparation on the Frantz is per

formed dry and is best on relatively coarse (>15 IIm) mono-sized fractions. From 

Table 2 it can be seen that of the coarse size fractions, cone 3 has the simplpst 
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major-ph .. compalition where siDc ferrite il the moet abundant phue. Therefore 

the cone 3 fraction wu aelected for mapetic fractionation. 

The procedure conaÏlted of aeparatq the sample into maanetica and non

mapetiCi at a liven current on the Frang. The lample wu fed Ilowly and avenly 

by a vibrator to appr..œ separation on a particl.by-p&rticle buis. Typically 

the feecl rate wu IUch that a 1-1I'&ID lample took 3 daYI tG proc... When ail the 

sample wu paued, the mapetica were weighed and stared while the non-magneties 

were UAd as feed for a higher carrent setting. Table 3 shows the results for the 

separatioDi performed at currentl 20 to &72 mA. The equivalent mapetic field 

,iven in Table 3 wu obtained from previous calibrations of the Frantz (Nesset and 

Finch, 1980). The mapetie sWlCeptibUity in Table 3, wu ealculated from (Hess, 

1959; Dobby et al, 1919; Finch and Leroux, 1982): 

where: 

K -
6, -, -
1 -

K = 6p 2.& x 10-1 lin , 
P 

Mapetie lusceptibility [Sol. units] 

Panic le Density IK, 1 mS] 

Side slope of Frantl unit Ideg] 

Cùrrent to the magnet [A] 

(1) 

An average susceptibility corresponds ta that living a 50:50 split of the mag

netie material. In this cue since the sample eontained about 76 % of magnetie 

material (the percent separating tG magnetica above l=ii:f470 mA wu negligible) then 

50" of the maanetic fraction il at l=ii:f38" mass recovery and by interpolation from 

Table 3, J( ~8x 10-s. This value issimilar to that reported for zinc ferrite from 

the Kidd Creek jaroeite and HAL residues. (Lutra et al, 1987b). 

m 1> Manuscripts Published 



-

........ 
1 ~ --

1'18 

Table 3. Franb mapetic separation of cone 3 fraction of CEZ 
ferri_. Franb aide alope wu 2Cr 

CURRENT EQUIVALENT EQUIVALENT WEIGBT CUMULATIVE 
tG the MAGNETIC MAGNETIC " WEIGHT 

MAGNET FIELD SUSCEPT. " [mA ] [T) [S.I.) 
uniu 

20 0.03 8.75xl0-' 0.14 0.14 
40 0.08 2.Uml0-1 5.09 5.23 
80 0.11 5.47xl0-1 5.75 10.98 
130 0.18 2.07xl0-1 9.75 20.73 
180 0.25 1.08xl0-1 8.92 29.65 
211 0.29 7.86xl0-s 16.15 45.80 
250 0.34 5.6Oxl0-s 1.69 47.49 
300 0.41 3.89xl0-s 15.05 62.54 
356 0.49 2.76xl0-s 7.56 70.10 
412 0.57 2.06xl0-s 4.67 74.77 
476 0.66 1.55xl0-s 0.39 75.16 
572 0.79 1.03xl0-s 1.09 76.25 

XRD OF MAGNETIC PRODUCTS 

The Frantz magnetic products were studied by XRD usinl a similar procedure 

to that alread)' described. Table 4 lives the identified major phues. It can be 

seen that the mapetic products up tG 412 mA are mainly binary mixtures. Tbe 

concentration of the two phues in theae products wu calculated from the following 

(ChUIII, 1974): 

where: 

XI - weight fraction of phase 1 

~ - Ii/l • 

(2) 
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li - intenaity of a aeleded line of phue • i· in a 

&0-&0 mixture with corundum 

l, - intenaity of a aelected line of corundum in a 

&0-&0 mixture with phue • i· 

11 - intenaity of the lame selected line, phase 1 

in the unknown binary 

12 - intensity of the lame selected line, phase 2 

in the unknown binary 

The values used for ki were the I/lc flaures publilhed by JCPDS, consequently 

the results are approximate. However, they are more accurate than the ones given 

by prOlJ'IID SAND MAN lince eq. 2 aliowi for 80me matrix correction. Table 4 

showi that the concentration of zinc ferrite il high in the magnetics up to 211 mA, 

then the concentl'ation decreases; in the magnetics of 356 and 412 mA the most 

abundant phue ia hematite. 
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SEM OF MAGNETIC FRACTIONS 

The SEM Itudy wu desiped tG meuure the Zn/Fe ratio of partiel. in the 

Franb fr.dioDl to determine if the wide raqe in lueceptibility (Table 3) wu 

relatecl to the Zn/Fe ratio, u previoua work had IUllelted (Lutra et al, 19S7b). 

Frantl fradioDl up to 300 mA were UIed, u theee eontain primanly zinc ferrite 

(Table 4). However, they also eontain other iron ph ... , thUl the Zn/Fe ratio 

eannot be meuured by bulk analysil. The SEM-EDS technique, therefore, wu 

ued tG meuure the Zn/Fe ratio on a partiele-by-particle buil. About 70-100 

partiel. in each Frantl fraction were examined. The lample preparation method 

wu tG sprinkle on double side adheaive tape mounted on a graphite planchette. 

Thil limple lample preparation method wu made poaible due to the relatively 

eoane partie le size (eone 3 size fraction). 

Quantitative X-ray mieroanalYlil il eomplieated by geometric effecta (Gold

stein, 1981). The eomplicatioDl can he divided into mali effects, absorption effects 

and ftuoreacence effecte. The mua effect arÎlel when the particle dimensions are 

equal or smaller than the interaction volume. Thil effect ÎI limited by Uling cone 

3 size partiels. The absorption effect wu alleviated by Uling a high-take-oft' angle 

to the detector of 53° and by acanning the whole partiele (i.e. bracketing) when 

acquiring EDS spectra. Some inaccuracy can be expected due to the rough surface 

of the particlee. Polished specimens will not significantly reduee thia effect as the 

partieles are Dot IOlid but agregates of fuaed erystallites, which makes polishing 

diflicult due tG plucking out of crysta1litea from the sample. 

The program VISTA-SIA (TRACOR TNSOO, series ll) wu used to simplify the 

tuk of aceumulating information. A working frame of approximately 350X W&l 

uaed in order tG have lIuflieieDt partielee per frame while still m&Întaining a good 
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reIOlution of the pariiel.. The .Iection of the cone 3 size fraction aIso allowed 

the UN of low mapi&cationa. Fipre 2 shows a tfPieal workinl frame for the 

40 mA mapetic fraction. The workins frame wu tranaformed into a digital image 

(512x512 pixel) usiDa the video sipal. The diaitized ima&e Wal used to ereate a 

binary imqe depictinc thoae pixels which belonl to particle-areas. Thil binary 

imqe wu edited to aeparate touching partieles and tG elOle pixel holes inaide the 

partiel. (Figure 3). The binary imqe wu ued as a template to Illide the electron 

beam to the partielea and do bracketing EDS acquisitio~ for 30 seconds. Fipre 4 

il a 3-minute expœure photograph of the SEM ICreen showinC the dot-matrix used 

for the electron beam to perform bracketing SC&l1ll for each particle. Fipre 5 is 

a photograph of the TRAC OR ICreen while the partieles in the frame are being 

characteriRd by size and by chemieal type. Suf6.cient workinc framea were used 

to inelude appraximately 100 partielea per magnetie fraction. The particles were 

elaaai&ed by the program into ehemical type by considering the associations and 

the normalized-pereent eounts in the EDS windows of Zn, Fe, Cu, Si, Al, S, Cd, 

and Pb. Typieally all partielea could be clUlified by the de6ned element-windows. 

It wu found that the magnetic fractions up to 300 mA contained a majority 

of partiel. having at leut 94 % of their normalized eounts due to iron plus zinc 

(i.e. zinc ferrites, in agreement with the XRD results in Table 4). The normaJized

percent eounp for zinc and iron were used to plot histograms and ta obtain the 

mOlt frequent (modal) Zn/Fe ratio. This ratio wu then ZAF-corrected to ealeulate 

what wu ealled the modal EDS-ZAF Zn/Fe ratio. 

Figure 6 shows a zinc ferrite which has the modal EDS-ZAF Zn/Fe ratio of 

0.36 for the 40 mA magnetie fraction. Fiaure 7 shows a zinc ferrite particle in the 

300 mA fraction with the EDS-ZAF Zn/Fe ratio of 0.53. No obvious differences 

in morphology between the particlea is apparent despite the difference in Zn/Fe 

ratiOl. Fiaure 8 shows a BE image of the partiele in Figure 7. It il clear that these 

particl. are of heterogeneous nature. This is another justification for using full 
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particle K&IlJlÎD& &0 obtain the EDS .pectra. 

Fipre 9 ~ the obMrvationa, it ,ive. the moc:lal Zn/Fe ratio found 

in each mapetic fraction. The lower curve ,iv. the modal Zn/Fe ratio not ZAF 

correded while the upper curve lives the same ratio but ZAF -corrected. The bars 

in Figure 9 are for plus/minus one standard deviation. It can he seen that the mode 

Zn/Fe ratio (ZAF or not ZAF corrected) tend to increue in the mapetic fractions 

obtained at hiper currenta (thoee which have lower magnetic suaceptibUity). The 

EDS-ZAF ZnlFe ratio mcreues up to about 0.55 for the mapetic fraction of 

180 mA, then remain. appraximately constant up to 211 mA. The ratio of ~O.55 is 

clOle to the stoichiometric value of 0.59 for ZnOFe20s. The Zn/Fe ratio decreue8 

sliptly for the mapetic fractions of 250 and 300 mA. 

DISCUSSION 

Figure 9 wu constructed usina the modal Zn/Fe ratio. The latter wu obtained 

from histograms of normalized percent counts for zinc and irone The histograms 

showed scatter. This scatter may he partly due to geometrical efl'ects or the pres

ence in the magnetic fractions of partieles that have been mechanically misplaced 

in the Frantz separator. ThereCore the mode wu UBed becauae it has the advantage, 

over the mean, of eliminating out lier data 

The EDS modal Zn/Fe ratios were all ZAF corrected for euy comparison with 

the ltoichiometric weight percent Zn/Fe ratio of ZnOFezOs. As it ia known that the 

particle geometry affects ZAF corrections the experiment wu designed to alleviate 

geometrical effects. For example the use of a high take-ofl' angle, the bracketing 

ruter on the whole of the particle, and their relatively coane lize are ail factors 

that reduce the geometrical effects. Alao, employing Many partieles to obtain 

the mode Zn/Fe ratio reduc. the bi.. from aeometrical efFecta because many 

particle-orientatioDS are included. However, it ia recognized that the results of 

m c> Manuacripts Publiahed 



-------_ ........ _-_._-_ .. _---------------------------------

( 

( 

183 

the ED8-ZAF correction may not be ablolute, but the importance is in the trend 

of the Zn/Fe ratio with mqnetic s11lCeptibility. Fieure 9 shows that even the 

UDcOrrected mode Zn/Fe ratio exhibits Jargel values for the fractions obtained at 

hiper cunenta. Therefore it is weil demonstrated that the Zn/Fe ratio tends to 

increue u macnetic suaceptibility decre&lell. 

Table .. shows that the only zinc-containing phue in the magnetic fractions 

up to 300 mA is zinc ferrite. The stoichiometric ratio for ZnOFe20s is 0.59, yet 

despite the absence of Any other zinc-containing phase the Zn/Fe ratio varies from 

~0.35 to =:f0.55. The following poaibilities could explain such a variation: 

l.-The aglomerate nature of the particles may mean stoichiometric zinc ferrite 

il present with stoichiometric hematite. The presence of hematite williower 

the Zn/Fe ratio of the aDlomerate. 

2.-Magnetite (FesO.), as a separate phase, may be also present in the agglom

erates. This could a1s0 lower the Zn/Fe ratio of the aggregates. 

3.-Zinc ferrite hu a compœitional variation which is related to changes in 

mapetic susceptibUity. 

The first pouibility can he discarded because stoichiometric hematite has a 

lower magnetic susceptibility than stoichiometric zinc ferrite (Taggart, 1954 and 

Telford et al, 1978). Therefore aDlomerates having larger proportions of hematite 

(and hence lower Zn/Fe ratio) should report to magnetic fractions having lower 

macnetic susceptibility and not as indicated in Figure 9 to magnetic products 

havÎnl higher magnetic susceptibility. 

The second pœsibility does correspond to the correlation between Zn/Fe ratio 

and mapetic susceptibility since stoichiometric magnetite has a higher magnetie 

susceptibility than stoichiometrie zinc ferrite. The fact that XRD did not identify 

macnetite as a major present phase is not enough ta eliminate this possibility sinee 

the XRD patterns of zinc ferrite and magnetite are similar (Figure la) and the au-
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tomated search and match program may not he able to distinguish the two phases. 

However, the second possibility does require magnetite to be a thermodynami

caUy stable phase un der the conditions of the roasting of zinc sulphide concentrates, 

which is not the case (Benner and Kenworthy 1966). Subsequent Mc3ssbauer spec

troscopy on these samples supported that magnetite is not present (paper in prepa

ration, Muir et al. 1988 [1861). Therefore the second possibility can be rejected. 

The results are best explained by zinc ferrites with compositional variation. 

The compositional variation leada to variable magnetic susceptibility. The lower the 

Zn/Fe ratio the higher the susceptibility. The compOIitional variation of the zinc 

ferrites and the XRD results support a solid solution ferrite of the form Zn.Fe3-z0. 

whose crystal dimensions change little, making the automated XRD se arch and 

match program identify ziné ferrite (ZnOFe203)' The proposai agrees with the 

reported behaviour for synthetically prepared zinc ferrites: Lyamina et al, 1985 

identified by electron diffraction analysis, a solid solution ZnzFe3_.0. with a lat

tice parameter (&0) varying continuously between stoichiometric zinc ferrite and 

magnetite with &0=0.8390 nm at x=l and 0.8437 nm at x=O. (Figure 10 indicates 

the siml~arity of the XRD patterns of ZnFe20. and Fe30.)i Srivastava et al, 1976, 

prepared synthetic zinc ferrites from pure ZnO and Fe203, they found that the 

magnetization at 303 K decreased with increasing zinc conc(mtration for zinc fer

rites with x=0.2 to x=0.8 for Zn.Fe3_.0. (corresponding tCt Zn/Fe wt % ratio of 

0.18 to 0.43 respectively). 

It is believed that the variable Zn/Fe ratio of the industrially produced ferrites 

could a180 have an influence on their teachability. There is a suspicion that the lower 

Zn/Fe ratio ferrites are harder to leach. Since there is a possibility of recovering 

ferrites magnetically for recycling, this will preferentially recycle low Zn/Fe ratio 

ferrites which, if the suspicion is founded, is not desirable. Experimental evidence 

is necessary to test the leachability of the zinc ferrites as a function of their Zn/Fe 

ratio. 
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FiDally, the Ililht decreue of the Zn/Fe ratio for the mapetic fractions of 2&0 

and 300 mA miPt he aplained br the fact that the hema.tite content of these 

fractiODI increuel up ta .,33 ". Thil iDcre&HI the chances of encounterinl, in 

th .. low-mapetic IUIC!,ptibility fractioDl, aalomerates which have theïr Zn/Fe 

ratioe reduced due to the preHJ1ce of hematite. 
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Table 4. Major ph ... identitled in the Franb mapetic producta. 

SAMPLE IDENTD'IED PHASES 
FORMULA APPROXIMA TE wt. " 

20 ZnFetO. 80.3 • 
Jet 0 1 19.7 • 

40 ZnFeaO. 86.2 • 
Fel 0, 13.8 • 

80 ZnFeaO• 84.3 • 
Fel 0, 15.7 • 

130 ZnFeaO. 80.0 • 
Fel 0, 20.0 • 

180 ZnFeIO. 80.7 • 
Fel 0, 19.3 • 

211 ZnFeaO. 89.0 • 
Fel 0, 11.0 • 

250 ZnFeIO. 67.4 • 
Fel 0, 32.6 • 

300 ZnFeIO. 66.9 • 
Fel 0, 33.1 • 

356 ZnFeIO. 22.3 • 
Fel{):. 77.7 • 

412 ZnFeIO. 12.6 • 
Fel 0, 87.4 • 

476 SiOI 46" 
ZnA.j20. 26 .. 

. ZnFeJO. 12 .. 

Fel Os 15 ** 
572 SiOJ 28 .. 

ZnA120. 37 .. 

Non-Mag. ZnS 48 .. 
of FeS 36** 

572 mA SiOI 11" 
ZnFeIO. 1** 

notes: 
• Calculated by eq. 2 
•• Given by SANDMAN 
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CONCLUSIONS 

The mode EDS-ZAF Zn/Fe ratio of zinc ferrite particles formed on roaating 

wu not constant but chUlCeci from 0.35 tG 0.55. This corresponded to a mapetic 

susceptibility chance from ~5.5x 10-1 tG ~3.9xl0-s (S.I. units). The variation in 

the Zn/Fe ratio of the zinc ferrite ÎI explained by a saUd solution Zn.Fes_.O •• The 

role of variable Zn/Fe ratio on ferrite leachability must be considered in evaluatinc 

the magnetic recovery cd recyling of ferrites. 
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Figure 1 General flowsheet of the CEZ plant. (Rodier, 1981). The 
eample for these etudies wu the low-acid-Ieach residue 
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Figure 2 Sample of the 40 mA magnetic product from the cone 3 
size fraction of the low-acid-leach residue of CEZ. Photograph 
of SEM display, showing the general type of "working frame" 
used for VISTA-SIA. Magnification is 350X. The area between 
the lines gives the area depicted in Figure 3 
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Figure 3 Photograph of the analyzer display showing part of the 
edited binary image from Figure 2. Touching partides have been 
separated, this allows the collection of EDS spectra from each 
partide, otherwise one EDS spectra from each group of particles 
will be coUected. 
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Figure "Photosraph of the SEM dilplay white V1STA-SIA ia control
lina the electron beam to obtain the X-ray spectru by scanning 
the entlre area or features of intereat. Scans on six partieles are 
shown, labels A, B, ••. etc, refer to the same labels in Figure 5. 
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Fiaure 5 Photop-aph of the analyser diaplay while VISTA-S!A il char
aeterizina by aile and chemie" type the partieles of the edited 
binary (at left) imaae from Fiaure 2. The EDS spectra shawn 
corresponds to the lut particle heinl analyzed (label L). The 
IUlest peak ia Fe Kil, the second IUler peak is Zn Kil. 
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Figure 6 Zinc-ferrite particle in the 40 mA magnetic product from 
the ferrites of the CEZ plant. ZAF-EDS Zn/Fe ratio is 0.36 
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Figure 7 Zinc ferrite particle in the 300 mA magnetic product from 

the ferrites of the CEZ plant. ZAF-EDS Zn/Fe ratio is 0.53 

UN 
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Figure 8 BEI of zinc ferrite particle in Figure 7. It can be seen 
that the particles analyzed in this work are in fact aggregates 
of smaller particles. Consequently EDS spectra acquired on the 
whole surface feature make results easier to interpret than EDS 
spectra acquired with spot analysis. 
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Figure 10 XRD patterns of zinc ferrite and magnetite. The aimilarity 
of the apectra is obvious. 
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DISCUSSION WITH REVlEWERS 

ReYiewer 1: The mapetic Hparation tec:hniquea, and consequently th, equiv

aient mapetic lusceptibilities are doubtful. The doubtful result. can be leen from 

Table 4 (used ta construct Fipre 9, which summuizee the whole Itudy) SiO, wu 

separated at lower currat than ZnS and FeS -a reeult that the reviewer does not 

believe correct. 

Authon: Figure 9 wu constructed with data from Table 3 and 4 for the mal

netic fractions from 40 to 300 mA. The remarks conceminl SiO
" 

ZnS and FeS are 

applicable for current. of 476 mA and greater (in Table 4). These data were not 

used in constructin. Figure 9. Independent mapetic measurements with a Foner 

m&petameter with the magnetic fractions (of Table 3 or 4), showed that indeed 

there ÎI a larae chanae in magnetic lusceptibility, for example the values of the 

mapetization relative to the maanetization of nickel (M/MNi) for the fractions of 

20, 40 •.. and 211 mA. are 0.51, 0.31 and 0.007 respectively. The malnetic lepara

tion technique employed, namely the Frant ... parator, ÎI the only device known 

to the authon that ÎI capable of isolatina fractions with only small dift'erences in 

mapetic susceptibility. The Foner meaaurements supports the ability of the Frantz 

to 10 fractionate. J.. regards the SiO,: only part of the SiO, present in Cone 3 wu 

separated at a current of 476 mA, mOllt of it (===15 timea more than the SiO, in the 

476 mA fraction) is still reportin, to the non-mapetics of 572 mA. The fact that 

IOme SiO, reporta to the 476 mA mapetic fraction, should not be considered aB an 

obvioUl error raisin. concerna about the validity of the malnetic techniques since 

even IUpt contamination of the SiO, with irou increases its magnetic susceptibil

ity (conveninl it from diamagnetic to paramapetic for instance). The ZnS (pure) 

and FeS (eepecially pyrite FeS,) are &Iso very wealdy mapetic and not readily 

m ~ Manuscriptll Published 



( 

( 

( 

201 

iIolatect even from SiOI' 

REVIEWER 1: There are many more compounds in the low-acid-Ieach 

residue than thoee liated in Table 2 and Table 4. Where are these compounds 

in the Frantz magnetic products? This diacrepancy exemplifies the po or quality 

of the quantitative XRD results. 

AUTHORS: Tables 2 and of liat only the major phases present which are 

ail of concern here. Maubauer analysis of selected magnetic fractions of 80 mA, 

130 mA and 356 mA do show that they contain mainly zinc ferrite and FezOs in 

proportions that agree with thoae quoted in Table 4. The Foner magnetometer and 

the MOssbauer measure&11ents will be presented and dbcussed in a future ;.'l:I.per. 

REVIEWER 1: It ia a total st'''prise to the reviewer that the authors used 

EDX analyses on rough particles to determine the Zn/Fe wt. ratios instead of using 

electron microprobe on poJished section mounts. 

AUTHORS: Our problem was that the particles that were studied in this 

paper were agglomerates. The agglomerate nature of the particles is evident in 

Figure 8. The preparation of fiat specimens involves polishing which could remove 

parts of those agglomeratesj this wouM alter the samples in unknown ways. Instead 

of dealing with possible unknown sample preparation artifacts, it was considered 

more prudent to use substrate specimens to maintain the agglomerate integrity. 

Some precautions were taken (mentioned in the text) to reduce errors in analyzing 

the particles by EDS. However it is appreciated that the use of suhstrates and 

SEM-EDS would mean more inaccurate Zn/Fe values. However, absolute accuracy 

of the Zn/Fe ratios could he sacrificed since the objective of the work was to find 

the general trend between the Zn/Fe ratio and the magnetic susceptibility in the 

industrially produced zinc ferrites. The results of this paper show conclUsively 

tbat the industrially produced zinc ferrites have a variatîon in magnetic suscepti-
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bility which ia related with a variable Zn/Fe ratio, the lower Zn/Fe linc ferrites 

IhowinS higher values of luaceptibility. These results, interestinlly, are in agree

ment with the findinp relatins variation in composition and magnetic properties 

of Iynthetically produced zinc ferrites (Srivaatava et al, 1976). 

REVIEWER 1: If zinc ferrite has a compositional variation t its cell dimension 

Ihould show linear variation with composition. A careful X-ray diffraction study, 

luch as least-square cell retinements from X-ray powder data should show the 

variations. 

AUTBORS: As mentioned in the text zinc ferrite does show a compositional 

variation. The variation in cell dimensions hu been reported by others using sam

pies better suited to that task: Lyamina et al, 1985 studied zinc ferrites prepared 

under laboratory conditions and identified a soUd 30lution ZnsFeS-.04 with lat

tiee parameters (from electron diffraction studies) 80=0.8390 nm at x=l and 

0.8437 nm at x= O. Srivastava et al, 1976 prepared zinc ferrites Zn.Fes_.O, from 

ZnO and Fe20S' They determined the lattice constant using single crystals of 

Zn.Fes_.O. and found 80=0.8429 at x=0.8 and 0.8390 nm at x= O. 

The determination of the cell parameters using the agglomerates particles stud

ied in the present paper would be unnecessarily complexa As mentioned in the text, 

there wu scatter in the Zn/Fe ratios on a partiele-by-particle basis for each mag

netic fraction. It is not possil-!'! to ignore the fact that sorne of the scatter in the 

Zn/Fe ratio May be explained by partieles being mechanically mis-sorted in the 

Frantz. The use of the mode Zn/Fe ratio has the advantage of eliminating outlier 

data. However using a bulk x-ray diffraction technique to obtain the variation in 

cell dimensions (a change from ~0.839 nm to ~0.843 nm) will give the values for 

aIl the zinc ferrites (even those mechanically misplaced) in the magnetic fractions. 

Therefore this will necessitate the use of a particle-by-particl2 technique to obtain 

the cell dimensions; i.e. collection of electron diffraction patterns on a partiele 

by particle buis, and then obtaining the most often encountered cell parame ter 
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(the mode 10). Thil tut is even more complicated if il is conaidered than in or

der to increue the perfection of the JIlIIIletic separation we use cO&l'le "particles" 

(_~5"m). Electron diffraction patterns from such particles will neceuitate the use 

of lpecial lample preparation techniques (impregnation?, microtomy? polishing? 

ion poliahinC?). Thil wu outside the stated IICOpe of the work. 

Finally, it ia believed that the experimental results shown in the present pa

per together with the reported (Lyamina et al, 1985 and Srivastava et al, 1976) 

beha,iour of synthetic zinc ferrite live enouch conclusive evidence to state that 

the magnetic IWICeptibUity of induatrially produced zinc ferrites is related to com

poeitional variation. In general, the lower Zn/Fe ratio the hicher the magnetic 

sUllCeptibility. 

G. Bonlfu!: Takinl onder consideration only 100 grains of one part of the 

fraction (number 3) amonl those obtained workinl the original sample, does it 

represent a sort of "limitation" with respect to the extension of results to the 

Zn-ferrites present iDllide the sample? Have other surveys been carried out with 

reference to ol,her fractions? H they have been, do the obtained results agree with 

thOle in thil paper? 

AUTHORS: The cone 3-size fraction was further fractionated magnetically. 

Then s:::slOO particles of eac:h magnetic fraction (havinl zinc ferrite as major phase) 

were examined to ob tain the mode Zn/Fe ratios. Therefore in total ~680 particles 

of cone 3-size fraction were analyzed. On the other hand it is true that only 

cone 3-size fraction wu studied by magnetic fractionation, and SEM-EDS analysis. 

However, there is no reason to believe that the zinc ferrites in th08e size fractions 

would show a difl'erent trend between magnetic susceptibility and Zn/Fe ratio. 

G. Bonlfazl: The authon speak of "no obvious dift'erences in morphC'logies 

between particles", but the type of morphological research earried out on the par

tieles il not clear. The only data can he obtained fY'Jm the examination of the 
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figures. So, did you come to the conclusion that the morphology between one grain 

and another does not change, on the buis of & series of visual observations or of 

precise morphological surveys (shape analysis)? Which one? Hu the same type 

of observation been carried out for other grain fractions? Are the obtained results 

the same? Which is the meaning of the "shape factor", shown in Figure 51 

AUTHORS: The "shape factor" in Figure 5 is given by the ratio 

(Perïmeter)2 /4Area1r for each partic1e. However these data were not used to reach 

any kind of morphologie al conclusion. Our observations were merely of a visual 

nature, based upon previous experience. For example Figures 11 and 12 (Lastra et 

al, 1987b) show the type of zinc ferrites found in the hot-acid-Ieach residue of Kidd 

Creek, at the 50 mA fraction and at the 200 mA magnetic fraction. The change 

in morphology in th08e two figures is obvious. This type of obvious dift'erences in 

morphology wu not observed in the zinc ferrites at the different magnetic fractions 

from the cone 3-size fraction of the low-acid-leach residue of the CEZ plant. 

G. RelDond: How did you obtain the reference X-ray intensities used to nor

MaUze the intensities being characteristic of the particles (external standards or 

calculated data including the response function of the spectrometer)? 

AUTHORS: Normalization (with respect to reference intensities) was donc 

usina program SQ (Tracor). This program uses references stored in computer 

memory. It also uses operational parameters such as the accelerating voltage and 

take-off angle to calculate the correction factors . 
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Figure 11 SEM micrograph showing one of two particles morphologies 

in the 50 mA Frantz separator fraction of HAL residue. EDS peak 
ratios (Fe=l): Zn,0.3S; S+Pb,O.15; Cu,O.22 

Figure 12 SEM micrograph of typical particles in the 200 mA Frantz 
separator fraction of HAL residue. EDS peak ratios (Fe=l) for 
partide in centre: Zn,0.47j S+Pb,0.09j Cu,O.31 
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APPENDIX 1 FOR MANUSCRIPT V 
ZAF-CorrectloD of the Mode Zn/Fe 

Ratios 

The work desc:ribed in Manuscript V indicates that the mode Zn/Fe ratios of the 

zinc ferrite fractions with difl'erent mapetic sUiceptibilities were ZAF-corrected. 

Thil appendix describes how this correction wu performed. 

Table l-API Uncorrected mode Zn/Fe ratios for the IDagnetic 
fractions with major proportions of zinc ferrite. 

Current Equivalent Uncorrected Approximate 
ta the Mapetic Mode phase anal)'lil 
Mapet Susceptibility Zn/Fe ratio from Table 4 
[mA) [S.I. units] [CJ6 

ZnFel O4 FelOa 
40 2.19xlO-1 0.123 86.2 13.8 
SO 5.47xI0-1 0.123 84.3 15.7 
130 2.07 x 10-1 0.185 SO 20 
ISO 1.08xl0-1 0.214 SO.7 19.3 
211 7.86xtO-a 0.214 89 11 
250 5.60xl0-a 0.21 67.4 32.6 
300 3.89xl0-a 0.20 66.9 33.1 

Table 1-APlshows the uncorrected mode Zn/Fe ratios that were ZAF -corrected 

ta compare with the weight-percent buis Zn/l~e ratio I)f stoichiometric zinc ferrite 

(i.e. Zn/Fe=O.59 for ZnF~04) 
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The mode Zn/Fe ratio. wen obtained from the Zn/Fe ratiOl of individual 

partiel. whieh contained line and iron only. The Pl'OII'am (VISTA-SIA, Tracor) 

UJed tG collect the data IÏv. the nol'lllaliled countl for a window of con.stant width 

inaide the EDS peak. of linC and iron. Therefore, the Zn/Fe ratio for the partieles 
. 
Il: 

where: 

and: 

li. + 11, 11. 
4', - 11, 

li. + 11, 

IJ. - normalized eounta of sinc 
Il,, + 11. 

11, - normalized counts of iron 
Il,, + IJ. 

1';" - c:ountl for the window under the Zn Ka EDS peak 

11. - countl Cor the window under the Fe Ka EDS peak 

(1- API) 

ThereCore the question is to obtain the ratio wt %8"/wt %,., from the values of 

IJ,./I;" 

The ZAF method Bives the weight-percent by multiplying the normalized K

ratios with the ZAF correction factor: 

(2 - API) 

where: 

VIt", - weipt percent of element "i" 

(ZAF), - ZAF correction Cactor for element "i" 
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From equation 2 it CUl be HeIl that the Zn/Fe ratio on buis of welaht percent 

la: tu'''... _ le ... (ZAF), .. 
tu'''", - le", (ZAF)", 

The nonnalised K-ratiOl are siven br: 

lA 
~ 

L '" 15... = ---: ... ---::, ... -1ft 1-
~I'-+*I ,-... II. 

le", = 

where: 

If - Area under the Ka-peak due to 

-- element "i" 

If'· - Reference intensity, area under the 

Ka-peak due to element "i" for a 

sample with DOwn concentration 

of "i". 

From eqs ... and 5, it can be seen that the normalized K-ratio ia: 

le," = [I~l x [I~::l 
le". l,. I~" 

(3 - API) 

(4 - API) 

(S - API) 

(6 - API) 

The window width uaed with the prOll'&ID VISTA-SU wu maintained con

stant, being the same, even for different mapetic fractions. Therefore the Collowing 

equation can be stated: 

(1- API) 
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Subltitutinl 7 in 6: 

L ni FA,. 5.. ~.. C ~,. 
~=n X IX rtAo• 5"" 6 .. 

(8 - API) 

The reference intenaiti. may be conaidered constant aince the acceleration 

voltlle and the take-ofF mile were maintained constant for ail the SEM-etudies 

related with Manuscript Vi thereCorei equation 8 becomes: 

or: 

Ir.. IJ. c c ---x IX 2 
Ir" - IJ, 

Substitutinl eq. 10 in eq 3: 

wt".. _ IJ. C (ZAF) z .. 
wt",. - 1;, X s x (ZAF),.. 

(9- API) 

(10- API) 

(11- API) 

The ZAF correction factor is the product of three correction factors, the ab

sorption factor A, the fluorescence correction factor F, and the so-called atomic 

number factor Z. Equations are liven in the Iiterature to calculate the factors Z, 

A, and F. [e'l' 143]. However becaUH of the amall chNlles in composition involved 

in the zinc ferrites of different malnetic lusceptibilities, then the ZAF correction 

factors may he corusidered as constant; then eq 11 becomes: 

or 

wt%... 1-
~~ = -l!!. X C. tut%,. 1;. 

Equa..ion 12 is an equation of a linear-type: 

Y=mX+b 

tut".... IJ. b ~~=m-+ tut",. 1;, 

(12 - API) 

(13 - API) 

(14 - API) 

To obtaïn the parametera of eq. 1. the prolfam SQ-Ttacor wu used. The pro-

m Do Manuscripts Published 



--

r:: .. 

210 

aram SQ il a leDÜ-quantitative anal". PfOII'&ID that 1l1li refeNDce intenaiti. In 

memolJ. SQ 1l1li the Dormalilecl K-ratiOi tG caleulate th. correction factor (ZAr), 

and with them the weiPt percent compolition (wt CJ&.) la liven. Some Ilne-ferrit. 

partiel. in the difl'erent mapetic fractioDl wen analysed by SQ. eue wu taken 

tG inelude partiel. cowriq th. whole ranae of interelt. (see column 3, Table 1-

API). Table 2-APl .hon the obtained data, and Fipre l-API Ihowa th. plot 

of tbe weigbt percent ratio (wt" .,./wt" ,.) VI. tbe window- ratio (r;,./1;.). It 

cau be sem that tbe data follow a linear fit weil. Thil proyes that the Ulumptioftl 

made to derive eqa 12 or 14 were correct. Therefore the normaliled window ra

tio (1;,./11.) livan in the output of VISTA-SIA can he tr&DIformed to the weilht 

percent ratio (wt" .,./wt" ,.) Ulinl the followinl limple Iineu equation: 

VIt".,. = 0.0575 + 2.2788 lJ,. 
VIt"" 1;, 

Finally, Table 3-APlgiveI the ZAF-corrected mode Zn/Fe ratiOl. 

(15 - API) 
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Figure l-API. Plot of weight percent Zn/Fe Ratio (given by SQ
Tracor) versus net window Zn/Fe ratio. 
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Table 2 -API Quantitative-elemental EDS analYlis of selected sine 
ferrite particles in difl'erent macnetie fractioBl. Data to obtain 
parameten of equation 14 

FROM PROGRAM S Q 

window le" Ie~n ka (ZAF)" (ZAFb .. (ZAF) •• wt%Zn ',. (ZAF),. 
ratio 
ha 
1.. 

0.0504 0.859 0.116 0.135 0.988 1.139 1.153 12.98 

0.0610 0.853 0.115 0.135 0.978 1.140 1.166 13.16 

0.0949 0.796 0.196 0.246 0.974 1.131 1.161 21.82 

0.1022 0.773 0.208 0.269 0.976 1.128 1.156 22.39 

0.1152 0.776 0.215 0.277 0.971 1.127 1.161 23.83 

0.1368 0.735 0.258 0.351 0.964 1.119 1.161 28.52 

0.1582 0.717 0.264 0.368 0.964 1.113 1.155 28.96 

0.2577 0.529 0.304 0.564 0.980 1.072 1.094 30.11 

Ci 

-

wt%", ~ w",. 
! 

83.39 0.156 

83.22 0.158 

76.13 0.286 

71.95 0.311 

73.95 0.322 

69.82 0.408 

68.00 0.426 

48.76 0.618 

N 
~ 
N 



( 

Table 3 -API Uncorrected and ZAF-corrected mode Zn/Fe ratios 
for the mapetic fractions with major proportions of zinc ferrite. 

Current Uncorrected ZAF -Corrected 
to the mode Zn/Fe mode Zn/Fe 

m&pet ratio ratio 
[mA] (rounded) 

40 0.13 0.34 
80 0.123 0.34 

130 0.185 0.48 
180 0.214 0.55 
211 0.214 0.55 
250 0.210 0.54 
300 0.20 0.51 
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APPENDIX 2 FOR MANUSCRIPT V 
Magnetic Susceptibilities by Foner 

Magnetometer 

The Foner vibratins sample mapetometer (182) is a device of hi,h precision 

(±O.S" relative uc:uracy claimed) which determines magnetiza.tion properties by 

monitorinl the volt .. e induced in a. set of sta.tionuy detection coils by the moving 

dipole field of a sample vibrating perpendicula.r between the coUs in uniform field. 

SampI. of the Fra.nta fractions obtained at currents of 40 to 476 mA where in

vestilated with the Foner maanetometer to obtain values of the hi,h field ma.lnetic 

susceptibility. The objective wu to prove unequivocally tha.t the obtained fractions 

in the Frantl were indeed different with respect tg their magnetic lusceptibility a.nd 

that the Franta fractions were not the result of mere mecha.nical splittinl. 

The meuurements with the Foner malnetometer were perforüled by Prof. 

W.B. Muir from the Phyaies Depa.rtment of McGill University (186). Table 2-

AP2 gives the results expressed Il the magnetization of the sample relative to the 

magnetization of nickel. 
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Table 1-AP2 Mapetization relative to the magnetization of nickel 
for the moet significant Frantz fractions obtained from the cone-3 
Cyclosizer product of the low acid leach residue 

Current to Relative Magnetization 
the magnet w.r.t. Nickel 

at which the 
Frantz Magnetic M/MNi 

wu obtained 
[mA] 

40 0.31 
80 0.11 
130 0.03 
180 0.019 
211 0.0007 
250 0.003 
300 0.002 
356 0.003 
412 0.002 

215 

Table 1-AP2 clearly shows that the different fractions obtained in the Frantz 

separator have indeed different magnetic susceptibilities. The magnetic fractions 

obtained between 40 and 211 mA have a similar phase composition. Ail of them 

contain approximately 80 % zinc ferrite and 20 % hematite. Despite their similar 

phase composition, the table shows that the fraction obtained at 40 mA has a 

magnetization 0.31 times that of nickel, while the magnetization of the fraction 

obtained at 211 mA is only 0.001 times that of nickel. 
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APPENDIX 3 FOR MANUSCRIPT V 
Zinc ferrites in steelmaking dusts 

Goldatein et al (81) have chuacterÏHd steelmakinl dUits from electric arc fur

naces of several planta. They ehowed that the dUits produced in the making of 

plain-carbon etee1l contain zinc ferrite as one of the important phue constituents. 

It ia intereatin, to note that they obtained some experimental evidence IUlleiting 

that the zinc ferrites in steelmaking duts may also show compositional variation. 

The data that illustrated thia more c1early wu alao obtained by SEM-EDS 

analyeia performed witon the help of an image analyzer. Fill1re l-AP3 is a repro

duction of one of the fipei reported by Goldatein et al [811. It lives the percent 

of the partiels with iron and/or zinc t.hat fell in a particular range of the ratio 

Izo/(Izo + Ir.); where TI il the EDS peak intensity for a liven element. A particle 

of pUl'fl iron or pure iron oxidea will fall in the 0-5" histogram bar, partielel of 

pure zinc or pure zinc oxide will faU in the 95-100" range and partielea of pure 

stoichiometric zinc ferrite will raU in the range 30-35 ". 

Fipre 1-AP3 il a clear illustration that the zinc ferrites in steelmaking dusts do 

not have a fixed stoichiometry but show a compoeitional variation. In f&Ct this wu 

the interpretation liven by Goldstein et al [81]. Unfortunately thil interpretation 

can be debated on the pound that a population of alliomeratei containing variable 

proportions of stoichiometric zinc ferrite, iron oxides (or iron) and zinc oxide (or 

zinc) would live a similar hiatogram when analyzed by SEM-EDS. The samplea 

analyzed by Goldatein et al did show the presence of phases like iron oxides and 

zinc oxidea and also the presence of au1omerates. On the other hand, the magnetic 
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separatioDi performed by GolditeiD et al were too cru de to clearly Ihow the relation 

of th .. compOllitional variatioJLI with mapetic lusceptibiHty. In contrut, the 

result. praented iD Muuscript V do not luIFer the lame limitation. (aee DiscUllion 

iD MUlU8Cript V). 

ln uy eue, the collected evidence .tablishes that .inc ferrites industrially 

produced U lide producta do not have a fixed atoichiometry but have a variable 

compoeition. 
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SECTION IV 

SUMMARY, DISCUSSION, CONCLUSIONS, 
AND ORIGINAL CONTRIBUTIONS 

IV.1 SUMMARY AND DISCUSSION ON: SAMPLE 

PREPARATION FOR SEM AND STEM 

The study of particulate samples by Eolectron microscopy requires careful con

sidera.tion of sample preparation. The two most common preparation methods for 

particles are the polished sample technique and the substrate sample technique. 

The fine-particle nature of the residues characterized in this thesis frustrated the 

use of polished specimen. Polished sample preparation produced samples with 

surface pores which were probably related to particle plucking during polishing; 

besides, the particles showed poor dispersion in the resin used for mounting the 

powders. Consequently the substrate sample preparation technique was adopted. 

Simple sprinkling or air dispersion to prepare substrate samples proved to be 

also unacceptable due to sample agglomeration. Therefore dispersion in a Iiquid 

was used. Several dispersion techniques were tried. The one that gave the bcst 

dispersion and was adopted for Most of the studies of samples with fine particles 

is described in Figure II.5. 

Samples for electron microscopy studies are necessarily smal!. The sa.mple 

preparation technique described in this thesis is similar to that used by Goldstcin 

et al [81] for the characterization of steelmaking dusts. However they utilized ollly 
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one mixtun with propmal. Tm. forced them to ue only 0.001 1 of sample into 

40 ml of propUlOI. In CODtrut, the methocl iD th. th.iI a1lowed an initial sample 

for the &nt propaol mixture to be about 80 tu.. areater than the one used by 

GolùteiD et al. Takinc a more repreMlltative small sample to prepare the second 

propanol mixture • euier sinee the IOn_ iD the flnt propanol are dÎlpersed iD 

a larae volume of liquide Therefore it • believecl that the preparation method 

deacribed in this thesÎl permit. beUer .amples of the powdered materials to be 

Itudied by electron lDÏeroecopy. 
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IV.2 SUMMARY AND DISCUSSION ON: CHARAC

TERIZATION AND SEPARATION OF THE COP

PER SMELTER DUST RESIDUE FROM THE KIDD 

CREEKPLANT 

The chemical compOlition of the AlDple wu 8.0" Fe, 21.3 "Zn, 28.2 "Pb, 

10.8 "Cu, 1.8 "As, 1.4 "SD aud 0.6 "Cd. The lpecific aravity of the lample wu 

4.5. Particle lile analyail shawed the lample to he 88 weipt percent 6ner than 

8 pm. 

Several phuea were identi6ed in the copper Imelter dUIt by a combinat ion 

of analytical techniques includq thermodynamic predictions. The major (more 

than 10") phuea present are: PbSO" ZnO, and CUIO. The phuea of medium 

abundance (between 1 to 10%) are: ZnOFe20s, CU20FeIOs. AlIOs. and FesO •. 

The ph ... of mmor abundaoce (1111 than l ") are: ZnS, CusAI, and Cu,FeS,. It 

Ihould he DOted that sinc sulphate (ZnSOd. sinc oxyaulphate (ZnOZnSO.), and 

copper lulphate (CuSO.) are ph ... &Iso predicted from thermodynamic analYlis, 

however, they were not found in the reaidue since these phues are dissolved in the 

water used tG Ilurry transport the dUIt. Several trace elementa were identified by 

AA and/or XRF, but their phue relatiouhipe were not positively identi6ed. (see 

Table 2 Manuacript D). 

A cOlD1uon future &monK all particles wu their hiply aglomerated and chem

ically heter0l6neoUl state. The aglomeratioD il a reault of the hiCh temperatures 

prevailinC in the operations where the dUIt originatea. This partie le heteroceneity 

limited the potential of physical separation methods. 

Leachin& with boUin, B2S0. (I.SM) for 20 minutes, dissolves nearly 30 %Cu, 
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50 "Zn and 60 "Cd with 1_ than 10 "Fe and 5 "Pb recovery. Zinc dissolution 

appear8 to be a combination of rapid ZnO leaching and relatively slow ZnOFe203 

leachina. Copper dissolution ÜI relatild ta CU20 leaching. The most impor

tant phases of zinc and copper that are refractory to sulphuric acid leaching are 

ZnOFe,Oa and CUtOFe20ai couequently these phases tend ta appear in the residue 

of the leach together with the PbS04 oriainally present in the duat. 

The reaidue of the leaching wu found ta contain one magnetic fraction with 

a high magnetic suaceptibiUty of 7-8 x 10-2 [S.I. units). The characterization of 

this fraction indicated an intimate mixture of mainly zinc ferrite with some copper 

ferrite. Despite this fraction's high sU8ceptibility, concentration of this phase by 

magnetic separation is limited. High gradient magnetic separation (HGMS) at 

a magnetic field of O.69T and a ftow rate of 9.7 cm/s recovered over 40 % Fe to 

the mapetic fraction and over 80 " Pb to the non-magneticsj zinc basically splits 

hetween the two fractions. Mixed particles of lead sulphate and zinc ferrite occured 

in both fractions. In the magnetics the particles were mainly zinc ferrites with some 

lead sulphate bonded. The particles in the non-magnetics show the opposite, they 

are mainly lead sulphate bonded with some zinc ferrite. This explains why the 

magnetic fraction still carries 18 %Pb corresponding to a lead-recovery of 13 % in 

that product. 

Despite the physical limita of the magnetic separation, this could be consid

ered 88 a preconcentration technique. The non-magnetic product can be further 

processed as a lead concentrate or a bulk Pb/Zn concentrate. On the other hand, 

the magnetic product contains the bulk of the refractory oxides. The discharge, 

treatment or recycling of this product should be further evaluated. 

EM observation of some ferrites in the copper smelter dust showed, from iron

X-ray maps, more concentration of iron towards the centre of the particle. Based on 

this a speculative mechanism of ferrite formation wu proposed. SoUd iron oxides 

act 88 reaction centres where zinc (vapor) and copper {liquid} oxidize and are fixed 
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(F~O,) + (Zn) + 0.&(01) = (ZnOFeaO.) AGi4f1 = -180.8TkJ 

TIUa mech&lÛ8m of ferrite formation -.reea with the propoeed by Varlin et al. 

(lOS). The hisher (nqative) Cree eDelIY fawun sinc ferrite formation which acrees 

with the predominance of thil compound over copper ferrite. 
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IV.3 SUMMARY AND DISCUSSION ON THE CHARAC

TERIZATION AND SEPARATION OF METALLUR

GICAL RESIDUES FROM THE KIDD CREEK ZINC 

PROCESSING PLANT 

IV.3.1 The J arosite Residue 

The chemical composition of the jarosite residue determined wu 7.2 %Znj 

34.8 %Fe and 1.6 %Pb. The specifie gravit y wu 2.7. Particle size analysis deter

mined the residue to be 80% finer than ~12 l'm. Characterization of the residue 

showed that the Most important phases present in this residue were sodium jarosite, 

NaFes(SO.),(OH)& and zinc ferrite, ZnOFe20s. 

The magnetic profile of the jar08ite residue showed the presence of two dis

tinct magnetic fractions with magnetic susceptibilities of 7.3x 10-3 [S.!. units 1 and 

l.Ox 10-3• The characterization of the two magnetic species showed that the one 

with the higher magnetic susceptibility was mainly zinc ferrite, the other magnetic 

product was sodium jar08ite. 

The SEM study revealed that the two phases are not intergrown. This explained 

the high degree of phase separability obtained in the Frantz magnetic separator. 

In spite of that, the industrial magnetic separation of zinc ferrite from sodium 

jar08ite will he limited because the ratio of their magnetic susceptibility is only 

r::::s7.5:1 (106). 

As in the case of the CoUreil dust, high gradient magnetic separation tests were 

performed for the jaroaite residue. In general, it was found that as the magnetic 

field incl'eased, the zinc recoverl to the magnetic fraction increased, but the zinc 
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&l'ade decreued. This reflects the increued recovery of the leuer mllnetic phaae, 

jU'Olite.at increuing mapetic field Itreqths. Separation wu lomewhat enhanced 

by incorporatina roughÏRI and cleanina mapetic stll., the results ahowed a zinc 

recovery of 39" into the c1eaner magnetic product at a grade of 15 % Zn. 

Besides the sodium jarOlite and the sine ferrite, other phases were aillo identified 

in the jarOlite residue: as a medium abundant phase (from 1 to 10 %) SiOt; and in 

small proportions (leu than 1 %): feldspan, ZnS, FeS, Cu1FeSnS., Cu(Fe,SnhS,I.~ 

and Cu-Zn-Fe-Sn silicates. 

IV.3.2 Hot acid leach residue 

The lample was a grey-black residue of specifie gravit y 3.1. The chernieal composi

tion wu: Zn 9.80%; Fe 11.72%; Pb 7.94%; Cu 0.60%. Size analysill by cyclosizer 

showed the sample wu over 80 % finer than 10 l'm. 

The characterization of the HAL residue showed that the following phases were 

present: of major abundanee (more than 10%): ZnOFez0,l, FezOs, and Si02; 

of medium abundance (between 1 to 10%): Sn02, PbSO., and or PbOPbSO., 

PbFee(SO.)(OH)12, PbCSs, ZnS, HzCazZn(AsO.h(OHh and CuSzSbj and of mi

nor abundanee (Iess than 1 %): MnOz, FeS, CUllFeS., FegSa, S, CuzFeSnS., and 

Cu-Zn-Fe-Sn silicates. 

The magnetic profile of the HAL residue showed one major magnetic species 

with a magnetic susceptibility of ~4.0x 10-lI IS.I. units 1. Characterization showed 

that zinc ferrite was the constituent of the major magnetic fraction. Lead jarosite, 

PbFee(SO.)(OH)12, wu found to be a minor magnetic phase. 

The ferrites present in the HAL residue (and in the jarosite residue) were 

significantly less magnetic than those ferrites in the Cottrell dust. This is due to 

lower amounta of incorporated copper ferrite in the zinc ferrites in the HAL and 

jarOlite residues. 

IV t> SUMMARY OF FINDINGS 



(~ 

( 

---------,---------------

225 

J.. iD the eue of the CoUreil dUit and jaroeite naidu., hip Bradient mapetic 

leparation (BGMS) taU were performecl with the BAL l'IIidue. Separation at a 

mapetlc field of I.ST and a 80w rate of G.7 cm/a lave a zinc recovery to the 

mapetic fraction approachÎDI 30 95 with a Fade of 20-22 95 Zn, correepondÏDI to 

a 7~80" linC ferrite. Lead in the mapetic fraction is 1 ... than 295. Over 9S 96 
of the lead 10lIl tG the non-mapetic fraction. For thie reaidue, therefore, HGMS 

appean tG he an attractive option aince it lives a c1ean, almOlt lead-free zinc ferrite 

concentrate. 

The propœal that linC ferrite. form by reaction on an iron axicie nucleus would 

imply that the sinc in the outer reaction layera is euier to leach. This mecha

niem of formation and diaolution would dÎIClose zinc ferrite with variabae Zn/Fe 

ratiOi. EDS analyeie of some ferrite partieles in the hot-acid-leach residue seemed 

to support the proposai of zÏDc ferrites with variable Zn/Fe ratiOl, the resulta also 

sUllested that variable compoeition of the zinc ferrites wu related to variable 

mqnetic suaceptibility. 
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IV.4 SUMMARY AND DISCUSSION OF THE FIND

INGS ON: ZINC FERRITES IN THE LOW-ACID 

LEACH RESIDUE OF CEZ 

The SEM-EDS study performed with the low-acid leach residue of CEZ 

(ManUlCript V) wu designed to test the hypothesia of a variable Zn/Fe ratio in 

the zinc ferrites produced from routing of zinc sulphide concentratea. 

The evidence of a variable zinc ferrite composition wu obtained from the Frantz 

magnetic fractions of a coane (~19 pm) near monoaized fraction of the low-acid 

leach residue. Zinc ferrite wu the major phase present in ail the Frantz fractions 

obtained at the following magnetic 6elds: O.03T, O.()6T, 0.11 T, O.18T, 0.25T, 0.29T, 

O.34T and 0.41 T. Despite the simllar phase composition of these fractions their 

values of magnetic susceptibility changed markedly. Approximately 100 partic1es 

of each fraction were analyzed by SEM-EDS with the help of an image analyzer. 

The results shawed that the modal Zn/Fe ratio of the zinc ferrite particles in 

the different mapetic fractions wu not constant but changed, increasing in the 

fractions obtained at higher magnetic fields. The variation in Zn/Fe ratio was 

not due to a mixture of stoichiometric zinc ferrite and magnetite. Therefore the 

zinc ferrites produced in the roasting of zinc sulphide concentrates have variable 

composition which ia related to their magnetic susceptibility. The higher the Zn/Fe 

ratio the lower their magnetic susceptibility. The results agree with the reported 

magnetic behavior of synthetic zinc ferrites of variable composition [180, 1811. 

There is a poesibility of recovering zinc ferrites magnetically from the residues 

to recycle them to the leaching plant. However, if the magnetic separation is do ne 

at relatively low magnetic fields, then the recovered zinc ferrites will have lower 
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Za/F. ratio. Th. reccwery of th .. fenit. will be 1 .. attractive conaideriq that 

the main objective • tG increue th. recoftI'Y of linC. 

It il belieYed that th. variable Za/F. ratio alIo influences leachability. The 

preMDC8 of cl'Jltal-lUre ferrites with lower Zn/Fe ratio. in the BAL reaidue, suuesta 

that the ferrite. with lower Za/Fe ratio are more refractory to leach. If this is nue 

then th. coatmuoua mapetic recovery and recycle could r88ult in a buUd-up in 

the leachinS circuit of ferrites with low Zn/Fe ratio. This could he avoided by 

performiq two lII&IDetic separatioD8 one of a hiP mapetic aeld and a second at 

a low lIlIIDetic field. Th. second step would remove th. ferrites with low Zn/Fe 

ratioe. The ferrites with high Zn/Fe ratiOl then would he recycled to the leaching 

plant (i.e. HAL or prelllurt leachina) and the ferrites with low Zn/Fe ratios could 

he dischuled or proceaed with more intensive pyrometallursical methods (e.g. 

pluma fumace or cyclone fumace). 

Th. suppoeition that linC ferrite with variable compoeition will have dUrer

ent dissolution behavior in .ulphuric acid is understandable, other solid solution 

I)'Btema show IUch difl'erential behavior [120]. Ho_ver, the .uuestion that zinc 

ferrite. with low Zn/Fe ratioe are harder to leach could be debatable. It is neces

sary to experimentally confirm the leachability of zinc ferrites as a function of their 

Zn/Fe ratio. As described, the Frantz mapetic separator can be used to separate 

fractions of zinc ferrites with variable composition. Unfortunately, application of 

the Frants to obtaïn adequat. amounta of samples for leaching testa ia time con

auming. This ia due tG the fact that the perfection of the magnetic separation in 

the Frantl ia achieved by usÎD8 very low feedinS rates. 

A poesible approach is to .ynthetically produce .. veral samples of zinc ferrites 

with dift'erent and discrete values of ratio Zn/Fe. The method of production could 

he that used by Stuijts et al [182] and luceesafully applied by othera [180, 181]. 

The Amples thus proclueed 'WOuld give iDliaht mto the behaviour in leaching of 

sine ferrit. with ditrerent Zn/Fe rati08. Bowever 1 a problem which may have tG 
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he COII8ldered ÏI that Uae mech&lÛlm of formation of the ferrite. ln thOH aynthetic 

I&IDplel could he dUf'erent from that of the ferri_ produced OD routiD& and thla 

III&J aJao play a role iD the leachinc beha'fiour. 
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GENERAL CONCLUSIONS 

1.-The followinlresidues have been characterised: 

-The copper smelter dust from the Kidd Creek plant. 

229 

-The jaroeite and the hot-acid-Ieach residues from the zinc Kidd Creek 

plant. 

-The low Kid leach reaidue of the Canadian Electrolytic Zinc plant. 

The three flnt residues have been extensively characteriHd, whereu the 

fourth residue wu used to focus OD the characterization of the zinc ferrite compo

Dent. 

2.-Several phases were identified in the residues; zinc ferrite wu founJ present 

in ail of them. This phue is important because it is correlated with zinc 

loues in the zinc extraction proceu and as it is a refractary phase. Zinc 

ferrite is present even in the residue of the leaching performed with hot 

sulphuric acid. 

3.-The results with the copper smelter dust showed that a combined treat

ment of hot-sulphuric acid leaching and magnetic concentration can sepa

rate some of the elementa present in the dust. The leaching step dissolved 

neuly 30 "Cu, 50 ,",Zn and 60 "Cd with leu than 10 "Fe and 5 "Pb. The 

mapetic &actiOD recovered 40 "Fe and the non-magnetic fraction 80 "Pb. 

Bowever linC, (as ferrite) essentially splita between the two mapetic prod

ucta. This is partly due ta aulomeration and partly due ta ferrites appar

mtly having a range in magnetic susceptibiIity. 

".-In the case of the jarOlite residue, separation of zinc ferrite from sodium 

jaroeite by mapetic means is limited because the difference in malnetic 
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lWICeptibDit)' between the two ph ... ÎI not enoulh to achieve a clean sep

aration. 

5.-For the hot-acid-leach Nliduet cODcentratioD of siDc ferrite in a !DaIDetic 

product ia feuible. Resulta .h_ed up to 75 wl ". of the ferrite wu recov

ered to the mapetic prodtlct with over 98" of the lead bein, rejected to 

the Don-JDalDetic product. 

6.-Evidence ia presented which stronll)' indicates that the zinc ferrite in these 

residues does not have a fixed compoeitioD (e'l' ZnOFetOa) but exhibit. 

• compoaitional variation (e'l' Zn.FeJ_.O. with O.1<x<1). Thil causes 

• variation in the mapetic 8usceptibility of the ferrite. The compoeitional 

ftl'iation of the ferrite must he considered if mapetic recovery and rec)'clinl 

of the ferrite il planned. 
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ORIGINAL CONTRIBUTIONS 

l.-Zinc ferrites from several sources have been studied by a combination of 

techniques which inc:luded magnetic charaderization, X-ra y diffraction and 

electron micfoscopy. A contribution has been made in demonstrating that 

zinc ferrites produced in the roasting of zinc sulphide concentrates exhibit 

a variable Zn/Fe ratio from ~O.35 to ~O.55. This indicates a composition 

variation of the type ZnzFes-aO" where O.7<x<1. The variable composition 

of the ferrites corresponds to the measured variation in magnetic suscepti

bility; the lower the Zn/Fe ratio value the higher the magnetic susceptibility. 

The fact that industrially produced zinc ferrites have variable magnetic sus

ceptibiIity helps in understanding the limitations of magnetic methods of 

separating zinc ferrites. 

2.-The complex nature of the fine-partide residues impedes the completeness of 

their characterization. A contribution has been made to the sample prepa

ration technique for X-ray and electron beam studies for characterization 

of these residues. The sample preparation technique makes extensive use 

of fractionation exploiting the the different properties of the components 

viz. particle size, leachability and magnetic susceptibility. These fractions 

are less complex than the original residues making characterization easier. 

For example, the precise magnetic fractionation of leach residues using the 

Frantz isodynamie magnetic separator proved to be a key technique in dis

c10sing the variability in composition of the zinc ferrites produced in the 

roasting of zinc sulphide concentrates. 
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SUGGESTIONS FOR FURTHER RESEARCH 

l.-Determination of the sulphuric &cid leachability of zinc ferrites as a function 

of their Zn/Fe ratio to usa the behaviour of recycled ferrita. 

2.-Use of high resolution TEM for lattice imaging, EDS or EELS and convergent 

beam electron diffraction to determine the lattice parameters as a function 

of Zn/Fe ratio of the zinc ferrites produced in the roasting of zinc sulphide 

concentrates. 

S.-If MOssbauer spectrometry is capable of discriminating between zinc ferrites 

of close composition, then this technique could be used to further substan

tiate t~e compositional variation observed by the techniques used in this 

thesis. 
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