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ABSTRACT 

.. 
High grad~ent magne tic separation (HGMS) of hematite 

, ' 

to produce a lead/silver concentrate from the residue of,the 

'sulphat1on r08st-leach-elec:trowin (S'RLE) ·process was inves-
L 

""'''''- tigated. Neutral, and hot aciq leach residués (NALR ~nd HALR) 

were generated from càlcine of Brunswick Minil1lg bulk con,centra­

tate pr9vided by' the~ New Brunswick Research and Producti~ity 

,Counci1. The calcine assayeâ 28% zn, 6% Pb, 16% Fe and 120 ppm 

Ag. 
~ 

The major phases in the calcine, NALR and H~ were iden-
( 

tified by a combination of X-ray diffraction, optical and elec~ 

t~on ~icroscopy and 'Phas~ iSolatio~ on 'the Fran;z iSOdy~,~ic 
separator '(Frant~). BO,th resid.ues were fine, 100% -25].1m nd 

, . . 
weIL libex:ated. From ana1ysis of the magnetic profile, ,generated 

on the Frantz, the HALR was sel,ected, as the best candidate for 

HGMS. This ,was mâidly to avoid zinç' 1;'eporting ta both mags (as 

ferrite) a~d n,on-m"'~as mar~at;i.te). The HALR was about 3tMi F~ 
r~ ~' ,. . 

(as hematit~), 24% Pb (as le ad sulphate) and 10% quartz • . 
The HALR was vigorously dispersed with calgon in an ultra­

sound bath. O~rating conâi'tions for HGMS were,'\Select~d using a 

recover:Y mode 1. Expériments were conducted'with flow velocities , , 

of 7-14 cm/s and field strengths of 13,800 to 21,400 Oe. 

~ad/silver concentra tes were produced ranging from 48% Pb 
, , 

.. 
at 74% recovery to 34% pb at 95% recovery with 450-550 ppm silver 

.. 
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at recoveries of 60-85%. 
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l ' 
Analysis. oÎ the prbduct,s by scapn~nq 

ele,~tron, micr08coPY rev~aled ultra-:-fine hematite par~icles 
J • 

« l JJmt in the lead concentra'te (the non-mags) and 0.5 to 3 i.am, 

le~d sulpha te particles in the mags, which is the finer end of 

the le ad distribution3e, fine he~at'ite in the non-mags i8 a 

result of top low a'maqnetic trap~ing force; a possible explana- ; 

tion o,f the lead 10ss is due to agÇfrega'tion with ~ine hematite 
, , 

rendering the sm~llest lead sulphate particles susceptible to 

~agne tic capture. 

The separation i8 judged to ce technically q~ite success-
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RESUME 

" ,1 

II 

~ Hi. 

\ 
Des 

l, 
reéherches furent entreprises sur la st!paration 

magn~ ti,que a h'aut gradient (SMHG) de.llhémat~te, a;in de produire . . , 
un concentré plomb/argent à partir' des résid~S' du proc~cé "gri~-

lage sulfatant-lixi via,~ion-el~ctrolyse". DeS 'résidus de li~ivia­

tion neutre et acide A tèmpérature élevée (R:Lt1 et RLATE) furent 
i 

produits A partir des grillages de 
, . concentré global' de Brunswick 

Mi~g mis A notre· disPo1ition par le 

Productivity CounciL ~s essais des .. 

, .. l" 
New-Brunswick~esearch and 

grillages donnèrent 28%_Zn, 
...-...... 

,) 6% Pb, l~% Fe et 120 'ppm d'Ag. 

Les pha~es majeures renc~n trées dans le gr! llage, le RLN 
., l 

et le RLATE~ furent identifiées a l'aide d'\lIle combinaison de 

diffraction Rayons-x, de microscope optrque et électronique et, 

d' iSolation- de 
1 

\ 
'(Frantz). Les 

lib~rés. Des 

au ,rant z, le 
• 1 

'pourl une SMHG. 
• i 

phase grâce. au séparateur isodynamique Frantz, 

deux r6;id~, sont trE!s fins, 100% - 25 llm et bien 

analyses des'frofil~ magnétiques, obtenus grâce 

RLATE fut retenu comme étant le- meilleur candidat 

Ce choix fu.t fait principalement pour éviter 

q 1 avoir, des apports 
'4 

de zinc c6té magnétique {sous forme de 

magn~tique (sous forme de marmatite)'. L'ana-fer~ites) et de non 

lyse du RLATE donna 3 B% Fe {sous forme d 'hemati te), 24% Pb (sous 

forme de sulphate de plomb) et 10% de. quartz. 
, L;~ ~ 

Les RLATE furent vigoureusement dispers~s, A l'aide.d'une 

solut:ion de calgQn). dans ~ bain a ultra-sons. Les conditions 

1 · 
l 
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de fgnctionnem~t du SMaG furent choisies' en se basant sur un 

modtHe de rer::~p~ration. Diverses e.xp~,riences furent conduites, 

variant' le débit de 7 à 14 cm/sec et l' intensi t~ du champ de 

'13;800 ~ 21,40-0 De. Des concentr~s de'plomb/argent furent 

produi ts donnant des essais varian t de 48% Pb avec une r~cup~ra­

tion de 74% à 34% Pb avec 95% de r~cupération et des analyses 

'd'Ag de 450-550 ppm av~c une r~ct.tp~ration de 60 à 85%: L' ana­

lyse des produits à l'aide d'un microscope ~lectronique à 

"balayage r~vê1a la pr~sence de particules d'hematite ultra- ' 

fines (~ l ~m) dans le concentré de plomb (portion non-m~gnétique) 

et des particules de sulphate de plomb dd 0.5 à 3 ~m dans la 

portion rnagnétiqùe, ce qui repr~sente la partie la plus fine de 

la distribution ogranulométrique du plomb. La présence de fines 

particules d'h~matite dans les non-mag~'tiques fut le résultat de 

forces magn~tiques trop faibleS: l'explication à la perte de plomb 

serait l'agglorn~ration avec de fines particules d'hemat1te, 

rendant ainsi les plus petites particules de sulphate de plomb 

susceptibles à une séparation magnétique . 

. La séparation i techniquement parlant, fut quaUfiée de 

succas. 

.. 
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RESUMEN 

sep~acion magnética con altos gradientes (HGMS) en . 
hematita, para producir un concJhtrado plomo/plata de los 

/ 
re~iduos deI proceso, tostaci6n sulfatante-lixiv\&cion-

electrodeposicion (SRLE) fue investigada. Residuos de 

lixiviaci6n neutral._~ de Iixiviacion caliente_. (NALR y HALR.) 

fueron-generados de el producto de tostacion sulfatante 

(calcinado) de un concentrado de flotacion de la compan{a 

Brunswick Mining and Smelting conteniendo todos los sulfuros 

valuables. El calcinado fue proporcionado por New Brunswick 

Research and Productivity Courtcil. El an~lisis qUlmico deI 

calcinado fue 28%. Zn, 6% Pb, 16% Fe y 120 ppm de Ag • 

. Las principales fases minaralogicas de el calcinado~ 
• 1 {I , 

NALR Y HALR fueron identificadas empleando una combinacion de 

difraccion de rayes X, ~icroscepios oculares y microscopla 
\ 

\ 

\ 

\ 

electronica. Aislamiento de las fases mineralogicas fue' realiza-.\ 
\ , 

do mediante un separadorgisodinamico Frantz (Frantz). Ambos 

re~iduos fueron de tamanos muy finos, 100% - 2S ~m, y las fases 
1 

estaban bien liberadas. Partiendo de un analizis sobre el 

'comport~iento bajo separacion maqnetica, generado por el'prantz, 
-

el 'HALR fue seleccienado como mejor candidato para HGMS. Ello 

fue principalmente para evitar que el zinc se presentara en los 2 
• 1 productos de separaC10n magnetica, en los maqneticos (mags) como 

\ 

\ 
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f~rrita'Y en los no magnkticos (non-mags) camo marmatita. 

El HAtR analizo 38% Fe (camo hematita) , 24% pb (camo suleato 

de plomo) y 10% de cuarzo. 

El HALR fue vigorozamente dispersando con calgon en un 
, 

bano ul tras~nico. Las condiciones de operacion en HG'MS fueron 

• ' 1 seleccionadas utilizando un modela de recuperac~on magnetica. 

Los experimentos fueron canducidos con velocidades de flujo que 

variaron de 7-14 cm/s e intensidadés magn~ticas de 13,800 ,f! 

21,4000e .. 
, 

Concentrados plomo/plata fueron producidos, variando 

de~de 48% Pb con 74% de recuperacidn, hasta 34% pb con 95% de .. 
recuperaci~ni, la plata analiz~ de 450-550 ppm con recuperaciones 

de 60-85%. Un examen de los producto'S' empleando microscop{a 

electronica revelé la existencia de part{culas ultrafinas de 

hematita « l ~m) en el concentrado de plomo (non-mags) y parti-
. . 

culas de sulfato de plomo entre 0.5-3 urn (rango mas fino en el 

cual ~e enèuentra distribu!do el sulfato de plomo) en los magne­

ticos '(mags). La preséncia de part{culas tan finas de hematita 

~n los non-mags, es el resultado de una baja atrac~ioh magnética 

a tales tamanos; una posible explicacion de las perdidas en 

plomo, es la aglomeracion de estas, con particulas pequenas de 

hem~~SfOrmando a las par,ticulas de suifJo de plomo, 
~ . 

susceptibles de ser atrapadas ma~netlcamente. 
• , 1 

La separaclon es juzgada # desde:el I,unto de vista tecnico, 

como todo un exito. 
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(r l 1- INTRODUCTION 

i.l TFeatment of Complex Sulphide Ores 

1.1. 1 Background 

Complex sulphide ores can he defined as intricate 

associations of chalcopyrite (CuFeS 2), "sphalerite (ZnS), 

~ galena (PbS) and pyrite (FeS 2) and/or pyrrhotite (Fel_xS), 
o 

They present specifie and difficult problems during most 

stages of beneficiation, from mineral processing to extrac~ 

tive metallurgy (-1,2). 
, 

These ores are important because they represent large 
, 

resources of non-ferrous ~ precious metals. For example, 

it i5 estimated they represent about 8% of world's reserves 

,of copper. In Canada, the complex sulphides o(New'Brunswick 

represent the largest domestic reserves of zinc, lead and 

silver. 

Ore depOS1~ClaSSified as complex sulphide ores are 

rather numerous' an are found in many geological strata of 

various ages. Thé size of these deposits ranges from about 

"-

200,000 t contained base metals to a few million tonnes (Broken 

Hill and Mount Isa in Australia, Kimberley' and Bathurst in 
( 
Canada). Typica1 compositions usually are in the fo1lowing 

, GJ 

t'anges: Cu, O.1-3%~ Zn, O.2-10%~ Pb, 0.3-3%; 'Fe, 10-40%~ S, 

20-59%~ Ag, 30-100 g/t and Au, 0-10 g/t. 

'~ 

't 
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1. 1. 2 Mineralogy 

Sorne important mineralogical pararneters that influence 
1 

the proceesing of com~lex ~ulphide ores a~e: 
f 

(i) Th~ presence of pyrite or pyrrhotite in relatively 

large quantities: for exarnplè r New Brunswick ores (3) . 
contain about 45% pyrite and Iberian Peninsula, de-

posits (4) are about 35% pyrite. 

(ii) The very cbmplex texture: the association of the 

main minerals is generally extremely intricate, the 0 

size he valuable mineral present ranging from 

micrometres) te fine ta few 

(5-7) • 
, Ü 

(i~i) The presence of mino~ minerals: these could be of 

signi.ficant economic importance (e.g. Au ana. Ag) or 

could' have -a delete'rious impact on subsequent metal-

lurgical treatment or on the environment (e.g. pre­

sèn~e of arsenic (As), antimony (Sb), bismuth (Bi), 

Mercury (Hg), and cadmium (Cd». ' 

(iv) The presence of alteration minerals: This i8 parti­

cularly;important for copper and non-sulphide min­

erals (8). 

1.1.3 Mineral Processing 

a) Problems in Flotation: 

The processing of complex sulp~ide ores. to produce 

separate concentrates for smelting is limited qy the selectivity 

T 
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o·f the methods that can be used. Because of the nature of 

\ compl~x sulphide ores, t,hey have only'-bêË!n treateq by flo1!.a-. 
\ 

tion, but with relatively poor res~fts. Flotation problems ," 

can be broken down into three mai~ parts: 
/ . \...r, 

1) .. liberation 

2) flotation of extremely fine particles (less than 

lOjJm) , 

3) selectivity~s. considerable quantities of pyrite 

1) Liberation 
> 

A problem encountered in practice during the treatment 

of complex sulphide ore i9 related to'the extremely fine size 

of the valuable mineraIs present and the corresponding fine 

grinding size thatlis required for liberation. In addition 

to this, the mineraIs themse Ives have mechanical properties' 

that do not favor breakage at theoboundary between the phases. 
\ ,Y-

brelkage would lead to liberation by detachment rather 

by simple size reduction. Liberat~on'by detachment does 

Such 

than 

not require such a fine grind (9). Galena in particular 

readily cleaves to give composite particles during grindlrig. 

Fig. l shows a rnicrophotograph of a complex sulphide ore 
,-. 

from Brunswick Mining and Smelting (BMS) (la) contalning 

sphalerite (brown) and galena (grey) in pyrite (yellow). 
~ 

Notice that the grain size in aIl the casas is amaller than 
\ 

about 60~m. ~iberatio~ by size reduction 'will require grind-

ing to significantly finer than this size. Fig. 2 shows a 

o 

,-
1 

1 

! ' 
1 
1 
1 
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Fig. 1 Microphotograph of a complex j sulphide ore from 

Brunswick l1ining and Smel ting (BMS) , con taining 
sphalerite (brown) and galena {gFey} in pyrite 
(yellow), (10). 

Fig. 2 Microphotograph of a lead concentrçte from BMS. 
Grey particles are galena, yel10w ones are 
pyrite and the brown particles are sphalerite ~10). 

o 

\ 
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1ead concentrate from BMS (10). Notice that galena (grey), 

even at this small size (~lO~m)shows locking with pyrite. 

The grqblem of liberation of galena in B~ has been already 

studied extensively by Petruck (11) and he found that even 

with the galena ground to 100% - 44~m it was only 37% w/w 

5. 

free; 13% w/w wa'S combined with sphalerite and 50% wt' com- :J 

pined with pyrite. Petruk also cenfirmed that finer grinding 

would not significantly increase galena liberation. When 

galena was ground to 80% to -2Sum libe~atienlincre~~ed by only 

about 2%. 

1 Grinding te such fine sizes i5 energy intensive: in-
----::: 

~ ".,;- -------------. 'dêê~ possible tnrt-ther~ exists a lower size limit to 

,si ze reduction by conventional means. (12) 't;il 

2) Fines Problerns in Flotation 

, 
In addition to problerns in generating fine sizes 

there is the prob~em rf flotation recove,y and selectivity of 

particles finer than abdut lO)Jm, (13-15). 
ri 

,{ ~ 

Fig. 3 shows a rslationship between the physical and 

chemical properties of fine partieles and their behavior in 

flotation. Notice that two main eharacteristics are domin~! 

as the particle size is reduced: a) the specifie surface be-

comes large and b) the mass of the-individual particles be-
t ~J - , 

cc)mes ver~mall. These two characteristics· gi ve cise te 

parttcular problems. 
. ' 

The large specifie surface of fine particles leads 

1 

1 

1 
1 
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Fig. ). Relationship ~eèn the physical and chemical 
properties of fine particles and their be­
havi or in flotation. (16) 

FINE PARTICLES 1----------. 

J 
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to high adsorption of teagents (determined by the amount 

adsorbed per unit mass) . High adsorption not only leads" t~ 

increased flotation costs but can also lead to starvation of 

7 • 

the coarser particles and supsequently poor eoarse flotation. ~ 

It has bee# speculated that surface electro-chernical 

properties of fine particles are different from coarse pàrticles 

f
i the sarne material.' Fine miner:l l?articles conceivably hav~ 

igher specific surface enerçy resulting from an i~creas~d 

urnber of edges, corners and crystallographic imperfections. 

/ High specifie surface energy of fine particles may influence 

flotation in many ways;' for example: a) increased dissolution 

making adsorbed layers uns table , and introducing possibly 

undesirable impurities into solution, affecting col,lector-

mineral interactions, and b) increased tendency of the c01-
-1 

~ 

lectors to adsorb nonspecifically. 

Because of the s~a1l mass of fine particles mechanical 
. . 

entrainrnent (i.e. carry-over in,to the froth with water) can be 

significant (17). Trahar (17) has indicated that as the 

particles become very small recovery by mechanical entrjinment 

increases. He has found that the rol~ or entrainmen~hen 
treating ultrafine particles i8 often of such ~ magnitude that 

the true flotation of fines ceases to be the dominant recovery 

mechanisrn. Tc illustrate the importance of entrainrnent, Trahar (lB) 

carried out separation tests of chalcopyrite from quartz. 

Fig. 4 presents the observations. As can be seen, in the first 

minute the recovery of aIl chalcopyrite coarser than lOlJm Was 
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Fig. 4 Effect of entrainment of quartz on graàe of chalcopy­
"rite concentrate in a typical oat'ch flotatiot:l test 
at pH 11 wi thout collector, (18). 
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more than85% compared with 45% for the -lOJJlll fraction. 

The re~ove~y of quartz was less tharr-rO% throughout. ,After 
• t 

a further 15 ~inutes the recovery of the finest chalcopyrite 

had risen to 97% but at the same time the recovery of the 

finest quartz by entrainment had risen to 58%. Thus a high 

recovery of chalcopyrite in aIl sizes was attained only at 
\ ~ 

the expense of concentrate grade in the fine sizes. It 

should be noted that no collector was used in this test, the 

9 • 

only reagent additions being pH modifier,and frother: it i~ 

not possible, therefore l to attribute the low grade in the 

fine §izes of the concentrate ta the non-selective adsorption 

of collector. The possibility that the frother PPG 400 (poly-

~~pylene glycol of an average molecular weight of 400) was 
./ ~ >r • 

responsible for inducing genuine flotation of fine quartz was 

considered remote. 

Another problem of fine~ in flotation is the de~~se 
in the flotation rate, and this is mainly due to the r~duction 

in colliJion probability when the size becomes small (19,20). 

When flotat~on ,feed size range is extensive (i.e. slime + 

coarse-feed), there exists the possibility of slime coating. 

,This refers to the attachment of fine particles to Iarger par~ 

ticles. Slime coating can be detrimental to flotation in 

several ways. If/the fine particles are the valuable mineraIs 

"and the coarse particles are the gangue mineraIs, the grade 

. of the concentrate becornes poor. If the fine particles con-

sist of ~angue mineraIs that coat the coarse particles of the 

r 
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!valuable mineraI, these part~cIes prevent the attachment of 

'air bubbles and the recovery of valuable mineraI may then de-

9rease significantly. Fig. 5 illustrates the influence of 
1 

~lumina slimes on the flotation of galèna with potassium 
1 

ethylxantha te (KEX). Below pH 9, the al\lItlina slimes carry a· 
1 

1 

wositive charge whereas above pH 9, they are negatively char~ed; 

a t aIl pH' 5 galena is negatively charged. As the amount of 
, 

slimes in the syst~~~increases, the flotation of galena below 

approximately pH 9 decreases. When the alumina slime becomes 

f negatively charged above pH 9, the tendency to coat the nega-

tively charged galena particles i6 reduced and the slime coat-

ing problem,ceases. 

-3) Selectivity VS. Pyrite 

As indicatad in the mineralogical section, pyrite is the 

major gangue. 

selecti~e flotation of 6ulphide mineraIs is based pri­

marily on a balance of activation and depression. Pyrite is . 
depressed by sulphite (22), cyanide (23) and hydroxides (23) 

but these ~eagents do affect other mineraIs to sorne extent. 

consquently,when pyrite is in excess quantity, the reagent, 

~evels required can start to affect the other mi~erals. This 

difficulty is compounded by the ;act that while coarse sulphide, 

(e.g. +74 ~m) select!vity is relatively straightforward, sepa­

ration becomes more difficult as the size decreases. Circuits 

can become quite complex in an attempt to maintain recovery 

and seleetivity. f· 
1 

--~--"'- ' 
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galena wi th 'potassium ethylxanthate ~KEX) 1 {21}. 

80 

GALENA 
40 25 "'9/1. KEX 

ALUMINA 
0 SLI~E 

0 0 011. 
• 0.1 
6 02 .. 0.3 
0 o.~ 

0 
0 

pH . 

\ 

.. 

~ ,~. -P'~ !._"",",,.,~-{ 

j 
11. 

14 

/'" 

~ 

.!' 
J 

\ 

l' 

1 : 
1 

0 

1 
'; 

r:7 



( 

( 

• 

12. 

.. 
b) Flotation 'Techniques 

Despit~ aIl these problems, complex 9ulphide ores are 

processed by flotati'on. There are two techniques: 

(i) Sequential Selective Flotation (24,25) 
~ 

This technique i9 use'd to separately obtain con-
J • 

centrates of chalcopyrite, galena and ,sphalerite, 

~ Fig. 6. 

(ii) Semi-Bulk Flotatiàn (26-28) 

. In semi-bulk flotation chalcopyrite and galena are 

first floated jointly with the depression of sphalerite 

and pyrite. The Cu-pb bulk concentrate is subsequently 

condi tioned to depress one or the other of these two 
f' 

minerals, usually galena, Fig. 7. Zinc i5 selectively 

'fl.oated from the Cu-rb bulk tails. 

When using the above techniques, concentrates 'are often 

produced at relatively poor grade and recovery. Typical resul ts 
b 

are given in Table 1. Clearly, both low grade and low recovery 

are ~ound. In sorne ores (e. g." New Brunswick ores) where the 

mineraI associatio'!i is most intricate and the pyrite i9 in ex­

cess, a very complex circuit has been developed. Fig. 8 pre-

sents a generalized flowsheet of the Brunswick Mininq and 

"SmeltÏbg (BMS) concentrator. The ore is about 9.4% Zn (as 

sphalerite)#;, 3.9% pb (as galena), 0.3% Cu (as chalcopyrite) and 

2.80 O'z/ton Ag (in solid solutibn wi th galena' and as a tetra-
, 

hedrite (29)). Notice 'that besides separate copper, lead and 

zinc concentrates a lead-zinc bulk concentr.ate i5 made and a 

1 
1 

1 

, 
d 
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Fig. 6 Flowsheet for a sequential selective flotation, 
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Flg. 7 Flo!\,sheet for semhbulk. flotation. 
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secondary zinc concentrate. 

Table 2 presents the overall lead, zinc and copper , 

recoveries obtained in BMS by this technique. Clearly re-
, 

cover ies are lew. 

Table 1. Typical Resulta in Grade and Recovery 

of Camp lex- Sulphide Ores (30) 

; , 

Assay (%) 
,Product Recove.ry 

Cu Pb"- . Zn 

p;,., U 
Copper Concentrate 17-25 3-7 3-11 40-65, Cu 

Lead Concentrate 1-4 35-55 ") 3-30 40-60, 'pb 

Zinc Concentrate 0.5-3 1,..5 45-55 70-80, Zn 

16. 

(,) 

Faced with these poor recoveries, mineraI technologists 

have been trying ta develop alternative process routes. A 

potential one is to produce a bulk Cu-Zn-pb-Ag conéentrate in 

, order to increase recove'ry (32-36). 

Table 2 gives soml exa.mples of the improvem~nt in re­

cevery that can be obtained by ~lotation in comparison 

~ wi th selecU'fe flotation (37). - Notice that for BMS, copper 

recoveries are increased from 50% ta 70%, 1ead from 55% to 

87% and zinc ftem 75% te 95%. 

The production of a bulk concentrate has the following 

advantages : 

(i) Because concentrate grade requirements are le!!fs 

severe with bulk flotation, a higher recevery can 

be obtained. 

1 
~' 

t;, 
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Table 2. Comparison of Recoveries Obtained 

by Selective and Bulk Flotation. 

Flotation' Grade (i) Recove::,y (%) 
;'''t"l 

Technique Cu Pb Zn Cu Pb Zn P-

li 

Aznalcollar 
(38) 

Selective 
Flotation 20 50 50 65 40 85 

Bu1k Con- ; 

centrate 3.5 6 25 • 83- 55 90 

\. 
""""'"""" (39) 

Selective 
----------~ 

Flotation 19 50 50 61 55 72. 
Bulk Con-
~entrate 

s( 
"~ L8 5.8 19.2 80 '1 70 90 

;: ... , 
New Bruns-

wick (40) J 
,1 

Selective 4 
F1otation 50 55 75 

B\llk Con-li! 
centrate 0.7 10.75 30.0 77 '87 95 

(ii) Frequent1y, the liberation criterion is less strict 

fô:t, bulk flotation than for selective f1otation 1 

leading to a.,~coarser grinding size. 

(iii) Thia technique would he more effective in treat1ng 
, 1 

low, ,qrade reserves. 

" 

,,-

l 

" 
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The prob~em now is to extract the metals frem 'the bul.k 
\ 0 

concentrate. Several possibilities are reviewed ~y Barbery 

et al. (41). An attractive one is the hydrornetallurgical 

route. ,L 

1.1.4 Processing of Bulk Concentrates 

Most of the ini tia1 effo':rts on hydrometa11urgy were 
[{>;! 

directed to copper concentrates 1 but are now being extended 

to complex sulphide bulk concentrates. 

The hyd~ometallurgical processes fall,into two main 

categories, sulphate processes and chloride p~ocesses. In 

'. the former, H2S04 , is·the main leaching reagent and in the 

later Hel. Several processes have been developed based on 

these two leaching routes. 
. ' t 

Three of the rnost, important sulphate processes are (42): 

the Sherri tt ("..crdon pressure Ieach process; the New 
, 

"Brunswick Research and Pred~cti vit y Council sUlphation-xoast-

leach-electrowin process (the RPC or SRLE process)· and 

T~cnicas Reunidas (compre.x process/Zincex process). Under 

chloride processes, sorne of the most importan~, are, CLEU, 

Minemet, Zincex, Cyrnet, Habashi-Mizoguchi and U.S.B.M. Of 

aIl the aboveproae!?ses, only one 1 the CLEAR process of 

Duval, is in co~rcial operation; several have been tested. 
e 

, 
on a pilot-plant scale (New Br~swick SRLE, Sherritt Gordon, 

and T~cnicas Reunidas) and the remainder have peen developed 

to the stage of continuous laboratory scale. 

1 

1 

l, 
1 
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A genera1 prob1em in hydrorneta1lurgica1 treatment 

of'bulk concentrates is the :ecovery of Iead and ~iIver. 
. . 

The origin of the prob1em is that' 1eaching properties for 
~ 

gaiena are qu.i te: 'different from those for copper and zinc 

19. 

mineraIs. Successfu1 treatment of lead and si1ver is essen-
~ '" . ~ . 

t~al to the process~ng of New Brunswick ores because of their 

reiatively high abunda:ce"1(3-S% Pb, 50-150 ppm Ag). 

Three of the proposed hydromctallurgicai processes 
/ 

to treat a New Brunswick bulk concentrate are: 
o ' G 

a) The Sherritt Gordon Pressure Leach Process (43,44) 

b) Habashi-Mizoguchi Process (45) 
/' 

c) The Sulphation Roast-Leach-E1e'ctrowin (RPC or SRLE) . 
~",i:l 

process (46) . .. 
al The Sherritt Gordon Pressure Leach Process , 

The Sherritt Gordon process invo1ves su1phuric acid 

leaching at a total pressure of 690 kPa and 150°C, using 

commerci.ally pure oxygen a~, an o~idant. 'l'he zinc is dissolvJd' 

and most of thQ copper which are then electrowon by conven-

tional means. The Ieach residue consists of le ad apd iron as 

basic su1pnates, e'lemental su1ph~r and gangue; i t must be 

further processed to recover by-products of 1ead 'sulphate and 

elementa1 su1phur. Most of the si1ver in the concentrate i5 

carried with the lead and iron sulphates, and may a1so be 
~ 

recovered. A simplified process f10w diagram of the Sherritt 

Gordon process applied to New Brunswick ores is presented in 



1 
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Fig. 9 SHERRlTT GORDON Pressure Leach Process applied ta New 
Brunswick ores. Sirnplified Process Flow Diagram. (47) 
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Fig. 9: TaQle 3 shows typical assays of New Brunswick oup-, 

graded tailings and bulk concentrate treated by the Sherritt 

Gordon process. Recover'i~'s of the order of 96-99% Zn and 

57-94t Cu are reported. The lead-silver residue is upgraded 

by flotation of sulphur and un1eached su1phides. In one ex-

ample the lead-silver concentrate was 19% pb and 600 ppm Ag 

starting with an upgràê:ied t-~'ilings concentrate (42~. From 

bu1k concentrate, this rnaterial 1s supposed to assay about 

30% Pb and 700 pprn Ag. Notice that this process i5 rather 
1 

effective in the recovery of zinc. Copper apparently can 
~ 

or (/. 

reach recover1es of over 90%. ' . 
Table 3 Average Analyses of,New Brunswick Concen­

~trates used in Sherritt Gordon Process Test 

Concentrate ~hemical Analysis, (% , pprn Ag) 

Cu ' Zn Pb Fe. Ag 

, Upgraded Tailings 0.76 31. 0 3.6 21.6 154 

Bulk 0.67 29.9 12..4 17. 9 398 

b) The Mizoguch~-Habashi proce;s 

Another alternative which has been proposed for treat­

ment of New Brunsw~e~,Qres is the aqueous oxidation ~he 

bulk concentrate in hydrochloric acid. Table 4 give e 

assay of the bulk concentrate used in the testwork. In this 

1 • , , 
il 
J 
: , 
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proeess the leaehing of the bulk concentrate i5 conducted 

at IN HCl, 120°C and ,1000 kpa partial oxygen pressure, for 

90 minutes. Zinc and copper are reeovered from the leach­

ing solution and lead and silver from the res!due. 

Fig.lv shows a fIml7 sheet of the process •. As we ean 

see, the process 1s rather similar to the Sherritt Gordon 
~I 

22 • 

proeess (Fig. 9) in whieh sulphurie acid is replaced by hydro-

chlorie acid, but sinee the direct recovëry of zinc from a 

chloride medium is not ~~ technically advanced, zinc was trans-

ferred to a sulfate system. The transfer is achieved using an 
\ 

organic solvent, diethylhexyl phosphoric acid. The H2S04 

generated during subsequent electrowinning of zinc i8 used for 

stripping and the HÇ1 generated during extraction is rêcycled 

for 1eaching. Recoveries of 97% Zn and 95% Cu are reported. 

_ Lead and sil ver are supposed to be recovered by leaCh\ 

ing, with reported recoveries of 83% Pb and 85% Ag, but the 

details were not given. 

Table 4 Assay of the New Brunswick Bulk Concentrate 
'\1 

) -!: ,'"' 
\ 

used in the Mizoguchi-Habashi Process 

Element 

Zn 
Pb 
Cu 
Cd 
Fe 
S 
Ag 

Assay 
(%) 

26.53 
8.54 
0.84 

./ 0.04 
22.08 
37.15 
0.023 

-------

1 

.! 
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Fig. 10 Flowsheet of Mizoguchi-Habashi Process. (,48) 

COMPLEX SULFIDE CONCENrRATE 

Hel ~2 
l t: ~ t 

-
LEACHING 

. 
li· 

sOLÎns 
FILTRÀTION 1 

PRÉCIPITATION 
OF COPFER 

. l ~ 

1 r-- FILTRATION 

l l 
1 

PREe IP ITATION -1 COPPER 

OF CADMIUM 
RECOVERY 

, l r FILTRATION ~ CADMIUM 

1 
' RECOVERY 

, , 

1 
EXTRACTION ~ 

~l-_____ --JI-I 

FfŒSH ORGANIC. LOADED ORGANIC 

1 -
~ ~~----sn--I~~"~m-G---------

.~ ~HJ t=î 
l' 

~ECTROLYSIS 

(SPENT ELECTROLYTE) 

Zn 

'.J 

-
) 

\ 

~ 
LEACHING OF LEAn 

l 
FILTRATION -, 

1 

LEACP.ING OF S ILVER 

ri 

1 
RESIDUE: 
FeS2 , 

FeOOH, SD 
GANGUE 

1 

FILTRATION 

.J, 
SILVE 

RECOVE 
R 
RY 

1 

1, 

, J 



. ( 

24 . 

c) The Sulphation Roast-Leach-Electrowin (RPC 9r SRLE) Process 
i r-. -

The SRLE proc~ss developed by The New~Brûfiswick Research 

and Productivity Council involves a sulphation roast and two 

leach steps. (Fig. 11) 
<. 

In the roasting step, copper (as chalcopyrite) 1 Zn (as 

sphalerite) and lead (as galena) become sulphates and the iron 

(as pyrite) becornes hematite. The first leach step, called 

the nèutrai aci~ leach (NAL), dissolves the copper and zinc 

sU11q.tes. The second leach step, called the hot acid leach 

(H~), extracts t\e remaining zinc (rnainly as ferrite) and 

copper (as unroasted chaloopyri te) leaving a considerable 

amount of iron in solution. After solid-iiquid separation, 

the HAL liquor is recycled to the sulphation roast to fix the 

iron as hernatite and copper and zinc as sulphates. The re-

maining solid residue (HALR) con tains aIl the lead, silver 

and irone 

Table 5 presents the operating conditions in the RPC 
, " 

process. Notice that in the NAt step; the pH needed to dis-

solve copper and zinc sulphates is 3.6-4 .. 0. In contrast, the 

HAL step needs'strong a~id conditions (pH ~ 0.1-0.3) to be 

able to rlcover the rernaining zinc and copper. Overall, ~opper 
and zinc extraction is about 98%. Notice from Fig. Il and , 

Table 5 that the SRLE pro~ess does not report the procedure to 

recover the lead and silver fram the HALR. ~t present a 

method to separate lead and silver fram the residue bas not been 

fully establ,ished. 

" 
./ 

r 

l 
j 
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Fig. Il The Su1phation Roast-Leach-Electrowinni,ng (RPC or, 
SRLE) Process. 
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• Table 5. Operating Conditions in the ·SRLE Process 

Parame ter 

Temperature 

Retention Tirne 

Tempera ture , 

Retention Time 

pH 

% Solids in Pulp 

Temperature 

Retention Time 

pH 

% Solids in Pulp 

!\, 

Step 

Roasting 

'\ 
685:tSoC 

5.5 hrs. 

Neutral Acid Leach (NAL) 

/ 

")ot'Acid 

55±lOOC 

1. 5 hrs • 

3.6-4.0 

20 wt. (%) 

Leach {HAL) 

95±SoC 

2 hrs. 

0.1-0.3 

45 wt. (%) 

1 
1 
r 
1 , , 

; 

1 
l 
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2. STATEMENT OF PROBLEM 

The problems aspociated with the treatment of complex 

sulphide ores have 'now been defined. It was shown that an 

alternative to current practice for increasing metal recoveries 

is by the production of a bulk concentrate. The subsequent 

p,ocessing of bulk concentrates is rather uncertain when deal~ 
• 

ing with ores,~hich contain considerable am~s of lead and 

sil ver. This is the case for New Brunswick ores in Canada~ 

One process which has received considerable attention 

is the SRLE process. One problem"is the recovery of the lead 

and âilver from the remaining iron in the HALR. 

The object of this investiga~ion is to test a physical 

separation of lead and silver, from the remaining iron by 

high gradient magnetic separation (HGMS). Production of a 
1 

saleable lead-silver concentrate from the HALR would be a 

factor in making t~e RPC process a competitive treatment 

route for comple~ sulphide ores. In order to evaluate the 

proposaI in a systematic way, a method of attack was est ablis he j' . 
2.1 Method of Attack 

~ 
Samples of calcine from the RPC process were obtained 

-/'" 
and subjected to the leach 'steps so that fresh residue sampl~s 

. 
would be available for high gradient magnetic separation 

(HGMS) testing. Both NALR and HALR were to ~ considered for 

separation. 

1 

f . 
1 

i 
'. 

l 
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, 
Separation was to be guided by detailed mineralogical 

examination of the calcine and residues. Phase identifica-

tion was to be conducted by X-ray dif~raction and optica1/ 

e1ectron microscope techniques. Liberation, a key factor in 

physical separa~n was ,ta be measured after phase identifi-

cation. 

The potential for magnetic separation was to be tested 

on the Frantz isodynamie magnetic separator on sized samples 

ie.g. -25+15 ~m) from NALR and HALR. 

Dispersion, .an important criterian in physieal separa-

tion of ultrafine particles, was ta be aehieved before the 

HGMS tests. 

HGMS conditions were to be found using an HGMS recovery 

model. Magnetic separation tests ware to be performed on the 
\ 

Sala HGMS, model 10-15-20 installed at CANMET, Ottawa. 

.. 

r 
4 

J 
! 
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3. CHARACTERISTICS OF THE CALCINE ~.ND LEACH RESIDUES 

3.1 The Calcine 

3.1. l Assays . ...E..~.-B.PC Samples 

Faurteen calcine semples were obtained from New Bruns­

wick Research and Prod~ctivity Council (RPC). These samples 

were roasted materials produced from upgraded tailings (30% Zn, 

3% Pb) and from a bulk concentrate (30% Zn, 10. 75% Pb) (49). 

AlI calcines were produced with hot acid leach liquor returned 

as roaster coolant. 

Table 6 gives the assay of each sample. Since there 

was little difference between samples, they were mixed. Table 

7 gives the assay of the represen ta tive '~ead sample. 

3.1.2 Size and Metal Distribution of Calcine 

The size distribution of the calCine __ ~~l? ___ de-te-rtnfn~d us-

ing micro sieves. ~Wa&-P~d-~ an ultra-sonic bath 

to factilit-a;t:êSiting ... to' lO\lm. Acetone was used instead of 

water ta avoid copper and zinc sulphate dissolution. 

Table B shows the size and metal distribution of the 

calcine. The results show a unifor.m distribution of metais 

among the size fractions. 

\ 

1 

1 

\ 
! 
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Table 7. Assay of the Representative Hea.d Sample 

,~f 
-~ 

, 1 

Assay (%) 

\ Sample 
* Cu Zn pb Fe Ag 

Head 0.57 .25.9 
. , 

6.7 15.2 122 

• 'c Ag is reported in ppm. 
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Table 8. Size and Metal Distribution 'of the Calcine 

---~_:..----_ .... 

Size ASsay (%) Distributicn (%) Fracticn Nt 
Prodact (%) Cu Zn Pb Fe CU Zn Pb Fe 

(llm) 
( 

1 

+25 52.9 0.57 26.8 6.2 13.3 53.8 55.6 49.0 47.2 
-25+15 19. B 0.56 25.5 6.4 15.9 20.0 .19.8 18.9 21.1 
-15+10 9.3 0.56 24.5 9.2 15.9 9.4 9.0 12.8 9.9 

-10 18.0 0.5.2 22.0 7.2 18.0 16.8' 15.6 19.3 21.8 

100.0 100 .. 0 100.0 100.0 100.0 

cale. Feed 0.56 25.4 6.7 14.9 

Assay Peed 0.57 25.9 6.7 15.2 

• 3.d.3 Mineralogical Examination 

To identify a~1 the minèrais present in the .oa1cine, 

X-ray diffraction (X~D) and microscope examination was carried 

out. 

X-Ray Diffraction (XRO) 

The powder diffraction technique usinq th'e Oehye­

Soherrer qamera was used. Table (9) shows the phases identi­

fied. Zinc sulphate is the main component in the calcine. 

In "Appendix l (Table A-1) the d-spacings m~asured and 

a comparis~n with listed values is given. 

Microscope Examination 

in a Carl-Zeiss microscope with reflected light, un-

mo\lIlted samples of +2Sum, -25,+ lSum and -15 + lOum were 



( 
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observed under refleèted illumination at 190 magnification., 

The color was the main factor in identificatLon. ~inc 

3.2. 

sulp,hate (ye11ow), 1ea~ sul.phate (cryst~llin,e whitel, hematite 

(re~:1.) 1 franklini te Cor ferrite) (brown-red), quartz (crystal­

" line colorless) and marmatite (black) were i1ienttified, (Table , , 

91. Fig. 12 shows a microphotograph of a - 37 + 25 pm calcine 
'fi: 

fraction. Yellow particles are zinc sulphate, red ones are 

hernati te and the black ane in the upper right corner is marma­

tite. 

Mounted samples af + 25um, -25 + l5um and -15 + lOpm 
o 

fractions were stvdied on a Vickers microscope' wi th reflected 

light, un der, polarized conditions. Fig. 13 shows a picture 
" , 

at 440 magnification of the -37 + 25um fraction. Since zinc .. 
---------- # ---sulphate i5 the m05t abundant mineraI in the calcinJ 'it, was 

'easlly identified (ye1low phase); besides it looks similar te 
. / 

that in unmounted samp1es, Fig. 12. Thè' ether particles in 

Fig. 13 are: anglesite (cryst~lline white), hematite (re~) and 

ferrite (red-brownl. Identification of these phases was 

la-rge1y as a re"Sult of identifying the phases left aftei the 

-
leaching steps. Fer ex~ple, ferrite was clearly identified 

in the NALR and hematite and anglesite in ttle HALR. From 

Fig. 13, the two b~ggest grains ~ observed are' looked particles 

of hématite-ferritë-ê)nglesite and ~inc sulphate-hematite-

anglesite. , 

Table 9 summarizes the results of the mineralogical 

examina tion . 

• , > 
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Fig. 12 Mi croph()tograph of a -37 + 25 )Jm calcine fraction. 
Ye 110\'1 particles are zinc sulpha te 1 red ones are 
hematite and the black one in the upper right 
corner is marmatite. 

Piq. 13 Micropho~graph of a -~7 +.25 ~m calcine 
fraction at 440 magnification' with reflected 
light, under pOlarized conditions. Zinc 
sulpha te is the yellow phase, anglesi te is 
the crystalline white, hematite is red and 
ferrite i5 red-brown. 
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! 
3.2 

• Table 9 .. Mineralogical Composition of the Calcine 

Name Formula 

Zinc 5ulphate ZnS04 
(l - Hema ti te Fe 20 3 
Frankl!ni te ZnFe 20 4 
Anglesite PbS04 
Zinc Oxy-sulphate ZnO·2 ZnS04 
Copper Sulpha te cuS04 
Quartz 5i02 
Marmatite (Zn IFe) S 1 

\ 

. 
Characteristics of the Neutral Acid Leach Residue (NALR). 

/, 
The neutral acid l~ach (NAL) step is similar to that in 

conventional electr~lytic zinc plant pract~. In the present 

case dissolution of zinc and copper SUIPhate~d zinc oxysul­

phate i5 effected by maintaining the pH at 3.6 to 4.0 for, 1.5 

hours. 

3.2.1 Leach proceàure 

The conditions specified by RPC (see Table 5 l for the 

N'AL step were followed. 

A 2000 ml beaker,was used as the reaction vessel. A 

hot pl~te with a variable temperature control was used to 
( 

keep a constant temperature. A variable ~peedoelectric\ 

stirrer kept the solids well suspended. During the whole 

test', tempe\rature ~d pH were carefully controlled. 

1 

l 
, , 
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3.2.2 Metal Distribution in NAL 

The metal, distribution in the NAL is shown in Table la. 

In this.leaching step over àO% of zinc and copper is 

recovered. - Over 99% of lead, silver and iron report to the 

residue. 
-

About 61% of the calcine is dissol ved in the NAL. 

~able 10. Metal nistribution in the Neutral ~cid 

Leach (NAL) Step 

ing. The NAtR was weIl dispersed before sizing using a solu­

tion of 0.05% calgon, mechanical agitation and 15 minutes in 

the ultra-sound bath. 
( 

Table 11 shows the size and metal distribution of NALR. 

By comparison with Table 8 the NALR is much finer than the 

calcine, the per cent passing lO~m increasing from 18% to more 

than 74%. Over 83% of Zn and Pb are in the -lO~m-fraction. 

1 
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The Zn content ls decreased from 25.8 to ,9.S%, Cu from 0.57% 

to 0.29%, Pb is increased from 6.7 to 16% and iron from 15.2 

to 40.3%. 

Table 11. Si2e and Me'ta1 Distribution of NALR 

Product wt *Assay (%) Distributiœ (%) 

(urn) (%) CU Zn Pb Fe Cu Zn Pb Fe 

+25 4.4 0.38 7.4 ~.9 44.7"" 5.6 3.5 1.9 

-25+15 13.6 0.34 5.(' 9.3 48.4 15.3 .... 8.4 8.1, 

-15+10 7.3 0.35 6. 6.3 52.0 8.6 \ 5.0 2.9' 

-10 74.7 0.28 10.3 18.3 37.2 70.5 83.1 87.1 

100.0 100.0 100.0 100.0 100.0 

cale. Feed 0.30 9.3 15.7 40_.L_ 

Assay Feed 0.30 9.7 16.8 40.3 

* Ag assay is 290 ~. 

3.2.4 Mineralogical Examina tion 

Mineralogical examination of NALR was carried out by 

using XRD, a meta11urgica1 microscope with both, reflected 

and transmi~ted illumination and by e1ectron microprobe and 

the scanning electron microscope (S,EM). Where Aecessary, 

samples were first split on the Frantz Isodynamic'Magnetic , 
separator'(F~antz) to aid, identification. ~SO, comparison 

with known specimens was used. 

~-Ray Diffraction (XRD) 

As for the cal~ine, the powder diffraction technique 

USi~ the Debye-Scherrer camera was emp1oyèd. Five compounds 
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were identified, h~matite (Fe20 3), ferrite (ZnFe2~4)' angle-
[ 

site (PbS04), quartz (5i02 ) and sphaYerite (ZnS). 'Further 

exarnination on sorne sphalerite grains by the microprobe 

indicated marmatite «Zn,Fe)S) rather than sphalerite. In 

Appendix l, Table A-2, the d-spacing measured and a cornparison 

with lis~ed values i5 givèn~ 

Metallurgical Microscope with Reflected tight 

Unrnounted samples of +25~rn, -25+15~rn and -15 + iO~rn were 

observed under ref1ected light at 100'magnification. Hematite, 

ferrite (franklinite), anglesite, rnarmatite and quartz were 

identified. Sorne locked anglesite-hematite p'~ticles (PbS04-
1 

Fe 203) were found. Anglesite particles appeared as if they 

were agglornerates of srnall particles, with a rough surface 

which seerned to trap srnall hernatite grain~. Fig. 14 presents 

a microphotograpq with particles·of -37+25~m of the NALR. Red 

particles are hematite, the white phase is anglesite, the red­
\ 

orown is ferrite and the black phase is marmati te. 

Vickers Microscope with Reflected Light 

r " 
Mounted sarnples of +25~m, -25+15~m and -15+10~m frac-

J 

tions were studied on the Vickers Microscope under polarized 

ligh~. Microphotographs at 440 and 620 magnificatiorr are 

shown in Figs.15 and 16. The red particles are hematite 

(most abundant phase), the white, phase is anglesite and the, 

red-brown particles are ferrite. 

.' 

1 

1 



, 
(, 

Fig. 14 Microphotograph of -37 + 2S ~rn particles of 
NALR. Red partic1es are herna ti te, the whi·te 
phase is ang1esite, the red-brown is ferrite 
and the black phase is marmatite. 

{/ 

Fig. 15 Microphotograph of -25 + 15 ~m partic1es of 
NALR at 440 rnagnifiècrp,on wi th reflected light, 
under polarized conditions. Red particles 
are hematite (most abundant phase), the white 
phase is anglesite and the red-brown particles 
are ferrite. 

38. 
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Fig. 16 Microphotograph of -25 + 15 um particles of the 
NALR at 620 magnifieation with reflected light,_ 
under po1arized conditions. Red particles are 
hematite (most abundant phase), the white phase 
i5 anglesi te and the red-brown partic1es are 
ferrite. 

.' .. 
. ' -, 

," 

Fig. 17 Microphotograph of -25 + 15 ~m particles of the 
NAL~ under transmitted light. Anglesite is the 
white phase, and quartz the colorless. Hematite, 
ferrite and marrnatite are opaque grains. 

" ' 

3.9 • 
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Carl-Zeiss Microscope with Tranmmitted Light: Degree of Liberation 

Unmounted samples of +25um, -25+15~m and -l5+10~m were im-
1 

rnersed in an oil ,of refractive index 1,516 in order to observe 

under transmitted light. Fig. 17 shows a microphotograph of the 

-25+15~rn fraction. Angle5ite i5- the white phase, and quartz the 

coloriess. Hematite; ferrite and marmatite are opaque grains. 

From this analysis, liberation of anglesite was determined accord­

ing to Gaudin's method (9) •. The degree of liberation is de-

fined as the volume fraction of mineraI or phase occurring as 

free particles in relation to the total volume of th~t mineraI 

occurring in the free and locked forms. From 300 to 800 par-

ticles were counted, which according with Van Der Plas and, 

Tobi (50) 1 Appendix B, gives exped:ed errors from 6 to 1% in 

the liberation values with a 95 per cent confidence. Appendix B, 

Table B-2, shows the record sheet usetl in point counting for 

each sample. 

Table 12 shows the resu1 ta. At + 251lm, the degree of 

liberation is about 70%. This rises to over 90% at -lS+IOllm. 

Clearly a substantial fraction of the anglesite is free, suggest­

ing that physical separation lS possible. 

Electron Microprobe 

, An electron microprobe examination was carri~d out on 

mounted samp1es of +25Jlm, -25+15~m, -15+10~m and sorne isolated 

samples from the Frantz separator. 

-, . 

1., 

1 

1 
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Table 12. Liberation Degree in Coarser NALR 

Product Degree of 1iberation 
(lJm) ( %) 

* +25 70 ± 6 

• J, -25+15 90 ± 2 

-15+10 94 ± 2 

." 
95% confidence interval 

1'>.. 

When the beam was focussed on the red partic1es in 

, Figs. 15 and 16 (i.e. the suspected hematite) the peaks of 
~ , 

the spectrum indicated only iron confirming the hemati te 

41. 

identification (oxygen cannot be directly detected, but is in-

ferred by difference). Quantification was carried out on 

several grains, but since the surface of these particles is 

very rough, a large variation in the intensity occurred and 

the per cent iron was low, about 50% instead of 70%~Or hema-

tite. 

Fo11owing through the other grains (Fi9' 16), when the 

white crysta1line particles were analyzed, the spectrum in­

dicated lead and sulphur and sorne traces of silver. Quan~ifi­

catiort was again carried out and le ad and sulphur compositions 

corresponding to anglesite were found. Since the amount of 

silver in the sample i5 lower than 0.1%, quantification of this, 

Element was not carried out. 
( . 

When the r,ed-grey partlcles, 

Fig. 15 were an,ly zed, the speetrum indicated the presen,ee of 

.., 

J 

~ 
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. 
iron-zinc and occasionally iron-zinc-copper, suggesting a com-

, 
pl~x ferrite. Iron-zinc grains were quantified, but again 

their rough surface disturbed the detected intensity, giving 

low iron-zinc assays, averaging 43% Fe and 15% Zn. 

However, since ferrite is the only mineraI whic~ has 
() 

solel~ iron and zinc (and oxygen), it can be assumed the par­

t~ is ferrite. Further microprobe analysis on ferrites 

isolated on the Frantz separator (fraction of mags up to 100mA~ 
p.67) found only ferrites of the type iron-zinc-copper, 44% -

10% - 11% respectively. Since this fraction corresponds to 

n'the 

~ 
strongest magnetic 'fraction, it suggests copper makes these 

f,rrites strongly magnetic. Figs. 18 and 19 show microphoto­

graphs of this ferrite at 440 anct' 620 rnaçtnification, respec-

tive1y. The size of the particles is -2S+1Sum. Remember, 

however,- this rnaterial represents only about 0.8% of the NALR, 

Té\,ble 19, p. 67. 

Sorne other particles reported a spectrum of silicon, 

suggesting quartz. Sorne particles gaye copper-iron-sulphur 

peaks suggesting chalcopyrite. Also traces of aluminium, 

ti tanium and tin were detected. 

Another phase, which was grey in color and had a s~ooth 

surface (Fig. 20) was identified. ,According to the spectrum 
, 

·this rnaterial i9 zinc~iron-sulphur. Quantification determined .. 
1 

a 6:1 iron-zinc ratio~ it i~\clearly a marmatite paftiçle. ' 

Microprobe analysis on mapnatite. isolated on the Frantz separàtor 

i (fra-ction of rnaq<s 650-850 mA, Table..l9, p.67) was carried out. 
~ 

1 
1 

1 • , 
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Fig. 18 Microphotograph of mags fraction up to 

\ 

a 

100 mA on Frantz, of the NALR. (size of 
the partic1es ranges from' 25 to 15 ~m. The 
magnification is 440. Red-dark particles are 
ferrites and red partic1es, hematite. 

Fig. 19 Microphotograph of mags fraction up to 100 mA on 
Frantz of the NALR. Size of the particles range 
from 25 to 15 ~m. The rnagnification is 620. 
Red-dark partic1es are ferrites and red partic1es, 
hernatite. 

43. 



Fig. 20 Microphotograph,Of mags 650-850 mA frac­
tion in Frantz, of the NALR. (si,ze of the 
particles ranges from 25. to 15 )lm. The 
magnification is 44Q). Grey particles'are 
marmatite, red phase, hematite, and the 
whi te one is anglesi te. 

Fig. 21 Microphotogra?h of mags 650-850 mA frac-· 
tion on Fran tz, of thé NAL~. (size of 
the particles ranges from 25 to 15 ~m. 
The rnagnification is 44l' ) • Grey particles 
are marrnati te, red phase, herna ti te', and 
the whit€ one i5 anglesite. 

ltII 
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The same 6:1 ratio was found. Figs.20 and 21 show ~crophbto­

graphs of the isolated marmatites a~ 440 magni~ication. The 

size of the partic1es is -25+15~m. Smooth grey particles are 

marrnatite. Tge red particles are hematite and the red-white 

ones are locked hematite-anglesite particles. 

Scanning Electron Microscopy (SEM) , " 

Fig. 22 shows a microphotograph of a floccule at 

10,000 magnification; the size of the floccule is about Sum. 

F~g. 23 shows a microphotograph of the same sample but now 
'it 

at 40,000 rnagnification. An EDAX of the floccule is also 

given, Fig. 24, reporting mainly iron and zinc peaks and in 

,minor ~unt, lea~., It suggests the floccule i8, comprised 

of main1y hematite an ca ferrite . Notice how fine the indivi­

dual particles are (less than one micrometre). Clearly it is 
9 

important to disperse the sarnple before considering physical' 

separation. 

", . Resumé of Mineralogical Exam~na tl.on 

Table 13 summarizes the minerals identified in NALR in 

,decreasing o~der of estirnated content . 
• 

The remaining zinc ir;t NALR:is as ferrit,e and rnarmatite. 

The rernaining copper in the NALR is as chalcopyrite, and with 

sorne in a Cu- Zn ferrite. 

* . 
Energy Dispersive, Analysis of X-rays. 

" 
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1?ig. 2"'2 SEM microphotograph of 'Fig. ,,23 SEM rnicrophotograph of , -
sorne particles in tHe 
NALR at 40 ~ 000 magni fi­
ca tion • ,An EDAX on 
these'particles reports 
mainly iron and z~c 
peaks and in minor 

a floccule of NALR at 
10,000 magnification. 
The size of the floccule 
is about 8 urn. 

.. 

Fig. 24 

, ,0 

amount, lead. 

EDAX of the particles from F~g. 23. 
Iron and ~inc peaks and in minor amoun t 
lèad, are presented. It sugges,ts the 
floccule i8 comprised of mainl~i herna ti te 
and ferri te. 

o • 
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Table 13.' Resum~ of Mineralogical Identification of NALR 

'" Name Formula 

Hematite Fe20 3 
Anglesite PbS04 
Ferrite ZnFe 204 
Ma rmatite (Zn,É'e) S 

Quartz Si02 
Cha,lcopyri te C~ CuFeS2, 

Copper Ferri te (Cu· Zn)O· Fe 20') 
'II. 

Aluminum Al 
.** Titaniurn "Ti 

** Tin Sn 
** Sil ver Ag 

* Names are listed in decreàsing order of estimated content. 
** Found by electron microprobe. 

3.3 CHARACT~RISTICS OF THE HOT ACID LEACH RESIDUE ('HALR) 

In order tO'recover the remàining zinc (as ferrite and 

marm~tite) and copper (as chaicopyrite) in the NALR, a second 

leaching step ia ~eeded, the hot acid leach (HAL)_ 

3. 3. l Leach Procedure 

The conditiana specified by RPC were for pH 0.2 for 90 

minutes (see Table 5). - The same reaction vessel as for the 

NAL was used. 

, , 
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) 

\.3.~ Metal Distribution in Hot Acid Leach 

The metal distribution in the HAL tog her with that 
~ 

in NAL is shown in Table 14. Over 98% of zinc and co~per 

are recovered in the combination leaches . 
. '" 

In order to recover the zinc and copper in the hot acid 

leach filtrate (HALF) and to fix the fron, the HALF i5 re-

turned to the roaster, where zinc and copper become sulphates, 

and the iron is oxid~zed to hematite. ~ 

Product 

G,alcine_J 
NALF 

HALF 

HALR 

Metal Distrfbution in.the Hot Acid Leach 

(*AL) Step 

Wt Dis tribution (%) 

C%) 
0' 

CU Zn Pb Fe Ag 

100.0 100.0 100.0 100.0 100.0 100 

61.7 82.5 85.3 0.1 0.7 

;r ;1.5.5 13.6 0.2 34.5 

5.3 2.0 1.1 99.7 64.8 -1QO 

100.0 100.0 100.0 100.0 100.0 100 
-..;) 

3.3.3 Size and Metal Distributions 

The sarne proc~dure as for'NALR was used in the sizing 
:l t 

of HALR. Table 15 shows the size and metal distribution of 

~LR. , Lead in Ii~LR j-s mainly' found in sizes finer than lSJjm. 

HALR is about 55% hematite and 35% anglesite with the re~ 
l , 

mainder being pre~~minant~y quartz. ~he zinc assay in HALR is 
" 

f 

1 
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about 0.8%; eopper is 1ess than 0.03% and si1ver about 420.ppm. 

Notice that as the size beeomes finer, the grade of zinc de-

creases, ranging from 3.5% Zn (+251Im) to ù.490 (-10urn). The 

reason is presumab1y that the finer ferrite partic1es are 

easier to leach. 

Table 15. Size and Metal Distribution of HALR 

* Product wt Assay (%) Distributicn (%) 

(%) zn Pb Fe Zn· Pb Fe 

+25 4.0 3.5 8.9 42.3 17.2 1.5 4..5 

-25 + 15 9.7 1.9 13.1 47.0 23.1 5.4 12.1 
-15 + 10 13.3 1.3 24.1 38.0 21.3 13.5 13.5 

-10 73.0 0.4 25.8 36 .0 38.4 79.6 69.9 

100.0 100.0 100.0 .100.0 

calculated Feed 0.8 23.6 37.6 

l>ssay Feed 0.9 24.5 39.5 

* The Cu assay in HALR is 0.03% 
* '!he As assay in HAIR is 420 ppn. 

, , 

3.3.4 Mineralogieal Examinati.on of HALR 

" A sim}1ar mineralogical examination to that on NALR was 

conducted. ,~ 

X-Ray Diffraction 

Two main compounds (hematite and anglesite) were identi­

fied along with quartz (Appendix A, Table A-4).~ 

.:~ , 
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Metallurgieal Microscope with Reflected Light 

Unmounted samples of +25~m, -25 + l5um, and -15 + lOum 

were observed un~r reflected light at 100 magnification. 

Hematite, ang,'~ite, mar.matite and quartz were identified. 
l ' 

Sorne locked anglesi te/hemati te particles were a,lso found. 
\ 

Vickers MicrQscope ~ith Reflected Light 

Bigs •. 25 and 26 show,Lcrçpho mounted samples 

of HALR under polarized illumination at ahd 620 magnifica-, r 
tion. Red particles are hematite,' tha whi • particles angle­

\ 

site and the grey particle is marmati te. ' 

Carl-Zeiss Microsco e with Transmitted Li ree of Liberation 
, 

Fig. 27 shows a microphotograph of ~ ~A~. The opaque 

grains are hematite, t~e crystalline white part~c}es are anqle--site and the crystalline colorless particles are quartz. 
1 

Tab1e 16 presents the results of ,t:f.easurement of the 

degree of liberation •. As can be seen, :t le st in the coarser 

fractions, there is no furtber improvement i the liàëration 

of the HALR in comparison with the NALR. Appendix B, Table B-3, 

shows the record sheet used in point countinq for each sample. 

Electron Microprobe 

The same procedure as in the NALR was applied to the 
lit 

HALa, using the mounted'samples in Figs. 2S ~d 26. 

The résults were as in the NALR with the only difference 
) 

being that' in the HALR ferrites were not dete~ted and ne~the~ 
j 

... 



Fig. 25 Microphotograph of -37 + 25 um particles 
of the HALR at 440 magnification with re­
flected light, under polarized conditions. 
Red particles are hematite, the white . 
partieles anglesite and the grey partiele 
is- marma ti te. \ . 

Fig. 26 Microphotograph of -25 + 15 um partie 
of the HALR at 620 rnagnification with 
flected light, under polarized condi 
Red par;tieles 'are herna ti te, and the 
partieles, anglesite. 

51. 
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Fig. 27 Microphotograph of -25 + 15 pm particles of the 
HALR with transrnitted 1ight. Crystalline white 
particles 'àre anglesite, crystalline colorless 
ones are quartz and 'the opaque particles are 
hematite. 
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Table 16. Liberation Degree in Coarser HALR Sizes 
, 

?roduct 
(\.lm) 

+25 

-25 + 15 

-15 + 10 

Degree of liberation 
(% ) 

7l:!; 6 

93 ± 3 

94 ± 1 

* 

* . . 
95% confidence interval 

was ~halcopyrite; marmatite was detected only in two grains. 

This indicates· that bqtp. ferrites and unrd
7

asted sulphides 
j ( 

were effectively dissolved and the small amount of zinc re-

rnaining HALR (0.9%) is as marrnatite. 

Scannin . on Microsco (SEM) 

53. 

The samples were analysed using a scanning transmission 
1 

electron.microscope .(STEM) in thè secondarr e~ectron mode. 
o 

This system gives better resolution (30 ~) ari4~increased peaks 
", 

) . 
to background ratio than conventional scanriing electron micro-

scopes. This was important in the analysis of the samples under 
, 

investigation due to' the small size of many of the particles. 

This microscope was equipped with ·an ènergy~ dispersive 

- analyser which ,llowed for €he analysis of individual particles 

and the formation of X-ray images for intividua+ elements of 

interest. 
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A sample of HALR was exarnined under the SEM. Sample 

prepara tion used the sarne dispersion -,condi tions as in the 

HGMS tests (see Chap. 6), 
j 

Fig. 28a shows a general view of the sample at lOk 

magnification. Fig. 28b shows the sarne view but now with a 

lead X-ray map in 'order to identify lead particles. The 

particles showing the white dots contain lead. The other ~ 

particles contain the irone Notice that there are sorne dots 

in all parts of the picture including sorne parts where there 

are no particles. These are caused by secondary fluoreséence 

due to X-ray scattering. The picture reveals that on average 

the lead-containing particles are larger than the others. The 

size of lead particles in this picture ranges from 1-2 um; 

iron partièles are from 0.1-0.5 ume \ 

Fig. 28c shows another view of this sample but now a~ 

20k magnification. Fig. 2ad presents the sarne view but with 
" 

the lead X-ray map superimp~ed. Again, the clustering of 

dots indicates lead. The size of the lead particles is about 

2 um and the iron particles are from 0.1-0.5 ume Fig. 29a 

also shows a view of the HALa s,ample, at 20k magnification. 
" 

A lead X-ray rnap àf this is sh4~ in Fig. 29b. The size of 

the two lead particles seen i5 about 1 and 0.5 ~m. The iron 

par~icles again range from 0.1-0.5 ume 

From the above Figs., two general observations can be 

drawn: 

1 

\ 
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Fig. 28 SEM ~icrophotographs of the HALR. Lead particles (anglesite) 
are differehtiatedfrom iron (hematite) 1 with a lead X-ray map 
(particles show~ng the white dots.); right side ?ictures. 

) 
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Fig. 29 SEM microphotographs of the HALR. Lead particles (anglesite) 
are differentiatedfrorn iron (hernatite), with a lead X-ray map 
(particles showing the white dots ), right side picture. 

, , 
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a) lead particles are larger 'than ir.en. 

b) the lead particles appear to be free. 

Resum~ of Mineralogical Examination 

Table 17 summarizes the mine~a1s identified in the 

HALR. Agaih the minerals are li~ted in decreasing order of 

estim~ted concentration. 

.... 

1 

Table 17. Resum~ of Mineralogical Examination o,f H.ALR 

* 

** 

* Name 

aem~tite 

Anglesite 
Quartz 
Marmatite 

** Alumi~wn 

** Titanium 
** Tin 

** Silver 

Formula 

Fei03 
PbS04 
Si02 

(Zn, Fe) S 

Al 
'Ti 
Sn 
Ag 

Names are listed in decreasing order ·of estimated 
content. 

F~d by electrdn microprobe. 

, 
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4. ESTlMATING POTENTIAL FOR MAGNETIC SEPARATION 

4.1 Magnetic Profile Using a Frantz .Isodynamie Magnetic separator 

ft K If 

In arder to measure the particle {volume) susceptibility 

and also give some idea of the patential of magnetic concen-

tration, a Frantz Isodynamic Magnetic Separator (Frantz) was 

used. (Fig. 30 ) 

The Frantz, best known fo~ its geological and minéralo­

gical applications in achieving precise separation of minerals .. 
of different magnetic susceptibilities (51) - a use alsa em-

ployed here - has also been used to indicate the potential of 

a mineraI mixture to pracessing by magnetic methods, (52,53). 

4.1.1 Description of the Fran'tz 

The Frantz consists of an inclined chute placed between 

two long p::>le pieces of a powerful electro-magnet. The dry sample 

to be separated is fed down the chute parallel to the length 

of the pole pieces. The electro-magnet and chute are also 

slightly tilted to one side, causing the particles to flow down 

o7;le side of the chQte when . .no magnetic field i5 applied. . When 

current is passed th~ough the electro-magnets a magne tic field 

is produced be~eep the poîe pieces. The divergi~g shape of 

tne pole crea tes a field gradient and cau~es a 'magnetic force 

to act on a para magnetic particle in a direction opposite to 

the gravitational force. 

} 
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Fig. 10 Photograph of the Frantz Isodynamie Magnetie 
Separator. 
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. 
This is illustrated in Fig.3Î(54), which shows a cross-

li-

section of the chute and pole pieces. A field gradient.is 

produced in the positive X direction, thus producing a magne~ic 

force (Fm) in opposition to the gravit y force (Fg). 

The main feature of the pole shap~, is that a constant 

product of field and field gradient (and thus a constant Fm) 

. acts ori a particle regardless of its position across the chute. 

Because of the long opera ting space parall'ÉH to the sample flow, 

the separator provides a long period of magne tic action on thé.·, 

particles ra ther than a short impulse. The direction of motion , 
'4( 

of the particles is consequently 'a resultant of the combined 
a 

magnetic and gravi tational forces. 

The separation is dependen~ on the relative Fm to Fg 

magni tude. Since Fm and Fg are both directly dependent on the -/ 

1 
1 , , 

cube of partiele size, "b", the effect of partiele size can.~ 
and the Frantz produces a separation based 561ely on the mass ! 

suscèptibility of the particles. The Frantz makes very precise 

separations between particles of close susceptibility. Half-
.1-

way down the chute a splitter divides' the separated particles 

into magnetic (mags) and non-magn~tic (non-mags) fractions. 

It: The magnetic force is increased by i-n;;;ea~ing the;, c~rrent 
J • , 

-(1) through the electro-magnet, and gravitationa1 force is in-

creased by increasing the side tilt (e). 

4.1.2 Frantz Separator on Synthetic Mixtures 
<' 

". 

, \ 

( Synthe tic hematite/galena'mixtures were u~ed to demonstrate 

. . --'. 'Ill 
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A force balance of ~ paramagnetic par~icle between t~ 
pole pieces of the Frantz separator. (54) ~ 
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the separation on the Frantz. 

Galena particles' were used instead of anglesi te for 

two reasons: 

~ (i) Galena, as anglesite, is a dia-magnetic: material 

(ii) Pure ang~ite of the appropriate size was not 

available in the laboratory. 

, Both hematite and galena were natural minerals. The 
1 

62. 

hematite/galena proportio~ was similar to the hernatite/anglesité 
g 

proportion in the NALR . The values are: 

-37 + 25jJm 85% Fe 20) -15% pbS 

-25 + l5\lm 80% Fe2~3 - 20% PbS 

-15 + 10jJm 72% Fe
2
0} - 28% PbS 

Separation wa$ carried out at 450 mA. Table 18 pre-

sents the results. This shows that even with t;b~1>e_small par-

ticles the Frantz can perforrn very good separations. 

Table 18. 

size Range 

(\lm) 

-37 + 25 

-25 + 15 

-15 + 10 

Frantz leparations upon Synthetic Mixtures 
(Fe 20 3 - PbS). l ~ 450 mA 

'Prodoot' wt Assay (%) Oistrib. (%) 

(%) Fb Fe Pb Fe 

Mag. 84.7 69.~ 99.4 
'Ncn-Mag 15.3 87.8 2.5 - 100.0 0.6 

100.0 100.0 100.0 

Mag 79.8 . '67.0 99.0 
Na1-Mag 20.2 85.5 7.5 100.0 1.0 

100.0 100.0 100.0 

Maq 72.4 ... 67.0 99.2 
Ncn-Maq 27.6 82.8 1.5 100.0 0.8 

100.0 100.0 100.0 

_ '-' _____ .......... u __ ~v..... _ __ -
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4.1. 3 separation of NALR on,Frantz 

A sampJ,e of -25" + 15~m was passed through the Prantz 

separator wi~ the non-rnags reprocessed at progressively higher 

currents, to give the magnetic profile. An examina~ion of each 

fraction with a rneta1lurdical rni.cr~scope under reflectèd light 

at 100 rnagnification was carried out. 

Tabl( 19 shows the. resul ts with' the graphical presenta­

tion of the profile given~in Figure 32.' The results show ho~ 
ferrite, hematite and marmatite are remove(~~rding with their 

rnagnetic susceptib~lities to finally lea~e on y anglesi~e and 

quartz in the nem-mags fraction (at l, > 1~50 mA). From a rniero-
1 

seope examination it was possible ta observe how sorne sma~l 
1 

\ . 
particles of hernatite were encrustated in,the rough anglesite 

surface causing sorne anglesite ta be trapped in the rn

2
ags frac-

\ ' 

tian. ,f' 

" 

Figs.33, 34, 35 and 36 show fpur different prod et,s 

at .. 25 + lSurn o~tained in the Frantz separation. Fig. 33 cor­

responds to the mags up ta 200 mA. The red,grains are herna­

ti te, red-dark grains are 'ferri te and the whi te-yellow par­

ticle whîch is in the midd1e is anglesite with t~o smaii par-

ticies of magnetic rnateriaI'encrustated on it. 
, 

Fig. 34cor-" 
, ' 

responds to the magnetic mat:erial obtained at 300 to~ 350' mA • 
. 

Notice that fewer ferr~te particles are found at this 'current 

setting. Fig. 35corre~pondS ta the rnagn~tic fraction obtained f 

at 850 ta 1050 mA. The black particles are rnarmatite., t'Notice 

'L 
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Fig. 32 Profile of magnetic separation of the NALR, by Frantz 
sèparator, -25 + 15 ~m. 
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Fig. 33 Microphotog~aph of mags fraction up to 100 mA in 
Frantz, of the NALR. The red grains are hematite, 
dark-red grains are ferrite and the white-yeIIow 
particie in the middle i9 anglesite, with two smail 

Fig. 34 

'particles of magnetic material encrusted on it. 

, 

graph of the mags fraction at 300 ta 350 
Frantz, of the NALR. The red grains are hema­
dark-red grains arê~rerrite and the white 
particles, ~anglesi te" 
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Fig. 35 Microphotograph of the mags fraction at 850 to 1050 
mA in Frantz, of the NALR. The black particles are 
marmatite, white-yellow particles are anglesite and 
red particles, hematite. 

Fig. 36 Microphotograph of the non-mags fraction of the 
NALR 1050 mA on Frantz. Thé white-yellow par­
ticles are anglesite and black particles are 
marmatite .. 
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the presence of sorne locked hematite-anglesite grains. 

Fina11y, Fig. 36 correspond~ to the non-mags fraction (I > 

1050 mA) which contains mainly ang1esite. 

Table 19& Frantz Separator upon NALR 

Current 
(mA) 

100 

200 

300 

350 

400 

450 

500 

650 

850 

10'50 

Non-Mag 

Wt 
(% ) 

0.8 

1.2 

7.1 

55.2 

6.8 

2.5 

6.2 

0.8' 

3.1 

14.1 

100.0 

Cumulative Observations 
Mass (%) 

0.8 Ferrite. Hematite (Some grains 
of locked Anglesite-Ferrite and 
sorne Quartz). 

2.0 (Same as in 100 mA) 

9.1 Ferrite, Hematite 

64.3 Hematite, Ferrite (Some Anqle­
site, Marmatite and_ Ouartz). 

71.1 (Sarne as .,in· 400 mA' 
1 

73.6 Hematite, (Hematite + Anglesite), 
Marmatite, Anglesite with small) 
Hematite grains encrustated on 
the surface. 

79.8 

80.6 

83.7 

85.9 

(Same as in 450 mA) 

(Same as in 450 mA) 

Ang1esite with encrustation of 
small Hematite grains. Marma,­
tite. 

(Same as in 850 mA) 

Anglesite and Quartz 
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Table 20 shows the separation achieved at 400 mA. 

Notice that the zinc splits 65:35 mags to non-mags which is a 

rough measure of the ferrite to marrnatite ~atio. About 35% 

of lead is' recovered to mags, but ,this is believed to be due 

to the encrustation with hematite noted above. 

Table 20. Separation of NALR on Frantz at 400 mA 

Sire l Prodœt Wt Assay (i) Oistrib. (i) 
(llm) (mA) (%) Cl zn Pb Fe Cl zn :tb 'Fe 

-25+15 400 Mag 71.1 0.23 4.4 8.0 57.{(;.0 65.3 37.3 89.2 

Ncn-Mag 28.9 

100.0 

0.12 ,5.8 41.0 17. 3 17.0 34. 7 67. 7 10 • 8 

100.0 100.0 100.0 100.0 

/ , 

4.1. 4 separation of HALR ort . .Frantz 
1 

A sample of -25 + l5~m was'passed throtigh the Frantz 

separator. 

Table 21 and Fig. 37 present the results. 
~ , 

From Table 21, anglesite is concentra~ed in the non-

ma9s (I :> 450 mA). As in the NALR, most of the lead recovered 

in ~he mags f!action is because of the rough texture of the 
~. 

anglesite trapping sorne hematite. ,By comparison with the pro-

file of magnetic separation for the NALR (Fig. 32) and HALR 

Fig. 37 shows that ferrite and marrnetite have been dis-

solved in the HAL step. 
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Fig_ 37 Profile of magnetic separation of the HALR, by Frantz 
separator, -25 + 15 pm fraction. 
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Table 21. Separation of HALR at 450 mA 

Size l Product Wt Assay (t) Dist. (% ) 
(pm) (mA) {%) Pb Fe Pb Fe 

-25+15 450 Mag 74.5 6.
t9
5 62.7 37.0 97.4 

Non-Mag- 25.5 32.4 5.0 _63.0 2.6 

100.0 100.0 100.0 

Ca1culat. Feed 13.08 47.0 

Assay Feed 13.1] . 48. a 

4.1.5 Evaluation of Frantz, Resu1ts 

The "Frant~' separator results' have pointed out that there 

,is potentia1 for magnetiq separation on either residue (NALR and 

HALR). Howeve4_th.e.-.HALR ~çons.idered~ hetter candidatL 

for h~gh gradient magnetic separation because: 

a) Separation of NALR will resu1t in about 65% of Zn in 

the mags (as ferrite) and 35% in the non-mags (as 

marmatite), necessitating a hot acid leach of both 

products'to maintain high overa11 zinc recovery. To a 

lesser,extent this is a factor for Cu also, because 

about 83% is in the mags (as ferrite), and 17% is in 

the non-mags(as chalcopyrite). 

b) NALR represents 50%, more mass than HALR. 

,j ~ ~. 
~- 0 ~~""'--""""-""""'-"'l-'- .'kll .... ~ .... " _ ... ~_'_-il~r~~~ ...... _r ___ ~~~.""'''' _.-,r---..-<oy-~~ 
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5. DISPERSION 

When physical separatlon is to be per~ormed on ultra-

fine material, one of the most important parameters is the 

dispersion. Special attention should be given when ions are 

present (55). Thf NALR and HALR will have sorne residual ions 

(Zn++, Cu++, Pb++, Fe++. Fe+++) after the solid-liqp~d separa­

,tion. 

In arder to disperse the HALa, the followinq steps were 

carried out: 

1) After leachinq, the residue was washed about six times 

(this number being deterrnin~d by the pH of the filtration 

solution) throuqh the fil ter pap~r with fresh water, ~with\'the 
, purpose of: a) eliminatinq all the zinc, copper, lead and iron 

ions present in the residue liquor and, b) increasing the pH 

to about 6.7:"7.0. 

If even after washinq', the pH was lowe'r than 6.7, the 

sample was put in a beaker and agitateq with water, then 

filtered. This ga.ve i:he desired pH (- 6.8).' 
'<' 

2) Dispersion of the sarnple was achieved using a strong in­

organic dispersant, "calgon'" (sodium silicate, trisodium 

phosphate). The ,dispers~ion provided by a 0.,1% calqon solu­

tion was further imprQved by 20 minu~ agitation in an ultra­

sound bath., 

1 

.' 
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\ 

Dispersion Was measured on a X-ray sedime~tometer, the 

SediGraph 50000. This devics employs a finely collimated 

X-ray beam to measure the change with time of partiole cop­

centration during settling in a sample cel). The cell also __ r 

< ' 

descends relative to tbe beam consequently reducing the time 

required for analysis. 

Fig. 38 shows the progressive dispersion achieved by 

variaus techni9ues, fram unt~eated residue (curve l,), \0 
treated residue (curves 2 te 7). Using the Sarne ultra-sound 

.. 
dispersion curve 2 shows the benefits of raising the pH to ... 

.. 

near neutral (pH 6.9); per cent passing 10 ~m increased from - 18% 

to 50%. J3y comparing c,urve 3 (sample with only calgon) and 7 

(sample with calgon and 20 mi~. of agitation in ultra-sound bath), 

the amount of material passing 2um increased from 20% to 38%. 

This. ob~~vation means that' dispersion of the sample is being, 

attained. As weIl it can be obser~ed·from Fig. 38 that the 

ultra-sound on its' owri cannot supply good dispersion (curve 2). 

Curve 1 represents the finest dispersion which was achieved. 

Once the, material was dispersed i t took at least -one day to 

settie the coarser particles, the rémainder took several days. 

This couid pose a problem in subsequent solid/liquid separa­

tion. After many trials it was found that ca++ ions, as ,lime, 

gave adequate coagulation an.d settling characteristics. 

.'" 
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Fig. 38 Degree of dispersion. Size distribution o~ the HALR 
using different dispersion procedures. 

, 

1) ULTRA-SOUND ( 20 min.) pH - 5.5 
'-

2), ULTRA-SOUND.< 20 min.) pH = 6.9 

3). CALGON, MECHANICAL AGITATION ( 2Q min.) pH-6.9 

4) CALGON + ULTRA-SOUND ( . 5 min.) pH - 6.9 
5) CALGON + ULTRA-souND ( 10 min.) pH "" 6. 9 

6) CALGON + ULTRA-SOUND ( 15 min.) pH = 6.9 
\ 

1) CALGON + ULTRA-SOUND ( 20 min.) pH = 6.9 

NOTE : Curves 4 and 5 vere essentially 

the same. 
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6. HIGH GRADI~NT MAGNETIC SEPARATION (HGMS), 

6.1 Background 

~ Magnetic separation has been used in minaral process-

~g for many years. Until recently, i t was primar.ily ùsed in 
" the concentration of strongly magnetic materials with sizes 

1 

'le above 50 micrometre~. Since the advent of ,HGMS; appilications 

have been extended to more weakly magnetic and finer particles. 

For example, in kaolin p:rocessing i t lS possible to remove 

weakly magnetic impurities at sizes less than 2~m (56) and in 

steel rol1ing mills HGMS is used to remove iron oxides (-20~m) 

suspended in water (57). HGMS has potential application in 

~' 'the treatment of taconitic iron orès 0 (58), pyri.r remov,al from 

coa1 (59), uranium Upgraping, and pyrite and chalcopyrite re­

covery as impurities from molybgenite concentrates (58). 

In HGMS the magnetic trapping force is much greater 
Q 

than in any 0 other- magnetic device. , These strong" trapping 

force~ are created by fine' filamentary ferromagnetic matriceê 

perturbing a strong background field and creating high field 
" " 

gradi~nts. Becau~e fQ~ce ~s large, fine and weakly magne­

tic particles can be trapped on the matrix. 

6.2, A Reco'Very Model for HGMS 

f, 

/ 

Sin~~ HGMS is based on reasonably w,ell defined forces 

(Le. magpetic, and fluid drag (60» it has been possible to , 

o 
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~~dict the performance by mathematieal mddelling. Nésset 

tand Finch (61) re!lated recovary to ~ dimension'less group, 

the loading number NL • This group. represents the ratio of 

maqnetic to fluid shear forces at full load oIt· the up'streëQl\ 

full 'load 
1 

side of the wire, where means the maximum amount 

75. 

of material that the matrix can hold for a particulàr set of 

conditions. The loading number N
L 

(62), is giv:en in cgs 

unlts by: 

* 

= 
q2bH 2KA 

ÎT-t=f/2 Pz 
dimensionless 

b is ~e~artiçle radius,' cm 

H 
Q. 

K 

A 

applied or background field strenqth, Oe 

particle (volume) susceptibility, emu/cm3 - Oe 

perturba~~on t~rm in magnetic field expression 

= 27TMw 
-ç 

Mw wire (volume) magnetization, emu/cm 3 , 

Pf fluid density, g/cm3 

U" fluid velocity 1 cm/s 
, 2 

v dynamic viscocity, cm /5 

a wire radius, cm 

See Appendix D, Table 0-2 for 5.1. units. 

(1) 

Assuming build up 15 over the front 90 0 of the matrix 
- , "'-

wire, the mass loading y (mass of ma~s per unit mass of matrix) m ' • 
can be predicted (47), and is represented Boy eq. (2): 

l ' 

i' 
i 

• 
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where: 

• 

[ ~~/ 'll~ e: (i ~) = 4" 2.5 

-
is pac~nq densi ty (_: 0.7)' 

Pp is patticle densi ty, q/cm3 

o 

e: 

is wire density, 'g/om3 
1 

(2) 

F~nally, recovery can be estimated. by assum;inq the ma~ri~ 

loads to 75% of full capacity (63). 

where: 

1 

R(%) = (0.75 Ym ) x 100 
-r-

R(%) ia recove~in per cent 

(3 ) 

. \ ... 

L ia the mass of magne tics' in the feed per unit of 

ma.trix mass. 

Particle Par~eters 

, 

In order te predict the recovery using the abbve model, 
.11 

the particle parame"tex:s 1(' and b must be known. 

.~ 

The particle volume susceptibi1i ty 1 n le ", can be measured 

from the magnetic profile developed on the Frantz separator, 

... 

Fig. 32. In the cgs system the appropriate calculation is (64): 

20 -6 
~ "" x 10-

2 
l 50 

A profile for HALR is 

sine Pp 

shown in Fig. 37 • 
, 

The curren t lis 
50 

~ken as the current at which 50% reports to magnetics. From 

Figure 3+ for hematite, l = O.3825A and sinee e = 20 0 and 

Pp = 50:5 g/om , k = 245.44 x 10- emu/cm - Oe 3' 50 6 '3' i 
/,,-The particle radius, b , was determined ~ om Fi.g- 38 0 

1 I,/"- --'" "_~,< 
i 
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The size range can be approximated by selecting 1:11e 50% 

passing size (i,.e •. ~ l.45\Jm, in Fig. 38, curve 7) or bet.tert PY 

consid~ring the full size distribution, dirided into incréments 

and summing the increment recoveries (53). ~ 
" . 

. Operatinq Parameters 

'The fine size' implies the need for a stee..]. wool matrix. 
~ 

'A medium fine steel wodl, as used in kaolin processing with 

a ="0.0030 cm (2a = 60\Jm) , was selected. 

'rwo ma-trices Jere made. Matrix A was. 30g of steel wool 
D 

and matr.:i:x B Was ~4g . These masses were pac~ed into a 3.8 x 

8 cm seétionpf a 3.8 x 12.5 cm èanister. Packing densities were , 
~ 

consequently 4. 3% and 3.4% v/v respectively. For matrix A 30g 

of samp1e was used, and for matrix B, 21g. ~ The object~ve in 

working ~i th 1:\010 matrices was to investigate the possible role 

of packing density in the efficiency of separation and i11 physi-

cal trapping. 

The rnass pf rnagnetics in, the' feed per unit of matrix rnass, 

L, in both cases was the saroe, it was L = 30 (O.53/30) = 0.53 , 

and L"= ~r (0.53/14) = 0.53, where 0.53 in'braokets represents 

.the 53% hematite content in HALR, (Table 22). The magnetic 

fields c~nsideréd W~ high, itnce the particl~s (were fine and 
o ,~ 

only weakly rnagnetic. Two magnetic fields were selected: . . \, . 
13,800 Oe and 21,.400 oe. Once the above operétting pararneters . 

( , 

had been selected i t was only n~c~sèary to set the -recovery 
- , 

and back calculate the requïred flow velocity. 

'-
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, 
Table 22 summarizes the calculations for ·two of the run,s 

in which r~covery was set at - 90%" hematite, with fields of . \ 

13,800 Oe and 21,400 Oe. Notice that hiqher ~low vèlocities 

can he used with the hiqher maqnetic field~, as expected. Ex­

perime~ts were then desiqned around these flow ve1ocities. 

22. Summa~ of the Ca1culations to Estimate 
the Required Flow Velocity. 

L 

Pp 
Pw 
E 

R(% ) = 

}:l 

K 

a 

Pf 
v 

N = 
L 

::: 0.53 

= 5.25 g/em 3 , 
• g/cm3 = 7.75 

= 0.7 

16.8. [_ Nl. 
0.8 

1 J -
2:05 

= 0.0001455 cm 

= 245.44 x 10-6 emu/cm 

= O.0030r cm 
l 3 = 1.0 g/crn 

2 
= 0.01 cm ;5 ~ 

. -2 . 2 
8.963 x 10 b A Ha 

3/2 
U ... 

if Ha = 13,800 Oe 
Ua = 21,400 Oe 

3 

.J'If ~. 

If hematite recovery i8 set to ,-90%, 

"then estimate1d flow veloci tie's are * 

lia <Oe) 

13,B'OO 

21,400 

'Ir 
usinq full size distribution. 

- Oe 

,\ 

A ~ 0.625 

A = 0.420 

U.... (cm/ s ) 

B. ,\5 

11.40 

'< 



Ol'J, 

" 

v 79. 

6 .3 Equlpméut 

The equipment used in the investlgation was a SALA-H~ 

model.lO-lS-~O, installed at the ore processing laboratories 

Cf--~MET, Ottaw~. A schematic diagram of the HGMS a'nd feed 

~rstem is presented ~n. Fig. 31. 

The separator·is basically made up of: ~ 

a) A magnet and power supply wfiicb provides 8 fields rang7 

i,ng from 980 to ,21,400 Oe. 
~ 

b~ed unit.WhiCh keeps the s~s in suspension while 

they are' fed into the system. AI,~o, so~e inlets are 
, 

provided in order ta flush out aIl the magnets tr~pped 

during the tests. 

c) A canister of 3.8 cm in diameter and 12.5 cm long ta· 

hold the rnatrix. 

6.4 Con di tions of. the Tests 

Ha,ving calculated the fluid velocity, Ua>, for a giv~n 

field, tests ~re organized around these flow rates. The test 

conditions are summarized in Table 23. 

", 
6.5 Results 

6.5.1 Results of Test Series 1 13,800 Oe ... Matrix A 

Runa of test s~ries l were 'carried out with an applled 

field of l3,800·oersted. 

Figs. 40 and 41' show the flowsheet followed' in run l, 

. , 

\, 
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.Table 23. Conditions of the HGMS Tests 

Series 
i 

1 

2 

3 

Run ' 
(Num •. > 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Sample 
(9) 

30 

30 

30 

30 

21 

o 

tMatrix 

* A 

A, 

A 

A 

A 

A 

** B 

B 

B 

Velooity 
(cm/s) 

,6.51 

8.45 

10.29 

9.35 

11. 40 

13.91 

6.51 

8.45 

10.29 

Stainless steel wool (wire radius, 3011m) 
3qg matri)t packed into a canister 

Field 
(Oe) 

13,,800 

13,800 

,13,800 

21,400 

'21,400 

21,400 

13,800 

13,800 

13,800 

81. 

3.8 cm in diamete r ,and 8.0 cm long. Packing ( 
densi ty li: 4.'3% v/v basis. 
21g matrix packed into a canister 3.8 cm in 
diameter and 8.0 cm long. packing density = 3.,4% 
v/v basis. 

an,d runs 2 and 3 respectiv.ely. As can be seen, the settling 

* condi tions of the non-mags for run 1 and for runs 2 and 3 were 
, 

different. In run l, the non-mags were allowed to settle for 
. -

a day and tben decanted to obtain two products, one which is 

** , the coarser settled material" the Non-Mage and· a slime which 

is the ultrafine material. 

, * non-mags, refers to the non-mags product plus slime 'in run 1-
** 'Non-Mage refers ta the fins.l non-mag product in run 1. 

, 
î 
! ' 

1 
,1 



f 
i 

• r 

.. ---. '_ .. - -- ... ~ ~ ~ -1 

1 
( Fig. 40 

1 
" 1 
1 

, . 
J 

, -
\ 

\ 

~ 

A s.chematic 
run Il. 

! 
RGMS 

.> 

, 

lof.AGS 

, 
HGMS 

, 
'. 

ls ,I 

, '1 
~ l' 

representation of \ the ~ flowshee tin 

"", 

, 

, . 

1 

. 

, 

\ 

\ 

, \1 , 1 

. 

- ,.,,-;. 

, 
iNON - MACS ,i===::::' 
l" 

\ 

, 
1 

D~Eni.ING 
t'ER.IO ,t 1 DAY 

1 

\t 
1 " 

RECOVElf.Y OF ra~ 
WI'l'H a 

·rd 

SLIME 

\ 

SETTLING 
PERIOD, 1 DAY 

+ 
-MIns - 1 

-

. , 

-

, .. 1 ___ -...:......:..-.H---.GMS---1CJ--I-----··~I----s-E-m..,..L.l_NG---__ ' PERlOD, l DAY 

.~ 

(' 

, 
( M-)' SE'l'TLING 

PERlon, l DAY 

MACS 

.. 

liIDS - 2 

Q 

, . 

• Q 



c 

( 

, - - -', -:,-- '...-: 
j 

... 

Fig. 41 A schematic representation of the HGMS flowsneét, 
followed in .rUns 2 and 3. 
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The slimes flere subséque;ntly settled by addinq Ca ++ 
~ , 

(as a solution of lime). ' In contrast, for runs 2 and 3, the 

non-mags were allowed to settle for a week. Losses in the 

fir~t p~acedure w~re practical~y' zero and in the latter were 1 

1ess than 1'.' 
Table 24 shows the fluid veloei ties in the roug'her and 

two scaNenging ste~. 

Table 2s.....~umrltarizes the results of runs l, 2 and 3. 

Notice tha t the non-mags of run 1 and non-mags of runs 2 and 3 

assay over 40% Pb, with recoveriès of more than 70%. The maq 

prqducts have over 60% Fe with low lead contents. The produet 

mid-2 of --runs 2 and 3 has a lead content 'bela~ the feed value 

which suggests this second scavenging step is not benefieial. 

Finally when mid-l, mid-2 and non-mags are cambined, a materfal .. 
refel."red tp as lead concentrate is obtained which rel?resents 

the maximum lead reéovery attained. For runs l, 2 and 3 the 

1 
1 

1 

1 
1 

le ad concentrates range fram 38.2% Pb. with 87.2% lead recovery'\ 11' 

te 34.5% Pb with 94.7% lead recovery. Silver recoveries were NI, 1~_ 
\ 1 

from about 65\ in the z:10n-mags, ta 85% in the lead concentra te. \ " 

Notice fram run 2 tha t si·l ver is mainly found in the non:-mags 

produc-t;:s (mid-l, mid- 2, non-mags)" 
l' 



( 

y 

, . 
l ' 

• '- (."[J i -'----'--.-------_. __ 

, . 

( 

Table 24. Series l. Fluid Velocities in' Rougher and 

Scavengers 

Run Fluid velodties (cm/s) 
'\ jJ 

Rougher Scavenger .... 1 Scavenger 

l 6.51 6.51' "7.35 

2 8.45 8.45 10.29 
"d" ... 

3 10.29 10.29 Il.83 .. 

6.5.2 ,Results of Test Series 2-~1/400 Oe - Matrix A 

Series 2 was performed wi th a higher field intensi ty 

than series L' The applied fie Id was 2 l, 400 Oe. 

":2 

Fig. 42, shows the flowsheet fo11owed in these runs. 

It is similar to series 1, wi th one ~xception 1 only one 

scavenging step was used. Fig. 42 also shows the lead and 

silver distribution in the lead, mags, non-mags, slirnes and 

mid~l, fr,ern run #5. Notice thÇlt lead i8 principally recovered 

in the non-mags; silver alE?o reports to the non-mag~ but 

a siqnificant fraction was found in the slimes. 

Table 26 shows the fluid veloci ties used in the roughing 
" 

and scavenging steps. 

~~le 27 summarizes the results of runs 4,5, and 6. 

Notice that ove raIl lead recover,ies of seri~ tend to be 

about 5\ tess than in series 1,. ranging from about 83% to 90%. 

Silver recoveries we:i:e about .. 83%, 2% lles's than in: series 1. 

~lver is reported in the rton-mags products (mid-l, non-rnags 

and slirnes). 

", 

,i 
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Fig. 42 A schematic representation of the HGMS flowsheet 
,. 
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SLnce silver 15 concentrate~ in the ultrafine material 

(slime) we can assume that the sil ver is not only associated 

with the lead (see microprobe examination , secs. 3.1.3 and 3.3.4) 

but fs present as free silver of very small size 1 at least less 

than 1 miq,ron, ~Fig. 47, curve 3). 

'> 

Table 2~. Series 2. FI uid Ve-~ci ty in Rougher and 
Scavenger 

Fluid Velocities (cm/s) 
Run 

# Rougher Scavenger 
< 

4 1G' 9. 35 10.29 

5 Il. 40 11. 83 

6 13.91 13.91 
~ 

o 

6.5.3 Results oÉ: Test Series 3. 13,800 Oe - Matrix B 
j 

'-, 

) 

Series 3 were performed with matrix B. The same'magnetic 
, 

field and flow velocities applied in series 1 were used. 

The flow sheet followed in series 3 , is the same as that 

of s~es 2. 

Table 28 gives the flow velocities used in the roughing 

and scavenging steps. 

Table 29 summarizes the results. By comparison with 

those of series l, matrix A, t~nded to give slightly better 

lead grades (. 2% more) than thC!lse of matrix B. Sil ver re-

coveries we~e about the same. 

1· . . 
j 
, . 
1 

! 

1 

1 

1 
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Table 27. HGMS aesults of series 2, 21,400 Oe- Matrix A 

* Rtn ~ wt' Assay (%) Diatrib. (%) 

(%) Pb Fe Ag Pb Fe Ag 

MM:; 46.5 9.3 59.0 17.1 67.8 
MID-l 13.5 34.8 29.0 18.9 9.7 

NCN-tvmG 31.3 47.8 17.0 60.3 13.2 
SLIMES 8.7 10.7 43.1 3.7 9.3 

100.0 100.0 100.0 

4 Ca1culated feed 24.8 40.4 .... -

ASsay feed 24.6 40.2 

, Pb Q:ne. 53.5 38.5 24.2 82.9 32.2 

0 

MN:; 36.1 7.7 60.5 190 10.9 55.0 16.7 
MID-l 7.9 33.1 35.8 508 10.4 7.1 9.8 

NCN-M1\G 47.2 40.8 23.8 465 76.3 28.0 53.4 
SLIMES 8.8 6.9 45.0 939 2.4 9.9 20.1 

100.0 100.0 100.0 100.0 

5 calculated feed 25.2 40.0 411 

Assay feed 24.6 40.2 420 

Pb One. 63.9 35.2 28.5 536 89.1 45.4 83.3 

MllG 36.4 7.5 61.0 10.4 57.4 
MID-1 10.4 30.6 30.0 U.1 8.1 

N:,N-M1!G 49.0 41.0 2~.8 76.2 28.9 
SLIMES 4.9 8-.2 44.0 1.3 5.6 

100.0 100.0 100.0 

6 ca1culated feed 24.6 38.6 
1 

Assayfeed 24.6 40.2 l ' 
Pb ctne. 63.6 37.1 25.4 89.6 41.3 j "" 

~ 

* t Ag ia reported in ppn. 
, 

t 
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Table 28. Series 3. F1uid Velocity in Rouqher and Scaveng~r 

" Run F1uid Velocities (anis) c. 
" • Roug:her Scavengers 

7 6.51 7.35 

8 "8.45 9.34 

9 10.29 11.40 

( 

• 
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6.5.4 Graphical Summary of Results . 
Figs. 4,3, 44 and 45 present graphically the resul~s of 

the 3 series of magnetic separations. 

Fig. 43 shows the lead recovery--flow velocity and 
" 

lead grade- flow velocity relationships, when lead is con­

sidered only in the non-Mag product, and Fig. 4~, when the, 

lead concentrate i5 considered. 

.... .....,. Notice in curves land 2 of bath figures that.as the 
... .. ~ . .,"' 

flow velbcity i5 incr~ased, lead recovery tends te increase ; 

(from'about 73% te 84% in Fig. 43 and from about 86% ta 95% 
, ' 

J 

in Fig. 44),while lead grade,decreases (from about 48% te 
,,~'; 

37% in Fi~. 43, and from abeut'38% ta 34% in Fig. 44). When 

the velocity is increased, the fluid drag Doree becemes 

highet and more material reports to the non-mags, especially , -
any anglesite which i5 physically trapped and the finer hema­

ti te ,grains, for ~w:qich ~he trappin9 force is low. It is 
. , ; 

possible curve 3 i5 showing a saturation effect, 'i.e., maxi-

mum recovery, and minimum grade at U~ > 14 cm/~. There i5 

not sufficient data te adequately comment on this. 

Fig. 45 shows the cumula~ive grade-recevery curve ob­

tained from aIl the tJst data. 1h~ee values were taken from 

each run. The firs~ ~alue with, the highest lead grade is 

the non-mage, the second one is the non-mags + mid l and the 

third value is the lea~~n trate, (non-mags + mid 1 + Mid ; 

in rune 2 and 3, and non-mags + mid-~ + slime in the other 

1 

1 
1 

l 
j 
l 
1 

, ! 

1 

{ 

i 

1 , 
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Fig. 43 I.ead recovery and grade in"the non-tnaqs as a function 1 93. of the, flow veloci ty. 
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Fig. 45 Grade-Recovery rélationship for the lead, oonstructed 
from the nine rune. 
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runs). Fig; 45 allows an èstimation of what ~rades can be .. 
obtained for a given recovery or vice versa. Grades pf 

. 

96. 

over 46% Pb can be achieved with expected recoveries of less , 
than 77%;,over 94% Pb'recoveries can be obtained with l~ad 

. grades of about 34%. 

Fig. 46 presents ~ilver grade-rec6very,relation-

ship. Notice that gra~s of over 800 ppm are obtained only . 
from the slimes, but associated recoveries are only of the 

order of 22%, with practically' no, lead ,recovery at aIl (see 

run 5, Table 27 and run 8, Table 29). Silver grades of about 
,/ 

560 ppm are obtained with recoveries of - 70% from non-mags + 

slimes, with 1ead recoveries of - 73% (see run 5, Table 27, 

and run S, ,Table 29). Finaliy silver grades of about 530 ppm 

are obtained with silver recoveriès of - 84% in the product 

referred to as lead concentrate. Lead recove~ies in this 

case are over 90% with about 36% pb grade. 

6.5.5 Size of the Final Products 

The size distribution of the mags, non-mags and slimes 

of run '5 was determined on the Sedigraph. Results are shown 

in Fig. 47. Notice from Fig. 47 that the mag fraction, curve l, 

is the coarsest material, the non-mags, curve 2, is finer, and 

. the finest material is the sUmes, curve 3 wi th over 80% -1 \.lm. 

Knowing that the slimes is high in iron suggests that when the 

milterlal passes 'through the matrix the coarser hematite i8 

trapped, whi~e the finer hematite passes through together with 

the anglesite. 
, . 

, 
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rig. 46 Grade-recovery relationship for the silver. 
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Fig. 47 Particle size of the final products. 
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6.5.6 Scannin Electron Microsco 

" Final HGMS Products 

(SEM) Examination of the 

An SEM examination ,was carried out on run t8, mags, 
/ 

non-mags, mids-l and slimes. ~ The samples were again well 

dispersed firet •. For the slimes, it i5 possible thàt dis-

persion was not attained, sinee the' ,slimes after HGMS tests 

were recovered by flocculation with a lime solution. 

Figs. 48 and 49 show several views of the mags unQer 

the SEM. Figs. 4Bb, 48d, 49b and 49d show the sarne views as 

Figs., 49a and 49c, respecti vely, but wi th a léad 

X-ray to identify the lead (anglesite) 'particles. 
, \ 

The size of the in the Figs. ranges from 
, 

about 0.5- 2 umi in general lead particles in the mags rëtnged 

from O.'S -3 dm. ·Iron particles in the pictures are generally 

less than 2 u m, ranging from 0.1 - 3 lJm and they are usually 

found' as aggregates. There a.ppears to be little locking of 

the lead in the mags. 

Fig. 50 shows two views of mids,-l. Figs. SOb and 

50d show the lead X-ray map of Figs. SOa and SOc respectively. 

fig. 50a shows a lead floccule made of particles of about 

l lJm and Fig. SOc shows a lead particle of about 2 lJm sur-, , , 
rounded by iron floccules made of particles finer th an , 1 Il'lU. 

In general, lead particles in mids-l were found to be less 

than 3 uni. Again, the lead appears to be free. 1) 

Figs. sr and 52 show SEM microphotographs of the 

non-mag$. Fige. 5lb, 5 id, 52b and S2d show the leild' x'!"ray, map 

1 

'1 

1 , 

1 
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of the. Rigs. 51a, SIc, S2a and 52c, respectively. 

Notice that lead particles are in sizes ranging from 

1 to 4 }lm; in general they were fO~d to range from about ,1 
1 

ta 10 }lm. In contrast, the iron,..particles are always finer 

and forming floccules of particles less than 1 }lm. The above . , 

observa tions suggest that lead i5 found in the non-mags over 

most of the size range, _while iron ia always finer than 1 lAm. 

Fig. 53 S~W~ SEM microphotographs of the slimes. Fig. 

53b and 53d s~ow the lead X-ray map of Fig8. 53a and 53c re­

spectively. Notice that lead particles are of about l \.lm, and 

the iron particles are from about 0.1 to 1 }lm and often form 

flo~cules. This material ia probably not as we~l dispersed 
1 

due to the previous addition of lime. Even though the slimes 

contain the highest silver proportion, . 0.08%, it has not 

proved possible to 10cate the siJ.ver by the SEl-1. This is com-

by th~ tact that the parti cIe size is Iess than l lAm. 
Ip.-----/> 

\ 

•• 
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Fiq.4e SEM microphotographs of the mags showing two views of remain-~ 
ing lead. Lead particles are identified with a lead X-ray 
map (particles showing the white dots.), right side pictures. 
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Fig. 49 1 SEM microphotographs of the magS showlng two views of 

remaininq lead. Lead partlcles are identified wi th 
a lead X-ray map (partIe les showing the whi te dots.), 
right side plctures. 
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P 
Fig. 50 SEM mlcrophotographs of the mids-l. Lead particles are 

identlfied with a lead X-ray map (particles showlng the 
white dot~.), right side pictures. 
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a b 

è. 

Fig. 51 SEI·j rnlcrophotographs of the non-mags. Leaél particles are 
lélen tified wi th a lead X-ray map (partlcles .showing 
the whi te dots ), ri-gh t si \;e pictures. 

1 
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Fig. 52 SEM microphotographs of the non-mags. Lead particles are 
identified with a lead X-ray rnap (particles showing the 
whi te dots.), right side plctures. 

J 
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Fig, 53 SEM roicrophotographs pf the slimes. Lead particles are 
identified with a lead X-ray map (particles showing the 
white dots ), right side pictures. 
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7. DISCUSSION 

7.1 M!nera1ogical Identif~cation 
, ..... 
, \ 

Eleétron M~croprobe'Ex~nationJ 

E~ectron microprobe examination was used in the iden-

tification of bo~ residues, the NALR and the HALR. 

, 

There were several advantages to using the microprobe: 

. Sorne mineraIs were more clearly d:j.stinguished, Le. 

ferrite and copper ferrite r marmatite ând sphalerite~ 

Silver, whi~h is an important value in the study was . . 
found te be associated with the ang1esite and not' 

wi th the hemati te" This was valuable information 

since it is desirable that a combined lead-silver con-
" 

éentrate be produced. 

Zinc~iron propprtion in the ferrites could be quanti-

fied~ 

Scannin~ Electron Microscopy (SEM) Exarnination 

SEM examlnatiô~ ~as ~arried out on both residues, NALR 

and HALR, and the final products, mags, rnids-~, non-mags and 

" 'slimes. 

Several important features were revealed by the SEM 

study, particular}y on the products of the separation tes~s. 

1) ~ad in the mags appeared tb be in the range 0.5 - 3 ~m and 

liberated. Thus mechanical entrapment py the steel wool 

matrix or locking with hematite does nct account for the lead 

1 
! 
1 

t 

1 
1 
1 
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10ss. It i~ speculated that anqlesite-hematite agglomerates 

formed and the resultant agglémerate was magnetically trapped. 

One possibility is an anglesite grain" surrounded by ultrafine 

hematite. If the anqlesite were tao large the agglomerate 

would not become magnetic enough. This May \ccount for lead 

being at the finer end of- the .Iead,size range, which seems 

tb be about 0.5. to 10 ~rn 

2) Lead grade limitations in the non-mags were found ta be 

caused by sma:Ù iron particles 1ess than 1 u·rn., The magnetic 

trappïng force, presumably ls too smali for·thesé particles~ 
l , 

A finer matrix, higher fields, lower flow rates and lower 

feed Ioadings are the principal options to increase iron 

recQvery below l um. 

3) Iron particles fi~er than 1 um and frequently as agglo­

rnerates larger than 1 ~rn were located in the mags. Since 

the magnetic force increases with particle size, agglornera-
:' tI 

tion i~~initially an attractive way of explaining the trapping 
. / 

of such fine particles. However" the SEM analysi~ has taken -

the material out of its pro.cessing environrnent,so it is 

difficult to dete:tmine if agglomeratiQn is a real factor. 

Whether a dêliberate atternpt -to selectively flocculate the 
/" 

hematite would be beneficial May be worth· considering. 
,-

J Frantz separator 

Since the Frantz separ~tes according to magnetic süs-
i' 

ceptibility onl~d can effect separation of mineraIs of 

~. 

J. 
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very oclose s.tlsceptibili ty this gave several advantages: r 
1) Mineralogical identification was made much e~r by / 

k ' 'th ' t ' 1 f' h I h ~h' wor 1ng ~1 sep~ra e' m1nera ra~t1ons rat er't an ~~t a 

wide range. For. example, i t was pos sible to i'sola te the 

more strongly maçnetic ferrites and subsequently show these 

were Zn-Cu ferrites. Another example was marmatite; when 
, 

it was isolated fr,om the qther mineraIs, it was readily dis-

~inated from spha,leri,.te. 

2) The magnetic profile given for the Frantz (Fig. 37) allowed: 

(i) Estimation of the potentia,l of hematite separation 

from anglesite by HGMS. 

(ii) Estimation of the magnetic susceptibility, with which 

it was possible to solve the HGMS model and select 

the fluid velocity needed to retain the hematite. 
" 

De<;ree o't Liberation 

As men tioned in section 1. 1. 3, lead in the bulk con­

centrate, accérding with Petruk, is typically 37% wt free, 

p% wt èombined with sphalerite and 50% wt oombined with 

pyrite, and i5 n~t 'readily further liberated with, grinding. 

It is worth noting that the roasting-NAL step Beems to have 

incpeased the degree of liberation from 37% wt to over -94% 

'" wt, It ls possible that the roasting and leaching is an 

effective method of achieving libera,=ion. This may warrant 

further attention . 

i 
1 

1 

1 
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7.2 MAGNETIC SEP~~TION .' 
'~ 

Estimation of Pluid Veloci ties, "U""" and Magnetic Recoveries, 

R (%) in HGMS 

Since there are many parameters which control the opera­

tion of HGMS, the use of the HGMS model in the i,nvestiqation was 

very useful in helping se~ect the iriitial test conditions. 

This, it is feIt, significantly reduced the number of tests, 
, , , 

, . 
and consequently the amount of sample needed in the investiga-

tion. In the present case this was an especially important 

factor 1 since the original calcine was limi ted to about 3 kg, 

which after leaching was reduced rto about 750 9 of HALR. 

Table 30 presents the results of the estimation of 

fluid velocities and a comparison between the rneasured and 

predicted recoveries. Notice that rneasured and predicted 

recoveries are in qood aqreernen t in aIl cases; this means 
",' 

thëtt the cond±tions are weIl selected by the ,model. 

Physical Trapping in HGMS 

Physical, or bJechanical, trapping by the matrix can 
(f 

he a serious problem. This can arise not only when feed 

particles are too large (e.g. cornpa~able to the wire dia-

.. 

mater) but,also when strongly magnetic mate rials (e.g. fer­

rites) are not adequately flushed, off thé matrix and accurnu­

late with repeated cycles. Particle size does not appear to 

he a factor here, the ~op size being about 20 ~m, or less than 

one-.third of the 'wire size. In the HALR there are practically 

no ferrites. This lack of ferrites could be added to the Hst 

'. , 
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Table 30. HGMS. Estimation of fluid velocities u~ and a com­
parison between the measured and predicted rè­
cove:des. 

L = 0.53 

5.25 g/cm 3 
Pp = 

3 
Pw = 7.75 g/cm 
e: ::1 0.7 

R (%) 16.8 ~ N
L 

O.: 8 IJ = (u) 

b ::0 0.0001455 cm 
-6 emu/cm 3 - Oe K = 245.44 x 10 . 

a = 0.003Q cm 

Pf ::0 1.0 g/cm3 

cm2/s 
• 

1.I '" o. al 

NL = 8.963 x 10 .. 2 b A H 2 a 
3/2 

U"" 

Test H A U~ Recovery of Hematite a preq. ( *) meas. (Oe) 

1 13,800 0.625 6.51 100 96.70 74.1 

2 1~,800' 0.625 8.45 100 91.65 69.9 

3 13,800 0.625 10.29 100 87.52 64.7 

4 21,400 0.420 9.35 100 93.10 77 .5 
, 5 21,400 0.420 11. 40 

~ 100 . 91. 86 62.0 

6 21,400 0.420 13.91 100 87.91 66.7 

7 .13,800 O. (/25 6.-S-r 100 96.70 70.1 

8 13,800 0.625 8.45 100 91.65 65.5 

9 13,800 0.625 10.29 100 83.52 54.7 

(11r) using full size distribution (curve 6, p. 73)'. 

#' , 
i 
1 
! 

1 

1 
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of reasons Ifor selecting the HALR over the NALR for HGMS. 

Separation Results " 

The lead'grade-recovery relationahip deduced from the 

nine runs indicates that grades of over 46% pb can be achie,ved 

with expected recoveries of less th an 77%; over 94% Pb re­

coveries can be obtained with lead grades of about 34%. 

Sil ver grade-recovery relationship indicates that sil ver 

gr~des of about 530 ppm can be obtained with sil ver recoveries 

of ~ 84%. The corresponding 1ead recoveries in this case are 

of over 90% with about 36% Pb grade. 

Further improvements -in lead and silver grades and re­

coveries may be attained when finer (less than l~um) iron par-

ticles can be trapped in the matrix. Principal options ta 

achieve, that trapping are !'tigher magnetic fields, lower flow , . 
velocities, lawer "L" (mass of magnetics in the feed per unit 

matrix mass) and a finer matrix; In this' investigation, higher 

fields than those in which a good grade and recoveries were 

attained (13,800 Oe), were tested, 21,400 Oe, but no improve­

,ment in ~rade or recovery was achieved. Several flow velocities 

were used. ' It was observed (Figs. 4; and 44) that when flow 

~elocities were reduced in arder to achieve higher iron recovery 
\ 

in the' mags (and, ,therefore a higher Pb grade in the non-mags),' 

/ Pb .recovery decreased markedly. This indicates that a stron,g 

drag force i9 needed during, the separation to pull out the non-

magnetic material. 

~ , 

.. 
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A lower "L", and a finer matrix '\re two options that 

can be considered in further tests. However, the value of "L" 

should not be very low, since it will mean a considerable loss 

in the HGMS capacity. The matrix should ~ot be finer than 

40 ~m in diameter, otherwise physical trapping may become a 

factor. AS mentioned previously, selective flocculation of 

the hernatite may be worth considering. 

Silver recovery to the lead concentrate appears quite 
• 

acceptable, but upgrading is limited to about 530 ppm (for a 
, ~ 

fee~of about 440 ppm). Silver is concentrated in the slimes, 

however~ this sugges'ts that' the sil ver is not only assÇ>ciated 

with the lead, but i5 present as a very fine separate phase, 

, ~1 

probably tetrahedrite as·identified in the BMS ore by Betruk (29). 

General Observation 

As mentioned in the Statement of Problem (Chap.2), th~ ; 

object of this investigation was the produçti~n of a saleable . , 

lead-silver ,concentrate from the HALR. 

A saleable lead-silver concentrate wa5 ,.at t.üned. The' 
~ 

SRLE process in combination with lead/silver recovery by HG~ 

can render metal extractions of over 98% for copper and zinc, 

94% for lead and over 83% for sil ver. 

7.3 ASSAY OF THE SAMPLES 

Since the confidence in the assays i9 an important 
, 

point in the investigation, s~les were sent to the, analytical 
\ 

ar 

~, 



Il 

( 

. i 

1 

\ 
----------- '.j!o' 

114'. 
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Iaboratory, CANMET, Ottawa, in order to compare resuJ.ts. The 

other purpose, of sending samples to .C1\NMET was to determine 

the silver assays, since facili ties were not available at 

McGill. Only selected sarnples were sent to CANMET as a pre­

caution. Since the silver is mainly associ~ted with the "!ead, 

it was telt that the results from one of the runs of the 
(1 . 

series would reveal the grades and recoveries to expect. 

Table 31 presents a, comparison betw~en th~ zinc, le ad and 

iron assay performed at both places. Silver assays are also 

included. Notice that there is not a significant difference 

between the results. Lead assays from CANMET tend to be 

about 1.5% higher and iron assays about 1. 5% lower. Zinc in 

both cases was'the sarne. ~ 

Table 32 presents results from runs 2, 5 and 8 using 

Comparing results of Table 32 wi th those the CANMET as iii ays • 
,) 

"Q 
shown on pp. 87,89 aiit! 91 for rmB_ 2, 5 and 8 'tespectively f notice 

• 
that lead recoveries are the sarne but 1ea90 grade with the . 

1) • ~ 

CANMET data l 1s about 2% higher. 

- ( 

J-
I 

1· 
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~ , Table 31- Comparison Between ASsays-Reported by CANMET and l, 
McGill . 

SAMPIiE CANME'l' McGILL 
DESCRIPTION 

* 2h Pb Fe Aç ,Zn -Pb Fe 

CAlCINE 26.78 6.49 15, .. ~2 122 25.9 6.7 15.2 

NAra 9.85 17.36 41.88 290 9.7 17.3 39.5 

HALR ~ 0.93 26.79 '41.84 420 0.9 24.6 40.2 

Ml'a) 0.64 6.38 60.5 164 5.8 60.5 
0 

MID-1 1.04 28.81 36.11 462 27.1 33.3 

Rm 2 * * ' 
'( 

MID-2 1.29 17.36 47.41 350 16.3 51.9 

NCN-+W:iS 0~54 42.20 24.06 S15 40.S\ 25.8 

MPGS 1.17 8.63 56..18 190 - 7.7 ' 60.5 
< 

27.44 MID-1 1.51 3~.38 508 33.1 . 35.8 

RlIl 5 t 
* * 

NCN-M1lGS 0.79 43.09 22.31 465 40.8 23.8 -. 
SLIMES 0.41 7.73 44.92 939 6.9 4'.0 

.Ml'a) 1.07 8.35 60.18 220 7.7 64.5 

MID-1 .1.68 30.11 3}.55 489 28.8 . 37.1 

RLn 8 * *-

NCN-MJ\GS 0.80 48.01 18.49 515 44.2 18.6 

SLIMES 0.45 8.45, 41.43 810 -8.0 43.3 

* 0 

1 
*.,5ilver assays ~ t:e<l in ppn. 

Zinc assays we:œ not delle in S1y of the IUlS, at Mc:Gill. 

J. 
< 

t .-: 
t 
t ( . , 
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(~ Table 32. Resu1 ts from Runs 2, 5 and 8, Using the CANMET 
Reported Assays. 

.J 
" \ ._J 

Rl.n 
Product 

wt ' AsS8:l (%) Diatrib. (%) 

~ 
~ 

(%) zn Pb Fe Pq Zn Pb Fe 1!q 

MAG 34.5 0.64 6.38 62.38 164 32.4 7.8 53.5 15.0 

MIIr1 11.5 1.04 28.,J31 36 .1:1 462 17.5 12.2 10.3 14.1 
.tI 

2 MIIr2 • 6.7 1.29 17.36 47.41 350 12.7 4.4 7.9 6.2 
9 

tm-M1Œ 47.3 0.54 42.Jtl 24.06 515 37.4 75.6 28.3 64.7 

100.0 100.0 100.0 100.0 100.0 

ca1culate feed 0.68 26.42 40.23 377 

Assay feed 0.93 26.79 41.94 420 

Pb Cl:nc. 65.5 0.70 37.18 28.70 489 67.6 92.2 46.5 85.0 

MAGS 36.1 l.17 ' 8.63 56.18 190 44.5 11.5 7" 54.9 16.7 

MI Ir l 7.9 1.51 ~.38 27.44 508 12.5 10.7 5.9 9.'8 

5 Nœ-M1IG) 47.2 0.79 43.09 22.31 465 39.2 75.3 28.5 53.4 

~ 8.8 0~41 7.73 44.92 939 3.B 2.5 10.7 20).1 

100.0 100.0 100.0 100.0 100.0 

Calculate feed 0.95 27.0 36.94 411 

Assay feed 0.93 26.79 41.84 420 1. 

. 
Pb' O:xlc. 63.9 0.83 37.39 26.06 536 55.5 8e.5 45.1 83.3 

, .. ",-

~ 35.2 1.07 8.35 60.1B 220 40.7 li.O 56.0 17.2 

MIIr1 9.2 1.68 30.11 33.55 489 16.7 10.4 8.2 10.0 

8 NCN~ 41.1 0.80 48.01 18.49 515 35.6 74.0 20.1 47.1 

SLIHES 14.4 0.45 8.45 41.43 810 7.0 4.6 15.7 25.7 

100.00 " 100.0 100.0 100.0 100.0 

Ga1culate feed 0.92 26.66 37.84 449 

7 Assay feed 0.93 26.79 41.84 420 

:Et> O::Ilc. 64.4 0.85 36.6 25.7 574 59.3 89.0 44.0 82.8 
j, 
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CONCLUSIONS 

1. Minera1ogica1 Examination 

AlI the major phases of the calcine, NALR and HALR were 
, 

identified. 

Anglesite ~as shown to be essentially free in the NALR 

and HALR. 

2. HALR vs. NALR 

3. 

Results from the Frantz Isodynamie Magnetic Separator 

revealed that the best material to perform the ang1esitel 

hematite separation was the HALR. In this way, production 

of two zinc bearing materials would be avoided. 

An HGMS model was used to estimate the initial conditions 

for magnetic separation. 

Dispersion and Settling 

Dispersion of the HALR was attained after three steps: 

a) remova1 of rernaining ions by washing the leach residue 

with water; b) wettinq the sarnple by me~s of a dis-
\ 

persant,calgon, and c) twenty minutes of agitation in 

an ultra-sound bath. 
1 \\. 

Settling of solids after HGMS is effected oy the addition' 
++ of Ca (lime) • 

4. HGMS Results 

The SRLE process in combination with lead-silver recovery 

, 1 
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" 
by HGMS can render' metal extractions of over 98%" for 

cmpper and zinc, 94% for lead and over 93% for silver. 

Grades of over 46% pb can be attained with recoveries 

of about 77% Ph and 72% Agi over 94% Ph and 83% Ag re-

coveries can he ,obtained with lead grades of about 34%. 

Silver grade was relatively constant at 500-550 ppm. 

Lead grades were limited to a high of 48% in the non-

m~gs mainly because of smal1 hematite particles (less 

than l ~m) which 9re not trapped by the HGMS at these 

flow velocities. 
( 

Removal of slimes from the non-mags can improve the lead 
, 

grade by about 7% with a 3% decrease in lead recovery; . , 

howev~r, about 20% of the silver is in the slimes. 

The origin of lead losses in thè mags is suspected to be 

doue to agglomer~tion....of fine le ad particles, l - 3 jJm, 

! 
1 

with hematite, creating an agglomerate which is magnetica11y 
" . i 

caught. 

5. Physical Trapping r 

Physica1 trapping in the matrix (wire diameter of 60 Qm 

and packing density of 4% v/v) is not a prob1em since the 

HALR is,so f~ne (100% - 25 ~m, 50% -3 ~m and 20% -1 jJrn). 

6. General 

Hematite removal by HGMS to concentrate lea~silver bear­

. ing compounds in the SRLE process i6 judged~nically to 

be qui te success'ful. An expected resu1 t is 1ead recovery 
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OL 90% with 36% grade and silver recovery of 84% with 

530 ppm grade. 

"/ 
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APPENDIX A. X-RAY IDENTIFICATION 

X-ray diffraction of cal,cine, NALR and HALR~ A list 

of the d-spacing measured and a comparison with listed values 
(' 

is shawn: In each case, conditions were: 40 kV, 20 mA, 6 hrs 
\ 

of exposure, with an Fe - tube. -Intensities of the lines were 

estimated.by eye. 
1 

Table A-I shows the XRD of calcine. Because of the 

large nl.lI1Ù)er of mineraIs in the calcine, sorne "d" values of 2 ~ 

or 3 mineraIs appear together. Notice that the measured and lis1fad "d" 

values for zinc sulphate and zinc oxy-sulphate diverge a little. 

Possibly, this is due to 'the poor crystalJini ty of these com-

pounds. 

Table A-2 presents a comparison of measured and listed 

"d" values of, the NALR by XRD. Notice that the a - hematite 1 

anglesite and ferrite measured and lis,ted "d" values correspond 

close ly. 

Table A-3 show!? a cçmparison of measured and listed "d" 

values of the NALR 650 ta 850 mA mags fraction on Frantz of '. 

the ~25 + 15~m size interval (see Table 19). Notice that accord-
, 

ing with the intensi ties of the lines, sphaledte and191eSite 
1 

are the main mineraIs. 

Table A-4 presents a comparison of measured an listed . 
"d" _values of the HAI,R by XRD. Notice that according with the 

. 
( intensities of the lines, hematite and anglesite are the main 

mineraIs in the samp1e.-
) 
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( Table A-l. Calcine. Compariso~ of Measured and Listed "d" Values in XRD 

Measw:ed "d" Listed "d" Valœs 
0 

l 
spacing (A) ZnSo a - ~tite Frankl.:iniœ Zinc Oxy-Sulphate Anglesite' 4 

4.726 70 4.65 

4.217 30 4.17 (2) 4.26 (2) 

3.794 .20 3.813 

3.617 5 3.616 (3) 3.67 (3) 3.622 

3.363 100 3.34 3.333 (3) 

2.948 30 2.984 (2) 2.97 (1) 3.0'06 (1) 

2.691 30 2.650(4) 2.69(1) 2.699 

2.520 70 2.51 (3) 2.543(1} 

2.395 5 2.383 2.41 (4) 2.406 

2.262 5 2.276 

2.189 10 2.193 

2.100 5 2.109 2.104 

2.049 S 2.067 (4) 

1.960 5 1.941 1.973 l 

1.834 7 1.832 :1.838(4) 

1. 782 5 1.773 1. 793 

1.692 13 1.690 (2) 

1.652 5 1.656 

1.618 13 1.Gi6 1.624(4) 1.621 

1.489 25 1.491 1.484 1.491 (3), 

1.450 8 1.457 1.45-2 
, 

1.435 5 1.431 1.429 

1.349 5 1.349 

1.307 5 1. 310 . 
, 

1.280 8 1.287 

1.215 5 1.213 1 

1.140 5 1.141 

( 
1.098 15 1.099 . 
1.077 5 1.076 

1.054 15 1.055 
lI), C2}, (3) ana (4)" œpteSE!Ilts thë mâiîi ~. 

f 
J 

/ 
~- - -~- - .. - ..... _--..- -



· . ~ ~ .. '" _ . .,. - ~ ~ ~ -~. 
-,",~_ ... ,.,...,. • --/Î 

~ , ~~~. "'''' ... ~~ ,M 

/ 
122. 

\. 

Table A-2. NALR. Comparison of Measured and 1isted "d" Va1u~s by XRD 

(~ 
, 

/ 
Ji 

Measured "d" Listed "dit Values 
j 

0 l r, 
spacing (A) 

li:!mati te - Franklini te " 
~9lesite 

~~ 

4.233 80 4.26 (2) 

3.797 35 3.813 

3.652 25 3.622 

3.455 15 3.479 

3.335 35 3.333 (3) 

3.224 30 / 3.220 

2.992 60 
j 

2.984(2) 3.001 (~) 

2.767 15 2.773 

2.692 45 2.69 (1) 

2.537 l~y 
2.51 (3) 2.543(1) 

2.405 2.406 

2.274 15 2.285 2.276 

.. 2~05 15 
, 

2.201 

2.155 15 2.164 

2'.108 15 2.109 
/ 

2.067(4) 2.066 30 2.070 

2.026 25 2.028 

1.973 15 1.973 

1.911 5 .. 1.905 

1.880 5 1.879 

1.837 20 1.838(4) 

1. 785 15 1. 793 

1.718 15 lt 723 1. 716 

1.692 25 1.690 (2) 
<.-

1.624(4} 1.620 30 1h 

1.569 5 0 1.571 

1.487 50 1.484 1.491 (3) 

1.451 15 1.452 

1.438 10 1.429 

1.423 5 1.427 

1.400 10 1.406 
( 

-\ 
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c~, Table A-2. Con tin ua tion • NALR. Comparison of Meared and 
Listed nd n Values in XRD 

w 

Measured "d" Listed Adn Values 
",0 l 

spacing CA) . 
~ Cl - Hematite 

1 1 Franklinite ,M511esi te 

1. 348 5 1. 349 ~J .;-'"l" 

1.332 5 1. 3348 
t 

1.312 8 1. 310 \ 

1. 283 20 1.2872 
1 

1. 268 7 1.2721 

:h-256 5 1.258 
1 

1. 227 5 1.226 

1. 219 5 1.213 1.2184 

1.188 5 1.189

0 
1.1820 

1.161 1;; 1.162 " ~{/ 

1.146 15 1.141 

1.127 10 1.1280 

1.103 5 1.102 

1. 098 2S 1. 0990 

1. 077 15 1. 076 

1.055 20 1.055 1. 0553 

0.994 15~ 0.989 0.9949 

(1) , (2) , (3) and (4 ) represents the main 1ines. 

( 
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Table A-3. NALR. Mags Fraction at 650 to 850 mA on Frantz. 
Comparison of measured and listed "d" values by XRD. 
(See Table 19) 

i 

Measured "d" 1 LiSted "d" Values 

0 l 
spacing (A) • SIi1aleri te An~l.esite lbnatite 

, 
Quartz 

4.219 80 4 
4.26 (2) 4.26 (2) 

3.798 35 3.813 

3.630 15 3.622 3.66 (4) 

3.456 15 3.479 

3.327 23 3.33(3) 

3.216 13 3.20 3.22 3.24 (1) 

3.129 " 100 3.12 (1) 

3.001 35 , 3.05, 3.00 (1) / 
2.768 5 2.76 2.773 

2.699 35 2.71 2.699 2.69 (1) 

2.610 5 2.618 

2.S11 10 2.52 2.51 (3)' 

2.396 8 2.406 

2.267 8 2.276 2.285 

2.164 8 2.164 

2.063 28 2.08 2.067 (4) 2.070 

2.030 20 2.031 

1.970 8 1.977 1 1.973 1.98 1 
1 

1 

1.904 (2) 
, 

1.908 60 1.905 \ 

1 1.872 4 1.871 
1.82 (3) 

1 

1.835 9 1.841 1.838 ,1 
1. 790 8 1.793 

1 
1. 736 5 1.741 

1.697 8 1.69 (2) 
;" ",' 

1.632 35 1.62~) 1.634 

1.567 4 1.572 
-F' 

1.493 1.484 1.491 10 

1.4ô4 3 1.467 

~ 
,( 

:0 

j( 

, 
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Table A-3. Continuation. NALR. Mags Fraction 650 to 850 mA on 

Frantz. Comparison of .measured and li~.te(~L "d't. values -
by XRD. (See Table 19) 

Measured "d" 

spacing (Â.) 

1.452 

1.438 

1.425 

1.399 
/ 

1.366 

1.350 

"I" 

3 

3 

5 

6 

8 

5 

. st:haJ:erite " . 
\ 

1.35 

1.325 5 

1.283 

1.240 

1.220 

1.198 

1.162 

1.142 

1.104 

1.064 

1.052 

1.041 

0.986 

0.977 

3 

20 

8 

5 

8 

8 

25 

8 

8 

8 

5 

1.239 

1.103 

1.039 

• 
Li.sted "d" Va.lœs 

1.441 

~.429 

1.4Q6 

-!Iemati te' < Quartz 

1.452 1.453 

1.349 

1.226 

1.162 

1.141 

1.J.02 

1.055 
" 

1.042 

0.989 

1.372 

1.288 

1.'199 

1.063 

0.978 

(1) , (2) , (3) and (4) rePl=esen~ the main lines. 

, ' 
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C Table A-4. H,ALR. Comparison of Measured and Listed "d" Values 
by XRD 

. 

, Measured Listed "dit Values 
(I) 

"d" Sîac-
ing ( ) Hematite Ang1esite a - Quartz 

4.219 80 4.26 (2) 4.26(2) 

3.785 20 3.813 

3.664 20 3 .• 66(4) 

3.455 20 3.479 

3.326 35 3.33(3) 3.34(1) 

3.216 20 3.22 

2.993 35 3.00 (1) 

2.748 10 2.773 

2.692 70 2.69(1) 

2.609 10 2.618 

2.506 50 2.51(3) 

2.396 10 2.406 

2.263 10 2.285 2.276 2.282 

2.194 10 2.193 

2.063 25 2.070 2.067(4) 

2.017 20 2.028 

1.967 12 1. 973 

1. 838 20 1. 838 1.82(3) 

1. 785 10 1. 793 

L 738 8 1. 741 

1.692 100 - 1.69(2) 

1.616 10 1.634 

1.564 5 1.571 1.541 

1. 484 60 1.484 

1.451 30 1.452 

1.397 5 1. 382 

1.365 ID 1. 375 

1. 349 S 1.349 

1.311 6 1. 310 
( 1.262 5 1.258 
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Table A-4. Continuation. HALR. Compaison of Measured and 
Listéd "d" values by XRD 

Measured (I) Listed. "dM Values 

"d" si>ac-
. ing (A} Hemat.ite An9'1esi~e a - Quartz 

1.216 7 1.213 

1.190 5 1.189 
\ 

1.161 ,1.5 1.162 

1.140 15 1.141 

1.102 12 1.102 

1. 075 10 1.076 

1.065 10 1. 0636 

1.055 10 1. 055 

0.989 5 0.989 

0.975 5 0.9762 

0.972 5 0.9715 

(1) , (2) , (i) and -(4) are the main Unes) 

. , 
, 
• 1 

~ 
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APPENDIX - B. ESTIMATION OF DEGREE OF LIBERATION 

Estimation of Degree of Liberation in NALR and HALR on the 

+ 25um, -25 + l5)Jm and -15 + 10\lm fractions. 

Degree of liberation, ilL", as defined by GauQ,in, is the 

volume fraction of mineraI or phase occurring as free particles, 

(A), in relation to the total volume of that mineraI occurring 

in the free (A) and locked forms (B). In the following record 

sheets the nmnber under l'volume of loC!ked anglesite ll records the 

parts per 20 par~a of particle volume occupied by the anglesite 

in th locked particle. B is calculated by summing aIl these 

part' al volumes and dividing by 20; in other words, B represents 

the article equivalents in volume of anglesite. The degree of 

in per cent, %L, is give~ by the following expression: 

• ;"het:, 
% L = A' 

A + B 

(100) 

A, i5 the volume ef free particles of anglesite. 

B, ls the particle equivalents in volume of anglesite, as 

-: locked grains. 

When point counting there is a relationship between the 

number of'poin~s counted and the accuracy of the resulta. Van 

Der Plas and Tobi discussed this relationship in terms of the 

standard deviation. They developed a chart giving the values 
. . 

of 20 (- 95\ of confidence) for different values of the edt1mated 

,. 

) 

Il'.- " ' 
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percentage by volume of a mineraI and the number of part:Lcles 

cO\Ulted. Table B-1 'shows the error obtaine~ in the preaent 

point countinq, accordinq. with Van Der Plas ànd 'l'obi: 

Table B-1. Error, with 95% of Confidence, Obtained in 
Point Counting rrechnique on the NALR and the 
HALR. 

.. .. . ~-
Product size Degree of Libera,tion 

(\.lm) NALR HALR 

+ 25 70
0 

± 6% 72 ± 6% -

:25 + 15 90 ± 2% 93 ± 3% 

-15 + 10 94 ± 2% 95 ± 1\ 
-~ 

, 

/ 

1 

.' 
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<: Table 8-2. Record Sheet Used for Particle Counting in NALR, to 
measure degree of liberation "L" of the anqlesite. 

r 

NALR 

size, lJm Free Ang1esite 

Ml ~ ~ ml tw nu ma"" ~\ ~ ""ltU NI "'" ~I lW ~ ftII""lWnII~ 
A = 110 

D 
+ 25 Volume of Locked Anglesi te 

10 10 10 18 10 10 7 6 17 15 5 5 14 14 10 2 6 3 

Il 3 8 8 4 10 4 8 8 3 14 4 2 10 18 18 10 1: 

2 10 4 2 7 6 6 6 8 6 7 10 5 io 5 10 12 1: 

8 4 9 12 5 6 6 17 Il 10 3 3 6 3 17 7 10 { 

4 15 3 10 3 5 ~ 2 2 3 3 3 2 4 8 4 18 ( 

4 9 15 5 5 2 9 2 10 10 10 14 4 6 10 6 18 

10 2 10 6 2 4 18 10 3 10 15 

B = (920/20) = 46 

% L = 70 j 
! , 

" 

Free Anglesi te l 
tt~ 'hl lin 111-\ Il'\l no"~ ('i~ 11\1 ~~~M tw. WI, ~ ~ ~ N, ~ I~ I~ ! 

ï! 
-25 + 15 " j 

tt.ü IM.I l'U ~ t1-U l'I,U ~ ""1 ~ ~ \\'ft ~ ~ ~ tI"I ~ l1"l ~~ ~ l ; 
~ml~ ~ ~\'W\ lm ~ t\4l ~ M \~ lm \1\l \m ~ ~ Nil 

A = 290 • 
Locked Ang1esite 

10 6 5 10 18 la 8 10 10 10 15 15 a 8 2 

14 10 15 10 10 10 10 10 10 1Q 10 '10 18 a 6 

10 10 15 6 11 10 10 10 18 14 10 8 9 11 16 

8 10 10 8 6 5 10 10 10 8 18 6 10 

B ... (621/20 ) III 31.05 

% L III 90 

't 
(-
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Table B-2. Continuation. Record Sheet Used for particle Count­
ing in NAtR, to Measure Degree of Liberation "L" of 
the Anglesite. 

~I 
NALR 

size 1 ~m Free Mgles! te 

H.I.I 

hi4 

-15 + 10 ~ 

~ 

1 
10 

10 

8 

10 

• 
t11-4 tM-t l'1-U ~ ~ l14t '""" ~'\ ~ ~\ tH4 C\U ,"' ,.~ t"l:\ "'"' "U ~ ~ 

ttt4 ~ ~ lill 

t$ 1+&1 

~~ 

10 

10 

8 

10 

\ ' 

~ 

~ 

10 

10 

14 

10 

, , 

, , 
~ 

\'4 

ttt-4-

4 

10 

10 

l~ 
B = 

% L 

t..u tH< nt' ~ t'tU tw Ml ,~ ~~~~, t\I.!. W/. \'\U 

~ ~ ~"" nI-l ~ ~ l+I ml ~ l'kt ~ l'\1l tw ~ 

A = 325 
\ • 

Volume of Locked Ang1esite 

10 10 10 10 15 6 10 10 

10 10 10 10 12 10 10 B 

10 3 ~ 10 10 10 10 10 

"'-10 10 10 

( 380/20-) = 19 \:; 
= 94 

~ 

" 
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C Table B-3. Record Sheet Used for Particle Counting in SALR, 
to MeaS,ure Degree of Liberation, "L" of the 
Anglesite. 

HALR 

Size, Uln Free Anglesite 

'"'" "'"- ~~"'" ~ ~ ~ ~ ~ 1'n+""" ~ ~~~~~~ 

~ ~ ~.~\~~ ~ ~ m. 

+ 25 A = 140 

Volume of Locked. Anglesite . 
1 

12 6 6 10 la' 16 18 18 la 10 10 3 lS la 
5 3 _5 10 8 3 10 4 13 12 10 2 17 15 

18 14 3 lS la la 16 15 15 3 15 10 10 8 

7 l 3 6 5 5 10 10 10 5 10 10 3 6 , .. ' 
3 10 6 18 6 15 lS 4 5 12 6 2 6 4 

14 18 15 13 3 f 16 18 14 6 3 7 14 18 10 l 

18 14 14 3 10 10 lS 4 5 10 6 18 18 4 J 
r 

J 6 Il 18 3 12 10 .. 4 18 10 8 10 4 3 2 

15 la 
, 

1 , 
B :;: (1099/20) == 55 1" 

% L =: 72 

1 Free Anglesite ':. 1 
1 , 

,~ '"'" "" ~ \~ I~ ~ \'1"H- \~ ~ "" ~ ~ ~ "" '''' ~ \,,\\ ~ ."\w.. 1 
i 

~ ~ I%-~ ~ t\4t ,~ ~ \~ ~ I~ lWt l"-l t\4A h~\ ,'.... ~ \"'- '\\1\. k . 
-25 + 15 

\1\\ '''' \\\\"" ~'" \~ \'Ù\ ~ \,,~ \W. "'" \1-1\ ru. III f\\\ l't\\ "'-~ ~ ~ 

\'Il '''\ \~ ~ "" ~ $ "" "" t\\\ tw. "" \"" ~ ""' A :;: 373 
. 

( 2 6 '4 10 4 6 18 10 7 2 6 ·6 12 14 6 4 l' 

6 2 '4 10 2 ,l.0 18 la 6 3 10 10 10 6 12 

10 6 2 12 6 7 7 '10 lQ 8 10 6 8 

10 8 6 8 10 5 la' s 10 10 10 10 10 

10 10 8 4 10 la 8 \{)~ 10 

( B = (539/20) :;: 27 

% L :;: 93 

'~ 
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, 
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Table B-3. Continuation. Record Sheet Used for Partic1e Count­
ing in HALR, to Measure Degree of Liberation, "L" of 
the Anqle.1te. ~ • 

Size, ~m 

-15 + 10 

\ 

HALa 

Free Ang1esite 

1\1\ \~ "" ~ ?''''' \~ t'ni I"m tn\ t\'r\ 

~ ~~, \w. tW \t\\ ~ ~ ~ ~ t\'\-\ ~~, ~\ ~ ~ ~ 

'~\m..~ ~ ~.~I ':W: \~ 1~ ~\ ~ Ht4 ,~~ ~ N. ~~\~~~ 

lm- tkt Htl ~ NJI. ~ !\.ll ""'- t\o,\. ~ ~ ltl.1 

A = 760 

Volume of Locked Ang1esite 

10 10 8 10 10 10 10 10 18 15 10 

12 12 10 10 10 8 1Q 10 10 ' 10 10 

10 10 10 10 8 10 10 10 10 6 5 

16 10 10 10 10 10 10 10 10 10 10 

10 8 10 10 10 10 10 10 3} 10 8 

10 19 10 10 10 10 10 18 10 10 10 

10 10 10 , 10 10 10 10 10 10 10 10;; 
'10 10 10 10. 

• 42 1 B • (836/20) 
% L = 95 

\ 
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APPENDIX C. - DISPERSION TESTS 

AlI the dispersion tests were performed on samples essen-

tially free of ions which might interfere with the dispersion. 

Several dispersants were tested in order to get the best dis-

persipn conditions. The procedure was ta take samples of about 

two grarns and repulp them followed by increasing additions of 

about 250g/t of dispersant with three minutes of agitation. The 

tests were finished either by adding a large amount of disper­

sànt (more ~than 2kg/t) or when some dispersion was obsèrved. 

Degree of dispersion at this stage ~as est~ated only visually. 
f 

• q • 

1 Table C-I presents the dispersant used and the results. 

Notice tha t the on1y reagent which CJave a 'good di.sp,ersion w~s 

the ca1goh. , 
Table C-l. Dispersants Tested in NALR and HALR. 

Disperant 
; 

Observations 

Sodium Silicate ' poor 

Calgon ' Good 

Ammonium Lignin Fairly Good 
Sùlphonate 
palcotan Fairly Good 
Marasperse, CB Fai~ly Good 
Marasperse N Fairly Good, .' 

'Stractan Fairly Good 

_.1' 
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APPENOIX D. - S.I. UNITS IN MAGNETIC SEPARATION 

In the 5.14 system, the loading number, qiven on page 75, 

as 

= (dimension1ess) 
3 2 12 1 2 

PfUm \1' a 

, becomes 

= 
1 

(dimens ion les s ) 
r 

2 

The susceptibility estimated from the Frantz 

K ~ 20 sine x 10-6 pp (emu/cm3 - Oe) 

12 

becomes: 

K = .. 
2.5 sine x 10-7p 

P 

Ym and R(%), remain as: 

€ ( L r 
N 

4 _ ,,2.5 

R (%) = -0.75 

L 

0.8 _ l 
) 

x 100 

(dimensionless) ) 
1/ 

Table the symbols and s. z.bunits. 

- ,Table calculations to èstimate the re-
1 

quired flow s. l. units. 

( 
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l 

J 

( 1 • 

a 
b 
l 
H 

0 

lloHo 
L 

**M w 
NL 
R 
v 

0 

Greek 

Ym 

e: 
n 
e 
K 

jJ 

Pp 

Pf 
Pw 

* 

Table 0-1. * Symbols and SI Units .(65) 

wire radius, m 
partic1e radius, m 
current on Frantz separator, A 
applied or background field generated in "empty" 
solenoid, A/ro ? 

flux densi ty generated ,in "empty" solenoid, T 

feed loa'ding, kg magnetics in feed/kg rnatrix 
wire magnetization, A/m 

loading number, dimensionless 
Recovery, % 
linear velocity (average) through cannister, mis 

\ 

mass loading at full capacity, kg 
captured material/kg matrix. 
fractional packing density = 0.7 
viscosity, kg/m.s. 
side slope on Frantz, degrees 
volume susceptibility, dimension~7ss 
permeability of vacuum3= 4w x 10 ,T.~/A 
particle density, kg/m 
fluid density, kg/m3 ~ 
wire density, kg/m3 

The following conversions may be useful: 

flux density: l gauss = 10-4 tesla 

field intensity: ~ oersted = 79.6 ~p~re/metre 

136. 

,magne ti zation: l emul cm 3 = 1,0 3 ampere/metre 

susceptibility: l emu/cm3 De = 12.56 (di~ensionless SI) . 

** 6 Mw can be taken as a constant at 1. 35 x 10 A/m, after 1. 2 T. 
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Table 0-2. Summary of the Calculations to Estimate 
f the ~quired Flow Ve loci ty in S. I. Uni ts . 

L = 0.53 , 

Pp = 5250 kg/m3 

3 
P = 7750 kq/m 

w 
e: = 0.7 

R(%) 16.8 
N 0.8 

- l 

J 
= 

-(2. ~ ) Il> .. 
b 1. 45 

-6 = x-lO m 

K "" 3.1 x 10-3 

3 
-5 a = x 10 m 

2 4 
P fn = 1 kg /m .s 

NL 8.21 -7 lloHoMw = x 10 ( 
3 2 

V 
0 

if ~oHo, = 1. 38T ~ = 1. 35 x 106 A/m 
'#1<> 

106 
~ H = 2.14T Mw = 1. 35 x A/m 
o 0 

if hematite reeovery i9 set to - 90%, then 

* Estimated Flow Veloei ties 

'lJ H - u"" (cm/s) 
o 0 
(T) 

1. 380 8.45 
1J,.. 

2.140 11.40 

* Using full size distribution whieh iB as before.' 

( 
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