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" ABSTRACT ~ , . 
.\ -> 

A varie.ty of iron preeipitates form~d in the 

eleetrolytic zinc industry were studied to e'st,imate the 
-

possibility of magnetie filtration to augment eonventional ~ 

bhiekening/~i1tèring systems. The preeipitates included , . 
K,NH4,Na jarosites, <X and B gO,et9i:e~, a .b~matite and an 1 

industria1ly produeed NH4 jarosite. The wet Frantz t 

Isodynamie Separator was used to.generate magn~tic 

suseeptibility data. Susceptibilities ranged from 

K = 6.9 x 10-5 + 15.5 x 10-5 emu/cm30e. Partie1e size t' 
of the precipitates ranged from 25~m to < 1~rn. Magnetiç 

, 
filtratiop breakthro~gh eurves were yrodueed using a h!gh 

~ 

gradient ~agnetic filtration technique. 

flu'id viseosity and veloci,ty as weIl as 
• 

The role of 
~-:t-

magne tic field was , 
studied. " .. , 

. AlI the precipitates·proved fiIterable. A comparison 

-was made o~ a physical and an empirical model of the break-, ,. 
through eurves in the~sizing of the magnetic filters required 

to treat thickener oyerflow at the.CEZ Valleyfield pIan~. 

For a volumetrie flow of lOom3Lb~, elestrolyte, 

e~~aining l5g/L NH4 jarosite, 2 magnets of 2 f 6m diameter 

,and Q.35m bed depth are required to lower solids contents 

to the present operating level of 3g/L. 
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RESUME r 

Nous avons ~tudi~ plusieurs pr~cipi t~s fer.reux qu' ,on 

,', retrouve dans ,le trai tement ~lectrolytiqtfu du zinc, ~fin 
~ , 

d'~valuer, la possibilité d'augmenter la capacité des systèmes 
. 

épaississage/filtràtion conveutionels pa~ ,filtration magné-, 

tique. Parmi les pr~cipités, citons des jarosi~es de K, 
, 

~H4 et Na, d~ la goethite a et B, de l'hématife a 

et ù~e- jarosite de NH 4 produite industriellement. Des données 

~e susceptibilité magn~tique fur~nt obtenues ~l:aide d'un 

séparateur humide isodynamique Frantz, les susceptibilités 

A~5 -5 3 variant de K = 6.9 x lp à 15.5 x 10 emu/cm Oel~t le 
.v 

diam~tre des particules pr~cipit~es de 25~m jusqu'à 

moins de ll1m. 

Nous avons, en utilisant une techn~que de filtration 
"~ 

magn~tique à haut gradient, obtenu des courbes de Charge de 
o 

la matrice. Le rôle de la viscosité et vélocité du fluide 

fut aussi étudié. Tous les précipités purent être f~ltrés: 

Nous avons utilisé deux modèles, l'un physique, l ',autre 

empirique, pour dimensionner les filtres magnétiques qui 

traiteraient la surverse des épaississeurs à l'usine CEZ 

de Valleyfield. Le modèle empirique prédit que pour un déDit 

de 180m3/h d'électrolyte, contenant l5g/L de jarosite 

ott, ' 
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de NH4 , 2 aimants de 2.6m de dlam~tre et de O.35m 1 

) 

d'lpai~se~r pourront reduire la concentration de solidès . 
-jusqu' !'3g/L, le . ~ , 

actuel. 
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I. INTRODUCTION 

1.1. Conce~s and Examples of Magnetic Filtration 

The potential for phys~cal separation of mineraIs 

by exploitation of the differences in their magneti'c 
'lit 

susceptibilities has been used since the beginning of the 

. century. (1) , High gradient magl1etic separation (hqms) 
1 

repres~nts the latest in innovative technQlogies for th~ 

concentration of ore deposits. Examples of aptQications 
~ ~ :; 

are in the kaolin industry (2,3) in the desulphurization 

of coal (4,5) and in the concentration of iron ores. (6)· 

Similarly a considerable effort has been made to apply hg,ms 
.... ",J 

to many other areas of ore benfeciation. The potential 
~ -~ 

for upgrading of wolframite(7), molybdenite and~tac9nitic 
. 

iron ores has been demonstrated. (6 ) 

Beneficiation of ores is not the only area of study in-
~ 

which hqms has been applied toosolid separations. Particdlar 

interest has been shown in the treatment of leac~ residues(8} 

primarily for the possible upgrading of residues containing 

precious metals. A somewhat more exotic application of 

hqms is in the treatment of blood (§), where red blogd 
..... .:.. ~ 

, 
platelets have been separated from the rest'of·the plasma. 

This versatility of the hqms technique in solid/solid 
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s7paration,s has ensured that. further appl~cations ion 
.-

mineraI beneficiation systems are inavitable. 

non magnetic solids feed. Since the,development of modern . 
h ' h~ d' , (la) h" f'lt 19 gra 1ent magnet1c separa tors t e1r use as 1 ers 

in removing solids from suspensions has received con

siderable attention. The majority of thi~ ~ork has been 

concerned with the removal bf material from the~waste-

waters of several industries., In the treatment of mun

icipa1,waters 'normally no~ m~gnetic materia1 is rendered 

magnetic by the addition or "seeding" of the water with 

small quantities of magnetite. This non-magnetic material 

in the form of colloids, (11) bacteria (11) or v!ruses(17) 

is adsorbed onto the surface of the magnetite seed and 

is removed on passage through the magnet., The removal of 

non magnetic heavy metal ions from solution has a1ways 

been of considerable interest in areas wher.e the environment 

m~y be sensitive to their uncontrolled disposaI. Nippon 

Electric (13) has developed a process whereby ferrous 

sulfate ls added to contaminated solutions and is then 

coprecïpitated.as a ferromagnetic heaVy metal ferrite 

(MxFe304). The resulting slurry is th en magnetical,ly 
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fi1téred and the clean effluent is recycled. In the 

-p~ treatrnent of steel mil1 waste waters whose sources may ~ 
,1 

vary from rolling mi11 coo1ing waters, (14) 'to the gas 

scrubbers of oxygen convertors (15), successful filtration 

of a variety of solids has been achieved magnetically. 
-..::....~~/<!" 

In the former the solids to be removed are almost 100% 

ferromagneticiin the latter only 10% of the materia!\ is 

magnetic. Here the addition of a flocculant allows the 

non rnagnetics to cluster around the ferromagnetic matefial 

and consequently be rnagnetica1ly captured. A considerable 

economic advantage has been proven in using magnetia separation 

over convent±onal sand filters for this particular 

application. Again within the steel industry a study of 

further filtering for the rernoval of ferromagnetic fines 

from cold rolling mill lubricants has been made. (16) 
-

Although rernoval of large particles (> J mm) by permanent 
, , 

magnets placed in the ail surnp~has been standard' practice, , 

the removal of the very fine ferrornagnetic particles 
( 

« l ~m) ha~ never been achieved. The considerable 

contamination of oil ernplsions by iron fines prese~ts 

the undesirable problern of roll abrasion and wear as weIl 

as the potential for chemical breakdown of·lubricant. 

High gradient magne tic separation of the se fines to 
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'e 

levels of < l ppm Fe ensures lon~ lubricant life as weIl 

as considerably increased roll protection. 
, 

Other developments in magnetic filtration now 

include the removal of corrosion products in both thermal 

and nuclear power plant waters. (18,19) Due to the high 

temperature of the system and the predominance of iron in 

their construction iron oxides are formed. These are 

converted to magnetite or ~ome other forro of ferritic 

spinel. !ncluded in this spinel may be any other dissolved 

metal of a'bi-valent type and of similar atomic radius. 

The ferromagnetic nature of this material again allows 

1 for promisi'ng filtering ~performance. 
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The examples of magne tic filtration 50 far discussed ~. 
" 

are those which have either already been adopted as 

indu~trial processes or at the very ieast show considerable 

promise. Many other notewor~hy applications have oeen 
i 

propos~d and. continue to be§studied. Th~se include the 
-

recovery of ion exchange resins; (l?) precipitation and 

extraction of magnetite in acid mine drainage waters; (19) 

treatment of ferric hydroxide sludges by the-addition of 

magnetic seeds; (2°)~nd finally the collection of oil slicks , 

by adsorption of oleophilli~ magnetic media. l21) 

AlI of the filtering systems sa far considered, , 

deal essentially with the treatment of exclusively ferré- , 
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, 
magnetic material, (naturally pre~ent or added as seed) 

which is usually of fine particle size« 100 mesh). 

This·material may be easily filtered using either con

ventional magnetic separators or hgms devices op~atirtg 
• 

at low fields. 

Investigations of whether paramagnetic materials 
. ~ 
, " 

can be removed from such, a variety of systems l'ias not 

been as weIl documented. The problems concerning para-

magnetic material are quite clear when considering them 

for treatment in magnetic filters. Their magnetic sus-

~ ceptibilities are of several orders of ~agnitude lower 
1 .. 

then ferromagnetics and consequently the cost of, the 

production of strong field gradients for their capture 
" 

must be taken into accauntry One example of filtering 

paramagnetics is giVen~y Watson. (22) H~ has shown that 

in iron-containing waste water fram a coal min~, dissolved 

ferraus Iron in the,acidic water on mixing with the local 

river water ie oxidis~d and precipitated as hydr~tèd 

ferric oxide .. This undesirable precipita te was successfully 

filtered from the river water by using a high gradient 

magnetic separator. An economic oomparison of, this filtration 

and a proposed conventional sèttl~n9 lagoon system, showed 

that installation" operating and ma:i,.ntenance costa. would be 

half of that propected for the lagoon operâtion. 
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cf 
Oüher studies of filtration of wèakly magne tic 

materials include an innovative application in the 
\ . 

nuclear power industry. (23) P~ramagnetic radioactive 

compounds produced in the reactor chamber must be ' 

removed from associated cooling fluids prior te safe 

. disposaI. Higb gradient magne tic separa tors , because 

the y can be completely enclosed and isolated, easily 
, 
operated and maintained, ,allow operating. personnel to 

be weIl screened from any radioactive sources. 

The recovery of precipitated hydroxides from 

leach liquors (an alternative metal recovery process 

where electrowinning is not suitable), has been proposed (24) 

as a system wh~ch may benefit from magnetic filtration 

of the p,recipitates rather than the application of 

'~onventional flotation techniques. 

1.2 Removal of Iron from Solut~on 

The removal of iron from Folution has been à 
• 

considerable problem for many years in the metallurgical 

industry. Essentially the concern is in~two areas. / 

Firstly, the removal of dissolved iron from large ,volumes 
J 

.' 

of waste or cooling waters associated with any ferrous 

industry; se€o~dly, the inherent problem of iron removal 

J 
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, during the primary production of non-ferrous ~1tals. In 

this secon4 case the iron is an integral part of the original 

ore and must be removed either during ore beneficiation or 

selectively rejected during the e~tractive process. 

Within fe~rous industtles removal of dissolved iron in 

water is achieved by precipitating the iron as hydroxide 

followed by thickening and filtering. A novel technique 

developed by Miura\andJ'Williams (20) allows seeding of this 

gel~tinous hydroxide with magnetite and following 
, 

flocculation, the removal from suspension of the magnetic 

flocs by kotating magnetic dises. 

Within the hydrometallurgical industry iron removal 

from solution has always been and remains a considerable 

problern in the production of non-ferrous metals. The most 

common hydrornetallurgical proce~ses aIl contain an iron 

rejection stage, usually in the form of selective precipitation. 

Ammononiacal pressure leaching of copper or nic~el 

concentrates, ,which usually involves a slight o~ygen over

pressure, allïws hydrolysis and!oxidation of the associated 

dissolved iron\ in the form of hydrated ferric oxide. The 

precipitate is then rejected in the Leach residue. (25) 

The primary'metal, in,the case ,of copper, is then electrowon 

f+orn $olution, or in the case of nickel by pressure hydrogen 

reduction. Pressure sulphuric acid leaching associated 

III • 
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with copper and zinc ores requires the rejection of ferrous 

iron f~om solution. Again, with an 'oxygen overpressu~e 

and careful pH control, iron hydrolysis is achieved. 

Ferric hydroxide and basic ferric sulfate are then rejected 
. ' 

with the leach residue. (26,27) Atmospheric leaching with 

sulphuric or nitric aeid of~pper conc€ntrates again 

leads to the rej ection. of iron from solution as hydroxide. 

Howeve~, it has been proposed that an improvement in iron 

rejection may be achieved if the iron is precipitatèd as 

h d . . : ( 2 8) tl 1 hl' Y rbn~um Jaros~ te. Las y, roast- eac e ectrOWl.n 

processes commonly associated with the hydrometallurgical 

, production of zinc, have produced a variety of methods in 

the rejection of iron from leach liquors prior to electro-

winning. These'methods may be applied to almost any 

electrolyte or aqueous solution for iron rejection and 

will be discussed later in further detail. 

At this point it ia worth noting sorne less conventional 

methods to remove'iron from acid solutions ~on~~!?ing 
--"--------

non~ferrous metals. Solvent extraction has been ad~pted 

to a number of processes for ~emoving ferric irone (29,30,31) 
:>, 

Their common feature is the prpduction of an extremely pure 

iron solution phase without the problem of residue disposaI 

associated with the abôve precipitation routes. Indeed 
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Thorsen and Grislangas (32) have proPQ$ed a solvent 
t 

extraction system for iron removal in the hydrometallurgical 

~zinc industry. This wouid not only avoid the problem of 

iron re'sidue disposaI but also offer the prospect ofa 
~" , 

saleable irop product. Craigen et al (33) h9w~ver, notè~> 

that at the extraction of pH Qf 2-4 required fqr solvent , 
extraction there i9 a limited ferric iron solubility~ 

This problem is heightened if extraction is from a sulfate 

media or in particular if high initial iron concentrations 

are present. 

1.3 Iron Removfl in the Electrolytic Zinc Industry 

An examPl~ of one of the mor: important are as of iron 

removal from solution can be found in the electrolytic 

zinc industry. Here, the 'ability to 'keep iron lev~ls in the 
\ 

electrolyte low while mainta~ning ~gh recovery of 

zinc has been of considerable technological and economic 

importance. Tfie extractive process is a typical example 

of the "roast-leach-electrowin type. Zinc calcine product 

from the roàsting of sulphide concentrates ia leached in 

'dilute sulphuric acid (return electrolyte). This solution G 
ia then purified and sent to electrolysis. The calcine 

contains zinc in the forro of oxide, ferrite, sulphate, 
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sulphide and silicate; Weak acid leaching readily dissolves 

-~ -QXide a-nd- auJ..phates but not the ferrite (ZnFe204) 

" or unroasted sulphides. The latter two phases can conta in 

as much as 15-20% of the recoverable zinc' and require ' 

further treatment in strong hot acid. When the ferrite, is 

dissolved, the unwanted iron also 90es into solutïon. 

First generation hydrornetallurgical plants deliberately 

limited calcine leaching to the zinc oxide phase, rejectinq 

unleached fe'rrites and sulphides in the leach residue. 

This practice allowed low levels of iron to be maintàined 

in the leach liquor, at the expense of zinc recovery. 

Any iron present was then oxidised to the ferric state and 

precipitated as qelatinous ferric hydroxide, after solution 

neutr~lisation. Although, by it nature, this material 

is difficult to filter and interferes with thickening, 
; 

filterinq and washing, the hydroxide did allow the'scavenging 

of small amounts of deleterious impurïties such as As, Sb 
, 

and Ga. Higher concentrations of iron in solution become 

difficult to treat in this manner, as the volume.af 

this unmanageable ferric iron precipitate increases and 

seriously impairs conventional solid/liquid separation 

processes. Consequently, wi thin these plants, zinc recovery , 

was held to 85-~0% while electrolyte levels rarely rose 
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above. 1-~g;t .Fe, .prior to iron hydrolysis. Leach residues 

(22%Zn, 32%Fe) ,in the form of zinc ferrites and sUlphides . , 

were stockpiled for sorne thirty years. awaiting the develop-. 

men, t of a sui table leaching technology. Sorne of these ~,_ . . ~ . 

stockpiles contai~~d up to quarter oi a~illion t~!~ 
unrecovered zinc . 

. The introduction'of the jarosite process' (34,35) 

Fig.(l-l~ has allowed a second generation of e~ectrolytic 

zinc plants to be d~veloped, specifically allowing both 

high zinc recoveries and the ability to reject large 

quanti ties of iron. The residues from "neutral acid 

leaching" are reacted in a second hot strong acid leach 

(spent electrolyte) where the zinc ferrites and sulphides 

are dissolved. The iron content of this solution maybe 

as high as 40g/L Fe. Th'e solution is then neutralised to 

pH 1-2 with unreacted calcine and the iron pr~cipitated 

closè to 100°C as basic iron sulfates in the form 
-

MFe 3 (5004 ) 2 (OH) 6 where M is a monovalent cation of the form 

NH4 ,K,Na or H30. This form of sulphate is termed jarosite 

and due to a comparatively high cry.stalline nature, is re

latively easily thickened and filtered from electrolyte 

solutions. This system now- allows 96-98% recovery of zinc 
, 

while allowing < Ig/L.Fe in the return solution to the 
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. 
neutra1 acid leach and ultimately this level in;the feed 

, 
to final electroly,e purification. Industrially' the 

jarosites produced are u~~aily NH 4Fe3 (S04)2(OH) 6 and 
, . 

NaFe 3 (So4)2(OH)6' t e alkali monovalent cation being added 

as either a gas, a hydroxide or in the case of sodium as 

sulfate. ,Plant practice varies worldwide\according to 

the species and availability of the precipitating reagent 

used. In all cases, however, great care is taken in the 

control of the precipitation step (particularly of pHf 

, in order that ~he required degree of crystallinity an~ 
. 

ultimately particle size is achieved for efficient thick-

ening, ,filtration and finally simple disposaI of the 
, 

jarosite residues. 

f 

Together with thè. jarosite process, two other systems 

hav.e been ·developed for iron removal in the z{nc industry. 

These are the goet~ite and hematite processes. Both 'tech-
• 

niques ailow maximum zinc recovery after secondary 

leaching stages, while rejecting iron as an easily separated 

precipitate. In the Goethite process, ferr;c iron bearing 

solutions can be treated in two ways. In the.original 

Vieille .Montagne Process (36) the ferric solution 
/ 

is reduced tothe ferrous state, then oxidised at 90°C 
together with solution neutralisation to pH 2-3.5. Iron , . 

~ 
-"- ~ --~." ... 
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is then pre~ipitated as goethite (FeOOH). In-the Electrolytico 

Electrolytic Zinc process (37) 1 Fig. (1-2) the ferric 

solution is added toqether with a neutralising agent ta 

a precipitation tank at 90°C. The rate of solution addition' 

is equivalent to the rate of goethite precipitat~on, allowing 

~issolved ferric iron levels ta be kept balow 19/L, while 

pH is maintained at around 2.5. Goethite precipitated 
1" 

in this fashion tends not to be of a single phase but rather 

as a mixturè of ale FeOOH together with sorne Fe 203 and 

other amorphous phases. The relatively high.crysta11inity 

of aIl these phases gives excellent filterability of the 

precipitate and the process itse1f limits dissolved 

ferric iron levels to 19/t. 

The hematite process (Fig. 1-3) initially developed 

, by Akita Zinc Co. of Japan (38) and now proposed for a new 
, . 

zinc plant in Datteln Wes.t German?, involves the tr,eatment 

again of an initial neutral leach residue. In this case 

undissolved ferrite,is treated with spent e1ectrolyte and S02 

i, low pressure autoclaves at 95-l0QoC. After ferrite dis- • 

solution at ~hich iron is redu~ .. to the' ~errous state, the 

solution is neutralised with'lime ta give a marketable gypsum 

product and ta remove sulfate derived from the consumed SO'2. 

The iron is finally precipitated under 1.82 -x l06pa 
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TABLE 1-1 
,r 

1 " 

Composition of Iron Precipitates Found in the Zinc Industry 

Composi tio~ % 

Fe 

Zn 

Total Su1phur 

.. , 
" 

) " 

Jarosite 

25-28 

14-6 

10-12 

~ \ ., ç , 

< ' 

.. 

' . 

, , . 

, .., 

Goethite Hematite' . 
,(:1<, 

" 40-45 58-6Q 

5-~ 0.5-1.0 

2.5-5 3.0 

i , 
j:. 

, ' 

. " 
! ' 

, , 

.', 

Pc 

, . 

.' 
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SU,lphuric acid'> 

qenerated during the hydrolysis does nothinder precipitation 
1 

0' (j 

at these high temperatures. The precipitate is again of' an 

easily. filterable crystalline, forme ..( 
" t 

'" 

Wi thin the electrolytic zinc .indus_try the choice of 

which hydrolysis/precipitation route to ta~e for treatment 

of large amounts of ?issolved iron is dependant on many 
, 

factors. Table (1-1) shows the basic'properties of each 
.. .... 

of the precipitation routes. The-disadvantages of the 

jarosite process are apparent in that it produces a relàtive~ 

- h:igh volume of sol;ds, there is a"1Ug;- zinc to \iron ratio 

and sulphur leve'ls are high in the final discarded solids. 
\ 

This has resul ted \.n considerable attention being paid 
\ 

to the Goethi te and ~emati te proc,esses over recent years .. 

h 1 . 1\' fh' . T e q, mos.t un~versa aèeeptance 0 t e Jarosl.te process was 
~ . 

very mucb associated with the relatlvely simple c~e~ist~y . '. 
invoived and -the abil~ty to, integfate tht! pro~ess~j~to 

the then existing elec.tx:olytic zinc plants. 
,,'" 

The problem of 'precipi tate disposaI has always been. , ~ . .. 
èonsider~ble one of the major concerns of the zinc industry. 

land is, required if dumping is contemplated and the potentitl 
• , 1 

for environmen tal problems due 
"" 

to the breakdown of the .. 
precipitate (39) must always be 

.. 
f considered. New ~inc 
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- - -- - --,;------

plants have tended to incorporate either the qoethite or 

hemàtite processes, allowing a reduction in the volume 

of precipitate ~o be disposed .. This ia particularly 

true of the Datteln plant where land is at a premium. 

The concept ·of precipitate treatment for recovery of 
, 

• J • 1 iron-has also influenced the decision of wh1ch preclpltate 

route to take. .The hematite proceas was initially designed 

to offer a perfect blast furnace feed for the iron and 

steel industry. , However high sulphur levels (3% S) 
Il 

in the precipitate would have to be lowered by roasting 

if this treatment were contemplated. The use of jarosite 
, 

,and goeth.i te residues as blast furn4ce feed has also 

been investigated (40) with sorne degree of success. 

Such further treatment of these discarded residues , 

serves a twofold purpo~e. Firstly, a marketable product 

may offset sorne of t~boriginal processing costet 
, & ." 

secondly, any reductio~'in the space required for the 
t-. 

storage Of these residues would be of c~~àiderable. 

economic advantage. This second faètor is magnified 

somewhat if one considers ~he projected likelihood of 

increa~ed zinc production from Iower grade ores i.e. 

those or~s containing higher i;on and sulphur. The 
~ 

c~reeponding increase'in the volume of iron precipitates 

.. 
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produced, not only increases the problem of precipi ta'te 

disposal but also affects the large thickening, filtering 

and washing systems associated with precipitate/ 

electrolyte separation. 

1. 4 Prospects for Ma9netic Filtration of l'ron 

Precipitates in the-Zinc Industr? 

Of aIl the systems requiring removal of iron fram 

solution, the electrolytic :zinc industry provides the best 

example of a process where solid/liquid separation is an 
&--~~~ ... _ ...... 

integral part of the extractive system. It also provides 

an example of an industry which has developed a variety 

of techniques for removing iron from solution in various 

for.ms. Magnetic filtration may represent a technology 

that could be applied to this industry in order, at the 

very least, to augment the very large thickening and 

fil:~g'capacity required. This may be particularly 

t~if an increase in present capacity is contemplated 
. 

or if a rise in precipitate volumes oeeurs from the treat-
.. 

ment of lower grade ores. . . 
. 

The basic success.and advantages of magnetic filtration 

have already been weIl demenstrated. Whether it effers 

any prQspects in the zinc industry, however, depends on the 
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magnetic properties of the precipitate' and electrolyte 

system. Naturally occuring crystalline samples pf 

potassi.QIn jarosi te (41) and FeOO'H (42) indicate that 

these materials are weakly magnetic antiferromagnetics. 
- A 

Magnetic capture of a natural~y precipitated iron hy~roxide 

has already been documented. (43) The magnetic filtration 

performance of precipitates formed in high density electro-

lyte solu~ns is unknown. 

Mathematical models of filter performance derived 

to predict recovery and filter efficiency have in the 

past been an aid not only in determining the feasibility 

of a particular solid/solid or.solid/liquid separation 

'but also in predicting the role of some of the more 

important operatinç parameters. The present study'is . 
~ 

concerned with determining whether precipitate filtration' 
, 

is feasible using the already developed magnetic filters 

. available. The hydrome~allur9ical zin'C industry has been 

selected for the study -but·i t is ~onsidered· that the work 

will be applicable to other iron removal problems. 
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'. 
II. PRECIPITATION OF IRON FROM SOLUTION IN THE ZINC INDUST~Y 

2.1. General " 

The chemistry of iron precipitation from solution 

• and the identity of thé solid phases produced has only 

recently becème clear. " This is in large part due to the 

hydrometallurgical zinc industry's development of several 

iron precipitation processes and the associated basic 

chemical studies tnat have accompanied them. The studies 

have shown that the precipitation kinetics are quite 

complex and that considerable control- of precipitation . 
processes is required in order to produce the desired 

crystalline precipitate. The precipitates include 

Ferric Hydroxide 

Jarosites 

Goethite 

Hematite 

Magnetit(a 

2,2 Ferric Hydro~ide 

The original production of zinc electrolyte (4) 

relied on the simple dissolution of zinc calcine (ZnO) in 

dilute sulphuric acid. This process i~ complicated by 

, ... - --

.' 

1 

1 
! 

1 

1 
1 
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... 

• 

the simultaneous dissolution of imp~rities,in'the 
J 

calcine such as As, Sb, Cd, Co, Ni, Sn, Cu as weIl as 
. ' 

23 • 

Fe. Al~ of these are detrimental to the electrowinning 

of a pure zinc product. The precipitation of Iron as 

hydroxide allowed not only Iron removal frOm t~e zinc 

solution but also removal of these ~ther impurities 

(in particular, As, Ge, Sb). It was consiqered that 

these elements were removed.as either basic salts or 

absorbed onto the ferric hydroxide colloids. The ferric 

hydroxide, impossible to settte or fil ter in its colloidal 

state, was coagulated by raising the pH to at least 

pH 5.0. The mixture of unreacted calcine and hydroxide 

precipitate was thicke~êd and the electro+yte sent for 

purification and electrolysis. 

Fig. (2-1) (45) shows that the +2 and +3 oxidation 

states for iron are those that apply at the low pH within 
-. 

the zinc industry. Due to the high solubility of ferrous 

Iron, ferric Iron hydrolysis has always been considered 

in ~ron rejection systems. The basic equation Is: 

(2-1) 
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At the ~ow acidities present during neutral 'acid leachinq, 

ferric hydrolysis will ~ake place (egn. 2-1). Posnj~. 

and Merwin ,(46) studied the Fe203 - S03 - H20 system 

and the 75°C isotherm for the H20 corner .of the tern~ry 
~ . 

diagram (Fig. 2-2). At low acidities the diagram predicts 

that as acidity in the solution decreases the precipitation 
. . 

of mainly Fe203 .H20 rather than basic iron su1phate occurs. 

More recently, thermodynamic data relating to iron prec-

ipitation from sulphuric acid solutions ha. been reviewed 

by MacAndrew et al .. (47) These workers show that basic iron 

sulphate should not be a major hydrolysis product at 

lowacidities. As shawn in Fig. (2-3) Fe(OH)3 should 

precipitate out as pH rises at 25°C. Freshly precipitated 

Fe(OH)3 is slowly transformed to FeOOH and Fe203nH 20 in 

an acid solution, these latter two precipitates having 
.-

a lower solubility than that of Fe(OH) 3' as indicated in 

Fig. (2-4). (46) Thus a mixture of Fe (OH) 3' FeOOH and 

F.;203nH20 is likely to be produced as ~ result of ferric 

iron hydrolysis. A~y ferrous sulphate present should 

• be oxidised to ferric prior to hydrolysis: 

(2-2)/ 
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t ~203.H20 

2.3Fe2034S0319H20 

3. Fe
2
0j 2S035H

2
0 

4. 2Fe 0 · 550 • 17H 0 
2 3 3 2 

5. Fe
2
0 j 3503 6H

2
0 

6. Fe 0.450. 9H 0 
2 3 3 2 

7. Fe 0.450 • 3H 0 
2 3 3 2 

Fe203-S03-H20 Equilibrium. diaqram at 
75°C. 
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Previous studies (48,49) have suggested thàt under conditions 

applicable to the zinc industry (iOooe and atmospheric 

pressure) this reaction will procede slowly, but with 

elevated temperatures and aèidities an increase in the 
. 

rate ~tant of the reaction will take place. 

This concept of hydrolysis and preQipitation of 

ferric hydroxide is sornewhat oversimplified. There has 

been considerable effort to understand the precipitation 

f h 3+ . 1 d' processes 0 t e Fe - S04 - H20 system. Severa stu 1es 

(47,50,SI) have concluded that the presence and production 

of sulphate, bisulphate and hydroxyl complexes play a 

large part in determlning the' form of the precîpita~e 

produced, even though these species May not precipitate 
1 

themselves. The predomina~ce are a diagrams by MacAndrew 

et al (47) (Fig. 2-5,6) f~r sulphate, bisulphate and 

hydroxyl solution species for 2Soe and 140 0e have shown 

how elevated temperatures increase the area of stability 

of the sulphate-bisulphate complex region,but for the 

precipitation c?nditions prevalent 

hydrated ferric ion and the dimer 

. 
in the z~nc industry, 

4+ Fe2 (OH)2 ' {considered 

as "one of the Most important hydroxyl species complexes 
-- ) ... ~ 

formed during hydrolysis) ,(52,53), are the phases which 

appear to be most important. 
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The formation'of actual solids from solution is 
. ... . .,;." . 

de'pendent :""on the ini tia'tion and growth of 'smàll iron . ..(" ";-

polym~rs frOID the initial hydr?xyl or ~?lphate bisulphate 

complexes. As an example th~ ~.imer (Fe2(OH~) 4+ and 
'tif' "<li.' , i' .. 

its reaction with-the surround~ environment is given 
~. " . 

'fl:-:- . 
~ . 

as (39) . , 

2 Fè ."."..,.. , 'i ......... Fe .....!o.. Fe" Fe Fe,' Fe 1 • 

1
- ,OH:;'; . ]4+ ! OH,." ,OH, ,OH, 16~ 

--...... OH ~ - 'OH' \OH~ ,oa' .' -',. 
~.:\ .. ,', 

• 1 . , 
/ .. ~. .. 

The fo~ation .of crystallipe compounds occurs by further 
• 

growth of thes~ pol~er' forms. In the production of • 
• .", 41 ...... \> 

~ ~ -::t -ç f 

ferric hydroxidF ~ontinued solucion neutralisation , * 'il .. :-~'I\' 

àllows' polYmer cross l'inklng/to take pl:ace using hydroxyl 
~, 1> ~ 

bridges (Fig. 2-7). This simple POlym~ cèag~~~tion 

"..J..,s the èommon proeess of iron hYdro'xid~el formation .. ' . 
and largeiy accounts for'the poor filterability·it 

exhibits. 
l , 

The format:ion of this/. hydroxide, gel is alsO 
J 

aide~ ,by the presence of the excess basé added for 
, 

n~:ut;~lts~tion. ' '1!h'is tend~, to, ~pr8mote the h~OXYl 
" .... ~,J 

'-' ' , . 
br~d9ing ra~her than ~'more stable crystalline phase. 
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2.3 Jarosite 

The introduction of the jarosite process to the zinc 

industry (34,35) has 'l~d to a virtual revolution in 

iron precipitation technology. The ability to precipitate 

iron from acid solutions as crystalline compounds similar 

in forrn and structure to the naturally found carphos-

iderite '(H30)~ Fe3 (SO 4) 2 (OH) 6 or jarosi te K Fe3 (SO 4) 2 (OH) 6' 

allowed increased recovery of zinc as weIl as the prod

uction of a leadh residue considerably enriched with 

valuable elements such as lead and silver. (54) The 

conditions under whioh these compounds form are essentially 

those of mQderately high temperature and acidity 

(pH 1.5) allowing ~he formation and precipitation of' 
t 

basic iron sulphate complexes which react during 
" " 

hydrolysis wi th added reagents to form the desired 

jarosite species. A variety of jarosite type compounds' 

have beën formed and identified. (55) The general 

reaction mechanism may be described by the equa~ions 

be!ow 'u~ing NH4+ as the added cation: 

,(2-3) 

, . 
4Fe(OH)S04 + 4H2 0 = 2Fe2 (OH) 4S04 + 2H2S04 

", 
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2Fe(OH) 804 + 2Fe2 (OH) 48°4 + 2NH40H = 

(NH4) 2 Fe6(S04~(PH)12 (2-5 ) 

~ 

The studies of Posnjak and Merwin (46) of the 
,.. 

35 • 

Fe203-804-H20 system provide informatipn on the identity 

o~ the stable compounds at elevated temperatures and 

acidities (Fig. 2-8). The isotherm given by Posnjak and 

Merwin for '1IOoC ind~èates that at th~ acidity and iron 

concentration levels pertinent to zinc processing, 

jarosite. (as carphosiderite) ie in equilibrium with 

the ferric solutions presen~. Decreasing iron and 

acidity tends to gromote the formation of hydrated 
, 

iron oxides. Further etudies by MacAndrew, (47) 

Brown (56)and Umetsu et al (57) have provided Eh-pH 

diagrams for the Fe - 804 - H20 system at 95°C (Fig. 2-9). 

Jarosite in the form shown,here, (KF~3(S04)2(OH)3)' is 

~table at' the lower pH range and under oxid!sing 

conditions. Above a pH of 3.3, the jarosite will 

slowly decompose to hematite. .. '.! 

~romotion of a, jarosite phase takes place nat

urally with,the addition of alkali ion due to the 

decrease in iron solubility at a givep pH. Hydronium 

• 
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1. 'Fe
2
0

3 
.H

2 
0 

2. JFe
2
0
3
· 45°3" 9H

2
0 

3. Fe203·2SCl.3. H20 

4. F!203.3S0:f6H20 

5. Fe 0 · 4S0 .9H
2

0 
'2 3 3 

6. Fe203.,~S03. 3~O 

504 

- , 

~Fe20j-:s03-H20 Equilibrium diagrains at 
.. 110°C • 
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alkali but more often the H30+ ion is found substituted 

into the alkali jarosi~e phase as we~l. The extent . 

of this iron substitution is'apparen :y dependent on the 
(58) , (55) reaction temperature. Dutrizac and Kaiman have 

documented the non stochiometric ,nature of the added 

alkali in the formation of synthe tic jarosite compounds 

and attributed this to the ~01ut10n of the hydronium 

ion w~thin the normal jarosite phase. 

Conditions for efficient jarosite precipitation 

have now been weIl documented. Elevated temperatures 

and a control of pH (49) below pH2 allow increased 
. 

iron removal while restricting ,the precipitation 

of unwanted iron phases. AlRali ion addition can he 

kept ta stoichiometric levels .and the presence of 

ZnS0 4 has little effect on the thermodynamics of ,the 

precipitating system. (59) Seed~ng of the ~~eètrolyte 
;::

considerably improves the precipitation process. 
. 

This appears to be due to a reduction in the ini~l 

induction period, which is apparently required before 

precipitation takes place. (54) This induction 

period is probably related more to the time required 

for the formation of the corr~t,ion species prior .. 
to a~tual solid precipitation. (39) 
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Unlike ferric hydroxide, jarosites are a true 

crystalline phase having the asame structure as alunite 

(KA1 3 (50 4) 2 (OH) 6). This structure i8 described by 

Rossman et al. (41) Fig. 2- 0 shows a slightly 

distorted octahedral polyhed a with ea~h polyhedron 

having four bridging hydroxi es in a plane with sulfate 

groups at each apex. Three of the sulphate groups 

are co-ordinated to metal ions which are joined together 

by the sulphate groups and the network of dihydroxy 

bridges. The octohedra combine to form sheets which 

are separated by uncoordinated oxygens and the alkali 

cations. 

Impurity ions found in the electrolyte solutions 

of the zinc industry May also precipitate out to 

a limited extent as substitutions for sulphate, in 

the case of As and Sb, or for hydroxyl ion in the 

case of fluo~ide, both of which are advantageous to 
.r 

the process in decreasing the amount of impurities in' 

the electrolyte prior to electroly~is. Substitutional 

zinc losses appeàr to be minimal providing lead jarosite 

formation is held to a minimum. (39) Most zinc losses . 

take place during final filtering and washing operatIons. 
'0 
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2.4 Goethite . 
1 

The goethite process was original1y developed 

simultaneously by the Société de. l,a Vieillè M,ontagne 

'(VM) (36) at Balen Belgium and the Electrolyte Zinc 

company of A~stra1ia, (EZ) (37) as an alternative te the 

j arcs i te proce s s • Al though the j aros i te and' goethi te 

proces~es disp1ay similar economics (GO) goethite pre. 

cipitation was"fe1t to be advantageous in that the need 

for reagent addition was eliminated whi1e the production 

of a s,table residue was not inh'ibi ted. The particularly 

strict chemical control required in the goethite precess 

probably accoùnts for the reluctance to use this pre

cipitation route. (6J) 
\ 

In the VM process, following the no~al·neutral 

and hot acid leaching stages, disso1ved ferric iron in 

the electrolyte is reduced te the ferrous state by the 

addition of ~nraasted zinc sulphide: 
" 

The sulphur produce~ and unreacted su1phide is returned 

to ·the roaster, while· the solution lé neutra1ised to 

pH 2.5 and maintained at a temperature of aro~nd 90oe. 
.' 

At this pOint air ls injected into .solution and the ferraus· 

6 
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iron is oxidised to the ferric state. -As this takes 

place hydrolysis occu~s' and iran is precipitated as 

goethi te, (FeOOH) '. Acid produced from hydrolysis is 
, 

neutralised with added caLcine, maintainlng the solution 

at the required pH. The overall reaction may be expressed 

as: 

4FeS0 4 + 4ZnO + O2 + 2H20 = 4FeOOH + 4znS0 4 

In the EZ process, although similar to that of the VM 

procedure, no reduction of the ferric iron, found in 
" .. 

solution arter leachinq, takes place. Here ferric iron 
" 

solution, ai; elevat;ed temperature (,90°C) to. promo~e 

hydrolysis, is added with neutralizing agent (calcine) 

tQ a precipitation tank conta~ning a solution of dissolved 
~~ 

ferric iron at < 19/L Fe3+. ' On addition of the leach 

solution to the precipitation tank, iron hydrolysis and' . , 

precipitation takes place, while dissolved ferric iron 

leveis are maintained at < 19/L Fe.J+ by controlling pH 

leveis with calcine addition at around pH3. 

The ~sotherm produced by Walt~r-Levv and Quemeneur. (62) 

for the Fe203 ... H20-S0 3 system' ~t..qoooc (FiC}-; ',2-11) gi~es 

sorne indication of the sOlubility of"the various iron 

.. 
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compounds in e~uilibrïum with ferric sUIPrate solutions. 

For goethite precipitation to take plaée 'or altèrnatively',to 

avoid the precipitation of basic ferric sulphate, ferric 

iron levels have to be kept below aPDrO~imate'l~ O.1%Fe3+. (47) 
-

The provisions made in the VM and E Z' procas ses 'to avoid, 
1 

, . 
,hiqh ~erric iron level~ diring hydrolysis,and prec~pitation 

~are basic to the producti n of goethi te. .~' 

Identific~tion of t e precipitated phases in both 

processes has been determined by Davey and Scott. (63,64) 
. 

Thr~e phases a- FeOOH, a-FeOOH and a-Fe203 appear to pre-

cipita~e, depending on the precipitation conditions. 

Although a-Fe203 is a more thermodynamically stable com~ound, 

Langmuir (65) has shown that for the transformation: 
,,' 

(2-8) 

The free energy ~Go for the reaction is a fpnction of the 

size of the initial particulates formed. Goethite stability 

is' increas'ed by keeping the particle size smail • 

During the precipita'tion. goethitè and hematite share 

the same initial iron pOlyroer of the forro: 

. ,/ OH, 
Fe 
~'OH/ 

\-
I ... ! 

/""OH 
Fe 
~ 

OH 

) 

, ( 

l ' 
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<1 

providing a large excess of base is nôt present during 

solution neutralisation, this polymer chain may oxalate 

such that: , 

/OH, /OH 
Fe Fe 
~OH/- 'OH 

)JJ:l., OH 1 
-+ Fe - Fe~ +2H+ 

''''''' " . o . 0 2n n -'. 
J 

!his polymer forro is the precursor of either goethite or 

hematite. These polymers have been identified as small 

solids (66,67,68) in the form of ro~s which ultimatel~ 
, 6 'J . 

together to forro small particles =l~m. ( 9) Two factors 

appear to play an important role'in determining which . 

< 

come 

particular variety 9f ~eOOH or fe~03 is produce~vate~ 

temperatures appea~ to favo~rthe formation of a-Fe,203 CZQ) 

while thè id~ntity of the'complexing anion of the initial 

hydroxyl polymer determinés the phase of FeOOH formed ~",,~, 
, " 

. 1__ 

General trends show that Cl and Fanions favour the 

. production of a-FeOOH (63,71) while S04' Br, N0 3 favour 

the formation of a-FeOOH. Explanations as to the importance 
.... 

of the anions and the exact me'chanism :Ll;lvol ved induc'inq the 

respective goethite phases are as yet not clear. Disso~ved 

anions in the goethite structure which are not removed,by 

simple water washing may make up 6% of the total weight 
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, of thè precipi taté 'j,n -Èhe case of the chloride ion or 
, (64) " 

: 15% in the case of the sulphate ion. It would ftr?eem. tha,t 

their presence contributes ·significantly te thè goethite 
~ 0 ' .. ' 

phase, formed. 

• 
2.5 Hematite , 

The hematite process (38) is the last of the new 

• 

iron precipitation procedures used' industrially in'electro-

lytic zinc plants. The process was developed by the Dowa , 

Mining Co. afte~ original studies.> bY"t~~ Electrolytic 

zinc Co. of Australia (72) ~nd Sherrit Gordon.(7~). It was 

;first used by the, Akita Zinc Cà>;; , of' Japan and i9 now proposed 

for the Datteln Zinc Plant in West Germany.· The procress 
t ' 

con~lsts of treating primary leach residue (unleached ~inc 
'. 

ferrite) 1 in suchoa way that the iron in solution remains 

in the ferrous state prior to iron hydrolysis ~nd precipit

ation as hematite. This i9 achieved by dissolv~ng the 

solids in 'a mixture of spent electro~te~ make upo acid 

and added S02. ,und;r these conditions ferric iron 1s . J~' " ':," f 
reduced to the "ferrou(,;'tate: • , \.---..J • 

,~, .1,*'· 
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The solution is now treated first for copper removal 

? 

(by-precipitation with hydroqen sUlphide) and then 

neutralized in two stages by lime addition to pH4"S., 

Th~ gypsum prodùced is considered to be a marketable 
" 

47. 

produ~t. After neutralisation the sQlution is'heated to 

200 0
lC under approximately 1.8 x 106,"i:>a. O

2 
pressure. 

Iron i8 precipitated as hemati te after oxidation of ferrous ' 

sulphate and subsequent hy~rolysis: 

2FeS0 4 + 0.S02+H2~04 + Fe2{S04)3 + H20 

or 

(2-10) 

( 2-12) 

An optimum reaction time of three hours allows iron 
, 3+ 

levels in the solution to reach about 3g/l. Fe whi1e 

acid produced during hydrolysis is returned to ~he primary 

leaching circuit after filtration of the precipitate. 

Original st~dies by P,osnjac and Merwin (46) and 

later by Umetsu et al (57) for the Fe203 - H20 -S03 

system at '200°C (Fig. 2-12) show clearly that hematite 

1 
,1 

! 

1 
1 

~ 1 
r 
': 

precipitation is favoured when acidity levels are low, v \ 1 

whereas at increased acid levels mixtures of Fe203, and 
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basic sulphates are likely. Basic sulphates are undesirable 
7 

as they increase ,the sulphur levels'in the precipitated 

product, which was originally considered (29) 'to be a 

marketable 'blast furnace feed.' In the presence,of ZnS0 4 
there is a considerable increase in the range of hematite 

stability at these, elevated temperatures. (57) Fig. (2-12) 

shows that with 75g!L Zn présent, F~203 is stable up 
" 

to acid concentrations of about 85g/L. Umetsu et al have 

also established how elevated temperature improves iron 

rejection from solution, witb a considerable decrease ' 
1 

in iron solubility ~aking pl~ce between lSOoe - 200°C. 

The precipita,tion of iron as, hematite from zinc sulphate 
1 

so~ution requ~res close chemical control~ Although 
i 

the~O~ynamic~lly, hematite formation is favore~ upon 

the oxidation of ferrous i~on solutio'ns (Fig. 2-l) i t 
. 

is apparent that severa-l other factors -.llave to be taken !r 

into account in order to Obtain a satisfaëtory precipitate. 

The filterinq quality'of the pr~cipitate produced 

industrially is reported as ~eing excellent and this is 

in qreat part,due t~ the,relativelY crystalline nature 
. 

of the hematite produced. As discussed previously the 

p~ecursor to the he~atite crystal appears to be a polymer 

chain ba~ed on th~ dimer Fe2(OH;~t which du~ing solution 

. . 
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neutralisation or at e1evated ternperatures i8 a1lowed 

to oxolate to forrn large po1ymers, which in the case 

of hematite formation are probably highly crystalline. " 

The single crystallites produced tend to be larger than 

l~rn and do not agglomerate as do those found with goethite 

formation. 

Irnprovements in calcine qua1ity and the control 

of the leaching and neutralizing stages of the .hernati te 

process has altowed the impurity 1evels in the hematite 

precipitate to be decreased considerab1y. Pilot plant 
<,; 

hematite residues at the Datteln operation are compared 

to those found at the original Akita plant, Table 

(2-1). Con~iderable improvement can be seen in reaucing 

the sulphur content of the residue~hile iron levels 

approach the theoretical for hem~tite. 

2 • 6 Magneti te 

The removal'of iron from soiution by precipitation 

of magneti te has not ,been developed indus;trially. However 

the 'chemistry for magnetite prOduction is re1atively 

wel1 understood due to the iriterest stemmin~ fr9m the 
t' , /, 

removal or iroh from waste waters (13,:4) and in the 

prOduction of ferrites for the electrical industry. (75) 
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, 
TABLE 2-1 , 

" 

Composition'$ of Akita and Datte1n Hematite Precipitates 

Fe % 

Zn % 

-1 
S % 

Akita 

58 

'0.5 

3.0 

1· 
..... 
1 , , 

'] 

Datte1n 
ç 

6,3.5 

0.8 

1.5 
------

" 

,-

1 
1 : 

r : 
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The ferromagne~ic nature of thé precipitate.immediately 

makes it of intereat in applications where magnetic filtra

tion ~ay be considered as an alternative to conventional 

solid/liquid separation. 

The chemistry of magnetite precipitation may again 

be predicted from the Eh-ph diagram of the iron water 

system. Magnetite appear~to be stable-in ferrous iron 

solution under slightly laducing moderately alk'aline 
• 

conditions. From the original t~eatise by, Mellor', (76) 

(77) - , 
(Kunda and Hitesman delineated three sfts of chemical 

condi tions for the precipitation of magneti te. ALI . 
involve the oxidation of fer~ous sulph~te solution~ in 

the presence of a strong neutralizing agent. The method 

considered ta be most successful and apprapriate to 

applications in the zinc.industry involves the addition 

of ammonia into ferrous sulphate solutions under 1.72 x lOSpa. 
~ 

02 pressure. The reactions taking place are aàsumed to b~: 

3FeS0 4 + 6NH3 + 6H20 + 3Fe(OH) 2 + 3(NH4)S04 

2Fe(OH) 2 + 0.502 + H20 .... 2Fe(OH)3" 

Fe (OH) 2 + 2Fe (OH) 3 + Fe~4 + 4'H20 

(2-13) 

(2-141 

(2-15) 

'1 • 
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-. 
The mechanism of magnetite formation is reported (77) 

as being the oxidation of the fe~rou~.hydroxide to the ferric 

state a~ the subsequent rea~tion of the two hydroxides 

to form- magnetite. Properties of the precipitate and 

the behaviour of the solution during precipitation are 
" 

shown in Fig. (2-13). Precipitation times are considerably 

shorter ~han those found in other iron precipitatien • 
1 • 

routes while reJection from solution is a1most complete. 

A serious drawback to the application of this pro

cess to the zinc lndustry is the tendency to co-

precipitation of diva lent metal ions, present in the 

solution as impurities, by the formation of f'arrites: 

XM2+ + Fe2+ + 6 (OH) 
3-x -+ M Fe 3 (OH) 6 x -x (2-16) 

(2-17) 

Kunda and Hitesman indicate thàt zinc losses in the 

p+ecipitate were such "thai: 99% of O.OSM Zn present in 

the original solution would be precipitated wit~ the

magnetite. This ia clearly an intolerable loss and 

consequent1y interest in thià iron precipitation tech-, 

nique has been more associated with waste water treatment· 

rather than hydrometallurgical prQcesses. 
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NEUTRAUZATION-OXIOATION OF FeSO .. SOLUTION 
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Behaviour of (a) maqnetic properties, , 
Cb) pH and ,(cl iron, duri~9 pre
cipitation of Fe]04 from FeS04 'solution 
by neutralizatioft and oxida~iorl ' 
treatment'. Conditions: 100. C, NH3/S-

,molar ,ratio 2.2, O.17MPa 02. 
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III. MA.GNETS AND MAGNE'l'IC CAP'l'URE MODELS 
oc JI 

,. 

3. 1. Magnets 

.. - .! 

. , 

hlthough a variey of magnetic separators/filters-

have been adépted within th~ mineraI prpcessing industry, 

th~, present work is con'cerned with the Kolm-Mars'ton 

device developed at the MassachusetteBlnstitute of 

... Technology. (78) 

Thé'b~àic separator consists of an iron clad 
.. .... 

solenoid, ~he,working volume of which is filled with a 

filamentary matrix consisting ~ either stainless steel 

wool or e~panded metal lath (Fig. 3-1). The solenoid 

is surrounded by an iron frame to allow not only an ex

tension of the uniform field in the solenoid bore, but 
c 

also a condense route for flux return. The ferromagnetic 

and filamentary. nature of the matrix allows the production 

of very ~igh magnetic gradients around the wires by 

perturbation of the uniform magnetic field. Together 

with the product~o~ of high backqround fields, these 

" hi'gh gradients allow for the capture of small « llJtn) 

weakly magnetic particles which ar~ passed through the 

separator. Initial devices were of a batch design 

(Fig. 3-2). Used as a separator, a slurry of mixed 

solids i8 passed thro~gh the magnet and the magnetic -
' .. 
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portion of the solids is captured on the matrix. The 

trapped particles are then removed by switching off' the 

Magnet and flushing the matrix with wash water. The device 

therefore works in a cyclic manner of alternate feeding 

of 'slurry and removal of captured magrletics. As a fil1j:er, 
, 

the sl~rrYuis fed to the matrix and the effluent monitored· 

for solids content. Once the matrix approaches a [fully 

loaded condi tio n, solids will" appear in the slurrY 
, . 

efflt;lent as "breakthrough" takes place. 
1 • 

Aga,in the! magne t' 

is switched'off and'captured materi~l flushed·from the 

matrix in a highly concentrated forme Batch devices are 
" 

weIl suited to feeds wher~ the fraction of maqnetic 

material is small as this all6ws large volumes of slurry .. . 
to be fed ta the magnet before the matrix is loaded and ' 

• 

flushlng is required. In Many mineraI processinq situations 
• 1 

this is not the case arld continuous hgms devices'are 
1 

1 

required. A schematic representation of these separators 
1 

i9 shawn in Fig. (3-3). By inqenious design the m~trix 

1s mounted on a carousel and allo'Wed to pas~ con~i~oUSI~: 
through the magnetic field. The elongated sOle~d 

1 ~ 't! 1 

sti~l allows the production of a uni(orm magnetic ~iéld 

parallel ta thè slurry flow. APPlicati~n~ ôf ~his raq~~t 
ta the iron ore industry and other high yotume syst ms . 

have been described. (79,80) 
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3.2. Models 
.. \..~ ~ 

3.2.1. Introduction 

" 

'. ( .. 
; 

'-, 
1 

• 1 

,~'I f'" r...,.: l .. ... 

Accompanying the consider'able effdrt in ,e~i,p:.ne 
• 

1 
,1 

r .J .. ... ~ J 

design 'has been'an extensive develop~ent 9f mathe~ati àl 

.mo~els. The techniques involved,are a balancing of 

weIl delCined for~es involved in the capture'process 
.~ 

i • e. magnetië,. hydrodynamic and, 'gravi ty forces', A simpl 
\ 

idealized situation describlng the, separation' proce,ss 

is pres'ented ip Fig. (3-4). :A.~uid ~o'Ving at constant 
':->"\'''10 " 

,~ 

'û 

Ô 

'-" 

1 
" 

-'l 

\: o ' 

velocity contains a spherical ~~amagnetic partic~e. 
, .' 

The particle appro~ches a cyliridrical ferromagnetic' . 
, 1 

wire w~th its axis ~at 900 b9 the fr~~,: Applicati~p of 
, J 

à uniform magpetic field, applied perpendicurar to 

" the wire, magnetizes the wire. A field gradient is 

produced near the-wire and consequently a magnetic.force 

on the particle is developed. Providing the magnetic 

force on the pqrticle is large enough to overcome tpe 

competing ~yd~o~ynamic drag and gravit y f~rcesl the 
_ 0 

particle will adhere to the wire. Magnetic force contours 

(Fig. 3-5): for an infini tely long ferroma9n~tic fie}d, ,.' 4' 
ÏIldicate the reg~?n of the wire over which attraqti~j , 

forces act on a small· paramagnetic particle.. The ' ,1 

only 
~ . ,1 1 mai:erial build,up ç:an take pJ.a.ce on the top and 
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. ' 

Slurry Flow ,,:0 
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Simplifieâ situation of spherieal, 
, ' J 

paramagnetic partiale approaehing a 
~cl'indrical,' ferromagnetic wire in hgms. -of ... 1 
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. bE>ttom ofpe wire. 

Sever,al apprÇ>aches have been taken in describing 

the physics of the e~pture process. Theae may be broadly 
1 

àivided into the two areas of trajectory models and build 

up models. Trajecto~y models descr-ibe the motion of ' 
. 
the magnetized particle~ ~nder the,influene, of a magnetic 

force. The models prediet'a capture radius (R )'which 
c 

is the lim;ting radi~s or area about the wire from 

which aIl particles are eaptured. 'Build-up models, 

whicn as~umè partiele capture on th~ magnetizea wire 

has already taken place, attempt te predict the ultimate 

build up prqfile and rnass of material on the wire. 

This approach allo~s simple predictions to be mad~ of 
~ r " 

the total ,amount of material recoverable on the matrir. 
t - , 

Attempts hav~ also been made to describe the overall 
\ 

filter~nglperformancé of hgms systèms by utilizing not 

'only the above physical c'Ohcepts but: also by utilizing 

r , 

a "black box" approaeh. By applying', the sorption theory 

Qf conventional fil~ering systems, Ptedictions concerning , 
1 

, , 

,magnetic.rf;i.ltering, perf~rmance may be made. 
'>" 

3.2.2. Trajectory Models .. 
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1 
considering magnetic and fluid drag effects only, found 

that trajectories of paramagnetic particles around h'iqhly' 

maq~tised ferrO~gnetic wi~es~ depende~t on~e ma~netic 
to fluid ratio 'U

oo
' The magnetic velo:ity Vm"can be 

defined as the terminal velocity a spherical particle 

would achieve in a stationary fluid under a constant , 

magnetic force and Uœ the fluid velocity measured at 
( 

an infinite distance from the wire. Assuming Stokesian 

drag, Watson derived: 
~ 

= (cgs units) (3-1) 

Where b is the partie le ra~ius, K the volume susceptibility, 

Hà the applied back~round field, Mw the wire magnetisation,' 

n the dynamic ~iscosity, and a the radius of the wire. 

To ensure magnetic capture the condition is UC? < Vm• , 
" 

~he concept of a limiting particle.trajectory is used in 
" defining Rc the dimensionless capture radius. Ali 

,f 
particles pass~ng-within ~ capture cross~section 2Rca, 

will be attracted towaros and ultimately captured> by the . . 
Vm wire. ~he depèndence of Re ,on ~he ratio rr-- as deduced 

by W,atsc>n (81) ia shqwn ~ :i.: · (:i~6). ~ .. ~, ' a. e~ 
An extension of this single wire study can be made',' 

...... ~ ·i'T .Ji' 
,.... ~ -~ - - (1 ~ 

to apply to the-entire matrix'length;, Assuming an élement 
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thickne,ss 3x of the matrix, a volumetrie packing 

fraction F and matrix length L, ,then tpe ra,tio of particles 

le,aving. the separatôr ta those entering may he expressed 

as: 

(3-2) 
o ' 

Luborsky 'and Drununond <,8 2) ~onsidered a more realistic 

system where the effects of partie le build up on the 

wire are taken into account. Assuming that 1/3 of 

ribbon~like !ibres (the actual morphology of stainless 

steel ~ool) to be correctly oriented fQr fine particle 

,capture, they ?educed that: 

( 3-3) 
\ 

. 
Where S is the diameter'of theftmajor wi~~ axis and f'-' 

\ 

and t are data fitted parameters. The parameter f'was 

termed the captur'e efficiency and t a cap~ure radius 

for mechanical entrainment of particles. 

Further development' of this has been made by 
0' 

Clarkson, Kelland a~d' King. (83) By applying a boundary 

layer condition on the solution for potential flow and 
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el~iptical fiber shapes, viscous and inertial fluid body 

forces' are thus accounted for at low to moderate Reynolds 

numbers. The model also allows for non magnetically 

saturated wires together with gravitational and near 

field magnetic ~ffects. Expressed in terms of recovery 

they gave: 

%R = 100 

1Ta'b' , (3-4) 

, 
Kf allows for random fibre-fibre interactions arid is 

. 
anal gous to the f factor of Luborsky and Drummond. 

The cross sectional area of this fibre is defined as 

'!fa 1 b' , ~ a' ,b' are the minor and major axes of the ribbon-.liJœ • 
l' . 

fibres. Experimental testing of thf equation by Clarkson 

et al (84) found that a good correl*tion exists between 

the predicted recoveries and those measured fçr ~~~O.05.· 

Their assumption of potential flow appeared to be correct 

only for particle sizes > 5~~ and that below this size ' 

the shieldinq effectR of the bounàary layer on particles 

from the o~lhérw~se large drag ;orces of potential flow 

become inc easingly significant and should be included 
, . 

in the equation. 
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~ Simons, Lawson ~nd Treat (85) assuming potential flow, 

included inertial effects, gr-avity an<~. a near field magnetic 

force term in their study of the dynamics of particles 

approaching a cylindrical wire. They established a series 

of baundary conditions under which it was possiple ta neglect 

these effects in calculating Rc and concluded that the 
~ Vm '. 

relationship developed between Rc and Pœ by Watson was 

adequate for most practical cases. 

Recent studies on the trajectory approach (87,88,89,90) 

have been more concerned with the. prediction of whether 

particle build-up takes place on top of the wire or 

whet?er back capture ca~ take place. Although these 

models have tended to predict considerable back capture 
:" l -
for single wire studies; (91,92) i~pears th~t for 

closely packed matrices this effect is not important in 

predicting the ~otal 'amaunt of material captured. (91) 

3.2.3 Build-up Modela 

The ability of erajectary models to provide 

information as to the initial capture cross-section 

for a' specified set of c~nditiona has been demonstrated 

by the models 'of Watson' (81) 'and Luborsky ~t al. (82) 

Build-up modele predict the profile of thé accumùlàting 

" 
" 

o 

.. 

:' 
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) 

material. 
, 

This is of concern in the trajectory models as the 

profile will influence the fluid flow. The second 

function of the build-up model is te de termine the 

loading capacity of a wire and consequentiy the total mass 

recQvery potential of the hgms device. The ini~ial 

work of Luborsky and Drummond in determining the effect 

of the build-up profiles on particle trajectories was 

based on arbitrarily chosen build-up·shapes. (82) Later 

work (93) co'nsidered the stabili ty of these" profiles 

by balancing the fluid drag and magnetic forces in the 

boundary layer .existing over the build-up profile •. 

The ~lU~d forces wer~sâmPlified by considering an 

average boundary layer and Stokesian drag on a sphere. 

~he critical angles where the components of tangential 

force on· the particles are exactly balanced can be 
... 

calculated fOl: eac'h·,successive .layer of particles, while ( 

the loci of these angles describe the --ul timate bùild-up - . 
profile. The model tends to describe a fan-shapèd 

build-up. further work by Watson' (90,94,95.) supports 
-
the model of Luborsky and Drummond. Although still 

allowinq Re to be dependent 
, ' 

a boundary layer adjustment 

. -, l', 

." 

'Vn;l 
Q~ u:- ' Watson applied 

and Qalc~lated the probability 

1 
( . 
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of retention in each surface element above the wire. 

This produeed a build-up profile similar to that of 
• 

Luborsky and Drummond. An effetetive Rc cano he ealculated 

which deereases as partiele build-up takes plaée on the 

wire sueh t~at ~or volume of build-up V and wire volume 

Re(eff) 

\ 
! 

= 
Re initial 

(1 + 4V 
V; 

(3-.5) 

Photographie evidenee of fan shaped build-up has beén 

established by.Friedlander et al (96) and Hollingworth. (91) 

They support the asswnptions of Lu'borsky and Watson. 

The model of Liu' et al (97) again similar in 

construction to that of Luborsky et al, found that a 

build-up volume .. qtaximum was reached prior to large 

reduetions in R. Tw~ cases were.~efined for particle-C ~ , 

wire' size ratios (i) '~ = 1 (i!) ~ « 1 where b i9 the 

particle radius and a thé wire radius. For the larger' 

particles (case i) Stokesian drag is assUmed and the 

relationship bet~een maximum relative bu~ld-up voiume 
vm 

f (max) and 
·U 

00 

ia Sllch that :;, - , ' 
l' - .. 

~m 

1 
f (max)' ~ 1 . , 

,L' 

U
CO 

" 

.(3-6) . 

• r' .. 
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For case (-ii) an averaged boundary layer is applied 

to the system such that, ~ ,1 

• 

t:: r· B hH 0.8" (3-7) 
f (max) a:: and 

'\ \ 

Where Ô is' the boundary layer thicknes~ An overall 
. 

filter model was then developed for the oondition 

b/a close to unity. They concluded that capture 
• 0 

radii variations with build-up volume cou Id be neg~ected 

since the 'capability of the wire matrix to capture 
\ ~ 
particles remained high and practically unchanged up 

to build-up satüration. A function F(Vm) can be 

described fO'r the cumulative weight fraction of feed 

with magnetic velocity less than Vm by considering 
, . 

the'magnetic velocity distribu~ion of the feed str~am. 

Thu~ I-F .(Vm minimum) corresponds to the fraction captured . ~ . 
, ' 

when subjected to the oondition that aIl particfes 
• 

.., 

with Vm greater than Vm minimum are retained in th. 
"-

filter. This Vm minimum is specified by l!'ig.· (3-7) ," the 
, 

equilibrium wire, loading. By integrating n~lly 

(l-F(Vm minimum» for increments of fe~d, the total 
r -

weiqht fraction rec~ver,ed by the separator is!determineq. 

The mode l ,of Nesset an9 Finch (98) empioys a force 

balance approach for particles that haye arrived at the 
r 

• , . 
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~ire:su;_:e*e. By employing a laye~ by l~yer calculation, 
" 

bu:i,.ld-uJ ~rofiles can.,l;>e' determined and recovery equatipns . 
'deduced. In defining fluid drag on captured particles 

a different approach to the traditional Stokesian 

dra~ was taken. ~he Blas\ius (99) solution was,emplQyed 
n 

to de scribe the fluid drag on particles resting on the 
.... 

bottom of' th~ developed, ~undary layer. 
fI'" 

. 
The model ,-' 

also incorpor,ates field.pe turbation terms for.non . \ 

oA saturated matrix wires as Il as magnetic su~ceptibility 

functions for non paramagnet'c materials. 

Fig. (3-8) indicates t e forces acting on a 

,stationary particle ar~ived' at;l,. ~!1e wire surface. The 
J ~ 

net radial force is comprised ~f magnetic and gravit y . - ' 

terms, while the net tangentia.t~, force is the sum of 

maqnetie, gravit y and 'fluid terro'. A loci of eritical 
, 

angles e caq. be determined which:~~efine the J;.egion' ·e ,,' , 
of partiele attraction around t;.he -~ire (Fig. 3;-9) J r 

\ ' 
'The predieted build-up ~apes, are in good agreement 

with the photographie evidenee of,~iedlander et al. (96) 
,<> 

" 

sin'2è 

" , {B} 
fb' fluid term (3-8) . 
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E =0 
e net 

Loci of net radial a_d tanqertial forces (101) ~ 
,in one quadrant about' a wire. Hatched 
areas show ne9at~ve net force. ~ 
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where r is the particle accumulation radius, 9' ts the 

angle fram the front stagnati'on point on the wire 

Pf the fluid density, v the fluid viscosity, B the 

Blasius term and fb is the ·fractional area of shear ~ 

76. 

. . (121) 
'on a particle. The term fb was !.estimateg at 1T/8 

and B was calculated to be 4.24. (100) The above 

equations can be reduced to a dimensionless forro for 

describing relative build-up radius (ria) or ra' The 
, 

equations are solved at e,= 45° a close approximation 

-of the maximum angle of build-up: 

2 rbH 
2

KA 11 4/5 ( 3-9) 
ra = 

a • _ 

'Pfuoo\)~a~ , C : ( 

1 ~I 
~/5 ( 3-10) 

where 

r 
v 

C 

= t, 

== 3/2 {B} 
- ~ \ fb - 2.5 , • 

NL i~ called the "Loadinq Number", and represents the 

ratio of fluid shear forces to magnetic ~orces in 
''i 

equi'librium at a fully loaded ,build-up radius 'r . a 

t • 

1 

Having assumed a total build-up profile to be that 'of a 

90° segment of radius ra and introgucing a packing 

~ density term 8, équations estimating volumetrie and r 
, .' 

• ( 
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mass loadJng ,on 'the matrix can be derived. 

'l,'he volume of captured material- per unit vo1ùme . " 

of wire, 'Yv is . . 
r • 

€ 
( ra 

2 
.1 ) , Yv = 4 

) 

~. . . e [t~J4/5 1] Yv = 4 ( 3-11) r 

.. 

and Ym, the mass of retained materia'1. per unit Maas of 

wirè ia expressed as: 

4/5 2-e: ! G~J 1] • Ym = 4 °w (3-12) 

.. 

. , 

Where Pp is the' partièle densi ty and Pw ia the wire . 
densi ty • A simple recovery equa tian' permi ts the actual 

matrix loadin~ to be compareq with the full la ad where 

actual loading tends ta be about 75% of the fti11;(101) 
1,-

, . 'Y
m R% = (0.75 ~ ) 100 ( 3-13) 

L is the'mass of magnetics in the feed. The dimenaian

Iess group N} can be broken down into more r~cognizable t ~ 
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dimensionless grpups i.e.: 

Testing both Watson's ~m --- ratio and NL ,f0r predieting Uoo 

loading'behaviour has shOW~ thatoNL appe~rs to be more 

reliable: (100)' Information coneerning expected magn~t 
operating parameters.and separator perfor,mance can also 

1 

be direetly predicted from this "dimensionless group. 

Inform~tion on ~he behaviour of a matrix as a 

filter may also be determined from the model. By 

inc~ementally increas~ng feed_~ei~~ts to the\matr!x; 

reeovery of material may be monitored as a fjnction of 
-

time. Recoveries will deerease as feed weight inereases 

until saturation of the matrix oc'curs. Fi.ltering 

breakthrough curves can consequently be ~redicted as 

funetions of uncaptured material versus time. 

3.2.4 Filtrati~eakthrOUgh'Models 

/1 

A departure from these fundarnental models of the 

capture process has been' made by Akoto (102) and Collan 

et al (103,104,lOS) in order to de~cribe thê breakthrough 
, 

characteristics of the magnetic separator when considered 

as a filter. These analyses are generally based on the 
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sorption theory of fixed oed systems. Fig. (3-10) 

fiescribes the general situation for·an elemental segment 

of matrix ~Z and area A. Akoto derive& two equations for 

particle capture: 

" , 
() C 4:- (1-E O' an Vo dC 
-- + 'Pm t--< .+ ---- = 0 
at ,. EO at ;d az 

, (3-14) 

• ". 

an 
(3-15) 

at 

Where c is the concentration ot partic1es in the carrier 

f1uid, EO the ini~ia1 void fraction of the matrix, 

Pm the density o:tmatrix packing, n the -mass of particles 

. deposited per'unit mass of packing, Vo the superficia1 

~~~~~ty of f1uid through the rnatri~ and nT is the 

matrix loading of captured particles per fibre. Eqn. 
" 

(3-14) is the conservation of rnateria1 equation wrri1e Eqn. 

(3-15) is the rate equation where Kd is defined as a 
"",,'-, 

d~position coefficient: 

= 
2VOÀO 

~~Pme:o . 

. -... 

r (3-16) 

-----~---
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Hers ÀO is the clean fibre capture cross-sectional'are~ 

and a the fibre radius. In order to. pJ;'edict the form 

of actual breakthrough curves the conservation and rate 

equa tions . are .,analyticallY ~oived, wi th appropriate 
• • 't? ~ ." 

conditions to yield two dimensionless guantities, 
. 

~, the effluent concentration ratio ftnd a throughput 
, 

parameter T: 

'0 

1/J (N ,NT) = 1 

l+e -N ('P'-1) -e -NT 4(3-17) 
., 

Where N ls a function of the depositlon rate: 

N· = 
(3-18) 

and, 

,.. 

T = 

Where F is the mass flow rate of solids, T is thè elapsed 

time since the initial arrivaI of the fluid front at 

the bed exi t and F 0 = the matrix 
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Êqn. (3-17) can now hé used to draw,theoretica1 break-
c 

th'roug~ curves fig. 0-11) for va.ious fixed bed 1engths, 

as weIl as estimate the mass of captured materia1 
1 

represented by the are~ bounded by each curve. 

As' a "black-box" \approach to breakthrough èurve 
,\ 
'. 

prediction, the model is 1imited as a number of parameter , 
estimates are required ~hi1e the linear relationship 

imposed on the initial rate expressions may restrict , 

the general applicability of the mode1'. 

'Collan et al in a series of papers (1.03,104,105) 

• have provided anotper empirical approach to simulating 

fi1ter behaviour and have\~9:~scribed a simple method. 

of magnet sizing for filtration systems. The analysis . 

i9 dependent on describing an absorption 1ength function 
'"" 

t such that~ t=R. (C b ) where C b is the mass concentration " a sas 
of the absorbed particles in the fil ter. Two sets of 

differential equations are defined in the description of 

the filtration process. '(104) 

= -v 0 a c (x 1 T ). dX 

aC(X,T)aX ,:- -ct(X,T)C(X,T) (3-20 ) 
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Where x is the distance' along the fil ter from thE? inlet, 

C the concentration of solids in the slurrY,T=t-xA/VOA(F) , 

the filter time. The function A(F) déscribes the free 
, 

cross-sectional area of the fi1ter, A the fil ter are a 

~nd va the linear flow ve1ocity. The expression a(x,T} 

is the absorption probability/unit length and is con-

sequently the inverse of the characteristic absorption 
" 

length ~. 

A simple expression is assumed in order to de scribe 

the absorption length function ~: 

Where iO is the absorption length of a clean matrix 
" 

,and Cs is the saturation concentration or a maximum 

value of C b' The constant y is a data fitted parameter a s 

and experimentally it has been found that 1<y<2. By 

inverting the procedure that a1lows model1ing of the 

5reakthrough curve~ the filtration characteristics of a 

matrix may be obtained. Fig. (3-13) shows the form these 
~ 

curves take in describing the absorption 1ength ~ of'a 

matrix'af depth L as a function of the throughput ve1ocity, 

aIl other parameters being constant. A considerably 

simp1ified appraach ta the analysis can be made by 

t 

,1 
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assuming y=l in equation (3-21). The equations defining 

the filtration pr0cess can now be 
o _ (106) 
analytically 

solved to give a.generalized solution to the mathematical ... , 

. description of the breakthrough, curves such that: 

= 

C out (t) D 

abs, 

, ' 

Where C out is 

the 1 effluent, 
LC s t ~ '--:=--o vOC in 

curves values 

C. 
l.n 

= 
C (l_e-Vst/iO) 

s 

e-K{t/to-~} +1 

, ' , 

the output. concentratien of 

( 3-21) 

~ 
" 

( 3-22) 

~ 

solids in 

C in the input concentration, K~L/iO and 

From experimentally determined breakthrough 

for i 1 to ànd K may be determined by 
D, 

plotting a revised form of Eqn. (3:"21): 

ln J ~in ]- 1 l out 
= 

Filter dimensions for an industrial process can be simply 

estimated from the equation: 
~ 

A = (l+t ) , w ( 3-23) 
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Where A is the filter area, Q the vblumetric flow ratè 
• 0, 

. .. 
. and V o the lin.ear processJ..ng rate. The parameter tf 

. 
is the filtration time required before effluent solids' 

• è 

concentrations reaGh a predeterminêd level, and 

" t is the time required for magnet flushing. The function w 
, 

tf can b~ described by equation (3-21) such that: 
"'-,~> 

-i''f 

1 
[1- Ir'"' log (~in/Cmax -1)] (3-24) 

Wh~re Cmax is the maximum output concentration a1lowable. 

From·experi~~ntally determined breakthrough curves and' 
• 

employIDent of equations (2-2l,23,~4) magnet sizes fo~ 

an industrial process may be calculqted. This analysis is 
-

Î 

.r: ' 

limited however, to th~ assumption that absorption length . 
-. 

is described as in ~quation (3-21) with v=l. The importance . . . 

of whethe~ y=l or' not ca~ be tested by analysis of the 

data of Collan. (i05) Fùi. (3-14) denotes the sizing 

curves for (a)y=2 as ~perimentally determined by Collan. 

and (b)y=l, for two proc~ssing flow rates.' As magnet 

1ength encreases, the importance of the val,ue of y .... 
considerably diminishes and at cornmer-cial magnet sizes 

~~' 

this ~ifference would be considered negligible. It . . " 
would appear that for an initial sizing ca1culation the 

" 
assumption Y=l, which g.reat1y simpiifies the data fi tting " . 

. . 
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.~ 

\requ~. can be confidently employed. 
1 -

ability tci predict The industrial filter~size from 

laboratory test ~e~sults is obviously of considerable 

valueo • Whether tliis may" eventually be more accurately 

~achiaved from fundamental models (e.g. Watson, Nesset 

and Finch), rather than the "black-box" approach of the 

aqove" filtration models, has yet to be determined. ~ 
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IV. EXPERIMENTAL PROCEDURE 

4.1 Solids Preparation 

In order to study the propert!es of ~he i~on 

p,reclpi tates found in the zinc industry ,each of the solid 

Fe compounds were synthetically produced following 

established chemical procedures. (44,55,60,63,77) 

In all cases, reagent grade chemicals were used. 

4.1.1. Jarosites 

.. 

. Potassium, sodium and ~onium jarosites were prerared 

by heating separate solutions containing l5g/L pe3+ as 
, . 

sulphate. together with ab ove stoichiometric additions 

of the appropriate alkali ion. An addition of O.OlM 

HisO 4 to all sol'\\tions prevented .the hydrolysis of 

iron and premature precipitation as hydroxide. Sodium 

and ammonium ions were -added as sulphate, while potassium 

'ion was added as nit;àte. The latter practice as well as 

the above stoichiometric alkali ion addition is felt te 

produce a product which is rich in alka~i ion while 

- -limiting the co-precipitation of hydrbniurn jarosite 

,phases. (55) AIl precipitations took place in a 

4L.stainless steel" reaction vessel. The solutions were 
r 
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, . 
;' 

heated in air to a temperature of 95°C and a pH . 
of 1.S-2'was'maintained during the reaction time of 5 

.6 ~ • ~ 

hours. The solutions were vigorously stirred during 

the entire' length of the' reaction. After precipitation 

has been cornpleted 'excess liquid was decanted and the 

precipitate filtered, washed and dried at 110°C. The 

1 
~ 

J l 
, "~ 

1 

1 

dry product was then stored in a dessicator prior to analysis. 
~ ~ 

4 • 1. 2 Goe th i te s 

In order to reproduce t~e VM and Et industrial 
, 

procedures and produce separate phases of both a and 

a FeDOH, the precipitation techniques of Davey and 

Scott (63) were'followed. To reproduce the VM process 

a solution of 30g/L Fe++ as sulph~te was oxidisèd'by 

controlled addition of a 3% w/v H2D2 solution at a ' 

reaction temperature of 85°C and under vigorous st.irring .. 

The oxidant was metered into the reaction vessel at 

30ml/hr by means of a peristaltic pump. This rate of 

addition allows a total rE!action time of approximately 

Ihr/lOOmls of ferrous iron solution originally present. 
o 

The pH of the, mixed solution wa's maintained at 3.5 ± 0.2 
, 1 

by small additions of MqO powder. After precipitation 

1: 
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/ 
was complete~, the slurry was decanted, filtered and 

the precipitate dried. In reproducing the EZ process, 

the~precipitation vessel was initially charged with a 

synthetic leach liquor (usually H20 only) containing 

rnuch less than 19/L ferric irone A solution contaililng 

30g/L/ Fe 3+ was then added by means of a dual channel 

~'peristaltic pump, at an initial rate of 2ml/minute. 
, 

The pump was also usep :to discharge slurry at the sarne 
, 

rate. This ensured the basic condition for goethite 

precipitation in that dissolved ferric iron levels in , 

3+ the precipitation vessel did not rise ab ove 19/L Fe . 

During ?recipitation, solutions in the vessel were 

~aintained at sooe and a pH of 3 ± 0.2, again by means 

of small additions of MgO powder. Reaction times were 

usually of several hours, depending on the volume of 
'". 

ferric iron ~olutio~ added to the precipitation tank. 

The precipitation rate was increased by 'a factor of 

1.5 to determine the change) if any,in precipitate properties. 
, 

Ferric iron as both sulphate and chloride were tested 

in the sarne manner. Again after precipitation was 

complete the slurry was decanted, filtered and the 

precipitates dried·for analysis~ 
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4.1.3. Hematite 

The-px-,?duc-tion--of a -hematLte __ prec ip i.t~~e wa s __ 

achieved by fOllowing the essential details of the Akita' 
11;' 

Zinc process., (60) Ferrous sulphate solution containi~g 

30g/L Fe 2+ was charged to a 2 litre titanium clad 
~ 

autoclave. The solution was then neutralised to pH 

4.5 by a small lime addition. Hematite precipitation 

was allowed to take place,by heating the solution to 
, 0 ,200.C unde~ 1. 82 x 7 10 Pa.0 2 pressure togf,!ther with 

~igorous stirring. A reaction time of 3 hours was 

'sufficient to precipitate·>90% of the iron as hematite. 

At the end of the precipitation the slurry was filtered, • 

wa~hed and dried. 

4.1.4. Magnetite 

A magnetite precipitate was prodUCe~bY following 

the preferred procedure of Kunda and Hites~n. (77) 

; 
/ 
) , 

1 

.. 

--- - -2+----------
A ferro us sulphate solution containing 309/L Fe was 

first neutralised with a solution of ammonium hydroxide o 

of sufficient molarity to ensure a stoichiometric level 

(equation 2-13) for magnetite precipitation. The mixed 

solution was then charged to ·a 2 litre titanium clad 

o 6 autoclave and heated to 80 C under 1.72 x 10 pa'~2 
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pressure. A 15 minute reaction tirne was emp10yed to 

I ______________________ ~p~r~e~c~ip=itate ~95% of the iron as magnetite. The final 

slurry was filtered, washed and dried for analysis. 

4.1.5 
\, 

Ferric Hydroxide ) 

Ferric hydroxide slurries were prepared by allOwing~ 
the simple hydrolysis of ferrié sulphate solutions to 

: take place. A'ISg/L Fe 3+ sqlution was neutralised with 
, . ' . " . slow addition of a lM NaOH solut10n unt1l precipitation 

was-complete. Due to the unstable nature of ferric 
1 

hydroxide precipitate~, the filtering and drying procedures 

were ignored and the slurry fed directly to the magnetic 

" separator. 

4.1.6 Canadian Electrolytic Zinc Jarosite (CEZ) 

In ..order to compare the above "synthetically" , , 

produced.precipitates to one that was forrned ±ndustri~lly, 
1---------------- --- ---

(\ 

quantities of an ammonium jarosite were collected from the 

CEZ Valleyfield Plant. The samples were collec~ed in 
1 

electrolyte, directly from the fina~jarosite precipitation 
, . 

tank and from the jarosite thickener overflow. 

The collected jarosite slur~y. from the final 

precipitation tank was filtered from the electrolyte 

for analysis. Initial inspection of the filtered solids 
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revealed two distinct phases. These consisted of a yellow 

jarosite phase and unreacted ferrite phases used for 

solution neutralisation. Ferrite phases were separated 
'hi'., ( 

from the jarosite by reslurrying the solids and passing 

them through a Davis tube magnetic separator. The 
, ' 

separat~ solids were then dried and'kept for analysis. 

4.2 Precipitate and Fluid Analysis 

The ability to accurately identify the various 

i~on phases produced from sueh a va~iety of chemical 

processes was achieved by utilizing a combination of 

analytical techniques. 

4.2.1 Jarosites 

(a) Synthetic jaroôites 

AlI synthetically produced jarosit~ ,type compounds 

were initially id~nJified from X-ray diffraction patterns 
1 ~ f _ 

obtained using à-D~bye-scherrer camera, 114.6mrn diameter 

and a Cr lamp. The patterns prodûced were compared to 

those found by Dutrizac and Kaiman (55) for the three 

jarosite phases of interest in the present study. Chemical 

analysis by atomie absorption using a pye-Unicam SPl90 

spectrometer allowed determination of potassium, sodium 

,r and iron levels in the precipita tes. Ammonium ion 
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con~entrations were determined by ana1ysis of the total 

nitrogen content of the ammonium jarosite phase. (107) 
, 

(b) CEZ jarosite/e1ectrolyte 

The solid'phases co1~ected were initia11y identified 

using the X-r.ay diffraction techniques described above. 

The ferrite phase was then mounted in resin and polished 

for ana1ysis using e1ectron microprobe techniques. 

Samp1es of electro1yte were analyse~ for dissolved 

zinc and iron contents by atornic absorption ànalysis. 
!oo...., 

4.2.2 Goethites 

~~ion of the goethite phase was achieved 

by a combination of X-ray diffraction and Differentia1 

Thermal Ana1ysis. Diffraction patterns were obtainecf 
-l, 

under the sarne condi~ions as those achieved for the 

jarosites. Identifièation of the precipitates ,was made 

G by comparison to the standard references (108,109) 

for ~ and 8 FeOOH. DifferentiaI Thermal Analysis 

patterns of the precipitates were produced using a Fisher 

<260F DTA machine. These patterns were then compared to 

~. the genéra1 goethite patterns produced by Mackenzie, (110) 

and Davey and Scott. (63) 
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4.2.3 Hematite and Magnetite 

Identification of hematitè and magnetite phases 

was made using X-ray diffraction techniques'as for 

jarosites and goethites. Diffraction patterns were 

compared to those of the ~STMS Powder Diffr~ction Index. (108) 
1 

\ 

4.3 Parameter Measurement 
'1 l, 

In order ta imp1ement mathanatical mode'ls for 

describing the magnetic fi1tering process the measurement 

of severa~ physica1 and rnagnetic parameters i~ required. 

Information concerning bath the properties of the pre-

cipitates and the magnetic fi1ter are requi~d. 

4.3.1 Partic1e Oensity 

Density values for aIl precipitates were obtained 

using a Quantachrome Null Pynçometer. Experimenta11y 

determined densities were c9mpared to theoretica1 or 
" 

previous1y reported values. (55,11) 
o • 

\ 

'4.3.2 Precipitate Partic1e Size 

The size distribution of each of the different 

materials was determined using an X-ray sedimentome~er, the 

~n~itics sedigraph 50000. 1 The dev1ce emp10ys a 

fine1y co11imated X-ray beam to measure the ch~nge with 
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time of partic1e conqent-ration in a sample cell. 

Analysis times are reduced by a110wing the cell to r 

"-

descend relative to the X-ray beam. The size distribution 

is read from an x-y pIotter which gives oumulative 
t' 

weight% finer than versus the equiva1ént Stokesian 
, . 

diameter. Particle sizes from 50 - O.2~m can be deter-

mined. A 0.2% Calgonite in water solution and 15-20 

mihutes of stirring ensured complete dispersion of the 

particles prior to measurement. (The equivalent 

Stokesian diameters represent the size of a sphere 

which would settle at the same rate as the particle 

under observation.) 

Scanning electron micrographs of aIl solids were 

made to investigate the morphology of the individual 

precipita te partic1es, as weIl as to confirm the genera1 
\ 

findings of the sedigraph tests • 

4.3.3 Partic1e Magnetisation Measurements 

4.3.3.1 Theory 

Partic1e magnetisation measurements are a basic 
u 

requ~rement in predicting the magne tic performance of a 

material. Considering the force Fx acting a10ng a given 

direction on a par~icle placed in a rnretic field, 



then: 

F = x 

1 \ 

,100. 

( 4-1) 

Where V is the volume of the partie1e; M,the partie1e 
'r p 

. . d dH magnetlsatlon an ~X- the field gradient over the partie1e. 

Partie le magnetisation Mp may be defined as: 

= KH (4-2) 

Where K is the partic1e volume suseeptibi1ity and 
.. '<,' \ 

H the field ·'strength. Equation 4-1 can now be rewritten: 

F x = 

... . . 
Where Km is the magnetie susceptibi1ity of the medium. 

For air and water Km-~ 0 and is usua11y ignored. 

The way in wh~ch partie le magnetisation varies 

with field strength is' a usefùl way to identify 

various types of magnetie mat,e~ials. Fig. (4-1a,b,c) 

shows two linear responses as (a) magnetisation deereases 

w~~h field strength and (b) magnet~sation'inereases 

with field strength. Response (a) is termed dia~agnetic 

o 
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~agnetisation behaviour as a function of 
field for (a) diamagnetics, (b) paramagnetics 
or~antiferromagnetics, (c) ferromagnetics 
or ferrimagnetics. 
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and susceptibility values are uSually·very ~fuall 
< -IO-6~u/cm30e. Response O(b) is typical of either 

~ 

~ ...... 
pararnagnetic or antiferromagnetic materials. The 

, 
value of the susceptibility is of the order of 

5 - 3 lO- emu/cm De. Curve (c) is typical of ferromagnetics 
, 

or ferrimagnetic materials in that the response i8 non 

1inear. The l'!\agnetisation'~rises rapidly with field 

strength to a saturation value Ms. Thé saturation 

magnetisation is reached with H~O and the material 
. 

is said to ha~~. ~pontaneous .rnagnetisation. The value 
",_0 

~f tnis magnetisation for ferromagnetics i9 the order of 

103em~/cm3 at a field of only l Oe. Sorne cornpounds 

show a combination of both spontaneous magnetisation 

followed by a magnetisation inc~easing linearly with 
- \ , - . 

field strength. This ef~ct of field dependent sus-

ceptibility may be due to ferromagnetic contamination 

of the paramagnetic or antiferromagnetic rnaterial, 'or . 
it may,be a true property of the material as in the 

(112) 
case of Œ-Fe203~' 

;. 

4~3.3.2 ' Measurement of Susceptibility 

o4.3,.:L 2 (a), The Fl;antz Instrument 

,The Frantz Isodynami~ separator, although better , 

l " 
\ 

i 

1 



1 

\ ! 
1 

1 

l 
:1 

t 

• C 

, ~-

" 

103. 

known for precise laboratory mineral- separations,may 

be adapted for suseeptibility determinations. The 

separations are made in a tray plae~d betwee~ the poles 

of a powerful electromagnet. A c~etition between 

gravit y (Fg ) and magnetie {Fm} forces exists on a 

pa~tiele travelling down the tray.(Fig. 4-2) The 

design of the pole pieces allows a constant force 

aeross the tray to be maintained on any paramagnetic 

partiele by maintaining a constant value of ~ . 
-QX 

The two forces are defined as: 
( 

( 4-3) 

Fg: V.p. g.sin0 ( 4-4) 

and,by equating 4-3,4 an expression for susceptib11ity 

is obtained such that: 

K = pg sine 
HaH -rx ( 4-5) 

where e is the side slope as defined.by Hess. (113) 

By cal libration against materials of known-suseeptibility 

1 
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i 



1 

t · 

, 

1 
1 

i 
! Ci 
i 
1 , 

, . 

4-2 

. . 

. . 
. . 
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The dry Frantz force ba1ânçe on a partiele 
t·ravellinq between l'the lsotlynamic pole ' 
,pieces. 
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(1 

McAndrew (116) deduced that: 

P.sin9.2.0xI0 
K = 

105. 

-5 

2 
ISO (4-6) 

or in units of mass: sin0.2.0xIO-5 
X = 

1 2 

50 (4-7) 

. . 
Which is referred to also aa the Hess equation. ISO 

ls the current at which 50% of a single phase reports 

to the magnetics side of the tray. To obtain this 

value, the "magnetic profile" of the material ia produced 

by passing the materi~l through the separator and 

;re-treating the non-~ags fraction at h1gher currents. 

The side setting angle e remains constant. The process 

ls repeated > un~il aIl the mater.ial reports as rnagiletics .• 

Fig. (4-3) denotes the general shape of the profile· 

'and the point at wh~ch the ISO is read • 

.. ~ more generalised forro of equation (4-6) can be 

made to include a fie~d dependent susceptibility of the 

form: 

.. 
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The maqnetic profilè of a paramagnetic 
material as dèduced from Frantz data. 
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Where MO is the .spontaneous magnetisation and Koo the 

susceptibility measured at infinite ~ield strength. 

These parameters are constants. '1Nes~et'and Finch (112) 

derived: 

iin8 = (4.65 ~0.14) cro ISO + (48.7 t3.0) x10 3 Xoo ISO 

(4-8} 

For measurements of spontaneous magnetisation·~O measured 

in units of mass susceptibi1ity Xoo~~t infinite field -

strength. At the conditions df crO=O, Xoo=X, equa~ion' 

(4-8) reverts to equation (4-7), the Hess equation. 

The major limiting factor of the "Dry" Frantz 

magnetic separator i8 one of particle size, Particle 
If 

) 
sizes <25~m are very difficu1t to treat. Precipitate 

particles are very fine and for this reason a prototype 

"Wet" Frantz separator (lIS) was used for particle 

susceptibility determinations. The device allows the 

separation of materia1s while.·suspended in a liquid, 

and particle sizes much less than 25~m were reported 

to he easily treated in this système .(116) A second. 

advantage. is the.ability to determine the effect of 

fluid susceptibility on the measurement of suspended 

. solids. Fig. (4-4) denotes the general 'flow sheet of the 
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system'. The basic problem of th~ technique lies in the 

t~atment· of differ~nt size particles of the sarne material 

which eonsequently have different settling rates. 

This problem is solved by separa~~ng particles i~to 

fractions having equal settling rates by elutriation 

and feeding the fractions direetly. from the elutriator, 

ina s 1iquid carrier, through the magnetic field of 

a Frantz Isodynamie separator. By adjusting the 

veloeity of flow through the separator in proportion 

to the settling rate of the particles, the residence 

time of the particles in the ~agnetic field is prop~rtional 

to the increased .time required for settling. 

,The velocity vector diagram for two particles 

t;e:ttling at the same rate, ane whicb is maçmetîe, the 

other noll. Ina.f netic i::- !::hm',-n in F.ig (4-5) ° The non reagnetic 
\) 

partiele sinks in a vertical direction with'velocity 

VG wnVe it moves in an axial direction at the fluid 

veloeity VLo The final velocity VNM thus has an angle 

~ from,the axis of chute. By adjust~ng e and liquid 

velocity, the required angle ~ is obtained such that 

non magnetie particles are deflected sufficiently to 

enter the non magnetiqs side of the chute divide~. 
" A magnetic particle will be d~flected, by the 
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combined gravitationa1've1ocity and the velocity achieved 

under the influence of t~e magnetic field. By adjusting' _. 

the magnetic field, partic1es may be deflected by an 

angle ~ to the magnetics side of the chute. The resu1ting 

speed of the magnetic partic1e is the sarne as the non 
\ 

magnetic partic1e but deviatiJilg in direction by, an angle 

of 2~. The speed of the magnetic particle re1~tive to 

the Iiquid VGt.M ia also the same as the settling velocity 

VG of 'la non magnetic par-tic le • The two particles deviate 

from each other by an angle 28. By conside»ing,two 
. 

par~icles of half the sett1ing velocity and by halving 

the liquid ~elocity a new vector diagrarn is produced, 

denoted by the dotted lines of Fig. (4-5). The total 
-1 

angle of deflection remains the sarne while only the 
. ... 

t~me taken to reach the divider is "doub1ed. Consequently 

the princip1e of varying lîquid velocity with settling 

velocity al10ws material of wide size range,) to be treated. . ' -
under the same force balance. Thus for the'same isodynamic 

pole"s for paramagne~ics: 

( ) i 8 20.SxlO- 6 PpP, s n-
= 

(4-9) 
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Where ~p and Kt are the magnetic volume susceptibilities 

of the solid and liquid respeetively and, Pp 'and P1the 

solid and liquid densit~es. 1/ 

1 
\ 

4.J~3.2(?) Technique 

The carrier liquid used in the separator was water 
.1" " 

for aIl basic suseeptibility measurements. To ensure 

partiele dispersion, a wetting agent (Sodium Metaphosphate) 
, 

and dispersing agent (sodium alkalate sulphonate) were 

added. Precipitate samples weighing ~2 grams were placed 
, 

in the ,carrier liquid and treated for 10~ins in an ultra-

sonie b~th prior to entry to the elutriator. As an in

vestigatlon of the magnetic progerties of industr.ial 
\ 

electrolyte, the CEZ liquor was s,ubsti tuted as the c.arrier 1 

fluide .~ 
\ 

\ 
\ 

4.3.3.2(c): Foner V;brating Magnetorneter 

In 01der to 'verffY the resu-lts of the "Wet Frantz", 

a magnetic'induetion teehniquè, the Foner v~brating mag

netometer (117) was used to obtain magnetisation curves 

for the precipitates studied. The deviee ia a high 
, 

precision (0.5% aeeuraey cla~med) 'instrument whicn monitors 

the voltage, indueed in a set of stationary coils, by the 
, 

moving dipole field of a sample vibrating perpendicularly 
..:, 

• 
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between the coils in a uniform field. Samples were 

placed in a threaded Teflon holder 2cm in length, O.25cm 

• i.d.. Care was taken to completely fill the holder volume ' 

with sample to avoid mevement of the material relative te ,\ 
& 

the holder. Any movement of the samp~e results in a / 

redueed T,."ibration rate and hence a decreased signal f,rom 

the coils. Calibration of the system was with a 

Gdi03 sample of known mass and m~gnetisation. 

4.3.4 Wire Magnetisation 

4.3.4.1 Theory 

In the presence of an increasing field"the initial 

rate of magnetisation of ferromagnetics is geometry and 

field orientation dependent, while the saturation magnet

isatipn is a characteristic of the material itself. 

An exponential fit can be made (118) te the experimentally 

determined curves relating wire magnetisatio~_M~.~the 

total field H such that: _ • J 

MW Msexp (- K (4-10) = H 
)~ 

~h~re K is an empirical constant. 'the total field H 
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is found from the applied 'field Ha minus the internaI 

.demagnetising ~ield HD of the material. Thus 

while 

H=H'-H a· D (4-11) 

(4-12) 

114. 

Where N is the demagnetising factor. For infinitely long 

rads magnetised pet;p~ndicular to the lon~ axis there is an 

exact demagnetising factor of 2~: (119) 

(4-13) 

N may be calculated for ellipsoidal wire shapes, these 

magr(etise uniformly throughout. For non ellipsoidal 

'" shapes HD must be estimated exp~rimentally. During 

initial rnagnetisation the interval field is ~ery small 
. , 

in comparison ta Ha and Rn conseqùently: 

H ~ H
D 

= 
â· 

i 

1 

.1 
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.. 
N is estimated from the initial slope of the magnetisation 

\ 

curve of the material. Valid estiJnations can niw ~e, madè 

for the magnetisation curves of infinitely long rOds' 
o - !.....- .. l 

,) (requ'ired by the madel of Nesset and!) Finch) 1 from th~ 

1 • 

measured magnetisation slopes of relat1vely short non 

dyIindrical samples .. 

4.3.4.2 Procedure 

The initial slope 1 is deterrnined from thé 
N 

magnetisatian curve of the stainless steel wool sample 

used as matrix ma terial and measured using the Foner 

magnetometer. The demagnetising field HD and internaI 

field (Ha-Ho) 'as a function of Mw are found. The applied 

fields necessary to generate the sarne magnetisa tion in 

infini tely' long rods are calcu1ated by adding the 
u 

_____ -"'d=e~magnetising field H
D 

= 21TMw to the previously determined 

" 

internaI field values. These curves are then fi tted 

to the simpl"e re1ationship suggested by CIark8on. (119) 

4.3. 5 Viscos i ty Measurements 

V.iscosi ty measurernents of electrolyte solution 

were made using an Ubelohde suspended level vi,scometefl. 

The genera1 fom of the Bell and Cannon (120) equatiop " . ' \ 

i8 used. 
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"-Where v is ~he kinematic viscosity, 0 the eff1ux time, 
, " 

arld k and K are kin~tic energy correction "coeffecients 

assoc1ated with glass capi11ary viscometers. With 

m=2 calibration of the viscometer was made with ~~ter ' 

and p,cetone so'lutions of known viscosi ty. Va1ue's of 

k and K'were consequent1y determined at the temperatures 

at which electrolyte viscosity values were required. A 

constant temperature water bath was used for aIl measurements. 

" 

4.4 Magnetic Filtrations 

Magnetic filtration experiments were carried out 

using a Sala Magnetics 10-15-20 laboratory high gradient 

magnet~~ separator, installed at thè Ore Processing 

Laboratories"C~T, Ottawa. The magnet produces a 
" , , 

unirorm field over 10cms. of the central bore for eigh~ 

fixed field settings, Table 4-1. The f1uid system Fig. 
.. ~;' 

(4-6), ls made frorn 1.27cm'diameter copper,tubing expanded 

at the solenoid bore to hold interchangab1e rnatr{x cannisters 
, 

of acrylic tubing (I.D'n3.86c~s,O.D.5.1~cms). A distance 

of lScms.between·the expansion and the first ~atrix 
c 

• layer is left to rninimize the effe'ct cif the expansion 

on the f1uid f10w profile (Fig. 4-7). ~atricies were 
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TABLE 4-1 
, , , r-
d' 

. , 

Field Settinqs and VelDei ties Available 'for Filtration Tests' 

Fields (kOe) 

Flow (cm/s) 

0.66 

0.9 

.; 

1.5 

1.2 

. ) 

4.2 

2.3 

6.8 

4.1 

9.1 

, ;." 

. , 

21.4 
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FEED TANK 

.., 
• 

valve 0 
.valve C 

MAGS 

matrhe 

MAGNET 

" 

valv~ 8 
FLUSH 

valve A 

" ' 
.Pluid and Magnet syst~ for· filtration 
tests. ' , ,r- • 
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The matrix cannïster design for filtration 
tests. 
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made of stainless steel wool (dominaI diameter 60~m 

and Aensi~ of 7.75g/cm3) cornbed and rolled such that 

wires were oriented 90° ta the field and flow. Matrix 

weight was ~25 grams with a packing density of ~5%. 

An expanded aluminium lath disc was placed at either 

end of the matrix to ensure matrix stability. Tests were 

run at constant velocity by employing a constant 

head in the feed tank sitting directly above the matrix. 
. . 

'The velocity was controlled by the use of ca!ibrated 

plugs of bored brass placed in the outlet of the fluid 

line. Slurry was fed to the feed tank from a slurry' 

reservoir via a peristaltic pump_ Solids in the he ad 

tank and reservoir were kept weIl suspended by vigorous 

mixing to ensure that constant slurry densities were 

rnaintained during filtration tests. The general test' 

procedure was to place the required velocity control plug 

in the line, th en with valves A and C closed backfill 

the matrix and line with fluid through valve B to just 

above valve D. (This procedure minimizes entrapment of 

air in t~e matrix.) 
o 

<With aIl valves cloaed the head tank was filled with 
~'1" -

slurry to the correct·head height. Field strength was 

then set to the required value and the filtration 

, atarted by opening valves D and A simultaneo~sly. 
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During a test ~15ml samples of slurry effluent were, 

cQllected at selected time periods for analysis., 

At the comple~on of a test the magnet was switched 

off and valves D and A were closed. Back flushing, 

to collect the captured solids, was then achieved by 

opening valves C and B. 

Analysis of the collected samples was made by 

digesting the solids in acid and atomic absorption 

analysis. Filtration breakthrough curves were then 

constructed. o 

4.5 Experimental Design 

Filtration experiments were carried out in three " 

phas~s. (1) Samples of each precipitate were initiall~ 

slurried in water then magnetically filtered. The 
, 

. general magnetic filtration characteristics of the 

precipitates could thus be estimated. The initial 

.. '.. operating parameters ~~edeterm~ned uS1ng the model 

of Nesset et al. Fluid velocities varied from 0.89 

to 2.3cm/s with magnetic field etrengths of between 
• 

, 4.2 and 21 kOe. Slurry densities were usually maintained. 
-

at a level of lOg/Le (2) A second series of tests involved 
-

slurrying the precipitate . in CEZ electrolyte under the 
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Same general experimenta1 conditions as ln (1). The 

experiments included treatment of the precipitates in 
" \ . 

electrolyte at both room temperature and the more realistic . \, .. 
" 0 temperature of> ::75 C. (3) Finally, to. investigate the 

abi1i ty of the system to trea1;:: very fine precipi tate 
p ~~ l~\ 

particles~ a sample of CEZ jar~~ite thickener overflow 
.' 

was treated in tbe magnet, again at two operating 

temperatures. 
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v. RESULTS 

5. 1 ~ Precipita te Ana1ysis 

• '-,:J 
~ ) 

,. 
. 5.1.1 X-Ray Diffraction 

The diffraction patt,rns obtained for 1aboratory pre

pared jarosites 'together with CEZ NH4 jarosit~ are 1isted 

in Table (5-1). Réference d values (55) are cbmpared to 

measured values in confirming the identity of the res-

pective jarosite phase. Patterns obtained for the iron 

oxide/hydroxide precipitates are presented in Table (5-2). 
- . 

Again comparison is made to reference patterns (108,109) in 

identifying the materia1s. In genera1 the crystal1inity of 

aIl jarosites precipitates was sufficient to provide weIl 

defined patterns and easy identification. This was a1so the 

case for a-Fe 2 0 3 and Fe304 precipitates, but was not a1ways 

so for the a and.8 FeOOE. 

'5.1.2 Differentia1 Thermal Analysis 

OTA curves produced from goethite precipitates from 

both EZ and VM procedures at varying pr~cipitation rates 
. 

are show in F~gs. (5-1,2,3). Fi~. (5-1) describes a 

typical curve found for products of the VM procedure. 

1 

1 

t 
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TA.BL~ 5-1 " , 

Experimentally Determined and ~eference Diffraction Patterns for Jarosites 

K jarosite Na jarosite NH4 jarosite 'CEZ NH
4 

jarosite 
k 

d values d values d valuê's d values 

meàs. ref. hkl meas. ref. hkl !!leas. ref. hkl meas. r~f. hk1 ,0 

5.01 5.10 012 5.85 5.93 101 5.74 5.'79 003 5.78 5.79 003 
3.64 3.65 110 5.48 5.56 003 5.07 5.12 012 5.12 5.12 01'2 
3.56 3.55 104 5.01 5.05 012 3.61 3.66 11-0-, 3.65 3.66 110 
3.14 3.11 021 3.66 3.64 110' 3.55 3.58 104 3.11 3.12 021/113 
3.07 3.08 113 3.13 3.12 021 3.11 3.12/3.09 021/113 3.04 3.05 015 
2-.88 2.96 006 3.08 3.06 113 2.91 2.91 006 2.91 2.89 006 
2.57 2.54 024 2.98 2.96 202 2.56 2.56 024 2.55 2.56 024 

. 2.30 2.30 122 2.79 2.78 006 2.32 2.32 107 2.32 2.31 107 
2.29 2.28 107 2.53 2.52 024 1.99 1.99 033 1.99 1.98 033 
1.99 1.98 033 2.24 2.23 107 1.93 1.93 027/009 1.81 1.8'3 

~ 1.94 1. 93 027 1. 98 1.98 033 1.83 1.83 220 -1.72 1. 74 
;12 \' .' 1.90 1.90 009 1.90 1.90 027 1. 74 1. 75 223 1. 71 1. 72 

1.84 1.83 220 1. 86 1.85 009 1. 72 1. 72 312 

Lattice Parameter Data Based on Hexagonal Ce11(Angstroms) 

a = 7.32 ±.OO3 
0 

a o= 7.33 ±.OO2 a o= 7.33 i.003 a o= 7.30 ±.OO4 

i Co = 1.7. 14 ±. 005 c o= 16.65 ±.OOS c = 17.36 ±.005 c o= 17.29 ±.O05 1 

-1 
0 

1-' 
fi,.) 

~ 
• 

-1 ___ ..... __ _ ----....------ ~ 
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TABLE 5-'2a 

Experimenta1lY Determined and Reference Diffraction Patterns 
1 

{ 

\ for Fe304 and a-Fe203 , i 
r 

Fe304 a-Fe203 1 
l 
! 

d values d values' l 

meas. ref.- hk1 meas. ref. ,. hk1 

2.95 2.96 220 3.59 3.66 Q12 
2.52 . 2.53 311 2'.64 2.69 104 
2.08 2.09 400 2.49 2.51 110 
1.71 1. 71 422 2.20 2.2,8 006 
1. 61 1. 61 511 2.15 2.20 113 

C.I 1. 48 ~---1. 48 440 2'.07 202 
1.32 1. 32 620 1.80 1.83 024 
1.23 1.28 533 1.66 1.69 116 
1.21 1. 21 444 1.60 1.63 211 

~ '1.12 1.12 642 1.57 1. $,9 018 ,. 
1.09 1. 09 731 ra 1.48 214 
1.05 1.05 800 .44 1.45 300 

'", .. , 

- .'~,~------------------~-
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TABLE 5-2b 

. 
Experimenta11y Determined and Reference Diffraction Patterns 

for a and e FeOOH 
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DifferentiaI Th~r.ma1 Analysis for the 
EZ procedure. ~~a FeOOH identified 
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DifferentiaI Thermal Analysis for the EZ 
procedure at an increased precip~tation 
r~t~~l.5Xl . ~-FeOOH identified 
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The endothermic reaction at ~300oC fs charact~ristic 

of the dehydrat!on of th~ goethite crystal, and is 
, • 1 

weIl doëum~nted by Sçott and Davey (63) and MacKenzie, (110)0 

/ 
as typical, of. the the a-FeOOH phase'. The seconp 

. endotherm at =700 0 C, describes the breadkdown of the 

S04 ion, still present in small amounts,prior to analysis. 

Fig. (5-2) is the analysis of precipitates produced 

by the EZ procedure. 1 A lower endotherm around =600° 
, 

indicates the presence of S-FeOOH. ( 63) 'l'he expected 
~, ' ~. r: 

endotherm associated with a-FeOOH is ° seen at ~290 C. 

This more complex analysis is consequently the result of a 

mixture of fine grained a and B FeOOH. 

By increasing.the precipitation rate in the EZ 
. , . 

procedure a single B-FeOOH phase is apparently produced. 

The OTA graph for the precipitated species is 
, 

shbwn in Fig. (·5-3). Bere the previously weak endothermic 

reaction at ~150oC and exothermic reaction at 5BOoC are 
/,,l'\CJ...\-

better defined than,~hat fo~nd in the mixed species of 

Fig. (5-2) and a clear identification of single phase 

B-FeQOH is made~ 

5.1.3 Chem;cal Analysis 

~Chemica1·analysis of the synthetically produced 

p'recipitates i5 shown in Table".. (5-3). The deficiency 

'. 

• 

1 
1 

,1 
1 
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TABLE ~ ,S!.3 

CHEMICAL'ANALYSIS OF JAROSlTEs' -(wt. %), 

" 
.. 

N.( 
.:~ 

Zn K N~ft 
, 

'. 
KFe3 (S04) 2 (OH) 6 7.3 

NaFe3 (SO 4) 2 (OH) 6 y- 3.g 
1"' 

NH4Fe3(S04) 2 (OH) 6 ... J.5 

CEZ NH4FeJ (S04)2(OH)6 1.91 1.7 

.'" 

" 

... 

1310' 

.. #~ • 

Fe 504 
30.5 41.1 

32.0 40.5 

29.9 41.6 

27~6 42.1 

" , 

-, 

.. -----, 

\ 1 
i 

J 
HJO+OH 
,,21.1 

23.6 

25.0 

26.'69 

., 
-f 
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/ 

, of a1~ali ion from the the thoretica1 in the jaro~ite 

phaaes is a1most certainly due to h~'droniUI!\ ion suèoti tution 

during precipitation. (55) The magnetically cleaned 

CEZ"jarosite shows a cqnsiderabie zinc constituent, typica1, 

~f precipi tates formed in e1ectrolyte of l;ligh d'issolved 

metal ion content. 

5.1. 4 Miergprobe Analysts 

Analysis of the highly magne tic fraction of the CEZ 

jaro~i':te ~~_veal_s--;everal distinct phases. Two principal 

grains are revealed, distinguished by a speckled or smoo~h 

appearance, Fig. (5-4). With the beam focused on the red 

sP~led particles only peaks of the spectrum corresponding 

to i5Pn were indicated. Assuming oxygen (by difference) 

is the only other element present, the phase was identifiéd 

as magnetite, Fe30 4 "iron'ferrite". The second form of 
, . 

. particles .analysed revealed iron together with up to 20% Zn. 

Again-assuming oxygen by difference, the particles are 

identified as zinc ferrite, with a varying ratio' of 
/ 

Zn:Fe. These ferrite particles originate from the 

calcine, added du~ing precipitation as a solution neutraliser, 

and represent unreacted solids and a loss of Zn. 
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Fig. 5-4 Photograph of Mags product from Davis tube 
seperation of CEZ jaros~te precipitation 
tank sample. 
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5.2 Electrolyte Analysi,s 

Electrolyte analysi 

134. 

... 

for iron and zinc content is 

shown in Table (5-4). ectrolyte (1) corresponds t'o samples 
~ 

ta ken from the CEZ jaros te precipitation tank, while 

Electrolyte (2) represen 

5.3 Parameter Measurem 
//

,/ 

5.3.1 Particl~· D'Emsi ty 
~:> 

thiekener overflow sample. 

Pycnometer result for precipitate p~le densities 

are presented in Table (5-5), together with~ther reported 

values. (55,111) The results are in good agreement. 

5.3 . .2 Particle Size 

Sedigraphs analysis of the precipitates is shawn in 
: 

Figs. 5-5,6,7. Table 5-6 indieates the me~sure~K50 of eaeh 

of the size distributions. It can be seen that synthetieally 

produced jarosites appear to have a considerably larger 

partie le size than those precipitates produced under industrial 

conditions. ,Iron oxide/hydroxide precipitates tend ta have a 
,/ 

smaller par~icle size than the jarosites. 

Micrographs of,all solids studied are presented in Figs. 

~5-8+l7). The mierograp.hs shawn are repre~entative of several 

analyses made on each of the precipitates. The general trends 
.., 

are that partie le sizes appear to be smaller than those 

indicated by the sedigraph. 



,- TABLE 

Chemical Analysis of CEZ 

Fe g/L 
e 

Electrolyte (11 5.0 

Electrolyte (2) 7.25 

c) , . , 

, ' 

,\ 

5-4 

Z 
Electrolyte 

Zn g/L 

95.0 

145.0 

• 
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T~L~ 5-5 

•• 
Pycnometer Density Resu1ts for precipitates (9/cm3) 

Materia! Measured Referance 

K jarosite 2.8 2~82(55) 

Na jarosite 2.84 2.94(55} 

NH4 jarosite 2.70 .2.66 (55) 

4.00(108) 
t 

cx-FeOOH 3.80 

a-FeOOH 3.81 3.66 (!Q.9) 

cx-Fe2 0 3 4.50 5.20 (Ill) 

CÉZ NH4 jarosite 2.60 

• 
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5-5 seqigraph analysis of synthetic K,NH4Na 

jarosite and CEZ jarosite precipitates. 
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5-6 Sedigraph analysis of synthetic a and S 
'eOOH precipitates. 
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5-7 Sedi~r~ph analysis of synthetic Œ-Fe 20 3 , precl.pl. ta te. 
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* Sedigraph K50 Values for Precipi~ates 

Material 

K jarosite 

Na jarosite 

NH 4 jarosi te 

a-FeOOH 

a-FeOOH 

a-Fe203 

CEZ jarosi te 

* 

KSO (llm) 

30 

18 

10 

3. O· 

, 3.5 • 

7.0 

3.0 

o. 

Mhere K50 is the 50% passing size~-
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Fig. 5-8 Micro~raph of' CEZ jarosite" ~ 10,000 

, , 

( 

'j 

•• 



\ 

( 
... 

~. 

( 

o 
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5-10 ~Micrograph of synthetic NH4 jarosite, 
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Fig. 5-11 Micrograph of synthetic NH 4 jarosite, x 20,000 
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Fig. 5-12 Micrograph of synthetic K 'jarosi:te , 
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Rig. 5-13 Micrograph of synthetic Na jarosite, . x 6,000 
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Fig. 5-14 Micrograph of synthetic Na jaros±te, 
~ .. 

, 1 

x 4,OOr 

1 

( 



( 

( 

( 

" 

10lJm 
--' . 

Fig. 5~15 Micrograph of synthetid a-Fe60H, x 2,000 
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Fig. 5-16 Micrograph of synthe~ib a-FeOOH, ·X 20,000 
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Fig. 5-17 Micrograph of synthe tic a-Fe 203 , x 10,000 
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5.3.3 Particle Magnetisation ,-
5.3.3.1 Wet Frantz Measurements 

Magnetisation measurements obtained from the Wet 

Frantz are shown in Table (5-7). Values of ISO obtained 

for each precipitate were applied ta equation (4-9) an~ 

susceptibility values determined. Magnetisation measure-

ments for pure Mn0 2 were also made and the close agree-

1l,lent .. to susceptibili ty values obtained by more conventional 

methods (6) verified the general technique employed with 

the Wet Frantz. Estimation for values of K CIO and MO 

for ~-Fe203 precipitate were made from several measurements 

of ISO obtained from varying side slope e between 20° 

and 40° and then employing equatio~(4-8). 'Measurements 

of susceptibility for CEZ jarosite with both H20 and 

electrolyte as the liquid carrier are aIse shown. It 

\ 
o can be seen that the electrolyte appears to display 

• 

little effect on~the magnetic properties of the material. 

5.3.3.2 M~qnetometer Measurements 

Susceptibility values for the ~ame precipitat~s 

obtained using th~ Foner vibrating magnetometer are aiso 

presented in Ta~le(5-7)together with a cemparison of 

results from the Wet Frantz. Values of' K from the 
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TABLE 5-7 

'" 

Susceptibility Measurement:s for Jarosites 'and Goethites 
., i 

Wet Frantz Foner r 
~I 

lOS (emu/cm30e) 105 (emu/cm3Oe) i K K K X 

Mn° 2* 11.6 ± .50 
~ 

K jarosite 7.90 ± .27 7.98 ± .16 ... ... 
Na jarosite 7.91 ± .27 7.78 ± .15 

NH4 jarosite 7.8,2 ± .28 8.04 ± .16 

a-FeOOH 14.4 ± .7 15.5 ± .30 

B-FeOOH 15.5 ± .7 16.5 ± .40 

CEZ jarosite (H2O) 7.7 ± .24 7.2 ± .14 - --
CI 

CEZ jarosite 6.97 ± .26 
(Electrolyte) 

* Used as standa~g,to ch3ck accuracy of wet system against a ' . 
value of 11.7xlO emu/cm Oe reported (91) using the dry 
Frantz technique. 
Standard errors are based on the pooled variance of 20 
measurements of ISO inc1uding four repeats for K jarosite. 
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twa methads are very similar for aIl the precipitates. 

Hematite magnetisation measurements (Table 5-8) however,-

differ slightly in values af Koo and more perceptibly in 

values of MO. 

'5.3.4 Wire Magnetisation 

Wire magnetisation curves for 60um stainless steel 

wire are presented in Fig. (5-18). The curves represent 

measured and carrected magnetisation behaviour, together 

with a fit to equation (4-10). Tab~e (5-9) drseribes the 

value of Ms and E found from the presented magnetisation 

curves, as weIl as reported values for expanded metal 

lath (wire diameter 800um). (101) The stainless éteel 

woal begins to saturate at 8~10KOe towards a value of 

MS estimated at 190emu/g. 

5.3.5 Electrolyte Viscosity and Density Measurements 

Viscosi ty and "densi ty measurements for bath electrolyte 
'\ 

samples are presented in Table (5-10). ~esults for both 

kinematic and abso1ute viscosi ty are present'ed. The 
• 

expected decrease in viscosity is observed at elevated 

temperatures with a concurrent decrease in density. 
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',TABLE 5-8 

Magnetic Susceptibili ty and- -Magnetisation Values for 

Technique K=x10 4 'emu/cm30e MO emu/cm 3 

Magnetometér 1.~8 ± .25 0.661 ± .05 

Net Frantz 1.35 ± .32 0.495 ± .12 
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5-18 -Wire magpetisatiqn curves ~or stainless 
steel waal of diameter 60J..lm . 
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10> , TABLE- 5-9 

Wi~e Magnetisation Data 

Material MS emu/go 

sis me~~,:}/i 190 

sis wool 190 
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Viscosity a:t;ld Density 

Sarnp1e 

Kinematic 

1 
l ; E1ectro (1 ) (2SoC) , ) 

1 
i E1ectro (1 ) (70°C) , 
;. 
1 

(BOoC) ! E1ectro (1 ) 

. t E1ectro (2) (2SoC) i r 
r ("! E1ectro (2) (70oC) 
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TABLE S-10 

1 

Measurements for CEZ 

1 Viscosity 

(Stokes) Abso1ute 

.0338 0.0453 

.0127 . 0.:,6t67 
,-' / 

.0105 0.0138 

.0414 0.0567 

.0143 0.0192 
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'~ 

Electrolytes 

(Poise) 

, .. . 

d 

, 

( , 

, "" 

Densitl 

g/cm3 

---.~ .. -. 

c 

, 
l' 

1. 340 

1.314 

1. 308 
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1. 370 
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5.4. Filtration Experiments \ 
Details of a1l filtration experiments are shown in 

, Table '(5-11) • Initial experimental conditions were caiculated 

for 100% recovery using the equations of Nessét et al 

(Appendix 2). The resulting breakthrough curves are 

presented together with the data fitted curves produced 

from the model of Collan et âl. (105) 

Initial experiments with synthe~ic potassium jarosite 

(Runs 1,2) gave 100% recovery for the conditions indicated; 
1 

while p1ugging of the matrix ~as minimal. A ~ange in' 

filtration curves for the-system were then produced 

by adjusting fietd'and f~ow. Fig. <5-19) indicates' 

the produced breakthrough curves runs 3,4. Experimentally 
, 

determined points are shown together with the data-

.. fitted curve. The essential feature of Fig. (5-19) ois' 
• v ~ 

the-dependence of filtering performance op slurry velocity. 

Inspe~tion of te values (time to Coqt/Cin = 0.1) Table 

, (5-~1), indicates that a considerable decrease in filter . 
efficiency takes place with increasing f1owrate'. -

" .. 
The'performance of synt~etic potassium jprosite 

using an expanded meta1 lath matrix is shown inUrig. (5-20) 
> .1 

{:runs 5,6; ir. A general deterioration in. :til ter performance , 
ls apparent in comparison °to steel wool filtration a~d 

',.4' c.tearly indicates the reduction i~ field gradient by 

f , .. 

• 

1 
1 

1 



~-r--''''~~iIII .... C 'ROi _ .... _; .. 
0 . 

'-----~. _._." '---------- -- ------- -- ...-....-.. '*."'"----

~ ~ \\ i \ ,\ 
1 

~ 

Run t Materïa1 F1uid ' Matrix _H UC)O Feed t a e --f9** CEZ+F H20 24g.woo1 9,100-0e 0.9 cm/s 35g-10g/L 

20. CEZ-F, H20 24g woo1 9,100-0e 0.9 35g-10g/1 270s. 

'21 Fe(OH)3 H20 24g woo1 21,00Q-Oe 0.9 5L. <i5s. 

22 NH
4 

E1ectro 1 24g woo1 9,100-0e 0.9 SOg-10g/L 165-s. 
.' 

23 ~-FeOOH**E1ectro 1 24g woo1 "9,100-0e 0.9 45g..L10g/L 90s. 
-' 

. 24 ~-Fe203 E1ectro 1 24g woal 9,100-0e 0.9, 40g-10g/L 170s. 
\ 

25 ~EZ-F E1ectro 1 24g wOQ1 4,240-0e 0.9 48g-10g/L 60s. 

26 CEZ-F E1ectro 1 24g woo1 9,100-0e 0.9 40g-10g/L 95s. 
27 CEZ-F. Hot E1ectro 1 24g woo1 '9,100-0e 0.9 40g-10g/L 13Ss. 

28 CEZ OV Electro 2 24q woo1 21,000-Oe 0.9 5L 120s. 

29 CEZ ov. Hot E1ectro 2 24g wod1. 21,OOO::"'Oe 0.9 5L ls0s. 

30 Na H20 ~4g'?wool 4,240-0e 0.9 70g-10g/L 1208. 
31*-- Fe 304 E1ectro 1 35g mesh 1,SOO-Oe 2 .. 9 40g-10g/L 

32* CEZ+'F E1ectro 1 35g' mesh:- 1,sOO-Oe 2.9 

. . * 100 capture,of mater~al 
': 

** Plugging-of matrix encountered 

" ~, -, 
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-P4GL-16'1 t1.i5S1.S-
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to 

342s. 

99s. 
2465. 

192s. 

299s. 
151s. 

166s. 
210s. 

199s. 

203s. 

1905. 

~ 
"" 

10 K 

0.44cml 12.18 

4.23em. 1. 27 

O.'1em. 7.67 

1. 36cm. 3.95 

1. 02em. 5.27 
2.06pm. 2.61 

-

O.96cm. 5.58 
0.672cm 8.02 

1.02cm. 5.28 

0.77cm. 6.99 

0.94cm. 5.71 
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'\; 

introducing larger diamet,er wires as ma.trix material., The 
, . 

stainless steel wool'matrix was conse~uently used for the 

bulk of the ~emaining tests. 

The 'performance of synthetic Na jarosite is shown in 
( 

Fig. (5-21) (runs 8,9,10). Here an increase in field 
o 

strength results in the expected improvement in filtration 
\ 

performance, while runs 8,9 indicate the general repeatability 

of the tests. In order to demonstrate the effectiveness 

of the filtration process a test was made, run 30; with 

Na jarosite p~ssing through ~~e matrix with no rnagnetic 

field. After two miqutes the field was turned on and the 

filtration procress-started under the same condi~ions as 

run 9. ,Fig. (5-22) denotes the comparison behaviour 
ft 

of the breakthrough_curve of, run 30 with that of runs 8,9 r 

while Fig. (5-23) displays visually how in samples of 

" -effluent, solids content changes with time after the magnet 
• 

is switched on.~ Comparison of K values (Table 5-11) for 

both runs indicate the similarity of the matrix filtration 
. , 

characteristic even though the matrix operated under' 
., ~~\.. 

slightly different conditions in run 30. Comparison of 
~ 

to valu~s shows" a decrease for run 30, which can be 

expected as solids are present ~hroughout the matrix at . ----. 
.~ 

the time when the magnet is swftched on.' This test does 

visually demonstrate~t true magnetic capture i8 
Cl i 



-,':~~ 
~" PEi,,;. 4.... ------.,. ______ " __ • .- _ ~ __ ~ 

_____ ....... ~~ ___ .... __ ..-...,.._ ..... __________ ~~_ ..... _____________ -)"'1":. ~~~ """ 1't7~r ... ~-~ ... "r """""'~ ~ • .r.:. .... 

,~ 

• 

<~--

,( 

1.0. 

, 
\ - ,1 

c .-u· 
SO.5 

o 
u 

o 120 

5-21 

---- -- --~-----

n 
--' 

, ,~ 

... 

.. 

o • 

. 
240 1 360 480 

Breakthrough curves 'for synthetic Na jarosite, 
runs (8) ,(9) H =4.2kOe, U =0.9cm/s., (10) 
Ha=9.1kOe, U~=2.3cm/s. ~-

. run (8) • 
run (9) 0 

"run (10) • 

~ , 

600 

"" 

~ 

O.24e/.Fe 

-~ 

o 
(S~ 

~ 

~ , 
~ 
j 

J 
l 
~ 

--- . -_._~-~~ .......... ------- _ ~_. M_ ... _ ... --..._ ................. ~~ 



r... 

't 

'< 

1.0 

• . E • CJ 

~O.5 :1 c:, • UO • 

• 1 

1 
/ 

... ---.-- 1 
1 

o 120 

5-22 
"}r 

---- ---------~-

? 

1 
~---

data fit runVl) .-, , , , , , 
; 

; 
/ 

1 
1 1 • • 1 

1 
1 • 1 

1 , 
1 , 

1 • f , , 

1 
1 

1 / Il 
1 

1 

/ ~ 

;. 

240 360 480 
~ 

'Breakthrough curve comparison of run 9 
wit~ the delayed magnet energiz~ng of run 
30. Ha=4.2kOe, Uœ O.9cm/s . 

~ 

(30) 

• • 

600 

. -._" .. - ... _------_. ~-----
• 

~~~-<fI.;;!!,-y.r~t'lOo'-k.,,~"'.!'~:;~ .. ~~~~~~1 

~ 

\ 

• 

(s) 

Q24'/.,fe 

;Ii; -l .... 

o 
1-' 
(J\ 
Ut 

î -; 
~ 
~ 
S 
\ 

'1 
i 
1 
1 

-t 

.' 

____ ---.10 ...... ~_.~_._ ............. ~ 



;. 
! , , 
l 

• 

( 

'0' 

5-23 

) 0 --

" 

, . 

", 

Photograph of sampI,es of effluent with time 
of run 30. 

166. 



f 
f$ 
if .' . li 

1 

1 

·1 

f 

1 

."~\?'''~'''<''''\''I~~ ...... ~ . , 

fi 

J 

(,' . 

167. 

taking place and thàt errors in establishing when 

fil-t'ration starts in the usual test procedure are 

minim+l. Fig. (5-24) (runs 11,12,13) shows the resu'lts 

of synthetic NH 4 jarosite under the sarne conditions as 

for Na jarosite. The filtration performance is very 

similar, especially when considering to values. The 

to is almost doub1ed by an approximate doubling of the, 
t-

field strength. Similarîy-the increasing steepnesB 

of the curves with field strength is noted with a 

corresponding increase in values of K. This indicates 

that the matrix approaches a fully loaded condition 

closer to the efficient filtration time to' and that' 

the filter iS,work.ing morj.!efficientlYo 

Tests involving goethite precipitates were made 

exclusively with ~-FeOOH. The physical p~operties of 

both (l and B phases are similar, while ~-FeOOH is the 

major constituent of botb VM and EZ P~o~s. Fig. 

(5-25) (runs 14~15,16) shows how filtration times a~,~ 

considerably shorter than those found for the jarosites. 

While-this material<has a higher magnetic\susceptibility 

than the jarosites the much reduced particie size 
, ' 

accounts for the reduction in fi1tering effi~iency. 

Fig. ~(5-25) (run 19) aiso includes the results of 

f~ltration tests of ~-Fe203 precipitate. ' A considerable, 
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tmprovement in filtration characteri~tics over a-FeOOH 

can be seen. This ,-is accounted for by the larg,er particle 

size exhibited by the hematite precipitate. 

The performance of material obtaine,d from thê CEZ 

jarosite precipitation tanks is indicated in runs 18,19. 

Plugging of the rnatrix took place after very short 

'filtration times. This waS the result of the highly 

magnetic ferrite fraction overloading and blocking the 

front of the wool matrix. In order to test CEZ jarosites, 

samples were magnetically cleaned prior to any filtration 

tests. This was initially achieved by passing slurried 

samples of the CEZ solids through a Davis Tube to obtain 

a jarosite "non-mags" product suitable for further testing. 

Fig. (5-26) (run 20) shows th~ initial results of "clean" 

CEZ jarosite filtration. Comparison with Fig. (5-24) 

(run Il), synthe tic NH 4 jarosite, shàwb some d~terioration 

in filtration performance wi..th a decrease in efficient 

filtration times. Although the magnetic susceptibility 
l ,1 

of this material is comparable to that of synthetic NH 4 

jarosi te, -the consi,der,ably reduced partidlle size obviously 

det~riorates the magnetic filtration performance. 

Final filtration runs with water as carrier fluid 

were made on a slurry of freshly precipitated ferric hydroxide 

(Fig. 5-27) (run 2l)~ The colloidal nature of the precipitate 
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" 
does 'not appear to lend itse1f to easy magnetic filtration , 

~ although appreciab1e solids remova1 does take place. 

.. 

Having defined the genera1 filtration characteristics 

of the precipitates a second serie~ of'tests was carried 

out with CEZ e1ectrolyte as the carrier fluide Fig. (5-28) 

(run ,22) and Fig. (5-29) (runs 23,24) show how a synthetic 

NH 4 jarqsite and a-FeOOH and a-Fe2G3 behave in the fi1ter 

with an e1ectrolyte. For the same filtration conditions 

used with water as the fluid medium, the e1ectrolyte has 

a considerable deliterious effect on the filtration, process. 

Efficient filtration times appear to be ha1ved with curves 
. 

bécomming sha1low commensurate with 1ess efficient use 

of matrix capacity. Plugging of the matrix took place 
1 

with a-FeOOH precipitate. , 

Tests with c1ean CEZ jarosite in e1ectrq1yte at 

~50c'and 75°C are presented'in Fig. (5-30) (runs 25,26, 

27). Again the decrease in fi1ter efficiency with,e1ectro-

lyte at roorn temperature compared to hot electrolyte is 

indicated,with on1y a slight impr?vement in the filtration 

taking place with incrèase in background field. Run 27' 

shows the effect of hot electrolyte. A considerable 

improvement can be seen in the curve, with an efficient 

filtration time approaching that found with water as the 

liquid carrier. 
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Final filtration runs were ffiqde wïth CEZ thickener 

overflow samples, where slurry densities are considerably 

lower than those te~ted above and particle sizes are close . 
to colloidal. Fig. (5-31) runs 28,29 indlcate results 

of ·fil~àtion tes.ts with CEZ overflow samples at al field of 
,'\ 

21 kOe in electrolyte.at 25°C and 75°C. The a?ility to 

produc'e a clean electroly'te is evident with again improved 

performance obtained'with electrolyte at elevated temperature. 

ln an .industrial system, washing to remove entrapped 

electrolyte followed by' hackflushing of the matrix to 

remove tra'pped; so'lids is an integral part of the filtration 

cyçle. Table. (5-12) displays the resul ts of washing and 
1 

~ackflushing on: the loaded matrix of run 26. With the 

magnet left on the matrix was drained of slurry th en 
j 

• t' 

backwashed for five minutes with water'. Values of dissolved 

iron an? zin,c are .presented ,as functions of washing 

time in the wash~ffluent. The volume of water used 

was 2.51 at a flow rate of O.9~m/s. Solids rernoved 
Il 

from the rnatrix during wasning were found to be , 

considerably less than l gram. (less than 5% .of 

collecte~ solids). With the magnet switched off aIl 

solids were removed from the matrix by'vigorous back-

'" 

l_ 
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flu~hing. A 21 flush was required to effectively remove 

aIl solids. 

Two 'final fii tration ru~s werelO'rnade 

coAsidered to be highly rnagnetic. 

on electrolyte 

slurries containing .solids 

" Run 31 ,(Tablé 5-11) shows the resu1ts of synthetic 

,rnagnetite filtration. Full recovery of the rnagnetite 

was, achieved at a low magnetic "field and a relativ'ely 

high processing rate with a 35g stainless steel mesh 

rnatrix. Run 32 indicates the resu1ts of the separation 

of ferrite phases from the CEZ jarosite slurry using 

the hgms techniqu~. Previous separations hqd used 

thè 1aboratory Davis Tube sepa~ator. A clear separation 
\ ,_;:-'i \_l 

of highly magnetic phases from/the weakly magnetic 

jarosite appears feasable. Table (5-13) denotes the 

resul ts of wei,ght distribution of the "rna<J'S Il and 

"non mags" produdts, together ~i~h an analysis of 

zinc distribution. About 30% of the Zn is recovered to 

the "mags" product. 

5.5 Magnet Sizing 

5.5.1 The Collan Model 

Initial sizing has been made using the resu1ts 

of synthetic rnaterial in order to study the influeRce 

\ 
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TABLE 5-13 
') 

.we'i~~t Distribution and Zinc Assay for Ferrite Separation 

(run: 23) l' , 

" 
Weight (g) A Zn grade (% ) Zn distribution' (% ) 

Mags 2.51 6.06 27.6 

Non Mags 20.89 1.91 72.4 

Cale. Feed 23.40 2.35 100.0 
1 • 

Head. 25.00 2.33 

f 
{ . 

( 
J 

. ' 
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) 
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, l" 

of operating parameters. Fig. 5-32 shows the sizing 

results of runs 3,4 (Fig. 5-19) for synthetic potassium 

jarosite at processing rates of l~2cm/s and 2.3c~/s. Volurn~triç 
• 

.' -l ... , 
flow ra~es, solids concentrations and magnet flush 

times were chosen to approximate the industrial §ituation , 

The advantage of using filters of increased bed ~epth 

can be seen as a <10% change in surface area requirement 

occurs at beddepths of ,>2rn even though processing rates 

are doubled. Similarly analysis of runs 11,12,13 

(synthetic'-fm4 jarosite) (Fig. 5-33) shows how the 

applied field only marginally reduces filter size areas 

at bed depths of 2m. Sizing does become sensitive 

when considering total matrix volumes. Large decreases 

in matrix volumes are observed with filters of short 

bed depth «lm). In this region changes in field and 

flow parameters markedly affect matrix volume requirements 
r 

with' an almost 20% difference seen at bed depths qf 

0.5m when dOubling either field or flow. 

At this point it is important to consider the 
() 

effect of operating parameters on tf' the effective filtration 

time or the time of ,the filtration cycle. Tables 5-14,15 

show how tf changes with magnet size. Realistic 
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5-32 Magnet sizing curves for synthetic K 
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5-33 Magnet sizi~g for synthetic NH 4 jar6site, 
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TABLE 5-14 

, 
Values of L:'A and tf for Ma'lnet 

Run· 3 
&" 

L, A tf 

e. O:lm. 314m 2 6.998. 

0.5 5117 45.7 

1.0 23.09 94.1 
, 

1.5 
, 

18.87 142.5 

2.0 15.01 190.9 
'1 

2.5 12.70 239.3 

( 

Sizing 

j 

L 

0.1 

0.5 

1.0 

1.5 

2.0 

2.5 

in Fig. 

Run 4 

A 

183, 

35.90 

21.14 

16.25 

13.96 

12.54 

\ 
\ 
\ 
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5-32 

i 
{ 
1 . ( 

tf 

23.6 

. 143.6 

- 293.0 

147.7 

593.6 
; 

743.6 ' . 

1 ( 

1 

1 

~ 
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0, TABLE 5-15 
.. 

1 " 

t Va1ue~ of L,A and tf for Magnet' Sizing in" Fig. 5-33 
i ® 1 

1 , --.' ~ ... 
, 

Runs, 12,13 Runs Il 

L A tf L A tf 
, 

/ 2 . 
182.9m2 

'" 0 .1m , , 281. 7m 20.4s. 'O.lm 31. 9s. 
r -, 

" i 0.5 46.6 148.3 0.5 39.4 39.4 
1 
! , 

1 1.0 27.2 ~ 308.8 1.0 24.12 24.12 
1 " • 1.5 21. 0 469.0 ' 1.5 19.10 19.1], ~ ~ , , , , 

1 ( 2.0 1é.1 629.0 2.0 16.6 16.63 ., 
,~ 0 

2.5 16.3 789.0 2.5 15.1 15.14 

, , 

" , 

o 

1 
• 1 
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~ 
filtration times for runs 3,4, (Table 5-14) are considered 

to be >lOrnins. This would only be achieved for th~ 
~ \ 0 • 

process.ing rate of 1.2crn/s and the proce,ss would benefit 

from reductions in Va' Effect:i,.ve filtratio"n tirnes shawn 

in Table 5-15 show how a large increase in tf accurs with 

a corresponding decrease in magnet size when field 

strengths are increased. When calculating the number 

of magnets required for a particular pracess a balance 

between the total magnet area required and realistic 

effective filtration times must be struck. 

Magnet sizing for the CEZ circuit is shown in Fig. 

(5-34), run 27. Valués of Cin have been varied from 
• 

l50g!L solids, curves(a,b), to l5g!L solids curve (ç). 
~ 

Table 5-16 àenote the calculated tf values for both 

systems and indicates not only the considerable filtration 

capacity required to treat the l50gjL case but also,the 

short cycle times. Curve (b) of Fig. (5-34) shows the 
, 

effect of decreasing tw' the estimated flushing time, 

from·a.value of 600s (considered ta be realistic in 

batch magnet operations) to that quoted by Collan et 

al (104) of tw = 120. ~he decrease in estimated magne~ 

size show.s c1ear1y the importance' of dilineating closely 

the tw' especial1y when tw ~ tf' 
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Magnet sizing for CEZ jarosite'in electro
lyte at 75°C, run 27. Curve (a) C. =150g/L 
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TA:BLE~5-16 

.. 

Values of L,A, and tf for Magnet Sizing i~ F~g.' 5-34 

(a) Cin=--150g!L, tw~600s. (b) tw=120s. (c) Cin=15g!L, tw=600s. 

Run 27à Run 27b 

L A tf L A 

.. O.lm 280m2 20.1s. o .1m 63.4m2 

,\ 
0.5 54.2 123.7 Q.5 18.2 

1.0 31.2 253.'3 1.0 13,.6 

( 
1.5 23.7 383.0 1.5 ,12. ~' , 

- ( 

2.0 20.1 512.6 2.0 1r.4 

'1 
, 1 

Run 27c , 
L A tf 

31.7m2 247s~ 
" 

O.lm 

" 0.5 13.5 '1284 

1.0 11.4 2580 \ 

1 ...... , , 
, 1.5 10.6 3876 

-~- - -

, 2.0 10.3 5173 

," 

< 0 . . J' 

. 
! 

~ 

t 
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Figs. (5-35,36) show magnet sizing for treatment of 

actua1 €EZ thickener overflow,run 29. Solids contents 
.0 '" • .. 

Cin , of 3g/L and lSg/l with Cmax = 0.3g/L were assumed 

for sizing. In Fig. (5-35) sizing curves are shown with 

tw ::: 60,Os curve (a) and tw = l20s curve (b) for Cin = 3g/~. 

'The effect of f1ushing time is considerably dirninished 

as values of tf'_ Table 5-17, are quite large. This is 
, - , 

to be expected with such 10w solids concentrations being 

treqted. Fig. (5-35) curve (c) shows magnet sizing for 

,Cin = 15g/L solids and tw = 600s for thé sarne CEZ sample. 

5.5.2 The Nesset Mode1 

An example of filtration curves from the Nesset 

model is shown in Fig. (~5-36), run 27. A comparison is 

made with the data fitted curve of Collan and the filtration 

curves predicted by the Nesset model. Particle size 

has been treated as an adjustable parameter in the Nesset 

model. It can be see:o. that t~e general curve f.eatures· only 

approximate those experimentally determined, even though 

the curve is essentially data fitted. Small increases 
6 

in the assumed particle size dramatical1y affect the position 
Il 

of the predicted curve. This results in a considerable 

increase in the effeètive filtration time. 
li' ..---. 
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Values'of , 

C. =3g/L, 
~n 

L 

O.lm 

0.5 

1.0 

1.5 

2.0 

, 
TABLE .5-17 

L,A and tf for Nagnet Sizing in Fig. 5-35 

tw=(a) 600s. (b) l20s. and (c) C. =15g/L, 
~n _ 

ft;; 

Run 29a Run 29b 

A tf A tf 

27.0m2 3135. 12.80m2 52.7s . 
• 

12.3 1822 9.86 354 

10.75 3708 9.55 730 

10.25 .5594 9.45 1,107 

10.00 7480 9.41 1,484 

( 

.192. 

(run 29) , 

t -=600s •. w , 
:-

'Run 29c 

A 

114.5m 2 

24.95 

16.86 

14.27 

13.00 
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Estimation of ma net size can be made from the 

Nesset mode1 by applyi 9 equations 3-10,12;13. Using 

the experimentally det rmined parameters and a fitted part-

ic1e size, matrix loadlng y can becalculated, together . m . 

with the maximum allowabled solids content in the feed 

L, for 100% :ecovery. ~he magnets are assumed to be of 

batch design and to operate on an hourly cycle, with an 

included lOmin. wash time. A b~sic magnet unit size of 
, 

diameter 2.,60m was chosen as i t approxima tes thos,f commer-
~v. 

cially availabl~. (128) 
, 

Two cases are considered for 

treatment of CEZ thickener overflow as treated in the 

Collan approach of run 29, with Cin '= 3g/L artd 15g/L. 

Table (5-18) denotes the conditions for ~agnet sizing 

calculations. ,Table (5-19) shows for the Collan and 

Nesset approach the number of magnets required for the 

treatment of CEZ material in hot electrolyte of solids 

content 3g/1 and 15g/1. Total magnet volumes required 

as predicted by the Nesset mode1 are approximately three 
, 1 

times less th an those calcu1ated from the Collan model. 
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TABLE 5-18 

Parameter Values for Magnet Sizing Using the Nesset Model 

(a) Cin = lSg/L solids (b) Cin = 3g/L solids 

Measured Parameters 

llf 5.4 
2b - O.OOOlcm 
p - 2.7g/cm_ 5 
KP 6.97x10 
M - 0 
fO - 0.39 
2~ - 0.006cm 3 
p - 7.75g/cm 

MW - 1472 emu/cm3 

'Ks - 900 Oe 2 v .013cm·/s (stokes) 
U

oo 
- 0.9cm/s 

p - 1. 31 
R.~ 3 

21 kOe 
980cm/s2 

- 0.409 

(a) Q '= 350,000L/hr 
L = 900,000g/hr 

tw 600s 

NL = 169 
Ym = 1.71 g.solids/g.matrix 

~~gnets of unit size 2.6~ diameter 
required = 2 x 13cm depth 

(b) 

, , , 

Q 
L 

t,w 

= 
= 
= 

350,000R./hr 
4,SOO,OOOg/hr 
6005 . 

NL = 169 
Ym = r.71 g.solids/ 

g.matrix 

Magnets of unit size 2.6m 
2 x 65cm bed depth 
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TABLE 5-19 

Calcu1ated Magnet Numbers Required from Nesset and Collan 

Models Based on a Magnet Unit Si~e of 2.6m Diarneter .. 

. ( -

<1 ---:; " 
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VI. Discussion 

6.1 Precipitate Ana1ysis 

The agreement of the X-ray diffraction patterns 

and differentia1 thermal analysis curves with previously 

reported data, conclusively supports the procedures 

used to produce the precipitate phases. Synthetic NH4 

jarosite showed better crystallinity than that produced 
, , 

industrial1y, as evidenced by the sharper diffraction 

patterns obtained. This observation is m~st likely due 

to the contamination of the industrial precipitate not 

only by retained zinc but by slight hydroniurn ion sub-. / 

stitution for the ammonium ion in the lattice. (55) Although 

potassium and sodium jarosite are the preferred species 

over hydronium jarosite, the substitution may take place 

during solidification when a number of solid solution 

compounds are b~i~g formed. 

'Identification of goethite was facilitated by an 

unexpected1y high degree of crysta11inity in the p~ecipitated 
, 

phases. Indeed, for th, case of S-FeOOH, weIl defined 

diffraction patterns were obtained aqd the difficu1.ties 
"l't, 

described by Scott and Davey (63) we~e not encount~red. 

As the experimental techniques were identical the strict 

( 
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control over reagent addition, temperature and pH exercised 

here could be criti~al in the production of weIl crystallised 

B-FeOOH. The reaction pea~s for both a and B-FeOOH phases 

obtained f~om differential thermal analysis, although not 

identical in temperatures of reaction to those found by the 

above workers, still lie weIl within the range of the other 

reported values. (109,110) The ~nomolies are attributable 

to the likely difference in partie le size (a eommon problem 

in the repeatability of DTA curves) • 

6.2 particle Magnetisation 

,1 
The ability to accurately determine suseeptibility 

v~lues of materials without the need to use sophisticated 

magnetometers has been extended by use of the.wet Frantz 

system. Comparison of the measured susceptibility values 

with those of the magnetometer showed excel1e~t agreement, 

This indicates that the force balance model developed for the 

dry sy~tem appears to ho1d equa1ly weIl for the wet Frantz. 

The advantage of the latter technique is the ability to treat 

material of mueh smaller particle size than that recommended' 
1 

for the dry system. (113) Precipitates with a size distribution 

below lO~m can be handled adequately (if somewhat labor-

ious1y due to the slow processing rates required). with-

liquid as a particle carrier the difficulties encountered 

o 
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by Nesset (112} when processing.very small particles in the 

dry system, are not ençountered. 

The synthetic jarosites aIl display similar sus-
o 

ceptibilities (Table 5-8). Further, synthetic K jarosite 

gave a value close to that reported for natural K jarosite, 

7.3xlO- 5emu/cm30e. (122) 'The slightly lower value for 

CEZ jarosite can be attributed to the iMpure. nature of this 

precipitated phase, as previQusly discussed. 

The Frantz )generated data for hematite susceptibllities 

dernonstrates the Frantz method can yield informatiqn on 

materials which are magnetically complex. There is good 
, -6 

agreement in both the measured values of Xoo (28x10 emu/g Oe) 
- (42) 

(Table 6-1) and that reported by Pastrana and Hopstock' 

_for reagent grade hematite and Nesset and Finch, (112)for 

a natural specular hematite. The differences in values of 

spontaneous magnetisationVrneasured by the magnetometer and 

,Frantz may be due to orientation'" effects. (112) Particles 

passing through the Fr~ntz device are allowed to, freely orient' 

in the crystal direction of maximum magnetisation, while 

in the magnetometer the powder is randomnly packed and 

particles cannot orient. This results in values 0 0.0 

(Frantz) being greater than values of cro (Foner). In' the 

present work Go (Frantz) -= 227 ao(Foner). ~his is 

larger than that found by Nesset and Finch where crO(Frantz) 

, \ 
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TABLE 6-1 

" 
Magnetisation Data for a-hematite. 

Wet Frantz 

Pastrana & Hopstock (42) 

~set & Finch (112) 

/ 
X (mass ~Usgeptipi1ity) = 

1 
f 

ç 

.0 

" . 

~ 

28.4 ± 6 

32.4 ± 7 , 

23.2 ± 6 

K -p 

, _. 
~.} 

li> 
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°0 emu}g. 

~ 0.110 ± .04 

0.38 ± 0.17 

0.25 ± .03 
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3 = 2.5 cro Foner., For 
1\ 

particles fully able to orientate, ,. 

theoretically crO(max) = 3/2cr(average) , (123) which is close 

to the value found in the present study. This suggests that 

the wet system allows the particles to orient even more 

freely than in the dry system. Magneti'c data obtained 

from the Frantz is felt te be more applicable to hgms as both 

systems allow particle~ to freely orient within the,magnet. 

Measured volume susceptibilities for both goethite 

samples are in good agreem~nt, Table (5-7), with the reported 

val~e by Hoferet :ù(124)of ~1.3xIO-4 emu/cm3 for a similarily . \ 

pr.ecipitated goethite. Thére also appears to be little 

'difference in susceptibility values between the two phases 

of goethite under investigation. The magnetisation curves 

produced by the magnetometer for both 0. + B pha.ses did;. 

not show any field dependancy for susceptibility. This 

is contrary to the work of Pastrana and Hopstock (42) for 

naturally occuring goethites. It is likely that khis 

reflects the freedom from ferromagnetic impurit1es 1 

which sometimes occurs in natural goethite samples. 

6.3 Particle Size Analysis 
1 

The size distribution of aIl precipitate samples 

is shown in ,the Sedigraph data Table (5-6) and correspondipg 
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electron micrographs (Figs .. 5-8+18). The sedimen~ion 

technique can suff~r from flocculation though considerable 

effort was made tOI prevent this. This may account for 

the apparently smaller particles indicated in the micrographs. 

CEZ jarosite particles Figs. (5-8,9) are considecably 

smaller and less weIl defined th an those produced synth

etically. Although general reaction paràmeters ar~ the 

same, the presence of high quantities of dissolved Zn 

metal ion ma~ be a factor in determining particle size . 
. (125) 

Dutrizac has indicated that jarosite particle sizes 

do not generally exceed IO~m. Sorne particles are observed, 

Figs. (5-10,11), as large as 20~m. These particles are 

clearly composed of in tergrm.;ths bf smaller crystals. 

The inability to discern p~rticle size unambiguously 

affects ~the application of the Nesset model in predicting 

breakthrough curves. In contrast the approach of Collan 

et al requires no knowledge of the experimental .parameters 

in determining fil ter performance. 

6.4 Filtration 

6 • 4 .l, .. , G .. ~l Conunents 

\ The geller,al features of aIl the magnetic filtr-a-tion 

breakthrough curves are similar to those obtained from more 

i 
i 
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• 
conventional filtration processes. The 'form is of the , , 

expected exponentia1 type. The eurves are not symmetriea1, 

however, as the condition Cout = Cin (i.e. full loading of 

the rnatri~) is' not entirely dependent on rnagneti.c factors.' 

Physical entraprnent" of material is inevitab1e and sloughing 

off and recapture of this material is possible. This effect 

is ernphasized by the data fitted eurve which is based on a 

fitting of only the central portion of the experirnental1y 

determined breakthrough curve. The fitted curves tend to 

approach saturation more quickly th an found experimentally. 

While physidal entraprnent is of interest as an €xplanation 

of the long tail in ,the breakthrough curve the present 

work is not concerned with this latter stage sinee it, is 

of no praetical use. 

The general experimental technique of the study. 

appears to be validated by the repeatability of fi1ter . 
performance as exhi.,bited, in runs 8,9 (Fig,. 5-21), runs 

12,13 (Fig. S-24) and runs 14,15 (Fig. 5-25). Run 30 

{Fig. \S-22i is similar to run 9 (Fig. 5-22) exc~p~. that 
1 

\ 
slurr~ was passed through the matrix prio7' to energizing 

/ ." 
the rnagnet. Fig. (5-22) shows this pr96edure gave shorter 

/ .. 

filtration times. ~his can be expl~~ed byo the tnstantaneous 
l ' ,---

.-' . 
-jcapture o~ rnateria1 a1ready present in the rnatrix at the tirne 

when filtration is initiated. However there appears 
\ 
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te be little effect on the value of K. Since K measures the 

speed with~which the saturation front moves ~hrough the 

matrix ... this should not change because of capture df 

material already present, run 30 compares with run 9. For 

censt~t values of ta increasing, K values will steepen the 

breakthrough curve, shown by comparing run 17 (ta=364s., 

K=6.55i Fig. (5-25»': and run 20 (tO=342s, K=12.l8i Fig. (5-26) • 

. 6.4.2 Fil ter Performance of Precipi tates 

A comparison of the general fi,lter perf6rmance" of 

synthetic jarosites, Fig. (6-~), reveals great similarity. 

This is not entirely surprising as the major physical proper-

ties of the precipitates are similar. The greater filter-. 
ability of K jarosite is due rnost likely to the larger 

particle size encountered with this precipitate. 'Comparison 

of the Fe20 3 and FeOOH curves Fig. (6-2) s~s aga in how 

precipitates of cornpar~le properties behave, similarily in 
" 

the rnagnetic filter. Of aIl the precipitates'it does appear 

that hernatite gives the best filterability, a factor which 
. 

maybe of interest in future selection of iron precipitation 

routes. 

The effects of filtration pararneters appear to be common 

te aIl the precipitates tested. Changes in field strength, 

Fig. (6-3), shows how effective filtration time increases i,n 
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proportion to the field. This rela~ionship is likely only 

up to field strengths of about lOkOe. Beyond this field, 
" --

matrix filaments become magnetfcally saturated and the rate 

of increase o~ magnetic force with field decreases. (126) 

The expected decrease in filter efficiency by increasing the 

flow rate of material through the matrix is demonst~ated . 

in Fig. (5-19). The filtration process is clearly sensitive to 

only moderate changes in slurry velocity. Similar de~reases , 

in filter effiéiency are evident when considering the vis-

cosity of the liquid carrier. Fig. ,(~-4) shows the poorer 

filtration performance of CEZ jarosite in fluid media of 

increasing viscosity. The detrimental effects of both in-

cre~sin~flUid ve10city and viscositv are predictable when 

consia~r!~g the increased effect these parameters have on 
~ 

the fluid drag forces (Equation 3-8). There is not sufficient 

,data to mode1 changes in ta or K with the operating para

meters of field, fluid flow and viscosity~ . 

6.4.3 Using the Nesset and Collan Models in Magnet Sizing 

The general observations made concerning the role of 

the parameters on magnetic filtration are predicted by the 

Nesset model (section 3.2.3). However, the abi1ity to use 

the calculated values of NL for either magnet sizing ?r 

describing the magnetic filtration breakthrough curve is 

1 
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\ .. 
severely limited in the present study. One principal reason 

is the low wireeReynolds numbers encountered. A rimitation 

in the model is associated ~ith the development of the 

~oundary layer equations where wire Reynolds numbers are 

assumed ta be much greater than unity. The situation in ~he 
J , 

ore sent study of low flow rates, high viscosity fluids and 

~ine matrix wires leads to Reynolds- numbers <0.5. A second 

oroblem is the wide size range of the particle~ only a sing~e 

" size is entered in the Nesset model. The limitatiops in 
"

simulating breakthrough curves are illustrated in Fig. 

(5-36), where comparison is made between the data fitted 
-

curve of Collan and the predicted filtration curve of the 

Nessét model. The srnall increases in the assumed particle size 

L
dramaticallY affect the position of the predicted curve" 

resulting in considerable increases in the values of te 
"~ 

and tO' In principle it would be possible to divide the 

feed material irito size increments and sum over the dis-

tribution. However this would require a major revision 

,of the Nesset model. 

The effect of the breakdown of the model is demon-

strated in calculating values o~ NL when attempting to 

size magnets for the CEZ circuit. An overestimation 6f 

matrix loading Ym is made, resulting in a considJrable 

\ ' 
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underestimation of the matrix volume required, Table (5-19). 

The simulation of filter curves using the Collan 
r,:.. > 

approach appears to lend itself to the.present study by 

allowing uncertainties in partic1e parameters to be ignored. 

Similarily, a~omolies in the ~hysics of the capture process 

in "the magnetic filter can also be ignored by employing this 

"black-box" approach to sizing. 

Although simulation of breakthrough curves uses a 

data fitting technique the model allows considerable 

flexibility in determining magnet sizes, as evidenced.in the 

sizing of the CEZ circuit. Limitations in the model exist 

only when considering the accuracy of the data fit. (Appendix 

5) This is mi~imized by conside~ing only the linear portion 

-'of the bxeakthrough curves in the regression. Poor fit 

occurs when the number of degrees of freedom is srna11.~ 

A comparison of the actual filter numbers required 

for various filtering conditions, expected in the CEZ 

circuit, is. presented in Table (5-19) together with 
\., 

esti:m'ate~ 'using the Nesset model. It:i',~ apparent from 

the Nesset model that when sizing filters, considerable 

attention should be paid ta the behaviour of the model. 

While it is clear that a fundamental model based on 

phy:',sical parameters and the physics of the capture process 

would he ~ more powerful tool in the accurate sizing of 
" 1> 
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• 
magnet systems, the data fitting method of Collan et al 

is preferable at this time. 

6.5 Metallurgical Ap'p~,icabili ty 

The ability to filter preciB~yates of fine particle 

size and relati vely weak magnetic susceptibili ty from 

an electrolyte medium by high gradient magnetic fil-

tration technique appears feasible. The applicability of 

the technique to a variety of iron precipitates has been , 

dernonstrated. It appears however that replacement of 

conventional filtrationOsysterns handling high solids volume 

slurries is note,. a viable ,option as the magnet volume 

required would be prohibitive. 

Magnetic filtration as applied to the zinc industry 

would best be used to augment the conventional thick-

ening capacity. Any required increase in capacity 

could be met by hgms polishing of a dirty thickener 

overflow. 

The expansion of iron removal systems appears 

inevitable as the quality of treated ores deteriorates. 
'1 

A major problem in the zinc industry is increased ., , 

pyrite contamination of zinc concentrates. This is 

directly associated with increased ferrite formation 

, Il 

) 
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during roasting. ( 127) Pyri te removàl by convéntional 

mineraI processing techniques is limited by the fine 
1 0 

J grain structure of many ores now being encountered. 'This 

'is particularily true 'of the
V 

concentrates l,from New 

Brunswick ores which are treated at the CEZ Valleyfield 

plant. An increase in dissolved iron levels will con-

sequently demand increases in precipitate removal 

systems. Plant expansion _~ be minimized by maintaining 

the present thickening capacity but ajlowing a higher 

degree of solids ~ontamination in the overflow. Magnetic 

filtration can then be applied as a final pOliShing step, 

effectively increasing thickener capacity but not at the 

expense of large increases in required plant area. 

An important aspect of the filtration procedure in 

the zinc industry is the recovery of retained electrolyte 

from the filter cake. In magnetic filtration systems 

entrapped solids can probably'be readily washed and 
Il 

electrolyte reco~~reQ because of the open matrix structure. 

Sorne indication of this is given on Table (5-12). However, 

on a small scale it is difficult to discriminate between 

liquid held by the filtered solids and that hel'd in the 

piping. It is also possible that final slurr~.densities 
!~,~ ;~p -

obtained from backflushing the matrix can bè, 'êénsiderably , 

increased by using air/water mixtures during solids removal. 
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In magnet sizing for the CE'Z jarosite, maximum 

solids concentrations in the effluent have"been assumed to be 

relatively low, i.e. O.3g/L sol~ds, in arder to demonstràte 
o 

the -high degree of filterability of this P7ecipitate, 

while the the treatment of the total electrolyte volume 

produced b; the leaching/precipitation circuit of 300m~/hr 0 
,,' 

has been.assumed. Operating practice at the CEZ Valleyfield 
• 

Plant Quebec,is such that final jar~site thickener overflow 

contains 3g/L solids at a production of lOom3/hour. The 

magnet sizing curve to treat an expected airty thickener 

overflow containing l5g/L solids, as predicted by the Collan 

model, is ~hown in Fig. (6-5). Two magnets of"diametei 

2.6xO.35m depth would be required for the CEZ circ~it. 

The positioning of these magnets is shown in a proposed 

flow sheet for thicken:i,.ng/filtering system, Fig'. (6-6) . 
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from 
pr~cipjtatQtion tanks 

~o leaching 1 
circuit 
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A prop~sed flowsheet for~the augmentation of a 
conventional fi1tering system found in the 
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VII. concluSi~ and Future Work 

7.1 Conclusions 
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1. The magnetic filtration of ~ variety of syntheticall~ 

produced iron precipitates from water and zinc electrolyte 

has been demonstrated. Filtration efficiency is increaséd 

~t low flow rates «2cm/s.) and high background fields 

(> SkOe) 

2. ~-hematite is prob~bly the most readily filtered 

preèipitate 
} 

3. The laboratory precipitated, iron phases are in good 

agreement with those produced'by other workers. In the 

case of B-FeOOH a more crystalline phase was produced than 

~, previously found. 

4. The ability of a wet Frantz to measure the magnetic 

susceptibilities of particles in a background carrier fluid 

has been demonstrated., CEZ Zn electrolyte was shown ta 

have no magnetic effect. The magnetic susceptibility of 

CEZ NH4 jarosite was measured in zinc electrolyte as 

K = 6.97xlO-S emu/cm3.Oe. Other iron precipitates aIl ... 
had similar suscèptibilities ranging from 7.9xlO-S ~ lS.SxlO-S 

emu/cm30e. 

5. The simple Collan filtrption model adequately reproduces 
+ 
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the experimental breakthrough curves. An indication of 
, 

physical effe~ts of the filtration process is shown by the lack 

of correlation of model and experimental curves when matrix 

saturation is approached. 

6. The inability of the Nesset model to predict matrix 

loading and associated breakthrough curves is a resul t of, 

(a) the low wire Reynold~ numbers ~ncountered in the present 

system and (b) a very wide particle size r~nge. 

7. A preliminary sizing of the magnets for treatment of 

CEZ jarosite thickener overflow, determined that for a 

volumetrie flowrate of lOOm3/hr solids content ISg IL, 

2 magnets of 2.6m diameter and O.35m bed depth would be 

required to lower solids content to <3g/L. 

8. Recovery of unreacted ferrites àssociated with industrial . , 
zinc precipitationpsystems is feasible using a magnetic 

separation technique. 
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, 

7.2 Claims for Original Research 

l.~tic susceptibility determinations for synthetically 

produced NH 4,K,Na jarosite have been attained together 

with values for an industrially produced NH4 jarosite in 

the presence of background electrolyte. 

2. ,~he magne tic filtration of iron precipitates has been 
1 

demonstrated from both water and electrolyte. 

3. The magne tic filterability of industrial jarosite pre-

cipitates from zinc electrolyte has been demonstrated. 

4. Ferrite removai f~9m the CEZ jarosite residueois possible 

usihg only low intensity magn~tic separators . 
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7.3 Future Work 

1. A further investigation of the reclamation of zinc ferrite 

,phases from discarded jarosite precipitate systems should ' 

be made. 

2. A refinement of the Nesset model allowing size distribution 

to be incorporated when calculating matrix loading would 

be useful. 

3. Testing of the Nesset model in predicting filtration 

breakthrough curves in systems where Rew>l would better 

test this physical appraach ta magnet sizing. 

4. Sizing of hgrns is st'ill uncertain. In the Collan 

approach the constancy af the constants 10 and Cs with 

filter length should be tested. Re1ationships between 

~o'Cs' matr±x packing, Vo and HO are required te inter-.. 
polate for optimizing design and operating conditions. 

5. The feasibility of thickener overflow polishing should . 

be examined using CEZ as a model • 
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APPENDIX I. S.I. UNIT CONVERSION 

General Units 

19 -+ l x 10"'3. k 
~~ 

10-2m lcm -+ 1 x 

19/L -+ 1 x 10-6 ~ /m3 

--'lcm1s - 1 x -2 
-+ 10 m/sec 

19/cm3 -+ l x 10 k /m3 , 

111m -+ l x 10-6m 

lp. s. i. -+ 6.894 ,. 10 3 
,X) newtons/m2 = Pascal (Pa 

latInos. -+ 1.013 x 105 newtons/m2 

lcentistoke .... l x'10-6 m2/sec 

l stoke -+ '1 x 10-4 m2/sec 

Oc +273 K 
, 

-+ 
1 

Magnetisation Units 

flux densi ty: 

field intensity: 

magnetisa tion: 

susceptibili ty: 

permeability: 

l gauss .... 

l oersted .... 

l emu/cm 3 .... 

l 
3 " 

emu/cm Oe .... 

11 0 (vacuum) i= l . 

10-4 tesla 

79.6 ampere/meter 

10 3 ampere/meter 

__ ~.56 (dimensionless p.I.) , 

-+ 4rr x' 10-7 webers/ampere 
meter 

-, , 
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(1) In the S.I. system the loading number NL (eqn". 3-9) 

= (dirnensioniess) 

becomes 

= (dimensiqnless) 

where UoHâ is the flux density genèrated in-emfty solenoid 

and ~o is the permeability of fr~e space. 

(2) The susceptibility estïmated from the wet Frantz (eqn. 4-9) 
II:, 

( ) x sine x 20.5 x 10-6 -Pp-PQ. 
K = (emu/cm30e) 

becomes 

K = 
(~p-p~) 25 x 10-

7 

r 2 ""8 

50 

(dimensionless) 

(3) Wire magnetisation Mw (eqn. 4-13) 

Mw = Ms exp ~ ( K 
- Ha-27™w ) (emu/cm3) 

, " 
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1 • 
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1 
f. 
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(- (A/m) 
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" APPENDIX II. PROCEDURE FOR COLLAN DATA FITTING 

Taking run 29 as an exarnp1e, C. = 3g/L solids (~ 191L Fe) l.n 

(1) Taking experimental values of Cout over the "st al.ght" 

portion bf the breakthrough cu~ye, t is plotted agaiJst 

< (c Cin - 1) loge. 
out 

time. s .. 

ISO 
180 

240 

360 

From the regression, 

(from eqn. 3 - 21 ) 

(~in 
loge C _ 1 

out 

2.944 

0.000 

-1. 945 

-4.595 

intercept = K = 6.99 

Regression Coeff. = y = -2.059· 

Correlation Coeff. = -.952 

std. error- = 1.193 

Thus, \ 
-t~ 

to = K = 5.4 

k ;:: 203secs. "* 
tO~Ocin 

L = 33.95g/L Fe cm. 

1 
\ 1 

1 
.. 

\ 
1 
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( 2) The breakthrough c~rve is now data fitted avers its 
1 
r , .c. 

l.n 
entire 1ength from Cout = -e-: -K~T"!(t"';lr.t;;"'o---::-l:-:-) +--1 (eqn. 3-21) 

Experimental Data Fit 

tes) Cout/Cin Cout/Ci~ 

30 0.0 0.002 
60 0.0 0.003 
120 0.0 0.050 
150 0.05 0.135 
180 ) 0.50 0.305 
240 0.87 0.774 
360 1.00 0.992 
480 1.00 0.992 

... 

. ~ 

" 

, 

f 

1 
1 
1 , 

J 
i 
" 
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APPENDIX III. WET FRANTZ MEASUREMENTS • 
(1) Mn0 2 in water. e = 30° ISO = .595amps 

C:I , 

~ (amps) % 
, 

Mags' 

.550 16.3 

.565 28.3 

.575 26.9 

.587 35.5 

.602 63.6 

.610 75.5 

.625 98.3 

(2) K Jarosite in water. e = 30° I 50 = .483amps 

l (amps) 

'.465 
.475 
.485 
.495 
.505 
.515 
.525 

o 

{ 

% Mags 

< 

8.1 
25.2 
65.1 
83.2 
92.8 
97.2 
98.0 

. ..., Il' 

234. 
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(3)1 Na Ja,rosite e = 30° ISO = .488 amps \ 

l Camps) % Mags 

.465 3.0 
, c .475 8.1 

.485 31.2 

.495 75.1 

.505 87.2 

.515 92.0 

(4) NH 4 Jarosite in w.ater. e = laO ISO = .472 amps. 

l Camps) % ~{ags 

.455 7.1 

.465 15.R 

.475 ~5.''-7 

.485 0".2 

.495 80.8 

.505 95,.0 

CS)" ex-FeOOH in water. e = 30° ISO == .444amps 

, 

l (amps) 

.425 

.435 

.445 

.455 

.465 

.475 

% Mags 

10.1 
35.8 
50.1 
78.4 
'82.0 
90.1 

1 
f 
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(6) ~-FeOOH in water. 0 = 30° ISO = .431 amps 

P) CEZ 

(8) CEZ 

l (amps~t 

.405 

.415 

.425 

.435 

.445 

.455 

.465 

Jarosite 

l (amI>s) 

.455 

. 465 

.475 

.485 

.495 

.505 

.515 

Jarosite 

l (amps) 

.415 

.425 

.435 

.445 

.455 

.465 

in 

in 

) 

water. 0 = 

% ldags 

-13.1 
15.2 
35.8 
57.1 
85.9 
88.0 
95.1 

30° ISO 

% Maqs 

6.2 \ 

18.8 . 
40.9~ 
65.6 
83.1 
89.1 
98.3 

= 

Electro1y1;.e. 0 = 30° 

% Mags 

5.3 
15.1 
48.2 
72.3 
78.9 
93.3 

-~--- --

.480 

ISO 

• 0 

236. 

amps 

... 

f 

1 

1 
1 
i 
! 

.437' = amps 1 
1 
1 
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j 
1 

1 1 . 1 
1 
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1 
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1 , 
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l 
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(9) Hematite in water. 

25 

sin e • 422 

1 50 (amps) .395 

,- - ( 

't t ' 

30 

0.5 

.-435 

,,. 

35 . 
0.573 

.475 

237. 

40 

0.642 

.510 

1 

1 , , 

, ! 
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APPENDIX IV. \ EXPERIME~TAL FILTRATION DATA 

r 
~ , - Run ( 1) Cin 0.,23% Fe - 100% capture = 1 

1 
1 .' \ 

Run (2) . ~in = 0.23% Fe 100% capture 1 

1 Run (3) C. = 0.23% Fe 1n 
i 0 

1 
1 

tes) Cout (%Fe) Cout/Cin 
l 
1 
! 

" -t 
1 
! 75 .02 L087 ~ . 90 .105 .456 , 

105 .155 .673 
~ 120 .167 . .726 

:-J 

( 
" , 

Run (4) C. 1n = 0.213% Fe 

, , 
t (s) Cout (%Fe) Gout/Cin 

1 ... 1 
1 

--- ~-- l 
" , 

1 
210 .011 . .05 

1 225 .011 .05 
2A(l , .022 .09 

1. 270 .065 .28 
300 .120· .52 

1 
330 .162 .69 
360 .17 .73 

1 420 .15 .65 
480 .16 .69 1. 600 .1~5 .58 
660 .165 • ,-, .71 



Run (5) 
c· 
1 

~" 

t Run (6) 
t , , 
i , ' 

( 

Run (7) 

( 

\ 

C. = l.n 0.24% Fe 

tes) 

180 
210 
240 
270 
300 
330 

C. = 0.24% Fe l.n 

test 

180 
195 
210 
240 
270 
300 
330 

C. l.n = 0.24% F,e 

t (5) 

30 
45 
60 
90 
105 

/ 
/ 

1 

Cout(%Fe) 

.01 

.02 

.057 

.11 

.14 

.14 

Cout (%Fe) 

.002 

.002 

.005 

.035 

.'075 

.127 

.170 

\" 

Cout (%Fe) 

.007 

.012 \. 

.067 

.192 

.200 

'V 

CoutlC,in , . 

.0'4 

.08 

.24 
, .46 

.59 

.57 

Cout/Cin 

.OOB 

.008 

.02 

.145 

.312 

.529 

.700 

.029 
;052 
.279 
.800 
~833 

1 
l 
,\ 

239. 
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Run (8) 

Run (9) 

( -

-
0 

( 

C. = 0.24% Fe 
~n 

tes) 

120 
135 
150 
165 
IBO 
210 
240 
270 
300 

Cin = 0.24% Fe 

tes) 

120 
150 
180 
210 -
240 
270 
300 

Cout (%Fe) 

.007 

.015 

.042 

.075 

.143 

.162 

.207 

.220 

.225 

Cout (%Fe) 

.005 

.027 

.047 

.112 

.142 

.175 

.187 

240 .• 

C tiC. 
" 

ou ~n ! 
1 

.037 
-) 

.. 062 1 

.175 1 

.312 ~ 1 
! 

.595 ' i 

.675 
1 .862 

.910 

.930 ,0 

J 

C tiC. ou ~n 

.02 

.112 

.195 

.466 .. .591 -

.7794- -:::.("\ 
1 

. 779 
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Run (10,) 

,( 

Run (11) 

( 

Run (12) 

( 

C. = 0.24 Fe 
ln 

tes) 

240 
255 
270 
300 
330 

:.," 

c. = 0.29% Fe 
l.n 

t (s) 

255 
270 
285 
300 
315 
330 

C. = 0.29% Fe l.n 

tes) 

165 
180 
195 
210 ~~~f" -t}, 

240 ..::------ -
270,---.0---// 

~ 
~. 

241. 

\' 

Cout (%Fe) -Co~t/Cin 

.020 "" 
.083 

.052 .216 
• 072 

\~ 
.390 

.122 .510 

.122 .510 

( 

Cout~!-~) C t!c. ou ~n 

1 . ! ' .02 • 068 1 

.067 .228 
t 
1 

.102 .348 1 

.122 .41 (5 

.152 .518 
" 152 .518 

,l 

Cout (%F-e) Cout/Cin 
", 

.005 .017 

.025 ~ ~0,58 J 

.05p .170 

.092 . " .317 

.155 .529 

.187 .638 

.210 .716 

" Il 
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1 
1. (. '. 
" : 
" , 

'f· 
~, Run (13) Cin = 0.29% Fe 1 

f, 

l , )-
f r 1 
t t($) Cout (%Fe) Cout/Cin f 

" 

.1 

, , , 

i 150 .032 .109 , 1BO .080 .273 , ' ..-~ 210, .125 .426 l 

r' 24{:)' .167 .570 
i 300 .200 .682 1 • 
1 360 .230 .785 j 

420 .237 .808 
i 

4BO .260 .887 
540 .260 .887 
600 .260 .887 
660 .250 .853 
720 .275 .938 

C' Run (14) C. 0.445% Fe \ . = 
~n \ 

\ -
" ~ .. 

f 
. 

1 t(s) Cout (%Fe) Cout/Cin 
:.. .. 

1 

\ 

30 ,.002 .005 .. 45 .01 .022 
c 

60 .015 ,.033 
1 

''''', .;. 90 .105 .236 
, 1 ~: > • 120 .200 .444 

r ", 150 .272 . 611 
1 .", 

, 180 ,.340 .764 " 

1 

r 240 .380 .853 
1 300 . , .400- .890 1 

1 

. 
J 

1 
1 
1 

1 
.... , " 

f 

<, ) 

( \ 

. f -----

.. / , 
~ 

l ·f 
~ - .. - '*~ ... ~- • --~ - ".- - -



" , 
" , 

(. 

.... 

243 .. 

Run (15) Cin = 0.445% Fe' 

0" 



r 
, 
t 
r 

1 
! 
i 
f 

1 
i ( ~ J, 

c 

( 17) 

Run (18) 

<i~ 

Run (19) 

-' 

... d 

C. = 0.57% Fe 1n 

210 
240 " 
255 
270 
300 , 
360 
420 
54"0 
660 
780 

Matrix p1ugging 
j"'t 

Matrix p1ugging 

,1 

.. 

Cout (%Fe) 
, 

.002 

.035 

.07 ' 

.137 

.i37 

.300 

.395 
• 445 ~ 
.482 
.482 

.c 

.043 

.061 

.122 

.240 

.240 

.520 

.690 

.780 
'.840 
.840 

-

244. 1 !, 
1 

i 
1 
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1.1 , 
1 

W>{ 

1 , 
~ , 

1 , 
l 

ï 
1 
i 
c 
1 
, , 
t .,. .. 

<_ ..... ~ ___ ~ 1. 

. 
1 
; 

1 < , 

i 
( .. 

..Aun (20) Cin = 0.2% Fe 

tes) 

180 
210 
240 
270 
300 
330 
420 
540 

Rpn (21) Cin = .087% Fe 

t (s) 

30 
60 
120 
180 
240 
360 
480 
600 

o 

245 • 

" 

Cout (%Fé) Cou~/Cin 

.002 .010 

.002 ~010 

.006 .030 

.0125 .062 , 

.0265 .132 

.1).0 .550 

.180 .900 

.196 .980 

Cout (%Fe) Cout/Cin 

.020 .228 

.042 .485 

.047 .542 

.065 .742 

.075 .857 
'.077 .885 
.082 .942 

. • 087 1.000 

\ ) 

.' 
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Run (22) Cin = 0.29% Fe 

tes) Cout (%Fe) Cout(Cin 

150 :007 .02? 
180 .049 ' .168 
240 .175 .597 
270 .225 .767 
30'0 .225 .767 
330 .288 .982 

1 360 .263 .892 
t 420 .290 1.;00 1 

~ 480 .290 1.00 t 

f 540 .• 290 1.00 
; 

./ ~ 
l' .' 
i Run (23 ) Cin = 0.55% Fe , 

• . " 

~ " 

1 
') 

tes) Cout (%Fe) Cout/Cin 

90 .04 .072 
'" 120 .13 .236 

180 .29 .527 
240 .36 .654 
360 .36 .654 
480 .29 .527 
600 • .15 • 272' 

, . 

1 

f 
1 

1 
1 
• 

1 ~ , 
~ '1 

1 ! (~ . 1 
1 

.. , 

\ 
1 
i or'" 
! 
~ 
1 , , 

~ 
c' 
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Run (24') C. = 0.6% Fe J.n 

t (s) 

« -

120 
135 
150 
180 
240 

~ 300 
360 
420 
480 

C. = 0.26% F~ J.n 

t (8) 

. 
90 
120 
150 
180 
210 
240 
360 
420 
540 

Cout (%Fe) 

.037 

.024 

.037 

.049 

.162 

.417 

.367 
, .537 

.600 

... ' . -

Cout (%Fe) 

.05 

.125 

.138 

.150 

.188 

.188 

.205 

.205 

.250 

.062 

.040 

.062 

.082 

.270 

.695 

.611 

.595 
1.000 

Cout/Cin 

\ 

.192 

.480 

.530 

.576 

.723 

.723 

.788 

.788 

.960 

-247. 
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:0 Run (26) 

, 1 

Run (27) 

(' 

, 

p .. 

c· • . ,. 

C. = 0.26% Fe 
~n 

t (8) 

90 
120 
150 
180 
210 
240 ' 
300~ 
360 
420 
480 

e. 
~n 

= 0.2% Fé 

t (8)' 

120 
180 
240 
300 
360 
420 
480 

248. 

Cout (%Fe) Cout/Ci~ l 
~ '. ) " 1 .025 .' .096 

.0'25 ' ' .096 ft~! <, : 

.113 .434 

.250 .434 

.213 .960 
,.260 .819 
.260 1.00 
.238 ~ 
.250 .910 

\\ .• 230 .960 
<> 

0 

Cout (%Fe) Cout/Cin 

.002 .012 

.110 .550 "' 

.150 .750 

.190 .950 1 

.180 .90 ,1 

.180 .90 

~ 



- -.l," \ 

r ,. ' 
\. '! , 1 
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1. 

250 • . ~ 0 <i) . 

Run (3"0) C. = 
l.n 

0.24% Fe 

t{s)'1 Cout Cin/Cout 4- 1 
! ,- 1 

30 .0625 0.260 1 
1 

45 .0990 0.390 } 
60 .1125 .468 1 90 .1375 .572 
120 .1450 .604 

J 135 .0125 .052 

" 
150 .0025 .010 1 
165 .0075 .031 
180 .0075 .031 :; 

210 .0075 .031 
240 .0275 .114 ~ 270 .1150 .479 
300 .1375 .572 
330 .1400 .583 

(., 
360 .1750 .729 
4/20 .1750 .729 
480 .1600 .666 
540 .1900 .790 (J 

600 .2175 .906 

Run '(31) 100%' capture 

Run (32) 100% capture 

\' 
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