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- industrially produced NH4 jarosite. The wet Frantz

=~ ’ . ABSTRACT

+
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A variety of iron precipitates formed in the

electrolytic zinc industry were studied to estimate the

,poésibilitf of magnetic filtration to augment conventional

thickening/filtéring systems. The precipitates included

K,NH4,Na jarosites, a and B8 goetpite}'a.hematite and an -

5

v
Isédynamic Separator was used to generate magngtic

" susceptibility data. Susceptibilities ranged from

5 5

K = 6.9 x 10°° + 15.5 x 10~ emﬁ/cm30e. Particle size
of the precipitates ranged from 25um to < lum., Magneti§

rs

filtration breakthrough curves were produced using a high
1 B

gradient hmagnetic filtration technique. The rg%e of
fldid viscosity and velocity as well as magnetié field was
) « & ) ) 3

studied. ‘ ’ ' "

o @

All the precipitates-proved fiZterable. .A comparison

-was made oft a physical and an empirical model of the break~

through curves in the sizing of theumagnetic filters required
to treat thickener o§erflow at the,CEz Valleyfield plant.
For a volumetric flow of 100m3[bf~eleqtrolyte,

containing 15g/L NH, jarosite, 2 magnets of 2,6m diameter

i

.and 0.35m bed depth are required to lower solids contents

i

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

’

Nous avons étudié plusieurs précipités ferreux qu'on

Y

retrouve dans le traitement électrolytique du zinc, afin
d'évélue; la possibilité d'augmenter la capacité de; systémes
épaiséissage/filtrétion conveutionels'par_filtration mégné-
tique. Pgrmi les précipités, citons des jarosites de K,

‘yH4 et Na, de la éoethite o et B, de l'hématite a

et ﬁﬁe‘jarosite de NH4 produite ;ndustriellement. Des dopnées
de susceptibilité magnétique furent obtenues a 1l'aide d'un
séparateur humide isodynamique Frantz, les susceptibilités

variant de k = 6.9 x 167> a 15.5 x 107>

4
diamétre des particules précipitées de 25um jusau'a

emu/cmBOewet le

moins de lum.

Nous avons, en utilisant une technique de filtration
c :

%

magnétique a haut gradient, obtenu des courbes de charge de
4 d '

la matrice. Le r6le de la viscosité et vélocité du fluide
fut ;usgii§tudié. Tous les préciéités purent &tre filtrés.
Nous avons utilisé deux modéles, l'un physique, l'autre
empirique, pour dimensionner les filtres magnétiques qui'
traiteraient la surverse des &paississeurs a l'usine CEZ

de Valleyfield. Le modéle empirique prédit que pour un débit

de 180m3/h d'électrolyte, contenant 15g9/L de jarosite

. .
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bare wire radius
matrix cross sectional area (Akoto)
field perturbution term = 2mM /H
frée cross-sectional area of mat%lx
particle radius ‘
Blasius solution of 0 terms .
concentration of particles .
constant in simplified force balance ,
mass concéntration of absorbed particles . -y
mass concentration of particles enterlng filter
mass concentration of particles in effluent
saturation concentration of absorbed partlcles +
mass flow rate of solids
volumetric packing fraction
matrix loading coefficient
competing forces
gravitational -force - -
net radial forces
magnetic force in x direction ——
net tangential forces .
magnetic force v
function describing the cumalative weight fractlon of
particles with magnetic velocity < V

m
maximum build-up to volume ratio .

- - 3

o LI

fractional area of particle shear . .
capture efficiency =

gravitional constant . . -
magnetic field. Qe . ‘
demagnetising field = NM_ 2 -
applied field - :

current at which 50% of feed to Frantz Isodynamic
reports- the magnetics chute, amperes -

kinetic energy coefficient in v1sco§1ty measurement = -

" on " wo " " LU | )

empirical constant in w1re magnetlsatlon a
matrix length/clean matrix absorption length in Collan
model .
deposition coefficient oo

universal fibre parameter , ) o

matrix length’
matrix absorption length o
clean matrix absorption length
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particle mass g . X
empirical.conitant in‘viscositg determination
particle magng¢tisation, emu/cm 3

wire saturation magnetisation, emu/cm R
spontaneous magnetisation 3

wire magnetisation, emu/cm K
demagnetisation factor ’

number of particles leaving. separator

number of particles entering separator

dimensionless ratio of magnetic to fluid shear forces

mass of particles deposited per unit mass of packing
matrix loading of captured particles per fibtre -
volumetric flow rate through matrix . Y
relative particle accumalation radius

capture radius of wire #a ‘

wire Reynolds number ’ »
throughout parameter in Akoto model- '

real time )

effective, filtration time

total filtration time

efficient filtration time - .
flashing time '
free stream velocity
particle volume

wire volume ° . .
superficial velocity . :
build-up volume. o

i

‘magnetic velocity = 452KH 2A/9an

fluid velocity in wet Frantz

particle velocity due to gravity in wet Frantz
velocity of non-magnetic particle

v.C. /C.. :

particle abserption probability .
nominal boundary layer thjickness

mass loading'g'pégticles/g wire. . 2
volume loading cm~ particles/cm” wire

capture radius for mechanical entrapment
packing fraction in Nesset model

void fraction in Akoto model

inter void fraction in Akoto model

clean fibre cross-sectional area

fluid viscosity (absolute) g/cm-s

angle from front stagnation point (Nes§et model)
particle volume sysceptibility, emu/cm”-0e

2] 3

“r

dgténfifled constant in Cbllan anélysis of filtration
* distance from filter inlet ’ ‘
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I. INTRODUCTION

1.1. Concq&&s and Examples of Magnetic Filtration

The pdtential for phys%cal'separation'of minerals
by exploitation of the differences in their magnetic

susceptibilities has been used since the beginning of the

(1)

century. High gradient magnetic separation (hgms)

!
represents the latest in innovative technologies for the

concentration of ore deposits. Examples of agﬁiiCations

(2,3) in the désulphurization

(6)-

are in the kaolin industry

(4,5)

of coal and in the concentration of iron ores.

Similarly a qonsiderable effort has been made to apply hgms

%

to many other areas of ore benfeciation. The potential

(7)

» molybdenite and.taconitic

(6)

for upgrading of wolframite
iron ores has been demonstrated.
Beneficiation of ores is not the only area oflstudy in-
which hgmg has been applied to~§olid separations. Particdlar
ihterest has been shown in the treatment of leach residdes(a)

primarily for the possible upgrading of residues containing

precious metals. A somewhat more exotic application of »

hgms is in the treatment of blood (§)' where red blopd

platelets have been separated from the rest of ‘the plésma.

This versatility of the hgms technique in solid/solid
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separations has ensured that further applications in

mineral beneficiation systems are inevitable.

L3

The above processes deal exclusively with the solid/

solid separation of a magnetic fraction from a mixed magnetic/

non magnetic solids feed. Since the,development of modern

(10)

high‘gradient magnetic separators their use as filters

in removing solids from suspensions has received con:
siderable attention. The majority of this work has been
concerned with the removal of material from the «wwaste-
waters of several industries.. In the treatment of muﬁ—
icipallwatérslﬂdrmally non méénetic materiai is rendered
magnetfc by the addition or "seeding" of the water with
small quantities of magnetite. This non-magnetic material

(11)

in the form of colloids, (11) bacteria or viruses

is adsorbed onto the surface of the magnetite seed and

is removed on passage through the Aagnet., The removal of
non magnetic heavy metal ions from solution has always

been of conside;able interest in areas where the environment
may be sensitive to their uncontrolled disposal. Nippon
Electric (13) has developed a process whereby ferrous
sulfate is added to con;aminated solutions and is then
coprecipitated as a ferromagnetic heavy metal ferrite

(MxFe3b4). The resulting slurry is then magnetically

]
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filtered ;nd the clean effluent is recycled. In the

&
treatment of steel mill waste waters whose sources mafw”

(14) '

vary from rolling mill cooling waters, ‘to the gas

scrubbers of oxygen convertors (15), successful filtratien

of a variety of solids has been achieved magnetically.

R

In the former the solids to be removed are almost 100%
ferromagnetic;in the latter only 10% of the materiai\is
magnetic. Here the addition of a flécculant allows the
non magnetics to cluster around the ferromagnetic material

and consequently be magnetically captured. A considerable

economic advantage has been proven in using rmagnetic separation

over conventional sand filters for this particular
application. Again within the steel industry a study of
further filtering for the removal of ferromagnetic fines
from cold rolling mill lubricants has been made. (16X
Although removal of large particles (> 1 mm) by permanenE
magnets placed in th? oil sump* has been sfandafd'préctice,
the removal of the very fine ferromagnet%c particles

(< 1 ym) has never been achieved. The considerable

contamination of oil emulsions by iron fines presents

" the undesirable problem of roll abrasion and wear as well

as the potential for chemical breakdown of. lubricant.

High gradient magnetic separation of these fines to

°
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are those which have either already been adopted as, J

\

levels of < 1 ppm Fe ensures long lubricant life as well

as considerably increased roll protection.

Other developments in maénetic filtration now

include the removal of corrosion products in both thermal

and nuclear power plant waters. (18,19)

Due to the high
temberature of the'system and the predominance of iron iﬁ
their construction iron oxides are formed. These are
converted to magnetite or some other form of ferritic
spinel. 1Included in this spinel may be any other dissolved
mefal of a‘bi-valent type and of similar atomic radius. J
The ferromagnetic nature of this material again allows

for promising filtering ,performance.

The examples of magnetic filtratiog so far discussed
industrial processes or at the very least show considerable
promise. Maﬁy other noteworthy applications have been
proposed and continue to‘begstudied. These include the

(19)

recovery of ion exchange resins; . precipitation and
(19)

a

] “
extraction of magnetite in acid mine drainage waters;
treatment of ferric hydroxide sludges by the:addition of

(20) ang finally the collection of oil slicks

{21)

magnetic seeds;

by adsorption of oleophillic magnetic media.

4

All of the filEering systems so far considered,

deal essentially with the treatment of exclusively ferro- -

-~
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magnetic matefial, (natu;ally preseht or added as seed)‘
which is usually of fine par£icle size(< 100 mesh).

This material may be easily filtered using either con-
ventional magnetic separators or hgms devices operatirg
at low fie&ds.

Investigqt&ons of whether paramagnetic materials
can be removed from such:a variety of sxgtemsigés not
been as well documented. The problems concerning para-
magnetic material are quite clear when considering them
for treatment in m;qnetic.filters. Their magnetic sus-~
ceptibilities are of several orders of magnitude lower
then ferromagnetics and consequently the cost of the
production of strong field gradients for their capture
must be takeg inpo account, One example of filtering

(22) He has shown that

paramagnetics is givenjpy Watson.
in ironjcontaining waste water from a coal mine, dissolved
ferrous iron in the acidic water on mixing with the local
river water is oxidisgq‘ana precipitated as hydrated

ferric oxide.. This undesirable precipitate was successfully

filtered from the river water by using a high gradient

magnetic separator. An economic comparison of this filtration

and a proposed conventional settling lagoon system, showed,
that installation, operating and maintenance costs would be

half of that projected for the lagoon o@eratibn.

a
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' Other studies of filtration of weakly magnetic

« ) materials include an innovative application in the

(23) Paramagnetic radioactive

nuclear power industry.
compounds yproduced in the reactor chamber must be
removed from associated cooling fluids prior to safe
‘disposal. High gradient magnetic separators, because
they can be completely enclosed and isolated, easily
'operated and maintained, .allow operating. personnel to
be wgll 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 whjch may benefit from magnetic filtration
of the precipitates rather than the application of .

"conventional flotation techniques.

1.2 Removal of Iron from Solution

The removal of iron from ?olution has been a

! u considerable problem for many years in ghe metallurgical

- . industry. Essentially the concern is in“two areas.
Firstly, the removal of dissolved iron from large .volumes

of waste or cooling waters associated with any ferrous

industry; sefondly, the inherent probleﬁ of iron removal

)
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- during the primary production of non-ferrous Q%tals. In

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

.

ore and must be removed either during ore beneficiation or
selectively rejected during the extractive process. Mo~
Within ferrous industries removal of dissolved iron in

water is achieved by precipitating the iron as hydroxide
followed by thickening and filtering. A novel technique

(20) allows seeding of this

developed by Miura.and‘Williams
gelétinous hydroxide with magnetite and following
flocculation, the removal frohm suspension of the magnetic
flocs by Loéatinq magnetic discs.

Within the hydrometallurgical industry iron removal
from solution has always been and remains a considerable

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

common hydrometallurgical processes all contain an iron

rejection stage, usually in the form of selective precipitation.

Ammononiacal pressure leaching of copper or nickel

concentrates, which usually involves a slight oxygen over-

pressure, allﬁws 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

from solution, or in the case of nickel by pressure hydrogen

[ 4

reduction. Pressure sulphuric acid leaching associated

s Y
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with copper and zinc ores requires the rejection of ferrous
N v t

iron from solution. Again, with an ‘oxygen overpressure
and careful pH control, iron hydrolysis is achieved.
Ferric hydroxide and basic ferric sulfate are then gejected

(26,27)

with the leach residue. Atmosphefic leaching with

sulphurieer—nitric -acid of copper concentrates again
leads to the rejection of iron from solution as hydroxide.
However, it has been proposed that an improvement in iron
rejection may be achieved if the iron is precipitated as

(28)

hydronium jarosite. Lastly, roast— leach electrowin

processes commonly associated with the hydrometallurgical

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

the rejectionbof 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 is worth noting some less conventional

methods to remove- iron from acid solutions containing

npnﬂferrous metals. Solvent extraction has been adapted

to a number of processes for &gmoving ferric iron, (29,30,31)
Their common feature is the production oflan extremely pure
iron solution phase without the problem of residue disppsal

associated with the above precipitation routes. Indeed

o st et i,
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Thorsen and Grislangas (32) have propoged a solvent
'extraction system for iron removal in the hydrometallurg%pal
~2inc iﬂdustry. This would not only avoid the problem of ‘

iron residue disposal but also offer the prospect of a

saleable irop product. Craigen et al (33) howevél,\ﬁotéq;)’

that at the extraction of pH @f 2-4 required for solzfnt
extraction there is 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 Removal in the Electrolytic Zinc Industry

-

An exampl% of one of the more important areas of iron
removal from solution can be found in the electrolytic
zinc industry. Here, the apbility to keep iron levels in the
electrolyte low while méinta%ning %*bigh recovery of

zinc has been of considerable technological and economic

S

importance. THe extractive process is a typical example

of the roast-leach-~electrowin type. Zinc calcine producf
from the roasting of sulphide concentrates is leached in
"dilute sulphuric acid (return electrglyte). This solution 65
is then purified and sent to electrolysis. The calcine

contains zinc in the form of oxide, ferrite, sulphate,
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sulphide and silicate:. Weak acid leaching readily dissolves
-theuéxide<and»suLphates but not the ferrite (ZnFe204) |

or ungoasted sulphides. The latter two phases can conﬁaiﬂ
as much as 15-20% of the recovgrable zinc and rquire '
further treatment in strong hot acid. When the ferrite is
dissolved, the unwanted iron also goes into solution.

First generation hydrometallurgical plants deliberate%y
limited calcine leaching to the zinc oxide phase, rejecting
unleached ferrites and sulphides in the leéch residue.

This practice allowed low levels of iron to be maintained

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

Any iron present was then oxidised to the ferric Qtate and
precipitated as gelatinous ferric hydroxide, after solution
neutraﬂis;tion. Although,“by it nature, this material

~

is difficult to filter and interferes with thickening,

¢

@ ’
filtering and washing, the hydroxide 4id allow the-:scavenging

of small amounts of deleterious impurities such as As, Sb
and Ga. Higher concentrations of iron in solution become
difficult to treat in this ﬁanner, as the volume .of

this unmanageable ferric iron pfecipitate increaées and
seriously impairs conventional solid/liquid separa£ion

processes. Consequently, within these plants, zinc recovery ' .

was held to 85-90% while electrolyte levels rarely rose
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above 1-29/L.Fe, prior to iron hydrolysis. Leach residues

(22%2n, 32%Fe) .in the form of zinc ferrites and sulphides

@

were stockpiled for some thirty years.awaiting the develop-

ment of a sqitablg leaching technglogy. Some of thes§:N
stockpiles containéd up to quarter oﬁ a million tgggzéf
unrecovered zinc.

. The introduction of the jarosite process'(34’35)
Fig.(1l-1) has a;lowed a second generation of electrolytic
zinc plants to/be developed, specifically allowing both
high zinc recoveries and the ability to reject large
quantities of iron. The residues from "neutral acid
leaching" are reacted in a second hot strong acid leach
(spent electrolyte) where the zinc ferri£es and éulphides
are dissolyed. The iron content of this solution maybe
as high as 40g/L Fe. BTHe solution is then neutralised to
pPH 1~2 with unreacted caicine and the iron precipitated
close to 100°c as basic iron sulfates in the form
MFe3(SQ,4)2(OH)6 where M is a monovalent cation of the form
NH4,K,Na or H30. This form of sulphate is terﬁed jarosite
and due to a comparatively high crystalline nature, is re-

latively easily thickened and filtered from electrolyte

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

while Ellowing < lg/L.Fe in the return solution to the

e
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neutral acid 1each.and ultimaéely this level invthevfeed )
to final eleﬁtroly,e purification. Industridlly the
jarosites produced lare uéﬁaily NH4Fe3(SO4)'2‘(0H)6 and
NaFe, (S0,) , (OH) ;, the 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 preciﬁitation step (particularly of pHJ

in order that the required degree of crystallinity an%
ultimately particle size is achieved for effiqient thick-
ening, filtration and finally simple disposal of the
jarosite resi&ues.

Together with the. jarosite process, two other systems
have‘been'developed for iron removal in the zinc industry.
These areuthe goethite and hematite processes: Both tech-
niques allow éaximum zinc recovery after secondary
leaching stages, while rejecting iron as an easily separated
precipitate. In the Goethite process, ferric iron bearing
solutions can be treated in two ways. In the original
Vieille Montagne Process (36) thé ferric solution
is reduced to the ferrous state,/then oxidised at 90°C

together with solution neutralisation to pH 2-3.5. Iron

1
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is then prec¢ipitated as goethite (Fe0O0H). In the Electrolyticr

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

solution is added together with a neﬁﬁralising agent to

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

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

4

dissolved ferric iron levels to be kept below lg/L, while

pH is maintained at around 2.5. Goethite precipitated

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

as a mixture of a/B FeOOH together with some Fe,0, and
other amorphous phases. The relatively high crystallinity
of all these phases gives excellent filterability of the
precipitate and the process itself limits dissolved
ferric iron levels to 1lg/L. '

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

(38)_and now proposed for a new

- zinc plant in Datteln West\Germanyﬂ involves the treatment

again of an initial neutral leach residue. In this case

undissolved ferrite.is treated'with spent electrolyte and SO2

i? low pressure autoclaves at 95-100°C. @ﬁter ferrite dis- .

solution at which iron is reduged to the ferrous state, the

solution is neutralised with'lime to give a marketable gypsum

product and to remove sulfate derived from the consumed SOQ.

6

The iron is finally precipitated under 1.82 x 10 Pa

B e e S s rosiadan i b bbb "
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“TABLE 1-1 ° :
4 . \ N )
Compositioh of Iron Precipitates Found in the Zinc Industry
¢ ‘," ;*
Jarosite Goethite Hematite:
. - K-S
Composition % ,
"Fe .  25-28 40-45  58-60 ,
., Zn 14~6 5-8 " 0.5-1.0
Total Sulphur 10-12  *  2.5-5 " 3.0 .
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O'2 pressure at 180—200°é as a-Fe203. Sulphuric acid- »

v
x>
n

‘Dger}erated during the hydrolysis does not hinder precipitation -

N o [«
at these high temperatures. The precipitate is again of' an

%

easily filterable crystalline form. 4
’ 3

Within the electrolytic zinc industry the choice of
which hydrolysis/precipitation route to take for treatment
of lafge amounts ’of ,dissolved iron is dependépt on many
factorg. Table (1-1) shows the basicvpropertieé of each .

of the precipitation routes. The- disadvantagtes of the

4

jarosite process are apparent in that it produces a relative®s .

“high volume of solids, there is a'*hig; zinc to diron ratio

and sulphur levels are high in the final discarded solids.
\

This has 'resulted\\j.n considerable attention being paid

N &

to the Goethite and Hematite processes over recent years.

The almost universal acgep{:ance of the jarosite process was

. . . 3
very much associated with the relatively simple chemistry

involved and the ability_ to integrate the proée's_s'linto

the then existing electrolytic zinc plants. ) -

<

The “prgblem of precipitate disposal has always been ”
b

one of the majér concerns of the zinc industry. éonsideraible

v

land is required if dumping is contemplated and the poteniigl

Bl

for environmental problems due to the breakdown of the
(39) ’

precipitate " must always be considered. New zinc
f, v
o R
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o * .
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plants have tended to incorporate either the goethite or
hematite processes, allowing a redﬁction in the volume

of precipitate to be disposed..This is particularly

true of the Datteln plant where land‘ié at a premium,

The concept -0f precipitate treatment for recovery of
iron-has also influenced the decision of which’brecibitate
rodte éo také; The hematite process was initially designed
to offer a perfect blast furnace feed for the iron and
steel industry. However high sulphur levels (3% S)

in the precipitate would have to be lowered by roasting

if this treatment were contemplated. The use of jarosite

&and‘goethite residues as blast furndce feed has also

s

been 1nvestlgated (40) with some degree of success.

/

Such further treatment of these discarded residues

éerves a twofold purpose. Firstly, a marketable product
may offset some of éhéﬁo;iginal processing costs!
secondly, any reductidp‘in the space required for the
storage_of these residues wouldAbe of égﬂkiderableﬁ
ecpnomic advan?age. This second factor is mégnified
gomewhat if one considers the projected likelihood of
increased zinc produc£ion from la;er grade ores i.e. :
thése ores éontaining higher ixon and sulpﬁur. The

s + Kl
corresponding increase-in the volume of iron precipitates

Vs . ..
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produced, not only increases the problem of precipitate
disposal but also affects the large thickening, filtering
and washing systems associated with precipitate/

electrolyte separation.

1.4 Prospects for Magnetic Filtration of Iron
Precipitates in the°Zinc Industry

0f all the systems requiring removal of iron from
solution, the electrolytic "zinc industry provides the best
example of a process where solid/liquidvffygrfFion is an
integral part of the extractive system. It aiso provides
an example of an industry which has developed a variety
of techniqués for removing iron from solution in v;rious
forms. 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
filteri g'capacity required. This may be particularly
tpéﬁgfjpan increase in present capacity is contemplated
or if a rise in precipitate volumes occurs from the treat-
ment of lower grade ores. ’

The basic success.and advantages of magnetic filtration

have already been well demonstrated. Whether it offers

any prespects in the zinc industry, however, depends on the

e .
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magnetic properties of the precipitate and electrolyte
system. Naturally occuring crystalline samples of

(41) (42) o dicate that

potassium jarosite and Fe(O0H
these-materials are weakly magnetic antiferromagnetic%.
Magnetic capture of a naturally precipitated iron hydroxide

has already been documented. (43)

The magnetic filtration
éerformance of precipitates formed in high density electro-
lyte solu;ions is unknown.

Mathematical models of filter performance der;v?d
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 operating parameters. The present study‘'is

- L}

concerned with determining whether precipitate filtration

is feasible using the already developed méénetic filters

" available. The hydrometallurgical zinc industry has been

selected for the study but®*it is considered that the work

will be applicable to other iron removal problems.

PP —
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II. PRECIPITATION OF IRON FROM SOLUTION IN THE ZINC INDUSTRY

2.1. General “

.

The chemistry of iron precipitation from solution
and the identity of thé.solid phases produced has only
recently becdme clear. This is in large parfﬁdue to the
hydrometallurgical zinc industry's development of several
iron precipitation processes and the associated basic
chemical studies that have accompanied them. The studies
have shown that the precipitation kinetics are gquite )
complex and that considerable control of precipitation
processes is required in ordér to produce the desired

13

crystalline precipitate. The precipitates include
. Ferric Hydroxide

. Jarosites

. Goethite

. Hematite

. Magnetite

2:2 Ferric Hydroxide ,

The original production of zinc electrolyte (4)

relied on the simple dissolution of zinc calcine (2n0) in

dilute sulphuric acid. This process is complicated hy

[ U A VI S
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the simultaneous dissolution of impurities in’ the

calcine such as As, Sb, Cd,'éo, Ni, Sn, Cu as well as

Fe. Al} of these are detrimental to the electfowinning
of a pure zinc product. The precipitation of iron as
hydroxide allowed not only iron removal fiom the zinc
solution but also removal of these other impurities

(in particular, As, Ge, Sb). It was considered that
these elements were removed .as either basic salts or
absorbed onto the ferric hydroxide colloids. The ferric .
hydroxide, impossible to settle or filter in its colloidal
state, was coagulated by raising the pH to at leasF

pH 5.0. The mixture of unreacted calcine and hydroxide
precipitate was thickened and the electrolyte sent f£or
purification and electrolysis.

Fig. (2-1) (45) shows that the +2 and +3 oxida@ion
states for iron are those that apply at the low éH wighin
the zinc industry. Due gb the high solubility of ferrous
iron, ferric iron hydrolysis has always been considered

in iron rejection systems. The basic equation is:

Fe2(80

4)3 +(met3) (HZO) + Fe203n(H20) + 3H2504 (2-1)

T b S v S AR
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At the low acidities present during neutral ‘acid leaching,
ferric hydrolysis will take place (egn. 2-1). Posnjak.

(46)

and Merwin , studied the Fe203 - 8§03 - H,0 system

and the 75°C isotherm for the H20 corner of the ternary

Q L

diagram (Fig. 2-2). At low acidities the diagram predicts
fhat as acidity in the solution decrgases the precipitation
of mainly Fe203.H20 rather than basic iron squhate occurs.
More recently, thermodynamic data relating to iron prec-
ipitation from sulphuric acid solutions has been reviewed

(47)

by MacAndrew et al.. These workers show that basic iron

sulphate should not be a major hydrolysis product at

low acidities. As shown in Fig. (2-3) Fe(OH)3 should
precipitate out as pH rises at 25%. Freshly precipitéted
Fe(OH)3 is slowly transformed to Fe0O0H and Fe203nH20 in

an acid solution, these 1&tter two precipitates having

a loégr solubility than that of FeXOH)3, as indicated in
Fig. (2-4).(46) Thus a mixture«:fFe(OH)3, Fe0OOH and
E§203nH20 is likely to be produced as a result of ferric
iron hydrolysis. Any ferrous sulphate’present should

be oxidised to g;rric prior to hydrolysis:

]

4FeS0, + 2H,50, + 0, ~ 2Fe2(SO4)3 + 2H,0 : (2-2)+

¢

Y

i i ek
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1 Fezoa.HZO

2. 3Fe203-4503'9 H2 0

3 Fe203- 250 3 5H20

4, 2Fe O.5S0.17H O
2 3 3 2

5. Fe,,0,350,; 64,0

. .450. 9H
6 Fe203 5039 20

7.Fe 0.450 . 3HO
23 3 2

Fe,0,-S0,-H,0 Equilibrium diagram at
75°C.
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Previous studies (48,49) have suggested that under conditions
applicable to the zinc industry (f60°c and atmospheric
pressure) this reaction will, procede siowly, but with
elevated temperatures and acidities an increase in the
rate constant of the reaction will take élace.

This concept.of hydrolysis and precipitation of
ferric hydroxide is somewhat oversimpl%fied. There has
pgen considerable effort to understand the precipitation

#+ SO4 - H20 system. Several studies

processes of the Fe
(47,50,51) have concluded that the presence and production
of sulphate, bisulphate and-hydroxyl complexes play a
large part in determining the form of the precipita;e
proauced, even though these §pecies may not precipitate
themselves. The predominance area diagrams.by MacAndrew

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

hydroxyl solution species for 25°C and 140°C have shown

how elevated temperatures increase the area of stability

of the sulbhate-bisulphate complex region,but for the
precipitation conditions prevalent in the zinc indhstry,
hydrated ferric ion and the dimer Fez(OH)24+, fconsidered

as.one of the most important hydroxyl species complexes

(52,53)

formed during hydrolysis) _ , are the phases which

s

appear to be most important.

S e i e oot e e
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The formation-of actual solids froqisolution is

. A o . -, } .‘ . ) « ' . {
dependent ‘on the initiation and growth of ‘'small iron » o
A ) B - > -

polymers from the initia¥ hydroxyl or sulphate bisulphate
complexes. ‘As an example the dimer (Fei(OH&)4+ and

« Lot T s o .
its reaction with the surrdundjmy environment is given
(39) ‘ “®

~
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The formationuof crystalline compounds occurs by further
growth of these polymer Eorms.
ferrlc hydroxldgﬂconE}nueo solution neutrallsatlon (
allows polymer :loss l1£k1ng to take Dlace using hydroxyl '

-~

\ 0H
2 Fe/"f\

» .

In the production of

bridges (Flg. 2-7). This 51mp1e polym coagulatlon

'M,;s the common process of iron hydroxidg-gel formation ’ ‘

and largely accounts for the poor filéerability:it )

Y

[

exhibits.

]

aided by the‘presence of the excess base added for ?

&he formation of this, hydroxide gel is also
neptral}satloo. This tends towprShote the ﬁmﬁfoxyl . )

bridging rather thaﬁ a’qore stable crystalline phase.
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2.3 Jarosite

The introduction of the jarosite process to the zinc
industry (34,35) hasnled to a virtual revolution in |
iron precipitation technology. The ability to precipitate
iron from acid solutions as crystaliine compounds similar
in form and structure to the naturally found carphos-
iderite '(H30)S;Fe3(504)2(0H)6 or jarosite K Fe3 (SO4)2(OH)é,
allowed ihcreased recovery of zinc as well as,the prod-
uction of a leach residue considerably enriched with

(54) The

valuable elements such as lead and silver.
conditions under which these compounds form are essentially
those of moderately high temperature and acidity

(pA 1.5) allowing the formation and precipitatioﬁ of:

basic iron sulphate complexes which react during

hydrolysis with added reagents to form the desired

jarosite species. _A variety of jarosite type compounds

(55) The general

have been formed and identified.
reaction mechanism may be described by the equations

below using NH4+ as the added cation:
3Ee2(804)3 + 6 H20 f 6\Fe(0H)SO€ + 3H2504 (2=3)

< - |

o g
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2Fe (OH) SO4 + 2Fe2(0H)4SO4 + ZNH4OH =
(NH,), Fe, (504) (OH) 4, (2-5)
4
The studies of Posnjak and Merwin (46) of the

? .
20 system provide information on the identity

OFe203-SO4—H
of.the stable compounds at elevated temperatures and
acidities ;Fig. 2-5). The isotherm given by Posnjak and
Merwin for 110°C indiéates that at the acidity and iron
concentration levels pertinent to zinc processing,
jarosite (as carphosiderite) is in equilibrium with

the ferric solutions present. Decreasing iron and
acidity tends to promqte the formation of hydrated

iron oxides. Further studies by MacAndrew,(47)

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

Brown
didgrams for the Fe - S0, - H,0 system at 95°C (Fig. 2-9).
Jarosite in the form shown here, (kFe3(SO4)2(OH)3), is
"stabie at the lower pH range and uﬁder oxidising
cond{tions. Above a pH'of 3ﬂ3' the jarosite will
slowly decompose to hematite. * e

Rfomotion of akjaroéite phase takes place nat-
urally with the addition of alkali ion due to the

decrease in iron solubility af a given pH. Hydronium

jarosite H30Fe3(804)2(0'H)6 can form in the absence of

At i e £ e S e GO
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1 ‘Fe203.H20

2. 3Fe203. 4503. 9H20

3. Fe203.ZSQ3. H20
4. Fe,0,.350,.6H,0

2 03-3°Y%:0h,
5.Fe 0 .450 .9H O
&0y 450, 9H,

6. Fean. l'.SOB' 3H20

-~ ot Sbrre s bt b

%,

2-8 . ;Fe223-‘803-1120 Equilibrium diagrams at
110" c.
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L]
alkali but more often the H3O+ ion is found substituted
into the alkali jarosite phase as well. The extent
of this iron substitution is'apparently dependent on the

(58)

reaction temperature. Dutrizac and Kaiman (Ss)have

documented the non stochiometric nature of the added
alkali in the formation of synthetic jarosite compounds
and attributed this to the solution of the hydronium
ion within the normal jaresite phase.

Conditions for efficient jarosité precipitation
have now been well documented. Elevatedltemperatures
and a control of pH (49) below pH2 allow increased
iron removal while restrictingithe precipi;ation
of unwanted iron phases. Alkali ion addition can be
kept to stoichiametric levels .and the presence of
ZnS0, has little effect on the thermodynamics of the

' (59)

precipitating system. Seediné of the g;eétrolyte

o

considerably improves the precipitétion process.

-

This appears to be due to a reduction in the initjal

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 correct ion species prior .

to actual solid pfecipitation.(39)
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Unlike ferric hydroxide, jarosites are a true
crystalline phase having the ,same structure as alunite
(KAl,(S0,),(0H) ). This structure is described by

(41) -

Rossman et al. Fig. 2-10 shows a slightly

distbrted octahedral polyhedra with each 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 solut&ons
of the zinc industry may also precipitate out to
a lihited extent as substitutions for sulphate, in
the case of As and Sb, or for hydroxyl ion in the
case of fluoride, both of which are advantageous to
the process iﬁrdecreasing the amount of impurities in°

the electrolyte prior to electrolysis. Substitutional

zinc losses appear to be minimal providing lead jarosite

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

take place during final filtering and washing operations.
‘Q . .

& 1
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Structure of alunite KAJ‘.3(SO4)2(0K)6’
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2.4 Goethite .
The goethite piocess was originally developed

simultaneously by the Société de. la Vieille Montagne

(36) at Balen Belgium and the Electrolyte Zinc

) (37)

(VM)
Company of Australia, (EZ as an alternative to the
jarosite process. Although the jarosite and goethite

(60) goethite pre-

processes display similar economics
cipitation was felt to be advantageous in that the need
for reagent addition was eliminated while the production
of a stable residue was not inhibited. The particularly
strict chemical control required in the goethite process
probably accounts for the reluctance to use this pre-
cipitation route. (61) X
In the VM process, followingythe nofﬁal'peutral

and hot acid leaching stages, dissolved ferric iron in
the electrélyte is reduced to the ferrous state by the

addition of uhrcasted zinc sulphide:
(o] f
Fe, (S0,) 5 + ZnS > 2nS0, +:FeS0, + S + . (2-6)

The sulphur produced and unreacted sulphide is returned

to the roaster, while the solution 1§Aneutra1ised to

‘pH 2.5 and maintained at a teﬁperature of around 90°cC.

At this point air is injected into solution and the ferrous-
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'S

iron is oxidised to the ferric state. :As this takes
place hydrolysis occuxs and iraon is precipitated as

goethite, (Fe0O0H).. Acid produced from hydrolysis is

S

neutralised with added calcine, maintaining the solution
at the required pH. The overall reaction may be expressed

as:

4FeSO4 + 42n0 + 0, + 2H,0 = 4Fe00H + 4znso4 (2-7)

s

In the EZ process, although similar to that of the VM
procedure,,no reduction of tﬁe ferric iron, found in
solution after léachiﬁg, takes place. Here ferric iron
solution, at elevatéd temperature (?OOC) to. promote
hydrolysis, is added with neutraiizing agent (calcihe)

to a precipitation tank containing a solution of d&issolved e

3+ "

ferric iron at < 1g/L Fe” . ' On addition of the leach

solution to the precipitation tank, iron hydrolysis and-
precipitation takes place, while dissolved ferric iron‘

3

levels are maintained at < 1g/1, re3t by controlling pH

levels with calcine addition at around pH3.

The isotherm produced by Walter-Levv and Quemeneur‘(GZ)

for the Fe,0, - H,0-S0, system at4100°C (Fig, 2-11) gives
some indication of the solubility of "the various iron’

-
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2~11 Port:ic;g of the Fe203-H20—SO3 phase'sg“skfem -
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H

compounds in equilibrium with ferric sulp?ate solutions.

For goethite precipitgzion to take plaée~or alﬁéfnatively”xo
avoid the precipitation of basic férric sulphate, ferric
iron levels have to be kept below ébbrokimatély 0. l%Fe3+.(47)
The provisions made in the VM and EZ processes %o avoid,

‘high ferrlc iron levels during hydrolysis and prec1p1tatlon
"are basic to the production of goethite.

N
Identification of the precipitated phases in both

processes has been determined by Davey and Scott.(53'64)
Three phases o~ FeOUH, B-feOOH and u-Fe203 appear to pre-
cipitate, dependlng on the precipitation conditions.
Although a-Fezo3 is a more thermodynamically stable compound,
Langmuir (65) has shown that for the(transformatlon:

2Fe00H + Fe,05 + Hy0 | (2~8)
The free energy AG° for the reaction is a fpnction of the

size of the initial partxculates formed. Goethite stability

is increased by keeping the partlcle size small.

During the preclpltatlon,goethlte and hematite share

*

the gsame initial iron polymer of the form: .

1
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,'hydfoxyl polymer determinés the phase of Fe(0H formed%mh

- production of B-Fe00H

o,
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ke

L : '
Providing a large excess of base is not present during

solution neutralisation, this polymer chain may oxalate

such that: C .
OH on | OH OH
N ~ /0 N Oz
Fe Fe — {F@ = Fe +2H+
X N N 72N
OH OH n 0' 0 2n

5
This polymer form is the precursor of either goethite or

hematite. These polymers have been identified as small

solids (66,67,68) in the form of rods which ultimately come

o
(69) Two factors

together to form small particles =lum.
appear to play an important role'in determining which
particular variety of FeOOH or Eego3 1s,produced;//§levated
temperatures appear to favour “the formation of a-Fg203 (203
while the identity of the’ tomplexing anion of the initial

'

) . _
General trends show that C1 and F anions favour the

(63,71) inile S0,, Br, NO, favour

the formation of B-Fe00OH. Explanations as to the importance

AN

of the anions and the exact mechanism igvolved inducing the

respective goethite phases are as yet not clear. Dissolved
anions in the goethite structure which are not removed-by

simple water washing may make up 6% of the total weight

E] N K}
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" 6f the precipitaté'ip fhe case of the chloride ion or

15% in the case of the sulphate ioﬂ.(64) It would heem that

. -
their presence contributes significantly to the goethite

¢ “

K phasg formed. ’ " ‘ K

‘e , ~\ N ..\.
2.5 Hematite :

4
(38)

The hematite process is the last of the new
iron precipitation procedures used industrially in electro-
lytic zinc plants. The process was developed by the Dowa

A ¥

Mining Co. after original studies, by the Eiectrolytic

Zinc Co. of Australia (72) and Sherrit Gordon.(73)~1t was

first used by the Akita Zinc Cd::ofr Japan and i8 now proposed
for the Datteln Zinc Plant ip_West Germany.” The éro#ess )
coﬁgists of treating primary leach residue (unleached Zzinc
ferrite), in such'a way that the iron in solution remains

in the ferrous state prior to iron hydrolysis and precipit-

ation as hematite. This is a4chieved by dissdlving the

solids in a mixture of spent electro%yte, make up acid fg
and added 802. .Under these conditions ferric iron is
@ R X v .
c ~ Foeo
reduced to the‘ferrougistate: . { .t
2Fe3++boz+znzo + 2Fe®T+ s0 2=, ant
te I z

3

x\

L% 4
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[~

The solution is now treated first for copper removal

(by precipitation with hydrogen sulphide) and then
h neutralized in two stages by lime addition to pH4.5.

The gypsum prodiced is considered to be a marketable

product. After neutralisation thé solution is -heated to

200°C under approximately 1.8 x 1061§a. 02 pressure.

Iron is precipitated as hematite after oxidation of ferrous

Q9

sulphate and subsequent hydrolysis:

2Feso4 + 0.502+sto4 > Fe2(504)3 + H20 (2-10)
Fe2(804)3 + 3H20 - Fe203 + 3H2$04 (2-11)
or i
2Fe SO4K+ 0.502 + 2H20 > Fe203 + ZHZSO4 (2~12)

i

An optimum reaction time of three hours allows iron

levels in the solution to reach about‘3g/l. Fe3* while

acid produced during hydrolysis is returned to the primary
leaching circuit after filtration of the brecipitate.

(46)

Original studies by Posnjac and Merwin and

later by Umetsu et al (57) for the Feé03 - H20 —803
system at.200°c (Fig. 2-12) show cléarly that hematite
precipitation is favoured when acidity levels are low,

whereas at increased acid levels mixtures of Feéo3,and

Qe

¢ \ J
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basic sulphates are likeiy. Basic sulbhqtes are undesirable
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 ZnSO4
there is a considerable increase in the range of hematite
stability at these,elevafed temberatures. (57) Fig. (2-12)
shows that with 75g/L Zn present, Fe,0, is stable up

to acid concentrations of ;bout 85g/L. Umetsu et al have !
also established how elevated temperature improves iron
rejection from solution, with a considerable decrease

in iron solubility taking place betwgen 150°%¢ - 200°c.

The precipitation of iron as. hematite from zinc sulphate

!
solution requﬁres close chemical control. Although

the;mbdynamic%lly, hematité formation is faVoreq upon

the oxidation of ferrous iron solutions (Fig. 2-1) it

is apparent that several other factors_ﬁéﬁe £o be taken

into_account in oréer to dbtain a satisfacdtory precipitate.
The filtering quality of the précipitatelproduced

industrially is reported as~being excellent and this is

in great part due tb the‘felafively crystalliﬁe nature

of the hematite produced. As discussed previously the

bxedursor to the hemaéité crystal appears to be a polymer

chain based on the dimer Fez(OH)g* which during solution

?
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s .
‘neutralisation or at elevated temperatures isjallowed
to oxolate to form large polymers, which in the case
of hematite formation are probably highly crystalline. ¢
The single crystallites produced tend to be larger than
lym and do not agglomerate as do théée found with goethite
formation.

Improvements in calcine quality and tye control
of the leaching and neutralizing stages of the hematite
process has allowed the imp&rity levels in the hematite
precipitate to be decreased considerabiy. Pilot plant
hematite residues at the Dattgln operation are compared
to those founé at the original Akita plant, Table
(2-1) . Considerable improvement can be seen in reducing

the sulphur content of the residue ‘while iron levels

approach the theoretical for hematite.

2.6 Magnetite

The removal of iron from solution by precipitation

'of magnetite has not been developed industrially. However '

the chemistry for magnetite production is relativel&

well understood due to the interest stemmigg from the

¢ (13,74)

removal or iroh from waste waters and in the

production of ferrites for the electrical industry. (7?)

K
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TABLE 2-~1 ’
Compositions of Akita and Datteln Hematite Precipitates -
Akita Datteln
Fe % 58 63.5 )
Zn % 0.5 0.8
1 .
S % 3.0 1.5
- P
Ce gt
| " |
:,w 1
- ‘\ - - 4 e 1




The ferfomagnepic nature of the precibitate,immediétely
makes it of interest in applications where magnetic filtra-
tion ﬁay be considergd as an alternati&e to éonventional
so0lid/liquid separation. -

The chemistry of magnetite precipitation may again
be predicted from the Eh-ph diagram of the iron water
system. Magnetite appearg to be stable-in ferrous iron
solution under slightly feducing moderately alkeline
conditions. From the original treatise by Mellor; (76)
Kunda and Hitesman (77) delineated three s®ts of chemical
conditions for the precipitation of magnetite. Aall
involve the oxidation of fergpus sulph%fe solutions in
the presence of a strong neutralizing agent. The method ;
considered to be mogt successful and appropriate to
applications in the %inc,industry involves the addition

of ammonia into ferrous sulphate solutions under 1.72 x 105Pa.

02 pressure. The reactions taking place are assumed to be:

3FeSO4 + 6NH3 + 6H20 + 3Fe(OH)2 + 3(NH4)SO4 | (2-13)

2Fe(0H)2 + 0.502 + Hzo - 2Fe(OH)3'. (2-14)

Fe(OH)2 + 2Fe (OH)3 + Fé§§z + 4H,0 ' (2-15)
S /'I' 4
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The mechanism of magnetite formation is reported (77

as being the oxidation of the ferroys hydroxide to the ferric

state ar;\d the subsequent reaction 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 than those found in other iron precipitatien
routes while reiéction from solution is almost complete.
A serious drawback to the application of this pro-
cegs to the zinc industry is the tendency to co- -
precipitation‘ of divalent metal ions, present in the

¥

solution as impurities, by the formation of farrites:

r

2+ 2+ -
XM™" + Fe;  + 6(0H) -+ M Fe, _ (OH), (2-16)
5

M Fe, (OH). + 0, + M Fey 0, - (2-17)

-
.

Kunda and Hitesman indicate thdt zinc losses in the

precipitate were such that 9_9% of 0.05M Zn present in
the original solution would 'be precipitated wit}i the
magnetite.‘ This is clearly an intolerable loss and J

consequently interest in this iron precipitation tech- -

niqgue has been more associated with waste water treatment-

rather than hydrometallurgical processes.

..
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III. MAGNET? AND MAGNETIC CAPTURE MODELS

(3

3.1. Magnets

Although a variey of magnetic separators/filters-
have been adopted within the mineral processing industry,
the present work is concerned with the Kolm-Marston

device developed at the Massachusettes Institute of
(78)

Technology. ) |

L)

| Thé'p&ézc separator consists of an iron clad
solenoid, the working volume of which is filled with a
filamentary matrix consisting qﬁheither stainless steel
wool or expanded metal lath (Fig. 3-1). The solenoid
is surrounded by an iron frame to allow not oniy an ex-

<

tension of the uniform field in the solenoid bore, but

_also a condense route for flux return. The ferromagnetic

and filamentary nature of the matrix allows the production
Qf very high magnetic gradients around the wires by
perturbation of the uniform magnetic field. 'Together

with the production of hiéh background fields, these

high graéientsballow for the capture of small (< lum)

weakly magnetic particles which are passed through the

14

. separator. Initial devices were of a batch design

.
A

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

solids is pagged through the magnet and the magnetic

e
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(iron) magnetic flux return frame
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solenoid
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magnet coils
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ﬁIron clad §o]»enoid ciesiqn of hgms“ device.
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portion of the solids is captured on the matrii. The
trapped particles are Ehen reméved by switching off the
magnet and flushing Ehe matrix witﬁ wash water. The.devicé
therefore works in a cyclic manner of alternate feeding

of slurry and removal of captured magrnietics. As a filter,
the slqrryuﬁs fed to the matrix and the effluent monitored

for solids content. Once the matrix approaches aifully

loaded condition, solids will appear in the slurry

effluent as "breakthrough" takes place. Again th% magne€
is switched off and captured material flushed from the

¢

matrix in a highly concentrated form. Batch devices are

well suited to feeds wherg the fractlon of magnetic
material is small as this allows large volumes of ;lurry

to be fed to the magnet before the matrix is loaded and
flusting is required. In many mineral processing situations
this is not the case and continuous hgms devices‘éée
required. A schematic representation of these sep%rators

is shown in Fig. (3-3). By ingenious design the matrix

is mounted on a carousel and allowed to pass conti ously
through the magnetic field. The elongated solquld

still allows the productlon of a uniform magnetlc ield
parallel to the slurry f}ow. Appllcatlong of thls agnét
to the iron ore industry and other high &olume systémsi'

have been deScribedr (79,80)
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3.2. 'Models o S CL
o i _"

03.2.1. Introductlon ' "'

.models. The techniques involved .are a balancing of tp

well defined forces involved in the capture process

AT .
A simpl

i.e. magnetic¢, hydrodynamic and, grav1ty forces.
'_ 1deallzed 51tuatlon describling the. separatlon process

is presented in Fig. (3-4). ejéiuld moving at constant

velocity contains a sphericel é;;amagnetic particle.
The particle appgoaches a cylindrical ferromagneticf.
wire wieh its axis at 90° to the ffow. Application of
a uniform magnetic field, applied perpendlcurar to
the wire, megnetlzes the wire. A fleld gradient is
produced near the wire and consequently a magnetic force
on the partlcle 1s developed Providing the magnetic
force on the particle is large enough to overcome tlie )
competing pydroqynamic drag and gravity fgrces, the
particleewill adhere to the wire. Maénetic force EOnéours
(Fié. 3—5):for an infinitely long ferromagnetic fie}d,
indicate the region of the wire over which ettraqtive////<7~
forces act on a sma;1~paramagnetic particle. ‘The o

LT r .y
~ma;erial build .up can only take place on the top and VA
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.Bettom of(;gi wire. ’

Several approaches have been taken in describing
the physics of the capture process. These may be broadly
divided into thé two areas of trajectory modeié and build
up models. Trajectory models describe the motion of
the magnetized particles ynder the.influence of a magnetic
force. The models predict 'a capture radius‘(Rc)‘which

is the limiting radius or area about the wire from

i ?
f

which all particles are captured. 'Build-up models,
which assume particle capture on the magnetized wire

has already taken place, attempt to predict the ultimate
build up profile and mass!of material on the wire.

This appréach allows simple predictions to be made of

b

the totai)amdﬁht of material recoverable on the matrix.
Attempts have élsérbeen_madé to describe the overall
filter;ngfperformance of hgms systéms by utilizing not
‘only the aﬁove phisical concepts but also Ey utilizing
a "black box" approach. “By applying’ the sorption theory

Qf conventional filtering systems, predictions concerning

magnetic. filtering performance may be made.

"

- 3.2.2. Trajectory Models

;nit{al modelling studies centered on thg.trajectoryh

¥
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K]

considering magnetic and fluid drag effects only, found

that trajectories of paramagnetic particlés around highly

~

' magnetised ferromagnetic wires were dependent on the magnetic

v v
to fluid ratio ~ﬁE—. The magnetic velccity‘Vm"can be
© )

defined as the terminal velocity a spherical particle
would achieve in a stationary fluid under a constant
magnetic force and U_ the fluid velocity measured at-
an infinite distance from the wire. A#suming Stokesian

Ffag, Watson derived:

2
81b KHaMw

' Vm = (cgs units) . (3-1)
9an .

Where b is the particle raQ}us, k the volume susceptibility,
H the applied background field, M, the wire magnetisation,’
n the dynamic viscosity, and a the radius of the wire.

To ensure magnetic capture the condition is U, < Vm“

The concept of a limiting particle,trajeélory is used in
defining R, the dimensionless captu;e radius. All

+
H

particles passing-within a capture cross~section 2Rca,

will be attracted towards and ultimately captured by the
v -

wire. fThe dependence of R, on the ratio ﬁﬁ— as deduced
(81) "
.f\" 6’&

An extension of this single wireﬁ§§gdy can bg;made‘,
. , i =T - F,.
to apply to the{entire matrixflength;- Assuming an element

by Watson is shown ;j&‘r‘ig. (3-6).

o
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. Watsan_'s dependence of R on Vm/Up.
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t
thickness 3x of the matrix, a volumetric packing

fraction F and matrix length L, .then the ratio of particles

leaving- the separatdr to those entering may be expressed

as:

N FR L
0 _ 4 TR, (3-2)
T = &exp( 3 ITa ) o

Luborsky ‘and Drummond (82) oonsidered a more realistic
system where the effects of particle build up on the
wire are taken into account. Assuming that 1/3 of
ribbon-like fibres (the actual morphology of stainless

steel wool) to be correctly oriented for fine particle

.capture, they deduced that: A

-;-9-' = exp (-" %—Ii (Ré+£)) (3-3)
. i ) N

Where S is the diameter of the .major wire axis and £ °
! N\ .
and £ are data fitted parameters. The parameter f was

termed the capture effic1ency and E a capture radius

J

for mechanical entrainment of particles.

Purther development of this has been made by

Clarkson, Kelland aod King. (83)

layer condition on the solution for potential flow and

\

By applying a boundary
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elliptical fiber shapes, viscous and inertial fluid body
forces are thus acéounted for at low to moderate Reynolds
numbers. The model also allows for non magnetically
saturated wires together with gravitational and near
field magnetic Effects. Expregssed in terms of recovery

they gave:

$R 100 1 - exp (-éKfFR L)
A

ra'b' ' (3-4)

Ke allows for random fibre-fiﬁre ingeractions aﬁd is

anal gous to the f factor of Luborsky and Drummond.

The cross sectional area of this fibre is defined as
ta'b’' , where a',p' are the minor and major axes of the ribbon-like
fibres. Experimental testing of thg equation by Clarkson
et al (84) found that a good correlatlon exists between
the predicted recoveries and tho?e measured for K \gfo .05.°
Their assumption of potential flow appeared to be correct
only for particle sizes > S5um and that below this size

the shielding effects of the boundary layer on particles

from the otherwise large drag forces of potential flow

- become increasingly significaﬁ% and should be included 07

in the equation.

R
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@

= Simons, Lawson and Treat (85)

assuming potential flow,

" included inertial effects, gravity and a near field'magnetic

force term in their study of the dynamics of particles
approaching a cylindrical wire. They established a series
of boundary conditions under which it was possible to neglect

these effects in calculating Rc and concluded that the
- v

~ relationship developed between R, and ﬁE_ by Waison was

[+
adequaté for most practical cases.

Recent studies on the trajectory approach (87,88,89,90)
have been more concerned with the. prediction of whether
pa?ticle build-up takes place on top of the wire or

whetper back capture can take place. Although théée

models have tended to predict considerable back capture

»
(91,92)

for single wire studies, iE,a@pears that for

closely packed matriceS this effect is not important in

predicting the total amount of material captured.‘(gl)

i}

3.2.3 Build-up Models

The ability of trajectory models to provide

information as to the initial capture cross-section

.

for a' specified set of conditions has been demonstrated

(81) (82)

by the models of Watson and Luborsky et al.

Build-up models predict the profile of the accumulating

b
’

t
+
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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 to determine the

loading capacity of a wire and consequently the total mass

recaovery potential of the hgms device. The initial

1 *
work of Luborsky and Drummond in determining the effect
of the build-up profiles on particle trajectories was

(82)

based on arbitrarily chosen build-up.shapes. Later

work (93) cohsidered the §tability of these profiles

by balancing the fluid drég and magnetic forces in the
bouhgary layer existing over the build-up profile. -

The £1luid forces were simpiified by considering an
averége‘boqndary layer and Stokesian dfag on a sphere.

The critical angles where the components of tangential
force on. the pqrticles are exactly balanced can be
calculated forx eadhusuccessive,layer of particles, while ’
the loci of these angles describe the "ultimate build-up
profile. (The model tends to describe a fan-shaped

'(90,94,95)

build-up. Further work by Watson supports

"the model of Luborsky and Drummond. Although still

v .
allowing Rc to be dependent on ﬁE_ , Watson applied
[ 7 oo

a boundary ldyer adjustment and galculated the probability
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of retention in each surface element above the wire.

This produced a build-up profile similar to that of
Luborsky gﬂa_ﬁfummond. " An effgptive Rc can.be calcul;ted
which decreases as particle build-up takes place on the

wire such that for volume of build-up V and wire volume

VW : ' ®
N . Roqnitial
c(eff) (1+ 4V ) " (3=5)
VW

/
Photographic evidence of fan shaéed build-up has been )
established by. Friedlander et al (96) and Hollingworth. (91)
They support the assumptions of Luborsky and Watson.

The model of Liuw et al (27) again similar in

construction to tha£ of Luborsky et al, found that a
build-up volume"daximum was reached prior to large .
reductions in R,. Two. cases were-Jefined for particle-\

2 << 1 where b is the

wire size ratios (i)’g =1 (ii)
particle radius and a the wire radius. For the larger-
particles (case i) Stokesian drag is assﬁmed and the

relationship between maximum relative bujld-up volume

Vin
£ (max) 2nd f:;" is such thaty
«©
Vi , .
fmaxy F | TT R (3-6)
_ u, 3 (e
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v

%

For case (ii) an averaged boundary layer is applied

to the system such that,
' %

Vi

and
3

f
(max) U N

©

0.8 [5 0.8 (3-7)
b,

where § is the boundary layer thlcknesﬁyf An overall
filter model was then develope& for the condition

b/a close to unity. They concluded that capture ’ -
radii variations with build-up volume could be né§lectéd‘
sincé the ‘capability of the wire matrix to capture
gzrticles remained ﬁigh and practically unchanged up

to build-up saturation. A function F(Vm) can be ‘
described for the cumulative weight fraction of feed

with magnetic velocity less than Vh by considering

the magnetic velocity distribution of the feed stféam.

Thus 1-F (V minimum) corresponds to the fraction captured

‘ when subjected to the condition that all particles

with V,, greater than V minimum are»retalned in the
N

filter This Va minimum is specified by Fig. (3- -7), the
equlllbrium wire. loadlng. By integrating numertcally
(1-FP(V, minimum)) for lncremgngs of fegd, the total
weight fraction recovered by the separator is/&étermined.

.4
h (98) employs a force

The model of Nesset and Finc
balance approach for particles that have arrived at the

v . .

e
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ﬁirejsu;f&be. Bé employing a layer by layer calculatioﬂ,
build-u$4§§ofiles can. be' determined and recovery equations
'deduced. In defining fluid drag on captured particles

a different approach to the traditional Stokeeian

(99)

drag was taken. The Blasius solution was.employed

to describe the fluid drag on pa;ticles resting on the
>y . ,

bottom of’%pg developed-Bdundary layer. The @pdel

also incorporates field .pe turbation terms for .non
saturated matrix w1res as well as magnetlc susceptlbility
functions for non paramagnetic materiais.

Fig. (3-8) indicates the forces acting on a
statlonary particle arrived at) the wire surface. The
net radlal force is comprised éf magnetic and grav1ty
terms, while the net tangentlalgforce is the sum Of.
magnetic, gravity and fluid terﬁe. A loci of critica}
angles 6 can be determined which: deflne the reglon e
of partlcle attraction around the wire (Fig. 3- 9)‘#
‘The predlcted bulld—upﬂgﬂapes\are in good agreement :
with the photographic evidence oqu;iedlahder et al. (96)

The” build-up radius is determined from the force balance'

ff///// / / ) vy

= -4/3#b3H ZKA 23_ sin- 26 . magnetic term
/ . r e
/ ' 2 ) .
2Tb prmB/ZV% g
+ , B} £, fluid tem . (3-9).

o
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. where r is‘the particle accumulatiéﬁ radius, 0 is the
)angle from tﬁe front‘stagnation péint on the wire
Pe the fluid density, v the fluid viscosity, B the
Blasius term and fb is the'ffacpional area of shear

on a particle. The term f, Was estimated at asg (121)

(100) The above

and B was calculated to be 4.24.
equations can be reduced to a dimensionless form for

describing relative build-up radiu? (r/a) or r_. The
equations are solved at @,= 45° a close approximation

-of the maximum angle of build-up:

. 2 !
L2 o 2bH_“kA 1 4/5_ ‘ (3-9)
a PLU via® C 3
, -]
o N Y5 (3-10)
C
- , \
where C = 3/2 (B} £ = 2.5 ) \
< ' "
—_ :' : N is called the "loading Number", and represents the
.- _'_f '+ ratio of fluid shear forces to magnetic forces in

zy‘s - "Q
T . equilibrium at a fully loaded build-up fadius‘ra.'

. ]
- Having assumed a total build-up profile to be that ‘of a

90° segment of radius r, and introducing a packing

- N Qdensity term e, éequations estimating volumetric and f

i oL ~
A
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mass loading .on 'the matrix can be derived. -

: ‘ . N 4/5 Pp_ :
* Ym % 3 "") =1l Py . . (3-12)

'

The volume of captﬁredrmaterialrper unit volume

of wire, Yy is : ’
€ 2
. Yv = i (r - '1 ) A3
Y o\
) ; v NL . 4/5
'Yv = '4' ;——5- ) -1 ~ (3-11)

and Yo the mass of retained materidl per unit mass of

wiré 1is expressed as:

2.5

0

¥

Where op is the particle density and p, is the wire

density. A simple recovery equation: permits the actual

matrix loading to be compared with the full load where
actual loading tends to be about 75% of the fdll;‘lOI)
.

-

v . , |
R& = (0.75 — ) 100 ~ (3-13)

L is the mass of magnetics in the feed. The dimension-

1

< less group Nﬁ ca@hbe broken down into more recognizable

“

- L]

Lo
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dimensionless groups i.e.:

N

N, = ‘9 a 1 03 _ZE ' o
L /35 b Rew t ‘v, /.. - o

. \Y
Testing both Watson's —ﬁg ratio and NL for predicting

]

loading ‘behaviour has shown that'N
(100) °

[, appears to be more

Information concerning expected magnet

<

reliable.
operating parameters.and separator performance can also
be directly predicted from this dimensionless group.

Information on the behaviour of a matrix as a

%

filter may also be determined from the model. By

incrementally increasing feed weights to the matrix;

— - ™

recovery of material may be monitored as a function of
time. Recoveries will decrease as feed weight increases
until saturation of the matrix occurs. Filtering

breakthrough cﬁrves can consequently be qredicted as

functions of uncaptured material versus time.

3.2.4 Filtratiggiﬁieakthrough~Models

. ¢ .
A departure from these fundamental models of the

(102)

capture process has beer’ made by Akoto and Collan

1 (103,104,105)

et a in order to describe thé breakthrough

°

characteristics of the magnetic separator when considered

as a filter. These analyses are generally based on the

N N
4
.
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matrix loading of captured particles per fibre. Eqn:

deposition coefficient: -

+

sorption theory of fixed bed systems. Fig. (3-10)

describes the general situation for -an elemental segment

[y

of matrix AZ and area A. Akoto derives two equations for

particle capture: '

ia}

el A

dc * (1-e4)  ©. in \Y

oar I
+ by et — —— = 0 (3-14)
3t €0 at g& 5z . ‘
an
- = K.,c (1-n/n,) - (3-15)
It d T

-

Where ¢ is the concentration of particles in the carrier

fluid, €4 the initial void fraction of the matrix,

Pr the density of matrix pvacking, n the masg of particles

deposited per unit mass of packing, V0 the superficial

A, . . . ,
vafocity of fluid tbrough tﬁe matriy and ny is the

.

(3-14) is the conservation of ﬁateriél equation while Egn.
4
(3-15) is the rate equation where K3 is defined as a
. el

-,

.

: A ‘ ,
Ry = ———0 - T (3-16) |
. ' #i?meo \ :

Y
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and a the fibre radius. In order to predict the form

"Here ), is the clean fibre capture cross-sectional 'ared

of actual breakthrough curves the conservation and rate

equations'are”anaiytically éoived{kwith appropriate

4.

conditions to yield two dimensionless quantities, .

¥, the effluent concentration rapid and a throughput

a4
El

pdiameter T: .

' ' ‘ "0 ‘ ,;’\)
= 1 ~
Y (N,NT) = . ’ )
. 14e~N(P-1) __-NT . Q(3-—}7)
Where N is a function of the deposition rate:
22, (1-€ SL ‘
N = 0 """ | ~ .
SR ‘ - | (3-18)
and, - : —
T = gT' ‘ ‘h -
.70

°

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

time since the initial arrival of the fluid front at

the bed exit and F = pmnTA(l-eo) » the matrix

0
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“loading coéfficient.

- !
Egqn. (3-17) can now be used to draw.theoretical break- |

through curves Eig: {3-11) for vayious fixed bed lengths.
as well as estimate the mass of captured material

represented by tﬁe area bounded by each curve, I

©

As'a "black-bok"&approach to breakthrough curve

-

\

prediction, the model is limited as a number of parameter
. ’

“

estimates are required while the linear relationship
|

imposed on the initial rate expressions may restrict

the general applicability of the model.

‘Collan et al in a series of papers (103,104,105)

have provided another empirical approachpto simulating

filter behaviour and have%&éscribed a simple method.

o

of magnet sizing for filtration systems. The analysis

is dependent on describing an absorption length function

g

2 4= X - .
such that.l\k(cabs) where Cabs is the mass concentration
of the absorbed particles in the filter. Two sets of

differential equations are defined in the description of

the filtration process. (104)

Bcabs(xyT)BT = ~V03c(x,r)ax (3=19)

3C(x,T)dx = -a(x,T)C(X,T) ) (3-20)
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Where x is ;he diétance‘aloné the filter from the inlet,

C the concentration of solids in the slurry,T=t—xA/V0A(F),
the filter time. The function A(F) déscribes the free
cross~sectional area of the filtér,~A the filter afea

and Y5 the linear flow velocity. 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 describe

the absorption length function &: ' \\f

Cabs )y

Cc

L = ,Q,O/(l:-
S

Where 20

and CS is the saturation concenttration or a maximum

1s the absorption length of a clean matrix

value of Ca The constant y is a data fitted parameter

bs
and experimentally it has been found that 1<y<2. éy
inverting the procedure that allows modelling of the
Breakth;ough curve, the filtration characteristiés of a
matrix may be obtained. Fig. (5—13) shows the form these
curves take in describing the absorption length % ofﬂa
matrix of depth L as a function of the throughput velocity,

all other parameters being constant. A considerably

simplified approach to the analysis can be made by

p
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assuming y=1 in equation (3-21). The equations defining
the filtration process can now be analytically (106)

v solved‘;o give a.generalized solution to the mathematical

&

_description of the breakthrough curves such that:

Y

14 N
‘

C.

- o - in C.
out s _ (3-21)
)
Cs(l-e-vst/QO)
C () =
abs, out
eKlt/ty-13 (3-22)
' : N @
Where COut is the output. concentration of solids in
the effluent, Cin the input concentration, K=L/2,O and
LC '
toz-;—g—— From experimentally determined breakthrough
0 in

curves values for Qo,t and K may be determined by

0
plotting a revised form of Eqn. (3-21) :

. c. .
1n l 0 ] -1 = -X ix

C

out

Filter dimensions for an industrial process can be simply

estimated from the equation:
{ ,
Q (l|+-t_E ) (3-23)

0 tf
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Where A is the filter area, Q the volumetric flow rate
and Y5 the linear processing rate. The parameter te
is the filtration tihe required before effluent solids-

cbnqentrations reach a predeterminéd level, and

.

: tw is the time required for magnet flushing. The function

te can be deécr%bed by equation (3-21) such that:
. & -,

_ o1 L -
tg =t [1 = log (Cin/cmax 1] (3-24)

.

Where C . is the maximum output concentration allowable.
From experimentally determined breakthrough curves and®
employﬁent]of equations (2-21,23,24) magnet sizes for

an industrial p?ocess may be calculated. This analysis is

limited however, to the assumption that absorption length

is described as {p equation (3-21) with v=1. The importance

of whetheg'y=l or' ot can be tested by analysis of the
data of Collan. (105) %ié. (3-14) denoteé the sizing
curves for (a)y=2 as ekperimentally determined by Collan.
and (b)y=1, for two processing floﬁ rates. As magnet
Lengtﬁ encreases, the importance of the value of y
considerably diminishes and at cqgggpciél magnet sizes
this difference would be considere&\negligible. It
would appear that for an initial sizing calculation the

assumption y=1, which greatly simpiifies the data fitting

\
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réqu%;dﬂ, can be confidently employed.
‘ < - .
The ability tg predict industrial filter isize from&x
laboratory test results is obvibusly of considerable
value. Whether this may, eventually be more accurately
+~achieved from fundamental models (e.g. Watson, Nesset
and Finch), rather than the "black-box" approach of the te
above“filtration models, has ye£ to be determined. i
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--limiting the co-precipitation of hydronium jarosite

.phases.
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IV. EXPERIMENTAL PROCEDURE

a,

4.1 Solids Preparation ) \\ o

In order to study the properties of the iron‘
precipitates 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 ammonium jarosites were prerared

by heating separate solutions containing 15g/L F‘e3+ as

sulphate. together with above stoichidmetric additions
of the appropriate alkali ion. An addition of 0.01M .-
HéSO4 to all solutions prevented the hydrolysis of

iron and premature precipifation as hydroxide. Sodium

and ammonium ions were "added as sulphafe, while potassidm

‘ion was added as nitrate. The latter practice as well as

o

the above stoichiometric alkali ion addition is felt to

>

produ¢ce a product which is rich in alkali ion while

(55) All precipitations took place in a

4L, stainless steel® reaction vessel. The solutiong‘were

2
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heated in air to a teﬁperatufg of 95°% and a pH
of 1.5-2 was maintained durihg the reaction time of 5
hours. The sof;tions wérelvigorously Qtirred during
the enﬁiré length of the reaction. After precipitation
has been completed excess liquid was decanted and the
preéipitate filtered, washed and dried at 110°c. The
éry p;oduct ??s then stored in a aeésicapor pricf touanalysis.
4.1.2 Goethites

In order to reproduce the VM and EZ industrial
procedures and produce separate phases of both a and
B Fe0OH, the precipitation techniques Af ﬁavey and

(63)

Scott were followed. To reproduce the VM process

a solution of 30g/L Fe't as sulphate was oxidised by

controlled addition of a 3% w/v Hzo solution at a -

2

reaction temperature of 85°C and under vigorous stirring.

The‘oxidant was metered int6 the reaction vessel at
30ml/hr by means of a peristaltic pump. This rate of
addition allows a total reaction time of approximately
lhr/100mls of ferrous iron solution originally present.

0

The pH of the\mixed solution was maintained at 3.5 * 0.2
o

by small additions of Mg0 powder. After precipitation

g
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was completed, the slurry was decanted, filtered and

» the precipitate dried. 1In reproducing the EZ process,

thetprecipitation vessel was initially charged with a
synthetic leach ligquor (usually H20 only) containing

much less than 1g/L ferric iron. A solution containing

3+

309/L'Fe was then added by means of a dual channel

»

Yo, . .
_ peristaltic pump, at an initial rate of 2ml/minute. .

The pump was also usegkto discharge slurry at the same
rate. fhis,ensured the basic condition for goethite
pregipitation ip that dissolved ferric iron levels in
the precipitation vessel did not rise above 1lg/L Fe3+.
During precipitation, solutions in the vessel were
haintained at 80°C and a pH of 3 % 0.2, again by means
of small additibns of Mg0 powder. Reaction times were
usually of several hours, depending on the volume of
ferric iron golution 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 ﬁoth sulphate and chloride were tested
i? the same 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.

'94 -

e 5 st e sl

——  The-production of a_hematite precipitate was _

achieved by followini the essential details of the Ak%;a'

Zinc process. (60) Ferrous sulphate solution containing
30g/L re?* was charged to a 2 litre titanium clad
autoclave. Thé solution was gﬁen neutralised to pH

4.5 by a small lime addition. Hematite precipitation
was allowed to take place'byﬁheating the solution to

7Pa.O2 pressure together with

vigorous stirring. A reaction time of 3 hours was
'sufficient to precipitate ->90% of the iron as hematite.

At the end of the precipitafion the slurry was filtered,

washed and dried.

4.1.4. Magnetite

A magnetite precipitate was produced/ by following

the preferred procedure of Kunda and Hitesmhan. (77)

A ferrous sulphate solution containing 30g9/1, Fez+ was

first neutralised with a solution of ammonium hydroxide-
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

autoclave and heated to 80°c under 1.72 x lOGPa.’O2

a2 e

AT
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pressure. A 15 minute reaction time was employed to

precipitate ¥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 ferric¢ sulphate solutions to

3+

take place. A '15g/L Fe sqlution was neutralised with

slow addition of a 1M NalOH solution uﬁ%il precipitation

was “complete. Dﬁe to the unstable nature of ferric
hydroxide precipitates, the filtering and drying procedures
were ignored and the slurry fed directly to the magnetic

»

separator.

s

4.1.6 Canadian Electrolytic Z2inc Jarosite (CEZ)

PR

In .order to compare the above "synthetically"

produced .precipitates to cne that was formed industrially,

O ATTT T e T ey o

quantities of an ammonium jarosite were collected from the

CEZ Valleyfield Plant. The samples Were collected in

electrolyte, directly from the final jarosite precipitaﬁi&n

tank and from the jarosite thickener overflow. o |
The collected jarosite slurry_ from the final

precipitation tank was filtered from the electrolyte

for analysis. 1Initial inspection of the filtered solids

\
(
. ‘
o L
.
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revealed two distinct phases. These consisted of a yellow

jarosite phase and unreacted ferrite phases used for

solution neutralisation. FerriEe phases were separated

¥

from the jarosite by reslurrying the solids and passing
them through a Davis tube magnetic separator. The

separatdd solids were then dried and kept for analysis.

4,2 Precipitate and Fluid Analysis

The ability to accurately identify the various.
iron phases produ¢ed from such a variety of chemical

processes was achieved by utilizing a combination of

“

analytical techniques.
4,2.1 Ja?osités
(a) Synthetic jarosites
All synthetically produced jarosite type cémpounds
were ipitially idé%}ified from X-ray aiffraction patterns
obtained using\;”bébye‘Scherrer camera, 11&-6mm diameter

and a Cr lamp. The patterns produced were compared to

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

jarosite phases of interest in the present study. Chemical

analysis by atomic absorption using a Pye-Unicam SP190

spectrometer allowed determination of potassium, sodium

« and iron levels in the precipitates. Ammonium ion

s
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. concentrations were determined by analysis of the total
B (107)

nitrogen content of the ammonium jarosite phase.

(b) CEZ jarosite/electrolyte

The solid' phases collected were initially identified

using the X-ray diffraction techniques described above.

The ferrite phase was then mounted in resin and Qolish;d

fdr analysis using eléctron microprobé techniques.
Samples of electrolyte were énalySeq for dissolved

zinc and iron contents by atomic absorption analysis.

M ) o

4.2.2 Goethites ‘ ' ;/\~J

N

Iden 'f;;afion of the goethite phase was achieved
by a combination of X-ray diffraction and Differential

' Thermal Analysis:l Diffraction patterns were ob£a£ned

.

~under the same conditions as those achieved for the

jarosites. Identification of the precipitates'was made
by comparison to the standard references (108,109)
for o and B FeQOH. Differential Thermal Ana}ysis

patterns of the précipitates were produced using a Fisher

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

" the geneéral goethite patterns produced by Mackenzie,(llo)

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

P

Identification of hematite and magnetite phases

was made using X-ray diffraction techniques' as for

T

jarosites and goethites. Diffraction patterns were

compared to those of the §STMS Powder Diffraéction Index.(los)
!
‘ i
. - |
‘4.3 Parameter Measurement

.
.
. ' i

In order to implement mathematical models for

; describing the magnetic filtering process the measurement
of several physical and magnetic parameters is required.
Information concerning both the properties of the pre-

cipitates and the magnetic filter are requixed.

o

4.3.1 Particle Density

N [4

-

Density values for all precipitates were obtained

o s SV

using a Quantachrome Null Pyngometer. Experimentally

determined densities were compared to theoretical or
(55,11)

f

previously reported values.

-
B

1

; : . -4,3.2 Precipitate Particle Size
E The size distribution of each of the different

i . ' materials was determined using an X-ray sedimentometer, the
o ‘ ‘ Microreritics sedigraph 5000D. The device employs a

finely collimated X-ray beam to measure the change with
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time of particle concentration in a sample cell.

Analysis times are reduced by allowing the cell to .

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

is read from an x-y plotter which gives cumulative

i
weight% finer than versus the equivalent Stokesiap

+ ~
¢

diameter. Particle sizes from 50 - 0.2um can be deter:
mined. A 0.2% Calgonite_}n water solution and 15-20
minhutes 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
dhdef’obseryétion.) |

Scanning electron micrographs of all solids were
made to investigate thé’morpnology of the individual

precipitate particles, as well as to confirm the general
! .

findings of the sedigraph tests.

4.3.3 Particle Magnetisation Measureméents

4.3.3.1 Theory

Particle magnetisation measurements are a basic

requirement in predicting the magnetic performance of a
material. Considering the force Fx acting along a given

o~

direction on a particle placed in a m29netic field,

ey A ————————

Py
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Fy = VMp T9x . (4-1)

'
o

"

Where V is the volume of the particlef Mp‘the particle

// \
magnetisation and %ﬁ_ the field gradient over the particle.

2

Particle magnetisation Mp may be defined as:
M = kH ‘ (4-2)

Where «k is the particle volume susceptibility and
e

H the field“é%rength. Equation 4-1 can now be rewritten:

v

Fp = Ve, k) H _g%

Where Kﬁ is the magnetic susceptibility of the medium.
For air and water Kp-= 0 and is usually ignored.

The way in which particle magnetisation varies
with field strength is a useful way to identify
various types of magnetic materials. Fig. (4-la,b,c)
shows two linear responses as (a) magnetisation decreases

o

with field strength and (b) magnetisation increases

with field strength. Response (a) is termed diamagnetic

[ ¢
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Magnetisation behaviour as a function of
field for (a) diamagnetics, (b) paramagnetics
- ory,antiferromagnetics, (c) ferromagnetics
or ferrimagnetics. .

m@:

-
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.

and susceptibility values are usually
6

emp/cmBOe. Response °(b) is typical of either
N

paramagnetic or antiferromagnetic materials. The

< =10~

. value of the susceptibility is of the order of  °

3

o e v T

: o lo—seﬁu/cm 0e. Curve (c) is typicél of ferromagnetics
i or ferrimagnetic materials in that the response is non
; . \ ’ linear. The magnetisation ‘rises rapidly with field

! strength to a saturation vaiue Ms' Thé saturation
magnetisation is reached with H=0 and £he material

is said to haﬁq‘qpontaﬁéoué.magnetisation. The value

2
P

of this magnetisation for ferromagnetics is the order of

e v S

(:3 103em1;/cm3 at a field of only 1 0e. Some compounds
show a combination of both spontaneous magnetisation
followed by a magnetisstign increasing linearly with .
: fieldwstrength. This efféct 6f fiela dependeﬂt sug-
ceptiﬁility may be due to ferromégnétic contamination

§ of the paramagnetic or antiferromagnetic material, -or
? , ~ ‘ .

f it may .be a true property of the material as in the

' S a12y

o -

case pf d—Fe203;

a

4.3.3.2 . Measurement of Susceptibility

" .4.3.3.2(a) The Franté Insérument

‘The Frantz Isodynamic separator, although better

( ?

[
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known for precise laboratorf mineral- separatkons ,may
be adapted for susceptibility determinations. The
separations are made in a tray piacqﬁ between the polfs
of a powerful electromagnet. A cemgetition between

gravity (Fg) and magnetic (Fm) forces exists on a

o n o vy €A o K Y bt

particle ﬁravelling down the tray.(Fig. 4-2) The
design of the pole pieces allows a constant force

i across the tray to be maintained on any paramagnetic
| . . s HoH
i particle by maintaining a constant value of =
|

The two forces are defined as:

,

0 !

i % ,
v | .
! _ oH (4-3)
’; - \ Fm - ﬁ\.VoHﬁ
_ o ‘ Fg = V.p. g.sin® ’ ! (4-4)
\ and, by equafing 4-3,4 an expression for susceptibility
is obtained such that: )
/ ’ e
' ¢ = P9 gin@ i
. H3H
: " ) ° ox ~- (4-5)
| N . S : ~ (113) -
- . where © is the side slope as defined. by Hess.
7 By callibration against materials of known susceptibility
'0 &
’ - ' /,
() & .
" // L}

L S
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' 4-2 The dry Frantz force balance on a particle
( ) : . travelling between.the isolflynamic pole '
’ ' . .,pieces, o . .
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McAndrew (116) deduced that:

0.8ind.2.0x10">

| ' I50 (4-6)
. $in6.2.0x107>
or in units of mass: X = - '2
I
50 (4-7)

Py

Which is referred to also as the Hess equation. ISO
is 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 is produced
by passing the dateriél through the sepa;ator and
re-treating the non-mags fraction at highef currents.

The side setting angle O remains constant. The process

is repeated until all the material reports as magnetics.

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

and the point at which the Io, is read.
A more generalised form of equation (4-6) can be

made to include a field dependent susceptibility of the

form:

s

SRR,
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lso

"current  (amps)

The magnetic profile of a paramagnetic
material as deduced from Frantz data.
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Where M, is the gpontanebus magnetisation and «_, the
susceptibility measured at infinite field strength.
These parameters are constants. WNéséét'and Finch (112)
derived:

o . 3
sind = (4.65 %0.14) o, Iz + (48.7 3.0) x10° X, Ig,

(4~8)
For measurements of spontaneous magnetisation.c0 measured
in units of mass susceptibility x ~at infinite field - '

strength. At the conditions &f o,.=0, X, =X, equation:

0
(4-8) reverts to equation (4-7), the Hess equation.

The major limiting factor of the "Dry" Frantz

-

magnetic separator is one of particle sizew Particle
}
sizes <25um are very difficult to treat. Precipitate -

particles are very fine and for this reason a prototype

(115)

"Wet" Frantz separator was used for particle

susceptibility determinations. The device allows the
separation of materials while.-suspended in a liquid,
and particle sizes much less than 25um were reported

(116)

to be easily treated in this systéem. A second .

_advantage, is the ability to determine the effect of

fluid susceptibility on the measurement of suspended

.solids. Fig. (4-4) denotes the generallflow sheet of the

Tt s S sttt
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-

system; The basic problem of the technique lies in the
treatment  of different size particles of the same material
which coﬁsequently have different settling répéé.‘

This problem is solved by separating particles ipto
fractions‘having equal settling rates by elutriation

and feeding the fractions directly. from the elutriator,
ina s ligquid carrier, through the magnetic field of

a Frantz Isodynamic separator. By adjusting the
velocity of flow through the separator in proportion

to the settling rate of the particles, the residence
time of the particles in the magnetic field is proportional

/

to the increased .time required for settling. ’ L

.The velocity vector diagram for two particles Y

settling at the same rate, ane which is maonetic, the
other non. macnetic ir shovn in Fig(4=5). The non magnetic

&
particle sinks in a vertical direction with velocity

i

V. while it moves in an axial direction at the fluid
LY

G
velocity V;. The final velocity Vg, thus has an angle

1

¢ £rom the axis of chute. By adjusting 0 and liquid
- veiocity,'the required angle ¢ is obtained such that
: non magnetic particles are deflected suff%qiently to
énter the non magnetics side of the chute divider.
A magnetic particle will be dpflectedfby the

L 4
- i
"y

.

= e
e s K o+

—\
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combined gravitational ‘velocity and the velocity achieved
under the influence of the magnetic field. By adjusting
the magnetic field, particles may be deflected by an

angle g to the magnetics side of the chute. The resulting
speed of the magnetic parqicle is the same as the non
magﬂetic particle but déviating in direction by an angle
éf 2¢8. The speed of the magnetic particle relative to

the iiquid VG*M is also the same as the settling velocity

T e hn e SR et e = =

Vg of “a non magnetic particle. The two particles deviate
from each other‘by an angle 26.' By considering. two 4
particles of half the settliné velocity and by halving
the liquid velocity a new vector diagram is produced,
denoted by the dotted lines of Fig. (4-5). The total
angle of deflection remains the same while on;y‘ihe

time taken to reach the divider is ‘doubled. Consequently

the principle of varying liquid velocity with settling

velocity allows material of wide size range,; to be treated.

-

under the same force balance. Thus for the‘éame isodynamic

poles for paramagnetics:
(pgp,) sin® 20.5x107° .
(k_~-k.) = : ‘
p 1 I2 .
50. (4-9)

s v 41 . "
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« 4-5 Vector diagram for particles in the

(_3 ' ~ chute of the wet Frantz separator.
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Where Kp and Kk, are the magnetic volume susceptibilities
of the solid and liquid respectively and pp‘and nlthe -

solid and liquid densitfes. \

 4.3,3.2(b) Technique : ‘

’

The carrier liquid used in the separator\yas water
for all basic susceptibility measurements. To ensu£e
particle dispersion, a wetting agent (Sodium Metaphosphate)
and dispersing(agent (sodium alkalate sulphon;te) were

added. Precipitate samples weighing =2 grams were placed

in the carrier liquid and treated for 1lOmins in an ultra-

sonic bath prior to entry to the elutriator. As ah in-
vestigation of the magnetic proverties of industrial

electrolyte, the CEZ liquor was substituted as the carrier.
¢ | -
fluid. ! o
} - \
\ .
\

4.3.3.2(c). Foner Vibrating Magnetometer

In a#der to verify the results of the "Wet Frantz";

a magnetic induction technique, the Foner vibrating mag-

(117) ) ;

netometer was used to obtain magnetisation curves

~

for the precipitates studied. The device is a high

precision (0.5% accuracy claimed) 'instrument which monitors

*

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

moving dipole field of a samble vibratinglperpendicularly

<

I

B e e .

'
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" reduced vibratien-rate and hence a decreased signal from

\\\mﬁywhére K is an empirical constant. The total field H
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\

e

between the coils in a uniform field. Samples were
placgd in a thre3ded Teflon holder 2cm in length, 0.25cm
4
i.d.. Care was taken to completely £i1l1l the holder volume -

with sample to avoid movement of the material relative to

the holder. Any movemen% of the sample results in a

%

the coils. Calibration of the system was with a

Gdéo3 sample of known mass and magnetisation. . .

* ’ ks

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—a I

isation is a characteristic of the material itself. . }

(118)

An exponential fit can be made to the experimentally

determined curves relating wire maénetisatiog_Mw4,tQ*the

total field H such that: Co

= - X - '
M, = Mjexp ( H ) (4-10) ( o

0

Fl
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*

is found from the applied field H, minus the internal

e s 6B SiTaspiivedie

R,

S

.demagnetising Eield HD of the material. Thus .

H=H, - H (4-11)
while

Hp = NM, (4-12)

Where N is the demagnetising factor. For infinjtely long -

rods magnetised perpendicular to the lon§ axis there is an

exact demagnetising factor of 2w: (119)

H -2wa (4-13)

llﬁay be calculated for ellipsoidal wire shapes, these
mag*étisé uniformly throughout. For non ellipsoidal
shap;é H, must be estimated expgrimentally. During
initial magnetisation the interval field is Very small -

in comparison to H, and Hy consequently:

[
\
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.
,

N is estimated from the initial slope of the magnetisation

\ ‘ .
curve of the material. Valid estimations can now be made Qo

for the magnetisation curves of infinitely long roés”

_measured magnetisation slopes of rel'atively short non

gylindrical samples. o
4.3.4.2 Procedure l _ 14 ]

'II‘he initial slope f:\Lfis determin;ed from the . i
magnetisatian curve of the stainless steel wool sample
used as matrix material and measured using the Foner .
magnetometer. The demagnetising field HD and internal
field (H,- Hp) 'as a function of M_ are found. The applied ‘ '

fields necessary to generate the same magnetisation in

infinitely long rods are calculated by adding the

o aneas st A8 —

demagnetising field HD = 21rMw to the previously determined
internal field values. These cur\}es are then fitted
(119)

to the simple relationship suggested by Clarkson.

4.3.5 Viscosity Measurements

Viscosity measurements of electrolyte solution -

were made using an Ubelohde suspended level vi-scomegef. .
T{)e general form of the Bell and Cannon (120) equation \
is used. : :
o
i
e )

- .
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v = ko- K/0™

o

Whgre v is the kinematic viscosity, © the efflux time,

~anid k and K are kinetic energy correction ‘coeffecients .

v

7

aésociéted with glass capillary viscometers. With
m=2 calibration of the viscometer was made with water
and acetone solutions of known viscosity. Vqlueé of

k and K-were consequéntly determined at the temperatures

at which electrolyte viscosity values were required. A

constant temperature water bath was uséd for all measurements.

v
el

4.4 Magnetic Filtrations

Magnétic filtration experiments were carried out
using a Sala Magnetics 10-15-20 laboratory high gradient

magnetic, separator, installed at thé Ore Processing

L] 1

Laboratories, CANMET, Ottawa. The magnet produces a
uniform field over 10cﬁs. of the central bore fo; eight

fixed field settings, Table 4-1. The fluid system Fig.
. o

(4~6) , is made from l.27cm 'diameter copper tubing expanded

s

‘at fhe solenoid bore to hold interchangable matrix cannisters
of acrylic tubing (I.D.n3.86c¢s,0.D.5.14cms). Avdistance
of 15cms.between- the éxpansion and the first matrix

{
layer is left to minimize the effect Of the expansion

on the fluid flow profile (Fig. 4-7). Matricies were

- -
- id . - °
* -
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TABLE 4-1
- s 7

Py 3 N

Field Settings and Velbcities Available for Filtfétion Tests’

Fields (kOe) 0.66 1.5 4,2 6.8 9.1 21.4

Flow (cm/s) 0.9 1.2 2.3 4.1

a
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i

made of stainless steel wool (dominal diameter 60um
and.densipg of 7.7Sg/cm3) combed and rolled such that
wires were oriented 90° to 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 stébility. Tests were
run at constant velocity by employing a constant k

head in the feed tank sitting directly above the matrix.

>

* The velocity was controlled by the use of Calibfated

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. Solid; in the head \
tank and reservoir were kept well suspended by vigorou;
mixing to ensure that constant slurry densities were
maintained during filtration tests. The general test '
broéedure was to place the fequired velocity control plug
in the line, then 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
éir in the matg}x.)

»

With all valves closed the head tank was filled with
ctr"‘ =
slurry to the correct: head height. Field strength was

then set to the required value and the filtration

. started by opening valves D and A simultaneously.'

!
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During a test =15ml samples of slurry effluent were

collected at selected time periods for anélysis.,

o

JE S —

At the coﬁplet@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. Filtrétion breakthrough curves were then

constructed.

4.5 Experimental Design

Filtration experiments were carried out in three ’
phases. (1) Samples of each precipitate were initiéllx
slurried in water then magnetically filtered. The
general magnetic filtration characteristics of the
precipitates could thus be estimated. The’initial

operating paraheters vere determined using the model

- of Nesset et al. Fluid wvelocities varied from 0.89

to 2.3cm/s with magnetic field strengths of between
4
4.2 and 21 kOe. Slurry densities were usually maintained

at a level of loé/L. (2) A second series of tests involved

slurrying the précipitate‘ in CEZ electrolyte under the

P

e
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same general experimental conditions as in (1). The

»

experiments ingluded treatment of the precipitates in

! : :
electrolyte at both room temperature and the more realistic

temperature o#f §7S°C. (3) Finally, to.investigate the

" ability of the system to treat very fine precipitate

e

particlés@ a sample of CEZ jarqsiie thickener overflow
was treated in the magnet, again at two operating

temperatures.
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V. RESULTS |
|
5.1 , Precipitate Analysis
ey 4

"5.1.1 X-Ray Diffraction

a

The diffraction pattirns obtained for laboratory pre-
pared jarosites together with CEZ NH , jarosiEe are listed

(55) are compared to

in Table (5-1). Reference d values
measured valﬁes in confirming the identity of the res-
pective jarosite phase. Patterns obtained for the iron
oxide/hydroxide_precipitates are presente@ in Table (5-2).
Again comparison is made to reference patterns (108,109) in
identifying the materials. In general the crystallinity of
all jarosites precipitates was sufficient to provide well
defined patterns and easy identification. This was also the

case for a-Fe203 and Fe304 precipitates, but was not always

so for the o and 8 FeOOE.

'5.1.2 Differential Thermal Analysis

DTA curves produced from goethite precipitates from

both EZ and VM procedures at varying precipitation rates

o
o

are show in Figs. (5-1,2,3). Fig. (5-1) describes a

typical curve found for products of the VM procedure.

e v et Sk s g, LI )
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Experimentally

jarosite

d values

meas.

5.01

. 3.64

3.56
3.14
3.07
2-.88
2.57

. 2.30

2.29
1.99
1.94
1.90
1.84

a =
o

c =
(o]

ref. hk1l
5.10 012
3.65 110
3.558 104
3.11 021
3.08 113
2.96 006
2.54 024
2.30 122
2.28 107
1.98 033
1.93 027
1.90 009
1.83 220
7.32 £,003

17.14 £,005

»
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'TABLE 5-1

Determined and Reference Diffraction Patterns for Jarosites

/

1

Na jarosite NH4 jarosite CEZ NH, jarosite

d values d valués d values ;.
meas. ref. hkl meas. ref. hkl . meas. ref. hkl ¢
5.85 5.93 101 5.74 5.79 003 5.78 5.79 003
5.48 5.56 003 5.07 5.12 012 5.12 5.12 012 -
5.01 5.05 012 3.61 3.66 110, ¥ 3.65 3.66 110
3.66 3.64 110 3.55 3.58 104 3.11 3.12 021/113
3.13 3.12 021 - 3.11 3.12/3.09 021/113 3.04 3.05 015
3.08 3.06 113 2.91 2.91 006 2.91 2.89 006
2.98 2.96 202 2.56 2.56 024 2.55 2.56 024
2.79 2.78 006 2.32 2.32 107 2.32 2.31 107
2.53 2.52 024 1.99 1.99 033 1.99 1.98 033
2.24 2.23 107 1.93 1.93 027/009 1.81 1.83 20
1.98 1.98 033 1.83 1.83 220 1,72 1.74 2 .
1.90 1.90 027 1.74 1.75 223 1.7, . 1.72 312 b
1.86 }.85 009 1.72 1.72 312 -

Lattice Parameter Data Based on Hexagonal Cell (Angstroms)

a = 7.33 £.002 a:c 7.33 +.003 .oags 7.30 *.004

c = 16.65 £.005 ez 17.36 +.005 c = 17.29 £.005

AN
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TABLE 5-~2a

Experimentally Determined and Reference Diffraction Patterns

for Fe.304 and a-Fe203

? -
Fe304 o Fe203
d values d values: o

’ meas. ref. hkl meas. ref. ° hkl

2.95 2.96 220 - 3.59 3.66 Ql2 '
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 2.28 006
R 1.61 1.61 511 2.15 2.20 113
( : 1.48 ~7771.48 440 — 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
LS 1.12 1.12 642 1,57 , 1.59 018
1.09 1.09 731 .48 1.48 214
1005 1;05 800 ’ ’ 14‘4 g : 1045' 300
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TABLE 5-2b

. Experimenﬁaliy Determined and Reference Diffraction Patterns

for o« and B FeOOH

a-Fe00H (based on orthorhombic) B-FeOOH (based on tetragonal)

4 _values 4 values
meas. ref. . ﬁkl meas. ref. hkl
- .
4.95 ,  4.98 ° 020 5.31 5.25 200
4.21  4.18 110 3,65 3.70 220 -
3.40 3.38 120 3.31 3.31 310
3.66 °  2.69 130 2.60 2.61 400
2.56 2.58 021 2.49 2.54 . 211
2.49 2.52 101 2.32 2.34 420
2.47 2.48 040 2.25 2.28 301
2.45 2.45 111 2.10 2.09 321
2.27 2.30 200 2.06 2.06 510
—_ —_— —_— 1.95 1.94 411
™.
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x Y
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127.

"P! i

I Y — O L2

o
R _ b—— —
—_+ e 3 -4
g ——— l—— — e e e B

]

) e;ﬂ 'rdfo 800 {?

g
-
Q

i

100 Foo ?m f‘F,’

— - —
¥
[ gt s -
7] N A - 3
i i oty vt f—t——F——-——1
o — § ——
e el o _— —_— .!l.‘..ll PRV NN —— | [UUNE —

g1 r - -

e e e 5 =) - iy

a~-Fe00OH identified

Differential Thermal Analysis for the

5-1

VM procedure.

e e A A < 27




g -

.
PRl R R

e

s e e s

128.

. L N TS S D R il}l.,.ﬂit% 1M|[
ol St SR S s Suevl Ry A i
] N SR A S R -- T lw ,i =
N G SRR PR S I U T .W%.Umlll.lu ,;..mfwrlﬂ
N R S A I S S S R S oo YU
S A ARSI A R S — 1 S
I RN Eesa i Sa . i [ R AL, ©.7 i P
S T [ ) e iy —z g Hmwuw!&!l
e e B [ —4— —_ J— - —— - — A4

U (NN AN SUU A | A 1 @©
m||:|l T i B S, W ST S A S oS

|
\
|
i

SN ECD IR B W\n S I 4
A——t Tt O
— ~| ——18
- — Tl/x ¢©O
] |
~T — -
] 1 - o-b—
= — S F-
Ib.. T 1 r|$
. N
= I S u -
e " ] A\ — | -
{ E—— N Y N .
e - . Z R N T
- RER PR S o
- 34— — N o
N - < [ &b 3
o ——— - > ™
7
I N S — V4
MM.HMW%MM U S R S Y
-l S -9

S e A e
F— ] t—t—
Y -y PR B N

1l Th@rmal Analysis for the
a+B FeOOH identified

EZ procedure.

%ifferentia

5-2

el

L, - !
v e o= SR =




129.

.
N O U
JI I JERESEI I S O R S
e e e -1 N
— —~ ~

— — ——— o
e S [ s S N il .M.vw,u..l“
W R R S R T — 44— =
—- —— s == —|—to-t—
T —— -\Jﬁm
il it SRR b %Witsfl;l .... ] P ==
o et Itliieien s Hou. il Auty Sty Sahegy R Sk S
b A = o Rl o= S —
s s

—4— — DN A S —
{17 S -
= 7 —
— — . —

S p—— T—— — -
- ~ 2 - — S
0 WI![[“J o "I A d -
— - =4 —t—

e pn DR SR M et S Sttt MR o
U T R - - PN
e N S ~3
_ N R DS T o

s Bt B IRl B we =

F——- R N o- - —"
S— —— b— — N T T O T
I . — 1 - h 0. U SR
p— e — R ) S — o (il sy

d

Differential Thermal Analysis for the EZ

A

RB-Fe0OH identified

(1.5%) .

o

procedure at an increased precipitation

rat;y

-5=3




e e e ——————— ———— & e im0

4 130 -~

P

The endothermic reaction at =300°C is charactéfistic

of the dehydration of the goethite crystal and is

(63) (1101

well documented by Scott and Davey and MacKenzie,

as typical,of‘fhe the o-Fe00H phaéeu The second -

- endotherm at =700°C, describes the brea@kdown of the

SO4 ion, still present in small amounts(prior to aﬁalysis.
Fig. (5-2) is the analysis of precipitates produced

by the EZ procedpre.f A lower endotherm around =600°

indicates the presence of R~FeO0H. &63) The expected

¥

endotherm associated with a-FeOOH is seen at =290°C.
Tﬁis more complex analysis is consequently the résult of a
mixture of fine grained o and 8 FeOOH.

By increasing the precipitation rate in the EZ
procedure a.single R~-FeOOH bhase is apparentiy produéed.
The DTA graph for the precipitated species is
»shbwn in Figqg. (5-3). Here the previously weak endothermic
reaction at =150°C ?nd exothermic reaction at 580°C are X

A
better defined thaq\;;at foynd in the mixed species 6f‘
Fig. (5-2) and a clear identification of single phase

B~Fe(0H is made. ‘

™

5.1.3 Chemical Analysis

.Chemical- analysis of the synthetically produced -

‘ precipitates is shown in Table. (5-~3). The deficiency

5

} q ' o
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TABLE *© 5-3 C |
CHEMICAL ANALYSIS OF JAROSITES (wt. %)
I o . R Naf NH ' Fe 50, E,0HH
KPe, (S0,), (OB) - 7.3 - . - 305 4Ll 211
1 Iy . Q‘/_ '- - ‘
| NaFe,(S0,) ,(OH) ¢ ) 3.9 32.0 40.5  23.6
| NH,Fe, (50,) , (OH) -« - 3.5 29.9 41.6  25.0
CEZ NE,Fe,(S0,),(0M)y 4 91 - - 1.7 27:6 42.1  26.69 g
=
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e
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*of alkali ion from the the thoretical in the jarosite
phases is almost certainly due to hydronium ion sukstitution

' ' during precipitation. (55)

The magnetically cleaned
CEZ" jarosite shows a considerable zinc constituent, typical .
of precipitates formed in electrolyte of high dissolved .

metal ion content.

¢

5.1.4 Mjcraprobe Analysig
Analysis of the’?ighly magnetic fraction of the CEZ1
jaroéiﬁe ;éyealéfgevegél distinct phases. Two principal
~ ' grains are revealed, distinguished by a speckled or smoofh

appearance, fig. (5~4). With the beam focused on the red

e L R Bl Ty
S .
ey

- . speckled particles only peaks of the spectrum corresponding

to irjon were indicated. Assuming oxygen (by difference)
. , " " is the only other element presént,‘the phase was identified
as magnetite, Fe304 "iron ferrite". The second form of
.partiéleé‘analysed revealed iron together with up to 20% 2Zn.
Agdiﬁﬂassuming oxygen by difference, the particles are
identified as zinc ferrite, with a varying ratio of
Zn:Fe. These ferrite paréicles originate from the
calcine, added auring precipitation as a solution neutraliser,

j w and represent unreacted solids and a loss of Zn.

R RV S X 3

2 are
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Figo 5—4
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Photograph of Mags product from Davis tube
seperation of CEZ jarosite precipitation
tank sample. ,
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5.2 Electrolyte Analysis

~

for iron and zinc content is

[

Electrolyte analysi
7
shown in Table (5-4). Electrolyte (1) corresponds to samples

taken from the CEZ jéros te precipitation tank, while

5.3 Parameter Measurement

—

P

5.3.1 ParticleIDénsity

—

Pycnometer results for precipitate ptt:%g}e densities

’

are presented in Table (5-5), together with other reported

(55,111)

values. The results are in good agreement.

5.3.2 Particle Size

Sedigraphs analysis of the precipitates is shown in
Figs. 5-5,6,7. Table 5-6 indicates the meésured—’K50 of each
of the size distributions. It can be seen that synthetically
produced jarosites appear to have a considerably larger |
particle size than those précipitates produced under industriql
conditions. Iron oxide/hydréxide precipitates tend to have a
smalier pargicle size than the jarosites,

Micrographs of . all solids studied are presented in Figs.
55-8+l7). The micrographs shown are repregehtative of several
analyses made on each of the precipitates. The general trends

are that particle sizes appear to be smaller than those

indicated by the sedigraph.
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TABLE 5-4

v

-~

Chemical Analysis of CEZ Electrolyte

-

Fe g/L Zn g/L
A————— A—————
Electrolyte (1) 5.0 95,0
Electrolyte (2)  7.25 145.0
o
. ve )
g 3
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, A TABLE 5-~5

9.

Pycnometer Density Results for Precipitates (g/cm3) .

. ®
Material Measured Referance
. K jarosite ' 2.8 . _ 2:82(55)
Na jarosite 2.84 2.94 (3%
NH4 jarosite 2.70 ,2.66(55)
a~Fe0OH 3.80 . 4.00 (108)
B-Fe0OH : 3.81 . 3.66(109)
CEZ NH, jarosite 2.60 " -
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TABLE 5-6 .
|
i *
‘ Sedigraph Ky, Values for Precipitates
) L]
Material ' K50 (um)
K jarosite 30
Na jarosite 18
g NH4 jarosite 10
o-Fe(00H 3.0
g~FeOOH "3.5. . . hd
o / 7 <t 4
u-Fe203 o .0 x
CEZ jarosite 3.0
|
| . . o
Mhere KSO is the 50% passing size."
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Fig. 5-11 Micrograph of synthetic NH4 jarosite, x 20,000
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Fig. 5-12 Micrograph of synthetic K jarosite, xl,obo
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Fig. 5-14 Micrograpﬂh‘of synthetic Na jarosite,
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Fig. 5-16 Micrograph of synthetic a-Fe0OOH, -x 20,000
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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 I obtained
for each precipitate were applied to equation (4-9) and
susceptibility values determined. Magnetisation measure-
ments for pure Mno2 were also ﬁa@e and the close agree-
ment .to susceptibility values obtained by more conventional
methods (6) verified the general technique employed with
the Wet Frantz. Estimation for values of x_ and M,
for a-Fe203‘precipitate were made from several measurements
- obtained from varying side slope © between 20°

50
and 40° and then employing equatioqx4-8). ‘Measurements

of I

of susceptibility for CEZ jarosite with both H20 and

‘electrolyte as the liquid carrier are also shown. It

can be seen that the electrolyte appears to display

little effect on”the magnetic properties of the material.

5.3.3.2 Magnetometer Measurements

Susceptibility values for the same precipitates .
obtained using the Foner vibrating magnetometer are also
presented in Table (5~7)together with a comparison of

results from the Wet Frantz. Values of « frqm the
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TABLE 5-7

<«

*

Susceptibility Measurements for Jarosites and Goethites

&

Wet Frantz Foner

< X 10° (emu/cm’0e) ¢ x 10° (emu/cm>de)
Mn02* 11.6 £+ .50
K jarosite | 7.90 = .27 7.98 t .16 2
Na jarosite 7.91 + .27 7.78 + .15
NH, jarosite 7.82 + ,28 8.04 t .16
a-Fe00H 14.4 *+ .7 15.5 =+ .30
B~Fe00H 155+ .7 16.5 t .40
CEZ jarosite (HZO) ’ 7.7 £ .24 7.2 *+ .14
CEZ jarosite . 6.97 t .26 '
(Electrolyte)

)

e

S A

* Used as standagg,to chgck accuracy of wet systeﬁ against a - -

value of 11.7x10
Frantz technigue.
Standard errors are based on the pooled variance of 20

measurements of I50 including four repeats for K jarosite.

emu/cm~0e reported (91) using the dry

e

- e o o i . B S ¢t e st




& RO

T ORTRL e s

-

|

A i T

Iy

IR AT IS P Do Rt vy e e o

o v Ao g —— Ay 7 T T AT

B s PO

2

153.

i

two methods are very similar for all the precipitates.
Hematite magnetisation measurements (Table 5-8) however,
differ slightly in values of x_ and more perceptibly in

values of MO.

4

"5.3.4 Wire Magnetisation

Wire magnetisation curves for 60um stainless steel
wire are presented in Fig. (5-18). The curves represent
measured and corrected magnetisation behaviour, togethe?
with a fit to equation (4~10). Tab}e (5-9) iEEtribes the
value of Ms and K found from the presented magnetisation‘

curves, as well as reported values for expanded metal

(101)

lath (wire diameter 800um) . The stainless &teel

wool begins to saturate at 8~10K0e towards a value of

'

MS estimated at 190emu/g.

5

5.3.5 Electrolyte Viscosity and Density Measurements

i

Viscosity and density measurements for both electrolyte

samples are presented in Table (5-10). Results for both
kinematic and absolute viscosity are preéented. The

°
expected decrease in viscosity is observed at elevated

temperatures with a concurrent decrease in density.
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’ :, TABLE 5-8
» _ v ‘
Magnetic Susceptibility and -Magnetisation Values for
a-Fe203 Precipitate . . ) o
. ' 4 3, . 3
Technique KeX1l0" emu/cm”0e M, emu/cm
Magnetometer 1.28 = .25 . o 0.661 4+ .05
Wet Frantz -  1.35 * .32 ~ . 0.495 % .12
8
, ,
¥ A .
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(a) measured M,,

(b) corrected M,, 4

(c) modelled by

40 M, =190 exp(_-_9_0_0_> -
2 * H
i i 1
0 2 4 6 8 10 12
ey ~ Hy, kGe -
5-18  .Wire magnetisation curves for stainless

steel wool of diameter 60um.
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TABLE 5-10

Viscosity and Density Measurements for CEZ

-

Sample

Electro
Eiectro
Electro
Electro

Electro

(1)
(1)
(1)
(2)
(2)

157.

&

Electrolytes

1

,Viscosity Density
Kinematic (Stokes) _Absolute (Poise) g/cm3
(25°c)  .0338 0.0453 1.340 ¥
(70°c)  .0127 - 00167 1.314
(80°¢) .0105 0.0138 1.308
(25°¢) .0414 0.0567 1.370
(70°c)  .0143 0.0192 3 1.349

“‘; 4 a -
7 T
!

T i it ot

o

e i

e g i e



SRR 2 B -

158.°

5.4 Filtration Exberiments i\ -
Details of all filtration experiments are shown in
. Table (5-11). Initial experimental conditions Qere calculated

for 100% recovery using the equations of Nessét et al

(Appendix—Z). The resulting breakthrough curves are

E

ptesented together with the data fitted curves produced
1

' from the model of Collan et al. (105) /)/J

13

Initial experiments with synthetic potassium jarosite

)

- “ (Runs 1,2) gave 100% recovery for the conditions indiéated;
. o . ' ;hile plugging of the matrix was minimal. A range in’
¢ filtration curves for the-sygtem were then produced
by adjusting fieId ‘and flow. Fig. (5~19) indicates:
thewéroduced breakthrough curvas ruqs 3,4. Experimentally
4 determined points are shown together with the data

Tt ﬁ}tted curve. The essential feature of Fig. (5-19) is"

) - v L

the‘dependenée of filtering performance on slurry velocity.
: ! " Inspegtion of t, values (time to Cout/cin = 0.1) Téble
: * (5-11), indicates that a considerable decrease in filter
efficiency takes place with increaqing floératé.-
‘ The:berformance of synthetic potassium jarosite
T + using an expanded metal lath matrix is shown inafig. {(5-20)
B i P . {tuns‘5,6;7y. A general deterioration in,fﬁlter perforﬁhnc;

is apparent in comparison to steel wool filtration and

> ciearly indicates the redﬁqtion in field gradient by

- "‘

«
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a ° Ty \) ~~
S ' !
Run #‘Materiél Fluid ~ " Matrix - H u_ Feed c c . K
r . - e 0 0

19%* CEZ+4F H20 i 24g ,wool 5,100—0e 0.9 cm/s. 35g-10g/L : -

20 CEZ—I"", H20 24g wool 9,100-0e 0.9 ] 35g~-10g/1 270s. 342s. 0.44cm/ 12.18

21 - Fe(OH)3 H20 ) 24g wool 21,000-0e 0.9 5L. <15s. 99s. 4.23cm. 1.27

22 NH4 Electro 1 24g wool 9,100-0e 0.9 509-10g/L 165s. 246s. O0.Fcm. 7.67

23 a-Fe00H**Electro 1 24g wool °9,100-0e 0.9 45g-<%10g/L 90s. 192s. 1.36cm. 3.95
”'24 a-—Fe203 Electrovl 249 wool 9,10?-0e 0.9 40g-10g/L 170s. 299s. 1.02cm. 5.27

25 CEZ-F Electro 1 24g wool 4,240~0e 0.9 48g-10g/L 60s. 151s. 2.06cm. 2.61

26 CEZ-F Electro 1 ‘ 24g wool 9,100-0e 0.9 40g-10g/L 95s. l166s. 0.96cm. 5.58

27 CEZ-F.  Hot Electro 1 24g wool '9,100-0e 0.9 40g-10g/L 135s. 210s. 0.672cm 8.02

28 CEZ ov Electro 2 24g wool 21,000-0e 0.9 5L 120s. 199s. 1.02cm. 5.28

29 CEZ ov. Hot Electro 2 24g wool 21,000~0e 0.9 5L 150s. 203s. 0.77cm. 6.99

30 Na H,0 24geswool  4,240-0e 0.9 709-10g/L 120s. 190s. 0.94cm. 5.71

31*"  Fej0, Electro 1 35g mesh  1,500-0e 2.9 40g-10g/L -

32% CEZ+F Electro 1 35g mesh® 1,500-0e 2.9

) . .
* 100 captﬁre‘of material - K
** Plugging of matrix encountered
&
©
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U_=1.2cm/s.
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1.0F 0.23% Ee
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i A L : 4 0
0 240 360 480 600 (s) < :
P ‘ |
.0 5-19 Breakthrough curves for synthetic K jarosite, :
AN runs (3) H_=4.2k0e, U,=2.3cm/s. (4) H_=4.2kOe, !
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3

in?roducing_lafger diameter wires as mqtrix material. The
Stainless stee]l wool matrix was consequently used for the
bulk of the *emaining tests.

The'performaqce of synthetic Na jarosite is shown in
Fig.‘(5-21) (runs 8,9,10). Here an increase in field
strength results in the eﬁpected improvement in filtration
performance, while runs 8,9 indicate the general repéétability
of the tests. In order to demonstrate the effectiveness‘
of the filtration process a test was made, run 30; with )
Na jarosite passing through the matrix with no magnetic
field. Aéter twd minutes the field was turned on and the
filtration procéss~started under the same conditions as. ,

. ‘ g
run 9. Fig. (5-22) denotes the comparisonugéhaviour

of the breakthrough curve ofs run 30 with that of runs 8,9,

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 filtraiion
cﬁaracteristic even though t@g matrix operated undér' !
slightly different coﬁaitionségn run 30. Comparison'of
t0 values shows'a decrease fof run 30, which can be
expected as solids are presen£ throughout the matrix at

v & .

the time when the magnet is switched on. This test does

visually demonstrate fhat true magnetic capture is
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5-21 Breal{through curves for synthetic Na jarosite, N
runs (8),(9) H_=4.2k0e, U_=0.9cm/s., (10)
H_=9.1k0e, U_=2.3cm/s. ‘ N
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taking place and that errors in establishing when -

fiigfation gtarts in the usual test procedure are

minim?l. Fig. (5-24) (runs 11,12,13) shows the results

of synthetic NH4 jarosite under the same conditions as
for Na jarosite. The filtration performance is very
similar, especially when considering t0 values. The
to is almost doubled by an approximate doubling of the
field strength. Similarly the increasi;; steepness
of the curves with field strehgth is noted with a
correééggglgé increase in values of K. This indicates
that the matrix approaches a fully loaded conqition
closer to the efficient filtration time tor ana that "
the filter is working morj/efficiently.

Tests iﬁvolving goe£hite precipitates were made
exclusively w%th o-Fe00H. The physical properties of

both o and S/phases are similar, while a-Fe0OOH is the

major constituent of both VM and EZ proggsses. Fig.

(5-25) (runs 14,15,16) shows how filtration times are ’

~

considerably shorter’than those found for the jarosites.

While- this material ‘has a higher magnetic, susceptibility

than the jarosites the much reduced particle size
accounts for the reduction in filtering efficiency.

Fig. (5-25) (rﬁn 19) also includes the results of

filtration tests of a-Fe,0, precipitate. = A considerable
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240 . 360 480

Breakthrough curves for éynthetic NH
jarosite runs (11) H_=9.1k0Oe, Um=0.95m/s,
“(12) (13) Ha=4.2k0e, ﬁm=0.9cm/s.

600

g e skt e et dotn SIS b A



1.0

Cout ! Cin

*.

1
st b BRI B,

run(ld) o

045%Fe%
0.57°%Fe v

£

run (15) ©
run(16) =
- run(i17) v
*
_ i i 1 ] " 0
120 240 360 480 600 (s) &
5-25 ' Breakthrough curves for synthetic a-FeOOH - )

runs 14,15,16 and a- Fe Oa, run 17.
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H =9.1k0e,
*0 9cm/s
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-improvement in filtration characteristics over a-FeOOH » i
cdﬁ;be seen. This 148 accounted for by the larger particle )
size exhibited‘by the hematite precipitate.

' - The performance of material obtained from the CEZ

— jarosite precipitation tanksvis indicated in runs 18,19.

Plugging of the matrix took place after very short

filtration times. This was the result of the highly
magnetic ferrite fraction overloading and blocking the | i
front of the wool matrix. In order to test CEZ jarosites, ; i
samples werelmagnetically cleaned prior to any filtration |
tests. This was initiglly achieved by passing slurried
(:} - . samples of the CEZ solids throdgh a Davis Tube to obtain
a jarosite “nonTmags" product suitable for further testing. i
i Fig. (5-26) (run 20) sﬁows the initial results of "clean" } f
CEZ jarosite filtration. Comparison with Fig. (5-24) ‘ ‘
(run 11), synthetic NH4 jarosite, shdwg some deterioration j
in filtration performance with a decrease in efficient
' 2 filtration times. Although the magnetic suscep}ibility
) of this material is cémparable to that of synthééic NH,
jarosite, -the cons;degably reduced partidle size obviouslf
deteriorates the magnetic filtration performance. -
Final filtration runs with water as carrier fluid

were made on a slurry of freshly precipitated ferric hydroxide

. g (Fig. 5-27) (run 21). The colloiddl nature of the precipitate

\u
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does ‘not appea%'to lend itself éo easy magnetic filtration
although appreciable solids removal does take place.

Having defined the generalpfiltration characteristics
of the precipitates a second series of tests was carried
out with CEZ electrolyte as the carrier fluid. Figqg. (542§f
(fun)?Z) and Fig. (5=29) (runs 23,24) éhow how a synthetic
NH4ljarqsite and a-Fe00H and a-Fe,0, behave in the filter\

»

with an electrolyte. For the same filtration conditions

i

used with water as the fluid medium, the electrolyte has
a considerable deliteriousheffect on the filtration_procéss.
Efficient filtration times appear to be halved with curves
becomming shallow commgﬁsurate with less efficient use
of matrix capacity. Plugging of the matrix took place
with o~Fe0O0H precipitéte.

' Tests with clean CEZ jarosite in electrolyte at
25°C and 75°C are presented’in Fig. (5-30) (runs 25,26,
27). Again the decrease in filter efficiency with electro-
lyte at rooh temperature compared to hot electrolyte is
indicated,with only a slight improvement in the filtration
taking place with increéase 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 made with CEZ thickener
overflow samples, where slurry densities are considerably
lower than those tested above and particle sizes are close

: .
to colloidal. Fig. (5-31) runs 28,29 inéicate results

<o
of -filtration tests with CEZ overflow samples at a,field of

¢ R SaV
21 kO0e in electrolyte. at 25°C and 75°C. The ability to

F

produce a clean electrolyte is evident with again improved

performance obtained with électrolyte at elevated temperature.
In an .industrial system, washing to remove entrapped

electrolyte followed by’backflushing of the matrix to

remove trapped‘®solids is an integral part of the filtration

cycle. Table-(ﬁ-lZf displays the resultsvof washing and

4 .
backflushing on' the loaded matrix of run 26. With the

magnet left on the matrix was drained of slurry then
P

backwashed for five minutes with water. Values of dissolved
iroh and zinc are.presented as functions of washing

time in the wash effluent. The volume of water used

was 2.51 at a flow raée of Q.Qém/s. Solids removed

o .’ .
from the matrix during washing were found to be

% «

considerably less than 1 gram. (less than 5% .of

o

collected, solids). With the magnet swiEghed off all

solids were removed from the matrix by vigorous back-
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8 . o —0.1 % Fe
\ run(28)e }
run(29)o "
!
\
| ’L | ' e 0
120 240 - 360 480 600 (s) &
5-31 Breakthrough curves for CEZ jarosite thick- .

ener overglow, run 28 (at 25°C) and run
29 (at 75°C), Ha=21k0e, U_=0.9cm/s.
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TABLE 5-12

L

Analysis of Backwash Eﬁfluent}(run 26)

Time

15s.
30 .
60

90

120
180 -

240
300

Fe.g/L

»

Zn.g/L

6.12
12.62
11.50
6.25
4.75

179. .
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flushing. A 2L flush waf required to\effectively removeL
all solids.

Two final filtration rums werevmade on electrolyte
slurries containing solids considered to be highly magnetic.
Run 31 (Table 5-11) shows the results of synthetic ‘

: 1
- magnetite filtration. Full recovery of the magnetite
was-achieved at a low magnetic field and a relativ%ly
high processing rate with a 35g stainless steel mesh
matrix. Run 32 indicates the results of the seﬁaration
of ferrite phases from the CEZ jarosite slurry using
the hgms technique. Previous separations had used
the laboratory Davis Tube sepagetog. A clear separatioﬁ
of h}ghly magnetic phases fréﬁlthe weakly magnetic
jarosite appears feasable. Table (5-13) denotes the
results of weight distribution of the "mags" and
"non mags" products, togethef y%éh an analysis of J
zinc distribution. About 30% gf the Zn is recovered to

5 \

the "mags" product.

5.5 Magnet Sizing

5.5.1 The Collan Model
Initial dizing has been made using the results

of synthetic material in order to study the influence

!
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’ “ /
¢ Lo TABLE 5-13
. . ’ .)

Wéith Distribution and Zinc Assay for Ferrite Separation

A

(run: 23) .
¢ N , . . ' | Y
$
- %
Weight (gh Zn grade (%) Zn distribution’ (%)

Mags 2.51 .06 : 27.6

Non Mags 20.89 1.91 ) 72.4

Calc. Feed 23.40 2,35 ' 100.0

Head. 25.00 ’ 2.33

4
’ ' 0
o P
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of operating parameters. Fig. 5-32 shows the éiziﬁg

results of runs 3,4 (Fig. 5-19) for synthetic potassium
jarosite at processing rates of }lZcm/s and 2.3cm/s. Volumetric
flow raﬁes, solids'concent?étions and magnet flush

times|were chosen to approk%Ximate the industrial situation

The advantage of using filters of increased bed depth

can be seen as a <10% chénge in surface area requirement

occurs at beddepths of }Zm even though procéésing rates

are doubled. Similarly analysis of runs 11,12,13

(synthetic™NH, jarosite) (Fig. 5-33) shows how the

4
applied field only marginally reduces filter s%ze areas
at bed depths of 2m. Sizing does become ;ensitive
when considering total matrix volumes. Large decreases
in matrix volumes are observed with filters of short
bed depth (<lm ). In this region chénges in field and
flow parameters markedly affect matrix volume requirements
with’ an almost ZO%Vdifference seen at bed depths of
0.5m when doubling either field or flow.
At this point it is important to consider the
effect of operating parametersoon tes the effective filtration

time or the time of the filtrationvcycle. Tables 5-14,15

show how te changes with magnet size. Realistic

’

o



10

L , |

5-32

1.0 2.0
Length (m)

Magnet sizing curves for synthetic K
jarosite (run 4) at processing rates of
(a) 1.2cm/s. (b) 2.3cm/s.



Area (m?2)

| L 1

1.0 2.0

Length (m)

Magnet sizi?xg for synthetic NH , jargsite,
runs 11,12,13 applied field of (a) 4.2k0e
and (b) 9.1lk0e.

‘$8T1



Ly

185.

4
N TABLE 5-14
n Values of LA and te for Magnet Sizing in Fig. 5-32
_ Run- 3 ’ Run 4

L, 7 A tf L A tf
0.1m 314m? 6.99s. 0.1 183 . 23.6
0.5 , 5117 45.7 0.5 35~.90 .143.6
1.0 23.09 94.1 1.0 21.14 - 293.0
1.5 18.87 142.5 1.5 16.25 147.7
2.0 15.01 190.9 2.0 13.96 593.6
2.5 12.70“ 239.3 2.5 12.54 743.6

JPS OO,
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‘ TABLE 5-15 421_\
Values of L,A and t. for Magnet Sizing in’ Fig. 5-33
M"‘Mﬂ“ﬁ* N
Runs\12,113 Runs 11
L A t, L A te
v0.lm. .281.7m® 20.4s.  <0.lm 182.9m%>  31.9s.
0.5 46.6 148.3 0.5 39.4  39.4
1.0 27.2 . 308.8 1.0 24.12 24.12
1.5 21.0 469.0 . 1.5 19.10 19.11
2.0 18.1 629.0 2.0 16.6 16.63
2.5  16.3 789.0 2.5 '15.1 15.14
Y ' " ‘\
&
v " N
’8“
" i
{ \vd
1
! | -
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J
filtration times for runs 3,4, (Table 5-14) are considered
to be >10mins. This would only be achieved for the
processing rate of 1l.2cm/s and @ﬁe process woufé benefit
from reductions in VO’ Effecti&e filtration times shown
in Table 5-15 show how a large increase in tf occurs with
a corresbonding decrease in magnet size when field
strengths are increased. When calculating the number
of magnets required for a particulaf process a balance
between the total magnet area required and real;stic
eéfective fi;pration times must be struck.

Maénet sizing for the CEZ circuit is shown in Fig.
(5-34), run 27. Valués of C,s have been varied from
150g9/1, solids, curves(a,b), to ng}L solids curve (c).
Table 5-16 denote the calculated tg values for both
systems and indicates not onlyathe considerable filtration
capacity required to tréat the iSOg/L case bﬁt also ,the
short cycle times. Curve (b) of Fig. (5-34) shows the
effect o% decreasing tw' the estimated flushing time,
f;om‘a.value of 600s (considered to be realistic in
batch magnet operations) to that quotéa by Collan et
al (104) of t, = 120. The decrease in estimated magnet

size shows clearly the importance‘of dilineating closely

the tw’ especially when tw = tf.

w
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5~34 Magnet sizing for CEZ jarosite ‘in electro-—
- ) " lyte at 75°C, run 27. Curve (a) C._=150g/L
'solids, t =600s, (b) C; =150g/L, t:,gl205.
' , (c) c._=1¥g/L, t. =600s?
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Values of L,A and te for Magnet Siziné in F}g.‘5—34

(a{ Cin="1509/L, twaOOS. (b) tw=1205. (c) Cin=15g/L, t,=600s.

TABLE $5-16

Run 27a Run 27b
L A te L A
6.lm  280m%®  20.1s. 0.1m  63.4m
0.5 54.2  123.7 Q.5 18.2
1.0 31.2 253.73 1.0 13.6
1.5 23.7 383, 0 1.5  .12.1
2.0 20.1 512.6 2.0 11.4
5
] Run 27c¢ | (
L A tf
0.1lm  31.7m% = 247s.’
. 0.5 13.5 1284
B 1.0 11.4 2580 3
1.5 10.6 3876
©2.0 10.3 5173
S }

189.
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Figs. (5-35,36) show magnet sizing for treatment of
actual €EZ thickener overflow,run 29. Solids contents
€ of 3g/L and 15g/1 w1?h Crax = 0.3g/; were assumed
for sizing. In Fig. (5-35) sizing curves are shown with
tw = 6905 curve (a) and tw = 120s curve (b{ for Cin = 3g/L.
» The effect of flushing time is considerably diminished
as values of tf,‘Table 5~17, are quite large. This is
to be expected with such low solids concentrations being

treated. Fig. (5-35) curve (c¢) shows magnet sizing for

C;, = 159/L solids and t_ = 600s for the same CEZ sample.

A

5.5.2 The Nesset Model

An example of filtration curves from the Nesset
4

"model is shown in Fig. (5-36), run 27. A comparison is

made with the data fitted curve of Collan a;d the filtration
curves predicted by the Nesset model. Particle size '
has been treated as an adjustablé parameter in the Nesset
model. It can be seen that the general curve ﬁeatures'only‘
approximate those experimentally determined, even though

the curve is es;e%tially data fitted. Small increases"

in the ?ssumed particle size dramatically affect the position

of the predicted curve. This results in a considerable

increase in the effecttive filtration time.
N :

<
.
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Magnet sizing for CEZ jarosite overflow
sample, run 29. Cin=3g/L (a) t_=600s,
(b) t _=120s, (c) C;,=15g/L, t =800s.
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TABLE 5-17

¢

Values of L,A and te for Magnet Sizing in Fig. 5-35 (run 29),

Cin=39/L, t,=(a) 600s. (b) 120s. and (c) C; =15g/L, t =600s..

& .
Run 29a an 29b Run 29c

L A tf o A tf A

2 p 2
0.1m 27.0m 313s. 12.80m 52.7s. 114.5m
0.5 ) 12.3 1822 9.86 354 24.95
1.0 10.75 3708 9.55 730 16.86
1.5 10.25 .5594 9.45 1,107 14.27
2.0 10.00 7480 ‘ 9.41 1,484 13.00

»
&



Cout’Cin

i

1.0

—_ T o~
] v ‘ ©
i
.
1 | -} | I
(a) (b) (c)
: 7
¥ -
i
~ ‘ -~
€ . -
3 |
1 l I 1 I
120 240 360 ~ 480 600 (s)
5-36 Breakthrough curves for CEZ jarosite, run 27

- (a) Collan data fit (b) Nesset fit, b=1lum (c)

Nesset, b=2um.
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Estimation of magnet size can be made from the

Nesset model by abplyi g equations 3-10,12,13. Using

the experimentally determined paramegers and a fitted part-

. icle size, matrix loading Yo can be calculated, fogether

with the maximum allowabled solids content in the feed

L, for 100% iecovery. he magnets are assumed to be of

batch design and to operate oﬁ an hourly cycle, with an

included 10min. wash time. A basic magnet unit sizg of

rl

diameter 2.60m was chosen as it approximates thosg commer-

Y
(128) TwO cases are cbnsidered for

cially available.
treatment of CEZ tﬁickener overflow as treated in the
Collan approach of run 29, with Cin*= 3g/L and ng/P.
Table (5-18) denotes the conditions for magnet sizing
calculations. .Table (5-19) shows for the Collan and
ﬁesset approach“the number of"magnets required for the
treatment of CEZ material in hot electrolyte of solids
content 3g/1 and 15g/1. thal magnet volumes required
ag predicted by the Nesset model are Fpproximately three

2

times less than those calculated from the Collan model.

-
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Parameter Values for Magnet Sizing Using the Nesset Model

(a) ¢; = 15g/L solids (b) Cin

Measured Parameters

Mg
2b -

I

Q
L

tw
N

Ym

5.4

0.0001lcm
2.7g/cm_g
6.97x10
0

0.39
0.006cm 3
7.75g9/cm
1472 emu/cm
900 Oe2
.013cm*/s (stokes)
0.9cm/s .
1.31

3 .
21 kOe 2 k
980cm/s
0.409 '

3

350,000L/hr
900,000g/hr
600s

MO0 W

169 ’ .

L 1.71 g.solids/g.matrix

Magnets of unit size 2.6m diameter
required = 2 x 13cm depth

4

-

3g/L solids

(b) Q = 350,000%/hr
L = 4,500,0009/hr
t_ = 600s )
o )
N = 169 )
Y =, 1-71 g.solids/
‘ g.matrix

Magnets of unit size 2.6m
2 X 65cm bed depth




TABLE 5-19

196.

Calculated Magnet Numbers Reqﬁired from Nesset and Collan

Models Based on a Magnet Unit Size of 2.6m Diameter

2 x 0.65m. (6.9m>)

c.' Collan Nesset
in

15g/L solids 3 x 1.1m. (17.5m°)

3g/L solids 2 x 0.4m. (4.24m>)

Magnet Operating Conditions

Crhax = 0.3g/L §011ds
tw = 600s.
H, = 2lk0e - v
U, = 0.9cm/s
3 ?
Q = 300m~/hr

[}

2 x 0,13m. (1.4m°)

A

At e

[,
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VI. Discussion

6.1 Precipitate Analysis

The agreement of the X-réy diffraction patterns
and differ%ntial thermal analysis curves with previously
reported data, conclusively supports the procedures
used to produce the precipitate phases. Synthetic NH4 Cs
jarosite showed better crystallinity than that produced
industrialiy, as evidenced by the éharper diffraction
patterns obtained. This observation is mqst.likely due

to the contamination of the industrial precipitate not

only by retained zinc but by slight hydronium ion sub-
(55)

1

potassium and sodium jarosite are the preferred species

stitution for the ammonium ion in the lattice. Although

over hydronium jarosite, the substitution may take place
during solidification when a number of solid solution
compounds are bgiqg formed.

‘Identification of goethite was facil;tated By an
unexpectedly hi§h degree of crystallinity in the precipitated
phases. 1Indeed, for the case of B-Fe00H, weii defined
diffraction patéerns were obtained and the difficulties

(63) §

described by Scott and Davey were 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 critical in the production of well crystallised

B-Fe00H. The reaction peaﬁs for both o and B-FeOO0H phases

a

obtained from differential thermal analysis, although not
identical in temperatures of reaction to those found by the

above workers, still lie well within the range of the other

(109,110)

reported values. The ‘anomolies are attributable

to the likely difference in particle size (a common problem

in the repeatability of DTA curves).

6.2 Particle Magnetisation

g The ability to accurately determine susceptibilitfa
values of materials without the need to use sophisticated
magnetometexrs has been extended by use of the.wet Frantz
system. Coméarison of the measured susceptibility values
with those of the magnetometer showéd excellefit agreement,
This indicates that the force balance model developea for the
dry system appears to hold equally well for the wet Frantz.
The advantage of the latter technique is the ability to treat
mateéial of much smaller particle size ﬁhan that recommended’

(113) Precipitates with a size distribution

for the dry system.
below 10um can be handled adequately (if somewhat labor-
iously due to the slow processing rates required). With

liquid as a particle carrier the difficulties encountered



oy

for reégent grade hematite and Nesset and Finch,

4
Frantz may be due to orientation”effects.

199.

(112) when processing, very small particles in the

by Nesset
dry system, are not encountered.
The synthetic jarosites all display similar sus-

ceptibilities (Table 5-8). Further, synthetic K jarosite

" gave a value close to that reported for natural K jarosite,

4y
i

5 3 (122)

emu/cm”0e. "The slightly lower value for

7.3x10°
CEZ jarosite can be attributed to the impure. nature of this
precipitated phase, as previously discussed.

The Frantz generated data for hematite susceptibilities
demonstrates the Frantz method can yield information on
materials which are magnetically complex. ‘There is good
agreement in both the ﬁeasured values of xw(28x10_6emu/g Oe)
(Table 6-1) and that reported by Pastrana and Hopstock\(42)

‘ (112)for
a natural specular hematite. The differences in values of
spontaneous magnetisation measured by the magnetometer and
(112) Particles
passing through the Frgntz device are allowed to freely orientf
in the crystal direction of maximum magnetisation, while
in the magnetometer the powder is randomnly packed andﬂ
particles cannot orient. Thi; results in values o 60
(Frantz) being greater than values of 9 (aner). In the

2.7

present work GO(Frantz) = == GO(Foner). This is/somewhat

larger than that found by Nesset and Finch where OO(Frantz)
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i
) =3 g Foner., For particles fully able to orientate,

2.5 70
(123)

theoretically co(max) = 3/20(average), which is close

1 . ‘ 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. Magnetic data obtained
from the Frantz is felt to be more applicable to hgms as hoth

systems allow particles to freely orient within the magnet.

Measured volume susceptibilities for both goethite

,; ’ samples are in good agreement, Table (5-7), with the reported

4

value by Hoferet:ﬂﬂ124)of P.3x10- emu/cm3 for a similarily

5 precipitated goethite. There also appears to be little

% . idifference in susceptibility velués between the two phases
i . of goethite under investigation. The magnetisation curves
éroduced by the magnetometer for both o + R phases did:.
not show any field dependancy for susceptibility. This

is contrary to the work of Pastraqa and Hopstock (42) for
naturally occuring gdethites. It is likely that £his

reflects the freedom from ferromagnetic impurities

: iu k] A ! » o
g which sometimes occurs in natural goethite samples.

6.3 Particle Size Analysis

The size distribution of all precipitate samples

is shown in the Sedigraph data Table (5-6) and corresponding

i
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electron micrographs (Figs. 5-8-+18). The sediment&tion

tecﬁnique can suffer from flocculafion though considerable

L
\

effort was made tolprevent this. This may account for
the apparently smaller particles indicated in the microéiééhs.
CEZ jarosite particles Figs. (5-8,9) are considerably
smaller and less well Qefined than those produced synth-
etically.ﬂ Although general reaction parameters are the
same, the,presence of high quantities of dissolved Zn
metal ion may, be a factor in determining particle size.
Dutr%zac'(IZS) has indicated that jarosite particle sizes
do not generally exceed 1l0um. Some particles are observed,
Figs. (5-10,11), as large as 20um. These particles are
clearly composed of intergrowths of smaller crystals.

The inability to discern particle size unambiguously

'affects‘the application of the Nesset model in predictiﬁg

breakthrough curves. In contrast the approach of Collan
et al requires no knowledge of the experimental parameters

in determining filter petformance.

6.4 Filtration -

t IS

6.4.1 Ge&eral Comments

\ The general features of all the magnetic filtration

»

breakthrough curves are similar to those obtained from more

Sk ¢

o

- rere
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conventional filtration processes. The ‘form is of the

expected exponential type. The curves are not symmetrical,

however, as the condition COut = Cin (i.e. full loading of

the matrix) is not entirely dependent on magnetic factors.'

¥

Physical entrapment of material is inevitable and”sloughihg
off and recapture of this material is possible. "This effect
is emphasized by the data fitted curve which is based on a
fitting of only the central portion of the experimentally

determined breakthrough curve. The fitted curves tend to’

approach saturation more quickly than found experimentally.

" While physidal entrapment is of interest as an explanation

of the long tail in the breakthrough curve the present
work is not concerned with this latter stage since it'is
of no practical use.

The general experimental technique of the study.
appears to be validated by the repeatability of filter
performance as exhibited in runs 8,9 (Fig. 5-21), runs
12,13 (Fig. 5~-24) and runs 14,15 (Fig. 5-25). Run 30

5-22f is similar to run 9 (Fig. 5-22) excépé‘that

(Fig.

!

slurrﬁ was passed through the matrix priq;’to energizing’
. S

the magnet. Fig. (5-22) shows this prgéedure gave shorter
/ .-

filtration times. This can be explafhed by the instantaneous
3 ik : a. ]

— capture of material already preseﬂt in the matrix at the time

when filtration is initiated. However there appears

N

[
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° to be little effect on the value of K. Since K measures the

speed with which the saturation front moves through the

matrix ~ this should not change because of capture of

material already present, run 30 compares with ‘run 9. For
constdnt values of to increasing K values will steepen the

breakthrough curve, shown by comparing run 17 (t0=364s.,

4

6.4.2 Filter Performance of Precipitates

A comparison of the general filter perférmance of

synthetic jarosites, Fig. (6-1), reveals great similarity.

This is not entirely surprising as the major physical proper-

ties of the precipitates are similar. The greatér filter-

ability of f jarosite is due most likely to the larger

particle size encountered with this precipitate. ‘Comparison
of the Fe203 and Fe00H curves Fig. (6-2) sggws again how
precipitates of comparable p;operties behave. similarily in
the magnetic filter. Of all the precipitates it does appear'
that hematite gives the best filterability, a factor which
may be of interest in future selection of iron precipitatién
routes.

The effects of filtration parameters appear to be common
to 511 the precipitates tested. Changes in fieldustrength,

Fig. (6-3), shows how effective filtration time increases in

e e WAL s T

K=6.55; Fig. (5-25))" and run 20 (t,=342s, K=12.18; Fig. (5-26)).
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proportion to the field. This relationship is likely only

up to field strengths of about 10k0e. Beyond‘this field,

matrix filaments become magnetically saturated and the rate
of increase of magnetlc force w1th fleld decreases. (126)
The expected decrease in filter efflclency by 1ncrea51ng the
flow rate of material through the matrix is demonstrated

‘in Fig. (5-15). The filtration process ig clearly sensitive to
only moderate changes in slurry veloc%ty. Similar decreases

v

in filter efficiency are evident when considering the vis-
cosity of the liquid carrier. Fig. . (6-4) shows the poorer
filtration performance of CEZ jaroéite in fluid media of
increasing viscosity. The detrimental effects of bbth in-
creasing fluld veloc1ty and viscositv are predictable when
con51der;hg the increased effect these parameters have on

the fluid drag forces (Equation 3-8). There is not sufficient

.data to model changes in ty 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 ability to use
the calculated values of NL for either magnet sizing or

describing the magnetic filtration breakthrough curve is
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severely limited ih‘the present study. One principal reason
is the low wire, Reynolds numbers encountered. A limitation
in the model is associated ‘with the developmént of the
bounéary layer equations where wiré Reynolds numbers are
assumed to be much greater than unity. The situation in the
nresent study of low flow ratéé, high viscosity'fluids and
fine matrix wires leads to Reynolds- numbers <0.5. A seéond
problem is the wide size range of the particles, only a single
size is entered iﬂ the Nesset model. The limitatioqf in
simula£ing 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

Nesset model. The small increases in the assumed particle size

resulting in considerable increases in the values of te

waramatically affect the position of the predicted curve,

and t In principle it would be possible to divide the

0"
feed material into size increments and sum over the dis-
tribution. However tﬁis would require a major revision
,0f the Nesset model. '

The effect of the breakdown of the model is demon-
strated in calculating values of NL when attempting to
size magnets for the CEZ circuit. @An overestimation of

4,
matrix loading Ym is made, resulting in a considé&able

¥
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underestimation of the matriX volume required, Table (5-193.
The simulatibn(gf filter curves using the Collan

approach appears to lend itself to the:present study by
allowing uncertainties in particle parameters to be ignored.
Similarily, anomolies in the physics of the capture process
in *the magnetic filter can also be ignoréd—by employing this
"black~box" approach to sizing. . :
Although simulation of breakthrough curves uses a
data fitting technique the model allows considerable
fiexibility in determining magnet sizeé, as evidenéed~in the
sizing of the CEZ circuit. Limitations in the model exis;

only when considering the accuracy of the data fit. (Appendix

5) This is minimized by considering only the linear portion

"~ "of the breakthrough curves in the regression. Poor fit

occurs when the number of degrees of freedom is small.\“L

A comparison of the actual filter numbers required
for various filtering conditions, expected in the CEZ
circuit, is_presented in Table (5-19) tagether with
estimateébﬁsing the Nesset model. It ig appa?ent from
the Nesse£ model that when sizing filter;, considerable
attention should be paid to the behaviour of the model.
While it is clear that a fundamental model based on
phgsical parameters and the physics of the capture process

would be a more powerful tool in the accurate sizing of
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magnet systems, the data fitting method of Collan et al

is preferable at this time.

6.5 Metallurgical Applicability

The ability to filter precigéyates of fine particile
size and relatively weak magnetinsusceptibiliEy from
an electrolyte medium by high gradient magnetic fil-
tration technique appears feasible. The applicabi}ity ofv
the technique to a variety of iron Rrecipitates has been
demonstrated. It appears howeve£ that replacement of
conventional filtration “systems handling high solids volume
slurries is not.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 deterioEates.

A major problem in the zinc‘industry is incrgased
pyrite contamination of zinc concent;ates.‘ This is

directly associated with increased ferrite formation



(127) Pyrite removal by conventional

during roasting.
mineral processing techniqu?s is limite? by the fine
grain structure of many ores now being encountered. ' This
'is particularily true of the concentrates .from New
Brunswick ores which are treated at the CEZ Valleyfield
pPlant. An increase in dissolved iron levels will con-
sequently demand increases in precipitate removal-
systems. Plant expansion ggg be minimized by maintaining
the present thickening caggcity but allowing a higher
degree 6f solids contamination in the overflow. Magneti;
filtration can %hen 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

A _

the zinc industry is the recovery of fetained electrolyie
from the filter cake. In magnetic filtration systems
enf?apped solids can probably be readily washed and
electrolyte recovered ;ecause of the open matrix structure.
Some 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 held in the
piping. It is also possible that final slurgyagensities

obtained from backflushing the matrix can be ébnsiderably

increased by using air/water mixtures during solids removal.
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In magnet sizing for the CEZ jafosite, maximum
solids coﬁcentraéions in the effluent have been assumed to be
relatively low, i.e. 0.3g/L solids, in order to demonstrate
the -high degree of filterability of this p;ecibitate,
while the the treatment of the total electrolyte volume .
produced bf the leaching/precipit%tion circuit of BOOm%/hr
has been, assumed. Operating practice at the CEZ Valleyfield
Plant Quebec,is such that final jaroéite thickener overflow
contains 3g/L solids at a production of 100m3/hour. The
magnet sizing curve to treat an expected dirty thickeher
oVerflow\containing 15g/L solids, as predicted by the Collan °
model, is shown in Fig. (6-5). Two magnets of "diameter

2.6x0.35m depth would be required for the CEZ circuit.

The positioning of these magnets is shown in a proposed

' flow sheet for thickening/filtering system, Fig. (6-6).
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6-6l A proposed flowsheet for the augmentation of a

conventional filtering system found in the
zinc industry. '
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VII. Conclusio;% and Future Work

-
¢
i

7.1 Conclusions

1. The magnetic filtration of a variety of synthetically
produced iron precipitates from water and zinc electrolyte

has been demonstrated. Filtration efficiency is increased

. Jfgt low flow rates (<2cm/s.) and high background fields

(>5ko0e)

2. oa-hematite is probably the most.readily filtered
precipitate |

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 bagiground carrier fluid
has been demonstrated.- CEZ Zn electrolyte'was shown to
have no m;gnetic effect. The magnetic susceptibility of
CEZ NH, jarosite was measured in zinc electrolyte as

3 emu/cm3.0e. Other iron precipitates all

5

K = 6.97x10"

had similar susceptibilities ranging from 7.9x10

emu/cm30e.

5. The simple*Collan filtration model adequately reproduces

o A A bR A o 7

+ 15,.5x10"

5
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the experimental breakthrough curves. An indication of

pﬁysical effe%§s of the filtration process is shown by the lacﬁ

of correlation of model and experimental curves when matrix
saturation is approached.

6. The inability of the Nesset model to predicé matrix
loading and associated breakthrough curves is a result of
(a) the low wire Reynolds numbers encountered in the present
system and (b) a very wide par}icle size range.

7. A preliminary sizing of the magnets for treatment of
CEZ jarosite thickener overflow, determined that for a
volumetric flowrate of 100m3/hr_solids content 15g /L,

2 magnets of 2.6m diameter and 0.35m bed depth would be '
required to lower solids content to <3g/L.

8. Recovery of unreacted ferrites associated with industrial

zinc precipitationesystems is feasible using a magnetic

separation technique.

.
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7.2 Claims for Original Research

1. Magnetic susceptibility determinations for sy#£hetically
produced NH4,K,Na jarosite have been attained together

with values for an industrially produced NH4 jarosite in

the presence of backgiound electrolyte.

2.  The magnetic filtration ofliron precipitates has been
demonstrated from both water and electrolyte. ,

3. The magnetic filterability of industrial jarosite pre-
cipitates from zinc electrolyte has been demonstrated.

4, Ferrite removal from the CEZ jarosite residue’is possible

using only low intensity magnetic separators.

*.

—~

Fied

AT S omagb et e e B A i

T Y A M Fopren Lo A7 R

e A e S e A ey okt 1D




T ey e

T

phases from discarded jarosite precipitate systems should:

220,

7.3 Future Work .

1. A further investigation of the reclamation of zinc ferrite

= \

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 filtf%tion
breakthrough curves in systems where Rew>l would better
test this physical approach to magnet sizing.

4, Sizing of hgms is still uncertain. In the Collan
approach the constancy of the constants l0 and CS &ith
filter length should be tested. Relationships between

2, 1Cqgr matrix packing, Vo and H, are required to 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

. 1g >,
. <
lcm +
1g/L >
lem/s” -

. 1g/cm3 L
1um D>
lp.s.i. >
latﬁbs. +
lcentistoke -+
1 stoke > p

. % .

1 x 10

]

x 1073 k
x 10 %m
x 1078k /m3

x lo_zm/sec

R e

X 10k/m3‘

1 x 10" %m

6.894 % 10°

1.013 x 10°

6

1 x°10 mz/sec

4 mz/sec

+273 K

Magnetisation Units

—\~/ flux density:

field intensity:
magnetisation:
susceptibility:

permeability:

1 gauss +
1 oersted -+
1 emu/cm3 +

1 emu/cm30e“+

uofvacuum) =1

\

+ 41 x 10~

229.

S

newtons/m? = Pascal (Pa )

»

newtons/m2

iy
-

1074 tesla’ \

79.6 ampere/meter

lO3 ampere/meter

~12.56 (dimensionless S.I.)

7 weﬁers/ampere

meter

e b ence Akt e el i e e

T T Y
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( (2)

I3

(1) In the S$.I. system the loading number N

) 2

2bHa KA \
- = N = {(dimensionless)
. L ogu. VE5E :
becomes
/ bkuH_M -
NL = %§2a bl L (dimensionless)
V0 (pfna)

and Ko is the permeability of free space.

L

230 -

(eqn. 3-9)

where UOHé is the flux density generated in'ethy solenoid

The susceptibility estimated from the wet Frantz (eqn. 4-9)

bJ .
. . 6.
{p -pl) x sind® x 20.5 x 10 3
* K P 5 : (emu/cm”~ 0e)
| Iso '
becomes
’ , "
-7 .
o ) (By=py) 25 x 10
- K = P - (dimensionless)
I2/U
( ' 50
— — l .
; (3) Wire magnetisétion Mw (egn. 4-13)
S A K 3
, M, = M_ exp <— ﬁ;zi?ﬁ;-> (emu/cm™)

PO NP PP

-
e i s e R et it i o




b e e e T —

e

~ -
™
N
&
.
€
> / a
<
S
- \ll/
2
' =
X
> I
s
m
u .
¢ o,
xA
0 Y
/]
=
w I
B
_ g =
T
! Ks) =
, ;
- i
;
i
'; ( - ? .41!\.

Jees S vhﬂmfwnk‘wﬂmhekfurﬂ .

N
(
e o eter s L ek n e s bl S A e Bt Wbt ooy, e ¥

A

~
/
{

B S T i i



B B e

e

5 far

N 4

PR
& T e Yo et ap e i O . 3R e e o

232.

3

APPENDIX II. PROCEDURE FOR COLLAN DATA FITTING

Taking run 29 as an example, C,

in = 3g/L solids (= ;gjL Fe)

(1) Taking experimental values of C over the "strxaight"

out
portion 'of the breakthrough curve, t is plotted against

C

1' Cin
og, -1 (from egn. 3-21)
out

time. s« /
150 2.944 .
180 : 0.000 .
240 ' -1.945

360 -4.595

From the'regression,

intercept = K = 6.99 | .
Regression Coeff. = y = -2.059.

Correlation Coeff. = ~.952

std. error = 1.193

Thus,
';% ¢

20 =% = 5.4

tg = - % = 203secs. * v
o Ocin

CSQ= — = 33.95g/L Fe cm. | .

ey b T R 2
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(2) The breakthrough curve is now data fitted overs its

entire length from Cout =

© »C, !

e

in ;

Experimental Data Fit
cout/cin ' Cout/ci;x
0.0 0.002
0.0 0.003
0.0 0.050
0.05 0.135
Y 0.50 0.305
0.87 0.774
1.00 0.992
1.00 0.992

A
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APPENDIX III. 'WET FRANTZ MEASUREMENTS

. ‘ (1) Mn0, in water. © = 30° I, = .595amps
. - &:”’/
]

<& (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. 0 = 30° I50 = ,483amps

I (amps) % Mags
-. 465 8.1
.475 25.2
.485 65.1
.495 83.2
.505 92.8

! .515 97.2
.525 98.0

Q
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(3) nNa Jarosite 0O =

i (amgs)

.465
.475
.495
.505
.515

30

o

(4) NH4 Jarosite in water.

I (amps)

.455
.465
.475
.485
.495
.505

(5) a-FeOOH in water.

I (émps)

.425
.435
.445
., 455
.465
.475

o

150 = .488 amps .

e =

30°

$ Mags

O 0~ W
NI Ww
. . . [ ] ] -
ONHNKHO

30° 1

50 .472 amps.

% Mags

7.1
15.8
557

0.2
80.8
95.0

150 = ,444amps

% Mags

10.1

35.8 “
50.1 .
78.4

‘82.0

90.1

235.
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(6) PB~FelO0H in water.' e} 30

I (ampskh

.405
.415

.425 . . /

.435 -
. .445
. .455
: .465

J

(7) CEz Jarosite in water. 0O =
I (amps)

.455
.465
.475
.485
.495
.505
.515

(8) CEZ Jarosite in Electrolyte.

I (amps)

.415
.425 ..
.435
.445
.455
.465

236.

I = .431 amps

50

$ Mags

‘13.1

15.2
35.8
57.1
85.9
88.0
95.1

50

% Mags

6.2 . ,
18.8 °
40 . gt
65.6
83.1
89.1
98.3

I

3 Mags

5.3
15.1
48.2
72.3
78.9
93.3

.480 amps

50 = .437 amps

N L AL S

mn
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,m@,ﬁmmmfmﬁ%h e Pt -

Hematite in water.

(9)

40

35

30

25

0.5 0.573 0.642

.422

sin ©

. 475 .510

<435

Iso(amps) . 395
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APPENDIX IV.. EXPERIMENTAL FILTRATION DATA - r

Run (1)
Run (2)

Run 23)

C
. c .
C

in
~in

in

t(s)

75
90
105
120

Run (4) Cin = (,23% Fe

t(s)

210
225
240
270
300
330
360
420
480
600
660

=

. 238.

0.23% Fe - 100% capture
0.23% Fe - 100% capture
0.23% Fe
Cout(%Fe) Gout/cin
.02 .087
.105 .456
0155 I673
.167 , .726
Cout(%Fe)iu B Goui.:/cin B
.011 - .05
.011 005
" .022 - .09
.065 .28
<120 .52
.162 I69
.17 .73
.15 .65
.16 .69
. I35 .58
.165 .~ .71

TS
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an (5) Cin = 0.24% Fe

. t(s)

180
210
240
270
300
330 ‘

0.24% Fe

Run (6) Cin

t(s)

180
195
210
240
270
o 300
330

= 0.24% Fe

/

Run (7) Cin

!

t(s)

30
45
60
90
105

239,
cout(%FE) Cout/cinﬁ
% [

.01 .04

.02 .08

.057 : .24

.11 .46

.14 .59

.14 .57

)

Cout(%Fe) cout/Cin

.002 .008

.002 .008

.005 .02

.035 .145

075 .312

.127 .529

.170 .700
C oyt (Fe) Cout’Cin

.007 .029

.012 . .052 ?

.067 \Y .279

.192 .800

833

.200

Km e i

et
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Run (8) Cin

t(s)

120
135
150
165
180
210
240
270
300

t(s)

120
150
180
210
240
270
300

0.24% Fe

Cout(%Fe)

.007
.015
.042
.075
.143
.162
.207
.220
.225

out

c ($Fe)

.005
.027
. 047
<112
.142
.175
.187

240.

out’ “in
037
¢"062
.175
.312
.595 -
.675
.862
.910
.930

out’ “in
.02
112

.195
.466

il

L779 % =0
.779

e ko e e T A
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Run

Run

(11)

(12)

in

t(s)

240
255
270
300
330

in

t(s)

255
270
285
300
315
330

Cin

t(s)

it

165
180
195
210
240

0.24 Fe

0.29% Fe

0.29% Fe

270,

Cout

.020
.052
.072
.122
.122

Cout

.02

.067
.102
.122
.152
,152

(sFe)

(%E;g)

Cout(%Fe)

.005
.025
.050
.092
.155
.187
.210

e

Y 3

v/

out

.083
.216
i .300
.510
.510

Ll

out/cin

017
1058
.170
.317
.529
.638
716

/Cin_

L
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Run (13)

&

Run (14)

\d

C. =
in

t(s)

150
180
210.
240-
300
360
420
480
540
600
660
720

Cin =

t(s)

30
45
60

120
150
180
240

0.29% Fe

K]

0.445% Fe

300 -

Cout

.032
.080
.125
.167
.200
.230
.237
.260
.260
.260
.250
.275

C (%fe)

out

002
.01

.015
.105
.200
272
+340
.380
.400

($Fe)

e

out

cout/cin

.109
273
.426
.570
.682
.785
.808
.887
.887
.887
.853
.938

.005
.022
«~033
.236
.444
.611
.764
.853
.890

/Cin ’... N

242.
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Run (15) C; = 0.445% Fe-
. , &
- t(s) cout(%Fe) cout/‘cin
) 30 : .002 .004
60 .025 ) .056 .
90 ) .115 .258
120 .220 .488
e 180 .325 - .730
& 300 .410 .920
420 . 440 .988
/540 e . 440 8 .988
Run (16) Cin = 0.445% Fe
’ !
. St ¥ Fe c
. s) Cou‘t(% e) ) out/cin
45 ‘ .002 . .005
60 002 % .005
75 .002 .005
90 .007 .015
120 .037 .083
) 150 _ .117 .262
. ' 180 .200 : .449
. , 240 . .300 . .674
300 | .382 .858
~ L, . s N ’
/ | ( .
N ) 3 ‘
(\- . \&h&b‘
' \
¢
i

rrrrrr
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Yt
Run (17) ?in = 0.57% Fe‘
CUTE(S) cout(%Fe) Cout/cin
210 .002 .043
240" .035 061
' 255 .07 .122
270 > .137 .240
300/ .137 .240
‘ 360 .300 .520
420 . 395 .690 '
‘ 540 . 445, .780
660 .482 o , ', 840
780 .482 .840
Run (18) Matrix glugging e
At
Run (19) Matrix plugging
rd
v L
»
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Run (21)

3

in

t(s)

180
210
240
270
300
330
420
540

in

t(s)

30

60

120
180
240
360
480
600

e

= 0.2% Fe

Cout(%Fe)

.002
.002
.006
.0125
Y .0265
.110
.180
.196

.087% Fe

Cout(%Fe)

.020
.042
.047 .
' .065
.075
.077
.082
..087

out/ci

.010
<010
.030
.062
.132
.550
.900
.980

out/cin

.228
.485
.542
.742
.857
.B885
.942
1.000

n

245.
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Run (22) Cin = 0,29% Fe
. s
t(s) Cout(%Fe) . Cout(cin
150 1007 .025
180 .049. .168
240 .175 .597
270 .225 .767
300 .225 .767
330 .288 .982
360 .263 .892
- 420 .290 1.00

480 .290 1.00
540 .+290 1.00

. Run (23) Cin = 0.55% Fe ,

{
t(s) ° 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

a4
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Run (24) Cin = 0.6% Fe
p t(s) cout(%Fe) cout/cin

120 \ .037 .062
135 \ .024 .040
150 .037 .062
180 .049 t .082
240 .162 : .270

s 300 .417 .695
360 .367 .611
420 © «537 .595
480 .600 1.000

A3 //
. _ i /
Run (25) Cin - 0026% Fg
v t(s) Cout(%Fe) Cout/cin

90 - .05 .162
120 .125 .480
150 .138 .530
180 .150 .576
210 .188 . . 723
240 .188 .723
360 .208 .788

- 420 .205 - .1788
540 ’ .250 .960
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, Run (26) C, = 0.26% Fe |

’ t(s) Cout(%Fe) cout/cin
90 025 . .096
120 ' .025 -0 .096
150 113 - .434
180 ©.250 .434
210 - .213 .960
240 . ; .« 260 .819
300, . .260 1.00
360 .238 1500
420 .250 .910
480 . =230 _ .960

\, *
' Run (27) ein,= 0.2% Fe .
{, ,
t(s) , cout(%Fe) cout/cin
120 .002 .012
180 .110 .550 #
240 .150 .750
300 ) . .190 .950
360 .180 . .90
420 ' -180 590
480 N 4
C:

[
DR W § L4
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Run (28) Cin = 0.1% Fe
t(8) . Cout(%Fe)
120 .025
180 .050
240 .050
360 .062
420 .099
480 .01
600 .01
Run (29) Cin = 0.1% Fe
. t(s) . C_., (3Fe)

f % out
30 0.0
60 0.0
120 0.0
150 0.005
180 10.050
240 0.087
360 0.100
480 0.100

\, a

P-4

Cout/cin

.25
.50
.50
.62
.99
1.00
1.00

1.00
1.00

249.

N ke sl et -




T, e AL

PR Ty

4 s rm o b o i

I e e v e

Rl e ———r——

ot PR P
.

%
"Run (30)
k3
.y
l ’ Run (31)
Run (32)

in
t(s)‘? cout
30 .0625
45 © .09850
60 .1125 ¢
90 .1375
120 .1450
135 .0125
150 .0025
165 .0075
180 .0075
210 .0075
240 .0275
270 .1150
300 .1375
330 .1400
360 . .1750
420 .1750
480 ’ .1600
540 .1900
600 .2175
100% capture
100% capture

\

Cin

/C

out

0.260
0.390
.468
.572
.604
.052
.010
.031
.031
.031
.114
.479
.572
.583
.729
.729
.666
.790
.906

250.
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APPENDIX V.
Run Corr. Coeff.
3 -0.93
4 -0.97
5 -0.98
6 -0.97
7 -0.97
8,9 -0.89
10 -0.98
11 -0.94
12,13 -0.86
14,15 -0v95
16 -0.97
17 -0.96
20 -0.98
21 -0.96
22 -0.95
23 -0.95
24 -0.95
25 -0.93
26 -0.87
27 -0.94
28 -0.78
29 -0.95
30 -0.92

Std. Error

Est.

.667

l420
.242

.461

.615
.869
.222
.390
.820
.688
.404
.390
.345
.325
.770
.516
.615
.37
1.16
1.20

——

FILTRATION REGRESSION ANALYSIS

251.

K value 20 value
7.32 1.4 .737 £ .14
9.59 + ,47 563 £ .02
8.47 * .56 .617 £ .04

11.29 = .65 .478 £ .03
5.88 + 1.32° .917 £ .20
6.16 + .53 .876 = .08

12.38 = .47 .436 = .016

12.82 + .55 .420 £ ,018
5.58 + .50 .967 £ .08
5.68 * .44 .951 + .07
3.47 = .57 1.18 = .15
6.56.+ .44 .82 + ,05

12.18 + .74 .44 + .026
1.27 = .46 4.23 + 1.5
7.67 £ 1.6 .70 + .15
3.96 + 1.1 1.36 = .37
5.27 + ,87 1.02 £ .16
2.61 + .52 2.06 + .41
5.58 + 1.3 .96 t .22
8.02 £ 2.0 .672 + .20
6.99 + 2.5 772 + .28
5.71 + .11 0.944 * .02
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