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 Abstract

The formatlon of zinc ferrite from zinc and iron compounds, which
reacted under.sintering conditions, has been investigated. A mgchanism
of ferrite formation contrdlied by cation diffusion has been'sﬁggested
and 1t has been shown that the nature of the reagents affects the note

of ferrite formation.

The decomposition of zinc ferrite by alkaline earth compounds,
which reacted under sintering conditions, has also been studied. Calcium
ferrite was found to be more stable than zinc ferrite but, for.ginetie‘

reasons a metastable phase of zinc ferrite was formed more*?eadily.
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ON THE FORMATION AND DECOMPOSITION OF
~ZINC FERRITE UNDER SINTERING: CONDITIONS

INTRODUCTION:

During the early development period of a hydrometallurgigal

process for the extraction of zinc, which took pIace'towarGS”fhg"end‘

of tﬁe nineteenth centpry, it was noticed that, while most of the zinc
present in the cgicined ore could be leached using cold dilute sulphurie
acid, there'remagned-a residue which could only be -extracted by pnélonsedu
boilingq(l)' ;t was recorded(g) that the solution formed by 1ea¢h1ﬁg’the
.1nsolubié fesidué in boiling acid invariably contained zinc and iron in
éhe atomic rafio of one to two, with the conclusion that thefiron present
in the ore combined ﬁith the zinc to form a refractory compound. - That:
this compound is the result of the combination of zinc and ferric oxides
during the dead roasting of sulphide 6res and concentrates was suggested

by Prost (3) and has been considered as probably by others (1} L, 5)e

- The Constitution of Zinc Ferrite

The compound formed by the reactiqn of zinc and ferric oxides
has been placed 1n a general class oflmaﬁw such products which are
known as ferritess  In 1847 Ebelman (6) succeeded in synthesising a.
number Of'spinels by fusing the component oxides in boric acidj among
thes€ was zinc ferrite which was obtained as small black octahedral
cryStals; Thelr general properties were as follows:-

Streak: dark brown
Hardness: scratched felspar with difficulty

Specific Gravity: 5.13.
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- Solubility: ihsoluble in dilute hydrochloric sacid

" Slightly magnetic.

Upon analysis, the compound was found to contain 66.5% Fe20s and
'3318%’Zho,_correSponding to the formula aneao;, The synthetic coqpound
was found to be similar in all respects to naturally occuring Franklimite. .
-Subnguent“investigations into the constitution of zinc ferritg'made by
othér‘workers have contributed a varilety of results; some have claimed
that more basiclcompounds than Ebelman's occur while others claim that
this 1s not possible. Similar disagreement 1svfound in the observation
of magnetlic properties, Reqently Kushimé and Amanume (7) have concluded
that zinc ferrite ;s a stoichiometric compound havipg the formula ZnFegO4
and,is,normally‘noﬁ magnetic. They found that, above 1025‘0, solid
solutions of both ferric and zinc oxides in zinc ferrite were formed
and that, when heated to higher temperatures the dissolved ferric oxide

lost oxygen, forming magnetite, and the specimen became ferromagnetic.

“Review of Previous Work

Most of the work done 1n investigating the chemical properties
of zinc ferrite (2, 4%, 8, 9, 10, 11, 12) has been directed towards the
extraction of 1ts zinc content or the suppression of its formation
during industrial roasting operations. Some work has been done in the
investigation of the reactivities of reagents in solid state reactionS(IB)

although the knowledge of reaction mechanisms 1s limited.

The physical condition of reagents in solid state reactions is
of major importance when the rate of reaction is being considered.

Clearly the surface area of components and the degree of mixing and



packing are important but the crystalline structure of reagents and
products may also affect the rate of reaction profoundly. In the
formation of ferrites it has been shown (13) that the ferric oxide

- used has a widely varying reactivity depending on its physical form.
(14, 15, 16)  There are two principal forms 6f ferric oxid?.r The
©'more stable form; e Feg0z, has a corundum structure and 15 formed

by such processes as the oxidation of ferrous sulphate at high temper-
atures (about 800°C). The other form, ¥ FezOz, has a spinel structure
and x=ray analysis shows that its lattice spacing is almost identical
to that of magnetité. It is formed by carefﬁlly oxidizing magnetite

at 200°C or by preéipitating ferric hydroxide from aqueous solution

and caleining the precipitate at about 200°C. At 550°C ¥ Fez0z changes,
non-reversibly, to &< Fez0z. It has been shown (9, 17) that the form of
the ferric oxide and the number of its lattice imperfections have a
marked effect upon its reactivity during the formeation of ferrites,

the ¥ ferric oxide being the most reactive.

Methods of mixing reagents for the preparation of ferrites in

the laboratory are of three main types. Ebelman (6) used a method in
which fhe reagents were fused in borax; other workers have prepared
mixtures of solid reagents by mechanical means (T, 18) or by precipi-
tating them as carbonates or hydroxides from aqueous solution (7, 18).
Again, some investigators have isolated ferrites f:om.the leach resi-
dues. of industrial extraction processes (2, 10). Ihe rate and mechanism
of ferrite formation will therefore be controlled by the method by which

reagents are prepared.



The preparation of ferrites from mixtures of solid reagents has
gqnerallyibeen done by sintering in furnaces whose temperatﬂrgs were
controlled within the limits of ¥ 5°C or less. In most cases furnace

“atmosphere was not controlled except where ferrimagnetic ferrites were

‘being formed for magnetic measurements(18).

The Crystal Structure of:Spinels and Ferrites

The spinel structure is one.in which the oxygen ions are arranged
in cubic close-packing and which contains‘two species of cations, A and
B,'having.tetrahedral and octahedral coordination with the oxygens. The

~crystallographic uniy cell contains thigty two oxygen atoms; there are
equivalent positions for eight metal atoms, of species A, surrounded
tetrahedrally by four oxygen atoms and for sixteen metal atoms, of species
B,_surrqunded octahedrally by six.oxygensa The unit cell may be consi-

dered ES“COntaining eight AB204 units.

- Where A is a divalent cation and B 1s a trivalent cation it has
been calculated (19, éo) that the normal structure, as described above,
is the stable one, - assuming that the crystals are completely ionic.
‘It is concluded that M+** cations prefer octahedral sites with the
exception of Fe"'"‘*“““,;In+++ and Ga**f which prefer a coordination of
four. Some divglent cations also show a strong preference for the
tétrahedral sites and of these”Zﬁ** is one. Therefore while most fefrites
are 'invepted‘ (1.e. some Fettt replaces M in the tetrahedral sites
é}g; Fett+ (Mgt Fe***) 04) zinc ferrite is a normal spinel having the

‘Zn** coordinated with four oxygens.
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Bearing in mind the nature of the spinel structure.and the energles
of the lons @ssociated wi&h'ify it is not difficult to believe that
FesOa, (Fe*™ (Pett Fett*) 04) can easily be converted to ¥ FezOs which
“retains the cubic close packing of the spinel but which contains only
*21‘173?1ron atoms per unit cell. In considering the ferrites of certain
--~@lkaline“and alkaline earth éleménts it is found that, owing to the size
of the catlions, complex oxide structures prevailo(Ql)- Thus calcium
‘aluminate has the formila 3Ca0.16A120s and 1t.seems.11ke1y that calcium
ferrite will also be of complex form.(10). It should bé noted that in
'many of these complex oxides x-ray analysils showé that they are closely

related to the spinel structure.(20)

General Properties of Zinc Ferrite

The general chemical properties of zipc ferrite have been studied
by a number of investigators in an attempt to find suitab;e methods by
which this compound can be decomposed. It has been found that, when the
compound is heated above 56Q°C in a retort with carbon, it dissociates
giving zinc oxide and ferric oxide.(9, 12) In an atmoshpere containing
'7.5% sulphur dioxide it was found that zinc ferrite was decomposed at
- 450°C giving zinc sulphate and ferric oxide (11, 12) The reaction was
slow,'however,'and though it has been tried on an industrial scale in
sulphating roasts it was not successful. A mdre promising method of
decomposition was indicated by Schwart? and Krauskopt (10) who showed
that zinc ferrite was decompoéed by sintering with oxides of the alkaline
earth elements. When magnesium pxide was used, no more thani57% of the‘

availabie zinc was rendered soluble no matter how great an excess of



magnesium oxide was addedo Using calcium oxide in the ratio of”
“56&021”ZnF9204 as much as 87% of the available zinc was rendered soluble.
From x=ray diffraction studies it appeared that magnesium oxide replaced
the zinc oxide in the spinel lattice while in the case of the calcium

~oxide a new structure was developed.

The properties of zinc ferrite have been summarised as follows:(8)
Colour: Deep orange brown
Specific Gravitys 5.09 to 5,29 (5.322 and 5.349 calculated
from lattice parameters)
Hardness: 5.5. (mohr‘s Scale)
Unit lattices ao=8°h2i‘0¢012 (mean of 7 values)
Melting Point: 159°C | |

Crystal Form$ Cubic = octahedral

Scope.and Object of the Present Investigation.

The present investigation has been made with the obJject of
‘expanding the exi%ting knowledge of the mechanisms by which zinc ferrite.
is formed and the conditions which favour its formation and decomposition
during sinteringo At the outset; a étudy of physical variables affecting
éolid state reactions was made in order to select an experimental
procedure which yielded reproducible results. Following this preliminary
investigation; the study was continued in three majop sections, namelys-

1. Factors affecting the formation of zinc ferrite from various
starting mixtures. | |

2. Pactors affecting the decomposition of zinc ferrite by the

addition of calcium and magnesium salts.
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'3, Factors affecting the formstion and decomposition of zine
ferrite on sintering ternary mixtures of zinc oxide, ferric oxide and

calcium oxide.,

" .EXPERIMENTAL PROCEDURE ™

Materia;s Used

All ma%erials used in this investigation were of reagent grade
with the exception of calcium and magnesium compounds which were all
chemically pure. The ferric oxide used was prepared by the thefpal
decomposition of ferrous sulphate under controlled oxidising conditions

at temperatures lying between T60°C and 930°C.

Preparation of Mixtures for,Sintering

Three methods were used to prepare mixtures for sinterings=-
(a) Mechanical Mixing
Mixtures of zinc and ferric oxides were prepared by weighing
the required amounts of the constituents and rolling them together in a
bottle for twenty four hours.
“(b) Co=precipitation
Zinc and ferric hydroxides and carbonates were co=precipitated
from an aqueous nitrate sclution by the rapid addition of a strong
solution of sodium carbonate. The precipitate was washed, filtered and
calcined at 500°C to decompose hydroxides and carbonates preseﬁt°
(c).Ball Milling

The desired components were mixed by grinding them in a

quartz pebble mill with a grinding fluid in which they were insoluble.
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Usually water satisfied this requirement but in one case, where zinc

sulphate was being mixed, ethanol was used.

The procedure for mixing was &s followsg-
The charge, ﬁhich varied from 120 to 350 grams of solids, was placed
in the mill together with 1000 to 1250 ml. of grinding fluid, the amount
depending upon the size of the charge. The mixture was then ground for
two hours, washed from the mill, filtered and dried in readiness for
sintering. Mixtures thus produced were studied undef the microscope;
components appeared to be evenly distributed through the mixtgre and had

an average particle dismeter of about half a micron (see Appendix A).

Two identical furnaces were used for sintering (see fig. 1).
Each consisted of a fused silica tube 26 inches long and 1 inch l.d.
- surrounded by a 600 watt heating element itself contained in a fire=
brick block‘I5ﬁ‘x'§a‘x 9" in overall dimensions. "The element was
connected in series with the secondéry of a variable transformer and,
by suitably adjusting the latter, the power output could be adjusted
~until a minimum temperature fluctuation of the furnace was obtained.
Temperature control was effected by a chromel-alumel thermocouple which
was placed in the centre of the furnace tube and was protected by a
fused silica well. The thermocouple was connected to a Wheelco pyro-
- meter which was capable of conmtrolling the temperature to within t 5°C
at 190'03 the pyrometer was calibrated by means of a potentiometer

before each experiment.
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The "furnace atmosphere, which was not controlled, consisted of
a mixturé of air and any gaseous products of calcination which weré

formed during sintering.

Siptering operations were carried ocut as followsg The furnace
was first run up to the required tgmperature and allowed to stand for
about an hour until temperature fluctuations had decreased to less than
‘¥ 5°C. The sample to be sintered (about 10 grams) was placed in a
glazed porcelain boat (2 x 10 x 1.5 em. in overall dimensions) which
was then pushéd into the centre of the furnace. After sintering, the
boat was removed from the furnace and allowed fo cool in aiyr. 1In cases
where the éintering pericd was only thirty minutes in length, boats
were preheated ih the furnaces and small samples (3”or 4 grams) were

- ‘added to reduce the time needed to bring them to temperature.

Methods of Analysis

Samples for analysis were prepared by grinding the sinters with
pestle and mortar and then rolling them prior to wajghing. They were
then analysed by conventional chemical methods (see Appendix B.) in
order to determine the total amounts of zinc and iron present and also
the amounts of zinc which had not combined with ferric oxide to form

zinc ferrite.

Since the zinec present as .zinc ferrite is relatively refractory,
it i1s not difficult to separate it from the zinc remaining as uncombined
zinc oxide, carbonate or sulphate, hereafter referred to as soluble zinc.

The solvent used was an ammonia-ammonium chloride solution as used by
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Hopkins (8) and by many of the other investigators in this field. By
this means ‘soluble’ zinc was dissolved as an ammine leaving behind a

residue of zinc ferrite and ferric oxide.. Soluble ferrous fon was not

’ détectedo

- Recording of Results

The results obtained by chemical analysis were recorded and
from them the amounts of zinc ferrite in sintered samples were cal-
culated. In order to compare the ferrite yields of mixtures containing
different zinc-iron ratios the atomic ratio of the zinc present as

ferrite to total iron was taken as the absolute yield of ferrite.

- ""RESULTS AND DISCUSSION

Physical Variables

Physical variables such as particie size, degree of packing
‘and'miXing technique were investigated in order to find methods for
their control in subsequent experiments. Their effects upon ferrite

~formation were not studied further.

(a) Methods. of Mixing

The various techniques employed for mixing reagents prior to
sintering have been desc¢ribed above. Mixtures of zinc and ferric
oxides were prepared by each of these methods and samples were then
sintered ovér a range of temperatures for four hour periods. Sinter
products were analysed and compared on the basis of their ferrite

yield (Table I).
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ReSdltSroﬁfsgnteriQQTMiggi_“m;,“_ ing: and Ferr

Prepared by Dry Rolling = ~mixtures A and B
Pregpared by Co=Precipitetion = mixture C

Prepared by Wet Grinding = ~ mixtures Dy, E; F and G.

Sintering Time <= % hours

- SIntering - Ratio =Zn combined as ferrites Total Fe.

~Temp. °C. A B c D " E L F G
650 -050 - - - - - -
700 050 - 166 HT79 k69 - -
750 .161 - 58 79 481 - -
800 - C.302  LWH6  LA86 MA87 487 - .L488
850 212 - uek - - - -

“Calcine - - 372 - - - -

All mixtures prepared contained 1 gram molecule of-zinc oxide and 1
gram molecule of ferric oxide except mixtures F and G which contained

half a gram moieculé_eacho
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Results showed thé% mixtures§ prepared by dry rolling (A and B)
did not ‘sinter uniformly aﬁd gave a8 low yield of ferrite. 'Sintérs of
the co=precipitated mixture were found to be uniform and é high yield
of ferrite was obtained. Howevér an anomalously large yield of ferrite
was formed during the caleining process prior to sinterins."It was
'”concluﬁed, from comparing the results with those subsequently obtained
by sintering a mechanical mixture of zinc carbonate and ferric oxide,
that the“ferric oxide produced by the coprecipitation method was highly
reactive and did not resemble the form produced by roasting ferrous
sulphate. Sinters produced from mixtures prepared by the wet grindins
method yielded large amounts of ferrite and results were found to be
reasonably reproducible even when the size of the ball mill charge was
reduced by half. Contamination of the charge with silica from ‘the mill

‘was not great and averaged 0.5% of the total charge, plus or minus 0.1%.

. Preparation of mixtures by dry rolling was discarded in favouf :
‘of one of the others since the results of sintering were not reproducible.
0f the remaining two methods the wet gripding method had the advantages
'in that the components of the mixture could be‘chésen more freely, that
mixkures were prepared more simply and the results of sintering them

were reproducible. It was therefore used in all subsequent experiments.

(b) Effects of Packing.

Several tests were run in order to discover the effect of packing
on sintering. Samples were prepared as loose powder and as bars com=
pressed at 57000 psi. Results are tabulated in Table 2 and show that

the variation in sinter product was small.
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TABLE IT Effect: of Packing upon:Sinter Product .

- Samples prepared by wet grinding
‘ Sintefing times- 4 hours
" Types of Packings (1) Powder

(2) Powder compressed into bars at 57000 .psi.

Sintering Temp. Atomic Ratio = Zn combined as ferriteg Total Fe.
°c (1) (i1)
800 0,485 0.485
660 0.410 0.k01
6ho 0.270 0.261
620 0.110 1 0.102

" THE FGRMATIONWOF'ZINC"fEBRITE”UNDERstNTERING CONDITIONS

(a);Thé1EffectsbofTSinterir'ATimédonffheaCO' osition«of-SintérJProducts

,obt?;ﬁgdx;&pm?@i;j@fgg;g@lZ}ne;andxFerricJOxideso

The rate of formation of zinc ferrite from sintered mixtures of
zinc and ferric oxides was investigated in an attempt to establ;sh the
controlling mechanism oﬁ ferrite formationo Mixtures of varying prop=-
portions were used to observe their effect on the rate of formation of
ferrite and to establish the solubility 1limit of zinc oxide in zinc

ferrite at the sintering temperatures selected.

- The following mixtures were prepared for sintering

" I. ZnO-Fez0s (atomic ratio Zn:Fe 0.474s1 ¥)

& Exact atomic ratios of ZniFe were determined by analysis of the
mixtures. :
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IT. Zn0-Fez0s (atomic ratio ZnsFe 0.466:1)
III. 2 ZnO=Fez03 (atomic ratio Zn:Fe 0.9403l)
© Samples of these mixtures were sintered at selected temperatures between
600°C and 1050°C for periods ranging from 30 minutes to 24 hours in
lepgth. -

The results® of these experiments are sum@érﬁﬁﬁ in figs. 2, 3,
and ‘4. They show that the relationship between fhe yield of ferrite and
the square root of the sintering time is approximately linear until the
reaction approaches completion, when the réte grqd@ally decreases. The
plots fail to intersect the time axis at the origin; the length of the‘
intercept being some inverse function of temperature. This is suggestive
of an induction period in which nucleation takes place. In the first two
series it was noted that at the conclusion of the reaction all the availabie
zinc was converted into ferrite. In the third series, where excess zinc
oxide was added, the atomic ratio of insoluble zinc to total iron, in the
equilibrium condition, was rather greater than 0.5 and appeared to
- ‘Increase slightly with temperature. This indicated that there is limited

éolid solubility of zinc oxide 'in zine ferrite.-

An explanation of the linear portion of the graphs obtained may be
made by considering a diffusion controlléd mechénism of ferrit formetion
which is analogous to that developed by Mott (23) t§ explain the formation
of thin oxide films on certain metal surfaces. In the present.case, where
zinc and ferric oxides are in contact, it is suggested that zinc ferrite

is fqrmed'at the interface and the rate of growth of the ferrite_fi;&

LT

& see Appendix C for experimental data.
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is determined by the rate of diffusion of the cationsﬂ'thrOUgh the film.
The diffusion of one species of cation, say zn++9 in zinc ferrite
is now considered.If n(x) is the number of zinc ions per unit volume at a

distance x from the zinc oxide~ferrite interface, the flow of ions is

glven by

J=goDi_. .. ... (1)
X |

where J is the number of ions diffused per unit

area per unit time and Di is fhe diffusivity.
It is assumed that n=o at the ferrite=-ferric oxide interface. If ng is
the concentration of zinec ions in the ferpite in equilibrium with zinc
oxide then

J = ng Di .. (2)

X

The rate of growth of the ferrite film is given by the expression

dx = Jq . (3)

dt

where L 1s the volume of ferrite per metal ion.

. Substituting in equation (2) we have

dx = ngft Di . . (W)
dt X o '

and by rearranging and integrating
x = ‘z\nosz DLt (5)
or x =+ At ‘_umfr:'a,,(6)
where X, being & measure of the thickness of the ferrite

£ilm is also proportional to the ferrite yield.

g

oy

& Mott assumes that oxygeﬁ_ions cannot diffuse 1nters£itially in such
£ilms owing to their relatively large size.
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Arrhenius plots (see fig.»5)mwere constructed from the series
of experimental data obtained from sintering mixturées I, II'and III as
described above. The plots were rather indefinite‘since the amount of
data available was small. However, a linear plot was cbtained from
the results of series II (mixture II) and the points obéained from the
other series gppeared 0 belong to parallel but not coinq;dent*plots.
The fact that the plots do not coincide indicates that different
frequency factors were cbtained for different mixes owing to varidbles

which were beyond the experimental control.adopted.

The activation energies obtained from the Arrhenius plots are

given in Table IIT belows

L : - = =
from zinc and Ferric Oxides
Experimental Series Activation Energy
Series I 36 K Cal.
Series II 25 K Cal.
Series  TII 26 K Cal,

These values are of the order which might be expected for a diffusion

- mechanism.

Lindner (24) has measured the diffusivities of both zinc and
iron in zinc ferrite and found them to have approximately equal values.
The activation energies of both-processes, measured by him, are given
below,

- Diffusion of Zinc in Zinc ferritej Activation Energy 86 K Cal.

Diffusion of Irom in Zinc ferrite; Activation Energy 82 K cal.
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O : Data obtained from
series I.

O : Data obtained from
Beriés II.

O : Data obtained from
series III. =

L 1 l |

0.00108

0.00110 0.00112 0.00114 10.00116

1
T° abs.

Fig. 5 = Arrhenius plots.
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These values are high in comparison with the ones obtained_in'
the present work. However results obtained by the radio tracer techniéue,.
as used by Lindner, were subsequently shown to give'erroneousiy high-
values in similar systems (25). There is, therefore; the possibility

that Lindner's work is in error.

(b) The Effect of Temperature Variations on the Sintering of Different.

The object of the following series of experiments was to discover
the effect of reacting mixtures of different reagents; containing zine
and iron; upon temperature of formation of zinc ferrite, and if possible,

to determine the mechanisms of ferrite formation.

The following mixtures were prepared for sintering:-

Zn(OH)2 = FegOs (atomic ratio ZnsFe 0.53031)

Zn CO3 = FegOa (atomic ratio ZngFe 0.53031)
- Zn0 = Fez0s (atomic ratio Zn:Pe .0.482:1)

ZnS0y = Feg0z (atomic ratio Zn:Fe 0.510;L)

Samples of these mixtures were sintered'for four hours at constant

temperatures which ranged from 300°C to 1000°C.

The results, summarised in Fig. (6), were similar for each series
excepting that the temperatures of ferrite formation were different in
each case. In the case of the zinc oxide~ferric oxide series; ferrite
was formed in the temperature range 575°C 6‘675°C, whilst for the zinc
carbonate-~ferric oxide series this temperature range was lowered by

some 30°C and for the zinchydroxide-ferric oxide series by about 75°Ce.
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The results do not afford a satisfactory explanation of'thgse
‘phenomeﬁa3 in both the latter cases the zinc compounds could have
been decomposed, forming a gaseous‘product and zinc oxide, below

the temperatures at which ferrite formation occurred and it is
considered that the lowering of the temperature of ferrite formation
‘could be due to the presence of a more highly disordered and, con-
sequently, more active form of zinc oxide than was present in the

zine oxide=ferric oxide mixture.

In the case of the zinec suiphate-ferric oxide series it was
’noticed'that little ferrite was formed until the temperature of
‘decomposition of zinc sulphate was reached, with the inference that,‘ e
when zinc ferrite is fo?med from zine sulphate an& ferric oxide, the
‘reaction goes in two stepss

1. ZnSO4 —Zn0 ;-803'
2. Zn0 + FegOs —'Zn Feg04

Therefore it appears that the temperature of ferrite formation
depends upon the thermodynamic properties of zinc sulphate. The reverse
reaction;, namely the formation of zinc s%lphate from zinc ferrite by
the action of ah oxidising atmosphere containing sulphur dioxide has

been observed at 450°C.(25)

Arrhenius plots, constructed for each series of experimental
data, are shown in fig. 7. They were found t0 be approximately linear
excépt at low temperatures when their gradients were found to incréase.
. This suggests that the activation energy for the formation of zinc

ferrite decreases with an increase in temperature. Activation: energies
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were caloulated from the straightest portion of ‘the Arrhenius plots

and are tabulated in Table IV belows

IABLE IV Activation Energies fog;thevFﬁggationﬁof-Z;gg Ferrite from
’ various-staftigg mixtures.

Starting Mixture ' Activatlion Energy
- Zn(0H)2 = Fez0a . g X Cal.

Zn COg = Fez0g 34 K Cal.

Zn0 = Feg0s 32 K Cal.

ZnS04 ~ Feg03 | 54 K Cal,

THETﬁECOMPOSITION’OFMZINC"EERRIT@'UNDER SINTERING CONDITTIONS

In considering the decompoéit;on of Zinc ferrite, it was thought
that zinc might be replaced in the4spinel sﬁructure by more basic'elemants
‘such as the alkaline»éarths.. Swartz and Kréuékopf {9) have already
indicated that this 15 possible, at least'té some extent, and it was
decided to extend their study by discovering the effect of sintering

different calcium and magnesium salts with samples of zinc ferrite.

Zinc ferrite was prepared by sintering an equimolecular mixture
of zinc and ferric oxldes at 85970 for six hours.. Samples of ferrite
were thenzmixed wilth one of the following compounds in approximately .

'one to oné molar ratio:=

Calcium oxide; Calcium Carbonate; Calcium Sulphate; Magnesium

oxide; Magnes;um Sg;phate.
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Samples of the mixtures obtained were sintered for two hours at 750°c,

850°C, 950°C “and 1050°C and then were analysed.

The results, given in Table V, show that zinc ferrite was decomposed

by all the'cpmpounds‘added'with the exception of caleium sulphate.

- IABLE.V Effect of Temperature on the Decomposition of Zine Fernite by
several Calcium and Magnesium salts.
Added Compound Ratio:= Insoluble Zinc/Total hon.

750°C 850°C 950°C © 1050°C
Ca0 0.462" 0.451 0,410 0,324
CaC0s o457 0.431 - '0.378 0,289
CasSOy 045k 0.453 0.448 0.4k
Mg0 0.448 0,398 0.354 0,361
MgSO4.  o.h2 0.419 0.239 0.299

Atomic Ratio Total Zn/Total Fe - 0.46631

(b) The Effects of Composition, Sintering Time and Temperature upon the

Decomposition of Zine Ferrite by Calcium Oxide:

An attempt was now made to explain the mechanism by which zinc is
replaced in zinc ferrite by calcium and magnesium when mixtures of zinc
ferrite and a compound of calcium or magnesium are sintered together.
“Calcium oxide was chosen as the added compound since the reaction between
oxides in ferrite formation is probably simpler than those which occur
between other salts and since calcium was found to react more favourably

than magnesium by previous investigators (10).
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Zine ferrite was prepared by sintering an equimoleculaf"mixture
of zinc and iron oxides for éight hours at 850°C. Three samples of
zinc ferrite were then mixed with caléium oxide in the approximate
" molar ratios (ZnFegO4;CaO) 1%1,‘1ﬁ2§ and 1l:b respectively. Samples
of éach of these mixtures were then sintered at 850°C, 950°C and

1050°C for periods varying from one to eight hours,

The results show that zinc previously combined as ferrite 1is
rendered soluble in varying amounts. Zinc oxide was identified'in
the sinter productfby the comparison of x-=ray diffraction patternsﬁ

of pure zinc oxide and of the sinter prpducto

Rate curves were plotted (see fig. 8) for the decomposition
of zinc ferrite by calcium oxide. The amount of zinc rendered soluble,
be;ng proportional to the amount of calcium reacted, was plotted
against a time base. It was noted that the reaction went very
"quickly at the start but approached equilibrium very slowly. The
-amount of zinc rendered soluble increased with the lime content until
90% of the zfinc could be rendered soluble in a mixture of 4Ca031ZnFezOg.

No explanation for the mechanism of the reaction was apparent.

Soluble zinc present in sinters formed at 1050°C was found
difficult to extraét.' Resampling and redetermining.soluble zinc in
these sinters after further-grinding showed an increase in the - yield
obtained. This indicates that soluble zinc determinations made on

sinters produced at 1050°C are unrelisble and results have therefore

& See Appendix D.
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been diécarded. Similar treatment of 1owef‘£§mberatufé sintéfs'produced

oo
'

no variation in soluble zinc dontent.’

The sinter.productéﬁobﬁainéd at 1050003wé?e found to be much
more ‘strongly cemented than those produced at 1ower'temperathré§. This
bbservafion'togefher With“those“of,the previpqupafagrabh suggests that .

inciplent fusion took place at about 1050°C...

' THE FORMATION AND DECOMPOSITION OF ZINC FERRITE ON SINTERING TERNARY

MIXTURES OF ZINC OXIDE, FERRIC OXIDE AND CALCIUM OXIDE.

Having shown that zinc ferrite is decomposed by sintering wilth
calclum oxide, it was decided to investigate the possibility of using
calcium oxide to inhibit the formation of zinc ferrite during the

sintering of mixtures containing zine and ferric oxidess-

pon Sinfer,

(a) The Effects. of Temperature and Calcium Oxide:content. u
"Eroduéts. |
Mixtures of the three component oxides were prepared using the
molar proportions Ca03Zn0:Fea0s of 13131 and 33l:l respectively.

Samples were sintered for four hour periods at constant temperatures

which ranged from 600°C to 1050°C,

The results of these exﬁeriments are shown in fig. 9. They
show that, in the sintering period chosen, little zinc was rendered
insoluble until a sintering temperature of 650°C was reached and that
a maximum yield of insoluble zinc was obtained at 750°C. In comparing
the results obtained from the Zinc oxide=ferric oxide binary system,

(see fig. 6) it can be seen that the temperature at which an appreeciable
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amount of zinc ferrite was formgd under the Se}ected sintering conditions
was increased by some sixty degrees. It seems probable that this is due
to the calcium oxide acting as a comparatively:inert .diluent in the lower
range of sintering tedperatures. About T50°C the amount of insoluble
zine was found to decrease slowly in the case of the lean calcium oxide
ternary and more rapidly in the case of the richer mix with the
inference that, between 750°C and 1050°C€ calcium ferrite is more

stable than zinc ferrite.

The experimentq show that qalcium_oxide'mgy inhipit the formation
of zinc ferrite du:ing the sintéring of éqOeZnO??egoa s&stems by one or
more of three mech?nismszw > |
| 1. By acting as a diluent which makes ziﬁc ferrite formation

less rapid,
-2¢ By combining with ferric¢ oxide to form calcium ferrite.
3. By displacing zinc oxide in zinec feryite to fdrm calcium

ferrite.

(b) The: Sinter.

The maxima shown in fig. 9 have not been explained. They may
be caused by one of two conditionss

1. Zinc ferrite may be thermodynamically more stable than calcium
ferrite below 750°C whilét the reverse may be the case above that
temperature. ‘

.2, Calecium ferrite may be thermodynamically more stableﬁ than
zinc ferrite over the whole temperature range considered, but, owing

to the large kinetic barrier involved in the formation of calcium
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ferrite, zinc ferrite is formed as a metastable phase before equilibrium

is reached.

A rate study of the sintering process of the 3Ca0=Fes0a=Zn0

system was therefore mede in order to explain the phenomenon.

- Samples of the mixture 3Ca0-Fez0g-Zn0 as used in part (a) of
this section were sintered for periods varying from 30 minutes to 16

hours at 700°C, 750°C and 800°C.

The resulté of the study are given in fig. 10. They show
that, when ternary mixtures, CaO-Fegos-Zhoﬁ were sintered at temperatures
varying T00°C to 800°C, zinc ferrite tended to form at first. This was
later decbmposed by the action of calcium oxide which combined with
ferric oxide to form calcium ferrite. As the sintering température
was Increased the maximum zine ferrite yield appeared after progreSsivé;y
shorter sintering periods indicating that the raté of both reactions'was
incr;ased‘ and, since the m;nkimum yield of zinc ferrite did not vary
greatlvaith temperature, tﬁe corresponding increases in the reactlon

rates were estimated to be'apprbximately equal to each other.

It is concluded that, whilst calcium ferrite is thqrmodynamically
more stable than zine ferrite, the rate &t Which zince ferrite 1s formed
is greater than that at which calcium ferrite forms and, as a result,
1a'm;tastab1e zinc ferrite phase 1s produced before the equilibrium
condition is approached. The composition of the sinter pré&uct is,

_therefore kinetically controlled.
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The formation and decomposition of zinc ferrite by sintering
mixtures of powdered reagents has been studied. Mechanisms for the
various reactions encountered were sought but the limitations of the
experimental procedures adopted prevented these from being clearly
shown; the effects of some form of nucleation process encountered
and of the small particles used masked ihe true reaction meqhanisms..
Mechanical variables such as particle size and packing bﬁ”particles
were controlled to obtain reproducible mixtures; however other variables,
sﬁch as crystalline perfection of reagents were not controlled but were

thought to affect reaction rates.

In the formation of zine ferrite from zinc and ferric oxides,
reaction took place following an induction period which varied as some
inverse function of temperature. The amount of ferrite'prodqud was
found to be proportional to the square Toot of the sintering time.

It is suggested that the reaction was diffugion controlled &as the
activation energy for the reaction Qas found to be of the order
expected for such a mechanism. It was found that the maximum amount of
zinc oxide rendered insoluble during sintering increased slightly with
temperature indicating that & limited range of sdlid solubility of zinc

oxide in zinc ferrite exists.

When different zinc compounds were sintered with ferric oxide,
. it was found that the rates of ferrite formation were varied. Thus
compounds which decompose below the temperature range of ferrite

formation (e.g. zinc hydroxide and zinc carbonate) formed ferrite at
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lower sintering temperatures than did zinc oxide=ferric oxide mixtures
in equel sintering pericds. On the other hand those compognds which
decdmposed above the normal temperature range of ferrite formation
(esg. zinc sulphate) retarded the formation of zine ferrite. It is
concluded that as zinc ferrite forms only from zinc oxide and ferric
oxide other compounds must be decomposed prior to ferrite formation.
- However, such decompositions may produce highly active forms of the
oxides required and therefore the rate of ferrite formation may be
Increased in the case of easily decomposed compounds but 1s retarded

when compounds are decomposed at high temperatures.

Zinc ferrite was found to be decomposed by various calcium
and magnesium compounds and zinc oxide was liberated. O©Of the com=
pounds selected all except calcium sulphate appeared to have an efféct
upon zine ferrites This may be due to the fact that calcium sulphate
is decomposed at a temperature far above the sintering temperaturgs
selected and behaves In accordance with the theory developed in the
p:evious paragraph. Replacement of zinc oxide by calcium oxide in
zine ferrite was found mot to be a simple molecule for molecule
sﬁbsiitution; about four molecules of calcium oxide were found to

replace one of zinc ozxide.

In sintering termary mixtures of zine oxide, calcium oxide
and ferric oxide, it was found that , though calcium ferrite is more
stable than zinc ferrite, the rate of formation of zinc ferrite is

more rapld and a metastable'zinc ferrite phase tends to form before
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an equilibrium condition is reached. Therefore, the composition of
the sinter product obtained is controlled kinetieally‘rather than
“thermodynamically. It is thought that the use of calcium oxide as a
ferrite inhibitor in zinc roasting operations would be of doubtful
value for two main reasons:

‘1. The iinetics of the process favour the formation of zino‘
ferrite rather than calcium ferrites this would be accentuated by
the c¢lose association of iron and zine in mérmatite.ofeﬁﬁ

2. In order to free the zinc combined as ferrite, calcium
oxide would be consumed in quantities of the order of one ton per

ton of ferrite treated.



While the results may suggest that a parabolic diffusion law
controls the formation of zinc ferrite this hypothesis has not been
conclusively proved.. It could possibly be done by comparing the
“aetivation energies associsted with diffusion of cations 1in samples of
ferrite and with the diffusion of cations during the formation'of zine
ferrite. If the activation energles of the two processes were found
to be of the same order then the parabolic diffusion law would be
‘established as the controlling mechanism. The experimental method
suggested 1s one using labelled 1isotopes to determine reaction rates_

by sectioning or possibly by the decrease in surface activity method.(25)
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AFFENDIX A

Microphotographs of powdered reagent

mixtures prepared for sintering.



Plate I. Zn0 = Fez0g

Plate II. ZnCO3 = Fez03

Plate III Zn(OH)z = Fez03
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APPENDIX B

Analytical Methods
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1. Véiumetricyneterm‘nationhqf;Zinc_
(a) Soluttons’
Potassium Ferrocyanide 21.63 gm/litre.

Potassium Ferricyanide 10 gm/litre.

(v) Standardisstion
0.2 gm of gramilated zinc were accurately weighed and dissolved
in 5 'ml of hydrochloric acid. The solution was diluted to about 100
ml ﬁith distilled water and a few drops of potassium ferricyanide . .
- solution wefg-addedo. It was then titrated against the potassium ferro=- -
cyanide solution to a‘potentioﬁetrically determined end point. A mean

~of three such standardisations was taken.

’terminétidnqof;tpguxotqlaZinqucohtsnt of Sinter Products
A 0.5 gm sample was weighed and dissolved in 5 mie hydfoéhloric
acid. 20 ml distilled wafer was added followed by excess ammonium
- hydroxide to precipitate the iron. The mixture was brought to the boil
and the precipitate filtered off and washed thoroughly. Both filtrate
end washings were collected and evaporated to a convenient bulk.  The
residue was dissolved in a little hot concentrated hydrochloric acid
and then reprecipitated with ammonium hydroxide. The mixture was
treated as before, the filtrates from each cycle being added together.

The cycle was repeated a third time.

. The collected filtrate was neytralised with hydrochloric acid in
slight excess and a few drops of potassium ferricyanide were added.
The sample was filtrated against standardised potassium ferrocyanide

solution,
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1;“Amponia « Ammonium chloride leach solutioni-

NH4C1 160 gm.
‘aq. NH4OH(SpGr. 0.88) 100 ml.
Rlstilled water 900 ml..

2. Determination.

A sample of sinter product was weighed and leached in 50 ml of
ammonia~ammonium chloride leach solution for sixteen hours. The size
of the sémple used depended uypon its estimated solubie zinc content;
for sinters containing less than 5%_soluble zine 2.5 gm samples were
“neéded while for those containing greater.amounts 0.5 gm sambles were
suggicient. Following 1‘e‘aching, the residue was filtered off and the
filtrate was neutralised wlth hydrochloric acid in exces;. A few drops
of potassium ferricyanide were added and the sample was titrated against

st#ndard'potassium ferrocyanide solution.

3+ Limitations of the Method

When free calcium oxlde was present in the samples it was
'diésolvea by the.ieach solution together with the zine. Duringw
titfation it was comp;exéd by the ferrocyanide and enoncous zinc
detérminations resulted. Therefore & polarographic method was developed

for soluble zinc in samples which contained lime.

2. Polarographi

(a) Standard: Zinc. Solution
‘0.500. gm of granulated zinc were wéighed out and dissolved in
5 ml. hydrochloric acid. The splution was made up to 1.0 litre

with - distilled water in & volumetric flask.



5 ml. of the standard zinc solution was placed in a 500 ml
volumetric flask together with 50 mlfof ammonia-ammonium chloride
leach soltuion»x and 6 ml of hydrochloric acid. The solution was
diluted to volume with distilled water: A portion of the solution
was now placed in a 5 ml Heyrovsky electrolysis vessel and bﬁbbled
with nitrégen for five minutes to remove any dissolved oxygen.
"Mercury, for the electrode, was added to the cell and nitrogen was
bubbled for a further five minutes. The sample was thgn electrolysed
on the polarograph and the zinc wave height was measured. The
procedure was fhen repeated using 100 ml and 150:m1 ablquots of
stanard zinc solution. A calibration curve was drawn plotting
zinc wave height wnthe ordinate and zinc concentration on the’
-‘abscissa,’ Calibrétions were made Inmediately before and after

each series of determinations.

(¢) Determin tipnaof¢${lublejz ne31nﬁsinter& roducts

A.0.5 gm sample of sinter product was leached in 50 ml of
‘ammonia~ammonium chloride solution for sixteen hours. The residue
was then filtered off and washed with distilled water, the filtrate
-and washings being caught in a 500 ml volumetric fié#ks The solution
was neutralised by adding 6.0 ml hydrochloric acid and diluted to
volume. The sample was then prepared for electrolysis on the polar-
ograph in the manner described in section (b) above. The zinc waves

obtained from the polarograph were measured apd the.zinc content .

T O e s T N T T s N R R I R I I O R T T AT T T
it . s

& See Method 1(d).
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determined by interpolation on the calibration curve. The limiting

error of the method wes estimated as t 2%.

3..Yolumetric:Determination of Tron

(a) Potassium Dichromates 4.t 9/1
Indicator: 1% Solution of diphenylamine in conc HzS04.
Buffer Solution: 30% H2S04; 30% HsPOg -
40% H20 =~ by vol.

(b): Standardisation

0.2 gm of iron wire was weighed out and dissolved in 10 ml.
HCl. The solution was diluted with distilled water and boiled with
test lead until colourless. Boiling was continued for a further five
‘minutes. The solution was then cooled and decanted off the teét lead,
the Iatter being washed free of all solution. 20 ml of Buffer solution
were added together'with six drops of indicator. The solutlon was

- titrated against potassium dichromate solution to the first permanent

.. .blue colour. 0.1 ml was subtracted as blank. A mean of three such

standards was taken.

0.5 gm samples were welghed out and dissalved in 10 ml. hydro-
chloric acid. Procedure then followed that used in the standardisation

- method above.
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APPENDIX C

Experimental Data
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Mixture = Zn0 - FezOs Atomic Ratio, ZnsFe O.4Th:l.

Table. 1.l -

Sintering Temperature 600°C

Sintering

Time (hours)

0.5
1.0
2.0

8.0

16.0

_Table ;1.2 .

Total
Iroq

46.0
L§.0
46.2
h7.1
k7.1

Assays %

Total
Zinc

25,9
25.9
26,1
26,0

25.9

. Sintering Temperature 625°C

- Sintering

Time (hours)

0.5
1.0
L.

FERKES

¢ o o e o e
ONO\\J O\

-]

Assays %

Total
Zinc

25.6
257
25.7
25.7
25.7
25,6
25.6
25.6
25,7
25,7

Soluble

Zine
25.9
25,8
25.6
- 2h,3
23,3

Soluble
Zinc

26.1
25.8
24,6
24,5
23.5
23.h
2149
21.2
18.6
1h.9

_InsdlublngE.
Tota 1 Fe ™

Tre.
0,002
0.006
0.03k
0,048

- Insoluble Zn-
Total Fe

Tr.

Tr,
0.022
00026
0 001#7
0.048
0.081
0,095
0153
0.232
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_Sintering Temperature. 650°C.

© Sintering
Time (hours)

0.5
1.0

- 1.5
2.0
2.5
3.0
k.0
6.0
16.0

2.0

Table 1.4

Total
Iron

46,7

46,5

L6k
k6.6
L6.5
L6.6
L6.6
46.5
h7.2
46.5

Assays %

Total
Zinc

26,0
25.9
25.9
26,0
25.9
26.0
26,0
25.9
26.2

26.0

Sintering Temperature T50°C.

© Sintering
Time (hours)

0.5
1.0
2.0

4,0

Total
Iron

45.9
45.9
45.9
45.9

Assays %

Total -
Zinc

25.9
25.9
25.9
25.9

Solubie

Zinc
25.1
22,9
20.9
21.1
18.7
18.1
15.3
12.8

2.6

5.4

. Soluble
Zine

1.5
0.6
Ok
0.6

Insoluble Zn
" Total Fe

:h55
0.470
Ry
0,471
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. Series IT
 ‘Mixture: Zn0 - Fep03 Atomic Ratio, ZnsFe 0.46631.
.Table:2:1

Sintering Temperature 600°C

Assays %
Dime (hours) Tron  zime  zine  THomrEe
1.0 47.5 25.9 2.3 0,027
2.0 47.8 26.1 22,8 04059
k.0 47.5 25.9 18.3 0.135
8.0 47.6 26.0 12,0 0.250
16.0 47.8 2.1 6.9 0.342
2k.0 h7.5 25.9 h.2 0.389

Table 2.2

- Sintering Temperature 625°C

Assays %
AR ORT e e
1.0 L.k 25,9 C22.7 0.056
2.0 k7.5 5.9 " 19.1 0,122
k.0 k2 25,8 12,6 0,238
8.0 k7.9 26.2 6.7 0.347
16.0 47.8 26,1 56 0.401

24,0 L.k 25.9 1.9 0.432



Table 2.3

Sintering Temperature:

Sintering
Time (hours)

0.5
1.0
1.5
2.0
3.0
k.0
8.0

16.0

‘Table 2.4

Total
Iron

7.0
47.3
7.3
7.1
k7.3
k7.5
473
k7.5

20

650°C

Assays %

Total
Zinc

25.7
25.8
25,8
25.8
25.8

' 2690

25.8
25-9

Sintering Temperature 660°C

Sintering
Time (hours)

0.5
1.0
1.5
2.0
5.0
4.0
8.0

16.0

Total

Iron
bk
h7.4
h7.3
k7.3
k7.5
L7.3
h7.1
h7.2

Assays %

Total
Zinc

25,9
25.9
25.8
25.8
26,0
25.8
25,8
25.8

Soluble

Zinc
20.1
1%.9
12.3
9.6
6.6

4.3

2.0

0.6

Soluble

Zinc
19.3
k4.3
10.6
T-9
6.3
k.3
2.0

0.5

Insoluble .Zn
"Total PFe

0,101
0.196
0.233
0.276
0.328
0.369
0.430
0,45k

InsolublemZn

Total Fe
0.118
0.208
0.274
0.323
0.353
0.39%0
0.4k0
0.456
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. Se’r;_g s, . IIY
Mixture:=- ZrO-Fez0s Atomic Ratio ZniFe 0.9%3l

_‘Tlab_le‘, 2 o1
Sintering Temperature 625°C
Assays %
e ) W mm sl mgmem
0.5 34,6 38,3 37.6 0.022
1,0 3h4.6 38.1 37.2 i 0.027
1.5 - 34.8 38.k4 32.6 0.166
2.0 B5a 38.7 34.3 0.124
2.5 34.8 38.4 33.2 0.1k9
3.0 3.6 - 38,3 30.4 0.230
k.0 5.1 38.7 28.0 0.304
6.0 3.4 39,0 25.5 0.382

8.0 - 34,9 38.5 oh.2 0.410
10.0 - 34,9 38.5 22,7 0,454
- 12.0 35.4 39.0 22.8 0.459

24,0 35.4 38.6 19.7 0.532
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Sintering Temperature = 650°C

Assays %
‘Sintering Total Total Soluble - Insoluble.Zn
Time (hours) Iron Zine Zine TTotal Fe
0.5 35.7 39.2 30,2 0.252
1.0 T T35.8 38.9 27.6 0.316
1.5 3509 " 739.0 22.0 0. 4Tk
250 36.1 39.2 23,7 0.429
2,5 35.8 58.9 21.9 0475
350 35,8 - 739,0 . 21,2 0.499
4,0 36,1 39,2 21,3 0,496
640 3641 “59.2 19.5 0,545
8.0 36,0 39.1 '19.3 0.550
10.0 3642 39,2 19,1 0,558
12.0 %5,8 38.9 19.1 0.548
2k .0 36.2 38.5 18.6 0.552

_ Sintering Temperature 1050°C

Assays %

Sintering = Total Total Sbluble ~Insoluble Zn
Time (hours) ~ Ironm Zinc Zinc “Total Fe
‘0.5 736.1 "%9,0 18,4 : 0.572

- 1.0 " 35,6 AR 18.5 0560

1.5 3549 "38.8 18.4 0,566
2.0 35.6 38,5 18.3 0,565
2.5 36.1 39,0 18.9 0.559
3.5 35.6 38,5 18.2 0.570
6-0 5566 3805 1892 00570
8.0 35.9 39.0 17.9 0.588



‘Mixtures Zn(OH)z = PegOs = Atomix Ratio ZnsFe - 0.53:l

Sintering Time:- 4 hours

Teable k.l

Assays %

Sintering

. Temps Total Total ‘Soluble Insoluble Zn
°c Iron - "Zinc " Zinc ‘Total Fe
500 1“h'-9 2709 » 27.8 -
520 kk.9 27.9 26.7 0,02k
540 by 9 27.9 19.-# 0.162
563 bk 9 2749 ' 7.0 0.396
580 bk .9 27.9 P . 0.446
600. hk.9 " 27.9 - 35 0.46h

668 k9 27.9 3.2 0.470
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- Series.V.
Mixture:,ZnCOS ~ FeglDs Atomic Ratio, ZnsFe 0.53:1

. Sintering Time: = 4 hours

Table 5:1

Assays %

Sintering

Temp Total Total Soluble Insoluble.Zn
°c Iron Zinc ~ Zinc Total Fe
300 bh.oa 27.3  2T.3 -
500 k.8 27.7 7.3 0.009
550 4.6 27.6 25,8 0.03k
575 k535 28.0 25.1 0.093
600 hh .8 27.8 17.8 0.191
610 k.9 2T 15.1 0.239
620 hh 7 27.7 12.9 0.28k
630 k.8 27.8 9.2 1 0.333

60 M8 27.7 7.0 0.39%
650 by .8 277 3.8 0.436
660  45.0 - - 27.8 3.9 0.45h
670 45.0 ; 27.8 3.1 0,468
680 454 28.0 2.9 0.471
690 45.6 28,2 2.8 0.470
TOO 45,7 28.2 2.7 0,464
750 46.3 28.6 2.6 0,478

800 45,3 28.1 2.5 0,484
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' SerieS3VI
Mixture Zn0 - FegDs Atomie Retio ZngFe O0.48:1

Sintering Time:= 4 hours

Table 6.1 -
Assays %

Stntering Total Total Soluble Insoluble Zn
Temp. °C. Iron. Zine Zine - Potal Fe
500 k6.0 25.9 . 25,5 0.007
550 6.0 259 25,5 0.007
575 46.0 25.9 25.5 0.007
600 46,0 25.9 21,7 0.079
640 k6,0 25,9 12.6 0.247
655 - b6.0 25.9 5T 0.375
664 46.0 25.9 3.7 0.%12
679 46,0 25.9 2,2 0.4ko
69 . k5.0 25.8 1.3 0.454
700 45.0 25.8 0.5 ouh7o
750 k5.0 25.8 0.5 0.470
800 45.0 25.8 0.3 0.7k
850 45.0 25.8 0.3 0ub7h
900 k5.0 25.8 0.3 0.k
950 45,0 25.8 0.3 047k

1000 . 45.6 25.8 0.2 0475



;*Sel’iﬁ? VII

Mixture ZnSO4. ~ Feg0s . Atomic Retio ZniPe 0.51:l

“Sintering Times 4 hours

TabIEJZ@l

© Sintering
Temp. .

600
700
750
760
T70
780
790
800
810
850
900

950 .

1000

°c

Total

32k
32,2

3345

-

3k.5
39,1

bi.7
I b
k5.0
464
TR
b6 b
L6 .k
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Assays %

Total
Zn

18.7
18.6
19.7
19.5
19.8
20.2
23.1
26.2
25.9
27.0
26.6
27.2
27.1

Soiuble

Zn

18.7
18.3

k.3
13.2
11.8

“Tol

1.6

2.1
1.2

1e2

1.5

1.2

Insoluble.Zn

Total Fe
0.000
8,009
0.075
0.129
0.16k
0,184
0,327
0.475
0.452
0.7k
0477
0.478
0.478



Approximate Ratlo Ca03ZnFea0q 131

Sintering Temperature 850°C

Assays
Sintering Total Total - Soluble % Total Zn
Time =hrs Fe % Zn % Zn % In soluble Form
2 38,6 2i;é | .302 | 14.8
b 38,1 20.9 3.9 18.8
6 38,1 20.9 b0 19.1

Table 8.2

Sintering Temperature 950°C

Assays
Sintering Total Total | Soluble % Total Zn
Time ~hrs Pe % Zn % Zn % - In soluble form
1 39.4 21.6 56l 2,9
2 39.2 21.5 6.2 28.8
i 39.2 21.8 6.8 31.k
8

39.0 21,4 6.7 31.4



Approximate ratio Ca0sZnFes0s - 2:1
‘Table 9.1

- ‘Sintering Temperature 850°C

Assays

Simtering Tota TFotal Soluble % Total Zn
Pime ~hrs Fe % Zn % Zn % . In Soluble fors

1 B9 17.3 5okt 30.1
2.5 31,9 174 6.3 3543
475 32,1 17.3 6.9 38.8
8.0 31.9 17.3 Tk ho b

Sintering Temperature 950°C

Assays

Sintering Total Total Soluble % Totel Zn
Time -hrs Fe % Zn % Zn % - In soluble form

1.0 32,9 17.8 9.3 52,6
206 33 o2 1800 ' 1@68 59 a6
k.0 33,3 18,0 11.8 65.2

8.0 332 180 . 12.9 TLe7
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Series. X
Approximate ratio of Cals:ZnFeaO4
Sintering Temperature 850°C
Assays
Sintering Total Total
Time «~hrs Fe % Zn %
1.0 . 26,0 13.6
2,0 - 25.7 13.5
4.0 - 26,3 13.8
8.0 26.5 - 13.9
Sintering Temperature 950°C
| Assays
Sintering Total Total
- Time =hrs Fe % Zn %
1.0 26,3 13.8
2.0 26.3 13.8
k.o 25.8 13.5
8.0 26.3 13.8

he1

§éluble

8.3
10.6
10.7

11.8

Soluble
Zn %

12.1
12.4
12.5

12.6

% Total Zn
In soluble form

61.0
78.5
78.0
84,7

% Total 2n

‘In soluble form

88.0
90.2
5.6

 91.6



. Approximate Ratlo ZnO-Fep03=Ce0 1313l

Table: 11,1 .

~ Sintering Time 4 hours

Sintering
Temp = °C

.
o
660
680
6%
T00
T10

720
THo
760

780
T90
0
0
1000

Total
e .

36.7
374
36.7
376
R
37.8
37.9
37.9

—
= 37,6
37k
37,9
37.9

_ :37.6
T 376
38.1
3T.9

Assays %

Total
Zn

19.6

20.2
19.9
19.5
20.0.
20.6
19.7
19.8
20.1
19.9
20.5°
20.2
20.4
20.5
20.9

19.1

21,2
21.0

Soluble
Zn

18.3

19.5
19.1
18.3
14.8
12.5
11.6
10.5
8.5
)
Te5
Tk

7.8

7.8
7.8
6.8
93
9.1

.Insoluble.Zn
- Total Fe

0.035
0,019
0.022
0,03k
0,137
0.21k4
0.211
0.246
04310
0.323
0.346
0.342
0.332
0:335
0.351

.0.328

0.312

0.31h
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Approximate Ratio ZnO-Pez0g=Cac 13123

: Tab'-l-e;; 241

. Sintering Time b4 hours

Assays %

o g::;ez:ing To;gl To;:]. .$oltzz‘:1e 2 n;gi.:l;l;eZn
600 25.2 13.9 13.8 0.009
650 26.2 1.5 14,2 0.011
660 | 26.3 | 1h.h 13,7 0,027
670 26,5 1.5 13.1 0.053
700 26.5 14,5 11.8 0.102
710 27.0 14.8 9.8 0,185
740 28.0 15.1 9,3 0210
750 27.2 k.9 9.0 0.218

T80 28.7 15.7 10.0 0.198
790 28.4 15.5 11k - 0.146
800 27.5 15.1 10.4 0.170
830 . 28.5 15.9 12.6 0.116
8ko 28.5 15.6 13.7 0.069
850 28,3 1545 14,1 0.049
900 28.h 15.5 | 13.9 0,058
910 28.8 . 15.8 1k.7 0.036
920 28.8 15.8 14.5 0.04k
930 28.5  15.6 149 0.024
940 28.5 15.7 | 14.6 0,028
950 28,8 15,8 18,9 0.031

960 28.6 15.7 13,5 0.042
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.Table 12,1 contimued

Sintering  Total Total Soluble
Temp = *°C Fe Zn Zn
970 28.8 15.8 14,9 0,031
980 28.8 15.8 15.0 0.027
9% 28.8 -15.8 134 0,083
1000 28.8 15.6 15.0 0.021
‘1010 29,2 16.0 15.0 0.034
. 1020 29.2  16.0 14.9 0.038
1030 28.9 15.8 1540 0,029
1040 29.1 15.9 1150 0.033

1050 29.1 15.8 15.2 0.02k4

|



Sintering Temperature T00°C

- Assays
g S I R e
05 26.0 1k.3 13.4 0,020
1.0 26,0 k.3 14.9 | 0.000
2.0 26,0 143 13.0 0.043
3.0 26.3 4.k 12.0 0.078
ho. 26,5 1h.5 11.6 0.093
8.0 2.2 .9 10.0 0,154
16.0 . 26.3 1h b 9+0 0.175

Sintering Temperature T750°C

Assays
M s e ey R
0.5 26,3 . 144 12.0 0.078
1.0 26.5 1.5 ’» 940 . 0.178
2.0 28.0 15:3 9.8 0.165
k.0 28.3 15.5 9.6 0.178
8.0 28.3 15.5 10.1 0.163

16.0 28.8 15.8 10.8 0.148



Sintering Temperature 800°C

Assays
A Doy meh BN TRem
0.5 28,3 15.6 9.0 0.196
1.0 27.8 153 9+5 0,178
2.0 28.5 15.6 10,6 0,150
3.0 . 29.0 15.9 114 0.132
4.0 28,3 | 15.5 12.4 0,094
8.0 28.3 15.5 1.9 0.4

16.0 . 31.0 17.0 . 15.3 0.047
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APPENDIX D

Debye Scherrer diagrpms of
the reagents used and sinter

products obtained



Plate IV o Ferric Oxide

Plate V Zinc Oxide

Plate VI Zinc Ferrite

Plate VII Sinter Product obtained from a
mixture of zinc ferrite and
calcium oxide
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