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BYNOPSIS

This project was concerned with an investigation into the
reactions end interactions of varjous chromites with the
fluxes used on a ferro-chromium plant as charged to the
submerged arc furnace,

The first phase of the project involved the characterising
of the fourteen selected chromite ores according o their
behaviour on the thermal balance under atmospheric conditions.
The importance of the gangue minerals in determining the
shape of the TGA curve was established as well. It was in
particular ie hydrated gangue minerals which had this
effect. The chromite spinel was found to oxidise up te
1200°C and then to underge de-oxidation due to the instability
of the iron oxides above this temperature.

Isothermal runs vere subsequently carried out with the
variocus Transvaal and Rhodesian chromites in order to
establish their behaviour in the presence of solid carbonu,
G0 gas, town gas, and with and without the appropriate
fluxing additions. The thermal balance was used for these
tests, The kinetics and mechanism for chromite reducticn
with solid varbon wers established as well as the nature of
the lincipient fusion process. The latter aspect was
studied using DTA.

It was shown conclusively that CO gas will not reduce
chromite up to 1530°C, thereby eliminating it as the likely
diffusing species when chromite is reduced by solid carbon.
This means that carbom itself must be the diffusing species,
This fact was confiimed by the rasult inm which bigh carbon
fervochromium reduced a chromite sample at 1400°C wherse no

fres carbon was present.
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TWIRODUCTION

The al. of this project was to define the reduction
vehaviour of chromite (and the incipient fusion
kehaviour of the chromita) with the sssaciated fluxes
in the submerged are furnace producing h’igh—car‘bcn
ferrochromium.  This project was aimed at paving the
way for subsequent projects relating to the behaviour of
the comporents in the submerged arc furnace. The

smelting and reduction processes ocour as the charge
approaches the arc zone of the furnace buf may begin
almost at the top of the furnace. .It is at the top
of the furnace that the initial reduction and incipient
fusion processes begin, but these processes only bscome
highly active ac the temperature of the charge reaches
{about) 1400°C- te. 1500°G.

There is a great lack of knowledge about these initial
veactions, and it was therefore necessary to investigate
the mechanisms and kinetics of the reastions of these
components associated with the fusion and reduction
processes. A atudy of this naturc should thus asslsh
in establishing a key between the solid charged burden
at the very vop of the furmace and the molten slag and
metal at the vottom of the furnace, In other woxds
this dnvestigation should explain the initial solid-selid,
solid-liquid, solid-gas, liguid-gas and liquid-liquia
interactions which result in the formation of a suitable
slag and the high-carbon ferre chromium, Ome f£irst
logical step in tackling this project was naturally to
congider {he raw waterials, namely the chromite, the
fluxes and the cavbon. The chromites of greatest
interest are of course the local Transvaal chromites,
since these ores constitute over two-thirds of the lenown
world rese¢rves. Furth.ermore, relatively little is kuown
about these chromites, both mineralogically and
metailurgically. Pure components were chosen as the
fluxing additians. This was dons in order 4o minimize
any complications in studying the fusion processes. The
carbon was also nsed inm a pure form since the essentdal
gonl was %o investigate differences in the actual
behaviows of various ohromitas rather than side-effects
caused by impurdties in the fiuxes.
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INTRODUCTION

The aim of this project was to define the reduction
behsviour of ohromite (and the incipient fusion
behaviour of the chromite) with the asrociated fluxes
in the submerged mrc (nrnace producing high-carbon
ferroghromium,  This project was aimed at paving the
way for subsequent projects relating to the behaviour of
the compoments in the submarged arc furnace. The
smelting and reduction processes occur as the charge
approaches the arc zone of the furnace but may begin
almost at the top of the furnace. .It is at the sop

of the furnace that the initial reduction and incipient
fusion processes begin, but these processes only become
highly active as the temperature of the charge reaches
{about) 1400°C- to. 1500°C.

Theve is & great lsck of knowledge about these initial
reactions, ond it was therefore nmecsssary to investigate
the mechanisms and kinetics of the Teactions of these
components associated wirh the fusion and reduction
processes. A study of this nasure should thus assist
in establishing a key between the solid charged burden
at the very top of the furnace snd the molten slag and
metal at the bottom of the furnace, im other words
this investigation should explain the initial solid-solid,
solid-liguid, solad-gas, liquid-gas and liquid-liquid
interactions which result in the formatian of a suitable

slag and the high-carbon ferro chromiam. Ope first
logical step in tackling this project was naturally to
consider the raw materials, namely the chromite, the
fluxes and the carbon., The chromites of greatest
interest are of course the local Transvaal chromites,
since these ores comstitute over two-thirds of the known
worid reserves. Furthermore, relatively ittle is known
about these chromites, both mimeralogically and
metallurgically. Pure components were chosen as the
fluxing sdditions. This was done in order to minimize
any complications in stadying the fusion pracesses., The
carbon was alse used in a pure form since the sssential
goal was to investigate differences in the actual
behaviour of variows chromi .» rather than side-effests
caused by impurities 3n the fluxes.




1.2 THE OCCURMENCE OF CHROMITE IN THE TRANSVAAL

To investigate thuse differences between chromites,

samples had to be collected over a wide area. 4s is

commonly known, the Transvasl chromites ocour in what

is known as the Bushveld Igneous complex. Thia
intrusive body of differentially crystailized magma
extends from the Steelpoort area in iue eastern belt
and is to be found in the western belt in the Rustenburg
area. The Zeerust ares in the west is also considered
to be part of this large formation, The only regiom in
the 1 which is idered te be di Jated
fvom this primary basin is the Potgletersrust area.

This appears to be a basin, still within the BIC, but
is isolated from the othar formations.

As was mentioned earlier, the chromites in the Transvaal
ave gemerally found in the Dushveld Tgneous Complex
(BXIC). The chromite ore occurs in eeass which vary in
thickness from a faw contimetres up to sevsral metres.
The overall shape of the BIC is that of a largo oval
dish or basin with its long axis lying east-west, The
eastern perimeter is fn the Lydenburg distxict and the
wastern cutcrop is found near Rustenburg. A secondary
outerop, believed to be associ ted with the primary
basin, is found to the west of Rustenburg in the Zeerust
area. Another chromite area is located just north

of Potgletersrust in the Grasvaily district.

The BIC has a relatively shallow dip over most sxeas.
This dip veriss from O to 15 dagrees inwards. The BIC
has been subdivided!T®T* 1) {nto five distinct zones:-

1. Chill zonej

2. Basal zone;

3. Critical zone;

4, Main zone and

5. Upper zome.
The Critical zcae contains the many bands of chromite
ope. It comprises mainly pyroxens and pyroxenss
plagioclase cumulates and 1ies below the Merensky Reef
oxbending dounvards to the Main Shromitite Sesm. The

Qopth of /...
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depth of these beds is approximately 1 000 m. The
widest zone in the above sequence is the Main Zone
which is approximately 6 000 metres in width. The
maximum measured thickness of these five zones is
approximately 7 600 m.

Some 16 to 20 seams of chromite are present in many
areas. These seams comprise thin sheets parallel to
the igneous layers of silicate minerals. The lover
bands are richer in Mgl and contain less Fe0 than

the upper bands. The Or/p, ratic also tends to decrease
in successively higher beds. The deposit north of
Zeerust is in the form of a basin with a 4° inwards
slope. The Potgietersrust deposits are thought to be
part of the Basal gone. They contain & high percentage
of MgD and also have a high Cryp, ratio. This area is
faulted and tre chromite bands dip relatively stesply

at 45°,

The eastern section of the BIC is divided into three
sections. These are the western, central and southern
sectors. The central and sonthern sectors are of
importance while the western sector is of virtually no
sconomic importance. A major fault separates the
central and southern sectors. One of the most important’
seams in this ares is the Steelpoort seam. It is about
a metre in thickness and is separstsd from the Leader
Seam by about § metre of pyroxemits, The Leader Seam
itself is only + m in thickness. Both these seams
extend over nearly 60 kilometres im the cemtral sector.
There are only a few breaks along the whole length of
these two important seams. These are caused by faults
and dolerite dykes.

The depe sit in the southern sector is quite different
from that in the central sector. There is no evidence
of the Leader Seam in this region. The seam of
intersst is called the "P' seam and it varies from

2 to 3 m acroas.

The seam of sconomic importance in cne westernm belt just
north of the Pilansberg is called the "Main' or "Magazine!

Seam.



The BIC can thus be considered to be made up essentially.
of 8 layered sequence of sheetlike basin-shaped
depressions. Ite origin has led to much controversv,
but one of the more generally accepted theories is that of
Jackson'T®f+ 2} He propesed that igneous layering took
place. The chromite seams are thought to have resulted
from the accumuiation of chromite crystals on the floor

of magma chambers. The nature and mode of occurrence

of the chromites varies from area to area and 50 do

the mssociated rock formations, Secondary altermation
of the chromite in cervain regions might explain some
of these variations.

Although these chromites have besn widely studisd
geologically, there is atill a lack of fundamental
information on certain aspects, especially the mineralogy.
De Waa1(Tefr 3)
BIC, points out that although several chemical analyses

and partial snalyses of chromites have been published

in the literature, only a few ave sufficiently comprehensive
enough for detailed mipneralogical studies, Thus the

mode of ocourrence of the chromites is well known bub

the chemical and physical propertiea of the chromites

have been scantily studied. An evaluation af date
published on the mineralogy of the BIC chromites is

in his report on these chromites of the

dealt with in De Waal's paper.
The series of tables (presented in the fallawing section),
however, is a guide as to many of the parameters

relating to the twslve selected Transvaal chrowites and
the two Rhodesian chromites.

The verious data from these tables :ere obtained from

two internmal NIM publicatians.(a'“)

THE LOCALITY AND CHOICE OF THE SAMPLES
A1l the chromite sawmples used were collected from the

actual mines themselves, except for the two Rhodesian
chromite ores. Tnese two samples were coullected by
the mine personnel and railed down. The reason for
collecting samples personally was to be able to
establiish /..,
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establish the locality of the chosen sample within =
particular mine. It was also necassary to note the
sanple type i.e. Vhether the sample was "hard lumpy",

friable or just "run of mine". When choosing a

locality in the mine, it was important to note whether
the sample was taken from the top or bottom of a

particular chromite band. All sampling points wers

chosen only after due consideration of all the aspects
as discussed with the staff of cach mine. Samples in
oxcess of 50 kilograms were taken on mines which produce
the "lumpy" type of chromite.

211 the producing chromite mines in the Transvaal werse
visited and stockpiles of samples were assembled.
this stuckpile twelve samples were selected (fox

From

sxamination) on a basis of usage cn the various ferro-
alioy plants and from an interest point of view as

well. The chosen samples come from the wines listed

below:~
1. The Bastera Belt:
Chrome Corporation
Winterveld
Lavino
Graothoek
2. The Western Belt:
Marbie Lime
Ruighoek
Zwartkops
3.C.I. abnormal chromite
9. Far Western Delut
Zeerust
Mardco Minerals
4, Northern Tre avaalt
Grasvally Chrome Mine
5. Ruodesia:
Two ssmples were recelved - one was from
the Rhodesia Chrome Mines - the other was
supplied by The Africen Chrome Mines Ltd.
Botn these ores are Sslukwe chromitea.

prm——
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DABLE 1

IHl SOURCE, ARBA, DBSCRIPTION AND NUMBER FOR THE
FOURTEEN SELECTED CHROMITES

b, Description of
umbar Source {Mine) Choomite Type Area
F 524 [Chrome Gavp. Selected hard lump,
P 533 [Winterveld {T.C,1)|immpy ore Bantern
? 539 |Laving Motallurgteal gradell po. ooidy
F 543 |Groothaek Hard lump
¥ 582 [Marble Lime Hard lump Vestern
F 584 [Ruighaek Hard lump Transvaal
F 588 |zZwartkope Hard ump Par
(Magazine seam}
West
F 589 |Zuartkops Hard lump
{Inter seam) Trapsvaal
F 596 |7.0.I, semple #bnormal Chromite | Rustenburg
F 602 {Marico Minerals Run of Mine Faz
West
F 604 [Marico Minerals Belected hard lump)] Transvasl
P 606 jGrasvally C.M. Hard lumpy B Pranavaal
F 651 }{Rbodesian Rhodssian
Chrome Lump ore
P 652 Mines
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TABLE 2
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THE CHEMIOAL ANALYSIS 07 THE cumowrres (Ref-5)

‘Total
Number IE:% % Feo % o0, |4 41,0, | % si0, | % Mo
F 52h 24,38 12,0 bk, 87 13,7 2,55 11,80
F 533 25,08 1,9 45,69 15,1 1,22 13,13
F 539 | 23,16 14,3 39,61 14,2 8,05 | 11,65
F 543 24,51 15,8 45,50 13,0 2,40 11,38
F 582 | 23,70 | 18,1 41,55 14,6 5,82 | 11,36
¥ 584 25,16 17,1 45,06 14,2 2,21 10,65
F 388 24,84 13,0 43, bk 4,3 4,07 11,04
¥ 589 20,42 11,8 50,24 11,6 3,23 | 12,50
¥ 596 52,09 ;1 24,4 15,24 6,2 2,92 3,43
F 602 | 20,35 7,1 46,81 15,8 3,15 "] 11,97
F 604 20,15 6,9 46,22 8,8 3,77 11,82
F 606 14,35 6,2 42,61 13,8 10,353 11,55
F 651 | 11,20 3.7 50,62 12,0 4,68 | 17,05
F 652 13,97 8,3 48,76 R 3,28 17,64

Less than ,005% $ad was found to be present in the

chromite ores.
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TABLE 3 {continued}
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Figure ) was received from D. Kotzd of the Mineralogy
Division at N.I,M. through private communicatiom. It
has helped provide a great deal of discussibdlidy
relabing to the thermal behaviour of the chromites,
which is dsalt with im a later sectiom, Possible
inaccuracies in this table cam be attributed to the
difficulty in separating the chromite from the gangué
and the fact that the bulk sample might mot be truly
Tepresentative of the ore in a particuler locality.
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1.1 METHODS OF INVESTIGATION
The following are the methods of investigation that were
considered when choosing which would be the most suitable
for studying the thermal behaviour of the chromites and
their associated fluxes under bath oxidAzing mnd reducing
conditions:-
1. Thermogravimetric analysis (Thermogravimetry TG)
2. Differential Thermal analysis DTA
3. High temperature X-ray diffractometry
4. The Leitz Hot stage microscope
5. Room temperature X-ray diffractometry
6. Optical microscopy, using thin sections and slides
7. DBlectren microprobe studies of samples guenched out
from elevated temperatures

1. Thermogravimetric data can prove very userul in
following the course of reactions which involve

weight changes. A Stanton Thermal Balance was

available for immediate use ln the department and
this allowed preliminary tests to bs carried out.
This showed that a couple of the chromites, which

were used for these preliminary tests, gained weight
on being heated in an oxidizing environment.

Modification could furthermore be made to the thermal

i
¢
i
!

balance to allow gas atmosphere control which could
be extremely useful for studying chromites under
conditions other than those of atmospheric conditioms.
1t was considered that thermogravimetry could, vexry
likely, provide many of the answers which were being
sought in connection with the chromites.

It was hoped that the chosen chromites could be
charscterised by their behaviour in a differential
tnermal analyser. By adding the fluxes to the
chromite in suitably chosen.proportions it was alsa
hoped to study the fusion process by the method of
DTA. A correlation between these reactions and those
noted weing TG could be made in order to compare which
reactions invelved weight changes and which reactions

involved only a free energy change.
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3. The technigue of high temperature X-ray diffru.tion
" analysia is a velatively mew and also scmewhat un-
3 proven tool in this field of research. Up to date
2 only limited success has been achieved using this
method. The rTole played by this form of X-ray
analysis can be of great assistance if the reactions
being studied ara veversible, since the high
temperature phases would be lost on quenching
samples from these temperatures, rendering room
temperature X-rvay diffractometry vnsuitable. Most
g of the remctions invelved in the syatems to be

t

considered in this project are, howsver, non-
reversible, making the use of high temperature X-vay
diffractometry unnecessary.

The Leitz hot stage microsceps can be very easily

: assembled to examine the melting processes opbically
i as they occur. Xt is also possible to take

I photographs as the reactions take place. The use

; of this type of visual equipment depends very much
on the degree to which the reactions taking plage
are capable of bsing followed using the maked sye.
it was considered, after consulting the literaturs
on this eguipment, that all that the investigator
would see was a melting process, It would be very
difficult to spot reduction taking place gince the

b metal and chromite look similar unless the surface
is polished. The overall deciding factor, which
resulted in abandoming ideas of using this hot stage
wicroscope, was the fact that the anawers would only
be qualitative rather than quantitative. Techniques
like TG and DTA lend themselves much more to obtaining

guantitative answers.

5. A1l three of these techniques, namely X-ray

8. diffraction, optical microscopy and the electron

7t ricroprobe are merely support methods of investigation
in this project. Exteansive use was made of the
fipst twp technigues te study the chromites both
pefore s.d after thay had been subjected to the bteats
on the TG and DTA apparatus.




1.5 LITERATURE SURVEY
The literature survey iz subdivided into two main sectioms :
the first dealing with the reduction behaviour and fiuxing
rea~tions and the second with the behaviour of chromite
under oxidising conditions.

1.5.1. Xhe reduction behaviour of chromite ore im the
smelting of high carbon ferrochromium
The manufacture of high carbon ferrochromium
necessitates a careful selection of the chromite

are since the technology and economics of the
process largely depend on this choice. The
i reduction of the chromite takes place by the
I conversion and decompesition of the chromite
spinel and the slag-forming oxides which can
occur in both the chromite spinel and the
gangus. (ReT+ The major consideration in
the smelting of various grades of high-carbon
ferrochromium is to obtain an slloy with the
required carbon and silicon coptent. A

chromium content of from 66 to 70 per cent has
been found most suitable by steel makexs. (Ref-7)

There has been more recently, unwever, a

tendency to develop a sultable process for steel-
making where only 58 per cent Or is required in
the bigh-carbon ferrochromium. This possibility
has i the imp of the T 1

chromites with their relatively low Cr/Fe ravio.

The silicon and carbon content of the alloy depends
on the guantity and quality of the lump chromits
ore as charged to the furnace and on the amount of
reductant added, The choice of a suitable ore is
complicated by the variation of chemical,

and particle size compositions, and

mineralogical,
(Rer.8)} In

by the nature of the cementlug rock
+the paper by Kn. K. ¥adarmetov, the suthor compares
results of smelting tests carried out on variocas
Russian ohrowite ores to produce different grades
The auther wakes

of high-carbon ferTcohromium.
referency to two specific grades of chromite,

namely: Chr 4 (4-6, 5 per cent carbon) and Chr 6

] (6, §-8 per cent carbom).




TABLE &

Ore Number

1 2 3 4 5 6
Basic ore
type 1ump lwnp | powder | lump |powder | lump
Charge compo-
rdtion
(ke)
furomite Ore | 500 1000 1000 1000 | 1000 1005
Quartzite o~ 30 - - 30- 4o 20~ 60f 20- 30}
Coke Breeze | 110-125 | 230-2U0) 220-250] 190-200 | 230-250] 230-250)
Texture of .
Lump Ore dense | medium | medium | dense |medium | denss
Structurs of |
gre {Grain) | coarse fine fine |coarse fine |cosrse
Golour of ore black grey grey | grey red red
Cementing
Rock lsilicoous] siliceons| siliceous|siliceous) ferruginousf
Composition
of The Ore
0r,0, 50-54 48-52 1 50-52 | 30-54 | 49-30 | 50-52
% 810, 4.6 6-B bh-8 5.7 4.8 47
Composition
of The Slag
% 810, 20-27 23-31 - 28-34 | 27-35 | 31-35
% ¥go 55-39 3043 - 2438 - -
% AL, 25-28 20-27 - 22-27 - -
Compasition
of the Alloy
% 3,9-6,8 |6,3-8,3 - 5,7-6,8 |5,5-7,5]5,9-7,1
si0,8-1,¢ [0,4-0,9 - 0,5-0,8 10,7~1,40,6~1, 1]
cr | 70-76 70-76 - 68.71 &7-71 | 70-73
Yield of
2
rade gHR 4 83 17 1,2 70 5,0 85
CHR 6 17 83 98,8 30 95,0 15
% or
Recovery 93 91,7 - - 85,7 | 928
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Table 4 shows the varying neturas of the six
different chromite orez. The author established
that the Chr 4 grads could be produced from "luiap
and friable compact" and "dense coarse-orystallina®
chromites as shown in groups 1, 4 and 6. He alse
showed that Chr 6 grade could be produced from

the friable lump and powder ores. The Teasons
for these limitations of the chromite ores are
discussed below.

The Chr 4 can be produced from lump ore because
1% has a high content of coarse chromite spinel
grains (2 mm in dismeter). The ccmenting binder
ocours as fine veinlets. These ores have a low
reducibility and their refractoriness means that
thess ores ars capable of reacting in the furnace
bath and forming a solid layer which favours the
refining of the carbon from the alloy.

The quality of the chromite depends on the
chromium oxide and silica contemt. Ores
containing 61 - 63% Cr,05 and very little silica
are of a compact nature but as the degree of
cementation increases, so the % Cr, 04 decreases
and the % Si0, inoreases. The most common binder
found in the Russian chromites is serpentine and
various altered forms of this mineral. Thus the
total serpentine comtenmt, and therefore the
silica content, determines the quality of a
perticular chromite.

According 1o Kadarmetov(T®F*8), tne reuction
process for powder ove begims at 1150°0 to 1200°¢
and terminates at 1400°C to 1500°C. The
incipient reduction of the GT,0, and Fe0 precedes
siagging, but as the temperature increases, so
the two reactions Tun concurrently and more
intensively. Kadarmetov found that the reduction
rate of lump ore is slower than that of powdesred

ore.
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The tests carried out by Kadarmetov showed that
the initiation of reduction and alagging and the
progress of these roactions depended on the
temparature and time of hoating, texture and
structure of the ore, comcentration of Cr,0

and Fe, and Fe0, as weil as the nature of the

203
osmenting substence. The reduction of the iron
oxides and the slagging reactions were shown to
oceur simultaneously and to initiate at the
surface of the chromite and, to varying degrees,
within the chromite $iself, Chromites with s
ferruginous binder reduce mors readily than ores
with a silicecus binder.

The beginning of intonsive reduction was shown
to coincide with intens ‘e slagging. Theme
reactians oceurred at different temparatures for
aifferent ores. Thus lump chromite with

40 - 50% Cr,04 and an open structure reduced and
fluxed completely at 1450°C to 1330°C, while
chromite with 58 - 62% cx‘zu3 and a compact structure
formed & fluid sleg only at temperaturds as high

as 1850°C to 1950°C.

For suitable reduction and slagging of these ores
at lower temperatures, guartz flux should be used.
The efficiency of metal oxide reduction is greatly
improved by the formation of the liquid phases

of the metal and slag. A continuous flow of the
liquid phases exposes the surface of the lumps

%o veduction and further fluxing. When the
fluxes added come into contact with the surface
of the chromite, they facilitate better fluxing
by forming more fluxible and lower viscosity
phases. In the lower grade ores these reactions
take place without fluxes to a greater extont than
in chromites which ave high grade. This is due
to the small amounts of gangue in high grade

ores which make them non-self fluxing.
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5.8, Lisniak and N.F. Evseev %9 have carriea
out. research into the effect of various factors
on the reduclbility of different Russeian chromite
ores. ~fThe chemical analysis of these ores

is shown ium Table 5 and should be compared with
the Transvaal chromites and the two Rhodesian
ores, Testas wers carried out in e carbon
resistance fuynace and CO atmosphere protection.
Chrowite ore 300, which was a purifiad ove, was
used to establish the offect of temperature,
reductant bype and particle siwé. The remainder
of the ores shown in Table 5 were used in.a
similar manner to ore J00 in order to determine
the reduction behaviour at 1250°C after 3 houpd.
Kinetic curves for the reduction of ore 300 wWith
graphite and charcoal at various temperaturés ane
presented in the paper by §.8. Lisniak and N.F.
Evseev together with other such curves far the
remaining chromites.
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TABLE

CHEMICAL COMPOSITION OF AKTTOBINSX CHROMITES
Tt St R I ON OF_AKTIOBINSK CHROMITES

ore cr:ll y Fe’:oj 5 M§0 m.’:o3 s:lgz P T
4 300 60,1 | 15,7 - 13,4 9,0 0,8 | 0,6 }io0;1
: 303 57,5 [ 14,9 - 14,0 { 10,0 1,2 | trace.| 99,7
302 60,1 | 14;8. - 13,5 | 10,5 1,6 | trage |100,7
315 53,6 | 21,7 | o,8 1,4 8,5 1,51 2,0 |100,4
508 52,8 4,8 6,7 20,1 7,8 5,8 | trece |100,5
310 | 20,5 8,9 0,8 18,9 3,5 21,5 9,5 95,5
son | s | 137 | o 6| 8 | 4,9 | tvace | 98,5
309 30,81 55| 3,6 81| 3,5 | 47,5 | trace | 99,97
s | 7| we | 70 | a8l 63| aea| a1 ] ee7
312 b4,8 10,9 12,7 12,3 10,5 5,2 trace 96,8
33 59,8 5,9 7.8 13,0 | 10,8 1,6 | trace | 98,9
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“The findings of these two scientists are discusseéd
belowi~

Reduction was found to start at 1050°C and resched
10% within 40 minutes at this level. It virtually
ceased at this point. At 1100°C and 1150°C, the
same reduction value was reached within 5 - 10
minutes. At this point the reaction raute was
observed to increass. At 1150°C the reduction
ceased at 50% reduction after 160 mimutes, while
at the 1350°C level the rats of reduction was
still more rapid. The tests showed that en
increase in reduction rate occurred with decrease
in particle size.

4n important result was obtained. This is that
despite their different chemioal tompositions the
chromites from OBIENDINENNI had similar reducibility
values. The reduction rate aiffered however in
terms of time, although after a long emough time
interval more or less the same degree of reduction
resulted.

The reducibility of chromites 304 and 309 was
found to be much higher-than that for the other
samples from the AKTIUBINSK deposit. A compre-
hensive study of chromite 300 revealed the
following datas-

The latbtice comstant of the spinel phase = 8,25 &
% Gangue 2%
fhe iron was present in the Fe'*' fomm only.

The spinel formula was showa %o be close to
Mgo.s (Fe, ©r, Al)2 03’5
The ferrochrome spinel is incomplete since there
are points in the lattice which ehould be
occupied by divalent Fe'* dons which are im fact
vacant. It would appear that during reduction
the Fe**? is initially reduced to Fo'* and these
divalent icns £ill the vacant sites in the non-
stoichiometric lattice of the original spinel.
This resnlis in a complete lattice.
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The new spinel has the following formulat-

{Mg, o) (Fe, Gr, A1) 0, and is called
ferrochromepicotite.

On further reduction the remainder of the Fe**®
is reduced to Fe'' which is subsequently roduced
to metallic iron. The remaining phase has this
formula:-

(Mg,Fe) (Cr, A1), 0, and is known as
ohromepicotite.

At higher temperstures the simultaneous reduetion
of Fe*** and Fe** to metallic iron and the

Cry04 to Cr,C, or some other chromium carbide
take place. The formation of the Mg {Czy Al), Oy
{chromespinel) results from this simultaneous
reduction.

The final degree of reduction takes place at
temperatures above 1250°C only, when the chrome
spinel is reduced to form chromium carbide and
Mg 41,0, {alumomagnesium spinel).

Thus the whole reduction process can be
summarised as shown in Table 6.
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THE "VARTOUS STAGES OF REDUCTION OF CHROMITE ORE 300

Temp., Stage of Reduction Reaction Products
Reductson!
Complete filling of the {Mg,Fe) (Fe,Cr,A2) .0,
10500 [vacant divalent sites 57 2
in the spinel lattice ’ ferrochromepicotite
Fo>* —p Fo*
Reduotion of she
remaining Fe'¥ . Th (Mg, Fe)(Cr,41),0,
1100% [BeT® tieg v with Mgt 10,0 ! et
is not reduced at this chrome picotite
temperature . +Fe metsl
Simulpgneous reguction (Mg, Pe) (Cx,AL) , Oy
1150% [of Fe "7 end Cx7T as 50,0 |reduced to give
well as the Fe @ e (OrAL) 00 (
associated with Mg € 2%
+ Fe metal {chrome-
spinel)
+ ¢r Carbide
Reduction to completion japproach-|Mg Al,0, {alumomagne~
o, |put slowly ing sium spinel)
1z50%c 100 + Mg0
+ Fo metal#
+ Cr carbide
1350°¢ |Rapid rate of reduct<on | 100 same as above

% The Fe metal can completely dissclve in the

Cr carbide so it is impossible to tell whether
the metallic iron or iron carbide is the reduction

product at the temperature level of 1250°¢.




Lisniak and Bvseev mention that the most prevalemt
point of visw concerning the reduction of metal
oxides is that gaseous phase reduction occurs.
€0 gas is suggested simce its regeneration is
Tapid at elevated temperatures. They noted
that, with decreasing size of graphite, the
renction rate increased, presumably due to
better solid-solid comtact. They considered
that reduction was quicker in cases where the
chromite ore veduces to chromepicotite with an
abundance of metallic irom. This is substantiated
by the fact that ores 304 snd 309 have 3 - §
times more metallic iron {based on calculation
from the analysis) than the other ores. These
are the ores showing most rapid reductisa.
Metallic iron apparently must catalyse the
reduction of chromium to chromium carbide. The
activity of the chromium would be lower im a
mixed carbide of Fe and Cr). Lisniak and
Bvseev called this the explanation of the
superior reducibility of samples 304 and 309.
They did, however, feel: that this factor alone
was insufficient and recommended that close
attentlon should be paid to the gangue. It

15 this observation that resulted in the
necessity for the complete analysis of the
gangue and chrowite spinel in the Transvaal and
Rhodesian chromite ores. (See Tablas).

In a paper by 5.5. Lisnyak, A.N. Belikov.and
. Morosov BT 10) | ine xinetics ana
mechanism of chromite reduction are discussed at
length. The imporiant aspects they noted are

as followsi~

The work of S.5. Lisnyak and N.F. BvsoayReE:9)

was confirmed in that in the initial stages of
reduction of incomplete (d.e. non-stolchiemetsric)
chromite spinels, the reduction of Fe'™* to Fe*t
takes place. The Fe'™ ions fill up available

vacancies in a chrome spinel that is incomplete.
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At temperatures from 1050°C to 1200°C, iren
@nd chromium oxides in the spinel are Teduced.
The Rzo,’/,w ratio in the spinel approaches 1, and
only when the iren oxide is totally reduced,

daes the chromium oxide- start to reduce, At
nigher temperatures simultaneous reduction of
iron and chromium oxides takes place.

Geld and EsintReF 1) Loine out, in their paper
entitled "Kinetics of Reduction of Chromium
Oxide and Trcn Chromite", that in spite of the
great technological importance of the process

of reduction of Cr,0, and chromite, their
kinetics have been little studied. Prior to
this time ~nly Baukloh, Heakel Ref.12) o4
Kaseev(F¥ 33 nad carried ous research into
this sutject of Cr,0; reduction by hydrogen. 4a
examination by Kaseev of data for reduction rates
of Cr 0, Led o the following smpirical sguation:i-

0_000
Log & =£...—575T + b ..

where A = par cent reduction

b = coefficient
T = absolute temperature

Plots of this equation from data abtaimed by
Xinetic analysis were found to be both straight
and parallel limes, indicating the absence of a
relationship between activation enmergy and the
degres of reduction, This result is similar to
that for the Teduction of irop oxide. Geld and
Esin were able to put forward the following
hypothesis bassd on the above data:-

The velocities of both the reduction of Or 04 and
Feo by hydrogen are guverned by a similar slow
stage, namely that of crystallochemical trans-
farmations, This hypothesis is borme out by
the Fact that b, the coefficisnt in squation {1,
changes with t accerding to the following

equationi-



v =

4= 2.3

i
I
i

1og (177 x 107 - b,573 x 10762 + 0,406 x 10°¢3)...(2)

This equation is very much like the expression for

a topochemical reaction in which reaction takes

place over the whole surface.

on

combining equations (1} and (2) the following

expression is obtaired:-

000
T399% x (177 = 10% - 4,575 = 1072 4 0,406 » 05T

e (3)

The research work carried out by Geld and Bsin

yielded several interesting facts about chromite

ore and Crpdy. A summary of their findings is
dealt with below.

1.

The anthors found that reduction of pure
Cx‘zof( with carbon initiates at .!.120°C to
1130°C, as compared with Greenwood's result
of 1185°¢,

They showed that carbon reduced 02‘203 much
more rapidly than hydrogen does.

These two scientists inferred that reduction
of Cry0, by pure CO would be extremely slow.

The reduction rate of Aktyubinsk chromite ore
by carbon was found to be substantially slower
than that for pure Grp0, under identical
conditions. This was explained by the fact
that the Cr,0, is mot oniy coubined with iren
oxide but also with Mg0 and A1,0,. Thus not
11 of the Cry0, is in the free state and
during the raduction of FeO part of the Cr,0,
remei..s tied up as magnesium chromite. This
theory agrees with the postulations and
results obtained by Lysniak and Bseev.

Some chromites have more dense orystalline
structures than others, depending on the

inert compoments, namely Al,04 and Mg0. This
degroe of compactness is a factor which

rasults in /...
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results in the slowing down of the diffusion
rate of the reacting substances in cases where
the structure is dense.

6. The suthors found that direct proportionality
between the macrosurface of the reactants and
the rate of reaction does not exist in the
case of chromite reduction with carbon.  They
found that the reduction rate was, as 2 first
approximation, inversely propertiovnal to the
square root of the diameter of the particles.
This statement indicates that the authors
attempted to fit a kinetic equation to their '
date but they never in fact obtained a really
suitable exprasaion.

7. Reduction rate was shown to depend on both the
chromite ore and carben particle size - the
chromite particle size having the more

pronounced effect.

8, The addition of an alkali salt (potassium
carbonate) to the chromite ore sample resulted
in an acceleration of the reduction process.
The authors explained this phenomenon by
drawing a parallel with the caleining of
dolomite. The salt facilitates the surface
migration of metallic ions thareby lawaring
the energy required for this stage of the
reaction.

9. Finally the authors put forward a very
important idea. If the reduction rate of a
particular chronite ore were Lo be increased,
the Cr,0, sontent of the resultant slag would
pe reduced and in turn the viscosity would be

lower.
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1.5.2, The Behaviour of the Chrome-Spinel on Heating

at Atmospheric Conditions

It appears that it was as relatively recently as
1939 that it was noticed by Russian investigators
that the Fe0 in the chromite spinel oxidises
easily, though not completvely to Fe,0.. The
investigators Kariakin and Piatikop (Rer. 1)
mention several relevant findings concerned
wite this oxidation reaction. They identified
both maematite and magnetite in their Rudsian
Kempirsai ores which had been heated to 1400°K
to 1700°K.

(Ref 14} yamined under

Kariakin and Piatikop
the microscope mixtures of chromite and 3-203
(5% and 10% additioms). On heating to 1400°K

to 1700°K, the following was observeds-

1. Duving heating, all the Fe 04 penstratod
the chromite spinel structure in the form
of a solid solution.

2. During slow cooling, excess iron oxide
separated out partly from the chromite
to form haematite needles.

3. On quenching after heating, above 1700°K,
no precipitation of haematite took place.

Goneharov and Prokoréva(RoT15) dacided to
undertake investigations into the behaviour

of the heated chromite spinels in view of
certain discrepancies which had been moted in
prior research in this field. They mention the
reaction in which Faaoa changes to FB:}O“ in air
at atmospheric pressure. This transiticn point
is at 1385°K (1112°¢). The results obtaimed
in this work are further discussed in the
section dealing with the behaviour of the
chromites under atmospheric conditions.
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IHE THERMAL BEHAVIOUR OF CHROMITES UNDER ATMOSPHE!
CONDITIONS RIS

INTRODUCTION
The aim of this first phase of the project on incipient
fusion studies of chromite was to charactarise the

fourteen chosen chromite ores by comparing their thermo-

gravimetric behaviour with their mineraloglcal composition.
The thermal balance, it was hoped, could be used to
establish the nature of the chromites, both with respect
to the gangue minerals present and to the nature of the
ohromite spinel itself.

EXPERIMENTAL METHODS

2,2.1.

The Thermal Balance and vimetry

The first recorded step towards thermal balances
was a quartz torsion microbalance which wa.
constructed by Nernst in 1902, Since Nerst's

experiments, several eminent research scientists
have developed and improved on the simple apparatus
used by sclentists such as Brill (1905) and Honda
(1915). The apparatus that Honda constructed was
the first to be able to record weight chenges
continuously.

Thermogravimetry (TG) can be defined as a
technique whereby the weight of a substance is
recorded continuously as a function of time or
temperature in an environment beated or cooled

at a controlled rate, or soaked. Thermogravimatry
1s thus the field of investigation which is studied
on = thermal balance. The heating, cooling or
soaking of the furnace section of the thermal
balance can be pregremmed through a chosen

temporature or time interval.

Some of the typical reactions which can be followed
by their weight change charactoristics includet
oxidation, reduction, dehydration, drying,
decomposition and volatilization, The oxidation
and dehydration type resctions are of most
intersst in this section on the behaviour of

chromites in /...
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chromites in atmospheric conditions, whereas in the
following seotioms, the reduction reaction will be
of most imterest.

2.2.1.1. The Thermal Balance

There are numerous devices whereby continuous
weighings of a sample are recorded while the
sample is being heated, cooled or soaked. The
primery considerations in choosing the type of
thermal balance required are the size of sample
to be investigated and the overall amount of
weight change likely to be inmcurred, Thermal
balances vary from microbalances, in which
changes of weight are measured in milligrams, to

large thermal balances taking several kilograms
of sample. The particular thermal balance used
for this investigation was a STANTON THERMAL
BALANCE which can be classed as a microbalance.

The specifications of this particular balance
are dealt with below.

The essential components of which a modern

thermal balance is comprised are as followsi-

1. The balance section itaelf.
2. The furnsce and its control section.
! 3. A reaction chamber.
b i, A two-pen recorder, recording weight and

temperature simultunsously.

There are basically two classes of thermal
balance, namely beam-balances and balances ather
than beam-balances. The Stanton Thermal
Balance is of the former kind, These various
balances employ several techniques of weight
reading and recarding. Iacluded in these
balance types are the Null-Balance, the Force-
Restored Balance, the Psusdo-Null Balance,

the Displacement-Measurement Balance and
Miscelianeous Beam Balances as memntioned by
Garn(asr‘zs).
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2,2.1.2,

2.2.1.3.
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In tho Non-Beam Systems diract suspemsion of the
sample can be used instead of a beam, e.g, a
spring or a magnetic form of suspension. The
mechanism of the Stanton Thermal Balance is
discussed below.

The_Stanton Thermal Balance

Phis instrument falls into the beam balance
category, Movement of the beam is transmibted
by means of a capacity following device, Thia
allows the deflection of the balance beam to be

followed without any mechanical contact between
the beam section of the apparatus and the
recording section. In this manner a relatively
simple capacitance circuit can be used to measure
the equilibrium point of the balance beam,

This is an alternative method to the frequently
used method whereby a L,V.D.T. {linear vardable
differential tranaformer) is used as an unbalance
detector. The capacity following device on

the Stanton balance is connected via a servo-
motor directly to the weight recording pen of

the two pen recorder. The temperature measuring
eection of the thermsl balance was mersly used as
& guide, The actual temperature was accurabely
memsured using a potemtiometer.

Conclusion on Thermal Balances and imetxy

The desoription of a thermal balance has been
dealt with and also the type of thermal balance
which has been used for this project. It is
important, however, to mention some valuable
considerations put forward by Lukeazevseki and
Redfern (1961)(“"'17) as to what they oconsider
quaiities of 8 good thermal balance should bet-

a) The thermal balance should be capable of
continuously registering the weight and
temperature on sn X, - X, recerder.




"S -3k

b} The furnace should be capable of reaching the
maximun temperaturs required to study a
partionlar ssmple,

©) The heating and cooling rates should be uniform
and, even wore important, they should be
reproducible.

d) The furnace should be able to attain and

maintain a chosen isothermal temperature
H and should scak for considerable times at
| this temperature without varying by more
: than a few degrees centigrade.

o) The uwniform temperature zonme of the furnace
should be as long as passible and the
crucible and thermocouple should be looated
within this zone and within close proximity
to each other.,

£) The functioning of the balance should not be
impaired by factors such as radiation,
comvection, induation or magnetic effects,
nor by buoyance effects caused by upward
i gas flow.

g) There should be no interaction between the
sample and the crucible or betwsen the
gas atmospnere and the crucible.  The
components of the thermal balance which are
expased to high temperatures or corrosive
gases should also be protected or made of
suitable materials which can withstand these
destructive oonditions.

n) The sensitivity of the balance should be chesen
according to the expected welght change and
to the size of sample to be tested.  Thus
microbalances must be much more sensitive
than large thermal balances in which several

kilograms are placed.

ISl G




2.2.2. The Therma) Balance Runs with Chromite Under
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in most of these respects the Stanton Thermal
Balance was found %o be very satisfactory as
far as micrgbailances are concerned. The only
features of the balance which were mot
satisfactery were the non-linearity of its

heating rate and the i y of the
scale. Both these drawbacks were suitably
overcome and good results were achieved. The

temperature was measured using a patentiometer
and the heating rate was found to play only a
small role over relatively limited temperature
ranges. Purthermcre, many runs were carried
out at isothermal tempersture levels so that
heating vate was not involved,

Atmospherip Conditions
Bach of the fourteen chromite ores was crushed

to -325 The description of this sample
preparation is discussed belew.

In preparing the chromite samples for use on the
thermal bajance several factors has to be
considered, The lumps of chromite ore, as
received, ranged in size from appricimately 3 om
up to 30 cm across. This size —ange was obviously
too large for the microbalance ud furthermore the
reaction kinetics of such large lumps would be
difficult %o study. Finer fractions wers there-
fore prepatred. The size gredes choser for these
tests under atmospheric conditions was chasen as
95 per cent -325%.

A laborious but necessary procedure was used in
the step-wise crushing down of the chromite lumps.
The reason for the numerous stages of crushing

was o produce the minimum. smount of fines possible.
Tt wes also important to aveid introducing physical
gistortion of the sample sither by imtroducing
ctresaes of @ severs nature during cyushing, or ¥y

causing the sample to heat up considerably while

it was being /...
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it was being orushed. These sources of diatortion
were minimised by using an agate grinder for the
final stage of grinding.

The reason for this choice of particle size has
been explained tc some extent, but the most
important reason was tr obviate, at this stage of
the project mnyway, any surface effects and, bence,
to make the only variable the actual difference in
chromite ore types. The literature on this
subject of particle fineness indicates that this
mesh size will suffice in this respect. A second
reason for this choice of fine particle size is
that faster rates of reaction can be sxpected due
to the greater surface area exposed, in this ocase,
to oxidation. This approach would tend to high-
1ight reactions, making them easier to spot. The
reasons for this choice of particle size apply to
the reducing conditions as well.

Consistent sample weights of 3,5000 grams were
placed in a squat platinum dish-shaped crucible.
Each sample was placed on the support rod of the
balance and counter-balanced by placing weights

on the counter-balance pan, The furnace was
carefully lowered over the support rod on which
the crucible containing the chromite ssmple was
balanced (aveiding disturbance of the sample) .

The furnace was switched on and each of the fourteen
shromjtes was heated from ruoum temperature up to
1500°¢.  The runs were carried out in duplicate
on the thermal balance in the Department of
Metallurgy at the University of the Witwatersrand
and also on the Stanton Massflow thermal balance
at the Industrial Distributors Research Centre on
Grown Mines. Use of this alternative thermal
balance was made to check the reproducibility of
the rosults from one piece of equipment to another.
The heating rates of the two thermal balsnces were
gimilar and thus a favourable comparison of

answers could be made.
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4 fiat crucible was chosen so that the bed of fine
chromite could be fully exposed to the atmospheric
conditions within the open furnace. A test run
using a sawple of calcium oxylate hydrate

((coo)2 ca.x-xzo) was carried out to check both the
reproducibility snd the accuracy of the temperature

measurementa. A standard result for this
substance was provided in the manual on the Sianton
thermal balance. This test also helped to oheck

that the weight change readings were aceurate. The
results of all these tests are given and discussed
below,

2.3 RESULIS
As each run was carried out, both the temperature and the
weight reading were Tecorded on the X; - X, two pen chart
recorder. All the results were read off these charts and
either tabulated or recalculated in order to allow

representative thermogravimetric curves to be drawa. Use
of a technigue which yields the first derivative of the
thermogravimetric curve with respect to either time or
temperature can he made. Temperature intervals were
chosen to calculate the DTG curve in this case.

The temperature was read from the TG curve at fifty degres
intervals. The temperature was calibrated using a
potentiometer which was connected to the thermocouple
placed next to the sample. The thermocouple was a
P4/Pt-10% Rh type. The range over which the temperatures
were read was from J00°C up to 1500°C.  Correspending

. to each temperaturs point chosen, a weight reading was
taken. The weight was recorded in milligrams. An
important consideration concerning these readings taken
from these graphs is the accuracy to which they could be
read. The precision and mccuracy are both discussed im

the appendix.

In this manner the temperature in °C and the corresponding
weight reading in mg were recorded and read off from the
TG curve. These results had now fo ‘be processed imto

o suitable form for graphical representation. Thia was
done in the followlng ways-
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Firstly the cumulative weight change was caloulated.from

the sums of the aifferences between gotual weight readinga.
Secondly the cumulative pexcent weight change based on

the original 3,5000 grams of chromite ore was caloulated :
The cumilative percent weight change and tempevaturs

have been used to plot the lower graph in each case for 3
the fourteen chromite oras. These are shoun in Pigures :
2 to 15. In order to plot the DTG graph, the weight

- inerements had to be calculated as a percentsge. Then
2 by dividing the percentage weight increment A¥ by the
temperature increment AT, the rate of waight percent i

change with temperature was obtsimed, It is from these i
values that the graphs of H/A’I‘ versus the temperature
have been plotted. Theae are represented as the uppex

graphs in Figures 2 to 15.
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DISCUSSION OF TG_RESULTS
The amounts of weight gained or lost by the various
chromite ore samples can be tied up completely with
the mineralogical nature of the chromite ore and
morevver of the gangue in particular. Twe
comprebensive mineralogical reports covering South
African chromites have baen prepared by the
Mineralogy Division of the Nobtional Imstitute for
Hetailurgy( T+ These results have been extremely
neipful in characterising on the therm 1 balance
sach of the fourteen chromites with respect to ibs
minsralogical naeture.

Bassd on *he data available, the fourteen selected
chromites have been classed into four distinct
groups:-

Group it Chromites which gain up %o 2% weight and
underge no initial weight loss.

Group 2: Chromites which gain up to 1% weight and
undergo no initisl weight loss.

Group 3: The abnormal chromite which gains over 3%
by weight and shows no initial weight loss.
Group h: Chromites which have ax initial nverall
weight loss at tempsratures ranging from
room temperature up to 1000°C.
.
A feature to be noted abowt all the chromite ores
s that they showed a reversible weight loss reaction
avpove 1200°C,  The theory behind this reaction is

dgiscussed in a later sectionm.

Ihe rea: na for the behaviour of these chromite

ores and for their subsequent classification into

these four groups can bost be explained with the aid

of the tebles on the chromite ores given in the
introduction. The abnosmal chromite ore F396

18 mot shown in these tables sinse it was not imvesti-
gated Ly the mineralogy divisson. It will, ¥hus, ve
aiscussed separacely simce it is not actuelly a chromite
ore but a magnetite rich in chromian sesqui oxide and
ilmenite.

o e T
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The overall controlling factor in the mamer in which
the various chromites behave can be atiribrted

e

predominantly to the nature of the gangue mimerals
presemt in Telation to the chromite spinel itself,
Thus a high gangue/spinel ratio could indicate an
overall weight loss if hydrated minerals, such as
serpentines, chiorites and talecs, as well as

it
:
i
<
i

wicaceous minerals, are present. This weight
loss is caused by the chemical water of nydration
being driven off from the various gangue minerals
in the temperature range 400°C up to 1000°C,
Gonourrently with this weight loss, however, 1t is
noted that the spinel itself undergoes a gaim in
weight due to oxidation of the spinel.

These findings were 211 confirmed by carrying out
tests on the thermal balance on separated fractions

of gangue and chromite spinel.

The chromites which fall imte the four groups are
thus: -

Group 1: F524, F533, F539, F543, F582, F584, r588, 7589
Group 2: F602, F60L
Group 3: F596

Group 4 F606, F65L, F652

Tme reasoms for each of the chromites falling imte one
of these groups can be explained as follawsi-

Group I chromites have relatively small amounts of
hydrated minerals as can be seen in Table J. Hence
they show no overall weight loss in the temperature
range 400°C up to 1000°C.  They show, in fact, a
weight gain due to the predominance of the oxidation

reactiaon,

Group 2 chrowites have & reasonably large content of
hydrated minevals. Hence they show a relatively

smaller welght gain than the chromites in Group 1.
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The abnormal chromite ore of Group 3 behaves in a
somewhat different manner from the above two groups.
This behaviour of ¥596 bties in with the theory of
the weight gain phenomenon of the chramite spimel
in the temperature range 400°C up to 1200°C.  The

abnormal chromite ore undergoes the greatest weight
gain. This vesults from the fact that it contains
the lexgest proportion of FeO as can be seen from
Table 2 of the analyses of the fourteen chromite
ores. The abnormal chromite ore is not really a
tightly bound spimel, since it is in fact moi a

3 chromite, and it can thus undergo oxidation more
readily than the chromite spinel.

Group 4 chromite ores have large amounts of hydrated
gangue minerals and this expir .ns their tendency to
show an initial overall weight loss in the temperature
range 400°C te 1000%C.

The only feature, as was mentioned earlier, that is
common to all the chromite ores is the weight loss
reaction above 1200°C.

2.4.1. The Theory of the Weighl Loss Reactions from
+he Hydrated Gangue Minerals
The chromite ores containing a reasonable
amount of hydrated minerals are F602 and F60L.

The shromite oses comtaining large ameunts of
highly altered minerals are 606, F651 and
F652. Peaks occurring in the range 630°¢ to
650°C, whers no significant amount of carbonete
are present, are indicative of acrpentine.

The behaviour of F602, which also contains
sespentine, though in a lesser amount, is
explaimed by the presence of tale. Chromite
F651, according o the Netionai Institute for
Metallurgy mineralogical repert, contains 8
Large amount of carbonate in the form of
magnesite and dolomite. This explains the
proad peak in the temperd
200%¢.  The peaks shown in the temperature

ture range 600°C o

rangs /+++
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range 410°C to 430°C ana 780°¢ to H00°C in
the graph fer chromite ¥652 are most probably
due to the chlorite minerals prasent. The
small pesks superimposed on the weight gain
parts of several of the TGA graphs are most
probably due to the dehydroxylation of tale
at temperatures around 1000°C.

Information relating to the thermal behaviour
of the gangue minerals assoclated with the
chromites, such as talc, chlorite and
serpentine, is given in R,C. Mackenzie's book
(Rel‘.lB). This

information bears out the suggestion advanced

on differentsal thermal analysis

above relating to dehydration (dehydroxylation)
and evolution of €O,

The Theory of the Weight Gain Reactiom due %o

Spinel Oxi, ation

It was determined in 1939 that, during the
heating of chromite in air and oxygen, the
FeO in the chrome spimel oxidises readily,
though not completely, te Feaoa(lz) as
described in section 1.5.2.

A5 mentiomed sailier, Bariakin amd piatikopReT 1)

identified both haematite and megnetite in the
shromite spinel in Kempirsai chromite oves

that Lad been heated up to 1500°K.

The South African chromites showed a weight gain

o,
starting from temperatures in the rauge 350°c

to 300°C, They reached a peak im weight gain
in the range 1150°C to 1200%C.  This welght

gain was shown by all fourisen chosen chromites
ated frow their gangues,

nromites as well in tha

once they had been Separ
and by tbe wnseparated of
cases where the gangue minerals did not underge

dehydration.
e
I ’«“}’f'
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1t can be concluded that these results for
South African chromites indicate a reaction
similar to those observed by Kariakin and Plati-
wop{ROT 1) 1 their Russien chromites.

In fact X-ray investigations of the heated
chromites confirmed this conclusion by
establishing the presence of free Fezﬁ in
chromites which had been heated and slowly
cooled, since these chromites have more Fe203
in their spinel structure than the Russian
ores. This meant that no Fe,0, needed to be
added to observe similar results to those

observed by the two Russian scientists.

& feature closely associated with this oxidation
weight gain reaction is 2 weight loss reaction
which commences at about 1150°C to 1200°G. This
reaction is due to 3 de-oxidation of the irvn
oxide FeZ(J3 due to its instability.

The partial pressure of oxygen in the envirep~
ment of the spinel exceeds atmospheric pressurs
above this temperature (1150°C to 1200°C) end
hence the Fey0, starts to Jose oxygen.

V.V. Goncharov and B.4. prokorévalReT+15) nave

drawn up a series of reactions to give a general
Sdes of the phase changes ocourring im a chromite

in an oxidizing medium, These reactions aret-

400%¢C 12000¢C 1ia
- oo"; Mg0 Enriched 1400 So
Grrone Spined = cxg:Zomium Spinel solution of
+R,0, phase < Chromium
273 Spinel with
R,0
ple
excess R,0.
with ze-?
spect to
RO.R,0,)
Chrome Spinel
approsching
RO.R,04
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CONCLUSION

Xt is apparent that the gangme minerals in a particular
chromite ars a key factor in determining the shape of
the thermogravimetric curve., The minerals such as
serpentine, chlorite and carbomacesus mimevals ars
the most important in determining the overall shape
of the thermogravimetric curve. - The iron oxide
content can slse Play a roles in deterwining the shape
of the curve as shoun especially by the abnormal
chromite.

The fourteen chromite ores have thus been sucpessfnlly
classified into the four groups end, even if these
groups seem arbitrary, it must be remembered that
generally speaking the chromites would tend %o move
gradually from one group to another depending on theixr
mineralogical composition. It is also gratifying to
observe the complete tie-up between the mimeralagioal
composition of a particular chromite and its behaviour
on the thermal balance.
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3. THE BEHAVIOUR OF CHROMITE UNDER
USTHG POWDEAED CARBON T tioe
Ts AS AR
SSTHG ot EDUCTAYT wITH AN ARGON
3.1 INTRODUCTION

The study of the fourteen chromite ores under atmospheric
conditions hawing been completed, the next logical step
was the study of the fourteen chromites under reducing
conditions. For the first phase of this investigation
the reductant was chosen as solid powdered carbon. In
the submerged arc furnace coke, or another form of
carbon, is charged as a reducing agent. It is theveforas
of great interest to examine in what manmer this carbon
acts upon the chromite to form the mixed carbide of

iron and chromium.

From work carried out in this field by Boericke and

(Ref.20)

Bangert a set of equations for chromite

reduction has been established. The veduction of the
ion oxides in the chromite was their primary. concerm.
Consider the following equetions where the chromite

formula has bean simplified o FeO.Cx‘ZOB:‘

Fe0.Cr,0, + C = Fe o+ Om0y + 00 ... (1)
Fe0.Cr,0, + [l = Pe + Or0, 4 0O ... (2)
Fe0.Cr 04 + Z‘/;u: = Y3reC + Cry0, + co )]
Fe0.0r,0, + O = Fe o+ Or0, + COpenee (%)
Reactions (1) - {3) show the reduction of Fe0.Cr,0,

reaction (4) shows the reduction

(2) and (3) have been evaluated

by solid carbon and
by CO. Reactions (1),
on & thermodynamic besis and are potensially effective
above 1220°K. Reaction (3), however, takes prefexence
over (1) and {2) and the formation of jvon nzrbide
invariably occurs at bemperatures about 12007X.

Although it seems fesamible that reaction (4} might be
just as likely to ocour as reactions (1), (2) and (3),’
this is not the case. This aspect is dealt with in
the section dealing with Q0 redustion behavienx.

SRRV St
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This iron oxide can form elther the esrbide or the metal

th carbon.  The carbide is known to form preferentiaily,

however, from Cr,0;. Consider the two possible

reactions:-
2] o 2
o0y 4 —% = 5§ org, s 300
AGT = 182,980 - 130,52 T cal/mole
and
0’203 + 3C = 2Cr + 300

{ £Gq = 195,510 - 129,17 T cal/mole

For thermodynamic considerations by putting &% = o
it can be seen that the carbide will form at a lowes
temperature than the metal. Its formation is therefore
more favourable. (See Figure 5 in the final Chapter).
The rates at which these reactions take place during the
reduction of chromite ores and the kinetics and
mechanism at various temperatures have not been
investigated for the Transvaal chromites, It is this
lack of fundamental knowledge that prompted this phase
of the project.

The thermal balamce was omce maye chosen as the most
suitable apparatus for studying reaction rates with time
and temperature as the variables. The thermal balance
had firstly to be modified for gas atmosphers control.
This was achieved using the Stanton gas attachment kit

for upward gas Flow.

Dne of the many reasons for deciding upon thermo-
grovimetry was based upon the literature and especially
on a paper on the "Kinetics and Mechanism of Ilmenite
Reduction with Graphite“(“e"“) . & parallel was

tha approach used to study the reduction
In this
by using

drawn between
behaviour of ilmenite and +the chromite ores.
paper on Ilmenite veduction it is shown how,
the theymal balance as the main instrument of researah
a great deal of information about the kinetics and
reduction mechanism can be found, - Thus virtually the
whole of this atudv 18 based on the thermogravimetric
graphs and da.a obsained from the various chromites

under veducing /...

- 1 TR



under reducing conditions, using an $nert argon atmosphere
for protection of the sample from oxidation.

3.2 EQUIPMENT

3.3

3.2.1, Modificati

ons to_ the Stanton Thermal Balance

for Gas Atmosphere Controel

In order to carry out tih: tests involving the
reduction of chromite ore, it was necessary %o
modify the thermal balance fir atmosphere
control, The new arrangement was designed

for the upward fiow of the gas to be ussd

either as an inert blanket or ms a reducing
medium. The additional equipmeni required was

a suitable sheath, a flow meter, a water-coaled
gas flange and the necessary "O' ring seals. The
whale gas attechment was purcpased as a ki¥ and
assembled and installed once the runs under
atmospheric conditions had been completed.

According to the manufacturers the kit could
ensure a very good gas atmosphere control. It
was quoted that with an argon gas flow in at the
bovtom entry port of about 500 ml/min, and from
the top exit port of 300 ml/min, it is pousible
to veduce the oxidation of earbon fram

7 mg/5 min to 0,1 mg/5 min for a sample welght
of 100 mg at 800°C.  Purthexmore this arrange-
ment was considered suitable for CO. The
apparatus was tested for leaks and subsequently

the runs were begun.

EXPERIMENTAL METHODS

EXPBRIMENTAL MDTLISZ

3.3.1. Sample Preparation
The same mesh size (nemely -3254 ) was chosen

For tnis phase of the project as bad been used
for the runs under atmospheric conditiens. A
sample weight of 500 mg was used in all the runs
comcerned with chromite reduction. Runs were
carried out with fluxing additions and solid

pure components were chosen
in order /...

powdered carbon.
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in order to minimize amy possible complicatione
that might have been incnrred had the addition of
the tluxes commonly used on a ferro-alloy plant
been added, The reduction and fusion process was
considersd ¢o go to completion for caleculation
purpcses. The composition of this final slag
was fixed at:-

30 per cent SiG, Mg0/AL,0,
2,5 per cent Cal Slag/metal

SN
1:1
The resultant metel phase was fixed ms well, numely
& per cent carbopn and 2 per cent silicon. These

values for sisg metal composition are reprssentative
0f the reaction products from an average submerged
arc furmace producing high-carhon fervochromium.
A model caleulation for the necessary slag forming
fluxing additions for chromite F 533 is given in
the appendiz.
3.3.2. Continuoug Runs
Four chromites wers selected for continuous runs
on the thermal balsnce. Tnese were ¥ 524, F 533
P 60z and F 652. They were chosen to represent
the three major groups as classified in the
previous chapter. Two chromites, namely F 32k
and P 533, were selected from the largest group.
A -3254 fraction of all four chromifes was
wsed for these continuous runs on the therma.
balance. 500 mg of chromite was welghed inte
» wixing bottle and an oxcess of powdered carbon
was rdded. The carbon used for all the experiments
was Le Carbone spectrographic carbon of the
following epecificationst-
Gode No. 207-16175 Ret No. 9901
Mesh sime = 75 per cen® ~2004
ssh - less than 20 PP®

The excess carbon sdded amounted te fifty percent
» the stoichiemetric carbon reguire~

excess oVe:
the chromite vo

ment v cowplete reduction of

form the specified alloy.

A T e T



After thorough wixing the sample was placed ifi.a
mini altmina crucible of the following
dimensions: 17.0 mm in diameter and 17,5 wmat in
height. The orucible plus contents was then
placed on the sample pedestal in the thermal
balance. The furnace asseémbly was lowszed

over the sample snd the heating cycle begun,

The sample was heated at 6, 7°C/mimmte .£rom

room temperature up to 1350°¢C, This compisted

a continuous run., Tests were carried oub. with
each of the four chromites plus excess carbon

in the mamner discussed above. Only one chromits
was, however, chosen for runs with ths fluxing
additions ‘as well as carbon. This was chromife
F 533.

The resulvant thermogravimetric graphs were

read in the normal manner and. are presented

in Pigures 16 and 17. A blank run with carbon
only showed that the welght loss due to oxidation
of the carbon was negligible.




[

Dp AYNLY YTdWAL

5,005 1p Bupyeos  DOSH 0074 Q0zL 0001
PALELI ik v

ol on o o it N w | w :

T T T T T T T O
]
=]
=

'8
o
z
R
>
594 =
m
¢
7
‘S1S3L ONILVIH SNORNILNGD ONTNNG
JLIWOYHD 40 3L1VY¥ NOILONA3y s

Ni NOILVIMVA 3HL JO SINdWVX3
9t 3¥N98II




62

0,008

Buiyeay .m:o:czcou SuLing geg 4 syweIgD

o3y einymiadway wivos wosy
j0 3384

uofjanpas- sy} uwo suaryippe Buikny o 3oagye ayg
. Lizuneia
3, 38N LvsaneL
ROOSE LY XIIVHYIKIOSE ONIXVOS o051 a7 oozl booL
— T Vg i
091 o7 - oz oot 08 09 07  0Z 0
T T T T T y T 0
e
m
o
41§
=
L=}
z
422
>
m
S
- m -
3
S3IXNTA HLIM 5
€654 3L 1WOMHD- 4y
4 s




~63-

3.4 DISCUSSION OF THE CONTINUOUS RUNS

DISLASRRl JF INB, CONTINUOUS RUNS

Figure 16 shows the various rates of reduction ourvas
plotted far the four chosen chromite ores. The
varistion of rate of chremite reduction with time and
‘temperature is illustrated by these graphs. The shift
in the peak of the carves from left to right is
attributable %o an inorease in the Cr/Fe rario in the
obromite ores.  Since Ory0, is known to reduce at
higher temperatures than the oxides of irom, this trend
of maximum reduction rate to the higher temperatrires
ig not at all surprising.

An important finding resulted from these continuous
tests. This was the fact that reduction over the
theoretical 100 per cent gcourred. Percent reduction
relates to the oxygen loss of the reducible oxides of
Fe and Cr divided by the total theoresical oxygen
content of these reducible oxides, Its definition
is:~

Weignt loss of chromite ab Time ©
Prosent reduction = Fr——i o iogy Fer teotar  * 100
reduction of Fe snd Or oxides

Rate of reduction is defined a

a{Cr, 0,.Fe0) %(Cr,0, Fed) reduced at fime £ - %{cr,0
—2a 273 reduced at tifiel

de 7 (mins

The fact that the weight loss was greatex than that for
the theoretical 100 per cent redaction, when considering
only the oxides of Cr and Fe as being raducible, was due
to the fact that if excess carbon is presemt, S0, wiil
reduce as well. Where no fluxing additions were. made,
only slightly greater values than 100 per cent were
noted. This uust have been due to the small amourts of
silica in the gangue, ranging from 1,2 up to 3,3 pexr
cent, being reduced. Where iluxing additions were
made, @ much greater degree of reduction took place,

114 per cent as compared %o 104 per cent whers no

fluxes were added. This increased degree in reduction
can be explained by the fact that about 12 per cent
extra §10, was added as @ fiuxing components

-

R Y BT T R
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On reducing, the S

o res » (2502 forms several products including
, 81 and 8iCY**/If 5i0 is formed, it leaves the

system in vapour form. Both 84 and 3iC, however,

can dissolve in the alloy, giving a ferrochromium

silicide rather than high-carbon ferrochromium as the

reaction product.

1t seems move likely that Si0 was formed since the
waight loss incurred reflects most of the 510, leaving
the systom. The reactions involved are discussed

as forlowsReT+23), .

5:0, (& quartz) + o(s) = cole) + si0(e)
o

&6,° = + 160,230 ~ 78,27T cal/g wole

5i0, ( o quartz) + 30 = sic(s) + 200(g)
o

AGy + 243,580 - 79,56T cal/g mole

Although the abave thermodymsmics show the formatien
of Si0 o be more favourable, it is very possible that
the kinetics and presence of other materials in the
chromite might alter this thermodynamic viewpoint, I%
is quite possible therefore that SiC I8 formed,

A test run was carried out using pure 5102 excess parbon.
The 5i0, reduced quite rapidly in the temperature range
1430°C to 1550°C.

These findings necessitated & compleiely new approsch

to this whole question of sarbon addition, since caruon

n excess had heen found to alter the process.
The graph, showing a comparison petween the reduction
cate queing the continuous newting of chromite F 533

both with and without fluxes {see Figure 17),
starts reducing near 1b00°6,

illustrates how the Sily
The slower

increasing the overall reduction rate.
start of the reguction process with fluxing additions
1s due to the fluxes reducing the effective ratio of
ite and cavhon. This

the surface areas batween chrom:

43, however, omly & BineT effocts
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3.5 STOICHIOMETRIC CARBON

The amount of carbon added to a particular chromite can
affect the nature of the reduction product, It has
been shown how excess carbon will result in the
reduction of 5102 to form §i0, SiC and Si. This
tendency would result in an exceas of Si in the metaly
forming a ferrochromium silicide alloy instead of high
carbon ferrochromium.

The composition of the alloy to be produced was Pixed
at 6 per cent carbon apd 2 per cent 8i. Thus only
enough carbon should be added to reduce the metal
oxides and to form this chosen alloy. Hence for all
further tests involving carbon, only the stoichiometric
amount of carbon was to be added. A stoichiometric
amount of sarbon is defined in this case as the quantity
of carbon needed to reduce the oxides of Fe and Cr
completely and to form an alloy containing 6 per :ént
carbon and 2 per cent silicon.
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3.6 ISOTHERMAY, RUNS

Runs were carried out on all fourteen chromites a. the
-325 mesh size. These xuns were done at four differént
isothermal levels, namely, 1200%C, 1300°C, 1400°C and
1500°:.  Each chromite sample was weighed into & mixing
bottle and the stoichiometric carbofi addition was made.
After thorough mixing the sample was placed in a mini
a*umina cruecible which was placed on the sample pedestal
in the thermal balance.

The furnace, which had been heated to the required
temperature level, was subiequently lowered over the
sample, which had previously been counter-balancéd in

the usual manner. In this way each of the runs was
started. Blank runs uaing carbon powder only were

also carried out in order o asgess the rate of carbon
oxidation. The temperature of the heating zome of

the furnace was checked prior to lowering the furnace
before each run in order to ensure that the zime in
which the sample would rest was at the chosen temperature

level.

Thus four thermogravimetric graphs were obtained for
each of the fourieen chromites st the c¢hosen isothermal
levels. From thess grapha the amount of welght lost
in mg was read off at varying intervals of between five

minutes and one minute.

The time interval chosen was dependent on the rate of
weight loss. In other words chromites which undexr-
went rapid weight losses were read off at winute
intexvals, wheveas those chromites losing welght at
slower rates were read off at five minute intervals..
A series of runs at four isotheymal temperature levels
A4 out using chromite F 333 plus £luxes
The temperatures used

was ulso carrie
plus stoichiomebric carbem.
were 1280°C, 1300°c, 1400°C and 1500°C.,  The xeasom
for using 1280°C insvesd of 1200°¢ is disomssed at a

later stage.
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To ensure thal as representative a study aé possible

conld Pe carried out, sever'l precautions were taken:-

1. Kinetic studies were carried out uuder identical

r condibions of heating rate, iscthermal temperature
level, argon flow rate end the method of mixing the
powdared carbon ans chromite.

2. The temperature was measured at the point in the
furnace where the sample was placed, and,. to
minimize thermal gredients, the samples were heated
at a slow vate for the continnous runs.

3.7 FHE_RESULTS FOR THE SCOTHERMAL RUNS

The method of evaluating the results was similar to

tnat used for wvaluating the resulis for the atmospheris
conditions, The values of weight were read of f frosm
the thermal balance chart st various time intervals
depending an the veduction rate., These weight readings
were used tu calculate the weight increments and hence
tne cumuletive weight change. Fimally the percent
reduction was calculated from this cumlative weight
change value. The results are to be feund in Figures

19 to 32.

e T A il i Ll



3.7

To ensurs that as ropresentative a study ws possibls
could be carried out, several prassutions wers bakini-

1. XKinetic studies were carvied oat mmder identical
conditions of heating rate, isothermal température
level, argon flow rate and the method of mixing the
powdered carbon and chromite.

2. The temperature was weasured at the point in the
furnace whers the sample was placed, and, to
minimize thermal gradients, the samples wers heated
at a slow rate for the “ontinuoms xuns.

THE _RESULTS FOR THE TSOTHERMAL RUNS

The method of evaluating the vesult® was similar to
that used for evsluating the resuits for the atmospheris
conditions, The values of weight were vead off from
the thermal balancs charb at various ims Lmtervals
depending on the reduction rate. Thess weight readingé
were used to calculste the weigh¥ increments and hence
the cunulative weight change, = Finally the percent
reduction was caloulated from this cumilabive weight
change value. The results are to he Tound in Figures
19 to 32.
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.8 EVALUATION OF TUE MECHANISM AND KINPTICS OF CHROMITE
38 N THE MECHANISM AND KINETICS OF CHROMITE

3.8.1.

3.8.2.
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Introduction
It bas already been mentioned in the earlier
parts of this report how mixtures of various

chromites and powdered carbon were heated in an

inert-argon atmosphere to temperatures ranging
from 1100°C up to 1550°C.  Since the reactisn
starts at about 1040°C for the -325 mesh size
Traction, the study of the approach to equilibrium
at bemparatures above 1040°C might be obseured
by the presence of varying amounts of reaction
products in the sample, These reaction
products could affect the reaction kinetics if
there is any change in the reduction mechanism;
however, at temperatures above 1040°C, if mo
change in the reduction mechanism takes place,
the presence of these reaction products shoutd

ot alter the resction kimetics(ReT-EH.

The Rate Equations
The whole crux of analysing Fhe thermal datw
t loss curves &5 based on the

expressed as wel
fact that these weight loss ourves can be modelled
arcording to a specific equation. According o
this equation, which the data £its, & Kinetic
squation can be established and hence the
mechanism or Tate-controllizg process San e
found. .
According o noyu(hf'zb), the tharmogravimeirio

surve of @ Geconpesition reaotion can be expressed

as 1~

log g (x) - 196 P ) = ®
(where the variable y depends on the tempersturs
T at which the fractiom of the inittel compound
o Both functions g(x) and p(¥)

decomposed is X.
depend oI temperature; however,; B is jndependent
of tempurature. An empirical method can be uséd

to-dntermine /es.
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:n determine the g(x} amd p(y) funetions with the
est fit to the curve, and thus an assessment of
the probeble mechanism can be madae. Other

kinetic parameters can thus be sstablished, namely
activation emergy and frequemcy facker, Tables
for the analysis of experimental data in the

form log yv{x) values for various mechanisms and

- 1og p(y) vs temperature for activation energy

values are to be found in the paper Satave and
Skavara(ReF25),

The method of studying thermal decomposition of
solids is usually carried out by measuring the
fractiomn, x, of material reacted as a function
of time, &, at a constent temper. "ure, &, and
pressure P. In the case in hand, for the
reduotion of chromite the fraction x is measured
as the welght loss converted back to a fraction
of the reacting species umnder consideration,
numely the chromite. It is assumed that:only
CO gas is formed and hence for a mass of CO
evolved, say m mg, only 10/28 x m mg cen be
atiribated Yo & weight loss fxom the chromite,
the rest being from the powdered carbon. This
value of 6/28 x m is the graction x, the amount of

reacted chromite, 1.e. reduced material.

The probable reaction mechanism is determined
by substituting the values for x and t 1.8. the
in the various kinetie

The activation

experimental deta,
equations given im Table 21.
onergy and frequency factors are obtained
oubsequently, using the sulte

draw up an Arrhenium plot of rate constant
An

against the inverse of ‘tamperatire.
fve method of analysis does exist
1 weight fumétion

ble eguation to

alternat:

in which the residua

ure for a sample
Thus from a single

hovever,
is plotved against temperat
heated at a comstant rate:
shexmogravimetric curve the calculation for
Kinetic dava can be made: This second methed

was net congidered /»on
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was not considered suitable ak. evaluation of -the
data 15 Q4fFictlt and rather ungertain, It
was therefore decided to adhers to the more
familiar end proven method of analysis, namely
isothermal runs at several temperaturé lavela.

The mathematics can be set down as toﬁons.
Since no information about the mechantam of
the reduotion of chromite is well satablished,
and none is available for South African
chromites, the reaction was assumed to be bie

to be expressed in the formal kinetic
Ref,25)

equation

&£ o= x (1 - 7 S R € 8 |
x fraction of reacted materdal

t ‘time

k = rate constant

n

= apparent reaction order -
However, in the case where the kinetics are more
complex, an alternative move general kinmetic

equation can be useal(ReZ:25),

dx a ® (2)
T =k=x { x)
Where a and b aye empirieal constants, This

5o tne zsako(ReE+13) egquation.
Under the chosen igothermal ronditions the
reduction can be oxpressed by bhe geneval
equation.

e (3)

n mechanisam,

dx

4x ok
ot x £{x)
Where f(x) depends ont the reactio
the temperature

k is the rate constant,
assed by the Arrhenius

gependence of k can be eXPr
equation.
“Ea/

Kk = Ae fls

= activation energy
Where B, e
A . the freguency fec
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smep ot allRT-R8) o od & table of kizedis
equations. These are presented in Table 21, and
are the oquations into which the thermogravimetris
data of x and ¢ wers yubstituted im oider to
establish the best fit equation. The Wits T.H.M.
360 wodel 30 compuber was used to sstablisk this
best eguation.  The programmes used and the
computer results are discussed in the Following
section, :

Avcording bo Bridley st allPeT:26) Lo iven fay

is not suitable for heterogensous solid gtate
reactlons. The variation of x with t cannob
be expressed in the form of the equatfon if
diffusion is the rate controlling process. Thus
squation {2) is a more suitable basis for enalysis
of the data.

R

¥

S
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TABLE 231

KINETIC EQUATIONS

EQUATION

RATE~CONTROLLING PROCESS

2 = okt

(1 - x}in(1-x)} + x = kt

{1(2-x) 1/3)2 = kt
Q- By - (e = we

- iu (1ex) = kt
VATYEEN - wt
3m = kt
PRIt -kt

3. (1_1)’/3 = kt

One dimensional diffusion

Two dimensional diffusion,
cylindrical symmetry

Three dimensional diffusion,
spherical symmetry; Jander
equation

Three dimensional diffusion,
spherical symmetry; Gunstling
Brounshtein equation

Random nucleation, ome nucleus
on each particle

Randop nucleation
Avrami eguation

Random nucleation
Avrami equation

Phase boundary reaction,
cylindrical symmetry

Phass boundary reaction,
spherical symmetry




3.8.%. The Bate Controlling Process
3.8.4.1. Inyroduction
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Thus the equation 1 - 2/ax < {1 - )Py =kt vas
found to be the best £it equation. 3
S0 now in fact ¥y = a 4 bx
is R (x) = a+ bx
ieen 1 -
Ke 1 /Jx-(xix)2/3=a*m=xc
= rate const. = ( /Tn‘z) r, = initisl radius
K = specific rate constant .

2
teen 1= Fax o (10 . (“/n)z) t
But r, is considered the same for all the samples

and can be neglected. Using the slopes at the
various isothermal levels as computed by the abveve

Prog: ’ plote were ted.

The best fit line through these points was obtained
by using another programme called "Fita'. ~ The
slope of the line is B., and the intercept  A.

R

Having established the fact that the reduction
of chromite takes plave via the diffusion of
the reacting species through a reaction product
layer, it is now hoved to explain the part of
theory behind this mechanism. Most of the

he findings of A4.N. Ginstling
(ReZ.27) 15 conerns the
1 diffusion where

theory is based on tl
apd B.I. Brounshbein
equation for three dimensiona
spherical symmetzy is considered.
A well known fact is that the diffusion process
cal particle often imposes sorious

into a spheri
s of

limitations on many mevallurglcal processe
great importance to industry. Diffusion governs,
in particular, the velocily of vhe bulk of such
solid state reactions. Even today the
knowledge of fhe theory pehind such diffusion
and the step Dy syep course of The

processes,
is very limited.

shemical processes imvelved,
of all /...
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3.8.4.2. Theory
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Of all the fields concerning the wmetallurgist,
the study of diffusion kinetics must surely

rate as one of great theoreticml and practical
interest.

Consider a reaction where substance A reacts
with substance B to form the product AB, The
thickness of the product layer AB grows
continuously as the reaction procesds, During
the course of this resction A diffuses through
this reaction product layer into B with a
velocity immessurably smalier tham the velocity
of the chemical remction between A and B, if
they were able to react without this barrier.
Thus the diffusion through this product lsyer
entirely contrals the kimetics of the process.

From purely theorstical considerations of the
above system for s spherical purticle, the
equation for the kinetics of reactions in these
particles has been derived. The approximate
aclution of this equation is given asi-

1- %5 - (1~x)2/3 sx(%:z) s
where x is the degree of conversion of
substance B in fractions of unity

t is the time

k is the constant

T, is the initial radium of the particles

of substance B.

e second kinetic eguation arrived at isi-

2
22 (1 —%x%) = Kkt
{Wnere a is the thickness of the bed of the

product 4B, AB peing the layer thvough which
substance A diffuses t¢ the surface of

substance B).
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3.9.1. Ingroduction

-50-

The function Xk is a coefficient characterizing
the physiochemical propersies of the reacting
species as well as the resction conditions, e.g-
temperature. Another important Lactor is that
the growth of the bed of product AP is a function
of a end 1 as well as of the ratio of the
thickness of this bed te the imitial radius of
substance B. This growth is miaimun when
a=0,5r,.

The second equation concerning diffuslon for
apherical symmetry, namely the JANDER'FST 28)
equation is shown by Qinstling and Brounshtein
to be suitable only Tor the kinetica of solid~
state reactions when there ia an extnemely low
degree of comvarsion of substance B, This
eszor 4n Janders' sguabtion imcreases with the
degree of reaction, i.a. XK.

Thus @ very suifable expression has besn arrived
at by these two scientists, mamely Cinstling and
Brounshtein, and the use of this diffusion
equation in this project has been of key
importamse in deriving velues for the activation
energy for reduction of the various chromite

ores.

0R_THE FOURTEEN CHROMITES

In 188Y Arrhenius showed that the rate gonstant
2 an exponential mamner with fhe

increases i
ation can e

yemperature. TRiZ empirical rel
conveniently written a8
B,

a/RT
Kk = Ae /
= rate constant

= frequency factor

whers

(The gas constant}

= B,31k Jouies/deg. mole
dagrees sbgolute.

3
A
£ = activation enoTey
R
T e

- temperature in X1
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The theory of Arrhenius and $he Archenius plok

have been used to obtein the E, values for the
fourteen selected chromite ores.

The Tate i
constants, however, could only be computed once 1
& mechanism had been establighed. ‘%

&
Arrhenius Plots g;%

Since it had been established that the rate
controlling process in the .reduction of ail the
chromites was diffusion and that the eguation i

which was the best fit for the thermogravimetric
data was the Ginstling-Brounshtein egquation for
three-dimensional symmetrical diffusion, it was
possible to calculate the values of the rate
constant at each isothermal level for each of
the fourteen chromites.

The rate constant is found im fact from the
computation of the best fit line to the data
The slope of this
the rate constant,

as plotted £{x) vs time.
line is k,

Now consider the Arrhemius eguationi-

K = Ae " Ba/RT
In k = 1n Ae -Ba/Rt
in k in A -~ 2a/RT lne B
Ink = An A - Baggy sevesiescereciiecs (1)
i
Thus by plotting loge k v& /s the Arrhenius

plote wera obtained. The computer was once again

used to obtain the best fit lins through the
four poimts for the four isothermal temperatures.
The siope of this line is equal to the following

from eguation {1)t-

-_Ea
slope = £
= - R x slope
Thus E, =
i.e m? slope of this line multiplied by R, the

ves the fimal answer; the
jonies/mole since R is in

the frequency fagtor, is

gas constant, &1
activation energy im
joules/degree mole A,
the intercept value.
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Table 22 ab
ows the B values, variances, covrelation

coefficients and froguency facters for all fonrteen
chromites,

These results wers all obtudned using compuber
analysis of the rate comstants,

The Analysis of the Kinetic Data

The data was tabulated as shown in the section of
resulis. This data consists of the values of

x and the % reduction of the various fimes, ¢,
chosen to suit the reduction rate. These tuo
values were fed into the computer in a specific
way according to the furmat slatements in the
programmes used. These programmes wexe then

used to compute wll the values needed to assess the
mechanism, the activation energy, the freguency
factor, the variance and the correlation coefficlent.

The programmes used are discussed balawi~

3.9.3.1. 'Eitmec?

This is & main programme especislly compiled to
substitute the values of x and © into the
nine possible rate equation and to calowmlate
the corresponding it o Vhis Tumciion of X,
i.e. £{x) and time t. The closer this plot of
¥{x) vs t approaches a straight line throngh
the origin, the better the fit of the rate
controlling squation, To obtain tbis stralght
1ine £it, a subroutine to the main programme
wpigmect was nsed. Thip subroutine was called
»Fipiin® .

ubroutine "Fitlial

3.9.3.2. Subroutine "Fitlim®

The subroutine computes the stralght line of
the bost €1t kinetic equation. The line is
of the form

y = ax+ Db

whovs a = dintercept O variance
e r = correlation
o= slow cosffictont
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For the fit tc be suitable, "a* ‘should be ag.

near tu zero as possible, and "e-* {sigea) should
wpe e o

then taken t be the value of the vatie comstant .

at a specific temperature.

nave as small a value as possible.




TABLE 22

THE_COMPUTED RESULTS FOR ACTIVATION. ENERGY OF TIE

FOURTEEN CHROMITES

Ba activa- Fraquancy.
omromtte I versanen (TR Tecrer,

mole - {mdn™7)
P 524 185,8 1 - ,96 6,5
F 533 190, 4 120 - ,99 9,0
F 539 271,9 W16 - .97 14,0
F 547 143,5 18 -~ ,98 5,4
F 582 319,5 123 - 499 83
F 584 227,9 109 ~ 99 13,0
F 588 196,8 07 - 499 2,2
F 589 1%3,6 07 - 98 4,5
F 596 106,6 ,09 - 499 33
© 602 275,8 ,15 - ,98 13,0
F 604 241,3 »02 - 99 12,0
F 606 252,6 416 - 499 13,0
¥ 651 300, 4 ,08 - 499 15,0
F 652 260,6 ,15 - .96 10,8

ro

R

B

R
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3.9.4. Disgussion of Results

The chromite with the lowest B_ value is ¥ 596
This is the abnormal chromite and is really s ‘
magnotite rich in chromiun sesywi-oxide and
some ilmenite, as haz already been mentioned.
The chromite with the highest E_ valus ia

P 582 and by referring to the i

) mineralogy tables,
it cen be sesn that thia chromibe contains the
most gangue. It would therefore be expectad,
locking at these two chromites on cach end of

the activation energy stale Yhat factors relating
to the varying proportions of Crj0,, Fed ond
Fo,04 in the ohromite spinel and poseibly to the
differences in gengue composition, might play

an imporbant role in the value of the activation
energy for a particular ohromite.

Thus, brosdly spealing, it would appear that the
variation in sctivation energy values can be
explained us follows:i-

The averall compositions of the fourteen ohromites
are fairly similar but the amounts of non-
ceducible constituents ocourring as gangue ox s
part of the spimel itself vary considerably; 1.0.
although the metal oxide content and slag forming
components in the thivteen chromite ores are

more or lvss the samé, the gangue minersl oontents
vary. This gives rise to the suggestion that

the spinel itself must vary in natare. Thus
thosa chromites whioh pave a large amown® of
gangue often have a small quantity of noa-
cagnoitle components in thelr spinel structure.
Tnis leada to a AiFference; degwes of melecular
bonding in the spinel, whichk results in its

peing more difficuls o reduce. Lt would

thus have & higher activation energy than those
ohromites which have 1ess gangue and bY
aigrovence have more ALyl and Mgo in their

epinel structure dus o ¢he exclusion of ¥he

pateuce of the /+




valance of the gangue componemts. (The words
"non-reducible companents'are used to refer to
the components of the spinel which remain as
metel oxides and are mon-reducible in this
wetal/metal oxide/carbon system).

Thus ohromites which are good axamples of a
high E_ value end bigh gengue centent and
contain leaser amounts of Al,0, and Mg0 in
their spimels are: F 539, F 582, F 606, P 631
and ¥ 652. Examples of chromites with low B,
values and low gangue mi eral comtents are

P 543, i.e. containing a Salr amount of Al,0,
and Mgl in the spinel, T 589 and F 533. Theré
are a fow exceptions to this rule and the
possible reasons for the discrepancies are
discussed in the following section.
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~o7.
ABLE 2

Chromi te B, X

Joules/

mole

1 B 524 183,8

2 F 533 190,4

3 r 539 271,%
4 F 543 145,5 57
5 F 382 319,5 10,1-
6 ¥ 584 227,9 L7231
7 F 588 196,8 7.0
8 F 389 143,6 6,2
9 F 596 06,6 2,5
10 F 602 275,8 7,0
11 7 604 241,3 8,1
12 F 606 252,6 17,2
13 F 651 300, 4 97
14 » 652 260,6 7,0

High Gangue. and
E, values

High Gangue ajid
Ba values

Loy Gangue, low
‘a values

High Gangue,
high B ' ealues
itigh Gangus)
Righ B, values|
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3.10 THE REACTIONS ASSOCEIATED WITH Ti X
IR S01iD CAEboN 'H_THE REBUCTION OF CHROMITE

3.10.1, Introduction

The computed resulis from the thermogravimetric
date for the isothermal runs suggest that the
reduction of chromite by solid carbon is
controlled by the diffusion of the reachanis
shrough t¢he reaction product layer. The nature
of the diffusing species is the consideration
The
fact that the reduction process begins above
1000°C would suggest that CO is the diffusing
species, but if it is CO that reduces the
chromite in this system of chromite and solid
carbon, then apparently so should OO gas on
its own reduce chromite at temperabures near
to 1500°C. Tt is thiz question thatl s the
orux of the discussion on the raactiens
associated with the reduction of chromiba

with selid carbon.

which gives rise %o the most uncertainty.

The_Reaotions

‘The ohemical reactions taking place during the
reduction of chromite have been expressed as
follows according 4o the two scientists

2.8, Lispiak and N.F. Eeseev(ReF 2], Here the
reactions are shown in a schematic rather than
a balanced chemical equation form. These
equations show the reaction products 1ikely to
be formed at the various stages of reaction
and hence 1ikely to constitute the reaction

product layer.




Reactions:-

A typical Russian chromite was used as an example:
NON STOICHIOMETRIC FERROCHROME SPINEL
Mgy 6 (Fe, Cr, Al), 96
1050%C
FERRO-GHROMEPICOTITE
(Mg, Fe), (Fe,,Cr, A1) ,0,

Metallic (_J
Iren Fe 1100°¢ —> Fo + Cx 0¥
CHROMESPINEL
Mg {(Cr, 41),0,
\L_———I‘——l 1150%¢ - 1350%¢
Cr Oy MgAl,0,

{cnrome Spinel
carbide!

Mgo
(Periclase)

The reaction products during the reduction

process are thust-

Iron, Chromium carbide. Periclase and Mg A1,0,
spinel. In the *c»vs carried oub om the
samples obtained f.<u the thermal balamoe work,
the reaction products were found tu be much the
same as those found by the bwo io7estigators
mentioned above. X-ray diffractometry was uasd
to examime the remction products,  thkese Yests

are discussed in another section.

The products analysed by X-ray diffraction
were chromium-izron carbide, periclase {Me),
aluminomagnes ia spinel (MgAlzol‘) and in some
cases free carbon (i.e. vhere 100% reduction
had not been attained). - The Teason for the
faot that the presence. of fres iren was not
cstablished was most probably that the

‘temperatures used for theme tests wers higher

than these /.o«

T




3.10.3. The Diffusing Spegles
‘he 3ikelihood that CO is the diffusing spacies
is based on the fact that the mwost prevalent
point of view in the literature at present is
that the reduction of matal oxides and ores with
solid carbon ocours via the gaseous phase.
Hence the ecasier the regeneration of CO, the
more rapid is the Teduction process.
1 CO is considersd to be the reducing species
it must be formed by solid carben interasting
with some oxide. 411 possible reactions
involving carbon, CO amnd the netal oxides arc
given belowi-
Ref. Reacticns invplving Cerbon and %ﬂ,;:l_pf_:%t_:xc:%ﬂ
EeD. Cr,0, 5080 L e uhich
= G
1 20 s Bf3n = B3 Pegl v GO 713
2 2 Ped 4 20 = 2 Fe v 200 717
3 2y, 0e 0,4 5"‘/212 _z2¥e +2C00 ii::
b 373 0ry0, 4 20 = /3 o+ 2 UDB Joo 2289
5 3/3 0r,05 + 2 ¥e o= t/3er e :; + ot
6 /3 cw,05 ¢ /3 Crylq = 3 or &

than those mentionsd by Lisniak and Bvssev,
and hence the free iron and the chrome carbide,
¥hich form a solid solution, had dissoived in
one another %o form chromium iron carbide.

All these reaction products would thus be
likely to form pert of the reaction product
layer at the temperatures used in the reduction
tests ond it is this layer that must act

as the diffusion barrier to the reacting i.e.
diffusing species.

The diffusing species must be the reductant

and hence either solid carbon or carbon monoxide
must diffuse through this product layer. The
latter would seem the move likely for the

reasons discussed selow.




Thus the formation of CO can hegin at temperatures
as low as 713°C, if only the thermodynamics

are considersd.  Experimental results show
elearly that the reaction only stavbs gt some—
what higher temperature than 713°C, mamely
nearer 1050°C. Thus the Fe0 in the spinel is
obviously more difficult to reduce that FeO on
its own would be.

For the experimental conditions mentionsd, i.s.
s0lid carbon in contact with solid chromite, the
reaction would be expected to initiate at tne
contact points betwsen the reactants according
to equations 1 and 2. After the initiation of
the resction, and as long as there Temain
contact points between the reactants, reachion
1 or reaction 2 wust play en importaat role

in the reduction process., The exteat of the
contribution of reduction by CO as shown now at
higher temperatures, as in the equations given
below, would depend on the regeneration of €0,

The possible reaction involving CO in the

reducing species is as follows:-
7. Fed Cr0, = Pe + Omy0, » 002

Kinetic studies of the regeneration reactlon of

€0, namely:-
ra 2 €O
COz + C g

indicate that it has a significant rate only
above 1000°C. The activation energy for thls

Ref.29)
reaction has been shown by Walker et al(

to be 361,2 k joules/mole.

Thus it would appear that during the e:rly
o
stages of reduotion (1050°C up to 1208°¢. and

gher gemperatures) soldd - solid inter-

hi,
o oints

ian at the chromite/carbon contact P!

+
- wtor o the

would seem to be the main contrib

reduction process.
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A chromite sample plus steichrometric carben
Beld isotbermally at 1100°C was found to react
for about an haur and then the reaction tailed
off. This 1is experimental verification of the
fact that solid - s01id inberaction plays an
impartant role at this temperature and the CO
sregeneration reaction is not predominant in
reducing chromite et this temperature. A%
bemperatures of 1200°C and higher the reactions
‘become progressively faster as all the resulbs
indicate. The termination of the rvesction at
this temperature of 1100°C seems to be due
probably to the formation of the products at
the chromite/carbon interface, resnlting in a
decrease in the reaction rate and ultimately
in its ceasing. At the higher temperatures
the rate of regeneration of CO increases. This
might possibly be the reason which causes this
ipcrease in raduction rate. Since, generally
speaking, gas-solid resctions are much faster
than solid - solid reactions, one would expect
this overall inerease 4in reaction rate. A
second possibility was mentioned aa the infro-
guction. This is that the metallle iron which
forms at higher temperatures acts as a catalyst
for Gx,04 reduction.

Initially the rate would ipmcrease slowly since
the reaction due to solid - solfd interaction
would help for imereasingly short times with
inereasing temperatures nnbil yemperatures are
reached where the ragensration of €0 predominates
and the veduction proceeds matnly via the

gaseont reduption process:

To establish the validity uf the above

postulabions several tegts were carried out.
¢ gnese re diseasecd in ¥RE section on reduction

rests usiug €




3.11 THE EFFECT OF FLUXING ADDITION o
A0 KINBITOS O CHoNTTE e REDUGTION HRCRAMIAN |

The results for the isothermal mins at 1280°C, 1300%C, b
1400°C and 1500°C are shown in Figure 33. Caleuldbion
using the computer sbowed the mechanism to be umaltaved
from that for chromite reduction without the presence

of fluxing additions, The first temperature level

for the isothermal run was taken as 1280%C, singe .
the reduction behaviour at 1200°C and even up to 1275°C
was inhibited by the presence of thess fiuxing additiens
due to poorer particle/particle contact between the
chromite and the carbon. At 1280°C this effect had
been over-ridden and it was therefore chosen as the
first isothermal Level.

The rate coustants at 1300°C, 1400°¢ and 1500°C havs
higher values than thoss for the runs without fluxes.
The azctivation snergy, nowever, is almost the same

as can be seen in Figure 34. Thus the valuea of E.B
are dependent only on the actual nature of the chromite,
although the fluxes do have a diluent effect om the
sarbon chromite contact, rausing an apparently lower
rate of reduction i.e., lower rate constant at the

four isothermal temparature levels. This is thought
to be merely a pseudo effect on the rate constants,
because if excess carbon were to be added, thersby

the carbon-chromite contact surface o +he
as was the case vafore the fluxing additions

increasing
same value
were made, then mo deviation o

values would have been ubserved.

the rate comstant
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3.

3.12.1.

2.2+

g 303 gf]SAPCDHRELATJSZDg“EAm T0_BESTHEIISH THE EFFECT OF
coAstI’r =  ARAMETER! THE ACTIVATION ENERGY AND RATE

Introduction

A computer programme cailed MCORRE® was msed. to
‘establish this matrix for data Telating to B,.
£

This programme was msed %o calouinbe the means,

standard deviation, sums of cross-products of

the deviamtions from the mesus, =nd Produsi

moment correlation coefficients from the rupub
data. IF the inpot data is considered ¥o be
of the Torm %;, where i = 1,2, ~

» T BTe
observations and | = 1,2, -——-, m ars variables,
ther the folicwing eguetions ven be msed o
calculate the above statisticai-

The sums of the cross-products of deviatloms

xm T -

(ot = )~

where i = 1424 »-=¢ B 3 k=222--my @
3

PR | S
’E.Jk "J?kk

1,2 memey W

The correlation coefficient Ty =

where j = 1,2 =m—m¢ W K

In other words, this progTamve WS used to finmd

cut what significanve a varigble such s& composi-

<jon might have on T, amd the rate comstants.

Iho use of suck 3 matrix Wight help im mswessing

\nich variables have fbe mos® proncunced effedt

on E_ and wnat imteractions these warisbies have
a

on each other.

Ihe Correlation Matrix

A table of all the sariables %o e sonsigswsd
snd in the sppemdiz.  TBS aumber

the same as the mumber
This is besans?

15 to be fo!
of observations 4s in facl
of chromites, i.s. Fourisen-

eacn mst of Jurs
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aach set of data for each of tha fomcteen
chromites is the actual observabion For khah
particular chromite.  The variables are
Ziven across the top: of the table.. Since .
there were only fourteen chromjtes, the maxiimum
number of variables which CV:EXI e considered is

fourteen. . Since there were more variables
than observations, several matrices had to: be
complsted to cover all the variablés.. These
results are also given below in table form,

Oniy thirteen variables are shown sinde these: :
were found tn be of wost iwporiante.

!
!
:
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TABLE 21
THE CORRELATTON MATRIX

Rate Congtant at

f el v AR AN EERR R
A a | 1500°| 00’ | 1300°% | 200 | mi0 | 5 |y [oopy | 75
v 37| o83 e T3 b B8 o 83 1o 28 |- ,08 e 92 | 3,000
Bl B S T U R I T IO U I 3
caz e R I e T e M e
« 51 PN B I N TR RN
v [ I - I T B
a0 <5 e 48 | 10
-l + 409 [ 1,00
-8 1,00
-8
> 4
.8
1%

s e
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The discusaion of the Cozrelation Matrix Resulte

The t=test for the significance of an observed
correiation coefficient gives r = 0,55 for the
95% confidence level. (r = 0,48 at 90%

X Ref. .
confidence) Thus any values below

0,55 do not heve a sufficiently high corrslation
caefficlent value to conclude that there is a
relationship between bhe two variables under
consideration.

Perhaps the most note-worthy aspect of the matrix
is the relationship between the rate constants ab
the various isothermal temperature lovels and
the other variables such as % Fe0, [ Cry0y O% /g
and B,. The reason for stressing the impartance
of these particular variables is that it is fhe
rate constant, which is directly proportional

o the reduction rate of the chromite, which

can supply a good indication as to the
reducibility of a particular chromite.

In looking at the actual values of the corre~
lation coefficient (r) it can be seen that the
% FeO has a positive © value with respect to
k, the rate comstant. The values at 1200°C,
1900%C and 1400°C show that the greater the

¢ Fe0, the higher the rate constant, i.e.
peduction of tha chromites with more % Fe0 is
more rapid st a parsicuiar temperazure than
whon the % FeO is low. 8% 1500°C, however,
she value of r is only 0,33 indicating no cOTTE-
This might be expected if the
+ that $ Fed has na

iation at sll.
reduction rate is 80 fas
effect. 1¢ would thus appear that the
compositional offect of % Fe0 is onty of
significance belew 1500°C.

4 or,04 and k 18 rather

The relationsbip between
gifferent in that the va

lues of T are now

negative./«.»
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negative.
e T
T s e e temperature.range
. ce again composition
has little effect at 1300°C. The above two
effects are harne sat by the correlation of
the Cr/Pa ratio. Thne it woald seem that the
actual composition of the chromite with yespect
to its metal oxides only plays a significant
role below 1500°C in terms of reduction kinstios.
This is alsc shown in that the k values far
all shromite ores tend to approach one another
at 1300°C. Only the pre-reduction would be
arfented by the variation in % FeC and % Gry04
but the rate of reduction at temperatures of
1500‘76 and higher would not be affected by any
variatioms in the proportions of the two. metal
oxides. Furthermore, only the Tinal compbsi-
tion of the high cerbon-ferrochrome ig aftected
by variations in the Or/p, ratio.

It is imteresting to note that % Mgo alsc shows
good correlation with k, but this ties up with
the fact that the composition of the actual
chromite is inter-related in that as % FeO and
% Cry0q varys so must the % M0, There are
inus many obvious and some not SO obvious
correlations which result only from the imter-
dependence of vertain variables, .8 C¥/pe
correlates well with % Cr 0, and ¢ pe0, It 1s
therafare very important €0 consider mot.only
she two variables at han
cle picture befove stating some

d but how each of them

rits into the wh

or even an jncoxrect omlu.

irreisvant fact

Qther interesting s:\gnif:\uant garralations
are shown between % $10, and ¢ gangue-. >°m:g
gonfirms the well knawn fact that no Si 2 s
found in the chromite epimel iteelf. % M&O

also ties uP wall with the gangue but not to

the Bame GegTeS Jaee




the same degree as the % $10,. This is exnctly -
what one would expect since some MgO is fownd
in the chromite spinel structure. The corre-
lation between E_ and the % gangue is of fair
interest.

Figure 35 has been plotted showing the variation
. between the B, values and the gungue conbent

for the various chromite ores. Thers sare
several possible reasons for this trend of ¥
inereasing with gangue content. Firstly the
chromites with the greater gangue content tend
to have gangue sctually coating (partly and soie
even completely) some of the chromite grains. |
This tends to imhibit the reduction provess Via
the solid phase resulting in an apparently high
B, velue. 'The other possibility is that s
the gangue percent varies, the pevcent of the
on-reducible components in the spinel varies
resulting in this variation of E,. Bigh gangue
containing chromites have aften low % MgQ 3=
the spinel. This fact can be gathered bY
atudying Tabie 3 at the beginning of this
report,  Exceptions to this rule fend to causs

the chromite to have a lower E, value than might
wave been expected if omly the gangue percent

is considared.

TS e S
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~4¢_BEHAVIOUR OF CHRO
THOSPRERE MITE UNDER 4 CARBON. MONOXID!

ZINTRODUGTION
It is a ‘(;3- l;gt)mn fact that hydrogen gas will reduce
chromi be . The behaviour of chromite in a

carbon monoxide atmosphere, however, ia not well known.
In spite of the great technological importance aof the
process of chromite reduction, very little work has
been carried out in the field of the kinetics aof
reduction, especially where ecarbon monoxide is concerned.
Thus this sectlon of the project was devoted to finding
out how chromite behaves in a carbon monoxide atmospliere
in the temperature range 1200°C up to 1350%C.

1n many veduction reactions 00 is suggested as both
the aiffusing and red\minf speciea. For example ia
the reduction of ilmenite Ref.21) 5134 state reduction
vs to be tie main reaction mechanism up ¥o 1020°¢,
creass has been

appea;
While above this temperature a rate inm
observed and has been attributed to a change a1
mechanism from solid state to gaseous reduction of

jlmenite by regenerated CO gas.

One might therTefore expect that GO could possitly play
n the veduction of chromits, a8 1t is suggested
and certainly as it does
aatite. It is to be noted

dealing with ilmenite
(Rer.21)

a vole &
that 5t does for ilmenite,

play 4n the reduction of he
that nowhere in their paper
retuaction do W.G. Davenpert and E1-Guindy
ing GO oves an ilmenife semple.
y aomsidered CO as the
they would have cavried

mention pass one would
have expected that since the
possible diffusing species,
oub such an experiment.

guotion in Chaptor I it was

to include B8 ddscussion of
ction of Cx‘zﬁj and

As part of the imtre
considersd appropriate
information copcerning the redu
chromite using hydregea.

AL e g G e TN



~114-

Ge1d and Esin'ReT:11)

established tha

as aved the sedabion o imeasen oxid posossaet Sask
more slowly than when solid carbon was pressnt. Further=
more they esteblished tbat the Russian Aktyubinsk
chromites reduce more slowly than pure Cr,0,. This
asfference in rates is ascribed to the utin?:tural

chaxacteristics of the chromite ore.

Tt is the lack of data for the possible reduction of
chromite with CO gas as well as an atiomph to justify

the proposed mechanism that prompted the following
series of tests. These tests were designed to establish
what part CO might play im the reduction process im the
submerged arc furnace producing high-carbon ferro-

chromium.
EXPERIMENTAL METHODS

The equipment used was once ags
ations for gae atmosphere control.

in the thermal balance

with its modific
The CO gas was introduced in exactly the same manner

as the avxgon by solid
Suitable precautions wers taken with thie

was for the study of reduction

carbon.
noxious gas.

under CO gas.
£ chromite

Cheomite F 533 was salected for the study

ried out using 0,5000 gram o
This was im order

ne €O as possible.

4 run was car

¥ 533 on a fl
as much free surface to ¥
o temperature up to
od through the

st round alumina disc.

to sxpose
The furnace wWas heated from ToOl
1550°C, while GO was continuously PAss
furnace at 500 ce/min, No reduction took place
after the sample had been held at 1500°C dsotner S
Consequently 1% would appear that
4 355 ced by GO

p to 1350°¢.

for several hours.
ash 1s not Tl

powdered chromite &
gas at temperatures W
nowever, to check 81l the possibilities
sideration
o the chromite.
table for &a
1 was passad

It vas decided,
in the system under con

that CO could mot redac
s sud

to make quite sure
To ensure
quotion
that the equlpment Wa: geous redu

town gas of vne following composd $40

through the an




through the furnace sheath to establish whether a

combination of GG, 002, Elz and Cﬁk could veduce the
ohromite as yreviously established, R°f:37) e
chromite started to redure slowly and kept reducing

at a stesdy rate of reduction up to 98% reduction,
indicating that town gas will reduce chromite at 15007¢,

even if it is considerably slower tham solid cazben,

A 0,5000 gm sample of pure Fe,0. vas then placed in
the furnace of the thermal balamce b 1400°C. A flat
disc of alumina vas once more used as a conbtaimer for
the sample. CO gas was then introduced and the
reduction of the F0203 sample began at a ressonably
rapid rate. It took about fifteen minutes to attain
complete reduction. Thus in this manner, bY
substituting Fezﬂj for the chrowmite, in exactly the
came system, it was shown definitely that no famit in
the system jtself could have Deen responsible. for the
fact that the chromite did not reduce. foth the
substitution of the gaseous phase, namely to town gas,
and the solid phase to F8203 resulted in reduction.
Ihis confirmed the conclusion that G0 will not veduce
chromite at 1500°¢ under these condi tions, at lsast
when the CO ie introduced as & bottled &as.

Further tests were pﬁr!‘umed, nowever, o eliminate
any other possibilities that CO might act as 8 reducing
agent for chromite. These tests were carried out at
1400°C and ave summarised in Table 25.




TEST

RESULT

1. Chromite plus 50% stoichio-

metric carbon under argon)

2, Chromite plus 50% stoighio-

metric carbon under CO

gas

3. €140, under 0O gas

4, Gr,0, plus stoichismetric
Zafbon under argon

5. 01,0, pius stoichiometric
Zatbon wnder €O gas

6., Fe,0q under CO gas

7. Foj0, plus stoichiometric
Zadbon under argon

8. U3 Fe 0, pius 2/3 ev,04
unddsco gas

9. U3 Fe0 plus /3 Cr,0, plua
stoichiometric c%r on
under argen

Exactly 50% reduction took
place

Exactly 50% reduction took
place and the reduntion
rate was the seme as 1,

No reduction took placs

Compiete reduction took place
at approximately the same
rate as chromite

No increase in the reduction
rate wae noted compared
with test 4.

Complete reduction ocourred
at a moderate rate *

Qomplete reduction was
achieved at a very rapid
rate

Slow reduction of only the
Fe,0, took place

Complete reduction of both
the Cr and Pe oxide
scourred

sintering of the Fe 04,
to be exposed to vhe CO

* This rate decreased after & short while dus to

causing less free surface
gas. It took therafore

about one hour to reduce the Fey0s to drom.
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DISQUSSION

Firstly it was established with a good deal of

that CO does not participate in the reduction o:er::mfy
In ennowncing this fact, 1t is best firstly to ca:si‘:’?e.
what facts prompted the idea that CD might be a rednc?n
agent. It 15 well known that 0O can reduce hem‘ltitn) *
namely Fep05. Foy0, io one of the major consticuents,
of the spinel, but it is not the same as free Pe,0
however, since it 1s tied up very closely wivh tﬁezy
otner spinel components.

Novokhatski and Lenev!R®F-30) Loiiit that tne frse
enevgy for spinel formation of iren chromite is: extvemely
high. They postulate that the epinel could form either
from the metals plus cxygen or from the metal oxides.

In both cases the energy of formation is high us can

be seen below.

For temperatures betwesn 1000 and 1500°C the metals
pius nxygen react as followsi-
Fe + 20r + 202 = FGO.GTZOB

B, = 348, 100 4 78, 66 T (% 1200) cal/mole
whereas the high temperature Fformation of iron chromite
from the oxides is as followsi-

Fe + Cry0 = Fe0.0r,0
Aey = 15,800 + 2,60 T (¥700) cal/mole

The reduction of the spinel would thus imglude the
break up hot only of bonds petween the oxygen and the
metal ions but of bonds formed within the spinel
These would include bonds bebueen e

itself.
ciated oxygen atoms since

Mgt ang AL**Y and their asso
they are all part of the trivalent or divalent spinel
This might possibly explain why the

inel does NV reduse in the
Tris was in fact
Chromite ¥ 533

network.
Fe,0, tied up in the ap;

273
presence of 00, while o0, dess:
- simple tests

confirmed by a rathe
from the /vou

e
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from the tests under atmosphoric conditiane was orushed
to -325 mesh. The sample was introduced to a GO i
atmosphere at 14007C. It reduced 81lightly and the
amount by which it reduced was in Tact the same amount
that it gained under atmespheric conditions, showing
that F3203 which is liberated from the spinel will
reduce under a CO atwosphera.

Secondly Cr,04 does not even reduce with ¢O when'dt
is in the puve form at 1400°C. It is thus even less
likely to reduce when it is tied up as a spinel ‘
component. It seems even more than Peasiblé thex;

thet the Ory0, tied up with Fe,0, would not be able

to ba rveduced by CO, These facts seem to explain

why €0 does not work in this respeat, but the rveasons
which explain why such favour has been given to €0 as

2 possible reducing agent can be summerised ma followst~
1. fThe CO regeneration reaction, numely

0, » © === 200
_

which takes place in several steps im facki~
below 1000°C g ¢ + (0) == c {0} 3 formatien
- of

(o) » 00 { origizial €O

abeve 1000°C § co, + Gz 200 ;e reaction
" with 002
has only a significant rate of formation ai about
1000°C.  The activation enevgy for this resciian
has been shoun by Walker ot al Ref229} 4o v
about 360 k joules per mole.
chromite begins only at about 1050

The reduction of

%¢ at a stags
when this regeneratiop reaction 18 moXe than
rsasible. This might casily lsad the invesbigator
to the reduction

+o suppose that CO could contribute

process. . :
the dnitiation of reductien
s014d laterastion at the
The reaction

2, It is considered that
ocours as a vesult of
contact points.
oted to tewminate RS & result
4ion products at the
Jnterface [fiv

chromite - carbom
would thus be expe
of the formation of the reas

/W
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i:::z:czef;:;n;: 2;:akiin the solid - solid
powdered carbon. Thisata:ii::ioﬂaz o
however, is found not to occuw, Zm:s :::d:eictiom
the postulation that either CO gas plust dil'fus:
through this layer or in fact that solid carbon
must diffuse frow the outside of a chromite
particle, which is surrounded by a prodmct Iayer,
into the unreacted zone, ‘There has been a

general reluctanse to accept solid state diffusion
as opposed to gasecus diffusion, as a possible
mechanism for metal oxide reduction, since the

data up to the present time on this subject
indicates that gas - solid reactions are much
faster than so0lid - s501lid reactions. Most of
these reactions are in fact very rapid at elevated
temperatures.

3. If GO is in fact the reducing specles, despite
the fact that CO in & pure form from a gas bottle
has no effect on chromites at slevabed tempeTatuves,
then one can only surmise that there are tno forms
of CO, namely bottled CO and a transitien state
£0. This latter form of GO might ocour as an
activated complex or merely as an activated form
of CO, The possibilities of such a form of GO
existing will be discussed in the theory on this

sectian.

4., Toe possibility that carbon might ach as a
catalyst for the regeneral
by the test carried out where only 50% stoichio~
4 to the vhromite. Thig

son of OO was elimivated

metric -arbon was adde
fact is shown to be the cass since the peackicon
completion in the presence of CO

went only to 508
uzed as 2

just as 3t had dome when argon ¥as
Furthermore even when this quantity
assisted in reducing the chromite
‘not braken WP

so that €0 /on

blanket ges.
of carbon had

to the 50% level, the spinel was

’m
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B e e
maining metal oxdde could
conceivably have heen Cz‘203 which hes already been
shown net to be reducible Gnder GO,  Thus evenm 4nm
this instance €O proved ineffective.

It was noted that even when Po,0, was reguced with
€0, the rate of reduction was very much slower
than when solid carbon wae used. It would appear
then from all these tests that solid carbon

is a far better reducing agent than CO and that CO.
does not in fact play any role in the reduction of
chromite when 1% is introduned to the furpmce as

a pure gas.

A significant conclusion ~an be deduced from a
comparison of the two curves in Figuvé 36. Both
curves show the variation in rate of reduction

in relation to the propertion of carbon added. In
an earlier chapter the reducstion of samples
containing different amounts of grophite was
dealt with. These results were used to draw

the curve for chromite undergeing reduction at
1300°C.  The maximum reduction rate at esch
different carbon content was chosen as the basis

for comparison.

For ilmenite reduction at 1075°C a maximum point
i~ noted at 8,2 per gent carbon. Whils the
increase in reduction rate with carbon conient
is due to an inerease in the surface area of ‘the
carbon up to 8,2 per cen®, the deoyezse above
8,2 per cent is due to a decrease 3n the @urface
o exposed to regensyated CO.

area of ilmenit
however, o sudh

In the case of the chvomite,
ceversal in the slope of the curve'ls o ®be
noted, since GO is mot invelved as = reducing

= and therefore there is me diluent effeot

specie
+ about by adding extya gmounts of earbon.

brough
Whereas fis e

TS T
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Whereas the shape of the 3lmenite eurve is
attributable to changes in the relative surface
areas of the reactants, mo effest of surface area
of carbon and chromite is found above tne
stelchiometric value. The siight upwara slope
of the chramite curve abuve stoishiometbry i
possibly due to small amounts of $10, reducing
even at 1300°C, since €O can reduce gioz readily
in the presence of carbon. - Gavbon lowers the
activation energy for €0 reuuction of sioz(x"’f'zz).
The CO is present as the gaseous reastion produss
of the chromite.

7- A further point of interest is that whexeas g -
decrease in the reduction rate was chserved for
ilmenite as the flow rate of the argon through
the furnace was inoreased, no such trend was
observed for the chromites. The dependence of
the ilmenite reduction rate on argon fiow rate
suggests that at high flow rates, namely {20-30
ce/min), the argon dilutes the GO in the reaction
zone, decreasing the partial pressure of G0 and
consequently the reduction rate. This result
shows that no such effect on the reduction rate
of chromite takes place, which further establishes
the fact that GO gas plays no role as a reductant.

THEORY CONCERNING CARBON MONOXTUE

The part that GO definitely does play in the reduction
of chromite is that it is the gaseous product of
reduction when solid carbon is the reductant, Thus
CO can be said to be a diffusing species, but it .
Boericke and Bangert
sstablished several

is not the reducing species.
(Re£.20) o pentioned earlier,
reactions which indicate that CO is the gasaous

product. The chromite formula has been simplitied

to Fe0.C0ry0,.




Consider equation (4}, namely

Fe0.0r0y + €O = .Fo4 Gro, « iCO,
Thermodynamic calculations indicate that GO is
definitely not an effective reducing agent in this
system, The maximum calculated amount of 0O that .
can react with a chromite at s temperaturs of
1700°K is close to 3 per cent,  Thus for =il
practical purposes, the only gasepus prodict dn the
selectivs reduction of chromite with solid carbon
is €O, this 00 in burm is not a reductant.
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CHAPTER V
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IHE EFFECT OF PARTICLE SIZE OF CHROMITE P

REDUCTION BEHAVIOUR ON_ITS

BEDUCTION BEHAVIOUR

INTRODUCTION

The reason for this phase of the project was bo establish
what effects a variation in chromite particle .size

could have upon certain parameters such sw the mechanisi,
the reduction rate and the activation energy. Tt

might then be possible to extrapolate any possible’ trénd
associated with particle size from the small particles
up to the large chunks f chromits actually used inm

the submerged arc furnace which produces the high-
carhon ferrochromium,

Chromite F 533 was selected fur this phase of the
project as it contains the least guantity of gangue
minerals, namely 2% by weight. This meant that on
screening out several size fractions from a sample
of the bulk crushed ore, there would be only a small
variation in the distribution of the gangue minerals
throughout the six size fractions which were chosen,
This would ensure a relatively small difference in
overall composition. The six size fractioas chosen
are given in the table below. The coarsest fraction
was chosen to be just above the average grain size,
namely -104 +l4$ . The in-between sizes vere
divided into four equally spaced groups thusi-




1.
2.
3.

5.
6.

TABLE 26

-12%:

TABLE OF SIX SIZE RANGES

Mesh lex

- 103 + 4y
~ 204 + 283
- 35§ + 485
- 654 +1004
-1504 +2004
~2704 +4004

Average Particle Sige (mm).
b

ased ou inbatieen

=284, on inbeticen,

1,397
0,701
0,351
0,175
0,089
0,043

i
b
T

Lesh 5128
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EXPERIMENTAL MBTHODS S
Isothermal runs were carrisd out on the thermal. baisngs -
at 1300%C, 1400°¢, 1500°C and at 1550%¢. . oHis was & S
sunitable temperature range for the larger size Fractions:

since the rates of reduction of larger. particies b -
temperatures of 1200°C and lower weve found 6. he .-

extremely slow.

As in the previous ileiinal balahde:’
experiments when solid carbon was uted as a reﬂuéi;\g
agent, 0,5000 gu of chromite was weighed sutl l.The :0i %
stoiohiometric amount of carbon £or chromite F 533 ‘way
added. :
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