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(iv)
SYNOPSIS

Tiia project was concerned with an investigation into the 
reactions and. interactions of various 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 to 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 the hydrated gangue minerals which had this 
effect. The chromite spinel was found to oxidise up to 
1200 C and then to undergo de-oxidation due to the instability 
of the iron oxides above this temperature.

Isothermal runs were subsequently carried out with the 
various Transvaal and Rhodesian chromites in order to 
establish their behaviour in the presence of solid carbon,
CO 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 reduction 
with solid carbon were established as well as the nature of 
the .incipient fusion process. The latter aspect was 
studied using DTA.

It was shown conclusively that 00 gas will not reduce 
chromite up to 1550°C, thereby eliminating it as the likely 
diffusing species when chromite is reduced by solid carbon.
This means that carbon itself must be the diffusing species. 
This fact was confirmed by the result in which high carbon, 
ferrorhromium reduced a chromite sample at 1400 C where no 
free carbon was present.
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1. INTRODUCTION
The ai:.. of this project was to define the reduction 
behaviour Of chromite (and the incipient fusion 
behaviour of the chromite) with the associated fluxes 
in the submerged arc furnace producing high-carbon 
ferrochromium. Thin project was aimed at paving the 
way for subsequent projects relating to the behaviour of 
the components in the submerged 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 top
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) 1*»00°C • to- 150O°C.

There is a great lack of knowledge about these initial 
reactions, and it was therefore necessary to investigate 
the mechanisms and kinetics of the reactions of these 
components associated with the fusion and reduction 
processes. A study of thia nature should thus assist 
in establishing a key between the solid charged burden 
at the very top of the furnace and the molten slag and 
metal at the bottom of the furnace. In other words 
this Investigation should explain the Initial solid-solid, 
solid-liquid, solid-gas, liquid-gas and liquid-liquid 
interactions which result in the formation of a suitable 
slag and the high-carbon ferro chromium. One 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 constitute over two-thirds of the known 
world reserves. Furthermore, relatively little is known 
about these chromites, both mineralogically and 
metallurgically. Pure components were chosen as the 
fluxing additions. This was dona in order to minimize 
any complications in studying the fusion processes. The 
carbon was also used in a pure form since the essential 
go»l was to investigate differences in the actual 
behaviour of various chromites rather than side-effeets 
caused by impurities in the fluxes.
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To investigate Eh*.tie differences between chromites, 
eataplee had to be collected over a wide area. As is 
commonly known, the Transvaal chromites occur in what 
is known as the Bushveld Igneous complex. Thia 
intrusive body of differentially crystallized magma 
extends from the Steelpoort area in t.ie eastern belt 
and is to be found in the western belt in the Rustenburg 
area. The Zeerust area in the west is also considered 
to be part of this large formation. The only region in 
the Transvaal which is considered to be dissociated 
from this primary basin is the Potgietersruat area.
This appears to be a basin, still within the BIO, but 
is isolated from the other formations.

THE OCCURRENCE OF CHROMITE IN THE TRANSVAAL.
As was mentioned earlier, the chromites in the Transvaal 
are generally found in the Bushveld Igneous Complex 
(BXC). The chromite ore occurs in aeaos which vary in 
thickness from a few centimetres up to several 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 *n the Lydenburg district and the 
western outcrop is found near Rustenburg. A secondary 
outcrop, believed to be aesoci-ted with the primary 
basin, is found to the west of Rustenburg in the Zeerust 
area. Another chromite area is located just north 
of Potgietersruat in the GrasvaiYy district.

The BIC has a relatively shallow dip over most areas. 
Thia dip varies from 9 to 15 degrees inwards. The BIC 
has been subdivided^1-61"' ^  into five distinct zoness-

1. Chill zone;
2. Basal zone?
3. Critical zone;
4. Main zone and
5. Upper zone.

The Critical ztae contains the many bands of chromite 
ore. It comprises mainly pyroxene and pyroxene- 
plagioclaae cumulates and lies below the Merenaky Reef 
extending downwards to the Main Chromitits Sesra. The

depth of /...
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establish the locality of the chosen sample within e 
particular mine. Xt was also necessary to note the 
sample type i.e. "Whether 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 were 
chosen only after due consideration of all the aspects 
as discussed with the staff of each mine. Samples in 
excess of 50 kilograms were taken on mines which produce 
the "lumpy" type of chromite.

All the producing chromite mines in the Transvaal were 
visited and stockpiles of samples were assembled. From 
this stockpile twelve samples were selected (for 
examination) on a basis of usage cn the various ferro­
alloy plants and from an interest point of view as 
well. The chosen samples come from the mines listed 
below:-

1. The Eastern Belt:
Chrome Corporation 
Winterveld 
Lavino 
Groothoek

2. The Western Belt:
Marble Lime 
Ruighoek
Zwartkops
J.C.I. abnormal chromite

3. Far Western Belt:
Zeerust
Marlco Minerals 

k. Northern Trs jvaali
Grasvally Chrome Mine

5. Rhodesia:
Two samples were received - one was from 
the Rhodesia Chrome Mines - the other was 
supplied by The African Chrome Mines Ltd.
Both these ores are Selukwe chromites.



Number Source (Mine) Description of 
Chromite Type Area

Chrome Corp. Selected hard lump,
Winterveld. (T.C.L.) lumpy ore ( Ba»tem

Lavino Metallurgical grade' Transvaal
Srootb.oek Hard lump

$' 582 Marble Lime Hard lump " V e stem

F 584 Ruiglioek Hard lump Transvaal

F 588 ZKartkops Hard lump 
(Magazine seam) ,

F 589 Zuartkops Hard lump , 
(Inter seam) Transvaal

F 596 J.C.I. sample Abnormal Chromite Rustenburg

F 602 Marico Minerals Hun of Mine ‘
V ^ t

Marino Minerals Selected hard lump' Transvaal

F 6o6 Grasvally C.M. Hard lumpy N.Transvaal

F 651 ) Rhodeeian ) Rhodesian
F 652 )

Chrome ) 
Mines )

Lump ore \



TABLE 2

THB CHEMICAL ANALYSIS Off THE CHROMITES (Raf-5)

Number % 0r2O3 %  a i 2o3 % Si02 i MgO

F 524 24,38 12,0 44,8? 13,7 11,80
F 533 25,08 14,9 45,69 15,1 11,13
F 539 23,16 14,3 39,61 14,2 11,65
? 543 24,51 45,50 13,0 2,40 11,38
F 582 23,70 18,1 41,55 14,6 5,82 11,36
F 584 25,16 17,1 45,06 14,2 2,21 10,65
F 588 24,84 13,0 43,44 14,3 4,0? 11, o4
F 589 20,42 11,8 50 j 24 11,6 3.13 12,50
F 596 52,09 , 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 10,35 11,55

F 651 11,20 3,7 50,62 12,0 4,64 17,05

p 13,97 8,3 48,76 9,4 3,28 17,64

Leas than ,005% CaO was found to be present in the
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11,97 20,35 15,8 46,81
MU 3,15 0,16 0,8/ 0,48 1,04

JU.I H ,/ 2,3 13.8 6,8 2,3
14,83 46,81

W., 22,2 19,2 15.1 51,0

11,82 20,15 8.8 48,22
Mi,vt 3,77 0,18 1,06 0,64 6.11

JJ.J 46,5 2,2 13,1
8,Jb to .it 1.74 49,22

11,2 A ,l 16,3 V 9,3 55,4

18,55 H.35 13,8 42,81
V iu.x 0,08 0,04 0,4 1,09 17,24

2U.7 tiU.U U,4 0,2 2.3 6.4
U,toi»;a 13,4 42,61
lb,8 I/.2 10,4 b.a 16,0 51,0

17,05 I V 12,0 50,62
2,85 4,6' 0,17 0,11 0,81 0,4/ 0,63 9,68

M,t V1.5 1.6 1,1 8,4 4,9 6,5
IVU 'V 11,19 50,62
16,3 12.8 12,8 58,1

13,97 9,38 48.76
3,If 3,21 0,04 0,03 0,22 0,28

16,7 0,6 0,4 3,1
n .te 13,91 WO 48,76
W,8 13,2 1.9 9,3 10,6 58,4



Figure 1 was received from D. Kotz% of the Mineralogy 
Division at K.I.M. through private communication. It 
has helped provide a great deal of discuaaibility 
relating to the thermal behaviour of the chromites, 
■which is dealt with in a later section. Possible 
inaccuracies in this table can be attributed to the 
difficulty in separating the chrop-ite from the gangue 
and the fact that the bulk sample might not be truly 
representative of the ore in a particular locality.
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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 oxidizing and reducing 
conditionsi-
1. Thermogravimetric analysis (Thermogravimetry TG)
2. Differential Thermal analysis DTA
3- High temperature X-ray diffractometry 
k. The Lefts Hot stage microscope 
5- Room temperature X-ray diffractometry
6. Optical microscopy, using thin sections and slides 
7• Electron microprobe studies of samples quenched out 

from elevated temperatures

1. Thenaogravimetric data can prove very useful in 
following the course of reactions which involve 
weight changes. A Stanton Thermal Balance was 
available for immediate use in the department and 
this allowed preliminary tests to be 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 
balance to allow gas atmosphere control which could 
be extremely useful for studying chromites under 
conditions other than those of atmospheric conditions. 
It was considered that thermogravimetry could, very 
likely, provide many of the answers which were being 
sought in connection with the chromites.

2. It was hoped that the chosen chromites could be 
characterised by their behaviour in a differential 
thermal analyser. By adding the fluxes to the 
chromite in suitably chosen.proportions it was also 
hoped to study the fusion process by the method of 
DTA. A correlation between these reactions and those 
noted using TG could be made in order to compare which 
reactions involved weight changes and which reactions 
involved only a free energy change.



The technique of high temperature X-ray diffraction 
analysis is a relatively new and also somewhat un­
proven tool in this field of research. Vp to date 
only limited success has been achieved using this 
method. The role played by thia form of X-ray 
analysis can he of great assistance if the reactions 
being studied are reversible, since the high 
temperature phases would be lost on quenching 
samples from these temperatures, rendering room 
temperature X-ray diffractometry unsuitable. Host 
of the reactions involved in the systems to be 
considered in this project are, however, non- 
reversible, making the use of high temperature X-ray 
diffractometry unnecessary.

The Leitz hot stage microscope can be very easily 
assembled to examine the melting processes optically 
as they occur. It is also possible to take 
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 place 
are capable of being followed using the maked eye.
It was considered, after consulting the literature 
on this equipment, that all that the investigator 
would see was a melting process. It would toe very 
difficult to spot reduction taking place since the 
metal and chromite look similar unless the surface 
is polished. The overall deciding factor, which 
resulted in abandoning ideas of using this hot stage 
microscope, was the fact that the answers would only 
be qualitative rather than quantitative. Techniques 
like TG and DTA lend themselves much more to obtaining 
quantitative answers.

All three of these techniques, namely X-ray 
diffraction, optical microscopy and the electron 
microprotoe are merely support methods of investigation 
in this project. Extensive uce was made of the 
first two techniques to study the chromites both 
before a.id after they had been subjected to the teats 
on the TG and DTA apparatus.



1.5 LITERATURE SURVEY
The literature survey is subdivided into two main sections s 
the first dealing with the reduction behaviour and fluxing 
rea-tions and the second with the behaviour of chromite 
under oxidising conditions.
1.5.1. The reduction behaviour of chromite ore in the 

smelting of high carbon ferrochromium 
The manufacture of high carbon ferrochromium 
necessitates a careful selection of the chromite 
ore since the technology and economics of the 
process largely depend on this choice. The 
reduction of the chromite takes place by the 
conversion and decomposition of the chromite 
spinel and the slag-forming oxides which can 
occur in both the chromite spinel and the 
gangue.^Ref‘ ^  The major consideration in 
the smelting of various grades of high-carbon 
ferrochromium is to obtain an alloy with the 
required carbon and silicon content. A 
chromium content of from 66 to 70 per cent has 
been found most suitable by steel makers. e 
There has been more recently, however, a 
tendency to develop a suitable process for steel- 
making where only 58 per cent Cr is required in 
the high-carbon ferrochromium. This possibility 
has increased the importance of the Transvaal 
chromites with their relatively low CryFe ratio.

The silicon and carbon content of the alloy depends 
on the quantity and quality of the lump chromite 
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, 
mineralogical, and particle aise compositions, and 
by the nature of the cementing rock • In
the paper by Kh. N. Kadarmetov, the author compares 
results of smelting tests carried out on various

i « i  o h ix m l t .  o r w  to  p ro d o w  g rW o .
of high-carbon ferrochromium. The author wakes 
reference to two specific grades of Chromite, 
namely: Chr U (4-6, 5 P=r cent carbon) and Chr 
(6, 6-8 per cent carbon).



TABLE h

Ore Number i 6

Btype °re lump powder lump powder lump
Charge compo-

(S )
Cl,romite Ore 
Quartzite 
Coke Breeze 230-240

1000

190-200 230-250 230-25C
Texture of 
Lump Ore dense medium medium dense medium

Structure of 
Ore (Grain) coarse fine coarse fine coarse

Colour of ore black grey grey grey red red
Cementing

siliceous siliceou siliceous siliceous ferruginous

Compos!tlon 
of The Ore 
i Cra03

*

50-54
4-6

48-52
6-B 4-8 4-7

Composition 
of The Slag 
$ Si02 
$ MgO
* a i 2o ^ 25-28

25-31
- 24-38

22-27

27-35 31-35

Composition 
of the Alloy
% c 3,9-6,8 

0,8-1,0 
70-76

0,4-0,9 
70-76

-
5,7-6,8 
0,5-0,8 
68-71

5,5-7,5
0,7-1,4
67-71

5,9-7,1 
0,6-1,1 
70-73

I'ield of 
Grade %

83
17

17
83

1,2
98,8

70 5,0
95,0

85
15

Recovery 93 93,7 - - 85,7 92,8
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Table 4 shows the varying natures of the six 
different chromite ores. The author established 
that the Chr 4 grade could be produced from "luiap 
and friable compact'1 and "dense coarse-crystalline" 
chromites as shown in groups 1, 4 and 6. He also 
showed that Chr 6 grade could be produced from 
the friable lump and powder ores. The reasons 
for these limitations of the chromite ores are 
discussed below.

The Chr 4 can be produced from lump ore because 
it has a high content of coarse chromite spinel 
grains (2 mm in diameter). The cementing binder 
occurs as fine veinlets. These ores have a low 
reducibllity and their refractoriness means that 
these ores are 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 content. Ores 
containing 61 - 63# Ur2°3 and very little silica 
are of a compact nature but as the degree of 
cementation increases, so the # Cr2®3 decreases 
and the #  SiOg increases. The most common binder 
found in the Russian chromites is serpentine and 
various altered forms of this mineral. Thus the 
total serpentine content, and therefore the 
oilica content, determines the quality of a 
particular chromite.

According to Kadarmetov(re:£'"8  ̂, the reduction 
process for powder ore begins at 1150°0 to 1200°C 
and terminates at l4000C to 1500°C. The 
incipient reduction of the CrgCy and PeO precedes 
slagging, but as the temperature increases, so 
the two reactions run concurrently and more 
intensively. Kadarmetov found that the reduction 
rate of lump ore is slower than that of powdered



The tests carried out by Kadarmetov showed that 
the initiation of reduction and slagging and the 
progress of these reactions depended on the 
temperature and time of heating, texture and 
structure of the ore, concentration of Cr^O^ 
and FegOg and PeO, as well as the nature of the 
cementing substance. The reduction of the iron 
oxides and the slagging reactions were shown to 
occur simultaneously and to initiate at the 
surface of the chromite and, to varying degrees, 
within the chromite itself. Chromites with a 
ferruginous binder reduce more readily than ores 
with a siliceous binder.

The beginning of intensive reduction was shewn 
to coincide with intens e slagging. Theme 
reactions occurred at different temperatures for 
different ores. Thus lump chromite with 
40 - 50# Cr2°3 and an 0Pen Structure reduced and 
fluxed completely at l450°C to 1530°C, while 
chromite with 58 - 62# Cr2°y and a compact structure 
formed a fluid slag only at temperatures as high 
as 18500C to 1950°G,

For suitable reduction and slagging of these ores 
at lower temperatures, quartz 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 
to reduction 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 extent than 
in chromites which are high grade. This is due 
to the small amounts of gangue in high grade 
ores which make them non-self fluxing.



S,S. Lisniak and N.F. Svseev^H e f have carried 
out research into the effect of various factors 
on the reduolbility of different Russian chromite 
ores. The chemical analysis of these ores 
is shown in Table 5 and should be compared with 
the Transvaal chromites and the two Rhodesian 
ores. Tests were carried out in a carbon 
resistance furnace and CO atmosphere protection. 
Chromite ore 300, which was a purified, ore, was 
used to establish the effect of temperature, 
reductant type and particle size. The remainder 
of the ores shown in Table 5 were used in a 
similar manner to ore 300 in order to determine 
the reduction behaviour at 1250°C after 3 hours. 
Kinetic curves for the reduction of ore 300 with 
graphite and charcoal at various temperatures are 
presented in the paper by S.S. Lisniak and N.F. 
Evseev together with other such curves for t he. 
remaining chromites.



TABLE 9
CHEMICAL COMPOSITION OP AKTTOBTUSK CHROMITES

Ora cr,0.
%

p t M^O *
a i 2°3 S10 -* o Tctal

3oo 6o,l 15,7 13,4 0,8 0,6 100,1
301 57,5 14,9 14,0 1,2 trace 99,7
302 60,1 14,8. 13,5 10,5 1,6- Srace 100,7
315 53,6 21,7 0,8 11,4 8,5 1,5 100,4

308 52,8 4,8 6,7 20,1 7,8 5,8 trace 100,9
310 20,5 8,9 0,8 18,9 3,5 21,5 9,5 95,5
304 55,4 13,7 • 0,7 14,6 4,9 trace 98,5
30? 30,8 5,5 3,6 8,1 3,5 47,5 trace 99,9

311 47,7 4,9 7,0 18,3 6,3 10,3 3,1 99,7 .

312 44,8 10,9 12,7 12,3 10,5 5,2 trace 96,8

313 59,8 5,9 7,8 13,0 10,8 1,6 trace 98,9



The findings of these two scientists are discussed 
below:-

Reduction was found to start at 1050°G and reached 
10% within 40 minutes at this level. It virtually 
ceased at this point. At 1100°C and 1150oC, the 
same reduction value was reached within 5 - 1 0  
minutes. At this point the reaction rate was 
observed to increase. At 1150°C the reduction 
ceased at 50% reduction after l6o minutes, while 
at the 1350°C level the rate of reduction was 
still more rapid. The tests showed that an 
increase in reduction rate occurred with decrease 
in particle size.

An important result was obtained. This is that 
despite their different chemical compositions the 
chromites from OBXENDXNENKI had similar reducibllity 
values. The reduction rate differed however in 
terms of time, although after a long enough time 
interval more or less the same degree of reduction 
resulted.

The reducibllity 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 data:-

The lattice constant of the spinel phase = 8,25 i 
% Gangue * 2%
The iron was present in the Fe+++ form only.
The spinel formula was shown to be close to

“=0,6 <='•• 0r ' a1>2 °3,6 
The ferroohrome spinel is incomplete since there 
are points in the lattice which should be 
occupied by divalent Fe++ ions which are in fact 
vacant. It would appear that during reduction 
the Pe+++ is initially reduced to Pe++ and these 
divalent ions fill the vacant sites in the non- 
stoichiometric lattice of the original spinel.
This results in a complete lattice.



The new spinel has the following formula:- 

(Mg, Fe) (Fe, Gr, Al)gO^ and is called 
ferrochromepicotite.

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

(Mg.Fe) (Cr, Al)2 0^ and is known as 
ohromepicotite.

At higher temperatures the simultaneous reduction 
of Fe*** and Fe** to metallic iron and the 
CrgOj to Cr^C^ or some other chromium carbide 
take place. The formation of the Mg (Or, Al)a 0^ 
(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 end 
Mg AlgO^ (alumomagnesium spinel).

Thus the whole reduction process can be 
summarised as shown in Table 6.



TABLE 6
THE"VARIOUS STAGES OF REDUCTION OF CHROMITE ORE TOO

Temp. Stage of Reduction $ Reaction Products

Complete filling of the 
vacant divalent sites 
in the spinel lattice 

Fe3* — ►  Fe2*
5,7

(Mg,Fe)(Fe,Cr,Al)204 

ferrochromepicotite

1100°C

Reduction of the 
remaining Fe . The 
Fe tied up with Mg 
is not reduced at this 
temperature.

10,0
(Mg,Fe)(Cr,Al)204
chrome picotite 
+Fe metal

1150°C
Simultaneous reaction

well as the Fe** 
associated with Mg

50,0
(Mg,Fe)(Cr,Al)2 0% 
reduced to give 
Mg (CrAl)204(^)
+ Fe metal (chrome- 

spinel)
+ Cr Carbide

1250°C

Reduction to completion 
but slowly

approach- Mg AlgOu (alumomagne­
sium spinel)

♦ Fe metal*
+ Cr carbide

1350°C , Rapid rate of reduction 100 —  "

* The Pe metal can completely dissolve 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°C.



LisniaH and Bvaeev mention that the most prevalent 
point of view concerning the reduction of metal 
oxides is that gaseous phase reduction occurs.
CO gas is suggested since its regeneration is 
rapid at elevated temperatures. They noted 
that, with decreasing size of graphite, the 
reaction rate increased, presumably due to 
better solid-solid contact. They considered 
that reduction was quicker in oases where the 
chromite ore reduces to cbromepicotite with an 
abundance of metallic iron. This is substantiated 
by the fact that ores 304 and 309 have 3 - 5  
times more metallic iron (based on calculation 
from the analysis) than the other ores. These 
are the ores showing most rapid reduction.
Metallic iron apparently must catalyse the 
reduction of chromium to chromium carbide. The 
activity of the chromium would be lower in a 
mixed carbide of Fe and Cr). Lisniak and 
Evseev called this the explanation of the 
superior reducibllity of samples 304 and 309.
They did, however, feel- that this factor alone 
was insufficient and recommended that close 
attention should be paid to the gangue. It 
is this observation that resulted in the 
necessity for the complete analysis of the 
gangue and chromite spinel in the Transvaal and 
Rhodesian chromite ores. (See Tables).

In a paper by S.S. LlsnyaK, A.If. Belikov, and 
A.If. Morosov<-Ref■10  ̂, the kinetics and 
mechanism of chromite reduction are discussed at 
length. The important aspects they noted are 
as follows:-
The work of S.S. Lisnyak and N.F. Bvseev^Ref 
was confirmed in that in the initial stages of 
reduction of incomplete (i.e. non-stoicbiometric) 
chromite spinels, the reduction of Fe*** to Fe** 
takes place. The Fe** ions fill up available 
vacancies in a chrome spinel that is incomplete.



At temperatures from 1050 C to 1200 C, iron 
and chromium oxides in the spinel are reduced.
The RgO^/po ratio in the spinel approaches 1, and 
only when the iron oxide is totally reduced, 
does the chromium oxide- start to reduce. At 
higher temperatures simultaneous reduction of 
iron and chromium oxides takes place.

Geld and Esin^Ref‘li  ̂ point out, in their paper 
entitled "Kinetics of Reduction of Chromium 
Oxide and Iren Chromite", that in spite of the 
great technological importance of the process 
of reduction of Cr2°3 and chromite, their 
kinetics have been little studied. Frier to 
this time only Baukloh, HenkeVRef,12  ̂ and 
Kaseev^R 11 had carried out research ini o
this subject of CrgO^ reduction by hydrogen. An 
examination by Kaseev of data for reduction rates 
of CrgO^ led to the following empirical equations-

Log A = + b ........ (1)

where A = per cent reduction 
b = coefficient 
T = absolute temperature

Plots of this equation from data obtained by 
kinetic analysis were found to be both straight 
and parallel lines, indicating the absence of a 
relationship between activation energy and the 
degree of reduction. This result is similar to 
that for the reduction of iron oxide. Geld and 
Esin were able to put forward the following 
hypothesis based on the above datas-

The velocities of both the reduction of CTgCy and 
Feo by hydrogen are governed by a similar slow 
stage, namely that of crystallochaoical trans­
formations. This hypothesis is borne out by 
the fact that ti, the coefficient in equation (l), 
changes with t according to the following 
equation:-



b = log (177 x 102t - It,575 x 103 ta + 0,406 x 103t3>... (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 (l) and (2) the following 
expression is obtained:-

-3e £?575T X (177 x l0 3t - 4,575 x 103t2 ♦ o,4o6 x I03t5)
•..(3)

The research work carried out by Geld and Esin 
yielded several interesting facts about chromite 
ore and C^O^. A summary of their findings is 
dealt with below.

1. The authors found that reduction of pure 
CrgO^ with carbon initiates at 1120°C to 
11306C, as compared with Greenwood's result 
of L185°C.

2. They showed that carbon reduced Cr^O^ much 
more rapidly than hydrogen does.

3. These two scientists inferred that reduction 
of CrgO^ by pure CO would be extremely slow.

4. The reduction rate of Aktyubinsk chromite ore 
by carbon was found to be substantially slower 
than that for pure CfgO^ under identical 
conditions. This was explained by the fact 
that the CrgO, is not only combined with iron 
oxide but also with MgO and AlgOy Thus not 
all of the Cr203 is in the free state and 
during the reduction of FeO part of the Cr^O^ 
reoai..s tied up as magnesium chromite. This 
theory agrees with the postulations and. 
results obtained by Lysniak and Bseev.

5. Some chromites have more dense crystalline 
structures than others, depending on the 
inert components, namely AlgO^ and MgO. This 
degree of compactness is a factor which

results 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.
The authors 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 a first 
approximation, inversely proportional to the 
square root of the diameter of the particles. 
This statement indicates that the authors 
attempted to fit a kinetic equation to their • 
data but they never in fact obtained a really 
suitable expression.

Reduction rate was shown to depend on both the 
chromite ore and carbon particle size - the 
chromite particle size having the more 
pronounced effect.
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 calcining, of 
dolomite. The salt facilitates the surface 
migration of metallic ions thereby lowering 
the energy required for this stage of the 
reaction.
Finally the authors put forward a very 
important idea. If the reduction rate of a 
particular chrouite ore were to be increased, 
the Cr203 content of the resultant slag would 
be reduced and in turn the viscosity would be



The Behaviour of the Chroroe-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 FeO in the chromite spinel oxidises 
easily, though not completely to FSgO.. The 
investigators Kariakin and Piatikop  ̂ ef,l4) 
mention several relevant findings concerned 
witn this oxidation reaction. They identified 
both maematite and magnetite in their Rudsian 
Kempirsai ores which had been heated to 1400 K 
to 1700°K.

Kariakin and Piatikop^Ref' examined under 
the microscope mixtures of chromite and FSgO^
(5#  and 10# additions). On heating to l400°K 
to 1?00°K, the following was observedi-

1. During heating, all the FSgCy penetrated 
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.

Goncharov and prokof4ve^Ref* decided to
undertake investigations into the behaviour 
of the heated chromite spinels in view of 
certain discrepancies which had been noted in 
prior research in this field. They mention the 
reaction in which FegO^ changes to Fe^O^ in air 
at atmospheric pressure. This transition point 
is at 1385°K (1112°C) . The results obtained 
in this work are further discussed in the 
section dealing with the behaviour of the 
chromites under atmospheric conditions.
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2. THE THERMAL BEHAYIOTJH OF CHROMITES UNDER ATMOSPHERIC 
CONDITIONS — ----- -----------------

2.1 INTRODUCTION
The aim of this first phase of the project on incipient 
fusion studies of chromite was to characterise the 
fourteen chosen chromite ores by comparing their thermo- 
gravimetric behaviour with their mineralogical 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 
chromite spinel itself.

2.2 EXPERIMENTAL METHODS

2.2.1. The Thermal Balance and Thermogravlmetrv
The first recorded step towards thermal balances 
was a quartz torsion microbalance which wa- 
constructed by N e mst in 1902. Since Nerst's 
experiments, several eminent research scientists 
have developed and improved on the simple apparatus 
used by scientists such as Brill (1905) and Honda 
(1915). The apparatus that Honda constructed was 
the first to be able to record weight che-ngea 
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 heated or cooled 
at a controlled rate, or soaked. Thermogravimetry 
is thus the field of investigation which is studied 
on a thermal balance. The heating, cooling or 
soaking of the furnace section of the thermal 
balance can be programmed through a chosen 
temperature or time interval.

Some of the typical reactions which ©an be followed 
by their weight change characteristics includes 
oxidation, reduction, dehydration, drying, 
decomposition and volatilization. The oxidation 
and dehydration type reactions are of most 
interest in this section on the behaviour of

chromites in /...



chromites in atmospheric conditions, whereas in the 
following sections, the reduction reaction will be 
of most interest.

.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 
primary 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 incurred. 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 itself.
2. The furnace and its control section.
3. A reaction chamber.
!*. A two-pen recorder, recording weight and

temperature simultaneously.

There are basically two classes of thermal 
balance, namely beam-balances and balances other 
than beara-balances. The Stanton Thermal 
Balance is of the former kind. These various 
balances employ several techniques of weight 
reading and recording. Included in these 
balance types are the Null-Balance, the Force- 
Restored Balance, the Peuedo-Null Balance, 
the Displacement-Measurement Balance and 
Miscellaneous Beam Balances as mentioned by



In the Non-Beam Systems direct suspension 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
This instrument falls into the beam balance 
category. Movement of the beam is transmitted 
by means of a capacity following device. This 
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 variable 
differential transformer) 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 
section of the thermal balance was merely used as 
a guide. The actual temperature was accurately 
measured using a potentiometer.

. Conclusion on Thermal Balances and Thermogravimetr; 
The description 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 Lukaazevaki and 
Redfern (1961) (Re:f 117) as to what they consider 
qualities of a good thermal balance should be«-

a) The thermal balance should be capable of 
continuously registering the weight and 
temperature on an X. - X2 recorder.



b) The furnace should be capable of reaching the
maximum temperature required to study a 
particular sample.

c) The heating and cooling rates should be uniform
and., even more important, they should be 
reproducible.

d) The furnace should he able to attain and
maintain a chosen isothermal temperature 
and should soak for considerable times at 
this temperature without varying by more 
than a few degrees centigrade.

e) The uniform temperature zone of the furnace
should be as long as possible and the 
crucible and thermocouple should be located 
within this zone and within close proximity 
to each other.

f) The functioning of the balance should not be
impaired by factors such as radiation, 
convection, induction or magnetic effects, 
nor by buoyance effects caused by upward

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

h) The sensitivity of the balance should be chosen
according to the expected weight change and 
to the size of sample to be tested. Thus 
microbalances oust be much more sensitive 
than large thermal balances in which several 
kilograms are placed.



In most of these respects the Stanton Thermal 
Balance was found to be very satisfactory as 
far as microbalances are concerned. The only 
features of the balance which were not 
satisfactory were the non-linearity of its 
heating rate and the inaccuracy of the temperature 
scale. Both these drawbacks were suitably 
overcome and good results were achieved. The 
temperature was measured using a potentiometer 
and the heating rate was found to play only a 
small role over relatively limited temperature 
ranges. Furthermore, many runs were carried 
out at isothermal temperature levels so that 
heating rate was not involved.

The Thermal Balance Runs with Chromite Under 
Atmospheric Conditions
Bach of the fourteen chromite ores was crushed 
to -325#. The description of this sample 
preparation is discussed below.

In preparing the chromite samples for use on the 
thermal balance several factors has to be 
considered. The lumps of chromite ore, as 
received, ranged in size from approximately 3 cm 
up to 30 cm across. This size vange was obviously 
too large for the microbalance and furthermore the 
reaction kinetics of such large lumps would be 
difficult to study. Finer fractions were there­
fore prepared. The size grade chosen for these 
tests under atmospheric conditions was chosen 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 to produce the minimum amount of fines possible. 
It was also important to avoid introducing physical 
distortion of the sample either by introducing 
stresses of a severe nature during crushing, or by 
causing the sample to heat up considerably while



it was being crushed. These sources of distortion 
were minimised by using an agate grinder for the 
final stage of grinding.

The reason for this choice of particle size has 
been explained to some extent, but the most 
important reason was t' obviate, at this stage of 
the project anyway, any surface effects and, hence, 
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 expected due 
to the greater surface area exposed, in this case, 
to oxidation. This approach would tend to high­
light 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.
Eoch 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 sample was 
balanced (avoiding disturbance of the sample).
The furnace was switched on and each of the fourteen 
chromites was heated from room temperature up to 
1500°C. The runs were carried out in duplicate 
on the thermal balance in the Department of 
Metallurgy at the University of the Vitwatersrand 
and also on the Stanton Massflow thermal balance 
at the Industrial Distributors Research Centre on 
Crown Mines. Use of this alternative thermal 
balance was made to check the reproducibility of 
the results from one piece of equipment to another. 
The heating rates of the two thermal balances were 
similar and thus a favourable comparison of 
answers could be made.
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h flat crucltole was ohosen so that the bed of fine 
chromite could be fully exposed to the atmospheric 
conditions within the open furnace. A tost run 
using a sample of calcium oxylate hydrate 
((COO)2 Ca.HgO) was carried out to check both the 
reproducibility and the accuracy of the temperature 
measurements. A standard result for this 
substance was provided in the manual on the Stanton 
thermal balance. This test also helped to check 
that the weight change readings were accurate. The 
results of all these tests are given and discussed

.3 RESULTS
As each run was carried out, both the temperature and the 
weight reading were recorded on the - Xg 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 drawn. Use 
of a technique which yields the first derivative of the 
thermogravimetric curve with respect to either time or 
temperature can be made. Temperature intervals were 
chosen to calculate the QTG curve in this case.

The temperature was read from the TG curve at fifty degree 
intervals. The temperature was calibrated using a 
potentiometer which was connected to the thermocouple 
placed next to the sample. The thermocouple was a 
Pt/Pt-1056 Rh type. The range over which the temperatures 
were read was from 300°C up to 1500clC. Corresponding 
to each temperature 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 accuracy are both discussed in 
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 to be processed into 
a suitable form for graphical representation. This was 
done in the following ways-



Firstly the cumulative -weight change was calculated From 
the sums of the differences between actual weight readings. 
Secondly the cumulative percent weight change baaed on 
the original 3i5000 grams of chromite ore was calculated. 
The cumulative percent weight change and temperature 
have been used to plot the lower graph in each case for 
the fourteen chromite ores. These are shown in Figures 
2 to 15- In order to plot the DIG graph, the weight 
increments had to be calculated as a percentage. Then 
by dividing the percentage weight increment by the
temperature increment A t , the rate of weight percent 
change with temperature was obtained. It is from these 
values that the graphs of ^ V/ ^  T versus the temperature 
have been plotted. These are represented as the upper 
graphs in Figures 2 to 15.
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DISCUSSION OF TG BB8TJLTB
The amounts of weight gained or lost by the various 
chromate ore samples can be tied up completely with 
the mineralogies! nature of the chromite ore and 
moreover of the gangue ia particular. Two 
comprehensive mineralogical reports covering South 
African chromites have been prepared toy the 
Mineralogy Division of the Notional Institute for 
Metallurgy^+^  . These results have been extremely 
helpful in characterising on the therm 1 balance 
each of the fourteen chromites with respect to its 
mineralogical nature.

the data available, the fourteen selected 
9 have been classed into four distinct

Chromites v>hich gain up to 2% weight and 
undergo no initial weight loss.

Group g: Chromites which gain up to 1% weight and
undergo no initial weight loss.

Group 3: The abnormal chromite which gains over 39=
by weight and shows no initial weight loss. 

Group hi Chromites which have an initial overall 
weight loss at temperatures ranging from 
room temperature up to 1000 C.

A. feature' to be noted about all the chromite ores 
is that they showed a reversible weight loss reaction 
aoove 1200aC, The theory behind this reaction is 
discussed in a later section.

The re=: ns for the behaviour of these chromite 
ores and for their subsequent classification into
h... f..r « ™ r .  - -  ' »" " " " J "  " "  

of t . u.. »

ilmenite.



The overall controlling factor in the maimer in which 
the various chromites behave can be attributed 
predominantly to the nature of the gangue minerals 
present in relation to the chromite spinel itself.
Thus a high gangue/spinel ratio could indicate an 
overall weight loss if hydrated minerals, such as 
serpentines, chlorites and talcs, as well as 
micaceous minerals, are present. This weight 
loss is caused by the chemical water of hydration 
being driven ott from the various gangue minerals 
in the temperature range 400°C up to 1000°C.
Concurrently with this weight losa, however, it is 
noted that the spinel itself undergoes a gain in 
weight due to oxidation of the spinel.

These findings were all confirmed by carrying out 
tests on the thermal balance on separated fractions 
of gangue and chromite spinel.

The chromites which fall into the four groups are

aroup i: P52*, F533, F539, F543, F582, F584, F586, F569
group 2 ! F602, F604
Group 3 : F5$6
Group 4 : F606, # 5 1 ,  F652

The reasons for each of the chromites falling into one 
of these groups can be explained as followsi-

Group & chromites have relatively small amounts of
.. ... t. M W ,  1. T . U .  a— ».

n . .  ™
r.=e. iOO°C up to 1000°C. Tn.y =ho«, 1» »

gain due to H,. <* « «  =ti«.0 =»
reaction.

« . . .  T
_ U . r  . . 1 * ,  « h =  d " - " "  "  ^



The abnormal chromite ore of Group 3 behaves in a 
somewhat different manner from the above two groups.
This behaviour of F5$6 ties in with the theory of 
the weight gain phenomenon of the chromite spinel 
in the temperature range l|00oC up to 1200°C, The 
abnormal chromite ore undergoes the greatest weight 
gain.. This results from the fact that it contains 
the largest 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 spinel, since it is in fact not a 
chromite, and it can thus undergo oxidation more 
readily than the chromite spinel.

Group b chromite ores have large amounts of hydrated 
gangue minerals and this expl." ns their tendency to 
show an initial overall weight loss in the temperature 
range 400°C to 1000 C •

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

2.4.1. The Theory of th«» Weight Los:
^he Hvdrated Gangue Minerals,
The chromite ores containing a reasonable 
amount of hydrat.d minerals are F602 ar.d E6o4. 
T W  or.. W  —
highly altered mineral, are F606, f651
M M .  r .k. . . m r r w  "
650°C, .her, no significant amount of carbonate

.r.
Th. b.h.Tiour "hi^
M.-^ntih., 1. .

range /•••



range 4iO C to 430°C and 780°C to 800°C in 
the praph for chromite F652 are most probably 
due to the chlorite minerals present. The 
small peaks superimposed on the weight gain 
parts of several of the TGA graphs are most 
probably due to the dehydroxylation of talc 
at temperatures around 1000°C.

Information relating to the thermal behaviour 
of the gangue minerals associated wVth the 
chromites, such as talc, chlorite and 
serpentine, is given in R.C. Mackenzie's book 
on differential thermal analysis^Ref" •  This 
information bears out the suggestion advanced 
above relating to dehydration (dehydroxylation) 
and evolution of COg.

, The Theory of the Weight Gain Reaction due_ to_ 
Spinel Oxidation
It was determined in 1939 that, during the 
heating of chromite in air and oxygen, the 
P®0 in the chrome spinel oxidises readily, 
though not completely, to Pe^O^ as
described in section 1.5.2.

A.s mentioned eailier, Kariakin and Piatikop(llef‘^  
identified both haematite and Magnetite in tbe

M l r m l  or..
that had been heated up to 1^00 K.

Tiie South African cbro.ite, aho».d . ..igbt^gain 
T -  1= °

to 400°C. They reached a pea* in “ ±n

in r « « .  «« "°°°°'... w.... '

dehydration.
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It can be concluded that these results For 
South African chromites indicate a reaction 
similar to those observed by Kariakin and Piati- 
kop^ef" in their Russian, chromites.
In fact X-ray investigations of the heated 
chromites confirmed this conclusion by 
establishing the presence of free FegOg in 
chromites -which bad been heated and slowly 
cooled, since these chromites have more FegO^ 
in their spinel structure than the Russian 
ores. This meant that no PegO^ needed to be 
added to observe similar results to those 
observed by the two Russian scientists.

h feature closely associated with this oxidation 
weight gain reaction ie a weight loss reaction 
which commences at about H50oC to 1200 C< This 
reaction is due to a de-oxidation of the iron

150Q°9

oxide F'®2°3 due > its instability.

The partial pressure of oxygen in the environ­
ment of the spinel exceeds atmospheric pressure 
above this temperature (ll50*C to 1200 C) and 
hence the PegO^ starts to lose oxygen.

V.V. Goncharov and E.A. Prokof6va^Ref ,:L5) have 
drawn up a series of reactions to give a general 
idea of the phase changes occurring in a chromite 
in an oxidizing medium. These reactions ares-

Chrome Spinel ' MgO Enriched 
* Chromium Spinel 
*5,0. phase

1200°C
1400 g solution of 

Chromium 
Spinel with 
RgOg (in the
excess RgO_ 
with re­
spect to 
RO.R-O-)

Chrome Spinelapproaching

111

■-VI
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2.5 CONCLUSION
It is apparent that the gangne minerals in a particular 
chromite are a key factor in determining the shape of 
the thennogravimetric curve. The minerals such as 
serpentine, chlorite and carbonaceous minerals are 
the most important in determining the overall shape 
of the thermogravimetric curve. The iron oxide 
content can also play a role in determining the shape 
of the curve as shown especially by the abnormal 
chromite.

The fourteen chromite ores have thus been successfully 
classified into the four groups and, even if these 
groups seem arbitrary, it must be remembered that 
generally speaking the chromites would tend to move 
gradually from one group to another depending on their 
mineralogical composition. It is also gratifying to 
observe the complete tie-up between the mineralogical 
composition of a particular chromite and its behaviour 
on the thermal balance.
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3- THE J.EHAVIOUR OF_.CHROMITE UNDER REDUCING CONDITIONS 
ATMOSPHE^1 aEr> CABB0K AS A REDUCTAt)T WITH AN ARGON

I INTRODUCTION
The study of the fourteen chromite ores under atmospheric 
conditions having 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 therefore 
of great interest to examine in what manner this carbon 
acts upon the chromite to form the misted carbide of 
iron and chromium.

From work carried out in this field by Boericke and 
Bangert^Re^ ‘20  ̂ a set of equations for chromite 
reduction has been established. The reduction, of the 
ion oxides in the chromite was their primary concern. 
Consider the following equations where the chromite 
formula has benn simplified -o FeO.CrgOji- 
FeO.CrgOj + C = Fe ♦ Cr^O^ + CO .... (l)
FeO.CrgOj + C = Fe > Cr2®3 4 co ••*• (2)
Fe0.cr203 + k/jC = 1/3FecC + Cr^O^ ♦ CO .... (3)
FeO.CrgCy * CO = Fe ♦ Cr2°3 + C°2----

Reactions (l) - (3) show the reduction of F e O . C r ^  
by solid carbon and reaction (4) shows the reduction 
by CO. R e a c t i o n s  (l), (2) and (3) have been evaluated 
on a thermodynamic basis and are potentially effective 
above 1220°K. Reaction (9), however, takes preference 
over (1) and (:) and the formation of iron carbide 
invariably occurs at temperatures about 1200 K.

Although it seems feasible that reaction (4) might be 
just as likely to occur as reactions (l), (2) (3),
this is not the case. This aspect is dealt with In 
the section dealing with CO reduction behaviour.



This iron oxide can form either the cerbide or the metal 
th carbon. The carbide is known to form preferentially, 

however, from C r ^ .  Consider the two passible 
reactionas-

Cr2°3 + ^7 C = f Cr7C3 * 3CO
A G t = 182,980 - 130,52 T cal/mole

Cr2°3 + 3C a 2Cr ♦ 3CO
A G t = 195i510 - 129,17 T cal/mole

For thermodynamic considerations by putting ^  ®T = 0
it can be seen that the carbide will form at a lower 
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 durini? 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 balance «ias once more 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 atmosphere control.
This was achieved using the Stanton gas attachment kit 
for upward gas flow.

One of the many reasons for deciding upon thermo- 
grcvimetry was based upon the literature and especially 
on a paper on the "Kinetics and Mechanism of Ilmenite 
Seduction With Oi-W hit."(B,f' 2l) . A p.r.ll.l 
drawn between the approach used to study the reduction 
behaviour of ilmenite and the chromite ores. In this 
paper on Ilmenite reduction It is shown how, by using 
the thermal bal.no. as th. ..in instrument of research, 
a great deal of Information about the kinetics end 
reduction mechanism can b. found. Thu. virtually the 
whoi. of e a .  stud, »  m . — 'I—
M * .  a.., 1- .
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under reducing conditions, using an inert argon atmosphere 
for protection of the sample from oxidation,

3.2 EQUIPMENT
3.2.1. Modifications to the Stanton Thermal Balance 

for Qas Atmosphere Control
In order to carry out th * tests involving the 
reduction of chromite ore, it was necessary to 
modify the thermal balance fjr atmosphere 
control. The new arrangement was designed 
for the upward flow of the gas to be used 
either as an inert blanket or as a reducing 
medium. The additional equipment required was 
a suitable sheath, a flow meter, a water-cotflec’ 
gas flange and the necessary "0" ring seals. The 
whole gas attachment was purchased as a kit 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 
bottom entry port of about 500 ml/min, and from 
the top exit port of 300 ml/min, it is pousible 
to reduce the oxidation of carbon from 
7 mg/5 min to 0,1 mg/5 min for a sample weight 
of 100 mg at 800°C. Furthermore this arrange­
ment was considered suitable for CO. The 
apparatus *as tested for leaks and subsequently 
the runs were begun.

3.3 EXPERIMENTAL METHODS

3.3.1. Sample Preparation
n .  —  "
for thl. Ph." t"™
for th. run, under ,t»osph.rlc condition.. A

Z i r z - z z —
zLTr
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3ii order to minimize any possible complicateone 
thac might have been Incnrred had the addition of 
the riuxes commonly used on a ferro-alloy plant 
beea added, The reduction and fusion process was
considered co go to completion for calculation 
pui-pcses. The composition of "this final slag 
was fixed sti-

30 per cant SiOg MgO/AlgCy 1 1 1
2,5 per cent CaO Slag/metal 1 s 1

The resultant metal phase was fixed as well, namely 
6 per cent carbon and 2 per cent silicon. These 
values for slag metal composition are representative 
of the reaction products from an average submerged 
arc furnace producing high-carbon ferrochrofflium.
A model calculation for the necessary slag forming 
fluxing additions for chromite P 533 is given xn 
the appendix.

. Continuous Runs
Four chromites were selected for continuous rufla 
on the thermal balance. These ware t 524, F 533.
P 602 and P 652. They were chosen to represent 
the three major groups as classified In the 
previous chapter. Two chromites, namely F 
and F 533, vere selected from the largest group.
A .325# fraction of all four chromites was 
used for these continuous runs on the therma* 
balance. 500 mg of chromite M ,  weighed into

following op.oitio.Mo»='-

... a n - i M )  » *. .. -
Ash - le6s $han 20 ppm



After thorough mixing the sample was placed in a 
mini alumina crucible of the following 
dimensionsi 17.0 mm in diameter and 17,5 mm in 
height. The crucible plus contents was then 
placed on the sample pedestal in the thermal 
balance. The furnace assembly was lowered 
over the sample and the heating cycle begun.
The sample was heated at 6, 7°C/minnte from 
room temperature up to 1550°C. This completed 
a continuous run. Tests nere carried out with 
each of the four chromites plus excess carbon 
in the manner discussed above. Only one chromite 
was, however, chosen for runs ■with the fluxing 
additions as well as carbon. This was chromite

The resultant thermogravimetric graphs were 
read in the normal manner and are presented 
in Figures 16 and 17. A blank run with carbon 
only showed that the weight loss due to oxidation 
of the carbon was negligible.
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3-4 DISCUSSION OF THS COKTimDTIS bttwr
Figure 16 shows the various rates of reduction curves 
plotted for the four chosen chromite ores. The 
variation of rate of chromite reduction with time and 
temperature is illustrated by these graphs. The shift 
in the peak of the curves from left to right is 
attributable to an increase in the Cr/Fe ratio in the 
chromite ores. Since CrgO^ is known to reduce at 
higher temperatures than the oxides of iron, this trend 
of maximum reduction rate to the higher temperatures 
is not at all surprising.

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

■Weight lose of chromite at time t 
Present reduction = Poasible weight loss"for total * 100 

reduction of Fe and Cr oxides
Rate of reduction is defined as:-

dt ~ — -----  ~ “  n (minsi
The fact that the weight loss was greater than that for 
the theoretical 100 per cent reduction, when considering 
only th. oxides of Cr and Fe as being reducible, was due 
to the fact that if excess carbon is present, SiOg will 
reduce as well. Where no fluxing .ddltion. w.r. ..de, 
o W  .lightly g n .t.r ..lu.. w  140 p.,

m i .  h.T. «« « »  — 11 — a "  f
silica in th. gangue, ranging from 1,2 up to 3,3 per 
. ««. miue.d. «h.r.
«d., . - W .  f  - a - * - '  « « *  1 " " '

flu... « «  w d ^ .  m i .  i" —
W  "  P"



On reducing, the SiO^ forms several products including 
SiO, Si end Sici^^Xf SiO is formed, it leaves the 
system in vapour form. Both Si and SiC, however, 
can dissolve in the alloy, giving a ferrochromium 
ei.licitie rather than high-carbon forrochromium as the 
reaction product.

It seems more likely that SiO was formed since the 
weight loss incurred reflects most of the SiOg leaving 
the system. The reactions involved are discussed ..

SiOg ( 0< quartz) + C(s) = Co(g) + SiO(g)
= t 160,230 - 78,Z7T ial/6 mole

SiO. ( Oi quartz) * JO = SiC(s) + 200(g)
A G t° = * x43,t80 - 79.56T cal/g mole

Although the above thermodynamics show the formation 
of SiO to be more favourable, it is very possible that 
the kinetics and presence of other materials in the 
chromite might alter this thermodynamic viewpoint. It 
is quite possible therefore that SiO is formed.

A test run was carried out using pure Si02 excess carbon. 
Th. SIO, r ^ i c a  1= tb. *«p.r.tar.
l450oC to 1550°C.

w m m
... wn.



3.5 STOICHIOMETRIC CARBOW
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 SiOg to form SiO, SiC and Si. This 
tendency would result in an exoeas of Si in the metal, 
forming a ferrochromium eilloide alloy instead of high 
carbon ferrochromium.

The composition of the alloy to be produced was fixed 
at 6 per cent carbon and 2 per cent Si. Thup 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 vtaa to be added. A stoichiometric 
amount of carbon 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 ;ent 
carbon and 2 per cent silicon.
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3.6 ISOTHERMAL RUMS
Runs were carried out on all fourteen chromites at the 
-325 meeh size. These runs were done at four different 
isothermal levels, namely, 1200°C, 1300°C, lkOO°C and 
1500cC:. Each chromite sample was weighed into a mixing 
bottle ana the stoichiometric carbon addition was made. 
After thorough mixing t>ie sample was placed in. a mini 
a'umina crucible which was placed on the sample pedestal 
in the thermal balance.

The furnace, which had been heated to the required 
temperature level, was eubiequently lowered over the 
sample, which had previously been counter-balanced in 
the usual manner. In this way each of the runs was 
started. Blank runs using carbon powder only were 
also carried out in order to assess the rate of carbon 
oxidation. The temperature of the heating zone of 
the furnace was checked prior to lowering the furnace 
before each run in order to ensure that the zine in 
which the sample would rest was at the chosen temperature

Thus four thermogravimetric graphs were obtained for 
each of the fourteen chromites at the chosen Isothermal 
levels. From these graphs the amount of weight 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 under­
went rapid weight losses were read off at minute 
intervals, whereas those chromites losing weight at 
slower Tates were read off at five minute intervals.

A series of runs at four isothermal temperature levels 
was also carried out using chromite T 533 PluB fluxes
plus stoichiometric carbon. The temperatures used
were 1,00*0, 1*0°C.

l a Kfc °r 1" I " " — *  -
later stage.



To ensure that as representative a study a.s possible 
could toe carried out, sever,'1 precautions "were fcakens-

1. Kinetic studies were carried out uoder identical 
conditions of heating rate, isothermal temperature 
level, argon flow rate end the method of mixing the 
powdered carbon anti chromite.

2 . The temperature Was measured at the point in ttie 
furnace where the sample was placed, and, to 
minimize thermal gradients, the samples were heated 
at a slow rate for the continuous runs.

3.7 THE RESULTS FOR THE ISOTHERMAL RUNS
The method of evaluating the results was similar to 
that used for evaluating the results for the atmospheric 
conditions. The values of weight were read off from 
the thermal balance chart at various time intervals 
depending on the reduction rate. These weight readings 
W6re used to calculate the weight increments and hence 
the cumulative weight change. Finally the percent 
reduction was calculated from this cumulative weight

K  ». m s *  1. " . P T "



To ensure that as representative a study as possible 
could be carried out, several precautions were takeni-

1. Kinetic studies were carried out under identical 
conditions of heating rate, isothermal temperature 
level, argon flow rate anfi the method of mixing the 
powdered carbon and chromite.

2 . The temperature was measured at the point in the 
furnace -where the sample was placed, and,.to 
minimize thermal gradients, the samples were heated 
at a slow rate for the 'ontinuous runs.

THE RESULTS FOR THE ISOTHERMAL RtfWR 
The method of evaluating the results was similar to 
that used for evaluating the results for the atmospheric 
conditions. The values of weight were read off from, 
the thermal balance chart at various time intervals 
depending on the reduction rate. These weight reading's, 
were used to calculate the weight increments and hence 
the cumulative -weight change. Finally the percent 
reduction was calculated from this cumulative weight 
change value. The results are to he found in Figures
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3.8,1. Introduction
It has 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 reaction 
starts at about 1040°C for the -325 mesh size 
fraction, the study of the approach to equilibrium 
at temperatures above 1040°C might be obscured 
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 lO^O C, if no 
change in the reduction mechanism takes place, 
the presence of these reaction should
not alter the reaction kinetics

3.8.2. Rate Equations
Th, .tel. crux of analyslne « »  « » ™ » 1  irt* 
expressed as lo5. curve, i. b.S^d o» the
f.ct that these -eight l°»s « ^ e s  o«» t. 
ecoordlng to a speoifie e,«.tl=n. AeeordlBl to 
this equation, »hioh the d.ta lit., « kinetoo

to determine



to determine the g(x} and p(y) functions with the i 
beat fit to the curve, and thua an assessment of 
the probable mechanism can be made. Other 
kinetic parameters can thus be established, namely 
activation energy and frequency factor. Tables 
for the analysis of experimental data in the 
Eorni log y(x) values for various mechanisms and 
- log p(y) vs temperature for activation energy 
values are to be found in the paper Satava and

The method of studying thermal decomposition of 
solids is usually carried out by measuring the 
fraction, x, of material reacted as a function 
of time, t, at a constant temper -ure, .T, and 
pressure P. In the case in hand, for the 
reduction of chromite the fraction x is measured 
as the weight loss converted back to a fraction 
of the reacting species under consideration, 
namely the chromite. It is assumed that: only 
CO gas is formed and hence for a mass of CO 
evolved, say m mg, only 1 /28 x m mg can be 
attributed to a weight loss from the chromite, 
the rest being from the powdered carbon. This 
value of l6/28 x m is the fraction x, the amount of 
reacted chromite, i.e. reduced material.

The probable reaction mechanism is determined
„  m l —

# # % :
was not considered /.



was not considered suitable as evaluation, of the 
data is difficult and rather uncertain. It 
was therefore decided to adhere to the more 
familiar and proven method of analysis, namely 
isothermal runs at several temperature levels*

The mathematics can be set down as follows.
Since no information about the mechanism of 
the reduction of chromite is veil established* 
and none is available for South African 
chromites, the reaction was assumed to be ab%e 
to be expressed in the formal kinetic 
equation’Ref-25)

™  = k (l - x)n ..............,...,(1)
Where x = fraction of reacted material

k = rate constant
n = apparent reaction order

However, in the ease where the kinetics are more 
complex, an alternative more general kinetic 
equation can be used B̂ef'25 •

» k * *(i - x)1 ..................  (')
Where a and b are empirical constants. This
is the Z.akofR'<''13) equation- 
Under th. chosen iso thermal conditions the 
ma*,,!.. b. W  - " - i
equation.

as , k r w     (3)

r W  d . P ^ '  «

equation.

k .

—  I - :



1 e* al afef,a ), prepared a table of kinetic 
Ltions. These are presented in Table 21, and 
the equations into which the tbermogravimetric

establish the best fit equatii 
360 model 50 computer was usei

The programmes used and the
:omputer results

r at al(Bef-26) equation (l) 
heterogeneous solid state

be expressed in the form of the equation if 
diffusion is the rate controlling process. Thus 
equation (2) is a more suitable basis for analysis



TABLE 21
KINETIC EQUATIONS

EQUATION RATE-CONTROLLING PROCESS

X2 = kt One dimensional diffusion
(l - x)In(l-x) * x = kt Two dimensional diffusion, 

cylindrical symmetry
(l(l-x) ^3)2 = kt Three dimensional diffusion, 

spherical symmetry, lander 
equation

(1 * 2/3x) - (1-x)2Z3 = kt Three dimensional diffusion, 
spherical symmetry; Gunatllng 
Brounshtein equation

- Ill (l-x) a kt Random nucleation, one nucleus 
on each particle

v^-ln (l-x) = kt Random nucleation 
Avrami equation

^V^In (l - x)1 = kt Random nucleation 
Avrami equation

1 - (1 - x}* = kt Phase boundary reaction, 
cylindrical symmetry

1 - (l - x)^3 = kt Phase boundary reaction, 
spherical symmetry



a # #

a y #

Thus the equation 1 - “/ ^  - (i . x)2/̂  = kt wa8 
found to be the best fit equation.
So now in fact y = a + bx 
is f(x) = a ♦ bx
i.e. 1 - / ^ x - (l-x)2/g = a * bx = Kt
K = rate const. = (k/r a) rQ = initial radiua 
K = specific rate constant 

i.e. 1 - a/ 3 x - (l-x)2/3 = ( V ^ a )  *
But rQ is considered the same for all the samples 
and can be neglected. Using the slopes at the 
various isothermal levels as computed by the above 
programmes, Arrhenius plots were constructed.

The best fit line through these points was obtained 
by using another programme called "Fits". The 
slope of the line is E.a and the intercept A.

. The Rate Controlling Process 

.1. Introduction
Having established the fact 1 
of chromite takes place via 1 
the reacting species through a reaction product 
layer, it is now ho'.ed to explain the part of 
theory behind this mechanism. Most of the 
theory is based on the findings of A.N. Ginstling j 
and B.I. Brounshtein<Ref-271 and concerns the 
equation for three dimensional diffusion where 
spherical symmetry is considered.

A well known fact is that the diffusion process 
into a spherical particle often imposes serious

p m . . . . .

great importance ' 
in particular, th<

, involved, is very limited.

it the reduction 
i diffusion of

processes, 
chemical processes i

:o industry. Diffusion governs, 
, velocity of the bulk of such

Even today the

O f a l l  / . . .



Of all the fields concerning the metallurgist, 
the study of diffusion kinetics must surely 
rate as one of great theoretical and practical 
interest.

3.8 .4.2. Theory
Consider reaction where substance A reacts 
with substance B to form the product AS, The 
thickness of the product layer AB grows 
continuously as the reaction proceeds. During 
the course of this reaction A diffuses through 
this reaction product layer into B with a 
velocity immeasurably smaller than the velocity 
of the chemical reaction between A and B, if 
they were able to react without this barrier. 
Thus the diffusion through this product layer 
entirely controls the kinetics of the process.

From purely theoretical considerations of the 
above system for a spherical particle, the 
equation for the kinetics of reactions in these 
particles has been derived. The approximate 
solution of this equation is given as:-

1 _ - (1 - '
I  1. a t ™ '  f

substance B In Motion, of unity 
t is the time 
k is the constant 
, i, the initial M l -  -f 

of substance S.

Tt. —  w - . i .  w " -

substance B) •

m
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The function k is a coefficient characterizing 
the physiochemical properties of the reacting 
species as well as the reaction conditions, e.g. 
temperature. Another important factor is that 
the growth of the bed of product AB is a function 
of a and t as well as of the ratio of the 
thickness of this bed to the initial radius of 
substance B. This growth is minimum When

The second equation concerning diffusion for 
spherical symmetry, namely the JANDBR 
equation is shown by Ginstling and Brounshtein 
to be suitable only for the kinetics of solid- 
state reactions when there is an extremely low 
degree of conversion of substance B. This 
error in danders' equation increases with the 
degree of reaction, i.e. x..

Thus a very suitable expression has been arrived 
at by these two scientists, namely Ginstling and 
Broun^t.ln, .od * 1 "
equation in this project has been of key 
importance in deriving values Cor the activation

for r#h.oti«m ^

 . m m  m r -  -  -

' ---
conveniently written as

^a/RT

I.

k = rate constant 
A = frequency factor



The theory of Arrhenius and the Arrhenius plot 
have been used to obtain the Ea values for the 
fourteen selected chromite ores. Tho rate 
constants, however, could only be computed once 
a mechanism had been established.

Arrhenius Plots
Since it had been established that the rate 
controlling process in the .reduction of all the 
chromites was diffusion and that the equation 
which was the best fit for the thermogravimetric 
data was the Ginstling-Brounshtein equation 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 in fact from the 
computation of the best fit line to the data 
as plotted f(x) vs time. The slope of this 
line is k, the rate constant.

Now consider the Arrhenius equation:-

1„ k = In A - la/KT Ins 
In k = In A - Ea/ST (1)

Thus Ba
i.e. The slope of thisthe final answer, the

line multiplied by R, the
r x slope

gas constant, gives 
activation energy ii 
joules/degree mole j

in joules/mole since H is in
3 a, the frequency factor, is



Table 22 shows the Eg values, variances, correlation 
coefficients and frequency factors for all fourteen 
chromites.
These results were all obtained using computer 
analysis of the rate constants.

3.9.3- The Analysis of the Kinetic Data
The data was tabulated as shown in the section of 
results. This data consists of the values of 
x and the % reduction of the various times, t, 
chosen to suit the reduction rate. These two 
values were fed into the computer in a specific 
way according to the fvnaat statements in the 
programmes used. These programmes were then 
used to compute all the values needed to assess the 
mechanism, the activation energy, the frequency 
factor, the variance and the correlation coefficient. 
The programmes used are discussed belowi-

3.9 .3.1. "Fitmec"
This is a main programme especially compiled to 
substitute the values of x and t into the 
nine possible rate equation end to calculate 
the corresponding fit c  'his function of x, 
i.e. f(x) and time t. The closer W e  plot of
T(x) vs t approaches a straight line through
the origin, the better the fit of the rate
controlling equation. To obtain this straight
line fit, a subroutine to the main programme 
"Fitmec" was used. This subroutine was called 
"Fitlin".

-  -
the best fit kinetic equation. The line 
of the form

! intercept O' - variance



For the fit to be suitable, "a" should be as 
near to zero as possible, and 11 e-" (sigsssa) shoal* 
have as small a value as possible. "b" is
then taken t be the value of the rate constant : 
at a specific temperature.
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TABLE 22
M  v m m m  m r n m  n, u .

Chromite
Ea activa­
tion Energy 
K joules'/ Variance Correlation

Coefficient
Frequency 

Paotor
& (min"1)

P 524 185,8 ,14 _ ,96 6,5
2 F 533 190,4 ,20 9,0

P 539 271,9 ,16 l4,o
P 543 145,5 ,14 - ,98 5,4.

5 F 582 319,5 ,25 - ,99 18,3
P 584 227,9 ,09 - ,99 13,0
P 588 196,8 ,07 - ,99 9,2

8 F 589 143,6 ,07 - ,98 4,5

F 596 106,6 ,09 - ,99 3,3

602 275,8 ,15 - ,98 13,0

F 604 241,3 ,02 - ,99 12,0

F 606 252,6 ,16 - ,99 13,0

F 651 300,4 ,08 15,0

P 652 260,6 ,15 - -96 10,8



DiBQuaaion of Results
The chromite with the lowest S value is P 596.
This is the abnormal chromite and is really 6 
magnetite rich in chromium sesqui-oxitie end 
some ilmenite, as has already been mentioned.
The chromite with the highest Ea value is 
F. 582 and by referring to the mineralogy tables, 
it can be seen that this chromite contains the 
meet gangue. It would therefore be expected, 
looking at these two chromites on each end of 
the activation energy scale that factors relating 
to the varying proportions of Cr̂ Oy FeO end 
FegOg in the ohromite spinel and possibly to the 
differences in gangue composition, might play 
an important role in the value of the activation 
energy for a particular chromite.

Thus, broadly speaking, it would appear that the 
variation in activation energy values can be 
explained ls follows:-

a .  . . . m u  M W V V —  ^  .le— i...
are fairly similar but the amoimte of non- 
n m . l b l .

s *



balance of the gangue components. (The words 
"non-reducible components"are used to refer to 
the components of the spinel which remain as 
metal oxides and are non-reducible in this 
aietal/metal oxide/carbon system).

Thus chromites which are good examples of a 
high E value and high gangue content and 
contain leaser amounts of AlgCy and MgO in 
their spinels are: F 539, F 582, F 606, F 651 
and T 652. Examples of chromites with low Ea 
values and low gangue mi eral contents are 
F 543, i.e. containing a fair amount of AlgO^ 
and MgO in the spinel, F 589 and F 533. There 
are a few exceptions to this rule and the 
possible reasons for the discrepancies are 
discussed in the following section.



Chromite
Joules/

*Gangue

1 F 524 183,8 4,4
190,4 2,33 F 539 271,9 13,6 High Gangue and 

Ba Value a
F 543 145,5 5,7
F 582 319,5 10,1 . High Gangue and 

Ba value a
6 F 584 227,9 4,1
7 F 588 196,8 7,0
8 F 589 143,6 6,2

, * « 106,6 ±2,5 Low Gangue, low 
values

275,8 7,0
241,3 8,1

,  «w 252,6 17,2 High Gangue * . 
high Ba valves

13 T«M 300,4 9,7 High Gangue, 
high ®a values

14 260,6 7,0



THE REACTIONS ASSOCIATED WITH THE REDUCTION Op CHROMITE
WITH SOLID CARBON ™ '

3.10.1. Introduction
The computed results from the thermogravimetric 
date for the isothermal runs suggest that the 
reduction of chromite by solid carbon is 
controlled by the diffusion of the reactants 
through the reaction product layer. The nature 
of the diffusing species is the consideration 
which gives rise to the most uncertainty. 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 CO gas on 
its own reduce chromite at temperatures near 
to 1500°C. It is this question that is the 
crux of the discussion on the reactions 
associated with the reduction of chromite 
with solid carbon.

TO, chemical c.actid, t.hinS pl.c, dcrihS «>• 
reduction of chro.it. have l.eh .W«,».d as

be formed at the 
and hence likely
product layer.



Reactions;-

A typical Russian chromite was used as an examples 
NON STOICHIOMETRIC FERROCHROMB SPINEL

*4,.« c,, u ) ,  ,
- i  i 0 5 o ° c  

FBRRO-CHROMBPICOTITB 
(Mg, ̂ Fe), (Fe., Or, A l ) ^

Iron^^Fe ̂ ^  _ , 1100°c -» Fe + Cr^Oy
CHROMBSPINBL
Mg (Or, Al)gO^

^  1 - 1150°(
cCy ^ MgAl-O,,MgO CrxCy * M gAI^

(Penclase) (chrome Spinel
carbide)

The reaction products during the reduction 
process are thus:-

Iron, Chromium carbide. Periclase and Mg Al^O^ 
spinel. In the carried out on the
samples obtained f. the thermal balance work, 
the reaction products aere found to be much the 
same as those found by the two i.westigators 
mentioned above. X-ray diffractometry was u.tad 
to examine the reaction products. these tests 
are discussed in another section.

The products analysed by X-ray diffraction
chT.miua-iron ..rtid., p.riol... («e), 

.pi””1 (*8A1204) " d “
..... «.. U - "X*

b . «  ..wf— d). ' = «  p - —
fact that the presence of free Iron »as not 
established »»■ «  t prebabiy that the
t - p . C n r . .  c . - i



than those mentioned by Lisniak and Evseev, 
and hence the free iron and the chrome carbide, 
which form a solid solution, had dissolved in 
one another to form chromium iron carbide.

All these reaction products would thus be 
likely to form prrt of the reaction product 
layer at the temperatures used in the reduction 
tests and 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 more likely for the 
reasons discussed below.

The Diffusing Species
The likelihood that CO is the diffusing species 
is based on the fact that the most prevalent 
point of view in the literature at present is 
that the reduction of metal oxides and ores with 
solid carbon occurs via the gaseous phase.
Hence the easier the regeneration of CO, the 
more rapid is the reduction process.

If CO is considered to be the reducing species

i, «. A —  V  
. „ h - . a - ,

GO
given below:-

FeO + 8/30 = */3 Pe3C
^  M
( ̂  Cr203 * 5 /21C =
T'3 Cr203 + 2C

+ 2 CO
7 3  Cr t 2 CO

73 Cr + 6Pe •

TemneratureC
from start _oj
rea c ti on_atwM£b



Thus the formation of CO can begin at temperatures 
a low as 713 C, if only the thermodynamics 
are considered. Experimental results show 
clearly that the reaction only starts at some­
what higher temperature than 713°C, namely 
nearer 1050°C. Thus the FeO in the spinel is 
obviously more difficult to reduce that FeO on 
its own would be.

For the experimental conditions mentioned, i.e. 
solid carbon in contact with solid chromite, the 
reaction would be expected to Initiate at tfie 
contact points between the reactants according 
to equations 1 and 2. After the initiation of 
the reaction, and as long as there remain 
contact points between the reactants, reaction 
1 or reaction 2 must play an important role 
in the reduction process. The extent 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 CO,

The possible reaction involving CO in the 
reducing species is as follottaj-

7. FeO Cr203 = Fe * CrgO^ * C02

Kinetic studies of the regeneration reaction of

C02 + C 2 CO

indicate that it has a significant rate only 
above 10000C. The activation energy f^this 
reaction ha* been shown by Walker et al 
to be 361,2 It joules/mole.

Thus it would appear that during the early 
«„B.. of rotootior, (1050°= »P «= 1 ™ ° C " 1 
•ven Msher t.ip.Patm-.s) solid - .olid m t M -

^ l d  *  b. a .  - d *
reduction process.



A chromite sample plus stoichromotrlc carbon 
held Isotbermally at 1100°C nas found to react 
for about an hour and then the reaction tailed 
off. This la experimental verification of the 
fact that solid - solid interaction playa an 
important role at this temperature and the CO 
regeneration reaction is not predominant in 
reducing chromite at this temperature. At 
temperatures of 1200°C and higher the reactions 
become progressively faster as all the results 
indicate. The termination of the reaction at 
this temperature of 1100°C seems to be due 
probably to the formation of the products at 
the chromite/carbon interface, resulting in a 
decrease in the reaction rate and ultimately 
in its ceasing. At the higher temperatures 
the rate of r.g.h.retleh of CO toerM.ee.. TOi« 
■lEht possibly be the r.aeoe .hioh c.h.e. this 
increase in reduction rate. Since, generally 
. p . . k i n , ,  g . . - a ° l l d  r -  M s "  "  = n h  '  
than solid - solid reactions, on. »=uld .«p.=« 
this overall increase in reaction rate. A
..ocnd po.slblUty «sntio».d the intro- 

% Z % n !  This 1. tba«
foiws at higher temperatures acts as a ca a 
for CrgOg reduction.

! # # # ,
and the reduction proee.d. »•- nl? v

..tabld^ ....

" "TinThese are discu. 
tests uslug CO



The results for the isothermal runs at 1280°C, 1300°C, 
1400°C and 1500°C are shown in Figure 33. Calculation 
using the computer showed the mechanism to be unaltered 
from that for chromite reduction without the presence 
of fluxing additions. The first temperature level 
for the isothermal run was taken as 1280°C, since 
tho reduction behaviour at 1200°C and even up to 1275°C 
was inhibited by the presence of these fluxing additions 
due to poorer particle/particle contact between the 
chromite and the carbon. At 1280cC this effect had 
bjen over-ridden end it was therefore chosen as the 
first isothermal level.

The rate constants at 1300°C, 1400°C and 1500°C have 
higher values than thoso for the runs without fluxes.
The activation energy, however, is almost the same 
as can be seen in Figure 34. Thus the values of Ba 
are dependent only on the actual nature of the chromite, 
although the fluxes do have a diluent effect on the 
carbon chromite contact, ,-uusing an apparently lower 
rate of reduction i.e., lower rate constant at the 
four isothermal temperature levels. This is thought 
to be merely a pseudo effect on the rate constants, 
because if excess carbon were to be added, thereby 
increasing the carbon-chromite contact surface to the 
same value as was the case before the fluxing additions 
were made, then no deviation o, the rate constant 
values would have been observed.
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.12 USE OF A CORRELATION MATRTr TQ 'ESTASI ,1.SH TBE EFFECT OF 
VARIOUS PARAMETERS ON THE ACTIVATJOR ENERfiT awn BATR 
CONSTANT

3-12.1. Introduction
A computer programme caUe-d "COHHE" -was ttsed to 
establish this matrix for data relating to Efi. 
This programme was used to calculate the i 
standard deviation, sums of .cross-products of 
the deviations from the means, and •product 
moment correlation coefficients from the input 
data. If the input data is considered to be
of the form X^j where i = 1,2,  -- ,
observations and J = 1,2,  ---, m are variables,
then the following equations can be used to 
calculate the above atatisticei-

suras of the cross-products of deviations

= ill (*ij ' Tj1 " Th5 "
--

where j
The correlation coefficient

used to find

out what gnificanoe 
tion might have 
■rue —  of euch

and the rate constants-

each other.
Matrix

«  b. » = «  "  w —

considered 
Hie number

the numberis in factof observations This d.s because 
each set of /

, fourteen.of chromites



each set of data for each of the fourteen, 
chromites is the actual observation for that. 
particular chromite. The variables are 
given across the top of the table. Since 
there were only fourteen chromites, the maximum , 
number of variables which can be considered is 
fourteen. Since there were more variables 
than observations, several matrices had to be .. 
completed to cover all the variables. These 
results are also given below in table fotfm.
Only thirteen variables are shown since these . 
were found to be of most importance.



TABLE 24
THE CORRELATION MtT-nTV



Tha discttsalotv of the Correlation Matrix Results
The t=test for the significance of an observed 
correlation coefficient gives r e 0,55 for the 
95% confidence level. (r = 0,48 at 90% 
confidence)^e f . Thus any values below 
0,55 do not have a sufficiently high correlation 
coefficient value to conclude that there is a 
relationship between the two variables under 
consideration.

Perhaps the most note-worthy aspect of the matrix 
is the relationship between the rate constants at 
the various isothermal temperature levels and 
the other variables such as % FeO, % Cr203’ 0r/Fe 
and E . The reason for stressing the importance 
of these particular variables is that it is the 
rate constant, which is directly proportional 
to 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-

i*0°c ̂  im'o fIB*
M U "  I * "



negative. The greater the % Cr2°3> the slower 
the rate of reduction in the temperature range 
1200'’g up to l400°C. Once again composition 
has Little effect at 1500OC. The above two 
effects are borne out by the correlation of 
the Cr/p, ratio. Thus it would seem that the 
actual composition of the chromite with respect 
to its metal oxides only plays a significant 
role below 1500°C in terms of reduction kinetics. 
This is also shown in that the k values for 
all chromite ores tend to approach one another 
at 1500°C. Only the pre-reduction would be 
affected by the variation in % FeO and % Crg°3 
but the rate of reduction at temperatures Of 
1500°C and higher would not be affected by any 
variations in the proportions of the two mefcnl 
oxides. Furthermore, only the final c o m p u ­
tron of the high carbon-ferrochrome is affected 
by variations in the Cr/Fe ratio.

I. 1. la«.r..Ma. M  * W

i i i s t  

i l l l i P

ihromite spinel itself, 

also ties up «el

in o« ^ .



the same degree as th& % SdOg. Ttiie is exactly • ;
what one would expect since some MgO ie found 
in the chromite spinel structure. The corre­
lation between and the % gangue is of fair 
interest.

Figure 35 has been plotted showing the variation 
between the E values and the gangue content 
for the various chromite ores. There are 
several possible reasons for this trend of $a 
increasing with gangue content. Firstly the 
chromites with the greater gangue content tend 
to have gangue actually coating (partly and some 
even completely) some of th- chromite grains.
This tends to inhibit the red.cticn proc.ss via 
the .olid phase resulting in an apparently high 
rn v.lu.. Th. other po.^hility i. a.*

w n .  w l "
non-r^dnolhl. o - p - — "  "  ^  "
r e ^ t i n .  ^
c o n U i ^ n .      W  *  M f

is oonsidnred.
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INTRODUCTION
It is a well known fact that hydrogen gis will reduce 
c h r o m i t e . The behaviour of chromite in a 
carbon monoxide atmosphere, however, is not well known.
In spite of the great technological importance of the 
process of chromite reduction, very little work has 
been carried out in the field of the kinetics of 
reduction, especially where carbon monoxide is concerned. 
Thus this section of the project *as devoted to finding 
out how chromite behaves in a carbon monoxide atmosphere 
in the temperature range 1200°C up to 1550 C,

In many reduction reactions CO is suggested as both 
the diffusing and reducing species. For example ±a
u .  - u -  - a - ; " -

«  a, ». t M  - 1 .  q, "  W  0.
. w i .

.«W W  M  « « W  "
°

ilmenite by regenerated CO gas.

m #
out such an experiment.

As part of the i n t r o d u c t i o n ^ ^  P of

ohro.il. o»l”8 hydro



G e ld  a n d  E 6 ia ^ R e f  e s t a b l i s h e d  t h a t  when h y d ro g e n
w as u s e d  t h e  r e d u c t i o n  o f  chrom ium  o x id e  p r o c e e d e d  much 
m o re  s l o w l y  t h a n  w hen s o l i d  c a r b o n  w as p r e s e n t .  F u r t h e r ­
m o re  t h e y  e s t a b l i s h e d  t h a t  th e  R u s s ia n  A k ty u b in s k  
c h r o m i t e s  r e d u c e  m ore  s lo w ly  th a n  p u r e  CTgOj. T h is  
d i f f e r e n c e  i n  r a t e s  i s  a s c r i b e d  t o  t h e  s t r u c t u r a l  

c h a r a c t e r ! s t i e s  o f  t h e  c h ro m i te  o r e .

It is the lack of data for the possible reduction of 
chromite with CO gas as well as an attempt to justify 
the proposed mechanism that prompted the following 
series of tests. These tests were designed to establish 
what part CO might flay in the reduction process In the 
submerged arc furnace producing high-carbon terra- 
chromium.

p v p ttbtmemTAL METHODS

„ith it, modilio.ticn. for g.« .t.o.ph.r. oootrol.

Tb. <* ^  " "  " T :
.. ,h. . » .  W  .
carbon. Suit.bl. Pr,o,«ti-r, - r e  t.k.n »

tarn
z z z z z - - —

to oMok .1 1  *»■ P»»-1 M U t i  = * 
It i«cW«d. however, „ ke ,ui«e ««r«
1 =  ° ° ° "  ^
that 00 could not re ' f„  e»,ecu. reduction
that the equipment «oe ^ w a s  passed

I :

1
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through the furnace sheath to establish whether a 
combination of CO, 00^, Hg and CH^ could reduce the 
chromite as previously established.(Ref• 2'7) The 
chromite started to retinae slowly and kept reducing 
at a steady rate of reduction up to 98# reduction, 
indicating that town gas will reduce chromite at 1500 C, 
even if it is considerably slower than solid carbt>n.

A 0,5000 gm sample of pure was then placed in
tho furnace of the thermal balance at l400°C. A flat 
disc of alumina was once more used as a container for 
the sample. CO gas was then introduced and the 
reduction of the FegO] sample began at a reasonably 
rapid rate. It took about fifteen minutes to attain 
complete reduction. Thus in this manner, by

" , 0 ]  " W i " ,  ^
n . « - ,  "  —  t —  

a .  v « -
r..« th. .

E m s F

lil00°C and are summarised in



TABLE £5

TEST RESULT

1. Cbromite plus 50{& stoichio­
metric carbon under argon

2. Chromite plus 50# stoichio­
metric carbon under CO

3. CfgOj under CO gaa
4. cvgO^ plus stoichiometric

carbon under argon

5. Cr_0« plus stoichiometric
Sarbvn under CO gas

6. F«2®3 under CO gas

7. Fe„0- plus stoichiometric
carbon under argon

8. VS Fe 0„ plus */] Cr203
under CO gas

9. 73 FeO plus 2/3 Cr203 plusstoichiometric carbon 
1 under argon

Exactly 5056 reduction' took

Exactly 50$ reduction took 
place and the reduction 
rate was the seme aa 1.

So reduction took place 
Complete reduction took place 
at approximately the same 
rate as chromite 

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

Complete reduction occurred 
at a moderate rate * 

Complete reduction was 
achieved at a very rapid

Slow reduction of only the 
Fe203 took place 

Complete reduction of both 
the Cr and Te oxide 
occurred

m i .  r.«. d . o r w a  *.

.b... ... «° « -  " « ° 3  "  " ™ '



Firstly it Mas established with a good deal of certainty 
that CO does not participate in the reduction of chromite. 
In announcing this fact, it is best firstly to consider 
what facts prompted the idea that CO might be a reducing 
agent. It is yell known that CO can reduce hematite, 
namely FfigÔ . ^e2°3 *8 one of the major constituents 
of the spinel, but it is not the same as free Fe^Oy, 
however, since it is tied up very closely with the 
other spinel components.

Novokhatski and Lenev^®ef' report that the free 
enevgy for spinel formation of iron chromite is extremely . 
high. They postulate that the spinel could form either 
from the metals plus oxygen or from the metal oxides.
In both cases the energy of formation is high as can 
be seen below.

Reactions
For temperatures between 1000 and 1500 C the metals 
plus oxygen react as followsi-

Fe + 2Cr + 20, = FeO.Cr^
A G r = 348, 100 + 78, 66 T (- 1200) cal/mole

whereas the high temperature formation of iron chromitB 
from the oxides is as followss-

FeO + Cr 0. == FeO.C^O^
A Gt = 15,800 + 2,60 T (*700) cal/mole

Th. or «&. ^
b r « .  «  «.« I— 1, - * " «
....1 i ». b.t b^d. f.r-d

from the /.=-



from the tests under atmospheric conditions mbs .crushed 
to -325 raeah. The sample mas introduced to a CO. 
atmosphere at 1<V0©0C. It reduced slightly and the 
amount by which it reduced in i«0t the same amount 
that it gained under atmospheric conditions, showing 
that Fe203 which is liberated from the spinel will 
reduce under a CO atmosphere.

Secondly Cr^O^ does not even reduce with CO when it 
is in the pure form at l400°C. It iB thus even less 
likely to reduce when it is tied up as a spinel 
component. It seems even more than feasible then, 
that th<s Ci-gOg tied up with PGgO^ would not be able 
t,o be reduced by CO. These facts seem to explain 
why CO does not work in this respect, but the reasons 
which explain why such favour has been given to 00 as 
a possible reducing agent can be summarised aa follows;- 
1. The CO regeneration reaction, namely

CO, + c — -------2 CO
which takes place in several steps in factj-
below 1000°C f C + (0) ^  C (0) j formation

( c(o)  9 00 J original CO

. b . "  looo". |

1*. <«1T .
IDOO-C. m .  — r n f y J T '  ' " " W ™
has been shown by Wallcei ot al £o be
.k,.« ™

■mm.



interface causing a break in the solid - solid 
contact between the chromite particles and the 
powdered carbon. This termination of the reaction, 
however, la found not to occur. This leads to 
the postulation that either CO gas must diffuse 
through this layer or in fact that solid carbon 
must diffuse from the outside of a chromite 
particle, which is surrounded by a product layer, 
into the unreacted 'tone. There has been a 
general reluctance to accept solid state diffusion 
as opposed to gaseous 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 solid - solid reactions. Most of 
these reactions ere in fact very rapid at elevated 
temperatures.

If CO is in fact the reducing species, despite 
the fact that CO in a pure form from a gas bottle 
has no effect on chromites at elevated temperatures, 
then one can only surmise that there are two forms 
of CO, namely bottled CO and a transition state 
CO. This latter form of CO might occur as an

a " — - -  "

activated complex or merely aa 
of CO. The possibilities of iof such

an activated form 
such a form of GO

section.

where only 50* stolchio- 
tn the chromite. This

when this quantity

.nee the reaction 
the presence of CO

n o t  b r o k e n  tip
so that CO /•*•

useti a» a

is eliminated

chromite

the 5056 level, the spinel



eo that CO »ould reduce the remaining raatal oxides. 
Alternatively the only remaining metal oxide could 
conceivably have been C r ^  which has already been 
shown not to be reducible under CO. Thus even in 
this instance CO proved ineffective.

It was noted that even when was reduced with
CO, the rate of reduction was very much slower 
than when solid carbon was used. It would appear 
then from all these testa 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 it is introduced to the furnace as 
a pure gas.

A significant conclusion nan. be deduced from a 
comparison of the two curveis in Figure 36. Both 
curve a show the variation in rate of reduction 
in relation to the proportion of carbon added. In 
an earlier chapter the reduction of samples 
containing different amounts of graphite was 
dealt with. These results were used to draw 
the curve for chromite undergoing reduction at 
1300°C. The maximum reduction rate at each 
different carbon content was chosen aa the baaia 
for comparison.

For Ilmenite reduction »t 1075°= * »»«l>m» Point 
V- noted at 8,2 per cent carbon. While the 
lnore.ee In r.ductlon ret. .1th e.rbon content 
is due to an increase In the surface area at the 

up M  8,: ,.r "«« «
8,2 per cent 1. due to • decree., to the mrface
area of llm.nlt. exposed to regenerated CO.
la th. c .  .f a .  c * ™ n . ,  b m m r ,  »  » - *  
. . . . ]  i. m .

Hhefaas /.>•
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Wher.es the shape of the ilmenite curve is

C*rb°” “ d ch~"i«« 1> Toum ab„„. th.

Of th. ohro.it. our,. ,b„v. ,toi=hlo„llT i„ 
poasibly due to small amounts of SiO reducing 
m .  .t w - o .
in the presenc. of carbon. Carbon low.r. th. 
activation energy for CO reduction of SiO (^-22) _ 
The CO is present as the gaseous reactio/product 
of the chromite.

7. A further paint of interest is that whereas a • 
decrease in the reduction rate was observed for 
ilmenite as the flow rate of the argon through 
the furnace was increased, no such trend was 
observed for the chromites. The dependence of 
the ilmenite reduction rate on argon flow rate 
suggests that at high flow rates, namely (20-30 
cc/min), the argon dilutes the CO in the reaction 
zone, decreasing the partial pressure of CO 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 CO gas plays no role as a reductaht.

THEORY CONCERNING CARBON MONOXJJE
The part that CO definitely does play in the reduction 
of chromite is that it is the gaseous product of 
reduction when solid carbon is the reduotant. Thus 
CO can be said to be a diffusing species, but it 
is not the reducing species. Boericke and Bangert 
(Ref.20) ag actioned earlier, established several 
reactions which indicate that CO is the gaseous 
product. The chromite formula has been simplified 
to FeO.CrgOy



Consider equation (k)a namely
PeO.CrgOy + CO = Pe 4 Cr203 * C02

Thennodynamio calculations indicate that CO is 
definitely not an effective reducing agent in this 
ay stem. The maximum calculated amount of CO that , 
can react with a chromite at a temperature of 
1700°K is close to 3 per cent. Thus for all 
practical purposes, the only gaseous product in the 
selective reduction of chromite with solid carbon 
is CO, this CO in turn is not a reduotant.
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INTRODUCTION
Th« re.,on for thi. pli„e ol the proj.ot to
.».t .rf. = «6 . VTi.tion i„ ohromite 
could l»v. upon =.rt,ln p.r,..t«,= th„
th. r.toctlon r,t. ,nd the ootlv.tion It
might then be possible to extrapolate any possible trend 
associated with particle size from the small particles, 
up to the large chunks if chromite actually used in 
the submerged arc furnace which produces the high- 
carbon ferrochromium.

Chromite P 533 was selected for this phase of the 
project as it contains the least quantity of gangi*e 
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 ir 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 fractions chosen 
are given in the table below. The coarsest fraction 
was chosen to be just above the average grain size, 
namely -10# +14# . The in-between sizes were
divided into four equally spaced groups thus:-



TABLE OF SIX STZtt

- 10* + 14#
- 20# + 28#
- 35# + 48#
- 65# +100# 
-150# +200# 
-270# +400#



EXPERIMENTAL METHODS 
Isothermal runs were carried out on the thermal balance ’ 
at 1300°C, l400°C, 1500°G and at 1550”0. This was a . V : 
suitable temperature range for the larger size fractions r 
since the rates of reduction of larger particlBa at. 
temperatures of 1200°C and lower were found to be’., 
extremely slow. As in the previous dismal balance ; 
experiments when solid carbon was used as a reducing 
agent, 0,5000 gm of chromite Has weighed out. The 
stoichiometric amount of carbon for chromite F 533 >a* 
added.
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mSCUSSIOW OF THE RESULTS 
5.4,1. Analysis of the Results

The computer was used to compute the data in 
exactly the same manner aa described in 
section 3. The results from the computer 
analysis are presented in Table 27-

The mechanism for reduction which was found to 
hold for all sises nas the same as that which 
■was found to hold for the results in section 3. 
namely diffusion through a reaction product 
layer according to th. Brounshtein-Ginstling 
equation.
In examining these results in Table 2? the 
first fact to be revealed about the various 
sizes is that the activation energy (eJ values 
are of the same order of magnitude no matter 
.bat th. p.r*lol. 1" = »  "i*
were fed into the computer and a mean value 
of 203,3 k joules/mole was obtained and the

c z r z c : —
u u .  p . * , ) . ™  " T T
to hav. . fundamental value far •««» ™

^  .. -
of the particle.

: # # # "
temperature.



TABLE OF COMPUTED RESULTS FOB CHROMITE 
STOICHIOMETRIC CABBON FOR TW* qIZ ST$f-

'=6,45-, 2598x00‘‘x

y=6,0?-,233ltxI0*X

y=8 * 39-.2498x10 X

6 ,7 7 7 6
,83-,2578x104X

6 ,1 8 6 5
4 ,8351
4 ,6882

y=8,

y=9,05-,2291x10 X
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A tin. partioie M „  ,iu  „ „ ult le „ „ pll 
r.t. or reduction, at 1300°0, and ±„ a« ' 
•v.n faater i-,t, ,t ,.y but mv.rti..-
less this increase in reduction rate is 
comparable to the rate of Increase in rate of . 
reduction for o coarse particle which reduces 
slowly at 1300CC and only somewhat faster at 
1500°C.

The results obtained are satisfactory, since 
firstly the mechanism fit in the computer 
giveo the same suitabie equation throughout.
The actual fit to this model equation, 
namely:-

1 - 2/j x - (1 - x) Z/3 - k/ro2lt 
improves for the coarser size fractions. This
observation has led to some interesting 
postulations about the effects of surface area 
and the diffusion process on the rate of 
reduction. Iraph number 4U illustrates the 
point under consideration.

This graph of reduction rate against mean 
particle size (diameter) shows firstly that 
the lines are very nearly parallel as does 
Figure 43 which shows the Arrhenius plots for 
the various size ranges. The lines should be 
parallel in fact for similar B, values. The 
slope of the lines in the former graph, , 
however, changes rapidly in the diameter range 
0 - 0,2 mm. After this 0,2 mm value the slope 
of the lines flattens out somewhat.

The feature could be explained as follows*-
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Tn the small particle size range, namely particles 
with diameters less than 0,2 mm, th» effect of 
surface area is very marked. A small change 
in particle diameter results in a large change 
in the reduction rate. Therefore although 
surface contact is not a mechanism in the true 
sense of the word.it is a rate controlling 
process just as decreasing the carbon content 
or adding an inert diluent would be. The 
overall rate controlling process is not there­
fore simply diffusion, which must always take 
place, but actual particle contact between the 
chromite and the carbon. This is a surface 
area effect therefore. Once, however, the 
particles are greater than 0,2 mm in diainetei, 
diffusion becomes a more and more important 
rate controlling process. Thus it does not 
matter -whether a particle is say 0,4 nan or 1,5 
mm in diameter - there is only a small decrease 
in the value of the rate constant, i.e. a small 
decrease in the rate of reduction at each of 
the temperature levels. In extrapolating the 
particle size up to chunks approximately 30 - 
40 cm in diameter, diffusion can thus be seen 
to be an extremely important a-yect of the 
reduction process in the submerged arc furnaoe.
It is anticipated that the reduction rate 
would furthermore not be too different from
— .,1.1.. 1,) -  w  "  - w * * -
^  «». m m .  i. w .  w  "

h.— '. b. * » .  1. 1-4- = "

! « .

_ « % . ,
Of the frequency facto:

—
particle to /...

, increases watn
i be seen in
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particle to particle contact for saaXi.ei? particles 
and can be tied up ni th the point made above, 
namely* the surface area effect. Value* of

from 1 0 - 8  indicate surface area. 5e.p»#tie»ey.. 
Hhtirses values from 8 - 6  indicate diffualoti 
tiLependency aa the predominant rate controlling 
prooeas.

!i
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6. THE BEHAVIOUR OP CHROMITE AS cmm-r.r, BY 
DIFFERENTIAL THERMAL AMAIV9IS <PTAy---

THE BEHAVIOUR OF CHROMITE AS cmm-r.r, BY 
DIFFERENTIAL THERMAL ANALYSIS <PTAy---

INTRODUCTION
Differential thermal analysis (commonly abbreviated to 
DTA) was considered as an alternative method to TOA, 
whereby the chosen chromites might be investigated. 
Since DTA is a well known method of studying heats 
of reactions as well as reaction kinetics, it was 
fairly likely that information gained using this method 
of investigation might help substantiate the TGA 
results relating to the kinetics of reduction by solid 
carbon. Furthermore tests carried out on the natural 
chromites under atmospheric conditions mig'-t help to 
confirm the effects that were noted when using TGA, 
namely the oxidation and dehydration reactions which 
should reveal endothenaj c peaks.

In introducing the subject of DTA, it is possibly best 
to discuss definitions relating to DTA. Differential 
thermal analysis is a technique whereby the difference 
in temperature between a substance and a reference 
material is recorded while tha two specimens are in 
a region where an identical state of temperature 
prevails while the environment is heated or cooled

i» o.ll.d til. differential th.mal curve (DTA mrv.). 
T M »  curve .Heal. .ho« . peek or °r “

..D.t.no.
  r _ t l . «  .1*
K .  p - k  . "  ° "

.r P&...

# # #
DTA, suitable apparatus was



THE APPARATUS FOR DTA

6.a.i. The Furnace and DTA Head Assamhu...
The furnace tube was supplied by Stanton.. It 
was wound with platinum rhodium wire which allowed 
it to attain a temperature of 1700°C. Ttlie tube 
with its windings was mounted in a furnace shell. 
The materiel used to construct the inner and 
outer shells of the furnace was staiuless steel.
The inner packing was high purity alumina, 
powder and the outer insulation was asbestos.
The furnace end plates were made from Sindanyo 
board. the whole furnace assembly was mounted 
on a frame in such a way that it was suspended 
from a chain which passed over a series of coge 
and was attached to a counter balance weight.
The reason for mounting the furnace in this 
vjay was to enable it to be slid up and down
over the DTA assembly. This facilitated easy 
loading and unloading of samples in the sample 
holder in the DTA head.

The DTA head was housed in a gas-tight sheath.
This gas sheath was used to permit atmosphere 
control within the furnace. There was some 
difficulty in designing the most suitable DTA 
bead since it had to conform to such small 
dimensions. The diameter inside the gas 
sheath was the limiting size.

■ F "



PTA HEAD APPARATUS

-mini alumira crucible 
~PJ dish

•ALUMINAHEAD



Th. Control ,„d B.o.ra.„„ __

The control m it o«n.l.t.a of , 6o
control using three action C.A.T. unit". Pull 
a . ^ n .  .r ^  i.
booklet put out b, to. Leed, and North™, 
Company' * ̂  ̂.

The major components may be summarised as 
followsi-

1. A primary element sensitive to the variable 
quantity to be controlled. In this case 
the variable to be controlled vas the 
heating current to the furnace winding.

2. A recorder which measures the output of the 
primary element. This was in fact a dial 
graduated in millivolts from 0 to 7• This 
instrument, which also contains a control 
setting device, signals the control unit 
whenever the measured variable departs 
from the control point setting.

3. A control unit which automatically produces 
an output current proportional, in the range 
0 to 5 rnilliamps, to the input requirements 
of the controlled process of either heating 
or cooling the furnace.

4. Equipment for translating the current output 
of the control unit into process input. The 
C.A.T. control unit can thus be adapted, for 
use with a General Electric "KBACTROL'1 
...... for th. control o, .l.Crio^UT k - W .
processes. In this application, an IE 
drop produced by the control unit output 
our™,. ..r,.. .. — m l
to the "Reaotrd" system. Another
. ^ r . . . i «  .

rector. nm. w  f l "  "
"  — "f" "  '
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temperature range, the heating of this 
furnace can be controlled very sensitively. 
Greater detail relating to the control unit 
is to be found in the relevant publication 
as mentioned earlier.
There were two recording units. One was 
simply a Leeds and Korthrup Speedomax 
bXl " X2 recorder and full details are 
found in the booklet on this apparatus^*®*''-51) , 
The other was a recorder to follow the 
heating of the actual furnace windings.

EXPERIMENTAL METHODS

6.3.1. The Behaviour of Chromites using DTA 
under Atmospheric Conditions 
Crushed samples of four of the chromites at 
-325 mesh were subjected to ITA runs from room 
temperature up to 150O°C. fhe four chromites 
chosen represented each rf the groups chosen on 
a basis of their TGA behaviour under atmospheric 
conditions. The samples were placed in a mini 
alumina crucible in the DTA head but the gas 
sheath was left off the apparatus to allow free 
atmospheric conditions to prevail.

6.3.2. Results
Th. results rather die.ppeintiae 1» B»t
no sharp peak, -ere obtained. This is, ho.ev.r, 
not really surprising since the reactions 
t t i n f  place do «  " . r  . ! « .  t ^ , c . M r .  
range and furthermore they do so gradually.
The oxidation reaction of the F.O certainly 

pi
temperature but the gangu. percent is on an

average so low /.<■



average so low that the reaction heat is absorbed 
into the chromite mass as a whole. Thus little 
can be deduced from these results although, in 
the discussion on this section a few points of 
interest are brought forward, A typiSal 
example is given in Figure 4?..

6.3.3. Discussion of the Results
This discussion is based on the DTA and TG 
curves found is. Figure 1*7. The theory behind 
the TG curve has already been discussed in 
Section 2. The endothermic curve on the 
DTA heating cycle ties up with this oxidation 
reaction of the chromite, The DTA curve 
switches to an exothermic trend at about 1250°0 
which corresponds to the reaction where oxygen 
is lost to the spinel structure, as mentioned 
in the section dealing with the theory of 
this weight loss reaction. Thus the shape 
of the DTA curve on the heating cycle can 
be very simply explained. As can be seen, 
however, there are no sharp peaks, merely 
endothermic or exothermic trends.
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The.B_ehavio.ur of the Chromites under n«rtMn<wff 
Conditions with and without Fluxes as

Experimental Methods
The DTA apparatus was ussd in the same manner 
as discussed in the previous section. The 
results for the chromites •with solid carbon 
gave an endo theT-mi c peak at 1200°C to 1250°C 
(see Figure 48) . The addition of fluxes 
made no difference to this peak and neither 
did the chromite used. These results vere 
therefore disappointing since it had been 
hoped to use DTA to confirm th* characterisation 
as established by the TG results.

It was decided to use the DTA equipment, 
however, to prepare samples for optical 
analysis. The only cuiujdte sample chosen 
for t M a  phase of the project was ohrcmite 
r 533. Samples of -325 -esh chromite .ere
„ d e  up .1th the stoichiometric «»0™t of 
carbon. A similar procedure »ae follo«ed to 

thet i^lch
rn. Th. f l " ^ «

also carried out in exact.'y the same nay «

1. "  - r " "  —

i i l i g



Simultaneously with the DTA runs, twenty TG 
runs were carried exit by heating the ohromite 
plua fluxes plua carbon try each of the five 
temperature 1@ sis and soaking ieotherroally 
ei. these temperatures. The percentage 
reduction values were read from the TG curves 
at the 0 , 1, 2 and 4 hour intervale (nee 
Figure 4g).

• Results
A typical DTA curve ia presented as Figure 
48. No secondary calculations were made 
because it waa felt nothing could be-gained 
in analysing the DTA results since they 
reflected no differences between the various 
chromites. Thus this curve Is merely a 
reproduction of the endoihermic peak^hich 
occurs in the temperature range 1100°C to 
1200°C. This peak appears to be due to the 
sintering of the sample. 

■  
Of inoipi*"1 » » 1"- 
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heating continuously up to l400°C to reach 
90 per cent reduction, uhereaa it takes four 
hours at 1200°C to roach only 80 per cent 
reduction. A further point to notice is 
that no separation of the slag and metal 
phases takes place at 1200°C. At 1300°C 
the metal starts to coalesce and in the 
l400°0 temperature range complete coalescence 
takes place. True slag metal separation 
takes place after one hour at 1500°C. The 
metal pnase remains trapped in the slags of 
samples show in Figure *»9 for times of 1, 2 
and !: hours at 1500°C. The metal has a 
much higher density than the slag, so it is 
somewhat strange that the metal does not 
collect in the bottom of the crucible, but 
this fact might be explained by the small 
amount of metal being held in suspension 
in small globules. The crucible geometry 
might also be a contribute factor.

Holding the ^ P l e  isothermall? at 1Z00DC 

1. .

■ »
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DISCUSSION

The chromite ores were found to undergo several reactions 
under atmospheric conditions. Some chromite- ores 
underwent weight losses of up to four percent in the . 
temperature range 400°C to 1000°C. The weight loss 
reactions were attributed either to hydrated minerals, 
e.g. serpentine, or to carbonataceous minerals, e.g. 
magnesite. Therefore these two weight loss reactions 
can be seen to be a property only of the gangue and 
not of the actual chromite spinel. It was mainly 
this weight losing characteristic of the gengue of
soae of the chromites, that enabled the four groups 
in Chapter II to be drawn up.

Tt. . T m - l  . t ™ * ™  " T " * "

= : ? 5 F = = % = .

positions.
hoated in the temperature

B *



Mg • This would result in a complete breakdown of 
the spinel.

Under reducing conditions (obtained in the submerged 
arc furnace) , naturally, no oxidation of the spinel 
is expected, so that the chromite would be expected to. 
reach temperatures around 1100oC, vthere reduction 
begins, without having undergone this reconstitution, 
and only the gangue will have altered. (See Figure 
56). The chromite ore contains oxides of Al, Ms,
Fe and Cr, but only those of Fe and Cr are thermo­
dynamically reducible in the system with carbon as 
a reductant and at the temperatures associated with 
the submerged arc furnace. The temperatures at 
which FeO and Or.O. in tbv spinel are reducible are 
above 1050°C and 1130°C to 1 1 8 #  tor the two oxides 
respectively. The FeO is reduced to the metal or the 
carbide thus $ -

FeO * C = Fe * CO

3.0 . "/.f - ' / f  f  * °°

. a i l .  « a .
(S e e  F i g u r e  50) .

* ^ 7 °  '

-r.
dissolve in the iron to g 
and chromium.

a .  "  r w ™ - '

= r = r i ^ % :
The method usmore stages. lne was to /•-•



waa to measure the reduction rate at several temperature 
levels. The reduction step which has the highest 
activation energy is the rate controlling stage. There 
can, however, often be more than one alow stage 
controlling the overall observed reaction rate. The 
approach used in this project e-abled an overall 
mechanism to be established from the reaction rates 
at the various isothermal temperatures. The reduction 
of chromite was shown to be diffusion controlled, but 
this statement is in fact a generalization.

The process of diffusion is an involved study. Some 
doubt still existed as to whether carbon was definitely 
the diffusing reductant species. A final *ert was 
design •> establish whether oarbon was the mcst 
fessibl ■ "using species. A sample of Clr.vornite 
F 533 weighing 0,5000 gm was mixed with a specially 
prepared sample of high-carbon ferrocbromium weighing
2,000 g. The composition of the high carbon- 
ferrochromium wasr-

58 per cent Cr 
34 per cent Fe

ore and the high-

rnerature.

possible oxidation.
result indicates 
jtion of chromite.

Can itself a=t
carbide is in fe'

This very important 
product of the redu< 
carbon ferrochromsui
agent. Since this

to understand how the



cbL-omite can go To completion even though there ia so 
actual contact between the yntre t>S the chromite 
part/.cle and the carbon powder at the surface of the 
particle.

3 carbide can itself act 
t is a vehicle for the 

a be explained 
o reduction

It would appear, thus, that •
as a reductant and can aleo act is 
ready diffusion of carbon. This . 
by considering Figure 53- At t =
has taken place. After x minutes a reaction product
layer has formed. This layer has been shown to consist 
of the mixed carbon of iron and chromium at temperatures 
above 1000 C.

.t toe roactian — ' mo.lr.t.d. = .

: z

th.
particle:-



FIGURE 50

Free energy 
diagram.

FIGURE 51
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FIGURE 52 Diffusion of carbon in iron at 1150 C.
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THE REDUCTION 0* CHROMITE F 533 BY HIGH-CARBOH FEKROCHROME
C/,5000 gm Chromite + 2,00006®

23,6

53,5
56,7

76,6



wher* x = degree of reduction 
k = rate constant

The Brounshtein-Ginstling^e f equation was derived 
from the second FICK Law for non steady state 
diffusion.

Second PICK Law!

where c = the amount of substance per unit volume 
x = distance in the direction of diffusion 
t = time 2

/g _ diffuaivity or diffusion coefficient (cm /sec)

There 1. unfortunately • l"k "  erp.rl.ent.l d,t, 
on the diffusion oo.ffloi.nta of carbon into ohromita 

n.rb^ int. h l^-«t«r f.tr-hr-i-.
however, the mechanism of diffusion is not e ec e

=
expression,-

j) - 3° J RT
—  t :  —

B - gas constant 
T = absolute temperature

discussion can n

the submerged arc ^  point no reduction of
about HOC C. UP even though the
the chromite has taken „.irtiolH is W "  '



particle is in contact with carbon. See Figures 54 and 56 
Some of the carbon has already started to diffuse 
into tha chromite particle below 1100°C, but it is 
only at above this temperature that the reduction 
of the iron oxide in the chromite is thermodynamically 
feasible.

•The diffusion of the carbon into the chromite occurs 
via three processes. These are surface, grain 
boundary and volume diffusion Bef" • Diffusion
along the surface and along grain boundaries is more 
rapid than volanetric diffusion, since there are a 
greater number of dislocation, at surface and at 
grain boundaries. H I  three rates of diffusion are 
affected by temperature and show a rapid rate of 
increase as the temperature is increased. Thus in

■



Tbe iron-carbon alloy flows and collects in small 
{•.,(■19 and rivers, in cracks, dislocation planes and 
at the surface as well as at grain boundaries.
See Figures 54, 57 and 58, a metal denuded zone 
is left behind.

So initially the overall reduction rate as governed 
by volume diffusion into the bulk of the chromite 
grain. The activation energy for diffusion through 
a structure with low atomic packing is lower than 
for a more dense packing^Ref' ̂ . This fact con 
explain the variation in the activation energy values 
for different chromites. Once these interconnecting 
streams of metal liquid form, these act as channels 
along which vapid transportation of tbe carbon can 
take place by diffusion. Furthermore, the 
M T — tl.s Of t h *  1,,«U
,b. r.1. -  tt.. m .  ' '*"* " 1 —

,1"' —  - T " '

: # # # '

----
liquid pha’o.

cm Z
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HGURE 53
Reduction stages illustrating . if?
reaction product layer formation, > E:N-



The two scientists, Lisniak and Bvseev*'Ref 
mentioned that they considered the presence of 
metallic iron catalysed the reduction of Cr^Oy This 
is in fact true up to a point, in that the liquid 
iron plus substitutionally dissolved carbon, tbe Fe 
and the Fe^C all can act as carbon carriers which 
facilitates the rapid reduction of Cr^Oy The 
Cr̂ Cj can dissolve in the iron and carbon liquid to 
form many phases which will vary both with the 
amount of Cr.^ dissolving and the amount of carbon 
already present in the iron. Hence the activity of 
the Cr is reduced and reduction proceeds more readily.
A detailed study of the relevant phase diagrams is 
needed if the possible phases are to be established.

A great deal relating to the mechanism has been
but several l.«ert.»t e.p.et, .till r.raLln 

unanswered.*
of events could well



AS tha burden d«««d. into the furnace, the pre- 
r ^ u c L i o a  o f  e h r o ^ t .  A m U d h ^ l .
about 1100 c. Depending on the gangue mineral 
composition of the chromite, these minerals may start 
!.o melt very early on during this pre-roduction stage. 
Temperatures in this gone would range from 1100°C to 
1400 C. This melting of the gangue prematurely can 
result in several important occurrences. ■'

1. The fusion of the gangue minerals could result in 
wetting of the individual chromite grains. This 
could inhibit reduction, since carbon would be 
unable to reach the reaction interface.

2. This fusion process near the top of the furnace 
would tend to decrease the electrical resistance 
between the three carbon electrodes. The . 
electrodes would tend to 'ride out' of the furnace 
moving the heat zone upwards and creating a 'hot 
top' which is roost unfavourable for good furnace 
operation.

3. The chromite could dissolve in i*s own molten 
gangue, causing heavy C r ^  losses in the slag.
The Cr.O* raises the viscosity of the slag as

A).

An ld..l Chromite, therefore, .ooM cont.in 
pr.f.r.hl, »  W  - I W  — —  " " " "
and as little gangue as possible.

E H i S i l l :



chromite reduction. What la not so well known is 
to what degree the liberation of CO from a reducing 
interface through the reaction product Layer 
participates as a rate controlling step. Tests
on. the variation of reduction rate -with various 
imposed pressures of CO gas could help to answer 
this question. Another field of interest which 
should be dealt with is the diffusion of the 
reduced species of Fe and Ciyy from the localities 
at uhioh they were first formed to their new pooltione 
at the surface of the particle or at the pain-boundary 
or even at dislocation or planes of weakness' within 

actual, drain. Thie diffusion prooea. would 
„ t  Be a primary rate centre 111%  step, but it would 

the t i -  i»'.r"l f "  « "  ^  .

a d .  diff!"ie» of the r-.tlon p ^ K . t emm
,»rt ^  the ^% u a

H i mtend to give an inJ 
behaviour of the of®'



This statement leads to the discussion of the second 
project being carried out in this field of research. • 
Samples of chromite F533 have been, crushed into 
relatively large chunks. ^ burden of this chromite 
with char and quarts as fluxes is made up and placed 
in a graphite crucible - the total burden weight 
being approximately 4- kg. An induction furnace is 
being used to heat these charges to selected 
temperatures (as high as lS00°c) for various lengths 
of time. The results from this project (which really 
investigates elements of furnace charge) should 
answer many of the problems associated with the 
fluxing nature of chromite F 533*

A third project investigating the fluxing behaviour 
of some of the other chromite ores would go a long 
way towards establishing a method of assessing the 
m l t . M U t y  of .a or. rm .  . — W l l u n W



f i g u r e ,h. "d"'"" "
a chromite particle.
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FIGURE 55
Arrhenius Plots for including 
and excluding the rate constant 
at 1100 °C, illustrating a change 
in mechanism. TEMPERATURE °C

1500 1(00 1300 IMO uotr >

rate const; at 1100°C.
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CONCLUSION

Ttterroograviiuetry was found to be a moat suitable 
method of studying the thermal behaviour of the twelve 
selected Transvaal and two Rhodesian chroeiite ores.
It was shown that the gangue was the predominant 
factor in controlling the shape of the thermo- 
gravimetric curve when the chrcmites were heated in 
atmospheric conditions. Hydrated minerals in the 
gangue of some of the chromite ores resulted in
weight losses on heating, while oxidation of Fed to 

occurred in all the chromites.

The kinetics and mechanism of the reduction of 
chromite by solid carbon were dealt with in some
detail. It has been shown conclusively that CO

 _* chromite, thereby discounting CO

the reaction product.
m to have a 
to grain size-
grain size,

The increase i 
marked effect 
On increasing
only a small c

observed.
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FLUXING ADDITION CADULATION
Consider chromite F 533 

(i) Composition of chromite ore

fT 3

Total 56

44.1 per oe;

11.6 per cei
15.2 per cei 
3.1 par cei

99.6

* 14,9 per cent 
! 10,2 per cent

<ii) Fixed parameters relating to the slag and metal
composition. (The slag is formed from the MgO and 
AlgOg from the spinel and from the gangue minerals.
The CaO and SiOg come only from the gangue). The 
following slag composition is based on an average 
slag composition as would be suitable in the production 
of high-carbon ferrochromium. It was considered for 
calculation purposes that the reduction and slagging 
processes would go to completion to give this final 
slag composition.

MgO/AlgO^ = 

Slag/Metal =

1:1 6 per c
30 per cent 2 per t
2,5 per cent Balanct

; Carbon 
: Silicon

(iii) The percentage /.



1 ; PercentaSe metal formed from reducible component*
of the spinel

= ~  * ^ , 1  + H  x 14,9 + x 10,2 
=48,9 per cent METAL 

Erom 100 grams-of chromite, 48,9 grams of metal will 
be formed.
To this metal 6 per cent carbon and 2 per cent Si 
must be added to allow for the amount* of each of 
these components that dissolve In the slag.
Thus total metal weight = 48,9 + 8 per cent extra wt.

= 54,9 gm

(iv) The non-reducible components of the 100 grams of
chromite come from the spinel and the gangue. MgO 
and AlgOj come from the spinel, while the gangue can 
contribute MgO, AlgOy CaO and SiOg.

The non-reducible fraction of the chromite amounts 
to 100 - 54,9 gm = 51,1 gm.

The lose of oxygen from the total weight must, however, 
be accounted for. This equals 20,8 per cent for 
chromite F 533. Thus 51,1 - 20,8 = 30,3 gm, i.e.,
CaO + MgO + AlgO] + Si02 in chromite = 30,3 gm.

(v) The quantities of each of the non-reducible components 
from the chromite ore (100 gm) ares- 

0,5 gm CaO 
11,6 gm MgO 
15,2 gru AlgOg
3,1 gm S±02

a, " i f *  »  " " "
the following percentages:-



To contain 2,5% Cao in the final slag of 54,9 g*

'^XOO^ ' = 1»37 gm is needed
Addition Is therefore 1.37 - 0,5 gm = 0,67 m  C«n

Similarly for 30% Si02 16,4? - 3,2 gm = 13.17 «. am
For MgO and AlgO^ ratio of 1:1

Re™ditio«Bla6 = zh'60 - 0,87 - 13,47 = 10,36 gm

Since MgO = 11,6 per cent
AlgOj = 15,2 per cent i.e. 11,6 and 15,2 grams

respectively

AlgOg + MgO total = 37,16 gm (26,80 + 10,36) 

But MgO = AlgOj = = 18,58 gm
Thus additions to be made for

MgO = 18,58 - 11,60 » 7,02 gm
A1203 = 18,58 - 15,20 = 3,38 gm

To 100 gm of chromite the following amounts of fluxing

FLUXING ADDITIONS

35,1 mg MgO
66,9 mg Si02 have to be added

ins have to be

CaO = 0,,87 gm

A12°3 = ,38
Si02 = .37 gm

1*,!» mg CaO
16,9 mg AlgO.



STOICKrOMBTRIC CARBON CALCm .-.-T^K, 

(i) Carbon •Suce the metal oxidess-

then the total

*152 + xT5o * ' x
Thus the amount of carbon required 
total amount of oxygen is i -

i f  CO i s  t h e  o n ly  g a s e o u s

weight of chromite of 500 mg,

( i i )  C a rb o n

contain 6# C and 2# Si.

average)was approximately 270 rag 
carbon required for the carbon content of
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St'r
i Tr StoicMoaetrit

e «V>3 F62°3 Cr2°3 Pe0 »-2°3
P 524 44,9 12,4 14,2 2,7 3,8 20,7 95,1
F 533 45,7 14,9 10,2 14,4 3,3 3,1 20,8 95,5
T 539 39,6 14,3 8,9 12,5 3,2 2,7 18,4 66,1.
P 543 45,5 15,8 8,7 14,4 3,5 2,6 20,5 94,4

41,6 16,1 5,6 13,1 4,0 1,7 18,8 88,1
F 584 45,1 17,1 8,1 14,2 3,8 2,4 20,5 94,2
F 588 43,4 13,0 11,8 13,7 2,9 3,6 93,2
T 589 50,2 11,8 8,6 15,9 2,6 2,6 21,1 96,6
F 596 15,2 24,4 27,7 4,8 5,4 8,3 18,5 87,0
F 602 46,8 7*1 13,3 14,8 1,6 3,9 20,3 93,8
F 60 4 46,2 6,9 13,3 14,8 1,5 3,9 30,2 93,7
F 606 42,6 6,2 6,2 13,5 1,4 2,5 17,4 82,4
F 651 50,6 11,2 - 16,0 3,6 19,5 90,8

F 652 48,8 l4,0 " 15,4 3,4 18,8 88,1

i



THE CALCULATION FOR THE PEBCF.MT REDTJCTIOU

The percent reduction at any time t ie defines as 
follows:-
Weight J.oas of chromite at time, t 100

The weight loss of the chromite at this time t can 
be calculated from the total vt ' ght loss from the 
system of chromite plus carbon. This weight loss is 
attributed, to CO gas. Thus the fraction of weight 
lost by the chromite is only /̂ZS of the total weight

Say M is the total weight loss at this time t.
Thus M x 'H is the fraction lost by the chromite.

The total theoretical weight loss can be found by 
calculating the total oxygen content of a particular 
chromite. Say this is [O] then for 500 mg the total 
theoretical oxygen content is

500 x [03 Where [0] is in fact
( x * iH + * K l!f + 9

as a percentage 
Thus g reduction s M x 55 * 10<

. l i  '
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1,819 * 10'

plot



TABLE 3

T " S  °° Temp °K Vt "k'1 Constant K

1200 1473 ,000679 1,961 x 10'3 -6,2343.
1300 1573 ,000636 3,533 x 10'3 -5,6436
1400 1673 ,000598 1,136 x 10~2 -U,^?77
1500 1773 ,000564 1,819 X 10*8 -4,0069



T h e  s l o p e  o f  t h e  A r r h e n iu s  p l o t  i s  g iv e n  b y  th e  b e s t

F ro m  t h e  i n t e r c e p t  a t

T h e  f r e q u e n c y  f a c t o r
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of just better than 5$.

A s.coaa . m ,  =raU  tav, b.„ xr a  tt«
..t«] of th. Wmi— l wi««. a-rt.
*h,re th* r»t»* °r « d u cti„i « „ .  „ t ™ r t T r,pM.
Checks on several graphs showed that errors of up to 
5# could be made on reading such curves. Use of 
higher chart speed helped to minimise this error, TJje 
overall error within the thermal balance and the- 
reading of the TG curves could result In an error oT 
not more than 7*.

In calculating values such as the rate constant and the 
activation energy, the error which could have been 
introduced was the closeness of the mechanism fit to 
the model equation of A.M. Girstling and B.I. Brounshteiai. 
As can be seen the fit of the data to the equation for 
diffusion in a three dimensional direction through the 
reaction product layer is exirefflely good. The fl» of 
the Arrhenius plot to the four points is also good aaid 
the average variations are about 3% to 5#» The rate 
constant values are thus better than ?£ 'while the 
activation energy values are better than 12# and mostly 
better than 10*. Several checks on repeated thermal 
balance runs show the precision to be in fact much 
betrer than 10$.
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