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ABSTRACT

The kinetice of reduction of the manganese ore frem the

"Mametwen mine has been ‘studied by thermogravimetrie

- (Teh) analyele, X~ray dlffractlen analysis IXRD),;--

" optical microscopy, and energy dispersive analyele of

- x-rays (EDAX) between 1100 and 13509C with pure |

graphite under argon atmosphere. it has been ebservedf'

~ that the rate and degree of reduction increased with |
lncreasing temperature and decreasing particle eize.

© The effeet of the different reaetion atmeephere hae_'_
alee-been investiqated by repleeing ergen'atﬁesphere-
with carbonmonoxide (cd) and earbondiexide'{CDg}'-@he
results elerifled importance of sone reactions in the
' reduction mechanism of the ore. )

| in'eafly stages of reduction,'up”tenabeut 4 minutes of
- reaction time, carbothermic reduction of higher cxides

of manganese and iron (Mn203 and Fey03) to manganeous- _
oxide (MnO)} and metallic iron respectively was cbserved .
which was controlled by diffusionel'preeess'acrese_the'

" boundary layer between the'selidrphasee{ Apparent

activation energy is calculated as 61.03 kI for this
stage which corresponds to about 30 percent reduction.

Metallizetioh-etarted as rahdem_nucleatien of iron rich
carbides areuﬁdfnno grains inside the particle. after_:
30 pecent reduction the formation of a silicate phase '
‘was observed, Up to 70 percent reduction at. 1350°C,
reduction rate was centrolled by cherical. reaction -
between oxide phase and gaseous phase with an apparent
activation energy of 153 .32 kT,
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. ABSTRACT

The kinetics of reduction of the-mangaﬁese_brelffmm the
- Mamatwan mine has been studied by”thermogravimetric:
(TGA) analysis, X-ray diffraction analysis (XRD),
optical microscnpy; and energy dispérsivé analysis of
_x-rays (EDAX) between 1100 and 1350°C with pure =
gra: «ite under argon atmosphere. It has been. observed'
that the rate and. degree of raduation increased with
 increasing temperature and decreasing particle size.

The effect of the different reaction atmosphere has
~ also been investigated by replacing argon atmosphere
‘with carbonmoncxide (C0) and carbondioxide (CO3). The
results clarified importance of some ‘reactions in the
_'reductlmn mechanism of the ore.

In early stages df'reduction up £o about 4 minutes of
 reaction ti .z, carbothermic reductlon of hlgher oxides
of manganese and iron (Hn203 and Fey03) to manganeous
oxide (Mno) and metallic iron respectively was observed
| which was controlled by diffusionél process-across the -
boundary layer between the solid phases. Apgarentf' |
activation energy is calculated as 61.03 kJ for'this
stage which corresponds to about 30 percent reduction.

Met¥allization started as random nucleation of iron rich
carbides around MnO grains inside the particle. After
30 percent reduction the fermation of a silicate rhase
was obaerved. Up to 70 percent reduction at 1350°¢,
reduction rate was ‘¢ontrolled by chemical reaction _

* between oxide phase and gaseous phase with an apparent
activation energy of 153.32 kJ.

i1



. The later part of the reduction proceeded by the
reduction of MnO covered by either the carbide or
 silicate phase by carbon dissolvdd in carbide phase
 {Mn, Fe)gCy. Diffusion of Mn*2 ions in oxide phase is
" the most likely rate determining phase for this stage.
Apparent activation energy was found to be as 310.40

£



. mcmrsmwewes %

It haz peen shown that the law grade Manatwan manganesa ore
could be upgraded to yield a material with suitable manganase
and iron content by a carbothermic reduction process, prior tc" 
smaltzng. Saince the. praredueed material contained no volatiles
and’ considerably less oxygen compared to the ore, it may |

- result smoother smeltinq_operatian, reduction in the energy
- cost:and efficiehay incréaée.in the”férxﬁmangaHQSQ praductian;'

_ The prereduction caused slntering in the materxal at
temperatures partncularly above 1200°C, Therefove it would be
more convenient in the mndustrial practice to | sreduce '

o manganese oxides in the ore to the Mno ratheér than metallic =

'_level whlch could. ha achieved at temperatures hath 1100“& and
1200°C'
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_'1,1 atatement of tha Prahlem

: Fram a thearetlual smelting balance, Featherstona

" {1975) concludes that. Mamatwan ore ‘@an not. be regarded |
" as a suitable. source on its own for the production of
high grade ferromanganase. Anocther problem which is j
causing incréasing GONGErn among ferroalicy.pruﬂucers

~is the high percentage of fines present in the furnace

feed, These fines, which originate mainly from the ore,
_reduce the porosity of the furnacs bed resulting in
“unstable operating conditions character;zed by fragquent
-blow#cuts'and eruptions (Maruse, 1975). More efficient

. methoda'fcr' "3 treatment of fines involve: scnaening,

with SuhSEQﬂuﬂt agglomeration by briquetting, |

pelletizing or sxnterzng. At its Mamatwan mmné Samancorf_--

has recently established a plant far slntering of
"’ panganese ore (Geﬁxcke, 1989,‘ It 15 expected that_this;-
plant should signlficantly improve the cost
effectiveness or Samancor's manganese alloy. operationsi
‘As can be understood from the efforts in establishing
_the sintering plant by Samancor, methods currently in
use by sauth_Afriza=producers_of fer;omanganesa;and'b

' metal may not be optimum for the processing of lower
‘grade ores & f£ines. Since it is becoming more important
for the 1arge reserves of lcwer~grade manganese ores
like Manmatwan manganese ore to he utilised for the
production of rerromanganesa and manganese metal, more
efficient techniques should be sought. One such .
technique is the prereduction of manganese ore with
carbon to yield material with a suitable manganese

1.1



coﬁﬁent Preradudtion'uf 6raé/¢oncentrates, pxioz'tc -
smelting olfers several adwantages over the diraat
smelting auch ast

.a) LesSIEarbon is required auring smelting and
- therefore the overall operation and slag viacosity are -
more easily Lontrallad with less sulphur or ash '
-impurities intyroduced’ into the syatem,

b) More oxygen and:volatiles are removgd.pria:~tQ:
_ smelting. - : : .

o) ?rereductiun can effeﬁtively use more readily
available and much cheaper solid carbonaceous
reductants for partial reduction of the ore so that
less electrical energy ie required in the submerged arc
.smaltinq furnaces, . . '
ﬂd) Preheated material can be chargad directly into the
smelting tfurnace effectzvely using hha heat generated
Ain the reduc ion process. Lo S
) Productivity is lncreased for a gzvan fuxnaﬁe size.
F) LmWEr electrede consumption is possible.

o) smoother smelting operation may be posaible. _

h) Higher recuveries are raaliaed. '

The current investigation was axmed at the _
. detarmination of the kinetims, nature and axtent of the
reactions occurring during the reduction of Mamatwan
manganese ore by aarhnn. Rnowledge of the
'ratawcuntrolling mechanism and the kinetics of the
reduction of the manganese ore by carbon  is also
important in the prediction of the reduction reactions
that may take place in upper portinns of ferromanqanase
furnace and in xotary kilns, - -

iua ’



The degree and mechanism of’xeductiah of Mamatwan
manganese ore by solid carbon was determined at .
tempefatures frbm'1100°Cjto 13509¢, the'reductianfbeing'-
carried out in a resistance furnace in an argon o
atmosphere, The change in mass of the samplé'durihgf
reacticn was measured with a thermobalanae, and the
products of reaction were examined by X~ray )
diffraction, optical microscopy and EDAX, Mathematical
analysis of the kinetic data was done tu clarify the

- rate ccntralling steps and calculate actxvation
energies.

1.2 Manganese Matal

‘Manganese is probably the most versatile additive.in'
the steel iﬁdustry and has the added advantages af'iow..
cost and’ easy availabilxty A major use is as an alloy
addition to steel vhere it acts as a desulphurizer and.
deoxldizer as well as providing improved strength and
hardenablllty via suppressing the hardening '
transformation of steel on quenching. It is. alsa added
to s;lver, alumlnum, coppar, magnesium, nickel,

" titanium, and zinc alloys as an alloying element. In .~
some alloys special properties are,déveloped,.such as
high'damping capacity, ‘high permanent magnet
characteristics (BiMn, AlMn) low expansion and high.
electrical resistivity (Morral, 1384).

Manganese can be added in the form of its ore during
iron-making, or as ferromanganese in the steel-making
stage. various types and grades of fersomanganésé,'
‘mostly containing from 70 to 90 percent: manganese, are
produced in large submarged arc furnacesﬁ;
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In chemiual induatry manganese is usad as an axidizzng
agent in chemical processes and for the praduation of
:-chamical compounds. Hanganase ¢ompuunds are uged in
pigments, colouring agents for glazes, glassea, and .
porcelalns, bleaches for textiles, driers in painta,
pxeservatives for wood and to increase tackiness in
rubbar as well as in the production of fireworks and

. nmatches. One of the mest important single applications"”

of manganese compounda is in the dry battery industry
where manganese oxide is nsed as a depolarizing agent,
Manganese is a constituent of medicines, fertilizers
and fungicxdes as vell as food stock additives since as

5_ a trace alement it has nutritional valua,:i__

The mahganesé may”be obtained from a number of soﬁrces3;f
. which include manganiferous iron ore for use in the
'blast furna&e, spiegeleisen or a 1ow grade _ '
_ferromanganese, medlum-carbon ferromanganese,
low-varbon ferromanganese, sxlicomanganese. However the
high carbon ferromanganese has become the most widely

produced and traded alloy in the world. Manganese metal -

‘is being increasely used instead of low-carbon
ferromanganese in the product*on of stainless and alloy

_ steels with very low carbon contents (Mikolajczak,
1974}, : ’

1,3 ¥Manganese Ore in South Africa

Thie manganese ore production in South_Africa is
‘estimated to be the second largest in the world after
those of the USSR { See Table-l{l }. The mosﬁ.importaht_
mangahese occurrences in South Africa, which are
logated in the northern Cape pfuvince, extend from

104



Postmasburg narthwards through sishan, Hotazel, and

. Severn, virtuaily to the Botswana border, a distance of

350 Km. A gap of 55 Kn separates then into the southern
f field and northern (Kalahari) tield. While the ore in :
_tha xalahari field is continuous from the Hamatwan mine -
to- thé Wessels mine in the north. only a few isolated

erosion remnants ocour as islands 7prth of the Wessel oo

 mine. These fields differ in type of orebody,

- -stratigraphic pesition and genesis (Kleyenstuher,

1982). Table 1.2 shows the estimate of reserves in the B

Ralahari manganese depasxt - -
"';Mamatwan nine is the 1argest open-cast operatzon mining_,
1ow~qrade manganese ore within the xalaharm manganese :
_"_field. This deposit was opened in 1963 Mamatwan type
" ore is a d;agenetic to very law-grade metamorphic,

'-j' 'carbanate-bearin9 braunitic manganolutite ore with a-

- maximum manganesa content of 38 tn 40 percent (- ‘See.

 Table 1.3). Thrust faulting affected the strata to the B

- west and in prowimity to this zone af structural
deformation Mamatwan-type ore has been hydrothermally
upgraded to carbonate-poor, braunite, hausmasnite, and
' b;xbyitewhearing ore. ‘This ore which has a manganese

' content of up to 60 percent is known: as Wessel-~ type ore
{Kleyenstuber, 1982)

Mamatwan ore is dark brown in colour and spotted _
throughout with white and/or llght-brcwn ellxpsoidal
: carbonate oeids. Braunite is the major manganese

~mineral present in the ores. Kutnahorite _
'(manganese-dolomlta) is representatzve of the carbonate"
ooids, but also occurs together with braunite in the

1.5
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matrig. Typical values for'th&'physicai properties far
. the major mlﬁerals of the ore body are given in Tabla
._ 14‘4-'_ o

*It'may seemt that with less than 40 mass percent
_manganeaa content, Hamatwan ‘manganese ore is not

~ suitable for smelting in electric furnace. However, ‘the

ores with favourable manganesemto-iron ratios, | B
approximately 9 to 1, have been smelted successfully by
Samancar at. Heyertan in the Transvaal.__

1.6



-'Tabie 1

1

: Manganese ore : world product.ion
(in miliion short ‘tons gross’ weiqht (Mbrai, 1984))

_ %Hn- g 193&- .1970 .'1960
:  N.Aamerica Mexico = 35 + 0.493 Jﬁ 302 - 0.17r} ¢
- 1 S/Aamérica  Cuba - - 36-50 h : e.012
1 . Argentina 30-40 0,005 : 0.038 - N
- Brazil- 38-50 2,601 2.071i 1.101
.  Chile 33-40. 0.031 0,029  0.051
- Burope Bulgaria 30+ = 0.054  0.036 S
e Greeca 48=50 0.006 0.007 ' .-
‘Hungary  30~33 0,097 0.185  0.136
ltaly 42+ .0.010 0,055  0.058{
- U.S.8.R 35  10.748 7.541 6,473 {
. Rumania T DY -1 §
B T Yugasiavia 30+ 0.033  0.016 LR
Africa Egypt 28+ : L '
1 -+ . gabon = 50~53 2.366  1.802 SRET ¥
- Ghana - 30-50 0.278 0.447 = D.600 ]
- Morocco  B0O-B3. 0.145 . 0.124 ~ 0.533
S8.Africa 30-48+ 6.278 3.588 1,316 |
Sudan - 48 ' R
L .. Zaire - 30-57. 0,018 0.382 0.420
{asia - China 20+ 1,750  1.100  1.320
- India = 10-54 %.814 - 1.820  1.321
Indonesia 47-58 - 0,005 0.011 - . |
Japan = 24-28 0.088  0.298 0,357
Pakigtan 35 =@ S
Philippines 35~45 0. 003 0.006
Thailand 46-50 0.060 0.026
: : - Turkey 35-46 ¢.045 0,010 1
Oceania - Australia 37-53 2.162  0.828 . 0.068
| -Fij1 40+ 0.027  0.013
A rotal 20,091 20054 14959
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‘Table 1. z T -

. Estimate of Reserves in the Kalahari Hanganese Deposit |

{after Taljaardt, 1882)

- rememseenaae

'_;Wessels'sfade;(atj' " - Mamatwan Grade {Mt)
444 % Mn (60 % Mn + Fe) = 330 38-10 % Ma = 82
. {40-44 % 1 (60 % Mn + Fe) = 30  30-38 & Mn = 6284
36-40 % Bn (60 & Mn + Fe) = 18 20-30 % Mn = 5938 |

= 3] “¥

' 30-40 % Mn (5—10 % Fej

| subtotal = 409 Subtctal = 13204 |

T
i

Tbtal Reserve = 13613 Mt (basﬁd on - ﬁata from

“apprcxlmately 1337 horeholes)

Tabla 1.3

| Typical Chemical Analysis of Marganasa ore fram 
“the Kalaharz Depagit { in weiqht percent}

,Mamatwanwtypé' -WeéséisetyPe

_ Lumpy = Fines ~ Lumpy™ = Lumpy
Mn - 37-38 35-37 - 38.0% AT~48

[|Fe  4-6 @ 7.0 - 2.1B" 1i-314
Si0p; 4~6 5=7 3.62 6=9
Ca0 12-16 12~16 12-81 = 4=6
MQQ - 3"'5 3‘-5 2.52 005-1\‘5
Alz03 1.0 1.0 max N.A 1.0 max
Nas0 - 0.4 L 0.4 N.A - 0.4
KgD ’ 055 ’ 0 5 NtA ) 0:2
P - 0475 max 0.05 N.A 0.05 max !
8 = 0.10 pax 0.10 N.A- 0,15
COs  15-17  15-17 - 16.08 1-3 .
HQQ 3.5 5 0 - N A 2.3“-'

* Analyses aftexr Kleyenatuher (1979 1934)
~othwrs after SAMANCOR (1879)

W
1
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~Table 1.4
The Mﬁfﬁ'impﬂfﬁanﬁ.ﬁf-the major.manganésc'miﬁeralﬁxsun??“
~ found in the Kalahari manganese field

a
)
#

 Hinera1'- ~ colour _Hardﬁess Relative Other
S o : L . dgngity _ Prapertias

Braunite 3 Brownish 6 4.8 ﬁnnumagnétia .
T
Braunite IT Brownish 6 4.8 Non-magnetic|
" black - S
| Baugmannite Grey-black 6.5 4.7  Non-magnetic)

IBixbyite = Dull-black 6.5 4.9-5.0 Non-mafnetic|

'-_Cryptﬁmelane_bullublack _ "4i3-ﬂ '\Ncn~magnétic

Jacapsite  Ixon-black 6  4.75 Magnetic




2 LITER URE SURVEY
‘2.1 The studies on Redaction of MnO and Mamatwan Ore

Contrary to the importance to the ferromanganase
industry, the amount of research carriéd;out_cn Lie
reduction of manganese ‘ores, and of Mamatwan manganese
ore in particular, is very limited. The literature -
pertinent to this work is summarised in the following.

. The major mineral present in Mamatwan ore is braunite
the composition of which is generally accepted as being
3Mn:05.MnSi0; (Kleyenstuber, 1882). De Villiers (1375 )
| fand_muan {1959) bhoth point that this is the ideal ”
composition. Muan showed that braunite is part of a
continuous solid solution of 8§10, in Mny04, varying
from pure aneg_td_ﬂo mass per ceht-sicz.'beiviilierS'
(1975) explains the solid solution of 5i0; and MnyO3
propoged by Muan in terms of the substitution of .
silicon ions for manganese ions in the Mny0; lattice.
The 514+ ion replaces a Mn3+ ion and charge balance is
regained by the opposite Mn3+* jon in the octahedral
cation arrangement being reduced to Mn2t, This theory
suggests that substitution by silica will reach a
maximum when all the Mn'3 ions have been replaced by
§i4% and Mn2* ions, In this case the maximum
theoretical 510 content in the braunite is 44.05 mass
per cent, which 15 in good agreement with the 40 mass
per cent determined axperimentally by Muan {(1958).

The formula 3Mn263.MnSi63,'ar Mn2+Mnd+g81i0q 9,

vorresponds to a Si0y content of 9.98 mass per cent. De
- Villiexrs (1979) found that thera was hetweeﬁ 8 to 10
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~ mass per cent §ip in thelnﬁmatwan braunite which is
sufficiently close to the ideal compositicn to jnstity
'the use of this fnrmula.

In literatura,-theré'are.few studies on solid state _
reduction behavicur of manganese ores. Some of them
involve the study of reactions in the production of |

kigh carbon ferromanganese from Mamatwan wmanganese ore
 {Xouxsaris and Finn, 1975). Featherstone (1875) states
~‘that Mamatwan oxe is an excellent blending ors that is
suitable for smelting to high carbon ferromanganese in
a blast furnace. The high Mgo and Ca0 contents are S
desirabla in-the;feriomangaﬁése blast furnace as thay'
make the burden self fluxing, It is also possible to

use high percentages of Mamatwan. ore in silicomanganese

of MnO while at the same time not decreasing the N |
activities of 5i0; too much as high Si0; activities are
sssential in the furnace slag,_ - o

Peﬁtz'(iQTU) and De Villiers (1973) studied the effects
of'heat_on,ﬂamatwanhdre{ DTA, TGA, X-ray diffraction
apd mierosgopic_examihation showed that the £allowing
hineralogical chahqgs take place during heating in air:

700 O¢ - Deuompositlon of dalomite
800 ta 200 9C --> Decomposition of caleite with the .
formation of CaMnOz and. pussibly .
. _ some Ca{oHjg. S
900 O¢ . e Beginnlng of the farmation of
- CaMn204 and decumposition of
braunite, :
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1000 ¢ ~~> Formation of Jaccbsite when braunite

decompnses tn hausmannite(tatragunal)-

and Siy.

While heating in air from room temporature to 1000 OC |

Mamatwan ore loses water as well as small amount of
oxygen and carhon dioxide from the carbonates. Pentz

{1970) recummenﬂs'prehaating of the ore to at least 800

O¢ to promote decomposition of the carhonates prior to
.1y reduetion studies and prevent the loss in mass due
to reduction from being masked by the 1&5& in wass due
. te the thermal decompoaition.. .;.‘x_r R

,Koursaria, Kleyenstuber, and #isnn > é"ﬁé» 'ided that -

ths early stages of veduction of M- mbtwan ore by coal

in temperaf“*Q ange between 1200 "¢ and 1600 OC for up

to four hours in a . argon atmosphere inveolve ¢omplex
~ mineralogical changes which can be summarised as
follows:

a) Breakdown 9f braunite and gangua'minerals'

b) Reduction of highex manganese_axidés to manganous
oxide and of hematite to metallic ironm. |
¢) Formation of slag as a result of reaction between
gangue and manganous oxide,

d) Finally, further recuction of the ore involves the
carburisation of the metallic phase and the reduction
wf solid nanganous oxide, or manganous oxide dissolved
in the slag. by solid carbon or garbon dmsSQIVEd in the
metal.

McRae. (1%81) conducted a séries_cf experiments on |

Mamatwan ores involving pretreatment of the ore,
thermogravimetric analysis under reducing and exidizing

2.3
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conditions, reoxidation of heat treated samples which
were 15 mm in size and x-ray diffraction analysis in
the temperature range from 800 °C to 1100 °C. He showed
that the thermal treatment in neutral atmosphere and in
air resulted in a rapid loss of mass between 13 and 22
percent. An increase in temperature resulted in a
'consmderable inerease in the rate uf mass loss under
atmaspheric conditions. '

- Another work was done by Koursaris and See (1975) to
investigate the effects of temperature and retention
time for charges of Mamatwan manganése ore and either
Delmas coal or Iscey metallurgical coke in the |
temperature range between 1300 ©C and 1600 ©¢. The
experimental method was a variation of the stationary
charge in controlled environment (SCICE) technique. The
charqes of Mamatwan ore which ranged in size from 2.83
- to 12.7 mm and reducing agent were heated to
temperatures hetwaen 1300 P¢ and 1600 °C and e;ther
covled immediately after the required temperature had
 been reached or held at the temperature for pericds of
up to 4 hours. They found that the reactions which
eocur during the reduction of Mamaﬁwan'manganese ore
with either Iscor coke or Delmas coal were not '
significantly different, They concludaed that reduction
of the ore involved the breakdown of silicates, |
carbonates, oxides, the formation of a primary slag,
beads of iron and grains of a solid solution of
mangancus cxide and magnesia. The primary slag
contained rainly calcium oxide and silica. Further
reduction appeared to take place by dissolution of
manganese into slag and reduction of soluta by solid
¢arbon or carbides. The final slag had a ccmpositxon in
the Aly03-Ca0~-Mgo-5i0; system.



Dewar and Sea (1978) invastigateﬂ tha influenca uf
"carbﬁnacaous reducing agents on the rate of ‘reduction
of Mamatwan manganese and Winterfield,ch:omite ore in
‘the range 850°C to 1500°C under neutral atmosphere. The
* reducing agents Lurgi char, Rand char, gasworks coke,
Iscor coke, anthracite and electrode graphite were used
in experiments with tha rav material having size

fractions of 40 to 50, 100 to 140, and less than 270

mesh, .ne For Mamatwan ore microscopic and x-ray
analysis revealed no differences in the mode of
reduction with different reducing agents. It was found
~ that the initial stages of reduction of higher oxides

of manganese te manganous oxida.iﬁ,namatwan ore

~ proceeded more rapidly as the reactivity of reducing
. agent towards €Oy ircreases. In the second stage of
_reduction, mangansse oxide Is converted to manganese
~ carbides and higher contents of fixed varbon in the
~ redusing agents give hlgher final percantaqe |
reductians.. '

Pilter (1967) found that Lhe reduction of the higher

_ _cxidaé of manganesa to Mno witn carbon monoxide and .
 hydrogen oceurs at low temperatures (326 ~400 9C) but
the complete reductxon to metal Mn cannut be obtained.
Antonov and Chyfarov (1961) reduced Mno with graphite
in €O atmosphere at temperatures between 1300 ©C and
1380 °c._They_gtated_that_above-lasﬂ o¢, MnO can be  {'
reduced completely. Additicns of Fep03 and KpCOz

_ accelerate the process of reduction, while with
increased of addltmon of Fe203, the- SpeEd of reduction
increases. :
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‘Rankin {(1980) studied the reduction of Hno under.aﬁgon
atmosphere at temperature ranging from 1200 ®C t6
1425 OC by graphite. He found that the reduction’
product at this temperature range is MnsCp and the
‘activation energy for the reaction is 240.6 kI and
~gasification of the graphite is the rate controllinq
step . 1n the reduct;on of MnoO. : :

5Mh0_+ 5C0 =-Mn502 #7002 svseavneans 201
. C+C02=2CD ...n-..n-.z.z'

'Following conclusions were drawn from the study._-

a) The rate of reduction of Mno by graphite is
increased by an increase in the temperature and a
decrease in the ratio of MnO to &, The effect of
particle size of MnO and of graphite is very slight.
b) The rate of reduction of MnO by graphite at 1350 O

is increased markédly by the addition of Fe203; _ -
uneffected by the addition of NazC03 and KpCoO3,
slightly increased by the addition of Ca0, MgO and
Al303 and decreased by the addition of Sioy.

He stated that the apparent fractional reactions are
slightly greater than the theoretical limit of |
" reduction which is defined as the value to be obtained
if all the oxygen is removed as CO. The reason for this
is most probably that a small amount of COy escaped
from the reaction mixture. Since CO; carries twice as
much oxygen pé: mole of carbon as does €O, the presence
of C0» in the gas raises the apparent fractional
reaction. This is also the evidence that reductionr took
place by way of €O as an intermediate product. The
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altarnative scheme, the réduction of Mno by'gtaphite at .
points of contact, pruduces only CO at temperatures |
_used in the study.

Figures 2, 1 - 2. 3 show the effect of partlcle size,

temperature, and carbon amount on the reductian rate.

 The rate of reduction is almost inﬂependent of Mno.
partiale smza in_tha sizg range_ Ga_tp.zso_gnu '

Terayama (1985) also investigated the effect cf
‘temperature, particl. size and amount of carbon on o
reduction rate of MnO under helium atmosphere at
_ temperature range from 1070°9C to 12009C. He expressed
 his results with the Figures 2.4-2. 6‘ o

He assumed that the reduction proceeds 1n“a¢cbrdaﬁde '
‘with the following reactions- B

'. . . 7M’n0+ 13CQ = MH7C3 + 10(:02 ._ ) ..0_0 era c..n ....__t “n 2!3_
€4 €Oy =200 cvaeaaeesaes 202
IMRO + 10€ = MngC3 + 7C0 wireiveearss 2.4

and the overall rate is controlled by the rate of
oxidation of carbon by carbondioxide as expressed in
yeaction 2.2. Activation energy of the reaction was |
calculated as 217 kI/mol. He stated that reduction
‘reactions between MnO and carbide to yield metallic
manganese occurs at the interface of the two7sbiid
phases in the later stages of reductlon. The reaction
is:

Mn?CB “l". 3Ml‘1ﬁ= 101‘111 + 3c° . n{.uuaounw.o: 2&5 |
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Thé éctivation snergy fﬁf this readtion was 259 ki/mol.
The reactiun hetween Mno ‘and Mn7c3 was not observed
When excass carbon was used. :

As can he seen Rankln's and.Tereyama s stuﬁy conflxct
. with each other. Ih spite of using higher experimental
temperatures, Rankin found higher activation enerqy
than Terayama for the reductzon of Mno by carbon. One
" of the reasons for this is probably application of | -
different mathematical models to the kinetic data. They
" differ in reaction products of MnO reduction as well.
~ Rankin's reaction product is the carbide MngCy while.
that of Terayama's is MnyC3. In both study equimolar -
amounts of Mn0 and graphite were used. In such ¢ase_thé
‘same reaction products, particularly in carbide
formatian, would be expected. Since thelr experimental
temperature were different (Rankin's,13_1200°C~1425?c
while Terayana' ‘s is 10?0°c—1ZDOOC),'it'may'be concluded'_
that temperature is 1mportant in determination of final' \
“reaction products. Furthermore X-ray diffraction peaks._
of above carbides are close to each other. This may
~ also create aifflcultmes in flnding the exact reaction
product.- '

The reduction and'mechanism of Mamatwan dre,-first :
time, was studied by W.D. Grimsley and R.P. King (1977)
under argon and 00 atmospheres'using graphite as the -
reductant at temperatures ranging from 10009¢C to
1aoo°c. They discussed the reduction mechanism in two _
stages: a) an initial stage during which most of the
higher oxides of manganase were reduced to Mno-with _
concurrent formation of CaMnyO4, and the iron oxlda was.
reduced to metal or carbide. During this stage - |
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o

'dlfquSLOn of CG and COg influenced tha reductian rata,
‘'b) a second, slower stage during which MnO and the
remaining “aMnpO4 were Yeduced to metal or carb;de. At
temperatures ranging from\looo to 1300 9¢, it was found
-~ that as the. temperature and amount of carbon 1ncrnased
the rate and degree of fne reductinn of the ore
increased. Their results are represented in Fzgures 2 7 .
ard 2.8, It was concluded that the percent reductlan
with time increased markedly as the temperature . _
"1ncreased and graphite additions above 10 per .cent (by
mass} had very 1itt1e effect on the extent of

* reduction at 1000 and 1100 9¢, but the effect of -

- 1ncreased qraphlte addltlans becane more important at
1200 9¢ and eéven more marked at 1308 oc. They carried

- out several experiments with pura MnOs ang graph;te in

an argen atmosphere, with pure MnOj and graphite in a E
- earbon monoxxde_atmosphera and with -Mnoy - and garbon__ |
monoxide alone at 10009¢C and 1200°C to determine the
roleldf carbonhﬂbnoxidé in“thE*réducticn'af'ﬁamatwan
ore with carbon. It was found that- almost complete
'reductlon to MnQ was achieved within the Eirst 10

minutes when MnOy was reacted with graphite in a carbon_-'”

mohioxide atmo$phere,_The_redn¢tion of preheuted ore by
‘grapliite in an atmosphere of carbon monoxide proceeded
rapidly until the iron oxide was reduced to metal and
‘the manganese oxide were reduced to MnO. Then the
~reaction ceased abruptly, indicating that further
reduction of MnQ to manqanese carbide was not feasible
in tha presence of a pare carbon monoxide atmosphere..
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Fiqure 2.1 The effect of MnO-to-C ratiec on the
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‘R=380
 Theoretica! limit -
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" TIME, min

reduction of MnG hy o white
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FRACTIONAL REACTION =

“Theoretical imit
eredupﬁon

R

i)

AU - e .
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TIME, min '

Figufe 2.2 The effect.pf temperatura oh tha
reduction of MmO by graphite
(after Rankin, 1980). '
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Eigure. 2.3 The effect of part:.cle size of Mno

on the reduction of MnO. hy graphite
(aftar Rankin, 1980]



'FRACTIONAL REACTION

11i0°C

MnO/C = 171

He 2.17x10° _:ﬁafs

4 B
TIME/ XS

Fani o

Figure 2.4 Tha;effect of temperaturalan'the |
reduction of MnO by graphite
(after Terayama, 1985).
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'FRACTIONAL REACTION

MﬁOfC = 1311

 MROC =108

MnOIC = 1/0.5

‘f
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R

TIME / ks
Figure 2,5 The effect of MnO~to-C ratio'pn'tha

reduction of Mn0 by graphite
{after Terayama, 1985).
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FRACTIONAL REACTION.
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Figure 2 6 The effeat cf particla size af Mno
on the. reductlon of ¥Mno by graphlte
{aftexr Tera: na, 1985]
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Figure 2.7 The effect of temperature on the
reduction of Mamatwan manganese ore -

by graphite (after Grimsley, 1977). .. |
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 Figure 2.8 The effect of carbon amount on the
| reduction of Mamatwan manganese ore -
by graphite (after Grimsley, 1980).
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2.% The Studias on nanganéaa uxidea'_f

The four manganese oxides MnO,, Mng03, Mn30s4 and MnO
have been studied by many - ;nvestzgatars {Da V1lliers,
197%; Bystrom and Mason, 1943; Dressel and Kenworthy,
1961; Tobisawa,- 1963) and vglkert et al (1972),

Doliimore and Tonge (1971) have summarzzed the fihiings

of all of the above 1nvest1gatars.

Manganese (IV) oxide or manganese diowide (MnOz) exists

~ in many polymorphic forms. One of these forms is

B~MnO, or pyrolusite which contains 63.19 mass percent

mangansse and has the tetragonal tutile structure.

Marganese (IIX} oxide MnyO3 which is also called
‘manganic oxide or manganese sesquicxide; contains 69.9%
mass per cent manganese and exits in an alpha and a
gamma form. y-3n,0; has a similar distorted cubic
structure to Mn304 and is a defect spinel with
manganese atums Aistributed randomly among the .
availabla'sites; This structure is not very stable and
Mnz0z usually has the orthorhombic structure xnown as
a~- Afngoa

Manganese tetroxide or mangano-manganic oxide (Mna04) _
contains 72.03 mass per cent manganese and is a normal
spinel (MnO,Mn;03) in which Mn*3 jons occupy the
octahedral sites. In the normal red-brown hausmannite
the oxide lattice is tetragonally distorted from the
cubic arrangement. In air Mnz04 was found to be the
stable form of manganese oxide from 1000 ©C up to its
melting point. Pentz (1970) and Shantarin et al (1972}
have confirmed this result. Mn;0; appears to change its

2.18
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- strﬂcture’durinq=héatiﬁg in the temparatﬁra range from

1000 9C to 1567 OC. Van Hook and Heith (1958) propose
that tetragenal Mnz04 is stable up to 1160 % and is

converted to. the cubic spinel form above this -

temperature.- - I |

ManQﬁneSa“(II) oxide or ﬁahganous oxide (Mno) contains,'_ '

77.¢ mass per cent manganese and is green with the
sodium chloride lattice structure.' S

”Davies an&_Richardsqn £1959)'atﬁdied.th§ _
- non-stoichiometric behaviour of Mno under various
‘oxygen partial pressures at temperatures in the range .

1500 9C to 1600 ©C, The oxygen-to-manganese ratioc was

' found to vary from 1 at Poy = 10°% atmospheres to 1.05

:'at'sz'w 10~2 atmGSPhéres; The review carried out by

- pellimore and 'Tenge (1971} reveals that _
non-gtolchiometry of Mno persists until the cnmpas;tion
- reaches. Mn0y, 313 before the Mni04 phasa_appea:s.

2.3 Thermodyanamic data on Manganese oxide reduction

The standard free energy changes for the relevant
reactions for manganase oxide reductlon ‘were summarlzed
by Grimslay (1877). Table 2.1 and 2.2 show the standard
free energy changas of the some manganese oxide

reductions by carbon, carbon monoxide. and iron carbide.-

Properties of some manganese carbides are g;ven in
Table 2.3. Thess carbides are the most likely reaction
products in the mangahese akidg reduction depending on
‘the sxperinental cohditions and the carbon amount used .
~ fer the reactioéns. : o
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The stabilities'uf the different’ manganese oxides are
. functions of temperature and oxygen partiai pressure
{Muan, 1959, Klinsberg, 1960), and Figures 2.9%2,12
~show the equilibria petween the different manganese
| oxides expressed in terms of temperature and oxygen

| partial pmessure. g '

_F1gures 2. 13~2 18 show standard free energy and
standard entalphy changes for some: manganese oxide
dissociation and reduction reactions. Figures 2,13-2,18

. were drawn by using values caldulated via a computer

_saftware called THERMO (Jones and et al, 1980).

"Thaﬂ@Ystem Cao~manganese oxide in air, shnwn'in_Figurau_
,2.19,'has-been studied by Ribound and Muan (1363) for

. the temperature' range frdm 1100°C to 1700 ©C. The four
stable crystalltne phases that exist over this
‘temperature rahge in air are Ca0-Mno solid solutian,
CaMnO3~CaMnz04, and Mn3O4 based spinel The llme solid

- splution phase (Ca0~Mno) has a sodium chloride

structure ranging from pure Caa to a maxinum af 14 mass
per cent manganese oxide as Mna03.

The CaMno3 phase cgntains between 42 to 62 mass per
cent of manganese oxide as Mn203Q The proportion of
manganese i the tetravalent state decreases as the
manganese oxide content of thé'phase'increaSe;. The
ratio of Mn4* to Mn3* changes from 0.54 at the .
lime-rick end to 0.33 at the stoi¢h10metr1c (Ca/Mn s 1}
compound. The CaMn304 phase {2 a solid solutiocn
containing 74 to 78 i-ass per cent nanganese oxide as
'Mn303 whilst the gpinel phase is a sdl;d solution with
the approximate compesition MﬂgOg«Caana4 ‘which
 contains a maximum of 16 mass per cent CaMnyO4. The
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. transformation temperature e teﬁragonal Hn364 waé'
- found to increase slightly thh cao additians to a
maximum of about 1200 o, -

" The system Caﬁ-ﬁn0~si02 was'investigated by Glosser
(1962) . He constructed the phase'diagrams iliustrated
"1n Figures'z 20 to 2. 22, Figures 2.20 and 2'21
represent vertical sections through CaySiog and 0323;94-
comp051t1ons whereas Figure 2.22 shows the actual
~ternary system wlth 11quidus projections. o
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Mmoy

_ Table 2.3
'Standard:fréé enerqy ¢hah§e5-£or-thé reactions-af

_manganese;oxides,re&ugtinﬁ_byjcarbon_and' ﬂ_”f_
carbon monoxide. |

 Reactien - AG®= A+ BT(kJ) Range(2c)|
o - A B

€0z  -202,09 0,02 25-550
€03 ~170.71 0.004. 25-1100
€Oy ~59.50 0,04 25-1244
€0,  -~B6.11 0.02 1244~1700
€Oy  104.56 =0,01 25-1244
124,93 -0.002 1244-1700
°0 . =31.63 . 0,19 25-550
©  =0.25 0,17 - 25-1100
€O 110.96 © 0.21 251244
CO - ~B4.35 © 0,20 1244-~170C |
Mp  + €O 275.01 0,16 25-1244
= Mn- -+ CO  29%.39 0,18 1244-1700
1/3Mn3C + CO 269,62  0.16 740-1227
10/7C = 1/3MnyCa + CO 284.22  0.18 717-1087
10/7C = 1/3Mn7Cy + CO 282.01 0.18 1087-1137|
10/7C = 1/3MnyCy + CO - 280,22 0,18 1137-1244 |
10/7¢ = 1/3Mn7C3 + CO 285.95  0.18 1244~1700
¢ =200 . 170.46 0.17 25-2000

- Hng03.
=.2Mn304
- 3Mn0
3Mn0 .
Mn-
Mn
¥ing O3
2Mri304
3IMnO
3Mno

L9
k-5
I
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E o on.
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o

3Mng0g
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Mno |
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1

v

onnaaon
|

s
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8
i
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o
S
b

0
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rable z.2

Standard free energy changes for the:reacticns of mangaﬁese'
- oxides reduction by iron carbide. h -

Reaction

10/7Fe3C

A/ 7MnyCy

30/7Fe

271,15

AG®= A+BT(kJ) Range
T (eg
2 B .
3Mnp03 + FegC = 2Mn304 + 3Fe + CO - ~10.61 0.16 840-1100
Mn304 .+ FesC = 3Mn0  + 3Fe + €O - 100,60 0,20 B40-1244
Mns04 + Fezl = 3MnO  + 3Fa + CO. 73.9 0,19 1244-1537]
{MnO  + FegC =Mn  + 3Fe + CO 264.66 0.15 B40-1244
MnO 4 Fes¢ =Mn  + 3Fe + €O 285,04 0.17 1244-1537
fMnO + 4/3Fe3C = 1/3Mn3C + 4Fe  + CC 255.81 0.14 840-1087 |
|Mno + 10/7FesC = i/7MnyCs + 30/7Fe + CO 246,09 0,17 717-840 . |
MnO + 10/7FesC = 1/7MnyCy + 30/7Fe + CO 269.42 0,17 840-1087
1Mno + 10/7Fe3C = 1/7MnsCy + 30/7Fe + CO 267.21 0.17 1087-1137]
MnO + 10/7FesC = 1/7Mn,Cy + 30/7Fe + CO 265,42 0,17 1137-1244
Mno + = 1/7 " + CO 0.17

12441637}
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. Table 2.3

Propartieé of Mang&nésé-ﬁarbides

Carbide Symmetry ~Carbon aohtent' Stability Remarks
' ' (by mass %) = Range O¢

MnpsCs

MnisCqs

MngCsy

[nges

cubic

hexagonal

Rhombic
Monoclinic

Hewxagonal

5. 40

5.48

6.79

8.03

- 8.56

- -25-1p20 - Isomorphous|
~ with CrasCel

E 850&1600 ur;ginally,.'
' designat.d
Mgty

850-1080 Isamprhous
' with FejC
25~1050  Isomorphous
with (Fe,Mn}gsCai .

25-1100  Isomorphous
. with Ccrycy
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Figure 2.9 System Mn~0; univariant equilibrium
curve be.ween MnO; and Mnjog.
(after Klingsherg, 1960). -
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Figure 2.10 System Mn~0; univariant equilibrium
curve between MnpOj and MnzO4 -
(after Klingsbery, 1960).

2.26



TTI0MKY

7,0

8.0

~

N

x
=
-
2
Lo} .

TEMPERATURE('C) *

do00

.1-
. =
F
f -

teo0

l.og Po,
Figure 2,11 System Mn;O3~Mn;04 as a function

of oxygen pressure and temperature
(after Hahn and et al, 1960).,

2,27



1.#.1%15(:{4; .

65%

1400

AL

B.OID I .

i

1300 -

554

I~
[ 5
?‘-,._a.;-. )
—
el

Leg Po, .

‘Figure 2.12 System MnO-MngO4 38 a function of

oxygen pressura and tgmperatufa.
(after Hahn and et al, 1%60).

2.28

}1500

TEMPERATURE ( C} -



oo

Ac® (Kjmol)

1481

186+,

10T

. ?2-

Ut

' N

0 200 400 600 800 1000 1200 1400
|  TEMPERATURE, (€} |

“4 ".

- Figure 2.13 Free energy change as a function
temperature for some MnO reduction
reactions. ' '

103 M + CO

Mt + GO

13 Mnr,C + 4Fe 4+ CO
UTMNG, + 30/7Fe + CO

1) MnO + 13 MnC,
2y MnD + C

3  MnO + 43 Fe,C
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" Figure 2.14 Entalphy change as a function
temperature for some Mno reduction
reactions, ' '

1) MnO + 13 Mng, =103 Mn +CO
2 MnO +C .~ »Mn + L0
3) MnD +43 - = W3Mn,C +CO
4) MnO +107C = = 47 Mn,C, +CO
5 MnO +FeC  =Mn+3Fe +CO .
8} MnQ + 43 Fe,0 =1/3MnC +4Fe  +CO
7) NnO +10/7FeC = 17 Mn,C, +307Fs +CO
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Figure 2.15 Free energy change a’es'-a'- function
temperature for some Mnz03 and

' Mn304 reduction reactions. |

G Mnd

1 MO, v 3 « GO
2 M0+ Fel - 3MnQ « 3Fe + CO
3 MO, + CO = IMNO + GO, :

4} BMn!(‘); + G = M0, + €O, N

5) 3Mn,0, « Fg,C = DMn0, + 3fe + CO

6) 3MnD, » CO = 2Mn,0, « CO,
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Figuré 2.16 Entalphy change as a function
. temperature for some MnyO; and
Mn304 reduction reactions. .

G = 3Mn0 o+ CO

1400

1) Mna'O“ ¥
2) Mn O, + Fe,C = 3MnO  + 3Fe + CO
3 MO, + G = 2000, + GG,
- 4) 3MnQ, + Fe,6 = Mn, O, + IFe + CO
5 MnQ, +CO =3MnO  +CO, -
6} 3Mn,G, + CO = 2amMnQ, + CO,
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2.4 The System C-Mn and c»rq4ﬁn

The manganese—carbon phase diagram ia shown in Figura
2.23, It is apparent that four sQlld solutions of
--carbun in nanganese (@.B.5 and y) and tive carb;des are’
stable at various campasitianal and temperacure ranges,

 MnyCg, MnsCp and MnpCs are the'most'impdrtant carbide

| _phases depending on the carbon content. For carbeon -
contents of between 0 and 1.3 wezght per cent, only
a~man thase metal shcmld be present at room

.]temperature. Fram 1.5 to 5,40 weight per cent carbon f

d - munganase and Hn23c5 are stable at room '
temperature. A further increaSE in the carbon contaﬂt
to between 5, 40 and 8,03 weight Fer cent results in
manganese metal no- 1cnger being stable, and Mny3lg and

. MnsCy are the stable carbides at room temperature.

 Between 8,03 and 8.56 weight per cent carbon MngCz and

L Mn703 are present and if the carbon content exceeds

_' 3 56 WEiQhu per cent., Mn7c3 and graphite are fcrmed‘\

In the preaence af iven the above carbida phases
probably become a- Feﬁdn + (Fe, Mn)ngs, (Fe,Mn)p3Cg +

- (Fe, Mn)5C2: (¥e,Mn)gCy + (Fe,Mn)7C3, (Fe,Mn)7Cy +
graphite, as the iren manganese carbides have sxmilar

~carbon contents to theil ‘manganese carbide
caunterparts- |

The systam C-Fe-Mn has been studied by numerous
investigators (Vogel and Doring, 1935; Isobe, 1951;

- Schurmann and e® al, 1977). ‘The resulting liquidus
projection of the ternary Fe~Mn»c system is illustrated
in Figure 2.24, '
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. The primary crystallization areas shown in the Flgure
2.24 are for BMn,bFe,yFe (contimuous solid solution _
‘with yMr)MaC, € which is solid solution of Fe, Mn and ¢
appearing above 60 wt % Mn, Hn5cz,_Mn7¢3'ahd graphite,
Schurman and Geissler established that between 0 and 3%
Mn graphite separates as the stable phase. This
'absérvation contradicts'the assumption generally made"
in the earlier literature that the M3C phase extents to
the hinary C~-Fe axis, but agrees with solid-state

studies in which equilibrium petween yFe and graphite
at Mn contents up to 1% and ‘from. tamperaturea of 1100°C
- down was established. In general agreemant between_-
sources is very reasonable. D;fflcultles arise

. considerably at the higher manganese contents._
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Flgure 2.24 Liquiclus projectmn -::f c-Fe-—Mn _

: system. (after. Sc:hurmann, 19‘??. _
‘schenck and et al, 1963: ”
Chipman, 1952}, =
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3 EXPERIMENTAL PROCEDURE
3.1 Raw Materials - . _ _-f_ o L

-nanganese ore from the Mamatwan nine was supplied hy
Samancor. This was a bore hole sample which represented
three zones namely M, C, N with a depth from 216'5", to
260137, from 260'3% to 281'1" and from 281'1" to 289'o
_ respectmvely. The sample was. crushed and milled tn
‘under 420 pm, As it was planned to examine the
nanganese part;cles after various stages of reduction,
it was decided to use particles in as narrow a size
tahge as could be.éonveniently'bbtained.by screening.
- In principle this would permit all particles td undefgo
" the same degree of reduction in a given tiwme, For this
purpose, sanples were wet-ground in a rod mill and '
wet-screene ! to yield a number of closely sized
particles “som a representativé sample weighing 500 g
using the Tyler screen set of 420, 297, 210, 149, 105,
74, 61 pm. The samples for the experiments were '
separated from the mixture by the laboratory scale
rotary arc-path sampler. This machine allowed splitting
of a given amount of the sample into the representatlve
smaller portions by a rotating and distributing
mechanism. Table~3.1 and Table-3.2 show the screen
analysis and'chemical.analysis of the ore respectively.

Chemical analyses of the unreduced manganese ore,
determined for every alternate partlcle size . range,
gave almost identical results, i.a. the composmtlon of -
the ore was found to be quite uniform over the entire
size range. Fine powdered ,- 43 wm, spectroscopic
graphite was the reducing agent.



'_3.2 besﬁription ot'thipﬁgnt-

In order to perform a detailed experimental '
investigation of mancanese ore reduction, a technxque
was required for contlnuously mnnitoring the changes
cccurring within the sample while it was waintained
“under closely controlled conditions in terms of
-atmnsphere and temperature. Barnes (1981) has reviewed
the technlqnes that have been used o exanine reduction
behaviour. He stated that thermogravimetric analysis
(TGA), i.e. measurement of mass change as a function of -
‘time (with the charge material at a constant |
- temperature under the selected atmosphere), gave a
complete picture of the rate of reduction of the sampie
at that temperature. Kucukkaragaz et al (1983) and
Soykan and 'ric (1988) used the same technique to _
determine the reducticn behaviour of the BC chromites, .
They stated that, by TGA, runs could easily be
duplicated and provision could be made masily for
controlling the atmosphere. In view of the above, it
was decided to examine the reduction of mixtuwes of
manganese ore and Qraphité by thermogravimetric
analysis (TGA). '

A molybdenum wound resistance furnace with a
recrystallized alumina work tube which has an inside
diamete; of 50 mm was used. Figure 3.1 illustrates the .
schematic drawing of the furnace. Furnace win&ings were
protec:ed from oxidation by an atmosphere of cracked
anhyd:ous amonia. The temperature was measurad and
controlled by two (Pt~é% RH - Pt-30% RH) thermocouples
placed next to each other suspended to just above the
sample from the top of the furnace. Temperature was

03.2



e contrnlled by a Euroterm tvpe 020 temperatdre_

'ccntroller coupled to a 25 amper type 031 thyristor

-,funit. This combination is. reported to aeu a callbraééd

- decuracy of . +/~ 20C at 12060°C - 11400°¢C according to the
user manual of the temperature controller. '

A digital e:ebtrbnic;balande.was placed in an airtight
perspex box and the pan of the balance was replaced :
fwith'an_alumina'rad and pedestal. The balﬁnce casefﬁas _
connected to the furnace work tube by *?f“‘ighf L

‘ f1exib1e bellows from the bottom of the furnace so that'
gas thhtness was ma‘ntalned during expariments.

Data gatherihg was perfbrméd using a cOmputérised data
qa»ﬁaring and dlsplay system comprlsing a mettler PEdou_
'_electranlc balance coupled to an ccmputer for data _
”logqing' The analogue output from the Mettler halance
was. rveceived by a CL241 analogue to digital lnterface.
The camputer programme processed 100 ‘data. poznts per
minute frem the balance. The average of_these.points _
was taken as the weight loss. By this way weight loss
values were continucusly stored on the 5 1/4 inch |
floppy disc. The weight loss data were then converted
to percent reduction and TGA ~upres was obtained frpm a
HP 7470A plotter W1th data pointq at one mlnute |
intervals, '

The'dnmpiate experiﬁéntal_gétwup: including,tha:furﬁacg o
‘and its ancillary equipment, gas train, TGA and data
logging computer is illustrated in Figure 3.2.
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3.3 Reduction Runs

Redac+idh experiments were’bnhdﬁﬁtedﬁby'ﬁakinq use of
'the TGA apparatus, the details of Whlch were explainad'_
‘above._ -

'All The manganesé ore samples were calcined prior fu”
7reductmon to remove: tne crystalline water and oz at
-10000¢ in. the reduction furnace. The charges were .
prepared by mixing calcined manganese ore and’ graphzte'
 under acetcne in an agate mortar. Since pelletizing of
" the same ‘size range particles is difficult and kKinetics
_of the reaction is affected by the pressure used im
-briquéttihg (NcRae, 1977) loosely packed powder charges
of 5~7 g wore used, contained in an Alsint smntered
_alumina crUGlble whlch had a diameter of 35 mm, height -
of 60 mm and wall thickness of 2 mm. The wet’ mxxture
jwas ¢harged to the cru ible and was dried 1n a" drying
oven at 100 ©¢. The crucible was weiqhed with and
wlthcut its cantents prior to. experiments and after the_
completiun of reduction runs. The crucible and its
‘contents were placed on the pedestal of the TGA systéﬁ-_
ard the rubber bellows wag connected to the furﬁécé'and_
- the experlmental system was continuously purged with _
deoxldlzed argon, The cruclble was then raised into the
hot zone of the furnace. The hot zone ¢f the furnace
wae about 3 ons along which no temperature variation
was observed. The argon flow was maintained at 1000
em3/min., measured at 25 ©C and atmospheric preﬁsﬁre,
Since the spectroscopic argon centains § pmm oxygen and
‘watex vapour, before entering the system argon was '
dried in a drying chamber filled with anhydrous
(Hg{0104);) as a dessicant and deoxidized in a coppex

3.8



...Chlps furnace at 500 °c Thls is a vertlcal Kanthal -
wound resistance furnace'with a work tube filled with
-copper. chlps. ‘The copper ‘chips in the tuhe can react

. with the oxyqen in the argan gas at 50000 according to o

the folIOW1ng reactlon

In certaln experlments, the argon atmosphere was _
replaced by either CO or C0y gases to reveal theieffect_ 
' of different atmospheres on raductxan ‘behaviour. When
-ﬁhese.gasés”were_emplpyed,.the-furnaca'wcrk tube was
first flushed with argon gas for 5 minutes before the
-introdnctiah bf_ca:ur cozﬁqases.-The copper chips
-_furnacefwas notrutilised in thesé expg:imehts.'

'Experimental runs were allowed. to proceed up to B0
minutes whereupon they were stnpped by 1ower1ng the -
‘balance assembly guickly so that th: sample could cool
in S§ream-ofaargon gas to prevent reoxidation at the
cold end of the furnace. The checking of the weights of
the crucible before and after the reductioh on a
separate balance proved that the reduction percentage
calculated by the computer was correct and the results
were reproduclble. '

Tests_were performed at regular intervals to check for
possible air leaks in the system. This was done by
replacing the experimental sample with a pure carbon
charge over periods up to 2 hours in argon atmosphers.
The apparatus was never found to have any detectable
air leaks as shown by the zero mass loss reéordgd.

3,7



" After each reduction test, a represpntative sample of
the reduction products was_split offJusing alrﬁffle-and-
sent for chemical analysis. The_rémainder_waﬁ retained
for mounting in3péiishéd sections for scanning electron
-mlcroscopy (SEM) , optical microscnpy and energy
_.dlsperSLve analysis of X-rays (znAx) as well as
dszractzon analysis.”

53}4 befinit;on'a£ thg Daqfaefoflneauéticn'

Reducibility is a measure of tbé'relative ease with
" which an ore can be reducad to metal and it is defined
as the measured weight losa of the ore duranq the
reduction with carbon after & time at  a given
temperatura, expressed as a uercentaga of the
theeretﬁcal weight loss f@r the total reductian of the

ore. Therefore the jeqgree cf reduction of manganese, R .

%, can be descrlbad aa._'

Mass Qf oxygen rumnved- -
R% = _.-'n—-n.--;m-.ﬁ;ﬂ'——'&nngnwﬁﬂﬂ;ﬁ..«'r‘*_""_"'".‘""""“" | .':.00'
Mass of Removable oxygen

Three maaor ox¢ds companents hamely nanganess oxide _
'(HnOJ. Manganeze dioxide (MnOz) and iron oxide (Fep03) -

vere considered to he reducible whereas the other uxlde'
| compnnents, namely alumina (Algﬂz): silica (Siop) and"
magnesia (Mgo) were all classed as non«reducible under
‘the condition of selid state rnductlan of manganese ore
with carbon,’

" It is known that thermodyanamiaally carbon monuxide is
the stable gas ahuva 900 °C according to the Boudouard

3.8



reactiont

2{:02‘1" C '.""5 2'0.0.'..uuul_fti.r;&'n.oou't.n-ti.a 2\02 g
The measurement of mass logs by thermogravimetry during
réduation indicates’the_ﬁuantity of CO relasased during

_the'reﬂuctian_and'is directly proportionil to the mass
“of oxygen lost from the oxides and hence to the degree

of reduction. The deqree of reduction is thergfore '

~gefined as:

‘Mass of €O evoived |
R%ﬁ wmmﬁ“-ﬁﬁ-bﬁ-ﬁﬂ-bw-‘“ o e w0 s e Wl i o stk e e % 100

(28/16) * Mass of Remnvable oxygen _

.'Thié'was the d&finiticn used in this investigatiqn;

The stoichiometric amount of carbon was defined as the
“amount required for complets reduction of the iron and

manganese oxides to the metal. For all reductian tests,
carbon in excess of that defined by the stolchmometrlc
requlrements discussed above was mixed with each sample'
of manganese ore, In this way errors that would arlse
from the incnmplete reduction was prevented The

percentage of excess carbon is simply expressed as:

Cmass & - C mass §
Excess {total) {stolichiometric)

carbon ¢ mass % stoichiometric



. fable - 3.1

. Sereen knalysis cf_ﬁamatwan Ore

sieve Size

Tyler Mesh um

Mass (4)

-rs

Mass (%) 'cumuia;gvé 3

Finer than

65

150
200

- 250

35

48

100

297

- 210
149
108

74

61

43

oo
19;.26_
'_:70.65
76,90

- 54.34

27.17

10,87

163‘70

' D*O

20.65

14,13

14,00

10,87

5,43

‘2,17

32,75

8122

100.00
79,35

65,22

40,35
34,92

32,75

3.10
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Table 3-2

‘Chemical Analysis of

5 ..
W

‘Mamatwan Ore -

Mesh

Hgo Alz03 §10; Ca0

FE303*H§O 3§O3_

:335.
| -1
fés
4;oof
fflsn-

1 -200

1 -250

4 100

+ 48 | 0.30 4.86 13.16

+ 65 0.30 3,30 12.90

2,30 0.30 3.60 13,80

+150 2.27 0.30 3,26 13.36

+ 200 2.55 0,30 3.15 14,23

+ 250 2.44 0.30 2.96 14,11

2.19 0,30 2.45 14,74

5.88

5;88'0.20

5.99 0.20 15.90 56,69

5,88 0.10 16.60 56.33

0.20 15,40 55.33 |

5,90 0.20 15,40 55.55 |

5}8050;30'15.5uj54.12 o

5,87 H.30 15.40 55.30

53,54

16.30

* Total Mn and Fe are expressed
 respectively ' o

as Mnz0i and FepOy
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" A1l X-ray diffraction analysis were performed at
"MINTEK. In oxder to determlne the phaae changes
cccurring in the manganese ore with 1ncrea51ng extent
. of reﬁuctlon, a split from the samples was flnely o
ground and analysed by a Philips xuray diffractcmeter _ 
with a monochrometer using metallic copper as the
source of x—rays. The resulting x-ray is the k- o
‘radistion of copper with a wavalength of 1.54 AP,
ccncentrations.of_lgaa than 3 % could not be detected
j by'xan techniqnes;-' - s

3.6 Optzcal Examinat;on and Energy Disparazve nnalysia _
of x-rays xznnx) ' :

'1 Standard metallographic teahnlques and apt;cal
‘microscopes were used for the prelimlnary nptlcal
~examination of product samples. ‘Energy dispersive o

"anaiysis ot xnrays (EDAX) and electron optical

:examlnatlon were carried out by a Jeol 840 scanning

‘electron microscope, which had a link x-ray

microanalysis system, typa ANloano, attachment by which

-2 particle could be point-scanned fcr a particular

element, -

© %,7 Chemical Analysis
ALl the chemical and x-ray diffraction.analyses_of thé..:--
samples were done at MINTEK with standard procedures.

The accuracy of the chemical analyses as given by the .
Analytical Science Division of Mintek are as follows:



e
/ ’-J ’

- a) Accuracles of. more than 1 parcent (relatlve} can be
'ohtainad for mangariese and iron when the )
atomic%emissman method is used :

k) Carbon analysis were carried out by use of the

' standard leco analyser with an accuracy range of 0,02
-to 1 percent. This analyser works as the followlng.
0.5~ .2 gn of the sample is mixed with the metal
-acceleratmr then put intc the cnmbustinn furnace
through which axygen is admltted with a furnace.

© temperature 1600°C._The carbon amount is’ aetermined by
_the infrared method using €03 outlet gas.
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| 4 EXPERIMENTAL REGULTS AND DISCUSSIONS
4.1 Kinetic Results _

All the experimental samples were preheated before
reduction experiments to decompose the carbunates and
 drive off nrystalllne water, OtherWLse the mass loss
due to these reactions would mask the mass loss :
eccurring in the initial gtage of the reductian* During
:preheating a total pass loss of about: 17.% percent was
observed within 30 minutes at 1000 ©C in argon
‘atmosphere. The werk of Dressel and Kenworthy (1961) on
the reduction Qf varigus ‘manganese minerals indicates

that braunita *omposes to MnO and’ ansio4 when heated'm o

. to 1000°%¢C. AltHough the ore becomes gravimetrically _
stable after 10 minutes at 10009C in argon atmosphere,
the work of de Villiers (1973) indicates that minor o
structural changes may continue te occur for periuds of
.up te 3 to 4 hours at th;s temperature. The x~ray _
diffraction studies carried out by de villiers on
Manatwan ore which had been heated to 1000°C for up to
4 hours showed small variations in the relative amounts
 of braunite, hausmannlte, Ca(OH)z, Caun204 and CakinOs
during this period. Figure 4.1 shows the nmass loss on
preheating of the ore at 1000%¢ under argon atmosphere.

During the reduction of the manganese ore with carbon
various factoxs were observed to have influenced the

rate-and-degree of the raduction reacticns. These

factors are reaction temperaturé,'particie'aizeS'of |
both ore and carbon,. amount of reducing agent and the
reductlnn atmosphera. '

o



kcuordinq to the TGA. raﬁults obtained, temperature was
'the moat s;gnifiﬁant factor: influenc*ng reduction :
“extent of the Mamatwan manganese ore. A fﬁrea~fald -
increase on the reduction extent’ was rbsarved as the
temparature increased from 1100 to 1350 OC. This is
111ustrated in quure 4 2. This result ‘may be expected'
since it is known that an increase in reagtion
_-temperature increases the rates of all reactions in _
general. Theoretically the rate of reduction of oxides -
. to their metallic states increases with temperature..
‘A1l the reduction versus time curves showed a marked
~decrease in the rate from about 4 minutes of reaction .
'tlme depending upen temparatura. The point of changes
in slapa of kinetic curves rarresponded to o
‘approximately 30 perxcent reduction at temperatures
above 1250 ©C. The change in slope and thus change in
the rate is prabably due to a change in mechanism
rathexr than a temperature effect._The reduction-time
curves at all tamperatures indicated the possibility of
three distinct stages in the reduction brucass. The
lnltlal stage where rates are very high, is follcwed hy
the second stage which is characterized by a drop in
rate and a poss;ble ¢hange in mechanism. This step is
~ followed by a third one which is very slow compared to.
the first two. At the end of ‘the redudtion the ore has
shown a mass 1oss Whlch is almost one-third of its
original weight as it ix seen 1n Figure 4 3._“

Up t@ approximately 30 peraentﬁreduction, the effect of
particle size on the reduction extent and rate was not
very pronounced. Thereafter it was found that reduction
-yate is also a functiqﬂ-of partiéle'siza, i.e. it is
deereasing with incraaSing'particle size. This effect
can ke explained as follows: dedreaéad[particle sizes



of both the manganesa ore and carban resul* in’

1 higher total surface areas of both manganese and
carbon particles Exposed to the reducing atmospnere.
2) larger number of the. aantact paints between the :
 manganese and carbon particles o o -
'-3) Shorter diffualan paths 1n the manganese oxe
particles. - ' . - _
 Higher reactant surface area, 1arger number of cnntaat_'
' points and shorter diffusion paths all give rise to.
_increased reaction rates. However, at particle sizc
£inex than 149 prn the trend is Arery- indastmnct and o
particles of different sizes react at similar rates at

1350 SC. The effect of particle size on reductxon rate-"V

and degree at 1100°¢, 1200°¢, 13009 and 1350°c are
- shown in Figﬁres 4.4-4,7, The stronq influence of
particle size at 1300 oq is more noticeable as shown 1n 3
:Figure 4.6. This result was suppcrted by other
invastigatzons which have been carried. ouk on the

' reduction of manganese oxide (Rankin, 1980,.Terayama,"
1985), For further analysis of effect of particle size
:_6n-reductinn; kinetic data were replotted as.reduction
percéntaqe.?ersus;particle size at 20, 50, 70 minutes
retention times at 13000C afid 50 minutes retention time
at 1350°C in Figure 4.8, This figure shows that it is.
‘possible to achieve different degrees of reduction from
‘the same ore by altering the particle size in a given
time at a'given'temperatﬁre.'whé 1inaar~relationship'af
reduction with partlﬁle gize at a given time. and
_temperature was: confirmed by the regression analysis of

~ the data and the equatxons are listed in Table 4.1,

 where R is reductlen percent and x is the particle
size. ' S
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7abie 4.1

. Regression analysis of reduction vs particlﬁ'éizé'ﬂﬁtq'”

correlation]:

'@eﬁpératﬁre  Time (min) . :Equaticn.? . coefficient|
a) 13509 50 R =98.16 - 43.00 X _ 0.990|
| by 13009 - 70 . R=94.54 - 91,10 X  0.996
c) 1300°¢ B0 . R= 81.94 - 75.42 X  0.993
- .

1 & 13000 - 20 = 52.73 - 39,60 X~ 0.990f

- The quantity of reductant which is over stolchiometrlc f-"? 
requlrement was found to have sllght effect on the rate -

- and degree of reduction. Degree of the reduction was
. faund to increase 10 percent'in changing the amaunt of
carbcn from 30 percent ‘excess to 200 percent exXCess,
The increase in deqree of the reductlon was abaut 12
'percent when the carbon particle size was decreased

from 105 un1to 43 um. The results of these experiments'

 are shown in Figures 4.9 and 4.10. :

‘A set of experlments with pure Mnz04 and FegQ3 were
| carried out using. graphlte at 1300°9C and 13509 under

- an argon atmosphere to assist in the 1nterpretation of
the results for Mamatwan ore. The pourse of the
reduction. reactian between Mamatwan ore and carbon is
aifficult to follow due to the presence of iren oxida
and gangue minerals in the ore, and so the reductian of-
pure manganese oxide by carhon was campared with the 1
reduction of Mamatwan ore by carhon. The results are
shcwn in F1gure 4.11. It is noticed that rate and
degree of reduction of Mamatwan ore ‘is higher than of

4.4



the pure MniO4 up to 68 percent and 64 percent -
reduction at 13509C and 1300°C respectively. This is
probably due to the presence of Fez03 in the Mamatwan
ore. The decrease in the rate and degree of the
reductjon cf Mamatwan ore in the later stage may be
caused by the formation of sjilicate phase which covers
the oxxde phase. S

"In order tc shed'sbmé light on some reactions otourring .
during the reduct;on process and to see “the effect of
the reaction atmaaphere on - reduction, the neutral .
reaction atmosphere was replaced with carbon monoxxﬁe
and carbondloxide ‘atmospheres separately._Figure 4,12
sumparizes the experimental results carried out under
these atmosphereﬁ, ' '

3The reductlcn of manqanese oxide to metal probably
ocours thraugh the following reactions.

.MnO' "I“ co .=ﬁn + cﬁg unt_o.cttlv.bii'.i.ﬁ'.:. 4-1

c + 002 2c0 ....ocit.lloétoa_vq- 2'2

MnG + C : = Mn + CO IIC.IIQC‘.!Q.DOIOIOIO¥ 4.-2

Under Argon atmosphere, the rate and extent of the
reduction reaption'was'higher than the ones cbtainéd
under CO and €O atmospheres all in the presence of
carbon. This is illustrated in Figure 4.12, It can be
expected that carbon dioxide and carbon monoxide
atmosphere wvould effect the above react;ons. Thﬁ f;rst
reaction (4.1) w:ll have a tendency to revarse in coy
rich conditions which prevents further MnO reduction.

' The second reaction (2.2) which is the gasification:éf
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carbon. will qulckiy consune most of the carbon in the .-

- reaction mixture. Tais is due to the thermodynamlcally o

favourable conditions for the formation of CO at such
high temperatures. on the other hand under pure co o
atmosphere,.reactxon {2. Eg_wxll.be suppressed resulting. '
in low reduction rate and extent. Therefors, it can be -
concluded in the 1lghts of above experiments that _
 reduction of Mno should be considered ag a gas/salid o
‘type reaction’ in the presence of carban._Grimsle1 o
(1977) also reported that complate reduction of higher
manganese oxide to MnO is possible under €O atmosphere
‘at 1000 °¢ and 1200 O¢ , This conversion could easily

_be achieved in the experinents done at 1300 °C under co.

atmasphere in fhe present work. Thzs is also a proaf
that higher manganese oxides can be reduced to Mn% by -
_'tne follcwlng reactinn '

The abrupt termination of the reaction between the ore

and carbon in an athoéphére of carbon monoxide after

‘the conversion of the higher manganese oxides ta~Mn0
indicaces that the overall reaction 4.2 ean nat
proceed The standard free energy change for reaction.
4.1 is posmtlve over the temperature range 259C to

* 2000°¢ and it is qanerally ac¢epted that gaseous

reductlon of Mno does not take place in the absence of 7

carbon (Pllter, 1967; Yagihashi et al, 1963. Pentz,
1975). - :
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4.2 Investigation of Reaction Products

In the fergeieQ'eection it waagapparent that TGA and -
chemical analysis alane could not - facllitate the e
development of the ‘reduction mechanism, as the
reduction reactlen could not be expllcltly underetoed
‘For this teason, determination of the phases present in
- reduced samples was carrled nut by the uee of eptlcal,
X-ray dlffractometric and SEM-EDAX techniquee.

. ¥~vay diffraetxon enalyele {XRD) analyeze of the =

sauples shoved that Braunite ( Mn*Z(mm, Fe)+355i012 )

was present in both the ore and the preheated ore. The

_ phases’ dztected from the dmffraetlen patterns of the
Coriginal Namatwan ore are shown in Table 4.2. The

) cempositional changes taklng place during the reaction.
. at 1300 °C and 1350 OC are summarised in Table 4.3, It e

s evident that a h;gh degree of metallizatmen ang |

~ formation of silicate phase are achieved &t 1300 Qc.and

1350 ©¢. Rankin {1280) also found MnsC; as the _

- reaction product in- his etudy of reductlQn ef Mno by

carhon at 1350°c '

| The mlcrophotegraphs and EDAX analyeis of the
" intermediate phases in the reductlon of preheated _
~ Mamatwan ore by carbon ac 1350°c 1300°c, 12000¢, and
1100%¢ are shown An Fiqures 4. 13 to 4,28.

LaMn204 formation was detected in the very <4 :

minutes of reductlan together with Mno by EDA? awdlysze
although this was not detected in x-ray analyaie. This
is prehably due to the relatlvely small anount' of this
phase, Light areas in Figure 4.13 are MnO and CaMnyO4.
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These phases vuve fiore or less of the same colour under'
. microscope but they were distinguished by EDAX

_analysis. The microphotogranh in Figure 4,14 inﬁxcates
~ the random nucleation of metal throughout the ore.
particl=. $mall white nuclei on the edge of grey Mno
‘areas ave the iron rich’ manganese carbldes‘-At thls
'stage gralns are largely unreduced o

'Growth of thesé mEtal nuélei and'start bf formatian of

silicate phase are shown in Figure 4.15 to 4.17. Until
50 minutes retention time, silicate phase contains

gubstantial amount of MnO. Figures 4.18 to 4.20 reveal

‘that there isidrastic increate in metallization and

formation of silicate phase as thé'reauctibn §r¢¢eeded;_1 '
Metal phase gradually qovérs the grain while some parts .

©of the grain are in the silicate form., Only metal
| -(carbide, (Mn, Fe)gCa ) and 511icate phases wera
__:detected in the late part af the reductzon» o

The same reaction products namely {Mn,Fe)5c2_aﬁd;

silicate phase (Cazsio4i'wera also found at 1300°9C. It |

was noticed that silicate phase still contains some MnO

even after 90 minutes of reaction time, Figure 4.21 and

4.22 show the microphotographs of grains reduced at
© 1300°C, The reaction product CaMny04 reported by the
previous investigator Grimsley (1977) at 1300°C could
not be observed in presenﬁustudy..' . | '

‘The kinetic curves of reactions reveal that incomplete
reduction was cbtalnad at 1100°c and 1200°¢, |
Microphots raphs ?iqures 4.23 and 4.24 show a 1arga
percentage of unrsduced oxides in the grains reduced at
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these temperatures. Reduétian"reactiané'ceaseﬂfafter_ .
formation of iron-rich metal nuclei. CaMnOy was also

detected in the products of 1100°C reduction.

In microscoplc examinaticn of reaction products, 1t was
common ta ocbserve hlghly cracked porous grains 1n
different stages of reduction. Some of the selected
microphotographs are shown in Figures 4,25 and 4.28,

‘Figure 4.25 and 4, 26 show the nicrophotographs of
grains reduced for 50 and 10 minutes at 13509¢
respestively while Figures 4.27 shows & grain subjected
to 25 minutes retention time atk 1300°c. As reduction
':_progresses, cracks (p5551bly along cértaln

crystallographlc planes) appear in ore particles. These&

 ‘cracks are. inaccessible by solld carbon and therefdre
- reduction by CO yas nay cause metallization to occur
_W1thin these cracks which are points where the .-

nucleatlan of new metal would be easiest, becauge Qf

~ low surface energy (Lida, 1962)

Table 4.4 gives the Hn and Fe percentages_af the metal .

phase determined by EDAX with increasing exteut of

reduction at 1350 9C. The first value in the table
gives €1.44 % Fe and 25 3 % Mn for the metal phase
adjoiniig a MnO area inside the particle which was
redu\ad about 34 percent.

'Tharefore;it can bé cdnaludad that_metallizatiﬁn Starté

with nucleation of iron which is immediately followed

by the nucleation of manganese. Table 4.4 also shows a
signiflcant increasa in the ma ganese concent“atian of
the metal phase as reduction ptoceeds. The iren content
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‘of the metal phase decreases with reduckion to a value
ot 6.52 % at about 95 % redgctidn; During this stage,
‘the manganese content of the metal phase increases -
dractically. The manganese content is 76,89 % at this _
-reductian stage.

_ Cheminal'analysis raesnlts of reaction products shown in
Table 4.5 were plotted against reduction time in |

'Figu;ea 4.29~4.32 to follow carbon, oxygen, manganese, -
iren changes-during the reduction proaess; As expected
carbon rentent of the reaction sample decreased |

 drastically as the reduction proceeded. It is

understood from the Figure 4.29 that carbon ﬂ%nsumptlon |
of the reactlon sample is very low after about 5u
minutes of retention time which cmrrespands about 85
percent reduction at 13509C. Figure 4.30 shows that =
oxygen. remaval of the rea stion sample carvied on until_
~about 70 minutes of retention tiwe. Decrease in carbon
consumption and bxygen remaval'rate may also ind;aates___“
that later minutes 5f reduction process involves a
different mechanism. Figure £.31 and 4.32 show that of
manganese and iron contents of the reaction wixture is
increased by about 13 percent (from 38 peréent-tc about
51 percent) and by 1.6 percent (from 4.70 p rcent to
6.30 percent) respectively during the reduction
process, $f course this is mainly due to the relative
decrease of the weight of the reaction mixture when
oxygen is removed together with soms carbon.

on sémples reacted st 1350 ©C, very small amount of Moo
was found deposited ac a white powder covering the
surface and as feathers at the top of the crucible. The




‘appearance strongly suggested the involvement of a = ¥
vaporous transport rechanism in the formatwn of this
_,prcsduct (Kucukkaragoz and et al, 1933)
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| Téble

- 4.2

. Mineralogical Analysis of Mamatwan ore

'Mineral_

Compogition .

Braunite

'fCaICite

 Kutnahorite

Hausmannite
Mahganite

‘Hematite

Fégﬂg _ |

MnZ*(Mn,Fe) 3*g8i0y,; -

~CacOy

Cag,57Mng, sM90, 50, 03(C03) 2 -

Mny04

_Y*MnOOH

:"Mineraloqical'Anaiysis_cf Preheated Ore

Mineral

‘Composition.

 Braunite

Hausmannite
Manganosite
Jadopaite

Line. .

Mn2+(Mn, Pe) 3+gsiog s

Mn304

Mno

 'MnFB304

a0
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|  Tab1é »'4.3

The Phases detectad by x—rav in tha samples of 1300 o¢

';*nd 1350 Q¢ reaction. products._

':Raactioh Time {min)

 Raduptian pércent

13000C  13509C

: Phas.es: :

14.19

26,64

. Graphite
‘Mno
.- MnFegOy .

- 38.20

43.72

{(¥n, Pe} 50y

28

52.61

68,09

© Graphite
~MaC

" graphite |
V.MHQrF B
~ (Mn,Fe;5C,

Cagsing |

50

68.75

86,87

JE
s

‘Graphice }
(Mn,FejsCy|
 Mno _ -_;
Ca23104.

90

i

82,45 -

94.45

i

Graphite

~ (Mn, Fe) 5Cy

Cay8i0,

MO

4,25

. Phases are in decrearing order of abundance..
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EDSXIAhalyéis'af Matal Phaaes in Reactibn.Produats.

at 1350 ©¢

\1.)"

N Reaction Time Reductibn_-'

~(minute) - percent

_.6_5 ._ 38,14
10 B i 45;54"
s . . _58.09 5
35 .  f?a;aﬁ

50  86.83

0 92,15

90 . 94.45

a0
48.18
fsi.49
es.66
.73;1?_'
 73;93-

96.89

4,26




Table 4.5

Total manganese, iron, carbon and oxygen contents of

tne reaction mixture at 135090, -

' __Reduction _
Time (min) per cent

Reduction

Mn %

Fé 3

c

o8

TN

16
28
4z
76

120

14,38
32;76. __'
 38114
.
71;45;
.82f96 
- 92.88

95.11

41,70

45,60

47.20

50.60

51.00

51.20

41.00

41,20

 6.30

4,70.;

5,10

5&20 .

5.30

5.50

5,70
800

6.30

16.35

14.35
 13.45-
'13.20_"
.85

9.7%

6,90

6.85

6.50

22.60]

12.00]

22.40
21.70]
21.20
17.90
16.45

13.30

The cré

38,90

' 1.90

4.55

23. 90|

4,27



- Figure 4. 13 A Mamatwan nanganese ore. grain |
subjected to 26 64 percent reductlon
for 3 minutes at 1350 ©C. Mag. 600X

Eléﬁent condentratiﬁns datermined;by_EDAx_

1 2 .. 3
Mn  44.84 64,30 18.90
ca 12,74 2.72 . 19.43
Fe =~ 4,31 4.50 D32
8i 411 1m-_'._-.-_. 0.63
possible Caﬁn204 weo unreduced~
'-phase'_

part =

W ket k{4 e Sk Wl Wl A A S U

4428




*'Figure 4 14 A Mamatwan manganese ore qxain
. :  subjectad to 38.14 percent’ reductian
for 6 minukes at 1350 ©C. Mag. 2000X

Element concentratidﬁa datarmined by;EbAX__'

Mn  72.80 - 35.30 24.41
ca 0.62  1.02° 20,66
Fe- 1,78 61.94 o D.62
Mg . 0.33 0.57 |  12.54
si 071 - 150 . 0.47

© .k g o ] A4 o i e s it B i T U St -

':_pnssihle Mno . Carbide un:educed_-“'
phas- S B part

o, - L] n - . sk il

4,29
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Flgure 4.15 A MamatWan manganasa ore grain
subjepted to 45.54 percent reduction

for 10 minutes at 1350 T,

Mag._lBOﬂX

 Element cohdentrations.determined by EDAX

1 2 3
Mn 48,18 69.66 - - 25.70
ca ¢ 1.50 1.70 24,30
Fe . 37.88 0.82 - 1.51
Mgt 0.43 4.80 1.82
i 0.85

el K B g ol Sl g

o.31 8,70

poasible carhlda

Mno dissolved

| Mno
phase . ' Cap8i0y
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Figure 4. 16 A Mamatwan manganese are grain
subjectad to 68.0% percent raduction
for 25 minutes at 1350 °C. Mag. 850X

E;emeht qoncentratioﬁs determined by EDAX

r 2 - 3
Mn .. Ul.49  66.90 24,43
ca’ C 1,40 091 © 20.12
CFe  29.44 - 0.32 0,82
B 0._46 0.67 | _1_3._-11
':possible carhida - MnoO Mo disaalved
phase . I - CazBiog

4.31




A MaWatwaﬁ-maﬁganeéa ore.qrain
subjected to 78.03 percent reduction
for 35 minutes at 1350 OC. Mag, 650X

Figure 4.17

. Element concentrations determined by EDAX

WA i W

16.95 52,84
34,35 | 17,861
- 0.52 ~ 0.82
0.61 4.60
11,27 0.33

possible -carhidel

- e o A 1 o

CagSi0g CaMnpOy

St e e i v b L it b i 0 ot



Figure 4.18 A Mamatwan manganese ore grain
' ' ‘mubjected to 86.83 percent reduction
for 50 mlnutea gt 1350 °C. Mag. 500X

 Element eqncentraticns'dstarminad.by EDAX

Ma 7317 . 10.84
Ca C0.aY - 44,07
Fe ~ al.2¢ 0,25
Mg ot - 0.22
JBL . o2 o 13.27
| .pcssibla carbide o Ca28104
- phasa ' o

4,33

g
P t



- Figura 4. 19 A Mamatwan manganeae ore grain -
. ‘subjectsd to 92.15 percent reduction
for 70 minutes at 1350 Q. Mag. 400X

Element conlentrations determined by EDAX

1 g
Mnt - 73,93 8.56 _
ga 0.31 43,11 .
Fe . 8,10 0,62
8i 0.11 13, zu
possible  carbide eagtiog
phase ' -

4.34




Figure 4.20 A Mamatwah‘manganese ore grain _
subjected to 94.03 percent reduction =
for 90 minutes at 1350 ©C. Mag. 350X.

Element aonaantrations-determined'by'EnAX_'

1 2
Mn 76.8% 6,22
ca .22 43,48
Fe 6.52 0.34
Mg 8.11 0.50
8i 0.65 13,80
possible carbide Capsio,
phase -

4,35
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_ Fiqure 4. 21 Y Mamatwan manganese ore grain
' - subjected to 52.61 percent reduction
for 25 minuntes at 1300 ©C. Mag. 1000X

Element concentrations determined by EDAX

s u . - i . A i

1 2 . . 3
Mn 50,77 . 16,10 - 73,33
ca 0.24  43.20 2.20
Fe 36,61 0.71 0.41
My - 0.61 0.34 5.86
si ' 0.56 15.21 0.37
poséible_'carbide Cazsio4 . Mo

phase

4.38
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_ Figure 4. 22 A Mamatwan manganasa ore grain
subjected to 82,45 percent. reductlon
for 90 minutes at 1300 ©C. Mag. 700X

Blement concantrations determined by EDAX

r 2

Mn - 78,30 471
Ca 0.43 46,32
Fe ¥.00 S 1 32
My 0.11 - 0,51
sd. - 0.72 ~ 13.0
jpnasihla carbhide : : Ga28104
phase ' '

4.37



Figure 4.23 A Mamatwan manganese ore grain
: subjected to 53.09 percent reductien
~ for 90 minutes at 1200 9C. Mag. 2200X

Element concentrations determined by EDAX

1 z 3
Ma - 58.49 70,53 '35.52
ca  3.04 1.83  16.80
Fe  23.53 1.73 ~1.82
Mg 0,856 4,00 1.55
‘possible carbide = MnO prreduced
phase '  part '




__ﬁigura'4.24 a'nématwan manganese bﬁe'grain“%_
.. dubjected to 37.81 percent reduction.
s for 90 minutes at 2100 ©C, Mag, 700X

Element concentratiohs determined by EDAX

1 2 3 4
Mn 35,00 33,99 32,80  68.57
ca 3.81 - 30.27 15.50 2,70
Fe. = 41,70 - 0,74 0.21 . 0.41
Mg . B.4L 3,53 14,40 1,40
st o2 2.26 0.66 1.80

possible carbide CaMnO,

phase

uhreduggd' Hno
part

- 4a

39
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Figure 4,25 3alected microphatagrapb of partially s

' reduced Mamatwan manganese ore grain. -
(135002, 50 minutes retention time).
Mag, 550%, '



Flgura 4,26 Seleocted microphutograph of partially
reduced Kamatwan manganese ore grain.
(1350°C, 10 minutes retention time).
Mag. 500X, | '

4.41




Figure 4.27 Selected microphotograph of a partially
reduced Mamatwan manganese ore grain
(13009C, 25 minutes retention time)
Mag. 500X. ' : :

4.42




F:Lgure 4.28 Minrcphotngraph of a rai*tmlly reduaed
Mamatwan manganese ore Srain (13509Q,
2 minutes retention time). Note
that formation of porous oxide product
layer. arpund ore grain, Light area ls
mostly MnO. Mag. 740X

4.43
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Figure 4,29 Carbon content variation of the reu~tion
mixture during the reduction at 1350 °C.
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Fiqtire_ 4.30 Oxygsn content variation of the reaction
. mixture during the reduction at 1350 ©cC.
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' Figure 4.3l Marnganese content variation of the

reaction mixture during the reduction” '_
Cat 1350 °¢.
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Flgure 4,32 Irnn content variation of reaction

mixture during the reduct on ak 1350 o¢.,




4.3 mhe-kéﬂuétion-xechanism'

- The'expérimental" results are discussed in this secti¢n 

\'

in order to explain the mechanism cf reduct.ion of
Mamatwan manqanase ore by carbnn. '

_ It was found that the rate of reduction is fairly hith

at the beginning and slows down as the reaction

~ approuches completion revealing t*2 pomsible

contribution of more than one mechanism in the procea
An examination of tine kinetiec curves for reduction

versus time at 1350 o¢, 1300 PC and 1250 °C shows that
'ithere are three distinct stages during the reduction

1} The initial stage’duringgwhich_the-rate of-reduatianl

is vety:fast,:i.e,; at reductions of between 0 and 30
~ percent, | | | |

'25 The second stane during which the rate of raduction
‘decreases comparea to the to first stage and is almost

linear with respect to the time, i.e., at reductions
between 30 - 70 and 30 - 60 percent at 1350 9C and 1300
°c respeatively. '

3) Thé'third stage . duting which the rate of reduction
is decreasing in parabolic mermer and reaction
eventually ceases; i.e., at reductions highar thaxn tha |

70 pereent at 13500¢.

4.3.1 Theory of Oxids Raeduction By Graphite

Efficient conditions for the reduction of metals from

their oxides by carbon are to a great extend determined

- 4.48



by the mechanism of the fbllowing processes. It is . .
 genera’ly accepted that reaction of many'oxideS'with
 solid carbon starts in the region of tenperature at

which the reaatimn of qas;flcation of carbon
.. C02 "l"C = QCD . .'ntion.at-:; l..'.-"#.bifkl“l 2(2
is barely proceedlng Kolah;n (1968) disrussed four |
possible mechanisms by which selid wetal. axldes could
be reduced by carbon ' '

'a) The dxide is reduced by carbonmnnaxide which is
formed by gasification of carbon by the carbondioxlde
as reducticn produat.

MEG +Tc°  :”ﬂa + CDgﬁ..}..;i-.j..i;;maék.. 4(4

e COZ + C. = 2c0: {;-{v'f‘\ooikttton;ni 2,2

b} The oxide dissociates into metal and'qugen with
- subsequent oxidation of the carbon.

ZMQO = 2M3“+ 02'-itnquiuolnt;ﬂio{;;ni 4.5
(mbx)C (8) + (Mmbr/2)0z (g) = mCOy (g) + ¥CO () . 4.6
o) The direct contact between oxide and carbon leads to
the formation . a metallic layer by diffussion of

“carbon into the oxide througﬁ this 1ayer.

(W) MeO (s) + (m+r/2)c
- cmr):«e + men(g) + {r/z)wzcgz... 4.7

4} The metal oxide vapq:iZes and reacts with sqlid

4.49



carbon

HEO (g} lltlo!.ttﬁnno.n;0i4a . :

o

_ H§0 (s}_

.

': (m+r)HeO (gﬁ”+_(m+rf2}c _ o R L
| (mtx) Me +_mCOQ(g1 + (r/z)cog;..;.. 4.9

' Kalchln (1958) claimed that it is not correct to
explain oxide reduction by a aingle universal theory._
‘Even for a smngle metal oxide, aifferent meahanisms may
ccom@ into play at different stagaa ‘and under differénc .
conditions. lowever the first nechanisn becone wiﬁely
_accepta& as the mnst likely mechanism of reductian for-

'-_ +the majority of oxi&es. Tmen and Turkdaqan (1977) state_.ﬂ

as ‘the ‘consensus of Oplnlon that, when a mlxture of a
metal nxide,and carbon. is heated in an inert '
) atmosphere, the reduction occurs by way of the
carbonmonoxide species with the regeneratxan of carnon .
‘monoxide from the carbordioxide produst gas.

In the reduction of MnO by carbon, a system of at least
three components, namely, manganese, oxygen, and carbon
exists‘ For a two dimensional reprasentatlon of the
stability fields of the phases, in the system, two
degrees of freedom are necessary, and thess ave most
cohveniently taken ag oxygen potential zrd temperature.
Therefore from the phase rule at a given oxygen
potential and temperature, there may be thrae .
co-existing phases. Since one of these is always a
gaseous phase, two condensed phases must be preaent in
each atability fie'd. '

4,50



Fach péif_of.cnndeﬁsed phases possesses a_régianﬁoff-

_ ;stabilityrin'the space between oxygen potential and

. temperature, and this is determined by the reactlons
between oxygen and WO condensed phases. A curve can be
. drawn for each combination; on one side of the curve
two of the three phases can co-existy and on the other
side another tws of the phages can co-exist. In this -
way . tha entire space is divided into regions. in each of
which only one pair of condensed phases co-exists. A
graphical representation of this type is known as a
-Paurbalx diagram. : -

 Downing (1963) constructed a Pourbaix diagram for the
Mn-0-C system with coordinates of temperature and
oxygen activity as shown in Figure 2.25., The &iagram
shows the - regions of stabillty for pairs of phases and.
it is clear that Mn2e3 and Mnz04 are not stable in the |
presence of carbon at atmospheric pressure. MnsOj
dissociates balow_looooc to give Mn30y which in the _
pfesence'af CO should react spontanecusly to yield Mno.
1::x diagram also indicates that MnO and carbon should
 react to produce Mnz€3 above 12679C with the following
reaction:

_7nn5' + 10¢ = MnyCy + 7C0 2.5
| fib_r which: according to Dﬁwning ac°_=0' at 1257°¢
'Whereas.gar:thé reacti§n=

MO 4 € =M C0 verseivenseesens 2
the frea eﬁergﬁf AG” doés ot bedbfne -'negat..ive until a

temperature of 1420°C is reached. This means that

4.51
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manganese metal cannot appear in this system until
ligquid state candmtiuns have: been reachad by whlch
tlme manganese carblde farms.-

As also'caﬁlhe understood ffom thé'The manganese;¢arbcn |
phase diagram shown in Flgure 2.23 liquid metal phase

- Iormatlcn may be: expected at any stage of the reduutlon
of Mamatwan manganese ore part;cularly at 1359
_Microphotoqraphé nf'quenchadzreaction5products 2wy Jh
metallic phase is seen shoothly shaped and rounded m.y
support this idea' Although'un1Y'(Fe ¥n)5Ca was
detected as metallic phase by X-ray, microprobe

" analysis of some metallic phases indicates sufficient

"__amount of carbon ta form (Fe,unjch phases. Therafore-"'

final- reactlon product mf the reduction can be thought _
ko be nix of both’ phase. This is also in aceordance
';;WLth the above digcussion re*ated to tﬁe Pourbalx
\Ldiagram of Mn«c~0 system.._ ' -

4.3.2 First Stage of the Reduction

Examinations f the reduced samples under optical’

- microscope revealed that“ho_metallic phase was formed
below apprdximately'ao'peruent-reductivn, Reduction
without the formation of a metallic phase indicates
that 2 change in the oxidation state of oxides ocours,
Stoichiometric calculations show that for the complete
redyction of MnpOaz to MnO and Fep03 to FeO a total of

- 294 16 percent reduction is required. This caleuldted
value is in very good agreement with the ‘experimental
30 percent reduction level below which no metallic
‘phase is observeda_The.chemical reaction taking placa
during the first stage of reduction is therefore

4.52



‘concluded to be reductmnn nf hlgher manganese oxideé to
Mno and iron nxides to Feo, The possible reactluns far -
anﬁg and ?&203 are ' :

[

C T

&

: anos +C 21‘1110 +C0 - ..1.bw'ii.liﬂ'i-t.|'. 4-10

Fezoa +C zFeo.‘i'CO - . ‘lll‘l.ti...ﬂ.ﬁ.. 4611

. 0o L ' - : '

The r&dﬁcﬁion of_btaunite,'Mn2+Mn3+5$ioig, probably
_prqceéded'byfafmechanism simiiargto'that proposed.by'ne'
villiers(8). The Mn3* ions were reduced to Mn?*, which
| formed Mno and charge balance was maintained in the
‘braunite lattice by an increase in'thc'si4+ content.
"Undar the strongly reducing conditions preSeht in the _
ore;carbcn mix, the Mn3* and re3* ions would have been
-reduced very rapldly to Mn2* and Fe2t. respectlvely.

_Of the various phy51ca1 anﬁ ahemical pro¢eases that,are
inVleed in the reduction of manganese ore. int;mateiy

~ mixed with fine powdered graphite, ‘‘he most mmportad*
.to be considered is the rarmatlun of carbon monoxide.

Rao (1971) explained that cacrbonmonoxide formation can. |
occur by one or more of the f011ow1ng machanlsms in '
such a mixture: ' '

a) Ooxygen of the entrapped alr comblninq with carbon
particles. '

b) carbon reactinq with the axygen released by the |
dmssociatinn bf manganese and iron axldes-

‘@) Oxygen chemisarbed on carbon.surfaces 1iberéted as
carbon monoxide
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N '-E f
o d) Dlrth reduction taking place at ‘the points of
- contact’ between oxide - ad carbon paxtmélaa.;

© Metal 6xide4fin the ore can react essily with the
‘carbon at o%e~carbon cantact points with the follcwlng _
. reactlan._fﬁ . - ' :

© “Meg03 + C = 2MEO + €O . Siiiieeaesee 4002 0
"whérg Me réfers to manganESE-aha*iron"

This- reactiun is very favaureﬂ th&rmodyanamlcally as is -
the subseguent reaation ::j

lrl

Megdg +-co;(ga.=.2Men'+'coz (9) weveenes 813

_Hb#ever the building up of carbon gloxide in the system =
‘would eventually stop the reaction. In the presence of
‘carboh at elevated temperature the Boudeuard reaction

7

ﬂoz +c = ECO L o _un.v...i-ooqn;-ovo.p( 242

is hxghly favcured. Every mole of He203 redacea

© requires one. mole of CO and generastes one moies of COp.

This one mole COg will react with one mole of carbon t&
generate 2 moles of €0, thus daubling the amount of CO
~ avallable in ensurznq reducing conditions.

Reducticn'is initiated by”reactién_ﬁ.lzﬂandf _

subsequently perpetuated by reactions 4.13 and 2.2

until all the manganese oxide and iron oxide has been
nonverted to the Mno and FeO respentively.
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4.3.3 Second Btage of th§”RQQuctinnf

- When the oxygen is removed frum .he oxide, the ratic:of

. metal/oxygen increases in the oxide. As the solubzllty
'11mlt of metal in the oxida. reaﬂhed and the oxide
becomes super-saturated. w;th_liberated metal ions, the -
refal wiliIStart'ta'precipitate.’Nﬁclai'nf iran'fiﬁh
metallization can therefare commencs as. a resuit

reaction V; '

7o +ico_(§; =_Fe(é).+ co, cg)'..‘.,.,.. 4,14

.Thls rardom n“cleation may . be due to the finely
intergrown nature of the ore (De Villlers, 1971, 19?3) _ _

- Under highly reducing- conditions, iron oxide 1is reduced' R
to metallic state in a faster rate than the to o
- manganese oxide (Lien, 1971), Figure 4. 11 also shows

fthe comparison- of reduction rate and degreé between

iron oxide and manganese oxide and cunfirms tha ahave

_ conclasion._'”

once such rucleation of metal has occurred, further
-removal-ﬁxYQEn and cuhsequent dreation of a _

_ concentration gradient of metul ions across the oxide
dattice 1nduces these ions tu dxffuse tawards the sitas' .
of navleation, S

The metallic iron that is formed is an intermediate
product and tranafcrms to iron carbide by carburization -
&8s the reduction proceeds, Matallizatmon starts mainly
according to reactian (4.14) but at the same time the
iron is most probably being\ﬁarburizad through the
reactiou, S |

o




'Tsylev,(lﬁsa).states"that_it,is p0551b1e that the'5a1id'
. state-reduction of manganese oxides proceeds via an |
lintermediate reducing agent such as Fejc. Once formed,
the metailic nucl&i'gpaw by spreading over rounded
. Mno-rich oxide grains. The nuclei that appeared on the -
particles analysed by EDAX were found to have higher .
3percentage iron, which is an indication of the
reduction of Fet?. The reduction by carbon dissolved in
iren or by lron carbide is impcrtant in in;t;ating the
reduction of MnO in ‘the second stage of the reaction of
the ore with carbon. Figure 4,14 shows the |
photomicrograph of a partially reduced ore particle in

. which the iron rmch carbide phase is in ;ntimate

contact Wlth the Mno-rlch oxide grains.

Thermadyanamically 1ron carblde may reduce manganese
-axxde accordlng to the reactlon.

snno + 7se3c nnscz o+ 21Fe + sco viees - 4,18

Stoichionetric calcul&tioﬁs-hased on chemical analysis
of samples show that iran carbide can contribute to the
reduction of Mn® at theé order of 7 parcent over and
above the already achieved reduction in the first
'stage. This effect can be seen tlearly at 1100 ©C
curve just after the first stage (see Figure 4.2). At
such lower tempgrature reactions, the second stage of
reduction almost terminates with this carbide reaction
{4.16) . At elevated temperatures iren carbide reducticn_
of Mno proceeds much more rapidly. o
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'The carbon menexlde prcduced by reaction (4 16) or

'; wzth the ways explained by Rag (1971) can react readllj :
- with manganese oxide in the particles and the- reactzen :

- may proceed through the serles of
Mhﬂ.*f—>-Mn"4~—> carbide

in the early mlnutes of seccnd stage. Antcnov and

._Chufarcv (1581) indlcated that the temperature for the e -

”:ﬁductlcn of Mno. by graphlte is lewered due to the

. transition of metalllq wanganese e anc. In euch a
case oxygen remcval from the. oxide would be by a l_

_ gas/sclld *ype reaction occurring mostly at. MnO-metal
- interface, The process at” the metal-oxide interface can

. be described as adscrptxcn of the gaseous reductant at

. the interface and desorption of gaeeeus prcducts from
the interface accordlng to

"Gﬂaas-__,_-*--- glagti.ca = €03 ey 4417

J : :
_.After the reducirg effect of 1ron ca;pide ends at
temperatures higher than the 1200 °c¢ ‘the reductmon
reactions occurring at the 1nterfaceé cf the. #alid
'phases will probably he - .

¥no . co'

- Mﬂ + CCg e e 4.1
COg o N C ‘:."‘.‘,!'m 2C0 B - _.: BT Q:“ . 2.2

cccurrlng eide by side durxng the process. The sclutinn'

‘loss or gasification reaction between COp and carhon
particles regenerates CO and tends to restore the,

LTy p— ,“._ e e e W e



_'jreducing‘potentiallof;the gas phase. ihe'iinear

| reiat*dnship of reduction with time in this stage =
lndicates that the supply rate of the reductant is
equal to cr greater than 1ts aonsumptian rate. In caseg
‘the supply rate becomes less than ite consumption, a
change in the mechanism and rate of the reductlon‘would
be axpected. = ' '

' Experiments whxch have baen carried out under coz and
¢0 atmosphere also proved that gaseous’ reactions are

'-.ﬁmpqrtant in the reduction of wanganese oxides in the

'second stage of process. In this stage the direct
'--reductlon contribution is regarded as relatively small
-compareﬁ to the magnltude of gazeous reductlon.

In raality'the manganese carbide formed by reaction
- {4.16) aissolves iron in it resulting in the formation
of a mixed iron-manganese carbide. .

' 4.3.4 Third staée of the Reduction

Up to 1200 ¢ reduct;on was mainly 1im;ted to the
second stage of the reaction, The much slower final

" reduction phenomenon_qbgervgd_at_the lower reduction
temperatures indicates that whereas some part of the
reduction may have been due to either direct
solid~solid, gas-solid or oxide-carbide reaction, the
reduction of the residual oxide is'accompiished by a
different process at temperatures higher than 1200 og
which is wore a function of temperature.

Examination of the kifietic curves at 1250 O¢, 1300 °C
and 1350 OC (ses Figure 4.2) and EDAX analysis of



sl

carbidelphases forméd ih]?artiéllyﬁﬁéduced sampias show
‘that the mechanizm described above, invelving the second
- stage is valid up to approx;mately 60~70 percent

reduction depending upon telperature.: Carbon percant of

: the carblde phase starts to decrease after about 25

mlnutes and 32 minutes reactlnn time at 1350 °¢ and

 '1300 o respectlvely reveallng that the double carbide

itself may act as reductant. Ashln_et al {1961} propose

‘that, oﬁer_the_temperature rahge from 1310°9C to 1400°C,
. reduction of MnO by carbon ogcurs via carbdn dissolved

in the manganese product. Carbide covering the grains

whieh still ééntain_dnréduced oxide can also be seen on

microphotograph in Figures 4.18 and 4.19. Once the |
etallic phase has wostly covered the oxide phase

gas-phase reaction is no longer possible and the

reaction with carbon dissolved in carbide phase

becomes dominant. In vase af'mntallic'carbide'layer'

formatzon surrounding the oxide, the removal of axygen

‘from the oxide surface oscurs by transport of the o
‘reductant In the carbide phase and the withdrawal of

~ the gaseous product. to ‘the surface of the carbide layer
- through the pores and mlcro cracks according to the
' follawinq reactmon. ' '

Mno +”c-(carbide):=Jﬁn (carbide) + €O ....' 4.19

* As the carbon is consumed at the carbide-oxide

interface, the carbon concentration decreases thus
settinq up a gradlent of carbon in the carblde. EDAx

' analyses showed that the mixed carbide was

proqressively enriched in Mn during this stage. In his

study Barcza {1P71) proposed a similar reduction

mechanism involring solid state reaction for chromita

4,59
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.. reduction. It was stated:tﬂét_the-médhaﬁiSm'involvéd '
‘the diffusion of carkon across the layer of product,
which consists of mixed carbides of iron and chromium. -
‘Diffusion of carbon into ‘thée chromite particles

oceurred by dmffuslon along the surface and at the
grain beundaries and by volume diffusion. The mixed -

-~ carbide itself was shown to be reducinq towards

chromlte and this: pruv;ded the means by which carbon  f
was transferred from the graphite partlcles to the

-czrea"*ion interface. Thig mechanism was adopted malnly

ok the qrounds that pure €0 failed to reduce the
' chromite at 1400°c”in the absence of solid carbon,

'Aﬂather reason for the decrease in the rate of
* reductinn is probab*} due to the 5111¢hte phase coatxng _
the oxide particlés. This effect reduces the area pf '
contact between the oxide and the reducing agent
especially towaris enﬂ of this stage. The 31licate
phase formeﬂ as a resuylt of the reaction between 2105,

Mno and CaO. There¥ore, the dissolution of solid. Mno ing_:

the silicate phase nd the reduction of manganeous |
oxide dissalved in th4! silicate phase by solid carbon. .
dlssolved in the carbide may become important at the
later r +iods of the reduction. The overlap of the

' grcWLng silicate pha can be seen in the
photomicrograph of Figures 4,17 and 4.18,

MnG (slag) + € (carbide) = Mn (carbide) + €O .. 4;20__
At 1350 OC reduction of Mgo-tu Mg(g) also was observed
and it was confirmed by the chemical analysis and

x-rays of the white deposit condansed at the-tap'cf_the
crucible, Thisaprqbably_involved a vaporous mechanism

' 4#69 
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whereby the gaseous magnesium candensed as . Hgo at the
~ kop of the cruciblé due to possibly 1ess re&ucing
: cond:.tmns at the 't:op of the cruc:.ble. '

P
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5 mm:&w:can ANALYBIS OF n:_mxndnma
5,1 Introduction

- The kinetics of many solid state reactions can he
rapresented by the genaral equatian F(y)}=kl where y is
the fraction reacted in time ¢t and the function f(v)
depands on the reaction mechanism and the . geometry of
. the reacting partiales. The solid atate reactions are
dividad inte three groups."

lj-biffussion cantrolled reactions z)Phase hbuhdary
controlled and first-order reactions and 3) Nuecleation
and-grnwth type readtions.f- - -

-D;fflculties arise, however ‘when 1) the reaction
mechanisn differa ‘when experlmuntal cunditinns are
varied 2) the mechanisms of the later stages of the
reaction different from those followed initially, 3}
induction periods oceur 4) adsorbed gas prevents y from
reaching unity 5}'the.surface area of the sawple
changes because of dracking-and &) heat Lranafer
determine the rate of reaction. Furthermore, it is
practically difficult to establish the zero time for
the start of the reaction, The time required tu attain
lsothermal conditions may be negligible compared to the
time for completion of the reaction and yet may
influence the shape of a reduction-time plow (Tapiin,
1974y . S : '

Solidwgas reactions taking'plaCQ on a surfacgmof oxide
are generally considered in a series of sequential
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steps. The overall rate will be determined by the '
slowest of the prmcass oy praceahes in the sarles. The
possible consecutive steps are:

a) transport of gaseous reductant from the bulk gas

- phase to the particle surface thrnngh a boundary gas
film.

b) molecular diffusion of the gascous reductant through
the product layer to the reaction 1nterface~_ '

) adsorption of the gaseous reductant at the s
interface. - : : R O _
d) reaction at the interface (reactiun hetwaen adsnrbed.

" reductant and oxygen of the lattice),

ey desorption of gaseous. products from the interfaca._.f

£) mass transport of metal and oxygen ions and

transformations in the solid phase; formation and

' growth of the reaction products. o

- g) molecular diffusxon of gaseous preducts th“ough the
prnduct layer to. the parti-le surface,

h) transport of the gaseous products frcm the partiale o

surface thrcuqh the boundary gas film to the bulk gas
phase, :

Bteps (&) and (d)'are'the'rate-liﬁiting_cases“for'the'j
chemical-controlled reactions whereas steps (a)-(h}),
(b}, and (d) (e) are for the diffusxcnwnontrollea i
reactions.

5.2 Review of Some Solid-State Models
5.2.1 Diffusion Model

When a solld non-porous reaction produat'is fdrmed'on{ :
the reacting solid, the kinetics of the reaction will
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be governed by the resistance through thg'soiid product
1ayer.'That is the transport of matter across the N
product layer. If the thickness of this product layer -
. is y and w is the welght of the solid reaction product.
at time &, then ¥ = kv vhere kX is a constént. The
diffusion through the solid- product 1ayar will be given
by the egquatioen,

“whers, A is the area of contact and « is the
stolchiometry factor. In this speczal case € is _ o
'constant, i.e when there is a continucus supply of the :
raagent and b is the diffussion coefficient of
mxgratzng sneﬁies ‘nrough the product layer, then

uf(dw)=(a:’k}DﬁC*ll‘!f(dt} e .. yxe -.o s !.t..n ten w y o vka 5.2

we/2 = k't + constant seesessesres 53
ya = ZRDt"i' Conﬁtant N ._ =tiu:n’n.-a-dct 5:4

choosing the beundary conditions y= 0 when t= D gives
y2=2th= kpt . : _!oti-tnbh!i.llo.. 5.5

Equation 5.5 is the well-known parabellc rate law,
where kp is the parabolic rate constant. Jander (1927)
applied'the parabolic law, developed for planar
interface reaetibns, tu'powdered campacts;

Eauation 5.6 glven below iz the Jander equation

ralating the fraction of reaction completed to time,
where kj is the rate congbant.
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where R;is'theliradﬁibn_feacted, t is the tiﬁe;_rg_is
Zhe initial particla[siZg'df the reacting species and 3

X5 iS_a constant Gbntaining the'diffusion coefficient.

Dunwald-Wagner (1934) derived an equat;on for salid
state reaction analysis, based on a aolutian to Fick's

"second law for diffusion into or out of a sphere of

rading r at zero or unifarm concentration at time =0,

with constant con¢entration af dlffusing speuies at the

su~ E.Ge

(l—R)zﬁl"RZZgI(l/nzaexp(“"nznzptlrz)n a.oc;.n-tun-.og.& 5.7 . . ’ - 3

where n is an integer series. = -

Serln and Ellickson (1841) expressed the nuﬂwaldeagner'i'
equation in terms of the fractional. complataon of the -

PrQCESSn
keeiﬂ'!‘ltha”rf=l‘n6/J‘[2(l*R) nn--o.-caicqaq.-.ont_ta'-a-a 5.8

where'kgéﬁis_the rate constant containing the
diffusion constant,

§.2.2 Paase Boundary Model

When the difﬁusxon through the prnduct layer is =T

“rapid that the reactants cannot combine fast enough at’

the reaction interface to establish equ;lihrium{ the

solid state reachion is phase-boundary controlled.
According to Laidler (1958) whben a discontinuous '
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product 9haaa oaﬁurs, the rate determining step may be
the chemical process occurring at the phase\baunﬂary.
Undex these cir cumstances, the rate is determined by
the available interface area, and such’ processes are
'f_referred.tp as topochemical. o

Eqﬁatians relating reduction"and t1ma have been derived
for simple geometrical systems assuming that 1) the
reaction rate is phase boundary controlled 2) the

' reaution rate is proportional to the surface area of '
the fraction of unreacted material and 3) the
nucleation step occurs immediately, so that the surface
of each particle is covered with a layer of praduct

The. m*igls developed from the foregaing boundary
canda_.ons are termed phaaa boundary or
'cnntracting~volume kinetic models. For spherical
partlcles~_ '

kpbt'-%.ktfr°=1'-'_(.1"_1‘3}!4’3'.'...;..;...n_'..;..n-'-......-._. 5.9

where, k = »dxr/dt
' kph is the rate constant
'5.2.3 Nuclai-Growth Modsl

The solid state reaction models thus far discussed have
been based on the assumption that, initially surface
diffussion rapidly coats the surface of the reacting
particle with a continuous product layer, However, the
subsequent rate of reaction can be taken ta_be_the .
nucleation of product at active sites and the rate at -
which the nucleated particles grow. According ta Welch
{1953) such a mechanism is pc:sible whenever the



product'phasa'is partially miscible. in'one ofitha
reactants. All of the nuclei growth equatinns developed'
are of the general fbrm

1n_£1/(1-n}]'eﬁktﬂ' _ _ ..,;,.,.;.,,..;,‘..4 5.10

'Where B is a parameter which is a- function of 1)
reaction mechanism 2} nucleation rate and 3) geometry
of the nuclel and k is the rate constant;

o If a salid'state-reaction'can be representedfby a

| huélei growth model a plot of In 1n [1/(1~R)} versus
'1nt should yield =~ stra;ght line with siope m and
_intercapt lnk.

5.3 nn;alysig__af meramm pata

The mechanism of reduatlan of Mamatwan manganESe ore

' was dlscussed in the prevzous chapter. The reductlon of
- the ore was found to take place in three consecutive
steuaa- : ' '

AS a further teat of the abQVe conclusians, kinetlc o
‘data were treated mathematmcally For the data ranging

- from 0 to 30 percent reduction at the temperatures
above 1200°C, the rate of reduction of oxide phase was
defined as dx/dt where x is the fractional reaction and
is equal to the glope of the curve for rvaduction versus
time. The relationship betwean rate and T has usually
been expressed as* -

Rate = A exp ("‘Q}'RT) ._o_;.o.arul.nnn_n-i_-n.nua_-acna.rn.-'o_-.u 5-13-
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whera, G is the adtivatinn energy
R is the gas constant
T is the absolute temperatura'f
A is the pre-exponentlal factor

It is evident that a plot of 1n rate versus '1/T should.
_ give a straight line with slope equal to -Q/R. Such a
plot is shown in Pigure 5.1. Appurent activation enevgy
' for this stage of the reduction Was_faﬁnd"¥ﬁi61.03"kJ *
which may indicate that this part of the g .tess is
controlled by gaseous diffusional processes’across the
porous oxide product ldyer, This is substantiated by
the fac¢t that a porous oxide product layer. forms around
- ore grains {Sae:Fiqﬁre'é.éa }. The porosity of the |
product layer was confirmed gualitatively by image
analysis. Tt is clear that the duration of this stage
is’ too shvrt to have a controlling effact on the total
| reductlcn rate, ¥ '

| When-tha reduction cugves cbtained above 12009¢ are
examined carefully they are seen to be almost straight
from about 30 level reduction to 70 percent reduction
lavel at 1350 °¢ and the curves become concave down
thereafter._The reﬂuction curves which are seen to be
straight indicate that the rate of the reduction
reaction is constant during this part of the process.
This linear relationship of reduction with time shows
thal the diffusional process is not the rate limiting
step in this stage, i.e. the supply rate of the
reductant is egual to or greater than its consumptian
(Biswas, 1981)

After reducing the higher manganese oxides to MnO the
reduction proceeds mainly according to the reactions:




50 + 900 = MN5Cz + 7€02 wsvseressnncaes 2.1
Cﬂg + C a’.CO - . ) u..»'.'anl'{._.;'...._“_'2__.2 -

During the reductlon, a clear 1nterface develops_ -

- between. the carbide phase ‘and the Mnb {Figure 4. 145,
Since the solid carbcn cannot diffuse in the ore,’ must
£ the reaction may be considered 1ocaiized at.
MnO/Mn5c2 1nter£ace. The reactant CO gas and praduct
€Oy gas diffuses through the available porosities and

~microcracks of the product carbide layer: The rate of

‘this reaction is constant provided that sufficlent
_carbon is present to saturate the carbide layer. The
rate was considerably effected by changing the gas |
atmosphere from argon to CO. At higher temperatures it
can be 5xpected'that the raté of carbon gasification

_step is high enough. Since chemical reaction has. higher .

'actxvaflon energy than gaseous diffusion, the former -
will_increase at a2 wuch greater rate with incresse in-

" temperature than the latter. Figure 4.2 shows |

remarkable effect of temperature on this stage.

Therefore chemical reaction between oxide phase and,

reducing gas. is most probably rate controlllng 5vap in

thls stage. - '

It was mentioned that the rate equation for an )
'interfacial reaction is applicable to the carbothermxc
reduction of MnO (Terayama 1985; Terayama 1982), '
Therefore, by considering reduction mechanism it was
decided that phase boundary model is appllcable to the'
kinetic data. |

(1= (1= R)L/3) = Kt suvrsurrnanneses 539




g wheré'R_is.thg fraction'of'rEGuctibn_af:qxida_-_,“'

Y piot_bf.(ig(i-g)lgai vs't_is'shown in Figure 5.2. As
_seen in this'figure, the plot is linear at the earlier

i stagea, but this relationship holds no lcnger at“the .

'3§ ;ater stages where: the measured fractional reaction
‘bevones lower than the calculated values from equation
5.9. This deviation at the later .{_Stages is thci._lght tb_""'..

be caused by the additional resistance which occurs
‘when the oxide phase is completely covered by the
carbide phase which makes difficult direct contact

- between oxide phase and reducing gas, i.e the chemicali_”
‘reaction rate exaee&s the supply rate. of tha ‘reductant

agent. Thig is also an indzcat;on of a change in the
3mechanlsm Th& slopes of tha lines in the chemical
' control Yedion start to decrease after the linear -

section with 1n¢rea51ng degree of the reduction (i.e., .

“he refluction becumes increasingly ‘diffusion |
~ controlled) and a new mechanlsm which 1nwo1ves mlyed '
. kinetics of intarfacial and diffusiﬁn is tn b
_”canstdered. ' ' '

_By using equatinn 5 9 and regresaion analys:s of
kinetie data in Figure 5.3 the rate canstants for the

" temperatures 13509¢, 1300°C, and 13500¢ were calculated

. for the 11near portions, The values are tabulated in
Table 5 1. '
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. Table 5.1

Rééressioh analysas of secdnd.stage kinetic data

| reﬁﬁerature'nate - correlation Standard
(®¢)  constant coefficient error
BV ¢ 5 - estinate
J1350  7.301x10793 0,994 0,140
1300 3.948x10703 p.596 0.007
| 2250 3.201x20"%3  o0.084 - 5,008

By using the values of k from Table 5.1, Arrhenius plot |
of the kinetic data for this stage was drawn vhich is
shown in Figure 5.4. Apparent actlvation energy. for the
interfacial reductlon reaction of Mn®O phase in the ore
was determined from the slope of the line is 153.32 kT,
This value alse suggested that reduction reaction '
proceeded chemica11y~¢ontrclled after about 4 minutes
retention time, Lien et al (1371) reported that at

‘higher temperatures ( > 1300°C ) the rate of reduction

of Fed would be controlled by the reduction reaction

~ of FeO by CO since rate of the gasification reaction is

high at-theSe temperatures.--
As a further test of this cnnnlusxon, the experimental

data of the last part the reductlan were treated by
some diffusion-controlled kinetic models, Modified
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DunwaldiWagner's equation which was expressed by Serin

and ELsickson (1941) in terms of the fractional
completion of the procese is expressed as

Kot =TEDE/I2= 67131 =R) surrersasvasnnesnnneese B8

"This ‘equation was found to hold up for the latest gartn

of the reduction. Figure 5. 5 shows the replot of the

-experimental data accardlng tn the equation 5.8,

-'From the slopes of stralght lines. shawn 1n the Figure

5.5, the" rate constant, Kgp, was aatarmined from which

the. Giffussion gonstant at each temperature was

 calculated by malgiplying Kse values with r} !nﬁ‘ahase x
_.values are given in Table 5 2. : L

“ﬂwabie-s.z'

_ Diffuslon values for third stage
-_-kinetlc data

Temperature . Ree . D
(°¢) . (slope)  (cm?/sec)
1350 - 0.0480 - 3,76 X 10~7}
‘1300 - o0.0207 . 1.82 X 10~7|
1280 ¢ 0lus  8.23 X 1078

- BJ1L




 Act1vatiaﬁ energy of the reductian in this stage was
'faund as. 310.40 KkJ. It was caleulated from a. plot of <.
”1¢g_n versus 1/T whlch is shown in_Figura 5.6. - '

AIthough 1o data are avazlable in 1iteratur§ for the
diffusion coefficient of carbon in iron-manganese
carbide and diffusion coefficient of Mn*2 jons in |
_ manganese oxide, data are available for several metals = .

in s.milax $truatures. The diffusion coefficient for

. carbon in iron (Elliott, 1663) is 10™% cm?/s at 143

' 0¢, In the same study  (Elliott, 1963) it was alsa ~
- mentioned that diffusion coefficient of seyeral _

‘divalent and trivalent metals in oxide strictures vary

betwaen 109 and 1077 cm2/sec at high. tempevatures. -

Therefore above calculated diffusion coefficient valuas
" gan be attributed to the diffusion coefficient of matai

_ions in oxide phase. As a vesult it can'be predicted-

that diffusion rate ot mangihese ions in oxide phase
would be slower than diffusion rate of ¢axbon in
carbide phase and it is most probably the rate
controlling step in this stage. ~
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(1/T) * 104

- Figure 5.1 hrrhenius plot of the first stage'
Rlnetia data. : -
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Figure 5.2 Applica{:inn-. af kinetic data to
Fgquation 5.9 after first stage of
the reduction. '
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Figure 5.3 Regression analysis of the second
' stage kinetic data. '
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- Figure 5.4 Arrhenius pzut of the second stage
' kinetic data.
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Figure 5.5 Application of eguation 5,8 to the
third stage kinetic data.
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Fiquré 5.6 Arrhenius plot of the third Stage
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6 GONCLUSION o

The mechanism and kxnetics of - reduutlun of the
manganese ore from the Mamatwan ore wine has been B

studied by thermngravimetrmc (TGA) analysis, xuray
diffraction analysis (XRD), optical microscopy and
energy dispersive analysis of x-rays (EDAX) between

L 11009¢ and 1350°e with pure graphite under argon o
 atmosphere, '

During the preheating of tha Mamatwan manganase ore a
total_maés_loss of about 17.5 percent was pbsarvedQ-The
rate and degree of reduction of preheated Mamatwan ore
were found to increase with increas;ng temperature and
'decraasiné particle size; markedly, at temperaturea
1300°C and 13509C with graphzta under argon atmosphere.

_Raduatinn products were: found as manganese~1ron marbi&e_
 mainly (Mn, Fe)gC; and calcmm silicate (Capsi0s) at
13009C and 1350°C. hy

.'The reduction merhanism of Mamatwan ore was discussed
in three consecutive stages. The first stages of

reduction which was proposed to be taking place between .

0~30 percent reduction ended after about 4 minutes
‘yveduction time at 1350°C. In this short period of
reduction higher manganese oxides and iron oxide were
‘reduced to their lower states by solid carbon or carbon
manaxide gas, Reduction provess was limited to this
stage at 1100°9C and 12009¢, Apparent activation enargy'
~was caloulated as 61,03 kJ which was attributed to the
gaseous diffusional processes across tha poraus oxida
prcduct layer. - -
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The metallic nuclei were formed as randomly distributed
small metallic globulus around the manganesous oxide
arcas inside of each manganese ove particle and each
nucleus grew in size until a complete alloy coverage
formed around each particle. This was proposed to be
the second‘stage of reduction which took place between
30-70 yercent reductinn and was contrulled mainly hy
interfacial chemical reaction. High degree of _ 5
,m&tallizatipn.and silicate formation with MnO dissolved
in the silicate phase was cbserved at the end of this
‘stage, Interfacial reaction model was applied to this B
‘stage and the apparent actlvation energy waa found as
~153.32 ]{'J. ' ' '

B In the'last stage,'reductibn of remaininq oxide by
carbon dissolved in the carbide proceeded by a |
' diffuszonal mechanism which was proposed to be taking
place after. 10 parcent reduction. Very slow reduction a
was possibly due to the migration of Mn*2 ions in oxide
rphase which was supported hy the apparent activatlon
' energy of 310.40 kJ. '

- For further wnrk on investxqatian of kinetics. ahd
mechanism of . Mamatwan manganese ore, different reduclnq.
agents such as coal, cmke,_anthracite ete can be used
‘to determine the effects of ash content, fixed carbon,
_volétile content on reduction. To determine the effects
of agglomeration on reduction process, briquettes
“and/or spherical pellets as well as loose powdar can be
used. The proposed reduction mechanism and mathematical
modelling can be tested by using a different'approaah
to the problem such as 1arger scale testing on. a pilet
plant type of facil;ties. '

It
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