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This thesis is concerned with the beneficiation and 

agglomeration of standard grade chromite concentrate with low 

chromium:iron ratio by a sequence ofprooesaes including pelletizing 

of the finely powdered concentrate, selective reduction of the iron 

oxide by carbon and removal of iron by leaching vith acid. Funda-

mental principles which control or influence the various stages of 

the process were examined and are appraised here, 

k process of pelletizing fine chromite concentrate was 

evolved with a laboratory pelletizing drum. The following varial^lea 

affecting the pelletizing process were investigated: 

(1) Seeding of the load in the drum 

(2) Moisture content of the feed and seeds 

(3) Loading of the drum 

(4) Drum diaaeter and drum velocity 

(5) Rolling time. 

The a a e c h a n i s E i s deduced from these observations are 

Sintering and reduction of the pellets were esaeined 

and the influence of various binding agents on this process was 

investigated. Reflected light microscopy and I-ray microradiography 

were used to elucidate the mechanism of sintering and to detect 

textural and laineralogical changes in the agglomerates. The 
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relationship between sintering temperature, amount of reducing 

agent incorporated and efficiency of removing iron by leaching 

are explained. 

Acid leaching of the reduced pellets vao investigated 

in respect of leaching rate, concentration of acid, temperature 

of leaching cad quenching of hot pellets in acid &t room temper-

atures. Optimum conditions for leaching are discussed. 

Firing of pellets in a email, highly instrumented shaft 

furnace was attempted with combustion of town gas inside the stack. 

The distribution and geoaetry of temperature %ones were plotted 

under various firing conditions. 
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1.0 INTRODUCTION 

Chromite is the only mineral occurring in sufficiently 

high natural concentration to form economical sources of the aetal 

chromiua for indu atrial uses. Deposits of chromite ar;- ained in 

Rhodesia.; Turkey, U.3.S.E. , South Africa, India, Cuba, Yugoolavio, 

the Phillippines end nany other countries. Cryat llographically, 

the eineral belongs to the spinel group with an eupricial formula 

of FeCrgOg (FeOoCrgOg). The FeO is corjaioniy partially replaced 

by MgO and the Cr^Og by Cl^Og. The unit cell of tae crystal is a 

close-packed arr^ngeaent of 32 oxygen ato'Jis. Half the trivalent 

Eetal ions are tetrahedrally surrounded by four oxygen atoms while 

the remainder togather with all the divalent metal ions are 

randomly distributed and are surrounded octahedrally by six ogygen 

{98) 

atoms . The units are co-ordinated through the oxygen atoms to 

forra one unit cell^^^^. Chromite normally occurs in ultra basic 

igneous rocks and serpentines. A high grade ore aay contain as 

ouch as 55^ Cr^Og with a chromium: iron ratio of 3.5:1, whereas, 

a low grade ore aay have a Cr^Og content of 20-40^ and a chromium; 

iron ratio as low as 1.5;1. 

The aet:. 1 and the compounds of chroaiurn are used for 

various purposes. Hard iuapy chroiaite rock is eaployed in the 

manufacture of refractories, particularly for basic open-hearth 

furnaces. Artificially prepared chromiuu salts find industrial 
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applications such as in pcints, tc,aaing, &nd chroaiua plating. By 

far the most import..at use of chro.aiuj la the production of ferro-

chrome for alloy steels. Although low grade chrome oras have 

recently been directly employed for the ezperiBentc1 production of 

chrotniua steel by the Wild's Process (l) (2) (3) and the "Chroa-il* 

Process (4) (5), standard grade ferrochrome is still the preferred 

basis for steel-aaking. 

Metallurgical grade ore for the production of standard 

ferrochrome assaying about 70^ Cr should contain a tnininua of 48fe 

Cr^Og with a chroiaiua:iron ratio of not less than 3:1. The material 

should be luapy for easy handing and the auount of fines should be 

kept to a iuiniaum to avoid unnecessary dust loss. Even in the 

refractory industry a chrooeore with less than 16^ FeO and 6^ 

8iOg,and over 30^ Cr^Og is preferred. 

High-grade ores conforming to these specifications are 

be cooing increasingly rare, but there are very large reserves of 

low-grade chronite in Central and South Africa, India and many other 

ports of the world, nostly with lov chroaesiron ratios of the order 

of 2:1. The iron does not occur in the ore as gangue but as c, 

constituent of the chromite crystals. Conventional mineral 

dressing aethods can therefore succeed only in improving the grade 

by removing the free gangue but fail to change the chromium:iron 

ratio. Various che'iical taethods have been tried for this purpose: 
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(1) Oxidation to chrom&te and reduction of chroiate with 

carbon (6) (7) 

( 2 ) Leaching in sulphuric acid or alkali under pressure 

(7) (8). 

( 3 ) Leaching in sulphuric acid in the presence of chromic 

trioside (9) 

( 4 ) Decomposition of chrosaite by alkaline fusion with 

silica and coke (Udy Process) (lO). 

( 5 ) Partial or total chlorination at high temperatures 

(11) (12) 

(6) Roasting under strongly reducing conditions end 

reaov&l of acid soluble iron by acid leaching 

(7) (13) (14) (15) (16) (17) (IB) (l9) 

None of these processes has been adopted by industry 

because of technical difficulties and econonic inability to compete 

with natural products» A nevr approach to the problem is presented 

in this thesis. 

It consists of the steps of foraing fine chromite con-

centrates into pellets, heating the pellets in the presence of 

carbonaceous reducing agent whereby the iron in the chromite is 

rendered acid soluble and then removing the iron from the pellets 

by leaching with acid. 

The specific advantages of this method nay be 

summarised as follows5 
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1. Chemical advantages: porous pellets are aore amenable to 

reduction than ores in lump or powder form. leaching, 

washing and dew&tering ere similarly more efficient. 

2. Physical advantages: pellets are superior to lump ores 

in constancy of physical and chemical constitution. 

They are preferable to fine concentrates in respect of 

handling and Bhipping qualities as veil as in the 

reduction of dust losses. 
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2.0 %IT07L:Z)G3 OF HSaUCTICN R0A,3TIHG CF CimOMlTZ. 

Chromite (FeO.Cr Og) is a stable compound and does not 

decompose into FGO and Cr OG even at high temperatures. In the 

reactions 

FeO + Cr^Og a FeO.CrgOg 

the free energy of formation is negative and becomes only very 

slightly less negative with rise of temperature (l8) (see Table i)„ 

In view of this, the reduction of chroaite caa^ot be regarded as a 

reduction of FeO in a mixture of ferrous oxide and chromic oxide. 

TABLE I 

Thermodynaai c Values for the Reaction 

FeO + Cr Oo = FeO, Cr 0„ 
6 d ^ d 

Teap. in 
0 

Teap. in C A F 

298.2 25.2 -8630 

1000 727 -8500 

1200 927 -3300 

1300 1027 -8200 

1400 1127 -8100 

1500 1227 -8000 

1600 1327 -7900 

1700 1427 -7800 

Kubaschev/ski and Evans (20) produced a chart showing the 

variation of the standard free energy of formation of oxides with 

temperatures (see Fig. l). The values of the free energy of 
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formation shown in the chart indic&te that neither hydrogen nor 

c&rbon aonoxide can be employed to reduce chromite. However, 

reduction can be carried out by using carbon or as thane at about 

950°C and 1150^0 respectirely. Furthermore, c&rbon will start 

reducing the chronic oxide at 1200°C. These thermodynamic con-

siderations are based on the assumption that the chromite is 

reduced to metallic iron and chrosac oside, and that the gases 

produced are GO from reduction by carbon, and CO^ and HgO vapour 

from reduction by cse thane. The reduction of iron to iron carbides 

and the formation of CO and E instead of CO^ and E^O from re-

duction by methane are not considered. 

Boericks and Bangert (l8) investigated thoroughly the 

eciui libriuta of the reduction of synthetic chromite by hydrogen, 

carbon monoxide, carbon and methane. They concluded that the 

reaction: 

FeO.CrgOg = Fe fCrgOg +HgO 

was slow below 1300^0 and that only about 10^ of the hydrogen 

would react at 1700°C, In using CO, C, a n d CK^ for reduction, the 

following reactions were investigated: 

(1) FeO.Cr^Og +G = Fe(^,y or£- ) +Cr^Og +C0 

(2) FeO.CrgOg +C = Fe (y) +Cr^Og +C0 

(3) F e O . C r g O g + ^ = ^FegC(^) iCrgOg +C0 

(4) FeO.CrgOg + C 0 = Fe(^y o r ^ ) +CrgOg +COg 

(5) FeO.CrgOg 4 ^ H ^ = ^ F e g C ^ ) +CrgOg +C0 +|-Eg 
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The values of the frae energy of reaction and their equilibrium 

constants vere calculated. They are reproduced in Tables 2 and 3 

below. 

TABLE 2 

Values of Equilibrium Constants of Reactions 

T ° E T ° C 
^ 1 ^ 2̂ ^ 4 

K , 

1 1 0 0 

1200 

827 

927 

1.3 

7 . 4 

z 10 ^ 
- 1 

I 10 

1.3 

7.4 

X 

X 

1 0 ^ 

lO"* 

1 . 3 

7.8 

X 

z 

lo"! 

10-1 O 
> 

1.0 

1.9 
p 

I 10 

1300 1027 3.3 3.3 3.6 
O r4 
^ d 

g i 

rH 
rH < 

2.2 X 10^ 

1400 1127 1.2 X 1 0 1.2 s 1 0 1.3 X 10 
O r4 
^ d 

g i 

rH 
rH < 

1 . 9 z 10^ 

1500 

1 6 0 0 

1227 

1327 

3.6 

9.3 

X 1 0 

X 10 

3.6 

9.3 

X 

X 

1 0 

10 

3.9 

9.9 

X 

X 

10 

10 

O r4 
^ d 

g i 

rH 
rH < 

1.2 

5.6 

X 10 

X 1 0 ^ 

1700 1427 2.1 
2 

z 10 2.1 X 10 2.3 X 10^ 2.2 z 10^ 

TABLE 3 

Vuluea of Free Energy of Reactions (cal./ejole) 

T°E T ° C 
^ ^ 4 ^ ^ 5 

1100 827 4,600 4,500 4,500 - 6,000 

1200 927 700 700 600 
w 
o 
M <D 
C3 > 

+ 

-12,500 

1300 

1400 

1027 

1127 

— 3 5 1 0 0 

- 6,900 

- 3,100 

- 6,900 

- 3,200 

- 7,100 

w 
o 
M <D 
C3 > 

+ 

— 1 9 ; 9 0 0 

-27,400 

1600 1227 -10,600 -10,600 -10,900 
iH 
rH -34,800 

1600 1327 -14,400 -14,400 -14,600 -42,100 

1700 1427 -18,100 -18,100 —13 J 4 0 0 -49,400 
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Froa the values of the free energy of reaction in Table 3, 

it can be Been that carbon can be used as a reducing agent at ISOO^K 

or abovg and meth&ne at tempsr&turea aa low as llOO^K. Carbon 

jaonojiide, however, is not an effective reducing agent. Consequently 

the gases produced during the reactionsirere expected to be CO and/or 

"a-

On the basis of these thermodynamic considerations, in-

vestigations of the reduction of chromite using carbon and gases 

containing methane have been carried out by many workers (?) (l3) 

(14) (15) (16) ( 1 ? ) (is) (19), It was found that the reduction 

reaction preferentially rendered the iron in the chroaite acid-

soluble. The iron could then be removed by leaching with sulphuric 

acid, le c;.ving a residue with a high chroniuffl! iron ratio. 

Boericke (l9) investigated the selective reduction of 

iron oxide in chromit@ by methane-hydrogen ond siailar gas aixtures, 

while Boericka and Bangert examined the reduction of chromite by 

graphite (13). Although the reaction temperature was found to be 

lower in gaseous reduction then in reduction by solids, as pre-

dicted by the theroodynaaic considerations, difficulties were 

encountered owing to the cracking of methane which led to carbon 

deposition in the hot zone. The efficiency of aethane as a gaseous 

reducing agent was thus lowered. Gaseous hydrocarbon was also 

found to exhibit comparatively poor selectivity in reduction, 

resulting in losses of chromiua i.n the subsequent leach. Sen and 
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Chatterjee (l6) uced coke-oven gas containing 23^ methane and 51% 

hydrogen to reduce low-grade Indian chroaite and reported that the 

recovery of cliroaiuQ T;QS low. This was further supported by Mioro, 

Sen and Bhatn&gar (l5) who reported a best cbroaium recovery of 

just less than 90^ when Indian ciiroaite was reduced xd. th coke-oven 

gas for one hour at 1100°C. However, the chroraium recovery fell 

to about lOfo when the roasting tesape rc.ture was increased in 

attempts to lower the roasting period. In general, for a fixed 

chroBiuB recover, reduction by graphite gave a final product with 

a higher chromiums iron ratio than gaseous reduction; and for a 

fixed chromiuasiron ratio, reduction by carbon produced higher 

chrosiuo recoveries than reduction by aethane-hydrogen aixturea(7). 

Carbon can, therefore, be considered as a better reducing agent 

than the gases. 

Using carefully controlled saall-acale laboratory tests, 

Boaricke and Bangert (13) reported that the rate of reduction of 

fine chroaite concentrate by powdered graphite was greatly 

affected by the roasting temperature. Reduction at 1200°C was 

ten tiaes slower than at 1400^0. For all practical purposes a 

minimum roasting teaparr.ture of 1300°C was required. Roasting 

at high te:peratures was also reported to have the added advantage 

of giving better carbon utilisation in reduction (l3). 

The .aaount of graphite used for reduction was also 

found to have direct effects on the proportion of acid-soluble 
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met&l produced. For each ore there appeared to exist cn optimua 

quantity of graphite addition. Beyond this, only slight increases 

in acid-soluble iron were obtained and cfaroniua losses greatly 

increased. During the testing of low-grade domestic Aaerican 

chrovaite, the optiauia graphite required for reduction was found 

to be between 4-5^ by weight. This value was not greatly affected 

by the Al^Og content of the ore. Hot sulphuric acid leaching after 

reduction by carbon was found to yield a high-grade leached residue 

with a chroiaiuins iron ratio of 4s 1 and a chromiua recovery of +96^. 

Over lOfe of the iron in the chronite could be leached out and in 

some cases 90^ of the total iron was reported to have been removed. 

However J the roasting period required for reduction was 

prohibitively long. One hour was required to roast one type of 

ore at 1300°C while 6 hours were needed in another instance. This 

roasting period could be reduced slightly by using chronite of 

finer sizes and chromium losses were also inproved. In the interest 

of efficient and rapid reduction of chrooite, Boericke and Bangert 

(13) recoEiaended a niasiauia particle size of 65 nesh for ore and 

carbon. 

The Hudson Bay Mining and Saelting Co. (?) used this 

aethod in modified fora for treating fine ciaterial (80^ - 325 nesh) 

with fine coal (90^ - 200 nesh). It was found that the ore could 

be up-graded by hot acid leaching to a chroaiuiu! iron ratio of 3; 1 

with a chroaiun recovery of just under 95^, Contrary to the 
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findings of Boerieke aad Bangert (l3), these authors required a 

ainiiauEi addition of fine coal of 20^ {by weight). This frequently 

produced a residue of unreacted coke which caused undesirable 

frothing during teaching with boiling sulphuric acid. 

A prohibitive roasting period of 2 - 3 hours at 1150°C 

was also experienced. An attempt to reduce the roasting period by 

increasing the temperature v/as found to reduce both the chromium 

recovery and the amount of acid-soluble iron. No explanation was 

given for this phenomenon. 

Carbon reduction and acid-leaching vere also adopted by 

Lloyd and co-workers (l4) to beaeficiate low-grade wontano chromite 

in a pilot plant by roasting it with 18-41^ coke in a rotary kiln 

at 1340°C. The calcined material was leached in lead-lined 

pachukas with 10% (by volume) sulphuric acid at alaost boiling 

teuperatures. The up-graded ore was reported to have a chromiums 

iron ratio of over 3s 1. Chroaius recovery was high, but the final 

concentrate wc,s cositamin&.tsd with unreacted coke. 

Difficulties were experienced with the rotary kiln for 

reduction. Owing to the large difference in specific gravity of 

coke and chroaiite, there was little mixing between the two 

materials an d the coke tended to stay on top of the charge. 

Accretions of fine ore ware also found to form on the kiln-wall 

in the hot zone and this became serious when the temperature was 

raised to 1410°C 
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Although simple in principle, this process proved un-

econoaical owing to ths excessive roasting period and high co&l-

C338Mnptio3. Downea and Morg&n (7) considered that the process 

would not be cheap enough to encourage exploitation of U.S. ores 

under nor-ar.l conditions, but it wcs believed to be quite satis-

factory to meet temporary requirements in tines of emergency. 
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3.0 CEOICS OF PR0C3SS. 

The r/ork described in thia thesis wca concerned with the 

development of a process which is technically and economically jors 

attractive than its predecessors. The work vns also aioed at an 

appraisal of the fundamental principles which govern the various 

stages of such a process. 

Since selective reduction by carbon takes place in the 

fora of solid-solid reaction, it was considered that palletizing 

would improve the speed and efficiency of the process through the 

provision of intiacte contacts between very fine chroaite and 

carbon particles. The green pellets would be fired to high 

teiape raturee vitb the carbon in situ, sintering and reduction 

taking place aiaultaneously. 

The fired, porous, product should offer easy leaching 

of the acid-soluble iron and facilitate washing and subsequent 

dewatering. 

The present approach is, therefore, based on the follow-

ing sequence of processes. 

(1) Pelletizing of finely ground chroaite concentrate with 

an appropriate carbon addition. 

(2) Hardening and reduction of the pellet at high temperatures 

in a vertical shaft furnace. 

(3) Removal of acid-soluble iron from the fired pellets by 

acid-leaching. 
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4.0 SXP3RIMSNTAL IIATSHIAL. 

The chroaite used in this investigation, obtained froa 

the properties of Rose Chrome Ltd. , cciae froa the Great Dyke of 

Southern PohodeoiE,, east of Gwelo. Examination, of the ore showed 

that it consisted of masses of snail grains of chroaite embedded in 

a matrix of serpentine (serpentine - hydrous aagnesium silicate 

MggSi^Oj^Q(OK)g) , with sn&ll aaounts of olivine (olivine -

aagnesiua iron orthosilicate (ijggFe)^ SiO^). The average specific 

gravity of the serpentine is 2.6. Intimate intergrowths of gangue 

and chroaite were comaon. 

In order to obtain a high-grade final product froa the 

pro cess 5 excessive gangue material had to be removed. For this 

purpose a pre-traataent concentration process wcs essential. The 

ore was amenable to conventional methods of grinding and gravity 

concentration (tabling), and these processes were used in pre-

liminary preparation of concentrates as feed for the subject of 

this thesis. 

The concentrates 5 being -20 aesh B3 in size, were too 

coarse for pelletizing and were further ground to -150 mesh B3. 

with about SOf" -200 mash B3. All fine particles were carefully 

recovered aid the ground product was dried. Iron particles 

acquired during the process of grinding were removed on a "Rapid" 

high-intensity magnetic separator. 

This trsatnent produced a concentrate which assayed 
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4 8 . C r g O g (33.2# Cr) 

20.3# FeO ( 1 5 . F e ) 

T/ith Ci cbrouiiuLiis iron ratio of 2.1:1. The averc-.ge specific gravity 

of the concentrate ^̂ CS2 4,17 and the specific surface area, as deter-

nined by the air permeability method, was 2,000 sg.ca/graa. The 

size distribution of the material t/as determined by screening and 

beaker decantation and is shown in Table 4. 

Table 4. 

Size Distribution of Ground Chroaite Concentrate 

SI ZE DISTRIBUTION 

BS, Mesh L'li crons ^Wt= Direct Cum. ^ Finer 

+ 100 +152 2.9 97.1 

+ 150 +105 10.1 07.0 

+ 200 + 76 39.8 47.2 

+ 53 31.5 15.7 

+ 33 3.1 12.6 

+ 30 3.7 8.9 

+ 20 3.3 5.6 

+ 10 3.7 1.9 

+ 5 1.3 0.6 

- 5 0.6 

Unsized 100.0 

Ssaraination of the sized frc.ctiono showed that the 

particles coarser than 30 aicrons are gr .nul.-.r and rounded. 

Many of the::i are loc^ced Giddiings, consisting of chrouite ^ith 

inclusiono of fine gangue minerols. The acount of middlingo 
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decreases "Tit., ocrtic.e aiza, but full liberation of chroaite is 

only attained at about 30 /iicrons. Farticies of this order of 

size are angular, having sharp edges and pointed corners. 

Study of polished sections of chromite grains (plate l) 

shoved that the grains are full of veinlets end hair-cracks which 

occasionally lead to cavernous interiors. These spaces had probably 

been occupied by soft gangue aaterial which was lost in preparing 

the specimen. 

The chrooite crystals exhibited no visible intergrorths 

3f magnetite, zoning or other heterogersiti %s. 

X-ray powder diffraction patterns of the concentrate 

were also prepared, using cobpjt radiation. The lines obtained 

corresponds to those of cnroapicotite (ulgjFe) 0 (Cr,Al)gOg as 

reported in the l.J.T.M. index. The three prominent lines corres-

pond to 8.3°, 1.592. and 1.462.. 

A scan of the X-ray fluorescence spectrua of the concen-

trate was carried out with a Rayaax 60 spectrograph. This showed 

chroaiua and iron as the only heavy eienents present, the limit 

of detectability being about 0.05^ for elements of atomic weight 

greater than 50. 
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PLATE I. 

Polished Section of Untreated Chromite, 

(v570> 

0 
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5 . 0 AGGLOMERATION 
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6.1. Introduction. 

"Pelletizing" - the agglomer&tiora of fine "aatsrial into 

^herical pellets by rolling iraa first introduced i:ato the niinernl 

industry by A.G, ijiderscon (21) in 1911, in Sreden, where he 

Buccessfu'-ly pelletized fine iron ore in c rotary druo. His work 

v/as not appreciated end the process vraa soon ignored. Lc.ter 

Brc.ckelsberg (22)j Barrett (23) and Dean (24) independently developed 

siailar cietlioda of forming iron-ore pellets. reliatiaing then grad-

ually becaae accepted in the mineral industry as a process of 

agglomeration, simple in principle and econoraicr.l in operation. 

In palletizing; a finely powdered material, together vith 

a certain amount of laoisture, is fed into a horizontal, rotating 

druQ or into other revolving vessels where balling occurs. The 

spherical pellets tnus produced are continuously discharged, as a 

product showing a range of sizes. Pellets considered too saall for 

subsequent treatment are removed by screening and returned to the 

feed of the nacaine. The s.^all pellets lais with the new feed and 

act as "seeds" in the agglomeration process. The pellets in this 

way increase in size and are eventually discharged as finished 

products, while undersize material say be returned repeatedly to 

the feed of the process. This foros a circulating load which aay 

amount to several hundred percent of the fresh feed. 

The material to be pellitized can be either wet or dry 

and water sprays are often used in the pelletizing machine if 
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insufficient laoisture is present in the food. k acrc.per to clec.n 

the f/nli of the aachina generally needed to avoid excessive 

accuaulGtion of t.:ie wet ^atorid. 

Generally, high rates of through-put cr.n be achieved by 

tais process. Ealiy end Apuli (23) reported o, through-put of 50 

tons of ^ inch iron-ore pellets per hour froci G 9' s 30' drun, 

while Davis and Wade (27) successfully pelletised aagnetic taconite 

in a drum (ivliereas briquetting was excessively espe;,sive owi&g to 

high poT/er consumption and die wear). 

Although this process of agglomeration is no? being widely 

practised, its fundamental aechanisn is still obscure and little 

T/ork on the theory of peiletizing has so far been published, 

Donn&n (29) ?&s the first to put forward a theory of 

bonding forces in the agglomeration of fine particles. Ke held that 

the solubility of a homogeneous solid varied fron one point of the 

solid particle to another, and generally the solubility was highest 

at the points vhich had been subjected to high stresses. The 

aaterial could therefore dissolve at one point of the particle and 

WBO then reprecipitated at the points where the solubility was lower, 

resultin ; in the formation of crystalline bridges. The cementing 

action of these bridges was considered to be responsible for the 

strength of the "green" pellets, and was primarily of a chenical 

nature. Physical forces responsible for the process of aggloaer.rtion 

were not mentioned. The application of this theory to pellitizing 
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fine naterial bed not been verified ezjperiaentally. The first 

iaport&nt tbeories of pelletizing vera t^oae of Firth (30), 

Tiger0ciioiId end Ilaoni (31). In his inveatigationo uaing iron ore, 

Firth obaerve-J. that "the ease of bailing" vua proportional to the 

specific surface area of the aatariai and that the green-strength 

of the pellets vao the o&ne as would be iop&rted by a briquetting 

pressure of several thousand p.s.i. This, he attribute:! to the 

compressive force exerted by the entire ball resting on e single 

particle. Tigeroclioild and Ilooni, however explained this phano-

nenon by a theory of green bonding through capillary forces due to 

the ^ater in the voids of the pellets. The magnitude of those 

capillary forces was considered proportional to the pore dianoter 

and to depend on the specific surfs-ce area of the material (32). 

This T/as in good agreementifith Firth's (30) observations but the 

concept did not take into consideration the state where a pellet was 

only partially saturated with water, 

Eaineo (33, 36) and Fisher (34) developed a theory of the 

bonding forces of water in a "capillary" state and in a "pendular" 

state. In a "capillary" st_te of saturation, all the voids in the 

pellet were considered to be filled with water while in a "pendular" 

state of saturation, the liquid in the voids was discontinuous and 

existed as discrete lenses at t..»e points of contact of the particles 

only. (see Fig.2). Developing further fro: the concept they con-

cluded that the strength of an agglomerate having a saturation in a 
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THREE STATES OF WATER CONTENT 

IN A PELLET 

A PENDULAR STATE 

B FUNICULAR STATE 

C CAPILLARY STATE 
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"capillary^* state vaa 3 - 4 tiaes that having a "pendular'* state, 

utilising the vork of Haines (33) &-d Fisher (34), Newitt and 

Conway-Jones (35) derived an approsiaeite equation for a "funicular" 

state in which the degree of saturation in the pellets was batT;eer-. 

thit of the "capillary" state and the "pendular" state. (See Fig.2), 

resulting in the strength of the oggloaercteo intermediate between 

those corresponding to the other two states. Like Raines (38), they 

observed an increase in strength with increase in noisture content 

until a saturated state was retched. This is in good agreement with 

the observation by Cooke and Ban (37) of a sini^ar strength -

Qoisture content relationship, but conflicts m th an earlier obser-

vation by Tigerschoild and Ilaoni (31) who found that the strength 

of green pellets could be increased by sinultaneous rolling and 

drying. 

The strength of green pellets depends, also, on other 

factors such as the packing properties of the particles, the nature 

of the liquid, etc. It is at least partly attributable to capillary 

forces; the influence of the surface tension of the liquid has, 

therefore, to be considered. Cooke and Ban (37) tried kerosene, a 

liquid of low surface-tension, for pelletizing iron ore and reported 

that the strength of the pellets was low. Ridgeon, Cohen and Lang 

(43) found an increase in the green strengh with sodiun carbonate 

solution, which they attributed to the increase in surface tension 

of the liquid. The nost conclusive experimental work on this aspect 
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was that of Hewitt and Con-ray-Jonaa (35) who used ?fr:.ter~alcoho 1 

solutions of varying concentration for pelIstizing si li co, ocnd. The 

strength incracDod line&rly ?/itIi the surface tension of the liquid. 

The Qechanisa of wet bonding ccn only be operative if the 

surface of the solid is hydropliilic. Qsrceks, Eerichc end Kandl (58) 

and Ban (25) experienced difficulties in pelletiaing a noraal 

flotation concentrate and they attributed this to the hydrophobic 

properties of the surfaces of the solid. 

The green strength of the pellets should also depend on 

the cheaical nature and viscosity of the liquid. If reaction occurs 

between the liquid and the solid to be aelletiaed, the surface 

tension as 7ell as the viscosity of the liquid saay change. The 

letter factor was investigated by Euapf (SO) who stated that the 

force required to disrupt a viscous binder w&o higher than that 

needed ;ith a liquid of lor/ viscosity. This was explained by the 

deformation energy of a viscous liquid being greater than the 

increase in surface energy of a mobile isediua. 

Depending on the material to be pelletized and the liquid 

used for the operation, the factors influencing the process of 

pelletising vary frora one systea to another. Although Hewitt and 

Conway-Jones (36) have described the node of pellet formation of 

silica send and have investigated the effect of particle size on 

pellet growth and pellet otrength, the theory and practice of 

pelletizing fine powder ia still difficult to generalize. 3ach 
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pelletizing problea h&s to be tre&ted separately. 

Work on the palletizing of fine powders has been conducted 

by various vorkers, often oii pilot^plant or production scale. The 

pelletising of fertilizer woa described by Eardesty and Chuka (38) 

and by Sherwin and Stevenson (50), while Swcrtzman (39) published 

an article on agglomeration in the coal industry using balling 

methods. Much attention has been directed to the pelletizing of 

iron ore. Palletising of nagnetic taconite was investigated by 

Cooke and Ban (37), Cooke and Stowasser (40), Ban and Srk (41), 

Kunde (42) and many others, while Ridgeon, Cohen and Lang (43) 

pioneered the pell©tizing of flaky haeaatite. Little has been 

published on pelletising of other minerals. However, Cohen (44) 

successfully pelletized fine manganese dioxide concentrate in a 

pilot plant, and fly-ash from power stations is nowadays being 

pelletized on an industrial scale. The pelletizing of chroaite has 

not previously been described and its specific probleas irere unknoira. 

The hardness of the chrotnite, its shape factor, the size distribution 

of the particles, its refractoriness, the nature of the gangue 

material etc. make the palletizing of chroiaite different from that 

of other materials. An atteiapt xvc s therefore oo,de to pelletize 

this material. 
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5„2 PelletizinR Apparatus. 

L pelletizing apparatus consists essanticily of c, 

revolving vessel in which moist powder material can be formed into 

spherical aggloaerctes. Simple rotating drums or discs are comaonly 

used although more complicated equipment has been proposed fron time 

to time. Recently, Sterling (28) described a multiple cone pelletizer 

and claimed an advantageous longer retention time. 

In this investigation three small laboratory drums T;ere 

employed for batch pelletizing. They were 12", 14" and 17" in 

dicaeter and 12" long rith smooth interior surfaces. One end of 

the drum was closed while the other end had a 2^" lip for the re-

tention of material in the drum. 

In operation, a drua was supported by two 2^" dianeter 

rollers, horizontally spaced 12" apart, one of the rollers being 

driven by a ^ h.p. a.c. aotor through pulleys. The pulleys vere 

changeable, providing a selection of speeds of rotation for the 

drum. This arrangement permitted easy interchange of drums of 

different diameters and facilitated cleaning (see Fig. 3). 

In a batch palletizing test, the ratio of pelletsta 

powder at the beginning of the experiment is equivalent to the 

ratio of the circulating load to the feed-rate in a continuous 

process. This ratio is known as the equivalent circulating load 

which is normally expressed as percentage of the fresh feed; it 

tends towards infinity at the end of the test when no powder is 
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left in the load. 

Consider a continuouo pelletizing process using a drua 

pelletizar with one end receiving v/et feed end returned seed pellets 

and the other and discharging pellets of various sizes. It may be 

taken that for a short period before pelletizing takes place, the 

extreme feed end ox the druza has a load containing a proportion of 

seed pellets equivalent to the ratio of the circulating loadto the 

feed material. As pelletizing proceeds, this mixture of seeds and 

vet powder is displaced towards the discharge end of the drum while 

the powder is applied gradually to the seeds, thus fonaing bigger 

pellets. The ratio of pellets to wet powder therefore increases 

until no aore powder is left in a section of the load. This is 

analogous to the pelletizing of a certain quantity of pre-foraed 

seed pellets and vist powder as a batch in a laboratory drum. It 

is therefore possible to employ batch testing procedure to investi-

gate a process which is normally continuous. 

5,3. Quality Control of Pellets. 

The green pellets oust have adequate resistance to 

abrasion, compression and impact to survive different stages of 

handling prior to hardening at high temperatures. 

Various test methods for determining the strength of 

pellets have been used. Reiatance to breakage tests by controlled 

dropping were employed by Tigerschoild and Ilpni (31) and by Urich 
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and Han (45). The method wao further modified by Bc,n end Srk (4l) 

who introduced the concept of strength index, defined as the ratio 

of the average size of the materiel after iapact to the average 

size of the material before impact. This index, however, seens to 

give little indication of the resistance of pellets to impacts 

received during actual handling. The iiuabar and height of falls 

during conveyance vary from plant to plant. The disposition and 

nature of the surface on which pellets fall are further factors 

of iaportrnce, greater heights of fall being acceptable on to a 

bed of pellets than on to an unyielding aetrl or concrete surface. 

The dropping of pellets on to a steel plate may hence be regarded 

as an unrealistic aeasure of their strength. Ridgeon, Cohen and 

liang (43) found that for drops of greater than 2 - 3 feet al 1 the 

hoematite pellets broke the first tiae; and from less than 2 - 3 

inches, the pellets never broke. At intermediate heights almost 

all broke at the second drop. 

Tumbling tests have been used to determine the pellets' 

resistance to abrasion. They produce mutual rubbing between 

pellets in a soail rotating drum for a predetermined period. The 

quantity of fines produced is taken as an inverse aeasure of 

abrasion resistance. This aethod was used by Ban and Erk (41), 

Tigerschoild and Ilaoni (31), Urich and Ean (45) and others in 

testing fired or dried pellets. Depending on the quality of the 

pellets and rolling period, up to 20^ - 28 mesh material could be 
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produced through tliie tuabing action (45). This aethod of teoting, 

however, does not apply to pellets vhich tend to pick up any fines 

produced by nbr&aion in r. tumbling tester, and, in tha case of 

fired or dried pellets, the significance of this test method is 

dubious unless it can be designed to simulate actual specific 

working conditions. 

By far the most cotziEoniy accepted aethod of determining 

the quality of pellets is the compression or crushing test. This 

involves placing a pellet between two flat pl&tes of steel and 

applying an increasing uniaxial load until failure of the specinen 

is observedo The breaking load is taken o.s the coapressive strength 

of the pellet. The laain defects of this method lie in the diffi-

culty of applying the load at a constant rate and in the indeter-

minate size of the areas on contact between the pellet and the 

compressing plates. 

Under noraal operational conditions, pellets are fre-

quently subjected to a aultiaxial coapression by adjacent pellets 

and this can be simulated by compression testing of a pile of 

pellets but the result indicates oainly the aultiasial coapressive 

strength of the weakest pellets in the batch. The average strength 

of the pellets is not determined. 

None of the above methods of testing is coapletely 

satisfactory I nor does any simulate adequately actual operational 

environments. However, oi/ing to the simplicity of operation, 
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coaprsssion testing of single pellets was adopted in thio ivork. 

This raethod is veil documented. Ban and Srk (41), also 

Tigerschoild and Ilaoni (31) stressed the importance of the rate 

of applicetion of the crushing load and careful experiaentc.1 

techniques c,re necessary for obtaining reproducible results. 

Hewitt; Wood and Eansen (46) applied their crushing load by 

adding drops of aercury into a container resting above the pellet. 

A aore elaborate method was devised by Stevenson and Bergstroa (47) 

whereby the deformation of the pellet could be measured r/ith 

increasing compressive load. However, in most cases, aanual 

application of load was found to be sufficiently reproducible to 

be employed for rapid determinations. 

In this investigation, a manually operated Salter Com-

pression Tester with an interchangeable scale was used for deter-

mining the compressive strength of the green pellets. With this 

set-up it was possible to determine compressive strengths from a 

fraction of a lb, to 44 lbs. The compressive strength of the 

fired pellets was determined with a B/Iillen Mounting Press. 

Compressive strengths of over 2000 lbs. could be determined. 

Reproducible average results were obtained by testing 10 to 20 

pellets from each batch. 



5.4 Strength-Size Eelatio;i of Pellet 

The ability of a pellet to r/ithstand o, conpressive load 

depends on its dianeter when other par&oetera are constant. This 

v;as first enunciated by TigerschoiId and Ilaoni (31) tvho stated 

that the coapressive strength of a pellet should be proportional 

to the square of the diaaetor. Newitt and Conway-Jones (35) found 

a siailar relation t/ith silica sand pellets and, according to 

Tigerschoild (48), Ilaoni and Uggla produced the sane conclusion 

with iron-ore pellets. 

In order to investigate the strength-size relationship 

of chroaite pellets compression tests were carried out on batches 

of pellets of different sizes. The coopybeive strength was found 

to be directly proportional to the square of the average dianeter 

of the pellets and this relationship held for pellets aade fron 

dry feed as well as those aade froa wet oaterinl, ao shown in Fig. 4. 

As usual in sampling, it was inpossible to obtain samplee 

of pellets of exactly uniform size. For the purpose of comparing 

pellets of different sizes, a correction had to be applied to the 

measured values of compressive strength. In all cases the values 

were corrected to a standard pellet of 0.6 inch diameter, allmzing 

the compressive strengths of different batches to be compared. 

The correction required exact aeasureaents of the 

diameter of the pellets. This couid be measured readily by aeens 

K 
of a S5SALL ruler. If a pellet WG,S found to be non-^3{lericaL, the 
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diameter of the equivalentsphere w&a determined froa its weight. 

This was possible because the apparent density of the pellete 

was found to be independent of size and consequently their weights 

were directly proportional to their voluaes (see Fig.5). 

5.6. Fe)letizinpr Dry powder Without Seeds. 

la studying the mech&nia^i of pelietizing, it was 

desirable to observe the onset of the process of pellet foraation. 

Early trials of pelletizing chroaite concentrates were? therefore, 

conducted with dry naaterials but without seed pellets. 

The investigations were carried out in the 14" pelletizing 

drum rotating at 34 r.p.m., with an equivalent peripheral velocity 

of ISS^/ain. At this drum-speed it was observed that the powder 

did not tueble but slid up and down the wall of the drum with an 

oscillating aotion as one laass. Water addition in the form of a 

fine spray created an alaost uniform layer of wet material at the 

surface of the load. All the wet particles adhered to one another 

by surface tensional forces to fore one continuous layer, which 

behaved like an elastic skin covering the rest cf the dry nateriai. 

There was no tendency for th.v wet material to break away from the 

load, and there was no aixing between the 7/et surface layer and 

the dry powder beneath. Pellet formation did not occur and further 

addition of water by fine sprays could only increase the thickness 

of the layer of wet material, until the whole load became too wet 
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to be pelletiaad. 

A less dispersed snail jet was used as an alternative 

method of water addition. The larger droplets of water created 

randomly spaced granules consisting of loosely packed wet particles 

adhering to one another. Their voids were completely filled with 

water and according to the capillary theory of pelletizing (3l) 

the surface teasional forces tended to pull all the watted particles 

at the surface towards the centre of the granule, forrain.g a denser 

structure. On rotating the drua, these aaall granules broke away 

froia the rest of the load or sank further into the mobile powder. 

These granules were then subjected to rolling and compaction, 

squeezing surplus water to their surfaces and enabling tliea to 

pick up the remaining surrounding dry material. In this aanner 

the granules rapidly grew into small seed pellets which aixed 

well with tile regaining powder. The growth of seed pellets would 

continue on receiving sore water, but w i n g to the high ratio of 

powder to seeds at the beginning of the process, it was found 

difficult to direct the water entirely on the seed pellets. Any 

water addition tended to wet the powder to a much greater extent 

than the seeds, resulting in formation of further seeds and only 

slow growth to larger pellets. The size of pellets formed in 

this manner was irregular and depended to a great extent on the 

initial load of dry material in the dru-a. It was found that with 

a fixed, short period of water addition, aainly saall pellets were 
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produced from a 3an.ll load and bigger pellets were obtained as the 

load was in creased» Tliis continued until the dry load in the druna 

x'/as in the region of 2 kilograao. Further increase in the load 

in the olruia again resulted in an excessive formation of saall 

pellets. The cuount of large pellets was alsc reduced (see Table 5) 

TABLE 5. 

Effect of Load on Size of Finished Pellets i:i the 
Absence of 3eed Pellets 

Size Distribution of Finish? pd Pellets ifo) 

Sua Dry Load in 
drua (g) +i" -i" 

1 600 — "16 84 

2 900 - 55 45 

3 1100 34 59 T 

4 1300 40 56 4 

5 1600 76 20 4 

6 2200 69 31 -

7 2600 53 45 2 

8 3000 32 57 11 

Size of Drum 14" 

Speed of Drum 125^/aia (34 r.p.ra.) 

In the course of the pelletising trials, it was 

observed that pellets appeared first as loosely packed, small 

granules which picked up more dry material as the pelletising 

process proceeded. With a saall load, most of the dry aaterial 

was rapidly converted into saall seed pellets and there was 
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little material left for pellet.growth. With larger loads in the 

drum, the size of the pellets tended to increase not only through 

pick-up of fine aateriai, but also through coalescence of aggre-

gates and collecting of small granules by larger pellets (see Fig.6) 

The latter laechanissi resulted in rapid pellet growth at the expense 

of the small granules, and, although a range of pellet sizes still 

existed, the proportion of saall pellets was markedly reduced, as 

shown by runs 5 and 6 in Table 5, 

On increasing the load in the drum further, a stage was 

reached when the rolling action was increasingly replaced by cas-

cading and irregular L^^bling laotion of the bed. Intimacy of 

contact decreased, and pellet growth slowed down. The powder, 

thus, had siore opportunity to receive water froa the sprays, 

causing increased formation of seeds. This resulted in excessive 

seed pellets and insufficient fully formed product. The optimum 

load for a batch-druca of this size was found to be about 2.0 

kilograas of dry material as indicated in Table 5. This was 

equivalent to approximately 1.7 kilogram per foot diam. per foot 

length of drum. 

5.6 Pelletizing Dry Powder With Seeds. 

In view of the importance of seeding in the process of 

pellet formation, pelietizing of dry chromite concentrate with 

seed pellets was investigated. seeds were prepared by 
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rolling batches of 900 grama of dry material in the 14" drum as 

described in the previous section. When a sufficient aaount of 

seeds had been collected, they were pelletized vith dry powder. 

It was found that the powder in the drura could not be 

considered completely dry. During the addition of water to the 

load; it was found difficult to direct the water solely on the 

seeds, There ?as intimate mixing between the seeds and the 

powder and addition of water caused wetting of seeds and powder 

to occur s i E a u i t a n e o u o l y . In effect, the seeds were picking up 

wet powder with on unknown moisture content. In addition, wet 

agglomerates of irregular sizes were also produced by the removal 

of excessive accuaulations from the wall. Pelletizing by aeano 

of Qoisture addition to a dry feed thus lacked quantitative control 

and depended largely on the skill and judgement of the operator. 

It was therefore considered aore realistic to pelletize a moist 

feed with a known moisture content. 

5,7 Pelletizing T?et Powder Without Seeds. 

A desired sioisture content of the feed material could 

be obtained by wetting samples of dry powder with an excess of 

water and then removing the surplus moisture by filtering in a 

Buchner funnel. By careful adjustment of the drying time during 

filtration, a controllable raoisture content could be easily 

obtained in the filter cake. This was rapidly disaggregated to 
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and was tliea used as vet feed to the drum. This aethod of 

aniaple prepGrr.tion produced a fear! material ?ith a uniform aoioture 

content. This vould be difficult to achieve if a measured, aaount 

of water was added to a dry saople without an elaborate set-up for 

raising. 

Saiaples of disaggregated wet aaterial with a aoisture 

content froa T.5 to IS.5^ failed to fora pellets in the drua 

without agitation or further addition of water. Loosely packed 

aggregates of wet material forced and showed a tendency to 

coalesce to one coherent aass, sliding in the drum. Changes in 

the load, drum diameter, or peripheral velocity could only trans-

form the sliding motion of the load into a tumbling action, breaking 

large aggregates into smaller ones, but did not result in pellet 

formation. Further addition of water created a spongy aass of 

wet Ejaterial in the drum. No balling was seen to occur. 

Slight agitation of the load, for ezaople, by introducing 

a few pellets, caused very saall (-J") seed pellets to appear 

after a cozaparatively long rolling period of the order of 5 tains. 

Ho further growth of these seeds was observed. 

However, if wet, larger and core densely packed aggre-

gates accidentally occurred in the feed, they tended to break away 

froia the rest of the wet aaterial, roll readily in the druti and 

pick up oore wet feed, thus for-aing large pellets. It was, 

therefore, apparent that the formation of pellets from a wet feed 
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also necessitated, "seeding" of the aoterial with smell well-fomed 

aggregates of wet material. This could be induced either by in-

coaplete disaggregation of filter cakes, by using excessively wet 

feeds or by pre-foraiag devices such as extrusion. The quantity 

and size of seeds could not be adequately controlled and the 

pelletizing process resulted in pellets of highly irregular sizes 

in the finished product. Controllable foroation of pellets would 

require the maintenance of a steady circulating load of seed 

pellets in proportions depending on other rolling variables such 

as feed rate to the druo, diameter of the drua, speed of rotation, 

moisture content of the feed etc. 

5.8 Pelletizing Wet Powder With Seeds. 

preliminary ezanination showed that a feed containing 

7.5 to 12.5^ Doisture could coat seed pellets without further 

addition of water. The average dieaeter of the seed pellets 

produced after pelletiziag was approximately the saoie as that of 

the seeds added initially; this was in the order of 0.3 inches. 

Yt'ith the above Doisture content in the feed, pellets forned 

rapidly, in about one oinute, provided that the amount of seeds 

was in excess of 100^ of the feed. In view of this nearly constant 

period of pelletising, the initial aiiount of powder in the drua 

could be regarded approximately as the equivalent feed-rate in 

graa. per ninute. The rapidity of pellet formation also enabled 
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v&ter addition to be discarded, eliminating e variable in tiie 

process, 

Pelletizings 

111 this investigation5 a mixture of seeds (9,8^ H^O) 

and powder {lO.O^ H^O) tfas adder: to the druu end pelletized for 

tvro ainuteo. The first minute was intended for pellet foraation 

and pellet growth and the second minute for final rolling and 

coapaction to itapart greater strength to the pellet. The load 

vr&a then renoved and the anount of pellets produced determined. 

In increase in the anount of seed pellets after 

palletizing indicated an increasing circulating load in a con-

tinuous process. On the contrary, if the anount of pellets 

had decreased, the circulating load of a continuous process would 

have diminished. Consequently, a stable circulating load wao 

indicated by a production of pellets equal to the quantity 

initially added to the batch-drua. 

Feed-Ratei 

The effect of the feed-rate on the stability of the 

circulating load was investigated by means of batch testing with 

different equivalent feed-rates and different equivalent circu-

lating loads, in different sizes of druas. The results are shown 

in Pigs. 1, 3 and 9. 

The amount of seed pellets produced in each batch 

depended on the initial ratio of seed pellets to powder, and on 
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the initial &;„:ount of powder in the lo&d. For a given equivalent 

feed-r&te in a givsc drum, there appeared, to be a corresponding 

equivalent circulating load. In a drum rotating at a constant 

velocity, e, high ecuivalezt feed-rate ge.ve a lor equivalent stable 

circulating load and conversely, a lo? equivalent feed-rate resulted 

a high equivalent circulating load. In practice, the rate of feed 

and the circulating load can fluctuate independently or simul-

taneously. If the circulating load momentarily falls below or 

rises above the stable circulating load, the aaount of seed pellets 

viil gradually accumulate or diminish accordingly until a stable 

circulating load is again reached. A suddez fluctuation in the 

feed rate will also result in a temporary lower or higher percentage 

circulating load. If the percentage circulating load is lowered 

i.e. by an increasing feed rate, the amount of seed pellets will 

adjust itself until a new equilibrium is reached. On the contrary, 

if the percentage circulating load is raised i.e. by a decreasing 

feed rate, the aaount of seed pellets will be altered to another 

equilibrium condition so that the new circulating load corresponds 

to the new feed rate. This process is self-adjusting and can 

tolerate limited fluctuations, if adequate arrangements can be 

made to handle the surge of seed pellets. 

During the investigation, it was also observed that 

little mixing between the seeds and the powder occurred when the 

total load in the drua was saall. In a 14" drum insufficient 
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mixing iras found in a load of less than 0.5 kilogram of mixture. 

After prolonged rolling, however, numerous very saall pellets 

having a diaaeter of the order of appeared but they failed 

to grow in aize. It seeded that the formation of excessive seed 

pellets was mainly due to the rolling of net material without 

sufficient agitation, aad the failure of growth of seed pellets 

was attributed to inadequate contact between the seeds and the 

powder owing to poor mixing. When the total load was increased, 

more thorough aixing occurred and pellet growth became rapid. 

The seed pellets coalesced with wet, loosely packed granules, 

forming bigger pellets with c loosely packed surface layer. These 

pellets worked their way to the toe of the charge and compacted 

there through rolling on the harder drum layer. As palletizing 

proceeded, these pellets were again subaerged in the remaining 

unagglomerated powder where they acquired yet another layer of 

material on their surfaceu. A layered structure of the pellets 

was thus resulted. Palletizing generally proceeded satisfactorily 

if adequate collision between the seeds and the wet powder was 

achieved. Proper mixing of the load during pelletizing was 

therefore essential. 

Interpreting the results of batch-pelletizing in terms 

of a continuous production process, the following sequence of 

events is envisaged; A soall feed-rate to a drun requires a 

larger aaount of seed pellets to make up a large total load 



facilitating aiziag and, therefore, pellet formation. If in-

sufficient seed pellets ere present, the total load in the drum 

is less and the rate of pellet growth will be slow. This causes 

a build-up of seed pellets resulting in a high circulating load 

for a low feed-rate. On the contrary, a large feed-rate only 

requires a small circulating load to make up the required total 

load in the drum. The stable circulating load for a high-feed 

rate is hence lowered. Further increase in the circulating load 

while the feed-rate is still high, gives rapid building-up of 

pellets owing to the increase in surface area of the seeds. Little 

powder material is left for the formation of new sead pellets and 

the circulating load, therefore, diminishes. 

5.9 Effect of I'/ioisture Content of Seeds and Feed on Pelletizing. 

Loading of the drua is, however, not the only require-

ment of good pallet foraation. The moisture content of the feed 

and the seed pellets are also important factors. 

Fewitt and Conway-Jones (35) reported that pellet 

formation wao rapid with a high moisture content in the feed and 

slow if the moisture content was decreased. Pelletizing of 

chromite concentrate was found possible with a feed moisture 

content of 7.5 to 12.5^ by weight, but its effect on the cir-

culating load remained to be investigated. This applied also 

to the moisture content of the seeds. 

A procedure similar to that used in previous inresti* 
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gations t/gs adopted in. this series of tasto, in which the seeds 

and the powder were pelletiaed in the 14" druca for two sinuteo. 

The adjuotnent of moisture content in the feed was regulated 

through the drying tiae during filtration, while the noisture 

content in the seeds wao altered by rolling thea in e drum. The 

results are ahovn in Tohles 6 and 7. 

TABLE 6 

Effect of Ivloiotiire Content iz Feed on Pelletizing 

Percentage water 
in feed 

percentage 
Circulating Load Percentage water 

in feed 
Initial Final 

15.0 100 140 

12.5 100 130 

A' 10.0 100 110 

8.7 100 150 

10.4 200 200 

Bo 10.0 200 210 

9.5 200 230 

Moisture Content in Seeds 9.0^ 

Equivalent Feed-Rate 1 - 1.3 kiio/ain (dry baoio) 

B - 0.9 kilo / n i n (dry basis) 
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TA5L 

Effect of iioisture Content in Seed Pellets on Pellatising 

Percenta te 

Per centage Circulating Lo ad 
Water in Seeds 

Initial Final 

10.5 100 150 

9.6 100 110 

9.1 100 110 

9.0 100 100 

Equivalent Feed-Rcte 1.3 kilo/aim (dry basis) 

Moisture Content in Feed lOfo 

It hc,D been ohoT/n in section 5.8 Fig. 8 that a 

circulating load could be maintained by a feed-rate of 1.3 kilo— 

gram per minute and a 200^ circulating load by a lower feed—rate 

of 0.9 kilogram per ainute, with a feed moisture content of lOfo 

and a seed aoisturo content of 9.8^. Hovever, the present teats 

showed that if the soisture content of the feed, was increased to 

over lOfj rapid formation of wet lumps of irregular sizes 

occurred resulting in a rising circulating load. If the aoiature 

content in the feed vas reduced to below that of the seeds i.e. 

-9.8^ the circulating load vac again found to increase (see Table 

6). 

It T/as noted that the feed showed a certain tendency 

to ford loosely textured granules, even after disaggregation. 
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This tendency iras observed to increase r/ith increasing aoisture 

content. The ezistsnce of a large aaount of such wet granules in 

the feed, capable of turning rapidly into seed pellets was believed 

to be responsible for the increase in seed pellets with excessively 

T/et feeds. In a feed with lor/ moisture content, very fex/ wet 

granules existed and hence, growth of seeds proceeded slowly by 

acquisition of a few grains at a tine. The incremental material 

v/as held to the surface of the seeds by pendular bonda. Owing to 

such slow growth; sufficient time wao available for the forz&tion 

of additional nuclei in the wet niaterial, resulting in excess 

proportions of --g-" pellets. In addition, abrasion of the com-

paratively dry pellets during rolling contributed to a decrease 

in +2~" pellets. On raising the moisture content of the feed the 

amount of snail, loosely packed granules increased. Growth of 

seed pellets by coalescing with these granules was rapid and 

resulted in a large aaount of+J" pellets and a snail proportion 

of seeds. This stage ?/as achieved with a feed aoisture content of 

the order of 10.6^, 

Table 7 shows the effect of moisture content of the 

seeds on the circulating load, with the moisture content of the 

feed kept at 10^. "Provided sufficient granules were present in 

the seed, a low Boisture content in the seeds did not affect the 

circulating load of the process. On raising the aoisture content 

in the seeds to excess, irregular accretions appeared on the wall 



of tho dru3. Dislodging of tMs Gccucsulatioii led to the forsietion 

of aeeds and rapid increase in the circulating load. 

The optimum racisture content for pelletizing this material 

was 10,0 to 10,5^ for the feed and 9 to 10^ for the aeeda. 

Ill practice the moiaturs content of the seeds cannot 

exceed that of the feed without further water addition. Hence if 

the aoisture content of the feed is carefully regulated, a stable 

circulating load can be obtaind. 

5.10 Effect of Drum Diaaeter on Circulating Load in Pelletizing. 

The diaaeter of the druia v/as expected to have an influence 

on the growth of pellets which depends on the collision between 

seeds and vet materials. The effect of drum diaaeter on the 

circulating load was, therefore, investigated. 

This was conducted by pelletizing a predetermined aaount 

of wet feed and seed pellets in a 14" pelletizing drum for two 

minutes after which, the product was removed froa the drum and 

screened for the determination of the aaount of seed pellets in 

the load. An increase in tho amount of seed pellets denoted an 

increase in the circulating load and a decrease in the aoount of 

seed pellets denoted the opposite effect. In order to examine 

the effect of drua diaaeter on the circulating load all the three 

laboratory pelletixing drums were used. They were of 12", 14" 

and 17" internal diameter. 
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It was found that tho 17"drua ve,s not only capable of 

handling a high feed-rate but could also operate at low feed-ratea 

without raising the stable circulating load appreciably. A smallar 

drut; worked well ^itk a comparatively high feed-rate and T.d th a 

high circulating load only (see Table 8). Consequentlyj fluctuation 

in the circulating load caused by changes in the feed-rate should 

be nore apparent in a sm&ll drua than in a bigger one. This was 

con finned by tests, the results of which are shown in Figs. 7, 8 

and 9. It can be seen that changes in the feed-rate did not alter 

the stable circulating load in the IT" drus, whereas any changes 

in the feed-rate in a sciall dru:~ affected the stable circulating 

load, 

TABKi; 8 

Feed-Rate of "Set Material to Drua for the Maintginaiice 

of g Stable "f're-deteraiaed Circulating Load 

(Feed-rate of vet material in g/'dn - dry basis) 

Percentage 
Circulating Load 

50 100 200 300 

Drum diameter : 14" 800 650 450 350 

Drun diameter s 17" 650-1000 450-1000 300-000 200-650 

Speed of rotation -"Gi et 125' /ain. 

The difference is thought to be due to the greater 

curvature of the wall of a snail dr.un .disposing the load at a 

steeper angle during pelletixing. A saall load readily causes 

segregation of the seeds froa the powder while a larger load leads 
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to cascading, both creating axcessive rates of seed forsatioa. 

With large druas having Trails of lessar curvature, segregation of 

seeds froa the powder does not take place evera at a comparatively 

sac.ll load, and cascading arises less readily. A large drun is, 

therefore, preferable to a snail one in respect of throughput and 

flesibility. 

5.11 Effect of Peripheral Velocity on Circulating Load in 
Palletizing. 

The growth of pelleiP vas expected to be affected by the 

peripheral velocity of the drum. Previous investigations (ref. 

section 5.8) shoved that a stable circulating load of 100^ could 

be aaintained by an equivalent feed-rate of 1.3 kilogran/ainute in 

a 14" drun rotating at a peripheral velocity of 125'/ain (34 r.p.n.) 

A change in this velocity Isd to an increase in the circulatin IZ 

load as shown in Table 9, 

T A B L E 9 

Effect of Peripheral Velocity on 

Percentage Circulating Load During Pelletizing 

angular velocity 20 rps 27 rpa 34 rpm 41 rpn 

peripheral velocity 75 '/%in 100 '/'..in 125 '/nin 150 '/nir. 

initial circulating load 100# 100^; lOOfc 100# 

final circulating load 160# 140^ 110# 120# 

Moisture content of feed 10.0^ 

Moisture content of seeds 9.8% 
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At iovzr psriplieral vaiocitiss (under '/•..aia) , little 

mining between the seeds and the vet material occurred and the 

frequency of collision decreased. This resulted in slow pellet 

growth and rapid formation of seeds. At velocities over 125'/ain, 

thorough raising took place, but the load ves carried too high up 

the T/ail of the drum, causing cascading. The pellets rubbed 

against one another end against the wall of the drum. The raellet 

size vaa reduced by tais abrasive action. This resulted, in a slow 

rate of pellet growth end facilitated the rapid formation of ne? 

seeds from the fines produced. A peripheral velocity of about 

125'/raia. appeared to be the optimum for efficient peiletizing 

vith the material and apparatus used in this investigf.tion. 

5,12 Bonding Mechanises in Green Pellets. 

The resists..?.ce of a pellet to deformation and breakage 

is attributed to bonding forces which may be grouped under the 

following headings. 

1. Surface tension effect. 

2. Physical interlocking. 

3. Cementation by binding agents. 

4. Forces of the physico-cheEaical nature. 

Surface tension effect. 

The effect cf surface tension forces on the strength 

of a wet pellet depends on the magnitude of the surface tension 
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of the liquid, the stf.te of saturation of the voids of the pellet 

and the wetability of the surfaces by the liquid. 

In the case of a pellet consisting of particles with 

hydrophiiic surfaces end with all the voids filled with liquid 

surface tension forCGQ can only exist at the surface of the pellet 

in areas ^ith concave meniscus facing the gas phase. In accordance 

r/ith the capillary theory, a negative pressure will then exist in 

the entire liquid phase inside the pellet, providing i'o with a 

certain tensile strength. Thus, the pressure exerted by a liquid 

of surface tensiosaV in a capillary of radius £ Tfhere the angle 

of contact is , is given by 2(y/r) cos G. This state of 

saturation v/as considered by Newitt and Conway-Jones (35) who 

reported a tensile strength of a magnitude of 1 to 3 Ib./sq.in. 

This state of saturation is rarely attained in a pellet. 

During pellet formation? air is trapped inside the pellet and the 

state of saturation is aore likely to be that of a "funicular" 

state (ref. Fig.2), which is normally regarded as a continuous 

network of water interspersed with air. It a lower moisture con-

tent, the water in the pellet will be further dispersed by air. 

It will centre round the points of contact of the particles in 

lens-shaped rings assuning a "penduiar" state. 

When a pellet is coaprsssed it will deforia before 

breakage eventually occurs. This deformation causes an increase 

in voluae in accordance with Reynold's principle of dilatancy (49), 
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end the voids, therefore, becorie leso saturated. In practice it 

nay be seen that the surface of a pellet appears drier on slight 

deformation by conpreosion, although its average moisture content 

remains unchanged. The saturation of the voids of a pellet can be 

regarded as having decreased and pendular bonds can, thereby, be 

formed. Further compression leads eventually to breakage, with 

the plane of fracture passing through the weakest points of con-

tact (i.e. the weakest pendular bonds). The strength of a pellet 

due to the presence of liquid in the voids, can be regarded as 

dependant on the strength of the pendular bonds. 

The surface tension forces involved in a pendular bond 

holding two spherical particles together has been expressed by the 

equation (35) 

F = Sir r T 

1 + tan -ff 0 

vhere F = pressure at point of contact 

T = surface tension of liauid 

G = seaii angle subtended by tas aeniscus (ssa Fig.lO) 

The equation shoxrs that F increases x'/itb decreasing value 

of &, i.e. the pellet strength increases with decreasing moisture 

content. This theoretical treatment applies only to spherical 

particles. For other particle shapes and configurations a decrease 

in the radius of tne ring of pendular water is not necessarily 

compensated by a corresponding increase in curvature of the 
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Ejeniocua. The cohesive strength ney fall with decreasing aoisture 

content. Chroaite grains are, however, fairly rounded in shape 

end this theoretical concept is, thus, applicable to this type of 

pellets, until further reduction of the moisture, content creates 

no increase in the curvature of the meniscus to compensate for 

the decrease in the radius of the ring ofpondular liquid. 

The effect of water content on the compressive strength 

of chroaits pellets ivas investigated experimentally. Pellets 

dried in still air at room temperature exhibited a gradual 

increase in compressive strength with decreasing moisture content 

as shown in Fig. 11. The Eiasioua compressive strength occurred 

at an average moisture content of 7.8^. On further drying, the 

coapressive strength decreased in agreement with the above theory. 

Physical interlocking. 

Mechanical forces of cohesion arising from surface 

roughness and irregularity of the particles may cause physical 

interlocking on a scale ranging from macroscopic to suloaicroscopic. 

ChroDita grains commonly shov fissures, cracks and pro-

truding corners, although they are generally rounded in shape. 

In a pellet with particles lying in close proximity to one 

another, application of pressure aay result in mechanical inter-

locking of particles and actual welding of points of contact. 

Firth (30) considered the compressive force exerts^ by a pellet 

resting entirely on a single grain. On account of the very snail 
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areas of Gctual contact between grains, point pressures equivalent 

to several thousand p.s.i. were reported to be possible. In 

actual practice, a pellet is likely to lie on a group of grains 

instead of one grain at a tiae, but the pressure imparted is still 

high if the weight of a whole coluum of superincumbent pellets is 

taken into consideration. This suggests that pellets produced in 

a drum with a big load are stronger than pellets produced in a 

drum having a s^all load (see Table lO). Table 10 deaonst'jcates 

the effect of drua loading on the coapressive strength of the 

pellets, the moisture content of the pellets and the pelletizing 

tine being the saae in each test. 

It aay be seen that the compressive strength of the 

pellets rose as the load was increased frou 800g to ITOOg. 

Beyond a load of 1700g, ho leaver, weaker pellets were produced 

owing to excessive cascading in the drun. 

During the process of rolling, pressure exerted on a 

pellet is transmitted from its surface to its core. The trans-

mission of pressure is progressively reduced in accordance with 

the sinple theory of transraission of pressure through a powder, 

so that particles at the surface of the pellet will receive a 

higher compressive pressure than those in the interior. In 

addition, successive layers are packed with increasing pressure 

during pelletizing because of the increasing weight of the 

growing pellet. The surface layer of a finished pellet is, 
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hence, most highly coaipressed. This phenomenon waa frequently 

observed in dissected pellets during the course of the praaent 

investigation. 

TABLE 10 

CoapresBiva Strength of Pellets Produced in a 

Drura Havinff Different Total Loads 

Total Load 
in Drum (g). 

Seed Pellets 
in Load (^). 

Compressive Strength 
(lb) 

800 25 1.2 

1200 25 1.2 

1700 25 1.4 

2900 26 1.4 

800 40 1.3 

1200 40 1.4 

1700 40 1.6 

2200 40 1.4 

800 60 1.1 

1200 60 1.3 

1700 60 1.5 

2200 60 1.5 

800 75 1.1 

1200 75 1.2 

1700 75 1.3 

2200 75 1.1 

Diaraeter of Druia 14" 

Speed of Rotation 34 r.p.a. (l25'/ain) 

"Pelletizing time 2 ain. 
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Ceiaentation by binding: sgeata. 

The presence of E binding agent nay cause deposition of 

solids at points of contact between particles cementing them 

together. The strength of this t y p e of bond depends on t h e 

physical nature of the solid deposited, as T/eil as on the adhesion 

of the binding ago-nt to the surface of the chrooite g r a i n s . The 

weaker of the two links will be responsible for failure of pellets 

under compression. Hence the :,jode of deposition of the solid and 

the surfa,ce conditions of the chrornite grains will contribute to 

the efficiency of this type of bonding. This aspect of the bonding 

Eiechan i sza is further discussed in s e c t i o n ( 6 . 4 ) . 

Forces of physico-cheiaical nature. 

Specific forces of the ionic or hoaopolar type exist, 

but, because of their short ranges, they aay be disregarded as 

granule-foraing bonds. On the other hand, distances between 

surfaces of grains of the order of 100£ There van der Waals forces 

have still significant values, aay occur in the granule complex. 

Of the several aschanisas of interaction included in thj van der 

Waals forces only the London. (69) (dispersion) force is additive 

for aoseiiiblies of atone and can be invoked to account for adhesion. 

The attraction between two spheres has bejn calculated by 

Hamaker (68). To a first approximation, the force (F) in 

vacuo between spheres of radii and , the surfaces of which 

are separated by a diat&nce 1 is given by: 



F 

78 

l2 ' + 

'where A ia a constant having a typical value of 10 to 10 

ergs. For particlea of ecual dianeter the equation is sinplified 

to s 

p = : ^ L g: 
2 

Moot of the chromite particles used in this invastigGtion 

are of the order of 60p , with only O.Qfo of the p&rticleo having a 

diaaeter of under 5^ . Lsbw,sing a separation distance 1 to be 

o 
lOA, the force holding two particles of 60p in dianeter can be 

— K . _ 3 

calculated to be of the order of 10 ^ _ lo gran, which is 

greater thai the r/eigiit of a particle (4 x 10 ^g). 

The van der Waals forces have been considered by Ruapf 

(70) who showed that for particles of the order of 60^, the 

capillary forces due to the presence of liquid responsible for 

the coaproesive strength of agglonerates ?as over 100 tines that 

contributed by the London forces. In green pellets, the London 

forces can hence be neglected. 

5.13 Effect of Eolling on Strength of Pellets. 

Newly foried pellets were comparatively ireak, and they 

failed to withstand conpressive forces exceeding one potjnd. 

Eowever, if they "/ere subjected to further rolling in a drua, 

a considerable increase in strength occurred, accompanied by an 
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ezpulaion of aoiatura the psllata (raf. Fig.18). Tbs effects 

of finishing rolling were therefore further investig&ted. 

Pallets of —4" +-g-" dicaeter fornad by adding rater to 

1,2 kilograms of dry material in the 14" peiletizicg drum, vers 

rolled in butchea in the drio at 185'/mia (34 rpm; for fixed 

periods and then removed for coapresaive strength determinations. 

The results are ahown in Figures 12, 13, 14 and 15. 

It was found that during the initial stages of rolling, 

ths coEipreBcive strength of the pellets increc.sed rapidly. After 

10 ain,5 further rolling provided no further gain in coopreaoive 

strength. On the contrary, a slight decrease in comoressive 

strength was observed up to a rolling tioe of 15 niinsbut, further 

rolling then resulted in a. rapid increase in the strength of tfc.a 

?st pellets. A cosipressive strength of 1.8 lbs. 'could be obtained 

after 25 min. of rolling. 

The grains of a newly formed pellet were loosely packed. 

The first stage of strength increase during rolling can be attri-

buted to compaction, i.e. progressively closer packing of grains 

in the pellets and reduction in voids. This, however, was 

accompanied by a rapid reduction in moisture content of the 

pellets (ref. Fig. 18, showing reduction of moisture content 

during the first 10 min. of rolling.) The sinultaneous reduction* 

in voids and moisture content could result either in an increase 

or decrease in the saturation of the voids, affecting the wet 
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bonding of the grains directly. Fig. 16 ahowa that there is o. 

constant difference between the rret and dry strengths of the 

pellets during the first 10 oriin. of rolling. If this difference 

were to be attributed mainly to the surface tension effect of the 

liquid, the saturation of water in the voids can be considered to 

be approximately constant. The increase in the green strength of 

the pellets at this stage is, therefore, mainly due to the increase 

in the co-ordination nunber, with nore frequent aechanical inter-

locking of particles. 

After the first stage of rolling, the rate of removal of 

water froe the pellets becomes slow (see Fig. 13, showing slower 

rate of rater expulsion after 10 E i i n s . of rolling). However, the 

increase in dry strength still continues (see Fig. 16) while the 

green strength of the pellets is lowered (see also Figs. 1 2 , 1 3 , 

14 and 15). Hence, it can foe considered that the reduction in 

voids continues to proceed during the second stage of rolling 

while the saturation of the voids rises. A lowering of the com-

pressive strength owing to the increase in void-saturation is, 

therefore, resulted. 

When compaction has reached its limit under the given 

conditions in the drum, further rolling is still accompanied by 

slow removal of water. The saturation of the voids is once again 

reduced and the strength of the pellets therefore resumes an 

upward trend through rising surface tensional pull. The aechanism 
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in the last stage of rolling is indicated ia Fig, 16. There is 

no increase in the dry strength of the pellets although the wet 

strength of the pellets rises rapidly with a longer rolling time. 

Surface tension is the chief factor contributing exclusively to wet 

strength. The relationship between pellet strength and rolling 

time can be regarded as being due to two separate super-ianosed 

bonding laechanisias s bonding by pendular water and bonding by 

interlocking of particles in the pellets. 

Fig. 17 shows a similar relationship between pellet 

strength and rolling time for pellets formed with wet raaterial in 

the presence of seeds. 

5.14 The Concept of Water Migration During Rolling. 

The removal of water froa the pellets during rolling and 

compaction is partly responsible for the increase in the green 

strength of the pellets. The mechanise of water removal therefore 

merits attention. 

It wc-G stated earlier that the water in the pellets is 

probably in a "funicular" state, with air partially occupying the 

voids of the pellets. This air could either be connected to the 

atmosphere through channels or form isolated air pockets, entirely 

surrounded by solid walls and water. During the initial stage of 

rolling, closer packing of the chromite grains occurs and owing 

to the process of rearrangement of the grains, the pellets tea-
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porarily expand, in volume before contracting again to a new, 

closer stats of packing. The voids in the pellets swell and 

shrink accordingly. 

In the case of a pellet having alEost all the voids 

saturated with water, but containing a few isolated air pockets, 

rolling caused "jater migration to the surface of the pellet where 

evaporation and transfer of aoisture occur. If the wall of drua 

is drier than the surface of the pellets, the moisture will be 

picked up by the wall of the drus where evaporation will also 

take place. In addition the water can also be transferred to less 

water-saturated materials in contact with the pellets. The latter 

contributes to further pellet growth through picking up loose 

material on contact , 

The lEoveaent of water is due to two factors; 

1) Progressive compactions which squeeze out any excess 

Boi Bture. 

2) The centrifugal action produced by the rotation of 

the pellets during rolling. 

Rolling induces an outward flow of water frora the core 

to the circumference in the plane of rotation. This generates 

a region of low pressure at the core and, therefore, an inward 

flow of water along the axis of rotation of the pellet, i.e. at 

right angles to the plane of rotation. Changes in the plane of 

rotation occur owing to rahdoia rolling and collision with other 
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pellets. Tiiis causes correoponding shifts in the axis of rolling 

and; directions in the migration of water inwards along each new 

axis and outv/ards in the plane of rolling will also be affected. 

Continuation of this process of rater migration creates more un-

saturated channels and ultimately, aoveaent of w&ter to the sur-

face will draw air inwards along the axis of rotation. When this 

stage is reached, the shell of the pellet shows a higher aoisture 

content than the interior. 

This process continues until aiaxiraut.; close packing is 

reached. Under the conditions of investigation, this state was 

normally achieved after 15 ains. of rolling and the corresponding 

bulk density of dry pellets was of the order of 2.8 g/cc, of 

pellet. It the state of close packing, the small mean diaiaeter 

of the pores restricts novenent of the remaining water which 

assuaes a"penduiar" state. High surface tension effect prevents 

conplete resoval of water fros the core to the shell and evaporation 

should then occur throughout the pellet. This is faster at the surface 

than in the core, where the rate of evaporation would be limited by 

the rate of diffusion of water-saturated air to the exterior. 

This concept of reduction of water content in the pellet 

was ^supported by experimental evidence of the changes in water 

content and distribution of water in the pellet during rolling, 

1 load of pellets was subjected to rolling in the 14" drum . 

rotating at a peripheral velocity of 125'/ain. (34 rpm). The 
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average moisture content of the pellet was found to decrease 

rapidly during the initial 10 tains, of rolling (see Fig. 18). After 

this period, the reduction of moiature content bec&me s l o w , coe j -

parable to that of pellets drying in a gentle stream of air. The 

period during which the rapid decrease of moisture occurred, i.e. 

during the inital 10 min. of rolling (see Fig. 18) coincided with 

the period of rapid pellet strength increase during rolling, which 

also occurred during the first 10 oin. (ref. Fig.16). The increase 

in the dry strength of the pellets vas attributed to progressively 

closer packing of the grains and the same mechanism is held res-

ponsible for the rapid reduction of water in the pellets. Figure 

18 also shows that the snoistiire reduction in o, small load (400 g) 

was Liore rapid than that in a bigger load (2600 g). During 

rolling of the bigger load, it could be seen that only the pellets 

at the toe of the load rolled freely. Other pellets either tumble 

on one another towards the toe of the load or they are pinned to 

the wall of the drum by an overlying groun of pellets. The drum 

with a saall load inparted to each pellet more continuous rolling 

action accoapanied by longer exposure to the ataosphere. This 

underlines the importance of rolling action of the pellet in 

the process of water reduction. 

These pellets showed a difference in moisture content 

between the core and the shell. The shell was found to be,more 

saturated. This phenomenon was further investigated. 
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Hand moulded pellets, having a uniforn noisture content 

v/ere roiled in a drua, After rolling, the moisture content of 

each pellet was found t o have decreased, but the shell had a 

higher moisture content than the core. The water appeared to 

have been redistributed within the pellets by gradual aoveaent 

froni the core t o the surface where water could be reaoved. This 

continued until t h e average aoisture content in the pellet was 

about B.5fo by weight. The aoveaent of water fron the core to the 

shell then stopped, drying took place more rapidly at the surface 

where the aoisture content gradually fell below that of the core. 

This laoveaent of water froa the core to the shell was not observed 

during drying of the pellets in still air without rolling. The 

shell dried consistently at a higher rate than the core. Results 

of this part of the work are shown in Table 11. A siailar effect 

was observed on rolling a cylindrical briquette on its axis in a 

drum. It was concluded that the aoveaent of water iron the core 

to the shell is attributable to the rolling action of the pellets. 

TABLE 11. 

Water Distribution in Core and Shell of Pellets 

pellets 
air dried 

for 30 ains. 

pellets 
rolled for 
20 ains. 

i pellets, rolled 
! for 15 sin, and then 
air dried for 20 ains. 

pellets 
rolled for 
20 ains. 

Shell Core Shell Core Shell Core Shell Core 

10. 

EjO 

11. 8.6^ 

HgO 

8.4# i . o f o 

HgO 

?.6# 

H O 
^ 1 

8.3# 

HgO 

8.0# 

«2« 

Initial moisture content of pellets 12. 
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5.15 Effects of Drug Diameter and Velocity on the Strength 

of Pellets. 

For the purpose of this investigartion, 1.2 kilogran of 

-ill +-|-ii pellets were rolled for 5 min. and 20 ain. in the 17", 

14" and 12" steel druao. The values of the conpressive strengths 

are shown in Table 12. 

TABLE 12 

Effect of Drua Diaceter on Strength of Pellets During; Rolling 

Rolling load - 1200 g. fg" pellets - dry basis 

Peripheral velocity - 126'/uin. 

Length of drurjs - 1 foot 

Drua Diameter 17" 14" 12" 

Load in kg./foot 
drun dian. 

0.70 0.06 1.00 

Percentage increase 
in strength after 5 
sin. rolling 

35 40 40 

Percentage increase 
in strength after 
20 rain, rolling 

56 80 85 

Earlier in this work, it T/e-s reported that a 14" drun, 

rotating at 185'/ain. (34 rpa), required a load of 1.7 kilograa 

(dry basis) of pellets to produce the best effect in 

itapaljrtin.g compressive strength to the pellets. This load corres-

ponds to 1.2 kilograrj of pellets per foot diameter per foot length 

of the drua. L larger or smaller load employed during rolling 



- 9 1 -

tended to produce weaker pellets. The present series of tests 

again showed that the closer the load approached 1.2 kilograa/ 

foot diaa. per foot length of drujm, the greater was the pellet 

strength. The diaaeter of the drum alone had little apparent 

effect in this respect. 

The optiraum increase in strength obtained by rolling a 

load approaching 1.2 kilograa/foot dian./foot length of drua can 

be explained as follows. A staall load (under 1.2 kilogram/foot 

diam./foot length of drua) does not exert sufficient pressure on 

the pellets to cause adequate interlocking and welding of the 

grains. A larger load provides higher conpression to the pellets 

at the bottoa of the load resulting in greater strength increase. 

However, for loads over 1.2 kilpgraa/foot diaa./foot length of 

drum, cascading action is induced. This weakens^ the pellets and 

lowers their resistance to conpression. 

The effect of the peripheral velocity of the drua on the 

strength of the pellets was investigated using a 14" diao. drum. 

Charges of 1.7 kilogram of pellets were rolled at 20, 27, 34 

and 41 rpn. for fixed numbers of revolution. The conpressive 

strength of the pellets are shown in Table 13. 
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TABLE 13 

Effect of Peripheral Velocit-/ on Coaprsssive Strength 

of Pellets During Rolling^ 

angular velocity 

peripheral velocity 

20 rpn 

75 '/din. 

27 rpa 

100 '/sia 

34 rpEi 

125 '/z^n. 

41 rpa 

150'/oin. 

Percentage increase 

in conpressive 

strength after 

170 revs 12 37 28 -Percentage increase 

in conpressive 

strength after 
680 revs 36 46 67 25 

^ Original coapressive strength of pelleta 1.1 - 1.2 lbs. 

The bast increase in strength of the pellets xvas observed 

at a peripheral velocity of about 125'/cin. Higher or lower 

velocities gave weaker pellets; higher velocities caused the 

pellets to cascade while lower values showed progressive failure 

to lift the load high enough for efficient rolling. 

It is concluded that the main factor responsible for 

theincreas e ctf strength is rolling the load without cascading. 

This is governed essentially by the load in the drum and by the 

peripheral velocity. However, for the purpose of rapid removal 

of water during rolling, the load in the drug should be small. 

It may be stipulated, therefore, that rolling with a relatively 

high load for rapid compaction followed by rolling with a snail 

load for water removal will give the best finished product under 

any set of conditions. 
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5,16 Drying of Pellets. 

Drying of pellets in still air was found to be very slow. 

Moot water was lost froo the shell of the pellets. (Reduction of 

average aoisture content by Vfo was achieved after 25 ain. drying). 

During this process, water oenioci at the surface of the pellets 

retreat^ inwards, towards the aore restricted cross sectional 

areas of the capillaries. This causes an increase in the cur-

vature of the Denisci of water in the channels. The surface 

tension force is thereby increased and is responsible for pulling 

the water froa the larger capillaries to the smaller ones until 

eventually all the regaining water is collected round the points 

of contact between particles. On further drying, this pendular 

water shrinks further towards the actual points of contact of the 

particles and, if a soluble salt or a fine suspension is present 

in the liquid, saturation is reached as evaporation proceeds and 

the deposition of solids occurs. 

The process of drying is, however, complicated by the 

fact that as evaporation proceeds the surface tension of the 

liquid nay rise. Since evaporation occurs core rapidly at the 

surface of the pellet a concentration gradient and hence, a sur-

face tension gradient is created. It is suggested that, aided by 

capillary action, the eurfrce tension gradient can induce a slow 

creep of water to the surface of the pellet along the channels 

and solid surfaces of the pellet. Eventually the point of 
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saturation is reached and salt io deposited at the surface of the 

pellet, increasing the surface tension of the liquid in contact 

with it still further. The deposition of salt provides nuaerous 

capillaries between the salt crystals and thus encourages capillary 

action. More salt-bearing liquid then noves to the surface and 

deposits acre salt as it evaporates. Continuation of this pro-

cess leads to a visible accumulation of salt at the surface of 

the pellet. This phenomenon is specially marked when drying takes 

place slowly in air but is less apparent on rapid heating. This 

taay be due to the fact that 'Creeping"of the solution proceeds 

rather slowly so that on rapid drying the deposition of salt is 

nore evenly distributed throughout the pellet. 

The dried pellets are conparatively weak and are easily 

abraded. Firing to a high teaperature is necessary for the 

provision of higher strength and abrasion-resistance for subse-

ouent treataents in this beneficiation process. 
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6.0 HARDENING 
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6.1 Introduction. 

The strength of a green pellet is partly due to the 

surface tension of the interstitial liquid and partly to the 

intimate interlocking of particles as discussed in section 5.12. 

However, the liquid is ultimately removed from the pellet by drying 

end when this stage is reached, the bonding forces due to the 

presence of the liquid disappear. The pellets become brittle 

and are easily abraded. Even before drying, the wet strength of 

pellets is inadequate for repeated handling, stockpiling or 

shipment. It is normal practice, therefore, to subject pellets 

to some form of heat treatment which impacts to them crushing 

strength of the order of hundreds or thousands of pounds. 

In the present work, firing serves the dual purpose of 

hardening the pellets through sintering at c/ high temperature 

and of reducing the iron in chroaite to an acid-soluble state. 

The mechanism of sintering. 

Sintering is a thermal treatment of a loose or compacted 

aggregate of fine particles for the purpose of producing large 

and physically strong agglomerates by causing welding of 

particles to each other. This process can be appliedto a homo-

geneous material e.g., sintering of pure metal powder or to a 

heterogeneous substance e.g. sintering of ores. Jones (71) 

suggested that the mechanism of the sintering of a homogeneous 

metal powder could be generalised as a sequence of two phenomena: 

(Q) adhesion and welding of surfaces at points of 
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actual contact and (b) change in shape of the particles to provide 

stronger joints. Without (Q) there io no sintering and without 

(b) there is no densification. 

Thonas (72) postulated that the naterial at the points 

of contact has beon subjected to high pressures at one stage ot 

another. Localised deforcations are thus invariably present and 

a state of high energy exists. In consequence, there is a 

tendency for the dislocated atons to rearrange theaselves until 

a lower energy state is again reached. Diffusion and recrystalli-

sation at the points of contact will, therefore, proceed whenever 

atonic nobility permits. 

At roon temperatures, the nobility of the atons is low 

and the process proceeds slowly. At higher teaperatures and with 

increased mobility, diffusion and recrystallisation nay occur 

rapidly, resulting in a sharp increase in pellet strength. At 

the sane time the surface energy of the particles also tends to 

decrease to a lower value owing to the reduction in surface areas 

of the grains. The irregular surfaces of the particles becone 

snoother and the particle, shape less angular. Scalier grains 

coalesce to forn bigger particles initiating welding end grain-

growth. 

Rhines and co-workers (73) suggested that the process 

of welding and grain-growth is partly due to an evaporation-

condensation process in which the vapour pressure of the material 



at the convex surfaces of the grains io believed to be lower 

than that at the concave surfaces, Subliaatioa at high tempera-

tures can, therefore 5 occur resulting in an increase in thickness 

of the welded joints at the points of contact. This aechanisa 

vas also held responsible for the formation of smoother surfaces 

of the particles. 

The process of sintering is noraally accompanied by 

densif i ca.tion of the aggregate through reduction in voids as well 

as through redistribution of naterial in the cocpact. Investi-

gations of the process of redistribution in the field of powder 

dotallurgy have led to the observations of various aechanisas 

including grain boundary diffusion (74, 75), bulk diffusion (76, 

77)5 plastic flow (78) etc. In the case of sintering hetero-

geneous materials like ores, another aechanisa of sintering 

should also be considered. Sufficiently high teaperaturea nay 

cause the formation of a liquid phase rhich, on cooling, solidifies 

to provide bonds contributing on the high fired strengths of the 

sinter. 

Factors influencing sintering behaviour have been investi-

gated eapirically in the treatnent of materials such as alunine 

( 7 9 ) ; nickel oxide ( 8 0 ) , quartz ( 8 1 ) , sodium chloride (82) etc., 

and a great volu:ie of literature has been published on the 

sintering of iron ores and iron ore pellets. 

Holoiyaty, Goldfein and Sheets (83) studied the influence 
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of the characteristic of the feed on the production rate of 

sinter in the sintering of iron ore^ & Wild and co-workers ^84, 85, 

86, 87) examined the fundamentals of sintering and their appli-

cation to the industrial sintering processes. Their investi-

gations include the rate of heat transfer, the relationship 

between sinter strength and temperature history, pressure gradient 

through the sinter bed etc., vhile the •echsnisns and kinetics in 

coonerjBial sintering practice were examined by Davis and Mitchell 

(88 ) . 

Investigating the sintering of magnetite pellets under 

reducing conditions, Cooke and Sto^asser (40) observed recrys-

tallisation of the magnetite grains and slag foroation as bonding 

aechanisas in fired pellets. Under oxidizing conditions, however, 

haematite grains vere produced and hardening was found to be due 

nainly to diffusional bonding of these haematite particles. No 

slagging was observed and the increase in strength of the pellet 

was greater t^an that fired under reducing conditions. These 

observations were supported by the findings of Cooke and Ban (37) 

who also obtained stronger taconite pellets under oxidizing con-

ditions. Through studying the taicrostructure of the pellets they 

reported (51) that slag bonding, diffusion, re crystaliization and 

crystal growth were possible uechanisns of sintering. Similar 

nechanisns of sintering were also reported by Urich and Han (45) 

who noted that small grains gradually disappeared to fore bigger 
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ones during the process of hardening. The aechanisn of sintering 

of iron ore pellet rms further investigated by Ridgeon, Cohen and 

Lung (43), using haeaatite pellets. It T/QS concluded frou X-roy 

•icroradiography (57) that under oxidizing conditions the pellets 

were hard but the porosity of the pellets was not increased. The 

haeaatite flakes were observed to re crystallise and shrink, re-

sulting in a highly porous structure. Firing under reducing con-

ditions, on the contrary, led to the foraation of closely packed 

equiangular negnetite grains. The porosity of the pellets w&s 

reduced and fusion of adjacent pellets into large aggregates was 

a risk necessitating a high degree of tenperature control. No 

changes in the aicrostructure were observed x/hen a saall amount 

of inorganic binder was incorporated in the pellets. 

In the hope of achieving greater econony through reduc-

tion in fuel consumption at lower firing temperatures, and in 

order to iaprove the sraelting behaviour of 100^ pellet burden in 

blast furnaces, attenpts have been made to incorporate fluxing 

agents in the pellets, ivierklin and De Vaney (52) used doloaite 

as a flux for taconite pellets but reported that the addition of 

dolomite alone resulted in weaker pellets. This contradicts the 

findings of Licono and Krarrer (89) who employed dolomite as a 

fluxing agent in the sintering of iron ore. In the presence of 

bentonite clay and soda ash, however, I/lerklin and De Vaney (52) 

found the fired strength of the fluxed pellets to increase, 
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accoapaiiied by extensive shrinkege. Limestone and borax vere 

used by Ban and Srk (41) who reported an improvement in the 

quality of pellets. On the other hand, Rcvenski (90) found that 

a high degree of disintegration occurred on drying pellets con-

taining line as fluxing agents. 

A major disadvantage in the addition of fluxing agents 

lies in the increase in fusion and slag sealing the voids in the 

pellets after firing. In the case of iron ore sinters, the 

efficiency of the gas-solid reaction is reduced ( 9 1 ) and for 

chroaite pellets this would obstruct the penetration of acid 

during leaching of the reduced iron. 

No reference has been found in existing literature to 

the sintering of chrocnite pellets. Owing to the high nelting 

point of chroaite and snail anounts of associating gangue (nostly 

serpentine), formation of slag is likely to be a subordinate 

factor in sintering such pellets. Diffusional bonding of 

chroaite appears to necessitate high tenperatures. Oxidizing 

conditions are not available and selective reduction of iron 

oxide is a necessary condition for the subsequent leaching stage. 

The problems and r.echanisas of hardening chrornite pellets are 

thus very different froa those of the apparently sinilr.r process 

of sintering iron ores. 
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6.2 Importance of Uoing a Binder. 

''Jhen all the moisture in pellets has evaporated and before 

high-temperature bonding is reached, the pellets ere weak and have 

low resistance to iopact, compression and abrasion. Incorporation 

of a suitable binder normally helps to provide the pellets v/ith 

sufficient strength in the dry state. It also prevents the dis-

ruption of pellets during rapid drying. 

When green pellets are dried rapidly, steaa is generated 

and if itsescape is obstructed explosive disruption of the pellets 

can occur. Sewerynski and Wlazinske (56) reported that iron ore 

pellets consisting of very fine particles had to be dried very 

slowly and carefully in order to prevent disintegration, v/hereas, 

green pellets consisting of larger particles could be placed 

directly in an oven heated to 800°C without any bursting of pellets. 

In the presence of a suitable binding agent, however, even fine-

grained pellets could be dried acre rapidly without auch disinte-

gration. 

A binder, thus, has two functionsg 

(1) To prevent disruption by stears during drying, and 

(2) To raise the dry strength of the pellets. 

However, it must also be taken into consideration that 

addition of a binding agent can alter the behaviour of the pellets 

at high temperatures during sintering and this may lead to a change 

in fired strength. 
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6 . 3 Binders Used in Pelletizing Processes. 

Cooke c.ncl Stowasser (40) investigated the use of sodium 

fluoride, lime and aagnesiua oxide as binding agents. They 

reported that the first two additives did not prevent disinte-

gration of pellets while magnesium oxide yielded no improvement 

in pellet strength. Lime, however, promoted the oxidation of 

magnetite to haematite. This was attributed to the preservation 

of permeability in pellets by liae, facilitating gas-solid 

reaction, thus, resulting in more efficient oxidation. The 

addition of lime as a binder was also advocated by Sewerynski and 

•;'lazinska (56) who found that the addition of liiae could be used 

to lower the operating temperature during sintering . This was 

believed by Ban and Erk (4l) to be due to the formation of solid 

solutions of CaO, SiO^ and Fe 0^ and calciua ferrite. Calcium 

chloride was tried by Krotkiewski end Sewerynski (92) who reported 

that this binder increased the dry strength of the pellets. 

Another binding agent cammonly used in pelletizing iron 

ore is bentonite clay (20). Ban (SO) and Ban and Erk (41) reported 

that bentonite iaprovad the green, dry and fired strength of 

pellets and Ridgeon, Cohen and Lang (43) attempted to assess 

systematically the suitability of various binding agents for the 

pelletizing of flaky haematite. Their investigation included a 

variety of organic as well as inorganic conpounds. i.mong the 

organic compounds investigated were starch, dextrin, sulphite 
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lye and alginate products. These binding agents were found to 

burn out at temperatures well below those at which high tempera-

ture bonding could be reached and their usefulness was, thus, 

very liaited. Inorganic salts that proved more effective included 

sodium hydroxide, sodiua carbonate, potassium carbonate, calcium 

chloride, magnesium chloride and magnesium sulphate. Ail of 

these were found to yield a aarked improvement in the dry strength 

of the haematite pellets. Ko conclusions regarding the mechanise 

of the binding action were drawn from the investigation, and it 

was not discovered whether interactions with the binding agents 

concerned the haematite or the quartz gangue. 

Binding agents have also been employed in other pellet-

izing industries. Lang and Carveth (93) found that an asphalt 

binder was required to pelletize coal fines, and Sherwin and 

Stevenson (50) reported the importance of soluble salts in the 

balling of fertilizers. In investigating the pellstizing in 

cedent industry, Tonry (94) studied the use of starch, calcium 

chloride, waste sulphite product, sodiuia silicate, bentonite, etc., 

as binding agents. 

6.4 Binding Agents Investigated in this Project 

A aajor purpose of binder addition in this work is the 

prevention of disruption of pellets during rapid drying. This 

is a pre-requisite of high fired strength and was therefore in-

vestigated. In this connection, the suitability of various 



- 105 -

coaaioa inorganic coapounds as binding agents ?/r,s examined. Tlie 

present investigation included the tasting of hydroxides, fluorides, 

carbonates, chlorides, sulphates, sodiua cyanide, sodium silicate, 

and bentonite clay. 

Effect of binders on the prevention of distruption during rapid 

heating. 

Various proportions of selected binding agents were 

added to batches ( 1 . 2 kilogr&a/batch) of dry material in the 14" 

drum. Pellets were prepared by identical 2 iiiin. rolling, rotating 

at 34 r.p.m. as described in section 5.5. The -g-" pellets thus 

formed, were reooved without further rolling and were rapidly-

heated in a horizontal platinua tube furnace in an atmosphere of 

nitrogen. The rate of heating is shown in Fig. 19. 

Each batch was represented by 5 pellets on which visual 

observations were raade to assess the effectiveness of the binders 

to prevent disruption. 

Water and solutions of hydroxides, fluorides, carbonates 

and cyanides all failed to produce pellets surviving breakage 

before high temperature bonding was reached. Sodium chloride, 

sodium sulphate, ferrous sulphate, sulphuric acid and bentonite 

clay were found to be efficient. Of these, sodiun chloride, 

sulphuric acid, bentonite clay and sodium carbonate were further 

investigated to ascertain their suitability as a binding agent 

in the wet, dry and fired state. The comparative performances 
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of binders in the prevention of breakage during rapid drying ere 

shown in Table 14. 

For this purpose chroaiite briquettes of 1 inch diaseter 

and 15.0 grcn in weight, were used. The briquettes were nade-by 

compreGsing fine concentrates containing 9.3fo moisture, graphite 

and an appropriate binding agent in a cylindrical steel mould in 

a Mi lien Mounting Press, up to a pressure of 5000 lbs p.s.i, which 

was maintained for 5 sec. before the briquettes were ejected. The 

wet strength of briquettes was tested by radial compression using 

the Milien Counting Press or the Salter Compression tester, as soon 

as the specimen was produced. For dry strength determination the 

briquettes were dried in an electric drying oven at 150°C for 12 

hours. For the determination of fired strength, specimens were 

prepared by firing dried briquettes in a horizontal platinuB tube 

furnace in an atoosphere of nitrogen to a temperature of 1340^0. 

The rats of heating was set at 700°C/l5 nina. up to 700°C and 

then at 500°c/hour up to 1 3 4 0 ° C . The ciaziaua tenperature was held 

for 5 Liin. and the briquettes were then withdrawn to the mouth of 

the tube to cool in an emerging streac of nitrogen before being 

esposed to atoosphere. Radial coopressive strengths were deter-

mined in the Ivlillen Mounting Press and the results are shown in 

Tables 15 and 16. 
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TABLE 14 

Selection of Binding Agents. 

Binding 
''""•^Agents 

Cone, of 
Solution 

O Lr> o Lĉ  
OJ 1—1 I—1 

Comments 

Water X 

: NaCM X X 

Na^CO^ X X X X 

NaCl # # # X 

NagSO^ # # X 
Cracked; fused together and 

to container 

NaF X X X 

NaOH X X X X 

MaSiO 0 0 0 

KCl # # 0 0 

CaCl 0 0 0 

CafOH)^ X X X X 

MgClg X X X 

BeClg X X 

Cr(NO ) 0 X 

CrCl 0 0 0 X 

FeCl^ 0 X X Pellets very brittle 

yeso^ # # # X 

«2^°4 # # # # 
Sacked, fused together and 
to container with -19^ noln. 

HCl 0 0 0 0 Pellets very brittle 

Ha^Cr^O^ X X 

Borax # 0 X 

0.5% Bentonite Clay # 
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lABLE 15 

CoapresBive Strength of 1" Gbro&iita Briquettes 

Binding Solution Wet Strength 
(lb) 

Dry Strength 

(lb) 

1340OC Pirsd 
Strength 

(lb) 

Water 15 10 250 

0.5fo bentonite + water 15 25 1000 

5fo N&pCOq solution 15 RO 800 

5fo NaCl solution 16 20 1000 

5% BLSO solution 
2 4 

15 40 1600 

Sfo iJaCN solution 15 40 800 

Effect of binders on vet bonding. 

Table 15 shows thct there -sras no significant difference 

between the wet strengths of briquettes naade with various binding 

solutions. The concentration of solutions containing the various 

binders were of the order of 5^. Little change on the value of 

surface tension of wcter was expected, and consequently, the wet 

bonding of particles by an interstitial liquid would not differ 

greatly. 

Effect of binders on dry bonding. 

Table 15 also shows that the dry strength of the 

briquettes was lower than the wet strength in the absence of a 

binding agent, in accordance with the observation in section 

5.13, However, the incorporation of a binding agent increased 

the dry strength. In this respect bentonite clay and sulphuric 



TABLE 16 

Compressive Strength of 1340° C 1" Chromite Briquettes Made 
With Different Binding Agents and Different Graphite Addition 

1. 

Effect of graphite on Percentage C by weight 8 4 2 0 
1. 

strength with H^O binder Compressive strength (lb,) 700 800 800 250 

2 
Effect of graphite 
on strength with 
HgO + bentonite 

Percentage C by weight - 4 2 0 Effect of graphite 
on strength with 
HgO + bentonite Compressive strength (lb.) - 1550 1250 1050 

Effect of graphite on strength Percentage C by weight - 4 2 0 

3. 
with yfo NaCl + bentonite Compressive strength (lb.) - 800 500 450 

4. 

Effect of graphite on Percentage C by weight - 4 2 0 
4. 

strength with jfo HgSO Compressive strength (lb.) - 1450 1000 1100 

5i. 
Effect of HgSO conc. 
on strength of specimen 

with 2!fo graphite 

Solution concentration 2^ 1 ^ 0^ Effect of HgSO conc. 
on strength of specimen 

with 2!fo graphite Compressive strength (lb.) 1000 700 500 800 

6. 
Effect of HgSO^ conc. on 
strength of specimen with 
2^ graphite and bentonite 

Solution concentration 2^ 1 ^ 0^ Effect of HgSO^ conc. on 
strength of specimen with 
2^ graphite and bentonite Compressive strength (lb.) 650 650 650 12^0 

Y . 

Effect of NaCl conc. 
on strength of specimen 

with 4.̂  graphite 

Solution concentration 3^ 0^ Effect of NaCl conc. 
on strength of specimen 

with 4.̂  graphite Compressive strength (lb.) 1000 900 500 800 

i 

O 

\ 
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acid were core effective than sodium chloride and Godiura carbonete 

(ses Table 15). 

The difference in the effectiveness of various binders 

in the dry bonding of chrooite particles was not apparent. For 

the purpose of obtaining better understanding of different 

nechanisms of dry bonding, qualitative microscopic observations 

were oade on the drying of various binding solutions on a flat 

surface of a large luEp of chroiaite ore. 

It v;as observed that the salt crystals (sodiun chloride 

or Godiua carbonate) deposited by the evaporation of the binding 

solution were of various sizes depending on the rate of evapora-

tion. Glow evaporation resulted in the formation of large salt 

crystals on the surface of the ore. Little adhesion to the 

chroaite surface was observed and there was no salt crystal 

growing into or deposited in the cracks of the ore spocinen. On 

the other hand5 more rapid evaporation produced a large nunber 

of small cohesive crystals depositing on the surface as well as 

in the cracks of the ore. These crystals were found to be more 

difficult to remove. The coin bonding laechanisn between the Sivlt 

and the ore was therefore considered to be the deposition of salt 

in the cracks, resulting in aechanical bridging and interlocking. 

Observation on the drying of a bentonite clay suspension 

revealed that the clay particles were invariably deposited on the 

surface as well as in the cracks of the ore independent of the 
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rg.te of drying. Mociicnice.! reooval of the clepositad clay wes 

found difficult, indicating strong bondings between the clay and 

ths ore. 

EoT/ever, if the surfaca of the ore was contaninated 

with grease, depoaitod salt or bentonite clay du.3 to sioif drying 

v/Go observed only on the superficial surface of the ore. There 

v/as no adhesion or interlocking and the deposited solids fell off 

readily. 

Evaporation of a drop of 10^ sulphuric acid on the 

surface of a polished specieen of chronita ore was also observed 

under a microscope. It was found that the surface of the ore 

which had been in contact with the acid becane brighter and a 

residue of very ssall colourless salt crystals were deposited on 

the surface of the solid at the edge of the original drop of acid, 

indicating the dissolution of material into the acid and the re-

deposition of salt on its complete evaporation. The dry bonding 

of sulphuric acid can therefore be considered to be due to the 

ccaenting action of salt on chromite particles which had been 

cleaned by the corrosive action of the acid. An efficient dry 

bonding of chronite particles when sulphuric acid was used as a 

binder could therefore be expected, (see Table 15) 

The effectiveness of a binder in the dry bonding of 

chronite particles could hence be attributed to (a) the mode of 

deposition of solid fron the binding solution, (b) the nature 
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of the binder end (c) the clecnliness of the surface of the chronite. 

Effect of binders on bonding at hizh teoparoturea. 

The beh&viour of binders at the tenpercture of sintering 

ia of eouplei nature. With the exception of bentonite clay, oil the 

inorganic natari&lo teotecl would hcve evaporated at 1340°C unless 

reacted chenically with the ore to fora c coapound having higher 

teaperatur-j of evaporation. The fired strength of the briquettes 

would hence be unaffected by a binder„ It would be due noinly to 

the welding of chroaite particles and/or the formation of phases 

of glassy or crystalline structure. However, in this test work, it 

was found that different binders produced briquettes with different 

.conpressive strengths (see Tables 15 and 16). 

Tables 15 and 16 show the order of magnitude of increase 

in strength due to binders, when firing was taken to 1340^0. The 

strength increase was especially favourable with bentonite clay as 

binder (coapare runs 1 and 2, Table 16). However, the efficiency 

of this binder wo,s appreciably decreased by the presence of a 

saall aaount of aodiun chloride or sulphuric acid (see runs 2, 3 and 

6 in Table 16) which reduced the fired strength of briquettes froa 

the order of 1300 lb. to about 700 lb. 

The use of sodiuui chloride or sulphuric acid alone as 

binders brought a lowering of the fired strengths of the briquettes. 

This was more apparent when a 1^concentration of solution was used 

for the moulding of green briquettes, but at higher concentrations 
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of binding solutions, the fired strengths of the briquettes were 

again raised, (See runs 5 and 7, Table 1 6 ) . The fired strengths 

obtained with a sodiue chloride solution or a 3fo sulphuric acid 

were comparable to that reached witb a bentonite binder (see Table 

15). Fired strengths of briquettes laade with sodiura cyanide and 

aodiuu carbonate were lover (800 lb.) vhile the fired otrengtb of 

briquettes with no binding agent was only 250 lb. 

Qualitative analysis (98) of the gas emerging fron the 

furnace used for firing chroaite briquettes containing sodiua 

chloride and graphite in an ataosphsre of nitrogen, showed the 

absence of carbon dioxide, but at temperatures above 800°C silicon, 

chloride, hydrogen sulphide and traces of iron and aluininiurn were 

detected, indicating coaplex cheoical reactions. 

6.5 Sintering of Chroaite Concentrate Under Reducing Conditions. 

The aechanisj by which sintering of chroaite concentrate 

occurs has not been reported in existing literature. The present 

work was,therefore, directed towards investigating the sintering 

of chroaite pellets at various stages of firing and to a further 

understanding of the nechanistii of the process. The nicrostructure 

of the reduced ore pellets was ezaoined by nicroradiogrophic 

techniques and reflected light aicroscopy. 

The preparation of specimens for aicroradiography and 

for reflected light aicroscopy necessitated the impregnation of the 

porous aggloaeratee to avoid ezcessive fragmentation and grain loss 
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during grinding end polishing. Haaar gu.a voo generally 

satisfc-ctory for this purpose. 

For ni crorr-diography of thin sections, copper 

radiation wca used at 40 E.V. and 10 m.A. following the technique 

described by Cohen (95). Copper radiation is heavily absorbed 

by iron and c'lroaiun and little absorbed by all other olenenta 

present in the pellet section. The absorption is independent 

of the state of chenical conbination and depends only on the 

nuober of iron and chrooiua atoujs present* In the radiographs 

aiiaterial rich in iron and chroaiun therefore appears light, 

material free froa iron and chroaiuu and holes in the section 

appear black, and greys represent aaterial having intermediate 

iron and chroaiuu contents, e.g. chroaite or gangue containing 

iron. 

In this investigation chroaite pellets containing 

sodiu":; chloride as binder and a various anount of graphite were 

prepared by rolling in a 14" drua as described in previous cases 

ref. section 5.5). They were then dried and fired rapidly in 

an ataosphere of nitrogen to different tenperatures for five 

ainutes, C'OOled in a neutral atnosphere to rooa temperature and 

then subjected to compression tests. The results are shown 

in Table 17. 
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T1BL& 17 

V'S Strengths of Pallets Sintered 

to Various Temper&tureB 

^ Graphite 
in pellets 

4 a 

i 

0 

Cone, of NaCl 3oln 5^ 3^ 5fc 3f 5 / 0 3^ 

Wet .pellets 0.5 kg 0.4 kg 0.6 kg 0 . 4 kg 0.6 kg 0.5 kg 

100°C 0.6 h g 0.4 kg 0. 6 kg C . 4 kg 0.6 kg 0.6 kg 

400°C 0.7 kg 0.6 kg O.S h g c . 6 kg 0.8 kg 0.7 kg 

800°C 1 . 1 k g 1 . 4 kg 1.6 kg 2 . 1 kg 2.3 kg 2.6 kg 

1000°C 3.2 k g 6.6 kg 4.6 kg 8 . 0 kg 8.4 kg 9.2 kg 

1200°C 20.0 kg 24.0 kg 29.0 kg 

1300°C 40.0 kg 38.0 kg 30.0 kg 

1340°C 55.0 kg 60.0 kg 45.0 kg 

Effect of Graphite on Strength of Pallets: 

Table 17 ohovo th&t the preaence of graphite h&o a 

deleterious effect on the wet strength, dry strength and seni-

fired (below 1000°C) strength of the pellets. 

The decre&se in the wot strength of the pellets cF.n be 

attributed to hydrophobic propcrtioB of gr&phite p&rticlsG 

resulting in difficult wetting and hence, less effective bonding 

by the interstitial liquid. Oiaik rly, the decrease in dry 

strength in the presence of grcphite can e.lso be attributed to 

less efficient cementation of p&rticles rith hydrophobic surfaces 

when the binding agsnts have been deposited :.t the points of 
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contact of tha gr^izo. This arguoant ia in agreenant with the 

observation on the adbioion of binding agent on hydrophobic 

chrooite oyrfacs created by tLe coctBaination ?itL gre&oe &B 

disoacaed in aection 6 . 4 . 

On firing the pelleto to 1 0 0 0 ° C ; a gradual increaae in 

pellet strength w&s observed (see Table 1 7 ) . Thio increase in 

atrength could bo attributed to tne onset of sintering of solid 

resulting in an inprove.:jnt in pellet strengths Rowever, this 

could only proceed at points of contact of the ore particles. 

Where graphite particles separate the ore grains, sintering is 

initially prevented. and the coapressive strengths of such 

pellets fired to under 1 0 0 0 ° C is expected to be lower than that 

of pellets without graphite addition. For example pellets 

containing no graphite possessed a coopressive strength of 9,2 

kg. rhen fired to 1000 C but pellets containing 4^ graphite and 

fired to tne sa ê te.iperature only had a compressive strength 

of 6.6 kg. Lt temperatures above 1000°C an increase in pellet 

strength was observed ~'itr. an increase ii: graphite addition 

(see Table 1 7 ) . 

A study of polished sections of hard fired pellets 

revealed that at tenperatnres of 1200^0 or over reduction by 

granhite loads to the formation of inetallic iron (appearing white 

in photograph) cornnonly observed at tne grain surfaces binding 

adjacent particles togetner as shown in the photograph of a 

polished section in Plate 2(j- and B). The anount of netallic iroi 
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presszt deponds on the anount of graphite evailc.ble for 

selective reduction, and consequently t.ie nore highly reduced 

pellets ?i]l have core iron bridges which nay provide a higher 

compressive strength. An increc.se in conpressive strength 

obtained by reduction-sintering of briquettes at 1340°C was 

also observed. % e compressive strength was found to increase 

with increasing graphite (see runs 1, 2, 3 and 4 , Table 1 6 ) . 

Sintering of Chroaite at teaperatures in excess of 1000°C. 

Study of polished sections (plates 2A and 2B) and 

nicroradiographs (plate 3A and 3B) shows that the sintering of 

chronite pellets at high temperatures is caused by: 

(1) Cementation of particles by aetaliic iron bridges 

( 2 ) Diffusional bonding between chronite grains 

( 3 ) Diffusional bonding between garigue minerals consisting 

mainly of serpentine 

( 4 ) Bonding by glassy matrix as a result of softening and 

resolidification of gangue minerals. 

Sintering of chromite ore can bsobserved at a low 

temperature of 1340°C. Under reducing conditions, metallic 

iron bridges were foned cementing 

(a) chronite particles to Ciiromite particles 

(b) gangue particles to gangue particles 

and 

(c) gangue particles to chronite particles. (See Plate 2A). 

This type of bridge (appear as w.:-ite areas in the Plate) 
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conmonly occur individually but occaoion&lly they vrere 

reinforced by adjacent bridges of chromite (appear as grey 

areas in the Plate) or gangue material (not visible in the 

Plate) o Tiiey were distributed evenly throughout the pellet 

indicating unifora reduction at high temperatures» 

Plates 21 and 3A also show bridging of chroaite grains 

by diffusion at points of contact at a sintering teaperature of 

1340°C. This type of bonding w&B, however, not very extensive, 

and the original chroaite grain could still be observed to 

retain their granular outline showing no sign of conplete 

re crystallisation or alteration into secondary oinerals. 

Although the gangue was not shown in Plates 2A and 3A, 

microscopic ezaoination revealed tnat the welding of gangue 

particles to one another and adhesion of gangue to adjacent 

chroaite grains occur core extensively. The grains of the 

gangue appeared less angular and acquired a sooother outline 

than the chroraite parti cles. 

At tenparature of firing of 1600°C, bridging by 

diffusion of solids be caoe core extensive (see Plates 2E and 

3B). The neck of the joint between two particles generally 

becrpe thicker often resulting in the coalescence of oinaller 

grains to foru one larger particle. The extensive development 

of welding of particles frequently caused iron globules in 

the pellets to be trapped by adjacent chroaite or gangue 

naterial. The iron deposited within the chronite grains w. ,2 
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found to be completely or partially enclosed by constriction or 

sealing of the openings to the cracks or channels in the grains. 

As a result of this, the chromite grains assumed e smoother 

outline than at 1340°C (sea Plates 2B and 3B). 

In addition to the above mechanises of high temperature 

bonding, microscopic study of polished sections shov/ed that 

diffusional bonding of gangue minerals still occurred at ISOO^C, 

but, in addition, the formation of a glassy matrix with crystal-

line chromite and round metallic iron globules embedded in it 

?/as commonly found. This glassy matrix T/as probably derived from 

the Belting and resolidification of some of the gangue minerals 

in the agglomerates. However, no secondary crystals were observed 

to have derived from the resolidification of the gangue and no 

dissolution of iron into the gangue or glassy matrix was detected. 

On the contrary, complete re crystallisation of chroaite 

grains could be observed at this temperature of sintering, plate 

4 shows a typical chroaite grain which had recrystallised after 

firing to 1500°C under reducing conditions. A concentric zoned 

structure with various metal contents could be seen in the re-

crystallised "chromite", but the nature and composition of the 

material in the various zones had not been established. The 

extensive occurrence of the mechaniau of diffusion, re crystal-

lisation, and melting and resolidification in the pellets at 

ISOO^C resulted in pellets having a denser structure (compare 

Plates 2l and 2B, 3i, and 3B) . The pellets 
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were found to hcve shrunk by about 10^ in voluae after firing to 

1500°C. 

6.6 Methods of Sintering. 

Eorizontal travelling grates rad vertical shaft furncceo 

are at present the aoot videly used industrial appliances for 

ointeringo For sintering and pallatizing of iron ores, 

horizontal Bwigiit-Lloyd type travelling grate cachines are 

coouonly employed with firing techniques incluiing updraft, 

downdraft or c combination of both. Violetta (53) discussed 

the advantages of updraft firing on a horizontal grate, while 

downdraft firing was advocated by English and Morgan (54). Kurt, 

Meyer and Hausch (55), hovover, suggested using a travelling 

grate confoining the techniques of dovndraft burning and drying, 

and updraft cooling. All these practices, however, share the 

disadvantage of being unsuitable for efficient atnospheric control 

during firing and cooling ?hich is essential for reduction during 

the sintering of chronite pellets. Tne acid-soluble iron oust 

not be reozidised (l3) during the period of cooling crd to this 

effect, sintering in a vertical shaft furnace ia rnore suitable. 

This process of sintering can only be applied to lunpy material 

to ensure adequate gas passage tnrough the vertical column of 

charge rhich may be up to SO ft. in height. Tne principle of 

counter-flow in this operation facilitates efficient heat 

recovery frora all outgoing naterials. k cajor drawback lies 



PLAT3 2A. Polished Section of Chromite 
Agglomerate Reduced at 134QQC. 

FLATjjl 2B.. Polished Section of Chroaite 
Aggloiaerate Reduced at 1500*^0. 
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PLATE 3A. Mi croradio 
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hromite Briquette , 
40°C„ 
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PLATS 4. 

Microradiograph of Eecrystallised "Chromite", 

(v34o) 
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in the difficulty of naintaining c, unifora hot zone across the 

furnace so that no part of the charge is either over—fired or 

under-fired, 

/•jnongst the various types of vertical kilns, the plain 

cylindrical or rectangular shafts with external annular 

conbustion chanbsrs are the oost popular in established 

pelletizing practice. Cylindrical designs range in size up 

to sis feet in dianeter (43) but for furnaces of larger 

capacity, shafts of rectangular cross-sections are enployed, 

because they offer o, better cross-sectional tenperature 

distribution (59) » Oil is the fuel aost coranonly employed 

and heat froa exothermic reactions is so;netines utilised, e.g. 

in firing nagnetite pellets under oxidising conditions. 

With an external conbustion-chaaber, only the 

coabustion-products are used for heating the furnace burden. 

If coabustion of the fuel could be conducted internally, in 

the interstitial spaces of the furnace burden, heat losses 

fron the conbustion chamber fiouid be avoided. ^ snoll 

vertical shaft furnace was, therefore, constructed for this 

work in order to investigate tiie possibi lity of internal 

conbustion of town gas in the interstitial spaces of the 

burden. 

6.7 The Furnace 

The furnace consisted of a vertical refractory stack 

2' 6" hi,7b, with a circular cross section, tapering froa T" 



internal diaaeter at the bottom to 4" internal diameter at the 

top. The stack ?/G11 was 3" thick and waa constructed of five 

annular sections cast in Morgan Castable refractory which may be 

operated at temperatures up to 1650°C. The stack xras supported 

on a metal stand and was shielded by a cylindrical metal sheath 

of 18" diameter. The annular space between this shield and the 

refractory stack was filled with Stillite Wool for insulation 

(see Fig.21). In good firing practice, the stock line should be 

maintained at a constant level at the top of the furnace. This 

was to avoid damaging the pellets through physical end thermal 

shock and to attain a good heat recovery froia the waste gases. To 

this effect J it was arranged to supply green pellets to the furnace 

via an adjustable launder fros a small feed hopper supported above 

the furnace (see Fig.22). Pellets from the hopper discharged by 

gravity along the launder into the stack. Gravity flow of the 

pellets stopped once the stack was full but when the level in the 

stack fell, more pellets would roll in to maintain the stock line. 

The rate of throughput of the furnace and the level of pellets in 

the hopper had no effect on this feeding device. Fines produced 

in the feed hopper were renoved by aeans of a perforated section 

in the launder to orevant their entry into the furnace where they 

could cause blockage to air flow. 

Another pre-requisite of consistent firing is a steady 

rate of descent of the pellets through the stack. A discharge 

raechanisa was, therefore, fitted at the foottoa of 
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tii5 furnace. In its initial version, the nechanisa consisted 

of a circular netal table supporting the pellets in the ste.ck 

and of a peripheral scraper with a notor and ratchet drive. The 

scraper r/es intended to reaove a few pellets at a time, but it 

t/as found that discharge was irregular. A stationery load 

accunulated ever the centre of the table and unstable conditions 

occurred fron tioe to tine, resulting in the rapid escape of a 

large part of the furnace charge. 

The discharge table r/as therefore red&signed. The peri-

pheral scraper was replaced by a rotary spiral cutter which started 

at the centre of the table and extended to the edge in two 380° 

turns (see Fig.23). Rotation of this spiral blade by a aotor 

and ratchet device caused continuous outward displacement of 

pellets from the centre, and at the saiae tiae the presence of the 

blade prevented any avalanching of the charge. This method of 

pellet removal frou the centre resulted in a constant rate of 

vertical descent in the stack. Adjustments of the speed of 

rotation of the spiral and of the clearance between the stack and 

the table provided a choice of constant rates of vertical descent 

in the stack from 0.2"/uiino upwards, with —J" pellets. Pellets 

which were discharged over the edge of the table fell into a 

sealed hopper which completely enclosed the discharge mechanism, 

pellets cDuld then be periodically removed froc the hopper or they 

could be discharged continuously into a tank filled with water or 
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leaching solution, 

3&G and air for coEsbustion could be fed to the shaft 

through 16 ports arranged in groups of four at 11, 13, 15 end 

28 inches from the top of the stack (see Fig.21). Zach group 

of four ports vaa supplied from independentfy controllable ring 

main bustle pipes and the flow to each port could be adju'sted 

individually through altering the internal diameter of the gas 

ports by raeans of annular inserts of mullite tube. This raises 

the gas velocity and depth of gas penetration into the charge 

at any given rate of gas feed, and permitted adjustments of the 

temperature distribution across the stack. 

The range of gas port levels facilitated siting of the 

zone of combustion at different heights in the stack. It also 

permitted good control of the atmosphere during cooling of the 

burden. For cooling under oxidizing conditions, air was intro-

duced near the bottom of the stack while for cooling under a 

neutral atmosphere, this could be replaced by nitrogen or carbon 

dioxide. The air was supplied froia the compressed air main 

through a pressure-reducing valve| the combustion-gas was taken 

from the to*n gas main. 

The supplies of air and gas to the furnace were measured 

by means of rotameters mounted on a controlling panel which also 

housed a Honeywell 6-point temperature recorder and a Honeywell 

proportional temperature indicator/controller. Temperatures were 
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measured by laeans of 15 platinum/platinum rhodium thermocouples 

shielded by auliite tubes embedded radially at different levels 

in the wall of the stack. It was found necessary to have the 

thertaocouples protruding at least into the stack to avoid 

excessive masking of temperature changes by wall effects. The 

temperature at the centre and side of the shaft was also measured 

by means of two vertical thermocouples which could be raised or 

lowered inside aullite sheaths, suspended vertically in the stack. 

The thermocouples and those embedded in the refractory wall could 

be connected through a selector switch to the controller, or to 

the recorder so that any combination of six temperatures could be 

recorded and a seventh used for controlling the air/gas flow to 

the furnace. The selector switches further permitted instantaneous 

reading of any of the remaining thermocouple and it was possible 

to explore the temperature distribution in the furnace under 

different types of firing conditions. 

6,8 Firing Conditions. 

To facilitate preliminary firing runs without pellets 

or with only snail batches of material, a "permanent" inert 

furnace charge in the form of alumina pellets was prepared. 

These could be circulated through the furnace during adjustment 

of firing conditions and exploration of temperature distribution 

at various zones in the furnace. The alumina pellets were also 
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used at the completion of every run to naintein a full stack 

while the last of ore pellets were being fired and discharged. 

10^ water was added to the alumina pellets for pre-

liminary studies of the location and geometry of temperature zones 

in the furnace5 different combinations and methods of gas and air 

flows were used. 

In order to effect efficient preheating of the air 

employed for combustion, it was introduced at the bottom of the 

stack, so that, on rising, it was heated by the descending burden. 

Town gas was fed to the furnace through gas ports 11" from the top, 

It was discovered that the temperature distribution was very 

irregular, owing to poor gas penetration into the centre of the 

stack. Four isolated small hot zones occurred at gas velocities 

of 5 ft./sec. in restricted areas imaediately surrounding the gas 

ports as shown in Fig. 24. At higher gas feed rates (8 ft./sec.) 

the zones expanded, merged, and ultimately rose nearly to the top 

of the stack, where an excessively steep temperature gradient was 

resulted, but the gas inlet velocity remained insufficient to 

cause penetration into the centre of the stack (see Fig.25). An 

increase in the air supply only succeeded in raising the hot zone 

to the top of the furnace. The hot zone was at best of dome 

shape, supported by four "legs" rising froa the gas ports. Changes 

in the rate of burden descent had little effect on? the -geometry 

and location of the hot zone. 
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This condition waa remedied by using gas feed pipes of 

smaller diameters. This increased the gas inlet velocities and 

provided adequate gas penetration to the centre of the stack. L 

reasonably uniforsa hot zone was produced at approximately above 

the gas ports and extended upwards for a distance of about 6" (see 

Fig. 26). With the temperature in the hot zone at 1300°C the 

corresponding temperature at the top of the stack was in the 

region of 150-200^C, sufficient to prevent condensation of steam 

at the top of the charge. 

The hot zone could be moved towards the top of the stack 

by reducing the rate of descent of the charge or by increasing the 

volume of_ aii* supply. Conversely, the hot zone could be pulled 

further down the stack by increasing the rate of descent or 

decreasing the air flow. 

Differences in temperatures between the centre and the 

sides of the stack could be avoided only by very careful regu-

lation of the inlet gas velocity, Any sudden decrease in gas inlet 

velocity resulted in a cooler centre while a sudden increase in 

the gas feed velocity produced the opposite effect. It was, 

therefore, difficult to control the maiimuai temperature in the 

hot zone by altering the gas and air feed rates rithout adjusting 

the gas inlet velocity. For automatic control it w&a found most 

convenient to adjust the rate of throughput in the furnace so as 

to maintain a constant hot zone with even temperature distribution. 
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Preiiainary, tests had shoivia thct manganese diozife 

pellets disintegrated badly when fired in a crucible furnace under 

an ataosphare of totyn gas, but no breakage occurred under neutral 

or oxidizing conditions. Manganese dioxide pellets were, there-

fore, used to explore further the ataospheric conditions in the 

hot zone of the shaft furnace. It was found that only part of 

the pellets disintegrated in passing through the shaft furnace, 

and this XT&S accepted as proof that localised oxidizing regions 

existed in the hot zone. 

In reducing and sintering chromite pellets the hot 

zone must be entirely reducing and an oxidizing atmosphere is 

undesirable even in the cooling section of the furnace. 

Firing procedure was therefore changed so that air was 

admitted through ports 11" from the top of the furnace and town 

gas through ports situated 4" below. L streas of carbon dioxide 

or nitrogen was introduced through the lowest set of gas ports 

so as to act as a medium for heat recovery and to prevent any 

accumulation of town gas at the bottom of the stack. This mode 

of operation produced a hot zone 4-5" deep, at the level of the 

air inlet ports. The temperature was uniformly distributed 

(see Fig. 2?) and firing of manganese dioxide pellets indicated 

that the atmosphere of the hot zone was completely reducing 

even at a gas to air ratio of over 1:5. With this set-up, it 
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appeared tliet the gas-carbon dioxide or gas-nitrogen jaixtures 

ignited in an atmosphere of air in the interstitial spaces in the 

burden and the atsaosphere Immediately below the hot zone could 

thus be only reducing. 

This arrangement, however, failed to provide adequate 

preheating of the air and the temperature in the hot zone could 

not be raised above 1200^0 as compared with 1400°C obtained 

previously. In addition the fuel consumption for the same rate 

of furnace throughput rose to twice the previous quantity required 

to maintain a hot zone with higher temperatures. Nevertheless, 

the furnace was used to sinter chroaite pellets with a 5^ 

sodiuia chloride solution as binder and 4^ graphite as reducing 

agent. The pellets survived the rapid drying and preheating 

stages in the furnace without breakage. Extensive exfoliation 

of the pellet was again observed in the firing zone. The products 

were very brittle and unsuitable for further processing, 

Chromite pellets alao exfoliated extensively when fired 

in a crucible furnace under an attaosphere of town gas although 

firing under neutral or oxidizing ataospheres produced no dis-

integration. On the contrary, the pellets were actually found 

to be stronger (see Table 18). Hence the exfoliation and dis-

integration of the chroaite pellets in the hot zone of the shaft 

furnace could be attributed to the atmosphere of town gas. 
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TABLE 18 

CoEapreosive Strength of Pellets Fired to 120Q C 

in Crucible Furnace Under Various Conditions. 

Condition of Firing \ 
Strength of 
Pellets (Kg) 

Remarks 

Oxidizing with air 1 8 . 8 Pellets bluish; slightly 
magnetic 

Reducing with 2^ C. 17.5 Pellets bluish, magnetic. 

Reducing with 4^ G. 1 7 . 3 Pellets bluish, highly 

magnetic 

Reducing with town gas 9.1 

, 
Pellet brown, ezfoliated, 

magnetic 

Although this method of firing yielded a uniform 

reducing hot zone, it reaained unsuitable for the sintering of 

chroaite pellets. Solid fuel firing offered an appropriate 

alternative but in view of the endotherraic nature of selective 

reduction of chroaite by graphite (see fable 19) (18), an 

excesaive amount of graphite would have had to be incorporated 

in the burden as fuel. The amount of air for coabustion of 

this excess graphite would require careful control and this 

would present considerable practical problems. 

It was concluded that, firing of chromite pellets in 

a shaft furnace had to be conducted by the conventional method 

of heating the burden with combustion products froia on external 

annular coiabustion chaaber. The atmosphere in the combustion 

chamber should be neutral for efficiency in the reduction 
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process, and to avoid any raoxidization or exfoliation of pellets 

TABLE 19 

Heats of Reaction (cale/mole) 

of 1. FeO.CrgOg+ C - Fe CrgOg+CO 

2. FeO.CrgOg + C = Fe (y) +CrgOg + CO 

3. FeO.Cr^Og + | C = f Fe^C + Cr^03 + CO 

T°K T°C 
A E i A H g 

1100 827 46400 47500 

1200 927 46300 46600 47200 

1300 1027 46100 46300 46900 

1400 1127 45900 46000 46500 

1500 1227 45700 45700 46100 

1600 1327 46400 45300 45700 

1700 1427 45100 - 45200 
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7mO BEDUCTICN M D LSJiCKING 



7,1 Introduction. 

The presence of carbon during the sintering of chroaite 

pellets leads to the selective reduction of iron oside to metallic 

iron. The latter is acid-soluble and can be removed by leaching, 

thus leaving a residue with a higher chroaiura;iron ratio. 

The selective reduction of chroaite coanences at a 

temperature of 1027°C (18). At this teaperature the standard free 

energy of the reduction reaction is high (see Table 3) and the 

reaction can proceed to completion only with difficulty. However, 

o 

if the teaperature is increased to 1200 C, the reduction of tri-

valent chromium will also occur (see Pig. l). It seems preferable, 

therefore, to conduct the reduction of chroaite at a temperature 

below 1200°C, Strong pellets, however, cannot be produced at such 

a low teaperature of sintering. A compromise at ©, higher firing 

temperature is necessary and the production of a saall amount of 

acid-soluble chromium must be tolerated. 

It is possible to avoid undue formation of acid-soluble 

chromium be cause the divalent iron is nore readily reduced than the 

trivalent chroaiun. If no excess carbon is present beyond the 

requirements for iron oxide reduction, the available carbon is 

rapidly consumed before reduction of chromic oxide becoaos wide-

spread. 
The optiauo quantity of reducing agent for this purpose 
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cannot be established theoretically owing to cotapli cations by 

side reactions leading to the formation of carbides of iron (l8). 

In the case of cbromiuo, Boericke (64) reported the existence of 

various carbides, the most coianon being Cr.C, Cr C„ and C^qC , 
4 I o u & 

These carbides are stable but can act as reducing agents, pro-

ducing metallic iron, chroKiiua and carbon monoxide. 

The reduction process aay be further conplicatod by 

the presence of small aaounts of foreign ions in the pellets, 

affecting high temperature chemical reactions. For esanple, it 

has been reported that partial or total chlorination of chroEite 

can take place under reducing conditions in the presence of 

chloride ions (l2) (65), The rate of reduction of chroaite by 

hydrogen or graphite to iron, Cr^Og and E^O or CO is stated to be 

strongly accelerated by the addition of 3^ (62). In the 

reduction of chromite pellets, the presence of foreign material 

cannot be readily excluded and some are deliberately incorporated 

in the pellets in the fora of binding agents. It is necessary 

to ensure, therefore, that gangue and any added substances have 

no adverse effects on reduction-roasting which must render iron 

acid-soluble and on the subsequent leaching process which must 

reuove iron without excessive solution of chroaiua. The problea 

involves accessibility as well as solubility on the netal. 
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1.2 Quality Control. 

For tae purpose of determining the amount of acid-

soluble metals produced by the reduction process, pellets were 

leached with acid under controlled conditions. To this effect, 

the amounts of acid employed were ten times in excess of the 

estimated quantity required on stoichiometric considerations, 

and the weight of pellets or briquettes leached per batch was not 

less than 15 grams. In any one series of experiments, the con-

ditions of leaching were kept identical to ensure reproducibility 

and to enable comparison. 

A conventional method for the analysis of iron and 

chromium in the mineral requires initial alkaline fusion of the 

finely ground solid (see Appendix l). This procedure is necessarily 

long and cumbersome, and was considered impractical for the large 

number of determinations in this work. This method was used from 

time to time for checking the results obtained by means of a 

speedier indirect metnod of iron and chromium determination. 

This indirect method of analysis relies on the deter-

mination of iron and chromium in the leach liquor extracted from 

a known weight of material. The grade of the final product and 

the chromium; iron ratio could thus be deduced fro'n the values 

of the head assay. 

The iron and chromium content of the leach liquor may 

be determined by conventional titrimetric methods which are 
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comparatively simple but slow in manipulation. A rapid spectro-

photoaetric method of analysis was, therefore, developed (see 

Appendix 2) based on the formation of stable ferric-EDTA and 

chromic-EDTA colour complexes at pH 1.5 - pH 4.0 (see Appendix 2). 

The optical density of the chroiaic-EDTA complex was measured at 

a wavelength of 548 and that of the ferric-EDTA complex at 

329,5 mp. The colours of the two complexes do not interfere, and 

separation is, therefore, not required. Solutions containing 2 

to 20 rag ferric ion per litre can be measured using 1 cm absorp-

tioEietric glass cells, and in the determination of chromium, 

sensitivity is between 20-200 mg of chromium per litre of solution. 

Two methods of microscopy were used for determining the 

location of acid-soluble iron and for studying other textural and 

structural changes in the pellets or briquettes: (a) the study of 

laicroradiographs of thin sections and (b) the study of polished 

sections of the specimens. 

X-ray diffraction photographs of powdered samples were 

also taken before and after treatment to ascertain whether crystals 

in the reduced and leached products retained the structure of the 

chroEiite spinel. For this purpose, a cobalt target with an iron 

filter was used at 45 K.V. and 6 m.A. The diffraction photographs 

were compared to observe any loss, addition or displacement of 

lines which would be indicative of the destruction or change of 

existing crystals or of the formation of new crystalline phases. 
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7.3 The Effect of Binding Agents on tlie Removal of Acid—Soluble 
Iron and Chromium. 

Tha effect of various binding agents on the extraction 

of iron and chromium froa the reduced chroaite nas investigated. 

For this purpose, diameter x thick briquettes of 5.0 g. 

each were used. Aftar addition of the binder and an appropriate 

amount of finely ground graphite, the mixture was briquetted in 

a Millen Counting Press at 4500 Ib/sq.in. The briquettes were 

dried, fired and leached and the results were then assessed. 

It was decided to investigate only the effects of those 

binders which had proved suitable for producing hard fired pellets. 

For the purpose of comparison, briquettes made with a mixture of 

bentonite and sodium carbonate solution were also included in the 

investigation. 

Firing was conducted at various temperatures in a vertical 

aolybdenua tube furnace of Kitchener and Bockris design (63), 

Shaft furnace conditions were simulated to aoae extent by operating 

the molybdenua tube furnace continuously with briquettes fed to the 

top of the vertical refractory tube and discharged fron the 

bottom. The rate of descent was kept constant at 0.4"/rain, The 

corresponding rates of heating and cooling are shown in Fig. 28. 

Reoxidation of the fired products was prevented by passing a 

gentle streaa of forming gas containing 10^ hydrogen and 90fo 

nitrogen up the furnace. It was first established that this gas 
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has a negligible effect on the reduction of chroaite under the given 

conditions, 

The fired pellets were discharged at aboK.6 200°C and 

^ere quenched directly in lOf" sulphuric acid at rooa temperature 

(l5 C). A standard leaching tiae of 2^ hours was maintained aa 

a practical comproiaise although it was observed that leaching still 

proceeded slowly after this period. 

After leaching, the liquor was separated from the 

residue and analysed for iron and chroaiuia, using the spectro-

photoastric aethod (see Appendix 2). The results of this series of 

tests are shown in Table 20. 

It nay be seen that the binding agents had a significant 

effect on the aaount of acid-soluble netals, soae producing a 

larger yield of extractable metals than others. Sodium chloride 

gave the best results in this respect, 

7.4 Effect of Teapergture of Reduction on the Aaount of Acid-

Soluble Iron and Chroaiua. 

Results of the above investigation indicattG.^; that the 

temperature of reduction can influence the anount of acid-soluble 

iron and chroiaiuD which appear to decrease with increasing tem-

perature of sintering. A similar effect was observed by Dov/nea 

and Morgan (?) at reduction temperatures above 1200 C, but no 

explanation was offered. 



— 151 •» 

TABLE 20 

Effects of Graphite Content, Firing Temperature, 

and Binding Agents on Acid Leaching of 

Chroaite Briauettes 

^ Extraction of Metal 
Firing Te;rjp. 

DinaiDg 
Agent 1$C 2^0 4$C 

Cr Fe Cr Fe Cr Fe 

1340°C A Negligible 14,0 Negligible 29.5 2.0 34.2 

B II 17.S II 18.7 0.5 23.9 

C II 13.1 II 18.7 1.3 29.0 

D II 8.4 II 20.1 1.3 29.0 

1420Oc A 11 10,8 II 19.2 1.7 28.2 

B II 10.3 n 16.4 1.3 29.7 

C II 8.4 It 16.8 1.1 23.9 

D II 10.3 It 15.5 1.7 22.9 

1500°C A It 7.1 It 15.7 1.7 40.2 

B II 8.4 II 15.1 1.1 22.9 

C II 7.0 II 14.0 1.1 20.6 

D II 
i 

6.5 II 
J 

1 13.5 1.1 20.1 

Binding Agents A - 5^ NaCl SoIn. 

B - 0.5^ bentonite 

C - 3# H_SO. 80ln. 

D - O.bfo bentonite + 

Dwelling Time in Bot Zone - 7-10 min. 

Cone, of Leach Liquor - lOfo 

Teap. of Letach 

Tiae of Leach - 2& hours. 

'jo N a C O g So In. 

- quenching at 200^C then leached at 20 C 
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It can be considered that at a sufficiently high tem-

perature (e.g. 1340 C)5 all the carbon in the pellets rapidly 

oxidises or coabines with the reaaining solid until no free carbon 

is left. The teaperature alone should have little effect on the 

amount of acid-soluble netal produced provided that the dwelling 

time is sufficiently long for the reaction to take place. However, 

the temperature of firing may increase the degree and extent of 

sintering, causing complete occlusion of metal drops in acid-

resistant glassy or crystalline gangue or chromite. This will 

lower the apparent proportions of acid-soluble metal. Microscopic 

studies were therefore resumed to determine whether a distinction 

is needed between accessible and inaccessible metal. 

The study of polished sections and microradiography 

indicated that some of the metallic iron was situated at the sur-

faces of the grains as stringers, globules or bridges, while some 

was located in the internal cracks and channels inside individual 

grains or embedded in the glassy matrix. (See Plates 2A, 2B, 3A, 

3B and 7). During the extraction of the metallic iron with sul-

phuric acid, easily accessible metal was rapidly removed, but the 

remaining iron situated inside the grains was less readily reached 

and might remain intact at the end of the leaching period (ref. 

section 7.12). It may be necessary, for example, for air or gases 

trapped inside cracks to be displaced before the acid can reach 

the metal. It is also necessary that the dissolved metal and any 
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gases produced during leaching should diffuse or be replaced easily 

and continuously by fresh acid so that a high rate of dissolution 

fflQ-y be maintained. These processes depend largely on accessibility 

i.e. on the size of the constriction to the cracks and channels, 

and an ease of passage through them. Sintering at high temperatures 

can cause partial or complete sealing of these cracks by diffusion 

of chromite or by the fusion of the gangue, making the leaching of 

metal more difficult or impossible. This theory is supported by 

the observed decrease in metal extraction with increased temperature 

of sintering, as shown in Table 20. 

7.5 Effect of Carbon on the Amount of Acid-Soluble Iron and 
Chromium. 

The proportion of carbon added tothc concentrate was 

shown by earlier results (Table 20) to have a direct effect on the 

amounts of removal iron and chromium in the leaching stage. More 

information t/as therefore sought on the relationship between carbon 

addition ond optimum iron extraction with minimum chromium loss. 

Half inch briquettes were again used as in the previous 

series of tests (ref. Section 7.3). The amount of graphite added 

ranged from 0 to 8fo and a 5fo sodium chloride solution was used as 

binding agent. The briquettes were dried and fired to 1340 C in 

the horizontal platinum tube furnace in an atmosphere of nitrogen 

as described in section 6.4. After soaking the briquettes at the 

maximum temperature for 5 mins. they were cooled to room temperatures 
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in a neutral atmosphere. They were then weighed and leached with 

10^ boiling sulphuric acid for 3 hours, when no further iron or 

chromium dissolved. Lhe leached briquettes were removed and washed, 

and the leach liquor was analysed for iron and chromium. The 

results are shown in Figs. 29 and 30. 

It can be seen that the amount of acid-soluble iron was 

approximately proportional to the aaount of graphite incorporated 

in the briquettes up to 4^ by weight (see Fig. 29). Beyond this 

value 5 the anount of acid-soluble iron tended towards a maximum, 

but the amount of acid-soluble chromium increased rapidly. 

Although the chromiums iron ratio in the leached residue continued 

to increase, the percentage of Cr„Og in the beneficiated product 

reached a aaxiaua value with about 4^ graphite and then decreased 

again (see Fig. 30). 

Leaching the fired products in boiling 10^ sulphuric acid 

is an extreme fors of treatment. Anothersioilar series of tests 

was, therefore, performed. The firing was conducted in the 

0 

vertical nolybdenua tube furnace to 1450 C as described in Section 

7.3. The fired products were discharged from the furnace at a 

temperature of about 200°C directly into lOf" sulphuric acid at 

roon tenperature. Leaching was continued for 100 hours until no 

more aetal appeared to dissolve. The results of the leaching 

tests are shown in Figs. 31 8,nd 32, indicating a trend very 

similar to that of the preceding series with boiling 10^ sulphuric 

acid. 
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The theoretical amounts of graphite required to reduce 

all the iron oxide in chromite to netallic iron is of the order 

of 3.4^. The above results show that the actual consumption of 

graphite in the process vaa considerably higher. Metal extraction 

in all the tests accounted for only 40-50^ of the graphite used. 

This v/as at least partly due to the incomplete extraction of the 

reduced aetals from the briquettes during leaching. However, 

examination of polished sections (see Section 7.12) showed that, 

although some metals remained in the leached residue, the anount 

was less than 40-50/® of the total netal produced. The unaccounted 

carbon could probably be consumed in the fornation of carbides. 

7.6 The Effect of Dwelling Tiae in Various Temperature Zones on 
the Reaoval of Iron and Chroaiuia. 

The inadequate extraction of iron during leaching was 

thought to be due partly to occlusion of netal by the sintering 

of gangue and chroraite and partly to the formation of carbides at 

high temperatures. Atteapts were, therefore, nade to alter these 

defects by conducting sintering for different lengths of tine at 

different teoperatursa in the hope of obtaining aore efficient 

reooval of iron. 

As before, briquettes were used with 4fc graphite and 

a Qfo sodiua chloride binding solution. After firing, the briquettes 

were leached in boiling 10^ sulphuric acid for 3 hours. The results 

of the test are shown in Table 21. 
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It was found that reduction at 1150 C was alow, a dwelling 

tine of 15 aim. being inadequate for coapleta reaction with all the 

graphite available. Free graphite was still detectable in the acid 

diaring leaching, k dwelling tiae of 80 min, was needed for 

eliminating all the free graphite. The speed of reaction was aore 

rapid at higher tenperatures. At tenperatures above 1300°C, a 

dwelling tiae of 3 to 5 uin. was sufficient for all the carbon 

to react with the mineral. 

The results, shown in Table 21, indicate that the resi-

dence time in the furnace is relatively unimportant with respect 

to oetal extraction, provided all the graphite had been reacted. 

Runs 1, 2 and 3 in Table 21 show only small differences in the 

extraction of iron. The aaxiaua temperature of treataent affects 

the process to a much greater extent (also see Table 20) and 

reduction at a lower temperature produced more extractable aetal 

than reduction at a high temperature (coapare runs 3 and 5 in 

Table 2l). 

By contrast, the strength of the briquettes is markedly 

affected by the dwelling period in the furnace. Stronger 

briquettes being produced with longer periods of residence 

(coapare runs 2 and 3, Table 21). This effect is enhanced when 

the extra period of sintering occurs at the raaxiaum temperature 

(coapare runs 1 and 2 in Table 21) 



TABLE 21. 

Effect of Dwelling Time in Various Temperature Zones 

on the Amount of Removable Iron and Chromium 

Run 
Mo. 

Mode of 
Firing 

Max. Temp, 
of Firing 

(°c) 

Dwelling time in 
Temp. Zone (min) 

Metal 
Extracted (^) 

Grade of Product 
Radial 

Compressive 
Strength 

(Kg) 

Run 
Mo. 

Mode of 
Firing 

Max. Temp, 
of Firing 

(°c) 1150°C 1 3 9 0 ° C Cr Fe Cr : Fe * O r ^ O j 

Radial 
Compressive 
Strength 

(Kg) 

1 Mo. Furnace 1 3 9 0 25 ,3.5 72,1 7 . 3 5 6 . 2 145 

2 il 11 1 3 9 0 25 3.7 7 2 . 8 7 . 3 5 4 . 8 1 2 5 

3 II 11 1 3 9 0 3 . 8 7 5 . 3 8 . 2 5 5 , 8 75 

4* Pt. Furnace 1150 15 - 2.1 • 54.4 4.5 55.4 .20 

5 n II 1150 8 0 - 4.31 8 4 . 2 12.7 5 5 , 8 35 

05 

* Reduction incomplete, free graphite detected in leach liquor 

io Graphite for reduction 4^ 

Binding agent 5/̂  Na 01 solution 

Acid for leaching Boiling 10^ HgSO^ 
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It is concluded that the increased strength of the 

fired briquettes is caused by better sintering of the chroaite. 

The extra dwelling time provides a longer period of solid 

diffusion, recrystollization and acre extensive formation of a 

glassy aatriz, resulting in better bridging between the grains 

and Qore extensive sealing of cracks and channels inside the 

chroaite particles. Any iron deposited in such places, thus 

becomes less accessible to the acid during leaching. Consequently 

weaker briquettes produced at a low temperature of firing, yield 

a larger amount of acid-soluble iron than briquettes fired to a 

much higher temperature. 

No changes in the mode of deposition of acid-soluble 

iron resulted from altering the rate of reduction and no migration 

of metallic iron frosa the cracks to the surface of the grains 

took place at low temperatures even with prolonged dwelling 

periods (see Plates 10 cad ll). 

7,7 The Effect of Concentration of Sodium Chloride Solution 

on the Reduction and Leaching of Iron and Chroaium 

The use of sodiua chloride solution as a binder resulted 

in a larger amount of acid-soluble iron than any of the additives 

tried in this work. Its effect on the reduction and leaching 

processes hence merited further investigation^ 

Briquettes were made with different concentrations of 

Bodiua chloride solution together with 2^ graphite. They were 
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fired in the horizontal pl&tinura tube furnace to 1340°C for 5 

ain. The fired products ware subjected to axial coapression test 

and then leached in 10^ H^SO^ under boiling conditions for 3 hours. 

The results are shown in Table 22, 

TABLE 22 

Effect of Concentration of N&Cl Binding Solution 

on the Compressive Strength of Briquettes and the 

Extraction of Iron and Chromium 

Concentration of NoCl 
Solution 

fo of Metal 
Sstracted 

Radial Compressive Strength 
in kg. (size,of briquette 

diaa. x thick) 

Concentration of NoCl 
Solution 

Cr Fe 

Radial Compressive Strength 
in kg. (size,of briquette 

diaa. x thick) 

0^ 0.3 35.1 80 

5^ 0.3 34.8 105 

10^ 0.3 33,2 135 

20^ 0.3 32.0 165 

^ Graphite for reduction 

Mas. temp, of sintering 1340 C in pt. tube 
furnace. 

Boiling 10# B 80^ Acid for leaching -

It can be seen that the fired strength of the briquettes 

increased with an increasing concentration of sodium chloride 

binding solution, but the amount of estractable iron in the 

briquettes assumed an opposite trend. It was concluded that a 

strength of sodiuEi chloride solution of up to 5^ may be employed 

without adverse effects on the amounts of extracteble metals. 

It was further concluded that the presence of high 

amounts of sodium chloride can create better sintering but does 
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not encourage laigration of iron from the interior to the surface 

of the chroraite particles end no increase in the size of the 

particles of iron was observed. 

7,8 Rates of Leaching; of Iron and Chromium. 

In this investigation indentical briquettes (see Section 

7,9) were leached in acid of various concentrations at different 

temperatures and samples of the leach liquor were taken at 

regular intervals for iron and chromiua determinations. The 

curves for the leaching rates of the two laetals were obtained end 

are shown in Pigs. 33 and 34, 

The leaching rates for iron was found to be different 

froa th£:,t for chroraiua. At the onset of the leaching operation, 

Q large amount of iron was taken into solution rapidly. The rate 

of dissolution then decreased until no further significant amount 

of iron could be extracted. In contrast, comparatively little 

chromium was dissolved at the beginning of the leach but the 

amount of chromiua dissolved did not decrease nuch even after a 

long leaching period. This was indicated by Fig. 35 which shows 

leach liquors with very high iron:chromium ratio at the beginning 

of the leach but lower ironschroaium ratio after 20 minutes. A 

possible explanation for this phenomenon is that the acid—soluble 

iron aay form a coating on the acid-soluble chroaiua, When 

leaching coiaaeneea, the iron is dissolved first and chromium is 

little affected unti| the coating of iron has been removed. 
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The overall rate of dissolution at 55°C is much higher 

than at room tenperaturea (see Figs. 33 and 34), At boiling 

point, coaplete extraction occurs t/i thin three hours. The increased 

rate of dissolution at elevated temperatures is presumed to be due 

to higher rates of diffusion in the liquid. 

7,9 Effects of Temperature and Concentretion of Sulphuric Acid 

on the Leaching of Iron and Chroniusi. 

The removal of iron and chromium from the reduced 

briquettes m&j be expected to be influenced by the concentration 

and temperature of the acid. Boericke and Bangert (l3) observed 

that hot 10^ sulphuric acid could remove more iron and chromium 

than cold acid of the same concentration and that this tendency 

be came Bore evident ?hen the chroiaite concentrate .rtras.: over 

reduced. Careful control of the temperature of leaching in order 

to avoid excessive solution of chromium was also emphasised in an 

attempt to leach chroaite at high temperatures and pressures (7). 

To investigate the effects of temperature of leaching 

and acid concentration, identical briquettes were again prepared 

and fired under reducing conditions in the vertical aolybdenua 

tube furnace at 1450°C with 4fo graphite and 5fo sodiua chloride 

solution as binding agent. The fired products were cooled to 

room temperature (15°C) and were then leached in acid solutions 

of various concentrations and at different teaperatures. The 

results are shown in Figs. 33, 34 and 35 and Table 25, 
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TABIiH 25. 

Effect of Temperature of Acid on Extraction 

of Iron and Chromiuo 

Temperature of Acid 
100°C 0 

50 C 16°C 
Temperature of Acid 

Cr Pe Cr Fe Cr Fe 

fo of metal Extracted A 6.7 66.8 5.6 63.3 3.9 67.8 fo of metal Extracted 

B 6.8 67.3 6.8 56.9 4.2 52.2 

CrsFe ratio 
in product 

A 5.8 5;3 4.8 CrsFe ratio 
in product 

B 4.6 4.6 4.2 

fo Org Og 
in product 

A 64.0 64.2 55.0 fo Org Og 
in product 

B 53.6 53.5 64.8 

^ Graphite for reduction -

Mas, temperature of firing -

Mode of firing -

Binding agent -

Acid used for leaching -

1450°C 

Continuous process in vertical 

Bolybdenum tube furnace 

5^ NaCl solution 

B, 10^ HgSO^ 

The results indicate that the extraction of iron i tqq 

more efficient at 55°C than at room temperature but little 

change in the extraction,of iron vras observed between leaching 

at 55^C and leaching at boiling point of the acid solution (see 

Table 25), The higher extraction of iron at an elevated tem-

perature was accompanied by a proportionally higher chroniua 

loss and leaching at high temperatures, hence, appears to be 

leas selective, Boericke and Bangert (l3) attributed this to 
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tihe different, solubilities of varicas carbides of iron and chronaiua. 

The concentration of the acid vas also found to affect 

the reaoval of acid-soluble metals. A 5^ sulphuric acid leached 

a EsasisuQ of 63.3^ iron at 55°C and a 10^ acid leached 56.9^ iron 

at the saae teaperature, Chromiua, on the other hand, was less 

readily attacked by 5^ sulphuric acid than by 10^ acid. The former 

dissolved a aaiimun of 5.6^ at 55°C and the latter 6.8^, all other 

conditions being equal. 

The decreased removal of iron by oore concentrated acids 

may be due to the passivation of iron in the briquettes. Concen-

trated sulphuric acid is a strong oxidizing agent and, therefore 

it is possible that a layer of oxide (Fe^Og) insoluble in acid 

is formed on the aetal surface, preventing further acid attack (66). 

The maximum selectivity in the removal of iron froa the 

reduced material was obtained with acid of low concentration at 

rooa temperatures. A 5^ acid extracted 57.8^ iron and 3.9^ 

chrooiua, resulting in having a product containing 55.0% Cr^Og 

with a chroaiuiaj iron ratio of 4.8:1, after over 100 hours of 

leaching. The very slow rate of dissolution, however, renders 

this procedure impracticable. The best compromise appears to be 

leaching the agglomerates at a higher initial temperature (near 

boiling) for o short period up to about 5 ainuts (see Fig. 35), 

followed by taore prolonged leaching at lower temperatures (room 

temperatures). During the initial stage, the rate of dissolution 
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of chroaium would be alow and a rapid reoov&l of iron would be 

possible without adverse effects on chroiniuD recovery. The subse-

quent lowered teeperature of leaching would yield aore iron but 

would keep the dissolution of chroniun at a low rate. Quenching 

of the hot product from the furnace by discharging the agglomerates 

directly into the acid at rooa temperatures appears to be a sitaple 

aethod of attaining this coabination of conditions without recourse 

to external heating of the acid solution. 

7.10 Effect of Quenching Hot Briquettes in Acid on the Eeaoval 

of Iron and CbroaiuB. 

An investigation of quenching hot briquettes directly in 

the acid •was carried out vith briquettes fired for 5 nin. at 

1340^0. in the horizontal platinua tube furnace. They contained 

4^ wood charcoal as reducing agent and 5fo sodiun chloride solution 

as binder. After firing, the partially cooled briquettes were 

quenched in 10^ sulphuric acid at rooa teapereture. The briquettes 

cooled rapidly in the acid where they were leached until no nore 

iron or chroaiuo dissolved. The results are shown in Table 23. 

Little difference was observed in the aasiaun extraction 

of iron and chroEiun on coaparing quenching the briquettes from 

250^C and no quenching. However, the overall rate of dissolution 

was auch higher when the briquettes were quenched. Over 100 hours 

were required to obtain nasinun leaching from cold briquettes when 

no quenching was applied. By contrast, complete extraction could 
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TABLE 23 

effect of Quenching Temperature on 

Extraction of Iron and Chromium 

Temperature of Quenching 

^ of Metal 
Extracted 

Grade of Product 
Temperature of Quenching 

Cr Fe Cr s Fe 2 CrgOg 

4W0°C 1.3 63.4 5.7 56.8 

250°C 1.3 65.8 4.7 56.0 

15°C (room temp.) 1.3 55.3 4.7 55.8 

4^ 

1340°C 

Horizontal Pt» tube furnace 

h'jo NaCl solution 

B E SO^ at 15 C 

fc Wood charcoal for reduction 

Max. temp, of firing 

Mode of firing 

Binding agent 

Acid used for leaching 

be achieved in under 30 hours without agitation when the briquettes 

were quenched from high temperatures, without decrease in the 

chromium recovery, 

Cuenching from 400^0 in cold sulphuric acid resulted in 

a rise in the amount of leached iron froa 55.3^ to 63,4^ as com-

pared with leaching without quenching. The removal of a higher 

ataount of iron by quenching from 400 C is probably due to the 

more complete extraction of iron deposited in the cracks, 

occluded by fused gangue materials. Sudden quenching froa high 

temperatures resulted in the shattering of the glassy matrix of 
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gangue, permitting penetration of acid to reach the trapped iron. 

Owing to the small amount of gengue present the shattering of 

fused gangue v/as difficult to observe under the microscope. 

However, it has been reported (67) that rapid cooling of iron ore 

sinters could result in the developnent of cracks running through 

the slag bond. It is, therefore, concluded that sioilar mechanism 

be responsible for more efficient leaching of the agglomerates. 

7.11 Effect of Using Other Organic Materials as a Binding/ 

Reducing Agent 

Although graphite and wood charcoal have been success-

fully applied as reducing agents in this investigation; the use 

of other organic materials as combined binding/reducing agent was 

considered an attractive alternative. Treacle and heavy lubricating 

oils were chosen as representatives of this kind of additives. 

Half inch briquettes were again used and firing was con-

ducted in the horizontal platinua tube furnace at 1340°C. Leaching 

was performed in boiling 10^ sulphuric acid for 3 hours. The 

results are shown in Table 24. 

Owing to the low surface tension of the oils investigated, 

the green briquettes formed with oil binders were found to be very 

brittle and tended to disintegrate on firing. On heating, the oils 

were distilled off at temperatures too low for reduction and 

sintering to occur. Only a very small amount of acid-soluble iron 

was, therefore, produced and the compressive strength of the fired 
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Effect of Using Other Organic Material as 

a Binding/Reducing Agent 

Binding/Reducing Agent 
% of Metal Extracted Grade of Product 

— — - - " 

Radial Compressive 
Strength of Fired 
Briquettes 

Binding/Reducing Agent 

Cr Fe Cr : Pe # Org Cy 

— — - - " 

Radial Compressive 
Strength of Fired 
Briquettes 

4/̂  Graphite + 5^ IfaCl solution 2.9 69.0 6.7 55.8 100 kg 

4^ Wood Charcoal + NaCl. soln. 1.8 64.6 5.8 56,0 85 kg 

Brown Treacle 0.9 17.7 2.6 52.2 105 kg 

SAE 50 Willcox Lubricating Oil 0.6 10.8 2.4 49.4 Disintegrated 

Shell Mex Dromus Oil B Negligible 8.9 2.3 49.2 75 leg 

-J 

Max .temp, of firing 

Acid used for leaching 

1340°C (Horizontal Pt, tube furnace) 

Boiling xafo HgSO 
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briquettes was low (see Table 24), Brown treacle on the other 

hand, produced exceptionally strong green and dry briquettes. Its 

efficiency as a reducing agent was 5 however, not coaparable to 

those of graphite or wood charcoal. The treacle decosposed and 

the amount of carbon remaining in the briquettes for reduction was 

probably small. Although this line was not pursued any further, 

it is suggested that a process employing treacle as binder and 

wood charcoal as reducing agent could give strong unfired and 

fired pellets with a high chromium:iron ratio, 

7.12 Study of polished Sections and X-Ray Microradiographs. 

Assessment of the laechanisas and effects of the processes 

under investigation was not confined to physical and chemical tests, 

but was further supplemented by visual examination of samples 

before and after treatment, using techniques of reflected light 

microscopy (61) and microradiography (95). In this connection, 

polished sections and thin sections of various specimens were 

prepared and some photographs of the observations are shown in 

Plates 5, 65 7, 8, 9, 10 and 11. 

plate 5 shows the polished section of untreated chrocaite 

grains. The grains are generally granular in shape with occasional 

protruding edges. All of them possess cracks and channels leading 

from the exterior to the centre of the grain. No metallic iron 

or any sign of heterogeneity was visible in the polished section. 



On firing the aggloaerates of fine chroaite concentrate 

to a high temperature the points of contact of the particles fuse 

together forming bridges, binding adjacent particles, as shora in 

Bate 6. Similar mechanisa of sintering of gangue particles was 

also observed (not shown in photograph) and in addition sintering 

between gangue and chromite particles also occurred extensively. 

In the absence of a reducing agent no metallic iron or chromium 

was visible. Although the outlines of the various particles tend 

to be smoother, no complete recrystallisation of chroraite grains 

was observed at 1420°C (ref. Section 6.5). 

At firing temperatures in the region of 1500^0 in the 

presence of a reducing agent, a highly reflective aalleable metal, 

resembling metallic iron, segregates froa the original chroaite 

grains as ahovn in Plate 7. Some of this iron was deposited in 

the interstitial spaces in the briquettes as stringers, globules, 

and lumps of irregular shapes and sizes ivhile some iron was 

deposited in the narrow cracks and channels inside the chromite 

particles. The iron when deposited outside the grain was sometimes 

completely or partially occluded by fused gangue materials. As for 

the iron deposited inside the chromite grain slag sealing at the 

entrance to the cracks and channels was often observed. The 

location of iron is further confirmed by the study of nicro-

radiograph as shown in Plates 3A and B, Section 6.5. It can, 

therefore, be concluded that the production of metallic iron is 
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due to reduction by carbon at high temperatures. 

flats 8 shows the polished section of a chromite briquette 

which had been reduced by 4^ graphite at 1340°C and leached in 

sulphuric acid. It can fce seen that the metallic iron was removed 

completely, except for some which were deposited in the cracks and 

channels. These channels were observed to be sealed by gangue 

material or to be too constricted for efficient acid penetration 

during leaching. This was a probable cause for the incomplete 

extraction of iron. 

The amount of residual iron is greater in briquettes 

fired to 1500^0 than those fired to 1340^0. Plate 9 indicates 

that most of the openings to the cracks and channels were acre 

constricted, and sealing by gangue material was aore extensive 

with an increase in sintering temperature, confirming earlier 

suggestions. 

In view of the unfavourable location of metallic iron 

in the cracks and channels of the grains, work was directed towards 

the attainability of a more favourable reducing condition in which 

better acid accessibility could be achieved. Briquettes were, 

therefore, prepared and fired as described in section 7.6 and the 

photographs of polished sections of specimens are shown in Plates 

10 and 11. 

Plates 10 and 11 show that sovaa of the iron was still 

located in the cracks in the chromite grains and there was no 
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indication that migration of iron froa the interior to the surfaces 

of the chromite particle had occurred. The differences in the 

amounts of extractable iron froa the briquettes as described in 

Section 7.6can, therefore, be attributed to different degrees of 

sintering resulting in different extents of iron occlusion. 

During the examination of various polished sections of 

chromite briquettes, it was observed that the amounts and location 

of the metallic iron in the briquette were independent of the 

nature of the binding agents employed. The amount of iron present 

before leaching depended mainly on the quantity of carbon incor-

porated for reduction; a higher degree of reduction produced a 

larger aaouat of metallic iron. 

Metallic chrosaima has an almost similar reflectivity 

as iron. In view of the aaall amount of acid-soluble chromium 

present, its location in the reduced material has not been 

established. 

7.13 Study of X-Ray Diffraction-Powder Photographs. 

X-ray diffraction powder photographs of material before 

and after treatment were obtained using cobalt radiation. It 

was thought that changes in the structure of the chromite spinel 

aight be revealed by changes in the diffraction patterns in the 

powder photographs. 

The lines produced by the head sample and the reduced 
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PLATS 5, 

Polished Section of Untreated Chronite, 

C\s7o) 
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rLATB 6. Polished section of Chroiaite Briquette 
Sintered at 1420*^0 in Neutral Atmosphere, 

(x57o; 

PLATB 7. Polished Section of Chromite Briquette 
Sintered at 1500°C in Reducing Ataosphere, 
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ILATE B. Polished Section of Reduced and Leached 
Chrosaite (Temp, of Sintering; i340°C). 
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PLATE 6. Polished Section of Reduced and Leached 
Chromite (Temp, of Sintering; 1500'^C). 



- 1 8 2 -

ĵ Lii-TE 10. Polished Section of Chroaite 

Fired Rapidly to 1500"C v/itlT 4%C. 

FLATS 11. Polished Section of Chromite 
Fired to 1390°C After Soaking 
for 15 Min. with 4%C. 
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end leached products were identical. The three prominent lines 

0 0 o 
correspond to 2.51, 1.591 and 1.46A. These correspond to those 

of chroapicotite (Fe, Mg)o.(Cr, Al) Og or cbromite (PeO) 

(Cr, Al) Og as reported in the A.S.T.M. index. These lines were 

not affected by the degree of reduction or the aaount or nature 

of binding agents present in the briquettes. The reduced material 

which T/as not leached, however, also showed the lines of metallic 

iron. However, it should be noted that crystalline phases present 

in proportions smaller than 5^ (by weight) cannot be detected by 

this method of analysis. 

It is concluded that the removal of iron and oxygen 

from the chrooite spinel during reduction does not alter the basic 

crystal structure of the remaining laaterial. 
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8.0 SUMvliBY OF CONCLUSIONS 

A chromite concentrate from Southern Rhodesie,, containing 

40.8^ Cr 0_ with a chroEsiuas iron ratio of 8.1:1, tras treated 

successfully by a sequence of procesoes of pelletizing; high temperature 

hardening and reduction; end leaching i'/i th sulphuric acid. This 

yields a lumpy, porous end product, containing over 55% Cr Og, 

Tfitlh a chroaiuas iron ratio in excess of 4; 1 and a chroaium recovery 

of 98^ or higher. Graphite or wood charcoal was used as reducing 

agents. 

The salient features of the process and the nain conclusions 

drawn from this may be summarised as follows: 

Pelletizings 

1) Fine chromite concentrate containing 90^ -150 mesh and 

15^ -200 mesh can be agglomerated into pellets using 

either a dry or a vet feed in a laboratory drum. 

2) For the attainsent of a steady process and a consistent 

quality of the product, "seeding" of the load and employ-

ment of a vet feed are essential. 

3; Although a feed containing up to 12.5^ moisture can be 

employed; the optimuis aoisture content of the feed is 

10.0-10.5^1 and that of the seeds, 9-10^. Further 

addition of water by spraying is not required under 

these conditions. 
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4) For a given drun, the rate of adding fresh feed has a 

marked influence on the circulating load of the procesa. 

A low feed rate produces a high circulating load, whereas 

a high feed rate results in a low circulating load. 

5) The effect of the feed rate on circulating load is less 

apparent in a large drua than in a small one. 

6) The peripheral velocity of the drus affects the mixing 

of the seeds and the feed and hence the rate of pellet 

growth. The optimum peripheral velocity under laboratory 

pelletiaing conditions is 125 ft./ain. 

T) The compressive strength of the newly formed pellets is 

low, but is raised by further rolling. 

8) Progressive coapection and .stronger physical interlocking 

of particles in the pellets can be obtained during the 

initial stages of rolling. 

9) Centrifugal action and compaction result in the migration 

of water from the core to the shell of the pellets where 

evaporation takes place rapidly. This causes a general 

reduction in noisture content. 

The compressive strength of green pellets is due mainly 

to s 

a) physical interlocking of the particles and 

b) Wet bonding by "pendular" liquid in the pellets. 



11) The wet strength of the pellets increases as the aoisture 

content decreases to 7,8^ (by weight); vith any further 

decrease in aoisture content, the strength falls again, 

12) A. large rolling load in the drua is desirable for achieving 

high strength through good physical interlocking. 

13) A small rolling load in the drun is advantageous if rapid 

reaoval of rater is desired. 

14) The drum should rotate at speeds which induce efficient 

pellet rolling but cascading of the load should be avoided. 

15) Evaporation of liquid froa a pellet results in the deposi-

tion of salts at is surface. This is attributed to 

capillary effects and to the surface tension gradient 

during drying. 

16) Bonding of particles in a ,dried pellet is partly due to 

cementation by the salt deposit. This bonding is hence 

affected by the cleanliness of the surface, the aode of 

deposition of the salt and the nature of the. salt. 

Hardening; 

1) Sintering at temperatures in escess of 800^0 is essential 

for the hardening of pellets. 

2) Binders capable of preventing the disruption of chroraite 

pellets during rapid heating are bentonite clay, sodiun 

chloride, sulphuric acid, ferrous sulphate and sodium 

sulphate. 
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3) These bindera also generally provide an increase in the 

dry and fired strengths of the pellets. 

4) The effect of bentonite clay as a binder is reduced by 

the presence of sulphuric acid or sodium chloride. 

5) Incorporation of graphite reduces the wet, dry and semi-

fired (below i200°C) strength of pellets. 

6) Graphite promotes better sintering at teaperatures above 

1200°C; where reduction can proceed. 

7) Sintering raechanisiss at teaperatures of 1200-1500^0 

comprises diffusion bonding between chroraite and chroaite, 

gangue and gangue, chroaite and gangue. Iron bridges are 

also foraed if conditions are sufficiently reducing. 

8) At teaperatures of ovor 1450°C diffusional bonding 

becomes more extensive. This is accompanied by alaost 

complete fusion of gangue which then coats the surfaces 

of the chromite. Complete recrystallisation of chroaite 

grains can also occur. 

9 ) Pellets fired under oxidizing conditions are stronger than 

those fired under reducing conditions. 

1 0 ) Pellets fired under an atmosphere of town gas disinte-

grated badly, and the shaft furnace vith internal firing 

arrangements proved unsuitable for sintering. 
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Reduction: 

1) Binding agents affect the aaounta of leachable iron end 

chroEiuai from reduced pellets 

2) SodiuEi chloride vao found to be the aoat suitable binder. 

3) The optiDUEj carbon content for reduction without escesaive 

chromium losses is 4^. Organic materials such as treacle 

end heavy lubricating oil are unsuitable as reducing agents, 

4) The metallic iron produced in the reduction process is 

deposited in the cracks of the chromite particles as well 

as in the voids of the pellets. 

5) No preferential deposition of the metallic iron could be 

achieved by adjustuents of firing periods and firing 

temperatures provided the temperature of reduction is 

above IISO^C. 

6) Reduction at a low temperature causes less extensive 

sintering and hence more efficient leaching of metallic 

iron. Reduction at high teaperatures causes more 

extensive sintering and slag sealing of cracks, and, 

therefore, less efficient leaching of aetallic iron. 

7) Sintering at high temperatures has the advantage of 

providing higher pellet strength. 

8) Extensive sintering and a consequent decrease in the 

asaount of acid—soluble iron is also caused by the 

excessive incorporation of sodiua chloride. A 5^ 
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codiua chloride solution cen be uoed as binder without 

adverse effects. 

Leachiags 

1) It -jas established that leeching with 5^ H^SO^ removes 

Dore iron than yith 10^ HgSO^. 

2) The chroEiiua loss increases vith increasing acid 

concentration, 

3) Leaching at room temperature requires a duration of over 

100 hours but leaching at 100°C can foe completed in 3 

hours. 

4) The amount of iron removed by leaching at 55^C is com-

parable to that extracted at room temperatures. Leaching 

at lOO^C removes an excessive amount of chromiue. 

5) During leaching iron dissolves at a higher initial rate 

than chromium. Quenching of hot briquettes is, therefore, 

suitable for the rapid leaching of iron without excessive 

dissolution of chromium. 

6) Removal of iron from the chroaite does not result in 

changes in the lattice parameters of chromite detectable 

by X-ray powder photography. 
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9.0 
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1. Determination of Chromium and Iron in Chrosaite 

Summary 

This method of analysis is based on the fusion of finely 

ground cliroaite under alkaline oxidizing conditions. The fused 

product is leached in water, precipitating the iron in the form 

of hydrated ferric oxideo Quantitative separation of the iron 

from the chroaium by filtration is hence possible, because the 

iron will report in the solid fraction and the chromium in the 

filtrate. The two elements can then be determined separately. 

The reactions in this process are as follows: 

2FeCr^0. + TNa^O^—> 2NaFeO_ + 4Na^CrO, + RNa_0 (l) 

2 4 2 2 2 2 4 2 

NaFeOg + 2 5 ^ 0 — > NaOK + Fe(OE)^^^ (2) 

For the analysis of chromium, the filtrate is acidified, 

converting the chromite into dichromate (see equation 3). The 

chromium content of the solution can then be deterained by ti-

trating against a ferrous assiaonium sulphate solution of known 

concentration using N- methyIdiphenylamine p- sulphonic acid as 

internal indicator. The titration reaction is shown in equation 

2CrO " +2E'*'—> Cr 0^" +HgO (3) 

Cr^O^" + GFe^"^ + > 2Cr'*"̂ '̂  + 6Fe^"'"^+ TH^O (4) 

The ferric hydroxide is dissolved in hot hydrochloric acid 

and the ferric ions ore then quantitatively reduced to the 
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divalent state by using a 25/̂  stannous chloride solution. Any 

excess of reducing agent is destroyed v/ith eercuric chloride. The 

ferrous ions are titrated with a standardised potassium dichroraate 

solution using barium diphenyl sulphonate as internal indicator. 

The reactions occur in accordance with equations 5, 6 and 7, 

3n++__» 2Fe^»+ 3 n + ^ ^ (5) 

Sn**(eice88) + 2Hg^^ 8n+^++ ^ 2Hg+ (6) 

6Fe+^++ 2Cr+++ + 7E 0 (7) 

PROCgDURE 

Dissolution of Cliroaite 

1. Approximately l.Og of chromite is finely ground in an 

agate pestle and mortar. 

2. The material is dried and 3 x 0.250 g are weighed accurately 

into 3 y 4cia diam., thickwall nickel crucibles. 

3. 3g NaOE pellets and 5g N a O g are added to each crucible. 

4. The contents are thoroughly mixed with a stout copper wire. 

5. The crucibles are covered and are heated gently until the 

mixtures are melted. 

6. The temperature is increased until the crucibles are dull 

red. This is maintained for abo%it 20-30 lain., swirling 

the crucibles frequently, 

7. The crucibles and their contents are cooled and leached in 

3 separate GOOnl beakers with lOOal water. 



- 193 -

8. The crucibles are removed and washed with distilled water. 

9. i.Og is added to each beaker. The solutions are 

boiled for 15 min. 

10. The residues are separated by filtering through a Ho.541 

I'/hataan filter paper. The filtrates are collected separately 

in 800 'al beakers 

11. The residues are washed thoroughly with a hot, Vjo Ma CO 
6 U 

solution (appros. 150 al of wash-solution is normally suffi-

cient) . 

12. The filtrates can be used for the analysis of iron. 

Chromiua analysis. 

1. Isl HgSO^ is added to the filtrate until the solution just 

turns yellow. Approsiaately 12 al of acid is required. 

(if a precipitate is foraed during this operation, an excess 

of acid is added until the precipitate redisso 1-^os.} 

2. The solution is brought to the boiling point. 

3. It is cooled and adjusted to 250 sal in a standard flask, 

4. 100 al of solution is pipetted into a 250 al beaker. 

5. 15 al of solution alpha (l50 al conc. H 50^ + 150 nl syrupy 

phosphoric acid diluted to one litre with distilled water) is 

added. 

6. The solution is then titrated with a standard ferrous 

aiasoniUEi sulphate solution. 
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T,' 4—5 drops of H- aathyidiphenylaraine p— sulponic acid indi-

cator are added when the colour of the solution turns 

green. Ln intense reddish-purple colour will be developed, 

8, The titration is continued until the solution becoaes pure 

green. (When the end point is approached, the solution is 

stirred well,waiting for several seconds between each 

addition of the titrant). 

9. The chromiua content of the solution is then calculated. 

Iron analysis. 

1. The ferric hydroxide residue in the No.541 Whatman filter 

paper is dissolved in 15 al of hot, conc. HCl in a 100 al 

beaker. The filter paper is washed with a tainiinua amount 

of hot, conc, HCl. All washings are collected. 

2. The solution is brought to the boiling point. 

3. The solution is then removed from heating and 4-5 drops 

of 25^ stannous chloride in 1 + 3 HCl is added dropwise 

(Ercess stannous chloride is avoided). 

4. 20 al of saturated taercuric chloride solution is added. 

The solution is allowed to stand for 1 ain. 

5. 4 Q I of conc. phosphoric acid is added. 

6. This is followed by 3 drops of barium diphenylsulphate 

indicating solution. 

7. The solution is titrated against standardised K^Cr^O^ 

until the green solution becoaes reddish-purple 
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8, The iron content in the solution can then be calculated. 

Standardisation. 

The standard ferrous aaaoniuQ sulphate solution for chroniua 

deterninations contains 20.000 g of dry crystals per litre acidi-

fied by 20 ml E 80^^ The standard potassium dichromate solution 

for iron determinations contains 0.400 g of crystals per litre. 

Both salts can be obtained in high purity and may be used as 

primary standards. They ssay be standardised against each other. 
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2. Deteriaiaation of Chromium &nd Iron in Leach 

Liquor by Spectrophotoaetric Method. 

Summary. 

This method of analysis is based on the formation of stable 

ferric-E.D,T.A. end chromic-E=D,T.A. colour complexes under acid 

conditions. The ferric and chromic colour complexes possess 

absorption peaks at wavelengths below 366 mp, and at 533 mp 

respectively. No interference between absorption peaks was 

experienced with solutions having concentrations of ferric and 

chromic ions of the same order of Magnitude as those in the leach 

liquor. It is,,therefore, possible to measure the absorption 

densities of the two colour complexes in one solution without 

separating the metal ions. The assay values of the iron and 

\>Q 

chromium can then/obtained by reference to calibration curves. 

Development of Method. 

Colour complexes. 

The large nuabsr of analysis necessitated by this investi-

gation justified the development of a rapid spectro-photonstric 

method. It has been reported (99) that disodiuK ethylenedianine-

tetra acetate foras a stable violet complex id th chronic ion at 

boiling temperatures. The properties of this complex were 

studied by Cellini and Valiente (lOO) who observed two absorption 

peaks occurring at 398 and 538 op, , the latter being aore 

TOrociinent with a caaxiiaun: value of absorption at pK 1.5-4,0. 
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Presence of chloride, nitrste, celciua, taagneniun, aluiainiuG and 

zinc ions did not interfere r/ith the absorption pe&ko which reaained 

stable up to 15 days. 

JUoS.T'.A. also forQs a stable yellow conplez with ferric ions 

with an absorption peak e,t below 366 Bp, and with en absorption 

density constant at a pH range of 0,0 - 2.3 (lOO). 

Gsidation. 

In qualitative analysis all iron and chromium ions in solution 

have to be converted completely into the trivalent state by con-

trolled oxidation, avoiding the formation of ions in a aore oxidised 

state e.g. dichromate. Different coason oxidizing agents were 

investigated for their suitability in this application. It was 

found that oxidation by using 20j0^ and HpO resulted in having a 

solution with a lower concentration (appros. 10^) of chromic ion. 

Bromine water proved suitable and was used subsequently for this 

analytical process. 

gH. 

The range of DH values which could be employed in this analysis 

was studied for iron and chromium determinations. It was found that 

the pH value was not critical in the absorption measureaents, 

provided it reaained between 1.0 — 4.0. Sulphate ions were also 

found to have negligible effect on the determination at this pK 

range. Sodiuo carbonate and sulphuric acid were, therefore, used 

for pE adjustments in conjunction with a pH meter. 
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Interference 

It was thought that interference between the absorption peaks 

of the two colour cospleses may occur under the conditiono of 

determination of the concentration of ferric and chromic ions. 

This aspect was investigated by studying the absorption densities 

of the colour complexes at different wavelengths. It was found 

that the absorption peak of chrosnic-3.3.T.A. complex in a glass 

cell occurred at 543 m|i and that of ferric-ju.D.T.A. complex at 

below 329.5 For convenience a wavelength of 543 was 

adopted for the determination of chromium and a wavelength of 

329.5 Q [i for iron determinations. Using 1.0 CH absorptiometriC 

glass cells, solutions containing 2-20 rag iron/litre could be 

measured in a Unicaai Spectrophotometer. For the measurement of 

chroEiic ions • a solution of higher concentration was required. 

Sensitivity was between 20-200 mg of chromium/litre. 

The concentrations of iron in the leach liquors were higher 

than that of the chromium and in view of the lower limits of iron 

concentration determinable by this method, the chromium was 

measured first, before diluting the solution for iron determination. 

No interference with the chromium absorption was detected under 

these conditions, nor was any interference of the iron reading by 

chroEiiuQ observed after dilution. This procedure of determining 

two ions in one solution was, therefore, adopted for the analysis 

of leach liquors. 
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Pro cedure. 

1. The leech-liquor is decanted frora the leach-residue. 

2. The residue is washed 3 times with etaall portions of 

ifo E SO^. All lyashings are collected by decantatioa. 

3. The leach liquor end the washings are combined together. 

The total volume is measured accurately. 

4. An aliquor of 5 E1 is oipetted frop the solution. 

5. This sample of solution is diluted 10 tioes in G 50 nl 

standard flask with water. 

6. 10 al of the diluted solution is pipetted from the 50 ml 

standard flask into a covered beaker, 

I. 2 ml of saturated bromine water is added. 

8. The solution is boiled vigorously for 5 ain. to expel 

all the bromine, 

9. The solution is cooled and is then neutralised carefully 

with N@gCOg crystals to pH 2-3. 

10. 5 ml of 5fo E.D.T.A, solution is added to the solution 

II, The solution is boiled gently for 5 ain. in a covered 

beaker for complete development of colour coaplexes to 

occur. 

12. It is cooled and made up to 20 ml with distilled water 

in a standard flask. 
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13. The optical density of the solution is measured at 548 nyu 

for cbromiua determination in 1 cm absorptiosetric glBOB 

cell. The remaining solution is diluted and the optical 

density is then measured at 329.5 for iron determination, 

14. The iron and chromiuD content per litre of solution can be 

obtained by reference to calibration curves (see Piga. 20A 

and 20B). 

15. The iron and chromium dissolved during leaching can be 

calculated. 

Calibration. 

Ferrous aaaoniua sulphate [Pe 24HgO] and 

chrome alura [Cr (SO^) „ „ 24Ei 0 ] were used for obtaining 

calibration curves for the determination of chroiaiuEJ and i r o n . 

It was found that the optical density is directly proportional 

to the concentrations 

D = mC 

where D = optical density of solution in a I cm cell. 

C = concentration of element in g/litre. 

a = constant in units of optical density per graa/litre. 

For chromium determination m = 3.65. 

and for iron determination m = .483 

The calibration curves of iron and chromium determinations are 

shown in Figs. 20A and 20B respectively. 
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CALIBRATION CURVE FOR CHROMIUM DETERMINATION FIG 20 B 
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