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SYHOPSIS

This thesis is concermned with the heneficiation and
agglomeration of standerd grade chromite comcentrete with low
chromium:iron ratio by a sequence ofprocesses including pelletizing
of the finmely powdered concentrate, selective reduction of the iron
oxide by carbon and removal of iron by leaching with acid. Funda-
mental principles which control or influence the various steges of
the process were exémined and are appraised here,

L process of pelletizing fine chromite concentrate was
evolved with a laboreatory pelletizing drum. The following variahles
affecting the pelletizing process were investigated:

(1) Seeding of the load in the drum

(2) Moisture content of the feed agd seeds
(3) Loading of the drum

(4) Drum diemeter and drum velocity

(5) Rolling time.

The mechanisms deduced from these observations are
digcussed,

Sintering and reduction of the pellets were examined
end the influence of verious binding aegents on thie process was
investigated. Reflected light microscopy and X-ray microrediogrephy
were uged to elucidete the mechenism of sintering and to detect

textural ond mineralogical changes in the agglomerates. The



relationship between sintering temperature, omount of reducing
egent incorporated ond efficiency of removing irom by leaching
are expleined,

Acid lecching of the reduced pellets was investigeted
in respect of leaching rate, concentration of ecid, temperature
of leaching and quenching of hot pellets in acid gt room temper-
atures, Optimem conditions for leaching are discussed.

Firing of pellets in a small, highly instrumented shaft
furnace was attempted with combustion of town gas inside the stack.
The distribution and geometry of temperature zones were plotted

under verious firing conditions,
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1.0 INTRODUCTION

Chromite is the only minercl occurring in sufficientily
high neaturol concentration to form economical sources of the metal
chromium for industrial uses. Depogits of chromite ar:z wmined in
Rhodesic, Turkey, U.S.5.R., South Africo, Indie, Cube, Yugoslavia,
the Phillippines and many othar countries. Crystollogrophicclly,
the minercl belongs to the gpinel group with on empricial foruula
of FeCr203 (FeOCCr203)° The Fe0 is comucaly particlly replcced
by Mg0 and the Cr203 by 01203. The unit cell of tioe crystcl is a
close-packed arrcangemnent of 32 oxygen atoms, Helf the trivelent
metel ioms are tetrahedrolly surrounded by four oxygen ctoms while
the remainder togather with cll the divelent metel ions are
raondomly distributed and are surrounded octehedrally by six ogygen

(98)

atoms . The unites are co-ordinctsd through the oxygzen ctoms to

form one unit ce11(97).

Chromite normally occurs in ultro bagic
igneous rocks cnd serpeantines., 4 high grade ore ney contain os
much as 55% Cr203 with o chromiums iron ratio of 3,5:1, wherecs,
o low grude ore may have a Cr203 content of 20-40% end o chromium:
iron reotio as low as 1.5:1.

The wet:cl and the compounds of chrowmium are used for
verious purposes. FHeord lumpy chromite rock is employed in the

monufacture of refractories, particulerly for basic open-hearth

furneces, Artificially prepared chromium salts find industrieal
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applications such o8 in pecints, toaning, ond chromium pleting. By
for the most importunt use of chroaium is the groduction of ferro-
chrome for alloysteels. Although low grade chrome ores have
recentiy been directly euployed for the experimentcl production of
chromium steel by the Wild's Process (1) (2) (3) and the "Chrom«X*
Process (4) (5), standard grade ferrochrome is still the preferred
bosis for steel-making,

dMetallurgicel grade ore for the production of standerd
ferrochrome assaying about 70% Cr should contain o minimun of 48%
Cr203 with o chromiumsiron ratio of not less then 3:1. The materical
should be lumpy for easy handing and the cizount of fines should be
kept to & wminimum to avoid unnecessary dust loss. Even in the
refractory industry o chroreore with less then 16% Fe0  and 6%
8i0,;and over 30% Cry0, is preferred.

High~grade ores conforming to these specifications ore
beconing increcsingly rare, but there are very large reserves of
low-grode chromite in Central end South Africe, Indio ond mony other
poerts of the world, mostly with low chrome:iron ratios of the order
of 2:1. The iron does not occur in the ore as gongue but ws o
constituent of the chromite crystcls. Conventional mineral
drossing methods con therefore succeed only in improving the grade
by removing the free gengue but feil to change the chromiumsiron

ratio. Vorious chezicel wetheds have been tried for this purpose:



(1)

(2)

(3)

(4)

(5)

) R

Oxidation to chromcte and reduction of chromate with
carbon (6) (7)

Leaching in sulphuric acid or slkeli under pressure
(1) (8).

Leaching in sulphuric -acid in the presence of chromic
trioxide (9)

Decomposition of chromite by elkaline fusion with
silica and coke (Udy Process) (10).

Partial or total chlorinetion at high temperatures
(11) (12)

Roasting under strongly reducing conditions and
removel of acid soluble iron by acid leaching

(7) (13) (14) (15) (16) (17) (18) (19)

None of these wrocesses has been adopted by industry

becaugse of technical difficulties and economic inability to cowmpete

with naturel products. £ nev epproach to the problem is presented

in this thesis,

It consists of the steps of forming fine chromite con-

centrates into pellets, heating the pellets in the presence of

carbonaceous reducing egent whereby the iron in the chromite isg

rendered acic soluble and then removing the irom from the pellets

by leaching with acid.

The specific advonteges of this method mey be

summaerised as follows:



Chemicel adventeges: porous pellets are more amenable to
reduction then ores in lump or powder form. Lecching,
washing and dewatering ere similarly more efficient.
Thysical advantegess pellets are superior to lump ores
in comstancy of physical and chemical comgtitution,

They are preferable to fime concentrates in respect of
handling and ®&hipping qualtice as well as in the

reduction of dust losses,
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2.0 PRISINT KMOWLEDGE OF REDUCTICH ROAZTING GF CHROMITI.

Chromite (FeO,CrZOS) is a steble compound and does not

decompose into Fel and Cr203 even at high teuperatures. In the

reaction:

Fel0 + Cr203 = reO.Crzup

the free energy of formation (AF) is negative and becomes only very
slightly less negative with rise of tempereture (18) (see Teble 1).
In view of thig, the reduction of chromite caazzot be regerded as a
reduction of Fe0 in a mixture of ferrous oxide and chromic oxide.

TABLE 1

Thermodynecmic Values for the Resction

Fe0 + Cr_ 0, = FeO.CrQO

23 3
Teisp. in CK |Temp. in °C OF
298.2 95,2 -8630
1000 727 ~8500
1200 9217 ~3300
1300 1027 ~8200
1400 1127 ~3100
1500 1227 -8000
1600 1327 ~7900
1700 1 14e7 ~7800

Kubaschewski and Evens (20) produced & chart showing the
variation of the stonderd free energy of formation of oxides with

temperatufés (see Fig. 1). The values of the free emergy of
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formation shown in the chart indicate thet neither hydrogen nor
cerbon monoxide can be employed to reduce chromite. However,
recuction cen be corried out by using carbon or me thane at about
950°C and 1150°C respectively. Furthermore, cerbon will stert
reducing the chromic oxide &t 1200°C. These thermodynamic con-
giderations are based on the assumption that the chromite isg
reduced to meteliic iron end chrowic oxide, end that the goses
produced are CO from reduction by carbon, and 002 end H20 vapour
from reduction by me thane. The reduction of irom to iron carbides
and the formation of CO and Hz instead of 002 end E_0 from re-
duction by methane are not considered.
Boericke snd Bangert (18) investigated thoroughly the
equilibrium of the reduction of synthetic chromite by hydrogen,

caerbon monoxide, carbon and methene. They concluded that the

reaction:

o =
[=

Sh i ]
Fe0°Cr203 +H Fe +Cr203 +L20

wos slow below 1300°C and thet only sbout 10% of the hydrogen
would react ot 1700°C. 1In using CO, Cy, and 034 for reduction, the

following recctions were inveatigated:

(1) Fe0.Cry0. 4 Fe(g,yorg’) +Cry0q  +CO

+C +C0

ti

(2) FeO.Cr208 3

4 1
(3) Fe0.Cr 05 +3C = 3 Fesc(/gz) #£r 0, +CO

(4) Fe0.Cr, 05 + CO Fe(B}/ or8) +Cr,0, +CO0,

4‘ o l 8 T
—(I A o S 1) 9] =
3 +3Chi =9 L‘e3cv,) +CI“2()3 +C0 -i—:3 n2

Fe(Y) +Cr 0

1l

(5) Fe0.Cr,0
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The values of the frze energy of reaction ond their ecuilibrium

constants were coalculated.

They are reproduced in Tobles 2 and 3

below.
TABLE 2
Values of Eguilibrium Constonts of Reactions
O.’ -0 e v
TK T C K]l X, 1&3 K4 KS
1160} 8ot Ma sl T s = 10 Xl 1.8 100 ;
1 L e e 2
1200 | 927 {7.4 x 10 7.4 x 10 7.8 x 10 g .9 x 10
1300 | 1027 |3.3 3.3 3:5 g 2.2x 102
4
1400 12127 {1.2 x 10 |1.2 x 10 | 1.3 x 10 5 d}1.9 x 10°
1500 | 1227 | 3.5 x 10 3.5 x 10 3.9 x 10 ,i Pl o s
1600 | 1327 9.3 x 10 | 9.3 x 10 | 9.9 x 10 = 56 50
1700 | 1427 2.0 x 107 | 2.1 x 10> | 2.8 x 10° o =10
TABLE 3
Values of Frze Bnergy of Reactions (calc/gole)
9, 90 o) P F
TR T ol NE AF, A £AF, 2 B
1100 | 827 4,500 4,500 4,500 - 5,000
1200 | 927 700 700 600 -12,500
7]
1300 | 1027 | - 3,100 |- 3,100 | - 3,200 S -19,900
— O
1400 | 1127 | - 6,900 |- 6,900 | - 7,100 L -27,400
+
1500 | 1227 | -10,600 |-10,6CC | -10,900 | -34,800
1600 | 1327 | -14,400 |-14,400 | -14,600 -42,100
1700 | 1427 { -18,100 | -18,100 | -18,400 -49,400




From the values of the free energy of recction in Table 3,

it con be seen thot carbon cen be used es e refucing egent et 1300°K
or above and methane at temperctures as low as 1100°X. Carbon
monoxice, however, is not an effective reducing agent. Consecuently
the gases produced during the reactionswere expected to be CO an&/or
Hg.

On the basis of these thermodynaemic congiderctions, in-
vestigations of the reduction of chromite using cerbon end gases
conteining methane have been carried out by many workers (7) (13)
(14} (15) (18) {(17) (18) (19). It wos found thot the reduction
reaction preferenticlly rendered the iron in the chromite acid-
gsoluble. The iron could tien be removed by leeaching with sulphuric
ecid, lecving a regidue with o high chromiumsiron ratio.

Boericke (19) investigated the selective reduction of

iron oxide in chromite by wmethane-hydrogen and similer ges mixtures,
while Boericke and Bangert exemined the reduction of chromite by
graphite (13). Llthough the resction temperature wes found to be
lower in gaseous reduction then in reduction by solids, as pre-
dicted by the thermodynemic conmsiderctions, difficulties were
encountered owing to the cracking of methane which led to corbon
depogition in the hot zone. The efficiency of methone os a gaseous
redu cing agent was thus lowered. Gaseous hydrocarkbon wes also
found to exhibit comporotively poor selectivity in reduction,

resulting in losses of chromium in the subsecuent leach. Sen and



Chotterjee (16) used coke-oven gas containing 23% methane ornd 51%
hydrogen to reduce low-grade Indian chromite amd reported that the
recovery of chromium was low, This wes further supported by Misra,
3en and Bhotpegar (15) who reported o best chromium recovery of
just leas then 90% when Indien chromite wos raduced with coke-oven
goas for one hour at 1100°C. However, the chromium recovery fell
to about 70% when the roasting tempercture wae increocsed in
ottempts to lower the roesting period. 1In gemeral, for o fixed
chromium recover, reduction by graphite geve o finel product with
o higher chromiumsiron ratio thon goseous reductiony and for e
fixed chromiumsiron ratio, reduction by carbon produced higher
chromium recoveries thon reduction by methaone-hydrogen mixtures(T7).
Cerbon con, therefore, be consgidered as o better reducing cgent
thon the goses.

Using corefully controlled smoll-scels laborotory tests,
Boericke ond Bongert (13) reported thot the rote of reduction of
fine chromite concentrote by powdered grophite was grectly
effected by the roosting temperature. Reduction ot 1200°¢C wes

: T o 0 .
ten times slower than at 1400 C. For aoll proctical purpoases a

¥
minimum rossting temmercture of 1300°¢C wes reguired. Roosting

ot high te:perctures wos olso reported to hove the added advontage
of giving better carbon utilisction in reduction (13).

The .amount of grophite used for reduction was eolso

found to have direct effects on the proportion of acid-soluble
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metal produced. or ecch ore there appecred to exist an optimum
quantity of graphite cddition. Beyond this, only slight increcses
in acid-soluble iron were obtoined wnd chromium losses grectly
increased. During the testing of low-grode domestic Lmericen
caronite, the optimum grephite reguired for reduction was found

to be between 4-5% by weight. This velue wos not greatly affected
by the A1203

reduction by carbon wes found to yield o high-grode leached resgidue

content of the ore. Hot sulphuric acid leaching after

vith o chromiumsiron ratio of 4:1 and & chromium recovery of +96%.
Over 70% of the iron in the chromite could be leached out and in
some cases 90% of the totoliron was reported to hove been removed.

However, the roasting period required for reduction wcg
prohibitively long. One hour wos required to roast one type of
ore ot 1300°C while 6 hours were needed in cnother instance. This
roasting period could be reduced slightly by using chromite of
finer sizes ond chromium losses werc clso improved, In the interest
of efficient and rapid reduction of chromite, Boericke and Bangert
(13) recemmended o meximum particle size of 65 mesh for ore aond
carbon,

The Hudson Boy kining ond Smelting Co. (7) used this
method in modified form for trecting fine moateriail (80% - 325 nesh)
with fine cocl (90% - 200 mesh), It wes found that the ore could
be up-groded by hot acid leaching to o chromiumtiron ratio of 3:1

with o chrominn recovery of just under 95%, Contrary to the



findings of Boericke snd Bangert (13), these suthors recuired a
minimum &ddition of fine coal of 20% (by weight). This frequently
produced a residue of unrescted coke which ceused undesireable
frothing during leaching with boiling sulphuric acid.

A prohibitive roastingz period of 2 - 3 hours at 1150°C
was &lso experienced. An attempt to reduce the roasting period by
increasing the teaperature was found to reduce both the chromium
recovery and the amount of acid-soluble iromn. No exglanation weas
given for this vnhenomenon,

Carbon reduction and &cid-leaching were also adoptad by
Lloyd end co-workers (14) to beneficiate low-grade ilontana chromite
in a pilot plant by roasting it with 18-41% coke in & rotary kiln
et 1340°C. The calcined material waes leached in lead-lined
pochukas  with 10% (by volume) sulphuric acid at elmost boiling
teuiperatures. The up-graded ore wos reported to have & chromiums
iron retio of over 3:1 Chromium recovery wes high, but the final
concentrate wos contemineted with unreacted coke.

Difficulties were experienced with the rotery kilnm for
reduction. Owing to the lorge difference in specific grovity of
coke and chromite, there wesg little mixing between the two
moteriels emd the coke tanded to stey on top of the cherge,
Lceretions of fine ore ware clso found to form on the kiln-well
in the hot zone and this became serious when the temperature was

roised to 1410°C
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Although simple in principle, this process proved un-
economical owing to the excessive roasting period and high coal-
consuaption., Downes ond Morgen (7) considered that the process
would not be cheep enouzh to encourcge exploitotion of U.S. ores
under normcl conditions, but it wos believed to be quite satis-

foctory to meet temporory recquirements in times of emergency.
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3.0 CEOICE OF PRCCESS.

The work described in this thesis wos comcerned with the
developument of & process which is technicolly and economically =ors
attrective thon its predecessors. The wori wrs also aimed ot an
cpproisal of the fundamentael principles which govzrn the vorious
stiges of such a proecess.

3ince selective reduction by carbon takes plece in the
form of solid-solid reaction, it wes considered thot pelletizing
wvould improve the speed and efficiency of the process through the
provision of intimete contucts betresn very fine chromite and
ci.rbon porticlies, The grzen pellets would be fired to high
temperatures with the carbor in situ, sintering end reduction
taking place simultaneously.

The fired, porous, product should offer ecasy leaching
of the acid-soluble iron and focilitote woshing and subsequent
dewetering.

The present approach is, therefore, based or the follow-
ing secuence of processes.

(1) Pelletizing of fimnely ground chrouite concentrate with
on oppropriate corbon addition.

(2) Hordening end reduction of the pellet at high temperatures
ir & vertical shaft furnaoce.

(3) Removol of ccid-soluble irom from the fired pellets by

acid-leaching.
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4,0 ILEXZPERILIENTAL 1 ATERIAL.

The chromite used in this investigotion, obtoined from
the properties of Rose Chrome Ltd., come from the Greet Dyke of
Southern Rhodesic, east of Gwelo. Excminction of the ore showed
that it comsisted of masses ofsmall graine of chromite embedded in
o watrix of serpentinc (serpentine -~ hydrous magnesium siliccte
Mg,.Si,0. (0H)_.), with smcll acmounts of olivine (olivine -

6410 6
magnesium iron orthosilicate (Mg,Fe)2 5104). The aversge specific
grovity of the serpentine is 2.6. Intimate intergrowths of gangue
ond chromite were comuon.

In order to obtecin o high-grede finel product from the
process, excessive gongue material had to be removed. For this
purpose & pre-treotment concentration procegs wes essentiel, The
ore wos cmenable to conventional methods of zrinding end grovity
concentration (tebling), and these processes were used in pre-
liminary preporction of concentrates aos feed for the subject of
this thesis.

The concentrates, being -20 mesh B3 in size, were too
coorse for pelletizing cnd were further ground to -150 mesh BS.
with obout 50% -200 mesh BS. A1l fine particles were carefully
racoverad cad the ground product wos dried. Iron particles
ocguired during the process of grinding were removed on o "Ropid"
high-intensity magnetic separator,

This trectment produced o concentrote which cesayed



48,3% Cry0, (33.2% cr)
20.3% Fe0 (15.8% Fe)

vith & chrowiumsiron rctio of 2.1:1. The avercge specific gravity

of the concentrote wes 4.17 and the specific surface area, as deter-

nined by the air permecbility method, wae 2,000 sq.cm/grom. The

2

gize distribution of the materinl was deternined by screening ond

becker decontotion and is shown in Table 4.
Table 4.

Jize Distribution of Ground Chromite Concentrote

BIZE DISTRIBUTION
BS. ilesh ilicrons %Wt. Direct | Cum. % Finer
+100 +152 2.9 97.1
+150 +105 10.1 37.0
+200 + 76 39.8 47,2
+ 53 31.5 15.7
+ 38 3.1 12.6
+ 30 3.7 8.9
+ 20 3.3 5.6
+ 10 3.7 1.9
+..8 148 0.6
- 5 0.6
Unsized 100.0

Exeminction of the sized froctions showed thot the
pcrticles coarser thon 30 nicrons cre gronuloer ond rounded.

Meny of thexz are iocized middliings, consisting of chronite with

inclusions of fine gongue minerals. The amount of middlings
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decrecses wit: sortic.e size, but full liberaotion of chromite is
only ottcined ot about 30 wmicroms. Forticles of this order of
size ore ongular, hoving shoerp edges ond pointad cormers.

Study of poiishad sections of chromite groins (Flate 1)
snowed that the groins ere full of veinlets and hair-cracks which
cccosionelly lecd to cavernous interiors. Thesespoces had probably
been occupied by soft gongue motzricl which was lomt in preparing
the epecimen.

The chromitz crystois exhibitzd no visible intergrowths
nognetite, zoaning or other heterogemsitigs.
X-roy powder diffroction potterms of the concentrate

were also prepared, using cobplt radiction. The lines obitcined

o]
]

corresponds to those of'cnroupicotite (g ,Fe) O (Cr,Al)203
reported in the L.3.T.M. index. Th2 thrce prominent lines corres-—
sond to 2.32, 1.59% ond 1.46%.

L scon of the A-ray fluoregcence gpectrum of the concen-
trote wos corried ocut with o Reoymoex 60 spectrogroph. This showed
chromium and irom os the only heaovy elements present, the limit
of detectebility beingz cbout 0.05% for elements of atomic weight

graater thon 50,



PLATE 1,

Folished Section of Untreated Chromite.
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5.0 ALGGLOMERLTION




5.1, Introduction.

"Pelletizing" - the egglomerzction of finec materiel into
spherical peliets by rolling was first introduced into the mineral
industry by L.G. indersson {21) in 1911, in Sweden, where he
successfuily pelletized fine irom ore in o rotory drua. FEis work
was not opprecicted and the process was soon ignored. Loter

Brockelsberg (22), Boerrett (23) and Decn (24) independently developed

simile
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relietizing then grad-
uclly became acceptad in tihe mimeral industry cs o process of
ogglomeration, simple in principle and economicnl in operction.

In pelletizing, o finely powdered maoterial, together with
o certoin asount of moisture, is fed into a horizomtal, rotating
druz or into other revolving vessels where balling occurs. The
sphericol pellets taus produced ore comtinuously digcherged, as o
product showing o range of sizes, Pellets comsidered too smoll for
subsequent treatment cre removed by screening ond returned to the
feed of the macizine. he suzcll peliets mix with the new feed ond
act as "seeda" in the agglomerction process. The pelletes in this
woy increase in size ond are eventuclly dischorged as finished
products, while undersize matericl moy be returned repectedly to
the feed of ths process. This forms a circulating load whick may
omount to severol hundred percent of the fresh feed.

The motericl to be pellitized com be either wet or dry

and woter sproys ore often used in the pelletizing mochine if
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insufficient woisture is present ir the feed, L scroper to clecn

&3

the woll of the mochine 18 generelly needed to avoid excessive
accumulotion of tie wet umatericl,

Generclly, high rates of through-put con be achieved by
this process. Eally cnd Apuli (26) reported o through-put of 50
tons of 4 inch iron-ore pellets per hour from ¢ 9' x 30 drum,

vhile Dovie ond Wade (27) successfuliy pelletized megnetic taconite

in o drum (whereas briguetting was excessively expeusive owing to
high pover consumption ond die wear).

Although this process of ocgglomeretion is now being widely
proctised, its fundamentcol mechonism is still obscure and little
work on the theory of pelletizing has so far been published,

Donnan (29) was the first to put forwerd a theory of
bonding forces in the egglomeration of fine perticles. He held that
thé solubility of & homogeneous solid varied from ome point of the

solubility wes highest
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solid particle to exzother, and genereliy t

\)

at the pointe which hed besn subjectad to high stresses. The

2

material could therefore digscive et one point of the perticle and
was then reprecipitated at the peints where the solubility was lower,
resulting in the formation of crystelline bridges., The cementin;

action of these bridges was congiderel to be responsiblie Tor the

[&)

2

gtreangth of the "green" pellets, and wes primarily of a chemical

>

nature. Physical forces responsible for the process of egglomerstion

were not mentisned. The epplicetion of this theory to pellitizing
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fine nateriel hed not been vorified experimentally. The first
ioportant theories of pelletizing were tioss of Firth (30), and
Tigergchoild emnd Ilwmoni (31). In his investigations using iron ore,

Firth observed that "the case of belling" wes proportional to the

®
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specific surface arce of the material and that the green-strength
of the peliets was the same as would be imparted by & bricuetting
pressure of severel thoussnd p.s.i. This, he attributzd to the
compresgive force exerted by the entire bell resting on & single
perticle. Tigerschoild end Ilmoni, however expleined this pheno-
nenon by & theory of

reen boanding through cepiliery forces due to

g
ths water in the veide of the pellets. The negnitude of these
cepillary forces was considercel proportional to thes pore diameter

ead to depeand on the specific surfoce arca of the materiel (32).

()
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This was in good cgreementwith Firth's (30) observations but the
concept did not take invo considerstion the state where a pellét wag
only pertially saturated wita water,

Eeinea (33, 36) and Fisher (34) developed a theory of the
bonding forces of water in a "cepillery" stete and in & "pendular"
state., In a "capillary" stute of saturation, all the voids in the
pellet were comsidered to be filled with weter while in e "penduar!
stete of saturation, the liquid in the voids wes discontinuous ond
existad as discrete lenses st tie points of contact of the particles

only. (see Fig.2). Developing further froi the concept they con-—

cluded thet the strength of en egglomerete heving o saturation in a



FIG 2

THREE STATES OF WATER CONTENT

IN A PELLET

A PENDULAR STATE

B FUNICULAR STATE

C CAPILLARY STATE
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"capillary" stote wes 3 - 4 times thet having e "penduler" stete.
Utilising the work of Haines (33) e=d Fisher (34), Newitt and
Conway-Jones (35) derived an approximete eguatisn for a "funicular

go.turction in tae
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state in which the degree o
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thet of the "cepillary" stote and the "pendular" stote. (Sez Fig.2),
regulting in the strength of the agzlomerctzs intermediate between
those corresponding to the other two stotes. Like Haines (36), they
obgerved am increcse in stremgth with increcse in meisture content
until 2 saturatesd stote was recched, This is in good egreement with
the observotion by Cooke end Ban (87) of & similor strength -
moisture contant relotionship, but conflicts with en ecrlier obser-

votion by Tigerschoild end Iluoni (81) who found thet the strength

of green pellets could be increcsed by simulteneous rolling and

The strength of green pellets depends, clso, on other
factors such cg tihie pocking properties of the particles, the nature
of the liquid, etc., It ig ot least portly eattributable to cepillary
forces; the influence of the surface tension of the liquid hosg,
ther:sfore, to be considered. Cooke and Ban (37) tried kerosene, a
liguid of iow surface-tension, for pelletizing iron ore and reported
that the strength of the pellets wes low., Ridzeon, Cohen and Leng
(43) found en increcse in the green strengh with sodium carboncte
solution, which they ottributed to the increcsc in surface tension

of the liguid. The most conclusive experimentel work on this aspect



was thet of Wewitt ond Conwey-Jdonzs (35) who used woter-alcohol

solutions of varying comceantrotion for pelletizingsilice scnd. The

E &

e

gtrength increcsed linearly with the surfoace tension »f the ligquid.

The mechanism of wet bonding can only be operctive if the
surfoce of the solid is hydrophilic. Surceks, Reriche ond Kendl (58)
and Ben (25) experienced difficulties in pelletizing o normal

]

flotcotion concentrate and they ottributed this to the hycdrophobic

properties of the surfaces of the solid,

The green strength of the pellets should also depend on

tha chemical nature end viscosity of the liquid. If reaction occurs
between the liquid and the solid to Ge pelletized, the surface
tension &s well es the viscosity of the liquid wmay chenge. The
letter factor wes investigated by Rumpf (50) who steted thaet the
force required to disrupt a viscous binder was higher than thet

needed with & liquid of low viscosity., This wes explained by the
deformation emergy of & viscous liguid being greater then the
incrense in surface energy of & mobile wmedium.

Depending on the materiel to be pelietvized end the liguid
uged for tihs operation, the factors influencing the process of
pelletizing vary from one system to emnother., Although Newitt end
Conway-Jones (35) have cescribed the mode of pellet formetion of
silice send end have investigated the effect of particle size on
peliet zrowth and pellet strength, the theory and practice of

pellietizing fine powder is still difficult to generalize. Zach

=)
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pelletizing problem has to be trected seperately.

Work on the pelletizing of fine powders hes heen conducted
by verious woricers, often on pilot=plant or production scale. The
pelletizing of fertilizer was described by Hardesty cnd Chuke (38)
end by Sherwin end Stevenson (50), while Swertzmen (39) published
an article om agzlomeration in the coal industry using belling
methods., DMuch attention has been directe’l to the pelletizing of
iron ore, Pelletizing of magnetic toconite wos investigated by
Cooke and Ben (37), Cooke ond Stowasser (40), Ben ond Erk (41),
Kunde (42) cond mony others, while Ridgeon, Cohen cnd Laong (43)
pioneered the pelletizing of flaky hoemctite. Little has been
of other minercls. However, Cohen (44)

published on pelletizin

&
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guccessfuily pelletized fine mengenese dioxide concentrate in e

Jz

' fly—-ash from power gtetions is nowadeys being
Y J 23

s

pilot plant, an
pelletized on an industriecl scale, The pelletizing of chromite has
not previously been described and its specific problems were unknown,
The hardness of the chromite, its shope foctor, the size distribution
of tae particles, its refractoriness, the ncture of the gengue
moteriel etc, make the pelletizing of chromite different from thot
of other matericls., An attempt wcs therefore mode to pelletize

this meoterial.
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5.2 Felletizing Lpparatus,

L pelletizing cpporatus comsiasts essenticlily of o
revolving vesgsel in which moist powder material con he formed into
spherical agzlomerctes, Simple rototing drums or discs are commonly
used althouzh more complicated equipment has besen proposed from time
to time. Reocently, Sterling (28) described o multiple cone pelletizer
ond cloimed on cdvantogeous longer retention time.

In this investigotion three smell laboretory drums were
employed for batch pelietizing. They were 12", 14" ond 17" in
dicmeter ond 12" long with smooth interior surfaces. One end of
the drum wos closed while the other end had o 28" lip for the re-
tention of material in the drum.

In operction, a drum wes supported by two 24" dicmeter
rollers, horizontelly spaced 12" apart, one of the rollers being

: 1 -
driven by & 3 h.,p. c.c. motor through pulleys. The pulleys were
chengeable, providing o selection of speeds of rotation for the
drum, This errcngement permitted easy interchenge of drums of
different diemeters cnd fucilitoted cleening (see Fig. 3).

In o batch pelletizing test, the ratio of pelletsto
powder at tae beginning of the experiment is eguivalent to the
ratio of the circuleting load to the feed-rote in o continuous
process. This rotio is known os the equivalent circulating load
which is normally expresged as percentage of the fresh feed; it

tends towards infinity ot the end of the test when no powder is
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PELLETIZING APPARATUS
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left in the locad.

Consider & continuous pelletizing process using ¢ drum
pelletizer with one end receiving wet feed ond recturned seed pellets
ond the other end discherging pellets of various sizes. It may be
taken thot for a short period before pelletizing tokes place, the
extreme feed end of the drum has o load conteining o proportion of

guivalent to the retio of the circulating locdto the
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feed motericl. 4s pelletizing proceeds, this mixture of seeds and
wet powder is disploced towords the discharge end of the drum while
the powder is applied graduclly tc the seeds, thus forming bigger
pellets. The ratio of pellets to wet powder therefore increcses
until no more powder is left in o section of the load. This is
onalogous to the pelletizing of o certain quontity of pre-formed
seed pellets cnd wet powder as o batch in o laboratory drum. It

ig therefore possible to employ batch testing procedure to investi-

gote ¢ process which is mormolly continuous.

5,3. Quality Controcl of Pellets.

The green pellets must have adequote resistance to
cbrasion, compression cnd impact to survive different stages of
handling prior to hardening ot hign temperctures,

Various test methods for determining the strength of
pellets have been uged. Raistonce to breckage tests by controlled

m
dropping were cmployed by Tigerschoild and Iypni (31) ond by Urich
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and Hen (45). The method was further modified by Boen ond Erk (41)
who introduced the concept of strength index, defined as the ratio
of the average size of the matericl after impact to the average
size of the motericl before impoact. This index, however, seens to
give little indication of the resistance of pellets to impacts
received during actual handling. The nuamber and height of falls
during conveyaonce vary from plant to plant. The disposition and
noture of the surface on which pellets fall are further foctors
of importcnce, greater heights of fall being occceptcble on to &
bed of pellets thon on to an unyielding metcl or concrete surface.
The droppinz of pellets on to o steel plate may hence be regarded
o8 an unrealistic measure of tueir gtrength, Ridgeon, Cohen and
Bang (43) found that for drops of grecter then 2 - 8 feet all the
hoemotite pellets broke the first timey ond from less thon 2 - 3
inches, the pellets never broke. At intermeciote heights clmos t
ell broke ot the second drop.

Tumbling tests have been used to determine the pellats'
resistonce to abrasion. They produce mutucl rubbing between
pellets in o sanll rotating drum for ¢ predetermined period. The
quantity of fines produced is toker as cn inverse measure of
obrosion resistonce. This method was used by Bon end Erk (41),
Tigerschoild ond Ilmoni (31), Urich ond Hen (45) cnd others in
testing fired or dried pellets. Depending on the quolity of the

pellets and rolling period, up to 20% - 28 mesh matericl could be
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produced through this tumbling cction (45). This method of testing,
however, does not apply to pellets which tend to pick up any fines
produced by abrasion in o tumbling tester, aond, in th: case of
fired or dried pellets, the significcnce of this test method is
dubious unless it can be designed to simulote sctucl specific
working conditions,

By far the most commonly accepted method of determining
the quality of pellets is the compression or crushing test. This
involves placing & pellet between two flat plotes of steel eand
opplying cnr incressing uniaxicl load until failure of the specimen
ig observed. The breaking load is tnken aos the compressive strength
of the pellet. The mein defects of this method lie in the diffi-
culty of cpplying the load ot a constont rate and in the indeter-
minate size of the creas on contact betweern the pellet ond the
compressing plates.

Under normal operational conditions, pellets are fre-
quently subjected to & wmultiaxial compregsion by adjacent pellets
and this cen be gimulated by compression testing of & pile of
pellets but the result indicates wmeinily the multiaexial compressive
strength of the wealest pellets in the batch. The average strength

of the peliets is not determined.

=

None of the above methods of testing is completely
gatisfactorys nor does any simulete adequatzly actual operationel

environments. However, owing to the simplicity of operation,
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compresgsion testing of single pellets was aedopted in this work.

This method is well documented. Ban end Brk (41), elso
Tigeraschoild and Ilmoni (31) stressed the importance of the rate
of epplicetion of the crushing load and careful experimentcl
techniques are necessary for obtaining reproducible results.
Newitt, Wood and Hanser (46) applied their crushing load by
adding drops of mercury into a conteiner resting shove the pellet.
L more elaborate method was devised by Stevenson and Bergstrom (47)
whereby the deformation of the pellet could be meeasured with
increasing compressive load. However, in most cases, marual
application of loed wes found to be sufficiently reproducible to
be employed for repid determinations.

In tizis investigation, & manually operated Salter Com-
pression Tester with an interchengeable scale was uged for deter-
mining the compregsive atrength of the green pellets. With this
set-up it was wnossible to determine compresgive strengths from e
fraction of a lb. to 44 1lbs. The compressive strength of the
fired pellets was determined with o Millen Mounting Press.
Compressive strengths of over 2000 lbs. could be determi:zed.

Reproducible average regults were obteined by testing 10 to 20

pellets from each batch.
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5.4 Strength-3ize Relation of Pellets.,

The ability of a pellet to withstand a compressive load
depends on its diemeter when other parameters are ccnstant. This
wos first enunciated by Tigerschoild and Ilmoni (31) who steted
thet the coupressive strength of o pellet should be proportionsal
to the squcore of the dicmeter., Newitt and Conway-Jdones (35) found
a similar relation with silice sand pellets end, according to
Tigerschoild (48), Ilmoni and Uggle produced the some conclusion
with iron-ore pellets,

In order to investigote the strength-size relationship
of chromite pellets compression tests were carried out on batches
of pellets of different sizes. The compééeive atrength wes found
to be directly proportional to the squore of the average dianmeter
of the pellets end this relationship held for pellets made from
dry feed cos well as those made from wet material es shown in Fig. 4.

Ls usuel in sempling, it was iapossible to obtoin semples
of pellets of exactiy uniform size. TFor the purpose of comparing
pellets of different sizes, a correction had to be applied to the
measured values of compressive strength. In all coses the velues
were corrected to a steandard pellet of 0.6 inch diameter, allowing
the compressive strengths of different batches to be compared,

The correction recguired exact meesuremesnts of the
dianeter of the pellets. This couid be mecsured readily by meons

of a sucll ruler. If & pellet wos found to be non-8jperical, the
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diemeter of the equivalentgphere was deteruined from its weight.
This was possible because the apparent density of the pellets
was found to be independent of size and comseguently their weights

were directly proportionel to their volumes (see Fig

=)
Zo0) .

5.5. Telletizing Dry Powder Without 3Seeads.

In studying the mechenisa of pelletizing, it wes
desirable to observe the onset of the process of pellet formetion.
Barly trials of pelletizing chromite concentrates were, therefore,
conducted with dry moterisls but without seed pellets.

The investigetions were carried out in the 14" pelletizing
drum rototing at 34 r.p.m., with en equivelent peripherel velocity
of 1251/min, it this drum-speed it wes observed that the powder
did not tumble but slid up and down the wgll of the drum with an

ogsciliaving motion cs one mess, Water addition in the form of o

3

olmost uniforiz layer of wet meteriel et the

(]
ha
2

fine spray creocted
surfece of the load. All the wet porticles edhered to one another
by surfoce tensional forces to fori: one comntinuous layer, which
behaved like an elastic skin oo vering the rest of the dry matericol,
There wos no tendency for th: wet matericl to breck awey from the
load; end there wag =o mixing between the wet surfoce loyer ond

the dry powder bemneath. Pellet formetion did not occur and further
oddition of water by fine sprays could only increase the thickness

of the layer of wet moterial, until the whole load became too wet
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to be pelletized.
L less dispersed small jet wes used os on alternsative
&

method of woter addition. The largzer droplets of water created

5

rondomly spoced gronules congisting of loosely packed wet particles
odhering to one another. Their voids were conpletely filled with
woter ond cccording to the capiliary theory of pelletizing (31)

the surfoce tensional forces tended to pull oll the wetted particles

ot the surfoce towards the ceatre of the granule, forming o denser
S 9 o

i1 gronules broke oway

w
o
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structire. On rotating the drum, these
from the rest of the load or gsomnik further into the mobile pewder.
These gronules were then subjected to rolling and compaction,
squeezing surplus woter to their surfaces and enobling thea to
pick up the remaining surrounding dry matericl. In tkis monner
the granules rgpidly grew into small seed pellets which mixed
well with the remacining powder. The growth of seed pellets would
continue on receiving more woter, but owing to the high ratio of
powder to seeds at the beginning of the process, it was found
difficult to direct the woter emtirely on the seced pellets. Any
woter addition tended to wet the powder to a much greater extent

thon the seeds,; resulting in formotion of further seeds cnd only

llets, The size of pellets formed in

@
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slow growth to
this manner wos irregular ond depended to a great extent on the
initicl load of dry matericl im the drum. It wos found that with

o fixed, shkort period of woter cddition, mainly smcll pellets were



produced from a sucll load and bigger pellets were obtained as the
load was increased. This continued until the dry locd in the drum

the re:

wes 1y

[

ion of 2 kilogroums. Further increase in the load

(o}

in the drum ogein resulted in on excessive formotion of smoll
pellets. The cmount of lorge pellets was als: reduced (sez Table 5)

TABLE 5.

Offect of Lood on BSize of Finished Pellets in the
hibsence of DBecd Pellets

Size Distribution of Finished Pellets (%)
Run | Dry load in an G 1
drua  (z) +a ) ~%
1 5060 - 16 84
2 900 Al 55 45
3 1100 34 59 i "
4 1300 40 56 4
5 1660 T0 20 4
6 2200 69 31 2
i 2600 53 45 5
Bize of Drum 14n

Lo
Speed of Drum 125 /mln (34 r.p.m.)

-

n the course of the pelletizing tricls, it was

observed thot pellets cppeared first os loosely packed, smcll

granules which picked up more dry motericl ag the pelletizing

process proceeded. With o sucll locd, most of the dry matericl

ves ropidly converted into smell seed pellets ond 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 material, but also through coalescence of eggre-—
gates and collecting of smell granules by larger pellets (see Fig.8).
The lotter mechanism resulted in repid pellet growth at the expense
of the small grenules, and, although e range of pellet sizes still
existed, the proportion of smell pellets wes markedly reduced, es
shown by runs 5 end 6 in Teble 3,

On increasing the load in the drum further, a stege weas
reached when the rolling ection was increasingly replaced by cas-
cading and irregular (umbling motion of the bed. Intimacy of
contoct decreased, and pellet growth slowed down. The powder,
thus, had more opportunity to receive water from the sprayas,
cousing increased formation of seeds. This resulted in excessive
seed pellets and insufficisnt fully formed product. The optimum
load for a batch-drum of this size was found to be about 2,0
kilograms 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 formetion, pellietizing of dry chromite concentrate with

seced pellets was investigoted. -#" geeds were prepared by
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rolling batches of 900 groms of dry matericl in the 14" drum as
described in the previous section. When o sufficient amount of
seeds had been collected,; they were pelletized with dry powder.
It was found tiaet the powder in thz drum could not be
congidered completely dry. During the addition of water to the
load, it wes found difficult to direct the weter solely on the
seeds, There was intimate mixing between the seceds and the
powder ond addition of woater coused wetting of seeds and powder
to occur simultuneously. In effect, the seeds were picking up
wet powder with on unknown moisture content. In addition, wet
agglomerates of irregular sizes were clso produced by the removal
of excesgsive accumnulations from the wall. Pelletizing by wmeans
of moigture addition to o dry feed thus lccked quantitative control
and depended largely on the skill and judgement of the operator.
It wos therefore considered more realistic to pelletize a moist

feed with o known moisture content.

5.7 Pelletizing Wet Powder Without Seeds.

L desired moisture content of the feed motericl could
be obtained by weitting scmples of dry powder with on excess of
woter ond then removing the surplus moisture by filtering in a
Buchner funnel., By coreful adjustment of the drying time during
filtrotion, o controllcble moisture content could be easilj

obtained in the filter coke., Thig was repidly discggregated to
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~4" and was then used as wet feed to the drum. This method of
seaple preparction produced o feed meoterial with & uniform moisture
content. This would be difficult to echieve if & measured amount
of woter was added to o dry sample without an elaborcte set-up for
mixing.

Semples of disaggregated wet motericl with o moigture
content from 7.5 to 12.5% failed to form pellets in the drum
witiout agitetion or further addition of water. Loosely pecked
aggregates of wetl uaterial formed and showed a tendency to
coelesce to one coherent mass, sliding in the drum., Changes in
the load, drum dismeter, or peripherel velocity could only trans-
form the sliding motion of the load into a tumbling ection, breeking
large aggregates into smeller ones, but did not result in pellet
formation. Further addition of water crected & spongy mass of
wet meterigl in the drum. No belling was seem to occur.

Slight agitetion of the load, for example, by introducing
a few #" pellets, ceused very small (-%") seed pellets to appear
after a comperatively long rolling meriod of the order of 5 mins.
Wo further growth of these seeds wes okserved.

However, if wet, ierger and more densely pecked aggre-
gates accidentelly occurred in the feed, they tended to break away
from the rest of tiie wet meteriel, roll readily in the drud and
pick up more wet feed, thus foruming large pellets. It was,

therefore, apperent that the formation of pellets from a wet feed



also necesgitated "aseeding" of the material with swell well-formed
eggregeltes of wet wmateriel. This could be induced either by in-

complete disaggregation of filter cekes, by using excessively wet
feeds or by pre-formingdevices such as extrusion. The quantity
end gize of geeds could not be adequately controiled end the

elletizing process resulted in pellets of highly irregular sizes

)

in the finished product. Controllable formetion of pellets would
require the maintenonce of a steady circulating load of seed
pellets in proportions depending cn other rolling verisbles such

a8 feed rate to the dru, diemeter of the drum, speed of rotetion,

moisture content of the feed etc.

5.8 Pelletizing Vet Powder With Seceds.

Preliminary exeamination showed thaet a feed containing
7.5 to 12.5% moisture could coat seed pellets without further
addition of weter. The average diemeter of the seed pellets
nroduced after pelietizing wes approximetely the same ag that of
the seeds added initially; this was in the order of 0.3 inches.
With the above moisture content in the feed, pellets formed
rapidly, in about one minute, provided that the aiount of seeds
wee in excess of 100% of the feed. In view of this necrly corstent
period of pelletizing, the initial amount of powder in the drum
could be regerded approximetely as the equivalent feed—raté in

grem. per ninute., The rapidity of pellet formetion also enabled



water addition to be discarded, eliminating & variable in the
process,
Pelletizings

In this investigation, o mixture of seads (9,8% Hgo)
and powder {(10.0% H 0) vag cdded to the drum ond pelletized for

two minutes. The first minute wes intended for pellet formation

end pellet growth end the second minute for fimel rolling end

65

compaction to impart greater strength to the pellet. The load
ves then removed end the emount of -#" pellets produced determined.
Ln increase in the amount of -3" seed pellets after
pelletizing indiceated an increasing circulating load in & con-
tinuous process. ©On the contrary, if the amount of —-%" pellets
hod decreased, the circulgsting load of a continuous process would
have diminished. Consecuently, o steble circuleting load wes
indicsted by o production of -3" pellets ecqual to the quantity
initielly =dded to the batch-drum.
Feed-Hate:
The effect of the feed-rate on the stability of the
circuleting load wes invegtigated by meens of batch testing with

different equivelent feed-rates and different egquivelent circu-

lating loads, in different sizes of drums. The results are shown
in Figs. T, 8 and 9,

The emount of —3" seed pellets produced in eech batch

depended on the initiel retio of seed pellets to powder, and on
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FIG 8

- EFFECT OF WET FEED ON
CIRCULATING LOAD

350 i | A
DRUM DIAM. 14" _
FiINAL »
.PE$CENTAGE : :
B0 2 S:Emseusmg Recommis LainG
/oL,
: : : / DIMINISHING
250 — ‘ | | 7
. f 7
/
. 4 _ /
' /
0 A | _
/ | EGUIVALENT FEED RATE
7 / DRY BaAsisS
4 Vs A
D ' 4: 450 9
/ . ;
(I] 650 9
1 ,
+ 900 g
*7 1300 g
| | | L
o 50 100 150 200 250 300

"
INITIAL. PERCENTAGE -5 SEEDS -——FEED BASIS



FIG 9
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he initial smount of powder in the loesd. For & given ecquivaleat
feed-rete in & givenr drum, there appeered to be & corresponding

equivalent circulating load. In & drum roteting at & comstant
velocity, & high ecuivalent feed-rate geve a low equivalent stable
circulating load end conversely, & low equivelent fesed-rste resultsd
e high ecquivalent circulating load. In practice, the rate of feed
and the circulating load can fluctueste independently or simul-
taneously. If the circuleting load momenterily falls below or

rises above the stable circulating loed, the amount of seed pellets
will gradualiy accumulate or diminish accordingly until e steble
circuleting load is sgain reached. L4 suddexz fluctuation in the

feed rate will also result in & temporary lower or higher percentage
circulating load, If the percentage circulating loead is lowered

y en increasing feed rete, the amount of seed pellets will

fenl

i.e.
adjust itself untii & new ecuilibrium is reeched. ©On the contrary,
if the percentege circulating loed is raised i.e. by a decreasing
feed rate, the cuount of seed pellets will be sltered to another
ecuilibrium condition so that the mew circulsting load corresponds
to the mew feed rate. This process is self-edjusting and cen
tolerate limited fluctuations, if adequate arrengements cen be
made to handlie the surge of seed pellets.

During the investigetion, it wes also observed that
little mixing between the seeds end the powder occurred when the

totael losd in the drum was small., In a 14" drum insufficient



wmixing was found in a load of less then 0.5 kilogram of mixture.
Lfter prolonged rolling, however, numerous very small pellets

L

having e diemeter of the order of &' appeared but they feiled

to grow in size. It sesmed that the formetion of excessive seed

et

pellets was meinly dus to the rolling of wet meterial without
sufficient egitation, and the failure of growth of seed pellets
vas attributed to inadequete contact between the seeds and the
powder owing to poor mixing. When the total locd was increased,
more thorough wixing occurred and pellet growth becaome rapid,.
The seed pellets coalesced with wet, loosely packed grcnules,
forming bigger pellets with o 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. 48 pelletizing
proceeded, these pellets were ugein submerged in the remaining
unagglomerated powder where they accuired yet enother leyer of
materiel om their surfaces. & layered structure of the pellets
wes thus resulted. Pelletizing gemerelly procesded satisfectorily
if adequate colliision between the seeds and the wet powder was
achieved. 7Proper mixing of the load during pelletizing wes
therefore esgenticl.

Interpreting the results of batch-pelletizing in terms
of o continuous production process, the following secuence.of

events is envisageds L small feed-rate to e drum requires a

lerger amount of seed pellets to meke up & large totel load
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facilitating mixing and, therefore, vellet formation. If in-
sufficient seced pellets are present, the totel load in the drum
is less and the rote of pellet growth will be slow. This couses
& build-up of seed pellets resulting in a high circuleting load
for & low feed-rate. On the contrery, a large feed-rete only
recuires & small circulating load to make up the regquired totel
lead in the drum. The steble circuloting load for a high-feed
rate is hence lowered. Further increase in the circulating load
while the feed-reote is still high, gives repid building-up of
pellets owing to the increase in surface orea of the seeds, Little

povder material is left for the formotion of new sead pellets and

the circulating load, therefore, diminishes.

5.9 Lffect of loisture Content of Seeds and Feed on Pelletizing.

Loading of the drum iz, however, not ithe only require-

ment of good pellet formation. The moisture contzsnt of the feed
and the gseed pellets gre eclso important factors.

Mewitt ond Conway-Jones (35) reported that pellet
formaticen wes repid with o high moisture content in the feed and
slow if the moisture content wos decreased. Telletizing of
chromite comncentrate was found possible with ¢ feed moisture
content of 7.5 to 12.5% by weight, but its effect on the cir-
culating load remeined to be investigoted. Thig applied also
td the moisture content of the seeds.

A procedure similer to that used in previous investi-
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gations wos adopted ian this series of tests, in which the seeds
ond the powder were pelletized in the 14" drum for two minutes.
The adjustment of moisture content in the fead was reguloted
threugh the drying time during filtretion, while the moisture
content in the ceeds was cltered by rolling them in e drum., The

results are shown in Tables 6 and 7.

TABLE 6

b3

ffect of btloisture Content in Feed on Felletizing

Fercentage
Percentage water Circulating Load
inge Initial Final
15.0 100 140
12.5 100 130
i i0.0 100 110
8.7 100 158G
1¢.4 200 200
B. 10.90 200 210
9.5 200 230
Moisture Comtent in 3eeds 9.8%
FEguivclent FPeed-Rate £ = 1.8 Ailo/nin (dry besis)

B - 0.9 kilo/min (dry boasis)
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TASLE

GBffect of iloigture Content in Seed Peliects on Felletizing

Percentate
Percentoge Circuloting Load
Woter in 3ecds Fos gy . Finol
10.5 100 150
9.6 10¢ - 110
9.1 106 110
2.0 100 130

Eguivalent Feed-Rete 1.3 kilo/uin (dry basis)

loisture Comtent in Feed 10%

It hos been shown in section 5.8 Fig, © thet o 100%
circulating load could be mointoined by o feed-rate of 1.3 kilo—
groam per minute and o 200% circulating load by o lower feed-rate
of 0.9 kilogrem per minute, with o feed moisture content of 10%
ond o seed moisture comtent of 9.8%. However, the present teuts
showed thot if the moisture content of the feed was increased to
over 10% rcpid formetion of -3" wet lumps of irregulor sizes
occurred resulting in ¢ rising circulcting load. If the moisture
content in the feed was reduced to below thot of the seeds i.e.
-0.8% the circulating load wasg again found to increose (see Table
6).

It wos noted that the feed showed o certain tendency

to form loosely textured granules, even after disaggregation.



This tendency was observed to increase with increasing moisture

o]

content. The existence of a& large amount of such wet granules in
the feed, capabkle of turning rapidly into seed pellets wes believed
to be responsible for the increase in sgeed pellets with excessively
wev feeds. In & feed with low moisture content, very few wet
granules existed and hence, growth of gseeds proceeded slowly by
acquisition of e few grains &t a time. The incremental materiel
wag held to the surface of the sceds by pendular bonds, Owing to
such slow growth, sufficient time was available for the formeation
sf edditional nuclei in the wet maferial, regulting in excess
proporticns of -3" pellets. In eddition, ebresion of the com-
peratively dry pellets during rolling contributed to a decrease

Ln

in +35" pellets. On raising the moisture content of the feed the

increased. Growth of

)

amount of smell, loosely packed granule

&

seed peliets by coaslescing with these grenules wes repid and

)

resulted in a lerge esmount of +3&" pellets and e small proportion

of seeds. This stage wes achieved with o feed moisture content of

5]

the order of 10.5%,

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 moisture content in the geeds did not &ffeqt the

circulating load of the process. On raising the moisture content

in the seeds to excess, irregular accretions eppeared on the weall



of the drum. Dislodging of this eccumuletion led to the formetion
of peeds and repid increasge in the circulating loed.

The optimum moisture content for pelletizing this materiel
was 10.0 to 10,5% for the feed and 9 to 10% for the seeds.

In prectice tihe moisturs comtent of the seeds cannot

©
=y

exceed thet of the feed without further water cddition. FEence if
the moisture content of the feed is carefully regulcted, a steble

circuleting load con be obteind.

-~

8.10 Tffect of Drum Diameter on Circuleting Loed in FPelletizing.

The dieneter of the drum wes expectad to have an influence
on the growti of pellets which cdepends on the collision between
seeds end wet meterials. The effect of drum dismeter on the
circulating loed was, therefore, investizated.

This was conducted by pelletizing & predeteruined amount
of wet feed ond seed pellets in a 14" pelletizing drum for two
minutes after which, the product wes removed from the drum end
screcned for the determination of the amount of geed pellets in
the loaed. £4n incresse in the amount of seed'pellets denoted an
increase in the circuleting loed and & decrease in the amount of
gseed pellets cdenoted the opposite effect. In order to examine
the effect of drun diamester on the circuleting loed all the three
leborotory pelletizing drums were used. They were of 12", i4"

and 17" internal diemeter.



It was found that the 17"drum wes not only capable of
handling a high feed-rate but could elso opercte at low feed-rotes

without raising the steble circuleting load eppreciably. & smaller

=
W
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drun worked 1 wvith & comparatively high feed-rete end with a

high circulating load only (sez Table 8). Consequently, fluctuation

=
13

the circulgting load caused by changes in the fesd-rate should

:]
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ke more apparent in a small drum then in e bhigger one. This was
confinied by ltests, the results of vhich sre shown in Figs. T, 8
end 9. It carn be seer that chenges in the feed-rate did not elter
the stable circulating load in the 17" drum, whereas eny changes
in the feed-retzs in o smell drum affected the steblie circulating
load.

TLABLE 8

Feed-Rate of Wet Materiel to Drum for the Maintainance

]

of a Steble Pre—deternined Circuleting Load

(Feed-rete of wet material in g/min - dry besis)

Percentage
Circulating Load

Prum dicmeter & 14" 800 630 450 350

50 160 200 300

Drum diameter s 17" | 650-1000 | 450-1000 300-300 200-850

Speed of rotetion  ~Béd—rrorm,—or 125 /uin.
The difference is thouglt to be due to the grecter
curvature of the well of & small drum disposing the load ot a
gteeper angle during pelletizing. A small loed reedily ceuases

segregation of the scads frou the powder while o lerger load lcads
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to casceding, both creoting excessive rates of seecd formation.
With lorge drums heving walls of lesser curvoture, segregation of
seeds frowm the powder does not toke place eve:z at o comperatively
sanll loed, and cesceding crises less readily. 4 lerge drum is,
therefore, prefereble to a s2ell one in respect of throughput and

flexibility.

Fal T

Bffect of Teripheral Velocity on Circulating Lo
Pellestizing.

ad in

5.11

The growth of pellets wes expected to be effected by the

periphercl velocity of the drum. Previous investigotions (ref.
section 5.8} showed thet & stoble circuloting loed of 100% could

be meinteined by an equivelent feed-rete of 1.3 kilogram/minute in

e 14" drup rotating ot o periphercl velocity of 125'/min (34 r.p.o.).
A chicnge in this velocity led to amn increcse in the circulating

me

locd as shewn in Toble 9.

TLBLE 9

offect of Peripheral Velocity on

Fercentage Circulating Lood During Pelletizing
enguler velocity 20 rpm 27 rpm 34 rpm 41 rpm
peripheral velocity 15 '/uin § 100 '/ein | 125 Yein | 150 ! frin
initial circulating load 100% 100% 100% 100%
finel circuleting locd 180% 140% 110% 120%
Moisture content of feed 10.0%
loisture content of seeds 9.8%




At lower peripheral vzlocities (under 125'/ain), little

4 1n

mixing between the seeds end the wet meterial occurre? and the
frequency of collision decreased. This resulted in slow pellet
growth and rapid formation of seeds. At velocities over 125'/::3in9
thorough mixing took place, but the loed was carried too high up
the weil of the drum, causing cascading. The pelliets rubbed
egainst one emother and ageinst the wall of the drum. The pellet
size wag reduced by tneis abrasive action., This resulted in e slow
rete of pellet growth and fecilitetzsd bthe repid formation of new
seeds from the fimes produced. L peripherel velocity of aout

125‘/min° eppecred to be the optimum for efficient pelletizing

with the materiel end appraretus used in tkis investigation.,

5.12 Bonding Mechanisis in Green Pellets.

The resistannce of & pellev to deformetion aend breakage

is attributed to bonding forces which way be grouped under the

following heedings.

1. Surfeace tension effect.

2. Physicel interlocking.

3 Cementation by binding egents.

4. Forces oi the physico-chemical nature,

surfece temsion effect.

The effect ¢f surface tension forceg on the strength

of & wet pellet cdepends on the magnitude of the surface tension
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of the liguid; tie stote of soturation of the voids of the pellet
end the wetebility of the surfaces by the 1liquid.

Irn the cose of o pellet consisting of particles with
hydrophilic surfocescnd with ell the voids filled with liquid
surfaoce temsionforces cen only exist at the surface of the pellet
in areas with concave meniscus facing the ges phase. Im accordance
with the caepillary theory, a negotive pressure will then exist in
the entire ligquid phase inside the pellet, providing it with o
cervain temsile strepgth. Thus, the pressure exerted by e liquid
of surface tension¥ in & capillary of radius r where the angle
of contact is 8, is given by Z(X/r) cos @. This stote of
saturation was considered by Newitt and Conwaoy-Jones (35) who
reported o tensile gtrength of o mognitude of 1 to 3 lbe/sq.in.

This state of saturation is rarely attoined in a pellet,
During pellet formation, eir is tropped inside the pellet and the
state of goturation is more likely to be that of ‘o "funicular"
state (ref. Fig.2), wvhich is normally regarded as o continuous
network of water interspersed with air. £t o lower moisture con-
tent, the woter in tae pellet will be further dispersed by air,
It will cemtre round the points of contoct of the particles in
lens—shoped rings assuming o '"pendular" stote.

When o peliet is compressed it will deform before

reakoge eventually occurs. This deformation couses an incfease

in volume in cccordance witli Reynold's principle of dilatancy (49),



cnd the voids, therefore, become less scturated. In practice it
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may be sesn that the surface of a pellet
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r on slight
deformation by compression, although its average moisture content
remcins unchanged. The saturction of the voids of a pellet can be
regarded as heving decrcased and pendular bonds can, thereby, be
formed. Murther compression leads eventually to breckage, with
the plone of fracturs passing tiarough the weakest points of con-
toct {i.c. the weckest pendular bonds). The strength of a pellet
due to the presence of liguid in the voids, can be regarded as

dependant on the strength of the pendular bonds.,
The sgsurface tension forces invelved in a pendular bond
hiolding two spherical particles together hes been expressed by the

equation (35)

Fe 2¥r T
= L1
14+ tan 5 6

]

where F = pressgure at point of contact
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e tension of liguid

le subtended by the meniscus (ssz Fig.10)
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The equstion shows that I increases with decreessing velue
of 8, i.e. the pellet strength increases with decreesing moigture

content. This theoretical treatment applies only to spherical

o

perticles., For other particle shepes and configurations e decrcase

i
in the radius of the ring of pendular water ig not necessarily

coupensated by a corresponding increasge in curvature of t:e
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meniscus. The cohesive strength mey fall with decreasing woisture
tent Chromit 2 ing hov feirly r led in shepe
content. omite greins are, however, feirly rounded in shepe

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

o

pellets, untii 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 ofpenduler liguid,

The effect of water content on the compressive strength
of chromite pellets was investigeted experimentally. Pellets
dried im still air st room temperature exhibited o gradual
increase in compressive strength with decreasing moisture content
ag shown in Fig., 11. The maxinum compressive sitrength occurred
et en average moisture conmtent of 7.8%. On further drying, the

compresgsive strength decreased in agreement with the above theory.

Physicel interlociting.

tilechanical forces of cohesion arising from surface
roughness and irregulerity of the particles may ceuse physical
interlocking om ¢ scaele ranging from macroscopic to submicroscopic.
Chromite groina commonly show fisgures, cracks and pro-
truding cormers, although they are gemerally rounded in shape.
In a peliet with particles lying in close proximity to one
another, application of pressure may result in mechanical inter-
locking of particles and sctual welding of points of contact.
Firth (80) considered the compressive force exerted by o pellet

resting entirely om a single grain. n account of the very smell
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areas of actual contact between greins, point pressures equivelent
to several thousand p.s.i. were reported toc be possible. In
actucl practice, o pellet is likely to lie on a group of grains
instead of omne grain at a time, but the pressure imparted is still
high if the weight of a whele column of superincumbent pellets is
taken into congideration. This suggests that pellets produced in
a drum with a big loed are stronger than pellets produced in e
drum having a suall load (see Table 10). Table 10 demonstxates
the effect of drum loading on thzs compressive strength of the
pellets, the moisvure content of the pellets end the pelletizing
time being the same in each test.

It may be mecn thet the compregsive strength of the
peliets roge as the load was increased from 800g to 1700g.
Beyond a load of 1700g, however, weaker peliets were produced
oving to excessive casceding in the drum,

During tie process of rolling, pressure exerted on a

pellet is tresunswitted from its surface to its core. The trang-

nisgion of pressure is progressively reduced in accordance with
tae simple theory of transmission of pressure through & powder,

go that perticles et the surface of the pellet will receive a

[0
(&)

higher compressive pressure tihan those in the interior. In
eddition, successgive layers are packed with increasing pressure

during pelletizing beceuse of the increesing weight of the

Q
(¢

growing pellet. The surface layer of & finissed pellet ia,
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hence, most highly comprzgssed. This phenomenon was freguently
observed in dissacted pellets during the course of the prasent
investigetion.

TABLE 10

Compressive Strenzth of A" Pollats Produced in &

Drum Having Differexnt Total Losds

Totel Loead Seed Pellats Compressive 3treagth
in Drum (g). in Load (%). (1b)
800 25 1.2
1200 25 1.2
1700 25
2200 25 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 15 1.1
1200 15 1.
1700 75 1.3
2200 15 1.1
Diameter of Drum 14"
Speed of Rotation 34 r.p.n., (125'/min)

Pelletizing time 2 min,



Cementetion by binding sgents.

The presence of & binding agent may ceuse deposition of
gsolids at points of contact between particles cementing them
together., The strength of this type of bond depends on the
physicel nature of the solid deposited, as well as on the adhesion
of the binding cgent to the surface of the chromite grains. The
weaker of the two links will be responsible for failure of pellets
under compression. Hence the :iode of deposition of the solid and
the surfece conditions of the chromite grains will contribute to
the efficiency of this type of bonding. This aspect of the bonding
mechenism is further discussed in section (6.4).

Forces of physico-chemical nature.

Specific forces of the ionic or homopolar type exist,
but; because of their cghort ramges, they may be disregarded as
granule-forming bonds. Oun the other hand, distances between
surfaces of grains of the order of 1001 where von der Weola forces
heve still significant velues, may occur in the grenule complex,
0f the several mechanisme of interaction included in thoe van der
Woals forces only the London, (69) (dispersion) force is edditive
for ogcemblics of atoms and cen be invoked teo account for adhesion.
The attractiorn between two spheres has be:n calculated by
Homeker (68), To ¢ first epproximetion, the force (F) in
vacuo betveen spheres of readii R1 end Rg’ the surfoces of thch

are sepercted by & digtence 1 is given bys



w W

o LA o
= ° -
12 Ay 32

% - + - [ 28 % ral _14 -12
where A is ¢ constent having e typicel velue of 10 to 10
ergs. For particles of equal diemeter the ecuation is simplified
tos
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Most of the chromitz particles used in this investigation
are of the order of 60p , with only 0.6% of the particles having s

diameter of under 5p . Assuming & seperction distance 1 to be

Ol L8 : :
134, the force holding two pnrticies of 60p in diameter can be
ﬂ . 5 5 -5 -3 TSI o)
colculated to be of the order of 10 210 gran, whaich is
-1

greater tha the weight of & particle (4 x 10 z).

The van der Waals forces have keen considered by Rumpf
(70) who showed thot for particles of the order of 60y, the
capillary forces due to the presence of liguid “espoﬁsible for
the compressive strength of agglomerates was over 100 times thet

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

forces cen hence be neglected,

5.13 Effect of Rolling cn Sirength of Pellets.

Newly fornzed mellets were comporatively weck, and they
feiled to withstand compressive forces exceeding one pownd.
However, if they were subjected to further rolling imn o drum,

e congiderable increcse in strength occurred, occompanied by ean
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expulsion of moistura from the pellets (reof. Fig.18). The effects
of finishing rolling were therefore further investigeated.

Pellets of -2" 3" dicmeter formed by oadding weter to
1.2 kilograms of dry materiel in the 14" pelletizirg drum, wers
rolied in betches in the drua et 125'/min (34 rpm) For fixed

E]
4

periods and then removed for coumpressive strength determinations.

O

The results are skown in Figures 12, 13, 14 and 15.
It was found thoet during the initial staeges of rolling,

the comprescsive strength of the pellets increcsed rapidly., After

"

strength, On the contrary, e slight decrease in compressive

strength wes observed up %5 & rollimg time of 15 mins. but, further
rolling then resulted iu o rapid increase in the strength of the
wet pellets. A4 compresgive strength of 1.8 1bs. could be obtained
efter 25 min. of rolling.

The grains of o nevly formed pellet were loocsely pecked,
The first stege of strength irncresse during rolling cen be atiri-
buted to compactiom, i.e. progressively closer pecking of greains
in the pellets and reduction in voids This, however, was
accomnponied by a repid reduction in moisture content of the
pellets (ref. Fig. 18, showing reduction of moisture content
during the first 10 min. of rolling.) The simultorneous reduction-
in voids ond moisture content could result sitiner in an 1ném""so

)

or decrease in the saturation of the voids, affecting the wet
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bonding of the greains directly. Fig. 16 shows thet there is o
constant difference between ths wet and dry strengths of the
pellets during the first 10 mimn. of rolling. If this difference
were to be attributed moinly to the surface temsion effect of the
liquid, the saturation of water in the voids caen be considered to
be approximately constant. The increcse in the green strength of
the pellets at this stage is, therefore, meinly due to the increase
in tie co-ordination nuwazber, witi more freguent mechanicel inter-
locking of particlies.

After the Tirst stage of rolling, the rate of removal of
vater from the pellets becomes slow (sese Fig. 18, showing slower
rate of weter expulsion efter 10 mins. of rolling). Fowever, the
increase in dry strength still continues (see Fig. 16) while the
green strength of the pellets is lowered {see also Figs. 12, 13,
14 end 15). Hence, it car be comsidered that the reduction in
voids continues to proceed during the second stage of rolling
while the gaturation of the voids rises. A lowering of the com-
pressive strength owing to the incrcase in void-saturation is,
therefore, resulted.

When compaction has reached itslimit under the given
conditioms in the drum, further rolling is still eccowpanied by
slow removal of woter. The saturation of thes voids is once egain
reduced end the strength of the pellets therefore resumes én

upward trend through rising surfece tensiomal pull. The mechanism
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in the last stage of rolling is indiccted in Fig. 18. There is
no increase in the dry strength of the pellets although the wet
strength of the pellets rises ropidly with & longer rolling time.
Surfece tension is the chief factor contributing exclusively to wet
strength. The relationship between pellet strength and rolling
time can be regerded as being due to two separate super-imposed
bonding mechanisms: bonding by pendulor water cnd bonding by
interlocking of particles in the pellets.

Fig. 17 cshows e similor relationship between pellet

strength and rolling time for gellets formed with wet materieal in

the presence of seeds.

85.14 The Concept of Water iligration During Rolling.

The removcl of water from the pellets during rolling end
compaction is pertly responsible for the increase in the green
strength of the pellets. The mechanism of water removal therefore
merits ettention,

It wes stated esrlier that the woter in the pellets is
probebly in ¢ "funiculer" stete, with air partially occupying the
voids of the pellets. This air could either be conmected to the
atmosphere through channels or form isoloted air pockets, entirely
surrounded by solid walls und weter. During the initial stage of
rolling, closer packing of the chromite grcins occurs and owing

to the process of rearrangement of the greins, the pellets tem—
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porarily expend in volume kelore contracting agein to a new,
closer state of packing. The voids in the peliets swell and
shrink cccordingly.

In the case of & pellet hoving almost all the voids
saturated with weter, but centaining & few isolated eir pockets,
rolling ceused water migretion to the surface of the pellet where
evaporation and tremsfer of moisture occur. If the weall of drum
ig drier then the surfece of the pellets, the moisture will be
picked up by the well of the drum where eveporstion will also
teke place. In addition the weter car elso be trensferred to less
vater-ssturated materiels in contact with the pellets, The latter
contributes to further pellet growth through picking up loose
material on contact .

The movement of water is due to two factors:

1) Progressive compactions which squeeze out emny excess
moisture.

2) The centrifugal action produced by the rotetion of
the pellets during rolling.

Rolling induces en outward flow of water from the core
to the circumference in the plepe of rotation., This genecrates
a region of low pressure at the core and, therefore, an inwerd
flow of water elong the axis of rotation of the pellet; i.e. at

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

rotation occur owingz to rendom rolling end collision with other



pellets. This caugses corresponding shifts in the exis of rolling
end, directions in the migration of water inwaerds elong each new

axis and outwards in the plane of rolling will elso be affected.

Continuation of this process of weter migration creates more un-

seaturated channels and ultimetely, movement of weter to the sur-

face will drew air inwerds along the axis of rotation. When this
stage is reached, the shell of the pellet shows a higher moisture
content then the interior.

This process continues until meximumz cloge packing is
reached. Under the conditions of investigation, this state was
normally achieved after 15 minas. of rolling and the corresponding
bulk density of dry pellets was of the order of 2.8 g/cc. of
pellet. 4t the ststec of close packing, the smell mean diameter
of the pores restricts movement of the remaining water which
acsumes o'penduier" stete. High surfece tension effect prevents
complete removal of woter from the core to the shell end eyeporation
should then occur throughout the pellet, This is faster at the surfece
thon in the core, where the rate of evaporation would be limited by
the rete of diffugion of weter-saturated air to the exterior.

Thig concept of reduction of woter content in the pellet
was .supported by experimentel evidence of the changes in woter
content and distribution of water in the pellet during rolling.

A loed of pellets woe subjected to rolling in the 14" drum

rotating at e peripheral velocity of 125'/min, (34 rpm). The

o
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average moisture content of the pellet was found to decrease
rapidly during the initisl 10 mins. of rolling (see Fig.18). After
thig period, the reduction of moisture content become slow, com-
parable to that of pellets drying in o gentle streem of air. The
period during which the rapid decrease ofmoisture occurred, i.c.
during the inital 10 min. of rolling (see Fig. 18) coincided with
the period of repid pellet sgtrength increese during rolling, which
clso occurred during the first 10 min. (ref. Fig.16). The increase
in the dry strength of the pellets wos attributed to progressively
cloger packing of the greins and the seme mecheniom is held res-
ponsible for the repid reduction of water in the pellets. TFigure
18 also shows thet the moisturereduction in o small load (400 g)
wos more ropid than thet in o 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 ere pinned to
the well of the drum by on overlying group of pellets. The drum
with a smell loed imparted to each pellet wore continuous rolling
action accompenied by longer exposure to the stumosphere. Thig
underlines the importance of rolling sction 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 wes found to be.more

seturated, This phenomenon wes further investigated.
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Hend moulded pellets, having a uniform moisture content
were rolled in a drum. Aifter rolling, the moisture conternt of
each pellet was found to have decreased, but the shell had a
higher moisture content than the core. The weter appecred to
have been redistributed within the pellets by gredusl movement
from the core to the surfece where weter could be removed. This
continued until the average moisture content in the pellet was
about 2.5% by weight. The movement of water frow the core to the
shell then stopped, drying took place more rapidly ot the surface
where the moisture content gradually fell below that of the core.
This movenent of water frowz: the core to the shell was rnot 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 Teble 11. A similer effect
vas observed on rolling a cylindricel briquette on its axis in a
drum, It was concluded that the movement of weter from the core

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

T4BLE 11,

Water Distribution in Core and Shell of Pellets

3" pellets A" pellets | #" pellets, rolled 4" pellets

eir dried rolled for for 16 min, and then rolled for
for 30 mins. 20 mins., gir dried for 20 mins., 20 wmins.
Shell | Core | 3hell | Core Shell Core Shell | Core
10.4% (11.2% | 8.6% | 8.4% 7.0% 7.5% 3.3% | 8.0%
hZO HRO ﬂ20 H20 H20 H20 H20 Hgo

Initiel moisture content of pellets : 12.0%
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5.15 Iffects of Drua Diemster and Velocity on the Strength

n
¥

For the purpose of thig investigetion, 1.2 kilogram of
~3n A1 peliets were rolled for 5 min. and 20 min. in the 17",
14" and 12" steel drums. The velues of the compressive strengths
are ghown in Table 12.
TABLE 12

Affect of Drum Diemeter on Jtrength of Pellets During Rolling

Rolling load - 1200 g. -4" +%" pellets - dry besis
Beripheral velocity - 125'/min.

Length of drums - 1 foot

Orum Diameter 1 17w ian ign

Loed in kg./foot

: ; 0.70 0.386 1.00
drua diam,

Percentege increese
in gtrength after & 35 40 40
nin. rolling

Percentege increase
in gtrength efver 85 80 35
20 min. rolling

Terlier in this work, it wes reported thet e 14" drum,
rotating at 125'/ming (34 rpm), reguired e loed of 1.7 kilogrem
(dry besis) of —3" 4+ 4" nellets to produce the best effect in
impa¥ting compresgive strength to the peliets. This load corres-

ponds to 1.2 kilogrem of pellets per foot diemeter per foot length

of the drum., 4 larger or sueller load employed during rolling
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tended to produce weaker pellets. The present series of tests
egain showed thet the closer the loed epproached 1.2 kilogram/
foot diam. per foot length of drum, the greater was the pellet
strength. The diameter of the drum alome had little spparent
effect in this respect.

The optimum increase in strength obteined by rolling a
load epproaching 1.2 kilogram/foot diam./foot length of drum can
be explained as follows., A smell load (under 1.2 kilogram/foot
diam./foot length of drum) does not exert sufficient pressure on
the pellets to cause adequate interlocking and welding of the
grains. A larger load provides higher compression to the pellets
at the bottom of the loed resulting in greeter strength increase.
However, for loads over 1.2 kilggram/foot diam./foot length of
drum, cesceding action is induced. This weakena¢ the pellets and
lowers their resistence to coupression.

The effect of the peripheral velocity of the drum on the
gtrength of the pellets was investigeted using & 14" diam. drum,
Cherges of 1,7 kilogram of pellets were rolled at 20, 27, 34
and 41 rpm. for fixed numbers of revolution. he compressgive

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

Affect of Peripheral Velocity on Compressive Strength

of Pellets During R,o]l]limq;‘E

engular velocity 20 rpm 27 rpm 34 rpm 41 rpm
peripheral velocity 15 '/min. 100 '/m=in}125 '/min.] 150! /min.
| Percentege increase 170 revs 12 317 28 -
in compregsive
' strength after 880 revsg 36 48 67 25

i Originel compressive strength of peliets 1.1 - 1.2 lba.

The best increase in strength of the pellets was observed
at e peripheral velocity of cbout 125‘/min. Higher or lower
velocities geve weeker pellets; higher velocities caused the
pellets to cescede wvhile lower velues showed progreasive failure
to 1ift the load high enough for efficient rolling.

It is concluded that the main factor responsible for
the increas e of strength is rolling the load without cesceding.
This is governed esgentislly by the load in the drum and by the
peripheral velocity. However, for the purpose of rapid renoval
of weter during rolling, the load in the drum should be smell.
It may be stipulated, therefore, thet rolling with a relatively
high load for repid compaction followed by rolling with & smell

load for water removel will give the best finished product under

eny 8et of conditions.
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5,16 DZrying of Pellets.

Arying of pellets in still air was found to be very slow,
Most water was lost from the shell of the pellsts. (Reduction of
everage moisture content by 1% wes achieved after 25 min. drying).
During this process, water menigci at the surface of the pelletg
retreatp invards, towards the more restricted cross sectional
areas of the cepilleries. This causes en increase in the cur-
vature of the menisci of water in the chennels, The surface
tension force is thereby increased and is responsible for pulling
the weter from the larger cepillaries to the smaeller ones until
eventually ¢ll the remeining woater is collected round the points
of contact between particles. On further drying, this pendular
water shrinks further towcrds the actual points of contact of the
poarticles end, if a soluble sclt or & fine suspension is present
in the liquid, saturetion is reached ecs evaporetion proceeds and
the deposition of solids occurs.

The process of drying is, however, complicated by the
fact thet oo eveporation proceeds the surfaoce tension of the
liquid may rise. &ince evaporation occurs more rapidly et the
surface of the pellet o concentration gredient and hence, o sur-
face tension gradient is created. It is suggested thet, cided by
cepillary action, the surfoce tension gradient cen induce a slow
creep of water to the surface of the pellet clong the channels

ond solid surfeces of the pellet, Eventuclly the point of
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saturation is reoched end selt ig 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 numerous
capilleries between the salt crystols ond thus encourages copillery
action. Hore salt-bearing liquid then moves to the surface and
depogites more sclt as it eveporates., Continuation of this pro-
cess leads tc o vigible sccumulotion of salt et the surface of
the pellet, This phenomenon is gpecially merked when drying takes
place slowly in air but is less apperent on rapid heating. This
maey be due to the fact thet itreeping'of the solution proceeds
rather slowly so thet on rapid drying the depogition of selt ig
more evenly distributed throughout the pellet.

The dried pellets are comparatively week and are easily
ebraded., Firing to e high temperature is necessary for the
provigion of higher strength and abresion-resistence for subse-

guent trestments in this beneficiation process.
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6.0 HARDENING
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6.1 Introduction.

The strength of & greem pellet is partly due to the
surface temsion of the interstitial liguid aend pertly to the
intimets 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 forcss due to the
presence of the liguid diseppear. The pellets become brittle
end are easily abreded. DLIven before drying, the wet strength of
pellets is inedeouate for repested hendling, stockpiling or
shipment. It is normsl practice, therefore, to subject pellets
to some form of heat treatment which impa¥ts to them crushing
strength of the order of hundreds or thousends of pounds.

In the present work, firing serves the dusl purpose of
hardening the pellets through sintering at o high temperature
and of reducing the iron in chromite to an acid-soluble state.

The mechanism of sintering.

Sintering is a thermal trestment of a loose or compacted
eggregate of fine perticles for the purpose of producing large
end physically strong esgglomerates by ceusing welding of
paerticles to each other, This process cen be appliedto a homo-
geneous materisl e.g., sintering of pure metal powder or to a
heterogerecous substance e.g. sintering of ores. Jones (71)
suggested thet the mechenism of the sintering of & homogeneous
metal powder could be generalised aos & sequence of two phenomenes

(a) edhesion ond welding of surfaces at points of
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actual contact and (b) change in shape of the perticles to provide
stronger joints. Without (a) there is no sintering end without
(b) there is no densification.

Thomas (72) postulated that the material at the points

=

of contact has becn subjected to high pressures ot one stage of

another. ILocalisged deformatiomsare thus invariebly present and
& state of high energy cxists. In comsegquence, there is a
tendency for the dislocated atoms to rearrenge themselves until
a lower energy state is egain reached, Diffusion ond recrystelli-
sation ot the points of contact will, therefore, proceed vhenever
atomic mobility permits.

4t room temperetures, the mobility of the atoms ie low
end the process proceceds slowly. At higher temperatures and with
increased mobility, diffusion and recrystallisation may occur
rapidly, resulting in o sharp increase in pellet strength, At
the gsame time the surface energy of the particles also tends to
decrease to a lower velue owing to the reduction in surface arcaes
of the grains. The irregular surfaces of the particles become
smoother and the particle. shepe less angular. S8Smaller greains
coalesce to form bigger particles initiating welding end grain-
growth,

Rhines and co-workers (73) suggestad that the process
of welding and greimn-growth is partly due to an evaporafion—

condensetion process in which the vapour pressure of the materiel
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at the convex surfeces of the greins is believed to be lower
than that at the concave gurfaces. Sublimation et high tempera-

tures can, therefore, occur resulting in an increese in thickness

(53

of the welded joints &t the points of contact. This mechanism

was also held responsible for the formetion of smoother surfaces
of the particles.

The process of sintering is normally accompeanied by
densification of the aggregate through reduction in voids as well

as through redistribution of meteriel in the compact. Investi-

gations of the procesa of redigtribution in the field of powder

'.5_3

metollurgy heve led to the observations of verious mechenisms
including grein boundery diffusion (74, 75), bulk diffusion (76,
77), plastic flow (78) etc. 1In the case of sintering hetero-
geneous nateriels like ores, another mechenism of sintering

should also be considered. BSufficiently high tempereatures may
cause the formation of & liguid phese which, on cooling, solidifies
to provide bonds contributing on the high fired stremgths of the
ginter.

Fectors influencing sintering behaviour have been investi-
gated empiricelly in the treatment of materiels such as elunina
(79), nickel oxide (80), gquartz (81), sodium chloride (82) etc.,
and a great volume of litereture has been published on the
sintering of iron ores and iron ore pellets,

Holowety, Goldfein and Sheets (83) studied the influence
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of the characteristic of the feed orn the production rate of

sinter in the sintering of iron oreg & 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 rete of heset transfer, the relationship
betweenrr sinter strength and tenperature history, pressure gradient
through the sinter bed etc., while the mechanisms end kinetics in
commereial sintering practice were examined by Davis end Mitchell
(88).

Investigating the sintering of megnetite pellets under

3

3

reducing conditions, Cooke and Stowesser (40) observed recrys-
taellisation of the magnetite greins end sleg formetion es bonding
mechonicns in fired pellets. Under oxidizing conditions, however,
heematite zraing were produced end herdening was found to be due
mainly to diffusionel bonding of thege haemotite particles. No
slagging was observed end the increase in strength of the pellet
tiian that fired under reducing conditions, These
obgervations were supported by the findings of Cooke ond Ben (37)
vho aolgo obtained stronger taconite pellets under oxidizing con-
ditions. Through studying the microstructure of the pellets they
reported (51) that sleg bonding, diffusion, recrystellization and
crystal growth were possible mechenisms of sintering. Similar

nechanisns of gintering were clso reported by Urich end Han (45)

who noted thet small greing graduelly disaoppeared to forz bigger



~ 100 -

ones during the process of hardening. The mechanisn of sintering
of iron ore pellet was further investigated by Ridgeon, Cohen and
Lung (43), using haenatite pellets. It wos concluded fron K-roy
nicroradiography (57) thet under oxidizing conditions the pellets
were herd but the porosity of the pellets was not increased. The
haematite flakes were observed to recrystallise and shrink,; re-
sulting in e highly porous structure. Firing under reducing con-
ditions, on the contrary, led to the formation of closely packed
equiangular magnetite greins, The porosity of the pellets was
reduced and fusion of adjecent pellets into large eggregates wes
e risk necessitating & high degree of temperature control. No
changes in the microstructure were observed when & smell amount
of inorgenic binder was incorporated in the pellets.

In the hope of achieving greater economy through reduc-
tion in fuel consumption at lower firing temperatures, end in
order to improve the smelting behaviour of 100% pellet burden in
blast furnaces, attempts have been made to incorporate fluxing
agents in the pellets. iferklin and De Vaney (52} used dolomite
as & flux for taconite pellets but reported thet the addition of
dolomite slome resulted in weaker pellets. This contradicts the
findings of Limons and Xrarer (89) who employed dolomite as a
fluxing agent in the sintering of iron ore. 1In the presence of
bentonite clay and sode ash, however, lMerklin and De Vaﬁey (52)

found the fired strength of the fluxed pellets to increase,
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sccoupanied by extensive shribkege. DLimestone and borax were
used by Ban and Brk (41) who reported an improvement in the
quality of pellets. On the other hand, Rovenski (90) found that

& high degree of disintegration occurred on drying pellets con-

3

taining lime as fluxing agents.

£ major disadvantege in the addition of fluxing agents

pi
el

ica in the increase in fusion and sleg sealing the voids in the

1le

laal

efter firing. In the cage of iron ore sinters, the

o
(o)

efficiency of the gos-solid resction is reduced {91) end for
chromite pellets this would obstruct the penetrgtion of ecid
during leaching of the reduced iromn.

No reference has been found in exisiting literature to
the sintering of chromite pellets. Owing to the high melting
point of chromite and smell cmounts of essociating gangue (moatly
serpentine}, formation of slag is likely to be o subordinate
factor in sintering such pellets, Diffusional bonding of
chromite appears to necessitote high teoperatures. Oxidizing
conditions cre not availeble and selective reduction of iron
oxide is ¢ necessary condition for the subsequent leaching stage.
The problems ond mechanisms of hordening chromite pellets are

thus very different from those of the appcrently similor process

of gintering iron oreg.
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6.2 Importance of Using a Binder.

When ©ll tue moisture in pellets hes eveporated and before
high-temperature bonding is reached, the pellets are weak and have
low resistance to impact, coupression and abrasion. Incorporation
of ¢ suitible kinder noruclly helps to provide the pellets with
guffictent strength in the dry state. It elso prevents the dis-
ruption of pesllsts during ropid drying.

When green pellets cre dried ropidly, steam is genceratad
end if itsescape is obsiructed explosive disruption of the pellets
cen occur. Sewerynski and Wlezinske (56) reported that iron ore
pelliets onsisting of very fine particles naed to be dried very
slowly and cerefully in order to prevent disintegration, whereas,
green pellets consisting of larger particles could be placed
directly in en oven heated to 300°C without any bursting of pellets,
In the presence of a suitcble binding agent, however, even fine-
grained pellets could be dried more rapidly without much disinte-
gretion,

L binder, tius, hes two functions:

(1) To prevent disruption by steam during drying, end
(2) To reise the ¢ry strength of the pellets.

lowever, it must also be teken into comsideration thet
addition of a binding agent can alter the behaviour of the pellets
at high temperatures during sintering and this may leed £o & change

in fired strength.



6.3 Binders Used in FPelletizing Frocesses.

Cooke end Stowasser (40) investigoted the use of sodium
fluoride, lime and magnesiua oxide &8 binding agents. They
reported that the first two additives did not prevent disinte-
gration of pellets wiile magnesium oxide yielded no improvement
in pellet strength, Lime, however, promoted the oxidation of
mognetite to haematite. This was attributsd to the preservation
of permeability in pellets by lime, facilitating gas-solid
reaction, thus, resulting in more efficieut oxidation. The
addition of lime as o binder was also advocated by Sewerynski cnd
Wlezinska (56) who found that the cddition of lime could be used
to lower the operating temperature during sintering . This was
believed by Ban and Brk (41) to be due to the forwation of solid
solutions of Cal, 8102 ond Fe203 ond colcium ferrite., Colcium
chloride was tried by Krotkiewski cnd Sewerynski (92) who repowted
thet this binder increcsed the dry strength of the pellets.

Lnother binding agent commonly used in pelletizing iron
ore is bentonits cloy (26). cn (80) and Bon ond Brk (41) repsorted
that bentonite improved the green, dry and fired strength of
peilets and Ridgeon, Cohen cnd Lang (43) attempted to ussess
gystematicoally the suitability of verious binding ogents for the
pelletizing of flaky hoematite. Their investigction included o
variety of orgonic os well &s inorgenic compounds. /[mong the

orgonic compounds investigoted were storch, dextrin, sulphite
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lye @nd clgirnote products. These binding agsnts were found to
burn out ot temperatures well below those ot which high tempera-
ture bonding could be reaéhed ond their usefulness was, thuas,

very limited. Inorgonic solts thot proved more effective included
gsodium hydroxide, sodium corborote, potassium corbonate, calcium
chloride, mognesium chloride and magnesium sulphote. 411 of

these were found to yield o morked improvement in the dry strength
of the hoemotite pellets. No conclusions regarding the mechanism
of the binding cction were drawn from the investigation, and it
was not discovared whether interactions with the binding cgents
concerned the haematite or tie quartz gongue.

Binding ogents hove clso beer employed in other pellet-
izing industries. Lang ond Carveth (93) found thot an aspholt
binder wos recuired to pelletize coal fines, cnd Shervin and
3tevenson (50) reported the importance of soluble salts in the
bolling of fertilizers. In investigoting the pelletizing in
cement industry, Tonry {94) studiec the use of storch, colcium
chloride, woste sulphite product, sodiunm silicate, bentonite, etc.,
o8 binding agents.

.4 Binding Agents Investigoted in this Project

(&)

L mojor purpose of binder addition in this work is the
prevention of disruption of pellets during ropid drying. This
is o pre-requisiteof high fired strength aond was thereforz in-

vestigated. In this comnnection, the suitobility of various



- 105 -

common inorgeonic compounds as binding agents wos excmined. The
present investigotion included the testing of hydroxides, fluorides,
corbonates, chlorides, sulphotes, sodium cysnide, sodium silicate,
ond bentonite cloy.

Effect of binders on the prevention of distruption during rapid

he&ting.

Various proportions of selected binding agents were
sdded to batches (1.2 kilogram/batch) of dry meterial in the 14"

drum, FPellets were prepared by identical 2 wmin., rolling, roteting

at 34 r.p.m. as described in section 5.5. The 3" pellets thus
formed, were removed without further rolling and were rapidly
heated in & horizontial platinum tube furnace in an atmosphere of
nitrogen., The rete of heating is shown in Fig. 19.

Fach batch wes repregented by 5 pellets on whick visual
obgservations were made to assess the effectiyeness of the binders
to prevent disruption.

Water and solutions of hydroxides, fluorides, carbonates
and cyanides ell feiled to produce pellets surviving breekage
before high teuperature bonding wes reached. BSodium chloride,
sodium sulphate, ferrous sulphate, sulphuric acid and bentonite
clay were found to be efficient, Of these, sodium chloride,
sulphuric acid, bentonite clay andeodium caerbonate were further
+

investigaeted to ascertein their suitebility as & binding agent

in the wet, dry and fired stete. The comperative performences
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of bhinders in the prevention of breskage during rapid drying ere
shown in Teble 14,

For this purpose chromite briquettes of 1 inch diameter
end 15.0 grem in weight, were used. The briquettes were made- by
compressing fine concentrates containing 9.3% moisture, graphite
and en appropriate binding szent in & cylindricel steel mould in
& Millen Mounting Yress, up to a pressure of 5000 lbs p.s.i. which
wes meintained for 5 sec. before the briguettes were ejected. The
wet strength of briguettes was tested by redial compression using
the hMillen ilounting Press or theSalter Compression tester, as soon
as the specimen weg produced. For dry strength determinastion the
briguettes were dried in en electric drying oven at 1500C for 12
hours, For the Jdetermination of fired stremgth, specimens were
prepared by firing dried brigquettes in a horizontel pletinum tube

0
nitrogen to a tewperature of 1340 C.

by

re

Q

furnace in an atmosph

o)

The ratzs of heating was st at 70060/15 mins. up to 700°C end
then at 5OOOC/hour up to 134090. The meximum tempereture was held
for 5 min. and the briguettes were then withdrawn to the mouth of
the tube to cool in an emerging stream of nitrogen before being
exposed to atmosphere. Radiasl compressive strengths were deter-
mined in the Millen Mounting Press end the results are shown in

Tablegld and 16.
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TABLE 14

Selection of Binding Agentse.

Binding
Agents
Conc. of B T A Comments
Solution o e b
Water X
NaCN S
Na2CO3 Ve b ¢
NaCl # #
Cracked, fused together and
A AL b >
Na,80, ot to container
NaFr ¥ s Shie
NaCH b e it ol
NaSiO3 Q71050
KC1 # # 0 0
CaCl2 Q050
o (O il
a(0H) Xty e
< —
MzC1 X ¥ x
BeCl2 ‘ X 3
Cr(NOC_) .. 0 p
( ﬁ)j -
CrCl5 Qu 0O e
FeClz 0 X x Pellets very brittle
FeSO4 F oo
g_ﬁ 30 - :¢ AL :# i# Sacked, fused togetheg and
204 o I e o to container with =15% soln. |
HCL 0508 100 Pellets very brittle
Na2Cr207 X X
= ]
Borax # 0 x
0.5% Bentonite Clay 7

Partial disintegration during heating

Complete disintegration

Good cohesion

#
0

SYMBOLS:
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TLBLE 15

Compressive Strength of 1" Chromite Bri

2

td
(o)
[
(0]
e
€
®
]

13400C Fired

Binding Solution Wet Strength |Dry Strength Strength
(1b) (ib) (1b)
Yater 15 10 250
0.5% bentonite + weter 15 25 1000
5% Na,C0, solution 15 20 800
5% NaCl solution 15 20 1000
3% Hy80, solution 15 40 1500
3% NaCN  solution 15 40 800

Effect of binders on wel bonding.
Taeble 15 shows thet there was no gignificent difference

betwveen the wet strengths of briguettes maede with various binding
gsolutions., The concentration of solutions conteining the various
bindsrs were of the order of 5%, Little change or the value of
surface tension of water was expected, end consequently, the wet

bonding of partic interstitiel liquid would not differ

=4
&)
(sp
!
V)
&}

greatly.

Tffect of binders on dry bonding.

B

15 also shows thot the dry strength of the

Table

[¢

)
o

briguettes weas lower than the wet strength in the absence o

(>

binding agent, in accordance with the observation in section

i)

5.13. However, the incorporation of a binding egent increased

the dry strength. In this respect bentonite clay and sulphuric



Compressive Strength of 13400

TABLE 16

C 1" Chromite Briquettes Made

With Different Binding Agents and Different Graphite Addition

Effect of graphite on Percentage C by weight 8 4 2 0
1.
strength with HQO binder Compressive strength (1b.) TG0 800 800 | 250
Effect of graphite 1 Percentage C by weight - 4 2 0
2. on strength with s
H,0 + bentonite Compressive strength (1b.) - 1350 {1250 {1050
Effect of graphite on strength | Percentage C by weight - 4 2 0
24 with 3% NaCl + bentonite Compressive strength (1b.) = 800 | 500 | 450
Effect of graphite on Percentage C by weight - 4 2 0
4,
strength with 3p H 4 Compressive strength (11p.) - 1450 {1000 {1100
Effect of H, S0, conc. Solution concentration 3% 2% | 15% 0%
S on strength of spe01men :
with 21 graphite Compressive strength (lb.) 1000 700 500 800
Effect of HpSO, conc. on Solution concentration 31 % | 1%% 0%
6. strength of specimen with
2% graphite and bentonite Compressive strength (1b.) 650 650 650 1250
Effect of NaCl conc. Solution concentration 5% 3% | 13% 0%
Te on strength of specimen =
with 4% graphite Compressive strength (1b.) {1000 | 900 | 500 | 800

= 01l =
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acid were more effective than sodium chloride end godium carbonste

Table 15).

——y
@
()
[6)

The difference in the effectiveness of various binders

in the dry bonding of chromite particles wes not apparent. For
o

the purposec of obtaining better understonding of different

mechenisms of dry bonding, guelitative microscopic observations

were mede on the drying of vearious binding solutions on a flat

surface of a lerge lump of chromite ore.

It vas observed that theslt crystels (sodium chloride
or sodium carbonate) deposited by the evaporation of the binding
solution were of various sizegs depending on the rate of evapora-
tion. Slow evaporation resulted in the formation of large salv
crystels on the surfoce of the ore. Little adhesion to the
chromite surface was observed and there wos no sclt crystel
growing into or deposited in the cracks of the ore specimen. On
the other hand, more rapid svaporction préduced & large number
of smell cohesive crystels depositing on the surfece as well as
in the cracks of the ore. These crystals wers found to be more
difficult to remove., The main bonding mechanism between the salt
ond the ore was therefore considered to be the deposition of salt
in the cracks, resulting in mechonical bridging end interlocking.

Observation on the drying of e bentonite clay suspension
revealed thet the clay porticles were inveoriably depomited on the

surface as well as in the cracks of the ore independent of the



~ 1i2 -

rate of drying. Mecchonicel removel of the deposited clay wes

found difficult, indicating strong bondings between the cley and

g
the ore,

Howevaer, if the surface of the ore was contaminated
with grease, depositod salt or bentonite clay dus to slow drying
wves observed only on the superficiol surfoce of the ore. There
wes no odhesion or interlocking end the deposited solids fell off
readily.

BEveporation of a drop of 10% sulphuric acid on the
gurfoce of o polished specimern of chromite ore wos elso observed
under o microscope. It was found thet the surfoce of the ore
which had been in contect with the acid become brighter and a

regidue of very small colourless sclt crystels were deposited on

t

=
o

gurface of the solid et the edge of the origincl drop of acid,
indicating the diseolution of material into the ocid ond the re-
deposition of salt onm its complete eveporation. The dry bonding
of sulphuric ccid con therefore be considcred to be duc to the
cementing action of galt on chromite particles which had been
clecned by the corrogsive action of the acid. An efficient dry
bonding of chromite perticles when sulphuric acid wes used os o
binder could therefore be expecfed, (sce Teble 15)

The effectiveness of a binder in the dry bonding of
chromite particles could hence be attributed to (&) the mode of

depoaition of solid from the binding solution, (b) the noture
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of the binder wnd (c) the clecnliness of the surfcce of the chromite.

i

Effect of binders on bonding at hizh temperatures.

5

The bzhoviour of bhinders ot the tempercture of sintering
is of ecmplex nature, With the exception of bentonite clay, cll the
s ; Z i 4 )
inorganic materidls tected wouid heve eveporated ot 1340 C unless

reaccted chemically with the ore to form o compound heving higher

temperature of sveporction, The fired strength of the briquettes
would hence ke unoffected by o binder. It would be due mainly to

the welding of chromite particles and/or the formotion of phases
of glassy or crystelline structure. Eowever, in this test work, it
wags found that different binders produced briquettes with different
?compressive strengths (see Tables 15 and 186).
Tables 15 and 16 show the order of magnitude of increase
in strength due to binders, when firing woas teker to 1340 C. The
strength increase wasg espescially fovourcble with bentonite cley as
binder (compare runs 1 end 2, Toble 186). VHowever,‘the efficiency
‘of this binder vogs appreciably decreosed by the presence of a

smoll omount of sodiuwm chloride or sulphuric acid (see runs 2, 3 ond
6 in Toble 16) which reduced the fired strength of briquettes from
the order of 1300 lb. to ckout 700 lb.

The use of sodium chloride or sulphuric acid clone as

binders brought a lowering of the fired strengtis of the briquettes.

et}

This wes more apporent when a 14% concentrotion of solution wos used

for the moulding of green briquettes, but ot higher concentrations
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of binding solutions, the fired strengths of the briguettes were
cgein roised. (BSee runs 5 and 7, Table 16). The fired strengths
obteined with o 5% sodium chloride solution or a 3% sulphuric cacid
were comparable to thet reached with o bertonite binder (see Teble
15). Fired strengtis of briquettes wade with sodium cyanide and
sodiun carboncte were lower (800 1kb.) while the fired strength of
briguettes witi ne binding ogent wes only 250 1b.

Guolitative analysis (98) of the gas emerging from the
furnace uged for firing chromite brigquettes contcining sodium
chloride and grophite in an atmosphere of nitrogen, showed the
absence of carbon dioxide, but ot temperatures ebove 800°C silicon,
chloride, hydrogen sulphide and traces of iron and sluminium were

T,

detected, indicoting coumplex chemical reactions.

6.5 Sintering of Chromite Concentrote Under Reducing Conditions.

The mechanisz by which sintering of chromite comncentrate
occurs lLics not been reported in existing litercature, The present
work wos, therefore, direccted towerds investigeting the sintering
of chromite pellets at various stoges of firing cnd to a further
understonding of the mechanism of the process. The microgtructure
of the reduced ore pellets wos exemined by microradiographic
technicues ond reflected light microscopy.

The preparation of specimens for ﬁicroradiogrﬁphy ond
for reflected light microscopy mecesgiteoted the impregnotion of the

porcus agglomerates to avoid excessive frogmentetion cnd grein loss



during grinding ond polishing. Demar gua wos generally

gsotisfoctory for this purpose.

For Dicroradiogrzyhy of thin sections, copper K*
radiotion wes used ot 40 K.V. ond 10 m.A. following the technigque
described by Cohen (95). Copper Kg rediction is heavily absorbed
by iron cnd chromiun ornd little cbsorbed by oll other elements
present in the pellet section. The absorpticn is independen

of the stote of chenicel combination and depends only on the
number of iron ond chromium otoms present, In the rodiogrophs
mobterial rich in irom ond chromiunx therefore appears light,
motericl free from iron ond chromiwa end holes in the section
appeer block, ond greys represent material having intermediate

ng
iron end chromium contents, e.g. chromite or gangue containing
In this investigation %" chromite pellets containing
godiu chloride os binder and a vaerious qmount of grephite were
prepared by rolling in o 14" drum es described ir previous cases
ref. section 5.5). They were then drizd end fired ropidly in
an otoospaere of nitrogen to different temperatures for five
minutes, eooled iz o neutral atmosphere to room temperature ond
then subjected to compression tests. The results are shown

in Table 17.
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T&BLE 17

Compresgsive 3trengths of Tellets Sintered
to Various Temmeraturcs
7
% Grophite ' 4 5 5
in pellcts 5
A . : B
Conc. of NaCl Soin 5% Y 5% 3% 5% 3%
Wet Pellsts 0.5 kz 6.4 kg| 6.5 kg | 0.4 kg 6.6 kg 1 0.5
O & - g
100 C 0.4 kz; 0.6 kg {C.4 kg 0.6 x5g 1 0.5
o a
450°C 0.5 kzi{ 0.8 kg 0.6 kg| 0.8 kg | 0.7
o] § A = 2 a
800 C 1.4 kz| 1.6 kg | 2.1 kg 2.3 kg { 2.6
1060 € 6.5 kz; 4.6 kg | 8.0 kg 8.4 kg {9.2
0o
1200 € 20.0 kg 24,0 kg 29.0 kg
Q i R
1360 : 40.0 kz 38.0 kg 30.0 kg
{{
i
34

c 0
s . 55.0 kg | 50.0 kg 45.0 kg

mffect of Grephite on Btremgth of Felletss

Qu

the wet stremgth, dry strength end semi-

deleterious effect on the

4P 7 e I e det i R
L of the pellets cen be

the graphite particles
resulting in difficult wetting cund hence, less effective bonding
by the interstitiel liguid. @Similerly, the decrease im dry
strength in the presence of grephite can elso be ettributed to
less efficient couentetion of perticles with hydrophobic surfeces

ob tize points of

when
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[ k)

contect cf the groing, Thig argunent is in agreenent with the

observatiorn on tie aedhizgion of binding cgent on hydrophobic

chromite surface created by the contenination witi groase as
digcussged in gection 6.4,
SR L2 : o e :
On firing tac pellets tc 1000 €, & grodusl increase in

pellet strength wes observed (see To

strength could be ettributed to tiae onmset of gintering of solid
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resulting in
could only proceed ot points of contect of the ore perticles
Wiere graphite porticles seperate the ore greing, sintering is
initiglly prevented, aend the coumpressive strenzths of such
pellets fired to under 1000°¢ is expected to be lower them that
of pellets witiout grephive eaddition, For exemple pellets
onteining no grophite possessed o compressive strength of 9.2
kg. when fircd 3o 1000°C but pellsts conteining 4% graphite and
arature only kad e compressive strength

; o5 : :
ckove 100G € an increase in pellet

strengta wes observed witz oz increose in grephite eddition

k stuly of polished sections of GLerd fired pellets

revealed thot ot temperstures of 1200 C or over reduction by

grogshite lecds to the formation of wmetcllic iron (eppeering white

e2k) coxioniy onserved et the grein surfeces binding
jocent perticles togetier es shown in the photogrephk of a

polished sectinn in Plate 2(L£ cnd B). The guount of metgllic iron
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present depends on the enount of graphite evaileble for
selective reduction, and corsequently the more highly reduced
pellets will have more iron bridges which mey provide e higher

compressive strength. An increase in compressive strength

S ‘ : : : : - ; o
obtoined by roduction-sinterinz of briguettes at 1340 C was

F=d

eleoc observed, The compresgsive strangtih was found to increase
with increasing grophite (see runs 1, 2, 3 and 4, Table 16).

: ; i . : o)
Sinterinzs of Chromite ot temperctures in excess of 1000 C.

Study of polisted scctions (Plates 24 and 2B) cnd
microradiogropas {(Flate 34 ond 3B) shows that the sintering of
chromite pellets at high temperctures is coused by:

(1) Cementation of particles by metallic iron bridges

.

(2) Diffusional bonding between chiromite zreins

]

(3) Diffusionel bonding between gangue minerals consisting

S

neinly of serpentine

(4) Bonding by glassy matrix as
regolidification of gongue minercls.

Sintering of chromite ore can be observed et o low
tenperature of 1340°¢. Under reducing conditiong, metallic
iron bridges were formed cenenting
(o) chremite particies to curomite particles
(b) gongue perticlesto gongue perticles
end
(c) @zeongue porticles to chromite particles. (See Plate 24).

This type of bridge (ecppeor cs white crees in the Plate)
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commonly occur individuelly but occasionally they were
reinforced by edjacent bridges of chromite (appecr as grey
arecs in the Plote) or gengue metericl (not visible in the
Plate). Tiey were distributed evenly tiaroughout the pellet
indicating uniforn reduction ot high temperstures.

Plates 24 crnd 34 elso show bridging of chromite grains
by diffusion et points of contact at o sintering temperature of
1340°C. This type of bonding was, however,; not very extensive,
and the original caromite grein could still be obkserved to
retain their grenuler outline showing no sign of complete

recrystollisation or alteration into secomdary mincrels.

P

Llthough the gongue was not shown in Flates 24 end 34,
microscopic examination revealed thaat the welding of gengue

edhesion of gongue to adjacent

w
{"\
o5
(&)
{op
13
(0]
=
)
i
o

particles to on
chronite greins occur more extensively. The greins of the
goengue cppeared less onguler and ccquired a smoother outline
then the chromite particles.

At tempercture of firing of ISOOOC, bridging by

-

diffusicn of solids became wmore extensive (see Plotes 25 end
3B). The neck of the joint ketween two porticles generaolly
wéc;;e thicker often resulting in the coclescence of smaller
grcins to fora one larger perticle. The extensive developnent
of welding of porticles freguently ccused iron globules in
tiie pellets to be trapped by adjocent chromiteor ganéue

naterial. The iron deposited within the chromite greains wig
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found to be completely or portially enclosed by constriction or
seeling of the openings toc the cracks or channels in the grains.
As & result of this, the chromite grains gssumed & smoother
outline than et 1340°C (see Flates 2B snd 3B).

In addition to the above mechenisms of high tempersture
bonding, microscopic study of polished sections showed that
diffusional bonding of gangue minerals still occurred st ISOOOC,
but, in addition, the formation of a glassy metrix with crystel-
line chromite and round metellic iron globules ecmbedded in it
was commonly found. This glessy matrix wes probably derived from
the melting and resolidification of some of the gangue minereals
in the agglomerstes. However, no secondary crystels were observed
to have derived from the resolidificetion of the gangue and no
disgoclution of irom into the gangue or glassy matrix was detected.

On the contrary, complete recrystellisetion of chromite
grains could be observed at this tempercture of sintering. Plate
4 ghows a typical chromite grein which had recrystallised after
firing to ISOOOC under reducing conditions. L concentric zoned
structure with various metel contents coulid be seen in the re-
crystallised "chromite", but the nature and compogition of the
material in the vorious zomes had not been established. The
extensive occurrence of the mechenism of diffusion, recrystel-
lisotion, ond melting ancd resolidificetion in the pellgts v
1500°C resulted in pellets having o denser structure ( compare

Plates 2L end 2B, 34 crnd 3B). The pellets
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were found vo hove shrunk by cbout 10% in volune after firing to

1500°¢C.

k=t

6.6 iethode of Jintering.

2

'—.rl
19

Horizontal tro ling grotes ond vertical sheo

G

are abt present the most widely usged industriol gppliences for
gintering. For sintering ond pelletizing of iron ores,
horizontal Dwight-Lloyd type travelling grote meachkires arc
cormionly employed with firing technicues including updroft,
downdraeft or o ccubination of both. Violetta (53) discussed
tiie cdvontoazes of updraft firing or o horizontel grote, while
downdroft firing wes advocoted by Emglish ond Morgen (54). EKurt,
Meyer ond Reusch (55), however, suggested using o trovelling
grate combining the tecinigues of downdroft burning and drying,
and updreft cooling. A1l these proactices, however, siore the
ze of being unsuiteble for efficient atmogpheric control
during firing ond cooling which is egsentiel for reduction during
of chramite pellets. Tiae acid-goluble iron must
not be reoxidised (13) during the period of cooling crd to this
effect, sintering in g verticel shaft furnoce is more suiteble
Thig process of sintering cen only be epplied to lumpy moteria
to ensure cdecuate gos possage tiurough the vertical coluan of
chorge vhich mey be up to 20 ft. in height. The principle of

counter-flow in this operation focilitetes efficient heot

recovery from all outzoimg natericls. & wojor drewbeck lies
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PLATZE 24. Polished Section of Chromite o
Ligglomerate Reduced at 1340°C. :
% [ { }

FLATH 2B. Folished Section of Chromite

hgglomerate Reduced at 1500°C.
(v5709)




PLATE 34. Microradio
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PLATE 3B. Microradiog
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Microradiograph of Recrystallised "Chromite".
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in the difficulty of mointairning ¢ unifori hot zome across tie
furnace so tiiat no part of the chorge is either over-fired or
under-fired,

tmongst the verious types of vertical kilns, the plaoin
cylindrical or rectonguler sibeofts with externel annuler
contbustion chambers ore the most popular in estoblisked
pelletizing practice, Cylindrical degsizns range in size up
to six feet in dicmeter (48) but for furnaces of larger
cepocity, shafte of rectonguler crosgs-sections ore employed,
becouse they offer o better cross-gectional tempercture
distribution (59). 0il is the fuel most commonly employed
ornd heat from exothermic reactions is sometimes utilised, e.g.
in firing nognetite pellets under oxidising conditions.

Witk an externol combustion-chamber, only the
conbustion-products are used forheating the furnace burden.
If cowmbustion of the fuel could be conducted interrnclly, in
the interstiticl spoces of the furncce burden, heat losses
from tae combustion chember would be avoided, A snoll
verticel shaft furnace wog, thereforoe, constructed for this
workin order to investigate the possibility of internal

conbustion of town gas in the interstiticl spaces of the

burden.
6.7 The Furnoace

The furnece consisted of o vertical refracéory stock
2' 6" high, with a circulor cross section, tapering from 7"
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internal dicmeter ot the bottom to 4" internel diemeter at the
top. The stack wall was 3" thick and was constructed of five
onnuler sections cest in Morgan Castable refractory which may be
operated ot temperaztures up to 1650°C. The stock wes supported
on & metel stand and was shielded by e cylindricel metal sheoth
of 18" diameter. The amnulaer space between this shield ond the
refroctory stack was filled with Stillite Wool for inguletion
(see Fig.21). 1In good firing practice, the otock line should be
maintained at a constant level ot the top of the furnace. This
vos to avoid damaging the pellets through physical end thermel
shock ond to attein o good heat recovery from the waste gases. To
this effect, it wos arranged to supply green pellets to the furnoce
via an adjustable lounder from o small feed hopper supported cbove
the furnace (see Fig.22). Pellets from the hopper dischorged by
grovity olong the lounder into the stack. Gravity flow of the
pellets stopped once the stock wes full but vhen the level in the
stack fell, more pellets would roll in to mointain the stock line.
The rate of throughput of the furncce and the level of pellets in
the hopper had no effect on this feeding device. Fines produced
in the feed hopper were removed by mecns of a perforcted section
in the lounder to prevent their emntry into the furnace where they
could cause blockage to oir flow.

Inother pre-requisite of consistent firing is o steady
rote of descent of the pellets through the stack. A discharge

mechanism was, therefore, fitted at the bottom of
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the furnace. 1In its initial version, th: mecharism consisted
of o circular metal table supporting the pellets in the stack
end of & peripherel scrager with a riotor and retchet drive. The
scraper wes intended to rezove a few pellets at & tima, but it
was found thet discharge was irregulsr. L stetionary lecad
accunulated ever the centre of the teble and unsteble conditiong

¥

occurred from time to time, resulting in the rapid escepe of a

lerge nart of the furnace charge.

The discharze teble was therefore red@signed. The peri-
pherel scraper was replaced by & rotery spiral cutter which started
at the centre of the table and extended to the edge in two 360°

turns {gee Fig.23). Rotation of this spirel blade by & motor

@

and ratchet device cauged continuous ocutwerd displecement of
pellets from the centre, and et the ssane time the pregsence of the
blade prevented eny avalanching of the charge. This method of
pellet removal from the centre resulted in & constent rate of
verticel descent in the stack. Ldjustments of the speed of
rotetion of the spiral and of the cleerance between the stack and
the table provided e choice of comstent retes of vertical descent
in the steck from O.2"/min° upwerds, with -3 +%" pellets. Pellets
which were discharged over the edge of the table fell into &

secled hopper which completely enclosed the discharge mechanism,

1,

Pellete could then be pericdicelly removed from the hopper or they

3

P

could be discharged continuously into e tenk filled with weter or
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leaching soclution.

Gos and air for combustion could be fed to the shaft
through 16 ports erranged in groups of four at 11, 13, 15 and
28 inches frowm the top of the stack (see Fig.21}. Zach group
of four ports weas supplied from independently controllable ring
wain bustle pipes and the flow to each port could be adjusted
individuelly through eltering the internel diameter of the gas
ports by meens of annulsr inserte of mullite tube. This raises
the gas velocity and depth of gas penetration into the cherge
at any given ratzs of gas feed, and permitted adjustments of the
tempercture distribution ecross the steck.

The renge of gas port levels facilitated siting of the
zone of combustion at different heights in the stack. It elso
permitted good control of the atmosphere during cooling of the
burden. For cooling under oxidizing conditions,'&ir was intro-
duced neer the bottom of the stack while for cooling under a
neutrel etmosphere, this could be replaced by nitrogen or cerbon
dioxide. The air weas supplied from the compressed air macin
through a pressure-reducing velvey the combustion-ges was taken
from the town gos mein.

The supplies of air and gos to the furnace were measured
by means of rotemeters mounted on a controlling panel which elso

housed & Honeywell 6-point temperature recorder and a Honeywell

proportional temperature indicctor/controller. Temperatures were
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measured by meaons of 15 platinum/platinum rhodium thermocouples
shielded by mullite tubes embedded radially at different levels
in the woll of the stack., It was found necessary to have the
thermocouples protruding at least %" into the stack to avoid
exceszive masking of temperature changes by woall effects. The
temperature at the centre ond side of the shaft wos also measured
by means of two vertical thermocouples which could be raised or
lowered inscide mullite sheoths, suspended verticclly in the stack.
The thermocouples and those embedded in the refroctory woll could
be connected through a selector switch to the controller, or to
the recorder so that cny combination of six temperatures could be
recorded and a seventh used for comntrolling the air/gas flow to
the furnaces. 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 conditiona.

6.8 Firing Conditions.

To facilitete preliminary firing runs without pellets
or with only small batches of meterial, e "permenent" inert
furnace charge in the form of %" alumina pellets was prepared.
These could be circulsted through the furnece during adjustment
of firing conditions and exploration of temperature distribution

at verious zomes in the furnece. The alumine pellets were also
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used at the completion of every rum to maintain & full steck
while the least of ore pellets were being fired and discharged.

10% water wes added to the slumine pellets for pre-
liminery studies of the location and geometry of temperature zones
in the furnece; different combinations and methods of ges end air
flows were used.

In order to effeect efficient preheating of the air
employed for combustion, it wes introduced at the bottom of the
stack, so that, on rising, it wes heated by the descending burden.
Town ges was fed to the furnace through gas ports 11" from the top,
It was discovered that the tempereture distribution was very
irregular, owing to poor gas penetretion into the centre of the
gstack, Four isolaeted smell hot zones occurred st gas velocities
of & ft,/sec. in restricted arees immediately 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 wes
resulted, but the gas inlet velocity remeined insufficient to
ceuse penetration into the centre of the stack (see Fig.25). &n
increase in the air supply only succeeded in reising the hot zone
to the top of the furnace. The hot zone was at best of dome
shape, supported by four "legs" rising frowm the gas ports. Changes
in the rate of burden descent had little effect om the -geometry

and location of the hot zomne.
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This condition was remedied by using gas feed pipes of
smaller diameters. Thig increased the gas inlet velocities and
provided adequate gas penetrotion to the centre of the stack. L
reasonobly uniform hot zone was produced ot approximately %" above
the gos ports and extended upwards for a distance of about 6" (see
Fig. 26). With the temperature in the hot zomz at 1300°C the
corregponding temperature ot the top of the stack was in the
region of 150—20008, sufficient to prevent condensation of steam
at tice top of the charge.

The hot zone could be moved towerdsthe top of the steck
by reducing the rate of descent of the charge or by increasing the
volume of_ aif 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 teamperetures between the centre and the
gides of tike steck could be avoided oniy by very careful regu-
letion of theinlet ges 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 wes,
therefore, difficulﬁ to control thz meximum tempersture in the
hot zone by altering the gas and air feed rates without adjusting
the gas inlet velocity. For autometic control it was found most
convenient to edjust the rate of throughput in the furmace so as

to maintain & constant hot zone with even temperature distribution.
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FIG 25

TEMPERATURE DISTRIBUTION IN FURNACE
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Preliminary tests had shown thet manganese dioxife
pellsts disintegrated badly when fired in & crucible furnace under
en atmosphare of town ges, but no breskage occurred under neutral
or oxidizing conditions. DManganese dioxide pellets were, there-
fore, used to explore further the ctmospheric conditions in the
hot zome of the shaft furnece. It was found thet only part of
the pellets disintegrated in passing through the shaft furnace,
ond this was accepted as proof that localised oxidizing regions
existed in the hot zone.

In reducing end sintering chromite pellets the hot
zone must be entirely reducing and an oxidizing otmosphere is
undesirable even in the cooling section of the furnace.

Firing procedure wos therefore changed so that air was

~

edmitted through portgs 11" from the top of the furnace and town
gas through ports situated 4" below. L stream of carbon dioxide
or nitrogen was introduced through the lowect set of gas ports
so as to act as a medium for heat recovery and to prevent any
accunulation of town gas at the bottom of the stack. This mode
of operation produced a hot zone 4-5" deep, ot the level of the
air inlet ports. The temperature was uniformly distributed
(see Fig. 27) ond firing of manganese dioxide pellets indiccted
that the atmosphere of the hot zone was completely reducing

even ot a gas to air ratio of over 1:5. With this set-up, it
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cppeared that the gas-carbon dioxide or gas-nitrogen mixtures
ignited in an atmosphere of cir in tks interstiticl spaces in the
burden end the atmosphere immediately below the kot zone could
thus be only reducing.

This arrangement, however, feiled to provide adeguate
preheating of the air ond the tempersture in the hot zone could
not be raised above 1200°C =os compered with 1400°C obtoined
previously. In addition the fuel consumption for the same raote
of furnace throughput rose to twice the previous gquentity required
to maintein & hot zone with higher temperctures. Nevertheless,
the furnace was used to sinter 3" chromite pellets with a 5%
sodium chloride solution as binder and 4% graphite as reducing
agent, The pellets survived the rapid drying and prehesting
stages in the furnaoce without breakage. Extensive exfoliation
of the pellet was cgein observed in the firing zone. The products
vere very brittle and unsuitable for further proceséing.

Chromite pellets clso exfoliated extensively when fired
in o crucible furnace under an atmosphere of town gas although
firing under neutral or oxidizing oatmospheres prodwced no dis-
integration. On the contrery, the pellets were actuclly found
to be stronger (see Toble 18). Hence the exfoliation and dis-
integration of the chromite pellets in the hot zone of the shaft

furnace could be attributed to the atmosphere of town gas,
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TLABLE 18

Compregsive Strength of Pellets Fired to 120000

in Crucible Furnace Under Various Conditions.

i £ Stre
Condition of Firin ;eilzizh(gz) Remarks

Oxidizing with air 18.8 Fellets bluish, slightly
magnetic

Reducing with 2% C. 17.5 Pellets bluish, megnetic.

Reducing withk 4% C. 17.3 Pellets bluish, highly
magnetic

Reducing wi th town gas 9,1 Fellet brown, exfoligted,
magnetic

Although this method of firing yielded a uniform
reducing hot zone, it remained unsuiteble for the sintering of
chromite pellets. Solid fuel firing offered cn appropricte
alternative but in view of the endothermic mature of selective
reduction of chromite by graphite (see Table 19) (18), aa
excespive amount of grephite would have had to be incorporated
in the burden as fuel. The amount of air for combustion of
this excess grophite would require careful control cnd this
would present comsidercble practical problems,

It was concluded thot, firing of chromite pellets in
o shoft furnace hed to be conducted by the conventional method
of heating the burden with combustion products from on externocl
ennular combustion chamber., The atmosphere in the combustion

chamber should be neutral for efficieney in the reduction
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process, and to avoid ony reoxidization or exfoliation of pellets.
TLABLE 19

Heats of Reaction (cals/mole)

(2]

of 1. Fe0.Cr,0, . C = Fe &3 Y’or$)+.6r203 +C0

2. Fe0.Cry0, 4+ C = Fe (r) +Cr,0. + CO
.. 4. 1
3. Fe0.Cr 0, 4+ 3 C = 5 FegC (/3) +Cr208 G680
7K 7°¢ E Al AH
' L et iy 3
1100 827 46400 - 47500
1200 0217 46300 46600 47200

1300 1027 48100 46300 46900
1400 1121 45900 48000 46500
150¢ 1227 45700 45700 46100
1600 1327 45400 45300 45700
1700 1427 : 45100 - 45200
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7.0 RIZJUCTICN AMD LEACHING
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T.1 Introduction.

The presence of carbon during the sintering of chromite
pellets lecds to the selective reduction of ironm oxide to metellic
iron. The latter is acid-soluble and can be removed by leaching,
thus leaving a residue with o higher chromium:iron ratio.

The selective reduction of chromite comriences at a
temperature of 1027°¢ (18). A4t this temperature the stendard free
energy of the reduction reaction is high (sece Table 3) and the
teaction can proceaed to completion only with difficulty. However,
if the temperature is incré&sed to 120000, the reduction of tri-
valent chromium will also occur (see Fig. 1). It scems preferable,
therefore, to conduct the reduction of chromite et a tecmperature
below 1200°C, Strong pellets, however, cannot be produced at such
a low temperature of sintering. A compromise at g higher firing
temperature is necessary and the production of a small amount of
acid-soluble chromium must be tolerated.

It is possible to avoid undue formation of acid-soluble
chromium beceugethe divelent iron is more readily reduced than the
trivelent chromiua. If no excess carbon is present beyond the
requirements for iron oxide reduction, the aveiloble ccorbon is
rapidly consumed before reduction of chromic oxide becomes wide-
spread,

The optimun quantity of reducing cgent for this purpose
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cannot be established theoretically owing to complications by
side reactions leading to the formation of carbides of irem (18).
In the case of chromium, Boericke (64) reported the existénce of
various carbides,; the most common being Cr4C, Cr703 aend CrSCB'
These carbides are stable but can act as reducing agents, pro-
ducing metallic iron, chromium and carbon monoxide.

The reduction process mey be further complicated by
the presence of smoll amounts of foreign ions in the pellets,
affecting high temperature chemical reactions. For example, it
hasg been reported thot portial or totol chlorination of chromite
can toke place under reducing conditions in the presence of
chloride ions (12) (65), The rate of reduction of chromite by
hydrogen or grophite to iron, Cr203 ond H20 or CO is stated to be
strongly accelerated by the addition of 3% K2003 (62). In the
reduction of chromite pellets, the presence of foreign material
connot be readily excluded and some are deliberately incorporated
in the pellets in the form of binding agents. It is necessery
to ensure, therefore, that gangue and any added substences heve
no edverse offects on reduction-roasting which mugt render iron
acid-soluble end on the subsecuent leaching proceass which must
remove iron without excessive solution of chromium, The problem

involves accessibility as well oo solubility on the metal.
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7.2 Cuality Control,

For tue purpose of deternining the azount of acid-
soluble metals produced by the reduction process, pellets were
leached with acid under controlled conditions. To this effect,
tie amounts of acid employed were ten times in excess of the
estimeted cuantity required on stoichiometric considerations,
end the weight of pellets or briquettes leached per batch wes not
less than 15 grams. In any one series of experiments, the con-
ditions of leaching were kept identical to ensure reproducibility
end to enable comparison,

4 conventional method for the enalysis of iron and
chromiwa in the mineral requires initial alkaline fusion of the
finely ground solid (see Appendix I). This procedure is necessarily
long and cumbersome, and was congidered impractical for the large
number of determinations in this work, This method waes used from
time to time for checking the results obtained by means of &
speedier indirect metiiod of iron and chromium determination.

This indirect method of analysis relies on the deter-
mination of iron and chromiuws in the leach liguor extracted from
e known weight of materiel. The grade of the final product and
the chromiumsiron retio could thus be deduced from the values
of the head assay.

The iron and chromium content of the leach liquor mey

be determined by conventional titrimetric methods which are
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comparatively simple but slow in manipulation. A rapid spectro-
photometric metiiod of analysis was, therefore, developed (see
Appendix 2) besed on the formation of stable ferric-EDTA ond
chromic-EDTA colour complexes at pH 1.5 - pH 4.0 (see Appendix 2),
The optical density of the chromie-EDTA complex was measured at

e wavelength of 548 my and that of the ferric-EDTA complex at
329.5 mp. The colouré of the two complexes do not interfere, and
separation is, therefore, not required. Solutions containing 2

to 20 mg ferric ion per litre can be measured using 1 cm absorp-
tiometric glass cells, and in the determination of chromium,
sengibivity 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 end for studying other texturel and
structurel changes in the pellets or briquettes: (a) the study of
microradiographs of thin sectioms and (b) the study of polished
sections of the speciwmens.

X-ray diffraction photogrephs of powdered samples were
also taken before and after treatment to ascertain whether crystols
in the reduced and leached products retained the structure of the
chromite spinel. For this purpose, a cobelt target with en iron
filter wos used ot 45 X.,V. and 6 m.L, The diffraction photographs
were compared to observe any loss, addition or displacememt of
lines which would be indicative of the destruction or change of

existing crystels or of the formation of new crystalline phases.
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7.3 The Effect of Binding Agents on the Removal of Acid-Soluble
Iron end Chromium,

The effect of various binding agents on the extraction
of iron and chromium from the reduced chromite was investigated.
For this purpose, %" diameter x %" thick briquettes of 5.0 g.
each were used. After addition of the binder and on appropriate
omount of finely groumnd graphite, the mixture was briguetted in
e Millen mounting Press at 4500 lb/sq.in. The briguettes were
dried, fired and leached and the results were then assessed.

It was decided to investigete only the effects of those
binders which hed proved suitable for producing hard fired pellets.
For the purpose of comparison, briquettes made with a mixture of
bentonite ond sodium carbonate solution were also included in the
investigetion.

Firing was conducted at various tempergtures in a vertical
molybdenum tube furnace of Kitchener and Bockris design (63).
sheft furnace conditions were simulated to some extent by operating
the molybdenum tube furnece continuously with briquettes fed to the
top of the vertical refractory tube snd discharged from the
bottom. The rate of descent was kept constant et 0.4"/min. The
corresponding rates of heating end cooling ere shown in Fig. 28.
Reoxidetion of the fired products was prevented by passing a
gentle streem of forming gas conteining 10% hydrogen and 90%

nitrogen up the furnace. It was first established that this geas
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has a negligible effect on the reduction of chromite under the given
conditions.,

The fired pellets were discharged at abouwf 200°¢C end
were quenched directly in 10% sulphuric acid at room temperature
(1500)° L standard leaching time of 2% hours was meaintained as
& practical compromise although it wes observed that leaching still
proceeded slowly after this period,

After leaching, the liquor was separated from the
residue and enalysed for iron and chromium, using the spectro-
photometric method (see kippendix 2). The results of thisseries of
tests are shown in Teble 20.

It may be seem thaet the binding agents had e significant
effect on the amount of acid-soluble metals, some producing o
larger yield of extractable metals than others, Sodium chloride
gave the best results in this respect.

7.4 Bffect of Temperature of Reduction on the Amount of Acid-
Soluble Iron and Chromiua,

Resultes of the above investigetion indicotdey that the
temperature of reduction cen influence the amount of acid-soluble
iron and chromium which appeer to decrease with increasing tem-
perature of sintering. A similer effect was observed by Downes
end Morgan (7) at reduction temperatures acbove 1200009 but no

explanation was offered.
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TABLE 20

Effects of ‘Grephite Content, Firing Temperature,

end Binding Agents on Acid Leaching of

Chromite Briguettes

% Extrection of Metal

Firing Temp. B%nding
Lgent 1%C 2%C 4%C

Cr e Cr Fe Cr e

1340°C e Negligible |14,0 | Negligible | 29.5 | 2.0 |34.2
B L 17.8 " 18.7 | 0.5 | 23.9

" 13.1 " 18.7 | 1.3 | 29.0

D " 8.4 " 20:1 | 1.3 |29.0

1420°C A " 10.8 " 19.2 | 1.7 |28.2
B n 10.3 " 16.4 | 1.8 | 29.7

c " 8.4 " 16.8 | 1.1 {23.9

D 4 10.3 " 15.5 1 1.7 22,9

1500°C A n : " 15,70 1.7 1409
B " .4 " 1610 1 101 9040
C " : " 14.0° . 0411 20.6

D " 3 L F356 i) o0V

Binding Agents £ =

B-o
C
o

5% NaCl Soln.

0.5%
3%
0.5%

Bwelling Time in Hot Zomne -

Conc. of Leoch Liguor

Temp. of Leach

Time of Leach

bentonite

H2504 soln.

bentonite +
T7-10 min.
10% H2804
quenching

2% hours.

5% NagCoq Soln.

at 2OOOC then leached at 20 C
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It con be congidered that at a sufficiently high tem-
perature (e.g. 1340°C), all the carbon in the pellets rapidly
oxidises or combines with the remaining solid until no free carbon
is left., The temperature alone should have little effect on the
amount of acid-soluble metal 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-
resist@nt glassy or crystalline gangue or chromite. This will
lower the apparent proportions of acid-soluble metal. Microscopic
studies were therefore resumed to determine whether & distinction
is needed between accessible and inaccessible metal.

The study of polished sections and microradiographs
indicated that some of the metallic iron was situated at the sur-
faces of the grains as stringers, globules or bridges, while some
wes located in the intermal cracks and chamnnels inside individual
grains or embedded in the glassy matrix, (See Plates 24, 2B, 34,
3B and 7). During the extraction of the metallic iron with sul-
phuric ocid, easily accessible metal was rapidly removed, but the
remoining iron situcted 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 cen reach

the metal. It is also mecessary that the dissolved metal end any
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goses produced during leaching should diffuse or be replaced easily
and continuously by fresh acid so that a high rote of dissolution
moy be mointained. These processes depend largely on acccessibility
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 couse partial or complete sealing of these cracks by diffusion
of chromite or by the fusion of the gengue, making the leaching of
metel 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 end chromium in the leaching stage. More
information was therefore sought on the relationship between carbon
addition end optimum iron extraction with minimum chromium loss.

Half inch briquettes were agein used oo in the previous
series of tests (ref. Bection 7.3). The amount of graphite added
ranged from 0 to 8% and a 5% sodium chloride solution was used ag
binding agent. The briquettes were dried and fired to 1340°¢C in
the horizontal plcotinum tube furmace in an atwmosphere of nitrogen
as described in section 6,4, After socking the briquet@es at the

moximum 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 ironmn or
chromium dissolved, Lne leached briquettes were removed and washed,
and the leach liquor was analysed for irom and chromium. The
results ere shown in Figs. 29 and 30,

It can be seen that the amount of acid-soluble iromn was
approximately proportionsl to the amount of graphite incorporated
in the briguettes up to 4% by weight (see Fig. 29). Beyond this
velue, the amount of acid-soluble iron tended towards a maximum
but the amount of scid-soluble chromium increased rapidly.
Although the chromium:iron ratio in the leached residue continued
to increase9ithe percentage of CrZO3 in the beneficiated product
reached & meximum velue with about 4% graphite and then decreased
again (see Fig. 30).

Leaching the fired products in boiling 10% sulphuric acid
is an extreme form of treatment. Anothersimilar series of tests
was, therefore, performed., The firing was conducted in the
vertical molybdenum tube furmece to 14500C as desgcribed in Section
7.3. The fired products were discharged from the furnace at a
temperature of ebout 200°C directly into 10% sulphuric acid at
room temperature, Leeching was continued for 100 hours until no
more metal appeared to dissolve. The results of the leaching
tests are shown in Figs. 31 and 32, indicating a trend very
similar to that of the preceding series with boiling 10% sulphuric

acid.
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The theoreticacl amounts of grephite reguired to reduce
cll the irom oxide in chromite to metallic iron is of the order
of 3.4%. The chove results shov that the actual consumption of
graphite in the process was considerably higher. Metal extraction
in all the tests accounted for only 40-50% of the graphite used.
This wvas at least partly due to the incomplete extraction of the
reduced metels from the briquettes during leaching. However,
exanination of polished gections (see Section 7.12) showed that,
although some metels remained in the leached residue, the amount
vas less than 40-50% of the total metal produced. The unaccounted
coribon could probably be consumed in the formation of carbides.

7.6 The Effect of Dwelling Time in Various Temperature Zones on
the Removel of Iron and Chromium,

The inadequete extraction of iron during leaching wes
thought to be due partly to occlusion of metal by the sintering
of gangue and chromite and partly to the formation of carbides at
high temperatures. A4ttenpts were, therefore, made to alter these
defects by conducting sintering for different lengths of time at
different temperatures in the hope of obtaining more efficient

renoval of iron,

ks before, 3" briquettes were used with 4% graphite and
e 5% sodium 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 thaet reduction at 1150 C was slow, a dwelling
time of 15 min. being inadequete for complete reaction with all the
graphite available, Free grephite wes still detecteble in the acid
during leaching. 4 dwelling time of 80 min. was needed for
elimineting &1l the free graphite. The speed of reaction was more
repid at higher temperatures. At temperatures above 13000C9 a
dwelling time of 3 to 5 min. was sufficient for all the carbon
to react with the mineral.

The results, shown in Table 21, indicete that the resi-
dence time in the furnace is relatively unimportant with respect
to metal extraction, provided cll the graphite hed been reacted.
Rung 1, 2 and 3 in Table 21 show only smell differences in the
extraction of iron. The maximum temperature of treatment affects
the process to & much greater extent (also see Table 20) and
reduction at o lower temperature produced more extreoctable metel
than reduction nt a high temperature (compare runs 3 and 5 in
Table 21).

By contrest, the strength of the briquettes is merkedly
affected by the dwelling period in the furmace. Stronger
briquettes being produced with longer periods of residence
(compare runs 2 and 3, Toble 21). This effect is enhanced when
the extre period of sintering occurs at the mexinum temperature

(compare runs 1 and 2 in Table 21)



TABLE 21,

Effect of Dwelling Time in Various Temperature Zones

on the Ameunt of Removable Tron and Chromium

Max. Temp.i Dwelling time in Metal Radial
Run Mode of of Firing| Temp. Zone (min) | Extracted (%) foade of Produgt Compressive
o (°c) 1150%e | 150l cr il B leriFeldova ] SoE®

23 (Kg)
Mo. Furnace 1390 oL 25 345 721 7e3 5642 145
! i 1390 25 2% 27| 72u8 7.3 54.8 125
5 | »n f 1390 oL 2% 528 | 755 8.2 5548 75
4* | Pt. Furnace 1150 15 - 2.1 '} 54.4 4.5 554 20
5 " " 1150 80 - 433 | s o e oy 5548 35

* Reduction incomplete, free graphite detected in leach liquor

% Graphite for reduction 4%
Binding agent

Acid for leaching

Boiling 10% H,S

5% Na Cl solution

%

= B
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It is concluded that the increased strength of the
fired briquettes is caused by better sintering of the chromite.
The extra dwelling time provides & longer period of solid
diffusion, recrystallization and more extensive formation of e
glassy matrix, resulting in better bridging between the grains
and more extensive sealing of cracks and channels inside the
chromite particles. Any iron depogited in such places, thus
becomes leas accessible to the acid during leaching. Consequentiy
weaker briqueties produced at a low temperature of firing, yield
& larger amount of acid-soluble iron than briquettes fired to g
much higher temperature.

No changes in the mode of deposition of acid-soluble
iron resulted from altering the rate of reduction end no migration
of metallic iron from the crecks to the surface of the grains
took place at low tempersatures even with prolonged dwelling
periods (see Plates 10 and 11).

7,7 The Jiffect of Concentration of Sodium Chloride Solution
on the Reduction and Leaching of Iron and Chromium

The use of sodium chloride solution as o binder resulted
in & larger amocunt of acid-soluble iron than any of the additives
tried in this work. 1Its effect on the reduction end leaching
processes hence merited further investigation.

Briquettes were made with different concentrations of

sodium chloride solution together with 2% graphite. They were
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fired in the horizontal platinum tube furnace to 1340°¢ for 5
min, The fired products were subjected to axial compression test
and then lecached in 10% H2804 under boiling conditions for 3 hours.
The results are shown in Table 22,

TABLE 22

Bffect of Concentration of NaCl Binding Solution

on the Cowpressive Strength of Briquettes and the

Extraction of Iron and Chromium

Conconteation of Mati %Wof lictal | Radial Compressive Strength
Salition Extracted ! in kg: (size,of brlquette
or o & diam, x ' thick)
0% 0.3 35,1 80
5% 0.3 | 34,8 105
10% 0:35:1:95,0 135
20% 0.3 132.0 165
% Grephite for reduction - 2%
Mox. temp. of sintering - 1340°C in pt. tube
furnace.
keid for leaching - Boiling 10% H,S0,

It can be seen that the fired strength of the briquetties
increased with an increasing concentration of sodium chloride
binding solution, but the amount of extractable iron in the
briguettes assumed en opposite trend. It was concluded thet e
gtrength of sodium chloride solution of up to 5% may be employed
without adverse effects on the amounts of extracteble metals,

1t wes further concluded that the presence of high

amounts of sodium chloride cen create better sintering but does
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not emcourage migration of iron from the interior to the surfeace
of the chromite particles and no increase in the size of the

particles of iron was observed.

7.8 Rates of Leachinz of Iron and Chromium,

In this investigation indentical briquettes (see Section
7.9) were leeched in acid of various concentrations at different
temperatures and samplee of the leach liquor were taken at
regular interveles for iron and chromium determinetions, The
curves for the leaching rates of the two metels were obtained and
ere sgshown in Figs, 33 and 34,

The leaching ratcs for iron was found to be different
from thet for chromium, At the onset of the leaching operation,
6 lerge amount of iron was taken into solution repidly. The rate
of dissolution then decreased until no further significent esmount
of irom could be extracted. In contrest, comperatively little
chromium was digsolved et the beginning of the leach but the
amount of chromium digsolved did not decreage much even after a
long leaching period. This wes indiceted by Fig. 35 which shows
leach liquors with very high iron:chromium ratio at the beginning
of the leach but lower ironschromium ratio after 20 minutes. A
possiblie explanation for this phenomenon is that the acid-soluble
iron may form a coating on the ecid-soluble chromium. When
leeching commences, the iron is dissolved first and chremium is

little affected unti} the coating of iron has becn removed,
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The overall rate of dissolution at 5500 is much higher
than &t room temperatures (sce Figs. 33 and 34). At boiling
point, complete extraction occurs within three hours. The increased
rate of dissolution at elevated temperatures is pregumed to be due
to higher rates of diffusion in the liquid. j

7.9 Effects of Tempersature and Concentration of Sulphuric Acid
on the ILeaching of Iron and Chromium.

The removel of iron and chromium from the reduced
briquettes may be expected to be influenced by the concentreation
end temperature of the acid. Boericke and Bangert (13) observed
that hot 10% sulphuric acid could remove more iron and chromiugm_
than cold acid of the seme concentration and that this tendency
became more evident when the chromite concemtrete 'was.: over
reduced. Careful control of the temperature of leaching in order
to avoid excessive solution of chromium wes also emphasised in an
attempt to leach chromite at high temperatures aend pressures {1)a

To investigate the effects of temperature of leaching
end acid concentration, identical briquettes were again prepered
and fired under reducing conditions in the verticel molybdenum
tube furnsce at 1450°C with 4% grephite and 5% sodium chloride
solution es binding agent. The fired products were cooled to
room tempersture (150C) and were then leached in acid solutions
of various concentrations snd at different temperatures. The

results are shown in PFigs., 33, 34 and 35 end Taeble 25.
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TABLE 25

°

Offect of Temperature of Acid omn Bxtrsction

of Iron and Chr

omium

Temperature of Acid 100°c 5OOC 15°¢
Cr Fe Cr Fe Cr e
% of uietal Bxtracted | 4| 5.7 65.8 | 5.6 63,3 | 3.9} 57.8
B 6.8 1 57.3 6.8 156,91 4,21 52.2
Cr:Fe ratio A 5.8 543 4,8
in pronct B 4.6 4,6 4.2
% Crg 0Og A 54.0 54,2 55.0
in progned B| 53.5 53.5 54,8

% Graphite for reduction -
Max, temperature of firing -

Mode of firing -

Binding agent -

hcid used for leaching -

4%
1450°¢

Continuous process in vertical
molybdenum tube furnace

5% NaCl solution

A, 5% H,S0,

B, 10% H, 80,

The results indicate that the extraction of iron was

more efficient at 550C than at roo

m temperature but little

chenge in the extraction.of iron was observed between leaching

et 55°C and leaching at boiling po
Teble 25). The higher extraction

perature was accompenied by a prop

int of the acid solution (see
of iron at an elevated tem-

ortionally higher chromium

loss and leaching ot high temperatures, hence, cppears to be

less selective, Boericke and Bangert (13) attributed this to
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the different solubilities of various carbides of irom end chromium.

The concentration of the acid was also found to affeect
the removel of ecid-soluble metols. A 5% sulphuric acid leached
o meximum of 63.3% iron et 55°C end & 10% ecid leached 56.9% iron
at the same temperature, Chromium, on the other hend, was less
readily attacked by 5% sulphuric acid than by 10% acid. The former
dissolved & meximum of 5.6% at 55°C and the latter 6.8%, all other
conditions being equal.

The decreased removal of iron by more concentreted acids
may be due to the passivetion of iron in the brigquettes. Concen-
trated sulphuric acid is e strong oxidizing agent and, therefore
it is possible that a layer of oxide (Fe203), insoluble in acid
is formed on the metal surface, preventing further acid attack (66).

The maximum selectivity in the removal of iron from the
reduced material was obtained with acid of low concentration at
room temperstures. A 5% acid extracted 57.8% iron and 3.9%
chromium, resulting in having & product conteining 55,0% Cr203
with & chromiumsiron ratio of 4.8:1, after over 100 hours of
leaching. The very slow rate of dissolution, however, renders
this procedure imprecticable. The best compromise appears to be
leaching the agglomerates at a higher initiel temperature (near
boiling) for & short period up to about 5 minuts (see Fig. 35),
followed by more prolonged leaching at lower temperatures (room

temperatures). During the initiel stage, the rate of dissolution
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of chromium would be slow and a rapid removal of irom would be
possible without edverse effects on chromium recovery. The subse-
quent lowered tempereture of leaching would yield more irom but
would keep the dissolution of chromium at a low rete. Quenching

of the hot product from the furnace by discherging the agglomereates
directly into the ecid et room temperatures appears to be a simple
nethod of attaining this combinastion of conditions without recourse
to external heating of the ecid solution.

7.10 Effect of fQuenching Hot Briguettes in Acid on the Removel
of Iron and Chromium.

An investigation of quenching hot briquettes directly in
the acid was cerried out with #" briquettes fired for 5 nin. at
1340°C. in the horizontal platinun tube furnece. They contained
4% wood charcoal ag reducing agent end 5% sodium chloride solution
es binder. After firing, the partielly cooled briquettes were
quenched in 10% sulphuric acid at room temperature. The briquettes
cooled rapidly in the acid where they were leached until no noore
iron or chromium dissolved. The results ere shown in Teble 23,

Little difference was observed in the maximum extrection
of iron end chromium on compering quenching the briquettes from
250°¢C end no quenching. However, the overall rote of dissolution
was much higher when the briquettes were quenched. Over 100 hours
were required to obtein meximum leaching from cold briquettes when

no quenching was applied. By contrast, complete extraction could
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TLBLE 23

Bffect of Quenching Temperature on

Extraction of Iron and Chromium

% of Metal

Temperature of {uenching BExtracted Grade of Product

Cr Fe [Cr : Fe |% Cry0,
400°¢C 1.8 le3uall 5.9 56.8
250°C 1.3 |55.81 4.7 56.0
15°C (room temp.) 1:3 |b5.3 ) 4.9 55.8
% Wood charcoal for reduction - 4%
Max. temp. of firing - 1840°¢C
Mode of firing - Horizontal Pt. tube furnace
Binding agent - 5% NaCl solution
Lcid used for leaching - 10% HyS0, ot 15°¢C

be achieved in under 30 hours without agitetion when the briquettes
were quenched from high temperatures, without decrease in the
chromiuam recovery.

Cuenching from 400°¢C in cold sulphuric acid resulted in
& rise in the amount of leached iron from 55.3% to 63.4% as com-
pared with leaching without quenching. The removal of & higher
amount 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 from high

temperatures resulted in the shattering of the glassy metrix 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 was difficult to observe under the microscope.
However, it has been reported (67) that rapid cooling of irom ore
ginters could result in the development of crecks running through
the slag bond. It is, therefore, concluded thet similaer mechanism
way be responsible for more efficient leaching of the agglomerates.

7.11 Effect of Using Other Orgenic Materials as & Binding/
Reducing Agent

Llthough grephite and wood charcoal heve been success-
fully applied a8 reducing agents in thig investigation; the use
of other organic materisls as combined binding/reducing agent was
considered an abttractive alternative. Treacle and heavy lubricating
oils were chosen as representeti ves of this kind of additives. :

Half inch briquettes were again used and firing wes con-
ducted im the horizontal platinum tube furnace at 1340°cC. Leaching
was performed in boiling 10% sulphuric acid for 3 hours. The
results are showr in Table 24.

Owing to the low surface tengiorn of the oilsg investigated,
the green briquettes formed with o0il binders were found to be very
brittle and tended to disintegrete on firing. On heating, the oils
were distilled off at teuperatures too low for reduction and
sintering to occur. Only a very smell amount of acid-soluble iron

was, therefore, produced end the compressive strength of the fired



TABLE 24

Iffect of Using Other Organic Material as

a-Binding/Reducing Agent

% of Metal Extracted Grade of Product Radial Compressive
Binding/Reducing Agent - Strength of I'ired
Cr Fe Cr . Fe % Cr2 O3 Briquettes

4% Graphite + 5% NaCl solution 2.9 69.0 6.7 55f8 100 kg
4% Wood Charcoal + 5% NaCl soln. 1.8 64.6 5.8 5640 85 kg
Brown Treacle 0.9 1Lyes 2.6 52.2 105 kg
SAE 50 Willcox Lubricating 0il Oeb- 10.8 ﬂ 2.4 49.4 Disintegrated
Shell Mex Dromus Oil B Negligible 849 243 49.2 75 kg

Max .temp. of firing - 134000 (Horizontal Pt. tube furnace)

Acid used for leaching - Boiling 10% st04

W A U
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briquettes was low (sece Table 24). Brown treacle on the other
hand, produced exceptionally strong green and dry briguettes. Its
efficiency as & reducing agent was, however, not comparable to
those of grephite or wood charcoel. The treacle decomposed and
the amount of carbon remeining in the briquettes for reduction was
probably small. Although this line was not pursued any further,
it is suggested that & process employing treacle as binder and
wood charcoal as reducing agent could give strong unfired and

fired pellets with a high chromiumsiron ratio.

7.12 Study of Polished Sectioms and X-Ray Microradiogrephs,

bLsgessment of the mechanisms and effects of the processes
under investigaetion was not confined to physicel 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 (85). 1In this connection,
polished sections and thin sections of veriousg specimens were
prepared and some photographs of the observetions are shown in
Plates 5, 6, T, 8, 9, 10 and 11.

Plate 5 shows the polished section of untreated chromite
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 sections
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On firing the agglomerates of fine chromite concentrate
to & high temperature the points of contact of the particles fuse
together forming bridges, binding adjacent perticles, as shown in
Phte 6. Similar mechanism of sintering of gangue particles was
elso observed (not shown in photograph) and in addition sintering
between gangue and chromite particles also occurred extensively.
In the absence of & reducing agent no metallic iron or chromium
was vigible, Although the outlines of the various partic1e§ tend
to be smoother, no complete recrystellisation of chromite grains
was observed at 1420°C (ref. Section 6.5).

Lt firing temperatures in the region of 1500°¢C in the
presence of a reducing agent, & highly reflective malleabhle metal,
resembling metellic iron, segregates frowm the original chromite
graine as shown in Plaete 7. Some of thig iron was deposited in
the interstitiel spaces in the briquettes as stringers, globules,
end lumps of irregular shapes end sizes while some iron was
deposited in the narrow cracks and channels inside the chromite
particles. The irom when deposited outside the grein wes sometimes
completely or partially occluded by fused gangue meterials. As for
the iron deposited inside the chromite grain slag sealing at the
entrance to the cracks and channels was often obgserved., The
location of iron is further confirmed by the study of micro-
radiograph as shown in Plates 3A end B, Section 6.5, It'can,

therefore, be comncluded that the production of metellic iron is
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due to reduction by cerbon at high temperatures.

flate 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 cen ke seen that the metallic iron was removed
completely, except for some which were deposited in the cracks ana
channels. These channels were observed to be sealed by gangue
material or to be too comstricted for efficient acid penetration
during leaching. This was & probable csuse for the incomplete
extrection of iron.

The amount of residuel iromn is grester in briguettes
fired to 1500°C than those fired to 1340°C. Plete 9 indicates
that most of the openings to the cracks and channels were more
constricted, and sealing by gengue material wos more extensive
with en increese in sintering temperature, confirming earlier
suggestions.

In view of the unfavourable location of metallic iron
in the cracks and chennels of the grains, work was directed towards
the attaoinability of & 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 ere shovrn in FPlates

10 and 11.

Plates 10 end 11 show that some of the iron was still

located in the cracks in the chromite grains and there was no
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indicstion that migretion of ironm from the interior to the surfaces
of the chromite particle had occurred. The differences inthe
emounts of extracteble iron from the briquettes as described in
Section T,6can, therefore, be attributed to different degrees of
sintering resulting in different extents of iron occlusion.

During the examingtion of various polished sections of
chromite briguettes, it was observed thet the amounts and location
of the metallic iron in the briguette 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 o
larger emount of metallic iron.

Metallic chromium has an almost similar reflectivity
as iron., In view of the small amount of acid-soluble chromium
present, its location in the reduced material has not been

established.

7.13 Study of X-Ray Diffraction-fowder Photographs.

X-ray diffraction powder photogrephs of material before
end efter treatment were obtained using cobaltEk{r&diation. it
wes thought thet chonges in the structure of the chromite spinel
might 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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TLATE 5,

Polished Section of Untreated Chromite.

(xS70)




fLATE 6. Polisked Section of Chromite Briquette
Sintered at 1420°C in Neutral Atmosphere.

( x370)

PLLATE 1T. Polished Section of Chromite Briguette
Sintered ot 1500°C in Reducing Atmosphere.

(*SJ0)




ZLATE 8. Polished Section of Reduced and Leached
Chromite (Temp. of Sintering 1340°C).

(sT0)

PLATE 6. TPolished Section of Reduced and Leached
Chromite (Temp. of Sintering 1500°C).

(@) 296
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PLATE 10, Polished Section of Chromite
Fired Rapidly to 1500°C with 4%C.

(x570)

PLATE 11, Pfolished S2ction of Chromite

Fired to 1390°C Lfter Sosking
for 15 Min. with 4%C.

( x570)
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end leached products were identicel. The three prominent lines
corresydnd to 2.52, 1.592 and 1.462. These correspond to those
of chrompicotite (Fe, iig)0.(Cr, Al)zo3 or chromite (Fe0)
(cr, A1}203 a8 reported in the A.3.T.M. index. These lines were
not affected by the degree of reduction or the amount or nature
of binding agents present in the briquettes. The reduced materieal
ﬁhich vas not leached, however, also showed the linea of metallic
iron. However, it should be noted thot crystelline phases present
in proportions smaller than 5% (by weight) connot be detected by
this method of analysis,

It is concluded that the removel of irom and oxygen
from the chromite spinel during reduction does not elter the basic

crystel structure of the remeining meterial.
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8.0 SUMMARY OF CONCLUSIONS

& chromite concentrete from Southern Rhodesis, comtaeining
43.8% Cr903 with e chromiumsiron ratio of 2.1:1, was treeted
successfully by ascquence of processesdaf pelletizing; high temperature

hardening and reduction; and leaching with sulphuric acid. This

yields a lumpy, porous end product, containing over 55% Cr203,
with e chromium:ivon ratio in excess of 4:1 and & chromium recovery
of 98% or higher, Grephite or wood chercoel was used as reducing
agents,

The selient features of the process and the mein conclusions

drevn from this may be summeriged as follows:

Pelletizings

1) Fine chromite concentrate contsining 90% -150 mesh and
15% —-200 mesh can be egglomerated into 41 pellets using

either a dry or a wet feed in e laboratory drum.

2) For the attainment of a steady process and a comsistent
quality of the product, "seeding" of the load end employ-
ment of & wet feed are essential.

3) Llthough a feed conteinimng up to 12.5% moisture can be

employed, the optimum moisture content of the feed is
10.0-10.5% and that of the seeds, 9-10%, Further
addition of weter by spraying is not required under

these conditions.



4)

5)

8)

7)

10)
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For o given drum, the rate of edding fresh feed has a
marked influence on the circulating load of the process.
A low feed rate produces & high circulating load, whereeas
a high feed rete results inm a low circulating load.

The effect of the feed rate om circulating load is less
apparent in a lerge drum than in & small one.

The peripheral velocity of the drum effects the mixing

of the seeds and the feed and hence the rate of pellet
growth. The optimum peripheral velocity under leboratory
pelletizing conditions is 125 ft./min.

The compressive strength of the mewly formed pellets is
low, but is raiged by further rolling.

Progressive compaction and stronger physical interlocking
of particles in the pellets can be obtained during the
initial stages of rolling.

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 e general
reduction in moisture content.

The compressive strength of green pellets is due meinly
tos

a) Fhysical interlocking of the particles and

b) Wet bonding by "pendular" liguid in the pellets.



11)

13)

14)

15)

16)
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The wet strength of the pellets increases as the moisture
content decreases to 7.8% (by weight)s; with any further
decreese in moisture content, the strength fells agein.

i large rolling load in the drum is desireble for achieving
high strength through good physical interlocking.

A smell rolling load in the drum is sdvantageous if repid
removel of water is desired.

The drum should rotate at speeds which induce efficient
pellet rolling but cesceding of the load should bé avoided,
Eveporation of ligquid from e pellet results in the deposi-
tion of salts &t is surface. Thig is attributed to
capillary effects and to the surfece temsion greadient
during drying.

Bonding of particles in a .dried pellet is partly due to
cementation by the salt deposit. This bonding is hence
affected by the cleenliness of the surface, the mode of

deposition of the salt and the nature of the selt.

Hardening:

1)

Sintering at temperatures in excess of 800°C is essentiel
for the hardening of pellets.

Binders capable of preventing the distruption of chromite
peliets during repid heating are bentonite clay, sodium
chloride, sulphuric acid, ferrous sulphate sand godium

sulphate,



3)

7)

10)

These binders also gemerally provide am increese in the
dry and fired strengths of the pellets,

The effect of bentonite cley as a binder is reduced by
the presence of sulphuric acid or sodium chloride.
Incorporation of grephite reduces the wet, dry and semi-
fired (below 1200°C) strength of pellets.

Graphite promotes betiter sintering at temperatures above
1200009 where reduction cemn proceed,

Sintering mechanisms at temperatures of 1200-1500°C
comprises diffusion bonding between chromite and chromite,
gangue and gangue, chromite and gangue. Iron bridges are
also formed if conditions are sufficiently reducing,

At temperatures of ovor~1450°C diffusionel bonding

becomes more extensive. This is accompanied by almost
complete fugion of gengue which then coats the surfeces

of the chromite. Complete recrystallisation of chromite
grains cen algo occur.

Pellets fired under oxidizing conditions are stronger then
those fired urder reducing conditions,

Pellets fired under an etmosphere of town ges disinte-

grated badly, ard the shaft furnace with internal firing

arrangements proved unsuitable for sintering.
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Reductions

1)

2)
3)

7)

8)

Binding egents aifect the amounts of leachable iron end
chromium from reduced pellets

Sodium chloride was found to be the most suitable binder.
The optimum carbon content for reduction without excessive
chromium losses is 4%. Organic materiels such as treacle
end heavy lubricating oil are unsuitable as reducing agents,
The metalldc iron produced in the reduction process is
deposited in the cracks of the chromite particles as well
as in the veids of the pellets,

No preferential deposition of the metsllic irom could be
achieved by adjustuents of firing periods and firing
temperatures provided the temperature of reduction is
above 1150°C.

less extensive

[#]

Reduction at & low temperature ceuse
sintering end hence more efficient leaching of metellic
iron., 3Reduction at high temperatures causes more
extensive sintering and slag seeling of crecks, and,
therefore, less efficient leaching of metallic iron.
Sintering at high temperetures hes the advantage of
providing higher pellet strength.

Extensive sintering and & consequent decrease in the
gmount of acid-soluble iron is also caused by the

excesgive incorporavion of sodium chloride. & 5%
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sediuz chloride golution can be used as binder without

adverse effecto.

Leaching:

4)

5)

6)

It vas esteblished thet leschinmg with 5% H2804 removes
pore iron than with 10% 2,80 ,.
The chromium loss increases with increasing ecid
concentration,

Leaching at room temperature requires a duration of over
100 hours but leaching st 100°C cen be completed in 3
houra,

The amount of iromn removed by leaching at 55°C is com-
parable to thot extracted at room temperatures. Leaching
at 100°C removes en excessive emount of chromium.

During leaching iron disgsolves at & higher initisl rate
than chromium., {uenching of hot briguettes ig, therefore,
suitable for the repid leaching of iron without excessive
dissolution of chromium.

Removal of iron from the chromite does not result in

chenges in the lattice perameters of chromite detectable

by X-ray powder photography.
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$.0 APPENDIX
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1, Deterwinetion of Chromium and Iron in Chromite

Summary

This method of aenelysis is based on the fusion of finely
ground chromite under alkaline oxidizing conditions. The fused
product is leached in water, precipitating the irom in the form
of hydrated ferric oxide. {uantitative separation of the iron
from the chromium by filtration is hence possible, because the
iron will report in the solid fraction and the chromium in the
filtrate. The two elements cen then be determined seperately.

The reactions in this process are as follows:

O N T 3}
2FeCr,0, + a0, —> 2NaFeO, + 4Na,Cr0, + 2Na,0 (1)
NaFe0, + 20,0 —> Na0H + Fe(OH)‘P\£ (2)

For the analysis of chromium, the filtrete is acidified,
converting the chromite into dichromate (ses equation 3). The
chromium content of the solution cen then be determined by ti-
trating ageinst a ferrous ammonium sulphate solution of known
concentration using N- methyldiphenylamine p- sulphonic acid as
internal indicetor. The titretion reaction is shown in equetion
4.,

: -
07"+ Hy0 (3)

e
1y B
2Cr0," + 28 —> CrP

s awmo (4)

Cr 0.0 + 6Fc i 14H" S ocr it 6Fe .

The ferric hydroxide is dissolved in hot hydrochloric acid

end the ferric ions are then quentitaetively reduced to the
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divalent state by using & 25% stannous chloride solution. bny
excess of reducing agent is destroyed with mercuric chloride. The
ferrous ions are titreted with e stendardised potassium dichromate
solution using barium diphenyl sulphonate as internel indicator.

The reactions occur in accordance with equations 5, 6 and 7.

aPet™ | gntt _y oFett , gatitt (5)

Snt¥(excess) . 2Hg+;_;§ Sn#+++.+ 2Hg+ (6)

6Fe*t , er 0.0 14H% __y 6Fe ¥t+, oCr+i+ | TH,0 (1)
PROCEDURE

Diggolution of Chromite

% Approximately 1.0g of chromite is finely ground in an
agate pestle and mortsr.

2. The materiel is dried end 3 x 0.250 g are weighed accurately
into 3 ¥ 4cm diam., thickwall nickel crucibles,

3. 3g NaOH pellets and 5g Nago2 are added to each crucible,

4, The contents are thoroughly mixed with e stout copper wire,

5, The crucibles sre covered and are hesated gently until the
mixtures are melted,

6. The temperature is increased unﬁil the crucibles are dull
red. This is maintained for about 20-30 win,, swirling
the crucibles freguently.

T The crucibles and their contents are cooled and leached in

3 separ@te 600ml beakers with 100ml water.



10,

1L,

12.
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The crucibles are removed end washed with distilled water.
1.0g Na202 is edded to each beaker. The solutions are

boiled for 15 min,

The residues are separated by filtering through a No.541
Whetman filter peper. The filtrates are collected separately
in 800 al beeakers

The residues are washed thoroughly with a hot, 1% Na2003
gsolution (approx. 150 ml of wash-solution is normally suffi-

cient).

The filtrates cen be used for the anglysig of iron.

Chromium analysis.

1.

1:1 H2804 is added to the filtrate until the solution just
turns yellow. Approximetely 12 ml of acid is recquired.

(If a precipitate is formed during this operation, an excess
of acid is added until the precipitate redissolygs.)

The solution is brought to the boiling point.

It is cooled and adjusted to 250 ml in a standard flask,
100 ml of solution is pipetted into a 250 ml besaker.

15 ml of solution alpha (150 ml conc. sto4 + 150 nl syrupy
phosporic acid diluted to ome litre with distilled water) is
added.

The solution is then titrated with a standard ferrous

emmonium sulphate solution.
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4-5 drops of M- wmethyldiphenylamine p- sulponic acid indi-
cator are sadded when the colour of the solution turns
green, [n intense reddish-purple colour will be developed.,
The titretion is continued until the solution becomes pure
green. (When the end point is approached, the solution is
stirred well,weiting for several seconds between each
addition of the titrant).

The chromium content of the solution is then calculated.

analysis.

The ferric hydroxide residue in the No.541 Whatmen filter
paper is dissolved in 15 ml of hot, conc. HCl in a 100 nl
beaker, The filter paper is washed with a minipum anount
of hot, conc, HCl., All washings are collected.

The solution is brought to the boiling point,

The solution is then removed from heeting and 4-5 drops
of 25% stannous chloride in 1 + 3 HCl is added dropwise
(Excess stennous chloride is evoided).

20 nl of saturated mercuric chloride solution is added.
The solution is allowed to stand for 1 nin,

4 wl of conc. phosphoric acid is added.

This is followed by 3 drops of barium diphenylsulphate
indicating solution.

The solution is titrated against standerdised K20r20

7

until the green solution becomes reddish-purple
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8. The iron content in the solution cen then be calculated,

Standardisation,

The standard ferrous ammonium sulphate solution for chromium
deterninations contains 20.000 g of dry crystals per litre acidi-
fied by 20 ml 22804. The standard potassium dichromate solution
for irom determinations contains 0.400 g of crystels per litre,

Both salts cen be obtained in high purity and mey be used as

primary standerds. They may be standardised ageinst each other,



2. Determinetion of Chromium end Iron in Leach

Liguor by Spectrophotometric dethod.

Summary .

hig method of enslysis is based om the formation of stable

N

B

ferric-E.D.T.A. end chromic-E.D.T.L. colour complexes under acid
conditions. The ferric and chromic colour complexes possess
absorption peaks et wavelengths below 366 my end at 533 my
respectively. No interference between absofption peaks w;s
experienced with solutions having concentrations of ferric and
chromic ions of the same order of magnitude as those in the leeach
liquor, It is,,therefore, possible to measure the absorption
dengities of the two colour complexes in ome gsolution without
separating the metael ioms, The assay velues of the iron and

2
chromium can then/obtained by reference to calibration curves.

Development of hiethod.

Colour complexes.

The large number of analysis necesgitated by this investi-
gation justified tihe development of e rapid spectro-photometric
method. It has been reported (99) that disodium ethylenediemine-—
forme a stable violet complex wi th chromic ion at

tetra acetate

boiling tempereturec. The properties of this complex were

21

[o !

¥
studied

[4

y Cellini and Veliente (100) who observed two ahsorption

peaks occurring at 398 mp end 538 ap , the latter being more

(=]

prominent with a maximum velue of absorption at pH 1.5-4.0.
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Presence of chloride, nitrete, calcium, magnesium, aluminium and

zinc iomns did not interfere with the absor

=]

tion peaks which remained
atable up to 15 days.

E.B.T.h. elso forms a steble yellow complex with ferric ions
with en absorption peak et below 368 mpy end with en absorption
density constent at s pE range of 0,8 o8 (1090).

Cxidaticn,

In quelitative enelysis all iron and chromium iong in solution
have to ke comverted completely into the trivalent stete by con-
trolled oxidation, avoiding the formaetion of iong in & more oxidiged
stete e.g. dichromate. Different common oxidizing agents were
investigated for their suitability in this epplication. It was
found thet oxidetion by using KNOS and H202 resulted in heving e
solution with & lower concemtration (approx. 10%) of chromic ion.
Bromine weater proved suitable and wes used subsequently for this

enalytical process.

P—-HL.

T

The range of pH velueg which could be employed in this enelysis
wag studied for iron end chromium determinetions. It wes found thet
the pH value was not critical inm the absorption measuremento,
provided it remained between 1.0 - 4.0. Sulphate ions were also
found to have negligible effect on the determination at this pH

renge. Sodium carbonate end sulphuric acid were, therefore, uged

for pH adjustments in conjunctior with a pH meter.
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Interference

It was thought thet interference between the cbsorption peeks
of the two colour complexes may oceur under the conditions of
determination of the concentration of ferric and chromic ions.
This espect wes investigated by studying the ebsorption demsities
of the colour complexes at differemt wevelengths. It wes found
that the ebasorption peak of chromic-Z.3.T.A., complex in e glass
cell occurred at 548 mp and that of ferric-E.D.T.A. complex at
below 329.5 my. For c;nvenience a wavelength of 543 myu was
adopted for tﬁé determination of chromium and a waveleﬂéth of
329.5 mp for iron determinations. Using 1.0 cm absorptiometric
gless cgilsg solutions comntaining 2-20 mg iron/litre could be
measured in e Unicam Spectrophotometer. For the measurement of
chromic ions - a. solution of higher comcentration was required,
Sensitivity wes between 2(-200 mg of chromium/litre,

The concentrations of irom in the leach licuors 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 conditiomns, nor was any interference of the iron reading by
chromium observed after dilution. This procedure of determining
two ions in ome solution was, therefore, adopted for the analysis

of leach liquors.
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Procedure,

1.

2.

10.

11,

12.

The leach-liquor is decented from the leach-residue.

The residue is weshed 3 times with small portions of

1% 29804. 411 washings are collected by decantation.
The leach liquor end the weshings are combined together,
The total volume is meeasured accurately.

in sliquor of 5 ml is pipetted from the solution.

This sample of solution is diluted 10 times inm o 50 ml
stenderd flask with water.

10 ml of the diluted solution is pipetted from the 50 ml
stendard flask into & coyered becker,

2 ml of seturated bromine weter is added.

The golution is boiled vigorously for 8 min. to expel
all the bromine,

The solution is cocled and is then neutrelised carefully

with Na?CO crystals to pH 2-3.

3
5 ml of 5% E.D.T.L. solution is added to the solution
The solution is boiled gently for 5 min. in & covered
beaker for complete development of colour complexes to
occur.,

It is cooled and made up to 20 ml with distilled water

in e stenderd flask,



13. The optical demsity of the solution is measured at 548 mg
for chromium determinetion in 1 cm abksorptiometric gless
cell. The remeining solution is diluted and the opticel
density ic then measured at 329.5 mi for iron determination.

14, The iron and chromium content per litre of solution cam be

obteined by reference to calibretion curves (ses Figs. 20A

D2

and 20B).

15, The iron gnd chromium dissolved during leaching can be
celculated.

Celibretion.

-~ = G o [ TIET
Ferrous emmonium sulphete [F62(004)3(JL4

)2304.24H20] end

chrome slum [Cr2(004)3,i250 924n20] were used for obteining

4
calibration curves for the determination of chromium and iron.

It was found thet the optical demsity is directly proportional

to the concentretion:

D = mC
where D = optical density of solution ih el cm cell,
C = concentration of element in g/litre,
m = constent in units of optical dendi ty per gram/litre.

For chromium determinction m=3,65.

. 463

end for iron determinetion m
The celibration curves of iron end chromium determinations are

gshown in Figs. 204 and 20B respectively,
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