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TECHNIQUES
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The possibility of the beneficiation of Kalabagh iron ore was indicated by heavy liquid separation tests. The
maximum grades of 51.7-61.0% Fe with 4.5-13.0% SiO, was potentially obtainable from different horizons of the ore
seams in Chichali area. Fatty acid flotation with sodium silicate and aluminium chloride as depressant produced in
concentrate with 38.1% Fe and 6.1% SiO,. The concentrate on pelletization and in duration at 1350° gave a concentrate

with 55% Fe, 8.8% Si0, 3.4% CaO and 2.4% MgO.
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Introduction

The iron bearing deposits at Kalabagh are by far the
largest iron resources of the country [1, 2]. The deposits
comprise of three main areas namely (i) Chichali, (ii) Maker-
wal and (iii) Kutch. The estimated total reserves at Kalabagh
exceed 400 million tonnes. The Chichali deposit which is the
largest of the group was estimated at 292 million tonnes, but
has not been brought into production because of the metallur-
gical problems encountered in recovering the iron. Conse-
quently, the ore was re-investigated and the factors relevant
to the behaviour of this ore towards beneficiation were
evaluated.

Extensive studies on Kalabagh deposits were one at
home and abroad from 1949-1974 by a number of organisa-
tions to examine the expediency of establishing iron and steel
works in Pakistan from domestic raw materials. These stud-
ies were generally based on three major approaches, (a)
beneficiation of the ore after reduction roasting in a rotary
furnace or fluidized bed [3-5]. In the Krupp process [3] 90%
iron recovery was achieved corresponding to 87% metalliza-
tion. The product was impure iron containing most of the
sulfurand phosphorus needing further melting and refining in
electric arc furnace. (b) Sintering and smelting tests [6-9].
The studies conducted in France, Germany and USSR has
shown that the fuel consumption in these process was signifi-
cantly high and the process recommended by Saltzgitter [8]
in 1967 could not be utilized at the present cost of coke and
gas. The presence of large amount of gangue minerals in the
ore cause the formation of huge amount of slag and fuel
consumption. Gepramez [9] conclusion that, "the establish-
ment of iron and steel works based on Chichali ore would
onlyresultto very low efficiency", led to the establishment of
integrated steel mills in Karachi based on 100% imported ore
and cooking coal. (c) Ore dressing methods: Flotation of non-
magnetic iron ores has been the subject of substantial re-
search and development for the last about half a century and

1954 first commercial plant was placed by Humboldt
Mining Co.In Machigan, USA. Several ore dressing methods
were employed to upgrade Kalabagh iron ores including
flotation, high intensity magnetic separation, magnetised
roasting followed by magnetic separation. Earlier works [10-
.12] at PCSIR, BISRA, US Bureau of Mines, Energy and
Mineral Resources in Canada were sceptical to physical
methods of beneficiation because of fine distribution of iron
minerals in the gangue matrix. However, recent studies [13-
15] at PCSIR Laboratories, Lahore. Minsesota Mineral Re-
source Research Centre, USA and Warren Spring Laborato-
ries in UK showed the possibility of extraction of iron rich
concentrate by physical beneficiation techniques. The break
through was achieved by detailed investigation of Minera-
logical and beneficiation characteristics of the ore using ore
microscopy and sink float techniques [13]. The limitation of
the previous works were described by Khan and Qazi [13].
MRRC [14] reported flotation tests at 95° using fatty acids
with high calcium and magnesium contents in the concentrate.
Further studies to improve iron recovery wasrequired and the
present work was conducted to establish the conditions of
flotation of Chichali ore particularly at room temperatures.
The paper deals with mineralogical characteristics that affect
the behaviour of the material in ore dressing. The flotation
investigation involved testing by reverse flotation, direct
flotation and desliming. Better results were achieved by direct
flotation of deslimed products and is described in detail in this
paper.

Experimental
Collection of samples. The ore beds occur in Belemnite
beds of lower Cretaceous age and forms two distinct seams
namely "upper seam” and " lower seam".

Channel sampies were taken from western main adit of
Chichali pass exploratory mine, which have been driven hori-
zontally following the strike direction. The tunnel is of about
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2-3 m diameter and at 24,37,46 and 55 meters respectively
from the mine mouth horizontal cross cuts 1-4 were dug.

Channel sampling were undertaken from cross cuts 3 and
4 to represent the entire exposed thickness of upper iron ore
seam and the variation across the thickness in cross cut 3 and
4. These samples taken from a 0.5 m deep channel running
horizontally across the rock in the tunnel and cross cuts from
the ore and bed which dips more or less 40 degree were:

Sample CH-1 of crosscut4 representing 1.5 m thickness
of greenish glaunitic roof ore in the cross cut lying at the right
hand side on entering the mine.

Sample CH-2 representing 2m thickness of the greenish
glauconitic iron ore in the tunnel.

Sample CH-3 was yellowish brown iron ore lying below
the fossiliferous zone upto the beginning of crosscutat the left
it was about 2.5m thick.

Sample CH-5 was the yellowish brown iron ore in the left
of cross cut and overlied greenish glauconitic shale. It was
about 2 m thick. '

The strike is divided by alayer of fossils about 2.8 m from
the top. The ore above the fossil layer were called, "Upper
Horizon" (UH) and the ore below as "Lower Horizon" (LH).
Although difference in behaviour and composition between
UH and LH samples, have been found previously butkeeping
in view that it would not be possible to mine these layers
separately acomposite sample of the two horizones represen-
tative of the ore body was also sampled Tabled CH-Mix).

Two samples were also taken from cross cut 3, labelled
CH-3 ( 3 m in thickness from UH)-and CH-7 (3 m in
thickness).

Mineralogical studies of Chichaliores. A combination of
techniques were employed to establish the mineralogical
characteristics of Chichali iron ore that affect ore dressing.
The techniques used were X-ray analysis, DTA, TGA, petrol-
ogical and ore microscopic studies of polished samples. Thin
sections and crushed ore particles in different sizes. Mesh of
liberation, model analyses particle counting and heavy liquid

‘separation were conducted using the method of Muller and
Burton [16]. In this method the ore was crushed to below the
liberation size and centrifuged in a density gradient. The
various minerals separated into bands at their density levels
from which they were extracted and weighed. The technique
was also used for establishing liberation size when grinding at
different sizes were subjected to density separation. The
liberation size produced sharply defined layer fractions whereas
coars grinding produced diffuse fuzzy layers.

Flotation technique. The ore was first subjected to
stage grinding in order to reduce the generation of fines by
repeated sieving during grinding to get maximum amount of

liberated sand. By this technique generally 70% sand (-150
mesh) was recovered and 30% slimes were generated.

Abatch of 200 g of ore sample was wet ground to pass 80
percentof it through 150 mesh screen, then deslimed by using
hydro-separator. The deslimed sand was taken in flotation
cell (Denver D-12 cell) and was conditioned at room
temperature with a collector at high pulp density (55-60%).
The collectors used for the flotation of iron minerals and
reverse flotation of gangue were fatty acids, their salts,
sulphonates, tall oils and amines.

The pH was adjusted between 5-10 by addition of H,SO,
and sodium carbonate. Various types of depressents and
modifiers were tried to depress the silicates. Small amounts of
collector was added at different intervals when the froth
seemed to subside. Froth was collected separately after every
addition of collectors, so as to find the optimum quantity of
collectorrequired. Several schemes of flotation were tested in
order to find the ore most suitable for the beneficiation of
Chichali iron ore. The variables employed in these tests were
different pulp densities, pH, conditioning time, concentration
of surfactants, depressents and modifiers.

Results
Mineralogical composition of upper horizon rocks .
These rocks consist of siderite and chlorite in major amounts
and guartz, goethite/limonite and glauconite in minor amounts.
Inthin sections, iron silicate mineral is presentas large irregu-
larly shaped grains with aggregate of siderite grains distrib-
uted as matrix. Fine grained reddish to opaque minerals of
iron oxide are disseminated in the matrix. Miner amounts of
quartz and traces of calcite, apatite, feldspar, pyrite and clay
mineral are also noticed. The overall texture of the rock is
mossaic with low grain-cohesion index due to the setting of
large crystals in fine grained matrix and will, therefore, tend
to be easily crushed on milling. The grain size of different

constituents are shown in Table 1.

TABLE 1. GENERAL GRAIN SIzE ANALYSIS OF Rocks.

Sample Mineral ~ Abundance Sizerange = Common  Remarks
(microns) (size)
UH Chlorite High 150-800 350  Size of the siderite
rock Siderite High 50-200 100  aggregation several
Quartz Low 50-200 150  times greater than
Goethite Trace 25-100 25 100 microns
LHrocks Chamosite Moderate 100-350 200
less Goethite ~ Moderate 150-500 300
atered Siderite Moderate 50-150 Variable
Quartz Low 50-300 150
LHrocks Chamosite Moderate 100-250 _
Opaque ore high 200-400 _ High goethite/siderite
more Siderite Moderate 50-150 _ ratio and abundant Sec
altered iron silicate




UPGRADATION OF KALABAGH IRON ORE

Mineralogical composition of lower horizonrocks . The
rocks in the lower horizon are yellowish brown to dark
greenish brown and consistof siderite-goethite/limonite, cha-
mosite (chlorite), glauconite mineral assemblage. The crys-
talloids of goethite are pseudomorphic to chamosite, having
been changed by later decomposition or replacement as
indicated by the relict structure. The original chamosite is
larger in size than the fresh looking small grained iron silicate
mineral which is of secondary origin.

Variation in the proportion of major mineralsis observed
in different specimen which ranges from major chamosite,
siderite mineral assemblage to substantial increase (upto S0
percent of the total mass) in goethite and opaque iron oxide
consituents formed at the expense of chamosite and siderite.
In the less altered rocks dark coloured iron-rich nucleous is
formed in chamosite and reddish brown iron oxide coloura-
tionis producedin siderite matrix. The grains size of different
minerals are widely variable and are summerized in Table 1.

Chemical composition. The chemical analyses (Table 2)
show that ferrous iron, ignition loss and calcium contents are
significantly higherin the samples of UR whereas ferric iron
ishigherin LH due to high siderite contentin UH and high iron

TABLE 2. CHEMICAL COMPOSITION OF CHICHALI IRON ORE.
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oxide in LH. Silica and silicates remain more or less constant
as shown 1in this section studies.

Mesh of liberation. The samples were crushed and
ground to pass 60 mesh sieve (BSS) and sized using 30, 100,
120, 150 mesh sieves. Quantitative estimate of locked and free
ore and gangue, particles by microscopic counting method
reveals that above 120 mesh size the locked ore and gangue
particles are more than 30 percent. On further grinding to
below 150 mesh size the extent of ore-gangue locked particles
reduce to 3-6 percent.

Theiron ore minerals are transitional in nature, probably
formed by the alteration of siderite to hydrogoethite and
goethite. The resultant particles are mostly composite of orc
between 150-250 mesh size.

Model analysis. Model percentages were evaluated quan-
titatively by using microscope-particle-counting on heavy
liquid fractions (HLS) of different density and are summa-
rized in Table 3.

The gangue was appreciably separable from ore miner-
als. For example in sample CH-1, 34.2 percent chlorite was
recovered in lighter fraction HLS-3 with 72 percent free and
16 percent locked chlorite particles, while the ore concentrate
(HLS-1) which was 56.9 percent by weight contain only 6
percent free and locked particles of chlorite. The heavy frac-

Sample LI  SiO, FeO FeO O, CaO MgO S P . :
Yo g R a0 ALO, Ca § tion of CH-1 had 42 percent total Fe, corresponding to about
70 percent recovery, which on ignition can yield pellets
CH-1 2382 1646 2898 1746 256 804 112 189 022  containing 86 percent Fe,0,. In sample CH-5 the maximum
CH2 2398 17.38 3137 1469 516 617 Nil 156 030 s
CHA D& 6 MO0 TES] 408 S16 UE  i%E 0 calculated content of Fe,O, in 1gn.1ted.concentrate come to
CH-S 1462 2836 13.68 3036 506 505 121 130 037 about 75 percent. However, considering the amount and
CH-6 21.60 21.56 2378 21.66 3.76 517 162 134 020 composition of middling the calculated iron concentration
CH7 1825 1830 1478 3527 515 560 205 105 045 il reduce in mixed concentrate although at a higher Fe
CH-Mix 1997 2072 29.62 1523 172 448 285 _ 038
recovery.
TaBLE 3. MINERALOGY OF HEAVY LiQUID GrRAVITY FRACTIONS (PARTICLE SIZE - 150+345 MesH) (B.S.S.)

Sample CH-1 CH-2 CH-3 CH-5 CH-1 -CH-=2 CH-3 CH-5 CH-1 CH-2 CH-3 CH-5 CH-5
No. HLS1 HLS1 HLS1 HLS1 HLS2  HLS2 HLS2  HLS2 HLS3 HLS3 HLS3 HLS3 HLS4
Density gml?  +3.45 +345 4345 4399  345-  3.45- 3.45-  3.99- 3.18- 324-  3.18- 3.37- 2.80-

3.18 324 3.18 337 2.8 2.6 2.8 2.8 2.0
Weight Percent  56.9 522 52.8 39.7 9.1 10.2 31.8 479 342 37.6 15.7 5.8 6.6
Mineral Percentage
Chlorite+ 1 1 0 1 4 11 8 10 72 74 46 7 2
Glancotine 4 71
Quartz+Calcite
Locked Chl. -ore 5 6 11 11 55 27 46 40 16 16 27 65
Opaque ore 5 5 15 19 8 5 14 11 2 1 2 4
Geothite+Siderite 41 37 19 28 12 25 12 10 7 4 12 9 -
Siderite 19 23 11 10 8 18 8 4 5 - 2 10 24
Composite iron
oxide 29 28 34 26 18 14 12 25 2 4 ) 5 3
Partial chemiaal analysis
Si0 4.14 310 762 1026 1020  9.15 2410 31.88 379 3698 3380 4175 8830
Fe? 9.80 924 189 2408 1260 126 20. 23.1 14.70 18.85  17.92 12.25 125
Fet? 33.20 3276  23.10 1652 2590 28.00 672 9.24 5.74 574 448 630 224
LI 29.86 3122 2500 2150 1466 3050 1550  13.40 11.30 1630 1220 11.10 925
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The foregoing studies have indicate that over 80 percent
iron ore minerals can be liberated from the silicate matrix on
grinding to a size finer than 150 mesh. Also, that the ore after
this grind size is amenable to beneficiation using mineral
dressing methods separately or in combination.

Flotation studies. Several procedures were tested to find
* the most suitable for the beneficiation of Chichali iron ore.
Flotation with FA-2 (fatty acid) showed better results among
the collectors used for the flotation of iron minerals and
reverse flotation of gangue such as, fatty acids and their salts,
sulfonated tall oil and amines. The results of flotation at
different pH (Table 4) showed that in the presence of FA-2 as
collector and D-128 and R-422 (of Flotbell) as depressent,
optimum grade recovery of iron ore minerals were achieved
at pH 10. Other depressent such as D-60, causterised starch,
calcium chloride and sodium silicate were also tried. Sodium
silicate was found to be the best depressent for the silicate in
the quantities of 2-5 ml of 2.5 percent solution. To supress the
alkaline earth carbonates, trivalent metal salt suchasironand
aluminium were used in presence of fatty acid and sodium
silicate. The aluminium chloride reduced CaO and MgO con-
tents to half in the concentrate. The result of flotation of
Chichali iron ores from upper and lower horizon using fatty
acid with sodium silicate and aluminium chloride is reported
in Table 5. The final rougher concentrate having the follow-
ing composition Fe 38.1% Si0, 6.2%, Ca0 2.4%, MgO 2.0%
and P 0.32% was produced using CH-Mix ore. The products
wasrolled into pellets after mixing with 0.5% of bentonite and
indurated at 1350° to obtain fired pellets containing 55% Fe,
8.8% SiO,, 3.4% CaO and 2.4% MgO.

Discussion

Low iron content and the presence of prohibitive amount
of undesirable impurities in Chichali ore necessitates prior
beneficiation of the ore for iron and steel manufacture. The
present investigation has demonstrated that the results of
heavy liquid separation ar¢ significant in regard to the possi-
bility of beneficiating the ore. The density product HLS-1 and
HLS-2 for upper horizon sample and HLS-1 for lower horizon
sample does given a realistic indication of what might be
recoverable as iron concentrate. By substituting the loss on
ignition (L1) component, the value for the total iron percent-
age in the fired pellets could be calculated and is given in
Table 6. The maximum grade 0f37.4-61.0% Fe with 4.5-6.9%
Si0, is obtainable from upper horizon ore and 51.7-56.0% Fe
with 10-13% SiO, potentially obtainable in lower horizon
ore. The lower value in the later case is due to goethite/
chlorite (alumino silicate) intergrowth which contaminates
the products. The recovery of the locked goethite in chlorite,
however, needed further studies. The chlorite/chamosite phase

is found to be of two paragenetic type, one altered and early
variety may be termed as chamosite and the younger green
coloured mineral as chlorite.

Table 4. Typical Flotation Results of CH-3 Ore with

Varying Conditions.

Wi, Fe%  SiO,
s>H  Collector Depressant recovery % in conc. in conc.
7 FA,0.3 ml 4 ml Soda silicat 6 35 9.48

10 ml D-128, 1%
3 FA, 0.3 ml 10 ml D-128, 0.2% 35 3535 7.88
2 ml Flotebll R-422 4%
2. FA,0.3 ml 10 ml D-128, 0.2% 36 35.70 8.72
2 ml Flotbell R-422 4%
10 FA,0.3ml -do- 40 37.10 8.98
11  FA,93ml -do- 455 36.05 9.80
10 FA,})J ml 2 ml 21/2% NaSiO, R Conc.124.0 35.90 5.80

R Conc.230.0 3520  10.80

10 FA*03 ml 2ml 2 1/2% NaSiO, R Conc.142.5 36.10 4.50

+0.2 g AICl, R Conc. 212.5 30.10 5.90

TaBLE 5. FLOTATION OF CHICHALI IRoN OREs FRoM UPPER AND
Lower Mixep HoRrizons.

Sample Weight Analysis% Distribution%

Product % Fe SiO, Fe SiO,

Upper 1.R.Conc.l 24.6 37.8 5.8 26.9 8.4
Horizon R.Conc.2 224 359 10.8 236 143
Tailings 30.0 298 246 257 435

Slimes 23.0 324 242 23.8 338

2. R.Conc. 47.8 37.3 75 51y 212

Tailings 24.0 298 270 207 382

Slimes 28.0 329 244 276 406

Lower 1.R.Conc.1 238 409 49 26.2 6.7
Horizon R. Conc2 215 389 7.8 22.5 94
Tailing 28.5 342 293 26.4 47.2

Slimes 26.2 355 2438 24.9 36.7

2.R.Conc.1 244 404 4.7 26.4 6.5

R.Conc2 21.8 386 119 25 14.6

Tailing 24.4 335 294 221 40.7

Slimes 29.4 349 232 28.0 38.2

Mixed R.Conc. 4638 38.1 62 52.9 14.0
Horizon Tailing 53 278 418 21.2 51.9
Slimes 215 316 257 25.9 34.1

TaBLE 6. CALCULATED RESULTS OF WEIGHT RECOVERY SIO2
AND FE PERCENTAGE OF PrODUCTS AFTER INDURATION.

Sample No. CH-1 CH-2 CH-3  CHS
HLS1 HLS+2 HLS1 HLS+2 HLS-1 HLS-1
Density gm! +3.45 +3.9 +3.43 432 4345 4399
Wt.recovery « 56.9 66.0 52 624  52.60 39.70
Si0, 5.9 6.9 450 5.6 10.16 13.10
Fe (1) 59.9 374 61.10 60.6 56 51.70
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Although the ore feed prior to beneficiation apparently
contained 32.5% iron, but about one third of this iron is tied
up in gangue minerals. The recoverable iron in the ore accord-
ingly, is about 32 percent. Keeping this in view, the iron
recovery was found to be about 85 percent corresponding to
an overall recovery of 60 percent by flotation. The flotation
procedure developed using fatty acid as collector and sodium
silicate and A1Cl, as depressent for silica, CaO and MgO at
pH-10is, however, based on tunnel samples of old PIDC mine
at Chichali. The need for fresh sampling for further refining
of the mineralogical and flotation methods is apparent as the
flotation technique depends upon the mineralogical composi-
tion particularly of the fresh surface of the ore particles. The
previous work, though enourmous, do not provide sufficient
data on the mineral composition, grain size variation and
flotation characteristics. The flotation method developed
during this investigation may be the most economical method
for concentrating this ore. especially because it is relatively
inexpensive and lend itself easily to high capacity production.
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