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Abstract :	The	dumped	iron	ore	sample	having	49.62%	Fe,	6.96%	SiO2,	9.94%	Al2O3,	and	7.65%	LOI	was	used	
for	the	present	investigation.	Characterization	studies	of	the	as-received	sample	reveal	that	major	iron-bearing	
minerals	present	in	the	ore	are	hematite	and	goethite.	The	magnetite/	martitized	magnetite	is	observed	in	minor	
traces.	The	major	gangue	minerals	are	clay	and	gibbsite	followed	by	quartz.	

The	present	study	aims	to	enrich	the	iron	values	of	dumped	iron	ore	fines	to	produce	a	value-added	product.	The	
iron	values	present	in	the	feed	sample	were	enriched	by	removing	silica	and	alumina.	The	deslimed	feed	was	
subjected	to	a	Floatex	Density	Separator.	A	statistical	factorial	design	matrix	was	followed	for	conducting	the	
tests	using	the	process	variables	as,	teeter	water	flowrate,	bed	pressure,	and	pulp	density.	The	underflow	obtained	
from	FDS	content	is	58.2%	Fe	and	the	product	yield	is	64.4%.	For	further	enrichment	of	the	Fe-grade	of	the	
U/F,	it	was	ground	to	150µm	for	better	liberation.	After	desliming	the	ground	product	of	U/F,	Fe-grade	could	be	
improved	to	60%,	and	further	subjecting	the	deslimed	product	to	magnetic	separation	enhances	the	Fe-grade	to	
62%	with	mass	recovery	of	44.5%.		The	final	product	produced	from	the	dumped	iron	ore	fines	could	be	used	
for pellet feed. 

Keywords: Waste iron ore fines; Fine processing; Floatex density separator; Bed pressure; Desliming, Magnetic 
separation

1. INTRODUCTION
Iron	ore	is	the	basic	raw	material	used	in	the	production	of	pig	iron,	sponge	iron,	and	finished	Steel.	Steel	being	
a	core	sector,	it	is	integral	to	the	growth	of	the	economy	and	one	of	the	measures	for	accessing	development.	
Recently, iron ore demand has increased tremendously due to the rise	in	industrial	applications	and	the	global	
scenario	 for	 industrial	 development.	 The	 metallurgical	 requirements	 for	 iron	 concentrate	 conditions	 have	
increased,	as	far	as	the	chemical	composition	and	final	concentrate	stability	are	concerned,	as	the	quality	iron 
ore	is	not	only	required	for	stable	blast	furnace	operation	but	also	to	enhance	the	efficiency	of	the	blast	furnace	
operation.	Some	of	the	critical	issues	related	to	iron	ore	which	encompass	the	composition	of	the	iron	ore	with	
low	Fe	and	high	Al-Si	ratio,	low	strength,	lower	reducibility,	low	temperature	softening	and	melting	tendency	
needs	to	be	addressed	effectively.	The	exploitation	of	lean	grade	ores	became	necessary	due	to	the	depletion	of	
the	high-grade	iron	ores	and	the	increased	demands	of	the	industry.	Therefore,	it	becomes	essential	to	beneficiate	
low-grade	ores	to	make	them	amenable	for	blast	furnace	operation	using	appropriate	mineral	processing	systems.	

Iron	ores	in	India	are	usually	beneficiated	simply	by	crushing,	sizing,	and	washing	in	coarser	sizes.	Fines	produced	
during	crushing	and	grinding	of	the	iron	ores,	in	order	to	beneficiate	them,	are	simply	discarded	because	of	low	
iron	content,	high	silica,	alumina	content	in	their	fine	size.	These	fines	thrown	into	the	dumps	are	increasing	over	
the	years,	creating	a	lot	of	environmental	issues.	Moreover,	the	increasing	tonnage	of	these	fines	dumps	calls	for	
additional	space	to	accommodate	them	for	which	a	lot	of	land	is	required	at	or	near	the	plant. It is imperative to 
utilize	the	low-grade	ore	or	fines	from	dumps	by	suitable	beneficiation	technique	to	conserve	the	resource.	It	will	
also	reduce	the	tonnage	of	waste.	

The	gravity	separation	technique	is	one	of	the	economic	processes,	especially	for	iron	ore	fines	where	the	density	
difference	between	the	valuable	and	gangue	minerals	is	more.	This	could	be	utilized	for	effective	separation	at	the	
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initial	stage.	The	fines	(<	-1mm)	could	be	processed	by	a	Spiral	concentrator	or	Floatex	Density	Separator	(FDS).	
However,	in	a	spiral	concentrator,	separation	is	affected	by	the	combined	effect	of	the	centrifugal	action	with	
a	multiple	sluicing	system	where	the	surface	water	washes	away	the	lighter	grains,	leaving	the	grains	of	heavy	
minerals	concentrated	in	the	deeper	section	of	the	trough.	The	Floatex	density	separator	works	on	the	principle	
of	hinder	settling.	It	has	been	used	for	the	processing	of	manganese	fines,	chromite	tailing,	coal	fines	and	other	
minerals	[1-5].	It	is	an	advanced	hindered	settling	classifier,	called	a	counter-current	and	autogenous	teeter	bed	
separator	[6].	It	makes	use	of	differential	settling	rates	of	the	particles	to	segregate	them	according	to	size,	shape	
and	density.	It	includes	low	cut	points,	previously	unattainable	efficiencies	and	short	payback	periods	[7].	FDS	
can	be	used	for	the	processing	of	the	material	size	in	the	range	of	800-75µm	[8].		Thus,	it	is	found	to	be	effective	
for	discarding	the	silica	from	the	different	minerals	[9-10].	

Keeping	in	view	of	the	increasing	demand	of	raw	materials	and	depleting	quality	of	the	ore	of	the	run-of	mine	
(ROM),	it	is	necessary	to	process	the	dumped	fines.	It	is	very	important	to	utilize	the	waste	as	it	significantly	
impacts	mineral	resources	and	environmental	hazards.	The	present	study	highlights	the	interactive	effects	of	the	
process	variables	of	FDS	on	the	processing	of	the	dumped	low-grade	iron	ore	and	its	effective	separation.		In	the	
investigation,	an	attempt	has	been	made	to	process	the	dumped	low-grade	iron	ore	fines	for	its	gainful	utilization	
and	to	produce	a	value-added	product	for	pellet	making	and	resource	conservation.	

2. MATERIALS AND METHODS

2.1 Material
The	raw	material	used	 for	 the	present	study	was	fine	dumped	 iron	ore	sample	of	size	of	about	1mm	and	 the	
origin	is	from	the	Eastern	part	of	India.	The	sample	was	characterized	by	chemical	analysis,	size-wise	chemical	
analysis,	specific	gravity,	and	mineralogical	study.	The	chemistry	of	the	sample	studied	determined	by	the	wet	
conventional	method	is	presented	in	Table	1.	It	was	found	that	the	silica	and	alumina	content	in	the	sample	is	quite	
high.	The	high	LOI	indicates	the	presence	of	hydrated	minerals	in	the	sample	along	with	the	silicate	minerals.

Table 1: Chemical characterization of as received sample

Radical Fe	(T) SiO2 Al2O3 LOI

% 49.62 6.96 9.94 7.65

The	distribution	of	particle	size	in	the	feed	material	was	determined	by	analysing	the	80%	(d80),	50%	(d50)	passing	
sizes,	and	-74µm	size	fraction	with	their	Fe-content	and	Fe	distribution.	The	detailed	mineralogical	characteristic	
of	the	sample	is	described	below.

2.1.1 Characterization
The	mineralogical	characterization	of	 the	as-received	sample	was	carried	out	by	using	Orthoplan	Microscope	
(Leica).	Microscopic	study	reveals	that	hematite,	goethite/	limonite	and	martitized	magnetite	are	the	iron-bearing	
minerals	present	 in	 the	sample.	Among	 the	 iron-bearing	minerals,	hematite	and	goethite	are	present	 in	major	
amounts,	while	magnetite/	martitized	magnetite	is	noticed	in	very	minor	to	traces.	Hematite	occurs	as	anhedral	to	
subhedral-shaped	grains	and	needle-shaped	microcrystalline	aggregates	i.e	specularite	(Fig-1	A).	Goethite	occurs	
as	colloform	bands	with	alternating	layers	of	hematite	(Fig	1	C).	Some	of	the	places	magnetite	grains	are	partially	
or	completely	transformed	to	hematite	and	some	unaltered	remnants	of	magnetite	are	noticed	within	hematite	
grains.	(Fig	1C).	Clay	and	gibbsite	are	the	dominant	gangue	minerals	present	in	the	sample	followed	by	quartz.	
In	places,	clay	is	thoroughly	intermixed/	intergrown	with	fine-grained	hematite	(Fig	1D).	Globular	inclusions	of	
gangue	minerals	(gibbsite	and	quartz)	are	observed	within	the	hematite	grains	(Figs.	1A	&B).
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Fig 1A: hematite occurs as anhedral-shaped grains and is intricately 
associated with transparent gangues (clay, gibbsite & quartz). 

Fig. 1B: Hematite with transparent gangues (clay, gibbsite & quartz).

Fig 1C: Goethite occurs as colloform bands with alternating layers 
of hematite. Hematite replaces magnetite and remnants of 

unaltered magnetite found within hematite. 

Fig 1D: Clay is thoroughly intermixed/ intergrown with fine-grained 
hematite. 

Fig.	1:	Photomicrographs	showing	the	mineralogical	characteristics	and	association	of	mineral	phases	present	
in	the	as-received	sample.	T-	Transparent	gangue	(clay,	gibbsite	&	quartz),	Mart-	Martitized	magnetite,	Hem-	
Hematite, Goe-Goethite.

2.2. Methods
The	dumped	iron	ore	fine	sample	was	characterized	with	respect	to	the	particle	size	distribution	and	each	size	
fraction	was	 analysed	 for	 Fe-content.	 Initial	 processing	 of	 the	 sample	was	 carried	 out	with	 Floatex	Density	
Separator.	In	Floatex	Density	Separator	(FDS),	the	three	main	zones	as	shown	in	Fig.2	are	(i)	upper	zone	(A)	
above	the	feed	inlet	(ii)	intermediate	zone	(B)	between	the	teeter	water	addition	point	and	feed	inlet,	and	(iii)	
lower	section	(C)	below	the	teeter	water	addition	point.	Each	zone	plays	a	significant	role	in	the	separation	of	the	
feed	based	on	their	densities.	Feed	slurry	is	introduced	to	the	FDS	tangentially	through	a	centralized	feed	well	that	
extends	to	approximately	one-third	of	the	main	tank	length.	Fluidizing	(teeter	water)	is	introduced	over	the	entire	
cross-sectional	area	at	the	base	of	the	teeter	chamber	through	evenly	spaced	water	distribution	pipes.	When	the	
feed	enters	the	main	separation	zone,	it	dilates	into	a	fluidized	bed	by	the	rising	current	of	water.	The	teeter	water	
flow	rate	is	dependent	upon	the	particle	size	distribution	in	feed,	density	of	the	slurry,	and	the	required	cut-point	
for	the	separation.	The	separation	takes	place	in	zone	B.	The	separated	lighter/finer	particles	leave	the	separator	
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through	zone	A	and	the	coarser/heavier	particles	through	zone	C.	The	FDS	provides	to	maintain	a	constant	height	
of	the	teeter	bed	and	a	steady	discharge	of	the	underflow	[11].	The	hindered	settling	involved	in	the	separation	
prevails the effective separation compared to the spiral concentrator. 

Floatex	Density	Separator	works	on	the	principle	of	fluidization	and	hindered	settling	in	which	the	settling	rate	is	
affected	by	the	neighbouring	particles	[12].	In	hindered	settling,	the	particles	settle	according	to	their	size,	shape,	
and	specific	gravity	whereas,	in	free	settling,	the	size	and	shape	are	the	only	factors	that	affect	the	particle	settling	
velocity.	The	settling	rate	of	particles	in	hindered	settling	environment	could	be	determined	by	Newton’s	law.	
According	to	Newton’s	law,	the	settling	rate	presented	in	equation	(1)	indicates	that	the	settling	rate	decreases	
with	the	increase	of	the	pulp	density.		This	is	attributed	to	the	increase	in	the	particle-particle	interference	and	
thus, the viscosity of the medium. 

 
2/1

)(3

f

fsgd
v  …. (1)

Where,	 v	=	settling	rate	of	particle

	 d	=	diameter	of	particle,	 g	=	acceleration	due	to	gravity

 ρs = density of solid, ρf =	density	of	fluid
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Fig.2: Schematic diagram of the set-up of Floatex Density Separator.

Processing	of	the	as-received	iron	ore	fines	was	carried	out	using	Floatex	Density	Separator	(Model	No.	LPF-0230,	
OUTOKUMPU).	The	initial	stage	of	processing	was	carried	out	by	gravity	concentration	as	gravity	separation	is	
one	of	the	cheapest	methods	of	processing	low-grade	or	waste	material	and	no	reagents	are	used.	The	FDS	has	a	
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cross-section	of	230	mm×230	mm,	530	mm	height	of	the	square	tank	and	200	mm	height	of	the	conical	section	
at	the	bottom.	The	feed	distributor	was	inserted	inside	down	to	230	mm	from	the	top.	

Experiments	with	Floatex	density	separator	were	carried	out	based	on	the	factorial	design	of	experiments	using	
three	variables.	The	variable	parameters	like	teeter	water	flow	rate	(TW)	and	bed	pressure	(BP)	are	the	machine	
parameters;	however,	the	feed	rate	and	percent	solids	on	the	slurry	(PD)	refer	to	the	material	variable.	Among	
the	four	parameters	mentioned,	the	teeter	water	flow	rate,	bed	pressure	and	slurry	pulp	density	were	considered	
important	variables	as	these	have	a	significant	effect	on	the	yield	and	grade	of	under	and	overflow	products	of	
FDS.	The	feed	rate	in	the	form	of	the	slurry	was	kept	constant	at	300	kg/hr	throughout	the	study.		The	levels	of	
parameters	are	given	in	Table	2.	Experiments	were	carried	out	under	the	varied	levels	to	optimize	the	condition	
for	maximizing	the	yield	with	improved	Fe-content.	

Table 2: Variable parameters and levels

Parameter Units Levels

Teeter	water	flow	rate	(TW) lpm 10 14 18

Bed Pressure (BP) kPa 5 5.5 6

Pulp density (PD ) % solid 30 40 50

The	teeter	water	flow	rate	was	adjusted	with	the	support	of	a	rotameter	(flow	meter)	and	pressure	or	set	point	was	
calculated	and	set	on	the	PID	controller.	When	the	pressure	inside	the	column	reached	the	set	pressure,	the	sensor	
receives	the	signal	to	open	the	valve	actuator	of	the	pinch	valve	when	already	settled	solids	could	be	discharged	as	
the	underflow.	When	the	pressure	becomes	less	than	the	set	point	the	valve	is	actuated by	the	sensor	and	is	closed.	
This	maintains	 the	constant	pressure	 inside	 the	 teeter	column.	The	fine	and	 light	particles	will	be	discharged	
continuously	through	the	overflow	pipe.	After	completion	of	the	feeding,	the	pressure	is	reduced	to	drain	out	the	
already	settled	solids	to	the	underflow	stream.	The	samples	collected	from	both	the	streams	i.e.,	underflow	and	
overflow	were	analysed	for	Fe	content.	

The	underflow	obtained	from	the	Floatex	density	separator	at	optimized	conditions	was	ground	to	-150	µm	for	
its	better	liberation.	The	ground	product	was	deslimed	using	a	2’’	lab	model	Mozley	hydrocyclone	keeping	the	
diameter	of	the	vortex	finder	at	14mm	and	apex	opening	at	6.5mm.	The	size	distribution	of	the	ground	product	of	
hydrocyclone	underflow was	determined.	The	feed	inlet	pressure	was	varied	at	three	levels	namely10	kPa,	12kPa,	
and	14	kPa	keeping	the	solid	concentration	at	10%	to	obtain	the	best	rejection	of	tailing	(yield	and	grade)	to	the	
overflow.	The	hydrocyclone	underflow	was	subjected	to	magnetic	separation	for	further	improvement	of	the	Fe-
content of the product.

3. RESULTS AND DISCUSSION

1.1 Characterization of as-received sample
The	characterization	results	of	the	as-received	feed	sample	were	presented	in	Figs.	3	and	4.	The	specific	gravity	of	
the	different	size	fractions	was	determined	using	a	pycnometer.	The	size	distribution	and	Fe-grade	in	the	fractions	
are	indicated	in	Fig.	3,	and	the	specific	gravity	of	different	size	fractions	is	presented	in	Fig.	4.	From	Figure	3	it	
is	found	that	around	20%	and	50%	of	materials	are	of	-160µm	and	-550µm	size	respectively.	The	-74µm	fraction 
is	 10.8%	containing	 31.4%	Fe	with	 6.8%	Fe	 distribution.	The	 fraction	+74µm	 is	 89.2%	by	weight	 assaying	
51.83%	Fe	and	93.2%	Fe	distribution.	Fig.	4	shows	that	the	coarser	fractions	have	higher	specific	gravity	than	the	
finer	fractions	below	74µm.	The	reason	is	the	presence	of	a	higher	amount	of	Fe	content	in	the	coarser	fractions.	
Therefore,	below	74µm	was	discarded	from	the	feed	by	wet	screening	before	subjecting	for	processing	as	the	
slimes	contain	more	gangue	minerals	and	also	have	a	detrimental	effect	on	 the	process	efficiency. Desliming	
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of	the	feed	material	enriched	the	quality	of	the	feed	material	from	49.81%	to	51.83%	and	will	also	enhance	the	
efficiency	of	the	downstream	processes.

Fig 3: Particle size distribution with Fe-content of as received sample.

Fig.4: Size-wise density of size fractions of an as-received sample.

3.2 Floatex Density Separator
The	beneficiation	studies	were	carried	out	with	the	deslimed	feed	sample	using	a	Floatex	density	separator	based	
on	the	factorial	design	of	experiment	using	three	process	variables	at	two	levels	(Table	2).	The	results	obtained	
under	the	varied	conditions	are	presented	in	Table	3.	The	effect	of	the	process	variables	of	FDS	on	the	underflow	
and	overflow	products	are	presented	 in	Figs.	5	and	6.	The	values	with	respect	 to	 the	original	 feed	have	been	
indicated	in	the	figures.
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Table 3: Results of deslimed feed using Floatex Density Separator

Trial Nos.
Process Variables Yield, % WRO, % Fe- Grade, %

Tweeter 
water 

Bed 
Pressure 

Pulp 
Density U/F O/F U/F O/F U/F O/F

1 10 5 30 82.7 17.3 73.8 15.4 53.5 46.4
2 18 5 30 76.3 23.7 68.1 21.1 57.4 40.4
3 10 6 30 83.2 16.8 74.2 15.0 53.9 41.4
4 18 6 30 75.3 10.7 67.2 22.0 56.7 44.7
5 10 5 50 80.2 19.8 71.5 17.7 56.0 43.1
6 18 5 50 72.2 27.8 64.4 24.8 58.2 40.0
7 10 6 50 81.6 18.4 72.8 16.4 55.1 41.2
8 18 6 50 77.7 22.3 69.3 19.9 57.0 41.1
9 14 5.5 40 81.9 18.1 73.1 16.1 55.8 43.4
10 14 5.5 40 82.7 17.3 73.8 15.4 55.8 41.3
11 14 5.5 40 83.6 16.4 74.6 14.6 55.8 41.8

3.2.1 Effect of Teeter Water flow
The	role	of	teeter	water	flow	is	to	keep	the	material	fluidized.	The	effect	of	teeter	water	flow	rate	on	the	underflow	
yield	and	Fe	content	could	be	seen	in	Fig.	5.	It	was	observed	that	within	the	experimental	conditions,	teeter	water	
flow	rate	has	a	significant	effect	over	the	other	variables.	With	the	increase	in	teeter	water	flow	rate	(Trial	Nos.	
2,4,6	in	Table	3),	the	yield	of	underflow	decreases	with	a	gradual	increase	in	the	Fe-grade	(Fig.	5).	Higher	teeter	
water	imposes	a	greater	fluid	drag	on	the	particles	which	hinders	them	to	settle	and	eventually	leads	more	light	
and	fine	particles	to	the	overflow	resulting	in	less	underflow	yield	with	better	Fe	content	[13-16].	At	a	higher	
flow	rate	of	18	lpm,	the	effect	was	found	to	be	reflective	and	significant	enrichment	in	Fe-content	(59.6%)	in	the	
underflow	was	achieved	with	a	58.2%	yield	(with	respect	to	original	feed).		The	overflow	yield	is	24.8%	with	
40%	Fe	content	(Fig.	6).

Fig. 5: Effect of variables on yield and Fe grade of Floatex underflow.
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Fig. 6: Effect of variables on yield and Fe grade of Floatex overflow.

3.2.2 Effect of Bed Pressure
In	the	present	study,	the	bed	pressure	was	varied	in	the	range	of	5	to	6	kPa	based	on	the	distribution	of	particles	
in	the	feed.	The	effect	of	bed	pressure	and	teeter	water	flow	rate	are	inversely	proportional	to	the	responses.	With	
increasing	the	bed	pressure,	the	yield	of	the	underflow	increases	with	the	decrease	of	Fe-grade	(Fig.	5).	Higher	
bed	pressure	results	 to	reduce	the	voidage	in	 the	particle	bed.	Subsequently,	 the	bed	becomes	more	compact.	
As	a	result,	increases	the	suspension	density	of	the	pulp	and	causes	more	rejection	of	the	lighter	particles	in	the	
overflow	stream.	The	effect	of	bed	pressure	within	the	experimental	variation	(domain)	was	found	to	be	less	than	
the	teeter	water	flow	rate.	At	high	bed	pressure	and	teeter	water	flow	rate	and	low	pulp	density	(condition:	BP=	6	
kPa,	TW=18	lpm,	PD=	30%),	produces	an	underflow	yield	of	64.4%	with	as	high	as	58.2%	Fe-grade.

3.2.3 Effect of Pulp Density
The	pulp	density	of	the	slurry	defines	the	distribution	of	the	feed	particles.	The	higher	the	pulp	density,	the	more	
is	the	particle-particle	interaction	in	the	slurry.	It	has	a	direct	impact	on	the	hinder	settling	of	the	particles.	In	the	
present	investigation,	the	pulp	density	of	the	slurry	was	varied	from	30	to	50%	solid.	At	a	higher	pulp	density	
of	50%	solid,	 the	effect	of	hinder	settling	 is	more	and	 increases	 the	effect	of	bed	pressure,	 thus	reducing	 the	
efficiency	of	the	separation	process.	It	appears	from	Fig.	5	and	6	that	due	to	the	more	effect	of	teeter-water	and	
bed	pressure,	the	Fe-grade	of	the	underflow	product	increases	and	yield	decreases.	At	lower	pulp	density	(30%	
solid),	the	rejection	of	lighter	minerals	(gangue)	in	the	overflow	is	24.8%	with	Fe	content.	Thus,	a	higher	teeter	
water	flow	rate	and	low	pulp	density	facilitate	enriching	the	Fe	content	of	the	underflow	yield.	
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3.3 Interaction effect of variables on responses
The	results	produced	from	the	FDS	based	on	statistical	factorial	design	were	analyzed	by	Design	software	(version	
7.0)	to	interpret	the	individual	and	interactive	effects	of	the	process	variables	on	the	responses,	like	the	yield	of	
underflow	and	their	Fe	grade.	The	%	contribution	of	the	variables	to	the	responses	is	presented	in	Table	4.	It	could	
be	found	that	teeter	water	has	more	than	70%	effect	on	the	yield	and	Fe-content	of	the	underflow.	The	regression	
equations	generated	 from	 the	ANOVA	of	 the	product	 (U/F)	yield	and	Fe-grade	of	 the	yield	of	underflow	are	
indicated	by	equations	2	and	3	respectively.	The	coefficients	of	regression	equations	indicate	the	degree	of	the	
effect.	The	higher	the	values	of	the	coefficient,	the	greater	the	impact.	It	was	found	that	teeter	water	(TW)	and	
pulp	density	(PD)	have	a	positive	effect	and	the	bed	pressure	(BP)	has	a	negative	effect	on	the	yield	of	the	product	
(U/F).	The	regression	equation	(2)	shows	that	besides	the	effect	of	individual	factors	(TW,	BP,	PD),	there	is	an	
interactive	(TW-BP,	TW-PD,	BP-PD)	effect	on	the	product	yield;	however,	the	coefficients	are	not	as	high	as	the	
teeter	water.	Regression	equation	(3)	of	the	Fe-grade	of	underflow	shows	that	the	co-efficient	of	the	bed	pressure	
(BP),	pulp	density	(PD),	and	interaction	effect	of	teeter	water	and	pulp	density	is	significant	as	compared	to	the	
interactive	effect	of	the	teeter	water	flow	and	bed	pressure.	

Table 4: Contribution of significant variables and their interaction on responses

Variables  % Conribution Effect on responses
Response:	U/F	Yield

Teeter	water	(TW) 74.29 Decrease
Bed pressure (BP) 2.76 Decrease
Pulp density (PD ) 3.41 Increase
TW&BP 3.53 Increase
TW&PD 11.15 Increase
BP&PD 2.56 Increase

Response	:	U/F	Fe-grade
Teeter	water	(TW) 73.50 Increase
Bed pressure (BP) 7.76 Increase
Pulp density (PD ) 4.59 Decrease
TW&PD 7.76 Decrease
TW&BP 1.65 Decrease

Yield	of	undeflow

=	65.35	-5.55*TW-1.07	*BP+1.19	*	PD+1.21*	TW*	BP+	2.15*	TW	*PD+1.03*	BP	*PD			…(2)

Fe	grade	of	undeflow

	=	55.9+	2.00*TW+	0.65*BP		-0.50*PD	-	0.65*TW*PD-	0.07*	TW*BP				 												….(3)

3.3.1 Interactive effect of teeter water and pulp density
From	Table	4	and	equations	2	and	3,	it	was	found	that	the	co-efficient	of	the	interactive	effect	of	pulp	density	and	
teeter	water	is	significant	on	the	U/F	product	yield	and	Fe-grade	compared	to	other	parameters.	From	Fig.	6	it	is	
found	that	the	yield	of	the	overflow	increases	at	higher	teeter	water	flow	(18	lpm)	and	low	pulp	density	(30%)	
because	the	elutriating	effect	seems	to	be	more	at	higher	teeter	water	flow	than	the	lower	TW.	As	the	pulp	density	
increases	the	negative	effect	of	teeter	water	on	the	yield	of	the	underflow	reduces.	The	combined	effect	of	these	
two	variables	could	be	balanced	at	high	pulp	density	and	teeter	water	flow,	and	low	bed	pressure.
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(7a)

(7b)

Fig. 7: Interaction effect of teeter water and pulp density on (a) underflow of FDS and (b) Fe-grade.
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3.3.2 Interaction effect of teeter water and bed pressure 
The	interactive	effect	of	teeter	water	flow	rate	and	bed	pressure	is	shown	in	Fig.	8.	The	role	of	teeter	water	flow	
rate	and	bed	pressure	on	the	suspension	density	is	inversely	proportional	to	the	bed	voidage.	The	increased	teeter	
water	flow	dilates	the	bed	and	increases	the	viodage,	whereas	the	bed	pressure	reduces	the	voidage	and	makes	the	
bed	more	compact	[15-16].	Thus,	increased	bed	pressure	increases	the	density	of	the	medium	produced	during	
the	separation.	Between	the	two	opposite	effects,	water	flow	rate	has	been	found	to	be	more	dominating	as	shown	
in	Table	4.	With	increasing	the	teeter	water	flow	rate	and	bed	pressure,	the	yield	of	the	overflow	increases.	As	
a	result,	the	Fe-	content	of	the	U/F	increases	with	reduced	mass.	Therefore,	the	separation	performance	of	FDS	
depend	significantly	on	the	selection	of	the	operating	conditions.	

(8a)

(8b)

Fig.8: Interaction effect of teeter water and bed pressure on yield of (a) underflow of FDS and (b) Fe-grade of products.
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3.3.3 Effect of Bed Pressure and Pulp Density
The	 interaction	effect	of	bed	pressure	and	pulp	density	on	underflow	product	 is	shown	in	Fig.	9.	At	 low	bed	
pressure,	the	autogenous	media	could	not	develop	and	the	FDS	behaves	like	an	elutriator.	The	fine	particles	are	
carried	out	of	the	fluidized	bed	by	the	upward	flow	of	the	fluid.	The	high	bed	pressure	increases	the	density	of	
the	autogenous	heavy	media	developed	inside	the	chamber.	With	the	increase	of	the	pulp	density	increases	the	
distribution	of	feed	particles	in	the	slurry;	thereby	increases	the	effect	of	hinder	settling.	With	increasing	the	bed	
pressure	from	5	to	6	kPa,	and	pulp	density	of	30	to	50	%	solids,	yield	to	underflow	increases.	The	effect	was	
found	to	be	more	dominant	with	the	pulp	density	because	the	increase	in	the	suspension	density	decreases	the	
void	density,	which	in	turn	compresses	the	bed.	Therefore,	the	effective	separation	was	found	at	the	level	of	30%	
PD,	BP	of	6kPa	and	teeter	water	flow	rate	of	18	lpm.

(9a)

(9b)

Fig.9: Interaction effect of bed pressure and pulp density on (a) underflow of FDS and (b) Fe-grade.
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3.4 Processing of underflow of Floatex Density Separator
As	the	major	iron-bearing	mineral	in	the	dumped	sample	was	hematite,	having	a	minor	amount	of	martite,	there	
is	 a	possibility	 for	 further	 improvement	of	 the	quality	of	 the	product	 to	make	 it	 useable	 for	pellet	 feed.	The	
underflow	obtained	from	FDS	was	ground	to	-150µm.		It	was	found	from	the	particle	size	distribution	(PSD)	of	
the	groundmass	of	underflow	that	the	weight	percent	of	106µm	fraction	is	about	54.6%	and	-10µm fraction is 
about	17.4%	out	of	64.7%	product	weight.	The	ultrafine	particles	are	detrimental	to	the	separation	process,	and	
thus,	reduce	the	efficiency.	It	was	discarded	using	hydrocyclone	before	subjecting	to	the	magnetic	separation	for	
Fe	enrichment.	The	result	of	desliming	of	-150µm	ground	product	of	FDS	underflow	using	hydrocyclone	is	given	
in	Table	5.

Table 5: Results of desliming at different pressures

Conditions Product Wt% WRO %	Fe Fe	Recovery,	%
10	psi	VF=	14mm,	

Apex=	6.5mm

U/F 85.8 55.3 60.29 65.6
O/F 14.2 9.1 44.9 8.1

12	psi	VF=	14mm,	Apex=	
6.5mm

U/F 89.9 57.9 59.45 67.9
O/F 10.1 6.5 45.2 5.8

14psi,	VF=	14mm,	Apex=	
6.5mm

U/F 93.4 60.1 58.96 70.0
O/F 6.6   4.3 44.46 3.7

The	diameter	of	the	vortex	finder	and	apex	opening	was	kept	constant	based	on	the	earlier	experience	and	from	
reported	literature	[17].	The	effect	of	feed	inlet	pressure	on	the	yield	of	 the	underflow	and	grade	is	shown	in	
Fig.	10.	From	these	figures	it	can	be	seen	that	yield	to	underflow	is	increasing	with	pressure	and	the	grade	of	
underflow	is	decreasing.	This	is	due	to	the	increase	of	the	centrifugal	forces	generated	by	spin	which	forces	the	
coarser	particles	to	move	towards	the	wall	of	the	cyclone.	The	10psi	feed	pressure	was	found	to	be	suitable	to	
remove	the	ultrafines	in	overflow	with	44.9%	Fe	content	as	indicated	in	Table	5.		The	yield	of	underflow	is	55.3%	
with	respect	to	the	original	feed,	with	an	assay	value	of	60.29%	Fe	and	Fe	recovery	of	65.6%.	This	de-slimed	
material	was	used	as	feed	for	the	wet	high	intensity	magnetic	separation	(WHIMS).

Fig.10: Effect of feed inlet pressure on underflow wt%.
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3.4.1 Processing of FDS-Underflow of by WHIMS
The	underflow	obtained	from	the	hydrocycloning	of	the	ground	mass	of	FDS-U/F	having	grade	60.29%	Fe	was	
fed	 to	 the	high	 intensity	magnetic	 separation	 (WHIMS).	While	conducting	 the	experiments,	 the	pulp	density	
of	10%	solid	and	the	matrix	gap	of	0.5mm	were	kept	constant.	The	current	intensity	varied	from	2A	to	4A.	As	
the	magnetic	 intensity	 is	directly	proportional	 to	 the	current	 intensity,	 it	changes	 the	magnetic	field	 intensity.	
The	effect	of	magnetic	intensity	on	the	yield	of	concentrate	and	grade	is	shown	in	Fig.	11.	It	is	observed	that	
the	yield	of	magnetic	product	was	less	at	low	magnetic	field	intensity	as	the	highly	susceptible	(ferromagnetic)	
materials	having	high	Fe-content	are	attracted.	At	high	magnetic	intensity,	the	yield	of	concentrate	is	high	with	
a	 lower	 grade	 than	 that	 of	 concentrate	 at	 lower	magnetic	 intensity.	The	 condition	with	 3amp	 current	 (1.0	T	
magnetic	intensity)	seems	to	be	optimum	condition	where	the	product	yield	is	reasonable	with	an	optimum	grade	
of	concentrate.	The	product	weight%	is	44.5%	with	62.1%	Fe	content,	and	37.8%	yield	with	63.4%	Fe	content.	

Fig.11: Effect of Magnetic intensity on concentrate yield and grade.

4. CONCLUSIONS
The	present	 investigation	highlights	 the	response	of	 the	 low-grade	 iron	ore	dumps	having	49.62%	Fe,	6.96%	
SiO2,	9.94%	Al2O3	and	7.65%	LOI	using	a	floatex	density	separator	as	a	gravity	concentrator	at	the	initial	stage	
of	processing,	and	its	metallurgical	performance	has	been	studied	using	a	statistical	design	of	experiments.	In	
the	sample,	presence	of	main	iron-bearing	mineral	phases	like	hematite,	goethite,	and	a	small	amount	of	martite	
favours	the	separation	efficiency	of	FDS.	It	has	been	found	that	the	teeter	water	flow	is	more	prevailing	than	the	
other	variables	like	pulp	density	and	bed	pressure	in	the	present	investigation.	The	high	teeter	water	flow	keeps	
the	bed	suspension	and	moves	the	lighter	density	particles	to	the	overflow	steam	as	a	reject.	The	high	bed	pressure	
of	the	slurry	may	not	be	effective	for	separation.

Because	of	the	presence	of	some	interlocked	particles	in	the	sample,	Fe-content	of	the	FDS	underflow	could	be	
improved	up	to	58.2%	with	a	yield	of	64.4%.	Further	size	reduction	of	the	underflow	product	to	150mm improves 
the	liberation	of	gangue	minerals	and	subsequent	hydrocycloning	produces	a	product	with	an	assay	of	60.3%	Fe	
with	a	mass	of	55.3%.		Further	enrichment	of	Fe-grade	by	magnetic	separation	produces	pellet	grade	feed.	Thus,	
processing	of	dumped	low	grade	iron	ore	towards	the	production	of	value-added	product	has	an	enormous	impact	
on the environment and conservation of the resources.
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