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ABSTRACT

The processing of ilmenite (TiFeO;) to produce pigment grade white
TiO, and black Fe203 by various thermal, leaching and liquid-liquid
extraction wilh subsequent precipitation treatments has been investigated.
Thermal pre-treatment of ilmenite with LPG-pyrolysed product at 700°C for
75 min. at. LPG-flow rate 230 c¢m® min~?! produces a roasted mass which gives
~83.6% Litanium and 80% iron dissolutions in 6 g eq dm™® hydrochloric acid
at its boiling point, solid to liquid phase ratio (S/L) of 0.02 kg dm™ and at
pulp agitation speed of 350 rpm for 5h. Under similar condition sulphuric
acid dissolves only 66% titanium and 73% iron. X-ray powder diffraction
patterns {(XRD) of ilmenile and roasted mass suggest the chemical/physical
change occurring during roasting.

A different method of- thermal treatment of ilmenite is to react with
the reformed products of the LPG-H,0 vapour mixture in presence of nickel
catalyst. The optimum conditions for roasling are 700°C temperature, 110 cm®
min~! LPG-flow rate, 0.041 atm. water vapour pressure and 40 min time. XRD
shows the changes but the composition of roasted mass can not be
identified. Hydrochloric acid gives better leaching results than sulphuric
acid of identical concentration. About 93% titanium and 95% iron are
dissolved in 6 g eq dm™ hydrochloric acid at its boiling point, S/L ratio of
0.02 kg dm™ and at 350 rpm for 4h. Under similar condition, only ~46%
titanium and ~64% iron are dissolved in sulphuric acid.

The advantage of the thermal hydrolysis of Na-salt (NaCl, Na,SO,,
NaNO, and Na,CO;) at ~800°d has been exploited. The alkali produced in-situ
has been reacted with ilmenite to give easily soluble roasted mass. Although
from all the salts used, the hydrolysed product is NaOl, different roasted
masses with different leaching characteristics are obtained due to the

existance of different almospheres (oxidising, non-oxidising, inert etc.) in
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the furnace. The best leaching has been obtained from the roasted mass
with carbonate. The optimum roasting conditions with carbonate are ilmenite
to carbonale weight ratio 1.5, temperalure 850°C, carrier gas (N,) flow rate
420 cm® min-l, water vapour pressure 31.5 mm Hg and time 45 min; whereas
the optimum Jleaching conditions with 6 g eq dm™® hydrochloric acid at
boiling point, S/L ratio of 0.02 kg dm™ and at 292 rpm for 45 min. Under
this condition 96% titanium and 74% iron are dissoclved.

The XRD pattern of sodium carbonate water vapour roasted product
shows the existence of Na;Fe,TiOg together with another non-identified
phase. The complete conversion of ilmenite to these phases occurs only
within 45 min.

The rate of the dissolutions of titanium and iron from the Na,C0O,-H,0
vapour roasted product (powder) have been investigated as function of
hydrochloric acid concentration,temperature and pulp agitation speed. The
exponent of hydrochloric acid concentration term varies with its
concentration region; higher wvalue in lower region for both metal ions,
suggesting the change in mechanism with concentration. From temperature
dependence studies, the apparent activation energies have been evaluated,
which also suggest t}.le change in dissolution mechanism with reagent
concentration and temperature. The effect of pulp agitation speed also
suggests the same. The initial rate constant has been calculated to be of the
order of ~5 x 107% cm? ghl mol™ min™! (‘a’ is the exponent of concentration
term).

Finally, alternative steps for the recovery of titanium and iron from
hydrochloric acid leach solution have been suggested in which iron has been
removed by methylisobutyl ketone (MIBK) extraction (stripped with distilled
water), distilled to recover hydrochloric acid and subsequent thermal
hydrolytic co-precipitation of TiO,nH,0 followed by filtration, washing,

drying and ignition. Overall titanium recovery from ilmenite is over 91%.



CHAPTER~I

INTRODUCTION

(1) ORES OF TITANIUM AND THEIR OCCURRENCES :

The metal, titanium occurs in nature mainly in two forms : ilmenite
(TiFeOy) and rutile (TiO,).

The rocky deposils of massive ilmenite have been found in Vi'rginial_3
and North Carolina Sml,es4 of USA. These deposits contain about 18%
titanium dioxide®.

The ilmenite-magnetite deposit is rather more common than the massive
ilmenite deposit in the world. In the USA, ilmenite-magnetite deposit is found
in the Adirondack Mountain of New York States, the Sandford Hill in Essex
county7 and in the Lake and Cook counties of Minnesota8 containing about
7-23%, 18%, and 3-20% titanium dioxide respectively, Deposits of ilmenite-
magnetite and ilmenite-hematite containing about 20-30% titanium dioxide are
found in Quebec province of Canadag. In Europe, Norwaylo has the richest
deposit (~42% titanium dioxide) at her South Western part. Sweden and
Finland have also some reserves. There is an extensive reserve of ilmenite
in the Ilmen Mountain (from which the mineral is named) of the USSR“. This

deposit contains about 14% Litanium dioxide, 54% iron and 0.6% Vanadium

pentoxide. Ilmenite-magnetite ore deposits containing an average of about
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11% titanium dioxide can be found in South Africalz, Mozambique13 and also
in some other places like Belgiam Congo and Madagascar, The important
Asian deposit is found in Manchuria, Korea, Indo-china, Indial4 and in the

Arabian Desert15. The olher mineral, rutile is found abundantly in

Virginials, Southern Norway, Quebec”, Goyaz and Minas Geraes states of
Brazillg, East Greenlandlg, Came'roonzo, Algeria, Madagascar2'1 and Kyzylkum
of the USSRZZ. The rutile content of these deposits varies from about 5-20%.

Due to the high stabilities of titanium minerals, they were lefl. behind
in the county rocks and in time on weathering and erosion, are accumulated
in the black sand of streams and beaches. The composition (mineralogical)
of the beach sand is related with the composition of the county rocks
nearby the beach on the stream. The amount of heavy minerals (sp. gr. >3
g/cc) in beach sands may vary from some three to about fifty percent.
Almost all the beach sand of the world contains variable proportions of
heavy minerals like ilmenite, zircon, monazite, etc. It is apparent therefore
that the beach sand may be used as economical source of ilmenite, zircon,
monazite etc.

The black beach sands of the South-Western coast of India, Malayasia,
Indo~-China, Slri]anka23, Australi324 (at Naracoopa, from New South Wales to
Queensland and in the East coast), Newzefﬂand25, Japanzs (in the island of
Hondu, Kynshu and Hokkaido), USA (at Florida®?, Arakansas28, California,
etc.), Senegalzg, West Africazg, Egyptso, South—-East coast of Brazil3]',
Argentina, Guatemala, Mexico, Portugal, Italy, Yugoslavia etc. find commercial

values as a source of titanium, zirconium and in some cases of thorium and
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lanthanides. In concentration plants the float-sink, magnetic and electrostatic
(dry & wet) methods are usually applied to obtain separate fractions of
magnetite, ilmenite, zircon, monazite, thoria, rutile etc. Table A shows the
percentages of TiO,, FeO, Fe,0,, Si0, etc. in the ilmenite fractions obtained

from the different coastal areas of the world.

Table A. Analysis of ilmenite fraction of the beach sands.*

Percentage of

Origine
'l'iO2 FeO Fez()3 5102 MnO VZO5 Crzoa
USA :
virginia
Piney River ~44,53 ~36.,76 ~14,26 ~1.60 ~0.,31 ~0.17 ~0.140
Roseland 51.40 37.90 1.60 4.60 0.70 0.017 -

New York 44.30 36.70 4.40 3.20 0.35 0.24 0.001
Californin 48.20 39.10 10.40 1.40 0.10 0.05 0.030

Florida 52.00 - - - - & =
Georgia J4.40 11.30 7.80 43.10 1.89 - -
CANADA :

Ivry 37.50 ~30.30 ~20.00 ~2.00 0.04 0.36 0.150
BRAZIL : ~55.10 ~17.15 ~23.40 1.40 ~0.50 ~0.13 ~0.300
INDIA

Travancore ~57.05 ~18.55 ~19.10 1.23 ~0.45 ~0.16 ~0.100
MALAYASTA ~52.85 ~36.9 ~4.16 ~0.75 ~3.56 0.04 0.020
NORWAY : ~41.06 ~34.17 ~15.06 ~2.46 ~0.31 -0.36 ~0.060
USSR : 44.00 31.40 16.90 1.84 0.72 - 0.050
PORTUGAL : 52.20 42.10 L 0.27 5.00 - -
SENEGAL : ~55.35 ~10.75 29.25 ~1.10 0.76 0.27 ~0.275

*Source : J. Barksdale, Titanium, its Occurance, Chemistry and Technology,
The Ronald Press, New York, 1949, p. 33.
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(2) BEACH SAND IN BANGLADESH :

Recently, a huge reserve of heavy minerals has been discovered in
the South-Eastern coastal area of Bangladesh. The area covers the
different islands like Maheshkhali and Nizhum Dwip and also the coastal
areas of the main land ranging from Sitakundu to Teknaf (about 250 km
long); these regions are shown in Fig. 1. The heavy mineral contents in
the raw sands varies from about 5 to 50%. Table B shows the
mineralogical percentages of some valuable minerals present in the beach
sands of different localities in Bangladesh. The table indicates clearly the
variation of the heavy mineral content (e.g., 4.50% at Teknaf-Inani
whereas 51% at Banskhali) in different places. The third and the ninth
columns of the table indicate that the ilmenite content in raw sand is
almost proportional to the total heavy mineral content in raw sar_ld. It is
the highest in Banskhali (18.5%) and the lowest in Teknaf-Inani region
(~0.3%).

The lighl fraction of the raw sand from almost all these localities
are composed of mainly quartz (~90%) and the other are feldspar (~7%),
mica (0.5%) etc. On the otherhand, the heavy fractions (sp. gr.>2.85 g/cc)
are comprised of several valuable minerals like ilmenite (TiFeOa), zircon
(2Zrsio,), rutile (Ti0,), monazite (Th.L.nPO,), magnetite (Fe,0,), etc.

. + .
together with many non-valuable minerals like garnet (A‘.,H BzH Si30,,),
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leucoxene [(Ca or Na)(Ti,Al,Fe or Nb)(0,0H or F)S0,], kyanite (Al,0,.Si0,),
epidote [HCa,(Al.Te);8i;0,,]1, amphiboles [M,(8i03),; M=Ca, Mg, Fe & alkali
metals], biotite (ferrous mica), apatite [3Ca3(PO,),.CaF,] etc.

The beach sand exploitation center of Bangladesh Atomic energy
Commission at Cox’s Bazar has been succeeded in fractiohating the heavy
minerals (Pilot Plant scale) from the raw beach sands of different localities.
The composition of Lhe ilnue;rite fraction varies widely. For example, an
Auslralian :mnalysi.s36 shows the following percentage : TiO, 38.5%, Fe,0,
25.62%, FeO 29.75%, Si0, 1.2%, P,0; 0.03%, MnO 1.3%, Cr,0, 1.08%, whereas a
native analysis37 gives the composition as Fe,0, 47.48%, FeO 15%, ZrO,
15.78%, TiO, 29.46%, ThO, 0.046%, Cr,045 0.114%, MnO 0.43%, MgO 0.47%, Al,0,
0.41%, 8i0, 2.56%. It is clear however that in the second analysis Zirconia
fraction has not been separated from Lhe ilmenite fraclion. Although the
analysis are not identical, it is certain thal the ilmenite fraction obtained
from Lhe beach sands of Bangladesh contains a considerable proportion of
chromium and manganese, which causes a bad coloring effect on the product,
TiO, when conventional sulphate process is used for its manufacture. This
fact eventually points oul Lhat the conventional sulphate process could not
be used for the processing of ilmenite obtained from our sea-shores. So

other melthods are Lo be developed for the commercial recovery of the

products from this ilmenite.
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Table B : Mineralogical percentages of some of the valuable minreals

teach sands of different localities in Bang]adesh..

in the

Locality Percentages of
Magna-| Ilme- | zZircon| Rutile| Carnet| Mona- Other' Totalf Ref.
tite nite zite
Badormokam 1.5 3.8 0.35 0.08 - - 11.77 17.50 32
Maheshkhali
fordurie 0.5 7.1 0.70 2.50 - 0.007 24.59 35.40 32
HMaheshkhali
backdune 0.03 2.6 0.65 - 1.6 - - - 32
Cox’s bazar 0.60 2.6 0.28 0.08 1.4 - - - 32
Teknaf-Inani be2ach - 0.3 0.07 0.02 0.2 - 2.22 2.85 33
(2-3 Ph, size)
Teknaf-I[nani dume - 0.7 0.16 0.05 0.7 - 4.43 6.00 33
Bansgkha li - 18.5 0.76 0.67 5.8 - 25.26 51.00 a3
Patengha - 15.0 2.66 0.90 3.5 - 20.96 43.00 33
Nizhum Island 1.12 5.2 2.32 0.33 3.7 0.160 11.50 24.38 34

¥ Others include leucoxene, kyanite, epidote, amphiboles, biotite, apatite etc.

f The rest being the light fraction which contains mainly quartz (790%),
feldspar (~7%), mica (~0.5%) etc. 30

(3) CONVENTIONAL METHODS FOR ILMENITE PROCESSING :

As pointed out earlier, the beach sand is a potential source of many

metals, particularly of titanium and zirconium, and beach sand can be

effectively fractionated into different parts one part being rich in a

particular mineral by various comminution and concentration processes like

float- sink using a heavy liquid medium (e.g. bromoforom sp. gr. 2.85),



Introduction 8

magnetic separation and electrostatic separation. The ilmenite fraction often
obtained from the beach sands contains mainly titanium d‘ioxide, ferrous
oxide and ferric oxide in variable proportions depending on the place of
occurrence. Besides the above oxides, ilmenite may contain some silicon
dioxide, manganous oxide, zirconium oxide, chromium oxide, cobalt oxide,
magnesium oxide etc. In the following few paragraphs a comparative study
of the conventional methods for the preparation of pigment grade TiO, from
ilmenite fraction will be discussed.

The most common method for the production of TiO, from ilmenite is
the Sulphate Process. Until 1959, this process was the only method for the
manufacture of pigment grade titanium dioxide. However, now-a-days,
another competitive method known as Chloride Method has been developed
by Dupont company of the USA. The major companies which produce titanium
dioxide by either of the processes are American Cyanamide, Dupont, Kerr
McGee, Glidden Co, National Lead and New Jersey Zinc Company of the USA,
British Titan products of the'G.B and Laporte Industries of Australia. The
present annual World production of titanium dioxide is over two million tons
per annum.

The Sulphate and Chloride Methods demand separate raw materials. For
Sulphate Process, the raw material is ilmenite but not rutile as it is not
attacked appreciably by sulphuric acid of any concentration, whereas the
Chloride Process prefers natural rutile or a mixture of rutile and ilmenite
or beneficisted ilmenite to avoid excessive chlorine requirement and waste
handling. Certain other restrictions should be noted here. Ilmenites with a

high chromium content can not be used in the Sulphate Process, because of
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the deterioration of the color of the product by the presence of chromium
compounds. On the otherhand, magnesium, manganese and Iother alkaline
earth metals in the starting material may cause operational difficulties in the
Chloride Process. For either process, however, less sulphuric acid or
chlorine is required and less by-products or waste products are formed
with increasing percentages of titanium dioxide in the feed material.
Tabes C indicates the main ilmenite deposits which are being worked

today.

Table C. Ilmenite deposits which are being worked today in the world.

Country Reserves of Titanium dioxide | Titanium dioxide
titanium bearing content of content of
ore (million tons) deposits (%) minerals after

treatment (%)

Canada 200-220 35 37
USA

New York 100 17 43

Virginia 5 8 44

Florida 180 0.5-3 63
Norway 260 17 43
Finland 50 13.5 44
India 100 20-40 59
South Africa 20 5 49
Australia 15 30 50-60

Now-a-days, the feed material for the Sulphate Process has been
significantly up-graded {w.r.t. Titanium dioxide content) by the slag process.

The.use of slag reduces both the quantities of sulphuric acid required and
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the waste produced. It is an electrothermal process which produces slags
containing about 70% titanium, dioxide. The slag is however ;easily attacked
by sulphuric acid because of the fact that titanium exists as a mixed
magnesium-iron titanale and not rutile. Since the natural rutile reserve is
very small, the feed material for the chlorination method is the synthetic

rutile. Rutile can be synthesized from ilmenite by the following schemes :

SCHEME-I
2FeTiO; + 30, = Fe,Ti0; + TiO, (Oxidation)
Fe,TiO; + TiO, + C = 2Fe0 + 2Ti0, + 3#C0, (Reduction)
FeO + 2HCI = H,0 + FeCl, (Partial leaching)

2FeCl, + 2H,0 + %Oz = Fe,05 + 4HCI {(Regeneration of leaching agent)

SCHEME-II
'eTiO,; + Cl, + 3C = FeCl, + TiO, + 2CO, (Reductive chlorination)

4FeCl, + 6CO, = 4Cl, + 2Fe,0; + 6CO (Regeneration of chlorine)

In both scheme, products containing more than 92% titanium dioxide
are produced. The present world supply of raw materials for titanium
dioxide manufacturing are as follows : Australian rutile (9.5%), other rutile
(1.5%), synthetic rutile (1.5%), slags (25%), Australian ilmenite (16.5%), USA

ilmenite (21.5%), Norwegian ilmenite (15%) and other ilmenites (9.5%).

The Sulphale Process :

The typical analyses of three sources of raw materials commonly used

for the sulphate process are given in Table D.
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Table D. Composition of ilmenite used for sulphate process.

Constlituent Norwegian Australian Canadian slag (%)
ilmenite (%) ilmenite (%)

TiO, 44 54.20 60.10
Ti,04 N - 8.30
Fa = - 0.20
FeO 34.60 23.30 12.60
Fe,0, 11.80 17.30 - -

Cr,0, 0.08 0.04 0.20
V,0, 0.02 0.10 0.50
5i0, 5.00 1.00 4.60
ALQ, 0.70 0.70 4.00
P,0, 0.04 0.08 0.03
MgO 3.70 0.20 5.00
MnO 0.30 2.00 0.20

Apart from the various impurity levels, the efficiency of extraction by
sulphuric acid tends to be increased by an increase in the FeO to Fe,0,
ratio.

In this process, ground ilmenite or slag is digested with concentrated
sulphuric acid (>95%, 60% excess for the stoichiometric requirement) at an
elevated temperature; the resultant titanium and iron compounds are leached
with water or dilute acid and the ferric ion is reduced to ferrous ion by
the addition of scrap iron to crystallize out ferrous sulphate after

‘Rajshahij Usiversity Lip,
DoCumc-lulun Sectiog
Bocusen No,. 2=
Dme..l..f.:ﬁ.'.ﬁ..ﬁ’..m 4y
1747

l[y
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clarification and cooling. After centrifugal separation of coppeas FeS0,.7H,0
crystals, the mother liquor is treated with steam to hyd-rolyse titanyl
sulphate. Some seed crystals are however added before hydrolysis. The
hydrated acidic titanium is precipitated. The precipitates are filtered washed
and calcined to produce TiO,.

The overall efficiency of the process is over 80%. The sulphuric acid

requirement is about 4-5 tons per ton titanium dioxide produced.

The Chloride Process :

This process essenlially consists of the production of TiCl, from the
raw material,purification of TiCly produced, and subsequent oxidation by
oxygen enriched air to TiO,.

Preparation of TiCl, is carried out by chlorination of the raw material

in a reducing atmosphere at about 950°C.
2T102+30+4012=2Ti014+002+200 I.Il!.ll.!ll!!tl(l)

The combustion of TiCl, in oxygen enriched air starts at 1000°C and

once initiated the temperature rises sharply to ~1500°C.
TiCI4+OZ+N2=Ti02+201Z+N2.-.--u--.--.--...:.(2)

Although many methods claim the economic recovery of Cl, from FeCl,,
there is no plant in operation at the present time which uses ilmenite
directly as raw materials. The chlorination reaction is usually carried out in
fluid-bed reactors and the out comming gas consists of the vapours of
titanium and the other impurity metal chlorides, carbonmonoxide and carbon

dioxide (unchanged chlorine gas is gseldom mixed with exit gas). The vapour
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is condensed and the most impurities are removed as dry solids. Excepting
VCl,; all metal impurity chlorides can effectively be removed‘ form TiCl, by
fractional distillation or simple distillation. For separation of VCl;, H,S gas
should be passed into the crude TiCl; solution to reduce vanadium to its
lower valency state.

The waste and by-products from a plant producing 50,000 tons of
pigment per annum by Sulphate Process may be as high as 140,000 tons
copperas (as crystallized Fe50,.TH,0), 75,000 tons strong acid (calculated on
100% purity), 40,000 tons weak acid (calculated on 100% purity) and 83,000
tons eSS0, (soluble, calculated as FeS0,.7TH,0). The quantities of waste
products are however strictly related to the type of raw material used.
Theoretically, it is possible to recover the sulphur value, from copperas or
from the waste acid or alternatively convert them into saleable products.
Unfortunately, neither of these processes is economic.

The degree of difficulty and cost involved in recovering sulphur

values are due to the following :

a) The strong acid rejected from the process is between 10-20% strength.
For re-use it must be concentrated to 96% strength. Since vast
quantities of walter have to be evaporated, these processes are highly
energy intensive.

b) During the evaporalion step, metallic salts precipitate in the form of
slurries which are difficult to separate from the liquid. Certain salts
remain in solution even at high acid strength, and recycling of such

salts leads to deterioration of colour of the pigment.

c) High temperature roasling of the various salls is also energy intensive,
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d)

and both this step and the acid evaporation lead to high quantity
gaseous emission of water vapour containing residual suliphur dioxide,
Process economics have been plagued with significant variations in fresh
sulphur prices. Since 1973, energy costs have quadrupled. The ratio
energy cost/sulphur wvalue has fluctuated widely and recently in a
worsening direction. The situation is further complicated because in the
production of sulphuric acid from sulphur a very significant quantity
of energy is released which can be easily utilized in the associated

titanium dioxide plant.

Many paper studies have been made on alternative processes. Mention

will be made here only of the limited numbers which have achieved some

commercial application by 1976.

a)

b)

€

d)

e)

Neutralization with limestone/lime and dumping of neutralized products
— this requires large scale availability of limestone and disposal areas
for the neutralized solids. It is operaled by one small company.
Neutralization with limestone to produce saleable gypsum — this requires
availability of limestone and suitable market. It is operated on a small
scale in the USA and Japan.

Neutralization with metallic iron in the production of beneficiated
ilmerite. This is operated by one Japanese company, but leads to higher
discharge of iron salts.

Limited gquantities of copperas are used for water treatment, or can be
converted into soil conditioners.

Production of iron oxide pigments from copperas — this is operated in

Germany.



Introduction 15

f) Neutralization with other alkalies to produce saleable by-products
(ammonium sulphate, sodium sulphate) — this requires close proximity to
markets, because of relatively low value of these chemicals. It is

opcrated by one Japanes company.

The product titanium dioxide is widely used in the paint, plastic
paper, texlile and rubber industries. In the paint industry, it is by far the
most effective white pigment in terms of covering power (refractive index,
2.5-2.9). Paint industries ulilizes about 62% in Europe and 51% in the USA
of their total production of ilmenite. The plastic, paper, textile and rubber
industries utilize about 13%, 8%, 5%, 3% respectively in Europe and 23%, 10%,
3% (ceramics instead of textile), 3% respectively in the USA. In these areas
no substitute products represent serious threats to titanium dioxide's
establislied position. -

Nevertheless, a future break through is needed for the development
of other methods for the manufacture of titanium dioxide from ores which
do not meet the specification requirements for the sulphate or chloride
process. For examples, our beach sand deposits can not be used effectively
by the sulphalte process for high chromium content. Moreover both
conventional process are energy intensive and criticized by the waste

disposal problems.

(4) AN QUTLINE ON HYDROMETALLURGICAL METHODS :

In many cases, for example, in the treatment of lean or very complex
ores for metal extraction or in the recovery of valuable metals from wastes
where pyrometallurgical methods can not be used, the hydrometallurgical

methods find successful applications in the extraction of metals or metallic
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compounds from such sources. The name hydrometallurgy is derived from
the fact that at least some of the reactions are carried out in aqueous
solution during the sequence of operations performed for the recovery or

extraction of metal from their resources.

There are three main types of hydrometallurgical operations :

(i) LEACHING :

[t is a method to dissolve the whole or some part of the solid. The
element to be recovered is usually obtained in solution, but it may, in a few
cases, be left as an insoluble residue. The operation is also called
Lixiviation. To leach a matlerial, it is usually trealed with a solution of acid,
base, water, salt or a complexing agent at a suitable temperature and
pressure. Sometimes pressure leaching is shown to be effective. The

commercial leaching agent is chosen by considering the following factors :

a) the chemical and physical characteristics of the material to be leached,

b) the cost of the reagent,

c¢) the corroding action of the reagent and consequently the material of
construction,

d) selectivily for the desired constituent to be leached,

e) ability to be regenerated.

Selectivity of a leaching agent toward a particular mineral in an ore
depends on Lhe concentration of the reagent, temperature, pressure, contact
time etc. A new and successful leaching agent may cause revolution in

Hydrometallurgy. The introduction of sodium cyanide for leaching gold and
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silver ores is an old example. A modern example is the selective leachings

of Co, Ni and Cu in an ammonical medium.

Selectivity of a particular metallic constituent dissolution in a
specified leaching agent may some times be increased by certain thermal
treatments. These include (a) calcination (b) roasting and (c) fusion. The
process, calcination usually helps easy size reduction, which ultimately
facilitates the dissolution due to greater surface area of ores exposed to the
leaching agent. Accompanied with the expulsion of organic and other volatile
matters, dehydration or dehydroxylation, a phase transition etc. may also
occur which may eventually affect the leaching characteristics.

[n general, sulphide ores under normal conditions are not attacked by
an acid, alkali or salt solulion. However, on converting the sulphide ores to
oxide ores, the difficulty may easily be overcome. The conversion of a
sulphide mineral to the oxide mineral could easily be performed by heating
the material in presence of air (mostly autogeneous) which is termed as
roasting. Sometimes, the ore may be subjected to the chlorodizing-roasting,
in which the material is heated with a chlorinating agent like common salt,
hydrogen chloride (Produced by the reaction a NaCl with water vapour over
700°C), chlorine gas elc. The products are either volatile chlorides of the
desired metal contaminated with the chloride of the other metals or a
mixture of easily leachable non-volatile chlorides. To increase the selectivity,
the ore may in some cases, l:;e subjected to the "reductive roasting" or
"smelting". The result of the treatment is the reduction of a particular
mineral to its metallic or reduced state which eventually shows different
leaching characteristics. The most important example is the slag process in

titanium metallurgy from ilmenite.
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Sometimes alkali fusion is desired to render the mineral values
amenable to further easy treatment. In alkali fusion, the ‘ore (oxide or
silicate) is fused with an alkali or alkaline earth reagent (e.g. CaO, Na,CO,,
NaOH, NaCl, Na,S0, etc.) in iron pot or rotary kilns. The example of alkali

fusion is found in the aluminium extraction metallurgy by Bayer’s Process.

(ii) PURIFICATION OF LEACHED SOLUTION :

The solution obtained on leaching often contains contaminants. The
contaminants are required to be separated from the desirable constituent
prior to the final recovery stage, the precipitation. The solution purification
is usually carried out either by (a) ion-exchange or (b) liquid-liquid
extraction.

In the ion-exchange method of solution purification, the leached
solution is percolated through a bed of cation or anion exchange resin,
during which the metal ion in i;he cationic or aﬁionic forms are absorbed on
the resin with the elimination of hydrogen ion or an anion (usually ClI” or
SOZ) respectively in equivalent amount. During the operation the
constituents which are inactive toward the resin are not absorbed and
separated. Sometime strong complex forming agent is used to make a
particular constituent inactive. Depending on the stability of the resin—
metal (absorbed) complex, different absorption beds may be obtained in the
column, one bed contains one metal ion only and the other contains other
metal jon. The cation exchange processes are acidity dependent. It is
inconvenient to fractionate the absorbed resin beds to get different

solutions of pure metallic compounds. The different solutions of pure metallic
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compounds can however be obtained by percolating the absorbed beds with
a suitable reagent in solution form. This process is called e.]ution. Acid or
salt solution are used to elute the absorbed solution in cation and anion
exchange systems respectively. The elution also regenerates the resin for
reuse,

The most convenient method for purification of leach solution is the
liquid-liquid extraction. While the ion-exchange method of solution
purification is tedious and applicable only to very small scale operations, the
liquid-liquid extraction method is very simple and applicable to both small
and large scale operations.

The liquid-liquid extraction is a technique of extracting metals from
their solution (obtained usually by suitable leaching of ores) selectively by
treating with a solvent (containing an extracting agent) which is capable of
forming metallic species more soluble in the solvent phase than in the
aqueous phase. The equilibrium stage of the process is called partition or
distribution and the species which distributed is called "distribuend". The
solvent is comprised of an extracting agent (which is either a liquid or solid
organic compound when pure) in an organic diluent especially hydrocarbons
. or chlorinated hydrocarbons. Organic solvent and the aqueous metal solution
form easily separable immiscible phases. The extractant itself and the metal
jons are partitioned in between the immiscible phases. Sometimes a third
constituent (modifier) is used to alter the physical nature of the solvent.

There are large varieties of compounds which may be used as
extractant for the metal ions in solution. These include (a) alcohols (1-

Octanol, for Co/Ni separalion), (b) ethers (diethylether, for extraction of
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many metals e.g. Fe(III), frc;m HF, HNO,;, HCl and H,S0, golutions), (c)
carboxylic acid (fatty acids Iike.palmi.tic, stearic or mixed versatic acid and
the neapthenic acids of general formula C;H,,-(CH,),~-COOH), (d) ketones
(acetylacetone, thenoyltrifluoroacetone, methylisobutylketone), (e) oximes
(Lix-reagents containing (=N-OH) group, very specific for Cu'’ extraction),
(f) organophosphorous esters (tributylphosphate, dibutylphosphate, di-(2-
ethylhexyl) phosphoric acid, dodecylphosphoric acid etc.) (g) amines
(trialkylmethylamine or Primen JM, dilaurylamine or Armeen 212, tri-n-
octylamine, Alamine 336 : a mixture of tri-n-octylamine énd tri-n~decylamine
etc.) (h) Oxine (8-hydroxyquinoline and its derivatives) and others like
dithizone (CgH;-N,-C(=s)~-NH-NH-(C¢H;), cupferron (C4H,-N(OH)-NO) etc.

The transfer of metals ions from an aqueous phase to an organic

phase in measured by the extraction ratio, E which is defined as follows :

Concentration of metal ion in organic phase, [M"']0

Concentration of metal ion in aqueous phase, [M"']‘il

The higher the value of E at equilibrium, the higher is the
extractibility of the metal ion in question by that particular extractant.

The method of transferring the extracted metal ion from organic phase
to aqueous phase is called stripping. In the stripping process, two purposes

are achieved.

i) Recovery of the metal values from the organic phase and

ii) Regeneration of the extractant for recycle.
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The stripping co-efficient is defined by

—_ Concentration of metal ion in aqueous phase, [Mm]al

Concentration of metal ion in organic phase, [M"']°

The higher the value of D' at equilibrium, the higher is the tendency
of the metal ion to be transferred to the aqueous phase. The stripping co-
efficient is the inverse of the distribution co-efficient, D. Stripping agents
depend on the nature of the extraction mechaniam. Ethers and neutral
organic phosphorous compounds such as TBP are readily stripped by water.
‘Acid organophosphorous compound may be stripped by acids or bases. On
treatment with suitable reagent, the stripping and the precipitation of a

metallic compound may occur concurrently.

(iii) RECOVERY OF METALLIC COMPOUND OR METAL FROM
" PURIFIED LEACH SOLUTION :

For recovery of a metal in its elemental state, the hydrogen reduction
or electrolytic method is usually practised. A brief account of the hydrogen
reduction process is given bellow :

When hydrogen gas is passed through an aqueous solution of metal
ion, any one of the following changes may occur depending on the nature

»

of the metal ion, reaction temperature and pressure : (a) reduction of a

4+

i 3
metal ion to a lower valency state without precipitation {e.g. Ce” to Ce” or

' 2= a5

Fed' to Fe®'), (b) precipitation of an oxide (e.g. MoO; to MoO, or MnO,; to
) . ; 2+

MnS), (C) precipitation of a sulphide (from sulphate solution of Zn“" to 7ZnS8)

and (d) precipitation of a metal in its elemental form. The precipitation of
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oxide and sulphids by hydrogen reduction is of interest to the Geochemists
and some of these products are also of interest to the chemical industries.
In order to get a precipitate of a metal in its elemental form, certain
conditions must be fulfilled which are discussed elsewhere38. Antimony,
arsenic, bismuth, gold, lead, silver, nickel, mercury, tin, cobalt, copper etc.
can be precipitated from their agqueous complex or simple salt solution by
hydrogen at high temperature (100-330°C) and pressure (~50-250 atm.).

Carbon monoxide, in lieu of hydrogen may be used for gaseousn
reduction of metal ions, but in such case, the rafe of reduction becomes too
slow for the very slow initiating step : CO + H,0 = CO, + H,;. In certain
cases, sulphur dioxide at higher temperature and pressure can reduce the
metal ions into their elemental forms, e.g. Cu®' + S0, + 2H,0 = Cu + H;30,
+ 2H'. The use of a more electropositive element to a solution of lesser
electropositive metal ion solution (e.g. Zn, Ni or Fe to cu*',Cu to pd*', Mg
to Be'’ or Zn to Ag(CN); or Au(CN);) has been found to be extremely helpful
to get the metallic precipitate (known as cementation process).

When the precipitation by gaseous reduction is not possible and
specially when the metallic compound rather than its elemental form is
desired, then metal ion in purified leach solution may be precipitated as a
compound by the use of a suitable precipitating agent which eventually
depends on the final product and the nature of the metal ion. Many metal
ions (excluding alkali and alkaline earth metal ions) precipitates as
hydroxide at lower acidities or in alkaline medium. The precipitated
hydroxides may be easily separated, dried and calcined to get pure metal

oxide. Other reagents like H,S, NH,OlH, (N11,),C0;, Oxalate etc. together with
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certain specific reagent like dimethylglyoxime for Nitt, (NH,),HPO, for Mg'!
etc. find application in precipitation of metallic compounds. Sometimes the
fractional precipitation using different precipitating agents may also be
suitable and essential for the purification of leach solution.

Another old and simple method for the recovery of metal from leach
solution is crystallization. While the solubility of the most metallic salts
increases with increasing temperature, above about 100°C the solubility
starts to decrease and at above 250°C, il becomes practically nil and the
precipitation of crystals takes place. The solubility of salts in water is also
decreased usually with the addition of an organic solvent (alcohol) miscible
with water. Otherwise, the addition of a complexing agent, decomposition of
a metallic complex ion or formation of a double salt may favour

crystallization.



CHAPTER-II

REVIEW OF LITERATURES

Before going to the objectives and experimental details of the work,
the following paragraphs summarize the important reports of our interests
so far appeared in journals, particularly in the last two decades. These
include the fractionation of black beach sand, direct leaching of ilmenite
with different inorganic acids, enrichment of titanium dioxide content of
ilmenite for chlorination process, chlorination, different roasting and fusion
processes and also the solvent extraction and precipitation characteristics
of titanium and iron from leach solutions.

This paragraph points out the recent works on the fractionation of
heavy minerals in heavy beach sands into the constituent minerals e.g.
ilmenite, rutile, zircon, thoria, magnetite, monazite, leucoxane etc.
Ya.mpo]’skaya39 has reported a flowsheet for treating marine sands.
Classification, tabling, electrical and magnetic separations, cleaning and
flotation steps have been u.sed to gel magnetite (>90%), zircon (91-93%),
garnet plus ilmenite (86%) fractions. Two pape1'340'41 describing the
fractionation of beach sands of two different places in India by the
electrostatic and magnetic methods have been reported. Using the
combination of various processes such as grinding, flotation and magnetic
separation, Hwang and Oh42 have separated magnetite from ilmenite. After
gravity separation the heavy fraction of the sand and gravel in Oregon and
Washington has been subjected to the low and high intensity magnetic, high

tension, and heavy medium separation techniques to get zircon, ilmenite,
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chromite, magnetite and gold fractions corresponding to 67-90% recoveries43.
A review with 10 references on methods for benefication of the Baltic region
marine sand containing ilmenite, rutile, zircon, monazite and other minerals
has been reported by Luszc_zikiewicz44. Several other reports on the
fractionation of Baltic sand have been appeared45_47. In these works,
gravity separation, magnetic separation (high & low intensity), high voltage
electrical separation, flotation methods have been used. Skripko et 81.48 have
used screw separator instead of cone separators for benefication of a
washed sand. The concentrate containing 59.2% ilmenite with ~95% recovery

49,50 has reported the fractionation of coastal

has been oblained. Ayranci
sands of Turkey using the seiving, tabling, gravity concentration by Wilfley
table, magnetic and electrostatic method. The beach sand of Pakistan coastal
area has been separated by applying gravity, electrostatic and magnetic
separation methods®l. There are also reports on the fractionation of heavy
and light minerals in beach sand of the coastal area of Bangladesh by the
use of bromoform (sp.gr. 2.9) and subsequent fractionation of the heavy
part by the electromagnetic method 3435,

In this paragraph, the reports on the dissolution of ilmenite (partial
or complete) with sulphuric acid have been assembled. There are many
papers52"67 in literature describing the leaching of non-pretreated ilmenite
with sulphuric acid of different concentrations to get either partial
dissolution for enrichment of ilmenite or complete dissolution for further
precipitation, hy_drolysis or solvent extraction treatments to prod.uce pigment

grade titanium dioxide, Beside these works, the leaching of ilmenite with a

.68 ‘o
mixture of sulphuric acid and ferrous sulphate solulion™, with =sulphuric
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acid in presence of the constant supply of air®®, with a mixture of sulphuric
acid and sodium chloride70, with a mixture of sulphuric acid and potassium
sulphate solution at 350°C7! and with dilute sulphuric acid (~10%) at high
temperature (~160° and pressure ~200 PSI)72"73 have been carried out. A
mechanistic work on the leaching of ilmenite with sulphuric acid in which
the effects of temperature, particles size, stirring speed and concentration
of sulphuric acid on the rate of dissolution of ilmenite have been reported
by Han et 31.74. The Arrhenius activation energy is 64.4 kJ mol'l. The rate
of dissolution is increased with increasing concentration of sulphuric acid
(upto 28 g mol dm'a). The maximum leaching at 28 g mol dm'l sulphuric acid
is explained partially by the H' concentration peaks at about this
concentration, and also the reaction products TiOSO, and ferrous sulphate
covered the surface of ilmenite when high concentration of sulphuric acid
used, but dissolved in water and are removed from the surface when dilute
acid involved. The overall leaching has been described best by surface
chemical reaction limiting with an order of 0.55 with respect to acid
concentration. Rieck et a1.75 have patented a work on the dissolution of
slag-ilmenite mixture by the waste sulphuric acid obtained from the titanium
dioxide manufacturing plant based on the sulphate process. Another ma.r_nerr]6
describing the regeneration of sulphuric acid from the effluent of sulphate
process, its use to produce syntLhetic rutile from ilmenite and the
manufacture of sulphuric acid by Bayer process from ferrous sulphate
produced in different stages has been published. From phosphorous
containing minerals of titanium, phosphorous could be removed by leaching
)77

with dilute sulphuric acid (756 g dm"a) at 30°C stage-wise (2 h/stage or
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with 40% sulphuric acid solution at 120°C for 10 hours at solid to liquid
ratio of 1 : 778, For dissqlution of ilmenite, the prior digestion with
concentrated sulphuric acid (88%) at 200°C for 3 hours and subsequent
leaching with waler has been reported79. A study on the leaching with
sulphuric acid has been recommended for vanadium and chromium removal
from ilmenite80,

A large number of works81-87 has been reported on the leaching of
non-pretreated ilmenite with hydrochloric acid of different concentrations
to achieve either partial dissolution in preparing synthelic rutile or complete
dissolution with an aim to prepare pigment grade titanium dioxide. SinhaB8
and Yoshikoshi et 31.89 have reported that the reactivity of ilmenite for
leaching with (20 wt. %) HCl at high temperature (108-110°C) is increased by
prior oxidation at 950°C and reduction at 850°C of ilmenite. According to

90, the iron removal from ilmenite by hydrochloric acid at 50-

Hussein et al.
90°C is the lowest after pre—oxidation, ~35% from powdered ilmenite and ~95%
from pre reduced ilmenite (by hydrogen at 700°C). To].]ey91 has patented a
work on the leaching of pre-roasted (600-900°C) ilmenite with hydrochloric
acid solution at 80-110°C. Rutile has been preparedgz from ilmenite by pre-
oxidation at 1000°C for 30 minutes, pre-reduction with charcoal at 950°C for
1 hour and subsequent leaching with 20% hydrochloric acid. The same
procedure has been followed by Sinha93 to remove iron from ilmenite,
excepting that he used 900°C for oxidation and 800-900°C for reduction in
fluidized bed reactors. Non aqueous hydrochloric acid (HCl-CH30H and HCI-

CZHSOH) solution have been used to leach iron from ilmenite at room

’ : . . .94
temperate and compared with the leaching by aqueous hydrochloric acid™".
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Farup95 has dissolved iron from ilmenite by heating it with three times its
weight of 20% hydrochloric acid at 70-80°C for 12 houre and the titanium
dioxide residue has then converted into soluble form by digestion with
concentrated sulphuric acid. Prior oxidation and reduction of ilmenite with
subsequent leaching by hydrochloric acid are shown to be useful for

chromium removal96 from ilmenite.

This paragraph is devoted to the works done on the direct leaching
of ilmenite with acid leaching agents excluding sulphuric and hydrochloric
acids. For titanium dioxide recovery from ilmenite, Nagasubramonian and
Liug7 digested ilmenite with aqueous hydrofluoric acid. The leaching of
ilmenite in hydrofluoric acid as regards to the contact time, acid concen-
tration, solid to liquid phase ratio, number of leaching-stages and tempera-
ture has been investigated by Biswas and Mondal98. About 81% titanium is
dissolved within 5 hours by 6.5 g eq dm™ hyAdrofluoric acid at boiling point.
Multi-stage leaching is not advantageous, but the leaching is toco much
temperature depeﬁdent. The kinetics of this process has been investigated
by Hansen and T.ra.ut,gg. They have reported that the leaching rates of
titanium and iron from ilmenite are increased with increasing temperature
(23-65°C) and hydrofluoric acid concenlration (4.64-29 g eq dm™?) bul
decreased with increasing the particle size (20-74um). The activation energy
of titanium and iron leaching from ilmenite are 52.6 and 48.4 kJ mol™!
respectively. The recovery of titanium and iron in leach solution is 100 and
99% respectively by leaching with 19.33 g eq dm™? hydrofluoric acid for 40
minutes. The nitrofluoro process (leaching with the azeotrope non—agueous
hydrofluoric-nitric acid boiling at 52°C) has been report‘ted by Kigo_shi
et 21190, According to this work, the most of titanium from ilmenite is

s . Lo 101
dissolved in solvent and iron can be precipitated selectively. Vicintinn
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has mixed 88 (wt.)% titanium dioxide (rutile) with twice its weight of sodium
fluosilicate and heated to 700-800°C in a fluidized bed reactor and dissolved
the resulted mass in dilute hydrofluoric acid at 60-90°C. A patant102 on the
alkali leaching (NaOH) of ilmenite to remove aluminium oxide, silicon dioxide
and arsenic has been appeared to produce raw material- for chlorination
Process.

In the following few paragraphs, the works on the oxidation,
reduction, roasting and fusion of ilmenite (or synthetic rutile) have been
summarized. There are many studiesloa—“z on the reduction of ilmenite with
carbon in the form of charcoal, coal, coke, graphite etc. in the temperature
range 700-1100°C. In these studies iron in ilmenite has seen reduced to
metallic iron and/or iron carbide which are either leached out with dilute
acid 109,107 (sulphuric or hydrochloric) or separated magnetical]ylod‘“lm.
Leaching with concentrated §u1phuric acid resulted in the dissolution of
titanium dioxide but not of iron probably due to the fact that iron becomes
passive in contact with concentrated sulphuric acid109-108 1t s also
reported that the leaching in presence of added iron filings with sulphuric
acid of the reduced mass (graphite) gives better results than that of
unreduced massloa. Carbon reduction followed by impurity dissolution and

electrolysis has also been investigated to get metal free titanium dioxidellz.

The carbon reduction of ilmenite has been studied in electric ar0113'114
(temperature over 1700°C) and plasma arct1® (temperature 2300-2400°C)
generaled between a thoriated tungsten cathode of a plasma torch and the

sample in the crucible serving as anode.

Excepting carbon and carbonaceous solid materials as reducing agent,

carbon mono.xi.delll’llﬁ’]'”, mixture of carbon monoxide- and carbon

dioxidellg, hydrogen111’117’119'120, methane121’122, coke oven gas123,

sowdust124 etc. have been used in the temperature range from about 700°C
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to about 1100°C to investigate the partial reduction of ilmenite. The kinetics
of hydrogen reduction of ilmenite has been reported by Kurihara et 31.125.
Ilmenite is transformed into metallic iron and rutile at 700°C and at higher
temperature, the rutile is reduced to lower oxides. The reduction rate data
are represented by equation : kt = [1—(1—R)1’3], where R is the weight loss
ratio of oxygen in ilmenite due to reduction. At 1000°C, the pseudo-brookite
(Fez'l‘iOS) and free rutile are identified as oxid:_ation produc't of ilmenite. The
reduction rate of pseudo-brookite is higher than that of ilmenite. From this
work, the workers concluded that pseudo-brookite and rutile are produced
by complete roasting of ilmenite ore, and its products are more easily
reduced than unroasted ore. The kinetics of reduction of ilmenite with
hydrogen and carbon monoxide have been reported by Daguang et al 126
Below and above 1000°C diffusion and phase boundary reaction respectively
are the rate controlling factor. The relation between the two controlling
processes and the reduction process has been discussed. At high
temperature, ilmenite is reduced to metallic iron. The kinetics of reduction
by carbon monoxide has also been reported by Merk and Pick1e5127. The
rate and the degree of reduction are increased linearly with increasing
temrerature to 1000°C. The addition of magnesium oxide, manganous oxide,
calcium oxide and silicon dioxide lowered the reduction rate of iron oxide in
ilmenite. Pre-oxidation at 700-800°C forms pseudo-brookite, which exhibits
higher reduction rate. The results obtained have been explained in terms of

the physical and chemical changes.

The reduction kinetice of a mixture of synthetic ilmenite and graphite

powder have been investigated in the temperature range 980-1100°C with
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various graphite contents under nitrogen and carbon dioxide atmosphere by

Kang and Yoonl28, pra data of the reaction are obtained simultaneously with

the measurement of the weight loss. The initial rate of reduction of ilmenite
has been explained in terms of solid-solid reaction between ilmenite and
graphite, and the latter stage of the reduction has been applied to the Rao's
physicochemical model for; reaction between solids through gaseous
intermediates. The activation energy of reduction by gaseous intermediates
is 282 * 8 kJ mol™ . In carbon dioxide little reduction of ilmenite is found
due to the infiltration of carbon dioxide into the pellet, The same gsystem has
also been investigated by Gupta et ab.lzg but in argon atmosphere. No
measurable reaction is obtained at 1000°C, but the rate is high at 1100°C.
An inflection in the reduction curve at ~2% weight loss at 1050 and 1100°C
is thought due to the difficulty in nucleating iron. The rate is increased
significantly by the addition of ferric chloride which promotes the nucleation
of iron. The addition of rutile decreases the reduction rate and addition of
manganous oxide stabilizes a pseudo-brookite phase.

The kinetics of reduction of ilmenite with lignite coal have been
investigated by Sucre et a..I.lSO using an inductively heated rotary kiln. The
influences of temperature (948-1115°C), pre-oxidation, char-to-ore ratio and
the rotational speed on the kinetics are examined by gas analysis and flow
measurements. Gupta et 81.131 investigated the same system monitored by
TGA, x-ray diffraction, optical microscopy and electron-probe micro-analysis
of the products. The rate of reduction and the size of iron particles
decrease with increasing degree of weathering of the concentrate.

Stoichiometric ilmenite is reduced faster than pseudo—rutile (Fe,0,TiO,),
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which is a weathering product. The addition of ferric chloride, which
promoted the nucleation of iron, increases the rate of reduction and
significant coarsening of t};e iron is obtained at 1000°C. In general, the
products of reaction are iron, rutile, reduced rutile, unreacted ilmenite and
pseudo-brookite solid solution. A small amount of manganese (1.2-1.6% MnO)
in the concentrates stabilizes a pseudo-brookite phase which retains a
significant amount of iron. Manganese also forms an a-oxide phase, (Fe,
Mn)TiO,, which is mainly a manganese titanate and concentrates toward the
centre of the reducing particles.

The metallo-thermic reduction of ilmenite has been investigated by few
worke1~3132"134. Behra and Mohanty132 reduced an ilmenite concentrate wit"h
aluminium-silicon mixture in presence of barium peroxide, potassium chlorate,
magnesium oxide, fluorspar and lime to yield ferro-titanium alloy. Maximum
titanium recovery (59.24%) and alloy yield (84.34%) are achieved with 12.5%
silicon (related to aluminum) and addition of potassium chlorate. Ferro-
titanate has been prepared by thermite reaction with powdered aluminium
and calcium133’134‘. TImenite 137 kg, powdered aluminium 8 kg and calcium
80 kg are mixed and ignited with barium peroxide to yvield 60.8 kg metal
containing 38.90% titanium (61.26% yield), 50.5% iron, 3% aluminium and 2.5%
silicon, and 162 kg slag. Addition of calcium oxide to make the ratio Ca0/Si0,
(in ore) within 0.8-2.0 instead of using powdered calcium improves the yield
(62.5%) slightly.

Roasiing in presence of alkali metal compounds has been investigated
by several works. Titanium dioxide (scattering coefficient 8960 cm? g'1 and

brightness 91%) has been prepared from beneficiated ilmenitelaﬁ. The raw
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material (10 pm) has been mixed with alkali metal hydroxide, oxide or
carbonate, roasted at 700-—960’0 for 2.5 hours, digested in 12 g eq dm™3
hydrochloric acid twice to form suspension and calcined the suspension at
900°C for one hour to get the product. Jebsen et at.13% have fused ilmenite
with an alkali metal compound, the melt is subjected to an oxidizing
roasting, heated with sulphuric acid to dissolve the gsoluble =salts, iron is
reduced to ferrous state by sulphur dioxide and the insoluble residue of
crude titanic oxide is purified by repeated treatment with sulphuric acid,
and the ferrous sulphate liquor is evaporated for the recovery of sulphuric
acid. Similar studies have also been made by Jebsen et a1.136 and other5137.
Barton 138 } .5 heated ilmenite with sodium sulphide to ferrous sulphide and
electrolyzed the product in agueous sodium chloride so that the liberated
chlorine effected the decomposition and solution of the sulphides. The
residue is relatively pure titanium dioxide. On the ohterhand, the workers
of titanium alloy manufacturing company139 have fused ilmenite with sodium
sulphide and the melt boiled with dilute sulphuric acid of such strength as
to dissolve only the iron. The residue is washed and heated with stronger
sulphuric acid to form titanium sulphate, which is dissolved in water, iron
is reduced to ferrous state, clarified and boiled to precipitate the titanium
as hydrous oxide.

Several other fusion methods followed by different physical and
chemical methods of separation have been investigated. Shiah140 has fused
ilmenite and calcium sulphate (1:10: to 10:1) in presence of hydrogen at
1500-1800°F to reduce iron m ilmenite to metallic iron and c;alcium sulphate

to calcium sulphide which is separated magnetically. The magnetic fraction
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is leached with ferric chloride solution to dissolve metallic iron and left a
titanium dioxide residue. Fratila et all4l have fused ilmenite with sodium
carbonate to remove chromium (chromite, FeCr,0,) from ilmenite. Ilmenite (0.1
mm) is mixed with sodium carbonate [1:(0.5-1)], calcined for 1.5-2 hours at
850-900°C and the resulting" sodium chromate is washed out by hot water.
The chromium content of ilmenite is reduced from 0,7-0.9% to 0.047-0.049% by
this treatment. Fusion of ilmenite below 1100°C with a mixture of sodium
carbonate and sulphite, magnetic separation of the calcine to titanium dioxide
and iron oxide from the non-magnetic gangue and partial leaching with
dilute sulphuric acid gives ~90% titanium dioxide for pigment
manufactureMz. On heating ilmenite with a mixture of calcium oxide and
sodium carbonate at 900°C, Saklatwalla et all43 nave prepared calcium
titanate which is purified by washing with water and then leaching iron
with 10% sulphuric acid. Calcium titanate is decomposed by concentrated
sulphuric acid (165°C) to produce calcium sulphate, and soluble titanium
sulphate, A combined fusion (sodium carbonate) and reduction (anthracite
dust, 800°C) process has been used by Pellereau et at:.144. Water leaching
and carbonation of the resulted mass, separates sodium carbonate, leaching
with dilute sulphuric acid removes iron, heating of residue at 150°C and
subsequent leaching with concentrated sulphuric acid makes a titanyl
sulphate solution. Readily soluble titanium sulphate has been prepared“‘5 by
heating ilmenite with sulphuric acid and alkali metal sulphate at 200-350°C.

Buckmﬂn146 heated a mixture of ilmenite, sulphur, barium sulphate and

coke in a Blast Furnace and dissolved the melt in strong hydrochloric acid.

A product composed of sodium titanate and metallic iron is obtained by
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smelting titaniferrous ore with coke and sodium hydroxide, which is
lixiviated with hot water and with 50-60% sulphuric acid to dissolve

147

titanium . Titanium dioxide concentrate has been obtained by oxidation and

reduction of ilmenite in preéence of sodium sulphite at 500-900°C in 3
stages, quenching in water, and by magnetic separationMB. Sulphatization
of ilmenite with ammonium sulphate has been investigated by Lee and
Sohn149. The optimum sulphation condition are temperature 400°C, time 3
hours, salt to ilmenite ratio 11:1, ilmenite particle size ~200 mesh. Water
leaching recovered 94.5% titanium and 98.8% iron.

Many reports on the chlorination of non-treated or treated ilmenite
are available in literature 1997161, Kinetics of the selective chlorination of

162. Ilmenite has been

ilmenite has been investigated by Deventer
beneficiated by selective chlorination in which the iron is selectively
chlorinated as volatile iron chloride, leaving behind an enriched residue of
titanium dioxide. Relatively high partial pressure of chlorine and low oxygen
partial pressures required for chlorination of iron. Under equilibrium
condition at 1200°K and 1 atm, selective chlorination of ilmenite is not
thermodynamically possible in the presence of carbon, since the chlorination
occurs practically in non equilibrium condition. Batch experiments conducted
at 915-970°C in a horizontal tube furnace have showed that the kinetics of
selective chlorination are limited by diffusion of iron through a product
layer of titanium dioxide formed from the outside of a particle. The iron
content has been used to follow the kinetics of chlorination. Only about 4%
of titanium is lost as volatiles during chlorination. Vanadium, silicon, calcium

and manganese are removed partially, whereas chromium, aluminium, niobium

and magnesium are not removed at all.
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There are hundreds of papers on the extraction behavior of Fe®* and
Ti** from aqueous solutions by varieties of solvents. In most cases, it is
found that the selectivity of the extractants towards the separation of Fe*
from Ti** is poor. The following paragraph summarizes the conditions at
which these metal ions are extracted from aqueous solutions.

Both the metal ions under consideration are extracted by

163,164 and ‘benzoylacetone164. With acetylacetone as an

acetylacetone
extractant, the extraction is quantitative for Fe2' in the pH range 2.5-7,
whereas it is 30% for Ti*' in the pH range 3-5. But with benzylacetone as
an extractant, both the metal ions are extracted quantitatively at pH ~3. The
complete extraction of Fe?* by thenoyltrifluoacetone has been reported from
various aqueous media by several workers189=169  The titanium (IV)
extraction by thenoyltrifluocacetone is also quantitative from 10-11 g mol dm™®
aqueous acid solution”o. Another common extractant, oxine or 8-
hydroxyquinoline extracts both iron (111)171—173 and titanium (I‘\.’)]"M'175
quantitatively from aqueous solution of pH ~2. With cupferron (N-
nitrosophenylhydroxylamine), Fe?* is extracted quantitatively from
concentrated hydrochloric acid so]ution”ﬁ_lal, whereas Ti'* is extractable
in the pH range 0—5177’182’183 depending on diluent and the synergistic
agents in organic phase. The partial extractions of Fe’' by amines have been
reported from aqueous soliution containing f]uoride184, bromide185,

187 188 189 190 191

sulphatelBG, thiocyanate , phosphate , cyanide , oxalate , tartrate

and citratelgz ions. Only the thiocyanate-amine extraction system is
quantitative for Fe3' and is used for the colorimetric determination of
iron193. With quaternary amines, Fe3* as anionic complex is extractable as

194,195 1, presence of anions like citrate and thiocyanate, it is
196,197 mpe

jon—pairs

extracted by low molecular weight secondary and tertiary amines
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organophosphoric acids have be:an extensively used to make investigation on
the extraction behaviors of Ti'*, Dibutylphosphoric acid198:199  pono-(2-
ethylhexyl)-phosphoric acid?%0, di-(2-ethylhexyl) phosphoric acid20l, di-
isoamylphosphoric acid?02 and di-tolyl phosphoric acid203 have been used
for the extraction of Ti%'. Likewise, there are many reports on the extraction
of Fe®* by alkyl phosphoric aciq204-207 and arylphosphoric acid208,209 With
most. of the organophosphoric acids, the clear-cut separations of Ti'* from
Fe®' in single-stage is not possible for co-extraction of the specieszm_zm.
The neutral organophosphorous ester, e.g. tri~butyl phosphate extracts both
t‘.itar.lium(IV)214—21'7 and iron(III)218_223. Carbonxylic acids also extracts both
titanitlm(IV)224'and iron(III)225"231 but poorly. N-benzoyl-N-phenyl-hydroxyl
amine (BPHA) extracts Ti** from strong acid?32:233 yhereas it extracts Fe®'
in the pH range 0.6 to 10234-236 5,4 in both cases the method has been
used for the colorimetric determination of the elements. The quantitative
extraction of Fe®' by B-isopropyltropolone (IPT) from week acid solution
(1)1{)237_239 and by methylisobutylketone (MIBK) from strong hydrochloric
acid solution (>7 g egq. dm—3)240—-251 have been reported. Titanium is not

reported Lo be extracted by MIBK.
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CHAPTER-III

OBJECT OF THE
PRESENT INVESTIGATION

Ilmenite is the most important ore mineral of titanium. It is the
compound oxide of titanium and iron. The production of titanium by
hydrometallurgical process has appeared to be easier than pyrometallurgical
processes. Titanium is generally extracted as dioxide from ilmenite fraction
by conventional sulphuric acid leaching and precipitation route. However in
the conventional process a large fraction of ilmenite is being rejected
undissolved and the co-dissolved associated transition elements such as Cr,
Ni, V etc. may be co-precipitated with titanium which may seriously discolour
the white pigment colour of titanium dioxide. The ilmenite found in
Bangladesh contains the transition metals such as Cr, Ni, Mn etc. so the
product obtained by the conventional method is coloured. To improve the
product quality, other ways are to be searched to utilize the ilmenite found
in our country. Consequently,! studies have been undertaken to find out an
easy leaching route for ilmenite with highest possible dissolution of titanium
{(with mineral acids) and then for the recovery methods of titanium and iron
as their oxides from the leach solution. For this purpose the following

experiments were proposed to be carried out stepwise :

1. THERMAL TREATMENT (ROASTING) OF ILMENITE POWDER WITH LPG
PYROLYSED PRODUCT AND SUBSEQUENT LEACHING :

Roasting has been proposed to be investigated as functions of time,

temperature, LPG flow rate and particle size. The X-ray diffraction data

have to be taken. Leaching of the roasted mass will investigated as
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functions of acid concentration, temperature, solid to liquid ratio and
agitation speed in hydrochloric and sulphuric acid to elucidate the optimum

conditions for roasting and leaching.

2. THERMAL TREATMENT (ROASTING) OF ILMENITE POWDER BY THE
REFORMED PRODUCT OF THE LPG-H,0 MIXTURE IN PRESENCE OF NICKEL
POWDER AND SUBSEQUENT LEACHING :

Roasting has been proposed to be investigated as functions of time,
temperature, gas flow rate and water vapour content in LPG to elucidate an
optimum condition for 1‘oasting=. To examine Lhe effect of roasting treatment,
the XRD pattern of the product will be taken. The leaching of the roasted
mass obtained at optimum condition are proposed to be investigated as
functions of acid concentration, temperature, solid to liquid ratio and

agitation speed to find out an optimum condition for leaching.

3. SALT-WATER VAPOUR ROASTING OF ILMENITE :

The studies on the salt roasting using NaCl, Na,S0O,, NaNO, and Na,CO,
as salts have been proposed to be investigated as functions of ilmenite
powder to salt ratio, time of roasting, temperature of roasting, carrier gas
flow rate and water vapour.pressure to find out the conditions for the best
roasting. The XRD patterns have to be taken to obtain ideas on the
composition of the roasted products. To obtain the optimum condition for
leaching of the salt roasted products, the leaching studies have been
proposed to be investigated as functions of acid concentration,. temperature,

agitation speed, solid to liquid ratio and the leaching-stages in hydrochloric

acid only.
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4, KINETICS OF LEACHING OF THE ROASTED MASS (NA2003—H20 VAPOUR
ROASTING) GIVING THE BEST DISSOLUTION (IN HYDROCHLORIC ACID) :
Kinetics of leaching of the roasted mass (NaZCO3-I~IZO vapour roasting)
giving the best dissolution (in hydrochloric acid) have been proposed to be
studied as functions of hydrochloric acid concentration, temperature and the
phase mixing rate (r.p.m). From this study the rate constants for dissolution

processes and the exponents in the rate equation are to be evaluated.

5. LEACH SOLUTION TREATMENT :

From the best leached solution, the methods for the isolation of
titanium and iron as pure compounds are to be developed using liquid-liquid

extraction and precipitation techniques.




CHAPTER-1V

EXPERIMENTAL

4.1 CHEMICALS USED, THEIR SOURCES
AND SPECIFICATIONS

All the chemicals used in this investigation excepting ilmenite sand,
LPG and Kerosin were of analar grade. Ilmenite used in all experiments was
collected in single lot from Bangladesh Atomic Energy Commission’s Pilot
Plant for separation of heavy minerals from beach sands at Cox’s Bazar.
According to the information provided by the BAEC’s Pilot Plant, the
composition of their supplied sand was : TiOz 38.5%, F9203 25.62%, FeO
29.75H%, SiO2 1.2%, P205 0.03%, MnO 1.3% and Cr203 1.08%. However, our
laboratory analysis showed that the percentages of titanium and iron were
27.8% (corresponding to 46G.4% TiOz) and 32.4% respectively. If we consider
50% iron exist as FeO and the rest as Fe203, then 90% of the supplied
sample was comprised of titanium and iron oxides. A residue amounting to
about 5% of the total mass was obtained, so that the rest 5% of total mass
dissolved was comprised of various metals oxide, viz. MgOo, A]203, MnO, Cr203
etc. The composition of the residue was not known to us. The supplied
sample was dry-ground in a ball mill and sieved to collect powder of
different particle sizes.

The liquified petroleum gas (LPG) in cylinder was collected from local

market. It was composed mainly of butane - cut of the Bangladesh Oil

Refineries. The cylinder was provided with a gas regulator. The diluent,

Kerosin used in liquid-liquid extraction was purchased locally and distilled
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to collect a white fraction below 180°C. Specification for all other chemicals

are given below.

Chemicals Producers Purity

1. Titanium dioxide s E. Merck 99.0%
2 Ferric ammonium

sulphate do 99.0%
3. Sodium sulphate do 99.0%
4. Methyl isobutyl do 99.0%

Ketone (MIBK)
5. Potassium

thiocyanate BDH 98.0%
6. Orthophosphoric

acid do B5.0%
7. Hydrochloric acid do 36.0%
8. Nitric acid do 69-72%
9, Sulphuric acid do 38.0%
10. Hydrogen peroxide do 30.0%
11. Oxalic acid do 99.8%
12. Sodium carbonate do 99.9%
13. Sodium hydroxide do 96.0%
14. Sodium nitrate do 99.5%
15. fodium chloride do 99, 9%
16. Hexane-1-ol do 98.0%
17. Nickel powder RIEDEL-DE-HAEN 99.8%

AG SEELZE-HANNOVER

18. Bis-2-(ethyl hexyl) Tokyo Kasei Industry 95.0%

phosphate (HDEHP)
19. Phenolphthalein Matheson Coleman & Bell Pure
20. Nitrogen gas

cylinder Bangladesh Oxygen Limited -
21; Ethyl alcohol Carew & Co., Bangladesh 95.0%
22. Potassium bisulflate E. Merck Pure
23. Benzene BDH 99, 0%
24. Ethylene glycol E. Merck 99.0%
25. n-Hexane BDH 99.0%
26. Toluene Hopkin & Willium -Pure
27, Chioroform BDH 99.0%

Carbontetrachloride BDH 99.8%

28.
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4.2 PREPARATION OF DIFFEREN'i' STANDARD SOLUTIONS

a) PRi“PARATION OF ACID SOLUTIONS :

The acid solutions of different concentrations were prepared by

3 HCl and 36 g eq dm™3

proper dilutions of 16 g eq dm ™3 HNOg, 12 g eq dm~
HZSO4 with distilled water. 15% HZSO4 solution was prepared by diluting 98%

HyS0,.

b) PREPARATION OF POTASSIUM THIOCYANATE SOLUTION :

About 100 g of A.R. potassium thiocyanate was dissolved in water in
a 250 cm3 volumetric flask, and the solution made upto the mark with

3

distilled water. The solution was calculated as 2 g eq dm “. This solution

was used in iron estimation.

c) PREPARATION OF OXALIC ACID SOLUTION :

As the molecular weight [(COOH)Z.ZHZO] and basicity of oxalic acid are
126 & 2 respectively, 15.75g of oxalic acid in 250 cm3 solution made 1g eq
dm_3 solution. This solution was used for the standardization of sodium

hydroxide solution.

d) PREPARATION OF SODTUM HYDROXIDE SOLUTION :

The caustic soda solution was prepared by dissolving the (~40g)
carbonate washed out sodium hydroxide pellets and the actual strength
determined by titrating with the standard oxalic acid solution using
phenolphthalein as indicator. The standard sodium hydroxide solution was

used to standardise the acidity of leached solutions.
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e) PREPARATION OF PHENOLPHTHALEIN SOLUTION :

As phenolphthalein is insoluble in water but soluble in alcohol (ethyl),

J

to 250 cm" alcohol about 10g of phenolphthalein was dissolved. This was

used as indicator in the acid-base titrations.

f) PURIFICATION AND PREPARATION OF HDEHP SOLUTION :

The commercial grade bis-(2-ethylhexyl) phosphoric acid has a purity
of about 95%. It was purified to about 99% by scrubbing its benzene solution
with aqueocus ethylene glycol solution several times and finally with fresh
water to remove any ethylene glycol in the organic phase252. It was then
dehydrated by using high vacuum pump. The purified HDEHP was found to

be about 99% on its mono-acid content.

Preparation of HDEHP solution : HDEHP is dimeric in kerosin. On this basis
1 g mol dm_3 solution of HDEHP was prepared by dissolving 329 cm3 of the

3 volumetric flash and

purified HDEHP (specific gravity 0.98) in a dry 500 cm
then made upto the mark with kerosin. This solution represented the stock
solution of HDEHP (stock-1).

Then 0.25g mol dm_3 HDEHP solution was made by taking out
appropriate amount of stock-1 into appropriate flask and diluting upto the

mark by kerosin after adding an appropriate amount of hexane-1-ol as de-

emulsifier. This solution was used to purify the leach solution for titanium

dioxide preparation.

g) PREPARATION OF STANDARD TITANIUM (IV) SOLUTION :

0.2g of commercially pure TiOz was fused with about 20 times of its

weight of KI»IS()4 in a suitable platinum crucible, keeping at fusion heat until
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the oxide dissolved (~1h). The fused mass was cooled at room temperature

and dissolved in 15% H ZSO4 by gentle heating. The solution was washed into
3 .

a 250 cm” volumetric flask and made upto the mark with 15% HZSO4 solution.

Then

1

1 cm 0.0008 g of TiO2

0.0048 g of Ti

h) PREPARATION OF STANDARD IRON (III) SOLUTION :

0.864g of A.R. ferric ammonium sulphate [Nll4Fe(SO4)z.12HZO] was
weighed out into a 1 dm3 volumetric flask, dissolved in water, and made

upto the mark after adding 10 t::m3 of concentrated hydrochloric acid. Then

1 em® = 0.0001 g of Fe

i) PREPARATION OF MIBK SOLUTION :

The molecular weight (100.16) and the specific gravity (0.8) indicate
that the undiluted methylisobutyl ketone (99%) is about 8 g mol dm—3 in
strength. Whenever necessary, it was diluted with distilled kerosin to get

the solutions of different concentrations. This solution was used in the

3+ it

from in leach solution.

separation of Fe

j) PREPARATION OF 1G MOL DM“3 SODIUM CARBONATE SOLUTION :
1 dm™3 amount of 1g mol dm™=3 sodium carbonate solution was prepared
by dissolving 106g anhydrous sodium carbonate. This solution was used in

stripping and precipitation of Ti4+ from the HDEHP extract.
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4.3 EXPERIMENTAL TECHNIQUES

4.3a) ANALYTICAL TECHNIQUE : SPECTROPHOTOMETER

Spectrophotometry is concerned with the determination of the
concentration of a substance by measurement of the relative absorption of
light. with respect to a known concentration of the substance.

A Bausch and Lomb spectronic-20 spectrophotometer has been used to
estimate the amount of ’I‘i4+ and Fe3+ in solutions. It operates from a 115
volt, 60 Hz main. The wavelength is from 375 to 650 nm, and can be
extended to 950 nm by addition of a red filter and exchange of photo-tubes.
The effective band width is 20 nm. The instrument consists of a diffraction
grating monochromalor and an electronic detector : amplification and
measuring system. Special small test tubes (1 cm width) are used as
containers for the sample.

For spectrophometric work, the wavelength control is rotated until the
desired wavelength in nm is indicated on the wavelength scale. The amplifier
control is adjusted to bring the meter needle to zero on the "Percent
Transmittance Scale" or « on the "Absorbance Scale". The test tube
containing water or blank solution is then inserted in the sample holder.
The light control is then rotated until the meter reads "100" or "0". The
unknown sample is then inserted in place of the blank and the percent
transmittance or Absorbance Ljead directly from the meter.

The chief advantages of spectrophometric analysis are that they
provide Lhe sample, easier and prompt means for determining minute

guantities of the substances more accurately in comparison to the other

methods such as volumetric, gravimetric etc. methods.
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The spectrophotometry is based on the Beer-Lambert's law

I, _
10g —ECt L L L T T S S S S T T Y S S S S S S S (3)
It

where, IO and It; represent the intensily of incident and transmitted light,
and €, c and t represent the molar extinction co-efficient, concentration in

g mol dm ™3

and thickness of solution medium respectively. The term in the
L.H.S is called absorbance (A) or optical density (0.D), whereas (It/IO) is the
transmittance (T).

The equation (3) represents that the absorbance is proportional to the
concenkbration. Hence by plotting ‘A’ (ordinate) against concentration
(abscissa), a straight line passing through the origin is usually obtained.
Thus if the absorbances for a number of solutions of known concentrations
are determined with a spectrophotometer and a calibration curve is
constructed, then the unknown concentration of the same substance can be
read off from the calibration.curve after measuring its absorbance. -

Discrepancies in spectrophometric analysis are usually found when the
coloured solute ionises, dissociates or associates in solution. Discrepancies
may also occur when monochromatic light is not used. Throughout. the whole

investigation, the concentrations of titanium and iron in leach solutions were

determined by spectrophometric method in order to calculate the percentages

of Ti and Fe present in solution,

i) SPECTROPHOMETRIC ESTIMATION OF TITANIUM (IV) :

The addition of HZO2 to an acidic Ti4+ solution produces a yvellow

= : 4+
col.ourz53 due to the formation of TiOz(SO4)22 on Tl(HZOZ) . UPto 0.5 mg

of TiOz per cm3, the intensity of colour is proportional to the amount of the

...3 .
element present. The final solution should be 3 to 6 g eq dm " in HZSO4.
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Construction of calibration curve for titanium (IV) : 1.0 c:m3, 2.0 cm3,
3 3 3 .
3.0 cm”, 4.0 cm”, 5.0 cm", 6.0 cm? portions of the standard solution (vide,

sec, 4.2g) of titanium were taken in six different 100 cm3 volumetric flasks.
To each flask 1.0 cm® of 30% H,0, was added. The flasks were then made
upto the mark with 15% 1{2504. A blank solution was prepared and used to
calibrate the spectro-photometer. The absorbances of the samples were
measured at 415 nm. A straight line was obtained by plotting absorbances

against concentration. The c;a,]ibr&tion plot is shown in the Fig. 2.

Estimation of titanium (IV) in the leach solutions : The concentration
of ’.l‘i4+ in the non-fluoride leach solution was measured by comparing the
absorbance reading, obtained on proper dilution (A<0.3) of leach solution
with 15% HZSO4, after addition of 1 cm3 HZPO4 (to eliminate the effect of co-
existing F63+ in leach solution) and 1 cm3 30% HZOZ with the standards in

the calibration curve,

ii) SPECTROPHOMETRIC ESTIMATION OF IRON (I17) :

Depending upon the concentration of thiocyanate ion, ferric ion
react8253 with thiocyanate to give a series of red—-coloured compounds, at
low thiocyanate concentration the prodominant coloured species is
[Fe(SCN)]2+, whereas at 0,1g eq dm_3 thiocyanate concentration it is largely
[Fe(SCN)GJ—:}. In the spectrophometric determination, a large excess of
thiocyanate should be used, since this increases the intensity and also the
stability of colour. Strong acid gsuch as hydrochloric acid of concentration

_— 3+
0.05-0.56g eq dm—3 should be present to suppress the hydrolysis of Fe"™ .

. ! 3 3
Construction of calibration curve for iron (III) : 1.0 cm”, 2.0 ¢m™, 3.0
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3 3 3 .
cm”y, 4.0 cm™, 5.0 cm” portiohs of the standard solution of iron (vide sec.
4.2h) were taken in five different 100 cn13 volumetric flasks. To each flask
3 3

5¢ eq dm

5 cm nitric acid and 10 cm3 2g eq dm-3 potassium thiocyanate

solutions were added. The flasks were then made upto the mark with
distilled water. A blank solution was prepared to calibrate the spectro-
photometer. The absorbances of the samples were measured at 480 nm. By
plotting the absorbances against their respective concentrations, a straight
line was obtained. The calibration curve is given in the Fig. 3 as absorbance

J+ . . -
versus Fer} concentration in mg cm 3.

Estimation of iron (III) in the leach solution : Aliquot of properly

3 3 nitric acid on

diluted leach solution was oxidized by 5 cm”™ 5 g eq dm~
heating. To it 10 cm3 2g eq dm—3 KSCN solution was added and diluted upto
the mark with water. The absorbance (A<0.3) of resulting solution was
determined against blank solution. This method is suitable for determination
of FeSt in hydrochloric acid leach solution. The concentration of 17‘(—33+ in ion
in leach solution could be obtained by the difference of the estimated
amounts obtained with and without HNO3 oxidation.

In case of sulphate leach solutions, the absorbance of the solution was

not constant but varied with time. So after the solution preparation a

definite time (30 mins) was allowed prior to the measurement of the

absorbance values.
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4,3b) PHASTEE MIXING :

i} IN SOLID-LIQUID SYSTEM : MAGNETIC STIRRER :

The heating and the stirring of ilmenite sand during leaching in HCI
and 1128011 has been done by.a magnetic hot plate (MM-1 Magnetic stirrer).
A rotating field of magnetic force is employed to induce wvariable speed
stirring action with in either closed or open vessels. The stirring is
accomplished with the aid of a small magnet sealed in polythene which is
caused to rotate by the rotating magnet. The voltage on the armature of the
motor is controlled by an auto-transformer with multiple tapping, while the
field windings are supplied with a constant high voltage. This arrangement
gives a range of very slable speeds and high torque at low speed. The
control of speed is for superior to that obtained with a rheostat. The usual

model has a 1/30 H.P motor and the speed attainable is 50-700 r.p.m.

ii) IN LIQUID-LIQUID SYSTEM : SHAKING MACHINE :

For small scale or preliminary liquid-liquid extraction studies, shaking
machine has been used. It is an electrically driven Zencon's Stuart Flask
Shaker with eight arms (220 Vv, 50 Hz). For phase mixing, the aliquots of
aqueous and organic phase are taken in reagent bottle and agitated for a
definite time in a thermostated water bath. After phase separation the
heavier aqueous layer can be separated from the organic layer by pipetting.
The shaking speed could be controlled by a regulator. For bulk phase
mixings, 1 dm?® separating funnels have been used and the phase mixings are

affected by a multidirectional flask shaker (Gallenkamp SD-250), 220 V, 50

Hz, 36 x 63 x 36 cm({overall) 11.5x38x18 cm carrier internal, motar power =

1/20 H.P, 170 Mev/min in ambient condition.
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4.3¢c) HIGH TEMPERATURE APPARATUS : ELECTRIC TUBE FURNACE :

For various thermal treatments of ilmenile, a Griffin 1450°C Tube
Furnace has been used. The furnace has two tube-holes and a close
temperature control. Metallic or refractory tubes upto 32 mm O.D. can be
accommodated. Tt has a well ventilated enamelled sheet metal case. Healing
chamber is constructed of high quality insulating blocks and healed hy
silicon carbide elements. The furnace Lemperature is controlled by a PL/13%
Rh-PtL thermocouple connecled Lo a non-indicaling potenliometric proportional
conbroller. The temparalure selling dinl has a range 0-1500"C and an
effective length of 15 cm. The over-all size is 45 cm x 33 cm x 48 cm. It can

be operated by 220v, 50 Hz supplies.

4.3d) GAS FLOW REGULATION :

As the liquified petroleum gas in cylinder is used only for the cooking
purposes in urban areas in Bangladesh, the cylinder has a special type of
regulator which only opens and closes Lhe passage of gas and consequently,
it could not be used to control the gas flow rate properly. The laboratory
gas-regulators could not be fitted with the LPG cylinder. To regulate the
LPG flow from the cylinder, we adopted the following technique :

In this technigque, a screwed gas flow regulating clip was used across
the gas-exiting plastic tube. At a certain screwed condition of the clip, the gas
[low rate was determined by waler displacement. When the flow rate became
known, the gas was allowed to burn in a Bunsen Burner with a tall flame whose
height was measuved corresponding to several gas flow rates (varied by the
screw of the clip), the flame heights were determined, and plotled as [lame
height (in inch) versus gas flow rate (in cm® min~!) in Fig. 4. During the whole
exporiment, the gas flow rate was then regulated by the screw of the clip until
the flame height for the desired flow rate was obtained. In all the experiments,

the gas flow rate refers {o that at ambient temperature.
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4.3e) THERMOSTATS : TEMI-‘I".R{\TURE CONTROL TN LIQUID-LIQUID EXTRACTION:

In order to investigate the liquid-liquid extraction studies at constant
desired temperature, a water bath has been used, whose temperature is
controlled by a thermostat-regulator, a heater and a stirrer. When a
temperature lower than the ambient temperature has been needed, ice is
added lime to time. An accurate thermometer has been used to check the

actual temperature of the bath.

4.37) ACIDITY MEASUREMENT : PH METER :

A "Corning-7" model pH meter (assembled with a glass and a colomel
reference electrode) has been used for the measurement or for the
adjustment of acidity and alkalinity (more accurately hydrogen ion activity)
of the aqueous solutions. The operating procedure is simple. The
temperature compensator is first set. The glass electrode is cleaned and
dipped into the distilled water for a short time, and then inserted into a
buffer solution of known pH (pH 0.65-5). After giving power to the
instrument, the galvanometer reading is adjusted to the known pH of Lhe
solution by adjusting the amplifier control. The electrodes are washed
several times with distilled water and the residual water present on the
surface of the electrodes is removed by touching a filter paper. The tesl

colution is taken in a beaker and electrodes are dipped into the solution to

read the pH of the solution.

4.3g) SIZE REDUCTION : THI BALL MILL :

A Ball Mill (Norton, Chemical Process Products Division, SL. No. CV-

75138) has been used for dry-grinding of ilmenite. It consists of bowl
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containing about thirty porcelain balls of different sizes and two slow
rotating rolls on which the bowl can rolate. The grinding action is achieved

by impact of the balls in the bowl.

1.3h) S1Z1E SORTING : THE SIEVE SHAKER :

During the grinding operation in Ball Mill, the particles of different.
size of the ground ilmenite have been separated from time to time by a Kurl
Kolb Sieve Shaker (220 v, 50 Hz) to avoid over-grinding. Three sieves, viz.
200 pm, 1256 pm and 65 ym sieves have been used. The fractions collecled
over 200 pm and 125 pm sieves are charged to the Ball mill for regrinding,
whereas the fraction collected over 65 um sieve is stored in a dry botile for
use in the experiment. The under-size from the 65 pm sieve has been
rejected. The sieving is affected by Lhe simultaneous circular and verlical

vibratory motions on the sieve.

4.3i) X—RAY DIFFRACTOMETER :

The X-ray powder diffraction patterns of the samples were recorded
according to the step scanning procedure (step size, 0.03") using a
computerized Philips PW 1710 Diffractometer using Nickel filtered CuKa
radiation (A = 1.5405 "A) at 40 Kv and 20 mA. The X-ray patlerns were
taken with complements from the Ilaboratory of Inorganic Chemistry,
Department of Chemistry, F‘m"u.gia University, Perugia, Ttaly. The interlayer
spacings ("d" values) weve calculated from the 28 values of maximum

inflections as given in the chart in Appendix-I.
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4.4 EXPERIMENTAL PROCEDURES

4.4a) EXPERIMENTAL SET-UP AND PROCEDURES FOR DIFFERENT THERMAL

TREATMENTS OF ILMENITE PRIOR TO LEACHING :

The following experimental set-up (Fig. 5) was used for thermal
treatment of ilmenite in presence of liquified petroleum gas (LPG). A definite
amount of ilmenite (5 g <125 >63 pm) was taken on a stainless steel boat
(17.5 >m long, 0.D 2.05 and ID 1.96 cm). The boat was placed inside a steel
pipe, which was 92 cm long, 2.73 cm in OD and 2.18 cm in ID. To facilitale
the placement and removal of boat, a steel wire (30 ¢cm) was connected lo
the boat. The steel pipe was put in a horizontal position in one of the two
tube~holes of an electric tube furnace. One end of the pipe was connected
to a LPG cylinder through a high temperature cork and polypropylene tube.
Within the cork and main stopper of the cylinder, the polypropylene tube
waé provided with a screwed gas flow regulating clip. The screwed
regulating clip was used instead of a common regulator as indicated
previously (Vide Sec. 4.3d). The other end of the steel pipe was connected
to a Bunsen Burner through a high temperature cork and polypropylene
tube. Bunsen Burner was used to burn off the out comming gases such as
non-pyrolysed LPG and hydrogen.

For carrying oul a roasting experiment, the boat containing the
ilmenite was placed inside r.he.steel pipe and all the connections were made
air tight. The gas flow rate was then fixed by opening the cylinder cork
completely and adjusting the flow stopper to get a certain flame height

corresponding to a definite flow rate. After this adjustment, the gas flow
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a, LPG cylinder; b, regulator of the cylinder; ¢, rubber connecting tube; d, gas flow
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Fig. 5 Experimental set-up fo
gas.
regulating clip; € electric t
boat containing iimenite and j, gas burner.




Experimental 59

was stopped by the cylinder cork only. The ilmenite inside the steel pipe
was pre-heated to a desired temperature by the electric furnace. The
temperature of the furnace was thermostated within *15°C, and occasionally
verified by a pyrometer (Alnor instrument company, upto 2500°C).

On attainment of the desired temperature, the gas was allowed to flow
through steel pipe at the pre-fixed flow rate just by operating the cylinder
cork and the out comming gases was burnt off. After passing the gas for
a definite time, the temperature was allowed to fall to ~150°C. The material
on the steel-boat was then taken out with the aid of the attached wire. Tt
was cooled to room temperature over P,0,,in a desiccator and then weighed.

As it was not possible to measure the extent of roasting by the
analysis of the out comming gases for laboratory facility limitations, any
change obtained from this treatment was realised by comparing the
percentages of metals dissolved on leaching of the treated product in 6 g
eq dm™? HCl and n,80, with those obtained for the non-treated ilmenite
leached with the same acid concentrations. The treated material was also

analysed by the powder X-ray diffraction and compared with that for non-

treated ilmenite.
1

The experimental set-up used for treatment of ilmenite powder with

LPG-water vapour mixture in presence of nickel powder as caltalyst was

essentially the same as described above. However, there were some

differences, which are described below :

1. Here two steel pipes were used; one (pipe I) containing the ilmenite

powder and the other containing the nickel powder (pipe II) on steel

boals.
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2. Pipe Il was connected a{r-tightly to the LPG cylinder through a water-

bubbling device which was immersed upto its neck in a thermostatic
water bath (£0.5°C). The LPG flow rate was adjusted as described earlier.
The gas was then allowed to be saturated with the water vapour at a
desired temperature by bubbling and finally the LPG-water vapour
mixture was passed through the pipe II containing the catalyst at a
desired high temperature.

3. The outcomming gas-mixture from the pipe II was allowed to enter the

pvipe I containing the ilmenite powder.

Here also the course of the thermal treatment was followed by leaching
and X-ray powder diffraction measurements.

A similar experimental set-up using only one steel pipe was used for
the salt (NaCl, Na,SO,, NaNO,;, Na,CO,)-H,0 vapour roasting. In these cases,
nitrogen as carrier gas was used. Nitrogen at a given flow rate was
saturated with water vapour at a given thermostated temperature and was
allowed to pass through the steel pipe containing ilmenite powder and the
se-xlt al a given ratio on a ceramic or fired earthen boat. Steel boat was nol
suitabie for its attaclk by the liberated acid during the thermal hydrolysis
of the salts. The acid atlack was also encountered with the steel pipe. As
we could not replace the steel pipe with an acid resistance pipe, the normal
procedure254"255 for studying the salt-water vapour roasting was not
followed. Consequently, the courses of the salt-water vapour roasting were

again determined by leaching and X-ray powder diffraction.



Experimental 61

4.4b) EXPERIMENTAL SET-UP AND PROCEDURE FOR LEACHING :

Most of the leaching experiments were done at the boiling points of
the leaching agents. For boiling temperature leaching, 50 cm® leaching agent
(e.gs 6 8 eq dm™® HC] or H,50,) was taken in a pyrex made 250 cm® flat
bottomed distilling flask. It was agitated and heated under reflux with the
help of a magnetic hot plate. The rotating speed of the stirring plastic
coated steel capsule was kept at 300 r.p.m. in most of the cases, otherwise
stated. When the leaching agent started to boil, the refluxing device (a
pyrex tube of length 1.5 m with a rubb.er cork) was opened and a weighed
amount (1 g) of the material to be leached was introduced. To effect proper
refluxing, the lower part of the refluxing tube wé.s cooled by wet cloth
wrapping. As soon as the material to be leached was added to the leaching
agent, the time of leaching whs counted. After certain intervals, aligquots of
the leaching solution (0.5 cm?®) were withdrawn from the flask twice, one for
titanium (IV) and other for iron (total) estimations in leach solution.

When the leachings were to be done at lower temperature, the leaching
flask was placed inside a beaker containing water at a thermostated
temperature, which itsell was placed on the magnetic hot plate. The water
'in the beaker and the leaching agent in the leaching flask were agitated

magnetically by lLhe same equipment but with different stirring capsules.

4.4c) PROCEDURES FOR LIQUID-LIQUID EXTRACTION AND STRIPPING :

In order to separate Fe3* from Ti'' in leach solution, the method of
liquid-liquid extraction and stripping have been applied to the leach

s . . a o3t
solution. In preliminary experiments, the extraction characteristics of Fe
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and Ti*" were found out with methylisobutyl ketone and di~2-ethylhexyl-
phosphoric acid. Since it will be seen later that the best leaching was
obtained with hydrochloric acid, the extraction characteristics was also
investigated from the hydrochloric acid medium. In small scale preliminary
experiments, aliquots of agqueous and organic phases (20 cm® each) were

taken in 125 cm®

reagent bottle, shaken for a pre-determined time period in
a thermostatic water bath, settled and the aqueous phase was pipetted out
for analysis of Fe3* and Ti*'. Sometimes, the organic phase was also analysed
after back washings.

In relatively large-scale operations, about 500 cm® portion of aqueous
phase was contacted with the extractant of definite concentration at an
organic to aqueous phase ratio (O/A) of 1.

Stripping was also done in a similar way to liquid-liquid extraction.
Aliquots of a suitable stripping agent (simply water for stripping of Fedt
from loaded MIBK phase, and 1 g mol dm™® sodium carbonate or 6 g eq dm™
hydrochloric acid solution for stripping of Ti!* from loaded HDEHP phase)
and the loaded organic phase (O/A = 1) were taken in a 1 dm® separating
funnel, shaked for about 5 mjnutes, gettled and separated. In the case of
stripping of Ti(IV) from HDEHP solution with hydrochloric acid solution (6

g eq dmm™3) the 0O/A ratio was kept at 10 to increase the concentration of

Ti(1V) in the stripped solution.

4.4d) PROCEDURES FOR REGENERATION OF EXTRACTANTS AND
PRECIPITATION OF METALS :

Puring the stripping operations of metal-loaded organic phase, the

metals transferred to the aqueous phase and the organic phase became
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almost free from metals, which could be used further for extraction. So, the
procedures for regeneration of extractant and the stripping were not
dif.ferent.

The precipitation of Fe®* from the aqueous stripped solution could be
easily done by the addition of a small amount of an alkali solution. The
precipitate could be filtered as Fe(OH), and ignited to Fe,0, Titanium (IV)
in the stripped sodium carbonate solution was precipitated as metatitanic
acid, H,TiO; spontaneously as the stripping proceeded. The precipitate could

be easily filtered, room-dried and ignited at 900°C to get TiO, powder.




CHAPTER-V

EXPERTIMENTS,
RESULTS AND DISCUSSION

5.1 LEACHING OF NON-TREATED ILMENITE POWDER BY
DIFFERENT MINERAL ACIDS

The amounts of titanium and iron dissolved on leaching of non-treated
ilmenite powder (<125 pm) by different acid (2 g eq dm"3 Hy804, HCl, HNOg,
1{0104 and HF) at their boiling temperatures have been determined at a solid
to liquid ratio (S/L) of 0.05 kg dm™ 3. The results are given in Table E at

three different leaching times.

Table E. Amounts of titanium and iron dissolved on leaching of non-treated

ilmenite sand by different acids.

Temperature = boiling temperature (~110°C),
S/L = 0.05 kg dm 5,

Particle size = <125 pm,

Acid concentration = 2 g eg dm—3,
Weight of ilmenite = 5 g (= 1.39 g titanium and 1.62 g iron).

Wt % of metals dissolved (0.05)

Acid 5h 15h 30h

Ti e Ti Fe Ti Fe
Hr 41.0 3.8 45.0 6.2 45.0 10.0
HCI 2.5 0.7 3.6 1.2 3.6 1.8
1INO4 1.4 1.6 1.8 3.6 2.1 6.2
H.50, 2.5 2.6 3.1 9.0 3.1 11.9
HC]O4 1.6 0.2 2.0 0.3 2.1 0.4
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It is apparent from Table E that excepting hydrofluoric acid, the
investigated most common mineral acids in diluted conditions are not at all
effective for acceptable extent of leaching of the non-treated ilmenite. A
thorough study on the direct leaching of ilmenite powder with hydrofluoric
acid was carried out in our laboralories by other workers and reportedga.
The methods for the purification of hydrofluoric acid leach solution
(separation of Fe3+/Fe2Jr from Ti4+) were encountered with some special
Lypes of problems, e.g. I?e3+/Fez+ could not be separated efficiently from

Ti4+

in presence of fluoride ion by the most common acidic, basic or neutral
exl',l‘acl,antszm. Consequently, we realised that the hydrofluoric acid leaching
route for processing ilmenite should be avoided and a more common acid
should be applied technically, so that the post-leaching processes bhecome
simple.

With hydrochloric and sulphuric acids the percentages of titanium and
iron dissolved have been found to be increased with increasing Lheir
concontrations. Table T in the Experimental Data Section and Fig. 6 shows
the percentages of titanium and iron dissolved at different time intervals
with 6 g eq dm_3 hydrochloric and sulphuric acids at their boiling points.
I is found that the percentages of titanium and iron dissolution are
increased with increasing the leaching time {upto 4h) in hydrochloric acid
medium with maximum dissolutions of ~53.5% Ti and 60.0% Fe, in comparison
to 3.6% Ti and 1% Fe dissolulions in 2 g egq dm_3 HCl medium. With further
increasing the concentration of hydrochloric acid, the dissolution
3

percentages are not so increased further. With 6 g eq dm ° sulphuric acid

as leaching agent, the maximum dissolutions have not been obtained even
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after 6 h'’s leaching. After 6 h, the percentages of titanium and iron

dissolved are ~17% and 20.5%, in comparison to ~2.6% and ~3% respectively
in 2 g eq dm™3 sulphuric acid solution.

From these studies, it is concluded that

1) the hydrochloric acid is a better leaching agent than sulphuric
acid having identical concentrations,
2) The equilibrium is reached rapidly with hydrochloric acid (4 h) in
comparison Lo that obtained with sulphuric acid (>6 h);
and 3) The hydrochloric acid leaching is much more concentration

dependent. (uplo 6 g eq dm_s) than the sulphuric acid leaching.

In all subsequent experiments, the progress of any pre-treatment of
powdered ilmenite will be followed up by the leaching characteristics of the
treated ilmenite with 6 g eq f.lm_3 HCl and H,S0, solutions which are given

in Fig. 6 or in Table 1.

5.2 THERMAL TREATMENT (ROASTING) OF ILMENITE
POWDER WITH LPG-PYROLYSED PRODUCTS AND
SUBSEQUENT LEACHING

n) ROASTING :

The thermal decomposition of hydrocarbon is known as pyrolysis.

256 .
Above 1000°C, methane is pyrolysed Lo carbon and hydrogen®’ . Other
hydrocarbons decompose rapidly at considerably lower temperatures, 500~

800°C. In presence of silica~alumina catalyst, pyrolysis occurs at still lower

temperature.
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Propane at 600°C decomposes to give four products : propylene,
ethylene, methane and hydrogenzw. Similarly, butane at such a temperature
gives butalene, propylene, ethylene, methane and hydrogen. So with higher
hydrocarbons, like butane in LPG could produce at least hydrogen at a
temperature around 600°C. It is therefore expected that hydrogen in the
pyrolysed product of butane/propane in LPG at a temperature around 600°C
can react with ilmenile to do some changes.

The effects of the following parameters have been investignted for

roasting of ilmenite with liquified petroleum gas pyrolysed products :

i} EFFECT OF ROASTING TIME :

A definite amount of ilmenite (5 g) have been roasted with LPG-
pyrolysed product (flow rate, 230 o::m3 min_l) at 650115°C for various times
of roasting such as 30, 45, 60, 75 and 90 min. The extents of roasting at
various roasting times have been determined by the subsequent leaching of
the roasted mass () g ilmenite = 1.014, 1.053; 1.23, 1.212 and 1.142 g roasled
mass after 30, 45, 60, 75 and 90 min’s roasting respectively).

The percentages of titanium and iron dissolved, on leaching of the

3

roasted masses equivalent to 1 g ilmenite, in 50 cm 6 g eq dm_3 HCl and

HoS50, at different leaching times are given in Table II and plotted in Figs.
7-9, as the percentages of metals dissolved against leaching times. From
these figures or Table JI, the maximum percentages of titanium and iron

dissolved in the acids at different roasting times have been tabulated in

Table III and plotted in Fig. 10, as the maximum percentages of melals

dissolved versus the roasting time.
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It is found that the maximum percentages of titanium and iron
dissolved in both leaching agents are increased with increasing the roasting
time upto 75 min and then decreased sharply. The effect of the LPG-roasting
time could be easily followed up by the maximum percentages of titanium and

iron dissolved in 6 g eq dm":3

sulphuric acid. The percentages of titanium
and iron dissolved in 6 h's leaching time in sulphuric acid are ~17% and
20.5% respectively for the non-treated ilmenite; and these values are
increased to ~59% and 71.5% respectively in 4h’s leachings for the LPG-
roasting time of 75 min. Similarly, when hydrochloric acid (6 g eq dm—s) is
used as leaching agent, the ma};imum percentages of titanium and iron
dissolved are increased from 53.5% and 60% for the non-treated ilmenite to
78.4% and 75.6% respectively for roasted ilmenite obtained after 75 min’s
roasting.

In our opinion, on hea;ting ilmenite in presence of LPG at ~650°C, the
ferric oxide or the pseudo;brookil;e phase is converted gradually into
ferrous oxide or ilmenite phase by reduction with hydrogen on carbon
produced from the decomposition of liquified petroleum gas alb the
temperature used. Possibly, ilmenite phase is more easily dissolved in
sulphuric and hydrochloric acid solutions. This phase transition is completed
possibly with 75 min at the roasting conditions stated. If the roasting is
prolonged after this Lime, the ilmenite phase is converted into another phase
(may be the mixture of TiO, and metallic Fe) which is less susceptible Lo
leaching with the acids under investigations. A thorough' study on Lhe
different phases oblained at different roasting conditions in presence of LPG

is needed to give the mechanisms of leaching. But, such a study need at
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least, a X-ray diffractometer and a thermal analyser for routine work. Due
to the lack of such facilities in our laboratories, such attempts have not
undertaken. Nevertheless as we are particularly interested on the conditions
at which a maximum dissolution of titanium and iron from our source ilmenite
can be obtained; tLhe st:udyl have been continued to find out a roasting
process and its condilion which may give the best leaching in the said
acids, Even then, some attempts have been lLaken to identify the phases
giving the best dissolutions by X-ray analysis which will be discussed lator

al the end of each section.

ii) EFFECT OF ROASTING TEMPERATURE :

5 g ilmenite have been roasted with LPG pyrolysed product (flow rate,
230 cm® min_‘l') for 75 min at various Lemperatures such as (600+15),
(650£16), (700%15), (750%15) and (800*15)°C. The extents of roasting at
various roaslting temperatures have been determined by the subsequent
leaching of the roasted mass equivalent to 1 g ilmenite (= 1.085, 1.212, 1.292,
1.961 and 3.78¢ roasted mass at 600, 650, 700, 750 and 800°C respectively).
Around and above 700°C, the amount of carbon deposiled is very high; and
it appears that the carbon deposition is increased with increasing
temperature which could casily be followed up by the weight gain of the
roasted mass.

The percentages of titanium and iron dissolved on leaching of Lhe
roasted masses oblained al different roasting temperatures at different
leaching times are given in Table IV. The plots similar to these given in

Figs. 7-9 could be drawn to find out the maximum percentages of metals
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3

dissolved on roasling at different temperatures. However, such plots have
not been included for simplicity; and the maximum percentages of titanium
an iron dissclved at different parameters could easily be evaluated from the
Tabie IV,

The maximum percentages of titanium and iron dissolved in6 g eq dm—3
hydrochloric and sulphuric acids are_given in Table V for different roasting
temperatures; and these data have been plotted in Fig. 11, as the maximum
weight percentages of metals dissolved against the roasting temperatures
in "C.

With both leaching agents, it is found that the maximum weight
percentages of titanium and iron dissolved pass through maxima at a
roasting temperature of 700°C. The roasting at 700°C for 75 min gives a
product which on dissolution gives 82.8% titanium and 79.1% iron dissolutions

3 sulphuric acid

in 6 g eq dm™3 hydrochloric acid, whereas in 6 g eq dm~
medium, the maximum dissolutions of 65% titanium and 72.9% iron are
obtained, With further increase in the roasting temperature, say to 800°C,
the maximum percentages of metals dissolved are decreased sharply. The
roasled mass at 800°C for 75 min gives 28.7% titanium and 51.7% iron
dissolutions in 6 g eq dm_3 hydrochloric acid and 17.5% titanium and 48.7%
iron dissolutions in 6 g-eq dm—3 sulphuric acid. From these results, it is
concluded that the optimum LPG-roasting temperature is 700°C and Lhe
roasting over 700°C will greatly decrease in the dissolution characteristics
of the roasted mass l:ogel;her: with the associated high carbon deposition on

roasted mass.

The pyrolysis of butane or propane in LPG at a temperature 800°C,
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should give only hydrogen, methane, other lower molecular weight saturated
and unsaturated hydrocarbons but not carbon. However, in our experiments,
we found the carbon deposition on ilmenite even at 600°C. Exact reason for
this is not known to us. It is likely however that the constituents of the
used ilmenite may anyhow act as catalyst for the decomposition to carbon
from methane produced on pyrolysis. This proposition has been suggested
on the ground that the carbon deposition takes place only over the ilmenite
powder, but not on the edges of the boat or on any other places within the
tube. Since 1'oasbl;ing, time is quite long (over 1h), to perform the roasting

at higher temperature is not possible due to the enormous gquantities of

carbon deposition.

ili) EFFECT OF LPG-FLOW RATE :
To study the effect of LPG-flow rate on roasting, 5 g ilmenite has
been roasted at (700+15)°C for 75 min at various LPG flow rates of 150, 190,

230, 270 and 310 cm3 min_].

The extents of roasting at different gas flow
rates have been understood from the leaching reéults of the roasted masses
(1 g ilmenite = 1.471, 1.375, 1.292, 2,641 and 3.99 g at gas flow rates of 150,
180, 230, 270 and 310 L:m:g min—'1 respectively). Above and below the gas flow
rates of 230 cm3 min—'l, Lhe weights of the roasted masses indicale that Lhe
amount of deposited carbon is very high.

The percentages {wl) of titanium and iron dissolved on leaching of the
roasted masses equivalent to 1 g ilmenite with 50 cm3 6 g eq deB

hydrochloric and sulphuric acids are given in Table V. From this Table, the

maximum weight percentages of titanium and iron dissolved on leaching with
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both leaching agents are given in Table VII for different gas flow rates.
Figure 12 represents the data in Table VII graphically as the maximum wt.%

metals dissolved versus roasting gas flow rate in cm® min~1

It is seen from the figure that the maximum wt. percentages of both
titanium and iron in either of the leaching agents are increased with
increasing the gas flow rate sharply upto 230 cm3 min—1 and then gradually
decreased, particularly in the case of titanium dissolution. For example about
83% titanium dissolution from the. roasted mass obtained in presence of gas
3 min~1

flow rate of 230 cm is decreased to only ~39%, 74%, 81.7% and 78%

titanium dissolution from the roasted masses obtained in presence of gas

1 and 310 cm® min~1

flow vate of 150 cm® minhl, 190 cm® min"l, 270 cm® min~
respectively., It may therefore be concluded that the optimum LPG flow rate
should be about 230 Cm3 min"1 and the roasting in presence of a lower gas
flow rate will greatly decrease the dissolution percentage of titanium
assocliated with higher amounts of carbon deposition on the roasted mass.

However, the reason why the higher amounts of carbon deposition takes

place below the gas flow rate of 230 cm3 min_1 is not clear to us.

iv) EFFECT OF PARTICLE SIZE :

In all the above experiments, the ilmenite powder fraction having

¢

particle size >63 pm <125 pm has been used. In order to find out the effect
of particle size of ilmenite on roasting, 5 g ilmenite of different particle size

such as <63 pm, >63 pm<125 pm and >125 pm has been roasted at (700%15)°C
1

. After roasting, the roasted
3

for 75 min at a gas flow rate of 230 cm® min”
masses corresponding to 1 g ilmenite have been leached with 6 g eq dm~

hydrochloric and sulphuric acids, to estimate the maximum percentages of
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titanium and iron dissolved for different size fractions. The results are
given in Table F.

The results given in the Table indicate that the roasting and
subsequent leaching with hydrochloric acid is little affected by the particle
size of ilmenite used in roasting. However, for sulphuric acid as leaching
agent, the roasting or more probably the subsequent dissolution of titanium
- and iron is decreased with decreasing the particle size. The cause of this
behaviour is not known to us. Nevertheless it should be pointed out here
that during leaching, as the particle size decreases, Lhe particles covered
with deposited carbon are floated out of the level of the leaching agent and
adheres to the side of the vessel, which may influence the dissohxtion

characteristics.

Table F. Effect of particle size on roasting.

Roasting time = 75 min

Roasting temperature = (700x15)°C
Roasting LPG flow rate = 230 em® min~!
Leaching temperature = boiling temperature
Acid concentrations = 6 g eq dm_3

Solid to liquid (S/L) ratio = 0.02 kg dm S

Leaching agitation speed = 292 rpm (HC1)/372 rpm (HZHO4)

Max. wt. % metals dissolved | Max. wt. % metal_s3 dissolved
Particle size, in 6 g eq dm ° HCl in 6 g eq dm © H,SO,
pm
Ti Fe Ti Fe
<63 82.8 80.6 44,7 36.5
>63<125 85.0 82.1 52.3 60.8

<125 82.8 79.1 65.0 77.8
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Roasted Product -

Knowing the best conditions for the LPG-roasting of ilmenite, about
60 g ilmenite (in 12 sets) have been roasted at (700x15)°C for 75 min at LPG

flow rate of 230 cm3 min-]“

. To verify any change occurring in ilmenite
during the roasting process, the X-ray diffraction patterns of the pre-
treated and roasted ilmenite obtained under the above condition have been
taken for comparison. The diffraction patterns of the two samples are given
in Fig. 13. The ‘d’ spacings of the two samples are also given in Table G,
which also includes the 'd’ values of synthetic ilmenite (pure) collected from
the ASTM cards.

It is seen from the table and the figure that the X-ray pattern of
pure ilmenite with high intensities also appeared in non-treated and the
LPG-roasted ilmenite samples. Low intensity peaks disappear. Some additional
peaks with moderate intensities appeared in our source ilmenite sample,
indicating the presence of other crystalline phase in the sample as expected.
These additional peaks disappear in the LPG-roasted mass to give another
new set of peak pattern. High value of the ‘d’' spacing in the roasted mass
(d = 9,923 & 8.310) suggests the formation of a clay like phase from the

impurities in ilmenite. This clay like phase probably catalyses the carbon

deposition on ilmenite.
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Table G. X-ray diffraction patterns of ilmenite and the LPG-roasted

ilmenite (at 700°C, for 75 min, in presence of LPG flow rate of
230 cm? min~1),

Ilmenite Iimenite LPG-roasted Ilmenite
our sample from ASTM card
d, A RI d, "A RI d, "A RI

a) Common peaks

3.723 41.4 3.737 30.0 3.723 34.9
2.745 100.0 2.754 100.0 2.745 100.0
2.534 70.0 2,044 70.0 2.539 57.2
2.344 34.1 2.349 2.0 2.347 11.3
2.231 22.4 2.237 30.0 2.231 10.8
1.865 30.3 1.868 40.0 1.865 35.1
1.725 33.7 1.728 55.0 1.723 29.1
1.503 18.6 1.506 30.0 1.5056 17.2
1.467 10.3 1.468 35.0 1.469 17.3

b) Additional peaks

4,000 38.7 2.177 2.0 9.923 6.4
3.329 23.4 2,103 2.0 8.310 44.1
2.693 12.6 1.831 1.0 4.177 4.2
1.694 13.6 1.653 2.0 3,454 11.8
1.688 11.5 ©1.635 9.0 3.336 51.9
1.454 30.1 1.621 3.0 3.236 5.1
1.434 1.0 2.789 38.9

2.514 5.3

2.436 4.2

2.023 14.4

1.632 10.1

1.621 7.6

1.541 5.3
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b) LEACHING :

To investigate the effect of various parameters on leaching
characteristics of roas_ted mass, the material prepared under the best

conditions has been used. The effects of the following parameters have been

studied :

i) EFFECT OF ACID CONCENTRATION :

A selected amount of ilmenite roast equivalent to 1 g ilmenite has been
leached with HCl and Hy S50, of different. concentration such as 2, 4, 5, 6 and

3 and at

8 g eq dm™3 at a solid to liquid phase ratio (S/L) 0.02 g dm
boiling temperatures. The weight percentages of titanium and iron dissolved
at various leaching intervals (1-5h) are given in Table VIII. However, the
weight percents of metals dissolved against various acid concentrations are
not shown graphically for simplicity. The maximum percentages of titanium
and iron dissolved in both acids of different concentration are evaluated
from the above table, and tabulated in Table IX and represented graphically
in Fig. 14.

It is seen from the above figure that the maximum weight percentages
of titanium dissolutions are very much decreased in both acids at concen-
trations below 6 g eq dm—3 particularly. The iron dissolutions are also
decreased similarly. Tn the acid concentration region above 6 g eq dm—B, the
maximum dissolution percentages are little increased with increasing
concentration. The effect of acid concentration on the titanium and iron
dissolutions from the roasted mass is very sharp in the acid concentration

range of 4 to 6 g eq dmd3 for both acids. It is therefore concluded that the
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hydrochloric or sulphuric acid concentration of 6 g eq dm—3 is quite

effective for the efficient leaching of the LPG roasted ilmenite.

ii) EFFECT OF TEMPERATURE :

The roasted ilmenite equivalent Lo 1 g ilmenite has been leached with
6 g eq dm—3 hydrochloric and sulphuric acids at S/L ratio 0.02 kg dm_3 and
at various leaching temperatures such as 50%2, 80%t2 and 110%2°C (boiling
temperature). Table X shows Lhe experimental results. From this table, the
maximum weight percentages of titanium and ijron dissolved in both acids
obtained at different leaching temperalures are given in Table X1. The dala
given in table have been plotled as maximum weight percentages of metals
dissolved versus the temperature of leaching in degree centigrade and are
shown in Fig. 15.

The effect of temperature on the dissolution of titanium and iron from
the roasted mass are similar. The dissolution of both titanium and iron are
increased with the increasing the leaching temperature. The effect is very
sharp in between the temperature range 80 to 110°C. The high temperature
dependence of the leaching of the roasted mass indicates the high activation
energies for titanium and iron dissolutions. Moreover, since the dependence
of temperature on titanium and iron dissolutions are almost identical, it is

thought that the dissolulion of both metals in both acids occur by the same

mechanism of chemical control.

iii) EFFECT OF SOLID TO LIQUID RATIO :
The effect of the solid to liquid ratio on leaching has been investi-

gated by measuring the concentration of titanium and iron dissolved at
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various time intervals in leached solutions obtained by the leaching of
roasted masses equivalent to 1, 1.5, 2, 3 and 5 g ilmenite with 50 cm3 6 g
eq dm™3 hydrochloric and sulphuric acid solutions. The experimental results
are given in Table XII. From this table the maximum weight percentage of
both metals at various S/L ratio are given in Table XIII and plotted in
Fig. 16.

It is evident from the figure 16 that the percentages of both the
metals are considerably decreased on increasing the S/L ratio as expected
from any leaching study. With hydrochloric acid as leaching agent, it is
observed that iron is leached preferentially. The titanium dissolution of
82.8% at S/L ratio of 0.02 kg dm"3 is decreased to only about 5% dissolution
at S/L ratio of 0.10 kg dm*s, whereas under identical conditions 79%

3

dissolution of iron is decreased to only about 43% at 0.10 kg dm™ . Similar

behaviour is also encountered for leaching with sulphuric acid. About 65%

3 are decreased to only

titanium and 71% iron dissolutions at 0.02 kg dm~
about 17% titanium dissolution and 35.5% iron dissolution at O.iO kg dm—3.

Table XIII also contains the column for the maximum concentrations of
titanium and iron in both acid leach solutions at various S/L ratios. The
maximum concentration of metals in leach solution (g dm—s) have been
plotted against the solid to liquid phase ratjo (S/L in kg dm_s) in Fig. 17.
It is found that the concentrations of iron in both acids are increased
substantially with increasing the S/L ratio. For example, 5 g dm“3 iron in
3 3

leach solution for S/L ratio of 0.02 kg dm ° is increased to about 14 g dm~

iron in hydrochloric acid (or about 12 g dm_3 iron in sulphuric acid

solution) for S/L phase ratio of 0.10 kg dm—a. On the otherhand the
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concentration of titanium in hydrochloric acid leach solution is decreased
with the increase in the S/L wvalues particularly above 0.04 kg dm_s. With
sulphuric acid as leaching agent the maximum concentration of titanium in
leach solution is little varied with the change of S/L values.

The above information indicates that the leaching at high solid to
liquid ratio cannot be practiced for lower metal dissolution and non-
appreciable increment of titanium concentration in the leach solutions. Due
to lower concentration of titanium in leached solution at higher solid to
liquid phase ratio the stage wise leaching would appear to be inconvenient

too.

iv) EFFECT OF AGITATION SPEED :

In the above studies the agitation speeds of 292 rpm for hydrochloric
acid system and 372 rpm for sulphuric acid system were used. Lastly, the
effect of the agitation speed on the leaching of the roasted mass in
hydrochloric acid (6 g eq dm_B) at its boiling temperatures and at a S/L
value of 0.02 kg dm_3 has been investigated. The maximum percentages of
titanium and iron dissolved at various agitation speeds (calibrated rotating
speed of magnetic stirrer_) during leaching are given in Table H. For
hydrochloric acid as leaching agent, percentages of both titanium and iron
dissolved are increased substantially with increasing the agitalion speed
particularly in its lower regions. This result indicates that in the
investigated lower regions of agitation speed, the dissolution process is

diffusion controlled as it is well known that for the diffusion controlling

processes, the extent of dissolution is affected by agitation speed (increased
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with increasing rpm of the agitating capsule). But in the upper regions of
the agitation speed, the almost independence of metal dissolution percenlages
with increase in the rpm value indicates that the process of leaching should
be chemically controlling over 292 rpm which was also predicted from the

leaching agent concentration dependence study.

TABLE H. Effect of agitation speed on leaching.

Roasting temperature = (700+15)°C
Roasling time = 75 min

Roasting LPG flow rate = 230 em® min~ 1
Particle size = >63 um<125 pm

Leaching temperature = boiling temperature
Acid concentration = 6 g eq dm™3

Solid to liquid ratio = 0.02 kg dm 5

Leaching | Agitation speed, | Percentage of titanium | Percentage of iron

agent rpm (calibrated) dissolved dissolved
198 54.4 54.8
220 71.9 58.0
HC1
292 82.8 79.0

350 83.5 80.0
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5.3 THERMAL TREATMENT (ROASTING) OF ILMENITE
POWDER BY THE REFORMED PRODUCTS OF THE LPG-
H,0 MIXTURE IN PRESENCE OF NICKEL POWDER
AND SUBSEQUENT LEACHING

a) ROASTING :

Although the roasting of ilmenite in presence of the pyrolysed product
of LPG at ~700°C for ~75 min gives a product which on leaching with 6 g
eq dm~3 hy-drochloric acid for ~5 h at its boiling point results in ~84%
titanium dissolution, our aim to dissolve ilmenite quantitatively (at least
~100% titanium dissolution) has not yel been achieved. The preceding study
gives the leaching result comparable to leaching with hydrofluoric acid98'99
of same concentrations. The difficulties encountered in the treatment of the
hydrofluoric acid leach ]iquor213 could be avoided by following the LPG-
roasting hydrochloric acid leaching route.

However, before going to the treatment of hydrochloric acid leach
solution, we have searched for a still better roasting process which could
facilitate the dissolution of more titanium on leaching with 6 g eq dm_3
hydrochloric and sulphuric acids. Consequently in this sub-chapter, we have
discussed Lhe results obtained on roasting of ilmenite powder with the
reformed LPG-—HZO mixture in presence of nickel catalyst and subsequent

leaching of the producl mass with hydrochloric and sulphuric acids of

concentrations 6 g eq dm™3,

On passing hydrocarbon (mainly methane) — steam mixture at ~700°C

(1300°F) through a furnace containing supported nickel catalyst, a mixture

of gasses consisting of CO, Ho, little CO,, 0, and N, and some unconverted
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hydrocarbon is produced. This process is called reformingzss. For methane

reforming, the conversion takes place in two steps.
CH4=C+2HZ (on catalyst) « « v o « ¢ s v v o v s oo oo i (4)
C+H20=CO+HZ---....................-(5)
During reforming, little COZ is also formed for the following equilibria :

CO + ZHZO = COZ + ZHZ . . . . L 1] . L] . - . . . . L] . . . . . . (6)

CI‘14+2H20=C02+4}12Acu-c-..-a.-. ----- o-.(7)

The higher hydrocarbons can be used in place of methane and in
these cases, the equilibria are slightly more favourable. Higher CO to H2
ratio is obtained with the increasing chain length of hydrocarbon.

Therefore, we reformed the LPG—HZO mixture by passing it through a
tube containing metallic nickel powder on a steel boat around 700°C and
passed the reformed gas through another tube containing ilmenite powder
or another boat at the same temperature (same reforming and roasting
temperature) for studying the system. Several preliminary experiments were
carried out to find out the possible reforming and roasting temperature and
time of roasting. The effects of the following factors have been investigated

for the roasting of ilmenite with the LPG-reformed products.

i) EFFECT OF ROASTING TIME :

5 g ilmenite powder has been roasted with the LPG-reformed product

(LPG flow rate 110 cm® min—1, water vapour pressure 31.5 mm Hg, reforming

and roasting temperature at (750%15)°C for various roasting times of 30, 40,

45, 50 and 60 min. The progress of reforming and/or roasting has been
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followed up by the percentages of titanium and iron dissolved on leaching
the roasted products at S/L ratio of 0.02 kg dm_3 with 6 g eq dm_3 hydro-
chloric and sulphuric acids at their boiling points. Table XIV represents the
data obtained on leaching the roasted products at various leaching times.
The leaching results are also shown graphically in Figs. 18-20 as the
percentages of titanium or iron dissolved versus leaching time in hours.
These figures show that the leaching is completed within 3 h in all cases.
For these figures or from the data in Table XIV, the maximum percentages
of titanium and iron dissolved on leaching of the product masses obtained
on roasting for different time intervals are given in Table XV and shown
graphically in Fig. 21 as maximum weight percentages of metals dissolved
versus roasting time in minutes.

It is evident from figure 21 that the maximum weight percentages of
titanium in both acids increase with increasing the roasting time upto 40 min
and on further increasing the roasting time, the maximum dissolution
percentage of titanium is decreased considerably particularly with
hydrochloric acid. For example, the 53.5% titanium dissolution of ilmenite
could be increased to ~83% dissolution by roasting for 40 min, which is
decreased to only 37% dissolution by roasting for 60 min. On the otherhand,
the iron dissolution is increased with increasing the roasting time upto 50
min which is slightly decreased with further prolonging of the roasting time
upto 60 min.

Since we are particularly interested on the titanium dissolution, il is

concluded from the above results that the optimum roasting time is 40 min

and the roasting over 40 min will greatly decrease the dissolulion

percentages of metals, particularly of titanium with hydrochloric acid.
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ii) EFFFECT OF ROASTING TEMPERATURE :

> g ilmenite powder has been roasted in presence of reformed LPG-
products for 40 min at temperature of (600+15), (650%15), (700+15), {750+15)
and (800%15)°C. The percentages of titanium and iron dissolved on leaching
of the roasled masses obtained from each 1 g ilmenite with 6g eq dm"3
hydrochloric and sulphuric acids at different leaching time intervals are
given in Table XVI. Using these data, the plots similar to these given in Fig.
18-20 could be drawn to estimate the maximum percentages of metals
dissolved at different roasting temperatures. But such plots are not shown
for simplicity.

The maximum weight percéntages of titanium and iron dissolved at
various conditions could however be easily read from the da.ta given in
Table XVI; these values are given in a tabular form in Table XVII, which are
also shown graphically in Fig. 22 as the maximum weight percentages metals
dissolved versus the roasting temperature (in “C) plots.

1, is found that the maximum percentages of both the metals of
interest in both leaching agents are increased with increasing the roasting
(also reforming) temperature upto (700%15)°C and then decreased
considerably. For example, the titanium dissolution of ~54% in 6h from the
non-treated ilmenite is increased to ~92% in 3h from the roasted mass
obtained on roasting in presence of LPG-reformed gases at (700%15)°C for

40 min, and this value is decreased to ~B1% from the roasted mass obtained

at (800%15)°C.

It is therefore concluded that the most favourable roasting
temperature 1s (700+15)°C and the roasting over this temperature decreases

the dissolution percentages of metals from ilmenite.
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iii) EFFECT OF GAS FLOW RATE :

5 g ilmenite has been roasted each time at the most favourable
temperature of (700£15)°C for 40 minutes but at different LPG flow rates of
110, 150, 230, 270 and 310 cm3 min-l. In these experiments, the water vapour
pressure in the 'gas mixture has been kept constant at 0.041 atm. The weight
percentages of tilanium and iron dissolved on leaching the 1 g ilmenite

equivalent roasted masses obtained at different conditions with 50 cm3

3

6 g
eq dm Y in both acid are given in Table XVIII. The maximum weight
percentages of titanium and iron dissolved on leaching the roasted masses
obtained after roasting at various LPG flow rates have been read off from
the data given in the above table and tabulated in Table XIX., The maximum
weight percentage metal dissolved wversus the LPG flow rate (cm3 min_])
plots are shown in Fig. 23.

It is found that the maximum weight percentages of titanium and iron
dissolved in both acids are largely increased for the roasted mass at 110
cm3 minnl LPG flow rate, in comparison to the results obtained from the
non-treated ilmenite. Below this LPG flow rate, due to the limitation of
bubbling the gas through the thermostated water reservoir, the experiments
could not be done. Above this flow rate, the dissolution percentages of both
metals in both acids are considerably decreased. For example, the titanium
dissolution of 91.5% in hydrochloric acid obtained from the roasted mass at
LPG flow rate of 110 cn13 mind1 is reduced to only ~41% titanium dissolution
3 1

from the product obtained at LPG flow rate of 310 cm min .

The reason why the dissolution percentages of metals decrease with

increasing the LPG flow rate above 110 cm3 min—1 is not clear to us.
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However, it may be due to the lowering of the partial pressure of reducing
gases (CO and l-{z) at higher gas flow rate for shorter residence time over
nickel catalyst per volume of flow gas, resulting in poorer decomposition of
LPG.

Nevertheless, it is concluded that the optimum LPG flow rate should

be around 110 cm3 min "}

in the LPG-water vapour roasting of ilmenite and
the roasting in higher gas flow rate will extensively decrease the dissolution

percenltages of the metals from ilinenite.

iv) EFFECT OF THE WATER VAPOUR CONTENT IN LPG :

Lastly, the effect of the water vapour content in the LPG flow gas has
been studied. 5 g ilmenite has been roasted at (700%15)°C, for 40 min and
in presence of LPG flow rate of 110 cm3 min"1 mixed up with different water
vapour contents corresponding to the pressure of 31.5, 55.5 92.6 and 149.4
mm Hg (0.041, 0.073, 0.122 and 0.196 atm). The leaching results obtained from
the roasted massed obtained at different waler contents are given in Table
XX. The maximum weighl percentages of titanium and iron dissolved in bolh
acids at different water vapour pressure are given in Table XXI and plotled
in Fig. 24,

The maximum weight percentages of bolh metals in both acids are
decreased considerably with increase in the water content in the flow gas.
The reason for this type of' behaviour may be due to the higher partial
pressure of water vapour at higher water content in the flow gas, which
hinders the reduction of the ilmenite into other phases which are

susceptible to acid leaching due to back oxidation by excess water vapour.
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In this case, lower roasting Lime is expecled to give better results. Bul, such
studies have not be carried out. It is however concluded that the optimum
water vapour pressure in the flow gas is 0.041 atm and the roasting in
higher water vapour pressure, under the experimental condition cited, will
greally decrease the leaching percentages of metals from ilmenite.

Since the particle size of ilmenite used in the roasting showed only
a little effect (Table E) on the LPG pyrolysed product roasting of ilmenite,

we have nol, conducted such experiments here.

Roasted preduct :

Based on the above experimental results, about 55 g ilmenite (in 11
sets) has been roasted at (700%15)°C, 110 cm? min~1 LPG flow rate and 0.041
atm water vapour pressure for 40 minutes. To observe any change occurring
in ilmenite during the LPG—HZO vapour roasting process, the X-ray powder
diffractogram of the mass has 5been taken and shown in Fig. 13. From this
diffractogram, the "d"-spacings of the sample are given in Table I. Although
the "d" spacing of the LPG-H,0 vapour roasted product have some common
values to those for pure ilmenite or non-treated ilmenite (Table G), many
peaks of ilmenite have beenl disappeared after the roasting. Moreover, the
relative intensities of the peaks have been changed remarkably. For example,
the intensity of the (100% R.1) peak at 2.743 A in ilmenite is reduced tlo
61% R.I. in the roasted preduct. On the contrary to this, the R.I. value at
1.86A is changed from 40% in ilmenite to 100% in roasted mass. Comparison

of the dala given in Table F and H clearly indicates that some modifications

have certainly occurred during the roasting process and the product
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obtained from the LPG-roasted mass differs from that obtained from the
LPG-water vapour roasted mass. However, due to the presence of more than
one phases in the roasted mass, it seems to be very difficult to identify the
phases with the help of the ASTM cards.

Table I. X-ray powder diffraction pattern of the LPG-waler vapour roasted

ilmenite (at 700°C, 110 cn13 min—-l LPG flow rate, 0.041 atm water

vapour pressure for 40 min).

d,A 3.711 2.743  2.546  2.022 1.885 1.849 1.840 1.722 1.713
*(3.737)  (2.754) (2.544) (1.868) (1.726)
R.I,% 14 61 11 28 100 17 3 91 5
(30) (100)  (70) (10) (55)
d,A 1.618 1.503  1.375
{1.506)
R.I,% 10 30 6
(30)

¥ Figures in the parentheses indicate values for synthetic ilmenite (pure)

obtained from the ASTM card WNo. 29-7334.

b) LEACUING :
The materials prepared under best conditions have been used to
investigate the leaching characteristics of the roasted mass. The effects of

the following paramelers have been studied.

i} EFFIECT OF ACID CONCENTRATION :

A selected amount of ilmenite roast (0.96g) equivalent to 1g ilmenite
has been leached with HCl and l-IZSO4 of different concentrations such as 2,
3

4, 6 and 8 g eq dm™2 at a solid to liquid ratio (S/L) of 0.02 kg dm ° at

their boiling temperatures. The weight percentages of tilanium and iron
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dissolved at various leaching intervals (1-4 h) are given in Table XXIL
However, the weight percentages of metals dissolved against leaching time
at different acid concentrations have not shown graphically to avoid the
complexity. The maximum weight percentages of titanium and iron dissolved
in both acids of different concentrations have been evaluated from the
above table, which have been given in Table XXIII and represenled
graphically in Fig. 25.

It is seen from the above figure Lhat the maximum weight percentages
of titanium dissolution are vary much decreased, in both acids, with
decreasing concentrations, particularly below 6 g egq dm_a. The iron
dissolution varies similarly. Above 6 g eq dm—3 acid concentrations, the
maximum dissolution percentages are little increased. The effect of the acid
concentrations on the titanium and iron dissolutions from the roasted mass
is very sharp in the acid concentration range of 2 to 6g eq e:lm_3 for both
acids. It is therefore concluded that the hydrochloric or sulphuric acid
concentration of 6 g eq dm—:3 is quite effective for leaching of the LPG—HZO

vapour roasted ilmenite.

ji) EFFECT OF TEMPERATURE :

The roasted ilmenite (0.96g) equivalent to 1g ilmenite has been leached
separately with 6 g eg dm—3 hydrochloric and sulphuric acids at S/L ratio
of 0.02 kg dm—3 but at different leaching temperatures, such as (50%2),
(80+2) and (110%2)°C (boiling temperature). Table XXIV shows the
experimental results. From this table the maximum weight percentages of

titanium and iron dissolved in both acids have been found at different
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leaching temperatures and are given in Table XXV. The data given in this
table have been plotted as maximum weight percentages of metals dissolved
versus the temperature of leaching in "C and are shown in Fig. 26.

The effects of the leaching temperature on the dissolution of titanium
and iron from the roasted mass are similar. The dissolutions of both titanium
and iron are increased with increasing the leaching temperature. The effect
is very sharp in between the temperature range 80 to 110°C. The high
temperature dependence of the leaching of the roasted mass indicates the
high activation energies for titanium and iron dissolutions. Moreover, since
the dependences of temperature on titanium and iron dissolution are almost
identical, it is thought that the dissolution of both metals in both acids

occurs by the same mechanism of chemical control in nature.

iii) EFFECT OF SOLID TO LIQUID RATIO :

The effect of the solid to liquid phase ratio (S/L) on leaching has
been investigated by measuring the concentrations of titanium and iron
dissolved at various time intervals in leached solutions obtained by the
leaching of roasted masses equivalent to 1, 1.5, 2, 3 .and 5 g ilmenite with
50 cm3 6 g eq dm"3 hy'drc.)chloric and sulphuric acid solutions. The
experimental result are given in Table XXVI from which the maximum weight
percentages of both metals at various S/L ratio are calculated and given in
Table XXVII. The data in Table XXVII have been plotted in Fig. 27.

It is evident from figure 27 that the percentages of both the metals
are considerably decreased on increasing the S/L ratio as expected for any

leaching study. With hydrochloric acid as leaching agent, it is observed that
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is very sharp in between the temperature range 80 to 110°C. The high
temperature dependence of the leaching of the roasted mass indicates the
high activation energies for titanium and iron dissolutions. Moreover, since
the dependences of temperature on titanium and iron dissolution are almost
identical, it is thought that the dissolution of both metals in both acids

occurs by the same mechanism of chemical control in nature.

iii) EFFECT OF SOLID TO LIQUID RATIO :

The effect of the solid to liquid phase ratio (S/L) on leaching has
been investigated by measuring the concentrations of titanium and iron
dissolved at various time intervals in leached solutions obtained by the
leaching of roasted masses equivalent to 1, 1.5, 2, 3 _and 5 g ilmenite with
50 cm® 6 g eq dm—3 hydrochloric and sulphuric acid solutions. The
experimental result are given in Table XXVI from which the maximum weight
percentages of both metals at various S/L ratio are calculated and given in
Table XXVII. The data in Table XXVII have been plotted in Fig. 27.

It is evident from figure 27 that the percentages of both the metals
are considerably decreased on increasing the S/L ratio as expected for any

leaching study. With hydrochloric acid as leaching agent, it is observed that
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iron is leached preferentially. The titanium dissolution of 91.5% at S/L ratio
_3 P
of 0.02 kg dm is decreased to only about 10% dissolution at S/L ratio of

0.10 kg dm™3

; whereas under identical condition, 94.3% dissolution of iron is
decreased to only about 54,7%, Similar behaviour is also encountered for
leaching with sulphuric acid. About 47.9% titanium and 66.9% iron dissolution
at 0.02 kg dm"3 are decreased to only about 24% titanium dissolution and
39.6% iron dissolution at 0.10 kg dm™3.

Table XXVIII also contains the columns for the maximum concentrations
of titanium an.d iron in both acid leach solutions at various S/L ratios. The
maximum concentrations of metals in leach solutions (1 g dm_a) have been
plotted against the solid to liquid phase ratio (S/L in kg deB) in Fig. 28.
It is found that the concentrations of iron in both acids are increased

3

iron

3

substantially with increasing the S/L ratio. For example, 6.11 g dm

in leach solution for S/L ratio of 0.02 kg is increased to about 18 g dm

iron in hydrochloric acid for S/L ratio of 0.10 kg dm“3. Similarly in

3 at 0.02 kg dm™® is

sulphuric acid the iron concentration of ~4.3 g dm~
increased to 12.8 g dm"3 at 0.1 kg dm—‘?'. On the otherhand, the
concentration of titanium in hydrochloric acid solution is decreased with the
increase in the 8/L value particularly upto 0.04 kg dm—a, and with sulphuric
acid as leaching agent the maximum concentration of titanium in solution is

increased with the increase in the S/L values.

The above information indicates that the leaching at high solid to

liquid ratio is not useful for lesser extents of metal dissolutions and non-

appreciable increment of the titanium concentrations in the leach solutions.

Due to Lhe lowering concentration of titanium in hydrochloric acid leach
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solution at higher solid to liquid phase ratios, the stage-wise leaching would

appear to be inconvenient, too.

iv) EFFECT OF AGITATION SPEED :

In all the above studies the agitation speed of 292 rpm for
hydrochloric acid system and 372 rpm for sulphuric acid system were used.
Lastly the effect of the agilation speed on the leaching of the roasted mass
in hydrochloric acid (6 g eq dm_s) at its boiling temperature and at a S/L
value of 0.02 kg dm_3 has been invesligaled. The maximum percentages of
titanium and iron dissolved a.l; varvious agitation speed (calibrated rolating
speed of capsules), during leaching are given in Table J. For hydrochloric
acid as leaching agent, percentages of both titanium and iron are increased
substantially with increasing the agitation speed. The result indicates thal
in the investigated lower agitation speed regions, the dissolution process is
diffusion controlled as it is well known that for the diffusion cont>rol]_ing
processes, the extent of dissolution is affected by agitation spe;a'd (increased
with increasing rpm of the agitation capsule). But in higher agitation speed
region (>220 rpm), the dissolution is almost independent of agitation speed
which indicates that the‘ process is chemically controlled. The acid
concentration dependence studies at 292 rpm have also suggested the same.

The identical study with sulphuric acid has alsoc been done and the
results are shown in Table I. Leaching characteristics with sulphuric acid

are similar to those with hydrochloric acid.
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TABLE J. Effect of agitation speed on leaching of the LPG-H,0 vapour

roasted mass.

Roasting time = 40 min
Roasting temperature = (700%15)°C

110 cm® 1

Roasting LPG flow rate min_

1

Water vapour pressure = 31.5 mm Hg
Particle size = >63 pm<125 pm

Leaching temperature = boiling temperature
Acid concentration = 6 g eq dm™®

Solid to liquid ralio = 0,02 kg dm_3

L Maximum percentage of dissolution
Agitation speed,

Leaching agent ) :

rpm (calibrated) - Fe

198 69.7 73.0

220 87.7 91.2

HCl

292 91.5 94,3

350 92.8 95.2

170 39.2 54.7

300 45.2 65.4

: | 47.9 66.9

H, S0, 372

490 46.5 66.3

690 45.7 63.8




5.4 SALT-WATER VAPOUR ROASTING OF ILMENITE

(a) ROASTING :
1t is well known thal the metal sall at elevated temperature (near
their melting points) react with water vapour to metal hydroxide and an acid

| 29 2929
£294,255,259 For example, sodium

corresponding to the anion of the sal
chloride reacts with water vapour above 800°C (near m.p) to form sodium

hydroxide and hydrochloric acid according to the following reaction :

NaCl + H,0 =NaOH + HCl . . v v v v v v i vn . (B)

At such a high temperature, sodium hydroxide remains in the molten
state, whereas, the produced acid comes out of the reaction site. Sodium
hydroxide may then react in-situ with acidic oxides to form sodium salts
according l;ol reaction scheme-I, which are 'expected to be dissolved in water
or dilute acidic solution. Moreover, as shown in the reaction scheme-II, the
acids produced may react with basic oxides in-situ before being driven offl
the reacltion tube. Mixed insoluble oxides may often be conveniently salt-
water vapour roasted to a product as given in the reaction scheme (III)

which may be susceplible to easy leaching in hot water or hot weak acid or

basic solution.

> Na, MO, + H0 oo vvvnnovnn. (D)
(easily soluble)

M’ 0, + 2NaOH

M"0, + 4HCl ———> M"Cl, + 2H,0 . .o v v v v v (11)
(easily soluble)

M'O ,.M"0 + 2x NaOH ———= Na, 0,.M'0 ,M"0 + xH,0 . . (IID)

(may or may not be
easily soluble)
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As ilmenite is a mixed oxide of titanium (IV) and iron (II), the salt-
water vapour roasting should follow up the reaction scheme (III) and the
roasted product should be tested for its leaching characteristics. It is also
mentionable that the phase of the type I‘Ia.“('_)x.M'YOZYJVI"ZOz (x,y,2 having any
value) may also be formed depending on reaction conditions and phase
stability.

Furthermore, at different roasting conditions, the value of "x" in Lhe
reaction product may vary to give different phases of different
characterislics. The ident,if;‘i.cal;ion. of the product phases again needs
exlensive study, which has been avoided and we are interested only on the
leaching characteristics of the roasted products in an aim to get condilion
for the centpercent dissolution of titanium from ilmenite.

These type of studies can easily be followed up by estimating the
amount of the expelled hydrochloric acid produced if quartz tubes and boals
are used. Due to the lack of facilities in getting quartz materials, we used
steel pipe and ceramic boat. Although ceramic boat was not found to be
attacked by the acid, the hydrochloric acid reacted significantly to corrode
the steel tube. So we were unable to follow up the progress of the reaclion
by the usual hydrochloric acid analysis.

In the following  few paragraphs, the results of the
NaCl/NazSOQ/NaNOB/NaZCOS—H20 vapour roasting of ilmenite have been

discussed.

i) EFFECT OF ILMENITE POWDER TO SALT RATIO :

The portion of 1 g ilmenite has been mixed homogeneously with
different amount of NaCl, Na,SO, NaNO, or Na,CO, to get different ilmenite

to salt ratios. These mixtures have been water vapour [ passed with nitrogen
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as carrier gas at 420 cm® min™' (6156 cm® min™ for Na,50, system) having
vapour pressure of 31.5 mm Hg] roasted at 800°C (850°C for Na,CO, and
885°C for Na,S0,) for 60 min (90 min for NaNO;). The whole of the reaction
products have been leached with 50 cm® 2 g eq dm™? hydrochloric acid at
its boiling points with a pulp agitation speed of 292 rpm. In most of the
cases, the leaching is completed within 90 minutes for NaCl and Na,SO,
roasted product whereas NaNO; and Na,CO, roasted products need 60 and 45
minutes respectively.

The leaching resulls at differenl time intervals are given in Table
XXVIII. From this table, the maximum weight percentages of titanium and
iron dissolved in a definite time at different reaction conditions are given
in Table XXIX and plotted in Figs. 29 and 30 for titanium and iron
respectively.

In the case of NaCl-water vapour roasting the maximum weight
percentages of both the melals of our interest pass through maxima at
ilmenite to NaCl ratio of 0.87. The enhancement of the titanium and iron
dissolution with lowering the ilmenite to salt ratio is possibly due to the
stoichiometric factor; whereas the decreases in dissolution percentages below
ilmenite NaCl ratio of 0.67 are possible due to the presence of unreacted
sodium hydroxide associa‘ged with the roasted mass, which eventually
decreases the concentration of leaching agent. The ilmenite to NaCl ratio of

0.67 (theoretical 0.65) corresponds to the following stoichiometric equation;

Ti0,.FeO + 4NaCl + 2H,0 » Na,0, TiO, FeO + HCl ()} (9)

The progress of roasting can be realised by comparing this result
. . . -3 .
with the results given for nontreated ilmenite with 2 g eq dm HCl in

reference98 (1.5% titanium and 0.6% iron dissolved in 2 h).
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Similar behaviour has been observed with sodium carbonate roasting.
The maximum weight percentages of titanium and iron in leach solution vary
with the ilmenite to Na,CO, ratio passing through maxima at a ratio of 1.5.
The decrease in the dissolution percentages at lower ilmenite to salt ratio
is again due to the presence of unreacted NaOH associated with the roasted
mass. The ilmenile lto salt ralio of 1.5 indicales the following stoichiometric

reaction during Na,CO; - water vapour roasting;
Ti0zFeO + Na,COy + (H,0) ———> Na,0.Ti0,.FeO + CO, + (I,0) (10)

Following alternative roasling reaclion can be ruled out since Lhe
decomposition of sodium carbonate takes place well above (above 1050°C} Lhe

roasting temperature :
TiO,.FeO + Na,C0y ————> Na,0.Ti0,. FeO + GO, ... (11

The roasting resulls with sodium sulphate and sodium nitrate in
presence of H,O~vapour indicate the formation of a phase Na,, 0,.TiO,.FeO
with x value close to 0.5 for which the maxima should be obtained at ilmenite

to salt ratio of 2.14 (for Na,S0O,) and 1.78 for (NaNO, ).
Ti0,.FeO + $Na,50, + 3H,0 ——> NaO, ..Ti0,.FeO + 31,80, .. (12)

The formation of same phase with later two reagents could be verified
by the X-ray diffractrograms of two products, which will be discussed later.
It is therefore concluded from the above results for the salt-H,0
vapour roasting of ilmenite that the optimum ilmenite to salt ratio should be

0.67, 2.12, 1.78 and 1.48 for NaCl, Na,S0,, NaNO; and Na,CO; systems

respectively.
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(ii) EFFECT OF ROASTING TIME :

The ilmenite (1 g)-salt mixtures at their optimum ratios (2,1.7,1.5 and
0.67 for Na,SO,, NaNO,, Na,CO; and NaCl respectively) have been roasted at,
constant temperatures (800°C for NaCl and NaNO,, 850°C for Na,CO,; and
885°C for Na,S0,) for different time intervals from 40 to 150 minutes. Fach
of the roasled product has been subjected to leaching with 50 cm® 2 g eq
dm™ hydrochloric acid al ils boiling Lemperature. The percentages ol
Litanium and iron dissolved in Lhe leach solutions at different leaching time
are given in Table XXX. From this table the maximum weight percentages of
titanium and iron dissolved in a definite Lime from Lhe roosted masses
obtained at different roasting times are given in Table XXXI and plotted in
Figs. 31 & 32 for titanium and iron respectively.

In all the salt-systems, the maximum percentages of titanium and iron
pass through maxima. For NaCl-roasted system, the maximum weight percents
of titanium and iron dissolutions are increased to 25% and 62% respectively
at roasting time 75 minutes, which are decreased to 20.7% and 53.6%
respectively when the roasting is allowed for 90 minutes. The oplimum
roasting time for Na,CO; and Na,SO, systems are 45 and 90 minutes
respectively. In Na,CO, roasted system, 56.5% titanium and 61.7% iron
dissolutions from the product obtained at the roasting time of 45 minutes
are extensively decreased to 12.5% titanium and 18.7% iron dissolutions from
the product obtained at 75 minutes’ roasting. Likewise for Na,SO, roasted
system, 39.2% titanium and 45.6% iron dissoclutions from 90 minute_s' roasted
mass are decreased to only 13.3% titanium and 13.9% iron dissolutions from

150 minutes’ roasted products. Although the behaviours of NaNO, system is
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similar to the other systems, the effect of roasting time is not so large. The
maximum dissolutions of titani:um (34.8%) and iron (52.2%) are obtained at 90
minutes’ roasting, which are little decreased to 32.9% titanium and 39.7% iron
dissolutions, when Lhe roasting is continued for 120 minutes.

The decreasing leaching behaviours of titanium and iron from salt-
roasted masses are difficult to explain. Possibly, the prolonged roasting time
facilitates some sorts of phase transitions, which are less susceptible to acid
leaching. It is, however, concluded from these study that the optimum
roasting times are 75, 90, 90 and 45 minutes for NaCl, Na,S0,, NaNO, and
Na,CO, systems respectively al their oplimum ilmenite Lo salt ratios and Lhe
long time roasting decreases the solubility of the metals significantly,
particularly in the cases of Na,80; and Na,CO; systems.
iit) EFFECT OF ROASTING TEEMPERATURE :

The ef?fect of the roasling temperature has been monitored by leaching
of the roasted products obtained at different temperatures but at constant
optimum ilmenite to salt ratios and roasting times. The leaching results at
S/L ratio of 0.02 kg dm™® (based on ilmenite content) are given in Table
XXX1I. The maximum weight percentages of titanium and iron which have
been read off from the data given in the above table are collectively shown

in Table XXXIII. Figures 33 and 34 represent the wvariations of maximum

weight percentages of titanium and iron respectively dissolved in ‘n’

minutes’ leaching of the roasted product with the variations of roasting
temperatures in “C. In all cases, the maximum weight percentages of titanium

and iron dissolved vary with roasting temperatures and pass through
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maxima. The optimum roasting temperatures for the best leachings are
determined to be 800, 885, 800 and 850°C for NaCl NaZSO,},. NaNo, and Na,CO,
systems respectively. The roasting over the optimum temperatures has
possibly Lhe same effect as those encountered with Lhe increased roasting

time over optimum values.

iv) EFFECT OF CARRIER GAS (NITROGEN) FLOW RATE :

Usually in the salt-water vapour roasting, the flow rate of the carrier
gas exhibits some effecl. on Lthe extenl of roasling al a certain roasling
temperature and time. This is due to the fact that the carrier gas carries
more waler vapour al it higher flow rale which eventually affect the rale
and extent of roasting. Consequenlly, the effect of the carrier gas flow rate
on Lhe sall-waler—-vapour roasting of ilmenile has been invesligated.

This invesLigation has again been monitored by the leaching behaviour
of the roasted product obtained from different roasting processes carried
out at different gas flow rates but at constant temperature, time and
ilmenite to salt ratios. The experimental results are given in Table XXXIV.
The maximum weight percentages of titanium and iron dissolved after ‘n’
minules’ at different carl‘ie_r gas flow rates have been calculated from above
table and are given in Table XXXV, which have been plotted in Figures 35
and 36 for titanium and iron respectively.

In all salt roasting systems, it is evident from the resulls given in
Figs. 35 and 36 that the dissolution percentages of both metals from the
roasted masses are increased with increasing the carrier gas flow rate upto

420 cm?® min~! and on further increase in the carrier gas flow rate the
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Experiments, Results and Discussion 118

adversative leaching results are obtained. The rates of the salt-roasting
processes are usually increased with increase in the carrier gas (inert) flow
rate due to the fact that the amount of water vapour entering into the
reaction tube is increased with increasing the gas flow rate294255,288 iy
unfavonrable leaching results obtained at higher gas flow rate are due

possibly to the phase transition of the first formed easily leachable roasted

producl Lo a phase resistant to leaching.

v) EFFECT OF WATER VAPOUR PRESSURE :

In all the above sall roasting studies, a constant water vapour
pressure of 31.5 mm Ilg was used. Since water is a reactant in this type of
roasting process, the effects ,of water vapour pressure on different salt—
roasting processes under inve-sl;igzttion have been found out.

The leaching results of the salt-water vapour roasted masses obtained
at constant optimum temperature, time, ilmenite to salt ratio and carrier gas
flow rate but at different water vapour pressures are given in Table XXXVI.
The Table XXXVII represents the maximum weight pércentages of titanium
and iron dissolved in ‘n’ minutes from the roasted masses obtained at
various water-vapour pressures. The results are also shown graphically in
Figs. 37 and 38 for titanium and iron respectively.

The shape of the curves in Figs 37 and 38 indicates that the optimum
water vapour pressure is 31.5 mm Hg for all systems under investigation.
The maximum percentages of metals dissolved are extensively decreased with
increasing the waler vapour pressure. For example, the increase in Lhe

waler vapour pressure from 31.5 mm Hg to 55.5 mm Hg, decreases the
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titanium dissolulions {rom 25.5, 43.5, 34.8 and 56.5% to 13.3, 13.3, 12.8 and
20.2% for NaCl, Na,S0,, NaNO, and Na,CO; systems respectively.

The decrease in the solubilities of the reaction products at higher
walber vapour pressure is possibly due to the same reason as mentioned in

the case of the effect of carrier gas flow rate.

b) LEACHING :

The leaching characleristics of Lhe salt waler vapour roasted ilmenite
products obtained at their respective optimum conditions have been
thoroughly investigated as functions of leaching agent concentration,
temperature and pulp agitation speed. The effect of solid to liquid phase
ralio and stage—-wise leaching of the sodium carbonate-water vapour roasted

produclt of ilmenile have also been investigaled.

i) EFFECT OF LEACHING ACID CONCENTRATION :

The aliquots of salt-water vapour roasted product equivalent to 1 g
ilmenite have been leached with 50 cm® HCl solution of lvarious acid
concentrations ranging from 1 to 6 g eq dm™® at their bolting points and at
the pulp agitation speed of 292 rpm to calculale the percentages of titanium
and iron dissolved at various leaching times. The results are given in Table
XXXVIII. In all acid concentrations, the leaching is completed with in a
definite time interval for each of the roasted system. This time is below 90,
60, 90 and 30 minutes for . NaCl, NaNOj;, Na,SO, and Na,CO4 systems

respectively, which were observed in all previous leaching studies of the

salt-water vapour roasted mass.
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The maximum weighl percentages of titanium and iron dissolved in
hydrochloric acid solutions of different concentration are given in Table TX1..
These result are also shown as the maximum weight percentages of titanium
and iron dissolved in ‘n’ minutes versus the acid concentration in g eq dm™>
plots in Figs. 39 and 40 respectively. The results obtained with the NaCl,
NaNO, and Na,CO, roasted products show the usual leaching behaviour, the
extents of titanium and iron dissolved are increased with increasing the acid
concentration. The best titanium dissolution of about 96% together with about
74% iron has been obtained from the leaching of the Na,CO, roasted product
with 6 g eq dm™ hydrochloric acid for only 30 minutes. On the otherhand,
the best iron dissolution of about 95% together with about 72% titanium
dissolution has been obtained from the leaching of the NaCl roasted mass
with 6 g eq dm™3 hydrochloric acid for 90 minutes.

The leaching results obtained from Na,S0O, roasted mass are seemed to
be unusual and difficult to e{cplain. Here the percentages of titanium and
iron dissolved show peaks at 2 g eq dm™® hydrochloric acid. Below this
concentration, the maximum percentages of both metals are decreased
extensively, where as, in acid solutions having concentration graler than 2
g eq dm'3, the maximum dissolution percentages are decreased slowly but
significantly.

The comparison of these results with those obtained for the LPG and
LPG-water vapour roasted ilmenilte products shows that the Na,CO;-waler
vapour roasting is the besl way of pre-treating ilmenite for easy and almosl
quantilative dissolulion (96%) of titanium in § g eq dm™ hydrochloric acid
wilhin only 30 minules leaching. The Na,CO,~waler vapour roasting (45 min)

is also faster than the other roasting processes.
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ii) EFFECT OF LEACHING TEMPERATURE -

The aliguots of salt-waler vapour roasted products equivalent Lo 1 g
ilmenite have been leached with 50 cm® 6 g eq dm™® hydrochloric acid (2 g
eq dm™ hydrochloric acid for (Na,SO,) at various leaching temperatures
ranging from 50°C to boiling temperature and at the pulp agitation speed
of 292 rpm, to calculate the percentages of titanium and iron dissolved at
various leaching times. The results are given in Table XL. The maximum
weight percentages of titanium and iron dissolved in hydrochloric acid
solulion at different leaching temperatures are given in Table XLI. The
resulls are also shown graphically as the maximum weight percentages of
titanium and iron dissoclved versus the leaching temperature in °C plots in
I'igs., 41 and 42 respectively. The results obtained with the salt roasted
products show the usual leaching behaviour; the extents of titanium and
iron dissolved are increased with increasing the leaching temperature upto

the boiling point of the reagent at ambient pressure.

ili) EFFECT OF AGITATION SPEED :

The selected amounts of salt-water vapour roasted products equivalent
to 1 g ilmenite have been leached with 50 cm® hydrochloric acid solution of
6 8 eq dm™> (2 g eq dm™ for'Na.ZSO,}) at their boiling temperature but at
different pulp agitation speed ranging from 194 rpm to 480 rpm to calculale
the percentages of titanium and iron dissolved at various leaching time. The
maximum weight percentages of titanium and iron dissolved in ‘n’ minutes’
at different pulp agitation speed for the investigated salt roasting syslems
are given in Table K.

The effect of the pulp agitation speed on the leaching behaviours of

the investigated salt-waler vapour roasted products are not differenl.
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Although the variation of solubilities of metals from the roasted masses is
considerably large al the lower pulp agitation speed region, the variations
at higher pulp agitation speed region are insignificant. Possibly, this
behaviour is due to the change in the mechanism of dissolution.

At lower agitation speed, say at 200 rpm the diffusion is the rate
controlling for greater interfacial film thickness. As the agitation speed
increases, the film thickness decreases resulting in an increase in the
diffusion rate. Consequently, at higher speed (where the rate of dissolution
becomes independent of agitation speed), the diffusion of reagent or product
through the film remains no longer rate controlling and so the process

becomes chemically controlling.

Table K. Effect of agitation speed on the leaching of the salt-water vapour

roasted ilmenite.

Roasting temperature = 800°C (885°C for Na,S0, & 850°C for Na,CO,)
Roasting time = 90 min (45 min for Na,CO; and 75 min for NaCl)
Ilmenite to salt ratio = 1.7 for NaNQ,;, 2 for Na,S0,, 0.67 for NaCl
& 1.5 for Na,CO,

Carrier gas flow rate = 420 cm® min!

Water vapour pressure = 31.5 mm Hg

Leaching acid concentration = 6 g eq dm™3 (2 g eq dm™? for Na,S0,)
Leaching temperature = boiling temperature

Pulp ratio = 0.02 kg dm™ (based on ilmenite content)

x

Agitation Max. wt. X metals dissolved in n min. for

(calibra-
ted) NaCl roast Nazso4 roast NaNO3 roast Na,CO; Toast

red
Sprpp(:'ln ' Ti Fe Ti Fe Ti Fe Ti Fe

194 58,8 82.7 30.5 36.5 G1.0 61.1 65.5 50. 1
240 65.2 92.3 40.0 18.5 76.1 66.0 84.¢ 66.0
292 71.8 94.9 43.5 53.5 84.9 70.2 95.8 13.7
350 72.5 96.0 44.5 55.9 86.5 71.0 96.5 74.0
480 74.1 96.5 45.1 57.8 87.1 73.3 96.9 4.4

* n= 120,120, 90 and 45 for NaCl, Na,S0O,, NaNQ; and Na,COy systems respeclively.
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iv) EFFECT OF SOLID TO LIQUID PHASE RATIO :

The effect of solid to liquid phase ratio on Lhe dissolution of Lhe
sodium carbonate-waler vapour roast have been investigaled by estimatling
the amount of titanium and iron dissolved on leaching the roasted product
(equivalent to 1 g ilmenite) with 50, 25, 16,7, 12.5 and 10 cm® 4 g eq dm™3
hydrochloric acid at its boiling temperature. From the percentage
dissolutions, the concentralions of titanium and iron in leach solutions have
been calculated. The results are given in Table XLII.

Figures 43a and 43b show the wvariations of the percentages of
titanium and iron dissolved in 45 minutes, leaching with the variation of
solid to liquid phase ratio. It is found that the percentage of titanium
dissolved in 45 minutes leaching is decreased extensively with increasing the
solid to liquid phase ratio. The percentage of iron dissolved in 45 minutes’
leaching is also found to decrease slightly with increasing the S/L ratio.

A simple calculation shows the presence of 40 meq hydrochloric acid
for 5.8 meq titanium and 5.8 meq iron each at the highest investigated S/L
value of 0.1 kg dm's; these values definitely indicate the sufficiency of Lhe
reagent for dissolution even at this S/L ratio. It is therefore, concluded
that the decrease in the 'pel*ce;ltage dissolution of metal ions (particularly
of titanium) at higher S/L ralios is not for the scarcity of the reagent. The

reason for this behaviour may be due to the following two possibilities :

(a) Saturation of leach solution with Litanium above a certain S/L ratio;

and

(b) Precipitation of a titanium compound from titanium in leached

solution.
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The first possibility has been ruled out from an examination of the
plots in Fig 43, where concentrations of metal ions in leached solution have
been plotted against the S/L ratio. Since the concentration of titanjum in
leach solution decreases significantly with increasing S/L ratlio, the
saturation of leach solution with titanium is not the reason for Lhis
behavior.

The second possibility has been predicted from the percentages of
titanium dissolved in various time intervals at higher S/L ratios. During
leaching at S/L ratio of 0.08 kg dm™, 35.72% titanium dissolution in 12 min
has been reduced to 11.3% titanium dissolution in 45 min. The decrease of
the titanium concentration in leached solution with time is due to the
thermal hydrolysis of dissolved titanium. It is well known that the
precipitation of metatitanic acid, TiO,. xH,0 takes place on heating an acidic
solution (HCl, H,50, etc, but not the complex forming acid) of a titanium
saltZGO. The thermal hydrolysis of titanium taking place during leaching at
higher S/IL. ratic has been demonstrated by heating a leach solution
containing ~5 g dm™ t;itaniu'm which resulls in a decrease is titanium
concentration to ~1 g dm™® and a precipitale is found to be suspended in
solution.

L is therefore concluded that the leaching of the sodium carbonate-
waler vapour roasted product at a high 3/l ratio can not be used Lo gel
a highly concentrated solution of Litanium and iron in leach solution. It
could however be used for enrichment of ilmenite by getting a residue

containing mainly the hydrated titanium dioxide leaving almost all iron in

leach solution.
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Experiments have shown that the thermal hydro]ysis of Litanium
(titanyl) chloride apparently takes place, when the Litanium concentration in
4 g eq dm™ hydrochloric acid solution exceeds about 5 g dm™% If the
quantitative co-leaching of titanium and iron are desired with a maximum
concenlralion of titanium in leach solulion, the leaching should be carried
out at a S/L ratio of 0.02 kg dm™® for about 40 min. Longer time and higher
S/L ratio will result in a decrease of titanium concentration in leach

sclulion.

v) STAGE-WISE LEACHING :

During the investigation on the effect of solid to liquid phase ralio on
dissolution of metal ions by 4 g eq dm™? hydrochloric acid at its boiling
point from the sodium-carbonate-water vapour roasted product, it has been
found that only 6.5% titanium and 51.4% iron are present in the leach
solution when the S/L ratio is 0.1 kg dm™? and the lea?:hiﬁg time is 45 min.
This resull inspired us to make a study on the stage-wise leaching for the
system mentioned above. In this study, the residue lefl after a certain stage
has been subjected to further leaching wilh on equal volume of Lhe fresh
leachant.

The stage-wise leaching results are given in Table XLIII and shown
graphically in Fig. 14 as cumulative tilanium and iron concentration versus

stage-number plots., The results show that Lhe cumulalive percentage

dissolution of iron is only ~62% in the fourth stage when 51.4% dissolution

of iron occurs in the first stage. The cumulative percentage dissolution of

titanium is also not so much increased with the number of slages. This
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resull suggests that the partial leaching of iron from the roasted product
by stage-wise leaching using a high S/L ratio is not recommendable Lo
enrich ilmenite,

The reason for this behaviour is possibly due to the formation of a film
of hydrated titanium dioxide on the roasted mass, which slows down the

diffusion rate of reagent to and the products from the reaction site.

5.5 CHARACTERIZATION OF SALT-ROASTED PRODUCTS

The salt-water vapour roasting results of ilmenite are best explained,

in all cases, if we consider 't.he-fol]owing scheme for roasting:

Ilmenite + Salt + H,0 = Product = Product
A B

Product A produced first is easily leachable. On increasing either
reaction time, temperature, sé]t to ilmenite ratio, gas flow rate or waler
vapour pressure from their optimum values will facilitate the formation of
product B, which is resistant to acid leaching. 1t is however very difficult
to identify the product A and B phases due to the complexities of the Na,0-
Ti0,-Fe0 system. Many phases of compositions Na,, 0,.Ti,.0,,.Fe, O, having a
large number of x, y and z values are possible as experienced from an
examination of the ASTM X-ray diffraction cards.

A thorough X-ray diffraction study of the roasted products at an'i()l.ls
experimental roasting parameters is needed to identily the product A and
product B. Such a complicated study has nol been undertaken, nevertheless,

we have Lried to observe any change in the X-ray diffraction paltern of
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ilmenite occurred in the salt roasted masses obtained at optimum conditions
in forming largely the phase product A.

The possible phases (product A) obtained at the optimum condition as
predicted [rom the study of the effect of ilmenite to sall. ratio are Na,O0,.
TiOZ. FeO, NaO... TiOz. FeO, NaO.;. TiO,. FeO and Na,O. TiOZ. FeO for the NaCl,
NaZSO,,, NaNO, and Na,CO; systems respectively. It is expected therefore that
the X~-ray diffractograms of the Na,50, and NaNO, roasted products obtained
al optimum conditions should be more or less identical, whereas those of
NaCl and Na,CO; roasted products obtained al optimum conditions should be
different.

The X-ray diffraction patkefns of Na,50, and NaNO, rocasts, as shown
in the fifth and seventh columns in Table L, are almost identical with a few
underlined "d" values uncommon. Most of the deflections coincided with the
X-ray diffraction pattern of NaFeTiO, (Appendix-2). However, due to the
presence of certain uncommon deflections, the products contain at least
another phase uncommon together with NaFeTiO,. These phases are probably
responsible for getting different leaching results from the Na,SO, and NaNO,
roasts. These additional phases could not however be identified easily.
Comparisons of the X-ray patterns of ilmenite (first column) with those of
Na,S0, (fifth column) and of NaNG, (seventh column) roasted products
clearly indicate that Lhe salt-water vapour roastings took place during the
l‘.rea:i;ment and the whole amounts of ilmenite have been converted. One poinl
of interest to note here that a composition of NaQ; ;.FeO.TiO, was predicted
from the optimum ilmenite-salt ratio, but the X-ray analysis suggests the

composition Nﬂoo,s-Feol.s'TiOZ' Possibly the first phase is thermodynamically
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unstable and is not formed; whereas the second phase in thérmodynamica]ly
stable and is formed only in the oxidizing atmosphere. In the experiments,
we used nitrogen as carrier gas, so the oxidation of FeO to Fe,0, takes
place via the oxidizing action of Na,S0, and NaNO,; prior to or during the
roasting operation. It could however be concluded here that the salt-roasted
ilmenite product should have a composilion NaO, ..FeO, ..TiO, (optimum
ilmenite-salt ratio being such that the ilmenite to Na,0 ratio becomes 2)
provided the salt possesses an oxidizing power. In these two particular
cases, il is expecled that the oxidation of FeO takes place by the reaction
of N,0; and S0O; gases produced by the dehydralion of HNO, and H,S0,,
which in turns are produced by the thermal hydrolysis of NaNO, and Na,SO,
respectively at high temperature,

The X-ray diffraction pattern of the sodium chloride-water vapour-
ilmenite roasted product is given in the third column in Table L. A
comparison of its diffraction pattern with the pattern of ilmenite shows that
some of the "d" values are common, but their relative intensities are varied.
Since the diffraction due to all "d" values for ilmenite are not found in the
X-ray pattern of NaCl-roasted product, it is concluded that a salt roasted
product is produced whose X-ray pattern is almost similar to ilmenite. The
optimum ilmenite to sodium chloride ratio has suggested a composition of
Na,0,.Fe0.TiO,, Unfortunately, we did nol obtain any ASTM X-ray diffraction
pattern card for such a composition for confirmation. The X-ray pattern of

the roasted product did not coincided with the X-ray pattern of related

compounds available in ASTM cards (Appendix—1).

We are particularly interested in the phases obtained by the sodium
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carbonate-water vapour roasting of ilmenite because of the fact that the
best leaching is obtained from this product. The X-ray diffraction pattern
of this product (Na,CO,-H,0 vapour roast) is given in the ninth column with
the corresponding intensities in the tenth column in Table L. The under
lined seven 'd’ values correspond to the compound Nay 75Feq 75Tip 250, ie.,
Na3Fe3TiOB. The comparison of the X-ray powder diffraction pattern of
ilmenite (first column in Table L with that of Na,CO0;H,0 vapour roasted
product indicate that the whole amounts of ilmenile have been transferrad
to new phases on roasting. The 'd’ values in column nine suggest the
presence of another (second) phase in addition to Na,Fe,TiOg. Unfortunalely,
we were unable to identify this phase by searching the ASTM X-ray
diffraction cards of the related compounds. However, if we assume that all
iron present in ilmenite is used to form Na,Fe,TiOg, then by stoichiometry,
aboui-; two-third of titanium forms the second phase without any iron. The
second phase may or may not contain sodium. To confirm this, we have
analysed the roasted product for its sodium content. The percentage of
sodium in the water washed roasted sample (washing is done to remove any
adhered Na,CO; or NaOH) is found to be ~12.5% which suggests that the
second phase does not c:.onLain any sodium. The second phase should be a
oxide of titanium, TiO,.

Otherwise, if the second phase also contains sodium, then it should also
contain iron and titanium in ratio 1:1:3, so that the percentage of sodium in
the roasted mass remains at 12.5. The relative proportions of Na;TiFe 04 and
NaTizFeOq in the roasted mass may vary on roasting conditions. The rate

study may ultimately solve Lhis problem as il is predicled that Lwo Lypes of
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rates for each metal ion dissolution are expected for dissolution from a
mixture of Na,;TiFe 0, and NaTijFeO, On the otherhand, if two types of rates
for titanium and uniform rate for iron dissolution are observed, than the
roasted product should be comprised of Na,TiFe;0; and an oxide of titanium.

In either of the above possible phases containing iron, titanium and
sodium; iron exists in ferric state. Since the Na,CO,-water vapour roasiling
studies have been carried out in an inert atmosphere, Lhe ferrous iron in
ilmenite musl be oxidize by CO, produced from decomporition H,C0, which
in turn is produced by the reaction of Na,CO, with H,0 at the roasting
temperature.

It should be pointed out here thalt the phase Na,TiFeO, resulting from
this roasting study was predicted from the optimum ilmenite to carbonate
ratio used in roasting. The estimated percentage of sodium in the roasted
product does not support this composition (should contain ~22% sodium) for
the roasted mass. The lower percentage of sodium in the product may be
due to the volatilization of sodium hydroxide (mp. 318°C) at the roasting
temperature, formed by the thermal hydrolysis of sodium carbonate prior to
its reaclion with ilmenite. Since the roasting has been carried out at 850°C,
the vapour pressure of sodium hydroxide should be of considerably high
value at the temperalure of its formation and consequently, a significant
amount of it is lost by vaporization resulting in a lower experimental

optimum ilmenite to sodium carbonate ratio.
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Table L. X-ray powder diffraction patterns of salt-water vapour roasted

ilmenite products.

[Samples have been prepared under the best experimental roasting

conditions which result in maximum dissolutions on leaching with

hydrochloric acid.]

Sample Ilmenite NaCl roast h‘la\:,_so4 roast Nm‘m3 roast Na2603 roast
d,A R.I.,% d,A R.I.,% d,A R.I.,% d,A R.I.,% d,A R.I.,%
3.74 25 3.74 11 4.90 21 4.95 28 5.47 100
3.69 31 3.28 23 4.60 19 4.61 30 4.25 9
3.25 19 3.22 100 4.2 16 3.01 35 3.00 7
2.80 20 2.78 20 3.01 33 2.75 20 2.74 9
2.75 100 2.76 68 2.69 18 2.69 30 2.72 8
2.70 43 2.58 35 2.66 30 2.67 34 2.69 9
2.58 19 2.56 41 2.63 13 2.57 100 2.60 6
2.55 44 2.25 23 2.57 100 2.55 40 2.56 19
2.52 36 2.13 22 2.53 18 2.50 35 2.48 7
2.46 20 1.88 28 2.49 22 2.22 3o 2.46 7
2.24 29 1.73 53 2.21 23 2.13 45 2.37 7
2.09 19 1.64 23 2.13 27 - - 2.29 6
1.87 25 - = = = = - 2.19 16
1.72 34 - = - s = - 2.18 24
1.69 25 - - - - - - 1.73 9

= - .61 8




5.6 KINETICS OF DISSOLUTION OF THE SODIUM
CARBONATE-WATER VAPOUR ROASTED ILMENITE
BY HYDROCHLORIC ACID SOLUTION

The forgoing studies show that the best leaching of both titanium and
iron from ilmenite by hydrochloric acid solution is obtained by the prior
sodium carbonate-water vapour roasting of ilmenite. The optimum roasting
condition as determined is : ilmenite Lo Na,CO; ratio = 1.5, roasting time =
45 min, roasting temperature = 850°C, carrier gas (N,) flow rate = 420 cm’®
min~' and water vapour pressure = 31.5 mm Hg ; whereas, the best leaching
conditions for extraction of titanium and iron from the roasted masa nre:
leaching time = 30 min, S/L = 0.02 kg dm™? pulp agitation speed = 292 rpm,
leaching temperature = 110°C and reagent concenlralion = 6 g eq dm™ NCL
Under the above conditions, ~96% titanium and ~74% iron are leached into
the solution. |

As pointed out in the earlier section, the x-ray diffraction study of
the roasted product indicates the presence of more than one phase, it is
likely that the rate study on the dissolution of the roasted mass may lead
to the identification of the ané)ther phase in conjunction with Na,Fe;TiOg.

As the leaching processes are heterogeneous in character, the kinetics
of the process will depend on the shape and size or surface area of Lhe

solid material at any time during leaching.

TREATMENT OF RATE DATA :
At a constant temperature and phase mixing rate and solid to liquid

ratio (S/L), the rate of dissolution of a solid by a liquid reagent may be
expressed as :
‘_(dW/dt) = kcAlCa [ S T T T T R T TR T T R R S N R L D D D B (14)

where, W is the weight of the unreacled solid at a time t, A iks surf_nce
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area, C the reagent concentration, ‘'a’' the reaction order with respect to
reagent concentration and k is the rate constant. If W is expressed in g, A
in dm?, C in mol dm™ and t in sec, then the k will be in g dm s moi-!
provided ‘a’ is unity.

In order to get an integrated form of the rate equation from Eq (14),
the consideration must be given to the variation of the surface area with
time. In an attempt to have a fruitful solution to this problem, we must have
to consider that the roasted mass used in the leaching experiments is of
spherical in shape with uniform particle size.

If we use a very closely sieved fraction {(narrow mesh number
difference), then a definite amount of powder will conlain approximately the
same number of particles. Let us suppose that 1 g of the sample of particle
size >63 mp<125 mp contains 'n’ number particles. Then, the area occupied

by 1 g powder (A) is approximately given by :
A = ndur? CEE LR R YO RE W aR g bR e ewae (ID)

where, r is the radius of each particle. As the radius of each particle (r)
decreases with time of leaching, the weight at any instance can be
calculated from the following relation;

W=n(4-/3)n:r3p o e w e EE mE G HERS e e w e s (LB)

where, p is the density of the material.
Now, if we define the fraction reacted, R at any time as :

W - W (17)

R =——m P R T T T T T T S S T T S ST S T ST T N I

where W, and W are the initial weight and weight after certain time, then

from Egns. (14-17), we can get the following equations :
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From eqn. (16) :
-(dw/dt) = -n4r(pr2(dr/dt) Fam oY ulannsand s nswas (8
or, from egqns. (14, 15 & 18) :

~4rnpr®(dr/dt) = kdnnr?C® . . .. v v h .. .. voeov v s s (19)

dr kc?
or, - —m = “ e L L T e S T S T T R S S S S
' o o (20)
Now, on integrations within the limits r = r_, when t = 0 and r = r,
when t = t, we get :
r L
[ oo |
dl‘: dL L e R N R N L vv-'-ulu(zl)
r, p o
kC®
OI',I‘O‘“I‘= t Ql'!!llo!l!llll.l..ll.(22)
p

Now, for spheres, the fraction reacted (Egq. 17) may be presented as
follow :

(4/3) n ’p - (4/3) n r* p

(4/3) m ’p
R =1 - r3/1'03 T T T R AT (23)
or, 1 - R = .1"3/1'03 ......... S AT W w (24)

Or,r:]_’o(l"’.R)l/3nuolcc.llnontt-!onvooo(25)

By Eq. (25), the Eq. (22) takes the form;

kC? ‘

ro{l—(l—R)l/3}= pt lnluuonccnnauno(zb)
kc®?

or, 1 - (1 - R)3 = t P (27)

oy T LRIV Egt ssovmswsnnditibnysd (28)
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where, 9 = pseudo rale constant = (kC“/pro). It is importanlt to note here
that the final rate equation is independent of number of particles but
dependent on the radius of each particle on which the rate is varies
inversely with radius of particles.

The Eq. (28) follows that a.té certain fixed reagent concentration, the
plots of 1-(1-R)!3 versus time, t will yield straight lines with slopes
equalling to q.

Now, for a definite powder of closely related mesh member, the terms
p and r_ in 'q’ are constants. So, the value of ‘'q’ will apparently vary on
the reagent concentration, C. If the values of ‘qucl’ are determined by the
slopes of 1—(1—R)1/3 versus time, t plots at various reagenl concentrations,

C then

HCl;

log que; = log (kC%/pr)) + alog Cuyp v v v v v v v v v v v (29)

Equation (29) indicates that the plot of log q,., versus log C,. will
give straight lines with slope equalling to ‘a’, the reaction order with
respect to the reagent concenl‘,r.ation and the intercept (I) equalling to log
(K/pr,). It is apparent that the value of Lhe dissolulion rate constant, k can
be evaluated from the intercept (I) provided p and r; are known for the
powder under investigation. .

To make a study on the effect of temperature on the rate of

dissolution, g, values are to be determined at different temperatures, T (in

absolute scale) and the data should be plotted according to the Arrhenius

equation 99,262,263

log k or log g, = log (constant) - E_/2.303RT . . ... .. (30)

where, the symbols have their usual significances.
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Equation (30) indicates that the plot of log R or log q, against inverse
of abeolute temperature (1/7) should give straight line with slope equalling
to -E_/2.303RT, from which Lhe value of the apparent activation energy, E,
can be evaluted.

Bince, the dissolution process is hetrogeneous in nature, it is expected
that the rate of dissolution should be depenc’_lcnt on the pulp agitation
speed. The effect of pulp agitation speed on the rate of dissclution can be

represented by the following Eq. (31) :

a

logqum:],og + blog {(rpm) v v v v v v v v e (31)

p T,

where, C is the constant reagent concentration and ‘b’ the exponent
of the pulp agitation speed in the rate equation. The value of ‘b’ can be
easily evaluated from the slope of the log Qppm VErSUS log (rpm) plot at a
fixed reagent concentration.

Consequently, on evaluating the values of Lhe exponents ‘a' ‘b' and
R the empirical rate equation at a constant temperature and S/L equal to

0.02 kg dm™® for the dissolution process may be written as :

i- (1 -RrRY= C® (rpm)® v e e . (32)

AT,
EXPERIMENTAL :
About 80 g of ilmenite has been subjected to sodium carbonate-water
vapour roasting at its optimum conditions in 40 batches. All products have
been mixed together, reground (aggiomerated during roasting) in a ball-mill

and sicved lime to time to collect materials of <125 mp> 63 mp in particle
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size so that r_ of the collected fraction varies within 62.5 x 10°% m to 31.5 x
107% m. This sample is used in:a]l kinetic experiments and in determining the
density of the product.

All of the kinelics experimenls have been carried out by leaching Lhe
powdered sample equivalent to 1 g ilmenite with 50 cm?® leachant under
reflux. After each 3 minutes interval, 0.5 cm® portions of leachant are taken
oul Ltwice, one for Llilanium and olher for iron estimations. From Lhe
concentralion of titanium and iron dissolved at a certain interval (t), the
percentages (f) dissolved and the fraclion reacted (R) for bolh metal ions

are calculated (R = {/100).

RESULTS AND DISCUSSION :

Density, p of the powdered sample has been determined to be 3.58 g

cm™? pycnometrically (10 cm?) using the formula.

W, d
p = P b e BB R P REA P BEE FEwRE LAS]
W, + Wy - W,

where, W,,W, and W, are the weights of pycnometer plus waler,
pycnometer plus samples plus water and of sample respectively and d is the
density of water at the ambient temperature. On salt roasting of ilmenite,
the density of ilmenite is decreased from 4.72 g cm™® to 3.58 g cm™® for the
roasted mass, which indirectly suggests the association of Na,O with ilmenite

in the product.
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a) EFFECT OF HYDROCHLORIC ACID CONCENTRATION ON RATE OF DISSOLUTION:

The kinetic data obtained at various hydrochloric acid concentrations
but at constant temperature (110°C), pulp mixing speed (200 rpm) and S/L
ratio (0.02 kg dm™>) are given in Table XLIV. The plots of 1-(1-R)'? versus
time (t) in minutes for titanium and iron are given in Figs. 45 and 46
respectively.

It appears from Fig. 45 that the dissolution of titanium from the
roasted mass by hydrochloric acid solutions of various concentrations (1-6
g eq dm™) follows well the rate law given by Eq. (28). From the slopes of
the lines, the wvalues of SR min™! at various hydrochloric acid
concentration can be estimated.

On the other hand, Fig. 46 for iron disscolution indicates that the ‘q’
value in min™! i,e. The slope of 1-(1-R)!/3 versus time (t) in minute plots is
dependent on time of leaching. The duercingy value (min™!) obtained by
studying the leaching upto 10 min is decreased to qyg,,;, on studying the
leaching above 12 min. The 'q’ and log q values for dissolution of both metal
ions from the roasted mass at various hydrochloric acid concentrations are
given in Table XLV and plotted as log qg,, versus log [HCl] in Fig. 47.

The slopes of the plots in Fig. 47 for both metal ions vary with
hydrochloric acid concentration. The slopes in low hydrochloric acid
concentration region (<2 g eq dm™3) are ~3 and ~1.5 for titanium and iron
dissolution respectively. In higher hydrochloric acid concentration region (>2
g eq dm™?) thé slopes are ~1, and ~0.5 for titanium and iron respectively.
It is therefore concluded that the exponent ‘a’ of the reagent concentration

term in rate Eq. (32) depends the concentration of the reagent used.
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The change in the value of exponent ‘a’ in the rate equation with the
variation of hydrochloric acid concentration for both metal ions clearly
indicates the change in the dissolution mechanism from diffusion control Lo
chemical control with increasing concentration of the leachant. This change
in mechanism from diffusion-control to chemical-control is due lo Lhe fact
that at low reagent concentration, Lhe rale of diffusion is very slow and
therefore it governs the whole process. With increasing reagent
concentralion, the rate of diffusion increasces to such an exlent that il
superseceds the rate of chemical rcaclion and consequent Lthe process ahilfln
from diffusion control to chemical control. In dissolutions of metals and metal
oxides by acids it is the general trendZM'ZGS. From the nature of the plots
in Fig. 47, it is clear that the process is intermediate-control when Lhe
concentration of hydrochloric acid is kept around 2 g eq dm™>.

It is interesting to point out here that the variation of Qyc1(Fe) with
time of leaching (Fig. 46) does not change in the mechanism of dissolution.
The only reason for the variation of Ayicl(Fe) value above about 12-min c:ould
be the wvariation of the density and/or initial radius of the Jeachable
component in the roasted phase (cf. Eq. 27). The density of the leachable
component may be altered due to the transformation of the constituents of
the roasted mass by reaction with hydrochloric acid in the first step to a
iron compound from which leaching of iron takes place after ~12 minutes.
If the density of the iron compound produced is twice the density of
roasted mass, then the value of ‘q’ after 12 minules will be about hall of
the ‘g’ value before ~10 minutes.

From the intercept of the lines in fig. 47, the values of the constant

for titanium and for iron dissolution at <10 min and>12 min in lower and
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higher concentration regions can be evaluated{agﬂt) c; and ¢, prefixes
represent the lower and higher concentration rang‘es of hydrochloric acid
under investigation respectively, I the intercept and Fe, and Fe, the
subscripts for iron dissolution at <10 min and>12 min respectively, then the

values of the intercepts are :

11 = -2.75, 11 = -2.37, 11 = -2.65
Ti Fe Fe

1 h
C
1°h = -2.38, 1 = -2.03 and I°P = -2.32
Ti Fe Fo

1 h

Assuming the value of p = 3.58 g em™® (experimentally determined) and

r, =5 x 1073cm (varies within 3.15 x 10 cm to 6.3 x 1073cm); the value of
pr, becomes equal to 0.0179 g cm~2 Since the intercept (m™!) equals to log

.

(k/pr_), the value of the rate constant can be easily evaluated to be:

kci = 3.19 x 107% ecm? g% mol™ m™!
Ti |

kCl = 7.64 x 1075 cm? g! mol™!*5 m~!
Eel

k1 = 4.01 x 105 cm? g™! mol™'*® m™
Feh

kch = 7.34 x 1075 cm? g'1 mol™! m~?!
Ti .

k°h = 1.67 x 107 cm? g! mol 05 m™!
Fe

1

K = 8.93 x 107 cm? g7! mol™®® m™!
Feh

The above values of the constant are only valid at 110°C, 200 rpm and
0.02 kg dm™2 S/L ratio. The variation of any one of these parameters, will

result in the variation of the value of rate constant.
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It is interesting Lo note here, thal the values“of the rate constant for
titanium dissolution and iron after 12 min’s dissolution are almost identical
in both concentration regions of hydrochloric acid. Moreover, the above
values for titanium dissolution and iron after 12 min’s dissolution are almost
half of the rate constant for iron dissolution upto ~10 min in both
concentration regions of hydrochloric acid.

The kinetic results also suggest the presence of a more than one
phase in the roasted product. One of the roasted phase, containing more
iton than Lil‘.nnium,'isleu(_:l'led to dissolve iron and a phase which already
existed in the roasted mass. It is thought that initial rate of iron dissolution

is due to two parallel reactions as suggested bellow :

+(HC1)

Na, Fe, Ti, O, » Na, Fe, Ti, O, + Fe® + Na* . ..... (34)

(a roasted phase, y>z)

HCl
Na, Fe, Ti, 0, — Fe®* + Ti'' + Na' ............ (35

(a roasted phase, v>z)

In our opinion, the rate of reaction represented by Eq. (34) is almost
ceases within about 12 min and after this time the dissolution takes place
only through Eg. {35). As the reaction (34) proceeds, the amount of reactant
in Eq. (35) is produced gradually and subsequently leached to dissolve Fe't
in a slower rate and titanium in a rale identical to the initial rate. However,
the stoichiometric equations can not be given for the inadequate knowledge
of the components of roasted product.

It is concluded from Lhis study that
(1) The initial rate of dissolution of iron is a combination of two parallel

reactions;
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(2) The mechanism of leaching is changed; a diffusion control at lower
hydrochloric acid concentration region (<2 g8 eq dm™?) to a chemically
control al higher hydrochloric acid concentration region;

(3) The exponent of concentration terms for titanium and iron are ~3 and
~1.5 in the diffusion controlling region and are ~1 and ~0.5 in the
chemically controlling region;

(4) The numerical values of the rale constants for titanium and iron(after
12 min’s dissolution) are of same value in both concentration regions.

z g'l (mol™)

The values are ~4 x 1 08 (:m?';_:g'1 {mol™) m! and ~8 x 107% cm
m-! for low and high concentration regions of hydrochloric acid
respectively (value of ‘a’ is ~3 and ~1 for titanium and, ~1.5 and ~0.5
for iron in low and high concentiration regions) and that

(5) The value of the rate constant for initial dissolution of iron is almost

twice the rate constant after 12 mins dissolution. This suggests that the

initia] rate of iron is due to two parallel reactions.

b) EFFECT OF TEMPERATURE ON RATE OF DISSOLUTION :

The kinetic data for the rate of dissolution of the roasted mass by 4
g eq dm™? hydrochloric acid (chemically controlling region) at dilfferent
temperature {40-110°C) are given in Table XLVI and the [l~(1—-R)”3] versus
T (min) plots are given in Figs. 48 and 49 for titanium and iron
respectively. From the slopes of the lines, the values of the pseudo-rate
constant q, for titanium and ir.'on at <12 min’s and > 12 min’'s dissolutions
are calculated; and reported in Table XLVII and are plotted in Fig. 50, as
log q; versus (1/TK) x 10% plots.

The experimental points in all cases under consideration in g 50 do

not fall on straight lines, but curves are obtained having a higher
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asymptotic slope at higher temperature region and a lower asymptotic slope
at lower temperature regions under investigation. From the slope of the
asymptotic lines, the apparent. activation energies, E, for the systems have
been evaluated by considering the Arrhenius’ equation (cf. Eq. 30). The
values are ~13.7 kcal mol™! and 0.5 kcal mol™! for titanium dissolution at
higher and lower temperature regions respectively. The corresponding value
for iron dissolution are little lower (~12 kcal mol”! and ~0.4 kcal mol™!).

The values of the activation energies at higher temperature region
support: our prediction made earlier that the dissolution process is
chemically controlled when more then 2 g eq dm™ hydrochloric acid solution
is used in leaching. The lew value of activation energy at low temperature
region suggests the diffusion controlled mechanism. So the statement "the
dissolution process is chemically control when more than 2 g eq dm™3
hydrochloric acid solution is used in leaching" is strictly true provided I;he
leaching is done at boiling temperature of the leachant. Even with 4 g eq
dm™3 hydrochloric acid concentration, the dissolution process becomes purely
diffusion control at ~50°C. These conclusion are drown based on the
following theoretical ‘backgrounds.

A diffusion-controlled process is characterized by being slightly
dependent on temperature (low activation energy), while the chemically-
controlled process is sl:ro.ngly temperature dependent (high activation
energy). The reason is that the diffusion coefficient, o3 (rate constant for a
diffusion-controlled process, k is nothing but (e&/8) where 6 i; the

thickness of diffusion Jayer) is linearly dependent on temperature by the

Stokes—Einstein equation.

ﬁ: --.lon-nnn(36)
: N 2nrmn
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While the chemical rate constant k is exponentially dependent on

temperature by Arrhenius’ Equation.
ke 8™ | Lo tenidssh nas tan b27)

where the symbols have their usual significances. These two equations
suggest that if the temperature is doubled, the diffusion coefficient & or
diffusion controlling rate constant, k = & /8 is nearly doubled; where as the
chemical reaction rate constant, k is increased nearly hundredfold.

The activation cnergy of Lhe diffusion-conltrolled process s
characterized as being 1-3 kcal mol"‘, while for a chemically reaction
controlled process it is usually greater than 10 kcal mol™!. An inlermediate
controlled reaction has an activation energy in the range of 5-8 kcal mol™ L.

Usually, a process may change its mechanism from chemical control at
lower temperature to diffusion control at higher temperature. The reason is
that at low temperature the rate of chemical reaction is so slow that it is
much less than the rale of diffusion i.e. the rate is chemically controlled.
At high temperature the rate of chemical reaction is accelerated with the
rise in temperature and it becomes much faster than the rate of diffusion
i.e. it becomes diffusion controlled.

The above discussion ‘points out that the activation energies obtained
at low and high temperature regions are opposite to those should be
obtained theoretically. In our opinion, this is due to a change in the
reaction mechanism for the dissolution process, i.e. the chemical reaction
leading to the dissolution of the roasted mass changes with the temperature.
At high temperature region, the high activation energy suggests that one

of the chemical reaction step causing the dissolution is a slow process wilh
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respect to the diffusion of the hydrogen ion or the product ions through
the surface film. On the otherhand, the low activation energy al low
temperature region suggests that the chemical reaction steps (different from
the above) resulting the dissolution are fast processes with respect to the
diffusion of the reactant leachant and the products through the surface
film.

The above stalements are supported by the hydrochloric acid
concentration dependence study on rate. In low concentration region of
hydrochloric acid, the exponent of its concentration term varies from ils
value in the higher concentration region. Now, we thought that the reaction
leading to the dissolutions of titanium and iron at lower concentration region
differs from that at higher concentration regions. This study on the effect
of temperature on rate suggests that the reaction taking place at lower
concentration region is favoured to occur in lower temperature regions
under investigation,

It is however, very difficult to predict the actual reaction taking
place at two different conditions. To get further informations on the effect
of temperature, the rate studies have also been carried out with leachant
(HCI1) of low concentration. With 1 g eq dm™3 hydrochloric acid, the rate dala
at different temperature are given in Table XLVIII and plotted as 1—(1—R)4/3
versus time (t, min) in Fig. 51 for both titanium and iron. From the slopes
of the lines, the values at different temperatures are calculated at different
temperatures (Table XLIX). The Arrhenius plots are given in Fig. 52. Il"l all

cases, straight lines are oblained. From the slopes of the lines the activation

anergy has been calculated for each system. The value of the activation
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energy of titanium and iron dissolutions are again of low value (~1 kcal mol™'),
but now over the entire temperature range under investigation. This
concludes that at low hydrochloric acid concentration, one chemical reaction
(very fast reaction steps) leads to the dissolution over the whole studied

temperature range.

c) EFFECT OF PHASE MIXING RATE (R.P.M) ON THE RATE OF DISSOLUTION :

The effects of phase mixing rate on the rate of dissolution at 110°C
have been studied at Lwo distinct different conditions, one for 4 g eq dm™
hydrochloric acid and other for 1 g eq dm™3 hydrochloric acid. With 4 g eq.
dm™® hydrochloric acid, the data for ihe rate measurements are given in
Table L. The Table L indicates that the rate of dissolution is almost
independent of the phase mixing rate. The 1-(1-R}/?® versus t (min) plots
coincide each other {(not shown graphically) and the 9 values at different
phase mixing rate obtained by the least square analysis are given in Table

LI, The log gq,,, versus log (rpm) plots are shown in Fig 53. The lines in

m
this figure have almost zero slope (‘'b’ = o, cf. eq. 31) supporting our
previous suggestion, 'the dissol'ution reaction taking place at high
hydrochloric acid concentration and at 110°C is chemically controlled,"Since
the chemically controlled reactions are independent of the phase mixing
rat6264.

The experimental rate dala obtained for 1 g eq dm™3 hydrochloric acid
at 110°C are given in Table LIIL. The 1-—(1—R)”3 versus Lime (min) plots are

given in Fig. 54 for both titanium and iron dissolution. From the slope of

this lines, the ‘g’ values at different rpm are given in Table LIII and shown
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graphically in Fig. 55, as log Q. Versus log (rpm) plots. The straight lines
having slopes of ~0.3b are obtained. The result also supports our previous
statement, "the dissolution process taking place at low hydrochloric acid
concentralion and at 110°C is diffusion controlled," since for a diffusion
controlled process, the increased speed of phase mixing increases the rate
of reactionzse. One consideration must be undertaken to use these data that
the rpm values given are not absolute because an additional phase mixing
effect is present there for boiling action of Lhe pulp. But this effecl is

invariably associated with all data.

5.7 RECOVERY OF TITANIUM FROM LEACH SOLUTION

From the leaching study, we have concluded that the enrichment of
ilmenite, containing only about 40% of total iron present, can be prepared
by leaching the Na,CO,-H,0 vapor roasted ilmenite by 6 g eq dm™® hydro-
chloric acid at high S/L (kg dm™3). The removal of remaining iron is not
possible due to the passive.ness of the residue. Consequently, almost
complete dissolution of the roasted mass at low S/L ratio and the subse-
quent separation of Fe’t t'r.om Ti'* are deserved. Literature surveyzj()“213
suggests that the separation of the ions under consideration from hydro-
chloric acid medium is possible by liquid-liquid extraction by MIBK. The

following paragraphs report our findings towards the extraction of Fe¥! by

MIBK.



1) DEPENDENCE OF EXTRACTION RATIO ON CONTACT TIME FROM IRON (11I)

EXTRACTION WITH METHYLISOBUTYL KETONE (MIBK) :

Table LIV represenls the values of extraction ratio at various time

intervals for extraction of Fel' from 6 g eq dm~? hydrochloric acid medium
(5 g dm™?® Fe?') by undiluted MIBK at organic to aqueous phase ratio of 1
and at a temperature of (30%1)°C. Figure 56 shows the extraction ratio
versus time of contact plot. It is found that the extraction ratio of iron is
increased with increasing the time of contact upto about 30 sec, and the
curve is levelled off above this time. From this result, it is concluded that
the extraction of iron (111) from concentrated hydrochloric acid maediuam by
MIBK is very fast and takes only about 30 seconds for equilibration.
However, it is important to note here that the shaking has been performed
at an optimum rate and since the rate of extraction depends on the
extraction parameters, longer times e.g. about 2 minutes have been allowed

subsequently to ensure the attainment of equilibrium at different

experimental parameters.

2) DEPENDENCE OF EXTRACTION RATIO ON CONCENTRATION OF IRON (III)
FOR EXTRACTION BY MIBK :

The variation of extraction ratio on the initial agqueous cc:;ncentl‘al;ion
of iron (1I1) (1-15 g dm™®) is given in Table-LV and Fig. 57. It is seen that
the extraction ratio decreases with the increment in concentration of iron
(ITI) in the aqueous phase. However, the variation of extraction ratio is less
pronounced at lower concentrétion region. This may be due to the loa_ding
of iron in MIBK which results in the decrease of the free MIBK concentration

in the organic phase.
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3) DEPENDENCE OF EXTRACTION RATIO ON AQUEOUS ACIDITY (HYDROCHLORIC
ACID CONCENTRATION) FOR THE EXTRACTION OF IRON (III) BY MIBK :

The values of the experimentally determined extraction ratio at

several hydrochloric acid concentrations, ranging from 2 to 7 g eq dm™? are
given in Table-LVI and plotted in Fig. 58 as log-log plot. From the figure
it is evident that the extraction of Fe’' by MIBK is extensively dependent
on the hydrochloric acid concentration in the agqueous phase; increases with
increasing the hydrochloric acid concentration but not linearly. The slope
of the curve at lower concentration region (S;) is about 6 whereas, at
higher concentration region (S,) is about 16. The increase in the extraction
ratio with increasing hydrochloric acid suggests the extraction of it by
MIBKZB]‘. It is believed that a certain portion of hydrochloric acid is
extracted by forming the extractable Fed* species and the rest being

extracted by MIBK alone.

4. DEPENDENCE OF EXTRACTION RATIO ON EXTRACTANT (MIBK)
CONCENTRATION :

The experimental results are shown in Table-LVII and Fig. 59. The

dilution of MIBK was done - by kerosin. The log-log plot is not a straight

line. A curve having slope of ~0.5 in the lower concentration and of ~8 in

the higher concentration region is obtained. It is generally known that MIBK

is used undiluted in the extraction process. Addition of nonpolar diluent to

; ' 261
a metal loaded MIBK solution results in the back extraction of metal®”". The

h decrease in the extraction ratio with decrease in the concentration of
sharp dec! =

ig believed to be resulted from the same cause. Due to this

MIBK in kerosin
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known behaviour and the extraction of hydrochloric acid by MIBK th
- s the

reaction involving the extraction cannot be suggested. However, it is
= y S £

. 3% -
probable that Fe” is extracted by the following type of reaction.

R R
FeCl, + XHCI + Y R'> O —— ( R’> CO)H [FeCl )] .. ... (39)

{MIBK) (A solvated ion pair)

5. DEPENDENCE OF EXTRACTION RATIO ON TEMPERATURE :

The Table-LVIII and Fig. 60 (log Egre versus 1/TK) show that the
extraction of iron (III) with MIBK is decreased with increase in temperature
under investigation. The extraction process is therefore exothermic. The
apparent enthalpy change for the extraction of Fe(III) by MIBK has been
calculated to be AH = -13.40 k;I mol~!. The low enthalpy change supports the

extraction via solvation mechanism.

6. LOADING EFFECT OF ORGANIC PHASE :

The cumulative amount of Fe3' extracted in organic phase (8 M in

MIBK) at various stages (aqueous phase renewed) are given in Table-LIX

and Fig. 61. It is evident from the table and figure that the organic phase

is loaded to its full capacity with iron (1I1) within about 7 contacts under

the experimental conditions stated. During the first five contacts almost all

the metal-ion in fresh aqueous solutions is extracted into the organic phase,

+

3
indicating a high affinity of the extractant towards Fe™.

’ 3
The loading capacity of MIBK is found to be only 3.754 g Fe”' per

3¢ C s
100 g MIBK. Moreover, a simple calculation shows that the Fe”" to MIBK ralio
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is about 1 to 15 from the loading study. The involvement of 16 MIBK

molecules per Fe(IlI) was obtained from the extractant dependence study

Therefore, the solvation number is around 15, when pure MIBK is used as

extractant. Of course, due to the absence of diluent in the system, a certain

fraction of MIBK acts as the solvent for the extracted species. The golvation

number determined by the extractant dependence study agrees well with

that obtained from the loading study.

7. EFFECTS OF VARIOUS DILUENTS ON THE EXTRACTION OF FEY' BY MIBK :

3

The aliquots of 10 cm” of extractant in different diluents such as

benzene, kerosin, n-hexane, toluene, chloroform and carbontetrachloride have

been added to the same volumes of aqueous solution in six different 250 cm®

reagent bottles; and the phases are contacted for three minutes. After
allowing the phases to settle, the aqueous layers are taken out and

analysed.
From the experimenlal data (Table-XL), it is found that the extraction
ratio is high for diluent benzene and low for carbontetrachloride.

The diluents can be arranged in their decreasing extentls of extraction

as follows :

Benzene > Kerosin > n-lHexane > Toluene > Chloroform > Carbontetrachloride

The extents of extraction in different diluents indicate that if MIBK

is used as an extractant for Fe?* extraction, benzene or kerosin will give

better results than n-hexane, toluene, chloroform or carbontetrachloride.

i1 Tt PR3t F : it i
The above results clearly indicate that Fe from the leach solution

obtained at low S/L ralios could be separated almost quantitatively by
aine i at |
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single-stage extraction with undiluted MIBK. The iron extracted MIBK can b
e

stripped simply by distilled water in only two to three steps. The iron in

the MIBK phase comes into the water phase and is precipitated as oxide or
hydrated oxide on addition of NaOH pellets from which pigment grade iron
oxide (black) can be prepared by heating the dried oxide or hydroxide at
about 500°C. The almost iron free titanium in hydrochloric acid solution can
be distilled off to regenerate hydrochloric acid of about 6 g eq dm™®
concentration. During this operation, as the concentration of hydrochloric
acid is decreased and as the time of heating is increased, a very pure

precipitate of hydrated titanium dioxide, Ti0,.xH,0 is separated out almost

3¢

quantitatively, The trace amount of Fe” in the MIBK extracted aquecous

raffinate does not contaminate the precipitate. The precipitate can be easily
filtered, washed, dried and ignited at about 800°C to get pigment grade
titanium dioxide. The filtrate containing some Ti** after separation of
precipitated hydrated titanium dioxide, may be rejected or subjected to
HDEHP extraction (pH-1) HCI'(B g eq dm™3, 0/A = 10) stripping steps to
recover the residual titanium. The stripped solution containing more than 10

g dm™? titanium can be recycled to the distillation unit for hydrochloric acid

regeneration.

Further study Suggésts, a more simplified method. The leach solution

containing titanium and iron can be distilled off to regenerate hydrachloric

acid with subsequent precipitation of hydrated titanium dioxide in which a

considerable amount of iron is absorbed. The precipitate can be ?nSi]y

separated, washed with distilled water several times (about ten times) to
b

remove absorbed iron, dried and ignited to prepare pigment grade titanium

dioxide.
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een b inti it
| | | b | “ll‘(ed 1I1lea|‘,ely I.L}l 6.6 g Naz 303 and

water vapour pressure 31.5 mm Hg, On leaching with 0.50 dm™ 6 g eq dm™

hydrochloric acid, the roasted mass yields a solutjon containing ~5.40 g dm™
i i — ~ "3 .
titanium and ~4.80 g dm™ iron corresponding to ~96% titanium and ~74% iron

dissolutions. The solution is then subjected to distillation for recovery of

hydrochloric acid (about 80% recovery).

As distillation proceeds, a precipitate of metalitanic acid or hydrated
titanium dioxide, absorbing some quantity of iron appears gradually
(precipitation yield is about 90%). It is filtered and the residue is washed
eight to ten times wilth distilled waler, dried in ambient Lemperalure and
ignited at about 800°C for half an hour to produce 4 g titanium dioxide of
very white-in-colour. The an'a.]ysis of the product shows that it does not
contain chromium but contains less than 0.01% iron. The filtrate containing
most of the iron and non-precipitated titanium could be rejected or recycled
after separating iron by MIBK extraclion as indicated in the Flowsheet A.

Alternatively, the leach solution can be treated as follows : the leach

solution is contacted with 250 cm? undiluted MIBK twice to extract most of

the iron present., The firsl extract is stripped with equal volume of distilled

water thrice. On stripping, iron comes into the water phase and is

precipitated by the addition of NaOH pellates in the stripped solution of the

first stage only. The aqueous solution obtained in the second and third

stripping stages are recycled or rejected. The precipitate of iron gbtained

in the first-stripping stage is filtered, dried and ignited at 500°C for half
an hour to get ~3.25 g Fe;0; (pigment grade, iron-black). The stripped MIBK
quent second—exl;raction—stnge, whereas

phase may be recycled in the subse
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- xtract .ai in t
the extracted phase obtained in the second-extraction-stage can be recycled
. rCYyClec

as the extractant in the subsequent first—extraction—sl;a,ge. The ralfinate

from the extraction step is subjected to distillation for hydrochloric acid

recovery (~95%) and for the concurrent precipitation of very pure

metatitanic acid. The precipitate is filtered, dried and ignited to get 4.12 ¢
titanium dioxide. The precipitation yield is ~95%. The product is very white
and pure (contains only 0.005% Fe). The steps are shown in Flowsheet B.
The economics of the process will however be greétly depend on the
energy invo]vemgnt in Lthe salt-roasting, leaching and distillation sleps.
These should be estimated on a pilot-plant scale basis. Regarding Lhe
regents, sodium carbonate is very cheap ( Tk. 20 per kg; Tk. 1 = £0.015),
hydrochloric acid is recoverable (~85%) and cheap (Tk. 156 per kg,
commercial) and the extractant MIBK is also recoverable to a great extent
(2% loss due to water miscibility). The loss of hydrochloric acid results from
its extraction into the MIBK (4% of acid in aqueous phase is extracted into
the MIBK phase). Since the produclts are relatively of high price (Tk.
3600/kg TiO, and Tk, 400/kg Fe,0; for Aldrich qualities) and the recoveries

are very high, the process is expected to demand a commercial application.




SUMMARY

Al s . . o o 3 P ” e
The work described in the dissertation can he summarized in Lne

following few paragraphs.

(A)

The comparison of the leaching characteristics of ilmenite in various
inorganic acids shows thal excepting in hydrofluoric acid, negligible amonnts
of titanium and iron are dissolved in 2 g eq dm™? acids at their boiling
points for 30 h. However, the dissolution increases with increasing acid
concentrations, particularly l;pto 6 g eq dm™3. Under similar condition,
hydrochloric acid dissolves more ilmenite than does sulphuric acid. With 6
E eq dm~? hydrochloric acid, ~53.5% titanium and 60% iron dissolutions occur

within 4 h, longer leaching time does not increase the percentage

dissolutions.
(B)

Ilmenite has been roasted prior to leaching by heating with liquified

petroleum gas (LPG). The ilmenite has been subjected subsequently to leach

with 6 g ed dm“3 hydrochloric and sulphuric acid solution to follow up the

progress of heat treatment at different parameters, The optimum roasting

onditions with LPG-pyrolysed products are at (700+15)°C for 75 min at LPG
c

. -1 16 ive. T i ight
flow rate 230 cm® min~" and $63<125 pm particle size. The maximum weight

tages of metals dissolved from the roasted mass are ~85% titanium and
percenta '

i 5 with 6 & ed dm-3 hydrochloric acid, whereas it is 52.3% titanium
82. iron

=3 . 3 .
and 60.8% iron with 6 g ed dm sulphuric acid system. The weight
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temperature, ti : . )
P y time, gas flow rate and with decreasing particle size upto their

optimum wvalue anti
P 8 mentioned above. On further increase in roasting time
4 =31

temperature and gas flow rate, the roasted mass gives poorer dissolulions

of titanium and iron.

The optimum leaching conditions with hydrochloric acid solutions are
greater than 6 g eq dm™? acid concentration, temperature at boiling point,
solid to liquid phase ratio (S/L) of 0.02 kg dm™ and at pulp agilation speed
of 350 rpm for 5 h. Identical concentlration of sulphuric acid gives poorer
dissolution. Comparison of the X-ray powder diffraction patterns (XRD) of
ilmenite and roasted mass suggest the chemical/physical change occurring

during roasting treatment.
(C)

A different method of thermal treatment applied to ilmenite is to react
with the reformed products of the LPG-H,0 vapour mixture in presence of
nickel catalyst. The roasted mass has been subjected subsequently to
leaching with 6 g eq dm™? hydrochloric acid sulphuric acid solutions to

follow up the progress of heat treatment at different parameters.

The optimum roasting conditions are !

i) The maximum percentages of titanium dissolved by both acids

increase with increasing the roasting time upto 40 min; and on

further increasing the roasting time, the maximum dissolution

percentage of titanium is decreased. On the otherhand, the iron
dissolution is increased with increasing the roasting time uplo
50 min which is slightly decreased with further increase in the

roasting time upto 60 min.
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ii)

iii)

iv)

The maximum percentages of both the i i

the acids are increased with ; 'met&ls o
g ith increasing roasting temperature

upto (700%15)°C and then decreased considerably.

The optimum LPG flow rate should be around 110 cm® min™! and

the roasting in higher gas flow rate will extensively decrease the

dissolution percentages of the metals from ilmenite roasted

product.

The optimum waler vapour pressure in the flow gas is 0.041 alm

and the roasting at higher water vapour pressure will greatly

decrease Lhe wpercentages of metals dissolved from ilmenite

roasted product,

A comparison of X-ray powder diffraction pattern (XRD) of ilmenite

and the roasted mass suggest the chemical/physical change occurring during

roasting but the composition of phases present in roasted mass could not

be identified.

The optimum leaching conditions are :

i)

i)

Titanium and iron dissolution from the roasted mass is very

sharp in the acid concentration range of 2 to 6 g eq dm™ for

both acids and above 6 g eq dm™? acid concentration, the

maximum percentages are little increased. Therefore the optimum

-3
leaching acid concentration can be taken as 6 g eq dm .

The dissolution of both metals are increased with increasing the

lJeaching temperature and the variation is very sharp between

80° to 110°C. The high temperature dependence of the leaching

of the roasted mass indicates Lhe high activation encrgies for
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dissolution of both metals and the dissolution occurs by the
mechanism of chemical controlling in nature for both the metal
ions.

iii) The percentages of both the metals are considerably decreased
on increasing the S/L ratio as expected for any leaching study.
The titanium and iron dissolutions of 91.5% and 94.3% are

decreased to about 10% and 54.7% respeclively on increasing S/L
ralio from 0.02 kg dm™3 to 0.10 kg dm™>. Similar behaviour is also
encountered for leaching with sulphuric acid. The concentration
of iron in both acids are increased substanlially wilh increasing
S/L ratio. On the otherhand, the concenlration of titanium in
hydrochloric acid solution is decreased with increasing the S/L
ratio; and with sulphuric acid, the concenlration of titanium in
solution is increased with increase in the S/L values.

iv) The percentage of metals dissolved are increased considerably
with increasing the pulp agitation speed for both acids.

At optimum condition, the maximum weight percentages of titanium and

iron dissolved are 91,5% and 94.3% respectively in hydrochloric acid; whereas

these are 47.9% and 66.9% respectively in sulphuric acid.

(D)

The advantage of the thermal hydrolysis of Na salts (NaCl, Na,S0,,

NaNO, and Nazcoa) at around 800°C has been exploited. The alkali produced
3 5

i i ; 1S6E8.
in-situ has been reacted with ilmenite to give easily soluble roasted mas

. R ifferent,
Although from all the salts used, the hydrolysed product 18 NaOH, differen

istics are obtained due to

i i y ~acter
roasted masses with different leaching chara
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the exislence of different atmospheres (oxidising, non-oxidising, inert etc.)

in the furnace. The opti " 1dijti i '

1e optimum roasting conditions with NaCl, Na,S0,, NaNO,
and Na,CO; are ilmenite (1 g) to salt (wt) ratios of 0.67, 2.00, 1.70 and 1.50;
time 75, 90, 90 and 45 min; temperature 800°C, 885°C, 800°C and 850°C

respectively; carrier gas (N,) flow rale 420 cm® min™' and water vapour

pressure 31.5 mm Hg; whereas the optimum leaching conditions are 6 g eq
dm™ (2 g eq dm™ for Na,50,) hydrochloric acid at boiling point, S/L ratio
of 0.02 kg dm"3, pulp agitation speed of 292 rpm and 120, 120, 90 and 45 min
leaching Lime for NaCl, Na,50,, NaNO; and Na,CO, system respectively., Under
these conditions 71.8, 43.5, 84.9 and 95.8% titanium and 94.9, 53.5, 70.2 and
73.7% iron are dissolved for NaCl, Na,80,, NaNO,; and Na,CO, systems
respectively, The best leaching has been obtained from the Na,C0,-H,0

vapour roasted mass.
(E)

The salt-water vapour roasting resulls of ilmenite are best explained,

in all cases, if we consider the following scheme for roasting.

Ilmenite + salt + H,0 = Product = Product
A B

Product A produced first is easily leachable. On increasing either

i it ! ; ater
reaction lime, Lemperature, galt to ilmenite ratio, gas flow rate or we

vapour pressure from their optimum values will facilitate the formation of

product B, which is resistant to acid leaching.

A thorough X-ray diffraction study of the roasted products at various

i i A and
experimental roasting parameters 1S needed to identify the product
product B. Such a complicated study has not been undertaken, nevertheless,

. ¢ £
we have tried to observe any change in the X-ray diffraction pallern o
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ilmenite occurr in t -
ed in the salt roasted masses obtained at optimum conditi
Alelp]

in forming largely the phase product A.

The XRD pattern of Na,S0O, and NaNO; roasted products are almost
similar to each other, but differ widely with the XRD pattern of ilmenite.
Most of Lhe diffraction peaks coincide with the XRD pattern of NaFeTi0,.
Presence of some uncommon peaks suggest the presence of anolher phase
together with NaFeTiO,. Original peaks for ilmenite disappears on salt-water
vapour roasting with these two reagents. The XRD pattern of NaCl-H,0
vapour roasted produclt indicates a change occurring during ronsling
operation, but the product phase could not be identified.

The most of the diffracl:i.ons of the Na,CO4-1,0 vapour roasted product
confirm the formation of the phase, Na,Fe,TiOg. However, the product. does
not contain only this phase. From the rest of the diffraction patterns, the
co-existing phase could not be identified. From stiochiometric relationship,
a phase of composition NaTizFeOg could be suggested, but there exists no

ASTM card for such a compound.
(¥}

The rates of dissolution of titanium and iron from the Na,C0,;-H,0

vapour roasted product (powder) have been investigated as function of

hydrochloric acid concentration, temperature and pulp agitation speed. The

plots of _l—(]_—R)”3 versus time (t) in min for titanium give straight lines of

s
uniform slope but in the case of iron the slop changes after 10 min's

i i d Lo us.
dissolution. The actual cause of such behaviour 1S not known to

The following conclusions are drawn from the dependence of the rate

.

on hydrochloric acid concentration @

i i inati > Lwo
1) the initinl rate of dissolution of iron 1s & combination of Ly

parallel reactions;
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2) tk i = : )
) the mechanism of leaching is changed; a diffusion control at lower

hydrochloric acid concentration region (<2 g eq dm—ﬂ) to a

chemically contro] at higher hydrochloric acid concentration region;

3) th - of s
) € exponent of concentration terms for titanium and iron are ~3

and ~1.5 in the diffusion controlling region; and are ~1 and ~0.5

in the chemically controlling region;
4) the numerical values of the rate constants for titanium and iron

(after 12 min dissolution) are of same value in both concentration

SiaEy r - =5 2 ~1 £ = =¥
regions. The values are ~4 x 107" c¢m? g™ (mo)™ w™! and ~8 x 107"

2 -1 - =
cm” g (mol)™ m™! for low and high concentration regions of

hydrochloric acid respectlively (values of ‘a’ are ~3 and ~1 for
titanium and ~1.5 and ~0.5 for iron in low and high concentration
regions) and that

5) the value of the rate constant for initial dissolution of iron is
almost twice the rate constant after 12 min’s dissolution, This

suggests that the initial rate of iron is due to two parallel

reactions.
The plots of the logarithm of pseudo-rate constant, q; versus

(1/TK) x 10°® are not linear. The curves having a higher and lower

asymptotic slopes at higher and lower temperature regions respectively are

obtained. From the slopes of the asymplotic lines, the apparent activation

energies, &, for the syslems have been evaluated by considering the

" -1 -1 p
Arrhenius equation. The values are ~13.7 kcal mol™! and 0.5 kcal mol for
respectively.

titanium dissolution at higher and lower temperature regions

R
The corresponding values for iron dissolution are little lower (~12 kcal mol

and ~0.4 kcal mol™). B
The effect of phase mixing rate on the rate of dissolution at 110°C
| -a
have been studied at two distinct different condition, one for 4 g eq dm
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and other for -3 . ’
or 1 g eq dm™ hydrochloric acid. At 110°C, the zero slope at 4

-3 . .
g eq dm hydrochloric acid and 0.35 slope value at 1 g eq dm™

hydrochloric acid suggests that the dissolution reactions at high and low

hydrochloric acid concentration are chemically and diffusion controlled

respectively.

(G)

For separation of Fe®' from Ti*' in leach solution, liquid-liquid
exlraclion method has been applied. From a concenlraled hydrochloric ncid
solution, iron (III) can be quantitatively extracted with undiluted
methylisobutylketone (MIBK). The extraction characteristics of re’* by MIBK
have been thoroughly investigated :

i) The extraction is very fast taking only 30 seconds for extraction.

ii) The extraction ratio decreases with increase in initial iron (III)

concentration in aqueous phase.

iii} The extraction increases extensively with increase in aqueous

acidity.

iv) The extraction is incr_eased with increasing MIBK concentration. The

extractant dependence is 0.5 and 8 at lower and higher extractant

concentration regions.

v) The extraction is decreased with increasing temperature of

: -1
extraction. The apparent enthalpy change 18 about -13.4 kJ mol .

The low enthalpy change suggests the extraction via solvation

mechanism.

vi) The loading capacity of MIBK is 3.754 g Fe per 100 g MIBK and the

Fe’t to MIBK ratio is about 1 to 15 in saturated extracted phase.
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The organic phase is saturated with Fe®' within 10 contacts and in
the first five contacts almost all the iron (I1T) in the aqueous
phase is extracted into the organic phase.

vii) The extraction ratio is very high for diluent benzene and low for
carbontelrachloride. The diluents for MIBK can be arranged in the
following order of extractibility :

Benzene > Kerosin > n-Ilexane > Toluene > Chloroform > Carbontetrachloride

The condition under which Fe®' is extensively extracted, Ti** in not
extracted at all.

From the iron (ITI) free solutions, titanium (IV) can be thermally
hydrolysed during the recovery of hydrochloric acid by distillation. During
distillation (upto ~80%), most of titanium (IV) is precipitated as TiO,.nH,0,
leaving a mother liquer containing about 1-2 g dm™ titanium. The titanium
(I1V) concentration in the mother liquor may be easily increased by adjusling
the pH of solution to about 1 and extracting with 0.4 g eq dm™® (0.2 M) di-
(2-ethylhexyl) phosphoric acid in kerosin at O/A ratio 1 and subsequent
stripping with 6 g eq dm™? hydrochloric acid at O/A ratio 10, The stripped

-3 madd o <tillati
solution containing more than 10 g dm™ ™ Ti * ig recycled to the distillation

unit for hydrochloric acid regeneration.
(H)

The isolation of t‘il;anium'and iron as their oxides from ilmenite are as

follows : 10 g ilmenite on roasting with 6.67 & Na,CO, at the optimum

-3 -3 . id
conditions yields a solution, with 0.50 dm™" 6 g eq dm™® hydrochloric aci

-3 . -
. . -3 titani and ~4.80 g dm ~ Iron. I'he leach
solution, containing ~5.40 & dm™ titanmum anc

s iluted MIBK twice to extract most of
solution is contacted with 250 cm undilute _
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the iron present. The first extract is stripped with equal volume of distilled
water thrice. Iron in the water phase is precipitated by the addition of
NaOH pellates in the stripped solution from first stage only. The precipitate
is filtered, dried and ignited at 500°C (30 min) to get ~3.25 g Fe,0, (iron
black). The stripped MIBK phase is recycled.

The raffinale from the extraction step is subjected to distillation for
hydrochloric acid recovery (~95%) and for the concurrent precipitation of
very pure metatilanic acid. The precipitate is Tiltered, dried and ignited to
get 4,12 g titanium dioxide. Overall titanium recovery from ilmenite is over

91%.



EXPERIMENTAL DATA

Table I. Leaching of non-treated powdered ilmenite with 6 g eq dm™?
hydrochloric and sulphuric acids. (Fig. 6)
Leaching temperature = boiling temperature
Solid to liquid ratio (S/L) = 0.02 kg dm™
Particle size = >63 pum <125 pm
Weight of ilmenite = 1 g.
Agitation i Wt. % metal dissolved
Acid speed, h :
rpm Ti Fe
1 23.9 45.6
2 41.4 56.0
HCL 292 3 52.2 59.2
4 53.0 59.6
5 53.5 60.0
1 2.3 5.3
2 4.3 8.7
7.9 10.6
H,S0, 372 d
4 11.4 14.1
5 14.1 17.5

6 16.8 20.5
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Table 1l. Data for the effect of roasting time on the subsequent leaching of
the roasted product in presence of LPG (For figure - 7-9).

Roasting temperature = 650+15°C

LPG flow rate = 230 c¢m® min™t

Particle size = >63 pm <125 um

Leaching lemperature = boiling temperature
Solid to liquid (S/L) ratio = 0.02 kg dm™>
Concentration of acids = 6 g eq dm™>

Leaching pulp agitation speed = 292 rpm (HC1)/372 rpm (H,SO,)

Wt. % metals dissolved in
Roasting Leaching
Lime, time, Nnel 11,50,
min. h - o - —
7.5
1 38.1 40.2 12.0 1
2 54.5 55.4 16,7 26.6
30 3 56.3 69.5 19.0 31.2
4 56.7 60.0 19.4 31.5
5 56.9 60.3 19.8 31.9
: 27.4
34,9 42.4 21.9
% 44.9 50.3 26.2 42.5
3 52.3 66.9 32.2 50. 2
: 5 32.5 50.4
58.1 59.5
a2 . ) 7 50.7
5 63.2 64.1 32. 507
6 63.5 64.4 32.7 ]
1 48.1 38.6 35.9 23.2
2 65.4 57.8 44.2 fa.3
71.2 66.8 48.9 .
&0 4 . 52.3 59. 4
A 71.6 67.4 094
5 71.9 67.8 52.6
.4
1 50.1 1.9 4.9 22'8
5 72.3 68.0 gi:g iy
77.8 74.7 4.5 6z.4
(L 2 78.2 75.3 58. 71.7
. 78.5 75.8 58.8 :
5 .
19.8
28.3 39.5 gg-g 25
; 37.1 46. 4 3.8 S
) 4 n3.2 B L 5
0 < i 60. 4 1.1 42.
45.8 :
5
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Table III. Effect of LPG roasting time of powdered ilmenite on the maximum
percentages of melals dissolved in 5h by 6 g eq dm™ acids. Data for
the plol of maximum percentages of metals dissolved in 5 h versus
roasting time (based on Table I1 and figwe 7-9; for Fig. 10)
Roasting temperature = 650%15°C
LPG flow rate = 230 cm® min™!

Parlicle size = >63 pm <125 nm
Leaching temperature = boiling temperature
Solid to liquid (S/L) ratio = 0.02 kg dm™
Concentration of acids = 6 g eq dm™®
Leaching pulp agitation speed = 292 rpm (HC1})/372 rpm (H,50,)
Max. Wt. % metals dissolved in 5h
Roasting
Lime, HC1 H,50,
min.
rl1i Fe Ti_ Fe
0 53.5 60.0 16.8 20.5
30 56.9 60.3 19.8 o
*
x 50.9
45 63.5° 64.4 32.7
60 71.9 67.8 52.6 59.9
5 7L.7
75 78.6 75.8 58.8
r 42.5
90 45.8 60.9 41.5

¥ Max. Wt. % metal dissolved in 6h.
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Table 1IV. Data for the effect of roasting temperature on the subsequent

leaching of the roasted product in presence of LPG.

Roasting time = 75 min.

LPG flow rate = 230 cm® min™

Particle size = >63 pm <125 pum

Leaching temperature = boiling temperature
Solid to liquid (5/L) ratio = 0.02 kg dm™
Concentralion of acids = 6 g eq dm™?

Leaching pulp agitation speed = 293 rpm (HC1)/373 rpm (H,SO,)

Roasting el Wt. % metals dissolved in
temperature, time, el .80
", +15°C h 290,
T1 Fe Ti Fe
1 32.7 40.4 8.7 23.4
2 50.1 50.6 17.4 30.5
600 3 4.2 H8.2 21.3 J7.6
4 54.5 62.0 21.5 45.8
5] h4.8 62.5 21.8 45.8
1 50.1 31.9 34.9 30.4
2 72.3 68.0 46.2 57.8
650 3 77.8 74.7 54.5 62.4
4 78.2 75.3 h8.2 71.2
5 78.6 75.8 58.8 71.7
1 37.0 30.4 28.3 21.3
2 71.9 66.4 51.8 48.6
3 81.7 73.0 60.6 64.8
70 4 82.3 78.6 65.0 72.3
5 82.8 79.1 65.5 72.9
E 4.9 21.3
1 60.9 30.4 3
2 67.5 6.9 44.2 f;(];f';
.9 53. s
70 2 Zz 2 282 57.0 67.3
5 74.5 70.7 7.5 67.9
39.5 12.1 34.9
; ;g.? 45.6 14.8 42.6
24.9 48.7 17.2 47.2
8ie : 5 17.7 47.8
1 28.2 50. 9 478
5 28.7 51.7 18.2 .
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Tawuie V. Bffect of LPG roasting temperalure of powdered ilmenite on Lhe

maximum percenlage of metal dissolved in 6h by 6g eq dm™ acids.
Data for the plol of maximum percentages of metals dissolved in 5h

versus roasting temperature (based on Lable 1V for figure 11).

Roasting ltime = 75 min.

LPG flow rate = 230 cm® min™

Particle size = >63 pm <125 pm

Leaching temperabture = boiling temperature

Solid Lo liquid (S/1) ratio = 0.02 kg dm™

Concenbration of acids = 6 g ¢q dm™

Leaching pulp agitation speed = 293 vpm (HC1)/373 rpm (H,50,)

Max. Wt. % melal dissolved in bh

Roasbing
temperature, HC1 H,50,
"C, *15°C
Ti Fe Ti Fe

0 53.5 60.0 16.8 20.5
600 54.8 62.5 21.8 45.8
650 78.6 75.8 58.8 71.7
700 82.8 79.1 65.5 72.9
750 74.5 70.7 57.5 67.9
800 28.7 51.7 18.2 48.17
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Table YI. Data for the effect of roasting gas f{low ralte on the subsequent
leaching of the roasted product in presence of LPG.

Roasting time = 75 min.

Roasting lemperalure = (700£15)°C

Particle size = >63 pm <125 pum

Leaching temperature = boiling temperature

Solid to liquid (S/L) ratio = 0,02 kg dm™

Concentration of acids = 6 g eq dm™3

Leaching pulp agitation speed = 292 rpm (HCI)/372 rpm (H,S0,)

. Wt. % metals dissolved in’
Roasting gas| Leaching

flow rul“,cl, time, el 1,50,
. 3 .-
cm min h o - - —
1 22.9 37.9 15.2 35.0
2 30. 3 60.8 26.1 gg.g
150 3 4.9 63.9 28.3 )
4 38.7 66.3 30.0 63.5
5 39,2 66.9 30.5 63.9
1 37.0 30.4 28.3 21.2
2 71.9 66. 4 51.2 22.8
- 3 81.7 73.0 60. )
20 4 82.3 78.6 65.0 72.3
5 82.8 79.1 65.5 72.
1 33.4 27.6 23.6 18'?
2 60.8 62.0 41.i gi.3
.4 49. i
L6 ; 0.2 s 54. 2 68.5
4 74.0 73.2 5
5 74.5 73.8 54.7 69.1
26. 1 18.5
4.1 28.7
é 68.5 63.2 18.2 ég.g
5 77.3 71.8 56.8 52.3
210 1 81.2 75.8 gg.? ED: 4
76.2 . :
5 81.7
.8
! 28.3 8.0 S8 oo
9 61.0 54.8 34. g
3 70.2 B0, gg'? 59.1
310 0.2 22’ g 6,
4 19: 56.0 64.2
3 68.0 0. i 7
; ;Z'g 68.5 56.6 64.
6 L
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Table VII. FEffect . .
ieet of biG roasting gas flow of powdered ilmenite on tLhe

maximum percentages of melals dissolved in 5h by 6 g eq dm™
acids. Dala for the plot of maximum percentages of metals

dissolved in b ]
A A 1)}1 vers 5 ‘Qas 7 s 3 3
ersus roasting gas flow rate (based on Table

VI for Fig. 12).

Roasting time = 75 min.

Roasting temperature = (700%15)°C

Particle size = >63 um <125 pm

Leaching temperature = boiling temperature
Solid to liquid (8/L) ratio = 0.02 kg dm™
Concentration of acids = 6 g eq dm™®

Leaching pulp agitation speed = 292 rpm (HC1)/372 rpm (11,50,)

Max. Wt. % metals dissolved in bh

Roasting gas
flow rate, HC1 H,80,
cm® min™! ,
T1 Fe Ti Fe

0 53.0 60.0 - 16.8 20.5
150 39.2 66. 30.5 63.9
190 74.5 73. 54.7 69.1
230 82.8 79, 65.5 72+9
270 81.7 76. 63.1 69.8
310 77.9 68. 56.6 64.7
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Table VIII.

LEffecl of acid concentrations on the leaching characteristics of
the LPG-roasted ilmenite : Data for plotting weight percent of

metals dissolved against leaching time (h) at different acid
concentrations.

Roasting temperature = (700215)°C

Roasting time = 75 min.

Roasting gas flow rate = 230 cm® min™?

Particle size = >63 pm <125 nm

Leaching temperature = boiling temperature

Leaching solid to liquid (S/L) ratio = 0.02 kg dm™>

Leaching pulp agitaltion speed = 292 rpm (HC1)/372 rpm (H,50,)

Aolid I i Wt. % metals dissolved in
Ccic senching
concentrat%on, Lime, Hel 1,50,
g eq dm h - - > —
1 5.5 i5.2 4.4 14.5
2 7.1 30.4 7.6 25.1
2 3 8.7 32.7 8.2 28.9
4 " 10.0 34.3 8.7 32.2
b 10.5 34.9 9.1 32.7
18.3
1 14.2 12.2 12.0
2 22.9 38.0 21.8 30.4
4 3 27.2 41.1 23.9 36.5
4 30.5 44.1 26.1 39.5
h 31.1 44.5 26.7 40.0
1 34.8 32.5 - :
2 50.1 12.6 - -
h 3 60.9 54.8 - i
‘ 4 65.3 h7.8 -
5 65.9 58.2
1 37.0 30.4 28.3 2'1..’!
71.9 66.4 51.8 48.6
; 81.7 73.0 60.6 54.2
6 | 82.3 78.6 65.0 72.7
: 82.8 79.1 65.5 72.9
0 .
52.3 48.17 28.3 g}.%
: 76.2 66.8 54.5 55.6
g 80.6 73.8 64.0 gg.g
s 4 84.9 80.9 69.7 76.%
5 85.3 81.6 70.2 ..
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Table IX.

Effect of acid concentrations on the leaching of the LPG-roasted

ilmenite : Data for the plot of maximum weightl percentages of

metals dissolved in 5h (based on Table VIII) versus Lhe concen-

trations of leaching acid (for fligure 14).

ftoasting temperature = (700+15)°C

Roasling time = 75 min,

Roasting gas flow rate = 230 cm® mint

Particle size = >63 pm <125 pm

Leaching Lemperature = boiling lLemperature

Leaching solid to liquid (8/1) ratio = 0.02 kg dm™

Leaching pulp agitation speed = 292 rpm (HC1)/372 rpm (H,S0,)

Max. Wt. % metals dissolved in 5h
Acid
concentration, HC1 H,50,
g eq dm™?
Ti : Fe T Fe
2 10.5 34.9 9.7 32.7
4 31;1 14.5 26.7 410.0
5 65.9 h8.2 - -
6 82.8 79.1 65.5 72.9
8 85.3 81.6 70.2 76.5
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Table X.

"11 1(3(,!, ()J f,(’.‘” !_“9 AdAlLUnre 1 f l.‘r' ’ - l ) 1 F g
{ o1 ]} > CaACIL ] C})' acteriscics .{‘ L} . 4
Q e , (7

roasted ilmenite : Dala |
2 ¢ Data for plolting weight percent of metal
leLals

d’.SSOI ] [ p
| D V Ld £ f 8 ; % V &

Roasting temperalure = (700+15)°C

Roasting time = 75 min.

Roasting gas flow rate = 230 em® min?

Particle size = >63 pm <125 npm

Acid concentration = 6 g eq dm™

LLeaching solid to ligquid (S/L) ratio = 0.02 kg dm™2

Leaching pulp agilation speed = 292 rpm (HCD /372 rpm (11,50,)

Leaching Leaching Wi, % metals dissolved in
l;empefgtt_nfe, Li r}l:(,, Hel 11,50,
Ti Fe Ti Fe

] 3.3 142 2 0 15.9

2 5:5 15.6 4.4 17.5

50 3 - 6.5 16.7 5.4 18.3

4 7.6 17.5 6.5 19.0

b 8.1 18.0 6.9 19.6

1 10.9 10.7 10.5 17.8

2 28.3 33.6 17.4 26.1

80 3 30.2 36.1 18.0 29.3

4 30.8 36.7 18.5 30.2

5 31.3 37.2 19.1 30.7

1 37.0 30.4 28.3 21.3

2 71.9 66.4 51.8 48.6

110 3 B1.7 73.0 60.6 64.8

1 82.3 78.6 65.0 72.3

5 72.9

b 82.8 79.1 65.

e e
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rl‘(_lb]e xXI. E'f[ect of L’G‘mpe[-ature on the Iﬂachiﬂg of the LPE-romsted Hmarie :

Data Ior the plot of maximum percentages of melals dissolved in 5h

(based on Table X, for figure 15) versus the temperatuis of leaching:

Roasting temperalure = (700£15)°C

Roasting time =75 min.

Roasting gas flow rale = 230 em® min~!

Particle size = >63 pm <125 pm

Acid concenlraltion = 6 g eq dm™

Leaching solid o liquid (S/1)) ralio = 0.02 kg dm™?

Leaching pulp agitation speed = 292 rpm (HC1)/372 rpmn (H,80,)

Max. Wt. % metals dissolved in 5h
Leaching |
Lemperature, HC1 1,50,
C
Ti Fe Ti Fe
h0 8.1 18.0 6.9 19.6
80 31.3 37.2 19.1 30.7

(2]

110 82.8 79.1 65. 72.9
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Table XIT.

Iffect of solid to liquid ratio on the leaching characteristics of Lthe
i .
LPG-roasted ilmenite : Dala for pbtting weight percent nelals
dissolved against time (h) of various solid to liquid ratio.

RoasLing temperature = (700+15)°C

Roasling time = 75 min.

Roasting gas flow rate = 230 cm® min™!

Partlicle size = >63 pm >125 pym

Acid concentralion = 6 g eq dm™

Leaching Lemperature = boiling temperature

Leaching pulp agitation speed = 292 rpm (11C1)/372 rpm (11,50,)

Solid to

) Wt., % metals dissolved in
leaching

liquid ra:t".io, Lime, : HCL 1,50,
g dm” 1
}\g dm 1 T - - —
1 37.0 30.4 28.3 21.3
2 71.9 66.4 51.8 48.6
0.02 3 81.7 73.0 60.6 64.8
4 82.3 78.6 65.0 72.3
5 82.8 79.1 65.5 72.9
1 29.3 22.8 20.3 19.2
2 57.9 51.0 37.5 45.0
0.03 3 65.5 59.6 42.8 67.9
4 66.2 60.1 43.3 68.3
5 66.8 60.6 43.8 68.9
1 27.0 21.6 13.5 18.2
2 44.0 43.1 26.1 56.8
4 3 49.4 19.7 27.8 62.4
00 4 49.9 50.2 28.2 62.9
5 50. 4 60.7 28.8 63.1
1 16.2 19.5 10.6 39.7
2 24.8 39. 4 19.7 16.3
' 3 28.5 14.9 20.5 52.6
0-00 29.0 45.4 21.1 53.1
; 29.5 45.9 21.7 53.5
J .
: 20.9 15,9 15.1 24.3
- 15,1 41.6 16.3 29.4
0.1 : 7.9 42.6 16.9 3.0
. 5.1 43.1 17.3 15.5
W
I —
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Tuble XT1I.

Effect of 1 N .
solid to liquid ratio on the leaching of the LPG-roasted

ilmenite : Data f .
Dala for the plot of maximum percentages of melals

dissolved :
5 2d and ; p
e maximum concenlration of metals in Jeach solulion

in 5h {based on Table XII, for figures 16 & 17) versus the solid (o

liquid ratio.

Roasting Lemperature = (700+15)°C

Roasting Lime
Roasling gas flow rate = 230 cm® min™
Particle size = >63 pnm >125 pm

Acid concenlration =6 g eq dm™

75 min.

Leaching Lemperature = boiling temperalure

Leaching pulp agitation speed = 292 rpm (MC1)/372 vpm (11,50,)

. Max. wt. % metals di sgolved in 5 Max. concentration of metals in leach
s;);l:ﬂ.‘:.]o disg80 1o Sh golution in 5h, g dn”
iqui
ratio, i H, 50 Hel H,S0O
kg dm” 2 4 25%
Ti Fe Ti Fe Ti Fe Ti Fe
0.02 82.8 79.1 65.5 72.9 4.56 5.13 3.63 4.72
0.03 6G.8 60.6 43.8 68.9 5.517 5.88 3.65 6G.62
0.04 50.4 50.7 28.8 63.4 5.60 5.57 3.20 8.2
0.06 29.5 45.9 21.17 53.5 1.92 8.% 3.62 10.739
0.10 5 " 43.1 17.3 35.5 1.42 13.96 4.81 13.3

¥ Max. value is 20.9% ab 2h;

decreased to 5.1%

on further leaching

dissolulions in 5h.

concenlration of Litanium i

s
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Table XIV. A Le ; - of ' :
ab Data for the effect of roasting time on the subsequent leaching of

Lthe product obtained by the LPG-water vapour roasling in

presence of nickel calalyst (for figures 18-20).

Roasling Lemperature = (760+15)°C

Partlicle size = >63 pm <125 jm

LPG flow rate = 110 c¢m® min™

Waler vapour pressure = 31.5 mm Hg
Leaching temperature = boiling temperature
Solid to liquid (S/L) ralio = 0.02 kg dm™®
Leaching acids concenlration =6 g eq dm™

Leaching pulp agitalion specd = 292 rpm (11C1)/372 vpm (11,50,)

. . Wi. % metals dissolved in
Roasting Ieaching
Line, Lime, el 11,0,
min h :
Ti Fe Ti Fe
1 28.3 30.4 19.6 24.3
2 68.8 63.9 26.1 41.1
30 J 63.2 76.1 30.0 44.1
1 63.5 76.5 30.2 14.4
1 41.4 h4.8 24.0 24.3
2 71.7 B2.1 34.8 48.7
40 3 82.8 85.0 43.4 60.8
| 4 83.0 85.2 13.6 61.0
1 28.3 36.5 21.8 36.5
2 71.9 73.0 33.7 60.8
45 3 78.1 89.4 10.0 66.3
’ 4 78.4 89.7 40.3 66.9
1 28.3 1.7 21.8 1.7
é 56.6 85.2 34.8 73.Q
n 3 67.1 94.0 39.0 76.1
» 1 67.5 94.3 39.3 76.5
41.1
21.8 45.6 17.4

; 32.7 76.0 24.0 60.8
3 37.0 B8.2 27.2 70.0
o A 37.4 88.5 27.5 70.5
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Table XV. Data for Lhe plot of maximum weight percentages of melals

dessolved in 4h versus raosling time in min (based on Table XIV for
Fig. 21).

Roasting temperature = (750+15)°C

Parlicle size = >63 pm <125 pm

LPG flow rate = 110 cm® min™

Waler vapour pressure = 31.5 mm Hg
Leaching temperature = boiling temperature
Solid to liquid (S/L) ratio = 0.02 kg dm™?
Leaching ncids concenbralion =6 g eq dm™?

Leaching pulp agitation speed = 292 rpm (HC1)/372 rpm (H,50,)

Max. Wt. % melals dissolved in 4h
Roasl:.j_!llg time, Hel .50,
min.
T1 e Ti Fe

0 53.6 60.0 16.8 20.5
30 63.9 76.5 30.2 44.4
40 83.0 85.2 43.6 61.0
45 78.1 89.7 40.3 66.9
50 67.5 94.3 39.3 76.5

27.5 70.5

[y ]

60 7.4 88.
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Table XVI. The effcct of rvasting temperature on the subsequent dissolution

characleristics of Lhe broduct obtained by the LPG-waler vapour

roasting in presence of nickel catalyst.

Roasting Lime = 40 min.

Particle size = >63 pym <125 pm

LPG flow rate = 110 ¢m® min™

Waler vapour pressure = 31.5 mm Hg

Leaching temperalture = boiling temperature

Solid to liquid (S/1.) ratio = 0.02 kg dm™

Leaching acids concenlralion =6 g eq dm™3

Leaching pulp agitation speed = 292 rpm (11C1)/372 rpm (11,50,)

Wi, % metals dissolved in
Roasbting leaching
temperalure, Lime, el 11,50,
oC' .ﬂﬁ C h Ti Fe Ti Fe

1 47.9 39.5 24.0 27.4
2 61.0 H4.8 32.7 42.6
600 3 74.1 79.1 37.0 48.2
4 74,5 79.4 37.3 48.5
1 52.3 51.7 26.1 30.4
2 76.2 74.5 34.8 47.1
650 3 84.5 865.2 39.2 h4.2
’ | B4.9 85.5 39.5 54.7
1 6.6 66.9 32.7 42.6
2 78.4 g2.1 4.1 54.8
7 3 91.0 94.1 47.5 66.;
e ; 91.5 94.6 47.9 66.¢
1 41.4 h4.8 24.0 24.3
2 71.7 82.1 34.8 48.7
3 B2.3 85.2 43.2 60.3
o0 & B82.8 85.5 43.6 60.8
8 21.3

‘ 50.1 39.5 21.
é 67.5 60.8 32.7 gz.g
80.2 73.0 40.3 h4.:
800 ;i 80.6 73.4 40.7 564.7

q . ,
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Table XVII.  Data for the maximum weight percentages of metals dissolved in 45

from the products oblained at different roaling lemperature (based
on TAble XVI, for Figure 22).

Roasling Lime = 40 min.

Particle size = >63 pm <125 pm

LPG flow rate = 110 cm® min™!

Waler vapour pressure = 31.5b mm Hg
Leaching temperature = boiling temperalture
Solid to liquid (S/L) ratio =0.02 kg dm™
Leaching acids concentralion =6 g eq dm™

Leaching pulp agitalion speed = 292 rpm (HC1)/372 rpm (”2504)

Max. WL. % metals dissolved in 4h
il i
leﬁ(;:f }1. ;,ltllil_“c i HCl H,80,
"G 215 E
Ti Fe Ti Fe
30 53,9 $60.0 16.8 20.5
600 4.5 79.4 37.3 48.5
650 84.9 85.5 39.5 h4.7
700 91.5 94.6 47.9 66.9
750 g2.8 85.6 43.6 60.8
800 80.6 73.1 40,7 n4.7
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Table XVUL. Data showing the effect of roasting LPG flow rate on the

subsequent dissolution characteristics of the product obtained by

-} 2 e tret feape < sy 3 ; .
the LPG-waler vapour roasting in presence of nickel catalysi.

Roasling Lime = 40 min.

Parlicle size = >63 pm <125 pm

Roasling Lemperalure = (700:15)°C

Waler vapour pressure = 31.5 mm lig
Leaching Lemperalure = boiling temperature
Solid Lo liquid (S/L) ratio = 0.02 kg dm™
Leaching acids concentration =06 g eq dm™?

Leaching pulp agitalion speed = 292 rpm (1C1)/372 rpm (1,50,)

‘ Wt. % metals dissolved in
Roasting gas | leaching

flow [-:11:(:1, Lime, nei 11,50,
3 B

cimo omin h T - - -
1 56.6 66.9 32.7 42.6
) 78.4 82.1 41.4 54.8
110 3 91.0 94.1 47.5 66.4
1 91.5 94.6 47.9 66.9
1 37.2 57.8 15.3 45.6
) 45.2 70.0 21.9 51.7
54.5

15 3 50.3 76.1 24.1 54.
. q 50.7 76.5 24.4 51.8
1 28.4 48.7 11.0 42.6
2 38.3 60.8 16.4 48,7
250 3 45.5 69.6 21.5 f1‘2
” ﬁ 45.9 70.0 21.9 51.7
1 27.1 47.8 9.5 37.6
2 36.5 56.1 16.8 43.9
. 3 43.4 64.8 21.0 49.5
270 " 43.8 65.2 21.3 19.8
8.3 36.5

6.2 A5.6

; 27 | G4.7 15.3 12.6
, 41.1 60.5 20.4 48.3
o : 41.5 60.8 20.7 48.7
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uble X1X. Dala for the effect of roasting LPG-flow rate on the maximum weight

percentages of metals dissolved in 4h from the product obtained by

=) ), '5s 3 pe - ¢ . 7
Lhe LPG-waler vapour in presence of nickel catalyst (based on
Table XVIII, for Figure 23).

Roasling Lime = 40 min.

Particle size = >63 pm <125 num

Roasking temperature = (700+15)°C

Waler vapour pressure = 31.5 mm lig
Leaching Lemperature = boiling temperature
Solid to liguid (S/L) ratio = 0.02 kg dm™
Leaching acids concenlration =6 g eq dm™

Leaching pulp agitation speed = 292 rpm (HC1)/372 rpm (1,50,)

Max. Wt. % melals dissolved in 4h

Roashing gas
flow rale, HC1 H,50,
cm® min™

Ti e Ti Fe
0 53.5 60.0 16.8 20.5
110 91.5 94.6 47.9 66.9
150 50.17 76.9 24.4 54.8
230 45.9 70.0 21.9 51.7
210 43.8 65.2 21.3 49.8
310 41.0 60.8 20.7 48.7
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Table XX. _De_tt_;a JFOI_.._.the. e['f ectf of ‘1--.oast1'ng’ Wi Ler,rv.';.pour preésuz'e on the sub-
sequenl: ‘1(-,‘{-1(.1’11'[1,_!{ of the product oblained by the LPG-waler vapour

IfOc’!S’;f ng jin presence of nickel calalyst

Roasting time = 40 min.

Particle size = >63 pm <125 pm

Roasling temperature = (700+15)°C

LPG flow rate = 110 cm® mint

Leaching temperature = boailing temperature

Solid to liquid (S/L) ratio = 0.02 kg dm™

Leaching acids concentration =6 g eq dm™3

Leaching pulp agitation speed = 292 rpm (HCD/372 rpm (11,50,)

Roasting Fenchiing Wt. % metals dissolved in
wabter vapour tj.me-, — o,
pressure, I _
mm Hg ™ Fe TP Fe
1 56.6 66.9 32.7 42.6
2 78.4 g82.1 41.4 54.8
31.5 3 91.0 94.1 47.5 66.4
4 91.5 94.6 47.9 66.9
1 hH6.8 63.9 30.6 39.5
2 69.9 76.0 38.2 48.7
55.5 K] 76.1 88.1 45.4 60.5
' 4 76.5 88.4 45.9 60.8
1 50.3 n7.8 24.0 41.1
2 61.2 73.0 32.8 18.7
) 3 69.5 84.1 41.1 57.3
e k 69.9 B4.4 41.5 57.8
1 48.1 42.6 22.9 33.2
2 59.0 63.8 30.6 ﬁz.z
y 67.4 74.1 38.2 h1.
L ; 67.7 74.5 38.5 51.7
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Table XXL.

Data for lhe plot of maximum weight percentages of melals
dissolved in 4h versus water vapour pressure in mm Hg (based
on Table XX, for figure 24).

Roasting Lime = 40 min.

Particle size = >63 pm <125 pm

Roasling temperature = (700x15)°C

LPG flow rvate = 110 cm® min~}

Leaching temperature = boiling lemperature
Solid Lo liquid (S/L) ratio = 0.02 kg dm™
Leaching acids concenkbralion = 6 g oqg dim™?

Leaching pulp agitation speed = 292 rpm (HC1)/372 rpn|(HZSD4)

Roasting

Max. Wt. % melals dissolved in 4h

water vapour Hel 1,50,
pregssure,
mm Hg T o ” e
0 53.5 60.0 16.8 20.5
31.5 91.0 94.6 47.9 66.9
55.5 76.5 88.4 45.9 60.8
092.7 69.9 84.4 41.5 57.8
149.4 67.17 74.5 38.5 51.7
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Table XX1. Effect of acid concentralion on the leaching of the LPG-waler

vapour roasted ilmenite; Data for plotting weight percent of
metals dissolved against leaching time (h) at different acid

concenlration (not shown graphically).

Roasting Llime = 40 min.

Roasting temperature = (700%15)°C

Roasting gas [low rate = 110 cm® min~t

Waler vapour pressure = 31.5 mm Hg

Particle size = >63 pm <125 pm

Leaching temperalture = boiling temperature

Leaching solid to liquid (S/1) ralio = 0.02 ke dm™

Leaching pulp agitation spced = 292 rpm (11c1)/372 rpm (H,80,)

Acid L b Wt. % metals dissolved in
cl eaching
concentratgon, L ime, Hel 1,50,
g eq dm h - — = —
1 3.8 10.6 1.6 8.4
2 4.4 13.7 2.7 10.6
2 3 5.0 16.3 4.2 13.4
4 5.2 16.7 4.4 13.7
1 .10.9 18.3 4.4 12.2
2 22.1 36.5 14.7 24.3
4 3 34.56 hb1.b 21.4 39.1
4 34.9 5H1.8 21.8 39.5
1 56.6 66.9 32.7 42.6
2 78.4 82.1 4}.4 54.8
6 3 91.0 94.1 47.5 66.4
) ; 91.b 94.6 17.9 66.9
0.5 51.7
: 69.7 71.5 ‘
; 82.8 85.2 43.4 63.9
3 93.4 97.0 54.2 73.0
° A 93.7 97.3 4.6 73.4
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Table XXIIL

Effect of acid concentration on the leaching of the LPG-waler

vapour roasled ilmenite : ata for the plol of maxinum
percentages of metals dissolved in 4h (based on Table XXII)

versus Che concentration of leaching acids (for Figure 25).

Roasting Lime = 40 min,

Roasling temperature = (700£15)°C
Roasting gas flow rate = 110 cm® min~!

Waler vapour pressure = 31.5 mm Hg

Particle size = >63 pm <125 pm

Leaching Lemperature = boiling temperalure

Leaching solid to liguid (S/L) ratio = 0.02 kg dm™?

Leaching pulp agitation speed = 292 rpm (HC1)/372 rpm (H,50,)

Max. Wt, % metals dissolved in 4h
Acid
concentration, HCL 1,50,
g eq dm™®
Ti Fe Ti Fe
2 5.2 16.7 4.4 13.7
q 34.9 51.8 21.8 39.5
6 91.5 94.6 47.9 66.9
8 93.7 97.3 54.6 73.4




Experimental Data 204

rable 1V. Iiffect of ten -at

rable XX flect of temperature on the leaching characteristics of the
LPG-waler T oI ] l '
PG-waler vapour roasled ilmenite; Data for plotting weight

percent of metals dissolved against leaching time (h) at

different leaching temperatures (not shown graphically).

Roasting Lime = 40 min.

Roasting temperature = (700£15)°C

Roasting gas [low rate = 110 cm® mint

Waber vapour pressure = 31.5 mm Hg

Parlicle size = >63 pm <125 pm

Leaching acids concentration = 6 g ¢q dm™>

Leaching solid Lo liquid (/1)) ralio = 0,02 kg dm™

Leaching pulp agilation speed= 292 rpm (IIC1)/372 rpm (1,50,)

: . . Wi. % metals dissolved in
Leaching Leaching
temperature, time, Hnct 11,50,
°C h - .
T1 Fe Ti Fe
1 8.3 28.9 5.5 22.8
2 11.4 31.9 8.7 27.4
50 3 11.8 34.7 10.5 31.5
4 12.0 35.0 10.9 31.9
1 17.5 33.5 10.9 31.5
2 24.0 42.6 17.5 36.5
80 3 30.2 48.3 23.8 415.1
4 30.6 18.7 24.0 45.6
1 h6.6 66.9 32.7 42.6
2 78.4 82.1 41.4 n4.8
110 3 91.0 94.1 47.5 66.4
4 91.5 94.6 47.9 66.9
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Table XXV.

Effect of temperature on the leaching of the LPG-waler vapour
roasted ilmenite : Dala for the plot of maximum percenlage of

metals dissolved in 4h (based on Table XXIV) versus the

temperature of leaching (for Figure 26).

Roasting Lime = 40 min.

Roasling Lemperature = (700%15)°C

Roasting gas [low rate = 110 cm? min™!

Water vapour pressure = 31.5 mm Hg

Particle size = >63 pm <125 pm

LLeaching acids concentration = 6 g eq dm™

Leaching solid to liquid (S/L) ratio = 0.02 kg dm™

Leaching pulp agitation speed= 292 rpm (HC1) /372 rpm (H,50,)

Max. WbL. % metals dissolved in 4h
Leaching
temperature, HCl 11,50,
°C
Ti Fe Ti Ie
50 12.0 35.0 10.9 1.9
80 30.6 48.7 24.0 45.6
110 91.5 94.6 47.9 66.9
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Table XXVI.

Effect of solid to liquid ratio on the leaching characteristics of

the LGP-waler vapour roasted ilmenite : Data for plotting

weight percent of metal dissolved against leaching time (h) at
different solid to liquid ratio (not shown graphically).

Roasling time = 40 min,

Roasting Lemperature (700%15)°C

Roasting gas flow rate = 110 cm® min?

Walker vapour pressure = 31.5 mm Hg

Particle size = >63 um <125 pm

Leaching lemperature = boiling temperalure

Leaching acids concentration = 6 g eq dm™?

Leaching pulp agitation spead = 292 rpm (e /372 vpm (11,50,)

Solid to

liguid (S/L)

Wt. % metals dissolved in
Leaching

£ Lime, HCL 11,50,
ratio,

kg dm—3 h T]. Fe Ti_ Fe
1 56.6 66.9 32.7 42.6
2 78.4 82.1 11.4 54.8
0.02 3 91.0 94.1 47.5 66.4
1 91.5 91.6 47.9 66.9
1 60.7 50.2 28. 17 3.4
2 68.6 55.3 33.9 47.5
0.03 3 64.1 74.1 36.0 53.1
' 1 §5.2 83.5 11.3 57.4
' 43.1 23.7 25.4
) gl 28.2 40.6
2 47.3 18.2 8.2 o
3 43.7 68.4 30. 15:8
001 1 34.6 78.6 36. 4 50. 7
36.8 19.4 24.1
: e : 24.7 27.2

34.7 46.1
Z 32.4 51.9 26.2 38.5
.00 2 19.5 68.4 29.8 42.5
34.5 14.2 20.3
X e 23 6 20.8 24.3
2 23'? 18.7 21.8 36.5
19. : :

019 2 10.0 54.7 24.0 39.6
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Table XXVIL. Effect of solid Lo liquid ratio on the leaching of the LPG-water

vapour roasted ilmenite : Data for the plot of weight
percentage of metals dissolved in 4h (based on Table XXVI)

versus Lhe solid to liquid ratio (for Figure 27 & 28).

Roasting time = 40 min.

Roasting Lemperature (700+15)°C

Roasting gas flow rate = 110 cm® min~?
Wakter vapour pressure = 31.5 mm Hg
Particle size = >63 pm <125 pm

Leaching Lemperabure = boiling temperature
Leaching acids concentration = 6 g eq dm™

Leaching pulp agitation speed = 292 rpm (1C1)/372 vpm (H,50,)

< . Concentration of metals on leaching for

solid to Wt. % metals dissolved in 4h 4h, g dm™

11‘:1?::!(,] HC1 IlZS()4 HGL 112804

x dm-a Ti Fe Ti Fe Ti Fe Ti Fe
0.02 91.5 94.6 47.9 66.9 4.08 G.12 2.66 4.27
0.03 55.2 83.5 41.3 57.4 4.60 8.11 3.44 5.57
0.04 34.6 78.6 36.4 50.7 3.86 10.18 4.04 6.57
0.06 19.5 68.4 29.8 42.5 3.25 13.30 4,97 8.33
0.10 10.0 54.7 24.0 39.6 2.78 17.72 6.67 12.83
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‘able XXVIIL  Dats . b} : )
Table ata for the effect of ilmenite powder to salt ratio on the

subsequent le . ;
quenl leaching of Lhe sall-waler vapour roasted ilmenite.

Roasting Llemperature = : 5°C f g

‘Roasting time = 60 min.fB(z(F))O(:m(igfofc?rf(lzlztlzl\](?z)SO4 HIBRIE Hom e S0y
Gas flow rale = 420 c¢m® min™! (515 ?:rﬁs mian'l‘ for Na,S50
Waler vapour pressure = 31.5 mm Hg P 4)
Leaching acid concentration = 2 g eq dm™®
Leaching pulp agitaltion speed = 292 rpm
Leaching temperature = boiling temperature

Pulp ratio = 0.02 kg dm™ (based on ilmenite content)

Irl)::z;(t::e Lenching Ht. % melals dissolved in HC1 for
1o salt time, Natl roant Na,SO, rons . .
ratio, min. 250, ronsl NaNO 4 ronnt Nn 004 Tonat
(w/vw) Ti Fe T Fe Ti Fe Ti Fe
30 e - 22.3 28.1 . - . .
6o s - 33.9 31.2 . - y -
2.5 90 - - 36.0 40.6 = - - -
120 - - 36.2 40.8 - - - -
30(15) 8.1 30.5 23.9 30.4 29.8 46.5 30.1 38.3
60(30) 12.0 39.7 34.8 36.5 33.5 50.2 43.5 52.1
2.0 90(45) 14.0 42,8 37.0 42.4 33.7 50.4 43.6 52.4
120 14.2 42.6 37.3 42.6 - - - -
30 - - - - 30.5 48.9 = -
GO - - - = 34.8 52.0 - -
1.7 90 - - - - 34.6 52.2 - -
120 - - & - = - - -
30(15) 12.0 32.1 19.6 24.8 27.5 36.7 33.4 19.8
60(30) 14.1 41.2 208.2 31.3 31.6 41.3 48.7 53.3
L.5 90(45) 16.6 a1.3 32.5 36.5 31.8 41.5 48.9 53.5
120 16.9 44.5 32.7 36.4 - - - -
24.4 26.7 30.7
30(15 15.2 33.6 15.2 19.2 24.0
GOEB(;; 17.4 12.8 23.5 24.6 28.3 30.6 39.2 42.6
1.0 90(45) 19.6 45.6 28.5 30.4 28.5 30.4 39.4 42.9
120 19.6 45.8 28.3 30.6 - - -
J0(15) 17.4 35.1 12.3 16.2 17.4 24-2 17.4 ;g:
Es()(:m) 19.6 44.3 18.7 20.7 24.0 217.5 z:;s.)’ 26.1’3
0.67 90(45) 21.6 47.1 24.6 26.3 24.0 22.3 o -
120 21.8 47.3 24.8 26.5 -
30 17.4 27.5 - . : N - 3
60 18.5 35.1 - = ) } - )
.5 39.4 - = _ ; ;
T 7

30 8.7 22.9 i

60 12.9 29.0 - - " ; 3 3
0.4 a0 14.0 36.4 - ) _ _ )

120 14.2 36.6 - 5

i i ’ ni ¢ ir A in lllinlll,(‘, for
o [c3=] i ¥ * B ldl(‘.ﬂ‘l.(‘. the lea hing Lime
]F“lgUl,' x5 1N the par enl.heses 1T (¥

Na,CO4 8Y sten.



Experimental Data 209

Table XXIX.

Data flor

in n

on Table XXVIIT for Figure 29 & 30).

-
<

L R e n
he plot of weight percentages of metals dissolved

min versus i3 i 5
rsus roasting ilmenile sand to salt ratio (based

Roasting temperature = 800°C (885°C for Na,S0, & 850°C for Na,CO,)

Roasting time =

Gas flow rale =

Waler wvapour

Leaching acid

60 min. (90 min. for NaNO,)

pressure = 31.5 mm Hg

concentration = 2 g eq dm™?

Leaching pulp agitation speed = 292 rpm

Leaching temperature

boiling temperature

420 cm® min™! (515 em® min~! for Na,S0,)

Pulp ratio = 0.02 kg dm™? (based on ilmenite content)

Ilmenite

Max. wt. % metals dissolved in n* min for

powder to

salt NaCl roast Nazso4 roast NuNO3 roast H32003 roast
ratio,
(w/v) Ti Fe Ti Fe Ti Fe Ti Fe
2.50 - - 36.2 40.8 - - et =
2.00 14.2 42.6 37.3 42.6 33.7 50.4 43.6 52.6
1.70 - - - - 34.6 52.2 - -
1.50 16.9 44.5 32,7 36.4 31.8 41.5 48.9 53:5
1.00 19.6 45.8 28.3 30.6 28.5 30.4 - 39.4 42.9
0.67 21.8 47.3 24.8 26.5 24.0 27.3 23.7 26.8
0.50 20.17 39.7 - - s = -
0.40 14.2 36.6 - e =
\ ; ¢ Na.,CO
% o = 120, 120, 90 and 45 for NaCl, Na;SOu NaNO; and Na,GO,

systems respectively.
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rable XXX. Data for t} o
# e ]tle effect of roasting time on the sub
all-water vapour roasted ilmenite subsequent leaching

Ilmenite powder to salt ratio =
powder to saltratio = 2 (1.7 for NaNO,, 0.67 for NaCl & 1.5 for Na,CO,)
e .0 for Na
A 3

Roasting temperature = 800°C (885°C
Gas flow rate = 420 em® min~t (515 cm® min™ ¢
or Na,S0,)

Water vapour pressure = 31.5 mm Hg

Leaching acid concentration = 2 g eq dm™

Leaching pulp agitation speed = 292 rpm

Leaching temperature
pulp ratio = 0.02 kg dm™® (based on ilmenite content)

I

= boiling temperature

fsor Na,50, & 850°C for Na,CO,)

. ¥ metals dissolved in n* min for

Ronsting| Leaching
time, time, NaCl roast
min. T - N82504 Toast NnNO3 roast NnZCOS roast
Ti Fe T l Fe ]
Ti Fe Ti Fe
30¢15) - :
60(30) = - _ = - = 9.8 14.2
40 90(45) - _ - - - 15.9 22.1
120 - = _ - - = 16.0 22.1
30(15) 7.6 19.1 2 -
60(30) 8.7 29.9 - " - - 37.5 45.0
45 90¢45) 10,7  35.0 - _ i - 54 4 61.5
120 10.9 35.2 & _ B - af-s 61.7
0(15 = -
2088; - = - - 31.9 0.7
50 90(45) - - - = - 51.4 56.8
e - - - - - - 51.6 56.9
30(15) 17.4 35.1 23.9 30.4 - - 33.4 39.8
60(35) 19.6 44.3 34.8 36.5 - - 48.17 53.3
GO 90(45) 21.6 7.1 37.0 42.4 - - 48.9 53.5
120 21.8 47.3 37.3 12.6 - - - -
30(15) 17.4 45.9 - - &
60¢30) 19.6 53.6 - - - = -, &
70 90(45) 23.7 58.2 - - - -
120 23.9 58.2 - - - - - &
30(15) 21.8 49.0 - 28.3 30.5 9.8 11.0
60(30) 22.9 55.1 = 30.5 36.7 12.3 18.9
75 90(45) 25.0 61.3 - - 30.5 36.9 12.5 18.7
120 25.2 61.5 - - - - -
30(15) 15.2 43.6 25.8 32.4 30.5 48.9 - -
60(30) 17.4 45.9 36.7 39.8 34.6 52.0 = =
80 90(45) 20.17 53.6 39.2 45.6 34.8 52.2 - -
120 20.9 53.8 39.4 45.8 - - & o
- - = - 38.3 38.2 - -
23 _ - = » 33.7 42.6 - -
105 90 = = - - 33.9 42.8 -
120 - - = - - = ~

120 90

120

Na,COj4 systen.

Figures in the parenthesis indicate

11.8 13.5
22.9 18.7
26. 1 27.4
26.4 27.6
8.5 9.7
10.3 11.2
13.1 137
13.3 13.9

30.5 33.5
32.7 39.5
32.9 39.7

Pt

LI A

the leaching Lime

L I T B

[T T |

in minute for
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Table XXX1. Dala for the plot of maximum

weight percentages of melals
versus roasting time in m
Table XXX, for Fig. 31 & 32).

dissolved In n” min in (based on

[lmenite powder to salt ratio = 2 (1.7 for NaNO,, 0.67 for NaCl
and 1.5 for Na,CO,)

Roasling Lemperature = 800°C (885°C for Na,S0, & 850°C for Nn,CO,)

Gas flow rate = 420 cm® min™! (515 cm® min™! for Na,S0,)

Water vapor pressure = 31.5 mm Hg

Leaching acid concentration = 2 g eq dm™

Leaching pulp agitalion speed = 292 rpm

Leaching lLemperature = boiling lemperalure

Pulp ratio = 0.02 kg dm™ (based on ilmenite content)

*
Max. wt. % metals dissolved in n min for

Roasting .
time, NaCl roast Na,50,4 roast NaNO4 roast Na,COg roast
min.

Ti Fe Ti Fe Ti Fe Ti Fe
- - 16.0 22.1
40 - = = - :
1.7
45 10.9 35.2 - - - - 56.5 6
- a - 51.6 56.9
50 - = =
- 48.9 53.5
60 21.8 47.3 37.3 42.6 - ’
23.9 58.2 - - & =
" 5.2 61.5 - - 30.5 36.9 12.5 13.7
75 25. 5 )
34.8 52.2 -
53.8 9.4 45.8
90 20.9 > ) ) i o i i
105 - - i )
2.9 39.7
2G.4 27.6 3
120 - = ) _ _
150 - - 13.3 13.9 -

% n = 120, 120, 90 and 45 for NaCl, Na,SO4;

NaNO, and Na,CO4 systems

respectively.
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Table XXXII. Datla for the effect of roasti : .
. feashing oF fhe Itgf roasting temperature on the subsequent
’ sall-waler vapour roasted ilmenite.
Ilmenite powder to salt ratio =
o salt ratio = 1.7 for NaNO,, 2 for Na,S0,,
At 13 . 0.67 for NaCl and 1.5 for Na,CO,
0as -1“15 ame = 90 min. 3(45 min. for Na,C0O, & 75 min. for NaCl)
A ate = 4 -1 e
Gas flow rate = 420 cm® min™" (515 c¢m® min™! for Na,S50,)
Water vapour pressure = 31.5 mm Hg
Leaching acid concentration = 2 g eq dm™
Leaching pulp agitation speed = 292 rpm
Leaching lemperature = boiling temperature
T I o -3 . .
Pulp ratio = 0.02 kg dm™ (based on ilmenite content)
Ro_nsl:inB, ceweintia Wt. % metals dissolved in n min for
r‘f":{fe’ L"::nr:-, NaCl roagt NE|2504 ronal N:\N()3 ronst an(}n3 ronnt
°c ' T4 re Ti l Fe Ti \ Fo Ti | Fe
30 - = = - 25.0 27.5 % -
60 - - - - 30.3 33.4 - -
700 90 - - - - 30.5 33.6 - -
120 - - = - = - N -
30 10.9 34.5 - - 23.9 36.7 - -
60 13.1 43.6 - ~ 32.7 44.3 - -
750 90 15.2 50.5 - - 32.9 44.5 g :
120 15.4 50.7 - - = -
. 0.2 38.3
30(15)  21.8 49.0 - - 30.5 48.9 3 o
65 o 34.6 52.0 47.17 5
60¢30)  22.9 55.1 - g ity a7 52.3
800 90(45)  25.0 61.3 - = i ‘ N
120 25.2 61.5 - =
- - 19.6 15.2 - - - -
é’g - - 27.2 24.3 - = = )
aL.4 28.6 - & -
835 90 - . . = E -
: 28.9
120 - - 31.6
- 17.4 18.3 37.5 45.0
30(15) 17.4 47.5 & - 20.7 27.5 56.3 61.5
60(30)  20.7 50.5 = ~ 20.9 27.1 56.5 61.7
850 90(45)  22.6 56.5 - - Y N i -
120 22.9 56.7 -
95 8 32.4 - - - -
o - - 3.7 39.8 . . ) -
60 - 39.2 45.6 = > B a
885 90 - C 39.4 45.8 - -
120 - B . 15.2 18.4
N = - = 23.6 26.0
sgetay T , - - i . 23.9  26.2
40(30) - _ “ - N
900 60(45) - - _ = - -
20 - . -
6.5 18.3 - : - a
30 = i 8.7 30.4 - ; _ .
60 - - 10.6 35.3 = i = -
935 90 = ; 10.9 35.5 =
120 - . : : . for
. ‘ i Lime in minule lo1
indicate the leaching

Figure in the
Na2003 systenn

paventhesis
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Table XXXIIL.

Data | * Lthe : . .
for the plot of maximum weight percenlage of the metals

dissolved 1irn ® ot - .
m n min versus _l‘oastlng temperature (b&SGd on

the table XXXII for Fig. 33 & 34).

lmenite powder to sall ratio = L7 for NaNO, 2 for Na,50,
0.67 for NaCl and 1.5 for Na,CO,

Roasling time = 90 min. (45 min. for Na,CO,; & 75 min. for NaCl)
Gas flow rate = 420 cm® min™' (515 c¢m?® min™! for Na,S0,)
Water vapour pressure = 31.5 mm Hg

Leaching acid concentration = 2 g eq dm™>

Leaching pulp agilation speed = 292 rpm

Leaching temperature = boiling temperature

Pulp ratio = 0.02 kg dm™® (based on ilmenite content)

*
Max. wt. X melols diasolved in n min for

Ronsting
tetmpera— NaCl roast N32504 roast NaNOa roast Nazco3 roast
Lure,
i F
Ti Fe Ti Fe Ti Fe Ti e
700 - - - - 30.5 33.6 - -
5 — -
750 15.4 50.7 - - 32.9 44.5 .
800 25.2 61.5 - - 34.8 52.2 47.9 52.
5 - - 31.6 28.9 - = - =
- 22.9 5G.7 - - 20.9 27.7 56.5 1.7
850 y 56. !
5 39.4 45.8 - =
e ] ’ - - 23.9 26.2
900 - - - ) )
935 - - 10.9 35.5 - =

% n = 120, 120, 90 and 45 for

NaCl, Na, S04 NaNO, and Na,CO,; systcms

respectively.
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rable XXXIV. Data for t .
a for the effect of roasting carrier gas flow rate on the

subsequent leachi :
ch_mg of the sall-water vapour roasted ilmenile

Ilmenite powder to salt rati
powder to salt ratio = 1.7 for NaNO,, 2 for Na,S0,, 0.67 for
onating Hiss = 96 afib 105 ll\laCl. & 1.5 for NaCoO,

1ot n. (45 min. for Na,CO, & 75 min. NaCl}
Roasting temperature = 800°C (850°C for Na,CO, & 885°C for Na,S0,)
Waler vapour pressure = 31.5 mm Hg o “
Leaching acid concentration = 2 g eq dm™
Leaching pulp agitation speed = 292 rpm
Leaching temperalure = boiling temperature

Pulp ratio = 0.02 kg dm™® (based on ilmenile conlent)

Carvier Wt. % metals dissolved in n" min for
gas £low Leta‘ching .
gate, | “:;“l"" NaCl roast Nn,S0, roast NaNO, Toast ‘ Nn,CO,4 roast
ocm min
Ti Fe Ti Fe Ti Fe Ti Fe
30(15) 15.2 39.8 24.2 32.4 10.9 15.3 13.1 23.0
60(30) 17.4 45.9 33.5 38.5 15.2 18.3 18.5 32.2
350 90(45) 18.4 55.1 37.0 44 .6 15.5 18.5 18.8 32.5
120 19.6 55.3 37.3 44.9 - - - -
30(15) 17.2 41.2 25.5 37.2 23.9 31. 29.1 37.8
60(30) 19.6 46.8 36.2 42.5 28.2 35. 46.2 50.5
390 90(45) 22.6 58.6 40.5 48.6 28.5 35 46.4 50.8
120 22.9 58.8 40.8 48.8 - - - -
30(15) 21.8 49.0 26.1 33.6 30.5 48.9 37.5 45.0
60(30) 22.9 55.1 3s. 1 43.2 34.6 52. 56.3 61.5
420 90(45) 25.0 61.3 43.3 53.2 34.8 52.2 656.5 61.7
120 25.2 61.5 43.5 53.5 - - - -
30(15) 9.8 32.3 25.5 31.5 20.3 29.8 34.3 :l.z
60(30) 14.5 48.9 36.2 40.8 24.5 33.1 52.4 57.6
470 90¢45)  19.2 54.5 41.5 49.4 24.8 33.4 52.6 57.9
120 19.4 54.7 41.7 49.6 - - - -

37.9
30(15) 4.4 21.4 25.8 32.4 6.5 G : i
60(30) 8.1 39.8 36.7 39.8 335 12:2 46. 55.
. ‘ . 55.1
515 90(45) 13.1 49.0 39.2 45.6 13.5 12.5 4(_; 8 _,j
120 13.1 49.3 39.4 45.8 -
Figure in the parent.hesis indicate the Jeaching time 10 minute for

Na,CO, system
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Table XXXV.

Data for the plot of maximum weight percentages of the metals

dis 5 : * ; .
issolved in n” min versus roasting carrier gas flow rate

(based on Table XXXIV for Fig. 35 & 36).

I1lmenite powder Lo salt raktio = 1.7 for NaNO, 2 for Na,S0O,, 0.67 for
NaCl & 1.5 for NaCO,

Roasting time = 90 min. (45 min. for Na,CO; & 75 min. NaCl)

Roasting temperature = 800°C (850°C for Na,CO, & 885°C for Na,S0,)

Water vapour pressure = 31.5 mm Hg

Leaching acid concentration = 2 g eq dm™3

Leaching pulp agitalion specd = 292 rpm

Leaching temperature = boiling temperature

3

Pulp ratio = 0.02 kg dm™ (based on ilmenite content)

Max. wt, % metals dissolved in n* min for

Carrier

gasatfel,ow NaCl roast 1‘«1:31250,l roast Nal‘l()3 roast Na2C03 roast

omS min~ ) -

Ti Fe Ti Fe Ti Fe Ti Fe

350 19.6 55.3 37.3 44.9 15.5 18.5 18.8 32.5
390 22.9 58.8 40.8 48.8 28.5 35.17 46.4 50.8
420 25.2 61.5 43.5 53.5 34.8 52.2 56.5 61.7
470 19.4 54.7 41.17 49.6 24.8 33.4 52.6 57.9
515 13.1 49.3 39.4 45.8 13.5 12.5 46.8 55.1

% n = 120, 120,

90 and 45 for NaCl, Na,S04, NaNO, and Na,CO, systems

respectively.
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Table XXXVI. Data for Lhe elfect!of, roasting water

b wvapour pressure on, Lthe
subsequent : 5 o
quent leaching of the salt-water vapour roasted ilmenile.

Ilmenite powder to salt ratio = 1.7 for NaNO,, 2 for Na,S0,, 0.67 for
‘ NaCl & 1.5 for Na,CO,

Roasting temperature = 800°C (885" for Na,S50, & 850°C Na,COj,)

- . s . . 3

Roasting time = 90 min. (45 min. for Na,CO; & 75 min. for NaCl)

Carrier gas {low rate = 420 cm® min~t

Acid concentration = 2 g eq dm™

Leaching temperature = boiling Lemperature

Leaching pulp agitation speed = 292 rpm

Pulp ratio = 3.02 kg dm™? (based on ilmenite content)

Water iHt. % metals dissolved in n" min for
va po-;xrx: Leac hing
pressure, Ll!‘ne, NaCl roast Na,50, roast NaNO 4 roast Na,CO5 roast
s 3ig min.
T4 Fe Ti Fe Ti Fe Ti Fe
30(15) 17.4 42.9 25.4 27.8 24.7 35.1 35.6 41.2
60(30) 19.2 50.5 33.2 36.5 28.6 48,2 53.8 54.56
23.5 90(45) 21.6 57.17 38.2 43.3 28.8 48.5 53.8 54.7
120 21.8 57.9 .38.5 43.5
30(15) 21.8 49.0 26.1 33.6 30.5 48.9 37.5 45.0
60(30) 22.9 55.1 38.1 43.2 34.6 52.0 56.3 61.5
31.5 90(45) 25.0 61.3 43.3 53.2 34.8 52.2 56.5 61.7
120 25.2 61.5 43.5 53.5 - - - =
30(15) 13.1 36.8 23.9 21.3 18.9 21.4 26.9 26.8
G0(30) 15.2 45.9 28.3 30.4 25.2 39.7 36.7 42,6
42.5 90(45) 18.3 55.1 32.7 33.4 25.4 39.7 36.9 42.8
120 18.5 55.3 32.9 33.6 - = = -
30(15) 4.4 21.4 8.7 9.1 8.7 21.4 14.6 17.4
60(30) 8.7 39.8 10.9 12.2 12.6 33.4 20.0 23.7
55.5 90(45) 13.1 49.0 13.1 15.2 12.8 33.6 20.2 23.9
120 13.3 49.2 13.3 15.4 = - - =

Figures in the parenthesis indicate the leaching time in minute for

Na,COy
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Table XXXVII. Dala for the plot of maximum weight percentages of the metals

dissolved in n” min versus roasting waler vapour pressure
(based on Table XXXVI for Fig. 37 & 38).

Imenite powder to salt ratio = 1.7 for NuNO,, 2 for Na,50,, 0.67 for
NaCl & 1.5 for Na,CO,

Roasling temperature = 800°C (885° for Na,S0, & 850°C Na,C0;)

Roasting time = 90 min. (45 min. for Na,CO; & 75 min. for NaCl)

Carrier gas flow rate = 420 cm® min~!

Acid concentralion = 2 g eq dm™

Leaching temperature = boiling lemperature

Leaching pulp agitalion speed = 292 rpm

Pulp ratio = 3.02 kg dm™ (based on ilmenite content)

Max. wt. ¥ metals dissolved in n)‘= min for
Water
YADOUE NaCl roast Na,S50, roast NaNO., roast Nazcoa roast
pressure, 2774 3

mm HY

Ti Fe Ti Fe Ti Fe Ti Fe
23.5 21.8 57.9 38.5 43.5 28.8 48.5 53.8 54.7
31.5 25.2 6l.5 43.5 53.5 34.8 52.2 56.5 61.7
42.5 18.5 55.3 32.9 33.6 25.4 39.7 36.9 42.8
55.5 13.3 49.2 13.3 15.4 12.8 33.6 20.2 23.9

¢ 1 = 120, 120, 90 and 45 for NaCl, Ne; SO, NaNOg and Na,C0; systems

respectively.
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Table XXXVIII. Data for the effect of acid concentration on the leaching of

the sall-water vapour roasted ilmenite.

Jlmenite powder to salt ratio = ;
ratio = 1.7 for NaNOQ,, 2 for Na,S0,, 0.67 for
' NaCl & L.5 for Na,CO,
Roasting temperature = 800°C (885°C for Na,50, & 850°C for Na,CO )
) i ' : A,y
Roasting time = 90 min. (45 min. for Na,CO, & 75 min. for NacCl)
Carrvier gas flow rate = 420 cm® min~t
Waterr vapour pressure = 31.5 mm Hg
Leaching temperature = boiling temperature
Leaching pulp agitation speed = 292 rpm

Pulp ratio = 0.02 kg dm™® (based on ilmenilte conlent)

Acid Wt. % metals dissolved in HCl for
Leaching
concen~ 2
malbiln, tl{ne’ NaCl roast N, 50y Toast NaNQ, roast Na,C0O, roast
g eq dm_s min.
™ re T fe Ti Fe Ti Fe
30 . - 4.4 12.2 " - . 3
60 - - 8.7 18.2 5 5 . ]
: 90 - - 10.7 28.6 - . ) )
120 - - 10.9 28.9 - B . .
30(15) z21.8 .0 26.1 33.6 30.5 48.9 37.5 45.0
60(30) 22.9 55.1 38.1 43.2 34.6 52.0 56.3 61.5
2 90(45) 25.0 1.3 43.3 53.2 34.8  52.2 56.5 61.7
120 25.2 61.5 43.5 53.5 - - - -
30 - - 30.5 36.5 - - - E
60 - - 37.0 45.6 - = = .
3 90 - - 39.2 18.7 - = " “
120 - - 39.4 48.9 - E - 3
30(15) 34.8 45.9 18.4 30.4 43.4 51.9 72.4 53.1
60(30) 41.4 61.3 26.9 36.8 59.6 61.1 84.4 67.4
4 90(45) 47.6 76.5 30.5 42.6 59.8 61.5 84.9 67.6
120 47.9 76.8 30.8 42.6 - -
58.0 87.1 61.3
21.8 21.3 67.5 58.
30(15) 47.9 67.4 o3
60(30) 58.8 82.17 25.0 27.4 84.7 70.2 s;r:.e; 723
G 90(45) 71.6 94.5 28.3 35.5 84.9 70.2 5. .
J . - - -
120 71.8 94.9 28.5 37.8 -

indi i i i inute for
Figures in the parenthesis indicate the leaching Lime 1n min

NHZCOJ Systenh
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Table XXXIX.

Dat » 7 1 .
ala for the plot of maximum weight percentages of Lhe

melals di : (P )
ssolved in n” min versus acid concentration on the

leaching of the salt-water vapour roasted ilmenite (based on
Table XXXVIII for Fig. 39 & 40).

Ilmenite powder to salt ratio = 1.7 for NaNO,, 2 for Na,30y, 0.67 for

NaCl & 1.5 for Na,CO,4

Roasting temperature = 800°C (885°C for Na,50, & 850°C for NaZCOB)

Roasting time = 90 min. (45 min. for Na,CO; & 75 min. for NaCl)

Carrier gas flow rate = 420 cm® min™!

Water vapour pressure = 31.5 mm Hg

Leaching temperature = boiling temperature

Leaching pulp agitation speed = 292 rpm

Pulp ratio = 0.02 kg dm™® (based on ilmenite content)

Max. wt. % metals digsolved in n* min for
Acid
é?ﬂi%iﬁ: NaCl roast Nazso4 roast NaNO3 roast Na2003 roast
g eq dm
Ti Fe Ti Fe Ti Fe Ti Fe
1 - - 10.9 28.9 - - - -
2 25.2 61.5 43.5 53.5 34.8 52.2 56.5 61.7
3 - - 39.4 18.9 - - - -
4 47.9 7G.8 30.8 42.6 59.8 61.5 84.9 67.6
6 71.8 94.9 28.5 37.8 84.9 70.2 95.8 73.1

% n = 120, 120, 90 and 45 for NaCl,

Na, S04 NaNO4 and Na,CO, systems

respectively.
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g Xl_l- . . o ) ~
Bable Data for the elfect of temperature on the leaching of the salt—

water vapour roasted ilmenite.

Ilmenite powder to salt ratio = 1.7 for NaNO,, 2 for Na,S0,, 0.67 for

| NaCl & 1.5 for Na,CO,
Roasting temperature = 800°C (885°C for Na,50, & 850°C for Na,CO;
Roasting time = 90 min. {45 min. for Na,CO, & 75 min. for NacCl) |
Carvier gas flow rate = 420 cm® min~?

Waler vapour pressure = 31.6 mm Hg

Leaching acid concentration = 6 g eq dm™ (2 g eq dm™? for Na,50,)
Leaching pulp agitation speed = 292 rpm

Pulp ratio = 0.02 kg dm™® (based on ilmenile content)

Lenching Leaching

Ht. % metals dissolved in Hel for

:2?;::, 13::: NaCl roast Na,S0, roast HaNO, roast Na,CO5 ronst

¢ Ti Fe Ti Fe Ti Fe Ti Fe

30(15) 24.1 34.7 2.2 3.0 34.8 45.8 46.1 31.5

60(30) 30.9 42.6 4.4 6.1 44.6 51.17 50.0 38.7

50 90(45) 37.5 48.9 6.4 12.2 44.8 51.9 50.3 38.9
120 37.8 48.9 6.6 12.5 - - - -

30(15) 40.5 57.6 6.5 6.1 58.8 55.0 60.1 47.9

60(30) 50.3 64.3 12.0 15.2 67.5 61.0 76.1 54.1

80 90(45) 55.3 73.5 21.3 21.3 67.7 61.2 76.3 54.5
120 55.5 73.5 15.5 21.5 - - - =

30(15) 47.9 69.4 26.1 33.6 G7.5 58.0 87.1 61.3

60(30) 58.8 B2.7 38.1 43.2 84.7 70.2 95.8 73.5

110 90(45) 71.6 94.5 43.3 53.2 84.9 70.2 95.8 73.7
120 71.8 94.9 43.5 53.5 - - - -

Figures in the parenthesis 1

ndicate the leaching time in minute for

NazCO3 system.
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Table XLI. Data for the plot of maximum weight percentages of the metals

di

. . x*
ssolved i i . :
n-n min versus lemperalure on leaching of the sall

water vapour roasted ilmenite (based on Table XI for Figure 41
& 42).

Ilmenite powder to salt ratio = 1.7 for NaNO,, 2 for Na,S0,, 0.67 for
NaCl & 1.5 for Na,CO,

Roasting temperature = 800°C (885°C for Na,SO, & 850°C for Na,CO,

Roasting time = 90 min. (45 min. for Na,CO; & 75 min. for NaCl)

Carrier gas flow rate = 420 cm® min~t

Waler vapour pressure = 31.0 mm g

Leaching acid concentration = 6 g eq dm™ (2 g eq dm™ for Na,S0,)

Leaching pulp agitation speed = 292 rpm

Pulp ratio = 0.02 kg dm™? (based on ilmenite conlent)

*
Max. wt. % metals digsolved in n min for
Leaching
;:iiﬂi: NaCl roast Nazso4 roast NaNO3 roast NaZCO3 roast
A =y
C .
Ti Fe Ti Fe Ti Fe Ti Fe
50 37.8 48.9 Y 6.6 12.5 44.8 51.9 50.3 38.9
. "
80 55.5 73.5 15.5 21.5 67.7 61.2 76.3 54.5
110 71.8 94.9 43.5 53.5 84.9 70.2 95.8 73.7

* n = 120, 120, 90 and 45 for NaCl, Na, S04, NaNO, and Na,CO, sysltems

respectively.
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Table XLIL. Data for the plot of maximum weight percentages of titanium
and iron dissolved from sodium carbonate-water vapour roasted

product in 45 min. versus solid to liquid phase ratio (S/L).
(Fig. 43a and 43b).

Roasting temperature = 850°C

Roasling time = 45 min.

IImenite to salt ratio = 1.5

Carrier gas flow rate = 420 cm® min™!
Waler vapour pressure = 31.5 mm Hg
Leaching acid concentralion = 4 g eq dm™?
Leaching te1npera£ure = boiling temperature

Leaching pulp agitation speed = 292 rpm

. . . 5 mi r Conc. (g dn®) in leached
3/L ratio, % dissolution in 45 min © e oliition of

kg dm™3

Ti Fe Ti Fe

0.02 85.0 67.4 4.75 4.37
0.04 35.0 62.0 3.90 8.05
0.06 19.5 57.0 3.26 11.12
0.08 11.3 53.3 2.51 13.82
0.10 6.5 51.4 1.81 16.65
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Table XLIIL.  Data for stage-wise leaching of the sodium carbonate-water

vapour roasted product of ilmenite (Fig. 44).

Roasting temperature = 850°C

Roasling Ltime = 45 min.

Ilmenite to salt ratio = 1.5

Carrier gas f{low rate = 420 cem® min™t
Water vapour pressure = 31.5 mm Hg
Leaching temperature = boiling temperature
Leaching pulp agitation speed = 292 rpm
Leaching acid concentralion =4 g e¢q dm™

3/L ratio = 0.10 kg dm™

L = 10 cm®
¥ dissolution in 45 mip of Dissolved cumulative % of
Stage number - - ” .
1 6.0 51.4 6.5 51.4
2 2.4 4.6 8.9 56.0
2.2 3.6 11.1 59.6
3 .
2.0 3,0 13.1 62.6
4 :
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i
Table XLIV. |

Fffect of concentration of hydrochloric acid concentration on
the rate of dissolution of Na,CO,-H,0 vapour roasted ilmenite
product : Data for the plots of 1-(1-R)'? versus time (min) for
titanium and iron (for Figs. 45 and 46).

S/L = 0.02 kg dm™3 Stirring speed = 200 rpm

Temp. = 110°C Vol. of liquid = 50 cm®
Concentration| . % metal dissolved
of HCJ, Time, [1—(1-—]})1””]1_1 [1—(1—R)%]re
g eq dm™ BT Titanium Iron
3 1.55 3.88 0.0051 0.0131
6 2.32 7.88 0.0071 0.0270
9 3.87 11.64 0.0130 0.0404
1.0 12 5.42 14.23 0.0184 0.0198
15 6.20 16.82 0.0211 0.0595
18 8.02 17.25 0.0275 0.0612
6.97 0.0150 0.0238
g g gg 13.66 0.0321 0.0478
9 13.50 19.87 0.0472 0.0712
' 0.0581 0.0903
12 16.44 24.71 »
b 15 20.80 27.58 0.0748 0.1020
13 24. - 0880 A1
18 24.14 30.21 0.
: 0.0404
7.79 11.64 0.0267
g 15.58 19.28 0.0549 0.0682
9 24.16 28.28 0.0881 0.%21%6
12 R1.17 39.85 0.1171 0.1801
20 15 37.41 44.99 0.1446 0.1801
18 43.64 48.85 0.1740 .
0445
15 0.0377 0.
3 %8‘33; 36.03 0.0849 0.0956
g 3.2 26.00 Dok 0.1743
42.08 13.72 0.16 0.1967
3.0 1;2- 49,88 48.20 0.2056 O e
%3 57.67 52.72 0.2491 .
» 0.0787 0.0591
3 21.82 1571 0.1237 0.1102
32.73 g 0.1975 0.1703
9 48.32 42.88 0.2879 0.2003
: 90 48.8% ' 0.2209
4.0 ie s £2.72 0.3434 0.2203
15 :;igg 56.58 0.3685 .
- 8 0.1052 0.0720
3 28.35 e e 0.2020 0.1280
6 49.18 it 0.2930 0.18
46.26 0.2230
9 64.66 0.3850
76.73 i 0.4530 0.2540
o0 }% 85.93 58.48 0.5750 0.2810

62.83

18 92.32 i
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le XLV. Data for the pl :
Table e plot of log 9 uciy|versus log{HCI] for titanium and jiron

di ; : ) .
issolution from the Na,CO;~H,0 vapour roasted ilmenite product

(based on Table XLIV and Figs. 45 and 46, for Fig., 47)

S
Ya

Slopes of 1-(1-R)'" VS time plots
[gC;;-a Jog[licl] e Log Log Log
e e

B For T1. nci(Ti) | Mic1(Fe)ini | HC1(Fe)>12
Incrcri) |,
hicl(re)ini | NCI(Fe)>12

1.0 0 0.00153 0.0043 0.0020 -2.815 -2.367 -2.698
1.5 0.176 0.0050 0.00758 0.0039 -2.301 -2.120 -2.400
2.0 0.301 0.0095 0.0125 0.0071 -2,020 -1.903 -2.146
3.0 0.4717 0.0140 0.0149 0.0075 -1.853 -1.825 -2.124
4.0 0.602 0.0223 0.0199 0.00812 -1.650 -1.700 -2.090

6.0 0.778 0.033 0.0208 0.0107 -1.481 -1.680 -1.980

Dm—

|
]
|
1
B
b
§
I
i
i
i
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pable XLVI. Effect of temperature on the rate of dissolution of NayCOs-11,0
s p; Z

vapour roasted ilmenite product Data for the plots of

1—(1—R)”® versus time (min) for titanium and iron (for Figs. 18
and 49).

s/L = 0.02 kg dm™ Stirring speed = 200 rpm

Acid concentra‘t‘ion = 4 g eq dm"3 Vol. of liquid = 50 cma

Temperature, | Time, % metal dissolved Y %
’ i 1-(1-R) 3]y | [1-(1-R) P},
K L Titanium Iron
3 8.73 10.58 0.0300 0.0365
6 17.60 17.19 0.0625 0.0609
9 26.48 23.80 0.0974 0.0866
313 12 31.16 26.45 0.1170 0.0973
15 39.08 30.41 0.1523 0.1138
18 44,56 33.06 0.1785 0.1252
3 10.47 11.08 0.0362 0.0384
6 19.51 18.05 0.0698 0.0642
9 28.38 26.68 0.1053 0.0983
333 12 36.32 30.80 0.1397 0.1155
15 44.01 33.35 0.1758 0.1274
18 50.60 37.10 0.2095 0.1432
0.0495
14.01 14.15 0.0491
2‘ 21,80 24.43 0.0787 8'({22}7
0.1237 o
9 32.70 30.86 ‘
353 12 40.50 34.72 0.1589 8'1232
‘ 15 45.16 38.08 0.1815 0.1476
18 56.08 40.83 0.2399 .
0.0666 0.0495
: . s 01039 0.0866
- 2B 23.79 11445 0.1499
7.38 38.56 0.1445 :
: o : 0.1973 0.1807
48.20 45,01 . !
373 12 ' 48.86 0.2399 0.200
15 56.08 6. 0.2779 0.2109
18 62.34 50.08 . -
0.0591
3 21.82 161 05T 0.1102
6 32,73 2220 0.1975 0.1703
9 dgide 13'32 0.2879 0.2003
383 12 63.90 52-72 0.3434 0.2209
15 71.70 06.58 0.3685 0.2427

18 74.82
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m ble XLVLlI. Ef[; cU - tem :
Ta ect of lemperature on the rate of dissolution of N.
IS¢ o a,C0,-H,0

Vi g - i {
apour roasted ilmenite product

| ( | ) . . 1 e OL\ (o]
- ) icanium l‘lnd nron (f()l' }“igo

s/L = 0.02 kg dm™

| Stirring speed = 200 rpm
icl] = 1 g eq dm™ (HC)

Vol. of liquid = 50 cm®

[1*(1‘R)1/°]n [_L-(:t—n)'/*']ﬁ,e

X min.

Titanium Iron

0.85 3.07 0.00287 0.01037

6 2.04 6.02 0.00687 0.02050

2.85 8.73 0.00960 0.03000

323 12 3.75 10.83 0.01266 0,03750
15 4,79 12.21 0.01625 0.04250

18 5,88 13.72 0.02000 0.04800

3 1.12 3.70 0.00375 0.01250

6 2.34 6.79 0.00787 0.02320

9 3.39 9.71 0.01144 0.03350

353 12 4.48 12.21 0.01517 0.04250
15 5,48 13.91 0.01863 0.04870

18 6.95 15.60 0.02375 0.05500

3 1.55 3.88 0.00510 0.01310

6 2,32 7.88 0.00710 0.02700

9 3.87 11.64 0.01300 0.04040

383 12 5,42 14.23 0.01840 0.04980
15 6.20 16.82 0.02110 0.05950

.02 17.26 0.02750 0.06120
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Table XLIX. Data for the plot of log q,versus (1/TK) x 10° for titanium and

iron dissolution from the Na,C0O;-H,0 vapour roasted ilmenite

product (based on Table XLVIII and Fig. 51 for Fig. 52).

. Vo
Slop of 1-(1-R)’" vs time plot
Tempe- 3 .
ratyre, | (L/TH) X 10 For Fe log qqpr g 108 qyfeling log 9 ey 12
K Por Ti
Srtriy ' .
q firFeY'ini Ykertz
e e e "
323 J.095 0.001056 0.00334 0.001503 -2.978 -2.477 -2,823
.
353 2.832 0.001264 0.00368 0.00188 -2.898 -2.450 -2.725
383 2.611 0.00153 0.0043 0.00200

-2.815 -2.367 -2.698
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I (ll)le Il‘ _I' (-,’Ct Of CLES italbi 4

vapour roasted ilmenite pr
e product : Data for the plolts of 1—-('1—!-')%
versus btime (min.) for titanium and iron

s/L = 0.02 kg dm™

1 ’1\ E - . - — i ®
Acdid concentration = 4 g eq dm™ ol of TTagls, = 53

Vol. of liquid = 50 cm?

Agitalion Pime % metal dissolved T
speed, min. [1 (1 R)‘/S] { v
ERR Tilanium Iron n | (1-R) L‘c
g 21.62 12.84 07
6 38.15 27.14 01480 R
_— 9 51.25 40.32 0.2130 0.1581
113 64.43 16.28 0.2915 0.1871
15 73.10 50.86 0.3545 0.2109
18 77.86 55.17 0.3951 0.2347
3 20.02 16.09 0.0725 0.0568
6 37.49 29.38 0.1450 0.1095
9 51.10 41.38 0.2120 0.1631
150 12 64.17 47.81 0.2898 0.1949
15 72.72 52.06 0.3515 0.2173
18 78.34 56.53 0.3995 0.2425
3 21.82 16.71 0.0787 0.0591
6 32.73 29.55 0.1237 0.1102
9 48.32 42.88 0.1975 0.1703
200 12 63.90 48.86 0.2879 0.2003
15 71.70 52.72 0.3434 0.2209
18 74.82 56.58 0.3685 0.2427
3 22.38 16.91 0.0599
6 38.37 20.02 0.1490 0.1122
9 F1.62 44.58 0.2150 0.1786
15 73.22 54.64 0.3555 0.2517
1¢ 59.23 0.3965 0.2585
25.80
g 18.47 31.82 0.1495
0.2185 0.1870
9 52,27 46.26
65.47 51.99 0.2985 0.2170
400 12 7',_’3'% 57.99 0.3610 0.2411
‘ 3. 0.4056 0.2609
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Table LI. Data for the plot of log Dl romit VOrsus |
Hrpn ! VEUSUS log

(rpm) for titanium and iron

3 apou & " [ {
( s i ‘1-.1)]’ 2‘ ’i ' 2\) ) P r roas .C‘d Ijnlenlte pl'()dll(;i,

Agitnl,ion

1
Slopes of l~(1..;<)/:3

VS time plot

speed, log[rpm] . Loy Tog Log
I or T £ )

rpm F(:n Ti R fepm(T1) | Yrprgre)int| drpn(Fe)r 12

rpmiTl | Y . .

L rmiFe)ini | Yepn(preyy 12
j?() . 2,000 0.0245 0.01778 0.00778 -1.610 ~1.750 ~-2.109
150 2.]7§ 0.0237 0.01905 0.00751 -1.625 -1.720 -2.124
200 2,301 0.0223 0.01995 0.00812 -1.650 ~1.700 -2.090
300 2.4717 0.0239 0.02018 0.00883 -1.620 -1,695 -2.054
400 2.602 0.0242 0.01949 0.00794 -1.615 ~1.710 -2.100

Table LII. Effect of agitation speed on Lhe rate of dissolution of Na,CO;~1;0

vapour roasted ilmenite product

versus time

5/L = 0.02 kg dm™
[HCl] = 1 8 eq dm™

Agitalion
speed,
rpm

100

200

Temperature = 110 °C

Vol. of liquid = 50 cm®

Poo
O =
oo N

- Data for Lhe plots of 1—(?—]?)1/3
(min.) for titanium and iron (for Fig, 54).

0.01000
0.01950
0.02900
0.03920
0.04410
0.04825

0.01310
0.02700
0.04040
0.04980
0.05950
0.06120

0.01500
0.02900
0.04250
0.05500
0.06250
0.07000

g

B—
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Table LI11. Data for the plot of log q
[rpm) Ver

dissolulion from Na,CO;~H,0 v
et o b L an; in rapour roasted ilmenite product
2 I, Pig, 54 for Fig. 55)

- |
Y
Slope.* - 3
o pe.'* of 1-(1-R) VS time plot
agitation
gpeed, log[rpm] Log Log Lo
) H
Tpin For Ti For Fe Yepm(Th) | Ir 4
. pn(¥e)ini| Grpn(re)>12
. P :
t" Dy pmfanl UrpmFar12
;(;z ;.ngo 0.00117 0.00316 0.00147 -2.929 -2.500 2.847
o 2.3 l 0.00153 0.00430 0.00200 -2.815 -2.367 -Z.B‘)R
602 0.00188 0.0047 0.00260 -2.725 -2.325 -2 G.()Z

Table L1V. Data for the plot of concentration of iron in aqueous phase

ct

Fe(III) }
equilibria in the case of extraction with MIBK (Fig. 56).

VS time to delermine thg time required to reach the

A
Fe{111)

Acidity = 6 g ed dm™

C initial = 5 g dm™

Extractant concentration = 8 mol dm'3 MIBK
Phase ralio = A:O=1: 1

Temperature = (30%1)°C

Initial metnl R ]
"Fe(IID)

Gontact

0
C
Fe!ll!)_
EO o

Hetal ion CONC. i : )
ion time 1M 3 A -
K llm"3 seconds g dm Fe(111) Yo (111)

- e e

Fe(T111) 5.00 o 0.01400 4.98500 332

5.00 10 0.00720 4.09280 693

5.00 15 0.00478 4.99520 1045

5.00 20 0.00385 4.99615 1298

5.00 30 0.00345 4.99655 14438

5,00 40 0.00345 4.99655 1448

50 0.00345 4.99655 1448

4.99655 1448

0.00345

sus log (ryp or Li
g (rpm) for titanium and iron
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Table LV. Data f :
o or L_he dependence of Extraction rati
of iron (III} in the ease of extractj &‘10 on the concentration
o cltion with MIBK (Fig. 57).
Sxtracllon concentration = -3
ACidil‘.y =5 g eq dm-3 8 mol dm MIBK
Phase ratio = A : 0 =1: 1
Contact time = 2 min. '
Temperature = (30+1)°C
Initial
! metal ion op 0
M(.aLal —— Fe(lil) Cru-( 1 ¢!
‘o ; ‘ I : E?\ - Fo(ll1)
g dm i ‘
. dm_3 g dm Fe(llir) Cn:n(””
1,00 0.0027 0.997 -
. L9973
1.50 0.0048 . 1.4952 g??
2.00 0.0070 1.9930 :
285
3,00 0.0115 2.9885 260
Fe(TIT) 3.59 0.0138 3.4862 253
i';%)‘()) 0.0170 4,2330 249
. 0.0290 6.9710 240
10.00 0.,0432 9,9567 230
15.00 0.,0670 14.9330 223

Table LVI. Data for the dependence of extraction ratio of iron (III) on

aqueous acidity in the case of extraction with MIBK (Fig. 58).

A . e _ -3
Cre(lrl)') initial = 5.00 g dm

Extractant concentration = 8 mol dm~3 MIBK

Phase ratio=A:O=1:1
Contact time = 2 minute
Temperature = (30%1)°C

Agqueous | Initial )
Fe(III) | aqueous |)og[HCl] log B\ 0.
conc. acidity,

g dm? |g eq dm”’

0.46 -0.33
J 0.301 3,413000 1.58700 ’
288 g 0.477 0.998500 4,00150 4.01 ?gg
S S e sSos 240
.699 0.01998 o8 9.2¢ g
?3(()}% g (()).(;;78 0.003568 4.99643 }400.34 .::'115
;5'00 7 0.845 0.000225 4.99977 22221.22 .35
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Table LVII. Data for
exhﬂcm-nt“;‘—;niiiczfdﬁnce of extraction ratio of i
’ > at . . . # ' TT 3
(Fig. 59). 1on in the case of extractio:Ox?itg]zwol?

Chegsi1y initial = 5 g dm™
Acidity = 6 g eq dm™
Extractant = MIBK

Phase ratio = A : O =1 11

Contaclt time

2 minutes

Temperature = (30%])°C
o Aquaous
initinl T Fa(TI1) (-A . 0
pciditby ' - : Trecriny ) Sreciin
Adiby, | a3 log[MIBK] | conc. before | E® log E°
g eq dm - -3 - A, RS
slmkir_\%, g dm g dm 3 Fe(lll). Arf-(llll'
g dm
? i 0.000 5.00 3.38930 1.61070 0.4752 -0.32
G g 0.477 5.00 1.36290 3.63710 2.6686 0.43
] 2 0.G00 5.00 0.36705 4.63295 12.6220 1.10
6 ) 0.699 5.00 0.11853 4.881417 41.1837 1.61
6 6 0.778 5.00 0.03376 4.96624 147.1042 2.17
6 8 0.903 5.00 0.00397 4.99603 1256.2872 3.10

Table LVIIL. Data for the dependence of extraction ratio of iron (III) on

temperature in the case of extraction with MIBK. (Fig. 60).

A . . .l' = r_ -3
— (initial) 5.00 g dm

Acidity = 6 g ed dm™>

ExLractant concentraLi.on = 8 mol dm'3 MIBK

Phase ralio = A ¢ o=1:1

Contact time = 2 minutes

Aqueous
Fe(111)

log i‘.o .

Initial £
acidity, conc. before A
8 eq da” shnking, Fe(i1l) Fo(11i)
g dm”
4.966810 149.6400 2.17
. .29 5.00 0.033190

p 31 2 ir 5.00 0.034764 4.965236 142.8200 2.15

: o "1; 5.00 0.038194 4.961806 129.9160 2.11

) e 0 5.00 0.0429010 4.957090 115.5229 2.0G

6 45 3.14 5.00 0.044950 4.955050 110.2347 2.04

3.09 5.00 0.048923 4.951077 101.2010 2.01
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Table LVIX.

of iron (III) with MIBK (Fig. 61)

CA

re(itl)

inilinl

=5 g dm™

Acidity = 6 g eq dm™

D&L& f - > p

Extractant concentrali =
ctanl concentration = 8 mol dm™® MIBK

Phase

Contact time

ratio= A : 0 =11:1

Temperature = (30+1)°C

Acidity of

= 2 minutes {in each stage)

action

Q0

h;III;K_ Cont{';lcl; aqueous C'I:-e(]”,“n” Cl;e(_l””“"n” Fe(111)(totnl)

ol dm u - s 5

) e g g(;"‘(??n_s g dm™ g dm™ (cuiu?lt:l;ive)
8 1 6 5.00 0.00360 4.99640
8 2 6 5.00 0.01465 9.98175
8 3 6 5,00 0.04657 14.93510
8 4 6 5.00 0.10539 19.82970
8 5 4] 5.00 0.37539 24.45430
8 6 6 5.00 0.77068 28.68362
8 7 6 5.00 4.34120 29.34240
8 8 6 5.00 4,82350 29.51890
8 9 6 5.00 4.88230 29.63650
8 10 6 5.00 4.94110 29.69530
8 1" 6 5.00 4.96000 29.73530
8 12 6 5.00 4.98000 29.75530
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y le X 1L : e
Table 1 Data for the dependence of extraction ratio of iron (III) on

various diluents in the case of extraction with MIBK

A FOIE = o
6 Pe(LTL) initinl = g g dm-.i
Acidity = 5 g eq dm™®
Extractant concentration = 1 mol dm~? MIBK
Phase ratio = A : 0 =1 : 1

Contacl Lime = 3 minutes

Temperature = (30%1)°C

Initial \ T
9 0
D]I;('p‘:f Diluent %2??1111)5 Cm”'; Creaty B pocinry = Croauny
” conc. g dm™ £ dm™® ' c"‘,"““'
g dm™
1 Benzene 5.00 4.1480 0.8520 0.21
2 Kerosin 5.00 4.2657 0.7343 0.17
3 n-Hexane 5.00 | 4.3833 0.6167 0.14
4 Toluene 5.00 4,4715 0.5285 0.12
5 Chloroform 5.00 4.5H98 0.4402 0.10
" fﬁiél‘iﬁf““ 5.00 47362 0.2638 0.065

e A S T
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Appendix 1.

Interlayer spacings ('d’ values) at different 2- values (41

= 1.54054).

28 0.0 0.1 ] :
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.5
0 - 882.63 441.32 2904,
1 88.26 .21 220,66 176.53 147.13 126.09 t10.33 BR.076 BR.263
.263 80.243  73.555 §7.897 63.047 58,845 55.157 51.922 49.038 46,457 44.135
2 44.135 42.033  40.122 38,370  36.779 35.308  33.950 32,693 31.526  30.440 29,425
3 29.425 2§.476 27.587  26.751  25.964 25,223 24,522 23.859 23.232  22.636 22.07
4 22.071 21.532 21,020 20.531  20.065 19.619 19.193 18.785 18.394  18.018 17.459
5 17.659 17.312 16.979  16.660 16.352 16.054 15,744 15.491 15,225 14.967 14,717
6 14.717 14,476 14.243 14,017  13.798 13.586 13.381 13.181 12.888  12.800 12.617
7 12.617 12.440  12.267 12.099  11.936 11.777 11.622 11.471 11.325  11.182 11.042
8 11.042 10.906  10.773  10.643  10.517 10.394 10.273 10.155 10,040 9.927 9.5168
8 9.8168 9.7098  9.6042 9.5010 9.4001 9,3015 9.2053 9.1105 9.0173  8.9264 8.878
10 8.8378 8.7500  8.6645 8.5806 8.4989 8.4181 8&.3387 8.2609 B.1847  B8.1100 &.0360
11 8.0360 7.9644  7.8935 7,8234  7.7549 7.6880 7.6220 7.5571 7.4932  7.4305 7.3688
12 7.3688 7.3081  7.2484 7.1897 7.1320 7.0751 7.0192 6.9642 6.9100  6.8567 6.8M2
13 6.8042 6.7524  6.7015 6.6513  6.6019 6.5532 6.5053 6.4580 6.4114  6.3655 6.3203
14 6.3203 6.2757  6.2317 6.1883  6.1456 6.1035 6.0619 6.0209 5.9804  5.9405 5.9011
15 5.9011 5.8623 5.8239 5.7860 5.7488 5,7119 5.6755 5.6395 5.6041  5.5691 5.5M5
16 5.5345 5.5004 5.4666 5.4333 5.4004 5.3679 5.3358 5.3040 5.2727  5,2417 5.2111
17 5.2111 5.1809  5,1510 5.1214 5.0922 5.0633 5.0348 5.0065 4.9787  4.9511 5.9238
18 4.9230 4.8968 4,8701 4.8437 4,8176 4.7918 4.7G63 4.7410 4.7160  4.6913 4.6668
19 4.6669 4.6426  4.6187 4.5950 4.5715 4.5482 4.5253 4.5026 4.4801  4.4577 4.4357
20 4.4357 4.4138 4.3922 4.3708 4.3496 4.3287 4.3049 4.2872 4.2669  4.2467 4.2267
21 4.2257 4.2069 4.1872 4.1678B 4.1486 4.1295 4.1106 4.0919 4.0733  4,0550 4.0357
22 4.0367 4.0187 4.0008 3.9831 3.9656 3.9481 3.9309 3.9139 3.8969  3.8801 3.8635
23 3.8535 3.8469  3.8306 3.8144  3.7983 3.7824 3.7666 3.7509 3.7354 3.:200 :Zr:::
24 3.7047 3.6896 3.6746 3.6596 3.6449 3.5302 3.6157 3.6013 3.5870  3.5728 1.55
25 3.5587 3.5448 3.5309 3.5172  3.5036 3.4901 3.4767 3.4634 3.4502  3.4371 3.4741
26 3.4241 3.4112  3.3984 3.3857 3.3731 3.3606 3.3482 3.3359 3.3236  3.3115 3.2995
27 3.2995 3.2875 3.2756 3.2639 3.2522 3.2406 3.2291 3.2176 3.2063  3.1951 3.1839
727 3.1617 3.1508 3.1399 3.1291 3.1184 3,1078 3.0973  3.0868 3.0763
€8 Gulpdd MLl y : 54 3.0253 3.0153  3.0054 2.9955  2.9857 2.9760
29 3.0763 3.0660 3.0657 3.0455 3.0354 3. ’ 3. '
30 2.9760 2.9664 2.9568 2.8472  2.9377 2.9283 2.9190 2,9098 2.9005  2.8914 2.8823
31 2.8823 2.8732 2.8643 2.8553  2.8465 2.8376 2.8289 2.8202 2.8116  2.8023 2.7M5
32 2.7945 2.7859 2.7775 2.7691  2.7608 2.7526 2.7443 2.7362 2.7201  2.7200 2.7120
] L r
33 2.7120 2.7040 2.6961 2.6882 2.6804 2.6727 2.6649 2.6573 2.6496  2.6420 2.6M5
' ' ' .5802  2.5830 2.5757  2.5686 2.361%
24 2.6345 2.6270 2.6195 2.6121  2.6048 2.5974 2.5
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L G0 0.1 mnn 0.5 0.6 0.7 0.8

. . . 9 1.0
"

:‘:z :4’:212 22.':;:;’ ;::;’; :::2; 22-45::*14 ;-5:65 2.5:96 2.5129 2.5060  2.4993 2.q06
37 2.4244 2.4211  2.4149  2.408g 2‘4024 2";;‘\:6 A, osgy w02 24330 2421
v g 155 ey 2.342] 2.5362 2.3901 2.3840 2.3779  2.3719 2.3650
39 2.3047 2.3018  2.2962 2.2908 2‘2849 2.2194 2‘2:05 t20me o 23131 2904
, .28 . ; .2739 2.2684 2.2629  2.2574 2,25,
40  2.2521 2.2467  2.2414  2.2360  2.2308 2.2254  2,2202 2.2149 2.2097  2.2045 2.1994
41 2.1994 2-1943  2,1892  2.1841 2,179) 2.1740 1.1691 2.1641 2.1592  2.1542 2.(493
42 2.1493 2.1445  2.1396  2.1347  2.1300 2.1225 2.1204 2.1157 2.1110  2,1063 2.101%
43  2.1016 2.0970  2.0924  2.0878  2.0832 2.078¢ 2.0741 2.0696 2.0651  2.0606 2.0562
44 2,0562 2.0517  2.0473  2.0429  2.0385 2.0342 2.0299 2.0256 2.0213  2.0170 2.0127
45 2.0127 2.0085  2.0043  2.0001  1.9959 1.9918 1.987g 1.9835 1.9995  1.9754 1.9711
46 1.9713 1.9673  1.9632  1.9592  1.9552 1.9513 1.9473 1.9433 1.9395  1.9356 1.9316
47 1.9316 1.9278  1.9239  1.9201  1.9163 1.9125 1.9087 1.9049 1.9012  1.8974 1.R937
48  1.8937 1.8900  1.8663  1.8826  1.8790 1.8754 1.8717 1.8682 1.8645  1.8609 ).8574
49 1.8574 1.8538  1.8503  1.8468  1.8433 1.8398 1.8364 1.8329 1.8294  1.8260 1.8226
50  1.8226 1.8192  1.8158 1.8124  1.8090 1.8057 1.8024 1.7990 1.7958  1.7924 1.7891
51 1.7891 1.7859  1.7827 1.7794  1.7762 1.7730 1.7657 1.7666 1.7634  1.7603 1.7571
52 1.7571 1.7539  1.7508  1.7477  1.7446 1.7415 1.7385 1.7354 1.7323  1.7293 1.7263
53  1.7263 1.7232  1.7202  1.7173  1.7143 1.7113 1.7083 1.7054 1,7025  1.6996 1.696
54  1.6966 1.6937  1.6909 1.6851 1.6822 1.6794 1.6765 1.6738  1.6709 1.7680

1.6879
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Appendix 2. X-pay diffraction balterns of some of the compounds of oy

interests taken from the ASTM

deffections are noted),

cards (only the characteristic

Compound ASTM card |d, A —m
No, (R.1., ) —»
Ti0, (anatas) 21-1272 3.52 1.89 2.38 1.67 2.43
(100) (35) (20) (20) (10)
Ti0, (rutile) 21-1276 3.25 1.69 2.47 2.19 -
(100) (60) (50) (25) -
Fey 40 (iron oxide) 39-1088 2,08 2,52 1.51 1.29 =
(100) (80) (50) (20) =
Fe0 (iron oxide) 6-0615 2.15 2.49 1.52 - 1.24
(100) (80) (60) - (15)
Fe0 (ironous oxide) 6-0711 1.52 1.51 . 1.29 1.25 -
(100) (100) (60) (20) -
Fey0, (iron oxide) 26-1136 2.44 1.43 1.56 1.87 5
(100) (50) (40) (10) -
Y-Fe,05 (iron oxide) 25-1402 2.51 1.47 2.95 7.91 &
(100) (40) (30) (10) -
E'e203 (iron oxide) 39-1346 2.52 2,95 1.61 1.48 -
(100) (35) (24) (34) -
l?l-l"ta-zo3 (iron oxide) 39-238 2.71 2.35 1.66 1.417 -
(100) (16) (40) (19) &
Fey0, [iron (II,III) 19-629 2,53 L.49 2.97 4.85 =
Y7 oxidel (100) (40) (30) (8) -
Fej0, (iron oxide) 28-491 2.60 1.40 2.03 1.40 -
3 (100) (50) (40) (50) -
Na,T1i0 28-1152 2.25 1.59 2.60 1.36 1.30
2 (100) (80) (60) (60) (60)
9.45 6.63
28-1153 2.71 2.51 2.50
2N320.3T102 (100) (100) (100) (40) (60)
26-1154 3.23 5.23 2.20 5.25 4.48

NagTig0, (100) (80) (501 6o o
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Compound ASTM card |d, A ——n0
No. (R.I,, %) —yp
4Na,0, 5Tio, 28-1155 2.30 2.22 2.20 9.65 7.30
(100) (100) (100) (60) (80)
Nag, 75Feq 75Tig 550, 25-877 2,20 5.48 1.61 2.74 2.57
(100) (85) (25) (15) (15)
Nag gFeq 53Ty 5c03 o0 32-1104 1.66 4.56 2.70 5.11 2.65
(100) (100) (100) (40) (100)
a~NaFeTi0, 32-1103 7.12 4.81 2.96 2.43 2.28
(100) (70) (40) (50) (30)
NaFeTij0n 21-1130 3.63 3.10 2.71 2.53 2.39
(100) (75) (75) (16) (20)
Nag, gFey oTi; 0, 21-1128 7.17 4.84 2.71 3.58 -
(100) (40) (35) (25)
Na,Fe,Tiq0, 21-1129 7.30 2.71 2.44 4.84 2.89
(100) (80) (75) (65) (65)
NaFeTio, 33-1255 2.50 2.66 4.59 5.38 2.69
(100) (85) (65) (10) (50)
Rajob, -\ U o -ty Library
Do e ecliog
Doce, .\ Pe2ezmp-1747
--e-'t‘.,

Dae //: :8.1 )
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