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PREPARATION OF TITANIUM FEEDSTOCK FROM MINNESOTA 
ILMENITE BY SMELTING AND SULFATION .. LEACHING 

By R. H. Nafziger1 and G. W. EIger2 

ABSTRACT 

As part of its program to help decrease the dependency of the United 
States on foreign imports of nonfuel minerals and to devise technology 
for the efficient and economic use of domestic resources, the Bureau of 
Mines smelted and sulfation-Ieached an ilmenite from northern Minnesota. 
The objective was to assess the feasibility of preparing chlorination
grade titanium feedstock. The concentrate was smelted with woodchips, 
coke, and soda ash in 91-kg- and 1-metric ton (mt)-capacity electric arc 
furnaces to form Ti-rich slag and commercial-grade pig iron. The slag 
contained from 67 to 77 wt pct titanium oxides and from 1.8 to 7.2 
wt pct iron. Sulfation occurred in a 4.5-kg/h moving-bed reactor using 
S02-air mixtures at temperatures of 800 0 to 850 0 C to form soluble salts 
of the Ca, Mg, Mn,and Na impurities, which cause plugging of fluidized
bed chlorinators. Subsequently, the sulfated slag was leached in 
acid to remove the soluble sulfates. The final product from small-scale 
testing contained up to 95.5 wt pct Ti02, a minimum of 0.6 wt pct Fe, 
and a minimum total of 0.3 wt pct of the four impurities of interest. 
The final product meets charge specifications for chlorination. 
However, more large-scale testing is necessary. 

Research supervisor. 
2Group supervisor (now research chemist). 
Albany Research Center, Bureau of Mines, Albany, OR. 
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INTRODUCTION 

The United States depends upon imported 
rutile and high-grade ilmenite as raw 
materials for producing titanium and 
pigment-grade TiOz • These raw materials 
are preferred over more abundant, lower 
grade domestic ilmenites because they 
contain significantly higher TiOz con
tent. Although the United States pos
sesses some rutile, the sources are 
limited and are far removed from market 
locations. In addition, the domestic 
production of synthetic rutile uses lower 
cost imported ilmenite. The country im
ports approximately two-thirds of its ti
tanium raw material requirements, 
primarily from Au&tralia and Canada 
(!).3 

Domestic ilmenite and perovskite re
sources were estimated in 1983 to contain 
31 million short tons (st) of titanium, 
in addition to rock deposits scattered 
throughout the country (1). The demand 
in the United States in 1983 was 523,000 
st of titanium (1). Most of these ma
terials contain too much Ca, Mg, and Mn 
to be used directly for making TiCI4, an 
intermediate compound in the production 
of titanium metal and much of the 
pigment-grade TiOz. During chlorination, 
these impurities form liquid chlorides, 
which have' high boiling and low melt
ing temperatures. Therefore, the liquid 
phase accumulates in the fluidized-bed 
chlorinator until it solidifies, plugging 
the reactor. In addition, iron oxides 
from the ilmenites react with chlorine to 
yield large amounts of iron chloride 
wastes, which require expensive disposal 
methods. 

One domestic ilmenite resource is found 
in northern Minnesota, and NICOR Mineral 
Ventures has had an interest in this de
posit for several years. The company ap
proached the Bureau of Mines to apply the 
Bureau's recently devised purification 
technology to this deposit. A Memorandum 
of Agreement was signed between the 
Bureau of Mines and NICOR Mineral Ven
tures to conduct this research. This 

3underlined numbers ~in parentheses re
fer to items in the list of references at 
the end of this report. 

technology involves pyrometallurgically 
separating the titanium from the iron and 
subsequently sulfating and leaching the 
high-titania slag to provide a suitable 
feedstock for chlorination (2-5). The 
objective of this work was to ;ssess the 
feasibility of smelting and sulfation
leaching the northern Minnesota ilmenite 
to produce a chlorination-grade feedstock 
using technology devised by the Bureau. 

For many years, the Bureau performed 
research on the smelting of a wide vari
ety of titaniferous materials. Pig iron 
suitable for steelmaking and high-titania 
slags were produced (i-~). More recent 
research devised technology showing that 
most domestic materials responded well to 
lower grade or byproduct reductants dur
ing smelting. The research also demon
strated that fluid slags could be ob
tained without contaminating fluidizers 
if from 8 to 12 wt pct Fe were present 
(9). Smelting experiments were conducted 
in a 25-kg, single-phase ac electric arc 
furnace and a 1-mt, three-phase ac fur
nace, both with carbon-lined shells to 
minimize contamination. Each material 
required a different smelting condition 
to optimize results (9). 

On a commercial scale, Quebec Iron and 
Titanium Corp. has been processing ilmen
ite in an electric arc furnace since 1950 
(10-11). In Japan, Osaka Titanium Co., 
Ltd.-,- has been producing a high-titania 
slag from ilmenites by electric furnace 
smelting (12). 

Several years ago, the Bureau began in
vestigating the use of lower grade do
mestic titaniferous materials to produce 
titanium-rich slags for use as substi
tutes for imported rutile in TiC14 pro
duction. An ilmenite concentrate from 
New York containing 45 wt pct Ti02 was 
reduced carbothermically in an electric 
arc furnace to prepare a slag containing 
approximately 80 wt pct Ti02 (1). The 
slag, containing 5.0 wt pct (CaO + MgO 
+ MnO) , was ground and pelletized, re
-acted wi th S02 and 0z at 700 0 to 900 0 C 
on a bench scale, and leached with dilute 
HC1 to remove the Ca, Mg, and Mn impur
ities as soluble sulfates. Approximately 
0.4 wt pct (CaO + MgO + MnO) remained 



after treatment at 900 0 C for 2 h (3). 
The process was tested on a larger scale 
in a pilot-scale unit capable of handling 
4.5 to 9.1 kg/h of feed material. Mix
tures of S02 and air were used for sulfa
tion, followed by a water leach to re
move impurities (i-1). Pertinent impur
ity levels were about 1 wt pet higher 
than those obtained from the bench-scale 
work. Nevertheless, the results showed 
this technique to be a promising method 
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for decreasing impurities and thereby 
helping to lessen the u.s. dependence on 
foreign sources. 

Although there is no universally ac
ceptable maximum content for impurities 
in feed materials for chlorination to 
avoid the aforementioned problems, a max
imum of approximately 1.0 wt pet was sug
gested by the National Materials Advisory 
Board (11), and that level was the target 
used in this investigation. 

SMELTING TESTS 

CHARGE MATERIALS 

The materials used in all of the tests 
in the present investigation were derived 
from the Water Hen Intrusion. This is 
one of the larger intrusions in the 
southern portion of the Duluth Complex in 
northeastern Minnesota. This body is 
estimated to contain 60 million st of 
Ti02, with the ore averaging approxi
mately 13 wt pct Ti02' The Water Hen 
Intrusion is noted for its high ilmenite 
content, little magnetite, and localized 
graphite concentrations. 

For the initial test, drill core sam
ples were beneficiated by grinding and 
subjecting 90 pct of the material to 10w
intensity magnetic separation, drying, 
and high-tension separation. The re
mainder was subjected to tabling, sulfide 
flotation, low-intensity magnetic separa
tion, drying, and high-tension separa
tion. Beneficiation was accomplished by 
the Mineral Resources Research Center 
(MRRC) at the University of Minnesota for 
NICOR Mineral Ventures. Analyses of the 
composite concentrate are given in table 
1. The data show that the ore benefici
ated at MRRC was unusually clean. 

The remaining tests used a concentrate 
beneficiated at the Pickands Mather and 
Co. (PM) Research Laboratory in Hibbing, 
MN. The ilmenite was ground, concentra
ted on spirals, and underwent high
tension electrostatic separation. Anal
yses of this material also are presented 
in table 1. For comparison purposes, 
analyses of the New York ilmenite used in 
prior Bureau studies are shown in table 
1. 

Woodchips and metallurgical-grade coke 
were used as reductants in the smelting 
tests. The woodchips contained 16.3 

TABLE 1. - Analyses of ilmenite 
concentrates from northern 
Minnesota 1 and from New York, 
weight percent 

Northern Minnesota New York 2 

MRRC 3 PM 4 

Total Ti 
as Ti02 •• 51.6 47.4 46.6 

Total Fe •• 35.6 36.3 36.4 
FeO ••••••• 31.4 41.6 35.7 
CaO ••••••• <.05 .36 .29 
"MgO ••••••• 2.35 2.90 2.08 
MnO ••••••• .47 .61 .35 
Al203 ••••• .04 .30 .96 
Si02' ••••• .78 2.61 1.56 
P ••••••••• .004 ND .04 
S ••••••••• .40 .28 .70 
C ••••••••• .008 .23 .16 
phases •••• ( 5) ( 6) (1) 

ND Not detected. 
lBoth Minnesota samples contained 0.01-

0.1 Co, 0.001-0.01 Cu, <0.01 Ti 3+, and 
0.03-0.3 V. 

2A1so contains 0.01-0.1 Cr, 0.0001-
0.001 Cu, 0.003-0.03 Ni, and 0.02 V. 

3Also contains 0.01-0.1 Cr and Ni. 
4A1so contains 0.003-0.03 Cr and 0.03-

0.3 Nt. 
5Umenite only. 
677 ilmenite, 17 ilmenite-geothite, 3 

ferromagnesian silicates, 1 magnetite, 
0.5 graphite, 0.5 chalcopyrite and Cu. 

796 ilmeni~e, 1 magnetite, 0.5 garnet, 
0.5 pyroxene and feldspar, 1 pyrite and 
calcite. 

I, , 
'I 
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wt pet fixed C and approximately 0.5 
wt pet impurities. Analyses of the eoke 
showed 95.4 wt pet fixed C, 0.98 wt pet 
S, 0.13 wt pet Fe, and approximately 0.7 
wt pet added condensed impurities. For 
the smelting tests in the smaller fur
nace ("small-scale tests") the woodchips 
provided 55 to 56 pct of the carbon, with 
the remainder supplied by the coke. In 
the test using the large furnace ("large
scale test"), 75 pct of the C was present 
as woodchips. The small-scale tests in
dicated that a greater percentage of the 
carbon could be added as woodchips to 
more effectively smelt the material. 

In all of the smelting tests, from 5.7 
to 6.6 wt pct soda ash was added to main
tain slag fluidity at the relatively low 
targeted iron contents (5 wt pct FeO) 
in the slag (1). 

EQUIPMENT AND PROCEDURES 

The small-scale tests were conducted in 
a 100-kg-capacity single-phase ac elec
tric arc furnace with a carbon-lined 
shell. Details of this furnace were de
scribed previously (14). The larger 1-
mt-capacity furnace was lined with carbon 
brick and had a hot-rammed carbon hearth. 
This furnace also was described in more 
detail elsewh~re (9). 

Typical total charges for all of the 
tests consisted of from 63 to 68 wt pct 
ilmenite concentrate, 23 to 29 wt pct 
woodchips (dry basis), 1 to 3 wt pct 
metallurgical-grade coke, and 5.7 to 6.6 
wt pct soda ash. The charge components 
were mixed and blended before feeding. 
Smelting procedures for each smelting 
test were similar. Approximately 6.5 to 
13 pct of the entire charge excluding 
woodchips initially was fed into the fur
nace and a molten pool established. Sub
sequently, the furnace was filled with 
the charge mixture including woodchips 
and kept full throughout the tests until 
the feed was depleted. Bath temperatures 
and slag samples were taken throughout 
the tests to maintain sufficient bath 
fluidity and to monitor Fe and Na levels. 
After all of the feed was charged into 
the furnace and smelted, and a satisfac
tory bath temperature established, slag 

and metal were tapped from 
and suitable samples were 
analyses. 

RESULTS 

Small-Scale Tests 

the furnace 
taken for 

Operational variables for the small
scale tests are summarized in table 2. 
These tests were conducted at approxi
mately 400 A and 45 V. The tests oper
ated smoothly with no specific problems. 
A gradual decrease in iron content was 
noted in the slag as the tests pro
gressed. It was important to tap the 
furnace promptly as soon as the charge 
was entirely melted to avoid increasing 
slag viscosity. 

Compositions of the tapped metal and 
slag are tabulated in table 3. Since the 
MRRC concentrate contained fewer impur
ities than those in the PM material 
(table 1), a larger amount of gangue ox
ides were contained in the slags derived 
from the latter concentrate. Noteworthy 
also are the different phase assemblages 
in the two slags. Slags made from the 
cleaner MRRC concentrate had less Ti 
present in the pseudobrookite structure. 4 

This means that more Ti was present in 
other phases, such as rutile. This situ
ation is more amenable to the formation 
of soluble compounds of impurities in the 
sulfation step. Greater Na levels in 
this slag contributed to a separate 
sodium-containing phase. 

In the test using the MRRC concentrate, 
materials balances showed that iron and 
titanium recoveries were 78 and 85 pct, 
respectively. Final slag basicity (de
fined as (CaO + MgO)/Si02 on a weight 
basis) was 2.0, and 132 pct of the 
stoichiometric requirement of carbon nec
essary to reduce all iron oxides to me
tallic iron was used. In the other 
small-scale smelting test, iron and ti
tanium recoveries were 89 and 82 pct, 
respectively, with a final slag basicity 
of 0.74. In this test, 164 pct of the 
stoichiometric carbon requirement was 

03 'Ti02, where M can be Fe or Ti, or 
MO'2Ti02, where M can be Fe, Mq, or Ti. 



TABLE 2. - Operational variables for smelting tests 
on northern Minnesota ilmenites 

Total charge ••••••••••••• lb •• 
Av feed rate ••••••••• lb/min •• 
Melt rate •••••••••••• lb/min •• 
Av bath temp ••••••••••••• oC •• 
Tap temp ••••••••••••••••• oC •• 
Energy consumption, kW'h/mt: 

Charge ••••••••••••••••••••• 
Slag ••..•.••.•......•••..•. 
Metal ••••••••••••••••••••• 

Electrode consumption, lb/mt: 
Charge ••••••••••••••••••••• 
Slag ••••••••••••••••••••••• 
Me ta 1 •••••••••••••••••••••• 

Metal weight ••••••••••••• lb •• 
Slag weight •••••••••••••• lb •• 
Slag tapped ••••••••••••• pct •• 
Productivity ••••••••••• lb/h •• 
Coke used ••••••• lb/mt metal •• 

Small-scale tests 
MRRC cone PM cone 

153.8 238.5 
5.35 2.43 
0.23 1.58 

1,626 1,564-1,595 
1,540 1,610 

987 
2,919 
6,221 

41.6 
123 
262 

24.4 
51.9 
28.3 
14.0 

159 

1,098 
2,874 
5,870 

29.4 
76.8 

157 
44.6 
91.1 
29.3 
17.4 

215 
1Low readings may be due to thermocouple malfunction. 

Large-scale test: 
PM cone 

2,652 
22.6 
2.18 

11,492 
11,525 

1,310 
2,445 
6,140 

35.8 
66.9 

168 
566 

1,421 
63.3 

141.5 
308 

TABLE 3. - Analyses of tapped products from smelting northern Minnesota 
ilmenites, weight percent 

Small-scale tests Large-scale test: 
MRRC concentrate PM concentrate PM concentrate 
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Slag Metal' Slag Metal' Slag Metal' 
TiOz ••• • 57.4 0.3 -3 38.7 0.01-0.1 54.3 
Ti Z03' •• 19.1 NAp 34.8 NAp 15.3 
FeO ••••• 5.29 NAp 2.28 NAp 9.10 
Total Fe 4.1l Balance 1.77 Balance 7.08 
CaO ••••• .36 NAp 1.18 NAp .97 
MgO ••••• 4.19 .1 -1 5.84 NAp 4.94 
MnO ••••• 0.04 - .4 .10 .88 .17 .89 
A1Z03" • .85 .01- .1 2.04 NAp 1.40 
SiOz· ••• 2.10 .16 7.72 .020 7.17 
NazO •••• 10.4 .03- .3 5.94 NAp 12.3 
s •.•••.• .47 .11 .46 .099 .24 
P ••••••• <.001 .007 .076 .020 .Oll 
c •...... .20 3.50 .06 3.77 .08 
Ni •••••• .003 - .03 .0 I- .1 0.001 - .01 .03- .3 0.003 - .03 
eu ...... .0001- .001 .01- .1 .0001- .001 .03- .3 .0001- .001 
Cr •••••• .01 - .1 NAp .003 - .03 .01- .1 .01 - .1 
V ••••••• .003 - .03 .3 -3 .03 - .3 .03- .3 2.27 
Others •• NAp e) NAp (4) NAp 
Phases •• (6) e) (8 ) (1) ( 9) 

NAp Not applicable. 'Constituents appear in element form only. 
2V205 • 30.01-0.1 Co, 0.01-0.1 Zr, and 0.001-0.01 Mo. 
40.01-0.1 Co, 0.001-0.01 Mo. 50.01-0.1 Co, 0.003-0.03 Mo. 
640-100 pet NaO.23Ti02; 1-10 pet ilmenite, pseudobrookite structure + ? 
7Not determined. 840-100 pet pseudobrookite structure; 5-30 pet Ti305' 
940-100 pet Nao.23TiOz; 20-60 pet pseudobrookite structure. 

0.003 -0.03 
NAp 
NAp 

Balance 
NAp 

.0001- .001 
.002 

.001 - .01 
.05 

NAp 
.48 
.022 

1. 71 
.03 - .3 
.03 - .3 
.003 - .03 
.001 - .01 

( 5) 
(1) 

il 
I:; 
Iii 
i:1 

ii
li ~, , 

:'1 

I:ii :i 
: 

I' 
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TABLE 4. - Iron and sodium contents of slag from I-mt smelting test, 
weight percent 

Time, min Total Fe Na Time, min Total Fe Na Time, min Total Fe Na 
50.0 11. 9 4.43 164.9 14.3 4.43 242.3 8.11 4.13 
80.0 13.6 4.36 188.0 14.1 4.25 260.0 8.17 4.69 

110.2 14.3 4.21 213.2 12.5 4.46 (1 ) 7.42 3.61 
139.4 13.7 4.24 230.8 9.00 4.42 (2 ) 4.5 1 4.69 

'Final tap slag. 2Slag remaining in furnace. 

employed. A metal suitable for further 
refining was produced. 

Large-Scale Test 

Pertinent variables for the test using 
the I-mt furnace also are listed in table 
2. Approximate average amperages, phase
to-ground voltages, and phase-to-phase 
voltages for this test were 3,075, 46, 
and 89, respectively. Again, the smelt
ing operation proceeded smoothly. The Fe 

and Na contents of the slag as a function 
of time are given in table 4. 

For the large-scale test, tapped metal 
and slag compositions are listed in ta
ble 3. As noted in the small-scale 
tests, higher levels of Na in the slag 
resulted in a separate sodium-containing 
phase. Iron and titanium recoveries were 
100 and 88 pct, respectively. Final slag 
basicity was 0.95, and 160 pct of the 
stoichiometric carbon requirement was 
used. 

SULFATION-LEACHING TESTS 

SLAG PREPARATION 

The slag products from the small-scale 
smelting tests were ground separately to 
pass through a 35-mesh screen, and the 
ground materials were subjected to mag
netic separation to remove approximately 
1 wt pct of the material as metallic 
iron. Charges of each ground slag, pre
pared for small-scale sulfation testing, 
were blended with 4 wt pct bentonite 
binder and, in some instances, with 2 
wt pct S to determine if effective dif
fusivity was limiting impurity sulfation. 
During heating of the slag pellets in the 
kiln, oxidation of the sulfur to S02 
created additional pores within the pel
lets. The blended charges were moistened 
with water before pelletizing. The pel
lets were approximately 0.6 cm in diam
eter. In addition, some of the slag 
charges were preleached5 with a 5-
wt-pct-HC1 solution to decrease the FeO, 

SIn this report, "preleaching" refers 
to acid treatment of the slag before sul
fation. On the other hand, "leaching" is 
performed after the slag has been 
sulfated. 

Na20, and Si02 contents before pelletiz
ing. The pelletized charges were dried 
in a small oven at 150 0 C. 

Tapped slag from the smelting of PM 
concentrate in the I-mt furnace was 
crushed to minus 0.69 cm in diameter, and 
the crushed material was subjected to dry 
magnetic separation before undergoing 
stage grinding in a ball mill to a minus 
35-mesh (500-Vm) product. To prepare 
feedstock for large-scale sulfation, the 
ground slag was blended with 2 wt pct 
each of bentonite and elemental sulfur 
and sufficient moisture to form 0.95-
cm-diam by 1.59-cm-long cylindrical pel
lets. The pellets were oven-dried at 
150 0 C and screened to remove the minus 
35-mesh fines that could cause sticking 
and agglomeration of the bed within the 
sulfation reactor. 

EQUIPMENT 

Two types of reactors were employed in 
the slag sulfation tests. In the small
scale experiments, a fixed-bed reactor 
was used, and the gaseous reactants were 
fed into its top. The large-scale tests 
utilized a moving-bed reactor with the 



slag fed in the top and the reactant 
gases in the bottom, using a countercur
rent mode of operation. 

For the small-scale tests, a 5.1-
cm-diam, vertical-shaft reactor was used 
to sulfate 50-g charges. The reactor, 
made from clear quartz, was divided at 
the midpoint by a slotted support for the 
charge. The reactor was similar to that 
employed previously to sulfate slag 
charges derived from New York rock ilmen
item (5). The reactor was provided with 
a gas inlet in its top and a gas exit 
line in its bottom. Flow rates of incom
ing 802 and 02 were measured with rotam
eters, and the exit gases were scrubbed 
with a sodium hydroxide solution before 
release to the atmosphere. The reactor 
was heated by enclosing it within a tube 
furnace equipped with electrically heated 
resistance elements. 

The main components of the large-scale 
equipment employed to continuously sul
fate slag pellets in a moving bed con
sisted of a horizontal rotary kiln and a 
vertical-shaft furnace equipped with a 
10.2-cm-ID silicon carbide tube that 
served as the reaction chamber. These 
units were described previously (4). The 
10.2-cm-diam kiln was used to indurate 
and oxidize the slag pellets before they 
underwent sulfation in the adjacent re
actor. Slag pellets were fed from a 
charge bin through a rotary airlock 
("star") valve to the kiln, and the dis
charged, oxidized product was fed into 
the top of the shaft furnace. The 1.2-
m-Iong, l-kW heated section of the re
actor was surrounded by auxiliary, elec-

'trically heated elements. Thermocouples 
were spaced every 30.5 cm along the out
side wall of the reactor to measure ap
proximate bed temperatures, along with a 
thermocouple to control temperatures 
automatically. A mixture of S02 and air 
entered the moving bed below the heated 
section of the reactor, which was en
closed within an insulated containment 
shell. The gas mixture flowed upward 
through the bed. The pellets flowed 
downward in the bed by gravity and were 
withdrawn through a screw conveyor from 
the bottom of the reactor. A scrubbing 
column containing an Na2C03 solution was 
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employed to neutralize the S02 and 803 
constituents in the offgas. 

SMALL-SCALE 8ULFATION-LEACHING TESTS 

Procedures 

In the sulfation step, the CaO, MgO, 
MnO, and NazO constituents in slag react 
selectively with 802 and 0z or air at 
temperatures used to form water-soluble 
compounds that are subsequently leached 
from the sulfate product. .A promoter, 
such as soda ash, added with the ilmenite 
charge in the previous smelting step, is 
required to promote sulfation of these 
constituents (2). 

The procedur~ used to sulfate the slag, 
which was derived from both ilmenite con
centrates, was similar to that used in 
upgrading slag from New York rock ilmen
ite (3). Each pellet charge was placed 
in the reactor, and the system was usual
ly flushed with argon during heatup to 
the desired operating temperature. In 
tests involving oxidation of slag before 
sulfation, the charge was heated in an 
oxygen atmosphere. After the operating 
temperature was reached, equal volumes of 
S02 and 0z--each flowing at 110 cm3 /min-
were passed through the charge for 2 h. 
The sulfated charge was cooled in an S02 
atmosphere and removed from the reactor. 
The material was ground to minus 35 mesh, 
and a 5-g portion of the ground mate
rial was leached in 0.1 L of stirred 
1-wt-pct-HC1 solution for 1 h at ambient 
temperature. The resultant slurry was 
filtered, and the separated solids were 
washed with fresh water before they were 
dried and sampled for chemical analyses. 

Results 

Table 5 shows the effects on the compo
sition of the leached products of pre
leaching and oxidizing the slag charges 
before sulfation at temperatures of 750 
to 900. The best upgrading of slag de
rived from both concentrates was obtained 
in test 5 using a charge that was pre
leached and oxidized Defore sulfation at 
850 0 C. The upgraded product contained 
95.6 wt pct Ti02 with 0.08 wt pet CaO, 
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TABLE 5. - Partial chemical analyses of sulfation-leached slags 
prepared from Minnesota ilmenite concentrates 

Operating conditions Chemical analyses of leached slag, wt pct 
Test Leached Oxidized Sulfa-

before before tion Ti02 CaO MgO MnO Na 20 A1 203 Fe203 Si02 S 
sulfation 1 sulfation temp, °c 

SLAG FROM MRRC CONCENTRATES (SMALL SCALE) 
1 •••••• No No 800 NA 0.08 2.42 0.48 0.43 NA NA NA 0.27 
2 •••••• No No 900 NA < .07 2.44 .48 .46 NA NA NA .24 
3 ....... No Yes 800 88.9 .08 1.71 .35 .32 0.93 4.45 2.96 .26 
4 •••••• No Yes 750 89.6 .12 1.77 .45 .39 .87 4.27 2.04 .21 
5 •••••• Yes Yes 850 95.6 .08 .22 < .01 .13 .23 1.15 2.17 .29 
6 ........ Yes No 850 88.7 <.07 2.10 .41 .44 1.08 4.65 3.17 .26 

SLAG FROM PM CONCENTRATE (SMALL SCALE) 
72 ••••• No No 800 85.4 0.12 0.36 <0.06 0.37 1.41 2.26 9.72 0.21 
8 ....... No Yes 800 86.4 <.07 .22 <.06 .34 1.51 1.47 9.33 .15 
9 •••••• No Yes 900 85.9 <.07 .46 <.06 .61 1.78 2.80 9.33 .18 
10 2 •••• No No 900 86.1 <.07 .53 <.06 .57 1.83 1.66 9.31 .17 
11 ••••• Yes No 850 94.9 <.07 .25 <.06 .16 .81 1.26 3.17 .10 
12 •••.. Yes No 900 93.9 <.07 .48 <.06 .18 .87 1.04 2.98 .11 

SLAG FROM PM CONCENTRATE (LARGE SCALE) 
13£ •••• Yes Yes 800 77 .6 0.17 1.67 0.24 0.24 1.32 9.25 8.24 0.31 
142 •••• Yes No 800 84.2 .29 1.54 .21 .36 .85 6.62 6.05 .26 
15 2 ,3 •• Yes No 800 83.2 .08 1.14 .15 .23 NA 7.62 NA .26 

NA Not analyzed. 
l Leached in acid solution containing 5 wt pct HC1 at ambient temperatures, fil

tered, and dried. 
22 wt pct elemental S added to slag mixture before pelletization. 
35 wt pct Na2C03 added to slag mixture before pelletization. 

0.22 wt pct MgO, and <0.01 wt pct MnO as 
pertinent impurities. With respect to 
the PM materials, slag made in the small
scale smelting test responded better to 
sulfation-leaching than did that from the 
large-scale furnace. In test 11, a prod
uct upgraded to 94.9 wt pct Ti02 with low 
levels of pertinent impurities was ob
tained from a charge sulfated at 8500 C. 
Preleaching the slag with 5-wt-pct-HCl 
solution before sulfation reduced its 
Si02 content by about two-thirds, from 
7.72 to 2.78 wt pct. The resultant pre
leach liquor contained constituents with 
the following concentrations, in grams 
per liter: 0.06 Ca, 0.92 Na, 0.18 Mg, 
0.16 Mn, 0.86 Si, 0.25 AI, and 0.41 Fe. 
A charge of slag prepared in the 1-mt 
furnace with an FeO content of 9.10 
wt pct (table 3) was upgraded to only 
84.2 wt pct Ti02' This demonstrates that 
high-iron slags are more difficult to 
upgrade. 

Samples of sulfated and leached prod
ucts were examined by X-ray diffraction 
to identify the phases present. General
ly, the sulfated charges contained 40 to 
100 wt pct rutile, and 1 to 10 wt pct 
each of a pseudo brookite-type phase, 
cristobalite, and T102(S04)3' In some 
instances, these charges also contained 
1 to 10 wt pct of CaS04·MgS04. After 
leaching, the slags contained 40 to 
100 wt pct of rutile, and <1 wt pct 
each of anatase, cristobalite, and a 
pseudobrookite-type phase. 

The liquors from the leaching of sul
fated slags contained constituents usu
ally with the following concentrations, 
in grams per liter: 0.14 to 0.15 Ca, 0.6 
to 0.63 Mg, 0.11 to 0.12 Mn, and 0.77 to 
0.79 Na. Spectrographic analyses of 
solids recovered from leach liquors 
evaporated to dryness indicated the fol
lowing, in weight percent: 1 to 10 each 
of Ca, Mg, and Na; 0.1 to 1 each of Fe 



and Mn; 0.01 to 0.1 each of Si and Ti; 
0.001 to 0.01 of Ni; and 0.0001 to 0.001 
of Cu. 

LARGE-SCALE SULFATION-LEACHING TESTS 

Procedures 

The procedure used to sulfate slag pre
pared in the 1-mt furnace was similar to 
that previously described (i-1). The op
erating conditions used are shown in 
table 6. 

Briefly, the reactor was preheated to 
the operating temperature and maintained 
there for 30 min while a moving bed was 
established. Metered flows of S02 and 
air were introduced into the bottom of 
the reactor while slag pellets were fed 
into the rotary kiln. The quantity of 
S02 used was equivalent to 150 pct of 
stoichiometric required to sulfate the 
CaO, MgO, MnO, and Na20 constituents in 
slag. An oxygen flow to the kiln oxi
dized the C, FeO, and Ti203 constituents 
in the slag. The residence time of the 
pellets in the heated region of the re
actor was approximately 4 h. 

The stream of sulfated pellets was sam
pled after the first 8 h of operation, 
and sampling continued at 1-h intervals 
until the end of the test. Selected 
stream samples were ground to minus 35 
mesh, and the ground material was leached 
according to the procedure described pre
viously for the small-scale tests. 
Large-scale leaching of sulfated pellets 
was not performed since the results of 
the leached stream samples, which are 
reported later, were not as good as 
expected. 

Results 

Composition of the pre leached slag feed 
is shown in table 7. According to data 
in tables 3 and 7, pre1eaching the feed
stock before sulfation reduced its FeO 
content from 9.1 to 6.2 wt pct, its Si02 
content from 7.17 to 4.96 wt pct, and its 
Na20 content from 12.3 to 4.38 wt pct. 

Partial compositions of leached stream 
samples sulfated in the shaft furnace 
reactor are shown in table 8. 
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TABLE 6. - Operating conditions for 
continuous su1fation of titania 
slag derived from PM ilmenite in 
large-scale testing 

Reactor preheat temp ••••••••••• oC.. 800 
Duration of test •••••••••••••••• h.. 48 
Slag feed rate ••••••••••••••• kg/h.. 4.5 
802 f1ow •••••••••••••••••••• L/min.. 5.5 
Air f1ow •••••••••••••••••••• L/min.. 15.7 
02 to ki1n •••••••••••••••••• L/min.. 7.2 

TABLE 7. - Composition of pre leached 
slag 1 used in continuouB su1fation 
tests, weight percent 

Ti02 •••••••••••••••••••••••••••••• 
FeO CI •••••••••••••••••••••••••••••• 

CaO ••• • ~ ••••••••••••••••••••••••••• 
MgO #I •••••••••••••••••• lit ••••••••••• 

MnO ••• lit ••••••••••••••••••••••••••• 

A12 0 3 ••••••••••••••••••••••••••••• 
81°2 ••••••••••••• #I •••••••••••••••• 

Na2 O •••••••••••••••••••••••••••••• 
Others •••••••••••••••••••••••••••• 

76.2 
6.2 

.67 
4.77 

.74 

.82 
4.96 
4.38 
1.26 

1Derived from large-scale smelting test 
with PM concentrate; analyzed before ad
dition of 2 wt pct each of S and benton
ite binder. 

TABLE 8. - Partial compositions of 
selected leached slag samples sul
fated in large-scale test 

Sample Constituent analyses wt pct 
Ti02 CaO MgO MnO Na20 

2 ••••••••• 83.4 <0.05 2.62 0.35 0.36 
19 •••••••• 80.6 .22 3.15 .43 1.36 
38 •••••••• 81.7 .25 3.05 .41 .66 
47 •••••••• 80.2 .39 3.73 .52 1.36 

These results indicate the slag pre
pared from the PM material did not 
respond to continuous su1fation in the 
moving-bed reactor as well as it did in 
the smaller static-bed reactor (table 5). 

X-ray diffraction data indicated that 
stream samples 2 and 47 in table 8 be
fore leaching contained 40 to 100 wt pct 
of rutile and 1 to 10 wt pct each of 
a pseudobrookite-type phase, ilmenite, 
Ti02(804)2, and Na20·Fe203·6Ti02' Ap
parently, the Na20 for~ed the compound 
Na20·Fe203·6Ti02 rather than promoting 
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impurity sulfation. 
data indicated that 
samples contained 40 
and 1 to 10 wt pct 
brookite-type phase 
tified compounds. 

X-ray diffraction 
the leached stream 

to 100 wt pct rutile 
each of a pseudo

and other uniden-

During sulfation, no problems were en
countered with sticky reaction products 
coating the surfaces of the pellets and 
causing the pellets to agglomerate. 
Because the oxidation of Ti203 to Ti02 in 
the slag is a highly exothermic reaction 
(4), conducting it in the adjacent kiln 
~nimized the buildup of heat within the 

bed. Bed temperatures reached a maximum 
of 850 0 C using oxidized pellets as feed. 
Feeding the pellets directly to the sul
fation reactor without prior oxidation 
would have caused bed temperature to 
exceed 850 0 C. 

A material balance for oxidation and 
sulfation of slag pellets in the shaft 
furnace is shown in figure 1. The data 
shown are averages taken over the 
entire 48-h test. The slag gained 6.7 
wt pct on sulfation. The stream sam
ples lost 18.9 wt pct in small-scale 
leaching. 

DISCUSSION OF RESULTS 

SMELTING TESTS 

One of the objectives of the smelting 
experiments was to prepare a slag con
taining impurities in as low levels as 
possible with approximately 5 wt pct FeO 
and approximately 6 wt pct Na20 for slag 
fluidization. The composition of the 
charge materials has a direct influence 
on the slag composition. No difficulty 
was experienced in preparing a high
purity titaniferous slag on a small scale 
from the very clean MRRC concentrate. 
(Compare table 1 with table 3.) Oxide 
impurities in the slag (excluding Fe, Na, 
and Ti) totaled 7.5 to 7.9 wt pet. The 
FeO content in the product slag was ac
ceptable for sulfation-Ieaching experi
ments. In terms of FeO and total Ti 
levels, the same was true for the slag 
prepared from the PM concentrate in the 
small-scale furnace. However, the same 
oxide impurities totaled 17.7 wt pct in 
slags made from this material. The slag 
analyses (table 3) indicate that more re
ducing conditions prevailed in the small
scale test that used the PM concentrate. 
Nevertheless, the higher level of impur
ities reflects the greater amount of im
purities present in the PM concentrate 
(table 1), particularly Si02 and A1203' 
The MRRC concentrate was beneficiated us
ing low-intensity magnetic separation and 
drying steps; the PM material was sub
jected to gravity concentration involving 
spirals. Both beneficiation procedures 
included the use of a high-intensity sep
separation step. Differences in the 
beneficiation procedures used by MRRC 

and PM that could have affected the final 
concentrate composition are summarized in 
table 9. 

A cleaner concentrate using the PM pro
cess is possible with a finer grind 
(to minus 65 mesh). The magnetite 
(Fe304) in the Water Hen material is 
closely bound with the serpentinized 
olivine [2(Fe,Mg)0'Si02J and would carry 

TABLE 9. - Differences between MRRC 
and PM beneficiation procedures 
for Water Hen ilmenite possibly 
affecting concentrate composition 

Scale ••••••••••••• 
Gr Ind ••••••••••••• 
L IMS2 ••••••••••••• 
Charge to high-

MRRC 
Bench •• 
Finer1. 
yes •••• 

PM. 
Pilot plant. 
Coarser1 • 
No.3 

tension separator Sized •• Not sized. 
lFiner or coarser than -35 mesh. 
2Low-intensity magnetic separation 

step. 
3Not used because no significant mag

netic product was present in preliminary 
test work. 

Slag Air Offgos 

(0.617kg/h) 

(5.035 kg/h) 

FIGURE 1.-Materlal balance for oxidation and sulfation of slag 
pellets in vertical-shaft furnace. 



significant amounts of Si02 and MgO with 
it during beneficiation. Titanium re
coveries were low (approximately 64 pct) 
at the spiral step and may account for a 
higher percentage of gangue material. 
Low-intensity magnetic separation could 
remove up to another 5 wt pct gangue 
material (especially Si02 and MgO). 

Associated with the aforementioned pro
blems was the difficulty in decreasing 
the iron content of the slag to accept
able levels in the large-scale smelting 
test (table 3). It is believed that this 
difficulty was associated with the higher 
Si02 contents in the PM concentrate used 
in this test compared with that in the 
MRRC concentrate (table 1). More acidic 
slags (i.e., those containing more Si02 ) 
tend to retain iron more readily than do 
basic slags. Two explanations for this 
obser~ation are possible: (1) Either the 
magnetite was intimately locked with the 
Si02, and/or (2) iron silicates, which 
were difficult to reduce, were formed in 
the slag during smelting. Increased iron 
also stabilizes the pseudobrookite-type 
structure, thus preventing it from yield
ing more iron to the metal during smelt
ing. Excessi~e Si02 in the charge ma
terials can cause a more viscous slag, 
resulting in greater energy consumption 
(table 2). 

On the other hand, analytical evidence 
shows that the large-scale test using the 
PM concentrate was conducted under more 
oxidizing conditions than was the small
scale test. Higher oxygen pressures de
crease the pseudobrookite-type structure 
(table 3), which promotes the formation 
of rutile. This was probably the con
dition that pre~ailed during the small
scale test using the MRRC concentrate. 

In general, the small-scale smelting 
test using the MRRC concentrate yielded 
the most acceptable results. This test 
used 132 pct of the stoichiometric fixed 
carbon requirements to reduce all of the 
iron. The woodchips accounted for 55.8 
pct of the carbon used. More total car
bon was used in the tests with the PM 
concentrate (160 to 164 pct of the 
stoichiometric carbon requirement) and 
woodchips accounted for 55.2 and 42.2 pct 
of the carbon used in the small- and 
large-scale smelting tests, respectively. 
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On the basis of these results, it is rec
ommended that approximately 120 to 130 
pct of the stoichiometric carbon require
ment be used. A 50-50 mixture of wood
chips and coke appears acceptable. 

SULFATION-LEACHING TESTS 

Slags from the small-scale smelting of 
MRRC and PM concentrates required pre
leaching before sulfation in order to ob
tain upgraded products having Ti02 con
tents approaching those of natural 
rutile. The slag prepared from the MRRC 
concentrate contained 40 to 100 wt pct 
NaO.23Ti02 (table 3), and it was pre
leached to reduce its Na20 content of 
10.4 wt pct to below 6 wt pct. The slag 
derived from PM concentrate with 5.94 
wt pct Na20 and 2.28 wt pct FeO, on the 
other hand, responded directly to sul
fation, but a preleaching step was em
ployed that reduced the Si02 content of 
the slag from 7.72 to 1.83 wt pct. Good 
sulfation of the Ca constituent was noted 
in both slags from small-scale smelting 
tests. 

For Mg and Mn, the sulfation proved to 
be more difficult owing to the partition
ing of these impurities in other phases. 
Previous tests in this laboratory with 
slags prepared from New York rock ilmen
ite showed that effective conversion of 
Mg and Mn in the slag to soluble com
pounds by S02-02 mixtures depends on the 
oxidation of the pseudo brookite-type 
phase to rutile (3, 5). As mentioned 
previously, increased ~O contents tend 
to stabilize the pseudohrookite structure 
(16) • 
-Xlthough the slag prepared in the I-mt 

smelting furnace was pre leached in ef
forts to reduce its FeO and Na20 con
tents, the material did not respond well 
to continuous sulfation in the shaft fur
nace reactor. Pre leaching the material 
did not lower its FeO content to the 
level achieved with PM material prepared 
on a small scale. 

The slag with the lower FeO and Na20 
contents responded directly to small
scale sulfation at 800 0 C with a resi
dence time of 2 h. However, sufficient 
time for experimentation was not avail
able to optimize the operating variables 

I' , , ' 

i' 
i I 
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TABLE 10. - Comparison of compositions of sulfation-leached slags 
and commercial titanium raw materials, weight percent 

Sulfation-leached slags l Commercial titanium raw materials (l1) 
Constituent Minnesota New York Richards Bay Natural Synthetic Ilmenite 

rock ilmenite rock titania slag rutile rutile sand 
MRRC PM ilmenite 

Ti02········ 95.6 94.9 88.0 
Fe203······· 1.15 1.26 6.15 
CaO ••••••••• .08 <.07 <.07 } 'MgO ••••••••• .22 .25 .30 
MnO ••••••••• <.01 <.06 .03 
A1203······· .23 .81 NA 
Si02········ 2.17 3.17 NA 
Na 20 •••••••• .13 .16 .12 
Zr02········ NA NA NA 
V 205' ••••••• NA NA NA 
s .........•. .29 .10 .17 
NA Not analyzed. NAp Not applicable. 

such as reaction temperature, time, and 
slag composition on impurity sulfation. 

Table 10 shows that the compositions of 
sulfated and leached slags derived from 
Minnesota and New York ilmenite concen
trates in small-scale tests compared very 
favorably with those of commercially 
available titanium raw materials used as 
feedstocks in chloride process plants. 
The Bureau slags were derived from 

conc conc 
85.5 96.1 92.5 60.8 
8.5 0.5 - .7 3.1 29.5 

1.09 .02 .03 .29 

1.6 .01 1.0 1.07 
1.4 .35 1.2 .98 
1.8 .58 1.5 .77 

NAp NAp NAp NAp 
NAp .92 .14 .23 
.45 .65- .7 .2 .22 

NA NA NA NA 
IResults of small-scale testing. 

low-grade ilmenites, whereas Richards Bay 
slag and synthetic rutile are produced 
from high-grade ilmenite sand concen
trates such as the one shown in table 10. 
A sulfation-leached slag derived from the 
New York ilmenite (included for compar
ative purposes) contained pertinent im
purity levels comparable to those shown 
for upgraded Minnesota slags. 

SUMMARY AND CONCLUSIONS 

This research showed that an ilmenite 
concentrate from northern Minnesota can 
be smelted, su1fation-1eached to pro
vide a suitable high-Ti02 feed material 
for subsequent chlorination. However, a 
relatively clean concentrate must be used 
for smelting to avoid excessive levels of 
iron in the slag, which are detrimental 
to efficient sulfation-1eaching opera
tions. A concentrate containing only 
ilmenite is preferred. The concentrate 
should contain less than 2 wt pet Si02, 
2.5 wt pct MgO, and 1 wt pct A1203, and 
should possess at least 29 to 30 wt pct 
total Ti. Sufficiently high bath temper
atures (~1,600° C) are necessary to pro
mote the desired reactions and to avoid 
excessive slag viscosity. To maintain 
slag fluidity at the relatively low tar
geted iron levels, soda ash should be 
added uniformly throughout the smelting 
test to avoid excessive Na levels (6.0 

wt pct) in the product slag that could 
result from sporadic additions and that 
might require preleaching and/or pre
oxidation prior to the sulfation step. 
Iron levels in the slag should be main
tained below 5 wt pct FeO. In combi
nation with the pseudobrookite structure 
alone, the Nao.23Ti02 phase is deleteri
ous to sulfation-Ieaching. Additional 
phases in the slag make it more amenable 
to sulfation. At least 120 pet of the 
stoichiometric amount of fixed carbon re
quired to reduce all of the iron should 
be used throughout the smelting test to 
decrease and maintain suitable iron 
levels in the slag. 

Prereduction of the titaniferous ma
terial may result in a more easily con
trolled smelting operation and yield a 
suitable slag for sulfation-Ieaching. 

Static-bed tests showed pre1eached slag 
charges that contained less than 5 wt pct 
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FeO and 6 wt pct Na20 responded the best 
to impurity sulfation by S02-02 mixtures 
at temperatures of 850 0 C and lower. Up
graded slags with compositions es
sentially comparable to those of natural 
rutile were obtained from the sulfated 
charges. The Ca impurity was the easiest 
to sulfate; Mg and Mn proved to be more 
difficult to sulfate in slags with the 
higher FeO and Na20 contents. 

Continuous sulfation of pelletized pre
leached slag in a vertical-shaft furnace 
reactor was performed at temperatures of 
800 0 to 850 0 C, but the relatively high 
FeO and Na20 contents of the feed impeded 
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good sulfation of the impurities. Also 
indications were that the Na20 additive 
present as Na20oFe203·6Ti02 was not an 
effective sulfation promoter since the 
constituent did not sulfate along with 
the impurities. 

Results of this research have demon
strated the strong possibility that an 
additional significant domestic titanif
erous resource could be used when neces
sary to prepare chlorination-grade feed
stock, thereby decreasing U.S. reliance 
on foreign imports. However, more large
scale testing is necessary. 

REFERENCES 

1. Lynd, L. E. Titanium. Ch. in Min
eral Facts and Problems, 1985 Edition. 
BuMines B 675, 1985, pp. 859-879. 

2. Elger, G. W., and R. A. Holmes. 
Purifying Titanium-Bearing Slag by Pro
moted Sulfation. U.S. Pat. 4,362,557, 
Dec. 7, 1982. 

3. Elger, G. W., J. E. Tress, and 
R. R. Jordan. Utilization of Domestic 
Low-Grade Titaniferous Materials for 
Produc-ing Titanium Tetrachloride. Light 
Met. (NY), ed. by J. E. Andersen. 
Metall. Soc. AIME, 1982, ppo 1135-1147. 

4. Wright, J. B., G. W. Elger, J. E. 
Tress, and H. E. Bell. Chlorination
Grade Feedstock From Domestic Ilmenite. 
Miner. and Metall. Process., Nov. 1985, 
pp. 198-202. 

5. Elger, G. W., J. B. Wright, J. E. 
Tress, H. E. Bell~ and R. R. Jordan. 
Producing Chlorination-Grade Feedstock 
From Domestic Ilmenite: Laboratory and 
Pilot-Plant Studies. BuMines RI 9002, 
1986, 24 pp. 

6. Back, A. E., C. J. Chindgren, and 
R. G. Peterson. Treatment of Titanif
erous Magnetite Ore From Iron Mountain, 
Wyo. BuMines RI 4902, 1952, 15 pp. 

7. Fuller, H. C., and V. E. Edlund. 
Electric Smelting Titaniferous Magnetite 
Ore, Iron Mountain, Wyoming. BuMines 
RI 5776, 1961, 11 pp. 

8. Holmes, W. T. II., and L. H. Ban
ning. Electric Smelting of Titaniferous 

U.S. GOVERNMENT PRINTING OFFICE: 1987·606·017140111 

Iron Ores From Alaska, Montana, and 
Wyoming. BuMines RI 6497, 1964, 23 pp. 

9. Nafziger, R. H., R. R. Jordan, and 
W. L. Hunter. Electric-Arc Furance Pro
cessing of Domestic Titaniferous Mate
rials. BuMines RI 8511, 1981, 35 pp. 

10. Engineering and Mining Journal. 
QIT--Innovative, Aggressive, a Leader in 
Ilmenite Smelting. V. 175, No. 12, 1974, 
pp. 77-79. 

11. Mant, K. Tracing the Complete 
Story of a Smelter All the Way Back to 
Its River Source. Am. Met. Mark., v. 80, 
No. 173, 1973, pp. 19-21. 

12. Noda, T. Titanium From Slag in 
Japan. J. Met., v. 17, No.1, 1965, 
pp. 25-32. 

13. National Materials Advisory Board. 
Processes for Rutile Substitutes. Natl. 
Acad. Sci., Washington, DC, NMAB-293, 
1972, 186 pp.; NTIS PB 212 898. 

14. Nafziger, R. H., P. E. Sanker, 
J. E. Tress, and R. A. McCune. Prereduc
tion and Melting of Domestic Chromites. 
Proc. Electr. Furn. Conf., v. 38, 1981, 
pp. 27-45. 

15. Kahn, J. A. Non-Rutile Feedstocks 
for the Production of Titanium. J. Met., 
v. 36, No.7, 1984, pp. 33-38. 

16. Oden, L. L., D. H. Sumner, and 
J. Howe, Jr. Studies on Recovering Ru
tile From Titanium-Enriched High-Iron 
Smelter Slag. BuMines RI 7742, 1973, 
10 pp. 

INT.-BU.OF MINES,PGH.,PA. 28388 




