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ABSTRACT

The sulfidization of titaniferous magnetite(Soyonpyongdo, Korea) with sulfur dioxide in the
presence of carbon was studied.

The study of this reaction included reaction variables such as reaction temperature, time, we-
ight ratio of added carbon to titaniferous magnetite, flow rate of sulfur dioxde, and particle
size of titaniferous magnetite.

An attempt was made to produce synthetic rutile from titaniferous magnetite by the sulfidiza-
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tion.

The optimum conditions for the reaction were that reaction temperature was 800°c, reacticrm

timme, 1h, weight ratio of added carbon to titaniferous magnetite 0.7, particre size of titanifer-

ous magnetite —15(mesh, and SO, flow rate(reactor size: ID = 2.8cm, length = 100 cm)100 cm?/
min. The synthetic rutile prepared by leaching the sulfidized product with 1M HCI was
identified as rutile by the x-ray diffraction ahalysis and was found to contain 82.15% TiO..

1. Introduction

Metalli ¢ titanium, titanium oxide, titanium
tetrachloride and other titanium compounds
are industrially important products. Ilmenite
(FeO. TiO;) and rutile(TiOz) are known as
the main raw materials for the production of
metallic titanium and its compounds. Espe-
cially when they are prepared by the chlori-
pation process, rutile is more readily availa-
ble than ilmenite.

Unfortunately, the world reserves of rutile
are so scarce and unevenly distributed that
the supply and demand are out of balance.
Consequently, there is a general tendency aro-
und the world of preparing synthetic rutile
from ilmenite or titaniferous magentite((Fe;
03) (Fe0.TiOz),) which is less costly and
more abundant than rutile.

A number of reports and patents have been
published for the preparation of titanium
and its compounds by the sulfidization. Am-
ong earlier works on the treatment of titani-
ura ore, there are numerous publications'™®
in which the sulfidization is done by using
sulfates or metallic sulfide as the sulfidizing
agent. In addition to these works, there are
publications®!® for upgrading of ilmenite by
using hydrogen sulfide gas.

There were some cases in which supfur
dioxide gas was used as the sulfidizing agent.

slat@Er X212 H 35 1983 6H

Welch'? obtained rutile and pyrite by in-
troducing the gas mixture which is produced
by passing sulfur dioxide gas through a
heated carbon layer at 1060°C to ilmenite cre
at the same temperature.

Hiester'? also attempted the sulfidization
of ilmenite ore by using SO.-CO gas mixture
but the results were not described in detaill.

In this study, the products of the reaction
between titaniferous magnetite and sulfur dio-
xide in the presence of carbon were examined
by both chemical and x-ray analysis. The
study of this reaction included such reaction
variables as reaction temperature, time, wei-
ght ratio of added carbon to titaniferous ma--
gnetite, flow rate of sulfur dioxide and parti-
cle size of titaniferous magnetite.

An attempt was made to produce synthetic
rutile from titaniferous magentite by a sul-
fidization in which iron oxides are converted
selectively into pyrrhotite. Pyrrhotite is easily
soluble in dilute acid.

(Fez0s)x. (Fe0.TiO2) 5 5y + (22 + ¥)SOz¢) +

(—’27—.76 + —g— y)C:(S)—‘_" (2 X T+ y)FeS(:, + yTiOZ(s)

- (%x -+ %y)COzm

@ x + ¥)FeS, + 3TiOz, + (42 + 2 y)HCI
(aq)—“-"yTiOZ(S) +(2x + y)FeCIng) + (2x + }')
HZSU:)
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2. Experimental

2-1. Materials

Titaniferous magnetite used in the present
experiment was obtained from Soyonpyong-do
(west island of Korea), containing 20.48%
Ti0,, 56.31% total Fe, 0.45% MnO, 0.17%
Si0;, 1.52% MgO, 0.48% Vi0s, 0.55% CaO,
and 0.024% Cr:0;. The x-ray diffraction
pattern of the sample showed the presesce of
ilmenite'®, magnetite'¥, and hematite!® as
ore forming minerals. Presence of rutile was
not detected. Sieve analysis of the sample
was as follows: 36.8% 150/170 mesh; 35.2%
170/260 mesh; 20.7% 200/270 mesh; 5.6% 270
/325 mesh; 1.7% under 325 mesh.

The carbon used as the reducing agent in
this experiment was prepared by the thermal
decomposition of a guaranteed grade reagent
glucose. This carbon was used in ,powder fo-
rm of under 150 mesh.

Gaseous sulfur dioxide and argon gas were
dried by passing them first through concent-
rated sulfuric acid and then over P:Os.

2-2. Procedures

Sulfidization of titaniferous magnetite was
carried out in a quartz tube of 28mm ID and
1000 mm L as shown in Fig. I. A mixture
of titaniferous magnetite and carbon in a
quartz boat(72mm L, 16 mm_W, 9mm D) was
placed in a transparent quartz reaction tube.
Gaseous sulfur dioxide was then introduced
into the reaction tube. The sample was posit-
ioned in the middle of the tubular electric fu-
rnace(heating length: 300mm) maintained at
a specified temperature for a specified time
period. The temperature of the sample part
was maintained within +2°C. After heating,

the sample was held at 10(°C for 1hr in an

argon stream in order to remove the absorbed
sulfur dioxide on unreacted carbon.

The reaction between titaniferous magnetite
and carbon in an argon stream, between sulf-
ur dioxide and carbon, and between titanifer-
ous magnetite and sulfur dioxide in the pre-
sence of carbon were separately examined in

a similar manner.

. Absorption Bottle

: Quartz Boat

: Cock

: Cold Junction

: Thermocouple

. Draft

: Flow Meter

: Tubular Furnace

: Drying Bottle(H2S04)
. Quartz Reactor

: Drying Bottle(P20s)

: Temperature Controller
: Transformer

P : Pyrometer

V : Valve

Fig. 1. Schematic Flow Diagram
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2-3. Analytical

The extent of reaction was determined by
measuring its weight change after the reac-
tion and also the amount of elemental sulfur
formed in the reaction was determined by con-
verting them into BaSOs Then the product
was leached with dilute hydrochloric acid
(IM), and the solution was subsequently an-
alyzed to determine iron by the volumetric
method with KMnO.. The degree of conver-
sion was then calculated as the ratio of the
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-amount of iron solubilized into the leach sol-
ution to the amount of iron originally present
in the titaniferous magnetite. The x-ray an-
alysis of the sample was performed with an
x-ray powder diffractometer equipped with a
proportional counter using Fe-radiaton with
an Mn-filter.

3. Results and Discussion

3-1. Reaction between titaniferous ma-
gnetite and carbon in argon stream

The products formed by heating a mixture
of titaniferous magnetite(3.0g) and carbon
(2.10g) in argon stream (100 cm3/min) for
1hr were examined by the x-ray analysis.
The results are shown in Table 1, together
with the weight changes in the samples.

‘Table 1. Experimental Results for the Interaction
of Titaniferous Magnetite and Carbon in
an Argon Stream

Reaction Weight Analysis of X-Ray Diffrac-
Temp.(°C) Loss(%) tion Pattern for the Solid
Product in the Boat
600 0.2 Ilmenite, Magnetite, Hematite
650 0.2 Ilmenite, Magnetite, Hematite
700 0.3 Ilmenite, Magnetite, Hematite
750 0.4 Ilmenite, Magnetite) Hematite
800 0.8 Ilmenite=Magnetite
850 1.8 Ilmenite, Magnetite>Wuestite

The slight decrease in the weight of the
sample was observed at 600°C. The amount
of the sample was slowly decreased to ca. 800
C, and it was markedly decreased above ca.
850°C. The x-ray diffraction patterns of the
products showed ilmenite, magentite and he-
matite at 600°C, 650°C and 700°C respectiv-
ely. In proportion to the increase of reaction
temperature, amount of hematite was decre-

ased. On the other hand, that of magnetite

stat@et H213 H 32 1983 63
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was increased, and the diffraction-pattern of
wuestite!® appeared.

From the above results, one could conclude
that Fe3* in the titaniferous magentinte was

converted to Fe?* by the reduction.

3-2. Reaction between carbon and sulfur
dioxide

By the sulfidization reaction in the system
of iron oxide-carbon-sulfur dioxide, iron oxide
is converted to pyrrhotite. It is very impor-
tant to note that elemental sulfur is formed
from sulfur dioxide in the presence of carbon.
Therefore this reaction was examined in order
to find the criterion of optimum reaction te-
mperature for the reaction between titanifer-
ous magntite and sulfur dioxide in the pres-
ence of carbon. Carbon (2.10g) was heated
in a sulfur dioxide stream(100cm3/min) for
lhr. A part of the elemental sulfur was
deposited outside the heating zone, while
the other part was absorbed by the unrea-
in the boat.
determined by chemical analysis. The amou-

cted carbon The latter was
nt of sulfur formed is shown in Fg. 2, tog-
ether with the weight change in the sample.

The slight increase in the sample weight
at 500-650°C was due to the absorption of the
elemental sulfur formed from the reaction onto
the unreacted carbon. In proportion to the
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Fig. 2. Experimental Results for the Reaction be-
tween Carbon and Sulfur Dioxide
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increase of the reaction temperature, the am-
ount of elemental sulfur formed increased
and the carbon weight decreased slowly. The-
se phenomena were markedly apparent above
ca. 750°C. As mentioted in Ryoo’s report!?,
the vapor pressure of sulfur in the reaction-
atmosphere is an important factor for the
sulfidization of metal oxides.

Consequently, from the above-mentioned ex-
perimental results, it is obvious that the sul-
fidization of titaniferous magnetite must be
carried out at least above ca. 750°C.

3-3. Reaction between titaniferous ma-
gnetite and sulfur dioxide in the presence
of carbon

3-3-1. Effect of the reaction temperature

Fig. 3 shows the conversin ratio of the pro-
ducts obtained by heating the mixture of
titaniferous magnetite(3.0g) and carbon(2. 10
g) (the weight ratio of added carbon to tit-
aniferous magnetite = (.7) at various temp-
ratures in a sulfur dioxide stream(100cm?3/
min).

With increase of the reaction temperature,

the reaction rate and conversion ratio were

g
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Fig. 3. Effect of Temperature on the Sulfidizati-
on Reaction of Titaniferous Magnetite

increased. Reaction rates were increased ma-
rkedly above ca. 750°C, and in the range of
800°C to 900°C the temperature of the reac
tion did not appear to be significant. The
phenomenon that the reaction rate and the
conversion ratio rapidly increased above ca.
750°C was similar in tendency to the reduction
of sulfur dioxide by carbon. From these:
results, it is obvious that the reduction stage
of sulfur dioxide is an important factor in
the entire sulfidization of titaniferous magne-
tite.

In proportion to the increase of the reaction:
temperature, the conversion ratio increased
in the range of 650°C to 800°C, and it arrived
at the maximum conversion ratio at 800°C
for 1hr. But, after reaching the maximum
conversion ratio, a decrease in the conversion
ratio appeared in all temperature ranges. This
phenomencon is due to two-sided functions of
sulfur dioxide, that is, as an oxidizing agent
as well as a reducing agent.

With the exception of the case at 650°C,
the reaction time for the maximum conversion
ratio decreases in propertion to the increase

of the reaction temperature. These tendencies
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Fig. 4. X-Ray Diffraction Pattern at various Rea-
ction Temperature
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indicate that the effect of the reaction tem-
perature in the sulfidization process is most
significant.

Fig. 4 shows the diffraction patterns of
the products obtained by heating the mixture
of titaniferous magnetite (3.0g) and carbon
(2.1%g) at various temperature for 1hr in a
stream of sulfur dioxide at a flow-rate of
100 cm3/min.

The X-ray diffraction pattern showed the
presence of rutile'®, ilmenite and pyrrhotite!®
at 750°C. At the 800°C, the diffracti on patt-
ern showed only rutile and pyrrhotite. But the
diffraction pattern of ilmenite appeared again
in the cases of 850°C and 900°C. These res-
ults are related to the tendency of the decre-
asing conversion ratio. The reason is the sa-
me as above.

From the above-mentioned expzrimental re-
sults, it is generally desirable that the react-
ion temperature be held at 800°C.

3-3-2. Effect of carbon on conversion ratio

Fig. 5 shows the conversion ratio of prod-
ucts obtained by heating the mixture of tita-
niferous magnetite(3.0g) and carbon which
is in the range of 0.3 to 0.9 at 800°C for va-

Lonversion Ratio/o,)
- P

S S S Y

L — 1

T VR (I T R R R v )
Timelmin)

Fig. 5. Effect of Amount of Carbon on the Sulfi-
dization Reaction of Titaniferous Magnetite
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rious reaction time in a sulfur dioxide siream
(100cm?®/min)-where the range, 0.30r 0.9, is
the weight ratio of added carbon to titanife-
rous magnetite.

In propartion to the increase of the card0n
weight ratio the conversion ratio anq Jead}lou
rate increased and these tendencies similarily
appeared. With carbon weight ratio rangeiug
from 0.3 to 0.7, the conversion ratio was
proportionally increased, gradually as time
passed, and it arrived at the maximnm conv-
ersion ratio after 1hr. In the case of 0.9, alt-
hough the higher rate of conversion was obs-
erved in the early stage of the reaction, the
maximum conversion ratio was also obtained
after 1hr. When the carbon weight ratio was
higher than 0.7, this maximum conversion
ratio appeared not to be sensitive to the car-
bon added.

Consequently an increase of carbon weight
ratio over 0.7 cannot affect the increase of
In addition to this, it
was confirmed that the unreacted carbon(ap-

the conversion ratio.

proximately 1%)was left in the boat. In every
case, the maximum conversion ratio was obt-
ained between the reaction times of 60 min
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Fig. 6. X-Ray Diffraction Patteraat various Amo-
unt of Carbon
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and 70 min. But after these durations, the
conversion ratio tended to decrease. The cause
of this phenomenon is the same as the above-
mentioned case.

Fig. 6 shows the diffraction patterns of
the products obtained by changing the weight
ratio of added carbon at 800°C,

sulfur dioxide stream (100 cm?®/min).

for 1thr in a

The x-ray diffraction patterns showed ilm-
enite, pyrrhotite and rutile in every case wi-
thin a range of 0.3 to 0.6, but the diffraction
pattern of ilmenite didn’t appear above 0.7.

Consequently from the above mentioned re-
sults, it is sufficient that the weight ratio of

added carbon to titaniferous magnetite be 0. 7.

3-3-3. Effect of the reaction time

In the before-mentioned experiment, when
the reaction temperature was kept at 800°C,
the weight ratio of added carbon to titanifer-
ous magnetite was at 0.7, the particle size
of the sample was at 150 mesh and the sulfur
dioxide flow-rate was at 100 cm®/min, the
author examined the effect of the reaction

time on the conversion ratio. The results are
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Fig. 7. X-Ray Diffraction Pattern nt various Rea-
ion Time

shown in Fig. 7.

The x-ray analysis of the products in the
boat showed rutile and pyrrhotite together
with ilmenite for the cases where the reacti-
on time was between 30 min to 50 min, and
only rutile and pyrrhotite appeared between
60 min and 70 min of the reaction time but
This

tendency agrees with the phenomenon that

ilmenite appeared again after 80 min.

the conversion ratio reaches its maximum
and decreases
is due to the

dual functions of sulfur dioxide which is both

between 60 min and 70 min,
after 70 min. This, as before,

an oxidizing agent and a reducing agent. Na-
mely, at the early stage of the reaction, sul-
fur dioxide contributes to the conversion of
iron oxide in the titaniferous magnetite to
pyrrhotite, as a reducing agent, together with
elemental sulfur which is produced by the
reduction of sulfur dioxide by the carbon. But,
after arriving at the possible maximum ratio
which is obtainable under specified reaction
conditions, a small amount of pyrrhotite is
converted to iron oxide by the oxidizing fun-
ction of sulfur dioxide. These results agree
well with the
Diev’s?V,

Consequently, it can be concluded from th-

results of Montilo’o's?® or

ese results that the best reaction time is lhr
under the above-mentioned conditions.

3-3-4. Effect of the sulfur dioxide flow-rate

Fig. 8 shows the conversion ratio of pro-
ducts obtained by heating the mixture of tit-
aniferous magnetite(3.0g) and carbon(2.10g)
at 800°C for various lengths of time in a su-
lfur dioxide stream whose flow-rate changed
within a range of 20cm?®/min to 120 cm3/min.
In this case, reactor size is 28 mm ID and
1000 mm in length.

In this experiment, although the flow-rate

HWAHAK KONGHAK Vol. 21, No. 3, June 1983
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Fig. 8. Effect of Sulfur Dioxide Flow-Rate on the
Sulfidization Reaction of Titaniferous Ma-
gnetite

of the sulfur dioxide stream changed in a

range between 20 cm3®/min and 120 cm?®/min,

the conversion ratio and the reaction rate
showed a similar tendency. Though the max-

imum conversion ratio obtained was only 94%

for 1hr in a sulfur dioxide stream of 80 cm?®/

min, it was 98.8% for 1 hour in a sulfur
dioxide stream over 100 cm®/min.
Fig. 9 shows the resullts of an X-ray ana-
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Fig. 9. X-Ray Diffraction pattern at various Sul-
fur Dioxide Flow-Rate
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lysis on the products obtained by heating for
1 hour.

In all ranges, the x-ray diffraction pattern
shows only rutile and pyrrhotite. But the diffr-
action-pattern of rutile newly appeared at 46°
and 71° in a sulfur dioxide stream over 80 cm?/
min, and especially the diffraction-pattern of
pyrrhotite was prominent in a sulfur dioxide
stream over 100 cm?/min. Comparing the ab-
ove-mentioned results of Fig. 8 with the res-
ults of the x-ray analysis, there is little dif-
ference in the conversion ratio within the
range of 20 cm®/min to 120 cm®/min, but the
diffraction-pattern of rutile and pyrrhotite
was more prominent than in any other cases
in a sulfur dioxide stream over 100 cm®/min.
Consequently, for this reason, the proper sul-
fur dioxide flow-rate is considered as 100 cm?®
/min for the effectual separation of titanium

oxide and iron oxide.

3-3-5. Effect of the particle size of titanifer-
ous magnetite

Fig. 10 and Table. 2 show the effect of
the particle size on the conversion ratio.

As the particle size became smaller, the

reaction rate and the conversion ratio increa-
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Fig.10. Effect of Particle Size on the Sulfidization:
Reaction of Titaniferous Magnetite
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Table 2. Effect of Particle Size
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Particle Size(mesh) Weight Loss(%) X-Ray Diffraction Pattern Ws*(g) Conversion Ratio(%)
—150 to +170 32.1 Pyrrhotite, Rutile 2.1 94.3
—200 to +270 33.2 Pyrrhotite, Rutile 2.9 96.1
—325 33.7 Pyrrhotite’ Rutile 3.1 99.3

*Ws: Amount of Sulfur obtained outside Heating Zone

sed. Especially there was a distinct difference
in the conversion ratio. The maximum conv-
ersion ratio was displayed as 94.3% in the
case 0f-150 to+170 mesh, 96.1% in the case
0f-200 to+270 mesh, and 99.3% in the case
0f-325 mesh.

The x-ray diffraction pattern of each pro-
duct showed only rutile and pyrrhotite, From
the above-mentioned results, it is considered
that a particle size of-150 mesh for titanifer-
ous magnetite is sufficient, because the cqonv-
ersion ratio is more than 94.3% in the case
0f-150 to+170 mesh, and from an economic
view point, the power consumption for pulver
izing of the sample must be accounted for.

3-4. Leaching experiments of the the
reaction propuct

From the results of the above experiments,
the optimum reaction conditions for sulfidiza-
tion of titaniferous magnetite were determin-
ed. Thus, leaching experiments of the produc
ts obtained by heating the mixture at the
optimum conditions were examined.

Table. 3 shows the components of the res-
idues obtained after leaching. The reridues
of TiO,.
As the starting materials contained appro-
ximate 8%

were found to consist of 82.15%

gangue, which was presumably
metal oxide, it was not absolutely soluble in
1M hydrochloric acid.

In addition the residues were analyzed by
the x-ray diffraction and the x-ray diffract-
ion pattern showed only rutile.

Table 3. Chemical Analysis of Residues

Comp. 2%l Ti0, MnO Si0; MgO V105 CaO Crs0s
Fe

% 8.18 82.15 1.05 0.46 2.67 0.62 0.90 0.0089
*leaching solution: 1M HCl

A tentative flowsheet for upgrading of tit-
aniferous magnetite by the sulfidization is
shown in Fig. 11.

us magnetite ‘\

itinifero
S
— 3
:

i
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A conteaser |

S0n 0T 0,8

Filrering

—
Filtrate _j < T{0,-rich Tusidue )
I —

Deying

Feeric
Chloride Recovery

< syuthetic rutile

‘Fig. 11. Flow sheet for upgrading of titaniferous
magnetite by the sulfidization.

4. Conclusions

In view of all the results so far achieved
conclusions for the sulfidization of titaniferous
magnetite are as follows:

1) The maximum conversion ratio is obtai-
ned at 800°C, for 1hr. At the temperatur-
es higher than 800°C, however the maxim

HWAHAK KONGHAK Vol. 21, No. 3, June 1983
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um conversion ratio could be obtained in
less than 1hr.

2) It is sufficient that the weight ratio of
added carbon to titaniferous magnetite be
0.7. In this case the maximum conversion
ratio is obtained at 800°C, for 1hr. Increa-
sing the weight ratio of carbon above 0.7
doesnot increase the maximum conversion.
ratio.

3) The proper reaction time is lhr with a
reaction temperature at 800°C, and the wei-
ght ratio of carbon at 0.7. Under these
conditions, the maximum conversion ratio
is obtained, but the conversion ratio is dec-
reased after that lapse of the time.

4) A 100cm?®/min sulfur dioxide flow-rate(re-
actor size: 28 mm ID, 1000 mmL)is suitable
because the maximum conversion ratio is
similarly obtained above this flow-rate, and
the diffraction pattern of rutile and pyrrh-
otite appear more striking than in any oth-
er cases.

5) As the particle size of the sample be-
comes finer, the conversion ratio increases.
When the particle size is under 150 mesh,
a 98.8% conversion ratio is obtained.

6) The analysis of the residues left after the
leaching of the product obtained at the
above-mentioned optimum conditions shows

that the content of TiO, is 82.15% and the

x-ray diffraction pattern showed only rutile.
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