The Selective Carbochlorination of Iron from
Titaniferous Magnetite Ore in a Fluidized Bed
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The selective chlorination of iron from titaniferous magnetite ore using solid carbon as a reducing
agent was studied in a fluidized bed. The effects of chlorination temperature, chlorine gas partial
pressure, ratio of ore to carbon particle sizes, and the amount of added carbon were determined.
Experimental results indicate that temperatures between 900 and 1000 K were favorable for the
selective chlorination of iron. The rate was found to be first order with respect to chlorine
concentration, and the observed effects of particle size, temperature, and the amount of carbon
added were expressed quantitatively by using a mixed-control model.

I. INTRODUCTION

TITANIFEROUS magnetite is one of the most abun-
dant and widespread titanium-bearing minerals. It can be
used for producing titanium metal and titanium dioxide
through the chlorination process. Due to the high content
of impurities in these minerals, especially iron, it is nec-
essary to upgrade them to obtain synthetic rutile, which
is acceptable as a feedstock for chlorination. A number
of processes''! have been proposed for the removal of
iron from a low-grade titanium ore, such as chlorination
by various agents with or without pretreatment, smelting
followed by sulfation and hydrochloric acid leaching,
hydrogen reduction followed by ferric salt leaching, high-
temperature/high-pressure leaching with sulfuric acid in
the presence of a reducing agent, and solid-state reduc-
tion followed by chemical or physical separation.

Among these processes, the direct chlorination has a
significant advantage in that it can be done in conven-
tional chlorination equipment and requires no other pre-
treatment such as roasting or slagging. Some operational
difficulties are, however, associated with this process due
to the defluidization and clogging caused by high-boiling-
point metal chlorides produced during chlorination.
Nonetheless, these difficulties can be removed by the
control of temperature, amount of reducing agent, and
the partial pressure of chlorine.

Usually, direct chlorination can be accomplished in
two ways. One is the chlorination of both iron and ti-
tanium, forming volatile chlorides which are subse-
quently separated. The other is the selective chlorination
of iron in the ore, leaving a titanium oxide-rich residue.
The selective chlorination also has the advantages of in-
creasing the efficiency of chlorine consumption and re-
quiring lower energy, because the chlorination of iron is
thermodynamically more favorable than that of titanium.
In addition, iron removal from titaniferous ore results in
greatly increased porosity and surface area, and thus, the
reactivity of this beneficiated ore is generally high.t®

An industrial chlorination process will likely use car-
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bon as a reducing agent instead of carbon monoxide gas,
because solid carbon is well known to be the more ef-
fective reductant. Morris and Jensen!” reported that the
rate of the chlorination of rutile by carbon was much
faster than that by carbon monoxide, and Bergholm'®
explained the reactivity of these reducing agents based
on the dependency of partial pressures of chlorine and
carbon monoxide gas on the chlorination rates of
Australian rutile.

Despite a number of investigations'®"*! on the selec-
tive chlorination of low-grade titanium-bearing ores, the
carbochlorination of titaniferous magnetite ore has not
been reported in the literature. In the present study, the
kinetics of the selective chlorination of iron from titanif-
erous magnetite ore were determined in a fluidized bed.
Experiments were conducted to determine the effects of
chlorination temperature, chlorine partial pressure, par-
ticle sizes of ore and carbon, and the amount of added
carbon.

II. EXPERIMENTAL
A. Sample Preparation

The titaniferous magnetite ore used in these experi-
ments came from Soyunpyung-Do, Korea. This ore was
ground and sieved into various size fractions of 74 to
149 um, .and representative samples were fused with
lithium metaborate and dissolved in a 0.5 N HCI solu-
tion. The resulting solution was analyzed using a direct
current plasma (DCP) spectrometer. Table I shows the
chemical composition of this ore.

Ilmenite and magnetite were the predominant phases,
and quartz and silicates were the minor phases identified
by X-ray diffraction (Table II).

Activated carbon, with 98 wt pct fixed carbon and a
maximum of 2 wt pct ash, was used as the reducing agent.
To avoid the segregation of the ore and the carbon in
the extended bed, a proper particle-size ratio had to be
chosen that takes into account the density difference be-
tween the two solids. This will be discussed in detail in
Section III.

B. Apparatus and Procedure

The fluidized bed reactor shown in Figure 1 consisted
of a quartz tube, 5 cm in diameter and 70 cm in length,
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Table I. Chemical Analysis of Titaniferous Magnetite

Component Content, Wt Pct
TiO, 20.2
FeO 21.4
Fe** as Fe,O,* 44.6
SiO, 2.63
MgO 4.01
ALQO; 3.18

*For analytical procedure, the reader is referred to Ref. 12.

Table II. X-Ray Diffraction
Analysis of Titaniferous Magnetite

Mineral Occurrence
IImenite (FeTiO;) major
Magnetite (Fe;0,) major
Quartz (Si0,) minor
Unidentified minor

inside which a porous fritted disc to be used as a gas
distributor was welded. A sampling tube was connected
to this reactor and was situated at the top of the bed. The
reactor was externally heated by a silicon carbide fur-
nace which was controlled by a temperature controller
using a Pt-13 pct Rh thermocouple. Temperature during
the reaction was measured by a CHROMEL-ALUMEL*

*CHROMEL-ALUMEL is a trademark of Hoskins Manufacturing
Company, Hamburg, MI.

thermocouple immersed in the expanded bed. The con-
necting tube was wrapped with heating tape and main-
tained at 623 K in order to avoid plugging and was
connected to a receptacle for ferric chloride and then to
an absorption bubble column containing sodium hydrox-
ide solution.

Weighed amounts of the ore and carbon were charged
into the preheated reactor, while a flow of nitrogen was
continued in order to keep the mixture in a fluidized state
and to avoid oxidation. When the temperature reached
the desired value, the nitrogen flow was discontinued,

Fig. 1—Schematic diagram of experimental apparatus for carbo-
chlorination: (1) chlorine cylinder; (2) nitrogen cylinder; (3) gas con-
trol system; (4) rotameter; (5) sampling device; (6) receptacle; (7) NaOH
bubbler; (8) heating tape; (9) furnace; (10) reactor; (11) thermocouple;
(12) gas distributor; and (13) solid reactants.
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and a calibrated flow of Cl,/N, mixture was passed
through both the gas distributor and the sampling tube.
Partially reacted ore mixture was withdrawn through the
sampling tube at regular time intervals. Ore residue was
screened from each sample, weighed, and subjected to
chemical analysis.

III. RESULTS AND DISCUSSION

Figure 2 shows the selectivity of iron chlorination from
various titanium-bearing ores (i.e., mainly ilmenite and
magnetite phases in raw titaniferous magnetite; pseudo-
brookite, rutile, and hematite phases in an oxidized ore;
and ilmenite in the nonmagnetic fraction from magnetic
separation). This figure shows that the titaniferous mag-
netite ore resulted in a high ratio of chlorinated Fe to
chlorinated Ti.

As shown in Figure 3, the overall rate of titanium and
iron chlorination increases with increasing temperature,
but the rate of titanium chlorination increases more rap-
idly with temperature than that of iron chlorination.
Therefore, the selective chlorination must be carried out
below 973 K if titanium chlorination needs to be kept
below 10 pct when most of the iron is chlorinated.

Photomicrographs of the partially chlorinated ore, ob-
tained using light microscopy, are shown in Figure 4. A
clear boundary between the outer TiO, product layer and
the inner unreacted core can be observed in the optical
microscopic structures. As the conversion increases, the
product layer thickness increases, while the overall par-
ticle size remains unchanged. It is apparent that this
system displays the attributes of a typical unreacted
shrinking-core model.

Since various iron oxides are present in titaniferous
magnetite ore, a rigorous determination of the degree of
chlorination for each oxide is difficult. Based on the stoi-
chiometry of the chemical reaction of each oxide, the
amount of chlorine required can be calculated. Thus, the
amounts of chlorine required per gram of FeO, Fe;0,,
and Fe,O; are 1.48, 1.38, and 1.33 g, respectively. Using
the chemical composition of the ore, the error introduced
by assuming the iron to be present entirely as Fe,Oj; is

1.0
CHLORINATION TEMPERATURE : 973 K
RE : 24

v osl ° 249 Pep 172 kPa
2 . CARBON : 8g
@
% a4 : Oxidized ore (Pseudobrookite, Rutile & Hematite)
=] o : Titaniferous magnetite (Iimenite & Magnetite)
= = .
S 0671 m: limenite
-
°

0.4
c
o
°
3
L 0.21

0.0 — — " —_—

0.0 0.2 0.4 0.6 0.8 1.0

Fraction of Fe Chlorinated

Fig. 2— Comparison of iron and titanium chlorination from various
ore phases in carbon-chlorine system.
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Fig. 3— Effect of temperature on iron and titanium chlorination from
titaniferous magnetite ore. ( Fe; ——— Ti)

3.1 pct, when iron oxide in this ore is completely chlor-
inated. In addition to this assumption, various other
chemical reactions take place in the chlorination of ti-
taniferous magnetite, i.e., complicated reactions involv-
ing carbon, side reactions by the metal chlorides produced,
and volatilization of the metal chlorides. For this reason,
it is very difficult to analyze the fundamental kinetics of
chlorination of this titaniferous magnetite ore.

Furthermore, mixing/segregation becomes important
when more than one solid is involved in a fluidized bed
reactor. Many investigations on binary mixtures in flu-
idization have been made. Among these, Nienow et al.!'!
developed an empirical relationship, as shown in the fol-
lowing Eq. [1], considering the hydrodynamic effect,
physical properties (density and sphericity), and oper-
ating conditions (bed height, bed diameter, and ratio of
two solid quantities), which is in good agreement with
experimental measurements:

e[ () e ()]
-~ Uf TO

where

U\ 11 bud 0.7
e - 2
Ur Pr ¢.d;
e
-2.2f°‘5{1—exp (——)} ]
D

where M = mixing index, x/x¥ (complete mixing for
M = 1 and complete segregation for M = Q)
D = bed diameter, mm
dy = diameter of the heavier particle, mm
d; = diameter of the lighter particle, mm

H = bed height, mm
U = superficial gas velocity, m/s
Ur = the U, of the component with the lower U,
m/s
Up = the U, of the component with the higher
U,s, m/s
U,; = minimum fluidization velocity in general,
m/s
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Ur, = the velocity above which mixing takes over
(U =UpatM =0.5), m/s
x = mass fraction of the heavier particle in the
upper uniform part of the bed
X = the overall mass fraction
¢y = sphericity of the heavier particle
¢, = sphericity of the lighter particle
pu = density of the heavier particle, kg/m’
p. = density of the lighter particle, kg/m’

Applying Eq. [1] to the carbon and titaniferous ore bi-
nary mixture with respective average diameters of 250
and 125 um, M was 0.94 from the calculated value of
0.0398 m/s for Uy, when U was 0.0693 m/s (973 K
and 86.1 kPa). This indicated that a flow rate of 2.5
1/min (298 K and 86.1 kPa) would give good mixing.

Nevertheless, exact quantitative analysis can only be
accomplished by combining this empirical relationship
with experiments on the actual system considered.
Therefore, even though ore and carbon particle sizes were
selected based on Eq. [1], some experiments to deter-
mine this mixing effect were performed.

The solid mixtures were withdrawn from the expanded
bed using various nitrogen flow rates at the temperature
considered for this system. After cooling, the sample was
screened to separate ore from carbon. It was necessary
to find the flow rate for which the ratio of ore to carbon
in the withdrawn sample approaches the initially charged
ratio. Results showed that the ratio remained constant
above a flow rate of 2.5 1/min (298 K and 86.1 kPa).
Based on this observation, a total flow rate of 3 1/min
(298 K and 86.1 kPa) was used for subsequent
experiments.

Variables Affecting the Chlorination of
Titaniferous Magnetite

1. Effect of chlorine partial pressure

As mentioned in connection with the microscopic ex-
amination, the shrinking-core model can be used to ex-
plain the experimental data. Attempts were made to fit
the overall experimental data using the model governed
by either the chemical reaction or diffusion control, but
neither of them could interpret the data. Hence, both steps
need to be considered to obtain the rate expression. By
introducing the law of additive time expressed in
Eq. [2], we can correlate the experimental conversion vs
time data:

t = c18r,(X) + c2pr,(X) [2]
where
gr(X)=1-(1-X)"
pe(X)=1-301-X)"+2(1-X)
and
where C, = molar concentration of A

D, = effective diffusivity
reaction rate constant

-
Il
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Fig. 4—Photomicrographs of cross section of particles: (a) original ore, (b) 51 pct conversion, (¢) 76 pct conversion, and (d) 98 pct conversion.

n = reaction order with respect to gaseous
reactant

r, = original position of external surface

X = fractional conversion of the solid

ps = molar concentration of solid reactant

Through the method of Nedler and Mead (flexible poly-
hedron search method as cited in Reference 16), ¢, and
¢, can be obtained from minimization of the following
function:

344—VOLUME 21B, APRIL 1990

(d)

>, (erron)} = ) (c18r,(X) + c2px,(X) — 1)
1=1

=1

(3]

where n is the number of data points to be used. All
computer solutions of ¢, and ¢, for different experimen-
tal conditions used are given in Table III. Using the val-
ues of ¢; and ¢, for different chlorine pressures, a
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Table III. Values of ¢, and ¢, for Various Experimental Conditions
Variable Variables Kept Constant c c,
Chlorine gas 17.2 kPa 898 K 35.3 145.3
28.7 kPa 96.0 pm ore and 177 um C 51.2 217.9
43.1 kPa 3.3:1 ore/C 85.3 363.2
Temperature 848 K 96.0 pwm ore and 177 um C 260.1 754.2
898 K 17.2 kPa 85.3 363.2
933 K 3.3:1, ore/C 45.1 231.0
973 K 24.0 158.5
Ore particle size (carbon particle size) 80.7 pm (125 pm) 933 K 37.9 163.2
96.0 pm (177 pm) 17.2 kPa 45.1 231.0
125 pum (250 pm) 3.3:1, ore/C 58.7 391.6
Carbon added 10:1, ore/C 17.2 kPa 63.9 490.0
5:1, ore/C 96.0 um ore and 177 um C 36.8 265.3
3.3:1, ore/C 973 K 24.0 158.5

comparison of Eq. [2] with experimental data is pre-
sented in Figure 5. It is possible to determine the reac-
tion order with respect to chlorine from the plot of In ¢,
vs In C ¢, Figure 6 indicates that the reaction is first order
with respect to chlorine gas. However, this analysis must
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Fig. 5—Effect of the partial pressure of chlorine on the carbo-
chlorination and comparison of experimental data with the values based
on shrinking unreacted core model.
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Fig. 6—Plot of In ¢, vs In C,, based on the model.

METALLURGICAL TRANSACTIONS B

be considered approximate and global because the cor-
responding variation of CO pressure was not included.

2. Effect of particle size

The chlorination curves of three different size frac-
tions for both the ore and carbon (74 to 88 um ore and
105 to 149 um carbon, 88 to 105 um ore and 149 to
210 pm carbon, 105 to 149 um ore, and 210 to 297 um
carbon) are presented in Figure 7, which shows an in-
crease of conversion with decreasing particle size. The
calculated curves have been obtained using the same
procedure described above. The proportionality of ¢, to
r, and ¢, to rj, respectively, in Figure 8 further supports
the idea that the chlorination in this system can be in-
terpreted by a shrinking-core model affected by both the
chemical reaction and diffusion through the product layer.

3. Effect of temperature

In order to investigate the effect of temperature on the
chlorination rate, experiments were performed by vary-
ing the temperature in the range of 848 to 973 K. Ex-
perimental results and calculated values are presented in
Figure 9. It is seen from Figure 10 that ¢, and ¢, have
an Arrhenius-type relationship. Due to many diffusing
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Fig. 7—Effect of particle size on the chlorination of titaniferous
magnetite ore. (Ore particle sizes are indicated in the figure. The cor-
responding carbon particle sizes were 105 to 149 um, 149 to 210 um,
and 210 to 297 pum.)
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Fig. 9—Effect of temperature on the chlorination of titaniferous
magnetite ore.

species involved, such as CO, CO,, Cl,, FeCl;, and O,,
a rigorous interpretation of temperature dependency on
the chlorination is difficult. However, apparent activa-
tion energies of 131 kJ/mol for the chemical reaction
and 86 kJ/mol for diffusion were obtained.

4. Effect of carbon content

The effects of the amount of added carbon were de-
termined by varying the ratio of ore to carbon while
holding the bed height constant. Figure 11 shows that
the calculated values using the same procedure fit the
experimental results very well. The chlorination rate in-
creases with increasing amount of carbon; however, a
detailed reaction mechanism has not been attempted in
this work. Future work will be needed for a systematic
analysis of the effect of carbon content.
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Fig. 11 —Effect of the amount of carbon added on the chlorination
of titaniferous magnetite ore.

IV. CONCLUSIONS

The effects of variables affecting the chlorination of
titaniferous magnetite in a fluidized bed were investi-
gated. Optimum conditions for selectivity of iron chlo-
rination in terms of ore phase, temperature, carbon
content, and particle-size ratio of ore to carbon were ob-
tained from experiments. Temperatures between 900 and
1000 K, 33 wt pct carbon added, and an ore/carbon
particle-size ratio of 0.5 gave the best results for the se-
lective chlorination of the titaniferous magnetite sample
used in this work.

The law of additive reaction times, which takes into
account both chemical reaction and pore diffusion, was
found to adequately describe the experimental data.
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