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Abstract

The ilmenite-chloride process has used for the production of TiCl, from the ilmenite (FeTiO;) ore, which produces cyclone
dust containing mostly iron chloride and includes a range of metal chlorides. The utilization of iron values present in waste
chlorides of cyclone dust is becoming a crucial issue to make this process competitive. The current work demonstrates a
beneficial process that can selectively separate iron values from the chloride residue. Using CaCOj; as a precipitating agent,
the iron component was selectively isolated from the aqueous solution of the chloride residues. The selective extraction
of iron was carried out at a wide range of concentrations, and the yield of iron species was over 95%. The precipitate is in
the form of Fe(OH),, which converts to Fe,O; when annealed in air. In the next step, the remaining metal impurities were
removed as solid precipitates through the pH tuning with CaO. Finally, CaCl, and CaCO; were obtained by adding CO, to
the residual solution. This study provides a method of treating cyclone residues to recover CaCl, as well as Fe(OH);, which

represents significant progress towards the utilization of iron-rich wastes.
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Introduction

Ilmenite is an abundant titanium-bearing mineral. In ilmen-
ite with the idealized formula of FeTiO;, iron (Fe) and tita-
nium (Ti) metals form alternating bi-layers perpendicular to
the ¢ direction and octahedrally coordinate to oxygen ions
[1]. It was used as a starting raw material to produce tita-
nium tetrachloride (TiCl,) by the chloride process [2, 3].
Ilmenite is much cheaper than rutile, which might be advan-
tageous for making the process economical. Another advan-
tage is that ilmenite has a layered structure, which can read-
ily break down into iron and titanium chlorides, respectively
[4]. Due to the presence of large amounts of iron impurities
in ilmenite, however, high-grade rutile composed of over
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95% TiO, typically uses as a feedstock for the commercial
chloride process.

In the ilmenite-chloride process [5], ilmenite converts to
a mixture of metal chlorides in a chloride stream, which can
broadly divide into volatile and non-volatile chlorides [6].
Titanium tetrachloride with a boiling point of 136 °C is the
primary volatile chloride collected as a liquid product through
the condensation process [7]. Non-volatile chlorides are solid
residues accumulated in the chlorinator, which are separated
by a cyclone. The solid chloride residues mostly contain iron
chloride together with small amounts of other metal chlo-
rides, which are corrosive and hazardous. Solid wastes can-
not be disposed of at a general waste disposal site because
they cause environmental problems [8]. Accordingly, they will
have a detrimental impact on the entire process if they are not
recycled. For this ilmenite-chloride process to be environmen-
tally benign and economically viable, it requires not only the
selective separation of metal values from the chloride residues
but also is necessary to utilize them as value-added products.
Mainly, separating and recycling iron species are essential for
the efficient use of the ilmenite ore because about 42-57 wt%
of iron oxides are typically present in the ore [9]. For instance,
iron oxides prepared in this way can be used as high-quality
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pigments to create distinctive colors in cosmetics, paints, and
other decorative applications.

The solvent extraction method is employed to recover iron
values from various iron-containing wastes such as cyclone
dust from the chloride process [10-13], spent acids [14—18],
and metallurgical wastes [19, 20]. A wide range of extracting
solvents including methyl isobutyl ketone [21, 22], tri-n-butyl
phosphate [23], phosphoric acid derivatives [24, 25], various
phosphine oxides [26, 27], and ionic liquids [28-32] have
been investigated, which are effective to selectively extract
iron species. However, this method requires a multi-step pro-
cess, including separation, purification, and concentration
[33]. Even worse is that this process requires lots of harmful
organic solvents and expensive reagents. Thus, it is thus of
great importance to developing new separation methods that
use in the absence of organic solvents and expensive reagents,
which will reduce environmental impacts as well as operating
costs.

Precipitation techniques are also well-known methods for
recovering valuable metals from mixed metal solutions only
by the addition of precipitating agents [34—40]. However, this
method makes it difficult to selectively separate a specific
metal from the mixed solution due to a small difference in
their solubility products. Another drawback is that conven-
tional techniques known thus far cannot separate coprecipi-
tated metal impurities. Herein, we report a two-step process for
separating iron values selectively from chloride wastes gener-
ated in the ilmenite-chloride process. This process is devel-
oped based on the precipitation reaction between basic CaCO;
powder and acidic chloride solution. The chloride stock solu-
tion was prepared according to the composition of the ilmenite
ore and residual waste, which could simulate the behavior of
cyclone dust produced in the ilmenite-chloride process. By
adding CaCO;, iron species were selectively isolated as solid
sediments in the form of Fe(OH);.

Moreover, CaCl, was obtained by the addition of CO, to the
remaining solution that contains large quantities of chloride
ions. Therefore, this process using abundant CaCOj as a pre-
cipitating agent is an economically viable and environmentally
benign method because it can simultaneously produce useful
products like CaCl, and Fe(OH); from the waste chloride resi-
dues. For the synthesis of iron oxide from chloride residues, it
is common to use an alkaline precipitant like NaOH. Surpris-
ingly, we found that CaCO; can also use as a finely ground
powder-type sedimentation reagent.

Experimental
Materials

All the chemicals were obtained from commercial suppliers
and were used without further purification. Ferric chloride
(FeCls, 97%), manganese chloride (MnCl,, 99+%), chromium
chloride (CrCl,, 95%), and calcium oxide (CaO, 99.995%)
were purchased from Sigma Aldrich (St. Louis, USA). Mag-
nesium chloride (MgCl,, 99.9%) and calcium carbonate
(CaCOs3, 99.99%) were purchased from Kojundo Chemical
Laboratory (Saitama, Japan). Anhydrous aluminum chloride
(AICl;, 99.9%) was purchased from Tokyo Chemical Industry
(Tokyo, Japan).

Preparation of a stock solution

The present investigation on the extraction of valuable species
used analytical data for the ilmenite ore sample kindly given
by the Research Institute of Industrial Science and Technol-
ogy at Pohang, Korea. An inductively coupled plasma-atomic
emission spectroscopy (ICP-AES) was employed to determine
elemental compositions of the ilmenite. The standard solu-
tion for the extraction study was made based on the deter-
mined compositions. The ICP-AES data in Table 1 show all
elements present in the ore, which include Ti, Fe, Si, Mn, Al,
Mg, Cr, Ca, and V. In the ilmenite-chloride process, titanium
(Ti) chloride and vanadium (V) chloride are simultaneously
separated as volatile components at the end of the chlorinator
due to the proximity of their boiling points. The non-volatile
chlorination products, which are collected in the chlorinator by
a cyclone, could be FeCl;, MnCl,, AlICl;, MgCl,, CrCl,, and
CaCl,. Silica (Si0,) is not easily chlorinated and remains unre-
acted. Small traces of calcium species were ignored because
they can be separated as calcium chloride (CaCl,) at the end of
the present process. For this reason, we prepared an aqueous
solution containing Fe, Mn, Al, Mg, Cr ions, which used as
a stock solution for extraction study. A three-neck round bot-
tom flask with a magnetic stirring bar was charged with five
metal chlorides in an argon-filled glove box, which include
FeCl; (18.192 g, 112.0 mmol), MnCl, (0.680 g, 5.4 mmol),
AlCl; (0.512 g, 5.2 mmol), MgCl, (0.340 g, 3.6 mmol), and
CrCl, (0.284 g, 2.3 mmol). After moving the flask into a fume
hood, 100 mL of deionized water was added to the flask. The
mixture was stirred at room temperature for 30 min, which led
to a completely dissolved solution. The resulting solution was
used as a stock solution for the extraction study.

Table 1 Typical metal

. .. . Element Ti Fe
compositions (Wt%) of ilmenite

Si Mn Al Mg Cr Ca \%

ore analyzed by an ICP-AES wt%

32.15 26.99

1.15 0.99 0.77 0.50 0.42 0.20 0.12
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Precipitation of iron species

Precipitation experiments were carried out in a round bot-
tom flask at room temperature. The amount of CaCO; added
to the 10 mL stock solution was increased at 2.0 mmol
intervals, and the pH change was carefully monitored. The
brown sediment was formed with the addition of CaCO,
over 14.0 mmol. Accordingly, 14.8, 15.0, and 15.2 mmol
of CaCOj; were divided into individual sets and precipita-
tion experiments were conducted. Typically, 14.8 mmol of
CaCO; was added to 10 mL of the stock solution, and the
mixed solution was stirred for 6 h. The brown precipitate
slowly formed and was separated from the solution by cen-
trifugation. The separated solution was stored for the next
experiment. The resulting precipitate was washed with water
several times and then dried in an oven at 80 °C for 10 h.
The dried powder (FeOOH) was converted into iron oxide
(Fe,03) by calcination at 600 °C for 6 h in air. The same
experiment was repeated by adjusting the amount of CaCO;
to 15.0 and 15.2 mmol. And the correlation between the
CaCO; amount and the yield was examined along with the
pH change.

Removal of residual metal species and recovery
of calcium chloride

To remove residual metal species as solids, CaO was added
to the separated solution until the pH is above 12. The solu-
tion was then stirred for 3 h at room temperature. Dark
brown precipitates were formed, which were collected from
the solution by centrifugation. The precipitates were washed
with water several times and then dried in an oven at 80 °C
for 10 h. The dried powder was annealed at 800 °C for 5 h in
the air to make the powder crystalline, which enables to con-
firm that all the remaining metal components were removed
from the solution. The separated solution is basic and con-
tains a large amount of calcium and chloride ions. The CO,
gas was bubbled into the solution for 3 h, which led to the
formation of white precipitates. The precipitated solid was
separated from the solution by centrifugation. The precipi-
tates were washed with water several times and then dried
in an oven at 80 °C for 10 h, which were found to be CaCO;.

About 0.05 g of CaCO; was obtained. Polycrystalline CaCl,
was grown from a residual solution by slowly evaporating
water. The amount of CaCl, obtained was 2.76 g, and the
yield was 98.6% according to the amount of CaCO; added.

Characterization

Elemental compositions of the ilmenite ore sample and
extracted products were determined using an ICP-AES.
Powder X-ray diffraction (XRD) measurements were per-
formed on a Rigaku DMAX 2500 diffractometer (Rigaku,
Japan) with Cu Ka radiation (1=1.5406 1&) operated at
40 kV and 15 mA. Thermogravimetric analysis was carried
out using a TGA 2050 instrument (TA Instruments, USA).
The sample was placed on a platinum pan for each run and
analyzed in air or oxygen from 25 to 800 °C at a heating
rate of 5 °C/min. A Thermo Orion Star A211 pH meter with
an electrode stand was used for recording pH in the mixed
chloride solution. High-resolution transmission electron
microscopy (HRTEM) was performed on a JEOL JEM-2100
F microscope (JEOL, Japan). High-resolution scanning elec-
tron microscopy analyses were carried out using a Hitachi
S-5500 microscope (Hitachi, Japan).

Results and discussion

Precipitation of iron species from a mixed metal
chloride solution

For the precipitation study, we made a stock solution based
on metal compositions in an ilmenite sample. The mixed
chloride solution was prepared by dissolving stoichiomet-
ric amounts of FeCl;, MnCl,, AICl;, MgCl,, and CrCl,
in water. Their concentrations are ranged from 0.023 to
1.124 M, depending on their weight percentage. Detailed
data regarding the stock solution are given in Table 2. Using
this solution, we derived the precipitating agents and process
parameters necessary for the selective precipitation of iron
species and CaCl,.

The selection of an appropriate precipitating agent is
vital for the effective separation of iron species in the mixed

Table2 Weight percentages and

: FeCl, MnCl, AICI, MgCl, CrCl,
molar concentrations of metal ‘ ‘
chlorides in the stock solution g in 100 mL DDW 18.192 0.680 0.512 0.340 0.284
3?5231?35?5 ICP-AES data of Concentration [M] 1.124 0.054 0.052 0.036 0.023
K, 63x107*  2.0x107" 1.0x107 5.6x107" 1.0x107"
Expected pH 1.58 8.28 3.76 9.10 6.32

The solubility product constant (K,p) value is that of the corresponding metal hydroxide. The expected pH
value corresponds to the concentration at which metal ions precipitate in the form of metal hydroxides

“K,, is the equilibrium constant for the following reaction: M(OH), <> M** +x OH™
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chloride solution. The chloride solution has a strong acidity,
and the pH is typically less than 1.0 [41]. It is thus natural
to evaluate a basic reagent such as NaOH for precipitating
agent. However, the addition of aqueous NaOH solution into
the chloride solution often leads to the coprecipitation of
iron and other metal species. We found that selective pre-
cipitation of iron components using NaOH is possible only
in very narrow concentration ranges. It is thus difficult to
implement this method in the actual process. Instead of a
strong base like NaOH, we therefore used weak basic cal-
cium carbonate (CaCO;) as a precipitant. We surprisingly
found that only iron species could be selectively separated in
a flexible manner. Calcium carbonate is an economical and
very efficient reagent because it is cheap and can be added
directly to the solution in the form of a powder. Therefore,
precipitation studies were carried out using CaCOj; as a pre-
cipitating agent.

The addition of CaCOj to the chloride solution raises the
pH, resulting in the formation of hydroxide precipitates. One
of the crucial factors in determining whether the precipitates
form is the solubility product constant (K,). The K, value
indicates the degree to which a solid compound dissolves
in an aqueous solution. The pH value at which metal ions
precipitate in the form of metal hydroxides can be calculated
from the K|, data and the concentration of metal ions. The
calculated pH values and the K, data of representative metal
hydroxides are listed in Table 2. The K, value of Fe(OH);
is 6.3x 10738 which is the lowest value compared to those
of other metal hydroxides. The lowest K, value means that
iron ions precipitate into Fe(OH); before other metal ions.
When Fe* ions precipitate, the expected pH of the solution
is 1.58. This value is also lower than those of other metal
hydroxides. It is thus possible to selectively separate iron
components through the pH adjustment. It is worth men-
tioning that the pH value calculated for AI(OH); is 3.76 and
does not differ significantly from that of Fe(OH);. Therefore,
the use of CaCOj; as precipitant could be more effective at
selectively separating iron species from the chloride solution
than the strong base NaOH.

Figure 1 illustrates the pH change of the mixed chloride
solution according to the amount of CaCO; added. CaCO;
is sparingly soluble in water (47 mg/L at 25 °C). In acidic
media, however, it quickly disintegrates into Ca?t, CO,,
and H,0 as follows: CaCO;+2H* — Ca’** +CO, +H,0.
During the precipitation process, CaCOj; is completely dis-
solved. The pH change was measured after the complete
dissolution of added CaCO;. When CaCOj is added to the
chloride solution with an initial pH of about 0.70, the pH
slowly increases to about 1.48. The pH of the solution hardly
increases until 13.0 mmol of CaCO; is added and then rap-
idly increases from 14.0 mmol of CaCO; added. There is a
buffer region between 2.0 and 13.0 mmol in the amount of
CaCO; added. In this region, Fe** ions gradually change

225
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- - - Mixed chloride solution + CaCO,

3.5 #
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25
20- ;
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Calcium carbonate (mmol)

Fig.1 The pH changes of the mixed chloride solution as a function of
CaCO; added. The amount of CaCO; added denotes as mmol

to Fe(OH);, and Ca** ions react with Cl1~ ions to convert
to CaCl,. As a result, the pH does not rise even if CaCO,
adds to this buffered state. The iron hydroxide formed dis-
solves initially at low pH but begins to precipitate as the
pH approaches 2.0. This experimental result is consistent
with the calculation value that precipitation starts around
pH 1.58 (See Table 2). It is worth mentioning that the pH
change curve is analogous to the titration curve for a strong
acid with a weak base.

Through the drying process, the initial precipitate,
Fe(OH);, turns into a brown powder. Powder XRD analysis,
given in the top panel of Fig. 2, shows that the dried brown
powder is FeOOH. When the powder is further annealed at
high temperature in air, it converts to highly crystalline iron
oxide in red color. The bottom panel of Fig. 2 shows the
XRD pattern of the annealed sample. All diffraction peaks
are in good agreement with those of Fe,O; with the hematite
structure, showing the formation of the desired cubic phase.
The absence of other peaks suggests that no other metal
hydroxides appear to precipitate simultaneously. Further,
the purity of Fe,0; was confirmed to be 96.26% by the ICP-
AES analysis. Figure S1 shows TEM and Elemental map-
ping images of representative Fe,O; particles, illustrating
that the particle has a cubic shape.

Thermal changes of the precipitate, Fe(OH);, were
investigated using thermal gravimetric analysis (TGA).
Figure 3 reveals that the weight percentage of the precipi-
tate decreases to about 69.1% over the original weight upon
heating, which is lower than the theoretical value (74.71%)
for complete conversion of Fe(OH); into Fe,0;. The low
value suggests that precipitate contains solvent molecules
like water. After TGA measurement, powder XRD of the
specimen is virtually identical with the XRD profile of
Fe,0; in Fig. 2.

@ Springer



226

Journal of Material Cycles and Waste Management (2021) 23:222-230

—
=S
S
O,
>
=
w
= ¥
[}
Qo
=
w
v
b4 v
v vv
v
FeOOH (@)
JCPDS No. 00-060-0614
| | 1 ” 1 I I o1l |
Fe,0, (v)
JCPDS No. 01-071-5088
1 . L 11
T T T T
20 30 40 50 60 70

26 (deg.)

Fig.2 Powder XRD profiles of precipitates dried at 80 °C (top panel)
and annealed in air at 800 °C (bottom panel). The precipitate was
obtained using 15.2 mmol of CaCOj; as a precipitating agent. All the
diffraction peaks of top and bottom panels can be well indexed to the
FeOOH and Fe,O; phases, respectively. The vertical bars below the
XRD profiles indicate the calculated positions for the Bragg reflec-
tions of FeOOH (blue circles) and Fe,O; (red triangles)

As anticipated, the amount of hydroxide precipitates
increases with increasing pH. Additional experiments per-
formed to determine the purity and yield of the product
according to the added CaCO;. The precipitation occurred
in the pH range above 2.0. The precipitate was separated
from the supernatant by centrifugation. Figure 4 shows
the change in pH and yield, depending on the amount of
CaCOj; added. The separated precipitate was washed sev-
eral times using deionized water and then dried sufficiently
in the oven, followed by calcination at 600 °C in air. The
yield was determined based on the amount of iron oxide
(Fe,05) finally obtained by heat treatment. The pH value is
a measure of the pH of the supernatant formed by the addi-
tion of CaCOj;. The yield increases with increasing the pH,
but other metal ions can also precipitate in hydroxide form
when the pH increases. Thus, the experiment was performed
at a pH lower than 3.76 because Al(OH); could precipitate
around pH 3.76. When 15.2 mmol of CaCO; was added,
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Fig.3 Thermogravimetric analysis (TGA) data for the precipitate
obtained using CaCOj; as a precipitant. Data were collected in the air
at a heating rate of 5 °C/min
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Fig.4 The pH value on the left vertical axis was measured from the
supernatant remaining after the precipitate had formed. The right ver-
tical axis represents the yield (%) of Fe,O produced according to the
amount of CaCO; added

the yield was 95.17%, and the pH of the supernatant was
3.56. The ICP-AES analysis determined the purity of Fe,0;
in the final product, which was about 96.26%. Detailed
ICP-AES data of Fe,O; is given in Table 3. The mass per-
centages of the two iron oxides recovered using 14.8 mmol
and 15.0 mmol of CaCO; were determined to be 97.29 and
97.07%, respectively. It is worth noting that the commercial
use of iron oxide is heavily dependent on the purity of iron
oxide. Highly pure iron oxides composed of over 99% Fe,05
are used as raw materials for cosmetics, sensors, and cata-
lysts [42, 43]. On the other hand, iron oxides of relatively
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Table 3 ICP-AES results of iron oxide (Fe,O;) recovered using
15.2 mmol of CaCO,

Element Fe Mn Al Mg Cr

Concentration (ppm) — 1409.6 89219 3495 9821.8
Mass ratio (%) 96.26 0.16 1.82 0.35 1.73

The iron oxide was obtained by annealing the precipitates at 600 °C
in air

Table4 Change in pH of the residual solution according to the
amount of CaO added

1st addition 2nd addition 3rd addition 4th addition

CaO (mmol) 0.36 0.54 0.71 0.89

pHchange 4.1—-74 6.6—9.2 82—94 84—11.2

The addition was divided into four additions

low purity (90%-95%) are widely used for pigments [44, 45].
Thus, iron oxides of about 96% purity synthesized by the
current method are suitable for use as a pigment.

Removal of other metal species from a solution
remaining after iron precipitation

The residual supernatant after the recovery of iron species
is usually treated as wastewater. However, the recovery of
calcium and chloride ions as CaCl, from the remaining solu-
tion can make the whole process more economical. In the
second experiment, we first removed residual metal ions by
precipitating them with calcium oxide (CaO). As can be seen
from the calculated pH values in Table 2, all-metal ions form
precipitates in the form of hydroxides when the pH of the
solution increases. CaO was chosen as a precipitant because
it not only has strong basicity but also contains a calcium
ion. To analyze the pH change and precipitate depending on
the amount of CaO added, CaO was added to the solution in
four portions. Table 4 shows the pH change depending on
the amount of CaO added. All the precipitates were annealed
in air at 800 °C to increase their crystalline property, and
then their X-ray diffraction data were collected. This calcina-
tion step is crucial for accurate structural analysis because
the precipitate initially formed are less crystalline.

The second experiment was conducted with a residual
solution after recovering iron species with 15.2 mmol of
CaCO;. When 0.36 mmol of CaO is added to the solu-
tion (1st addition, see Table 4), the pH rises to about 7.4,
resulting in a brown precipitate. Calcium oxide reacts
with water to form calcium hydroxide, Ca(OH),, which
is soluble in the acidic chloride solution. At high pH
value, however, its solubility drastically decreases, which
results in the formation of Ca(OH),. XRD pattern of the

first precipitate annealed in air showed that the precipitate
contained CaFe,0,, CaFeO;, and Ca,Fe,O5 phases. The
impurities suggest that the remaining iron ions, after the
first step, dropped to precipitation along with Ca ions as
the pH increased.

Adding 0.54 mmol of CaO to the residual solution raises
the pH to 9.2 (2nd addition), forming a second precipitate.
XRD data of the second precipitate show that the precipi-
tate contains Ca;Al,O4 and CaCrO;. This result is in good
agreement with the tendency of pH to form precipitates
shown in Table 2. XRD analysis of the precipitate obtained
from the third addition of CaO shows that CaMn,0, and
CaMnO; are major phases. Finally, 0.54 mmol of CaO is
added to the residual solution, the pH rises to 11.2, and
all remaining manganese and magnesium ions precipitate.
As expected from the KSp values in Table 2, it can be seen
that iron ions form hydroxide precipitates at the lowest pH,
and other precipitates are formed in the order of Al, Cr,
Mn, and Mg as the pH increases. The pH change, accord-
ing to CaO addition, is given in Table 4 and the XRD data
of the precipitates at each addition are shown in Fig. 5.
After metal ions are entirely removed by adding CaO, an
aqueous solution exclusively composed of calcium and
chlorine ions remains. The same experiments were per-
formed with two residual solutions after the iron recovery
with 14.8 mmol and 15.0 mmol of CaCO;. The pH changes
with the amount of CaCOj; are summarized in Table S1
and S2. Corresponding XRD profiles are illustrated in Fig.
S2 and S3.

Recovery of CaCl, from a solution remaining
after precipitation of all-metal species

The pH of the residual supernatant after precipitation of
all metal ions is about 11. This basic aqueous solution
contains many Ca’** and CI~ ions. And Ca(OH), is also
present as an equilibrium product in solution, which can
react with CO, to form CaCO; [46, 47]. Blowing CO, gas
into the supernatant readily produces a white precipitate
(CaCOs;). The precipitates were removed by centrifuga-
tion. The remaining solution was neutral, with a pH of
about 7.2. After drying the precipitate in an oven, it was
examined by XRD and found to be CaCO; (See Fig. 6a).
The CaCO; powder created by the reaction of Ca(OH),
and CO, can be reused in the first process to separate iron
species from the chloride waste. In the separated solu-
tion, polycrystalline CaCl, formed through the evapora-
tion of water. Typically, CaCl, was obtained in the hydrate
form of CaCl,. Heat treatment converts hydrated CaCl,
to anhydrous CaCl,. Figure 6b shows the XRD pattern of
hydrated CaCl, obtained by the slow evaporation of water.
The XRD pattern matches well with that of CaCl,-4H,0.
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(b)

Intensity (a.u.)
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Fig.5 Powder XRD profiles of four precipitates obtained by precip-
itation of the residual solution with CaO. The XRD data were col-
lected after calcination of the precipitates in the air at 800 °C. The
order of the XRD patterns from the top to the bottom panel corre-
sponds to those of the first, second, third, and fourth precipitates,
respectively: a first precipitates: CaFe,0, (right side black shaded cir-
cle), CaFeOj; (white dot), Ca,Fe,O5 (left side black shaded circle); b
second precipitates: Ca;Al,Og (iverted black triangle), CaCrO; (black
dot); ¢ third precipitates: CaMn,O, (white diamond), CaMnOj; (black
dot); d fourth precipitates: CaMnO; (black dot), MgO (black square)

Fig.6 a Powder XRD pattern

(a)

Flowsheet for the recovery of iron oxide and calcium
chloride

A schematic of the precipitation process developed in this
study is shown in Fig. 7. This process for the recovery of
iron oxide and calcium chloride from the chloride solution
consists of three significant steps. Each step was described
in detail in the previous paragraphs. The first step is to sepa-
rate iron species from the solution of mixed metal chlorides
using CaCO; as a precipitating agent. At this stage, almost
all iron ions are precipitated in hydroxide form, Fe(OH);,
and other metal ions remain in solution. The second step is
the removal of all metal ions in the solution by precipitation
in the form of hydroxides. At this stage, CaO, which is a
strong base, is used as a precipitation agent. The third step
is to crystallize CaCl, in a solution in which all the metal
components were removed. The solution is neutralized by
blowing CO, into the solution, which results in the forma-
tion of CaCO;. After separating the CaCO; solid, water in
the remaining solution is evaporated to yield CaCl,.

Conclusion

We have developed a novel method to selectively recover
iron values from iron-rich chlorides using environmen-
tally benign and abundant CaCO; powders as precipitants.
This process makes it possible to selectively precipitate
iron species from the chloride solution and easily produce
CaCl, from residual supernatant. When CaCO; was added
until the pH of the solution was over 3.3, more than 95%
of the iron species with high purity was separated from
the chloride solution. CaCl, can also be obtained from

(b)

of CaCOj; obtained by bubbling
CO, into the residual solu-

tion. b Powder XRD profile

of hydrated CaCl, obtained by
the evaporation of water in the
separated solution. The vertical
bars below the XRD profiles
indicate the calculated positions
for the Bragg reflections of a
CaCOj; and b CaCl,-4H,0
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Fig.7 Overall schematic flow diagram for the precipitation process
developed in this study

the remaining solution by flowing CO, gases. The present
work demonstrates the potential of CaCO; for environ-
mentally friendly process design with regard to recovery
of iron species from calcium chloride waste, which ena-
bles to use ilmenite extensively as a feedstock for TiCl,
production.
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