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Abstract: H;PO, oxidation roasting followed by HCI acid leaching was proposed to remove magnesium and calcium from electric
furnace titanium slag containing 3.12% MgO and 0.86% CaO. XRF, XRD and SEM techniques were used to characterize the
composition, mineral phase component and microstructure of the titanium slag. The H;PO, oxidation thermodynamic, mineral phase
transformation, microstructure, element distribution in titanium slag during H;PO, oxidation process and leaching process were
investigated. The thermodynamic analysis indicated that H;PO4 could promote the decomposition of MgTi,Os and CaSiOs;. The
results indicated that H3;PO, could effectively promote the transformation of titanium-bearing mineral to rutile and enrich the
impurities in M, Ti;_,Os into phosphate which could be removed by acid leaching process. Under the studied conditions, the leaching
rates of magnesium and calcium reached 94.68% and 87.19%, respectively. The acid leached slag containing 0.19% MgO and 0.13%

CaO (mass fraction) was obtained.
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1 Introduction

TiO, pigment is widely used in industries due to its
superior performance [1—-3]. Currently, the chloride
process and sulfate process have been two main
commercial processes for TiO, pigment production [4].
The development of sulfate process is restricted by the
low-quality TiO, pigment and environment problem.
Compared with sulfate process, the chloride process has
received more attention due to the advantages of high-
quality TiO, pigment and smaller amount of waste [5]. In
the chloride process, Cl, chlorinates the upgraded
titanium slag/rutile to produce TiCly in the presence of
carbon. The major impurities in feedstock, such as Mg
and Ca, are also chlorinated to form metal chlorides in
the carbochlorination process. However, CaCl, and
MgCl, are so non-volatile under the conditions of
chlorination reaction that these chlorides will clog the
reaction bed [6]. Therefore, the strict (CaO + MgO)
content (less than 1.5%, mass fraction) of feedstock in
the chloride process is proposed to prevent the reaction
bed from being clogged by CaCl, and MgCl,.

With the decrease of natural rutile supply, more and

more attention is paid to preparing the high-quality
titanium slag or synthetic rutile for the feedstock of
chloride process. There are many methods developed or
under development all over the world to prepare the
high-quality titanium slag or synthetic rutile from
ilmenite, including the electric furnace smelting
process [7], the Becher process [8], the acid leaching [9]
and other methods [10,11]. The electric furnace smelting
process has been commercialized due to the advantages
of large production scale, low waste and high efficiency,
while the other methods are still immature due to the
technological problems. Panxi region of China is rich in
ilmenite containing high (CaO + MgO) content, which
accounts for 16.8% titanium of world reserve [12].
Currently, the electric furnace titanium slag produced in
smelting process using Panzhihua ilmenite cannot meet
the quality requirement of chloride feedstock because of
its low TiO, content and high (CaO + MgO) content.
Thus, it is crucial to develop an effective method to
remove the impurities of electric furnace titanium slag,
especially magnesium and calcium.

There are many studies on removing the impurities
and upgrading the electric furnace titanium slag [13—15].
The common processes are oxidation/reduction of
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titanium slag followed by leaching to remove the
impurities. The UGS process [16] is a typical method for
upgrading sorel slag to synthetic rutile containing 94%
TiO, and 0.6% (CaO + MgO) in Canada. LEDDY and
SCHECHTER [17] indicated that the TiO, content of the
titanium slag increased from 70% to 90% (mass fraction)
by oxidation roasting—leaching process, and the (CaO +
MgO) content in the final product was less than 0.2%.
ELGER and HOLMES [18] proposed that the titanium
slag was roasted in the SO,/SO; and O, atmospheres at
600—1000 °C. Then, the roasted slag was leached by
water to prepare the synthetic rutile which contains
85.5% Ti0,, 0.07% CaO and 1.3% MgO (mass fraction).
The titanium slag reacted with sodium hydroxide in
order to transform to the soluble titanate which could be
washed and separated from the insoluble impurities [19].
Then, titanate was further treated to obtain the
final product with the high TiO, content (>99%).
LASHEEN [20] and DONG et al [21] pointed out that
the titanium slag was roasted with sodium salt to break
the structure, then the roasted slag could be upgraded to
the synthetic rutile by water leaching or acid leaching.
NAYL et al [5] pointed out that titanium slag could
dissolve in the NH,OH system at 150 °C, then the
ammonium titanate was hydrolyzed to obtain the high
purity titanium dioxide. The improvement of this process
was proposed by SUI and ZHAI [22], during which
ammonium bisulfate was used to roast with titanium
slag. Except the UGS process, the methods mentioned
above are still immature due to the technological
problems, such as heavy consumers of additive and
energy, severe equipment requirements and pollution
problems. The UGS process is not suitable for upgrading

the Panzhihua titanium slag due to the high (CaO + MgO)

content in the slag [23]. How to effectively remove
magnesium and calcium from Panzhihua titanium slag
has become a significant problem, which is crucial for
the utilization of Panzhihua titanium slag and the
development of titanium industry in China.

In this work, the removal of magnesium and
calcium from Panzhihua titanium slag by H;PO,
oxidation roasting—leaching was investigated, with an
emphasis on H;PO, oxidation thermodynamic, the
effects of H;PO, dosage and reaction temperature on the
mineral phase transformation, microstructure and
element distribution of roasted slag, and the effects of
H;PO, dosage on the leaching rates of magnesium and
calcium. We proposed an effective method of removing
magnesium and calcium from Panzhihua titanium slag.

2 Experimental

2.1 Materials
The titanium slag used in this study was collected

from The Titanium Slag Plant of Panzhihua Iron & Steel
Company, Sichuan Province, China. The samples were
finely ground to size less than 74 um. The chemical
composition of the Panzhihua titanium slag is listed in
Table 1. It can be seen that the TiO,, MgO and CaO
contents of the titanium slag are 72.43%, 3.12% and
0.86% (mass fraction), respectively. The XRD pattern
and microstructure of Panzhihua titanium slag are shown
in Fig. 1 and Fig. 2, respectively. The EDS analysis of
the titanium slag is listed in Table 2. The major titanium-
bearing mineral in the slag is M,Ti;_, 05 (0<x<2,
M=Ti, Fe, Mg, Al). Most of the magnesium exists in
the titanium-bearing mineral. All reagents used in the

Table 1 Chemical composition of Panzhihua titanium slag

(mass fraction, %)
T102 TFe A1203 SIOZ CaO MgO MnO P205
7243 926 255 739 086 3.12 0.83 0.013

e — M, Tiy_ Os (0<x<2, M=Ti, Fe, Mg, Al)
+ — Diopside ((Mgy ¢Fe2Aly2)CaSi;06)

10 20 30 40 50 60 70
26/(°%)

Fig. 1 XRD pattern of Panzhihua titanium slag

k " @ 50 um

Fig. 2 SEM image of Panzhihua titanium slag

Table 2 EDS analysis of titanium slag

Point in Mass fraction/%
Fig2 0 Ti Fe Mg Ca Al Si S
A 26.62 61.43 598 353 - 139 - -
B - 2.28 60.54 - - - - 37.18

C 46.03 3.78 3.12 2.41 1543 4.23 2481 -
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experiments are at least of analytical grade. The purity of
oxygen is 99.99%.

2.2 Experimental procedure
2.2.1 Roasting

Before roasting, 100 g titanium slag was thoroughly
blended with a certain amount of 85% H;PO,. Then, the
mixture was pelletized into green pellets (2 g per pellet)
with 10 mm in diameter. The green pellets were dried in
an oven at 110 °C for 4 h. Roasting experiments were
carried out in a horizontal tube resistance furnace
(diameter 50 mm) with an automatic temperature control
system. 20 g dried pellets were loaded in a corundum
crucible (10 mm x 25 mm %55 mm) which was pushed
into the furnace at a rate of 25 mm/min. Then, the pellets
were heated at designated temperatures for a certain time
with the oxygen flow through horizontal tube at a rate of
0.3 L/min. After roasting, the oxygen was closed and the
corundum crucible was pulled out of the furnace at a rate
of 25 mm/min. Then, the oxidized samples were cooled
to room temperature and submitted for the analysis of
mineral phase, microstructure, element distribution and
the leaching experiment.
2.2.2 Leaching

The oxidized pellets were crushed and ground to
size less than 74 pm firstly. HCI leaching experiments
were carried out in a 500 mL three-necked glass flask
fitted with a thermometer, an agitator at a stirring rate of
500 r/min and a reflux condenser. The three-necked glass
flask was heated in a constant temperature oil-bathing.
100 g leaching agent (20% HCI, mass fraction) was
loaded into the flask and heated to the designated
temperature. Then, 20 g oxidized sample was put into the
leaching agent. After leaching, the slurry was filtered and
washed with distilled water. The filter cake was dried in
an oven at 105 °C for 4 h. The dried acid leached slag
was submitted for the analysis of chemical composition
and mineral phase.

2.3 Definition of parameters
The leaching rate of impurities is calculated by
using Eq. (1):

m:[l_ s }100% 0

myWo

where 7; (%) is the leaching rate of impurities, m (g) is
the mass of the dried leaching residue, w; (%) is the mass
fraction of impurity in the leached residue, mq(g) is the
mass of oxidized titanium slag used in the leaching
experiment, and wy (%) is the mass fraction of impurity
in the oxidized titanium slag.

2.4 Analysis and characterization

FactSage 7.0 (Thermfact/CRCT, Montreal, QC,
Canada; GTT-Technologies, Herzogenrath, Germany)
was used to analyze the thermodynamics.

The chemical compositions of the titanium slag,
oxidized sample and leached sample were quantitatively
analyzed by X-ray fluoroscopy (XRF, Axios mAX,
Holand PANalytical Co., Ltd.).

The microstructure and the element distribution of
the mineral in the samples were characterized by a
scanning electron microscope equipped with an energy
diffraction spectrum analyzer (SEM—-EDS, Quanta200,
FEI Holland).

The phase compositions of the samples were
characterized by X-ray diffractometry (Cu K, radiation,
2=0.154056 nm, 40 kV, 300 mA, D/max2550PC, Rigaku
Co., Ltd., Japan).

3 Results and discussion

3.1 Thermodynamic analysis of roasting

In order to make the thermodynamic calculation, the
M, Ti3-,05 can be simply considered as Ti;Os, FeTi,Os,
MgTi,Os and ALTiOs. The possible reactions of
titanium-bearing minerals during the oxidation roasting
can be simply expressed in Table 3.

Figure 3 shows the AG®—T relationship lines of the
possible reactions during oxidation roasting. According
to the calculated results, all the AG® values of
Egs. (2)—(6) increase with the increase of oxidation
temperature. The AG® of Eq. (6) is above the zero line.
This indicates that MgTi,Os cannot be decomposed into
MgO and TiO,, which is detrimental to the further acid
leaching process. The AG® values of Egs. (4) and (5) are
above zero at 1139.37 and 1532.29 K, respectively.

The silicate in the titanium slag can be simply
considered as CaSiO; which may react with H;PO,. The
possible reactions during the H;PO,4 oxidation roasting

Table 3 Possible chemical reactions of titanium-bearing minerals during oxidation roasting

Equation No. Reaction AG®-T relationship
2) 2Ti;05 +0,—6TiO, AG®=—767547.97+225.72T
(3) 4FeTi,05+0,— 2Fe,TiOs + 6TiO, AG®=—532794.55+258.20T
@) Fe,TiOs=Fe,0;+TiO, AG®=-23619.15+20.73T
®) AL TiOs=AlL0;+TiO, AG®=—44375.19+28.96T

(6) MgTi,0s=MgO+2TiO,

AG®=12871.86+10.85T
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process can be simply expressed in Table 4. The AG®—T
relationship lines of the possible reactions during H;PO,
oxidation roasting are shown in Fig. 4.

0=
=100+
=200
=300}

400

AGE/(kJ-mol ™)

=500}

=600

-700 £ - : : :
400 600 800 1000 1200
TIK

1200 1600

Fig. 3 AG®-T relationship lines of possible reactions during
oxidation roasting

Table 4 Possible chemical reactions during H;PO, oxidation

roasting
Equation Reaction AG®-T relationship
No.
) 2H;PO,—P,05+3H,0  AG®=483468.8-298.5T
FCQTiO5+2H3PO4:

O=— +
) pepO.TiONSH,o  AGT4244154334.097
3MgTi,05+2H;PO4=~

O__ —
) Mes(PO,),+6 TiOZ+3H,0 AG"=—173041-211.5T

ALTiOs+2H;PO,—

®:— —
(10) 2AIPO,+TIO,+3H,0 AG =-31132-261.9T

3Cale3+2H3PO4=

O_ _
(D o POpaasiOm0  AGT=209529-2307

400
—— —o—Eq. (2)
T ——Eq.(7)
200+ }-w;__%\\c ——Fq. (8)
',f:\ “'-g.__‘\: ]
a 0L _ A - _)‘-:.;
5 " ——Eq.(9)
= -200} f‘"ﬁ;,-s/ ——Eq. (10)
5 el e ——Eq.(1])
N S
-400 | ' ——
-600 |
400 600 800 1000 1200 1400 1600

K
Fig. 4 AG®-T relationship lines of possible reactions during

H;PO, oxidation roasting

The AG® value of Eq. (7) is above the zero line,
which indicates that H;PO, cannot be decomposed in the
temperature range of 400—1600 K. Except Eq. (8), the

AG® values of other reactions are less than zero, which
means that adding H;PO, in the titanium slag is
advantageous to the removal of Ca and Mg in the
temperature range of 400—1600 K. Therefore, the
titanium-bearing minerals and CaSiO; in the titanium
slag can react with H;PO, to generate the phosphates
during H;PO, oxidation roasting.

3.2 Comparison of oxidation roasting and H;PO,

oxidation roasting

Figure 5 shows the XRD patterns of different
roasted slags at 1200 °C for 120 min. The H;PO, dosage
is 16% (mass fraction) during the H3;PO, oxidation
roasting. The rutile phase is detected in the oxidized slag
and H;PO, oxidized slag. The intensity of rutile phase
in the H;PO, oxidized slag is much higher than that of
the oxidized slag. The intensity of M,Ti;_Os (0<x<2)
becomes very weak in the H;PO, oxidized slag.

o — M, Ti,_ 05 (0<x<2, M=Ti, Mg, Al
« — Diopside (Mg, sFe, 1Al ,)CaSi,0f)

. = — Rutile(TiO,)
+— Quartz(SiO,)

L ]
® .,
10 20 30 40

50 60 70 80
)

Fig. 5 XRD patterns of different roasted slags: (a) H3PO,
oxidized slag; (b) Oxidized slag

The SEM images and EDS analysis of the two
oxidized slags are shown in Fig. 6 and Table 5,
respectively. It is observed from Fig. 6(a) and Table 5
that the long columnar rutile particle with about 4 um in
width is embedded in M,Ti;_,Os (0<x<2) particle. The
analysis of Point 42 in Fig. 6(a) indicates that a large
amount of Ti coexists with Al, Mg and Fe in the
M, Ti3-,05 (0<x<2) particle. It can be seen from Fig. 6(b)
that the 10—30 um granular rutile particles connect with
each other in the H;PO, oxidized slag. The phosphates
(Points B4 and BS) are formed during H;PO, oxidation
roasting.

The impurities leaching rates of different slags are
shown in Fig. 7. The leaching conditions are as follows:
HCI acid concentration 20%, leaching temperature
110 °C, leaching time 120 min and liquid/solid ratio 5:1.
This indicates that the impurities leaching rates are
improved effectively by the H3PO, oxidation roasting,
especially for magnesium.
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Fig. 6 SEM images of different titanium slags: (a) Oxidized
slag roasted at 1200 °C for 120 min; (b) H;PO, oxidized slag
roasted at 1200 °C for 120 min with 16% H;PO,

Table 5 EDS analysis of different titanium slags

Point in Mass fraction/%

Fig6 o Ti Fe Mg Ca Al Si P
Al 3871 61.29 - - - - - -
A2 1483 50.22 22.60 7.06 — 290 - -
Bl 51.10 4890 - - - - - -
B2 40.02 22.59 35.07 1.06 0.15 1.07 0.04 -
B3 5818 127 - 026 - - 3949 0.8l
B4 4989 2.61 7.17 10.10 537 3.63 0.37 20.88
B5 5635 052 254 - 007 1631 1.74 2248

100 94.6%
[ ean R
g0l [ Oxidized slag
70.1% M,
2 b oxidized slag
=
8]
s 60F
=1)]
.g
g 38.3%
E 401 34.1%) =’
22.9%
20¢
12.6%
3.5% 3.2%
0 !

Mg Ca Al Fe Si
Impurity
Fig. 7 Impurities leaching rates of different slags

Therefore, the transformation of rutile is enhanced
by H;PO, oxidation roasting. In the H;PO,4 oxidation
roasting, the impurities are transformed to phosphates
which can be removed by the HCI leaching. Under the
same oxidation conditions, the magnesium leaching rate
of H;PO, oxidized slag reaches 94.6%, which is much
higher than that of oxidized slag (22.9%).

3.3 Oxidation roasting
3.3.1 Effect of H;PO, dosage on oxidation roasting

The effect of H;PO, dosage on the phase
composition of H3PO, oxidized slag at 1000 °C for
120 min is shown in Fig. 8. The results indicate that the
intensity of rutile increases and the intensity of
M, Ti;_,O5 (0<x<2) deceases with the increase of H;PO,
dosage. When the H;PO, dosage reaches 12% (mass
fraction), the peak of quartz is detected in the H3PO,
oxidized slag, which indicates that a large amount of
silicate reacts with H;PO4. When the H3PO, dosage is
20% (mass fraction), the intensity of M, Ti3—Os (0<x<2)
becomes very weak and the major mineral phase of the
H;PO, oxidized slag is rutile. The phosphorus-bearing
minerals are not detected in different H;PO, oxidized
slags, because the phosphate produced in the roasting
process may be non-crystalline substance which cannot
be detected by XRD analysis.

e — M, Ti;_ Oy (0<x<2, M=Ti, Mg, Al)
+ — Diopside (Mg, ¢Fey Al 2)CaSi;0¢)
= — Rutile(TiO,)
' +— Quartz (Si0,)
. - 20% H,PO,
st o) o )uln f2 = %
-
. - 16% H,;PO,
L R ® | ulme o }u oum my
- - 12% H,PO,
s &9 ® pulmee |® o mm umm
1 8% H,PO
fo:l ® Ten"ue e j_{c!.ong .
- o,
. “ A: -l'gf mg ® A:AI . :I-A:[.'}PO‘;
H Without H,P
o . Il ‘: 1'2&. me ® A.gl -L.?u-- 3 04
10 20 30 40 50 60 70 80

20/(%)
Fig. 8 XRD patterns of roasted slags with different H;PO,
dosages at 1000 °C for 120 min

Figure 9 and Table 6 show SEM images and EDS
analysis of H3PO, oxidized slag with different H;PO,
dosages at 1000 °C for 120 min. It can be seen from
Fig. 9 and Table 6 that many small holes appear at the
edge of roasted particle as the H;PO, dosage is 4%. And
the EDS analyses (Points B1 and B2 in Fig. 9(b)) indicate
that the main impurities still distribute in M,Ti;_,Os
(0<x<2) and silicate. When the H;PO,4 dosage is 8%, the
particle edge is broken and many long cracks stretch into
the particles.
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(¢) 8% H;POy; (d) 12% H3PO; (e) 16% H;PO; (f) 20% H;PO,

The EDS analyses (Points C1 and C2 in Fig. 9(c)) show
that the main impurities still distribute in M,Ti;_,Os
(0<x<?2) and silicate.

When the H;PO,4 dosage reaches 12%, the titanium
slag particle is broken into small parts. According to the
EDS analysis in Table 6 and the XRD analysis in Fig. 8,
the gray part (Point D1 in Fig. 9(d)) is rutile, and the
gray-white part (Point D2 in Fig. 9(d)) is pseudobrookite.
In addition, Point D3 in Fig. 9(d) is SiO, and Point D4 in
Fig. 9(d) is Mg;(PO,),. The results are consistent with
the thermodynamic analysis in Fig. 4. Therefore, when
the H3;PO, dosage reaches 12%, the main reactions
during the roasting are as follows:

3MgTi205+2H3PO4:Mg3 (PO4)2+6Ti02+3 HzO,
3CaSiO3+2H3PO4=Ca3(PO4)2+3 SIOZ+3H20

Ca3(POy), is not detected in the SEM images
because of the less content in the slag.

When the H;PO,4 dosage increases to 16%, the rutile
particles are larger than those of 12% H;PO, oxidized
slag. The gray part (Point E1 in Fig. 9(e)) is rutile. The
gray-white part (Point £2 in Fig. 9(e)) is pseudobrookite,
which is clear-enrichment in the roasted slag. Point £3 in
Fig. 9(e) is SiO,. The main chemical compositions of
Point E4 in Fig. 9(e) are O, P, Mg and Fe, which
indicates that Fe,TiOs starts to react with H;PO, as
follows:

Fe,TiOs+2H;PO,~2FePO,+TiO,+3H,0.
It is observed from the EDS analysis in Table 6 that

the main mineral phases in 20% H3;PO, roasted slag are
similar to that of 16% H;PO, oxidized slag. The rutile
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Table 6 EDS analysis of roasted titanium slag with different H;PO, dosages

Mass fractiz;n of H;PO,/ Point in Fig. 9 ' Mass fraction/% :
° (0] Ti Fe Mg Ca Al Si P
0 Al 15.73 62.19 11.41 7.06 - 3.61 - -
A B1 50.23 41.87 4.80 1.32 0.10 1.17 0.12 0.38
B2 55.17 6.16 1.60 2.78 8.74 4.34 20.51 -
o C1 54.07 36.99 3.27 297 0.24 1.42 0.29 0.74
c2 52.41 3.68 5.58 3.46 5.75 4.63 24.08 -
D1 46.73 53.27 - - - - - -
D2 44.61 24.29 28.98 1.35 - 0.76 - -
12 D3 58.48 1.29 - - - 0.51 39.61 0.12
D4 58.30 - - 20.05 - - - 19.93
El 48.00 52.00 - - - - - -
E2 44.63 23.79 29.85 0.90 - 0.83 - -
o E3 60.56 3.42 - - - 0.39 35.05 0.58
E4 51.44 - 1.57 21.64 - - - 21.68
F1 49.93 50.07 - - - - - -
2 44.29 20.14 33.24 1.05 - 0.22 0.24 0.81
20 F3 60.88 5.79 0.43 0.37 - 0.92 29.81 1.81
F4 51.70 - 4.30 18.88 - - - 22.47

particles are much larger than those of 16% H;PO,
oxidized slag. The phosphates migrate to the edge of
titanium slag particle.

When the H3;PO, dosage is less than 12%, the
impurities in slag cannot be observably separated from
titanium-bearing mineral. When the H;PO, dosage is
16%, the iron in the slag starts to react with H;PO, to
form phosphate. In addition, the rutile, pseudobrookite,
quartz and phosphate observably are enriched in the slag.
Therefore, in order to transform more impurities into
phosphates, the H;PO, dosage should be at least 16%.
3.3.2 Effect of reaction temperature on oxidation roasting

The effect of reaction temperature on the phase
composition of H;PO, oxidized slag is shown in Fig. 10.
During the H;PO, oxidation roasting, H;PO, dosage is
16% and the reaction time is 120 min.

Based on the results in Fig. 10, increasing the
temperature can promote mineral phase transformation
during the H;PO, oxidation roasting. When the reaction
temperature is 600 °C, the main mineral phases are
similar to those of untreated titanium slag, which
indicates that the reactions between H;PO, and titanium
slag do not occur or occur very slowly. When the
reaction temperature reaches 800 °C, the intensity of
M, Ti3,05 (0<x<2) is weakened and the rutile phase is
detected. Then, the main reaction at 800 °C during
H;PO, oxidation roasting is as follows:

2Ti305+02:6Ti02.

When the reaction temperature increases to 1000 °C,

o — M Ti;_ O; (0<x<2, M=Ti, Mg, Al)
+ — Diopside (Mg ¢Feg,Alj,)CaSi,04)
= — Rutile(TiO,)

] *— Quat’tz(SiOz)
= . 1 1200 °C
8 ¥ e . l Tl'. Ij i :‘.

1000 °C

e
>e

L ]
s Juaf e o ex e 600°C
.
o l. A_: ® s 4% iaae ‘Untreatcd
10 20 30 40 50 60 70 80

20/(%)
Fig. 10 XRD patterns of roasted slags at different reaction
temperatures for 120 min with 16% H3PO,

the rutile is the main mineral phase in the H;PO,
oxidized slag. The intensity of M,Ti;_,Os (0<x<2) is
weakened sharply, which means a large amount of
M, Ti;_,O5 (0<x<2) reacts with H;PO,. The disappearance
of silicate peak and the appearance of quartz peak
indicate that the silicate reacts with H;PO,.

When the reaction temperature reaches 1200 °C, the
main mineral phases in slag are similar to those of H;PO,
oxidized slag at 1000 °C. The intensity of rutile is higher
than that of H;PO, oxidized slag at 1000 °C.

Figure 11 and Table 7 show SEM images and EDS
analysis of H;PO, oxidized slags with 16% H;PO, at
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Fig. 11 SEM images of roas
(¢) 1000 °C; (d) 1200 °C

Table 7 EDS analysis of roasted titanium slag at different reaction temperatures

-

action temperatures for 120 min with 16% H3;POy4: (a) 600 °C; (b) 800 °C;

20 |

363

Temperature/ Point in Mass fraction/%

°C Fig. 11 (0] Ti Fe Mg Ca Al Si P

Al 43.41 50.33 4.03 1.34 - 0.94 0.04 -

600 A2 64.36 2.44 0.64 1.37 5.82 421 20.77 -
A3 53.31 6.01 421 1.02 4.08 3.00 17.35 11.01

B1 42.92 46.08 8.56 1.65 - 0.79 - -

800 B2 54.54 5.88 - 1.12 5.48 5.37 27.61 -
B3 52.53 4.40 1.97 3.35 432 3.07 18.34 12.03

C1 48.00 52.00 - - - - - -

2 44.63 23.79 29.85 0.90 - 0.83 - -
1000 3 60.56 3.42 - - - 0.39 35.05 0.58
Cc4 51.44 - 1.57 21.64 - - - 21.68

D1 51.10 48.90 - - - - - -

D2 40.02 22.59 35.07 1.06 0.15 1.07 0.04 -
1200 D3 58.18 1.27 - 0.26 - - 39.49 0.81
D4 49.89 2.61 7.17 10.10 5.37 3.63 0.37 20.88
D5 56.35 - 2.54 - 0.07 16.31 1.74 22.48

different reaction temperatures for 120 min, respectively.
As shown in Fig. 11 and Table 7, when the reaction
temperatures are 600 and 800 °C, the microstructures and
mineral compositions of the roasted slag have no
obvious changes. The P and Si distribute around the

M,Ti;_,Os (0<x<2) particles (Points 43 and B3 in
Figs. 11(a) and (b), respectively). And the main chemical
compositions of M, Ti3—,Os (0<x<2) (Points A1 and B1 in
Figs. 11(a) and (b), respectively) and silicate (Points A2
and B2 in Figs. 11(a) and (b), respectively) almost do not
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change. The rutile is not detected in the SEM image due
to its tiny crystal although it is detected in the XRD
pattern of H;PO, oxidized slag at 800 °C.

When the reaction temperature reaches 1000 °C, the
titanium slag particle is broken into small parts. At the
same time, the H;PO, reacts with M, Ti;,O5 (0<x<2) and
silicate sufficiently. The main mineral phases in the
roasted slag are rutile (Point Cl in Fig. 11(c)),
pseudobrookite (Point C2 in Fig. 11(c)), quartz (Point C3
in Fig. 11(c)) and phosphate (Point C4 in Fig. 11(c)).
When the reaction temperature is 1000 °C, the main
reactions during H3;PO, oxidation roasting are as follows:

FezTi05+2H3PO4:2F6P04+TiO2+3HQO,
3MgTi205+2H3PO4:Mg3(pO4)2+6TiO2+3H20,
3CaSi0;+2H;PO,—Cay(PO,),+3Si0,+3H,0.

When the reaction temperature is 1200 °C, the sizes
of different minerals are much larger than those of H;PO,
oxidized slag at 1000 °C. There are two kinds of
phosphates in the H;PO, oxidized slag. One is
magnesium-rich phosphate (Point D4 in Fig. 11(d)) and
the other is aluminum-rich phosphate (Point D5 in
Fig. 11(d)). This indicates that when the reaction
temperature is 1200 °C, Al,TiOs reacts with H;PO, as
follows:

A12TIO5+2H3PO4:2A1PO4+TIOZ+3H20

Therefore, increasing reaction temperature can
effectively promote the transformation of impurities in
the slag into phosphates, especially magnesium and
aluminum.

3.4 Effect of H;PO, dosages on HCl leaching

The titanium slags are oxidized with different
dosages of H;PO, at 1000 °C for 120 min. The impurities
in the slag react with H;PO,4to form orthophosphate such
as Mg;(PO,), and Ca3(PO,), at the high oxidation
temperature. The H3;PO, oxidized slag is leached by
hydrochloric acid wunder the following leaching
conditions: hydrochloric acid concentration 20%,
leaching temperature 110 °C, leaching time 120 min,
liquid/solid ratio 5:1. The phosphate in the H3;PO,
oxidized slag can be removed by hydrochloric acid
leaching. Because the molar ratio of HC1/(CaO+MgO) is
less than 18:1, the leaching products will be Mg(H,POy,),
and Ca(H,PO,),, or MgHPO, and CaHPO,, which can be
dissolved in hydrochloric acid [24]. Therefore, the
leaching mechanisms are as follows:

Mg;(PO4),+4H =3Mg* +2H,PO, (12)
Mg3(PO,)+2H —3Mg? +2HPO; (13)
Cas(PO,),+4H =3Ca*"+2H,PO, (14)
Cay(PO,),+2H —3Ca?" +2HPO; (15)

The effects of H;PO, dosage on the Mg and Ca
leaching rates and the TiO, content of acid leached slag
are shown in Fig. 12. The leaching rates of Mg and Ca
increase with the increase of H;PO, dosage. When the
H;PO, dosage is 16%, the leaching rates of Mg and Ca
reach 94.68% and 87.19%, respectively. The H;PO,
dosage has a significant influence on the TiO, content of
acid leached slag. The TiO, content of acid leached slag
reaches 81.84% from 73.85% (mass fraction) as H;PO,
dosage increases from 0 to 20%. Table 8 shows the
chemical composition of acid leached slag when H;PO,
dosage is 16%. It is seen from Table 8 that the MgO and
CaO contents of acid leached slag are 0.19% and 0.13%
(mass fraction), respectively. The XRD patterns of
different acid leached slags under the same oxidation
conditions (1000 °C, 120 min) are shown in Fig. 13. The

100 — .
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g% 178 2
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B S
S 40 Jaz B
s 76 =
— ’ —o— Mg leaching rate
20 —o— Ca leaching rate 74
—— Ti0, content
1 1 1 1 1 72
0 4 8 12 16 20
H,PO, dosage/%

Fig. 12 Effect of H;PO, dosage on Mg and Ca leaching rates
and TiO, content of acid leached slag

Table 8 Chemical composition of hydrochloric acid leaching
product (mass fraction, %)

TiO, TFe AlLO; CaO MgO SiO, P,0s
80.06  6.79 0.31 0.13 0.19 7.44 2.83

¢ —M,Ti, O (0<x<2, M=Ti, Mg, Al)

= — Rutile(TiO,)
. +— Quartz(Si0,)

Fig. 13 XRD patterns of different acid leaching products:
(a) H3PO, oxidized-leached slag; (b) Oxidized-leached slag



Fu-qiang ZHENG, et al/Trans. Nonferrous Met. Soc. China 28(2018) 356—366 365

results in Fig. 13 indicate that the major mineral phases
of H3;PO, oxidized-leached slag are rutile and quartz. The
M,Ti;_,Os was not detected in the H;PO, oxidized-
leached slag.

4 Conclusions

1) H3PO4 oxidation roasting followed by acid
leaching was proposed to remove magnesium and
calcium from electric furnace titanium slag containing
3.12% MgO and 0.86% CaO.

2) The oxidation thermodynamics of titanium-
bearing minerals during the oxidation roasting process
indicted that H;PO, could promote the decomposition of
MgTi,0s5 and CaSiOs.

3) The transformation of titanium slag into rutile
and Mg leaching rate effectively increased with the
increase of H;PO, dosage and reaction temperature.

4) After the titanium slag was oxidized with 16%
H;PO, at 1000 °C for 120 min, most of Mg and Ca in the
H;PO, oxidized slag could be removed by HCI leaching.
The magnesium and calcium leaching rates reached
94.68% and 87.19%, respectively. A product containing
0.19% MgO and 0.13% CaO was obtained.
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