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Abstract: The effects of F− concentration, leaching temperature, and time on the Ti leaching from
Ti-bearing electric furnace slag (TEFS) by [NH4

+]-[F−] solution leaching process was investigated to
reveal the leaching mechanism and kinetics of titanium. The results indicated that the Ti leaching
rate obviously increased with the increase of leaching temperature and F− concentration. The
kinetic equation of Ti leaching was obtained, and the activation energy was 52.30 kJ/mol. The
fitting results of kinetic equations and calculated values of activation energy both indicated that
the leaching rate of TEFS was controlled by surface chemical reaction. The semi-empirical kinetics
equation was consistent with the real experimental results, with a correlation coefficient (R2) of 0.996.
The Ti leaching rate reached 92.83% after leaching at 90 ◦C for 20 min with F− concentration of
14 mol/L and [NH4

+]/[F−] ratio of 0.4. The leaching rates of Si, Fe, V, Mn, and Cr were 94.03%,
7.24%, 5.36%, 4.54%, and 1.73%, respectively. The Ca, Mg, and Al elements were converted to
(NH4)3AlF6 and CaMg2Al2F12 in the residue, which can transform into stable oxides and fluorides
after pyro-hydrolyzing and calcinating.

Keywords: Ti-bearing electric furnace slag; fluorination method; leaching; kinetics; titanium dioxide

1. Introduction

Titanium dioxide is an irreplaceable high-grade functional white pigment and widely
used in coatings [1], rubber [2], papermaking [3], printing [4] and other chemical indus-
tries [5–10], due to its characteristics, stable chemical properties, good color covering
capability, high tinting strength and dispersion, nontoxicity, and electronic properties. Its
application is a key indicator for evaluating the national modernization [11]. The titanium
reserves in China account for about 38.8% of that worldwide, providing an important
material basis for the development of titanium dioxide production and the promotion of
China’s modernization process. Statistically, titanium dioxide production consumes 90%
of titanium raw materials all over the world [12–14]. Nowadays, about 62.7% of global
titanium dioxide is produced by chlorination process, and the other is produced by sulfuric
acid process [15].

The chlorination process requires high quality titanium-rich feedstock containing
TiO2 ≥ 90% and CaO + MgO < 1.5%, because the non-volatile CaCl2 and MgCl2 will
hinder the chlorination reaction and obstruct the reaction bed [16–18]. The chlorination
temperature of TiO2 reaches 900–1000 ◦C, and the oxidation temperature of TiCl4 reaches
1800–2000 ◦C. A large number of toxic and harmful, flammable, and explosive media, such
as Cl2, TiCl4, and CO, participate in the high temperature reaction, which is not conducive
to safe production [19]. The chlorination process can only produce rutile titanium dioxide,
which belongs to high-end titanium dioxide product [20]. The hazardous wastes, including
CaCl2, MgCl2, unreacted titanium-rich feedstocks, and petroleum coke, cannot be recycled
except for by deep burial.
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Ilmenite and titanium slag can be used as the feedstocks of the sulfuric acid process.
The reaction temperature of sulfuric acid and titanium-bearing feedstock is about 250 ◦C,
and the calcination temperature for TiO2 transition is 700–900 ◦C [21]. The sulfuric acid
process can produce the anatase and rutile titanium dioxide products belonging to low-end
titanium dioxide products [21,22]. The iron in ilmenite is transformed into ferrous sulfate
which causes the waste of iron resources and environmental pollution [23]. A large amount
of waste acid and acid wastewater produced by the sulfuric acid process cannot be recycled.
Environmental pollution has become an insurmountable problem in the production of
titanium dioxide. Therefore, the method for the clean production of titanium dioxide is the
focus of the titanium dioxide industry.

The fluorination method was proposed to prepare titanium dioxide, ferric oxide, or
calcium fluoride from ilmenite or perovskite [24,25]. The leaching agent of fluorination
method is NH4HF2 or NH4F. The reaction temperature of fluoride leaching process is about
100 ◦C, which is much lower than that of chlorination process and sulfuric acid process.
Fluorine and ammonia in the fluorination method can be recycled in the thermal hydrolysis
process of fluorinated ammonium salt [26]. The solution containing fluorine and ammonia
is returned to the leaching or impurity removal process for recycling, which ensures the
cleanliness of the fluorination method. The fluorination reaction of ilmenite or perovskite
should be carried out under high temperature and high pressure. The Ti leaching rate is
only about 78% at 160 ◦C for 120 min in the leaching of perovskite by NH4HF2 [25].

The titanium resources contained in the vanadium titanomagnetite concentrate in the
Panxi region account for more than 50% of China’s total titanium resources. At present,
iron and vanadium in vanadium titanomagnetite concentrate are mainly recovered by the
blast furnace process. Titanium in the blast furnace titanium slag cannot be effectively
recovered [27,28]. The direct reduction-electric furnace smelting process is an effective
method to utilize iron and enrich titanium from vanadium titanomagnetite concentrate, and
has been commercialized in South Africa and New Zealand [29]. The titanium in vanadium
titanomagnetite concentrate is enriched in Ti-bearing electric furnace slag (TEFS) containing
high SiO2, Al2O3, CaO, and MgO, which cannot be the feedstock of chlorination process
and sulfuric acid process. TEFS can be used to prepare titanium dioxide by fluorination
method due to its low requirements for impurities in feedstock. However, the main Ti-
bearing mineral phase in TEFS is a complex solid solution with a stable structure and
is more difficult to decompose by NH4HF2 or NH4F than ilmenite and perovskite. Our
team studied the pressurized fluoride leaching of TEFS, including the leaching of the main
elements and the transformation of mineral phase and particle morphology [30]. Based on
the results, we found that there are some shortcomings in pressurized fluoride leaching
in large-scale leaching equipment. During the leaching process, the F-bearing solution
and steam cause serious corrosion to the equipment. The outer layer of the heating parts
in the fluoride leaching equipment needs to be sprayed with fluorine-resistant materials
which are easy to deform and fall off under high temperature. The leaching pressure and
temperature reach the designated values too slowly. It is more harmful to fluorine-resistant
materials, which makes it difficult to enlarge the pressurized fluoride leaching reactor. The
completion of fluoride leaching reaction at a temperature under normal pressure was more
conducive to the industrial production. However, compared with pressurized leaching,
the rate of the chemical reaction was lower during normal pressure leaching. Therefore, it
is necessary to study the fluoride leaching mechanism and kinetics of titanium from TEFS
under a normal pressure system, in order to reveal the key factors affecting the Ti leaching
rate. It has important practical significance for increasing the leaching speed and realizing
the industrialization.

In this paper, the effects of F− concentration and temperature on the TEFS fluoride
leaching mechanism and kinetics were investigated. The transformation of mineral phase
and microstructure during leaching can reveal the fluoride leaching mechanism of TEFS.
The kinetics study can determine the rate-controlling step and key factors in order to
provide a basis for regulating the leaching reaction rate. The findings will provide a
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technical basis for the preparation of titanium dioxide by fluorination method with TEFS
and is of great significance for improving the utilization of titanium resources in the Panxi
region of China.

2. Experimental methods
2.1. Experimental Procedure

The leaching experiment was carried out in a 500 mL plastic three-necked flask fitted
with an agitator and a reflux condenser. The leaching reaction of fine TEFS particles
was completed in a very short time, which made it impossible to accurately study the
leaching kinetics. Too wide particle size range is not conducive to the study of leaching
kinetics. Therefore, the TEFS used in this study were crushed and screened with standard
Taylor sieves from 200 mesh to 250 mesh, and the volume average particle size was
67.35 µm. The mass transfer rate between the solution and TEFS particles was accelerated
by strengthening the stirring. The influence of stirring on the external diffusion can be
ignored, as the rotating speed was 200 r/min. During the leaching process, the flask
was heated in a thermostatically controlled water bath. The [NH4

+]/[F−] molar ratio
of [NH4

+]-[F−] solution was 0.4. First, 300 g of [NH4
+]-[F−] solution with required F−

concentration was loaded into the flask and heated to the designated temperature. After
that, 15 g TEFS sample was put into the [NH4

+]-[F−] solution. There was a large excess of
leaching solution, with the L/S ratio of 20:1, which meant the change of F− concentration
can be neglected in the whole leaching process. The F− concentration range was chosen
to be 8 mol/L to 14 mol/L in order to ensure that the concentration of leaching agent was
much larger than the theoretical consumption and lower than the maximum solubility.
When the leaching time reaches the experimental required time, the slurry was filtered and
washed with distilled water immediately. Then the washed residue was dried for 4 h at
110 ◦C for the analyses of chemical composition, mineral phase, and microstructure.

2.2. Definition of Parameters

The Ti leaching rate is defined as follows:

X =

[
1−

(
m× wTi
m0 × w0

)]
× 100% (1)

where X demotes the Ti leaching rate (%), m demotes the mass of dry leaching residue (g),
wTi denotes the Ti content of dry leaching residue (wt%), m0 demotes the initial mass of
dry TEFS sample (g), and w0 denotes the Ti content of dry TEFS sample (wt%).

2.3. Analysis and Characterization

The chemical compositions of TEFS sample and leaching residue were quantitatively
analyzed by the fusion method of X-ray fluoroscopy (XRF, Axios mAX, Holand PANalytical
Co., Ltd., Almelo, The Netherlands).

The chemical compositions of the leaching solution were determined by inductively
coupled plasma atomic emission spectrometry (ICP-MS, Optima 5300DV, PerkinElmer,
Waltham, MA, USA).

The mineral phases of the TEFS sample and leaching residue were characterized
by X-ray diffraction (XRD, Cu Ka radiation, λ = 0.154056 nm, 40 kV, 300 mA, SCAN:
10.0/80.0/0.0085/0.15 sec, D/max2550PC, Rigaku Co., Ltd., Tokyo, Japan).

The scanning electron microscope equipped with an energy diffraction spectrum
analyzer (SEM, JEOL JSM-6490LV, Tokyo, Japan) was used to study the microstructure and
element analysis of TEFS sample and leaching residue.

The particle size distribution of TEFS sample was characterized by laser practical size
analyzer (Mastersize 2000, Malvern Panalytical, Malvern, England).
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3. Results and Discussion
3.1. Ti-Bearing Electric Furnace Slag

The TEFS used in this investigation was provided by the Chongqing Iron and Steel
(group) Co., Ltd. (Chongqing, China). The TEFS was produced from vanadium titano-
magnetite concentrate by the direct reduction-electric furnace smelting process. The main
chemical composition of TEFS was listed in Table 1. The X-ray diffraction (XRD) pattern
of TEFS was shown in Figure 1. The SEM microstructure and EDS analysis of TEFS was
shown in Figure 2, which indicates that the columnar MxTi3xO5 particles embedded in the
gangue phase of augite. The width of columnar MxTi3xO5 particles is less than 50 µm. All
reagents used in the study were of analytical grade.

Table 1. The chemical composition of Ti-bearing electric furnace slag (TEFS) (wt%).

TiO2 SiO2 Al2O3 MgO CaO Total
Fe MnO V2O5 Cr2O3

51.50 19.01 14.38 7.42 3.22 1.88 1.10 0.63 0.03
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3.2. Thermodynamic Analysis of Fluoride Leaching Reactions

The major Ti-bearing mineral phase in TEFS is MxTi3xO5, which is the solid solution of
Ti3O5, MgTi2O5, and Al2TiO5. The reactions of Ti-bearing mineral phases in TEFS during
fluoride leaching can be simply expressed as follows.

2Ti3O5(s) + 24H+
(aq) + 36F−(aq) + O2(g) = 6TiF6

2−
(aq) + 12H2O(aq) (2)

Al2TiO5(s) + 10H+
(aq) + 18F−(aq) = 2AlF6

3−
(aq) + TiF6

2−
(aq) + 5H2O(aq) (3)
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MgTi2O5(s) + 10H+
(aq) + 14F−(aq) = MgF2(s) + 2TiF6

2−
(aq) + 5H2O(aq) (4)

The major gangue in TEFS is augite, which can be simply regarded as CaSiO3, MgSiO3,
Al2SiO5, CaAl2O4, MgAl2O4, CaO·MgO·2SiO2, and CaO·Al2O3·2SiO2. The reactions of
gangue in TEFS during fluoride leaching can be expressed as follows.

CaSiO3(s) + 6H+
(aq) + 8F−(aq) = CaF2(s) + SiF6

2−
(aq) + 3H2O(aq) (5)

MgSiO3(s) + 6H+
(aq) + 8F−(aq) = MgF2(s) + SiF6

2−
(aq) + 3H2O(aq) (6)

Al2SiO5(s) + 10H+
(aq) + 18F−(aq) = 2AlF6

3−
(aq) + SiF6

2−
(aq) + 5H2O(aq) (7)

CaAl2O4(s) + 8H+
(aq) + 14F−(aq) = CaF2(s) + 2AlF6

3−
(aq) + 4H2O(aq) (8)

MgAl2O4(s) + 8H+
(aq) + 14F−(aq) = MgF2(s) + 2AlF6

3−
(aq) + 4H2O(aq) (9)

CaO·MgO·2SiO2(s) + 12H+
(aq) + 16F−(aq) = 2SiF6

2−
(aq) + CaF2(s) + MgF2(s) + 6H2O(aq) (10)

CaO·Al2O3·2SiO2(s) + 16H+
(aq) + 26F−(aq) = 2SiF6

2−
(aq) + 2AlF6

3−
(aq) + CaF2(s) + 8H2O(aq) (11)

Figure 3 shows the ∆Gθ-T relationship lines of the possible reactions during fluoride
leaching. According to the calculated results, the ∆Gθ of Equations (2)–(11) at the tempera-
ture range of 298 K to 448 K are less than zero, and all the ∆Gθ decreases with increasing
leaching temperature. The calculation results illustrate that Equations (2)–(11) can proceed
spontaneously, and the reactions occurred easier as the reaction temperature increased.
Comparing the ∆Gθ of Equations (2)–(4), the ∆Gθ line of Equation (2) was below the ∆Gθ

lines of Equations (3) and (4), which means the Ti3O5 was easier to decompose in the
leaching process than Al2TiO5 and MgTi2O5. According to Equations (5)–(7), the MgSiO3
was easier to decompose in the leaching process than Al2SiO5 and CaSiO3. The ∆Gθ lines
of Equations (8) and (9) were the fluoride leaching reactions of aluminate, which shows
that the fluoride leaching occurring process of MgAl2O4 was easier than that of CaAl2O4.
In addition, the ∆Gθ lines of Equations (10) and (11) were below that of other silicates and
aluminates. The solubility of (NH4)3AlF6 was only 1.03 g/100g H2O. Thus, the AlF6

3−

may react with the NH4
+ in the leaching solution as follows.

3NH4
+

(aq) + AlF6
3−

(aq) = (NH4)3AlF6(s) (12)
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According to the results of thermodynamic analysis, the Ti and Si elements were
converted to TiF6

2− and SiF6
2− in the leaching solution. The Ca, Mg, and Al elements were

converted to CaF2, MgF2, and (NH4)3AlF6 in the residue.
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3.3. Effects of Experimental Parameters on Ti Leaching Rates

The leaching experiments were carried out in the F− concentration range of 8 mol/L
to 14 mol/L and temperature range of 60 ◦C to 90 ◦C at L/S ratio of 20:1 with rotating
speed of 200 r/min. The effect of temperature and F− concentration on Ti leaching rates
are shown in Figure 4.

Metals 2021, 11, x FOR PEER REVIEW 6 of 16 
 

 

3.3. Effects of Experimental Parameters on Ti Leaching Rates 
The leaching experiments were carried out in the F− concentration range of 8 mol/L 

to 14 mol/L and temperature range of 60 °C to 90 °C at L/S ratio of 20:1 with rotating speed 
of 200 r/min. The effect of temperature and F− concentration on Ti leaching rates are shown 
in Figure 4. 

(a) (b)

(c) (d)

0 20 40 60 80 100
0

20

40

60

80

100

 60 °C
 70 °C
 80 °C
 90 °CTi

 le
ac

hi
ng

 ra
te

 / 
%

Time / min
0 20 40 60 80 100

0

20

40

60

80

100

 60 °C
 70 °C
 80 °C
 90 °CTi

 le
ac

hi
ng

 ra
te

 / 
%

Time / min

0 20 40 60 80 100
0

20

40

60

80

100

 60 °C
 70 °C
 80 °C
 90 °CTi

 le
ac

hi
ng

 ra
te

 / 
%

Time / min
0 20 40 60 80 100

0

20

40

60

80

100

 60 °C
 70 °C
 80 °C
 90 °CTi

 le
ac

hi
ng

 ra
te

 / 
%

Time / min
 

Figure 4. Effects of temperature on the Ti leaching rate with L/S ratio of 20:1 and rotating speed of 200 r/min. (a) CF- = 8 
mol/L; (b) CF- = 10 mol/L; (c) CF- = 12 mol/L; (d) CF- = 14 mol/L. 
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When the Ti leaching rate reaches a certain value, prolonging the leaching time has
no significant effect on the Ti leaching rate. The Ti leaching rate obviously increased with
the increase of F− concentration at the leaching temperatures of 60 ◦C and 70 ◦C. The F−

concentration had no obvious effect on Ti leaching rate when the leaching temperature
exceeded 80 ◦C. With the increase of F− concentration, the effect of leaching temperature
on Ti leaching rate decreased. Increased leaching temperature and F− concentration could
increase the effective collision of TEFS particles and reactive ions, which promote the
leaching reactions.

3.4. Transformation of Mineral Phase

The effect of leaching temperature on the mineral phase of leaching residue was shown
in Figure 5. The other leaching conditions were F− concentration of 10 mol/L, leaching
time of 30 min, L/S ratio of 20:1, and rotating speed of 200 r/min. When the leaching
temperature reached 60 ◦C, the peaks of (NH4)3AlF6 and CaMg2Al2F12 were detected in
the leaching residue and the peaks of augite disappeared, as shown in Figure 5b. The peaks
of MxTi3xO5 became very weak at the leaching temperature of 90 ◦C, as shown in Figure 5c.
The intensity of (NH4)3AlF6 peaks increased sharply as the leaching temperature rose from
60 ◦C to 90 ◦C. The reactions can be expressed as follows.

Al2TiO5(s) + 10H+
(aq) +18F−(aq) + 6NH4

+
(aq) = 2(NH4)3AlF6(s) + TiF6

2−
(aq) + 5H2O(aq) (13)

CaSiO3(s) + 2MgSiO3(s) + Al2SiO5(s) + 28H+
(aq) +36F−(aq) = CaMg2Al2F12(s) + 4SiF6

2−
(aq) + 14H2O(aq) (14)
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CaAl2O4(s) + 2MgAl2O4(s) + 24H+
(aq) +36F−(aq) + 12NH4

+
(aq) = CaMg2Al2F12(s) + 4(NH4)3AlF6(s) + 12H2O(aq) (15)

CaO·MgO·2SiO2(s) + CaO·Al2O3·2SiO2(s) + 3MgTi2O5(s) + Al2TiO5(s) + 68H+
(aq) + 90F−(aq)

= 2CaMg2Al2F12(s) + 4SiF6
2−

(aq) + 7TiF6
2−

(aq) + 34H2O(aq)
(16)
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Figure 5. XRD patterns of the leaching residue at different leaching temperatures with F− concentra-
tion of 10 mol/L, leaching time of 30 min, L/S ratio of 20:1, and rotating speed of 200 r/min. (a) Ti-
bearing electric furnace slag; (b) Leaching temperature: 60 °C; (c) Leaching temperature: 90 °C. 

3.5. Transformation of Microstructure 
The SEM images and EDS analysis of TEFS and leaching residue are shown in Figure 

6. Before the fluoride leaching, the TEFS particle was a dense irregular particle, as shown 
in Figure 6a. It was observed from the EDS analysis that point 1 was MxTi3xO5 and point 2 
was augite. Figure 6b illustrates that the outer layer of the particle is the product layer, 
and the inside of particle is still unreacted TEFS. Many cracks appeared on the surface of 
residue. The granular grain on the surface of residue was CaMg2Al2F12 (point 3). The oc-
tahedral grain was (NH4)3AlF6, as shown in point 4. Point 5 was the surface of unreacted 
TEFS. When the fluoride leaching reaction progressed, the surface of the TEFS particle 
reacts with the leaching reagent and forms the F-bearing ions and F-bearing compounds. 
The TiF62− and SiF62− ions dissolved in the leaching solution. The CaMg2Al2F12 and 
(NH4)3AlF6 grains adsorb on the surface of unreacted TEFS. 

Figure 5. XRD patterns of the leaching residue at different leaching temperatures with F− concen-
tration of 10 mol/L, leaching time of 30 min, L/S ratio of 20:1, and rotating speed of 200 r/min.
(a) Ti-bearing electric furnace slag; (b) Leaching temperature: 60 ◦C; (c) Leaching temperature: 90 ◦C.

3.5. Transformation of Microstructure

The SEM images and EDS analysis of TEFS and leaching residue are shown in Figure 6.
Before the fluoride leaching, the TEFS particle was a dense irregular particle, as shown
in Figure 6a. It was observed from the EDS analysis that point 1 was MxTi3xO5 and point
2 was augite. Figure 6b illustrates that the outer layer of the particle is the product layer,
and the inside of particle is still unreacted TEFS. Many cracks appeared on the surface
of residue. The granular grain on the surface of residue was CaMg2Al2F12 (point 3). The
octahedral grain was (NH4)3AlF6, as shown in point 4. Point 5 was the surface of unreacted
TEFS. When the fluoride leaching reaction progressed, the surface of the TEFS particle
reacts with the leaching reagent and forms the F-bearing ions and F-bearing compounds.
The TiF6

2− and SiF6
2− ions dissolved in the leaching solution. The CaMg2Al2F12 and

(NH4)3AlF6 grains adsorb on the surface of unreacted TEFS.
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the Ti leaching rate reached a certain value at the determining F− concentration and tem-
perature, there was no further increase with prolonged time. In this study, the Ti leaching 
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Figure 6. SEM images and EDS analysis of TEFS and fluoride leaching residue (wt%). (a) TEFS;
(b) fluoride leaching residue at 60 ◦C with F− concentration of 10 mol/L, leaching time of 30 min,
L/S ratio of 20:1, and rotating speed of 200 r/min.

3.6. Kinetics of Fluoride Leaching of Titanium
3.6.1. Selection of Leaching Kinetics Model

When the fluid reactant reacted with the dense and non-porous solid particles, in ad-
dition to forming a fluid product, the resulting solid product or residual inert material was
loose and porous. This reaction model is the shrinking core model. The SEM microstruc-
ture showed that the TEFS particles were essentially dense grains. The non-porous TEFS
particles gradually shrank during leaching. The product layer composed of CaMg2Al2F12
and (NH4)3AlF6 was loose and porous. Thus, the reaction model of TEFS leaching pro-
cess accords with the shrinking core model [12]. The rate-controlling steps of shrinking
core model contain surface chemical reaction and diffusion control through the ash or
production layer [31,32]. The rate equations for shrinking core model are listed in Table 2.

Table 2. The rate equations for shrinking core model.

Rate-Controlling Step Rate Equation

Surface chemical reaction 1− (1− X)1/3 = k · t
Diffusion control through the ash or production layer 1− 2

3 X− (1− X)2/3 = k′ · t
X: Ti leaching rate (%); t: time (min); k: apparent rate constant (min−1); k’: apparent rate constant (min−1).

In order to establish the control step, the Ti leaching rates obtained at different condi-
tions in this study were analyzed by the rate equations for shrinking core model. When
the Ti leaching rate reached a certain value at the determining F− concentration and tem-
perature, there was no further increase with prolonged time. In this study, the Ti leaching
rate increased significantly was used to analyze kinetics. The plots of 1 − (1 − X)1/3 versus
time and plots of 1 − (2/3)X − (1 − X)1/3 versus time for different conditions are shown
in Figures 7 and 8, respectively. The slope of the fitted straight line denoted the apparent
rate constant of rate-controlling step. The correlation coefficients (R2) of the fitted straight
line could be used to determine the rate-controlling step. Comparison of R2 between plots
of 1 − (1 − X)1/3 and 1 − (2/3)X − (1 − X)2/3 versus time is listed in Table 3. The plots
of 1 − (1 − X)1/3 obtained a higher linear relationship with time. The surface chemical
reaction step with the highest kinetics resistance is the rate-controlling step. Therefore, the
fluoride leaching rate of TEFS was controlled by surface chemical reaction.



Metals 2021, 11, 1176 9 of 16

Metals 2021, 11, x FOR PEER REVIEW 9 of 16 
 

 

− X)1/3 obtained a higher linear relationship with time. The surface chemical reaction step 
with the highest kinetics resistance is the rate-controlling step. Therefore, the fluoride 
leaching rate of TEFS was controlled by surface chemical reaction. 

0 1000 2000 3000 4000 5000 6000
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

y=0.0060x
R2=0.999

y=0.0089x
R2=0.995

y=0.0151x
R2=0.964

y=0.0298x
R2=0.978

 60 °C
 70 °C
 80 °C
 90 °C

1-
(1
-X

)1/
3

Time / s
0 1000 2000 3000 4000 5000 6000

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

y=0.000140x
R2=0.999

y=0.000223x
R2=0.994

y=0.000369x
R2=0.980

y=0.000534x
R2=0.964

 60 °C
 70 °C
 80 °C
 90 °C

1-
(1
-X

)1/
3

Time / s

0 1000 2000 3000 4000 5000
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

y=0.000160x
R2=0.999

y=0.000252x
R2=0.987

y=0.000413x
R2=0.963

y=0.000680x
R2=0.988

 60 °C
 70 °C
 80 °C
 90 °C

1-
(1
-X

)1/
3

Time / s
0 1000 2000 3000 4000

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

y=0.000199x
R2=0.999

y=0.000335x
R2=0.994

y=0.000520x
R2=0.975

y=0.000815x
R2=0.992

 60 °C
 70 °C
 80 °C
 90 °C

1-
(1
-X

)1/
3

Time / s

(a) (b)

(c) (d)

 
Figure 7. Plots of 1 − (1 − X)1/3 versus time for different leaching temperatures with L/S ratio of 20:1 and rotating speed of 
200 r/min. (a) CF- = 8 mol/L; (b) CF- = 10 mol/L; (c) CF- = 12 mol/L; (d) CF- = 14 mol/L. 
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Figure 8. Plots of 1 − (2/3)X − (1 − X)1/3 versus time for different leaching temperature with L/S ratio of 20:1 and rotating 
speed of 200 r/min. (a) CF- = 8 mol/L; (b) CF- = 10 mol/L; (c) CF- = 12 mol/L; (d) CF- = 14 mol/L. 
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Figure 8. Plots of 1 − (2/3)X − (1 − X)1/3 versus time for different leaching temperature with L/S ratio of 20:1 and rotating 
speed of 200 r/min. (a) CF- = 8 mol/L; (b) CF- = 10 mol/L; (c) CF- = 12 mol/L; (d) CF- = 14 mol/L. 
Figure 8. Plots of 1 − (2/3)X − (1 − X)1/3 versus time for different leaching temperature with L/S ratio of 20:1 and rotating
speed of 200 r/min. (a) CF- = 8 mol/L; (b) CF- = 10 mol/L; (c) CF- = 12 mol/L; (d) CF- = 14 mol/L.
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Table 3. Comparison of R2 between plots of 1 − (1 − X)1/3 and 1 − (2/3)X − (1 − X)2/3 versus time
for different F− concentrations and temperatures with L/S ratio of 20:1 and rotating speed of 200 r/min.

CF−(mol/L) Temperature (◦C)
Correlation Coefficient R2

1 − (1 − X)1/3 1 − (2/3)X − (1 − X)2/3

8

60 0.999 0.924
70 0.995 0.933
80 0.964 0.926
90 0.978 0.958

10

60 0.999 0.935
70 0.994 0.945
80 0.980 0.959
90 0.964 0.955

12

60 0.999 0.962
70 0.987 0.985
80 0.963 0.980
90 0.988 0.985

14

60 0.999 0.958
70 0.994 0.978
80 0.975 0.986
90 0.992 0.982

3.6.2. Determination of Rate Constant

F− Concentration Index
The kinetic equation of the fluoride leaching rate of TEFS can be expressed as Equation (17).

1− (1− X)1/3 = k · t (17)

where X is Ti leaching rate (%), and k is apparent rate constant (min−1).
The apparent rate constant (k) is affected by F− concentration and leaching tempera-

ture, as indicated in Equation (18).

k = k0 · Cb
F− · e

−E/RT (18)

where k0 is the preexponential factor of the kinetic equation, CF- is F− concentration
(mol/L), b is F− concentration index, E is activation energy (kJ/mol), R is molar gas
constant (8.314 J·mol−1·K−1), and T is leaching temperature (K).

The semi-empirical kinetics equation can be established from Equation (17) and
Equation (18) as:

1− (1− X)1/3 = k0 · Cb
F− · e

−E/RT · t (19)

While k0·e−E/RT can be regarded as k1 in order to calculate the F− concentration index
(b), Equation (19) can be transformed into:

1− (1− X)1/3 = k1 · Cb
F− · t (20)

Equation (20) can be transformed into:

1− (1− X)1/3

t
= k1 · Cb

F− (21)

Equation (21) can be transformed into Equation (22) after logarithmic calculation on
both sides of the equation.

ln

[
1− (1− X)1/3

t

]
= ln k1 + b ln CF− (22)
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The plots of ln[[1 − (1 − X)1/3]/t] vs. lnCF- at different leaching temperatures are
presented in Figure 9. The slopes of fitted straight lines were the F− concentration indexes
at different temperatures. The four slopes were calculated to be 1.17, 1.43, 1.00, and 0.81
with R2 of 0.967, 0.972, 0.959, and 0.946, respectively. The statistical average of b was
calculated to be 1.10 according to Figure 9.
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Equation (19) can be written as:

1− (1− X)1/3 = k0 · C1.10
F− · e

−E/RT · t (23)

Activation Energy and Preexponential Factor
In order to calculate the activation energy and preexponential factor, the Equation (18)

can be transformed into:
1− (1− X)1/3

C1.10
F− · t

= k0 · e−E/RT (24)

Equation (24) can be transformed into Arrhenius equation after logarithmic calculation
on both sides of the equation.

ln

[
1− (1− X)1/3

C1.10
F− · t

]
= − E

RT
+ ln k0 (25)

The Arrhenius plot, which describes the relationship of ln
{[

1− (1− X)1/3
]
/
(
C1.10

F− · t
)}

and 1/T × 1000, is shown in Figure 10. The correlation coefficient (R2) of the fitted straight
line in Figure 10 is 0.946.
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The slope of the fitted straight line denoted the –E/R. The intercept of the fitted straight
line and vertical axis represented ln k0.

The slope of fitted straight line in Figure 10 was calculated to be −6.29.

− E
1000× R

= −6.29 (26)

Thus, the activation energy, E, can be expressed as:

E = −6.29× (−1000× R) = 6290× 8.314 = 52.30kJ/mol (27)

The activation energy of the fluoride leaching reaction is 52.30 kJ/mol. The activation
energy of the reaction controlled by surface chemical reaction was in excess of 40.0 kJ/mol.
The value of the activation energy confirmed that the fluoride leaching rate of TEFS was
controlled by surface chemical reaction [31,33].

The intercept of fitted straight line and vertical axis in Figure 10 was calculated to be 7.41.

ln k0 = 7.41 (28)

Thus, the preexponential factor k0 can be expressed as:

k0 = e7.41 = 1652.43 (29)

The Ti leaching kinetic equation preexponential factor of fluoride leaching reaction
was 1652.43.

3.6.3. Determination of Leaching Kinetics

In the conditions of F− concentration range from 8 mol/L to 14 mol/L, leaching
temperature range from 60 ◦C to 90 ◦C, L/S ratio of 20:1, and rotating speed of 200 r/min,
the final semi-empirical kinetics equation can be obtained by synthesizing the Equations
(19), (23), (27), and (29).

1− (1− X)1/3 = 1652.43× C1.10
F− × e−52300/RT × t (30)

where X is Ti leaching rate (%), CF- is F− concentration (mol/L), R is molar gas constant
(8.314 J·mol−1·K−1), and T is leaching temperature (K).
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3.6.4. Comparison of Experimental and Calculated Results

Comparison of the calculated Ti leaching rate with Equation (30) and all the experi-
mental results in this work is shown in Figure 11. The R2 of the fitted straight line is 0.996,
which indicates that the calculated results by Equation (30) agree with the experimental ones.
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experimental results in this work.

3.7. Leaching Solution and Leaching Residues

Figure 12 shows the leaching rates of elements in TEFS under the conditions of F−

concentration at 14 mol/L and leaching temperature of 90 ◦C for 20 min. Almost of the
Ti and Si elements dissolved in the leaching solution. Most of Fe, V, Cr, and Mn exist
in the leaching residue. The mineral phase, containing iron, vanadium, chromium, and
manganese, was not detected in the leaching residue because their contents were too low
to be detected in the X-ray diffraction analysis. All the Al, Mg, and Ca elements exist in the
leaching residue.
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The composition of leaching solution is listed in Table 4. The Si is the main impurity in
the leaching solution. Although the Fe, V, Mn, and Cr contents in the leaching solution were
not high, they were all harmful elements which will seriously deteriorate the whiteness of
titanium dioxide. Non-silicon impurities can be selectively precipitated and removed by
adjusting the pH and NH4

+ concentration of the leaching solution. Then, the recovery of
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titanium can be achieved by selective precipitation of fluorinated titanate. Finally, silicon
can be precipitated from the solution to prepare Si-bearing product.

Table 4. Composition of leaching solution under the conditions of F− concentration at 14 mol/L,
leaching temperature of 90 ◦C for 20 min with L/S ratio of 20:1, rotating speed of 200 r/min (g/L).

Ti Si Fe V Mn Cr Ca Mg Al

26.64 7.81 0.13 0.02 0.016 0.001 0 0 0

The main mineral phases in leaching residue are (NH4)3AlF6 and CaMg2Al2F12, which
have poor thermal stability. The whole NH4

+ and most of the F element in residue can be
recycled in the form of NH4F by pyro-hydrolyzing at 250 ◦C for 120 min in the presence of
water vapor and ammonia gas. Then, the residue is calcined at 900 ◦C for 60 min to become
more stable. The composition and mineral phases of the calcinated residues are shown in
Table 5 and Figure 13. The main mineral phases in the calcinated residue are aluminum
oxide, sellaite, and fluorite. The calcinated residue has been identified for the leaching
toxicity of solid waste according to HJ/T 298-2007 and GB 5085.3-2007. The inorganic
fluoride content in the leaching solution was 59 mg/L, which was less than the hazard
limit of 100 mg/L (GB 5085.3-2007). Therefore, the calcinated residue was not hazardous
waste and can be used as fluxes of steelmaking.

Table 5. Composition of calcinated residue under the conditions of F− concentration at 14 mol/L, leaching
temperature of 90 ◦C for 20 min with L/S ratio of 20:1, and rotating speed of 200 r/min (wt%).

Ti Al Mg Ca Fe Mn Si V Cr F

1.81 6.22 3.64 1.88 1.42 0.68 0.43 0.27 0.02 44.54Metals 2021, 11, x FOR PEER REVIEW 15 of 16 
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4. Conclusions

The fluoride leaching mechanism and kinetics of TEFS under a normal pressure
system was studied to achieve efficient leaching of titanium and provide the foundation
for industrialization. The TEFS is mainly composed of MxTi3xO5 (0 < x < 2, M = Mg, Al)
and augite, which can both react with [NH4

+]-[F−] solution. The TiF6
2− and SiF6

2− were
dissolved in the leachate, and the CaMg2Al2F12 and (NH4)3AlF6 grains were deposited on
the surface of the unreacted TEFS particles. The Ti leaching rate was controlled by surface
chemical reaction, with the activation energy of 52.30 kJ/mol. The semi-empirical kinetics
equation can effectively predict the result of Ti leaching rate and provide a basis for the
determination of actual leaching process parameters.
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In the fluoride leaching process of TEFS, the Ti leaching rate can be increased by
increasing the temperature and F− concentration. Within the condition scope of this study,
increasing the leaching temperature had a more significant increase in the leaching rate. In
addition, the Ti leaching rate was also improved by reducing the TEFS particle size. Higher
specific surface area of TEFS particles can increase the reaction interface and thus achieve
an increase in the Ti leaching rate.
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