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Abstract: Titanium-bearing electric furnace slag (TEFS) was prepared from vanadium titanomagnetite
and leached with sulfuric acid. The Ti leaching rate of vanadium titanomagnetite TEFS is significantly
lower than that of ilmenite TEFS. The impurity content in vanadium titanomagnetite TEFS is higher
than that in ilmenite TEFS. This might be one of the main factors resulting in the low leaching rate of
Ti, so the leaching behaviors of various impurities under different conditions (temperature, acid/solid
weight ratio, particle size, and initial sulfuric acid concentration) were investigated. The following
trends were observed under different leaching conditions: The leaching rate of Fe increased rapidly
and reached equilibrium quickly, that of Si increased quickly in the early stage and then decreased in
the later stage, that of Ca increased initially and reached equilibrium later, and the leaching rates of
Mg and Al increased gradually until the equilibrium was reached. The leaching rate of Fe was too
rapid to be able to investigate its leaching kinetics, and the insoluble leached products of Si and Ca
interfered with their leaching. The effects of leaching parameters on the leaching of impurities were
further analyzed by X-ray diffraction (XRD) and scanning electron microscopy analysis. XRD data
indicated that spinel is the major Mg- and Al-bearing mineral in TEFS. Mg and Al showed similar
leaching behaviors, and their leaching conformed to a new model based on interface transfer and
diffusion across the product layer, both of which affect the leaching rate.

Keywords: leaching; impurities; titanium-bearing electric furnace slag; vanadium titanomagnetite;
sulfuric acid

1. Introduction

The Panzhihua–Xichang region of China is rich in vanadium titanomagnetite resources with ore
reserves of approximately 10 billion tons. The titanium reserves in the Panzhihua–Xichang region
account for 90.5% of the total reserves in China and 35.17% of the world’s reserve [1]. Vanadium
titanomagnetite concentrates obtained by mineral beneficiation methods contain approximately 52.0%
of the titanium of the vanadium titanomagnetite ore [2]. Therefore, it is of great significance to
develop effective methods to utilize the vanadium titanomagnetite concentrate, and many methods
such as sodium salt roasting/direct reduction/electric furnace smelting, direct reduction/electric
furnace smelting, and direct reduction/magnetic separation have been studied toward this goal [3–5].
Titanium-bearing electric furnace slag from the direct reduction/electric furnace smelting method has a
high Ti grade of 48–60.68 wt% and is easier to extract than the products from other methods [2,6].

Although it is relatively easy to leach Ti from titanium-bearing electric furnace slag (TEFS)
derived from ilmenite using sulfuric acid, it is difficult to extract Ti from TEFS produced from
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vanadium titanomagnetite [2,7,8]. The Ti content of TEFS produced from vanadium titanomagnetite
is lower than that of TEFS produced from ilmenite [9–11]. Moreover, the content of impurities is
higher, which aggravates the leaching rate of Ti during the leaching process and influences the
subsequent concentration and hydrolysis of the titanium solution. To date, very few studies have
focused on recovering titanium from low-grade TEFS, particularly from TEFS derived from vanadium
titanomagnetite. Most of the studies focus on leaching titanium from modified TEFS, which requires
more complex processes and incurs higher cost [4,12–19].

Apparently, leaching titanium from low-grade TEFS using sulfuric acid without any pretreatment
has become exceptionally important and urgent. Under optimal conditions, the Ti leaching rate
of vanadium titanomagnetite TEFS reaches only 84.29%—significantly lower than that of ilmenite
TEFS, which could reach 98% [7,20]. CaO, SiO2, and Al2O3 depress the acidolysis of TEFS in sulfuric
acid [21,22]. More concretely, CaO reacts with sulfuric acid to yield calcium sulfate precipitation,
which is coated on TEFS particles. Excessive SiO2 results in a higher content of silicate glass in TEFS,
which is covered on anosovite. TEFS derived from ilmenite is similar in phase composition to that
derived from vanadium titanomagnetite but is different in content. Therefore, the low content of Ti
and high contents of impurities might be one of the main factors resulting in the low leaching rate of Ti.
However, there has been little research on the leaching behaviors of impurities in TEFS when treated
with sulfuric acid. Therefore, it is necessary to investigate this aspect, and the findings will be useful
for the potential utilization of vanadium titanomagnetite.

In this context, this study examined the leaching behaviors of impurities in low-grade TEFS using
sulfuric acid under different conditions (temperature, acid/solid weight ratio, particle size, and initial
sulfuric acid concentration).

2. Materials and Methods

2.1. Materials

The TEFS used in this study was prepared from Panzhihua titanomagnetite concentrate by
reduction/melting/magnetic separation processing. The chemical compositions of the TEFS analyzed
by EDTA titration and ICP analysis revealed that the TEFS contained 58.18 wt% TiO2, 1.34 wt% Fe
(mainly existing in the form of metallic iron), 13.94 wt% Al2O3, 10.24 wt% SiO2, 5.43 wt% MgO, and
3.66 wt% CaO, indicating that the major impurities of the TEFS are Al, Si, Mg, Ca, and Fe. X-ray
diffraction (XRD) analysis (Figure 1a) and scanning electron microscopy (SEM) imaging (Figure 1b) of
the TEFS indicated the major phases of the TEFS to be anosovite (MxTi3−xO5, with 0 ≤ x ≤ 2, M = Ti,
Mg, Al, among others), diopside, spinel, and Fe metal. All reagents used in the experiments were of
analytical grade, and deionized water was used in all experiments. The water used for analysis was
super-purified using a water super-purification machine (WP-2RO-WF-20S, Water purifier).
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Figure 1. XRD pattern (a) and scanning electron micrograph (b) of the original titanium-bearing 
electric furnace slag (TEFS). 
Figure 1. XRD pattern (a) and scanning electron micrograph (b) of the original titanium-bearing electric
furnace slag (TEFS).
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2.2. Apparatus and Procedure

A schematic of the leaching experimental apparatus used in the present work is shown in Figure 2.
A cylindrical PTFE reactor, which was fitted with a Teflon-coated magnetic stirrer, was placed in a
digitally controlled silicone oil bath used to maintain the required temperature, and every leaching
experiment was conducted in it. In each experiment, a 20.00 g aliquot of TEFS was added to the reactor
and stirred at 500 rpm. Then, the reactor with the TEFS and sulfuric acid was rapidly heated to the
required temperature within 2 min. After 150 min of reaction, the acidolysis products were transferred
into a flask and a certain quantity of water was added to cool and dissolve the curing material. Then,
the flask was fitted with a reflux condenser for water balance control in a thermally controlled heated
water bath and stirred at 500 rpm. Thereafter, the temperature of the flask was increased to 333.15 K
and maintained there for 2 h. Finally, the slurry was filtered and washed with deionized water to
obtain a solution and residue. The leach residue was subsequently dried in an oven at 373.15 K for 3 h.
The chemical compositions of the Ti-bearing solution and residue were analyzed by EDTA titration
and ICP analysis. The compositions of the TEFS and residue were also characterized by XRD (Cu Kα

radiation, λ = 0.154056 nm, 40 kV, 250 mA, SCAN: 10.0/80.0/0.02/0.15 s, D/max 2200 PC; Rigaku, Japan).
Morphological analysis of the samples was performed by field-emission SEM (FESEM, FEI Nova Nano
SEM, Hillsboro, OR, USA). The leaching rates of the impurities in the TEFS were calculated according
to the mass balance and defined as

εi =

(
1−

mi × ei
m0 × β0

)
× 100% (1)

where εi is the leaching rate of the impurity in TEFS; mi and m0 are the mass of the leach residue and
initial mass of the TEFS, respectively; and βi and β0 represent the weight fractions of the impurity in
the leach residue and dry TEFS sample, respectively.
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2.3. Principle

The reaction of TFES with sulfuric acid can be described as follows.

CaMSi2O6 (s) + 2H2SO4 (l) = CaSO4 (s) + MSO4 (s) + 2H2SiO3 (2)

MgAl2O4 (s) + 4H2SO4 (l) = MgSO4 (s) + Al2(SO4)3 (s) + 4H2O (g) (3)

FeTiO3 (s) + 2H2SO4 (l) = TiOSO4 (s)+FeSO4 (s) + 2H2O (g) (4)
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Fe + H2SO4 (l) = FeSO4 (s) + H2 (g) (5)

MxTi3−xO5 (s) + 5H2SO4 (l) = (3 − x)Ti(SO4)2 (s) + xMSO4 (s) + 5H2O (g) (6)

MxTi3−xO5 (s) + 3H2SO4 (l) = (3 − x)TiOSO4 (s) + xMSO4 (s) + 3H2O (g) (7)

3. Results and Discussion

3.1. Ti Leaching Rates under Different Conditions

The Ti leaching rates in four different conditions were investigated. As shown in Figure 3, the
comparison of Ti leaching rates in Conditions (a) and (c) shows that a larger average particle size led to
a lower leaching rate of Ti. The comparison of Ti leaching rates in Conditions (b) and (c) shows that a
lower acidolysis temperature is unfavorable to the Ti leaching rate. The comparison of Ti leaching
rates in Conditions (d) and (c) shows that a higher reaction temperature is favorable to the leaching
rate of Ti; however, the increase in the Ti leaching rate is marginal when the acidolysis temperature
reaches 513.15 K. Under optimal conditions, the Ti leaching rate of vanadium titanomagnetite TEFS
only reaches 89.98%, while the Ti extraction of ilmenite TEFS can reach the significantly higher level
of 98% [22]. Research suggests that CaO, SiO2, and Al2O3 are unfavorable for the acidolysis of TEFS
in sulfuric acid, especially CaO and SiO2. Besides this, the leaching rates of CaO and SiO2 are 16.1%
and 0.3%, respectively, both of which are relatively low [23]. The impurity content in vanadium
titanomagnetite TEFS is higher than that in ilmenite TEFS. This might be one of the main factors
resulting in the low leaching rate of Ti. Thus, the leaching behaviors of various impurities under
different conditions were investigated.
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Figure 3. Ti leaching rates under four different conditions: (a) average particle size of 110.5 µm, 
reaction temperature of 513.15 K, and initial acid concentration of 88.0 wt %; (b) average particle size 
of 31.5 µm, reaction temperature of 453.15 K, and initial acid concentration of 88.0 wt %; (c) average 
particle size of 31.5 µm, reaction temperature of 513.15 K, and initial acid concentration of 88.0 wt %; 
(d) average particle size of 31.5 µm, reaction temperature of 513.15 K, and initial acid concentration 
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range of 453.15–533.15 K at an acid/solid weight ratio of 2.0:1, average particle size of 31.5 µm, and
initial acid concentration of 88.0 wt % H2SO4. 
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The leaching rates of both Mg and Al increased with increasing temperature, particularly in the first 
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XRD pattern (Figure 1a) and FESEM image (Figure 1b) of the TEFS reveal that the major phases of 
Mg and Al are spinel. Therefore, both Mg and Al show similar leaching behaviors. 

Figure 3. Ti leaching rates under four different conditions: (a) average particle size of 110.5 µm, reaction
temperature of 513.15 K, and initial acid concentration of 88.0 wt%; (b) average particle size of 31.5 µm,
reaction temperature of 453.15 K, and initial acid concentration of 88.0 wt%; (c) average particle size
of 31.5 µm, reaction temperature of 513.15 K, and initial acid concentration of 88.0 wt%; (d) average
particle size of 31.5 µm, reaction temperature of 513.15 K, and initial acid concentration of 98.0 wt%.

3.2. Effect of Temperature on the Leaching of Impurities

The effect of temperature on the leaching of impurities was investigated within the temperature
range of 453.15–533.15 K at an acid/solid weight ratio of 2.0:1, average particle size of 31.5 µm, and
initial acid concentration of 88.0 wt% H2SO4.

The Mg and Al leaching rates at different temperatures are shown in Figure 4a,b, respectively.
The leaching rates of both Mg and Al increased with increasing temperature, particularly in the first
30 min. Further, with increasing reaction time, the leaching rate gradually reached equilibrium. The
XRD pattern (Figure 1a) and FESEM image (Figure 1b) of the TEFS reveal that the major phases of Mg
and Al are spinel. Therefore, both Mg and Al show similar leaching behaviors.
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The Fe leaching rates at different temperatures shown in Figure 4c indicate that the Fe leaching rate
increased as the temperature increased and rapidly reached equilibrium. The XRD pattern (Figure 1a)
and FESEM image (Figure 1b) of the TEFS revealed that the major phase of Fe is Fe metal, which
rapidly reacts with sulfuric acid, especially at high temperatures.

Figure 4d shows the Si leaching rates at different temperatures. The data indicate that there was
no obvious relationship between the leaching rate and temperature. The leaching rate increased in the
initial stage of the reaction and generally decreased at a later stage. The XRD pattern (Figure 1a) and
FESEM image (Figure 1b) of the TEFS reveal that the major phase of Si is diopside, which could react
with sulfuric acid to form H2SiO3, according to Equation (2). Although an increasing amount of Si was
leached from the TEFS with the progression of the reaction, superfluous H2SiO3 in the system caused a
substantial portion of Si in the solution to aggregate into a colloid, which has poor filterability. This is
one of the reasons why the Si leaching rate is low and why it increased at first and then decreased.

The Ca leaching rates at different temperatures shown in Figure 4e also indicate that there was
no obvious relationship between the leaching rate and temperature. The Ca leaching rate generally
increased with the temperature in the initial stage and rapidly reached equilibrium. The XRD pattern
(Figure 1a) and FESEM image (Figure 1b) of the TEFS revealed that the major phase of Ca is diopside,
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which could react with sulfuric acid to form CaSO4, according to Equation (1). However, CaSO4 is an
insoluble product that partly dissolves in the reaction solution.

3.3. Effect of the Acid/Solid Weight Ratio on the Leaching of Impurities

A series of leaching experiments were performed in a sulfuric solution at a reaction temperature
of 513.15 K, with an average particle size of 31.5 µm and an initial acid concentration of 88.0 wt%, by
varying the acid/solid weight ratio.

As shown in Figure 5a,b, the Mg and Al leaching rates increased significantly with increasing
acid/solid weight ratio. As the major phases of both Mg and Al are spinel, their leaching behaviors at
different acid/solid weight ratios were the same.
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As shown in Figure 5c, the Fe leaching rate increased as the acid/solid weight ratio increased and
rapidly reached equilibrium. The increase in the Fe leaching rate with the increase in the acid/solid
weight ratio was marginal, especially when the acid/solid weight ratio was above 1.4, which implies
that the reaction between Fe metal and sulfuric acid proceeded rapidly and that an excess amount of
sulfuric acid could only slightly improve the leaching rate of Fe.
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As shown in Figure 5d, there was no obvious relationship between the leaching rate of Si and the
acid/solid weight ratio. The leaching rate increased in the first 30 min and then generally decreased in
the later stage.

Further, the Ca leaching rates at different acid/solid weight ratios (Figure 5e) also indicate that
there was no obvious relationship between the leaching rate and acid/solid weight ratio. The Ca
leaching rate increased rapidly in the initial stage and then reached equilibrium. As CaSO4 is an
insoluble product, it partially dissolves in the sulfuric acid solution. Therefore, the solubility of CaSO4

in the solution determines its content in the solution and not the quantity leached from the TEFS.

3.4. Effect of Particle Size on the Leaching of Impurities

The leaching experiments were performed in an 88.0 wt% H2SO4 solution at an acid/solid weight
ratio of 2.0:1 and a reaction temperature of 513.15 K using TEFS samples with three different average
particle sizes, viz., 110.5 µm, 58.5 µm, and 31.5 µm.

As shown in Figure 6a,b, the Mg and Al leaching rate increased with a decrease in the particle
size. The interfacial reaction between sulfuric acid and TEFS particles was increased due to the larger
specific surface area of the finer particles, and it effectively promoted the leaching reactions.
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As shown in Figure 6c, the Fe leaching rate increased with a decrease in the particle size. The larger
specific surface area of the finer particles increased the interface reaction and effectively promoted the
leaching reactions.

Figure 6d shows the results of the Si leaching rates from TFES samples with different particle sizes.
The Si leaching rate from 58.5 µm particles was higher than those from 110.5 µm and 31.5 µm particles.
The colloidal coagulation and precipitation of H2SiO3 caused the increase in the leaching rate in the
initial stage of the reaction and its decrease in the later stage.

The Ca leaching rates at different particle sizes shown in Figure 6e indicate that the Ca leaching
rate increased as the particle size decreased.

3.5. Effect of Initial Sulfuric Acid Concentration on the Leaching of Impurities

The effect of the initial sulfuric acid concentration on the leaching rate of the impurities was
studied at the temperature of 513.15 K, an acid/solid weight ratio of 2.0:1, and an average particle size
of 31.5 µm.

As shown in Figure 7a,b, increasing the sulfuric acid concentration generally led to an increase in
the Mg and Al leaching rates.
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Figure 7c shows that the Fe leaching rate generally decreased after the first increase. At the initial
sulfuric acid concentration of 88.0 wt%, the Fe leaching rate was 91.84% after 30 min of leaching.
However, when the sulfuric acid concentration was increased to 98.0 wt%, the Fe leaching rate was
lower at 83.20% after 30 min of leaching.

As shown in Figure 7d,e, the leaching rates of Si and Ca at different initial sulfuric acid
concentrations were somewhat different and did not show significant differences in the leaching rate
over time. The leaching rate of Si increased in the early stage of the reaction but generally decreased in
the later stage at all initial sulfuric acid concentrations. The Ca leaching rate generally decreased as the
initial sulfuric acid concentration increased in the early stage and gradually reached equilibrium.

3.6. Kinetic Analysis

The TEFS particles gradually shrink during the reaction. Therefore, the most reasonable model
for explaining their behaviors should be the shrinking core model, which has been noted to reasonably
represent the experimental observations for a broad variety of minerals. The main steps during the
reaction of TEFS with H2SO4 include the following: (1) H2SO4 diffuses through the liquid boundary
layer to the particle surface; (2) H2SO4 diffuses from the particle surface to the reaction interface
through the residue layer; and (3) the reaction occurs at the interface. Fluid–solid heterogeneous
systems have many applications in hydrometallurgical processes, which involve three rate-controlling
steps: surface chemical reaction, the diffusion of the materials, and diffusion through the ash/product,
which are described by Equations (8)–(10) [24]. Wadsworth and Dickinson suggested a new model
expressed by Equation (11), based on the hypothesis that both the interface transfer and diffusion
across the product layer affect the leaching rate [25,26].

1− (1−X)
1
3 = k2t (8)

1− (1−X)
1

Fp = k1t (9)

1−
2
3

X − (1−X)
2
3 = k3t (10)

1
3

ln(1−X) − [1− (1−X)
1
3 ] = k4t (11)

Here, X represents the leaching rate; t is the leaching time (min); k1, k2, k3, and k4 are the reaction
rate constants; and Fp is the shape coefficient of the TEFS particles. Fp equals 3 if the TEFS particles are
spherical; thus, in this case, Equations (8) and (9) are exactly the same. The experimental data were
substituted into the above equations.

During the reaction of TEFS with sulfuric acid, the leaching of Si and Ca is affected by the colloidal
coagulation and precipitation of H2SiO3 and CaSO4•2H2O, and the leaching process of Fe is too fast
to analyze. Therefore, as it is difficult to effectively analyze the kinetics of Fe, Si, and Ca, we only
investigated the kinetics of Mg and Al in this study.

3.6.1. Kinetic Analysis of Mg

The kinetic model that fits the experimental data with a coefficient closest to 1.0 was assumed to
be the one controlling the leaching process. The values of the coefficients of determination (R2) of the
data fitted with different models for sulfuric acid leaching experiments in the temperature range of
453.15–533.15 K at an acid/solid weight ratio of 2.0:1, initial H2SO4 concentration of 88.0 wt%, and
average particle size of 31.5 µm are given in Table 1.
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Table 1. R2 values of shrinking core kinetic models for 2.5 h of leaching at different temperatures.

R2 Values of Shrinking Core Kinetic Models

Temperature (K) 1 − (1 − X)1/3 1 − 2X/2 − (1 − X)2/3 [ln(1 − X)]/3 − [1 − (1 − X)1/3]

453.15 0.8649 0.9390 0.9856
473.15 0.8496 0.9211 0.9769
493.15 0.8516 0.9237 0.9834
513.15 0.8491 0.9194 0.9824
533.15 0.8446 0.9128 0.9794

A comparison of the different experimental variables from kinetic evaluations (Table 1) indicates
that the new model proposed by Wadsworth and Dickinson is effective for explaining the reactions,
since the R2 values for this model are the closest to 1.0.

Plots of 1
3 ln(1−X) − [1− (1−X)

1
3 ] versus time with the variation in the four different variables

are presented in Figure 8. These plots indicate that the leaching of Mg correlated well with the new
model. Both the diffusion of the material across the product layer and the interface transfer affect the
decomposition of TEFS in the sulfuric acid system.
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The relationship between k and the reaction temperature obeys the Arrhenius equation

ln k = −
Ea

RT
+ A0 (12)

where k is the kinetic constant, Ea is the activation energy (kJ/mol), A0 is a constant, T is the temperature
(K), and R is the gas constant (8.314 kJ/mol).

The Arrhenius plot in Figure 9a indicates the relationship between the apparent rate constant and
temperature. The coefficient of determination for the fitted line in Figure 9a is 0.9792. The Ea calculated
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from the slope of the fitted line is 11.55 kJ/mol. The value of constant A0 was calculated to be −3.60.
The relationship between k and T can be expressed as follows:

k = 0.027
1

e
1389.24

RT
. (13)
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To determine the effects of the acid/solid weight ratio, particle size, and initial sulfuric acid
concentration on Mg leaching, a semi-empirical model was established as follows:

1
3

ln(1−X) − [1− (1−X)
1
3 ] = k1rαdβcγ

1

e
Ea
RT

(14)

where X represents the leaching rate of Mg (%), k is the kinetic constant, c is the initial sulfuric acid
concentration (wt%), d is the average particle size (µm), r is the acid/solid weight ratio, T is the
temperature (K), t is the leaching time (min), and R is the gas constant (8.314 kJ/mol).

Ceteris paribus, and only changing the initial sulfuric acid concentration, Equation (14) can be
expressed as

1
3

ln(1−X) − [1− (1−X)
1
3 ] = k2cγt (15)

d [ 1
3 ln(1−X) − 1 + (1−X)

1
3 ]

dt
= k2cγ (16)

ln


d
[

1
3 ln(1−X) − 1 + (1−X)

1
3

]
dt

 = ln k2 + γ ln c. (17)
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The plot of 1
3 ln(1−X) − 1 + (1−X)

1
3 versus time is shown in Figure 8d, and the slopes of the lines

provide the values of d[ 1
3 ln(1−X) − 1 + (1−X)

1
3 ]/dt at different initial sulfuric acid concentrations.

Plots of 1
3 ln(1−X) − 1 + (1−X)

1
3 versus time with different acid/solid weight ratios and average

particle sizes are shown in Figure 8b,c, respectively. Similarly, the slopes of the lines provide the values

of d[ 1
3 ln(1−X) − 1 + (1−X)

1
3 ]/dt at different acid/solid weight ratios and average particle sizes. The

scatter plots were drawn according to the value of ln [d
[

1
3 ln(1−X) − 1 + (1−X)

1
3

]
/t] with respect to

ln c, ln r, and ln d in Figure 9b–d, respectively. The values of α, β, and γ, which were calculated from
the slopes of the fit lines, are 2.57, −0.54, and 3.91, respectively.

The relationship between k and the three parameters was established by Equation (14), and thus,
we substituted the values into Equation (14).

1
3

ln(1−X) − [1− (1−X)
1
3 ] = k2r2.57 1

d0.54
c3.91 1

e
1389.24

RT
t (18)

The Arrhenius equation obtained from Figure 8a is k = 0.027 1

e
1389.24

RT
, and then, k2r2.57 1

d0.54 d3.91 = 0.027.

Substituting r = 2.0, d = 31.5 µm, and c = 88.0 wt% gives = 0.048. Therefore, the semi-empirical kinetic
equation is

1
3

ln(1−X) −
[
1− (1−X)

1
3

]
= 0.048r2.57 1

d0.54
c3.91 1

e
1389.24

RT
t. (19)

The semi-empirical kinetic equation shows that the effects of the variables on the Mg leaching rate
in order of significance are reaction temperature, initial sulfuric acid concentration, acid/solid weight
ratio, and particle size. The final semi-empirical kinetic equation for Mg leaching by sulfuric acid
obtained in this study is given by Equation (19).

3.6.2. Kinetic Analysis of Al Leaching

A comparison of the kinetic evaluations of the different experimental variables (Table 2) indicated
that the new model proposed by Wadsworth and Dickinson is reasonably able to explain the reactions,
since the R2 values for this model are the closest to 1.0.

Table 2. R2 values of shrinking core kinetic models for 2.5 h of leaching at different temperatures.

R2 Values of Shrinking Core Kinetic Models

Temperature (K) 1 − (1 − X)1/3 1 − 2X/2 − (1 − X)2/3 [ln(1 − X)]/3 − [1 − (1 − X)1/3]

453.15 0.9004 0.9747 0.9968
473.15 0.8867 0.9666 0.9958
493.15 0.8731 0.9483 0.9931
513.15 0.8576 0.9304 0.9855
533.15 0.8231 0.8905 0.9564

Plots of 1
3 ln(1−X) − [1− (1−X)

1
3 ] versus time with the variation in the four different variables are

presented in Figure 10. These plots indicate that the leaching of Al correlated well with the new model.
Figure 11a shows the Arrhenius plot, which indicates the relationship between the apparent rate

constant and temperature. The coefficient of determination of the fitted line in Figure 11a is 0.8915. The
Ea calculated from the slope of the fitted line is 24.04 kJ/mol. The value of constant A0 was calculated
to be −0.89. The relationship between k and T can be expressed as follows:

k = 0.41
1

e
2890.95

RT
. (20)
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The plot of 1
3 ln(1−X) − 1 + (1−X)

1
3 versus time is shown in Figure 10c, the slopes of

the lines are the values of d[ 1
3 ln(1−X) − 1 + (1−X)

1
3 ]/dt at different average particle sizes.

Plots of 1
3 ln(1−X) − 1 + (1−X)

1
3 versus time with different acid/solid weight ratios and initial

sulfuric acid concentrations are shown in Figure 10b,d, respectively. Similarly, the slopes of

the lines give the values of d[ 1
3 ln(1−X) − 1 + (1−X)

1
3 ]/dt at different acid/solid weight ratios

and initial sulfuric acid concentrations. The scatter plots were drawn according to the values of

ln [d
[

1
3 ln(1−X) − 1 + (1−X)

1
3

]
/t] with respect to ln c, ln r, and ln d in Figure 11b–d, respectively.

The values of α, β, and γ, which were calculated from the slopes of the fit lines, are 4.23, −0.72, and
3.35, respectively.

The relationship between k and the three parameters was established in Equation (14), and thus
we substituted the values into Equation (14).

1
3

ln(1−X) − [1− (1−X)
1
3 ] = k1r4.23 1

d0.72 c3.35 1

e
2890.95

RT
t (21)

The Arrhenius equation obtained from Figure 8a is k = 0.41 1

e
2890.95

RT
, and then, k1r4.23 1

d0.72 c3.35 = 0.41.

Substituting r = 2.0, d = 31.5 µm, and c = 88.0 wt% gives k1 = 0.40. Therefore, the semi-empirical kinetic
equation is

1
3

ln(1−X) −
[
1− (1−X)

1
3

]
= 0.40r4.23 1

d0.72 c3.35 1

e
2890.95

RT
t. (22)

The semi-empirical kinetic equation shows that the effects of the variables on the Al leaching
rate in order of significance are the reaction temperature, acid/solid weight ratio, initial sulfuric acid
concentration, and particle size. The final semi-empirical kinetic equation for Al leaching by sulfuric
acid obtained in this study is Equation (22).

3.7. Characterization of Leach Residues

Modern testing technologies and analyses are useful to characterize the properties of targeted
materials [27,28]. Figure 12 shows the XRD patterns of the leach residues and original TEFS. For
comparison, the morphologies of the original TEFS, acidolysis products, and water leach residues are
shown in Figure 13. The XPS spectra of the original TEFS and residue are shown in Figure 14.
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The XRD pattern presented in Figure 12 indicates that most of the MxTi3-xO5 and MgAl2O4 reacted 
with sulfuric acid during the reaction, since the intensities of their characteristic peaks for the residue 
were reduced significantly as compared to those for the original TEFS. FeTiO3 and Fe metal reacted 
completely, as their characteristic peaks totally disappeared in the XRD pattern of the residue. The 
characteristic peaks of CaSO4·2H2O in the residue are obvious in the XRD pattern of the residue, 
indicating that a large quantity of gypsum was produced during the leaching process. 
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Figure 13. FESEM images showing the morphologies of original TEFS (a,b), acidolysis products (c,d),
and water leaching residues (e,f).

The XRD pattern presented in Figure 12 indicates that most of the MxTi3-xO5 and MgAl2O4 reacted
with sulfuric acid during the reaction, since the intensities of their characteristic peaks for the residue
were reduced significantly as compared to those for the original TEFS. FeTiO3 and Fe metal reacted
completely, as their characteristic peaks totally disappeared in the XRD pattern of the residue. The
characteristic peaks of CaSO4·2H2O in the residue are obvious in the XRD pattern of the residue,
indicating that a large quantity of gypsum was produced during the leaching process.

The FESEM images reveal that most of the MxTi3-xO5 phase reacted with sulfuric acid to produce
a substantial amount of sheet-shaped TiOSO4, which leached into the solution during the subsequent
water leaching process. Figure 13e,f reveals that much clastic CaSO4·2H2O and MgAl2O4 adsorbed on
the surface of Ca(Mg, Fe)Si2O6.

The XPS spectra of the original TEFS and residue are shown in Figure 14. As shown in Figure 14a,b,
the peak intensities of the Mg 2p and Al 2p signals of the original TEFS were much stronger than
those of the residue, indicating that most Mg and Al was leached out in the leaching process. The
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peak intensity of the Fe 2p of the original TEFS was weak, while the Fe 2p peak of the residue was
not observable, which implies that the iron content was low in the original TEFS and was near zero
after the leaching process. Figure 14d shows that the Si 2p XPS spectrum of the residue had a stronger
peak intensity compared to that in the spectrum of the original TFES, which could have resulted from
numerous factors, including the relatively high content of Si and the exposure of Ca(Mg, Fe)Si2O6.
Moreover, the binding energies of the Si 2p increased from 102.62 to 103.55 eV, implying that a new
product, probably silica gel, was generated in the leaching process according to Equation (2). The
silica gel is an amorphous substance and the XRD experimental pattern was corrected via background
subtraction; thus, the XRD pattern in Figure 12 did not demonstrate peaks related to the metasilicilic
acid. As shown in Figure 14e, the binding energies of the Ca 2p shifted from 347.60 to 347.99 eV. This
peak shift to higher energies indicates differences in the electronic environment of the original TEFS
and residue. The results may be attributed to the generation of CaSO4·2H2O. As shown in Figure 14f,
an obvious peak of S 1s appeared in the XPS spectra of the residue, largely due to the generation of a
large quantity of sulfate.
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Fe 2p XPS spectra; (d) Si 2p XPS spectra; (e) Ca 2p XPS spectra; (f) S 2p XPS spectra. 
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4. Conclusions

The leaching behaviors of impurities were studied under different conditions. Under the conditions
used, the leaching rate of Fe increased rapidly and quickly reached equilibrium. The leaching rate of
Si increased quickly in the early stage and decreased in the later stage, which may be attributed to
the generation of superfluous H2SiO3 in the system, causing a substantial portion of the solution to
aggregate to form a colloid, which has poor filterability. The leaching rate of Ca increased in the initial
stage and reached equilibrium later, with the main reason being the formation of CaSO4·2H2O, which
precipitates and thereby influences the leaching of Ca. Further, the leaching rate of Fe was extremely
rapid, making it difficult to study its leaching kinetics. Meanwhile, the leached products of Si and Ca
interfered with their leaching, because they were insoluble.

XRD analyses revealed that the major Mg- and Al-bearing mineral in TEFS is spinel, along with
anosovite, which contains a small amount of Mg. This led to similar leaching behaviors of Mg and Al.
A new shrinking core model, based on interface transfer and diffusion across the product layer, was
proposed to explain the leaching of Mg and Al in the sulfuric acid solution. The leaching equations
of Mg and Al for this model were derived with the activation energies of 11.55 and 24.04 kJ/mol,
respectively, and are given by Equations (19) and (22), respectively.
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