
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
D

ec
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 3

/2
2/

20
26

 4
:4

5:
23

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Thermodynamics
aKey Laboratory of Ministry of Education f

Recycle, Institute of Mineral Materials & A

Nonmetallic Mineral Powder Modication

Forecasting and Analysis, School of E

University of Science and Technology, Mia

tjpeng@swust.edu.cn; kcs103201@163.com
bSchool of Chemistry and Chemical Engin

Science, Dazhou 635000, Sichuan, China

Cite this: RSC Adv., 2022, 12, 34990

Received 4th October 2022
Accepted 16th November 2022

DOI: 10.1039/d2ra06237b

rsc.li/rsc-advances

34990 | RSC Adv., 2022, 12, 34990–
analysis and experiments on Ti-
bearing blast furnace slag leaching enhanced by
sulfuric acid roasting

Lvshan Zhou, *b Tongjiang Peng,*a Hongjuan Suna and Sanyuan Wangb

The potential-pH diagrams of the main components of Ti-bearing blast furnace slag (air-cooled slag) at

298.15 K (25 °C) and an ion activity of 1.00 were drawn by thermodynamic calculation. Thermodynamic

analysis showed that the main metal components, when the Ti-bearing blast furnace slag is roasted with

concentrated sulfuric acid, could be converted to sulfate. From these analyses, it can be seen that under

strong acid conditions, the major metal components could react to form sulfate, and the effective

separation of Ti, Mg, and Al can be achieved from both Ca and Si. Further experiments were performed

with a 5.0% dilute sulfuric acid solution used to leach a Ti-bearing blast furnace slag sample that had

been calcined with concentrated sulfuric acid, at a liquid–solid ratio of 10, a reaction time of 60 min,

and a reaction temperature of 338.15 K (65 °C). This led to a leaching ratio of Ti above 85.0%, leaching

ratios of Mg and Al higher than 95.0%, and leaching ratios of Fe and Ca of 45.7% and 24.7%, respectively.

All these values were higher than the leaching ratios of Ti-bearing blast furnace slag.
1 Introduction

The western Panxi region in China is a well-known place of
origin for vanadium-bearing titanomagnetite. Aer benecia-
tion, approximately 50.0% of the titanium resources are able to
enter the iron concentrate. When the blast furnace method is
used to smelt the iron concentrate, the titanium resources enter
the blast furnace slag, forming Ti-bearing blast furnace slag.
This can aerwards be divided into water-quenched slag and
air-cooled slag, according to a cooling method.1 The applica-
tions of Ti-bearing blast furnace slag mainly include producing
cement, concrete, non-red and non-steamed bricks, functional
materials, and glass-ceramics,2,3 and also the selective extrac-
tion of valuable components such as titanium andmagnesium.4

The latter process can be mainly divided into two categories:
pyrometallurgy and hydrometallurgy.5 Besides pyrometallurgy
and hydrometallurgy, there are many reports on the extraction
of metals from Ti-bearing blast furnace slag with an electro-
chemical method, such as molten slag electrolysis, or deoxida-
tion of a solid slag cathode.6,7 The wet extraction process is
mainly based on the sulfuric acid method,8 hydrochloric acid
method,9 or sodium hydroxide method,10 among other
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examples. Some research achievements from these works are
listed in Table 1. To obtain an air-cooled slag with good crys-
tallinity, the valuable component leaching ratio needs to be low,
by using direct acid leaching. To overcome the leaching
bottleneck, a salt or acid roasting leaching process represented
by ammonium sulfate11,12 and activated roasting-alkali leaching
processes13 were reported. In other solid waste applications, the
acid roasting leaching process14 has also been effectively
developed, providing a reference for the use of Ti-bearing blast
furnace slag. Although the new technology has solved the
problem of a low leaching ratio, there is still a lack of studies
regarding leaching thermodynamic analysis, as well as theo-
retical studies about the transfer and reaction of the target
substance. Without this, it is not possible to achieve an effective
foundation for innovation and development of leaching
technology.

The potential-pH (E-pH) diagram (Pourbaix diagram) is
mainly based on thermodynamic data, and it can reect the
stable existence and transformation trend of substances in
different pH systems. It can also intuitively describe several
aspects that occur in the solution, like the chemical reaction,
equilibrium conditions, progress direction, reaction limits, and
others.15 Weathering has an important effect on the extraction
of copper, silver, and gold from copper porphyry ore. The results
of this study indicated that the mineral near-surface weathering
oxidation section corresponds to the oxidation area of the E-pH
diagram, while the non-redox enrichment area corresponds to
the reducing region. The predicted product is consistent with
the actual mineral composition,15 andmetal surface passivation
is an important means to slow or even prevent metal corrosion.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Research achievements on recovery of valuable components from Ti-bearing blast furnace slag (in part)

No. Leaching agent Target component Operating conditions Result Reference

1 50.0 wt% H2SO4 Ti Stirring speed 400 rpm, liquid–solid
weight ratio 10, reaction temperature
100 °C, reaction time 1 h

72.3% (water quenched slag)
45.0% (air-cooled slag)

8

2 20.0 wt% HCl Ti Stirring, liquid–solid ratio 100 mL g−1,
reaction temperature 100 °C, reaction
time 8 h

44.0% (air-cooled slag) 9

3 2.0 mol L−1 NaOH V Ti-bearing blast furnace slag was
modied with titanium slag, SiO2 and O2

at 1450 °C, stirring speed 500 rpm,
liquid–solid ratio 3, leaching
temperature 95 °C, and leaching time 90
min

91.3% 10

4 2.0 mol L−1 HCl Ti Ti-bearing blast furnace slag was
modied with titanium slag, SiO2 and O2

at 1450 °C, stirring speed 500 rpm,
liquid–solid ratio 3, leaching
temperature 65 °C, and leaching time 60
min

97.8% 10

5 10.0 wt% H2SO4 Ti Ti-bearing blast furnace slag was roasted
with ammonium sulfate, stirring speed
450 rpm, liquid–solid ratio 5 mL g−1,
leaching temperature 90 °C, leaching
time 3 h

94.5% 11

6 2.5 wt% H2SO4 Ti Sulfuric acid curing, stirring speed
300 rpm, leaching temperature 25 °C,
leaching time 3 h

85.96% 12

7 H2O Al Ti-bearing blast furnace slag was roasted
with NaOH, stirring, liquid–solid ratio
10 mL g−1, leaching temperature 90 °C,
leaching time 3 h

83.0% 13
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Chandra-ambhorn et al.16 used the E-pH diagram to speculate
on the corrosion and passivation of 316 L stainless steel in
a mixed solution of sodium chloride and sodium sulfate, veri-
fying the results with lab experiments. These results showed
that the E-pH diagram can better predict the corrosion of 316 L
stainless steel, as well as provide better theoretical support for
its corrosion resistance. Metal recovery in solid waste is an
important way to realize solid waste resource utilization. Mu
et al.17 reported the pressure conditions and product distribu-
tion of leaching vanadium-containing titanium slag, according
to the E-pH diagram. Ruwaida et al.18 reported the possibility of
monazite acid leaching to recover rare earth metals, based on
the E-pH diagram.

Whether looking at hydrometallurgy, metal corrosion,
geochemistry, or analytical chemistry, research on E-pH
diagrams mostly focuses on pure metal–water systems, and
there are still only a small number of studies that cover complex
mineral-water systems.19 Although the E-pH diagram is
a research result under ideal conditions, it has a powerful role
in the development of new industrial production processes, or
even the design and preparation of new materials, while it can
also provide theoretical support for practical experiments and
industrial applications.

The main purpose of hydrometallurgy for Ti-bearing blast
furnace slag is the separation of valuable metals.20 Therefore, in
hydrometallurgy, the key is for the target components to
© 2022 The Author(s). Published by the Royal Society of Chemistry
dissolve as much as possible in the solution. For air-cooled slag,
the high crystallization degree makes it difficult for most metals
to dissolve, and theoretical research on the leaching process is
relatively poor. To achieve a high-efficiency leaching, in this
work, a Ti-bearing blast furnace slag was roasted using
concentrated sulfuric acid, and the main focus is the chemical
reaction and thermodynamics of the leaching process. Based on
chemical reaction thermodynamics, E-pH diagram theory, and
HSC chemistry 6.0, thermodynamic calculations were carried
out, and E-pH diagrams were drawn for the sulfuric acid
leaching process on Ti-bearing blast furnace slag. The main
objective was to obtain a theoretical scheme for extracting
valuable metals from Ti-bearing blast furnace slag, as well as
provide theoretical support for the technological design of
hydrometallurgy for Ti-bearing blast furnace slag.
2 Materials and methods
2.1 Materials

Titanium-bearing blast furnace slag is an air-cooled slag
produced in the Panzhihua Iron and Steel Group in China. Aer
crushing and ball milling, powder with a particle size of less
than 0.150 mm is obtained. The sulfuric acid used in the
experiment was analytically pure (95.0–98.0 wt%) and
purchased from Chengdu Kelong Chemical Reagent Factory.
Pure water produced by an ultrapure water machine (Chengdu
RSC Adv., 2022, 12, 34990–35001 | 34991
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Ultra Pure Technology Co., Ltd., UPT-11-10T) was used in all
experiments.

2.2 Experimental

According to previous work from the authors,21 a 100 mL
porcelain crucible with a lid was used, containing 10.0 g of Ti-
bearing blast furnace slag sample and 15.8 g of concentrated
sulfuric acid (which is 1.5 times the stoichiometric ratio of Ti,
Mg, Al, and Fe in the sample). The sample was mixed well using
a glass rod, and placed for 120 minutes in a 403.15 K (130 °C)
tubular reactor for calcination. During the calcination process,
air at 5 L min−1 was used to purge the generated gas, while lye
and acid were used at the outlets for absorption. Roasted Ti-
bearing blast furnace slag (5.0 g) was added to a 100 mL
beaker to leach at different values of sulfuric acid concentra-
tions, liquid–solid ratios, reaction times and reaction temper-
atures, in a constant temperature water bath (Zhengzhou
Yingyu Lingke Instrument Equipment Co., Ltd., DF-101S). Aer
the reaction, a lter was applied to obtain the ltrate and
residue. The ltrate was analyzed for Ti, Mg, Al, Fe, and Ca
content, the residue was washed with ultrapure water to achieve
neutrality, and dried in a constant temperature drying oven at
378.15 K (105 °C), and samples were taken for chemical
composition analysis. A blank group without sulfuric acid
roasting was obtained during the experiment. Three parallel
experiments were performed for all samples.

2.3 Analysis and characterization

The contents of Ca and Mg in the leaching solution of Ti-
bearing blast furnace slag were analyzed using titration,22 and
the contents of Ti, Al, and Fe were analyzed using spectropho-
tometry.23,24 The used instrument was an Evolution™ 300 UV-
vis spectrophotometer, produced by Thermo Company in the
United States.

Phase composition analysis was performed using an X'pert
Pro X-ray diffractometer, produced by the Dutch PANalytical
Company, for Ti-bearing blast furnace slag raw samples,
samples aer sulfuric acid roasting, and leaching residues. The
test conditions were as follows: Cu target, tube voltage: 40 kV,
tube current: 40 mA, transmitting slit (DS): (1/2)°, anti-scatter
slit (SS): 0.04 rad, receiving slit (AAS): 5.5 mm, scanning step
length: 0.02°, scan range: 3°–80°, continuous scanning.

An Axios X-ray uorescence spectrometer with a ceramic
light tube was used to analyze the chemical composition of the
Ti-bearing blast furnace slag sample, with the maximum power
set as 2.4 kW. Sample preparation was carried out using the fuse
method.

Loss on ignition analysis was performed in a porcelain
crucible with a lid that had been calcined to a constant weight.
1.00 g of Ti-bearing blast furnace slag sample (m) was added and
the crucible was placed in a 1223.15 K (950 °C) muffle furnace to
heat for 15–20 min. Then, the crucible was removed and placed
in a desiccator to cool at room temperature, having also been
weighed and calcined repeatedly until the crucible weight did
not change (m1). The loss on ignition of Ti-bearing blast furnace
slag was calculated using XLOI (%) = 100(m − m1)/m.
34992 | RSC Adv., 2022, 12, 34990–35001
2.4 E-pH diagram mapping principles

The essence of the acid leaching process is the reaction between
H+ ionized by the acid and the leached object, which can be
expressed by the general eqn (1).15

aA + xH+ + nE− = bB + yH2O (1)

Under isothermal and isopiestic pressure conditions, and
ignoring the inuence of generated water, the Gibbs free energy
change of the reaction can be obtained by eqn (2)–(4).

DrG = DrG
q + RT ln[aB

b/(aA
a$aH+

x)] (2)

DrG
q =

P
viDfG

q (product) − P
viDfG

q (reagent) (3)

DrG
q(T) = DrH

q(298.15 K) − TDrS
q(298.15 K) (4)

According to the relationship between the Gibbs free energy
and electric potential (DrG = −nFE), eqn (2) can be expressed as
eqn (5).

nFE = −DrG
q−2.303RT lg(aB

b/aA
a) − 2.303RTxpH (5)

When n = 0, the pH expression is as shown in eqn (6).

pH = −DrG
q/(2.303RTx) − lg(aB

b/aA
a)/x (6)

When x = 0, the electric potential expression is as shown in
eqn (7).

E = −DrG
q/nF − 2.303RT lg(aB

b/aA
a)/nF (7)

When oxidation–reduction and hydrolysis–neutralization
reactions coexist, the electric potential expression is as shown
in eqn (8).

E = −DrG
q/nF − 2.303RT lg(aB

b/aA
a)/nF − 2.303RTx/nFpH (8)

3 Results and discussion
3.1 Phase and chemical composition analysis of Ti-bearing
blast furnace slag (air-cooled slag)

The chemical composition analysis results of Ti-bearing blast
furnace slag using the XRF analysis method are displayed in
Table 2. The results indicate that the Ti-bearing blast furnace
slagmainly includes Ca, Si, Ti, Al, Mg, and Fe, which account for
more than 96% of the total chemical content, so the Ti-bearing
blast furnace slag has a high comprehensive recycling value.
The loss on ignition of the Ti-bearing blast furnace slag was only
4.75%, indicating that its structure is stable and it contains
fewer components that are volatile and easy to decompose or
gasify.

Fig. 1 shows the phase composition analysis of the Ti-
bearing blast furnace slag (air-cooled slag), which shows that
because the air-cooled slag was naturally cooled, the formed
crystal phases have sharp diffraction peaks and high crystal-
linity. The Ti-bearing blast furnace slag mainly comprises
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The chemical composition analysis result of Ti-bearing blast furnace slag (no. BFS-1)a

Composition Content/% Composition Content/% Composition Content/%

CaO 27.37 SiO2 26.51 TiO2 17.92
Al2O3 14.33 MgO 8.05 Fe2O3 2.59
SO3 1.10 Na2O 0.77 MnO 0.62
K2O 0.58 BaO 0.07 SrO 0.04
ZrO2 0.02 Cl 0.02 Y2O3 0.01
Loss on ignition 4.75

a The content of main elements in high-titanium blast furnace slag is expressed in the form of oxides.

Fig. 1 XRD pattern of a Ti-bearing blast furnace slag sample.
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perovskite (CaTiO3, PDF#22-0153), diopside (Ca(Mg, Al))(Si,
Al)2O6, (PDF#41-1370), tricalcium aluminate (Ca3Al2O6,
PDF#38-1429), gehlenite (Ca2Al2SiO7, PDF#35-0755), hematite
(Fe2O3, PDF# 33-0664), and magnesium silicate (MgSiO3,
PDF#39-0048).
3.2 Thermodynamic analysis of Ti-bearing blast furnace slag
roasted with concentrated sulfuric acid

The possible reactions in the roasting process are shown in eqn
(9)–(16), which take into account the roasting of Ti-bearing blast
Fig. 2 Gibbs free energy change DG (a) and equilibrium constant K (b) o

© 2022 The Author(s). Published by the Royal Society of Chemistry
furnace slag with concentrated sulfuric acid, and the phase
analysis results.

CaTiO3 + 2H2SO4 = CaSO4 + TiOSO4 + 2H2O (9)

CaMgSi2O6 + 2H2SO4 = CaSO4 + MgSO4 + 2SiO2 + 2H2O (10)

Ca3Al2O6 + 6H2SO4 = 3CaSO4 + Al2(SO4)3 + 6H2O (11)

Ca2Al2SiO7 + 5H2SO4 = 2CaSO4 + Al2(SO4)3 + SiO2 + 5H2O(12)

MgSiO3 + H2SO4 = MgSO4 + SiO2 + H2O (13)

Fe2O3 + 3H2SO4 = Fe2(SO4)3 + 3H2O (14)

2Fe2O3 + 4H2SO4 = 4FeSO4 + 4H2O + O2 (15)

CaTiO3 + H2SO4 = CaSO4 + TiO2 + H2O (16)

Fig. 2 shows graphs plotting the Gibbs free energy change
DG, and equilibrium constant K for different reactions, when
both Ti-bearing blast furnace slag and concentrated sulfuric
acid are roasted at different temperatures. The results in Fig. 2
show that the main components in Ti-bearing blast furnace slag
can spontaneously react with concentrated sulfuric acid during
the roasting process. The equilibrium constants of reactions
eqn (11) and (12) are very high, which indicates that the reaction
proceeded very thoroughly, and the aluminum in the Ti-bearing
blast furnace slag can be easily converted into soluble
aluminum sulfate, which is benecial to leaching. The Gibbs
f different reactions with temperature.

RSC Adv., 2022, 12, 34990–35001 | 34993
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Table 3 Standard generated Gibbs free energies of the main substances (298.15 K, 100 kPa)25a

Substance DfG
q/kJ mol−1 Substance DfG

q/kJ mol−1 Substance DfG
q/kJ mol−1

H2(g) 0 H+(aq) 0 H2O(l) −237.1
OH−(aq) −157.3 O2(g) 0 SO4

2−(aq) −744.5
CaSO4$2H2O(c) −1797.5 CaSO4$0.5H2O(c) −1436.8 CaSO4(c) −1309.1
Ca(OH)2(c) −897.5 CaTiO3(c)* −1688.7 CaMgSi2O6(c)* −3248.8
Ca2Al2SiO7(c)* −4048.5 Ca3Al2O6(c)* −3649.2 Ca2+(aq) −553.5
H4SiO4(c) −1333.0 H2SiO3(c) −1092.4 HSiO3

−(aq) −1152.1
SiO2(c) −856.4 Mg(c) 0 Mg2+(aq) −454.8
MgO(c) −569.3 Mg(OH)2(c) −833.7 MgSiO3(c) −1462.0
Ti(OH)3(c) −1049.8 TiO(OH)2(c)* −1086.7 Ti3+(aq) −349.78
TiO2+(aq) −633.1 Ti2O3(c) −1434.2 TiOSO4(c)* −1549.9
Fe(c) 0 Fe(OH)3(c) −705 Fe(OH)2(c) −490.0
Fe2O3(c) −742.2 Fe3O4(c) −1015.4 FeOOH(c) −578.0
Fe3+(aq) −4.7 Fe2+(aq) −78.9 Al3+(aq) −485.3
AlO2

−(aq) −830.9 Al(OH)3(c) −1306.0

a c-Crystal, l-liquid, g-gas, aq-aqueous solution, *data were checked by HSC Chemistry 6.0 soware.

Table 4 Reaction equilibrium equation and E-pH calculation formula of themain components of Ti-bearing blast furnace slag in the sulfuric acid
system (298.15 K)

No. Reaction E-pH equation

a O2 + 4H+ + 4e− = 2H2O E = 1.228 − 0.0592pH
b 2H+ + 2e− = H2 E = −0.0592pH
1 CaTiO3 + 4H+ = Ca2+ + TiO2+ + 2H2O pH = −1.222 − 0.25 lg([Ca2+][TiO2+])
2 CaTiO3 + 4H+ + SO4

2− = CaSO4$2H2O + TiO2+ pH = −0.114 − 0.25 lg([TiO2+]/[SO4
2−])

3 CaTiO3 + 3H+ + e− + SO4
2− + 2H2O = CaSO4$2H2O + Ti(OH)3 E = −0.623 − 0.177pH − 0.0592 lg(1/[SO4

2−])
4 2CaTiO3 + 6H+ + 2SO4

2− + 2e− = 2CaSO4$0.5H2O + Ti2O3 + 2H2O E = −0.437 − 0.178pH − 0.0296 lg(1/[SO4
2−]2)

5 CaTiO3 + 4H+ + SO4
2− = Ca2+ + TiOSO4 + 2H2O pH = 6.324 − 0.25 lg([Ca2+]/[SO4

2−])
6a CaTiO3 + 4H+ + 2SO4

2− = CaSO4$2H2O + TiOSO4 pH = 4.873 − 0.25 lg(1/[SO4
2−]2)

7 CaTiO3 + SO4
2− + 6H+ + e− = CaSO4$2H2O + Ti3+ + H2O E = −0.506 − 0.355pH − 0.0592 lg([Ti3+]/[SO4

2−])
8a CaMgSi2O6 + 4H+ + 2H2O = Ca2+ + Mg2+ + 2H4SiO4 pH = 5.919 − 0.25 lg([Ca2+][Mg2+])
9a CaMgSi2O6 + 4H+ = Ca2+ + Mg2+ + 2SiO2 + 2H2O pH = 7.155 − 0.25 lg([Ca2+][Mg2+])
10a CaMgSi2O6 + 4H+ = Ca2+ + Mg2+ + 2H2SiO3 pH = 7.040 − 0.25 lg([Ca2+][Mg2+])
11a CaMgSi2O6 + 4H+ + SO4

2− + 4H2O = CaSO4$2H2O + Mg2+ + 2H4SiO4 pH = 7.043 − 0.25 lg([Mg2+]/[SO4
2−])

12a CaMgSi2O6 + 2H+ + SO4
2− + 4H2O = CaSO4$2H2O + Mg(OH)2 + 2H2SiO3 pH = 7.918 − 0.5 lg(1/[SO4

2−])
13a CaMgSi2O6 + 2H+ + SO4

2− + 2H2O = CaSO4$2H2O + Mg(OH)2 + 2SiO2 pH = 8.148 − 0.5 lg(1/[SO4
2−])

14 Ca3Al2O6 + 12H+ = 3Ca2+ + 2Al3+ + 6H2O pH = 5.905 − 0.0833 lg([Ca2+]3[Al3+]2)
15a Ca3Al2O6 + 6H+ = 3Ca(OH)2 + 2Al3+ pH = 7.790 − 0.167 lg[Al3+]2

16a Ca3Al2O6 + 12H+ + 3SO4
2− = 3CaSO4$2H2O + 2Al3+ pH = 10.662 − 0.0833 lg([Al3+]2/[SO4

2−]3)
17a Ca2Al2SiO7 + 4H+ + 3H2O = 2Ca2+ + 2Al(OH)3 + H4SiO4 pH = 8.804 − 0.25 lg[Ca2+]2

18a Ca2Al2SiO7 + 4H+ + 2H2O = 2Ca2+ + 2Al(OH)3 + H2SiO3 pH = 8.788 − 0.25 lg[Ca2+]2

19 Ca2Al2SiO7 + 10H+ = 2Ca2+ + 2Al3+ + 4H2O + H2SiO3 pH = 1.224 − 0.1 lg([Ca2+]2[Al3+]2)
20 Ca2Al2SiO7 + 10H+ + 2SO4

2− + H2O = 2CaSO4$2H2O + 2Al3+ + H4SiO4 pH = 2.172 − 0.1 lg([Al3+]2/[SO4
2−]2)

21a Ca2Al2SiO7 + 4H+ + 2SO4
2− + 7H2O = 2CaSO4$2H2O + 2Al(OH)3 + H4SiO4 pH = 11.052 − 0.25 lg(1/[SO4

2−]2)
22 Ca2Al2SiO7 + 10H+ + 2SO4

2− = 2CaSO4$2H2O + 2Al3+ + H2SiO3 pH = 2.111 − 0.1 lg([Al3+]2/[SO4
2−]2)

23 Fe2+ + 2e− = Fe E = −0.409 − 0.0296 lg[Fe2+]
24 Fe3+ + e− = Fe2+ E = 0.769 − 0.0592 lg[Fe2+]/[Fe3+]
25 Fe(OH)3 + 3H+ = Fe3+ + 3H2O pH = 1.14 − 0.333 lg[Fe3+]
26 Fe(OH)3+3H

+ + e− = Fe2+ + 3H2O E = 0.971− 0.177pH − 0.0592 lg[Fe2+]
27 Fe(OH)2 + 2H+ = Fe2+ + 2H2O pH = 6.47 − 0.5 lg[Fe2+]
28 Fe(OH)3 + H+ + e− = Fe(OH)2 + H2O E = 0.208 − 0.059pH
29 Fe(OH)2 + 2H+ + 2e− = Fe + 2H2O E = −0.026 − 0.059pH
30 Fe2O3 + 6H+ = 2Fe3+ + 3H2O pH = −0.628 − 0.167 lg[Fe3+]2

31 Fe2O3 + 6H+ + 2e− = 2Fe2+ + 3H2O E = 0.658 − 0.178pH − 0.0296 lg[Fe2+]
32a Fe3O4 + 8H+ + 2e− = 3Fe2+ + 4H2O E = 1.092 − 0.237pH − 0.0296 lg[Fe2+]
33a FeOOH + 3H+ = Fe3+ + 2H2O pH = 0.131 − 0.333 lg[Fe3+]
34a FeOOH + 3H+ + e− = Fe2+ + 2H2O E = 0.794 − 0.178pH − 0.0592 lg[Fe2+]
35a FeOOH + H+ + e− = Fe(OH)2 E = 0.0282 − 0.0592pH
36a Fe2O3 + 2H+ + 2e− + H2O = 2Fe(OH)2 E = 0.0296 − 0.0592pH

a The reaction Gibbs free energy was obtained using HSC Chemistry 6.0.

34994 | RSC Adv., 2022, 12, 34990–35001 © 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The E-pH diagram of the CaTiO3–H2SO4–H2O system (298.15
K).
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free energies of reactions eqn (13)–(15) are high, but the equi-
librium constant is smaller, which means that these reactions
can occur in the range of 273.15 K (0 °C) –473.15 K (200 °C), but
the degree of positive reaction may not be high. Regarding
reaction (16), it is possible that calcium titanate can be trans-
formed into titanium dioxide, but titanium dioxide will
decompose in hot concentrated sulfuric acid, and later trans-
form into titanyl sulfate.13
3.3 E-pH diagram of the main components in Ti-bearing
blast furnace slag

According to the phase and chemical composition analysis, Ti-
bearing blast furnace slag mainly contains perovskite and sili-
cate. The main components were rst selected, and the drawing
was carried out in light of E-pH diagram principles. Table 3
gives the standard Gibbs free energy that is required for each
substance in the E-pH diagram drawing process. When drawing
the E-pH diagram of the main component in the Ti-bearing
blast furnace slag with a sulfuric acid solution system, the ion
Fig. 4 The E-pH diagram of the CaMgSi2O6–H2SO4–H2O system (298.

© 2022 The Author(s). Published by the Royal Society of Chemistry
concentration is used instead of the ion activity. It is supposed
that each ion concentration in the system is 1 mol L−1, and at
298.15 K (25 °C), both the main reaction equilibrium equation
and the calculation formula of E-pH are listed in Table 4.

Fig. 3 shows the E-pH diagram of perovskite in a sulfuric acid
solution system, which leads to the conclusion that CaTiO3 is
relatively stable in a generally aqueous solution system, while
TiO2+ will only be generated when the pH is lower than−1.20. In
a sulfuric acid solution system, CaTiO3 can react with H2SO4 to
generate a more soluble TiOSO4, where the pH of TiO2+ is higher
than the one without sulfuric acid. When the sulfuric acid
amount is insufficient, calcium is present as Ca2+, while in the
case when the amount is sufficient, CaSO4$2H2O will be
generated. In the low potential area, the Ti in CaTiO3 can be
converted to Ti3+, but it is not stable and will produce Ti(OH)3,
Ti2O3, and other products.

Fig. 4 show the E-pH diagram of diopside in a sulfuric acid
solution system. In the solution system, CaMgSi2O6 (diopside)
can be decomposed by acid, and Si mainly exists in the form of
orthosilicic or metasilicic acid. The existing forms of Mg and Ca
are related to the acidic medium, and in a non-sulfuric acid
system, they mainly exist in the form of Mg2+ and Ca2+. The
main reason for this is that the pH of calcium and magnesium
ions that are beginning to precipitate at 298.5 K is 11.4 and 9.43,
respectively. Ca2+ and Mg2+ in acidic systems can exist stably
without being hydrolyzed to Ca(OH)2 or Mg(OH)2, while in
a sulfuric acid medium, Ca mainly forms CaSO4$2H2O, while
Mg is hydrolyzed in alkaline solution to produce Mg(OH)2.
According to a published work, pyroxene can be decomposed
under acidic conditions.26 Regarding diopside, its acid solu-
bility is weak, but its structure can be destroyed by ball milling,
thereby increasing its decomposition rate.27

Fig. 5 shows an E-pH diagram of tricalcium aluminate in
a sulfuric acid solution system. In an acidic system, Ca3Al2O3

can react with acid to form soluble salts. In the case of Al3+, it
can be widely present in systems with a pH lower than 7.80.
Because of the presence of SO4

2− in the system, its existence
area tends to expand for Al3+, while Ca2+ released from other
15 K).
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Fig. 5 The E-pH diagram of the Ca3Al2O6–H2SO4–H2O system (298.15 K).

Fig. 6 The E-pH diagram of the Ca2Al2SiO7–H2SO4–H2O system (298.15 K).
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ions in the system will quickly generate calcium-containing
substances with low solubility, which is consistent with
conclusions of Zhao's work.28 It is known that only when pH >
15.3 will Al(OH)3 be generated, while the presence of SO4

2− will
increase the environmental pH requirement for Al(OH)3
generation. Lapeyre et al.29 found that Ca3Al2O3 can react to
form Al(OH)4

− and CaAl-OH-LDH (layered double hydroxides,
LDH), and when SO4

2− exists, the anions in CaAl-OH-LDH can
be exchanged to form CaAl–SO4-LDH. This compound is then
hydrated to form Ca3Al2O6$6H2O, although the reaction
conditions are preferably alkaline.

Fig. 6 shows the E-pH diagram of yellow feldspar in the
sulfuric acid solution system, illustrating that Ca2Al2SiO7 can be
converted into soluble calcium and aluminum salts under
acidic conditions, where Si exists both as H2SiO3 or H4SiO4.
34996 | RSC Adv., 2022, 12, 34990–35001
Under alkaline conditions, Al is converted to Al(OH)3, while Ca
still exists mainly as ions in the solution. When there is SO4

2− in
the system, Ca is converted to CaSO4$2H2O, while in a system
without SO4

2−, Al3+ can exist under strong acidic conditions,
where the increase in pH will promote its hydrolysis to produce
Al(OH)3. The experiment also showed that Ca2Al2SiO7 can be
decomposed and Al3+ and Ca2+ are released when the pH is
lower than 1,30,31 and in contrast to Ca3Al2O3, this compound is
not prone to hydration reactions.32 There is a salt of a weak acid
base containing Al and Si in the system, where the double
hydrolysis reaction can promote the hydrolysis of Al3+, but the
conditions are not reached for Ca(OH)2 precipitation in an
aqueous solution system with a pH lower than 8.8.33 In the
SO4

2− containing system, the conversion of Ca into
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 The E-pH diagram of the Fe2O3–H2SO4–H2O system (298.15 K).
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CaSO4$2H2O promotes the decomposition of Ca2Al2SiO7 and
increases the decomposition pH.

Based on Fig. 7, FeOOH, Fe(OH)3, and Fe2O3 can stably exist
in both the water stable region and oxygen stable region. For
Fe2+, its stable region is larger than that of Fe3+ in the water
stable region, and it is possible for it to be oxidized in the
aqueous solution system. When Fe2O3 reacts with an acid, it
directly transforms to Fe2+ or Fe3+, without undergoing the
formation of FeOOH. In the case of the hydrolysis of Fe2+ and
Fe3+, FeOOH is generated rst, and then oxidized to Fe(OH)3,
which is consistent with the actual experimental results. FeOOH
can be prepared in the pH range, and it can be converted into
Fe(OH)3 by changing the operating conditions.34
Fig. 8 Effect of sulfuric acid concentration on leaching (liquid–solid
ratio: 10 mL g−1, reaction temperature: 288.15 K (15 °C), reaction time:
60 min).

© 2022 The Author(s). Published by the Royal Society of Chemistry
3.4 Leaching of Ti-bearing blast furnace slag activated by
sulfuric acid roasting

3.4.1 Effect of sulfuric acid concentration. Fig. 8 shows the
effect of sulfuric acid concentration on the leaching of Ti-
bearing blast furnace slag, when activated by sulfuric acid
roasting. As the sulfuric acid concentration increases, the
leaching ratio of the main components tends to balance out
aer an initial increase, while the leaching ratios of calcium and
titanium are less affected by the sulfuric acid concentration.
When leaching with water, the leaching ratio of titanium,
aluminum, and magnesium is high, and the main reason for
this is that sulfuric acid is in excess during sulfuric acid roast-
ing, which promotes the conversion of target components to
sulfate, and the excess acid dissolves in the water to provide
Fig. 9 Effect of liquid–solid ratio for leaching (reaction temperature:
288.15 K (15 °C), reaction time: 60 min, sulfuric acid concentration:
5.0 wt%).
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Fig. 10 Effect of reaction time on leaching (liquid–solid ratio: 10 mL
g−1, reaction temperature: 288.15 K (15 °C), sulfuric acid concentra-
tion: 5.0 wt%).

Fig. 11 Effect of reaction temperature on leaching (liquid–solid ratio:
10mL g−1, reaction time: 60min, sulfuric acid concentration: 5.0 wt%).
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acidic conditions. When a diluted sulfuric acid solution is used
for leaching, the H+ concentration is increased, which effec-
tively promotes sulfate dissolution, and the components that
have not been converted into sulfate dissolve in the solution
system. However, excessive acid consumption will increase the
economic cost and will make it difficult to use the leachate.

3.4.2 Effect of liquid–solid ratio. The result of the liquid–
solid ratio for the leaching of Ti-bearing blast furnace slag
activated by sulfuric acid roasting is illustrated in Fig. 9, which
shows that as the liquid–solid ratio increases, the leaching
ratios of titanium, aluminum, magnesium, iron, and calcium
all continue to increase. In addition to calcium, other compo-
nents are greatly affected by the liquid–solid ratio. The reason
for this is that calcium in the solution is mainly derived from
calcium sulfate dissolution during leaching. However, the
solubility of calcium sulfate is small, and increasing the solu-
tion volume cannot cause a large amount of dissolution.
34998 | RSC Adv., 2022, 12, 34990–35001
Although the liquid–solid ratio increase is benecial to leach-
ing, a large amount of leaching liquid will reduce the target
component concentration, while increasing the processing
difficulty of the leaching liquid. Therefore, it is more appro-
priate to consider a liquid–solid ratio of 10.

3.4.3 Effect of reaction time. In Fig. 10, changes in the
leaching ratio of the target components of Ti-bearing blast
furnace slag activated by sulfuric acid roasting for different
reaction times are reected. Fig. 10 also shows that, with pro-
longed reaction times, the leaching ratio of each component
shows a rising trend. Although, aer 60 minutes of reaction, the
increasing trend signicantly slows. The early leaching speed is
high, since the target component concentration in the solution
is low. Aer a period of time, the concentration increases,
resulting in a decrease in mass transfer power.

3.4.4 Effect of reaction temperature. Fig. 11 shows the
effect of reaction temperature on the leaching ratio of the target
components of Ti-bearing blast furnace slag activated by
sulfuric acid roasting. As the reaction temperature increases,
the leaching ratios of iron, titanium, aluminum and magne-
sium all signicantly increase, while the leaching ratio of
calcium remained in a balanced state. Increasing the temper-
ature has little effect on calcium leaching, although the
temperature increase accelerates the irregular movement of
ions in the system, promoting dissolution of the target
components. When the reaction temperature exceeds 338.15 K
(65 °C), the leaching ratio of each component tends to remain
stable, while continuing to increase the temperature has little
signicance to the experiment. Therefore, the optimal reaction
temperature is 338.15 K (65 °C).

3.4.5 Optimization experiment. Fig. 12 shows the different
component leaching results of the Ti-bearing blast furnace slag
sample aer activation by sulfuric acid roasting. It also shows
that the leaching ratio of Ti, Mg, or Al is approximately 45.0%
for the Ti-bearing blast furnace slag roasted without sulfuric
acid, and the leaching ratios of Fe and Ca are 23.1% and 1.34%,
respectively. When activated by sulfuric acid roasting, the
leaching ratio of Ti, Mg, or Al signicantly increases. The
leaching ratio of Ti was more than 85.0%, the leaching ratios of
Mg and Al were higher than 95.0%, and the leaching ratios of Fe
and Ca were 45.7% and 24.7%, respectively. For Ti-bearing blast
furnace slag, the main valuable metals have been well extracted,
and the goal of a high leaching ratio from a wet resource has
been achieved.

The XRD analysis results of the Ti-bearing blast furnace slag
roasted with sulfuric acid and residue of dilute sulfuric acid
solution leaching are shown in Fig. 13. In Fig. 13(a), it is clear
that the perovskite, pyroxene, maghemite, and tricalcium
aluminate in the Ti-bearing blast furnace slag can be converted
into sulfate, which is easily soluble in water, when activated by
concentrated sulfuric acid roasting. Ti, Mg, Al, and Fe are
converted to sulfate and dissolved in the solution, while Ca and
Si are enriched in the solid phase. The experimental results
show that there is still a certain amount of Fe2O3 (hematite) in
the roasting slag (shown in Fig. 13(a)). The main reason for this
is that concentrated sulfuric acid has difficulty ionizing H+ in
a non-water environment, which makes the acidolysis reaction
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Leaching ratios of Ti, Mg, Al, Fe, and Ca from Ti-bearing blast
furnace slag (liquid–solid ratio: 10 mL g−1, reaction temperature
exceeds 338.15 K (65 °C), reaction time: 60 min, sulfuric acid
concentration: 5.0 wt%).

Fig. 13 XRD patterns of roasting slag (a) and remaining slag after
leaching (b).

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
D

ec
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 3

/2
2/

20
26

 4
:4

5:
23

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
of Fe2O3 difficult. This achieved result is consistent with the
conclusion that the equilibrium constant is small by thermo-
dynamic analysis. There is a small amount of unreacted CaTiO3

(perovskite) in the remaining slag aer leaching (shown in
Fig. 13(b)), and other Ti is transformed into amorphous TiOSO4,
which is dissolved in the sulfuric acid solution during leach-
ing.11 These experiments showed that the leaching solution was
green, and when a small amount of potassium hex-
acyanoferrate(III) (K3[Fe(CN)6]) was dropped into it, a blue
precipitate was generated in the solution. This phenomenon
shows that there are Fe2+ ions in the leaching solution.
4 Conclusions

Based on the theory of chemical reaction thermodynamics and
the potential-pH diagram, the reaction thermodynamics of Ti-
© 2022 The Author(s). Published by the Royal Society of Chemistry
bearing blast furnace slag activated by concentrated sulfuric
acid was studied. This analysis included the design of the
sulfuric acid leaching potential-pH diagram of the main
components, as well as a leaching experiment of valuable
components in Ti-bearing blast furnace slag roasted with
sulfuric acid. The main conclusions are the following:

(1) The crystallinity degree of Ti-bearing blast furnace slag
was good when it was naturally cooled in the air. The formed
perovskite, diopside, tricalcium aluminate, maghemite, hema-
tite, and magnesium silicate could spontaneously react to form
sulfate in a concentrated sulfuric acid environment. In addition
to the formation reaction of ferrous sulfate, the forward reac-
tion of other chemical reactions can be promoted under
heating.

(2) Based on the E-pH diagrams of CaTiO3, CaMgSi2O6,
Ca3Al2O3, Ca2Al2SiO7, and Fe2O3, several elements (Ti, Mg, Al,
and Fe) could be converted into easily soluble sulfates, under
the strong acid system, leading to the achievement of the
purpose of their effective separation from Ca and Si.

(3) The Ti-bearing blast furnace slag roasted with concen-
trated sulfuric acid at 403.15 K (130 °C) was used for leaching.
When the leaching agent was a 5% dilute sulfuric acid solution,
the reaction operating parameters were: a liquid–solid ratio of
10, a reaction time of 60 min, and a reaction temperature of
338.15 K (65 °C). This led to a leaching ratio of Ti over 85.0%,
leaching ratios of Mg and Al higher than 95.0%, and leaching
ratios of Fe and Ca of 45.7% and 24.7%, respectively, which are
higher than the leaching ratios of Ti-bearing blast furnace slag
without roasting activation under the same conditions.

(4) Compared with reports in the literature,8 the leaching
ratio of titanium increases by approximately 40%, the sulfuric
acid amount is reduced by approximately 45%, and the oper-
ating conditions are milder.
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