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Abstract: The solvent extraction of scandium by the mixture of di-(2-ethylhexyl) phosphate (D2EHPA)
and tri-n-butyl phosphate (TBP) has been investigated in the acidic leaching solution of vanadium
slag. Thermodynamic analysis of the species distribution diagrams on the Sc-S-H2O system showed
that scandium mainly exists as Sc3+ and Sc(SO4)+, and sulfur mainly exists as HSO4

− in the actual
leaching solution of vanadium slag (pH = −0.75). The extraction process was studied to optimize
various parameters such as the extractant concentration, dosage of TBP, phase ratio, and stirring
speed. The results indicated that 83.64% of scandium and less than 2% of co-extracted elements were
extracted under optimal conditions. Then, over 95% of the co-extracted elements and less than 1.1%
of scandium were scrubbed from the loaded organic phase by 4.0 mol/L of HCl. Finally, 87.20% of
scandium was stripped with 2 mol/L of NaOH and 1 mol/L of NaCl at a stripping O/A of 1:1.
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1. Introduction

Scandium, as a valuable by-product, has been mainly recovered from waste liquors, residues and
tailings in the production process of other metals such as titanium, rare earths, aluminium, uranium,
and tungsten [1]. Among them, titanium white waste acid is an important secondary metallurgical
resource containing scandium. In the production of titanium dioxide by a sulphuric acid process,
5–8 tons of waste sulfuric acid containing 19%~23% of sulfuric acid will be produced per ton of
titanium dioxide. In addition, waste acid also contains a large number of valuable metals such as iron,
titanium, and trace scandium [2–4]. At present, neutralization and concentration methods have been
widely used to treat waste acid in China and other countries. These processes generally possess the
following problems: (1) the cost of processing is high, and (2) it is difficult to effectively utilize the acid
resources and recover the valuable components (especially scandium) in waste acid [5,6]. Therefore,
the recovery and comprehensive utilization of acid resources and valuable metal scandium in waste
acid are particularly important.

In China, most of their vanadium is obtained by the H2SO4 acidic leaching process from converter
vanadium slag. However, a large amount of CaO in converter slag increases the acid consumption,
thus greatly increasing the cost [7–15].

Based on these, a novel method was proposed: titanium white waste acid was utilized in an acidic
treatment process of converter vanadium slag [16–18]. Firstly, as the leaching agent, waste acid can
greatly reduce the acid cost in the leaching process of vanadium slag and effectively utilize the waste
acid resources. Moreover, it can realize the comprehensive recovery of valuable metals in the two
resources. In particular, scandium in waste acid dissolves into the leaching solution. However, due to

Metals 2020, 10, 790; doi:10.3390/met10060790 www.mdpi.com/journal/metals

http://www.mdpi.com/journal/metals
http://www.mdpi.com
http://dx.doi.org/10.3390/met10060790
http://www.mdpi.com/journal/metals
https://www.mdpi.com/2075-4701/10/6/790?type=check_update&version=2


Metals 2020, 10, 790 2 of 11

the strong acidity of the leaching solution and the high concentration of impurity metals, the extraction
of trace Sc becomes difficult.

At present, the recovery technology of scandium in solution mainly includes solvent extraction,
ion exchange, ionic liquid, and membrane technology. Among these methods, solvent extraction and
ion exchange are the most studied methods. In China, the extraction of scandium from titanium dioxide
waste acid mainly adopts solvent extraction, and the main extractants are acid extractant (D2EHPA,
EHEHPA, Cyanex272, Cyanex 302 and Cyanex 301) and neutral extractant (TBP, P350, Cyanex 923
and Cyanex 925) [1,19–21]. The di-(2-ethylhexyl) phosphate (D2EHPA) extraction method has been
widely studied to extract trace scandium from the solution. The technology is matured and has been
applied in industry, such as the extraction of scandium from titanium dioxide waste acid and red mud
leaching solution.

However, the research of extracting scandium by D2EHPA in this paper is different from the
previous research, which has special significance. The differences and significances lie in the fact
that the solution used in this study is the leaching solution of vanadium slag by using titanium
dioxide waste acid, which belongs to the specific solution produced under the new method. Its main
characteristics are high acidity, low content of scandium, high content of iron (mainly trivalent iron)
and many kinds of impurity elements, which are different from previous studies and industrial
applications. This investigation is a new research. Furthermore, from the view of the reaction
mechanism, the previous studies mainly used D2EHPA to separate scandium from a spot of divalent
iron (Fe2+), but seldom studied the extraction and separation effect of scandium and trivalent iron
(Fe3+). However, the content of Fe in this stock solution is high and it mainly exists in the form of
trivalent iron, which is a new challenge and research direction for the extraction and separation of
scandium by D2EHPA. In addition, in the previous research, the pH value of the treated feed solution
by D2EHPA for extracting scandium is generally 1~2, while the acidity of the leaching solution treated
in this paper is stronger, and the pH value is −0.75. In conclusion, the research in this paper is not only
a new exploration for the extraction of scandium from the new feed solution system, but is also of great
significance for the treatment and utilization of vanadium slag and titanium white waste acid [22–33].

Therefore, the present work aims to extract Sc using D2EHPA and tri-n-butyl phosphate (TBP)
from the acidic solution, which was produced by leaching converter slag with titanium white waste
acid. The behaviours of valuable metals in the solvent extraction were studied systematically.

2. Experimental Section

2.1. Materials and Instruments

The commercial grade D2EHPA, TBP and sulphonated-kerosene supplied by Kopper Chemical
Industry Co., Ltd. (Shanghai, China) were used in the study. The TBP was used as the third phase
modifier and sulphonated-kerosene as the diluent. The extractant D2EHPA was used without any
further purification. The other chemicals (hydrochloric acid, sodium hydroxide and sodium chloride)
used were of analytical grade. The mass concentration of elements in the pressure acidic leaching
solution of converter slag by titanium white waste acid was 18.78 g/L V, 9.16 g/L Fe2+, 49.9 g/L Fe3+,
0.008 g/L Sc, 12.30 g/L Mn, 0.41 g/L Ti, 0.88 g/L Al, 2.55 g/L Mg, and 1.90 g/L Cr. Meanwhile, the pH of
the acidic leaching solution was −0.75.

The concentrations of Sc, V, Fe, Mn, Ti, Al, Mg, and Cr in the aqueous solutions were determined
by inductively coupled plasma emission spectrometry (ICP). Concentrations of metal ions were
determined in triplicate with an uncertainty of less than 5%. The pH values of the aqueous solution
were measured by a pH-meter (ORION-230A, made from ORION company in Beverly, MA, USA) with
a minimum accuracy of 0.01.
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2.2. General Experimental Procedure

The extraction, scrubbing and stripping experiments were conducted at 298 K in a thermostatic
water bath equipped with electromagnetic stirring. Some volume of the aqueous solution and organic
phase was stirred mechanically to ensure the same level of chemical reaction. After equilibration, the
aqueous solution and organic phase were separated in a separating funnel, and their corresponding
volumes were accurately measured. The concentrations of Sc, V, Fe, Mn, Ti, Al, Mg, and Cr in the
loaded organic phases were calculated by the principle of mass balance.

The extraction efficiency of E and the scrubbing and stripping efficiency of S are defined as follows:

E =
[M]org ·Vorg

[M]aq ·Vaq
× 100% (1)

S =
[M]aq,a ·Vaq

[M]org,t ·Vorg
× 100% (2)

where Vaq and Vorg are the volumes of the aqueous and organic phases, [M]aq,a is the equilibrium
concentration of metal ions in the scrubbed or stripped solution and [M]org,t is the initial concentration
of metal ions in the organic phase, respectively.

In the solvent extraction process, the reaction time was 5 min. Moreover, the investigation factors
and the corresponding parameter range are the D2EHPA concentration (1~15%), TBP addition (0~8%),
O/A phase ratio (1:1~1:20) and stirring speed (300~1300 r/min), respectively.

3. Results and Discussion

3.1. Thermodynamic Analysis and Discussions

3.1.1. Thermodynamic Data and Equilibrium Calculation

The existence forms of the ions in the Sc-S-H2O solution are HSO4
−, SO4

2−, Sc3+, Sc(OH)2
+,

Sc(OH)3, Sc(OH)4
−, Sc(OH)5

2−, Sc(SO4)+, and Sc(SO4)2
−. The relevant thermodynamic data of chemical

reactions are listed in Table 1.

Table 1. Equilibrium reactions and thermodynamic constant of the Sc-S-H2O system at 298 K.

No. Equilibrium Reaction lgK [34]

1 HSO4
−= H+ + SO4

2− 2.00
2 Sc3+ + OH− = Sc(OH)2+ 2.40
3 Sc3+ + 4OH− = Sc(OH)4

− 3.28
4 Sc3+ + 5OH− = Sc(OH)5

2− 3.13
5 Sc3+ + SO4

2− = Sc(SO4)+ 0.62
6 Sc3+ + 2SO4

2−= Sc(SO4)2
− 0.94

7 Sc3+ + 3OH− = Sc(OH)3 7.33

According to the data listed in Table 1, thermodynamic analysis was conducted. In the calculation,
the concentration was used instead of the activity [35–37]. The mathematical relationships of these
species can be expressed as follows:

[SO4
2−][H+] = 102[HSO4

−] (3)

[Sc(OH)2+] = 102.4[Sc3+][OH−]2 (4)

[Sc(OH)4
−] = 103.28[Sc3+][OH−]4 (5)

[Sc(OH)5
2−] = 103.13[Sc3+][OH−]5 (6)
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[Sc(SO4)+] = 100.62[Sc3+][SO4
2−] (7)

[Sc(SO4)2
−] = 100.94[Sc3+][SO4

2−]2 (8)

[Sc(OH)3] = 107.33[Sc3+][OH−]3 (9)

The total concentrations of Sc and S are expressed in Equation (10) and Equation (11), respectively.
In the Sc-S-H2O solution:

[Sc]T(Sc-S-H2O) = [Sc3+] + [Sc(OH)2+] + [Sc(OH)4
−] + [Sc(OH)5

2−] + [Sc(SO4)+] + [Sc(SO4)2
−] (10)

[S]T(Sc-S-H2O) = [SO4
2−] + [HSO4

−] + [Sc(SO4)+] + 2[Sc(SO4)2
−] (11)

Based on the above nine equations, thermodynamic study of the Sc-S-H2O system was conducted
to determine the solution state of scandium species in the acidic leaching solution [38–45].

3.1.2. Concentration Distribution of Ions Containing Scandium and Sulfur in the Sc-S-H2O System

Thermodynamic equilibrium diagrams of the Sc-S-H2O system are shown in Figures 1 and 2.
The mole fraction of scandium and sulfur ions with different pH values when [Sc3+] = 0.001 mol/L and
[S6+] = 4 mol/L is shown in Figure 1.

It can be clearly seen that ions containing scandium in the Sc-S-H2O system were mainly Sc3+,
Sc(SO4)+, Sc(OH)3, and Sc(OH)5

2− At pH = −2.0, scandium in the acidic solution was 85.70% of Sc3+

and 14.24% of Sc(SO4)+. As the pH value increased, scandium existed mainly in the form of Sc(SO4)+,
and the maximum mole fraction can reach 96.65% at pH = 1.0. When the pH value increased to 2.0~5.0,
Sc(SO4)+ transformed into Sc(OH)3, and the maximum mole fraction could reach 99.98% at pH = 3.0.
At pH = 6.0~14.0, Sc(OH)3 transformed into Sc(OH)5

2−, and the maximum mole fraction could reach
99.91%.Metals 2020, 10, 790 5 of 12 
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Figure 1. Mole fraction diagram of ions containing scandium in the Sc-S-H2O system at 298 K with
various pH values ([Sc3+] = 0.001 M and [S6+] = 4 M).

As seen in Figure 2, HSO4
− and SO4

2− are the main existing forms of sulfur in the Sc-S-H2O
system. At pH = −2.0~2.0, sulfur was mainly HSO4

−, with its maximum mole fraction reaching 99.99%.
As the pH value increased, the anion HSO4

− gradually disappeared. At pH = 4~14, almost 100% of
sulfur in the solution was in the form of SO4

2−. Moreover, the mole fraction of Sc(SO4)+ and Sc(SO4)2
−

was almost zero in the whole pH range of 0~14.
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Based on the above thermodynamic analysis, in the actual leaching solution of vanadium slag by
titanium white waste acid (pH = −0.75), the main existing forms of Sc were the cations of Sc3+ and
Sc(SO4)+. Moreover, the main existing form of S was HSO4

−.
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Figure 2. Mole fraction diagram of ions containing sulfur in the Sc-S-H2O system at 298 K with various
pH values ([Sc3+] = 0.001 M and [S6+] = 4 M).

3.2. Solvent Extraction of Sc(III) by Using D2EHPA and TBP

3.2.1. Effect of Extractant D2EHPA Concentration on the Sc Extraction

Experimental results of single-stage extractions at different D2EHPA concentrations are shown
in Figure 3.
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The results show that the extraction efficiency of scandium significantly increases with increasing
extractant concentration, compared with the extraction efficiency of other metals. When the concentration
of D2EHPA increased from 1% to 15%, the extraction efficiency of Sc gradually increased from 57.31% to
93.48%. According to the thermodynamic analysis and discussions in Section 3.1, scandium, as shown
in Figure 1, mainly exists in the cation form of Sc3+ and Sc(SO4)+ at pH = −0.75, while D2EHPA,
as an acid extractant, is generally in the form of H2L2 in this acid condition. Therefore, the extraction
mechanism is mainly carried out in the form of a cation exchange. The chemical reaction equations are
as follows:

2Sc3++3H2L2= Sc2 · (L2)3+6H+ (12)

2Sc(SO 4)
++H2L2 = 2Sc(SO 4) · L2+2H+ (13)

Meanwhile, the extraction efficiency of Fe, V, Mn, Mg and Cr was basically less than 1%. The finding
shows that D2EHPA has a better extractive selectivity for Sc than for other metals. That is to say,
for the D2EHPA and TBP solvent extraction system, although the concentration of scandium is low,
its selectivity is far greater than other impurity ions. Therefore, scandium will be extracted preferentially.

However, the extraction efficiency of Ti and Al exceeded 1% when the D2EHPA concentration was
more than 8%. In addition, an increase in the D2EHPA concentration causes the increase in organic
phase viscosity, which plays a negative role in phase separation [46]. Therefore, 8% (v/v) of D2EHPA
was sufficient for the quantitative extraction of scandium and the separation of other metals.

3.2.2. Effect of Modifier TBP Addition on the Sc Extraction

As a phase modifier, TBP is usually added during the solvent extraction process to prevent the
appearance of the third phase. The effect of the modifier TBP concentration on the separation of
scandium from other metals is shown in Figure 4.Metals 2020, 10, 790 7 of 12 
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As can be seen in Figure 4, TBP had a great effect on the Sc extraction. The extraction efficiency of
Sc gradually increased from 59.83% to 84.38% by the varying modifier TBP concentration of 0%~2%,
and then decreased to 55.97% when the TBP concentration was 8%. The excessive TBP had a negative
impact on the extraction of Sc because TBP is not only a phase modifier but also a neutral extractant,
which can combine with D2EHPA to form a neutral molecule. The formation of this neutral molecule
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can cause a decrease in the effective concentration of D2EHPA in the solvent, which results in a decrease
in the Sc(III) extraction [47,48].

Moreover, TBP had little effect on the extraction of other metals. The extraction efficiencies of Fe,
V, Mn, Mg and Cr were less than 1%, and those of Ti and Al were 2%~5% for the whole concentration
range studied. Hence, 2% (v/v) of TBP was selected as the optimum experimental condition.

3.2.3. Effect of the O/A Phase Ratio on the Sc Extraction

Extraction experiments were conducted at a different phase ratio (O/A). As can be seen from
Figure 5, the extraction efficiency of scandium decreased with the decrease in the phase ratio (O/A).
When the phase ratio decreased from 1:1 to 1:10, scandium’s extraction efficiency decreased from 92.27%
to 84.16%. Further decreasing the phase ratio to 1:15 and 1:20, the extraction efficiency of scandium
dramatically decreased to 53.74% and 47.01%. Moreover, the extraction efficiency of Fe, V, Mn, Mg, and
Cr in the studied O/A range remained below 2%, and those of Ti and Al were 5%~10% when the phase
ratio decreased from 1:1 to 1:5. Therefore, the optimal phase ratio (O/A) was determined to be 1:10.Metals 2020, 10, 790 8 of 12 
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3.2.4. Effect of the Stirring Speed on the Sc Extraction

Solvent extraction of Sc was conducted at different stirring speeds.
As shown in Figure 6, when the stirring speed increased from 300 r/min to 1300 r/min, the extraction

efficiency of Sc dramatically increased from 21.44% to 84.47%. Meanwhile, the extraction efficiencies
of Fe, V, Mn, Mg, and Cr were very low and remained below 2% in the stirring speed range studied,
and those of Ti and Al were 5%~8% when stirring speed increased from 900 r/min to 1300 r/min.
Therefore, the optimal stirring speed was selected as 900 r/min.
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3.3. Scrubbing of Co-extracted Elements and Stripping of Sc

Although D2EHPA has a high selectivity of scandium, some impurity ions (Fe, V, Mn, Ti, Al,
Mg and Cr) are inevitably extracted into the loaded organic phase during the extraction process.
If they are not completely removed, they will be harmful to the stripping effect of Sc due to the
formed hydroxide precipitation. Therefore, it is significant to remove impurity ions before stripping
experiments by scrubbing the loaded organic phase.

The scrubbing process was conducted under the following conditions: O/A = 2:1, equilibrium time
of 5 min, and 4 mol/L HCl (the optimal condition of the scrubbing process in the previous separation
study of scandium and iron [49]).

As can be seen in Figure 7, the scrubbing efficiencies of Fe, Mn, Ti, Al, Mg, and Cr were all over
95% and the scrubbing efficiency of V was 89.86%. Conversely, the scrubbing rate of scandium was
only 1.1% under the condition. Therefore, Sc can be effectively separated from co-extracted elements
under these experimental conditions.
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After the scrubbing experiment of co-extracted elements, the stripping of Sc was carried out
with 2 mol/L NaOH + 1 mol/L NaCl at O/A = 1:1 for 30 min at 313 K (the optimal condition of the
stripping process in the previous separation study of scandium and iron [49]), and 87.20% of Sc can be
effectively stripped. Therefore, Sc can be effectively extracted from pressure acidic leaching solution of
converter slag.

4. Conclusions

Based on the results obtained in this study, the following conclusions were made:
(1) The thermodynamic analysis on the species distribution diagrams of Sc-S-H2O systems was

studied. In the actual leaching solution of vanadium slag by titanium white waste acid (pH = −0.75),
the main existing forms of Sc were the cations of Sc3+ and Sc(SO4)+, and the main existing form of S
was HSO4

−.
(2) The Sc extraction efficiency was 83.64% with less than 2% of co-extracted elements under

optimal conditions. Deep separation of Sc and co-extracted elements can be realized in the extraction
process. Firstly, over 95% of the co-extracted elements in the loaded organic phase were scrubbed
with a 4 mol/L hydrochloric acid solution. Then, 87.20% of Sc was stripped with a 2 mol/L sodium
hydroxide and 1 mol/L sodium chloride solution. These results are slightly lower than those which
directly extract scandium from titanium dioxide waste acid (the extraction efficiency of scandium is
about 95%, the total recovery efficiency is close to 85%).

Author Contributions: Writing-original draft, X.C.; writing-review and editing, T.-a.Z.; resources, W.Z.; writing—
review and editing, G.L. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Fundamental Research Funds for the Central Universities (N182504018),
the National Natural Science Foundation of China (Nos.51874078), the Fund of Liaoning S&T Project (20180551008).

Acknowledgments: The authors would like to thank Laboratory Center of Northeastern University for analysis.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Xu, S.; Li, S. Review of the extractive metallurgy of scandium in China (1978–1991). Hydrometallurgy 1996, 42,
337–343.

2. Zhao, Y.; Zhang, Y.; Xing, W.; Xu, N. Treatment of titanium white waste acid using ceramic microfiltration
membrane. Chem. Eng. J. 2005, 111, 31–38. [CrossRef]

3. Feng, X.; Jiang, L.; Song, Y. Titanium white sulfuric acid concentration by direct contact membrane distillation.
Chem. Eng. J. 2016, 285, 101–111. [CrossRef]

4. Xu, T.; Yang, W. Sulfuric acid recovery from titanium white (pigment) waste liquor using diffusion dialysis
with a new series of anion exchange membranes—Static runs. J. Membr. Sci. 2001, 183, 193–200.

5. Li, L. Research Progress on Comprehensive Recycle of Waste Acid in Titanium Pigment Production at Home
and Abroad. Hydrometall. China 2010, 29, 150–155. (In Chinese)

6. Xu, H.; Fu, M. Research process in comprehensive utilization of spent acid and waste water in titanium
dioxide production. Multipurp. Util. Miner. Resour. 2006, 4, 34–37. (In Chinese)

7. Moskalyk, R.M.; Alfantazi, A.M. Processing of vanadium: A review. Miner. Eng. 2003, 16, 793–805. [CrossRef]
8. Karasgania, A.A.; Rashchia, F.; Mostoufi, N.; Vahidi, E. Leaching of vanadium from LD converter slag using

sulfuric acid. Hydrometallurgy 2010, 102, 14–21. [CrossRef]
9. Mirazimi, S.M.; Rashchi, F.; Saba, M. A new approach for direct leaching of vanadium from LD converter

slag. Chem. Eng. Res. Des. 2015, 94, 131–140. [CrossRef]
10. Wang, M.; Xiao, L.; Li, G.; Wang, X.; Xiang, X. Leaching of vanadium from stone coal with sulfuric acid.

Rare Met. 2009, 28, 1–4. [CrossRef]
11. Xiang, J.; Huang, Q.; Lv, X. Extraction of vanadium from converter slag by two-step sulfuric acid leaching

process. J. Clean. Prod. 2018, 170, 1089–1101. [CrossRef]
12. Zhang, G.; Zhang, T.; Zhang, Y.; Lv, G. Pressure leaching of converter vanadium slag with waste titanium

dioxide. Rare Met. 2016, 35, 576–580. [CrossRef]

http://dx.doi.org/10.1016/j.cej.2004.12.038
http://dx.doi.org/10.1016/j.cej.2015.09.064
http://dx.doi.org/10.1016/S0892-6875(03)00213-9
http://dx.doi.org/10.1016/j.hydromet.2010.01.006
http://dx.doi.org/10.1016/j.cherd.2014.12.010
http://dx.doi.org/10.1007/s12598-009-0001-y
http://dx.doi.org/10.1016/j.jclepro.2017.09.255
http://dx.doi.org/10.1007/s12598-014-0225-3


Metals 2020, 10, 790 10 of 11

13. Wang, F.; Zhang, Y.; Huang, J.; Liu, T. Mechanisms of aid-leaching reagent calcium fluoride in the extracting
vanadium processes from stone coal. Rare Met. 2013, 32, 57–62. [CrossRef]

14. Zhou, X.; Wei, C.; Xia, W.; Li, M.; Li, C.; Deng, Z. Dissolution kinetics and thermodynamic analysis of
vanadium trioxide during pressure oxidation. Rare Met. 2012, 31, 296–302. [CrossRef]

15. Zhang, G.; Luo, D.; Deng, C.; Lv, L.; Liang, B.; Li, C. Simultaneous extraction of vanadium and titanium
from vanadium slag using ammonium sulfate roasting-leaching process. J. Alloys Compd. 2018, 742, 504–511.
[CrossRef]

16. Zhang, G.; Zhang, T.; Lv, G.; Zhang, Y. Effects of Microwave Roasting on the Kinetics of Extracting Vanadium
from Vanadium Slag. JOM 2016, 68, 577–583. [CrossRef]

17. Zhang, G.; Zhang, T.; Lv, G.; Zhang, Y. Extraction of Vanadium from LD Converter Slag by Pressure Leaching
Process with Titanium White Waste Acid. Rare Met. Mater. Eng. 2015, 44, 1894–1898.

18. Zhang, T.; Lv, G.; Liu, Y.; Zhang, G. A Comprehensive Utilization Method of Titanium White Waste Acid.
CN Patent 104178632 B, 22 June 2016.

19. Wang, W.; Cheng, C. Separation and purification of scandium by solvent extraction and related technologies:
A review. J. Chem. Technol. Biotechnol. 2011, 86, 1237–1246. [CrossRef]

20. Wang, W.; Pranolo, Y.K.; Cheng, C. Recovery of scandium from synthetic red mud leach solutions by solvent
extraction with D2EHPA. Sep. Purif. Technol. 2013, 108, 96–102. [CrossRef]

21. Wang, W.; Pranolo, Y.K.; Cheng, C. Metallurgical processes for scandium recovery from various resources:
A review. Hydrometallurgy 2011, 108, 100–108. [CrossRef]

22. Liu, C.; Chen, L.; Chen, J. Application of P507 and isooctanol extraction system in recovery of scandium
from simulated red mud leach solution. J. Rare Earth 2019, 37, 1002–1008. [CrossRef]

23. Nie, H.; Wang, Y.; Wang, Y. Recovery of scandium from leaching solutions of tungsten residue using solvent
extraction with Cyanex 572. Hydrometallurgy 2018, 175, 117–123. [CrossRef]

24. Dasa, S.; Beheraa, S.; Murmu, B. Extraction of scandium(III) from acidic solutions using organo-phosphoric
acid reagents: A comparative study. Sep. Purif. Technol. 2018, 202, 248–258. [CrossRef]

25. Korovin, V.; Shestak, Y.; Pogorelov, Y. Scandium extraction by neutral organo-phosphorus compounds
supported on a porous carrier. Hydrometallurgy 1999, 52, 1–8. [CrossRef]

26. Wu, D.; Niu, C.; Li, D. Solvent extraction of scandium(III), yttrium(III), lanthanum(III) and gadolinium(III)
using Cyanex 302 in heptane from hydrochloric acid solutions. J. Alloys Compd. 2004, 374, 442–446. [CrossRef]

27. Zhu, X.; Li, W.; Tang, S. Selective recovery of vanadium and scandium by ion exchange with D201 and
solvent extraction using P507 from hydrochloric acid leaching solution of red mud. Chemosphere 2017, 175,
365–372. [CrossRef]

28. Ochsentihn, M.; Lyberopulu, T.; Parissakis, G. Selective separation and determination of scandium from
yttrium and lanthanides in red mud by a combined ion exchange/solvent extraction method. Anal. Chim. Acta
1995, 315, 231–237.

29. Yang, X.; Gu, Z.; Wang, D. Extraction and separation of scandium from rare earths by electrostatic pseudo
liquid membrane. J. Membr. Sci. 1995, 106, 131–145. [CrossRef]

30. Li, H.; Tong, Z.; Chen, Z. Extraction technique of the scandium from titanium white waste acid. Inorgan. Chem. Ind.
2006, 38, 132–137. (In Chinese)

31. Li, Y.; Chen, J. Improvement of Sc Recovery from the Ti White Hydrolyzed Solution. Rare Met. Cem. Carbides
1997, 128, 1–5. (In Chinese)

32. Feng, Y.; Wang, J.; Wang, H. Scandium Extraction from Titanium Dioxide Waste Acid Produced by Sulfuric
Acid Method. Rare Earth 1997, 2, 46–49. (In Chinese)

33. Man, L.; Fan, Y.; Huang, J. Separation of Scandium, Titanium from Waste Acidic Solution by Solvent
Extraction. Hydrometall. China 2016, 147, 231–235. (In Chinese)

34. Speight, J.G. Lange’s Handbook of Chemistry; McGraw-Hill: New York, NY, USA, 2004.
35. Zhou, X.; Wei, C.; Li, M. Thermodynamics of vanadium–sulfur–water systems at 298 K. Hydrometallurgy

2011, 106, 104–112. [CrossRef]
36. Shao, K.; Li, Q.; Zhou, Q. Thermodynamic analysis for species of molybdenum and phosphorus in Ni-Mo

ore acidic leaching solution. Chin. J. Nonferrous Met. 2017, 27, 1513–1519.
37. Larson, W. Thermochemistry of Vanadium(5+) in Aqueous Solutions. J. Chem. Eng. Data 1996, 40, 1276–1280.

[CrossRef]

http://dx.doi.org/10.1007/s12598-013-0013-5
http://dx.doi.org/10.1007/s12598-012-0509-4
http://dx.doi.org/10.1016/j.jallcom.2018.01.300
http://dx.doi.org/10.1007/s11837-015-1736-6
http://dx.doi.org/10.1002/jctb.2655
http://dx.doi.org/10.1016/j.seppur.2013.02.001
http://dx.doi.org/10.1016/j.hydromet.2011.03.001
http://dx.doi.org/10.1016/j.jre.2018.12.004
http://dx.doi.org/10.1016/j.hydromet.2017.10.026
http://dx.doi.org/10.1016/j.seppur.2018.03.023
http://dx.doi.org/10.1016/S0304-386X(98)00058-9
http://dx.doi.org/10.1016/j.jallcom.2003.11.058
http://dx.doi.org/10.1016/j.chemosphere.2017.02.083
http://dx.doi.org/10.1016/0376-7388(95)00083-O
http://dx.doi.org/10.1016/j.hydromet.2010.12.003
http://dx.doi.org/10.1021/je00022a030


Metals 2020, 10, 790 11 of 11

38. Xiao, C.; Xiao, L.; Gao, C. Thermodynamic study on removal of magnesium from lithium chloride solutions
using phosphate precipitation method. Sep. Purif. Technol. 2015, 156, 582–587. [CrossRef]

39. He, L.; Xu, W.; Song, Y.; Liu, X.; Zhao, Z. Selective removal of magnesium from a lithium-concentrated anolyte
by magnesium ammonium phosphate precipitation. Sep. Purif. Technol. 2017, 187, 214–220. [CrossRef]

40. Xiao, C.; Zeng, L.; Wei, J.; Xiao, L.; Zhang, G. Thermodynamic analysis for the separation of tungsten and
aluminium in alkaline medium using solvent extraction. Hydrometallurgy 2017, 174, 91–96. [CrossRef]

41. Zhang, W.; Zhang, T.; Lv, G. Thermodynamic study on the V(V)-P(V)-H2O system in acidic leaching solution
of vanadium-bearing converter slag. Sep. Purif. Technol. 2019, 218, 164–172. [CrossRef]

42. Zhao, Z.; Hu, Y.; Li, H. A New Method for Metallurgical Thermodynamic Equilibrium Calculation by EXCEL.
Rare Met. Cem. Carbides 2005, 33, 48–53. (In Chinese)

43. Zhao, Z.; Cao, C.; Li, H. Thermodynamics on soda decomposition of scheelite. Chin. J. Nonferrous Met. 2008,
2, 356–361.

44. Zhang, W.; Zhao, Z. Thermodynamics of W and Mo sulfidation by using new sulfiding agent P2S5. Chin. J.
Nonferrous Met. 2014, 5, 1375–1383.

45. Zhao, Z.; Liu, X. Thermodynamic analysis of Li-Fe-P-H2O system. Chin. J. Nonferrous Met. 2006, 16, 1257–1263.
46. Deng, Z.; Wei, C.; Li, M.; Fan, G.; Ge, H. Technology of Extracting Vanadium and Removing Iron from

Stone-Coal Oxygen Pressure Acid-Leaching Solution. Chin. J. Rare Met. 2009, 33, 290–294.
47. Zhang, Q. Separation Science and Engineering of Metallurgy; Science Press: Beijing, China, 2004.
48. Ma, Y.; Wang, X.; Wang, M.; Jiang, C. Separation of V(IV) and Fe(III) from the acid leach solution of stone

coal by D2EHPA/TBP. Hydrometallurgy 2015, 153, 38–45. [CrossRef]
49. Zhang, W.; Zhang, T.; Lv, G.; Zhou, W. Extraction Separation of Sc(III) and Fe(III) from a Strongly Acidic and

Highly Concentrated Ferric Solution by D2EHPA/TBP. JOM 2018, 70, 2837–2845. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.seppur.2015.10.052
http://dx.doi.org/10.1016/j.seppur.2017.04.028
http://dx.doi.org/10.1016/j.hydromet.2017.08.010
http://dx.doi.org/10.1016/j.seppur.2019.02.025
http://dx.doi.org/10.1016/j.hydromet.2015.02.003
http://dx.doi.org/10.1007/s11837-018-3166-8
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental Section 
	Materials and Instruments 
	General Experimental Procedure 

	Results and Discussion 
	Thermodynamic Analysis and Discussions 
	Thermodynamic Data and Equilibrium Calculation 
	Concentration Distribution of Ions Containing Scandium and Sulfur in the Sc-S-H2O System 

	Solvent Extraction of Sc(III) by Using D2EHPA and TBP 
	Effect of Extractant D2EHPA Concentration on the Sc Extraction 
	Effect of Modifier TBP Addition on the Sc Extraction 
	Effect of the O/A Phase Ratio on the Sc Extraction 
	Effect of the Stirring Speed on the Sc Extraction 

	Scrubbing of Co-extracted Elements and Stripping of Sc 

	Conclusions 
	References

