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Abstract: It is worth it to explore the extraction performance for vanadium by the imidazole ionic
liquids. The extraction of vanadium (V) was studied using [Omim]Cl, [Omim]Br, and [Omim][BF4]
as extractants. The effects of various diluents, equilibrium time, extraction temperature, and anion
species were investigated. The structure-activity relationship of vanadium and ILs was discussed by
calculating the lattice energy of ILs based on the Glasser theory and the volume of anions. The results
show that n-pentanol is the optimum diluent. Under the extraction conditions of an equilibrium time
of 60 s and extraction temperature of 25 ◦C, the extraction rates of V (V) by [Omim]Cl, [Omim]Br,
and [Omim][BF4] reached 97.93%, 96.59%, and 87.01%, respectively. Furthermore, based on the
Glasser theory, the lattice energy of ionic liquids decreased in the order [Omim]Cl > [Omim]Br >
[Omim]BF4. The volume of the anions increased in the order Cl− < Br− < BF4

− < HVO4
2−. The

extraction rate of V (V) depended on the size of the anions and the strength of the interaction between
the anion and imidazolium cation. The results of counterevidence experiments verified the larger the
anion volume, the easier it is to combine with cation in the organic phase, and the lattice energy of
extracted compound is lower. The statistical analysis showed that the effect of the equilibrium time
and temperature were not significant in the model, and the anions species showed a significant effect
on the extraction efficiency of V (V).

Keywords: ionic liquids; vanadium; anions; lattice energy

1. Introduction

Vanadium (V) is an important rare metal element which has been known as “alloy
vitamins”, and has been extensively applied in the fields of ferrous metallurgy, aerospace
industry, chemical industry, and medicine due to its excellent physicochemical proper-
ties [1–4]. At present, more than 80% of vanadium products in the world originated from
vanadium-titanium magnetite [5]. Since vanadium-titanium magnetite is a complex mineral
with multiple elements such as iron, vanadium, titanium, and chromium, the separation
and extraction of vanadium products are quite difficult. The main separation and abstrac-
tion technology including chemical precipitation [6,7], the crystallization method [8], ion
exchange [9,10], the electrochemical method [11], and solvent extraction [12–14] were used
to recover vanadium from the aqueous phase. Solvent extraction is widely used for its
advantages, such as high separating efficiency, high purity product, and simple process.

The organic phosphoric acid extractants, such as Di-(2-ethylhexyl) phosphoric acid
(HDEHP) and 2-ethylhexyl phosphonic acid mono-2-ethylhexyl ester (HEHEHP), have
been widely used to recover the VO2

+ from lower initial pH aqueous solutions. However,
the equipment requires good corrosion resistance under highly acidic conditions [15,16].
Moreover, the compositions of vanadium in the aqueous phase are very complicated. As
reported previously, the vanadium exists in the negative charged forms of HlVmOn

l+5m−2n,
VxOy

5x−2y at the pH range of 4–13 [17]. The neutral condition is friendly to the environment

Metals 2022, 12, 854. https://doi.org/10.3390/met12050854 https://www.mdpi.com/journal/metals

https://doi.org/10.3390/met12050854
https://doi.org/10.3390/met12050854
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://doi.org/10.3390/met12050854
https://www.mdpi.com/journal/metals
https://www.mdpi.com/article/10.3390/met12050854?type=check_update&version=1


Metals 2022, 12, 854 2 of 11

and has lower requirements on equipment. However, the acidic extractants such as HDEHP
and HEHEHP are unsuitable for the extraction of vanadium due to the complex variability
of the forms of V (V) in the neutral condition. Therefore, it is necessary to explore the new
extraction system for vanadium [18,19].

Ionic liquids (ILs), room temperature molten salts composed of organic cations, and
organic or inorganic anions have been called “designable solvents” [20,21]. As a new type
of green organic solvent, ionic liquids have gradually attracted people’s attention and are
widely used in many fields such as organic synthesis, biocatalysis, material preparation,
electrochemistry, and separation technology [22–26]. The extraction of vanadium by ionic
liquids has been reported by several researchers [27–29]. At present, imidazole and pyridine
ionic liquids are mainly studied and widely used. Hu et al. studied the selective extraction
of vanadium from chromium by hydrophobic imidazole ionic liquids, and the mechanism of
V (V) extraction by [C8mim][PF6] was proven to be an anion exchange between HV10O27

3−

and PF6
− [30].

The anion vanadium complex ions in a neutral condition can combine with organic
cations in ionic liquids to form a liquid ionic extracted compound which can dissolve in
the organic phase. The liquid ionic extracted compound can move to the organic phase by
phase transfer and achieve the purpose of separating vanadium according to its polarity
and hydrophobic property. Therefore, the separation and extraction of vanadium is affected
by the strong interactions between the vanadium composition, the extractant structure, and
the diluents. The Glasser theory of ionic liquids [31,32] could characterize the relationship
between the structure and properties of ionic liquids and calculate the lattice energy of
ionic liquids. The method is simple and has high accuracy.

According to the previous studies, the imidazole ionic liquids have an excellent
extraction performance for vanadium and the extraction mechanism is anion exchange [33].
However, there is still a certain gap in the extraction efficiency. In order to obtain a better
understanding of the factors that determine the extraction rate of vanadium, four different
ILs with the same cation [Omim]+ but different anions have been used to investigate the
extraction behaviors for vanadium in this paper. The effects of the main factors on the
extraction process such as various diluents, equilibrium time, extraction temperature, and
anion species were investigated. The structure-activity relationship of vanadium and
ILs was determined by calculating the lattice energy of ILs based on the Glasser theory,
combined with the volume of anions and the extraction rate of vanadium.

2. Materials and Methods
2.1. Reagents and Instruments

All of the reagents used were of analytical grade. First, 1-octyl-3-methylimidazolium
chloride ([Omim]Cl), 1-octyl-3-methylimidazolium bromide ([Omim]Br), 1-octyl-3-methylim
idazolium tetrafluoroborate ([Omim][BF4]), and 1-octyl-3-methylimidazolium hexafluo-
rophosphate ([Omim][PF6]) were bought from Linzhou Keneng Material Technology Co.
Ltd. (Linzhou, China). Sodium vanadate (NaVO3), sodium hydroxide (NaOH), sulphuric
acid (H2SO4), and diluents such as n-pentanol, n-hexanol, n-octanol, and n-dodecane were
supplied by Sinopharm Chemical Reagent Co. Ltd. (Shenyang, China). The needed organic
phases were prepared by dissolving the ILs in the corresponding diluents. A standard
stock solution of 1.75 g·L−1 V (V) was prepared by dissolving NaVO3 in deionized water.
The pH of the aqueous solution was adjusted with the appropriate amount of 0.1 mol·L−1

NaOH and 0.1 mol·L−1 H2SO4 unless otherwise stated.
The following instruments were used: PXSJ-216 pH meter (Shanghai Leici Instrument

Co., Ltd., Shanghai, China), SHA-C thermostat water bath cauldron oscillator (Gongyi
Yuhua Instrument Co., Ltd., Gongyi, China), TG-60 high speed centrifuge (Gongyi Yuhua
Instrument Co., Ltd., Gongyi, China), and DF-101S magnetic stirrer (Gongyi Yuhua Instru-
ment Co., Ltd., Gongyi, China).
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2.2. Experimental Procedure

All the extraction experiments were performed by contacting 20 mL of organic phase
and 20 mL of aqueous phase in a conical flask in the thermostat water bath cauldron oscil-
lator under the conditions of corresponding time, temperature, and rotating at 250 r·min−1

of the oscillator. After the mixture was centrifuged at 4000 r·min−1 for 5 min, the concen-
tration of V (V) in the lower aqueous phase was measured by ammonium ferrous sulfate
titration [34] and the amount of metal ion extracted into the organic phase was determined
by material balance. Each group of data was measured three times in parallel, and the
average value was given. The extraction efficiency (E) was calculated according to the
following Equation (1):

E =
ρ0 − ρ1

ρ0
× 100 (1)

where ρ0 and ρ1 are the initial and equilibrium concentrations of V (V) in the aqueous
phase, respectively, g·L−1.

2.3. Uncertainty and Statistical Analysis

The main uncertainty sources for the experiment considered in this work are: (i) Type-
A uncertainty (uA) arising from different measurements performed under repeatability con-
ditions; and (ii) Type-B uncertainty (uB) inherent to the measurement instrument resolution.
The standard uncertainty u could be calculated according to the standard JJF1035-2005 [35].
An ANOVA analysis of these results was performed using Spss software (Statistical Package
the Social Sciences, Spss 24.0, IBM Corporation, America).

3. Results and Discussion
3.1. Effect of Various Diluents on the Extraction of V (V)

The diluents play an important role in the extraction system. The proper diluent
is not only to reduce the viscosity of the organic phase and improve the extraction and
separation effect, but also to enhance the efficiency and economic indicators of the ex-
traction process [36,37]. Different diluents such as n-pentanol, n-hexanol, n-octanol, and
n-dodecane were used to carry out the extraction process of V (V) using [Omim][BF4] as
the extractant. The extraction rate of V (V) has been shown in Figure 1. Table 1 shows the
related parameters of diluents.

As shown in Figure 1, the maximum extraction rate of V (V) was observed when
n-pentanol was a diluent. The extraction rate of V (V) with different diluents decreased
in the order n-pentanol > n-hexanol > n-octanol > n-dodecane. When n-dodecane was
applied as diluent, there was almost no effect on the extraction of V (V) using [Omim][BF4]
as the extractant. The phenomenon can be explained by the theory of “similarity and
intermiscibility” [38]. The n-pentanol, n-hexanol, n-octanol, and [Omim][BF4] are polar
organic solvents. Conversely, the n-dodecane belongs to a non-polar organic solvent.
Therefore, [Omim][BF4] is more easily dissolved in n-pentanol, n-hexanol, and n-octanol
and hardly dissolved in n-dodecane. From Table 1, comparing the four kinds of diluents of
experiment, it was found that the extraction rate was enhanced with increasing the dielectric
constant of diluents. Jackson [39] reported that the diluents reduce the interactions between
the oppositely charged ions through their high relative dielectric constant and facilitate
the formation of an extracted compound; thus, the reaction is more likely to occur [40].
This conclusion fits well with our result presented here. The n-pentanol was the most
appropriate diluent in this paper. Furthermore, the dielectric constant of diluent was related
to the polarity. The polarity was found to increase with the increasing dielectric constant of
the diluent. When the polarity of the diluent increased, the ILs were more soluble in the
diluent. Higher polarity of the diluent brings about higher extraction efficiency [41,42]. The
polarizability among the four diluents had the order of n-pentanol > n-hexanol > n-octanol
> n-dodecane. The Minimum Polarizability Principle [43] states that “the natural evolution
of any system is toward a state of minimum polarizability”. It is further proved that n-
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pentanol was the most appropriate diluent, and the result is confirmed by the conclusions
above. Hence, n-pentanol was used as a diluent throughout the study.
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Figure 1. Effect of various diluents on the extraction of V (V) (experimental conditions: concentration
of V (V) in the aqueous phase 1.75 g·L−1, concentration of extractant 0.2 mol·L−1, aqueous phase
pH 8.051, extraction temperature 25 ◦C, and equilibrium time 60 s).

Table 1. The related parameters of diluents.

Diluents n-Pentanol n-Hexanol n-Octanol n-Dodecane

Dielectric constant (F·cm−1) 13.9 13.3 10.34 2
Polarizability (cm3) 10.60 12.44 16.11 22.85

[Omim]Cl, [Omim]Br, [Omim][BF4], and [Omim][PF6] were selected as the extractants
in this paper for the experiment. The water and oil repellence of [Omim][PF6] was found
during the experiment; therefore, [Omim][PF6] was not suitable for the study.

3.2. Effect of Equilibrium Time on the Extraction of V (V)

The effects of equilibrium time on the extraction of V (V) were investigated at a varying
time interval from 5 to 120 s using n-pentanol as the diluent, and the results are listed in
Figure 2. It is clearly observed from Figure 2 that the V (V) extraction efficiency sharply
increased with an increase of shaking time. The extraction rate of V (V) by [Omim]Cl
reached 97.93% at 40 s and after that the curve began to level off. The extraction rates of V
(V) by [Omim]Br and [Omim][BF4] reached 96.59% and 87.01% at 60 s, respectively. After
shaking for 60 s, the increase trends were no longer obvious. Hence, the equilibrium time
on the extraction of V (V) was fixed at 60 s throughout the study.
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Figure 2. Effect of equilibrium time on the extraction of V (V) (experimental conditions: concentration
of V (V) in the aqueous phase 1.75 g·L−1, concentration of extractant 0.2 mol·L−1, aqueous phase
pH 8.051, and extraction temperature 25 ◦C; relative standard uncertainty: confidence probability
p = 95%, urA = 0.72%, urB = 0.35%, ur = 0.8%).

3.3. Effect of Temperature on the Extraction of V (V)

The temperature of the extraction process could affect the movement rate of particles
and the viscosity of the organic phase, which could also affect the structure of extracted
compound. Therefore, the suitable temperature of the extraction process has great signifi-
cance in achieving the ideal extraction rate. The effect of temperature on V (V) extraction
was investigated with a varying temperature interval from 25 to 45 ◦C, and the results are
depicted in Figure 3.

Metals 2022, 12, x FOR PEER REVIEW 6 of 12 
 

liquids, and cause the loss of ionic liquids, leading to the decrease in the extraction effi-
ciency of V (V). Meanwhile, the production energy consumption increased with an in-
creasing temperature. Hence, 25 °C was the optimum temperature in this study. 

25 30 35 40 45

86

88

90

92

94

96

98

100

 [Omim]Cl
 [Omim]Br
 [Omim][BF4]

Temperature / °C

E 
/ %

 
Figure 3. Effect of temperature on the extraction of V (V) (experimental conditions: concentration of 
V (V) in the aqueous phase 1.75 g·L−1, concentration of extractant 0.2 mol·L−1, aqueous phase pH 
8.051, equilibrium time 60 s; relative standard uncertainty: confidence probability p = 95%, urA 
=0.66%, urB =0.35%, ur =0.75%). 

3.4. Effect of Anions Species on the Extraction of V (V) 
For relatively simple salts, such as type MX, lattice energies can be calculated with 

the following Equation (2) based on the Glasser theory: 𝑈 = 2𝐼 𝛼𝑉 ⁄ + 𝛽  (2) 

where U is the lattice energy, kJ·mol−1; Vm is the volume of ionic compound, nm3. 
For the salts of formula MX with a charge ratio of 1:1, I = 1, α =117.3 kJ·mol−1·nm, and 

β = 51.9 kJ·mol−1. The calculation results for the lattice energy of ionic liquids are listed in 
Table 2. 

Table 2. The lattice energy of ionic liquids. 

Ionic Liquids M (g·mol−1) Vm (nm3) [44] U (kJ·mol−1) 
[Omim]Cl 230.78 0.380 427.868 
[Omim]Br 275.23 0.390 425.015 

[Omim][BF4] 282.13 0.426 417.502 
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(V) in the aqueous phase 1.75 g·L−1, concentration of extractant 0.2 mol·L−1, aqueous phase pH 8.051,
equilibrium time 60 s; relative standard uncertainty: confidence probability p = 95%, urA = 0.66%,
urB = 0.35%, ur = 0.75%).
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As shown in Figure 3, all of the V (V) extraction rates had a slightly decrease. This
finding indicates that a high extraction temperature could affect the viscosity of the ionic
liquids, and cause the loss of ionic liquids, leading to the decrease in the extraction efficiency
of V (V). Meanwhile, the production energy consumption increased with an increasing
temperature. Hence, 25 ◦C was the optimum temperature in this study.

3.4. Effect of Anions Species on the Extraction of V (V)

For relatively simple salts, such as type MX, lattice energies can be calculated with the
following Equation (2) based on the Glasser theory:

U = 2I
[

α

V1/3
m

+ β

]
(2)

where U is the lattice energy, kJ·mol−1; Vm is the volume of ionic compound, nm3.
For the salts of formula MX with a charge ratio of 1:1, I = 1, α = 117.3 kJ·mol−1·nm,

and β = 51.9 kJ·mol−1. The calculation results for the lattice energy of ionic liquids are
listed in Table 2.

Table 2. The lattice energy of ionic liquids.

Ionic Liquids M (g·mol−1) Vm (nm3) [44] U (kJ·mol−1)

[Omim]Cl 230.78 0.380 427.868
[Omim]Br 275.23 0.390 425.015

[Omim][BF4] 282.13 0.426 417.502

Figure 4 shows the extraction rates of V (V) using [Omim]Cl, [Omim]Br, and [Omim][BF4]
as extractants under the same experimental conditions.
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From Table 2, the lattice energy of ionic liquids followed this trend: [Omim]Cl >
[Omim]Br > [Omim]BF4. As shown in Figure 4, the extraction rates of V (V) followed the
same trend: [Omim]Cl > [Omim]Br > [Omim]BF4. This finding indicates that the extraction
rates of V (V) were found to increase with the increasing lattice energy of ionic liquids.

According to the concentration of V (V), and the previous studies [17,33], it was found
that V (V) mainly existed in the form of HVO4

2− in this study. Figure 5 shows the ball-stick
models of Cl−, Br−, BF4

−, and HVO4
2− at the same proportion which were drawn by

ChemBioOffice software (14.0, CambridgeSoft, America).
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It is observed from Figure 5 that the bond lengths of B-F and V-O were 1.5 Å and 1.9 Å,
respectively. The V-O bond length was longer than B-F obviously. The radius of HVO4

2−

was evaluated through the bond-additivity using a V-O bond length of 190 pm, V (V) ionic
radius of 54 pm, and oxygen ion radius of 140 pm. The volume of HVO4

2− was calculated
by ChemBioOffice2014 software. The radius and volume of anions are shown in Table 3.

Table 3. The radius and volume of anions.

Anions Cl− [45] Br− [45] BF4− [45] HVO42−

Radius (pm) 181 196 220 524
Volume (cm3·mol−1) 24.8 31.5 44.6 63.1

As can be seen from Table 3, the volume of the anions increased in the order Cl− < Br−

< BF4
− < HVO4

2−. The largest lattice energy of [Omim]Cl was observed for the smallest
anion, Cl−, and the smallest lattice energy of [Omim][BF4] was observed for the larger anion,
BF4

−. The extraction rates of V (V) using ILs decreased with the increase in the volume of
the anion. This is owing to the fact that more cations can be accommodated around with
the larger anion [45]. The study indicates that the complexation ability of HVO4

2− with
[Omim]+ was stronger than other anions (Cl−, Br−, BF4

−) during the extraction process.
Therefore, HVO4

2− can carry out an ion exchange with the Cl−, Br−, and BF4
− due to the

larger volume compared with that of Cl−, Br−, and BF4
−. Furthermore, due to the smallest

volume of Cl−, it preferred to carry out ion exchange with HVO4
2−; thus, the ability of Cl−

ions in enhancing the extraction of HVO4
2− ions was the strongest.

According to the cavity effect [12], the excellent extraction efficiency is attributed to
the formation of the larger volume of the extracted compound in the organic phase. The
volume of extracted compound [Omim]2[HVO4] must be larger than [Omim]Cl, [Omim]Br,
and [Omim][BF4] due to the largest volume of HVO4

2− among the four anions, leading
to the smallest lattice energy compared with [Omim]Cl, [Omim]Br, and [Omim][BF4]. As
mentioned above, the lower interactions between the oppositely charged ions would lead
to the stable extracted compound in the organic phase, and then the extraction efficiency is
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improved. Due to the largest lattice energy gap between [Omim]Cl and [Omim]2[HVO4],
the ion exchange is more complete during the extraction process; thus, the best extraction
efficiency of V (V) can be obtained. Obviously, the differences of extraction efficiency of
HVO4

2− by ILs could be well understood from the combined consideration of the lattice
energy and the volume of the anions.

The differences in extraction efficiency of [Omim]Cl, [Omim]Br, and [Omim][BF4] can
also be explained by the modified Born energy. As reported, the modified Born energy
of ion increases as the ionic radius decreases in water or organic solvent [46]. Therefore,
the smaller anions (i.e., Cl−) in the low-dielectric organic phase will be solvated more
preferentially by the higher-dielectric water solvent through an ion-dipole interaction. It is
easier for Cl− and Br− to dissociate into the aqueous phase and exchange with HVO4

2−

ions, leading to the higher extraction efficiency.
In order to further verify the above conclusions, the counterevidence experiments were

conducted in this paper. The standard stock solution of 0.2 mol·L−1 NH4Cl and NH4Br
were prepared by dissolving NH4Cl and NH4Br in deionized water, respectively. The
extraction of anions was studied using 0.2 mol·L−1 [Omim]Cl, [Omim]Br, and [Omim][BF4]
as extractants, and n-pentanol as the diluent. The shaking time was 60 s, and the ex-
traction temperature was 25 ◦C. The concentration of anions in the lower aqueous phase
was measured by the Inductive Coupling Plasma Emission Spectrograph (ICP), and the
experimental results are shown in Table 4.

Table 4. Experimental results of the counterevidence experiments.

Extraction Solvents Aqueous Phase Detected Anions Anion Concentration
(mol·L−1)

[Omim]Cl NH4Br Cl− 0.200
[Omim]BF4 NH4Br BF4

− 0.078
[Omim][BF4] NH4Cl BF4

− 0.062

As shown in Table 4, when NH4Br was extracted by [Omim]Cl, the concentration
of Cl− in the aqueous phase was 0.200 mol·L−1. Almost all the Cl− in the organic phase
transferred into aqueous phase. When NH4Br and NH4Cl were extracted by [Omim][BF4],
the concentrations of BF4

− in the aqueous phase were 0.078 mol·L−1 and 0.062 mol·L−1,
respectively. It indicates that most of the BF4

− was still in the organic phase, and hardly
carried out the ion exchange with Cl− and Br− in the aqueous phase. Therefore, the
experimental results show that the larger the anion volume, the easier it is to combine with
cation in the organic phase, and the lattice energy of the extracted compound is lower.

3.5. Statistical Analysis

A statistical analysis of the experimental data is presented in Table 5. An analysis of
variance (ANOVA) measures the significance of the parameters. The significances of the
equilibrium time, temperature, and anions species were determined by the Fisher’s F-test
and p value. The p values were used as a tool to check the significance of each model. The
larger the magnitudes of the F-value, the smaller the p-value; the more significant was the
corresponding models. A confidence level of 95% was used, and p-values < 0.05, between
0.05 and 0.1, and more than 0.1 indicated a significant effect, almost meaningful effect, and
an insignificant effect, respectively [47]. From the presented results in Table 5, it can be
concluded that the effect of the equilibrium time and temperature are not significant in the
model; however, the anions species show a significant effect on the extraction efficiency
of V (V).
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Table 5. ANOVA results of the experimental data.

Source Sum of Squares DF Mean Square F p Significance

Equilibrium time
Between groups 45.171 3 15.057 0.497 0.689 not

significant
Within groups 515.430 17 30.319

Total 560.601 20

Temperature
Between groups 12.704 3 4.235 0.131 0.940 not

significant
Within groups 547.897 17 32.229

Total 560.601 20

Anions species
Between groups 490.023 2 245.011 62.487 <0.0001 significant
Within groups 70.578 18 3.921

Total 560.601 20

4. Conclusions

In this paper, the octyl imidazole ionic liquids such as [Omim]Cl, [Omim]Br, and
[Omim][BF4] can be used as extractants for the extraction of V (V). The results show that
n-pentanol is the most appropriate diluent. The extraction rates of V (V) by [Omim]Cl,
[Omim]Br, and [Omim][BF4] reach 97.93%, 96.59%, and 87.01% under an equilibrium time
of 60 s and extraction temperature of 25 ◦C. The structure-activity relationship of vanadium
and ILs was discussed by calculating the lattice energy of Ils based on the Glasser theory
and the volume of anions. The extraction rate of V (V) depends on the size of the anions
and the strength of interaction between the anion and imidazolium cation. The results
of the counterevidence experiments also verify the larger the anion volume, the easier
it is to combine with cation in the organic phase, and the lattice energy of the extracted
compound is lower. The statistical analysis shows that the effect of the equilibrium time
and temperature are not significant in the model; however, the anions species show a
significant effect on the extraction efficiency of V (V).
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