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Abstract: Extraction of vanadium(IV) from sulphate acid solution was studied using organophosphorous-based extractants D2EHPA, 
EHEHPA and CYANEX 272 in kerosene. The different parameters affecting the extraction of vanadium(IV) under equilibrium 
conditions were separately investigated to elucidate the stoichiometry of the extracted species. The distribution ratio of vanadium 
increased with increasing equilibrium pH of the aqueous phase, concentration of the extractants and temperature. D2EHPA was found 
to be a stronger extractant, having greater pH functionality than EHEHPA and CYANEX 272. Extraction of vanadium(IV) by these 
organophosphorous-based extractants involved cation exchange mechanism, and the extracted species appear to be VOR2(HR)2 in the 
low equilibrium pH and VOR2 in the higher equilibrium pH, where HR refers to the three acidic extractants. 
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1 Introduction 
 

Vanadium is a strategic metal and is used in the 
production of high-quality metal alloys, like strengthened 
steel, for its property as an active grain refiner and as a 
strong deoxidant [1]. Recently, substantial attention has 
been attracted to vanadium oxides because of their 
perspectives for design of novel materials with 
predetermined properties for electro-, radio-, and 
microwave mechanisms. Solvent extraction is one of the 
techniques being increasingly used for recovery of 
vanadium from leaching solution of black shale [2,3], oil 
fly ash [4,5], and spent catalyst [6]. Many reagents have 
been tested for the extraction of vanadium from various 
aqueous solutions. The 5,8-diethyl-7-hydroxydodecane- 
6-oxime (LIX 63) was used to extract and separate 
vanadium(IV) and molybdenum(VI) from sulfuric acid 
solution containing aluminum(III), cobalt(II), nickel(II) 
and iron (III). Vanadium(IV) was extracted preferentially 
at low pH (around 1.5), and selectively stripped by 2 
mol/L sulfuric acid solution [7]. 

It is recognized that tetravalent vanadium can be 
extracted by acidic organophosphorous reagents via 
cation exchange from weak acidic solutions. Among 

those, di-(2-ethylhexyl)-phosphoric acid (abbreviated as 
D2EHPA, commercially as P204) has been used widely 
for extraction of vanadium from chloride solution [8, 9], 
nitric acid solution [10], and sulphuric acid solution [11, 
12]; 2-ethylexyl phosphonic acid mono 2-ethylexhyl 
ester (abbreviated as EHEHPA, commercially as PC88A 
or P507) was used for extraction of vanadium(V) from 
both acidic and sulfuric solutions [13]; and 
bis(2,4,4-trimethylpentyl) phosphinic acid (commercially 
as CYANEX 272) was used for extraction of 
vanadium(IV) from sulfuric acid solution [14]. 

D2EHPA, EHEHPA and CYANEX 272 are widely 
used organophosphorous acidic extractants in 
hydrometallurgy. They have similar structures. D2EHPA 
and EHEHPA differ only in the number of alkoxy(—RO) 
group directly attached to the phosphorus atom. This 
structure difference significantly affects the extractability 
and separation efficiency of metal ions. 

The present work aims at determining the 
vanadium(IV) extraction thermodynamics and 
mechanism by D2EHPA, EHEHPA and CYANEX 272 
from sulfuric acid solution. The extracted species are 
calculated from slop analysis and by graphic method, and 
thermodynamic functions ΔH, ΔG and ΔS of those 
investigated systems have been determined. 
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2 Experimental 
 
2.1 Reagents and apparatus 

The stock solution of VOSO4
 (0.01 mol/L) was 

prepared from vanadyl sulfate by dissolving in dilute 
sulfuric solution with distilled water. The vanadium(IV) 
concentration in the aqueous solution was standardized 
by 0.01 mol/L ferrous ammonium sulfate solution using 
2-(phenylamino)-benzoic acid as an indicator. A pHS-3C 
digital pH meter (Shanghai Rex Instruments Factory, 
China) was employed for pH measurements. The ICP 
(inductively coupled plasma, Perkin-Elmer Optima 5300, 
USA) was used for determination of the concentration of 
vanadium in the aqueous phase. The extractants of 
D2EHPA and EHEHPA with the purity of 95.3% and 
96.5% were supplied by Luoyang Zhongda Chemical Co., 
Ltd., China. The commercial CYANEX 272 (88%) was 
supplied by Cyanamid Canada, Inc. D2EHPA, EHEHPA 
and CYANEX 272 were purified by the three-phase 
method [15]. The purities of refined products were 
98.5%, 98.7% and 97.2% for D2EHPA, EHEHPA and 
CYANEX 272, respectively. Kerosene was bought from 
local market and distilled to collect the fraction distilling 
at 200−260 °C, which was colorless and mostly aromatic 
free. All of these refined extractants were used without 
purification and dissolved in distilled kerosene to the 
required concentration. All other reagents were of 
analytical grade and used without purification. 
 
2.2 Extraction and analytical procedures 

The solvent extraction experiments were carried out 
by mechanically shaking equal volume (20 mL) of 
organic and aqueous phases in a separating funnel at 
(25±0.5) °C. But, the temperature variation experiments 
were carried out in stoppered glass tubes immersed in a 
thermostatic water bath (±0.5 °C) by vigorously shaking. 
The preliminary experiments revealed that 15 min was 
sufficient to achieve equilibrium for VO2+ distribution 
between the organic and aqueous phases. The pH of the 
aqueous solution was initially adjusted to the desired 
value by adding 2.0 mol/L H2SO4 or 4 mol/L NaOH 
solution and measured after reaching equilibrium. After 
phase separation, the metal concentration in the aqueous 
phase was analyzed by ICP–OES method [16], and the 
metal concentration in organic phase was calculated by 
the difference in the aqueous phase before and after 
extraction. The distribution ratio (D) was calculated as 
the ratio of the vanadium(IV) concentration in organic 
phase to that in aqueous phase. 
 
3 Theory and calculation 
 

The thermodynamic diagram for vanadium(IV)– 

water system at 298.15 K has been drawn by POST and 
ROBINS [17] and ZHOU et al [18] (Fig. 1). To simplify 
the calculation, molar concentrations of metal ion can be 
used instead of activities. As can be seen from the 
activity—pH diagram, the predominant existence of 
vanadium(IV) species in sulfuric acid medium is VO2+ as 
pH is lower than 3.0 at vanadium(IV) activity of 0.01. In 
our solvent extraction experiments, the equilibrium pH 
was lower than 3.0 for the tetravalent vanadium (0.01 
mol/L) which presents as VO2+ ion in the aqueous 
solution. 
 

 
Fig. 1 Activity—pH diagram for vanadium(IV)–water system 
at 298.15 K [18] 
 

It is well known that organophosphorous-based 
acidic extractants exit as dimmers in nonpolar organic 
diluents. Generally, the extraction of vanadium in its 
tetravalent state from aqueous sulfuric media by 
organophosphorous-based acidic extractants can be 
expressed by the following cation exchange reaction 
[10]: 

)(org)R)(H()aq(VO 22
2 nm +++  

)aq(H2)org((HR)VOR 22
++⋅ nmn            (1) 

The extraction equilibrium constant Kex is 
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where HR represents the extractant species D2EHPA, 
EHEHPA or CYANEX 272 that acts as a liquid cationic 
ion exchanger, m is the number of H2R2 consumed in the 
reaction; and n is the number of H+ liberated due to the 
reaction. 

There are two kinds of vanadium complex ions in 
vanadium(IV)−H2O system, VO2+ and V2O4, in the 
acidic solution. Correspondingly, their equilibrium 
equation is expressed as: 

O2H2VO 2
2 ++ ++ 4HOV 42                 (3) 
The equilibrium constant KV is 
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The total vanadium concentration [V]T in the 

aqueous solution is expressed as:  
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Inserting Eq. (6) into Eq. (2), and substituting the 
distribution ratio D, Eq. (2) becomes 
 

)(
22

42
V

2

ex ]RH[

}]][H[VO21{]H[
nm

n KD
K +

−+++ +××
=       (7) 

 
By taking logarithm and rearranging, Eq. (7) can be 

written as: 
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4 Results and discussion 
 
4.1 Extraction of vanadium(IV) using D2EHPA, 

EHEHPA and CYANEX 272 
The extraction of vanadium(IV) (0.01 mol/L) from 

aqueous sulfuric acid solution was studied using the 
extractants D2EHPA, EHEHPA, CYANEX 272 in their 
acidic forms in distilled kerosene at phase ratio O/A of 
1:1. The extraction of vanadium(IV) increased with 
increasing the equilibrium pH of the aqueous phase in 
the range of 0.9−2.0. The relationships (Fig. 2) show that 
the distribution ratio, D, of vanadium(IV) increased with 
the increase of equilibrium pH value with the slop of 
1.98, 2.01 and 1.93 for 0.1 mol/L D2EHPA, EHEHPA, 
and CYANEX 272 extractants, respectively, indicating 
the release of 2 mole of H+ ions in the aqueous medium 
with 1 mole of vanadium(IV). SATO and TAKEDA [12] 
obtained a slope of about −2 in the plot of lg D vs lg[H+] 
for extraction of vanadium(IV) from sulphuric acid 
solution by D2EHPA. This work is therefore practically 
consistent with the previous work. The corresponding 
pH50 values were 1.17, 1.42 and 1.72 for 0.1 mol/L 
D2EHPA, EHEHPA and CYANEX 272 at this 
investigated condition, respectively. It means the 
extraction ability of alkylphosphorus extractants 
decreases in the following order: D2EHPA>EHEHPA> 
CYANEX 272. It is obvious that the extraction ability 
decreases with decreasing the acidity of the 
organophosphorus acids. The increasing of pH5,0 value 
for D2EHPA, EHEHPA and CYANEX 272 can be 

explained that the former molecule contains more alkoxy 
than the later molecule. The presence of alkoxy may 
increase the electric charge of central atom P, resulting in 
the decreasing acidity of the organophosphorus acids. 
 

 
Fig. 2 Plot of lg D vs equilibrium pH for extraction of 
vanadium(IV) with D2EHPA , EHEHPA and CYANEX 272 
 

The plots of lg D vs lg{[V]/(mol·L−1)} for the three 
extractants give a linear relation with the slopes of −1.06, 
−1.03 and −1.07 for D2EHPA, EHEHPA and CYANEX 
272, respectively. The equilibrium [H+] was maintained 
at a concentration of 0.01 mol/L in the equilibrium 
aqueous phase. According to Eq. (8), the plot of lg D vs 
lg[V] gave straight lines with negative slopes of about 
−1.0, indicating that a monomeric metal species is 
extracted into the organic phase (Fig. 3). 

The influence of extractant concentration on the 
extraction of vanadium(IV) was studied in the range of 
0.02−0.8 mol/L. The corresponding equilibrium pH was 
in the range of 0.9−1.1 and 2.0−2.1, respectively. The 
extraction rate increased steadily with the increase of 
extractant concentration. The plots of lg D vs lg[H2R2] 
(Fig. 4) provide the metal/extractant ratio of the extracted 
 

 

Fig. 3 Plots of lg D vs lg{[V]/(mol·L−1)} for extraction of 
vanadium(IV) with D2EHPA , EHEHPA and CYANEX 272 
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species. It can be seen from Fig. 4 that, the plots of lg D 
vs lg[H2R2] are linear with the slope of about 1.0 
(equilibrium pH about 2.02) and about 2.0 (equilibrium 
pH about 1.05) in the extraction systems, indicating the 
association of one mole of the dimmer 
organophosphorous-based acidic extractants with the 
extracted species at higher equilibrium pH value and two 
mole of the dimmer organophosphorous-based acidic 
extractants with the extracted species at lower 
equilibrium pH value. ISLAM and BISWAS [11] found 
the similar phenomenon when extracting vanadium (IV) 
by D2EHPA both in kerosene and benzene systems from 
the sulphuric acid solution, and the pH dependence of 
extraction mechanism may be explained by the reason 
that the suppression of ionization of the dimeric acid is 
less than that of monomeric acid with increasing acidity. 
Therefore, the overall cation exchange extraction 
reaction for the three extractants may be represented by 
reaction (9) at high equilibrium pH value or by reaction 
(10) at low equilibrium pH value. 
 

)aq(2H)org(VOR)org(RH)aq(VO 222
2 ++ +=+    (9) 

 
(aq)2H(org)VO(HR)(org)R2H(aq)VO 222

2 ++ +=+  
(10) 

 

 
Fig. 4 Plots of lg D vs lg[H2R2] for extraction of vanadium(IV) 
with D2EHPA , EHEHPA and CYANEX 272 
 
4.2 Effect of sulfate ions 

The effect of sulfate ions on the extraction 
equilibrium was tested in sulfate ion concentration range 
of 0.1−2.5 mol/L. The results (Fig. 5) show that the 
distribution ratio of vanadium(IV) in sodium sulfate 
solutions does not change with varying the concentration 
of sulfate ion in the investigated range, which indicates 
that sulfate ion does not participate in the extracted 
complexes. This may be due to the fact that vanadium(IV) 
ion is unlikely complex with sulfate ion because the 
complex formation constant of this metal ions with 
sulfate ions is very small. 

 

 
Fig. 5 Effect of sulfate ion on extraction of vanadium(IV) with 
D2EHPA , EHEHPA and CYANEX 272 
 
4.3 Effect of temperature 

The effect of temperature on the extraction of 0.01 
mol/L vanadium(IV) from aqueous sulfuric acid solution 
containing 0.5 mol/L Na2SO4 using 0.1 mol/L D2EHPA, 
EHEHPA and CYANEX 272 was investigated at phase 
ratio O/A of 1:1, respectively. The initial aqueous pH 
was maintained at 2.2 for all the experiments, and the 
equilibrium pH was 2.04−1.8 for D2EHPA, 2.06−1.82 
for EHEHPA and 2.10−1.86 for CYANEX 272 as the 
temperature increased from 293 K to 333 K, respectively. 
It was observed that the extraction rate increased with the 
increase of temperature in the range of 293−333 K. The 
results are shown in Fig. 6. When acidic CYANEX 272 
was used as extractant, the extraction of vanadium(IV) 
increased form 57.1% to 76.9% as the temperature 
increased from 293 K to 333 K. While, there were no 
significant change on vanadium(IV) extraction when 
D2EHPA or EHEHPA was used. 

From the slopes obtained from Fig. 6 and applying 
the Van’t Hoff equations [19], the thermodynamic 
parameters are calculated as: 
 

 
Fig. 6 Plots of lg D vs 1/T for extraction of vanadium(IV) with 
D2EHPA , EHEHPA and Cyanex272 
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C
RT

HD +
−

=
303.2
Δlg                           (11) 

where R is the gas constant, T is the absolute temperature 
and C is a conditional constant. Activity coefficient for 
other components are assumed to be constant under the 
experimental conditions [20]. The slopes equal 
–ΔH/2.303R. On the basis of Eq. (11) and Fig. 6, the 
value of ΔH are calculated to be 3.51, 4.68 and 19.90 
kJ/mol for vanadium(IV) extraction using D2EHPA, 
EHEHPA and CYANEX 272, respectively, indicating 
that the extraction reactions are endothermic. 

The value of ΔH is used to calculate the 
corresponding free energy change (ΔG) and entropy 
change (ΔS) for extraction reaction at 298 K, 
respectively. 
 

DRTG lg303.2Δ −=                          (12) 

T
GHS ΔΔΔ −

=                              (13) 

The calculated thermodynamic parameters are 
presented in Table 1. From these values, the negative ΔG 
indicates that the extraction reactions by acidic 
organophosphorus extractants proceed spontaneously, 
while the positive value of ΔS shows that the extraction 
process is more random in nature. 
 
Table 1 Thermodynamic parameters for extraction process at 
298 K 

Extractant T/K Equilibrium 
pH lg D 

D2EHPA 298.15 2.02 1.01 
EHEHPA 298.15 2.04 0.63 

CYANEX 272 298.15 2.05 0.23 

Extractant ΔH/(kJ·mol−1) ΔG/(J·mol−1) ΔS/(J·mol−1·K−1)
D2EHPA 3.51 −5765.81 31.11 
EHEHPA 4.68 −3596.49 27.76 

CYANEX 272 19.9 −1313.01 71.15 

 
4.4 Effects of diluents 

The extraction of 0.01 mol/L vanadium(IV) in the 
three organiphosphorous-based extractants was studied 
using various aliphatic and aromatic diluents like 
kerosene, n-hexane, cyclohexane, carbon tetrachloride, 
benzene, and toluene at the initial pH value of 2.45 and 
O/A ratio of 1:1. It was found that the extraction of 
vanadium(IV) was quantitative when both D2EHPA and 
EHEHPA were dissolved in kerosene and n-hexane, 
while benzene, toluene, cyclohexane and carbon 
tetrachloride were comparatively less efficient as 
solvents (Table 2). However, the CYANEX 272 extracted 
vanadium(IV) quantitatively when dissolved in benzene, 
toluene and carbon tetrachloride, while was less efficient 
when dissolved in cyclohexane, kerosene and n-hexane. 

The incomplete extraction of vanadium(IV) by some 
diluents may be due to the formation of extractant diluent 
species in the organic phase, which produces a low 
concentration of a free extractant for the metal extraction 
with a consequent decrease in the extraction rate [21, 
22]. 

Kerosene was preferred as the diluent for both 
D2EHPA and EHEHPA, while toluene should be a good 
candidate for CYANEX 272, as those provided better 
vanadium extraction. 
 
Table 2 Effect of diluents on extraction of vanadium(IV) with 
D2EHPA, EHEHPA and CYANEX 272 

Extraction rate/% 
Diluent 

D2EHPA EHEHPA CYANEX 272

Kerosene 91.9 78.9 60.5 
n-hexane 91.2 78.0 60.8 

Cyclohexane 90.0 77.6 59.3 
Benzene 85.4 73.5 61.4 
Toluene 89.3 77.4 62.5 

Carbon tetrachloride 89.5 76.5 61.2 

 
5 Conclusions 
 

1) Solvent extraction of vanadium(IV) was carried 
out in sulfuric acid medium using the acidic 
organophosphorus extractant of D2EHPA, EHEHPA and 
CYANEX 272. The extraction of vanadium(IV) was 
dependent on the pH values of aqueous phase and 
extractant concentration. The extraction rate increased 
with increasing equilibrium pH and extractant 
concentration. The corresponding pH50 values for 0.1 
mol/L D2EHPA, EHEHPA and CYANEX 272 were 1.17, 
1.42 and 1.72, respectively. 

2) The extraction of vanadium(IV) by the three 
acidic organophosphorus extractant was proceeded via a 
cation exchange mechanism. The species were found to 
be VOR2(HR)2 in the high acidity and VOR2 in low 
acidity. Sodium sulfate in the solution had a negligible 
effect on the vanadium extraction under the experimental 
condition. 

3) The extraction process was an endothermic 
reaction, which was confirmed from the positive value of 
ΔH for all the extraction systems. The negative value of 
ΔG indicated that the extraction reactions proceed 
spontaneously, and the positive value of ΔS showed the 
extraction process is more random in nature. 
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煤油体系中采用 D2EHPA, EHEHPA,CYANEX 272 
从硫酸介质中萃取钒(IV)的机理及热力学 
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昆明理工大学 冶金与能源工程学院，昆明 650093 

 
摘  要：采用有机磷类萃取剂—D2EHPA，EHEHPA 和 CYANEX 272 在煤油体系中从硫酸介质中萃取钒(IV)。考

察溶液 pH 值、萃取剂浓度、钒离子浓度、温度对钒萃取性能的影响，并确定萃合物的组成。结果表明：随着水

相 pH 值、萃取剂浓度和温度的升高，钒(IV)的分配比增大。D2EHPA 可以在更低的 pH 值下萃取钒(IV)，表明其

对钒的萃取能力大于 EHEHPA 和 CYANEX272。萃取机理研究结果表明：3 种有机磷类萃取剂对钒的萃取均符合

离子交换机理，在低 pH 值条件下萃合物组成为 VOR2(HR)2，在高 pH 值下萃合物组成为 VOR2 (R 表示萃取剂)。 
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