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Abstract
The separation of vanadium (V) and molybdenum (VI) was studied by co-extraction with an aqueous two-phase sys-
tem formed by PEG2000 + sodium sulfate + water and by selective stripping with another aqueous two-phase system 
formed by ammonium sulfate solution and PEG2000 phase loaded vanadium and molybdenum. The effect of aqueous 
pH, concentration of vanadium and molybdenum, temperature on the co-extraction and concentration of ammonium 
sulfate, temperature and phase ratio on selective stripping separation of vanadium and molybdenum was investigated. 
The experimental results on co-extraction of vanadium and molybdenum indicated that the co-extraction rate of both 
metals is sensitive to aqueous pH, and their extraction rate can achieve above 97.54% and 99.49%, respectively, when 
the pH value of aqueous solution is at 2.0, the molar ratio of vanadium to molybdenum is about 1.5, the concentration of 
PEG2000 is 20%, and the temperature is 313.15 K, respectively. The co-extraction rate of both metals decreases slightly 
with an increase in temperature from 313.15 to 343.15 K. The extraction isotherm and McCabe–Thiele method showed 
that two theoretical stages are needed when concentration of vanadium and molybdenum decreases from initial 12 g/L 
and 10 g/L to 0.1 g/L under the optimal conditions. The results on selective stripping of both metals from loaded PEG2000 
phase to aqueous phase indicated that the stripping rate and precipitation rate of vanadium are evidently impacted 
by aqueous pH within 8.0 ~ 11.0 and then a little influenced by other parameters. The stripping rate of molybdenum 
is relatively lower than that of vanadium and is influenced by all kinds of stripping conditions. The stripping rate and 
precipitation rate of vanadium achieve 99.88% and 98.84%, respectively, and stripping rate of molybdenum achieves 
81.99% under the optimal stripping conditions of O/A = 2:1, stripping temperature 343.15 K,  (NH4)2SO4 (w/w) 40% and 
the pH of aqueous solution at 10.0.
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1 Introduction

Vanadium and molybdenum are widely used in aerospace, 
electronic information, industrial production and many 
other technical fields for their unique properties of cor-
rosion resistance, high temperature resistance and wear 
resistance, which have greatly stimulated the demanding 
in recent years. At the same time, it is urgent to develop 
and reuse its secondary resources as the world’s resources 

continue to be mined and high-grade ore is increasingly 
depleted. Among the secondary resources, waste catalysts 
are undoubtedly more important. The waste hydrodes-
ulfurization catalysts replaced in petroleum refineries 
contain higher precious metals than precious metal ores. 
They are considered as an important source of strate-
gic metals such as vanadium, molybdenum, nickel and 
cobalt [1, 2]. The reasonable recovery of spent catalysts 
not only has great economic benefits, but also solves the 
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environmental pollution problems associated with their 
disposal [3]. At present, there are many reports on the 
recovery of metal vanadium and molybdenum from spent 
catalysts [4–9].

In recent decades, many researchers have studied and 
developed methods for separating and recovering vana-
dium and molybdenum from leaching solutions. The main 
methods for the separation of vanadium and molybde-
num are ion exchange [10, 11], solvent extraction [12–14] 
and chemical precipitation [15]. Among them, the solvent 
extraction method is the most widely used depending on its 
simple operation, selective control of separation and com-
plete separation. Some researchers use different extractants 
to extract and separate vanadium and molybdenum, such 
as Alamine-336 [16], EHEHPA [17], LIX 63 [18] and Cyphos IL.

However, most organic solvents are toxic, flammable 
and volatile. Using of organic solvents is very harmful to 
human health and the environment and does not con-
form to the concept of green chemistry [19]. In addition, 
although the ion exchange method can effectively sepa-
rate metals and obtain high-quality products, the ability 
to load metals is limited, and it cannot meet the scale 
production of the factory, which leads to the application 
limited. Therefore, it is necessary to develop a green and 
environmentally friendly method to separate vanadium 
and molybdenum. On this basis, we found that the aque-
ous two-phase system can effectively extract and separate 
vanadium and molybdenum. Moreover, up to now, it is 
noteworthy that there is no report on the separation of 
vanadium and molybdenum by aqueous two-phase sys-
tem. Compared with the traditional separation methods 
mentioned above, this method not only balances or even 
exceeds its efficiency, but also satisfies the outstanding 
advantages of energy saving, simplicity and time saving. It 
is worth mentioning that the organic solvents are absent, 
which actively responds to the safety concept of “green 
chemistry” for aqueous two-phase extraction systems.

Aqueous two-phase systems has become more and more 
attractive in recent years due to its mild operating condi-
tions, scale-up easily and no pollution to the environment. 
It is a promising new separation technology [20]. At present, 
many researchers have successfully applied this technology 
to bioengineering [21, 22], fermentation engineering [23], 
separation of organic matter [24] and other fields. There are 
also many studies on the application of this technology to 
extraction and separation of metal ions, for example the 
separation of Hg(II), Zn(II) and Co(II) by Dehghani [25], the 
separation of Ca(II), Mg(II) and Ni(II) by Rodrigues [26] and 
the extraction of Bi(III) subsalicylate by Sen [27]. The extrac-
tion and separation performance and the extraction mecha-
nism of molybdenum and tungsten with the aqueous two-
phase system were reported by our early research work [28, 
29], and we also used the same system to investigate the 

extraction and separation of vanadium. It was found that for 
the extraction of alone vanadium and molybdenum, molyb-
denum is more easily extracted into the PEG-rich phase, 
while vanadium is difficult to extract into the PEG-rich phase 
without the addition of a charge modifier under the acidic 
conditions [30]. In addition, the conclusions of the partition 
of Molybdate ion in aqueous two-phase system formed by 
 CuSO4 + PEG 4000 + H2O were obtained by Duran [31].

In this work, the purpose is to investigate the co-extrac-
tion and separation performance of vanadium(V) and 
molybdenum(VI) with aqueous two-phase system com-
posed of PEG2000 + Na2SO4 + H2O without any extractant 
on the basis of our previous research work. By a series of 
basic experimental studies, we found that pH, concen-
tration and T have great influence on the experimental 
results, while other factors (such as stirring rate and aging 
time) have little or no influence, so we will not give a sin-
gle narrative here. The article mainly narrates the effect 
of aqueous pH, initial vanadium and molybdenum con-
centration, temperature on co-extraction of vanadium 
and molybdenum, concentration of ammonium sulfate 
and ammonium hydroxide and temperature on selective 
stripping separation of vanadium and molybdenum.

2  Experiments

2.1  Reagents

PEG2000 with an average molar mass 1900 ~ 2200 g/mol 
was obtained from Xilong Chemical Co. Ltd. (GuangDong, 
China). The stock solutions of molybdenum and vanadium 
were prepared by dissolving  Na2MoO4 and  NaVO3 in dis-
tilled water, respectively. Sodium sulfate, ammonium sul-
fate, sodium metavanadate and sodium molybdate were 
obtained from West Long Science Co. Ltd. (GuangDong, 
China), while sulfuric acid was supplied by Tianjin Kermel 
Chemical Reagent Co. Ltd. (Tianjin, China). All reagents 
were analytical grade with the purity of above 99% and 
directly used. Distilled water was used in all experiments.

2.2  Experimental procedure

2.2.1  Extraction

The aqueous two-phase system was prepared with 
PEG2000, sodium sulfate stock solution and vanadium and 
molybdenum stock solutions, and the system was com-
posed of 20% (w/w) PEG2000, 10% (w/w) sodium sulfate, 
0.2% (w/w) vanadium and 0.5% (w/w) molybdenum. The 
pH of mixture solutions was adjusted to 1.5, 2.0, 3.0, 4.0 
and 5.0, respectively, by acidometer (PHS-3C, Shanghai, 
China) with 2 mol/L sulfuric acid. The mixture was stirred 
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vigorously at 313.15 K for 30 min in a thermostatic mag-
netic stirrer for fully blending and then placed in a con-
stant temperature water bath at the same temperature 
for 24 h. All aqueous two-phase extraction systems were 
placed in 50-mL glass graduated tubes for phase separa-
tion. After the phase separation was finished, the volume 
of the upper phase (extract phase) and lower phase (salt-
rich phase) was accurately recorded for calculating the 
volume ratio. The molybdenum and vanadium in salt-rich 
phase were appropriately diluted with distilled water and 
analyzed by inductively couple plasma atomic emission 
spectrometry (ICP-AES 6300 Radial, Thermo Scientific, 
USA). Parallel experiments were carried out during the 
experiments to ensure the accuracy of the data.

The molybdenum and vanadium concentration in PEG-
rich phase was determined with material balance method 
based on phase volume [Eq. (1)]. The phase volume ratio, 
partitioning coefficient and extraction rate of molybde-
num and vanadium were calculated according to Eqs. (2), 
(3) and (4).

where cAt and cAb are vanadium/molybdenum concentra-
tion in PEG-rich phase and salt-rich phase (g/L), respec-
tively, Vb and Vt represent the volume in salt-rich phase 
and PEG-rich phase (L), respectively, R is phase volume 
ratio (PEG-rich phase volume to salt-rich phase volume), 
D is partitioning coefficient of vanadium/molybdenum, E 
is extraction rate percentage of vanadium/molybdenum 
and m is the mass of vanadium/molybdenum added (g).

2.2.2  Stripping

A certain mass of PEG2000 phase loaded vanadium and 
molybdenum and a certain amount of  (NH4)2SO4 solution 
were placed in a 50-mL beaker, the mixture was adjusted 
to a certain pH with ammonium hydroxide, and finally, a 
certain amount of distilled water was added. At the tem-
perature of 323.15–363.15 K, the mixed solutions were 
stirred with a thermostatic magnetic stirrer for 40–120 min, 
and then, the phase separation was completed at room 
temperature. The volumes of the upper and lower phases 

(1)cAt =
m − VbcAb

Vt

(2)R =
Vt

VB

(3)D =
cAt

cAb

(4)E(%) =
RD

RD + 1
× 100%

and the precipitate were accurately recorded. The vana-
dium and molybdenum in the salt-rich phase and the PEG-
rich phase were diluted with distilled water for appropriate 
multiples and then were analyzed by inductively coupled 
plasma atomic emission spectrometry. The stripping per-
centage was calculated by Eq. 5.

where Estrip is the stripping percentage (%), Vbs is the vol-
ume in stripping salt-rich phase (L), cAbs are the vanadium/
molybdenum concentration in stripping salt-rich phase 
(g/L) and m0 are the vanadium/molybdenum mass in 
loaded extraction phase (g).

3  Results and discussion

3.1  Co‑extraction of vanadium and molybdenum

3.1.1  Effect of aqueous pH

The effect of aqueous pH varying from 1.5 to 5.0 on 
extraction of vanadium and molybdenum is shown in 
Fig. 1. It can be seen from the figure that the extraction 
rate of vanadium goes up evidently maximum 95.23% 
at pH = 2.0–3.0, and the extraction rate of molybdenum 
remains the higher value above 99.48% at pH = 1.5–3.0, 
and this is due to forming heteropolyacid anions of vana-
dium and molybdenum, such as  HMo4V2O19

3−,  Mo5VO19
3−, 

 Mo7VO26
5−,  HMoV9O28

4−,  Mo2V8O28
4− and  HMoV9O28

4−, 
in aqueous media containing Mo(VI)–V(V)–H2O system 
according to Liao’s report [32]. These heteropolyacid ani-
ons have relatively high hydrophobicity and also increase 

(5)Estrip =
VbscAbs

m0

× 100%

Fig. 1  Effect of aqueous pH on the co-extraction of vanadium and 
molybdenum
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mutual solubility with PEG2000-rich phase having hydro-
phobic environment, in the meanwhile, the electrostatic 
attraction generated between heteropolyacid anion and 
quasi-cation of C–O–C or –OH protonated in PEG2000 
molecule promotes the extraction rate of heteropolyacid 
anion. The subsequent studies were conducted at pH of 
2.0. The extraction rates of vanadium drop rapidly when 
the pH value is less than 2.0, it can be explained that  VO2+ 
is formed, and the electrostatic repulsion is produced 
between protonated C–O–C or –OH in PEG2000 mol-
ecule and  VO2+, resulting in lower extraction rate of vana-
dium. The extraction rate of vanadium and molybdenum 
decreases when the pH value is more than 3.0, showing 
that the isopolyacid anion of vanadium and molybdenum 
gradually increases and their patterns are various, such as 
 HV10O28

5−,  V10O28
6−,  Mo7O24

6−, which decreases mutual sol-
ubility with PEG2000-rich phase, leading to lower extrac-
tion of vanadium and molybdenum.

3.1.2  Effect of vanadium concentration

The effect of the vanadium concentration on co-extraction 
of vanadium and molybdenum is shown in Fig. 2. In this 
figure, we took the mole ratio of vanadium and molybde-
num as the abscissa and the extraction rate of vanadium 
and molybdenum as the ordinate. It can be seen from the 
figure that when the molar ratio is in the range of 0.3–1.5, 
the extraction rate of molybdenum decreases slightly 
and maintains a higher level, and the extraction rate of 
vanadium gradually increases from 94.11 to 97.57% and 
then decreases slightly as the ratio increases from 1.5 to 
3.1, trace back to the cause is when the aqueous pH value 
is below 6.0, and the proportion of vanadium in the het-
eropolyacid of vanadium and molybdenum exceeds the 

ratio of vanadium in the heteropolyacid [32]. Therefore, 
when the pH value is 2.0, more vanadium and molyb-
denum continue to form the heteropolyacid as vana-
dium concentration increases, resulting in an increase in 
extraction rate of vanadium. However, since the content of 
molybdenum is a certain amount, when the ratio of vana-
dium and molybdenum is about 1.5, the heteropolyacid 
formed by vanadium and molybdenum reaches “satura-
tion” at this time, and vanadium no longer forms the het-
eropolyacid as concentration of vanadium continues to 
increase, leading to excessive vanadium in the aqueous 
which appears as the form of polyvanadate and resulting 
in a decrease in extraction rate of vanadium. However, in 
the scope of this study, the extraction rate of molybdenum 
decreases slightly with the increase in vanadium concen-
tration and it still remains at a high level of 99.49%. 

3.1.3  Effect of molybdenum concentration

The effect of molybdenum concentration on co-extrac-
tion of vanadium and molybdenum is shown in Fig. 3. It 
can be observed from the figure that the extraction rate 
of vanadium rises significantly and the extraction rate of 
molybdenum is basically unchanged with an increase in 
molybdenum concentration from 0.1 to 0.8%. With the 
increase in molybdenum concentration, vanadium and 
molybdenum easily form heteropolyacid anion in acidic 
aqueous solution, resulting in an increase in vanadium 
extraction rate. At the same time, the increase in molybde-
num extraction rate is due to the formation of heteropoly-
acid anion and polymolybdate anion as increasing molyb-
denum concentration, which is in favor of transferring of 
molybdenum from salt-rich phase to PEG2000-rich phase 

Fig. 2  Effect of vanadium concentration on co-extraction of vana-
dium and molybdenum (conditions: pH: 2.0, T: 313.15  K,  Na2SO4: 
10%, PEG2000: 20%)

Fig. 3  Effect of molybdenum concentration on co-extraction of 
vanadium and molybdenum (conditions: pH: 2.0, T: 313.15  K, V: 
0.2%,  Na2SO4: 10%, PEG2000: 20%)
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for its relatively high hydrophobic nature and electrostatic 
attraction between cation and anion.

3.1.4  Effect of temperature

The effect of temperature on co-extraction of vanadium 
and molybdenum is shown in Fig. 4. From the line trend, 
when temperature increases from 313.15 to 343.5  K, 
and the extraction rates of vanadium and molybdenum 
decrease, but the decline is not significant just about one 
percentage point, which shows that the effect of tempera-
ture on extraction performance is not obvious. When the 
temperature is below 313.15 K, it becomes difficult to form 
two-phase systems, so the optimal extracting temperature 
is 313.15 K.

3.1.5  Extraction isotherm

The extraction isotherms of molybdenum (VI) and vana-
dium (V) with the aqueous two-phase system consisting 
of 20% PEG2000 and 10% sodium sulfate at pH = 2.0 and 
their McCabe–Thiele diagrams are shown in Fig. 5a and b, 
respectively. The operating line was obtained on the bases 
of countercurrent operation of two phases according to 
the material conservation equation as follows:

where ct,i+1 is the solute concentration in PEG-rich phase 
left from i theoretical stage, g/L;  cb,i is the solute concen-
tration in salt-rich phase left from i theoretical stage, g/L; 
ct,0 is the solute concentration in PEG-rich phase added to 

(6)c
t,i+1 =

Vb

Vt

cb,i +

(

c
t,0 −

Vb

Vt

cb,n

)

first theoretical stage, g/L; cb,n is the solute concentration 
in salt-rich phase left from n theoretical stage, g/L; and 
Vb and Vt are the volume of salt-rich phase and PEG-rich 
phase, respectively, L. 

It was found from the figures that under the experi-
mental conditions, the possibility to co-extraction of two 
metals needs only two theoretical extraction stages when 
molybdenum concentration decreases from initial 12 g/L 
to 0.1 g/L and vanadium concentration decreases from 
initial 10 g/L to 0.1 g/L.

3.2  Stripping separation of vanadium 
and molybdenum

3.2.1  Effect of pH

The effect of pH on stripping rate of vanadium and 
molybdenum and vanadium precipitation rate is shown 
in Fig. 6. It can be observed from the figure that when the 
pH value changed from 8.0 to 10.0 adjusting by  NH3·H2O 

Fig. 4  Effect of temperature on co-extraction of vanadium and 
molybdenum (conditions: pH: 2.0, V: 0.2%, Mo: 0.5%,  Na2SO4: 10%, 
PEG2000: 20%)

Fig. 5  McCabe–Thiele diagram for determination of the number of 
stages for complete extraction of molybdenum and vanadium
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or  H2SO4, the stripping rate and precipitation rate of 
vanadium increase significantly from 78.10 to 99.84% 
and from 66.38 to 98.13%, respectively, and the stripping 
rate of molybdenum rises from 68.13 to 80.79%. When 
the pH value continues to increase to 11.0, the stripping 
rate of vanadium remains unchanged, and precipitation 
rate of vanadium decreases, and the stripping rate of 
molybdenum decreases too. That is due to the different 
forms of vanadium and molybdenum in solutions of dif-
ferent pH values. When the pH is greater than 7.0, vana-
dium and molybdenum are almost no longer present in 
the form of polyacid in aqueous solution [33]. During the 
process of the aqueous solution changing from neutral 
to alkaline, the morphology of vanadium and molyb-
denum gradually changed from polyacid to mononu-
clear anion. When the pH is greater than 9, vanadium 
and molybdenum appear only as a mononuclear anion 
[34].The charge density in the solution increases, the 
hydrophilicity increases, and the stability of the micelles 
deteriorates, causing vanadium and molybdenum to be 
easily dissociated from the inside of the micelle. The 
metavanadate anion and the ammonium salt form a pre-
cipitate of ammonium metavanadate with low solubility, 
and the molybdenum in the solution is present in the 
form of ammonium molybdate. In addition, the phase 
separation is completely in the experimental study pH 
range from 8.0 to 10.0. However, when a certain degree 
is reached, the precipitation rate of vanadium decreases 
due to the small amount of ammonium metavanadate 
dissolved in excess ammonia water. Therefore, there is a 
good separation effect on vanadium and molybdenum 
when the stripping pH is 10.0.

3.2.2  Effect of  (NH4)2SO4 concentration

All kinds of stripping reagents, such as ammonium car-
bonate and ammonium hydroxide, ammonium sulfate 
and ammonium hydroxide, were tested to determine 
their stripping performance on vanadium and molybde-
num, it was found that ammonium sulfate and ammonium 
hydroxide was advantageous as stripping reagents, and 
their the stripping effect was the best for remarkable salt-
ing-out effect, non-emulsification phenomenon, clearly 
split-phase, limpid salt phase. The effect of  (NH4)2SO4 
concentration varying from 20 to 40% on stripping rate 
of vanadium and molybdenum and vanadium precipita-
tion rate is shown in Fig. 7. It can be seen from the figure 
that the stripping rate of molybdenum is significantly 
affected by  (NH4)2SO4 concentration. As  (NH4)2SO4 con-
centration increases from 20 to 40%, the stripping rate of 
molybdenum increases from 65.62 to 82.00%. This is due 
to the fact that after the addition of  (NH4)2SO4, heteropo-
lyacid anions of vanadium and molybdenum are broke 
and ammonium molybdate are formed in alkaline condi-
tion, in the meanwhile, the salting-out effect of  (NH4)2SO4 
makes dehydration in PEG2000-rich phase, leading to the 
increase in hydrophobic nature in PEG2000-rich phase, 
which results in decreasing mutual solubility between 
ammonium molybdate and hydrophobic PEG2000-rich 
phase. The stripping rate and precipitation rate of vana-
dium were not significantly affected by  (NH4)2SO4, and 
with the increase in  (NH4)2SO4 concentration, the stripping 
rate and precipitation rate of vanadium remained at a high 
level of 99.88% and 98.84%, respectively. It indicates that 
the stripping rate of molybdenum is mainly affected by 
the salting out of  (NH4)2SO4, and then, the stripping rate 
and precipitation rate of vanadium is less affected by it.

Fig. 6  Effect of aqueous pH on stripping separation of vanadium 
and molybdenum (conditions:  (NH4)2SO4: 30%, T: 343.15  K, O/A: 
2/1)

Fig. 7  Effect of  (NH4)2SO4 concentration on stripping separation 
of vanadium (V) and molybdenum (VI) (conditions: pH: 10.0, T: 
343.15 K, O/A: 2/1)
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3.2.3  Effect of temperature

The effect of temperature varying from 323.15 to 363.15 K 
on stripping rate of vanadium and molybdenum and vana-
dium precipitation rate is shown in Fig. 8. It can be seen 
from the figure that with the gradual increase in tempera-
ture from 323.15 to 363.15 K, the stripping rate of molyb-
denum increases from 72.07 to 77.28%, indicating that the 
stripping rate of molybdenum is greatly affected by tem-
perature. That is because PEG2000 in aqueous solution is 
achieved by hydrogen bonding of hydrophilic molecules 
in the PEG2000 with water molecules, and the formation of 
hydrogen bonds is an exothermic process, so as the tem-
perature rising, the binding force of the hydrogen bonds 
will be weakened or even disappeared, and dehydration 
will occur, which will facilitate the separation of molybde-
num from the micellar phase, leading to an increase in the 
stripping rate. The stripping rate and precipitation rate of 
vanadium are less affected by temperature and are basi-
cally maintained at a high level of over 99.85% and 98.47%, 
respectively.

3.2.4  Effect of phase ratio

The effect of phase ratio varying from 1.0 to 4.0 (mass ratio 
of PEG2000-rich phase and ammonium sulfate aqueous 
phase) on stripping rate of vanadium and molybdenum 
and vanadium precipitation rate is shown in Fig.  9. It 
can be seen from the figure that as the phase ratio value 
increases from 1.0 to 4.0, and the stripping rate of molyb-
denum decreases significantly from 81.83 to 60.52%, while 
the stripping rate and precipitation rate of vanadium 
remain high level above 99.63% and 98.71%, respectively, 
which indicates that the small phase ratio value facilitates 

the transfer of vanadium and molybdenum from PEG2000-
rich phase to stripping aqueous phase.

After a single-stage contact, the stripping rate and pre-
cipitation rate of vanadium(V) reach 99.88% and 98.84%, 
respectively, and the stripping rate of molybdenum(VI) 
reaches 81.99%. The stripping efficiency of vanadium and 
molybdenum is listed in Table 1 under the optimal strip-
ping conditions in a single-stage contact. There is only 
0.74% molybdenum in the product of vanadium pentox-
ide and 0.578% vanadium in the product of molybdenum 
trioxide, showing that the separation of vanadium and 
molybdenum was realized efficiently.

In order to further prove the separated products, the 
separated products were roasted in a constant tempera-
ture muffle furnace at 500 °C for 2 h and analyzed by XRD. 
The analysis results are shown in Fig. 10a and b. Compared 
with the standard cards, it can be proved that the products 
are  V2O5 and  MoO3, respectively.

4  Conclusions

In the absence of any extractant, a method for the effi-
ciently co-extraction and selective stripping separation of 
vanadium(V) and molybdenum(VI) by aqueous two-phase 
systems consisting of PEG2000 + sodium sulfate + H2O and 
ammonium sulfate + loaded PEG2000 phase was proposed 
in this study. The main conclusions are as follows: The co-
extraction rate of vanadium and molybdenum is highest 
at pH = 2.0, showing that these heteropolyacid anions have 
relative high hydrophobicity and increase mutual solubil-
ity with PEG2000-rich phase having hydrophobic environ-
ment, in the meanwhile, the electrostatic attraction gener-
ated between heteropolyacid anion and quasi-cation of 

Fig. 8  Effect of temperature on stripping separation of vanadium 
and molybdenum (conditions: pH: 10.0,  (NH4)2SO4: 35%, O/A: 2/1)

Fig. 9  Effect of phase ratio value on stripping separation of vana-
dium and molybdenum (conditions: pH: 10.0,  (NH4)2SO4: 30%, T: 
343.15 K)
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C–O–C or –OH protonated in PEG2000 molecule promotes 
the extraction rate of heteropolyacid anion. What’s more, 
the increase in the heteropolyacid content caused by the 
increase in the concentration of molybdenum can lead 
to the increase in the co-extraction rate of vanadium and 
molybdenum. Increasing extraction temperature is not in 
favor of the co-extraction of vanadium and molybdenum 
Under the appropriate conditions of maintaining the pH 
value of the aqueous solution at 2.0, the molar ratio of 
vanadium to molybdenum is about 1.5, the concentra-
tion of PEG2000 at 20% and 313.15 K, 97.54% of vanadium 
and 99.49% of molybdenum can be extracted into the 

PEG2000-rich phase. Two theoretical extraction stages are 
demanded when molybdenum concentration decreases 
from initial 12 g/L to 0.1 g/L and vanadium concentration 
decreases from initial 10 g/L to 0.1 g/L by McCabe–Thiele 
method. For selective stripping of vanadium and molyb-
denum, when the pH of the system varies from 8.0 to 10.0, 
the charge density in the solution increases, the hydro-
philicity increases, and the stability of the micelles dete-
riorates, causing vanadium and molybdenum to be easily 
dissociated from the micelle phase. Under alkaline condi-
tions and adding ammonium sulfate, the heteropolyacid 
anion of vanadium and molybdenum was broken and 
ammonium molybdate and ammonium metavanadate 
were formed, resulting in the removal of vanadium and 
molybdenum from PEG2000-rich micelle phase because 
of increasing hydrophilic nature of both metals. However, 
the stripping rate and precipitation rate of vanadium are 
not significantly changed by the above factors. By using a 
40%  (NH4)2SO4 solution, above 99.88% of vanadium and 
81.99% of molybdenum can be stripped and 98.84% of 
vanadium can be precipitated from surfactant loaded with 
vanadium and molybdenum in one step under conditions 
of O/A = 2:1, stripping temperature 343.15 K and the pH of 
aqueous solution 10.0. An efficient separation of vanadium 
and molybdenum in aqueous solution is achieved. We 
hope that this new separation method can be used as an 
alternative scheme for industrial production in the future.
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