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ARTICLE INFO ABSTRACT

Based on the leaching solution of tungsten secondary resource, the metal separation properties of tungsten-
containing systems such as the W-Mg-Si-H,0, the W-Al-H,0, the W-Fe-Mo-H,O and the W-Ca-V-H,0, were
investigated by theoretical E-pH diagrams and experiments. The results demonstrated that the precipitation rates
of Si and W were 99% and 2.4% respectively at pH = 9 in W-Mg-Si-H,O system; the precipitation rates of Al and
W were 99.8% and 3.0% respectively at pH = 7 in W-Al-H,O system; the precipitation rates of W and Mo were
95% and 24% respectively at pH = 7 in W-Fe-Mo-H,O system; the precipitation rates of V and W were 91.2%
and 4.3% respectively at pH = 13 with Ca:V = 3:1 in V-Ca-W-H,O0 system. The theoretical predictions were in
good agreement with the experimental results. The metal separation for a tungsten-containing polymetallic
solution of W, Mo, V, Si and Al, was designed and the parameters were optimized through the orthogonal
experiments. The metals of (Si/Al), V, W and Mo were separated step by step with the precipitation rates ex-
ceeding 92%. This study provided a reference to metal comprehensive separation and recovery for the tungsten
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secondary resources.

1. Introduction

Tungsten, as a rare metal, with high melting point, high specific
gravity and high hardness, is an irreplaceable strategic resource and
widely utilized in aerospace, atomic energy, shipbuilding, as well as in
the automobile, the electronics and the chemical industries. The use
and waste of tungsten is yearly increasing [1]. If the abandoned tung-
sten is not properly recovered, it will cause pollution to the environ-
ment and a waste of resources [2,3]. At present, the recovery researches
of tungsten secondary resource are focused on the recycling methods
for several typical wastes. As an example, the recovery process of
tungsten slag or alloy scrap is to roast the wastes and the other mate-
rials, such as sodium carbonate, sodium sulfate, sodium nitrate, sodium
hydroxide, quartz and sodium chloride, all consequently being leached
to obtain soluble Na,WO, with water. The leaching solution is purified
following ammonia is added to obtain ammonium paratungstate (APT).
Finally, calcination and reduction follow, to obtain pure tungsten [4-8].
The recovery methods of the carbide waste are divided into two cate-
gories; one category is the selective Co extraction, leaving tungsten
carbide WC. This is achieved through the acid leaching method, the
high temperature treatment method, the zinc melting method or the
selective electrochemical dissolution method. The other category is the

complete destruction of the alloy structure through a complete smelting
process to recover tungsten [9-14].

The metal elements in typical tungsten secondary resources are
presented in Table 1 [4-6,8,14]. During the tungsten secondary re-
source recovery process, the alkali leaching solution might contain the
main elements of W, V, Mo, Al and Si, as Fe, Mn, Cu, Co and Ni in
alkaline solution are easy to form precipitates and Ti is not easy to be
leached. The separation of these metallic ions from the tungsten-con-
taining leaching solution is one of the core aspects of the recovery
process. The quantity of regenerated tungsten strongly lies in the purity.
The higher the purity is, the lower the defects of the product are,
whereas the better the performance of the material during the service
is. At present, the metal separation methods for tungsten solution are
the precipitation [15-17], the solvent extraction [18,19] and the ion
exchange [20,21]. The separation methods are different depending on
the types of metals in the tungsten solution. For certain impurity metals
which are difficult to be dealt with, the removal methods are mainly the
ion exchange or the solvent extraction method. However, the ion ex-
change method or solvent extraction method has the disadvantage of
excessive investment. As an example, the overall investment in the ion
exchange production line accounts for 1/3 of the entire investment and
the actual ion exchange production costs accounts for 40% of the entire
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Table 1
Types of metal elements in tungsten secondary resources [4-6,8,14].

Waste type Metal element

Tungsten slag

Waste SCR catalyst
Tungsten alloy scraps
Hardmetal sludge

Si, W, Fe, Mn, Cu, Mo

Ti, Si, W, Al, Ca, V, Fe, Mg, Mo
W, Si, V, Al

W, Co, Fe, Si, Ni

production costs. In addition, the solvent extraction also has the dis-
advantage of bad working environment because the reagents are
usually organic compounds with volatility and certain toxicity. The
precipitation method for metal separation is conducive to the industrial
production with relatively low input and rapid output, however, the
disadvantage is the relatively low purity for production. Therefore, it is
of high significance to conduct a theoretical analysis, an experimental
study and a process design of various metal precipitation separations of
the tungsten-containing systems for the comprehensive recovery of
tungsten secondary resources.

In this paper, based on the tungsten leaching solution, the E-pH
diagrams of the tungsten-containing systems, such as the W-Mg-Si-H,0,
the W-Al-H,0, the W-Fe-Mo-H,0 and the W-Ca-V-H,0, were plotted
and analyzed. The metal separation properties of these systems were
studied by simulation solution. Finally, the metal separation process for
a tungsten-containing polymetallic solution of W, Mo, V, Si and Al, was
designed and the parameters were optimized through orthogonal ex-
periments.

2. Experimental procedures
2.1. E-pH diagram of tungsten-containing systems

The E-pH diagrams of tungsten-containing systems such as the W-
Mg-Si-H,0, the W-Al-H,0, the W-Fe-Mo-H,0 and the W-Ca-V-H,0 were
plotted through HSC Chemistry 6.0 software. The conditions of the E-
pH diagrams of W-Mg-Si-H,O system were as follows:
[Mgly = 0.1mol/L, [W]lr=0.1mol/L. and [Si]y = 0.1 mol/L,
pH = 0-14. The conditions of the E-pH diagram of the W-AI-H,O
system were as follows: [W]r = 0.1 mol/L and [Al]t = 0.01 mol/L,
pH = 0-14. The conditions of the E-pH diagrams of W-Fe-Mo-H,O
system were as follows: [W]t = 0.1 mol/L, [Fe]r = [Mn]t = 0.1 mol/L
and [Mo]t = 0.1 mol/L, pH = 0-14. The conditions of the E-pH dia-
grams of the W-Ca-V-H,0 system were as follows: [W]t = 0.1 mol/L,
[Calt = 0.15mol/L and [V]} = 0.1 mol/L, pH = 0-18.

2.2. Precipitation separation of tungsten-containing systems

The W-Mg-Si-H,0 solution was prepared by the mixing and stirring
of sodium silicate along with sodium tungstate and pure water, where
Cna2wo4 = Cnazsioz = 0.1 mol/L. Following, the mixed solution was
bathed at 25°C for 30 min. Consequently, the MgCl, solution was
slowly added, with a drop speed of 0.2 mL/min and a stirring speed of
300 r/min, Cygciz = 0.1 mol/L, whereas the sulfuric acid and sodium
hydroxide were utilized to adjust the pH to 7-10. The precipitation rate
was studied at different times.

The W-AI-H,0 solution was prepared by the mixing and stirring of
aluminum nitrate along with sodium tungstate and pure water, where
Cnazwos = 0.1 mol/L and Cajnosys = 0.01 mol/L. Following, the mixed
solution was bathed at 25 °C for 30 min with a drop speed of 0.2 mL/
min and a stirring speed of 300 r/min, whereas the sulfuric acid and the
sodium hydroxide were utilized to adjust the pH to 6-8. The pre-
cipitation rate was studied at different times.

The W-Fe-Mo-H,0 solution was prepared by the mixing and stirring
of sodium molybdate along with sodium tungstate and pure water,
where Cnaowos = Cnazmoos = 0.1 mol/L. Following, the mixed solution
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was bathed at 25 °C for 30 min. Consequently, the FeSO,4 solution was
slowly added, with a drop speed of 0.2 mL/min and a stirring speed of
300 r/min, Cgesos4 = 0.1 mol/L, whereas the sulfuric acid and the so-
dium hydroxide were utilized to adjust the pH to 7-10. The precipita-
tion rate was studied at different times.

The W-Ca-V-H;O solution was prepared by the mixing and stirring
of sodium vanadate along with sodium tungstate and pure water, where
CNa2wo4 = Cnavos = 0.01 mol/L. Following, the mixed solution was
bathed at 25°C for 30 min. Consequently, the Ca(OH), solution was
slowly added, with a drop speed of 0.2 mL/min and a stirring speed of
300 r/min, Ccacomz = 0.015mol/L, whereas the sulfuric acid and the
sodium hydroxide were utilized to adjust the pH to 13. The precipita-
tion rate was studied at different time. The effect of molar ratio of Ca
(OH), and NaVOs; (Ca:V) on precipitation rate was studied at 25 °C for
2 h when the concentration of Ca(OH),, varied from 0.01 to 0.07 mol/L.

The metal ion concentration was determined by ICP-OES using an
Optima 7000 system (Perkin Elmer, America). The morphology and the
composition of the precipitates were examined by scanning electron
microscopy (SEM) and energy dispersive spectrometer (EDS) using a
Quanta FFG650 system (FEI, America).

2.3. Comprehensive separation of metals in tungsten-containing
polymetallic solution

According to the components of typical tungsten-containing waste
summarized in Table 1, considering that the main metal is W, a high
content of Mo, a proper content of Si and a relatively low content of Al
and V are choosed to prepare mixed simulation solutions for the mul-
tiple metal separation study. The metal concentrations were
[WOs] = 35¢g/L, [MoOs] = 10g/L, [SiO,] = 2g/L, [Al;03] = 0.175g/
L and [NaVOs3] = 0.21 g/L. The design of comprehensive separation of
W, Mo, V, Si and Al is presented in Fig. 1. MgSOy,, Fe5(SO4)3; and FeSO4
were used to separate Si and Al, V and W step by step.

The effect of different conditions on each step of the separation was
studied through orthogonal experiments. The orthogonal experiments
of 4 factors and 4 levels were designed according to Table 2. The factors

W, Mo, V, Si, Al solution

MgSO, —>
s I I
1 pH :
Separation of Si and Al > time ,
: Temperature |
I

Mg:Si molar ratio
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Fig. 1. Comprehensive separation of W, Mo, V, Si and Al
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Table 2

Orthogonal design for 4 factors and 4 levels experiments.
No. A B C D
1 1 1 1 1
2 1 2 2 2
3 1 3 3 3
4 1 4 4 4
5 2 1 2 3
6 2 2 1 4
7 2 3 4 1
8 2 4 3 2
9 3 1 3 4
10 3 2 4 3
11 3 3 1 2
12 3 4 2 1
13 4 1 4 2
14 4 2 3 1
15 4 3 2 4
16 4 4 1 3

and levels of orthogonal experiments for the separation of Si and Al by
magnesium salt are A(1, 2, 3, 4) = pH (7, 8, 9, 10); B(1, 2, 3, 4) = time
(min) (10, 30, 50, 70); C(1, 2, 3, 4) = Temperature(°C) (25, 50, 60, 80);
D(1, 2, 3, 4) = Mg:Si(1, 1.4, 1.6, 1.8).

The filtrate of experiment No. 11 was utilized to undergo the next
separation experiment. Taking into account that the calcium salt would
lead to the co-precipitation of W and Mo, the ferric sulfate was selected
as a precipitant to react with the V only. The factors and levels of or-
thogonal experiments for the separation of V are A(1, 2, 3, 4) = pH (7,
8, 9, 10); B(1, 2, 3, 4) = time(min) (10, 30, 50, 70); C(1, 2, 3,
4) = Temperature(°C) (10, 30, 50, 70); D(1, 2, 3, 4) = Fe:V(1, 2, 3, 4).

The filtrate of experiment No. 11 was utilized to undergo the next
separation experiment. The ferrous sulfate was selected as a precipitant
to separate W from Mo. The factors and levels of orthogonal experi-
ments for the separation of W are A(1, 2, 3,4) = pH (7, 8,9, 10); B(1, 2,
3, 4) = time(min) (10, 30, 50, 70); C(1, 2, 3, 4) = Temperature(°C) (20,
30, 40, 50); D(1, 2, 3, 4) = Fe:W(1, 1.2, 1.4, 1.6).

3. Results and discussion
3.1. Metal separation of W-Mg-Si-H,0 system

The E-pH diagrams of the W-Mg-Si-H,O system are presented in
Fig. 2. Fig. 2(a) indicates the E-pH relationship of the W species in the
system; (b) indicates the Mg species; and (c) Si species. As it could be
observed from Fig. 2(a), the W precipitated at pH < 5.5 as HyWOy;
being in the ionic state at pH > 11; the magnesium salt could form a
compound of MgWO, with W, but it was soluble. So W was soluble at
pH 5.5-14. From Fig. 2(b), Mg was soluble at pH < 8. If pH > 8,
precipitates of 3Mg0-4SiOyH,0, 3MgO0-2SiO,2H,0 and Mg(OH),
formed successively. It was known from Fig. 2(c) that the Si was hy-
drolyzed at pH < 6.5 to form the colloidal silicic acid H4SiO,4. When the
pH was in the range of 6.5-13.5, the SiO3>~ formed the precipitates of
3Mg0-4Si0,-H,0 and 3Mg0O-25i0,-2H,0 with the Mg?*. SiO52~ could
form a soluble complex of Si052~(OH ™) with OH™ at pH = 13.5. In
order to separate W and Si, two ways existed: firstly, direct regulate pH
of W-Si-H,0 system to 6-8 to make the Si change into colloidal silica
and the W into ions; secondly, utilize the magnesium salt in W-Si-H,O
system to make the Si precipitate with Mg in the pH 8-13.5, whereas
the W was in the ionic state. The first method easily produced colloidal
silicic acid which was difficult to filtrate, consequently increasing the
loss of W, whereas the pH was not easy to control to avoid the W
precipitation. Therefore, the second method is better.

The experimental study was conducted for the metal separation of
the W-Mg-Si-H,O system. The magnesium salt was added to the mixed
clarified tungsten salt and silicon salt solution, where consequently the
white precipitate appeared. Fig. 3 presents the effects of pH and
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reaction duration on the precipitation rate of Si. It was discovered that
the precipitation rate of Si had not increased significantly as the pH
increased in the range of pH 7-9, whereas the maximum precipitation
rate exceeded 99% at pH 9. The Si precipitation mechanism by mag-
nesium salt was as follows: As the pH increased, the single silicate of
H,4SiO,4 was firstly generated. The silicon atom in the H4SiO4 molecule
had not yet hexacoordinated and had a polymerization trend. Ac-
cording to the rules of Fajans, the solid particles with high dispersion
preferentially adsorbed H* to form positive sols. Consequently, the
H,4Si0,4 did not react with Mg>™, it was polymerized. As the pH in-
creased, the concentration of H4SiO4 decreased and the polymerization
rate of silicic acid decreased. The silicon atoms were in the oxygen
tetrahedron, whereas the silicon atoms on the surface of the silicic
colloid did not fit the tetrahedral coordination. Consequently, the sur-
face was negatively charged. At this time frame, the Mg?* entered the
electric double layer of the H,Si042~ colloid to form insoluble particles
of MgSiO3 with the polymerization of the silicate anion, further poly-
merized with the single silicate to form the high hydrous magnesium
silicate (MgO-mSiO,nH,0) [22]. When pH = 10, the precipitation rate
of Si decreased. This occurred because the magnesium silicate could be
decomposed by alkali into magnesium hydroxide and soluble silicate
ions at high pH. In contrast, the Si precipitation rate still remained over
90% at pH 10. This meant that the formation reaction of magnesium
hydroxide was not dominant. Fig. 4 presents the effects of pH and re-
action duration on the precipitation rate of W. It was discovered that
the precipitation rate of W decreased gradually with time. This oc-
curred because the magnesium silicate formation was colloidal, which
would cause a certain amount of W loss by the corresponding adsorp-
tion. As the time passed, the precipitate reaction was complete and the
soluble W in the colloid slowly desorbed into the solution. Therefore,
the loss of W decreased with time. From the aforementioned analysis, it
could be observed that the optimum pH was 9, the reaction duration
was 3 h, the precipitation rate of Si was 99% and the W precipitation
rate was 2.4%. After precipitation, excessive Mg®>* and WO,2~ coex-
isted in solution. W would precipitate as tungstic acid when adjusting
pH to acidic range (e.g. pH < 2), and separate with Mg in the fol-
lowing process if required.

The precipitate of W-Mg-Si-H>O system under the optimum se-
paration conditions was analyzed by SEM and EDS, and the results are
shown in Fig. 5. The precipitate presented an inhomogeneous blocky
morphology. The EDS was used to preliminarily determine the content
of elements of the precipitates as an aid to prove the effect of pre-
cipitation. The EDS analysis revealed that the main elements of the
precipitate were O, Si and Mg. The precipitate contains no W but
amounts of Si and Mg, which agreed well with the precipitation data
and demonstrated the effective separation between Si and W.

3.2. Metal separation of W-Al-H;0 system

The E-pH diagrams of the W-Al-H,0 system are presented in Fig. 6.
Fig. 6(a) indicates the E-pH relationship of the W species in the system;
and (b) indicates the Al species. The W did not react with Al to produce
precipitates, as presented in Fig. 6(a). The W existed in the H,WO,
precipitate at pH < 6; as well as in the forms of HW¢O,;°~ and WO,>~
at pH > 6. It could be observed from Fig. 6(b) that the presence of
soluble Al species in the solution consisted of the AI(OH),~ and AR,
The Al(OH); precipitated at the pH range of 4.5-10, whereas the Al
existed in the ionic state out of this pH range. When pH > 10.5, the Al
in solution was almost in the form of AI(OH), . Although when
pH > 11, the AI(OH), and WO,>~ might be separated by the solvent
extraction, due to the different ion charge, radius, ionic potential and
bonding strength to the extractant [23]. This method proved relatively
inconvenient. It was discovered from the aforementioned analysis that
the AI(OH); could precipitate out of the HWgO5;°>~ at 6 < pH < 8.
Therefore, it was easier to separate the W and Al through selective
precipitation.
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Fig. 3. Effect of pH on Si precipitation in W-Mg-Si-H,O system.

The experimental study was conducted for the metal separation of
the W-AI-H,O system. The pH was adjusted for the mixed clarified
tungsten salt and aluminum salt solution, where consequently the white
precipitate appeared. Figs. 7 and 8 present the effects of pH and reac-
tion duration on the experimental rate of the precipitation of Al and W.
From Figs. 7 and 8, it was understood that the Al was substantially

45
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Fig. 4. Effect of pH on W precipitation in W-Mg-Si-H,O system.

completely precipitated at pH = 7-8, whereas the loss of W was basi-
cally below 5.4%. At pH 6, the precipitation rate of Al decreased with
time, whereas the loss of W decreased. This occurred because at pH 7-8,
the Al was mainly insoluble Al(OH)s. Therefore, the precipitation of Al
in this pH range could be up to 100%, while the precipitation of W was
as low as 2.9%. The Al appeared predominantly soluble Al(OH),™ at pH
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Fig. 5. Precipitate of W-Mg-Si-H,O system (a) SEM and (b) EDS.

6. Therefore, the Al precipitation rate decreased, which was unfavor-
able to the separation of W and Al. The reduction of Al(OH); was
beneficial to the reduction of W adsorption. Consequently the pre-
cipitation of W in the solution increased gradually with time. The op-
timum pH was 7, the reaction time was 2 h, the precipitation rate of Al
was 99.8% and the W was 3.0%. After precipitation, excessive AI>* and
WO,42~ coexisted in solution. W would precipitate as tungstic acid
when adjusting pH to acidic range (e.g. pH < 2), and separate with Al
in the following process if required.

The precipitate of W-Al-H,O system under the optimum separation
conditions was analyzed by SEM and EDS, and the results are shown in
Fig. 9. The precipitate presented a loose and irregular blocky mor-
phology. The EDS analysis revealed that the main elements of the
precipitate were O, Al and C, and the precipitation contained no W,
which agreed well with the precipitation data and demonstrated the
effective separation between Al and W.

3.3. Metal separation of W-Fe-Mo-H>0 system

The E-pH diagrams of the W-Fe-Mo-H,O system are presented in
Fig. 10. Fig. 10(a) indicates the E-pH relationship of the W species in
the system; (b) indicates the Fe species; and (c) Mo species. It was
discovered in Fig. 10(a) and (b) that the WO,2~ could form FeWO, with
Fe?" in the range of 1 < pH < 13. From Fig. 10(c), the Mo could exist
as Mo,0,4,°~ and MoO,>~ at pH > 5.5. According to the differences
between the E-pH diagrams, it might be possible to separate W and Mo
by the iron salt at 6 < pH < 13. When pH = 13, the FeWO, would be
decomposed by alkali and the W would be re-dissolved, whereas the Mo
was in the form of MoO,>” in the solution. Consequently, it was
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HIWO4 )
io : HW6021(-5)
- WO4(-2a)
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00 |~ wo2722
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impossible to separate W and Mo by the iron salt at pH = 13. The se-
paration pH of W and Mo should be controlled at the pH values of 6-13.

The ferrous sulfate was added to the mixed clarified tungsten and
molybdenum salts solution, whereas the dark brown precipitate
emerged. Figs. 11 and 12 present the effects of pH and reaction dura-
tion on the precipitation of W and Mo. As the reaction duration in-
creased, the precipitation of W and Mo tended to be stable at each pH
values. As the pH increase, the precipitation of W decreased and the
precipitation of Mo increased, indicating that a low pH was favorable
for the separation of W and Mo. At pH 7, the maximum precipitation
rate of W was 95% and the lowest loss of Mo was 24%. From the E-pH
diagram of the W-Fe-Mo-H,O system, the iron salt did not form a
compound with Mo. The loss of Mo should be due to the fact that the
ferric salt was easily oxidized, forming the Fe(OH)s flocculent pre-
cipitate, which had a certain adsorption effect on both W and Mo [16].
The higher pH induced the higher amount of the Fe(OH); precipitate
and increased the adsorption loss of Mo also. Therefore, in order to
effectively separate W and Mo, the pH value of the solution should be
set in the range of neutral or weakly alkaline. The optimum pH was 7,
the reaction duration was 5h. Zhongwei Zhao also selected iron or
manganese salts for the selective separation of W and Mo. Researches
demonstrated that the iron or manganese salts could quite easily pre-
cipitate the W than the Mo. Different divalent cations displayed dif-
ferent precipitation ability to the W and Mo. The Ba®*, Sr**, Pb**,
Ca®* and Cd>* with low cation force parameter you," " exhibited a low
separation coefficient of W and Moj; also, the Mn?®*, Fe?*, Co?*, Ni?™*
and Zn%?" with high cation force parameter yo," " exhibited high se-
paration coefficient of W and Mo [15]. In addition, the guanidine ni-
trate was also utilized to precipitate paratungstate, due to the

Al- W - H20 - System at 25.00 C
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. o S

e
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Fig. 6. E-pH diagram of W-AI-H,O system (a) W species; (b) Al species.
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differences in polymerization abilities of W and Mo at pH = 7-8, while
the Mo was in the form of MoO42~, which did not react with the
guanidine nitrate [24]. After precipitation in the W-Fe-Mo-H,O system,
excessive Fe>" and MoO,>~ coexisted in solution. Fe would precipitate
as Fe(OH), when adjusting pH to alkaline range (e.g. pH < 8), and
separate with Mo in the following step if required.

Separation of W and Mo has always been a difficult task. The
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precipitation method studied in this paper is suitable for recovery of
intermediate products or primary products. It has the advantages of
simple process and easy to realize batch industrialization. If the high
purity of products is required, the solvent extraction should be carried
out later.

The precipitate of W-Fe-Mo-H,O system under the optimum se-
paration conditions was analyzed by SEM and EDS, and the results are
shown in Fig. 13. The precipitate presented small uniform particle
morphology. The EDS analysis revealed that the main elements of the
precipitate were O, C, Fe, W and Mo, and the atomic ratio of W and Mo
was about 2.7. These ratios were close to the precipitation results: the
precipitation rate of W was of 95% and Mo of 24%, atomic ratio of W
and Mo as 2.1. These results indicated a certain extent of separation
between W and Mo.

3.4. Metal separation of W-Ca-V-H,0 system

The ferric iron can form a precipitate with V, which could be uti-
lized as the precipitant for the separation of W and V. If the con-
centration of V was high in solution, an increased amount of the Fe**
precipitant was required, possibly resulting into the formation of an
iron hydroxyl colloid, which would adsorb W and increase the W loss,
hinder the separation of W and V. Consequently, the calcium salt was
selected to precipitate V in the W-Ca-V-H,O system
(Cnavosz = 0.01 mol/L). The calcium salt was added to the mixed clar-
ified tungsten salt and vanadium salt solution, where consequently the
white precipitate appeared. The E-pH diagrams of the W-Ca-V-H,O
system are presented in Fig. 14. Fig. 14(a) indicates the E-pH re-
lationship of the W species in the system; (b) indicates the Ca species;
and (c) V species. According to Fig. 14(a) and (c), W was precipitated as
tungstic acid at pH < 2.5 and V was mainly in the form of V3*, VO?*,
VO,%* and HV;40.5°~ at pH < 10, which was beneficial for the se-
paration of W and V. On the other hand, W would form the CaWO, with
Ca at 2.5 < pH < 16, while V was aggregated into polyatomic iso-
poly-acids at 2 < pH < 10, which was also favorable for the separa-
tion of W and V. As the pH increased, the CaWO, was converted into
WO042~ at pH > 16.5, whereas the V would form Ca,V,0, and
Ca3(V0O,4), with Ca at 10 < pH < 17, which was conducive to the
separation of W and V at pH > 16.5. According to Fig. 14(b), if the pH
value was extremely high, the Ca,V,0, and the Ca3(VO,), might
change into the Ca(OH), precipitate which was unfavorable to the W
and V separation. The use of calcium salts for the precipitation se-
paration of W and V is in strong alkaline environment (theoretically
pH > 16).

Osseo-Asare [25] studied the E-pH diagram of W-Ca-H,O and sug-
gested that precipitation occurred as Ca(OH), rather than as CaWO,
when adjusting the Ca and W concentrations over pH 13. Kim [26]
proposed that V precipitated before the precipitation of W because of a
faster response of V than W in W-Ca-V-H,0 system. This indicates that
in fact in the W-Ca-V-H50 system, Ca(OH),, CayV,0, and Ca3(VOy)s

Element
Weight%
Atomic%

) % 1 1.5 2
: el L T ! =3 Full Scale 4926 cts Cursor: 2.192 (271 cts)

Fig. 9. Precipitate of W-Al-H,0 (a) SEM and (b) EDS.
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Fig. 11. Effect of pH on W precipitation in W-Fe-Mo-H,0O system.

may preferablely emerge rather than CaWO, at pH > 13. The effects of
reaction duration and molar ratio of Ca:V on the precipitation of W and
V at pH 13 are presented in Figs. 15 and 16. Fig. 15 demonstrates that
as the reaction duration increased, the precipitation rates of W and V
increased slowly, reaching stability at 2 h. The maximum precipitation
rate of V reached 70% and the lowest loss of W was 0.1% at 4 h. Fig. 16
demonstrates that when Ca:V < 3, the precipitation rate of V gradually
increased; when Ca:V = 3, the V precipitation rate remained stable. The

Fig. 12. Effect of pH on Mo precipitation in W-Fe-Mo-H,0 system.

V precipitation rate reached 91.2% and the W loss was 4.3% at
Ca:V = 3. The experimental results demonstrated that the separation of
W and V by calcium hydroxide was feasible. The validity of this method
has also been proved by literature [26]: 98.6% of V and 7.7% of W
precipitated out when Ca(OH), were performed. After precipitation,
excessive Ca®* and WO,>~ coexisted in solution. W would precipitate
as primary product of CaWO, when adjusting pH to alkaline range as
about 10; or W would form tungstic acid to separate with Ca>* when
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Element ‘ C ‘ o ‘ Na ‘ Fe ‘Mo‘ w |Total‘
Weight% | 6.68 | 25.29| 1.48 | 15.40 [8.29[42.85 | 100 |
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Full Scale 3823 cts Cursor: 3.525 (108 cts)

Fig. 13. Precipitate of W-Fe-Mo-H,O (a) SEM and (b) EDS.

adjusting pH to about 2 in the following step if required.

The precipitate of W-Ca-V-H,O system obtained under the optimum
separation conditions was characterized by SEM and EDS, shown in
Fig. 17. The precipitate presented irregular lamellar morphology. The
EDS analysis revealed that the main elements of the precipitate were O,
Ca, V and small amounts of W. The atomic ratio of V and W in pre-
cipitate was about 33.5. Although this ratio was lower than the pre-
cipitation results, the preferential precipitation of V over W was clearly
proved. It was effective and feasible to separate V and W by calcium
salt.

3.5. Comprehensive separation of metals in tungsten-containing
polymetallic solutions

According to the components of typical tungsten-containing waste,
separation of W, V, Mo, Al and Si is one of the core aspects of the
recovery process for tungsten secondary resources. The polymetallic
solution of W, Mo, V, Si and Al was prepared for the orthogonal mul-
tiple metal separation study, according to Fig. 1. MgSO, was used to
separate Si and Al. Figs. 18-21 present the effects of pH, time, tem-
perature and molar ratio of Mg:Si on the metal precipitation rates of W,
Mo, V, Si and Al, respectively. Each data constituted the average values
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Fig. 14. E-pH diagram of W-Ca-V-H,O system (a) W species; (b) Ca species; (c) V species.
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for the same factor of different levels. As it could be observed from
these figures, the precipitation rates of Si and Al exceeded 90.25% and
98.64% under all conditions, whereas the losses of W, Mo and V were
below 13%. The magnesium salt could not only precipitate Si, whereas
also it could precipitate Al. This occurred because the process not only
produced the magnesium silicate precipitation, whereas it also pro-
duced double salt precipitates of Si, Al and Mg. The optimal conditions
were pH = 9, 50 min, 50 °C and Mg:Si = 1.4. The desirable value of the
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Fig. 19. Effect of time during separation of Si and Al.

precipitation rates of Si, Al, W, Mo and V would reach approximately
92%, 99%, 4%, 5% and 5%, respectively.

The range analysis of each factor in the separation process of Si and
Al is presented in Figs. 22-26. The priority orders of the precipitation
factors of Si, Al, W, Mo and V were Mg:Si > pH > t > T, pH >
MgSi > T >t, MgSi >T >t > pH, MgSi > T > pH > t and
Mg:Si > t > pH > T, respectively.

Fe,(S0.4); was used to separate V. The Fe>*, Mn?" and Al** in the
solution would form corresponding hydroxides under the alkaline
conditions, whereas the Fe** and Mn?™" might produce Fe(VO3); and
Mn(VO3), at approximately pH = 8 with VO3 ™. Therefore, the Fe™"

Element
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————
T T

0.5
Full Scale 5034 cts Cursor: 4.999 (126 cts)

.
1 2

Fig. 17. Precipitate of W-Ca-V-H,0O (a) SEM and (b) EDS.
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Fig. 22. Range of precipitation of Si during separation of Si and Al

could be selected to precipitate the V out of W and Mo, especially for
the polymetallic solutions with relatively low V concentration in the W-
Ca-V-H,0 system (Cnavoz = 0.0017 mol/L), which would not consume
an increased amount of Fe** and produce a high amount of Fe(OH)3,
reducing the W adsorption loss. In addition, Fe** will not react with W
and Mo, unlike Ca®>* which will cause the coprecipitation of W and Mo
[15]. Therefore, the ferric sulfate was selected as the precipitating agent
to separate the V. Figs. 27-30 present the effects of pH, time,
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Fig. 25. Range of precipitation of Mo during separation of Si and Al

temperature and molar ratio of Fe:V on the precipitation rates of W, Mo
and V. Each data constituted the average value for the same factor of
different levels. The separation effect of ferric sulfate was good and the
V precipitation rate exceeded 94.97%, whereas the losses of W and Mo
were relatively low, with the lowest precipitation rates of 2.62% and
1.56%, respectively. The optimal conditions were pH = 9, t = 50 min,
T = 70°C and Fe:V = 2. The desirable value of the precipitation rates of
V, W and Mo would reach approximately 96%, 3% and 2%, respec-
tively. The precipitation mechanism was that the V had stronger
polymerization ability than the W, when the pH was at 8.5-9.0. Most
vanadium ions were in main polymerization states of HoV10028% 7,
V40:,* ™ and V50,5°~, however, the W was almost entirely converted
in the form of WO42~. The polymeric vanadium ions had lower valence
than the WO,2~ ions, so they had stronger affinity to high valence ions,
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Fig. 28. Effect of time during separation of V.

such as Fe**, which could be considered essentially as a weak alkaline
anion exchange agent. Therefore, the Fe** can be preferentially ad-
sorbed via electrostatic force and then precipitated at the pH of 8.5-9.0
by the HyV;0025* ~, V4012* ™ and V50,5° 7, promoting the separation of
W and V [24,27]. The reaction of H,V100,g* ™ and Fe®* is presented in
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formula (1):

10 Fe3* + H,V10005* ™ 4+ 260H™ = 10FeVO,| + 14H,0 (¢

The range analysis of each factor in the separation process of V is
presented in Figs. 31-33. The priority orders of the precipitation factors
of V, Wand Mo were T > pH > t > Fe:V,t > T > Fe:V > pH and
t > T > pH > Fe:V, respectively.

FeSO4 was used to separate W. The ferrous sulfate was utilized to
separate the W and Mo. Figs. 34-37 present the effects of pH, time,
temperature and molar ratio of Fe:W on the precipitation rates of W and
Mo. Each data constituted the average value for the same factor of
different levels. The precipitation rate of W was relatively high, basi-
cally beyond 91%, whereas the Mo loss was also significant, the max-
imum could reach to 47.36% and the minimum was 21.1%. The se-
paration of W and Mo is always difficult as they are similar in nature.
The optimal conditions were pH=8, t=30min, T=30°C and
Fe:W = 1.2. The desirable value of the precipitation rates of W and Mo
would reach approximately 97% and 29%, respectively.

The range analysis of each factor in the separation process of W is
presented in Figs. 38-39. The priority orders of the precipitation factors
of W and Mo were FeeW > T > t > pH and FeeW > pH > T > t,
respectively.

According to the above orthogonal experimental results, under the
optimum condition, Si could be separated with the estimated pre-
cipitation rate of 92% and the most important factor affecting pre-
cipitation is Mg:Si; Al could be separated with the estimated pre-
cipitation rate of 99% and the most important factor affecting
precipitation is pH; V could be separated with the estimated pre-
cipitation rate of 96% and the most important factors affecting pre-
cipitation is T; W could be separated with the estimated precipitation
rate of 97% and the most important factors affecting precipitation is
Fe:W.

As W recovery rate was 96%, 97.38%, 97%; Mo was 95%, 98.44%,
71% in the first, the second and the third step of the comprehensive
separation  process, respectively, the W total recovery
rate = 96% x 97.38% X 97% = 90.68% and the Mo total recovery
rate = 95% x 98.44% X 71% = 66.39%. The ion concentration of the
final solution could be estimated based on the initial concentration and
precipitation rate of the relevant elements if necessary. Further re-
covery of W from the precipitate which contains Mo could be carried
out by means of extraction and ion exchange.

4. Conclusions

(1) The E-pH diagrams of the tungsten-containing systems, such as the
W-Mg-Si-H,0, the W-AI-H,0, the W-Fe-Mo-H,O and the W-Ca-V-
H,0, were plotted. The metal precipitation separation properties
were studied through theoretical and experimental analysis. The
results demonstrated that Si could precipitate with Mg to separate
with ionic W at the pH 8-13.5 theoretically in the W-Mg-Si-H,0
system, whereas the optimal experimental separation rate of Si was
99% with the W loss of 2.4% at pH 9. Al(OH)3 could precipitate out
of the HW¢O,,°~ at 6 < pH < 8 theoretically in the W-Al-H,O
system, whereas the optimal experimental separation rate of Al was
99.8% with the W loss of 3.0% at pH 7. W could be separated with
Mo by the ferrous salt at pH 6-13 theoretically in the W-Fe-Mo-H,0
system, whereas the optimal experimental separation rate of W was
95% with the Mo loss of 24% at pH = 7. V could be separated with
W by calcium salts in strong alkaline environment theoretically in
the W-Ca-V-H,O system, whereas the optimal experimental se-
paration rate of V was 91.2% with the W loss of 4.3% at pH 13. The
theoretical predictions and experimental results were basically in
agreement.

(2) The comprehensive separation process for tungsten-containing
polymetallic solution of W, Mo, V, Si and Al was designed and the
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Fe:v

parameters were optimized through the orthogonal method. The
optimal conditions for the separation of Si and Al by the magnesium
sulfate were pH = 9, 50 min, 50 °C and Mg:Si = 1.4, with the de-
sirable value of the precipitation rates of Si, Al, W, Mo and V ap-
proximately 92%, 99%, 4%, 5% and 5%. The optimal conditions for
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the separation of V by ferric sulfate were pH =9, t = 50 min,
T = 70°C and Fe:V = 2, with the desirable value of the precipita-
tion rates of V, W and Mo approximately 96%, 3% and 2%. The
optimal conditions for the separation of W and Mo by ferrous sul-
fate were pH = 8, t = 30 min, T = 30 °C and Fe:W = 1.2, with the
desirable value of the precipitation rates of W and Mo approxi-
mately 97% and 29%. The W total recovery rate was 90.68%. The
comprehensive separation processes could selectively precipitate
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and separate metals, providing reference for the recovery of tung-
sten secondary resources.
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