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The complex leaching process of synthetic scheelite and scheelite concentrate
in hydrochloric and phosphoric solutions has been investigated for improving
process efficiency. A higher leaching rate, compared with the classic acid
leaching process, can be obtained through the synergy of HCI and H3PO4 with
appropriate W/P mole ratio, temperature, and acid concentration. For syn-
thetic scheelite, the optimum leaching conditions were W/P mole ratio 7:1,
temperature 50°C, HCI 0.72 mol/L, and stirring speed 600 rpm; for scheelite
concentrate, W/P mole ratio 7:1, temperature 80°C, HCI 2.16 mol/L, and
stirring speed 1000 rpm. The leaching rates under the optimized conditions
can reach up to 98% or even higher. FTIR spectra analysis confirmed that the
leachate composition remained as H3[PW;5040] in the range of varying W/P
mole ratios, so the PO, in acidic solution and phosphorus content in the
leaching product could be better controlled. The function 1 — (1 — X)'/3 against
leaching time was applied to fit the experimental data, and the apparent
activation energy, E,, was calculated as 60.65 kd/mol. The results would be
valuable for effectively using scheelite as a raw material resource for sus-
tainable tungsten production.

INTRODUCTION

layer of tungstic acid formed on the surface of
scheelite particles blocking the leaching reaction.’

Tungsten is an important rare metal with a wide
range of applications in modern industries and
high-technologies. As the traditional mineral
resources for tungsten production show a continued
declining trend worldwide, several research efforts
have been made to explore’ the potential for using
various scheelite ores as a raw material resource for
tungsten production. The process of acid leaching
scheelite demonstrates many technical and eco-
nomic advantages, such as short processing flow,
simple operation, and low cost. It is known that
tungsten can be extracted from hydrochloric acid
leaching of scheelite with a reaction constant about
10* at 293 K.* This was expected to be a fast
reaction in thermodynamics, but it has preceded
slowly in the leaching practice because a dense solid

(Published online June 15, 2016)

To overcome such difficulty for improving the
processing efficiency, an excess amount of acid has
to be used with equipment corrosion and environ-
mental pollution as well.

There are several studies on improving the acidic
leaching process, for instance, using fine particle
ore,® more excessive hydrochloric acid, and heated
ball mill reactors;”® applying hydrochloric acid with
alcoholic solutions or ethylenediaminetetraacetic
acid (EDTA) to digest scheelite or dissolve the solid
product;*~'? or leaching without the formation of
tungstic acid.'’® These methods could eliminate,
more or less, the undesired effects of a solid
HyWO, layer but also could have some drawbacks,
such as increased energy consumption, excess
chemicals costs, and environmental pollution.

2455


http://crossmark.crossref.org/dialog/?doi=10.1007/s11837-016-1979-x&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11837-016-1979-x&amp;domain=pdf

2456

During the acidic leaching process, W*/Mo®* can
form water-soluble compounds with the addition of
the complex reagents, such as oleic acid, citric acid,
oxalic acid, tartaric acid, hydrogen peroxide, and some
oxygen-containing anions like PO,*~ or Si0,2~ .17
Among them, PO,®~ ion is the most active chelating
agent ° for the complex leaching. The reactionrateina
complex acid leaching of scheelite can be accelerated
by using a low-concentration acid solution (Gurmen
et al.,’® Rodriguez et al.,?° and Zhao et al.?!). Never-
theless, it is not entirely clear whether the combined
effects of PO,®~ containing acid solutions in coopera-
tion with various process parameters could be brought
for further improvement on the complex leaching of
scheelite. In addition, a yellow solid reaction product
was observed during the leaching process in PO,*~ ion
containing solution,® which is still not fully under-
stood for the alternative structures of leachate gener-
ated from such complex leaching with varying PO,*~
content. One possible reason for such uncertainty
could be attributed to variation in the scheelite used in
the leaching tests. Thus, the synthetic scheelite can be
used as model material to avoid the influence of raw
material variation by focusing on the nature of the
leaching reaction related to the PO,>~ content.

The purpose of this work is to investigate the
complex leaching behaviors of synthetic scheelite
and scheelite concentrate for improving process
efficiency. The complex leaching rates were mea-
sured as a function of varying W/P mole ratios
(CaW0O4/H3PO,4 mol ratio) and other process param-
eters such as temperature, acid concentration, and
leaching time. The leaching rates and the corre-
sponding composition structures of the leaching
product were determined against varying W/P mole
ratios. The obtained information would be valuable
for effectively using scheelite ores as raw material
for sustainable tungsten production.

EXPERIMENTAL
Materials and Chemicals

Table I shows the chemical composition of scheel-
ite concentrate (obtained from dJiangxi province,
China). Synthetic scheelite samples were prepared
by using Na;WO42H50 (>99.5%, Sinopharm Chem-
ical Reagent) and CaCl; (296.0%, Sinopharm Chem-
ical Reagent). Stoichiometric amounts of sodium
tungstate and calcium chloride were dissolved into
deionized water producing solid CaWO,:

Ca*" + W02 — CaWOy,(s) (1)
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Leaching Process

A leaching reaction was carried out in a three-
neck, flat-bottom flask and settled into a heating
bath with a magnetic stirrer (DF-1, RongHua
instrument manufacture). A condenser-west tube
was used to hold system pressure and eliminate the
water loss. The temperature of the solution was
monitored by a mercury thermometer, and at the
same time, it was kept on the preset value by an
electronic temperature-controller (DF-1). The leach-
ing solution was agitated with a magnetic stirrer
controlled with DF-1.

The acidic solution of HCl and H3sPO, was first
diluted by adding deionized water until 100 mL
and poured into the flask; the solution was then
heated to the preset temperature. Afterward, 5 g of
scheelite was added into the heated flask with a
liquid—solid ratio of 20:1; at the same time, the
timer was started. During the leaching experiment,
a certain amount of solution was taken out quickly
by a needle sampler with microporous membrane
at a given interval for W concentration analysis.
And the same amount of HCI-H3PO, solution was
fed back again to maintain constant mass of the
solution. At the end of the experiment, the mag-
netic stirring and heating were stopped when
scheelite dissolved completely or reached the pre-
set time.

Analysis Method

Tungsten content in the scheelite samples
was analyzed quantitatively through thiocyanate
method by a spectrophotometer (UV-2000, UNICO)
at 405 nm and by an ICP instrument (OPTIMA
7000DV, PerkinElmer). The phases in the scheelite
samples were identified using an x-ray diffractome-
ter (Rigaku D/MAX-RB12KW). The morphology of
their particles was observed by a scanning electronic
microscope (JSM-6510(LA), JEOL). The structures
of leaching products were inspected by Fourier
transform infrared (FTIR) spectroscopy (NEXUS-
670, Nicolet). The particles size distribution of the
ores was analyzed by a laser granularity analyzer
(LMS-30, Seishin), where anhydrous alcohol was
used as dispersant by wet analysis.

RESULTS AND DISCUSSION

Characterization of Scheelite Raw Materials

Figure 1 is the x-ray diffraction (XRD) spectra of
synthetic scheelite and scheelite concentrate before
the leaching process. The comparison of their

Table I. Chemical analysis of scheelite concentrate

Component WO3 Si0, CaO Al,O3

F9203 P205 M003 CuO SO3 SI‘IOZ

Content (wt.%) 68.874 0.6797 19.041 0.1915

5.596 - 0.3129 0.3726 4.3443 0.3463
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spectra indicates that the major phases for both are
CaWO0O,, whereas a small amount of CaMoOy4
appears in the scheelite concentrate (see Fig. 1c).
Scanning electronic microscopy (SEM) images of
the synthetic scheelite and the scheelite concentrate
particles are presented in Fig. 2, where the former
is in sphere form ranging from 2 ym to 10 ym in
diameter, and the latter is in various irregular
shapes. Particle analysis revealed that the major
parts of scheelite concentrate were from 30 um to
80 ym in diameter, as illustrated in Fig. 3, which
were larger than those of the synthetic scheelite.

Effect of Stirring Speed

Table II shows the leaching rate of synthetic
scheelite (50°C, 0.36 mol/L HCI solutions, W/P mole
ratio 7:1) with varying stirring speed. The leaching
rates were determined at 5 min from the beginning
of and at the end of the leaching process, which was
indicated by a complete dissolution of the solid
synthetic scheelite. It is obvious that the stirring
intensity can affect the reaction rate to a relatively
large extent at its early stage, and then, it becomes
less significant at the end of the leaching process. As
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Fig. 1. XRD spectra of (a) scheelite pdf standard card (41-1431), (b)
synthetic scheelite, and (c) scheelite concentrate.

a result, a stirring speed of more than 600 rpm is
considered strong enough to promote the leaching
reaction for the synthetic scheelite. Nevertheless, a
stronger stirring of 1000 rpm for the scheelite
concentrate may be required to reach the leaching
rate as high as for the synthetic scheelite due to
their larger and denser particles.

Effect of W/P Mole Ratio

The chemical reaction during direct leaching
scheelite in HCI solution can occur as in Eq. 2:

CaWO, + 2HCl = Hy,WO4 + CaCl,  (2)

In the complex leaching process, PO,?>~ ion can
act as a hetero atom with 4-coordinate (tetrahedral),
and the major reaction product is hetero-poly-phos-
photungstic acid with the structure of Keggin
(H3[PW15040]) or Dawson (Hg[PsW;5062]). Here
the W/P mole ratio could play an important role in
the complex leaching, as shown in Eqgs. 3 and 4:

12CaWOy + 24HCI 4+ H3PO4 = 12CaCl, + 12H5,0
+ H3[PWi2040]

(3)
PO}~ + 3PW;,03) = 2P,W;508, (4)

Figure 4a demonstrates an increasing trend of
the leaching rate with decreasing W/P mole ratio
(50°C, 0.36 mol/L. HCI solution, stirring speed
600 rpm). During the later period of the leaching
reaction, the function of HCl and H3PO4 could be
reduced as the effective ratio of acid to scheelite
decreased due to the acid consumption in the
continued leaching reaction. This could cause a
delay of the leaching reaction, and the extent of
such a delay could also depend on the amount of
H3PO, addition, i.e., W/P mole ratio. For example,
the time to reach the final leaching rate increased to
around 5400 s for W/P = 12:1, and the others were
finished between 3000 s and 3600 s with a W/P mole
ratio varying from 4:1 to 10:1. Under this
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Fig. 2. SEM images of raw materials (a) synthetic scheelite and (b) scheelite concentrate.
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investigation, an appropriate W/P mole ratio of 7:1
was found with the leaching rate high enough while
the acid consumption remained at a moderate level,
so that it was applied in all later leaching
experiments.

Figure 4b shows the leaching rates with variation
in the W/P mole ratio for industrial scheelite
concentrate under conditions of 80°C, 2.16 mol/L
HCI solution, stirring intensity 1000 rpm, leaching
time 3 h. It is noted that the changing trend of the
leaching rate with W/P mole ratio for scheelite
concentrate is similar to the synthetic one, but the
leaching rates at the same processing time are
relative lower. Also the results suggest that a longer
leaching time, higher temperature, and higher HCI
concentration may be required in practice for leach-
ing industrial scheelite concentrate.

Effect of HC1 Concentration

The leaching rates for synthetic scheelite, as
shown in Fig. 5a, were almost the same when
increasing HCl concentration up to 0.72 mol/L,
1.08 mol/L, and 1.44 mol/L (50°C, W/P mole ratio
7:1, stirring intensity 600 rpm), while the rate with
HCI concentration 0.36 mol/LL was found much
lower than that with higher HCl concentrations.
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Fig. 3. Particle size distribution of scheelite concentrate.

Table II. Leaching rate of synthetic scheelite with
different stirring speeds

Leaching rate at different time
in leaching (%)

Stirring At 5 min from At the ending
speed (r/min) beginning time (min)
300 37.68 95.65 (75)
400 45.80 96.23 (68)
500 43.19 96.81 (60)
600 48.41 97.39 (60)
700 63.77 95.65 (50)

L. Liu, Xue, K. Liu, Zhu, and Wang

Nevertheless, it seems unnecessary to test the HCl
concentration higher than 0.72 mol/L in this
complex leaching as the leaching rate may no longer
increase along with further higher HCI con-
centrations.

In Fig. 5b, the leaching rates for scheelite con-
centrates are presented against a series of HCI
concentrations (80°C, W/P mole ratio 7:1, stirring
rate 1000 rpm and leaching time 3 h). When HCl
concentrate was 2.16 mol/L, the leaching rate
reached 98%, and a further increase in the acid
concentration could give no more significant
improvement in the leaching rate. For leaching
the scheelite concentrate, higher HCI concentra-
tions than the synthetic scheelite leaching have to
be used. This is because not only can the gangue in
the ore consume part of HCIl, but also the dense
particles of scheelite concentrate may need exces-
sive hydrochloric acid to overcome the solid-liquid
mass transfer resistance.

Effect of Temperature

Figure 6a shows the temperature effects on the
leaching rate in the range of 25°C to 60°C for the
synthetic scheelite (0.72 mol/LL. HCI solution, W/P
mole ratio 7:1, stirring intensity 600 rpm). The
leaching rates, in general, increased with increased
temperatures, and almost all could reach more than
95% at the end of the leaching reaction. This implies
that the synthetic scheelite could be nearly com-
pletely dissolved within a short period when the
temperature is high enough.

The variation in the leaching rate for scheelite
concentrates is illustrated in Fig. 6b under the
leaching condition of 2.16 mol/LL HCI solution, W/P
mole ratio 7:1, stirring rate 1000 rpm, and 3 h. Even
with a higher HCI solution and stronger stirring
intensity, the operating temperature or longer
process time has to rise to reach the same leaching
rates as the synthetic scheelite. For example, it
could need to be at about 75°C to make the leaching
rate up to 95% as those for the synthetic scheelite at
the temperatures lower than 60°C. This means
higher consumptions in heating energy and acid or
a lower production efficiency. Moreover, the results
here also suggest that any further rising operating
temperature to more than 80°C may not produce
significant improvement in the leaching process of
the industrial scheelite concentrate.

Figure 7 demonstrates that a longer time is
necessary for scheelite concentrate to have the
leaching rate as high as 98% (80°C, 2.16 mol/L
HCI solution, W/P mole ratio 7:1, stirring intensity
1000 rpm). In comparison with the time effect in
Fig. 5a, it is suggested that a fine particle size could
reduce the energy barrier to facilitate the solid—
liquid mass transfer during the leaching process, so
that the leaching of scheelite concentrate would be
possible to have a lower temperature and shorter
time.
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Fig. 4. Leaching rates of (a) synthetic scheelite versus time with various W/P mole ratios; (b) scheelite concentrate with changing W/P mole ratio.
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Fig. 6. Leaching rates of (a) synthetic scheelite versus time with various temperatures; (b) scheelite concentrate with changing temperature.

Table III shows the leaching efficiency of this
work in comparison with others. It can be seen that
complex leaching efficiency is higher than the direct
acid leaching. When compared with tests 1# and 3#,
the complex leaching could finish in shorter time,
lower acid concentration and temperature, and
higher leaching rate in treating synthetic scheelite.

When scheelite concentrate is used as raw material,
2# and 4# results show the same phenomenon even
though the classic method is used in finer particle
ore. This implies that the complex leaching can
improve the process efficiency with lower energy
and material consumption than the classic leaching
method.
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Kinetic Analysis

Previous work suggested that the leaching pro-
cess could be controlled by interfacial chemical
reactlon (Rodriguez et al., O Zhao et al.,’! Cem
et al.,?? and Kalpakli et al 23). In this case the
kmetlcs equation of the liquid—solid reaction may be
written as follows:

—(1-X)"P=F x¢ (5)

where k&’ is the reaction rate constant and x is the
leachm¥ rate. In Fig. 8, the plots of the function 1 —
against leaching time are presented to fit
the experlmental data on the leaching rate.
In addition, the activation energy can be calcu-
lated from the Arrhenius equation:

k= Ae R (6)

where k is the reaction rate constant, A is a pre-
exponential factor, E, is apparent activation energy,
and R is the molar gas constant. The Arrhenius plot
for the synthetic scheelite, as shown in Fig. 9,
indicates that the value of E, is 60.65 kJ/mol. This
is in good agreement with 60 kd/mol for synthetic
scheelite (Cem et al.??) and 59 9 kd/mol for scheelite
concentrate (Huang et al.?*), which again suggests
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Fig. 7. Leaching rates of scheelite concentrate versus time.
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that the leaching kinetic behaviors are chemically
dependent on the major content, CaWO,, in both
scheelite materials.

Moreover, an empirical kinetic equation,'® can be
written as follows:
k = koC%e,CP poi-S° Rie 7t (7)

where k is the apparent reaction rate constant; &g is
the reaction rate constant; Cyc; and CPO? are the

initial concentrations of HCl and H3PO,, respec-
tively; S is the material particle surface area; and R
is the stirring speed. For this complex leaching, S
and R can be incorporated into %, to get a simplified
formula, while the constants a and b can be
determined by the leaching experiment. Then, the
empirical kinetic equation becomes:

k = 6.74 x 10°CHiei* Cpode R (8)

Effect on the Structure of the Leaching Pro-
duct

There are two kinds of structures, Keggin struc-
ture or Dawson structure for hetero-poly phospho-
tungstic acid, which may be formed in the leaching
process. Here the dosage of PO,®>  decides which
type of tungstate can be produced. According to
Eq. 3, H3[PW5,04] can be formed when the W/P
mole ratio is more than 12:1. For the scheelite
concentrate, it may need hlgher mole numbers of
phosphorus as a part of PO®~ nay be consumed by
the gangue contents. A study'® showed that when
W/P mole ratio 12:1 was used, yellow tungstic acid
precipitated after 20 min of reaction at 90 + 0.5°C,
and this phenomenon could be due to the formation
of some 2:18 tungstophosphoric acid according to
Eq. 4. In this work, however, no yellow solid product
has been observed for either synthetic scheelite or
scheelite concentrate.

Figure 10 shows IR spectra of the leachate for the
two kinds of raw materials. The infrared character-
istic peaks of H3[PW;5040](6-7)H50 (IR: KBr, cm 1)
are 1080(P-0), 990(W=0), 890(W-O-W), and
810(W-O-W)?*, respectively. This confirms that
the leaching products for both raw materials, under
different W/P mole ratios, are H3[PW;50,40] in the
Keggin structure rather than Hg[PoW;30¢2] in the

Table III. Leaching efficiency data of scheelite in this work (1# and 2#) and from references

Particle HCI concentration Reaction Reaction Leaching
No. Raw material size (um) (mol/L) temp. (°C) time (min) rate (%) Method
1# Synthetic scheelite <10 0.72 60 10 929 Complex leaching
2#  Scheelite concentrate <80 2.16 90 180 98 Complex leaching
3#%  Synthetic scheelite Not mentioned 4-5 70 120 90 Classic leaching
4#'7 Scheelite concentrate <44 Not mentioned Boiling 180-300 95 Classic leaching

temperature
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Dawson structure. On the other hand, H5[PW{5040]
could stably exist in aqueous solutions®' with the
pH value <2. In the leachate of synthetic scheelite,
the pH value ranged from 1.18 to 1.22, while the
acidity of the leachate of scheelite concentrate was
even higher than the synthetic scheelite. Therefore,
it is clear that the structure of leaching products is
H;3[PW,50,0] for either synthetic scheelite or scheel-
ite concentrate, which is chemically dependent
on the major content, CaWOy,, in both scheelite
materials.

The yellow solid tungstic acid formed, as men-
tioned earlier, may not be present as Hg[PoaW150¢2].
The superposition graph (Fig. 10b) of IR spectra
shows that the huge transmittance peak at
around 3500 cm~! is the hydroxyl characteris-
tic peak, which has a peak intensity similar to each
other with different W/P mole ratios, while the
concentration of hydroxyl has the same value for
three W/P mole ratios. The characteristic peaks of
H;3[PW,5040], however, are different, in which the
weakest one is the curve with W/P mole ratio 12:1.
This means that the concentration of soluble
H;3[PW150,40] with W/P mole ratio 12:1 can be lower
than that with the other two W/P mole ratios
because of its lower leaching rates (ref. to Fig. 4).
The significance of this result is that the formation
of the Keggin structure requires less PO,®>~ than the
Dawson structure in the leaching product, so that
H3[PW5040] in the Keggin structure can com-
pletely react in the acid solution with the W/P mole
ratio ranging from 12:1 to 10:1. Therefore, a higher
leaching rate could be obtained by better controlling
the W/P mole ratio.

After the complex leaching process, the solution
was further dealt by a two-stage technology.
The tungsten in the solution was first precipi-
tated by adding ammonium chloride, and the
(NH4)3[PW12049] was obtained. Then, the precipi-
tate was dissolved in ammonia and the impurities of
Fe, P, and Mo were removed to make the purified
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Fig. 10. IR spectra of (a) lixivium of synthetic scheelite and scheelite concentrate with various W/P mole ratios; (b) superposition graph of

scheelite concentrate with varying W/P mole ratio.
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solution for producing APT. These later processes in
purification and APT production can also be benefited
by rich tungsten content in the solution obtained from
the complex leaching with high efficiency.

CONCLUSION

The complex leaching process of synthetic scheelite
and scheelite concentrate in HCl and H3PO,4 solutions
has been investigated with various processing param-
eters. A higher leaching rate, compared with the classic
acid leaching process, can be obtained through the
synergy of HCI and H3PO, with an appropriate W/P
mole ratio, and such effect can be further enhanced in
cooperation with optimized temperatures and acidic
concentrations. For synthetic scheelite, the optimum
leaching conditions were W/P mole ratio 7:1, temper-
ature 50°C, HCI concentration 0.72 mol/L, and stirring
speed 600 rpm; for scheelite concentrate, W/P mole
ratio 7:1, temperature 80°C, HCIl concentration
2.16 mol/L, and stirring speed 1000 rpm. The leaching
rates under the optimized conditions can reach up to
98% or even higher. The function 1 — (1 — x)v3 against
leaching time was applied to fit the experimental data,
and the apparent activation energy, E,, was calculated
as 60.65 kJ/mol. FTIR spectra analysis confirmed that
the leachate composition from the complex leaching
process is H3[PW150,40] with varying W/P mole ratios,
which could provide crucial information for better
controlling PO,*~ in acidic solution and phosphorus
content in the leaching product. The structure of such
leaching products is chemically dependent on the
CaWOQ, content in synthetic scheelite or scheelite
concentrate.
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