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analysis of the decomposition of
scheelite by oxalic acid

Ting Xie,ad Jisen Huang,a Bin Zeng,*ab Xiangrong Zeng, *ab Chong Penga

and Zhonghua Wangc

The equilibrium diagram of the Ca–W–Oa–H2O system for the H2C2O4 leaching of scheelite at 298 K was

constructed. This diagram clarifies the dominant regions of each component in the system as well as the

variation rules of key components with pH value and total concentration of free H2C2O4, thereby

confirming the thermodynamic conditions for the H2C2O4 leaching of scheelite. Theoretical analysis

results indicate that H2C2O4 can effectively leach scheelite, and the concentration of H2C2O4 is a crucial

factor influencing the leaching efficiency. When 1 < pH < 6.4, scheelite reacts with H2C2O4 to form

precipitates of H2WO4(s) and CaC2O4(s). Under the condition of maintaining a high concentration of free

H2C2O4(aq), H2WO4(s) further reacts with H2C2O4(aq), and the formation of H2[WO3(C2O4$H2O)] with high

solubility is predicted, which promotes the leaching of scheelite. When 6.4 < pH < 14.6, the ionization of

H2C2O4 is enhanced with the increase of pH, leading to the rise in the concentrations of C2O4
2− and

WO4
2−. When pH > 14.6, the binding effect between OH− and Ca2+ in the system is sharply

strengthened, and CaC2O4(s) is gradually converted into Ca(OH)2(s). Based on the thermodynamic

analysis results, experimental verification of H2C2O4 leaching of scheelite was carried out. Under the

optimal conditions of H2C2O4 concentration of 2.2 mol L−1, reaction temperature of 80 °C, reaction

time of 5 h, liquid-to-solid ratio of 15 : 1, and stirring speed of 100 rpm, the leaching rate of WO3

reached 99.54%, with only 0.53% of WO3 remaining in the leaching residue. Comparison of the XRD,

EDS, and FTIR characterization results of raw scheelite and oxalic acid-leached residue reveals that

during the leaching process, most of the tungsten enters the leachate in a highly soluble form, while

calcium combines with C2O4
2− to form CaC2O4$H2O precipitate, which is retained in the leaching residue.
1 Introduction

Tungsten exhibits excellent physicochemical properties and
boasts an extremely extensive range of industrial applications,
serving as an irreplaceable critical metal.1–3 At present, the
mineral raw materials for tungsten smelting are mainly schee-
lite, wolframite, and mixed scheelite-wolframite ores. Among
these, scheelite accounts for more than two-thirds of the global
tungsten ore reserves, thus occupying a dominant position.4,5

How to achieve the high-efficiency utilization of scheelite has
become a pivotal issue that urgently needs to be addressed in
the tungsten smelting industry.

The smelting processes for scheelite mainly include the
high-dose alkali autoclave decomposition method, sodium
carbonate autoclave decomposition method, mixed sulfuric-
phosphoric acid decomposition method, and hydrochloric
terials Engineering, Gannan University of

00, China. E-mail: Zengbin@163.com;

ou 341000, China

41000, China

l Engineering, Ganzhou 341000, China

166
acid decomposition method.6–15 Among these, the high-dose
alkali autoclave decomposition method has broken the theo-
retical bottleneck that sodium hydroxide cannot decompose
scheelite and realized the efficient decomposition of scheelite,
yet it suffers from a relatively high consumption of sodium
hydroxide.6–9 The sodium carbonate autoclave decomposition
method is capable of treating low-grade complex scheelite
under the conditions of high temperature and high pressure
(temperature: 180–220 °C, pressure: 1.6–2.2 MPa), with the
tungsten content in the decomposition residue stably
controlled at # 0.6%, but it is associated with high energy
consumption.10,11 The mixed sulfuric-phosphoric acid decom-
position method introduces phosphoric acid as a strong com-
plexing agent, which enables the efficient decomposition of
scheelite under atmospheric pressure at 80–90 °C and has been
industrialized.12,13 Although the hydrochloric acid decomposi-
tion method features high treatment efficiency, it causes severe
corrosion to equipment and involves great difficulty in the
treatment of acid-decomposedmother liquor, which restricts its
practical application.14,15

To achieve more efficient and greener utilization of scheelite,
researchers have developed novel decomposing agents for
© 2026 The Author(s). Published by the Royal Society of Chemistry
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scheelite, with signicant progress attained.16–19 Sodium
phytate-sulfuric acid acts as a decomposing agent for scheelite,
yielding a high decomposition rate under atmospheric pressure
and heating conditions, phytic acid exhibits excellent com-
plexing performance for tungsten, yet its industrial application
awaits further investigation.16 Sulfuric acid-hydrogen peroxide
serves as a scheelite decomposing agent, in which hydrogen
peroxide is used to complex and dissolve the formed tungstic
acid. This system achieves a high decomposition rate under
a high liquid-to-solid ratio, but impurities are prone to simul-
taneous leaching.17 For the synergistic decomposition of
scheelite by sulfuric acid-oxalic acid, sulfuric acid reacts with
calcium to form calcium sulfate precipitate that enters the
decomposition residue, while H2C2O4 fullls the function of
tungsten complexation. Tungsten then enters the decomposi-
tion solution in the form of highly soluble H2[WO3(C2O4)$
H2O].18,19 In summary, the adoption of complex leaching tech-
nology, via the introduction of complexing agents to facilitate
the formation of soluble tungsten complexes, can effectively
overcome the kinetic limitations in the scheelite leaching
process.

Oxalic acid (H2C2O4), the simplest dicarboxylic acid, can not
only form the highly soluble complex H2[WO3(C2O4)$H2O] with
tungsten in scheelite but also generate the precipitate CaC2O4

with calcium in scheelite, thus serving as a potential high-
efficiency novel decomposing agent for scheelite.20,21 However,
existing studies on H2C2O4 leaching of scheelite have focused
merely on process optimization, and systematic investigations
into the thermodynamic equilibrium laws, distribution char-
acteristics of various components and reaction mechanisms of
the Ca–W–Oa–H2O system remain rather scarce. This deciency
leads to the lack of theoretical guidance for the optimization of
process parameters, thereby restricting the industrial applica-
tion of this technology. Based on this, the present study intends
to conduct thermodynamic calculations for the H2C2O4 leach-
ing process of scheelite, establish the equilibrium relationships
of the Ca–W–Oa–H2O system, and plot the lg[M]–pH diagrams
under different conditions. The inuence laws of key parame-
ters such as pH value and H2C2O4 concentration on the species
distribution of tungsten and calcium as well as the leaching
efficiency of scheelite are systematically analyzed, and the
thermodynamic conditions for the complex leaching of schee-
lite with H2C2O4 are claried, which is expected to provide
a theoretical reference for the development of a new scheelite
decomposition process.
2 Thermodynamic calculations and
equilibrium diagram plotting
2.1 Thermodynamic data

The equilibrium reactions existing in the solution system and
their corresponding data sources are presented in Table 1.
2.2 Thermodynamic calculations

Based on the equilibria existing in the system listed in Table 1,
thermodynamic calculations can be performed starting from
© 2026 The Author(s). Published by the Royal Society of Chemistry
the total concentrations of free calcium, free tungsten and free
H2C2O4, with the concentration of each dissolved component in
the solution denoted as [M]. In addition, H2C2O4 can form
complex coordination compounds with tungstic acid, and
relevant details have not been reported to date. Therefore, only
the currently available thermodynamic data were adopted for
the investigation and analysis. In cases where the activity coef-
cients of relevant ions were unavailable, concentrations were
used as substitutes for all calculations.24

Let the total concentration of free tungsten in the system be
dened as [W], with its existing species in the solution
including WO4

2−, HWO4
− and H2WO4(aq). Based on the equi-

librium relationships (Ⅰ), (Ⅱ), (Ⅸ) listed in Table 1 and the
principle of mass conservation, their corresponding equilib-
rium concentrations satisfy the following relationship:

[W] = [WO4
2−] + [HWO4

−] + [H2WO4(aq)] (1)

[HWO4
−] = 1 × 103.5[H+][WO4

2−] (2)

[H2WO4(aq)] = 1 × 108.1[H+]2[WO4
2−] (3)

Let the total concentration of free H2C2O4 in the system be
dened as [Oa], with its existing species in the solution
including C2O4

2−, HC2O4
−, H2C2O4 and CaC2O4(aq). Based on

the equilibrium relationships (Ⅵ), (Ⅴ), (Ⅶ) listed in Table 1 and
the principle of mass conservation, their corresponding equi-
librium concentrations satisfy the following relationship:

[Oa] = [C2O4
2−] + [HC2O4

−] + [H2C2O4] + [CaC2O4(aq)] (4)

[HC2O4
−] = 1 × 104.272[H+][C2O4

2−] (5)

[H2C2O4] = 1 × 105.543[H+]2[C2O4
2−] (6)

[CaC2O4(aq)] = 1 × 103.0[Ca2+][C2O4
2−] (7)

Let the total concentration of free calcium in the system be
dened as [Ca], with its existing species in the solution
including Ca2+, CaOH+, Ca(OH)2(aq) and CaC2O4(aq). Based on
the equilibrium relationships (Ⅲ), (XI), (XII) listed in Table 1
and the principle of mass conservation, their corresponding
equilibrium concentrations satisfy the following relationship:

[Ca] = [Ca2+] + [CaOH+] + [Ca(OH)2(aq)] + [CaC2O4(aq)] (8)

[CaOH+] = 1 × 10−12.75[Ca2+]/[H+] (9)

[Ca(OH)2(aq)] = 1 × 10−25.23[Ca2+]/[H+]2 (10)

[CaC2O4(aq)] = 1 × 103.0[Ca2+][C2O4
2−] (11)

Within the stability regions of the corresponding species, the
relevant ions satisfy the following dissolution equilibria:

Since this study requires scheelite to be in an excess state in
the Ca–W–Oa–H2O system, the dissolution equilibrium of
CaWO4 is maintained throughout the entire experimental
investigation range. From the equilibrium equation (Ⅷ), it can
be derived that:
RSC Adv., 2026, 16, 16156–16166 | 16157
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Table 1 Equilibrium reaction and equilibrium constant in Ca–W–Oa–H2O system (25 °C)22,23

No. Equilibrium reaction lg K Balance equation

Ⅰ H2WO4(aq) = H+ + HWO4
− −4.60 [H+] × [ HWO4

−] × [ H2WO4(aq)]
−1 = 10−4.6

Ⅱ HWO4
− = H+ + WO4

2− −3.50 [H+] × [WO4
2−]*[HWO4

−]−1 = 10−3.5

Ⅲ H2O = H+ + OH− −13.99 [H+] × [ OH−] = 10−13.99

Ⅳ CaC2O4$H2O(s) = Ca2+ + C2O4
2− + H2O −8.63 [Ca2+] × [C2O4

2−] = 10−8.63

Ⅴ H2C2O4 = HC2O4
− + H+ −1.27 [H+] × [HC2O4

−] × [H2C2O4]
−1 = 10−1.27

Ⅵ HC2O4
− = C2O4

2− + H+ −4.27 [H+] × [C2O4
2−] × [HC2O4

−]−1 = 10−4.27

Ⅶ CaC2O4(aq) = Ca2+ + C2O4
2− −3.0 [Ca2+] × [C2O4

2−] × [CaC2O4(aq)]
−1 = 10−3

Ⅷ CaWO4(s) = Ca2+ + WO4
2− −8.80 [Ca2+] × [WO4

2−] = 10−8.8

Ⅸ H2WO4(s) = 2H+ + WO4
2− −15.80 [H+]2 × [WO4

2−] = 10−15.8

Ⅹ Ca(OH)2(s) = Ca2+ + 2OH− −5.26 [Ca2+] × [OH−]2 = 10−5.26

XI Ca(OH)2(aq) = Ca2+ + 2OH− −2.77 [Ca2+] × [OH−]2 × [Ca(OH)2(aq)] = 10−2.77

XII CaOH+ = Ca2+ + OH− −1.23 [Ca2+] × [OH−] × [CaOH+] = 10−1.23

Fig. 1 Lg[M]–pH diagram for solution species in the Ca–W–Oa–H2O
system ([Oa] = 1 mol L−1).
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[Ca2+][WO4
2−] = 10−8.8 (12)

When H2WO4(s) is formed in the Ca–W–Oa–H2O system, it can
be derived from equilibrium equations (Ⅰ), (Ⅱ) and (Ⅸ) that:

[H+]2[WO4
2−] = 10−14.78 (13)

[H2WO4(aq)] = 10−6.68 (14)

When only CaWO4(s) exists as the solid phase in the Ca–W–

Oa–H2O system, all ions in the solution are provided by
CaWO4(s), which should satisfy the following relationship:

[Ca] = [W] (15)

When CaC2O4$H2O(s) is formed in the Ca–W–Oa–H2O system, it
can be derived from equilibrium equations (Ⅳ) and (Ⅶ) that:

[Ca2+][C2O4
2−] = 10−8.63 (16)

[CaC2O4(aq)] = 10−5.63 (17)
16158 | RSC Adv., 2026, 16, 16156–16166
when Ca(OH)2(s) is formed in the Ca–W–Oa–H2O system, it can
be derived from equilibrium equations (Ⅲ) and (Ⅹ) that:

[Ca2+] = 1022.74[H+]2 (18)
2.3 Calculation and discussion of stability region
boundaries

According to relevant literature, the calculation and discussion
of the thermodynamic stability region boundaries for the
H2C2O4 leaching of scheelite in this paper refer to the calcula-
tion and discussion methods of the uoride salt decomposition
system,25 silicate decomposition system,26 phosphate/
ammonium phosphate decomposition system,27 sodium
carbonate system,28 EDTA decomposition system,29 and other
related systems. By comparing the solubility products of CaC2O4

and Ca(OH)2 listed in Table 1, it can be concluded that the
solubility product of CaC2O4 is much smaller than that of
Ca(OH)2, indicating that CaC2O4 has a greater tendency to form
precipitates than Ca(OH)2 under the same conditions. Mean-
while, since Ca2+ and C2O4

2− released from calcium tungstate
already exist in the system, the condition Qc = [Ca2+][C2O4

2−] >
Ksp(CaC2O4) can be satised even at a relatively low OH−

concentration. (Qc = [Ca2+][C2O4
2−]) refers to the product of the

molar concentrations of calcium ions and oxalate ions in the
system, which is a real-time dynamic value and varies with the
changes in ion concentrations in the reaction system. Ksp(-
CaC2O4) denotes the product of the molar concentrations of the
ions in the solution when calcium oxalate reaches the dissolu-
tion–precipitation equilibrium under a given set of conditions,
and it is a thermodynamic constant. In summary, the system for
the H2C2O4 leaching of scheelite can be divided into three
stability regions: the H2WO4 stability region, CaC2O4 + CaWO4

stability region, and Ca(OH)2 stability region.
The initial free oxalate concentration [Oa] in the Ca–W–Oa–

H2O system was set to 1 mol L−1. In the stability region of
CaWO4, both Ca2+ and WO4

2− in the system are derived from
CaWO4, and eqn (1)–(12) and (15) must be satised simulta-
neously. Under the boundary conditions for the transformation
of CaWO4 to H2WO4, eqn (1)–(15) must be satised
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Lg[M]–pH diagrams for solution species in the Ca–W–Oa–H2O system (a: [Oa] = 0 mol L; b: [Oa] = 0.005 mol L; c: [Oa] = 0.05 mol L; d:
[Oa] = 0.5 mol L−1).
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simultaneously. In the stability regions of CaC2O4 + CaWO4 and
at the boundary of the Ca(OH)2 stability region, eqn (1)–(12) and
(15)–(18) must be satised simultaneously.

The dissolution equilibria of various species in the system
were calculated using the methods of classied discussion and
univariate solution, and the relationship diagrams between the
logarithm of species concentration lg[M] and pH value were
thus obtained, as presented in Fig. 1. In addition, the dissolu-
tion equilibria of solution species were calculated separately at
different oxalate concentrations ([Oa] = 0 mol L−1,
0.005 mol L−1, 0.05 mol L−1, and 0.5 mol L−1) using the same
computational method, with the results shown in Fig. 2. The
relationship diagrams of the logarithm of total tungsten
concentration lg[W] versus pH (lg[W]–pH diagrams) under
different oxalate concentrations [Oa] were also plotted, as
illustrated in Fig. 3. To further explore the inuence of oxalate
concentration on the leaching behavior of scheelite, the rela-
tionship diagrams of lg[M] versus oxalate concentration (lg[M]–
lg[H2C2O4] diagrams) were constructed, as displayed in Fig. 4.
© 2026 The Author(s). Published by the Royal Society of Chemistry
2.4 Thermodynamic condition analysis of the Ca–W–Oa–
H2O system

Fig. 1 shows the lg[M]–pH diagram plotted at an oxalate
concentration [Oa] = 1 mol L−1. The region to the le of dashed
line① is the stability region of tungstic acid, which corresponds
to the acidic leaching process of calcium tungstate, with H2WO4

as the main solid product. The region between dashed line ①

and dashed line ② is the stability region for the CaC2O4 +
CaWO4. The region to the right of dashed line ② is the stability
region of Ca(OH)2.

Within the stability region of H2WO4 (1 < pH < 6.4), the acidic
leaching of calcium tungstate dominates, with H2WO4 as the
main solid product. H2C2O4 is a weak diprotic acid. At low pH,
the high H+ concentration in the system suppresses the disso-
ciation of H2C2O4, resulting in a relatively high H2C2O4

concentration. As pH increases, the H+ concentration decreases,
and equilibrium equations (Ⅴ) and (Ⅵ) proceed forward,
leading to a declining trend in H2C2O4 concentration.
RSC Adv., 2026, 16, 16156–16166 | 16159
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Fig. 3 Lg[W (mol−1 L−1−1)]–pH diagram for solution species in the Ca–
W–Oa–H2O system.

Fig. 4 Lg[M]–lg[c(H2C2O4)] diagram for solution species in the Ca–
W–Oa–H2O system.

Fig. 5 Effect of H2C2O4 molar concentration on the leaching rate of
WO3 in scheelite.

Fig. 6 The X-ray patterns of leaching residues at different molar
concentrations of oxalic acid, (a) 2.2 mol L; (b) 1.8 mol L; (c) 1.4 mol L;
(d) 1.0 mol L; (e) 0 mol L−1.
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According to equation (Ⅴ), the gradual dissociation of H2C2O4

with rising pH gives rise to an increasing trend for HC2O4
−.

However, as pH increases further, equation (Ⅵ) shis forward
to produce C2O4

2−, so the C2O4
2− concentration increases

continuously, while the HC2O4
− concentration begins to

decrease. Therefore, within the H2WO4 stability region, the
HC2O4

− concentration rst increases and then decreases with
increasing pH.

During the H2C2O4 leaching of calcium tungstate under
acidic conditions, H2WO4(s) is formed. The dissolution equi-
librium of H2WO4 in solution brings H2WO4(aq) to its equilib-
rium level. As pH decreases, the H+ concentration in the system
increases, and equations (Ⅰ), (Ⅱ), and (Ⅸ) all proceed in the
reverse direction, strengthening the tendency to form H2WO4(s).
Consequently, the concentrations of HWO4

− and WO4
2− in the
16160 | RSC Adv., 2026, 16, 16156–16166
system both decrease. Under these conditions, if the system
contains a high concentration of H2C2O4(aq), H2WO4(s) will
further undergo a complexation reaction with H2C2O4(aq) to
form the highly soluble complex H2[WO3[C2O4$H2O]], based on
reported literature results.18,19

Within the stability region of CaC2O4 + CaWO4 (6.4 < pH <
14.6), the dissociation tendency of H2C2O4 and HC2O4

−

increases with rising pH, and the concentrations of H2C2O4 and
HC2O4

− both decrease linearly. The concentration of HC2O4
−

gradually decreases with increasing pH, whereas the concen-
tration of C2O4

2− increases continuously as H2C2O4 dissociates
more completely, making C2O4

2− the dominant species of
H2C2O4. With increasing pH, H2WO4 and HWO4

− are almost
fully dissociated, and their concentrations decrease
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Effect of reaction temperature on the leaching rate of WO3 in
scheelite.

Fig. 8 Effect of reaction time on the leaching rate of WO3 in scheelite.
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continuously to extremely low levels. Meanwhile, the WO4
2−

concentration reaches a steady state and becomes the
predominant species of tungsten. As pH increases, Ca2+ grad-
ually combines with OH− to form Ca(OH)2(aq) and CaOH+, so the
Ca2+ concentration exhibits a decreasing trend.
Table 2 Effect of reaction liquid to solid ratio on the leaching rate of W

Experiment number Scheelite usage/g
Liquid to solid
ratio

The mass of lea
residue/g

Ⅰ 10 5 : 1 6.95
Ⅱ 10 10 : 1 6.15
Ⅲ 10 15 : 1 5.35
Ⅳ 10 20 : 1 5.16
Ⅴ 10 25 : 1 5.15

© 2026 The Author(s). Published by the Royal Society of Chemistry
Within the stability region of Ca(OH)2 (pH > 14.6), both
CaWO4 and CaC2O4 are transformed into Ca(OH)2(s). The
increasing OH− content in the system enhances the binding
ability of OH−, which intensies the extraction of Ca2+ from
CaWO4 and CaC2O4 to form Ca(OH)2(s). At the same time, OH−

also combines with free Ca2+ to form precipitates. Conse-
quently, the concentration of WO4

2− in the system shows an
increasing trend, while the concentrations of CaC2O4(aq) and
Ca2+ both decrease. The formation of Ca(OH)2(s) simultaneously
brings Ca(OH)2(aq) to its dissolution equilibrium.

To further explore the mechanism of scheelite leaching by
H2C2O4, lg[M]–pH diagrams (Fig. 2), lg[W]–pH diagrams (Fig. 3),
and lg[M]–lg[H2C2O4] diagrams (Fig. 4) were plotted at H2C2O4

concentrations of 0 mol L−1, 0.005 mol L−1, 0.05 mol L−1, and
0.5 mol L−1, respectively. Combining Fig. 2 and 3, it can be seen
that increasing the dosage of H2C2O4 during leaching can
increase the concentration of WO4

2− in the system. As the
H2C2O4 concentration gradually increases, the boundary pH for
the transformation of CaWO4 to H2WO4 gradually increases.
Therefore, the H2C2O4 concentration is an important factor
affecting the leaching of CaWO4.

Analysis of Fig. 3 shows that at pH < 5, the variation trend of
[W] is consistent in systems with different H2C2O4 concentra-
tions. When the H2C2O4 concentration [Oa]= 0mol L−1, the [W]
concentration in the system is 10−4.5 mol L−1. When
0.005 mol L−1, 0.05 mol L−1, and 0.5 mol L−1 H2C2O4 are added,
the [W] concentration in the system increases to approximately
10−4 mol L−1, 10−3.5 mol L−1, and 10−3 mol L−1, respectively.
The [W] content in the system is linearly correlated with the
H2C2O4 concentration. Accordingly, the H2C2O4 concentration
is conrmed to be a key factor inuencing the leaching of
CaWO4.

To further analyze the inuence of H2C2O4 concentration on
scheelite leaching, the lg[M]–lg[H2C2O4] diagram was plotted
(see Fig. 4). It can be seen from Fig. 4 that the Ca2+ concentra-
tion shows a linear decreasing trend with the increase of
H2C2O4 concentration. This is because the increase in H2C2O4

concentration leads to an increase in C2O4
2− concentration, and

C2O4
2− is more likely to combine with Ca2+ to form CaC2O4(aq),

thereby reducing the Ca2+ concentration and increasing the
CaC2O4(aq) concentration in the system.

The concentration of HC2O4
− increases with the increase of

H2C2O4, which is due to the fact that the dissociation equation
of H2C2O4 (H2C2O4 = H+ + HC2O4

−) is more likely to proceed
forward with the increase of H2C2O4 concentration. The
concentration of CaOH+ increases with the increase of H2C2O4,
O3 in scheelite

ching Mass fraction of
WO3 in leaching residue/%

Leaching rate of
tungsten trioxide from scheelite/%

9.79 88.52
4.69 95.13
0.54 99.51
0.53 99.54
0.48 99.58

RSC Adv., 2026, 16, 16156–16166 | 16161
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Fig. 9 The X-ray diffraction pattern: (a) scheelite; (b) H2C2O4 leaching residue.
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because the change in H2C2O4 concentration affects the inter-
action between ions, promoting the tendency of Ca2+ to
combine with OH− to form CaOH+.

The concentration of WO4
2− decreases with the increase of

H2C2O4, which is attributed to the increase of H2C2O4 concen-
tration in the system, leading to the formation of H2WO4(s);
meanwhile, H2WO4(s) further reacts with H2C2O4 to generate the
highly soluble complex H2[WO3[C2O4$H2O]]. The concentration
of HWO4

− decreases with the increase of H2C2O4, because
a large amount of free H+ is added to the system, which affects
the dissociation equilibrium of H2WO4, prompting HWO4

− to
convert to H2WO4(aq), and H2WO4(aq) further converts to
H2WO4(s).

In summary, the H2C2O4 concentration is an important
factor affecting the leaching effect of CaWO4. Maintaining
Fig. 10 Energy dispersive X-ray spectrometer pattern: (a) scheelite; (b) H

16162 | RSC Adv., 2026, 16, 16156–16166
a relatively high concentration of H2C2O4 in the system can
promote the leaching of CaWO4 and facilitate the dissolution of
tungsten.
3 Experiment on leaching scheelite
with oxalic acid
3.1 Experimental materials and methods

The raw material adopted in the experiment was high-grade
scheelite (containing 59.25% WO3, 2.63% Mo and 16.21% Ca),
which was provided by a tungsten smelting enterprise in
Ganzhou. The scheelite was rst dried at 105 °C for 6 hours,
then crushed by a ball mill. Aer crushing, the proportion of
scheelite particles less than 45 mm was 100%, and nally the
scheelite sample for the experiment was prepared. H2C2O4 (AR
2C2O4 leaching residue.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Fourier transform infrared spectrometer spectrum pattern: (a) scheelite; (b) H2C2O4 leaching residue.
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grade, C2H2O4$2H2O $ 99.0%) was used as the leaching agent,
which was purchased from Xilong Scientic Co., Ltd. The pure
water used in the experiment was prepared by a pure water
machine.

Scheelite leaching experiment: weigh 10 g of scheelite and
place it in an open glass beaker with a volume of 250mL. Add an
appropriate amount of pure water and H2C2O4 as required by
the experiment, and stir and mix (the stirring speed is
controlled at 100 rpm). Place the glass beaker containing the
scheelite slurry in a digital display constant temperature
magnetic stirring water bath, and control the appropriate
leaching temperature, stirring speed and stirring time. Aer the
leaching reaction is completed, lter and wash the leaching
slurry, collect and treat the ltrate and washing water. The
washed leaching residue is dried in an oven at 105 °C for 6
hours. Aer the dried residue is cooled to room temperature,
weigh it and prepare the leaching residue sample for chemical
element analysis and phase analysis.

The calculation method of WO3 leaching rate in scheelite is
as follows:

hW ¼
�
1� maCaW

mbCbW

�
� 100% (19)

hW refers to the leaching rate of WO3 in scheelite (%), ma

refers to the weight of leaching residue (g), mb refers to the
weight of scheelite concentrate used for leaching (g), CaW refers
to the content of WO3 in leaching residue (%), and CbW refers to
the content of WO3 in scheelite concentrate (%).

3.2 Experimental instruments

Experimental instruments: the instruments required for the
scheelite leaching experiment are as follows: Pure Water
Machine (Plain Series, Shanghai Yishuo Scientic Instruments
Co., Ltd), X-ray Diffractometer (ULTIMA I, Rigaku), Energy
Dispersive Spectrometer (X-MaxN50, Oxford Instrument EDS),
Fourier Transform Infrared Spectrometer (Scientic Nicolet
iN10, Thermosher Scientic), X-ray Photoelectron
© 2026 The Author(s). Published by the Royal Society of Chemistry
Spectrometer (K-Alpha, Thermosher Scientic), Digital Display
Constant Temperature Magnetic Stirring Water Bath (DF-101S,
±0.5 °C, Shanghai Yuezhong Instrument Equipment Co., Ltd),
Blast Drying Oven (JC101, ±0.5 °C, Shanghai Chengshun
Instruments and Meters Co., Ltd), Electronic Balance (BS-600,
±0.001 g, Shanghai Yousheng Weighing Apparatus Co., Ltd),
and Spectrophotometer (722N, Shanghai INESA Analytical
Instruments Co., Ltd). The mass fraction of WO3 in scheelite
was determined according to the Chemical Analysis Method for
Tungsten Concentrates (GB/T14352.1-2010). And the mass
fraction of WO3 in leaching residue was determined according
to the Chemical Analysis Method for High-Impurity Tungsten
Ores-Secondary Separation-Ignition Gravimetric Method (GB/T
26019-2010).

3.3 Experimental results and discussion

3.3.1 Effect of oxalic acid molar concentration. In each
leaching experiment, the dosage of scheelite was xed at 10 g,
and the leaching conditions were controlled as follows: reaction
temperature of 60 °C, reaction time of 6 h, liquid–solid ratio of
20 : 1, and stirring speed of 100 rpm. The effect of varying
H2C2O4 molar concentration on the WO3 leaching rate from
scheelite was investigated, and the results are shown in Fig. 5.

It can be seen from Fig. 5 that the H2C2O4 molar concen-
tration has a signicant impact on the WO3 leaching rate from
scheelite. When the H2C2O4 concentration is 1.0 mol L−1, the
WO3 leaching rate is only 88.86%, with a relatively high residual
WO3 content of 11.68% in the leaching residue. With the
continuous increase of H2C2O4 concentration, the WO3 leach-
ing rate gradually increases. When the H2C2O4 concentration is
increased to 2.2 mol L−1, theWO3 leaching rate reaches 99.15%,
and the residual WO3 content in the leaching residue decreases
to 0.97%.Meanwhile, the pH value also changes during the
decomposition of scheelite with oxalic acid. When the oxalic
acid concentration is 2.2 mol L−1, the initial pH value of the
reaction is 0.35. Aer the decomposition reaction is complete,
the nal pH value increases to 2.0, mainly due to the
consumption of a large amount of free oxalic acid during the
RSC Adv., 2026, 16, 16156–16166 | 16163
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decomposition process. Subsequently, further increasing the
H2C2O4molar concentration leads to a slight change in theWO3

leaching rate from scheelite. Therefore, the optimal H2C2O4

concentration is preferably controlled at 2.2 mol L−1.
And it can be seen from Fig. 6, at lower molar concentrations

of oxalic acid (1.0 mol L−1 and 1.4 mol L−1), the main phases in
the leaching residue were CaWO4, CaC2O4$H2O, CaMoO4, and
WO3$0.5H2O, indicating that the decomposition reaction is not
fully progressed. At a molar concentration of 1.8 mol L−1 oxalic
acid, the main phases in the decomposition residue are CaC2-
O4$H2O and H2WO4, indicating that the decomposition reac-
tion is promoted, and there is no signicant peak of CaWO4 in
the leaching residue. At higher molar concentrations of oxalic
acid (2.2 mol L−1), the main phase in the leaching residue is
CaC2O4$H2O, with no obvious peaks of CaWO4 or H2WO4,
indicating that the decomposition reaction is more fully pro-
gressed. Based on the experimental results, it can be concluded
that changes in the molar concentration of oxalic acid have
a signicant impact on the decomposition products, which is
consistent with the results of thermodynamic analysis.

The leaching of scheelite with H2C2O4 involves multiple
steps. Firstly, H2C2O4 dissolves in the solution and ionizes to
produce free H+ and C2O4

2− ions. Secondly, the free H+ ions
react with CaWO4 in scheelite to generate intermediate H2WO4,
while releasing free Ca2+ ions. Thirdly, the free Ca2+ ions
combine with C2O4

2− ions to form CaC2O4$H2O precipitates,
which enter the leaching residue. Finally, the intermediate
H2WO4 combines with C2O4

2− ions to form a highly soluble
complex H2[WO3(C2O4)$H2O],17,18 thereby achieving the leach-
ing of WO3. To promote the progress of the leaching reaction, it
is necessary to maintain a relatively high H2C2O4 molar
concentration.

3.3.2 Effect of reaction temperature. In each leaching
experiment, the dosage of scheelite was xed at 10 g, and the
leaching conditions were controlled as follows: H2C2O4

concentration of 2.2 mol L−1, reaction time of 6 h, liquid–solid
ratio of 20 : 1, and stirring speed of 100 rpm. The effect of
varying reaction temperature on the WO3 leaching rate from
scheelite was investigated, and the results are shown in Fig. 7.

It can be seen from Fig. 7 that the increase of reaction
temperature is benecial to promoting the leaching of scheelite.
When the reaction temperature is 40 °C, the WO3 leaching rate
from scheelite is only 96.51%, and the residual WO3 content in
the leaching residue reaches 3.79%, which seriously affects the
recovery of tungsten. When the leaching temperature is
increased to 80 °C, the WO3 leaching rate reaches 99.57%, and
the residual WO3 content in the leaching residue decreases
from the original 3.79 to 0.49%, which signicantly improves
the recovery rate of tungsten. Further increasing the reaction
temperature to 90 °C results in almost no change in the WO3

leaching rate. Therefore, the optimal reaction temperature is
controlled at 80 °C.

3.3.3 Effect of reaction time. In each leaching experiment,
the dosage of scheelite was xed at 10 g, and the leaching
conditions were controlled as follows: H2C2O4 concentration of
2.2 mol L−1, reaction temperature of 80 °C, liquid–solid ratio of
20 : 1, and stirring speed of 100 rpm. The effect of varying
16164 | RSC Adv., 2026, 16, 16156–16166
reaction time on the WO3 leaching rate from scheelite was
investigated, and the results are shown in Fig. 8.

It can be seen from Fig. 8 that when the reaction time is 5 h,
the WO3 leaching rate from scheelite has reached 99.54%, and
the residual WO3 content in the leaching residue is only 0.53%.
When the reaction time is shortened to 4 h, due to insufficient
leaching reaction, CaWO4 in scheelite is not fully leached by
C2H2O4, resulting in the decrease of WO3 leaching rate from
99.54 to 98.43%, and the increase of residual WO3 content in
the leaching residue from 0.53 to 1.75%. Increasing the reaction
time to 6 h or 7 h leads to no obvious change in the WO3

leaching rate. Therefore, the optimal reaction time is preferably
5 h, under which the scheelite leaching can be carried out
sufficiently.

3.3.4 Effect of reaction liquid–solid ratio. In each leaching
experiment, the dosage of scheelite was xed at 10 g, and the
leaching conditions were controlled as follows: H2C2O4

concentration of 2.2 mol L−1, reaction temperature of 80 °C,
reaction time of 5 h, and stirring speed of 100 rpm. The effect of
varying reaction liquid–solid ratio on the WO3 leaching rate
from scheelite was investigated, and the results are shown in
Table 2.

It can be seen from Table 2 that when the reaction liquid–
solid ratio is 5 : 1, the scheelite leaching effect is poor, with
a WO3 leaching rate of only 88.52% and a high residual WO3

content of 9.79% in the leaching residue. This is mainly because
when the liquid–solid ratio is low, the concentrations of total
free H+ and C2O4

2− in the leaching system decrease rapidly,
which is not conducive to the leaching of scheelite. When the
reaction liquid–solid ratio is increased to 15 : 1, the WO3

leaching rate increases from 88.52 to 99.51%, and the residual
WO3 content in the leaching residue decreases from 9.79 to
0.54%. This indicates that a relatively high concentration of free
H+ and C2O4

2− has been maintained in the leaching system,
promoting the leaching of scheelite. Subsequently, further
increasing the reaction liquid–solid ratio results in no signi-
cant change in the scheelite leaching effect. In summary, it is
appropriate to control the reaction liquid–solid ratio at 15 : 1.

3.3.5 Mechanism analysis of scheelite leaching with oxalic
acid. Under the optimal conditions, the scheelite leaching
experiment with H2C2O4 was carried out: the dosage of scheelite
was 50 g, the H2C2O4 concentration was 2.2 mol L−1, the reac-
tion temperature was 80 °C, the reaction time was 5 h, the
reaction liquid–solid ratio was 15 : 1, and the stirring speed was
100 rpm. Aer the completion of leaching, the mass of leaching
residue was 26.25 g, and the residual WO3 content in the
leaching residue was 0.49%. XRD, EDS, and FTIR were used to
characterize the changes in composition and phase of scheelite
before and aer H2C2O4 leaching, and the mechanism of
scheelite leaching with H2C2O4 was analyzed, as shown in Fig. 9,
10, and 11.

It can be seen from the XRD patterns in Fig. 9(a) and 8(b) that
the main phases in scheelite are CaWO4 and CaMoO4. Aer
leaching with H2C2O4, the main phase in the leaching residue is
CaC2O4$H2O, and no CaWO4 or CaMoO4 phases are detected,
indicating that the leaching reaction proceeds sufficiently.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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From the EDS patterns in Fig. 10(a) and (b), it is observed
that aer scheelite is leached with H2C2O4, the content of C
element increases from the original 8.06 to 15.38%, the content
of W element decreases from 48.78 to 0.15%, and the content of
Ca element increases from 15.77 to 29.27%. This phenomenon
indicates that most of the tungsten enters the leaching solution
in a highly soluble form aer the scheelite is leached with
H2C2O4, while most of the Ca2+ ions combine with part of the
C2O4

2− ions to form new precipitates, which remain in the
leaching residue.

As shown in the FTIR spectrum of Fig. 11(a), the character-
istic absorption peaks of scheelite are mainly derived from the
vibration of WO4

2− tetrahedra. The strong absorption peak in
the range of 800–900 cm−1 corresponds to the asymmetric
stretching vibration of the W–O bond, which is the core quali-
tative peak of CaWO4. The weak absorption peak at 400–
500 cm−1 is attributed to the bending vibration of O–W–O,
which further conrms the existence of WO4

2− ions. From the
FTIR spectrum of Fig. 11(b), it can be seen that the strong
absorption peak of the H2C2O4 leaching residue in the range of
1600–1700 cm−1 corresponds to the asymmetric stretching
vibration of C]O in oxalate ions. The absorption peaks in the
ranges of 1300–1400 cm−1 and 1000–1100 cm−1 are attributed
to the C–O stretching vibration and C–C stretching vibration,
respectively. The absorption peaks at 800–900 cm−1 and 1200–
1300 cm−1 are the in-plane and out-of-plane bending vibrations
of O–C–O, while the weak absorption peak at 400–500 cm−1

corresponds to the lattice vibration of Ca–O. These character-
istic peaks indicate that the main component of the H2C2O4

leaching residue is calcium oxalate.
In summary, during the process of scheelite leaching with

H2C2O4, tungsten enters the solution in the form of a highly
soluble complex (H2[WO3(C2O4)$H2O]), while calcium remains
in the leaching residue as calcium oxalate precipitate
(CaC2O4$H2O).

4 Conclusion

(1) The equilibrium diagram of the Ca–W–Oa–H2O system for
the H2C2O4 leaching of scheelite at 298 K was constructed. The
dominant regions of each component in the system and the
variations of key components with pH value and total concen-
tration of free H2C2O4 were analyzed. The results indicate that
the concentration of free H2C2O4 is a crucial factor affecting the
leaching efficiency. When 1 < pH < 6.4, scheelite can react with
H2C2O4 to form precipitates of H2WO4(s) and CaC2O4(s). More-
over, maintaining a high concentration of free H2C2O4(aq) can
promote the leaching of scheelite. When 6.4 < pH < 14.6, the
ionization of H2C2O4 is enhanced with the increase of pH,
resulting in the elevation of C2O4

2− and WO4
2− concentrations.

When pH > 14.6, the binding interaction between OH− and Ca2+

in the system is drastically strengthened, and CaC2O4(s) is
gradually converted into Ca(OH)2(s).

(2) Experimental validation of H2C2O4 leaching for scheelite
was carried out. Under the optimized conditions of an H2C2O4

concentration of 2.2 mol L−1, reaction temperature of 80 °C,
reaction time of 5 h, liquid-to-solid ratio of 15 : 1, and stirring
© 2026 The Author(s). Published by the Royal Society of Chemistry
speed of 100 rpm, the leaching rate of WO3 reached 99.54%,
with the WO3 content in the leaching residue as low as 0.53%. A
comparative analysis of the XRD, EDS, and FTIR characteriza-
tion results of raw scheelite and H2C2O4-leached scheelite
residue indicated that during the leaching process, most of the
tungsten entered the leachate in the form of H2[WO3(C2O4-
$H2O)] (a highly soluble species), while calcium combined with
C2O4

2− to form CaC2O4$H2O precipitate, which was retained in
the leaching residue.
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