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Metal vanadium smelting produces roasting-acid leaching tailings containing approximately 1% vana-
dium residue, making it challenging to store and recycle these waste tailings in an environmentally
friendly manner. To address this issue, a clean method called ultrasonic-enhanced oxalic acid complex-
ation was proposed in this study for efficient removal of residual vanadium. Under the optimal condi-
tions, the removal rate of vanadium and the decomposition rate of oxalic acid reached 86.88% and
23.6%. An in-depth analysis on the experimental results in combination with thermodynamics found a
virtuous cycle chain induced by ultrasonic cavitation. Ultrasonic waves facilitated the decomposition
of oxalic acid, producing more CO2 to supplement the limited cavitation bubble nucleuses.
Consequently, the cavitation effect was strengthened, leading to an increased yield of OH radicals. This
resulted in a continuous improvement in the oxidation environment. Furthermore, the enhanced virtuous
cycle generated by ultrasonic cavitation produced powerful microjets that facilitated the stripping and
dispersion of mineral particles. Overall, the oxalic acid-ultrasonic leaching technique offers a clean and
efficient technology for separating vanadium.
� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Vanadium, an indispensable strategic metal, finds extensive
applications in various industries such as aerospace, energy stor-
age, metallurgy, and special ceramics. One of its significant uses
is in the preparation of vanadium batteries, which plays a crucial
role in the advancement of energy storage systems (Liu et al.,
2023). With the continuous development of the vanadium smelt-
ing industry, large amounts of calcification roasting-acid leaching
(CRAL) tailings have been produced worldwide (Wang et al.,
2023; Wang et al., 2022). Although CRAL tailings have been used
commercially to prepare vanadium-titanium porcelain, far-
infrared coating, and slagging agent, their consumption remains
limited due to low utilization rates (Li et al., 2020). Traditionally,
CRAL tailings are often accumulated in tailings ponds during the
treatment process. However, both storage and recycling of waste
residues must adhere to production safety requirements while
complying with national standards to prevent re-pollution
(Opferkuch et al., 2021). Cheng et al. found that the high vanadium
content (about 1%) in CRAL tailings results in leaching toxicity
(Cheng et al., 2023). During piling processes, rainfall can cause
vanadium to penetrate into soil and groundwater systems, leading
to extensive environmental pollution that poses a threat to ecosys-
tems (Petranikova et al., 2020). The elevated levels of residual
vanadium can be attributed to two main factors. Firstly, certain
low-valence V species, such as V(III) and V(IV), within refractory
phases like spinel and gangue, are not fully oxidized to V(V) during
industrial production, thus remaining un-leached in the solutions.
Secondly, there is an obvious limitation on using H2SO4 as a
leaching agent in conventional processes (Hu et al., 2023). The
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introduction of SO4
2� leads to the formation of CaSO4 colloid which

may prevent the contact between the leaching system and vana-
dium, thereby reducing efficiency. Therefore, it is crucial to find a
clean and efficient method for releasing and oxidizing low-
valence vanadium by effectively destroying these inclusions,
ensuring sustainable development within the vanadium industry.

Studies have shown that there are several techniques available
for separating and extracting vanadium from minerals, including
roasting leaching, direct leaching, biological leaching, and molten
salt electrolysis (Peng, 2019; Liu et al., 2021a; Guo et al., 2023; Li
et al., 2023). However, the most commonly used method in indus-
try involves the use of strong acids, such as sulfuric acid, for non-
differential leaching of metal elements. Unfortunately, the utiliza-
tion rate of sulfuric acid is low, and its wastewater treatment poses
challenges. Moreover, the corrosion caused by sulfuric acid on
equipment can significantly increase production costs and have
negative economic implications (Liu et al., 2021b). To address these
issues, researchers have been exploring alternative leaching
agents, and one promising candidate is oxalic acid. Oxalic acid, a
low molecular weight organic acid, has a strong coordination effect
and has been found to effectively dissolve minerals (Li et al., 2021).
Experimental results from Ma et al. (2023) suggest that oxalic acid
may enhance the dissolution and migration of rare earth minerals,
with higher concentrations demonstrating greater dissolution abil-
ities. Furthermore, Rouquette et al. (2023) have proved the syner-
gistic effect between H+ and HC2O4

� /C2O4
2�. First, the H+ provided

by oxalic acid dissolves metal elements into a solution, and then,
HC2O4

� and C2O4
2� react with metal ions to form complex precipita-

tion, thus completing the separation. In comparison to weak
organic acids like malic acid, citric acid, and tartaric acid, which
have high selectivity for target elements, oxalic acid stands out
due to its ability to effectively dissolve the target element without
the need for additional oxidizers to promote leaching efficiency. To
determine the optimal acidity for organic acids, the acidity levels of
commonly used complexing agents in the metallurgical industry
were summarized (John, 2006), as shown in Table 1. Oxalic acid,
one of the most acidic organic acids, can significantly enhance
the acidity of the leaching environment, enabling fast complexa-
tion of C2O4

2� with the target element. If the leaching system of
oxalic acid demonstrates similar oxidation and mineral dissocia-
tion capabilities to sulfuric acid, it has the potential to replace inor-
ganic acids as the preferred industrial leaching agent.

In the metallurgical industry, field intensification technology is
widely utilized. Among these technologies, ultrasonic waves have
been proven to have a significant impact in the recovery of various
metals due to their cavitation effect, mechanical effect, and ther-
mal effect. Researchers have explored the combination of ultra-
sonic irradiation with additives, organic acids, and other
methods, which has shown great potential in enhancing metal
leaching efficiency. For instance, Esmaeili et al. successfully recov-
ered 100% nickel from waste Li-ion batteries by utilizing ultrasonic
assistance with citric acid and H2O2. It was found that the coexis-
Table 1
Dissociation constants of organic acids in aqueous solution (25 �C).

No. Name Chemical formula

1 Oxalic acid (COOH) 2

2 Glutamic acid HOCOCH2CH2CH(N

3 Formic acid HCOOH
4 Glycolic acid CH2 (OH) COOH
5 Lactic acid CH3CHOHCOOH
6 Acetic acid CH3COOH
7 Propionic acid CH3CH2COOH

2

tence of citric acid and H2O2 is a necessary condition for improving
the ultrasonic leaching efficiency. Another example from He et al.
involved the proposal of a new synergistic leaching system that
combines mechanical activation with ultrasonic irradiation to
extract zinc from ZnO ore. The results demonstrated a significant
improvement in the zinc recovery rate under the synergistic effect
of mechanical activation and ultrasonic irradiation. Compared to
conventional leaching methods, this coupling leaching process
not only enhances the leaching efficiency of zinc but also reduces
the leaching time. Chen et al. made a groundbreaking introduction
of ultrasonic technology into the process of leaching vanadium
from low-grade vanadium-bearing shale. With the aid of ultra-
sound, the leaching efficiency of vanadium in an H2SO4-CaF2 med-
ium was increased from 87.86% to 92.93%, and the leaching time
was reduced from 240 min to 30 min. The combination of ultra-
sound and CaF2 exhibited a more positive effect compared to ultra-
sound alone or the addition of CaF2, indicating a synergistic effect
between ultrasound and CaF2. To summarize, the synergistic effect
induced by ultrasonic waves has several benefits in metal recovery
processes. It reduces the activation energy, accelerates the reaction
speed, lowers the leaching temperature, and reduces the dosage of
leaching agents. Therefore, the incorporation of ultrasound tech-
nology is likely to position oxalic acid as the preferred choice for
industrial leaching agents.

Although ultrasonic technology has found widespread applica-
tion in the metallurgical industry, the synergistic removal of vana-
dium from CRAL tailings when combined with oxalic acid remains
unexplored. This study aims to assess the effects of oxalic acid con-
centration, reaction temperature, and ultrasonic intensity on both
vanadium removal rate and oxalic acid consumption rate, with a
focus on improving production efficiency and minimizing environ-
mental impact. Thermodynamic calculations using FactSage 8.1
software were performed to identify bottlenecks in the wet treat-
ment process. Additionally, mineral phase transformation analysis
was conducted to elucidate the mechanism of ultrasonic enhance-
ment in the oxidation reaction. The findings presented in this
paper hold great significance for the comprehensive utilization of
resources and the reduction of pollution from industrial waste.

2. Materials and methods

2.1. Materials

In this experiment, the CRAL tailings used for testing purposes
were obtained from a local iron and steel plant located in Panzhi-
hua, China. The CRAL tailings were initially in block-shaped form
and underwent a series of processes including crushing, screening,
and packaging. The resulting experimental raw tailings were
obtained through the use of a 200 mesh screen. Table 2 provides
the composition analysis of the main elements and vanadium con-
tent in these samples. The primary constituents of the tailings were
determined to be iron (Fe) and manganese (Mn), with respective
Ka pKa

5.4 � 10�2 (K1) 1.27
5.4 � 10�5 (K2) 4.27

H2) COOH 7.4 � 10�3 (K1) 2.13
4.9 � 10�5 (K2) 4.31
4.4 � 10�10 (K3) 9.36
1.8 � 10�4 3.75
1.48 � 10�4 3.83
1.4 � 10�4 3.86
1.74 � 10�5 4.76
1.35 � 10�5 4.87



Table 2
Main chemical elements in raw tailings.

Element Fe Mn Cr Ca Ti Si S V

Content (wt%) 37.93 15.00 11.54 9.36 9.27 7.33 6.00 0.84
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content percentages of 37.93 wt% and 15.00 wt%. Other impurity
elements present in the tailings mainly included chromium (Cr),
calcium (Ca), titanium (Ti), silicon (Si), and sulfur (S). The vana-
dium ore grade in the raw tailings was measured at 0.84 wt%,
slightly higher than the industrial mining requirement (Lee et al.,
2021). Vanadium-bearing converter tailings typically comprise
several components such as V2O3, FeOt, SiO2, TiO2, Cr2O3, CaO,
MgO, etc., making them a representative polymetallic co-
producing resource. The X-ray diffraction (XRD) diagram, as shown
in Fig. 1, confirmed that hematite, gypsum, mangano, chromite,
ilmenite, and cristobalite were the main components of the raw
tailings, presenting distinct vanadium-bearing converter tailings
characteristics. Additionally, the scanning electron microscopy
with energy-dispersive X-ray spectroscopy (SEM-EDS) characteri-
zation diagram in Fig. 2 revealed the presence of high oxygen con-
tent in the tailings, indirectly indicating the oxidizing
characteristics of all the phases investigated. The element content
analysis results at points 1 and 4 revealed that the vanadium con-
tent in MnCr2O4, Fe2O3, and Fe(TiO3) (which can be expressed as
FeO�TiO2) was lower than or equal to that in raw tailings. However,
this was not the focus of this study. The element content analysis
results at points 2 and 3 revealed that the vanadium content in
Ca(SO4)(H2O2)2 and SiO2 was about 2–10 times that in raw tailings,
which formed the basis of the research attention during the leach-
ing process.

X-ray photoelectron spectroscopy (XPS) was used to detect the
different valence states and components of certain elements in the
raw materials. The results, as shown in Fig. 3, indicated that the
binding energy of Fe2p w exhibited two characteristic peaks at
around 725 eV and 710 eV, which were identified as Fe2p1/2 and
Fig. 1. X-ray pattern o

3

Fe2p3/2, respectively, according to Verma et al. (2021). Further
analysis utilizing Advantage software revealed eight peaks corre-
sponding to Fe2+ and Fe3+ at 733.15 eV, 728.13 eV, 726.04 eV,
724.01 eV (Fe2p1/2), 719.72 eV, 716.87 eV, 713.47 eV, and
711.03 eV (Fe2p3/2), respectively. These findings were in agree-
ment with the semi-quantitative analysis of Fe2+ and Fe3+ in the
tailings was performed, which were found to be consistent with
the results obtained from XRD analysis. The two characteristic
peaks of V2p at 525 eV and 517 eV corresponded to V2p1/2 and
V2p3/2, respectively, which was consistent with the research
results of Wang et al. (2013). Further analysis identified four peaks
related to V4+ and V5+ at 524.88 eV, 523.63 eV, 517.41 eV, and
516.44 eV, respectively. This indicates that the majority of vana-
dium in the raw tailings existed in the V(V) valence state, with a
small fraction present as V(IV). It was also found that some V(IV)
replaced Al(III) in mica minerals through isomorphism. The
replacement resulted in a stable mica structure, making it difficult
to extract V(IV) (Zhang et al., 2011). Therefore, the destruction of
the vanadium-bearing mica lattice structure holds significant
importance in facilitating vanadium extraction.

The experimental procedure involved the utilization of analyti-
cal grade chemical reagents, including oxalic acid, obtained from
Sinopharm Chemical Reagent Co., Ltd., with a purity greater than
98%. To ensure the purity of the solutions, all aqueous solutions
were prepared using distilled water.

2.2. Experimental procedure

In the leaching experiment, the objective was to determine the
leaching efficiency of vanadium and iron from the raw tailings after
f the raw tailings.



Fig. 2. SEM-EDS diagram of raw tailings.

Fig. 3. XPS spectra of raw materials and the distribution of Fe and V contents in each valence state.
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pretreatment. The raw tailings served as the starting material,
while an oxalic acid solution with a specific concentration was
used as the leaching agent. To control the experimental conditions,
a constant temperature water bath kettle and electromagnetic stir-
ring device were employed to regulate the temperature and rota-
tional speed, respectively. The experimental setup involved
placing a three-mouth beaker filled with the leaching agent into
the constant temperature water bath kettle and initiating the stir-
ring process. The temperature was gradually increased to the
desired preset temperature, and the subsequent treatment was
conducted at a constant temperature. The raw tailings were then
added to the beaker, followed by ultrasonic treatment with a spec-
ified duration. After the leaching process, the solid and liquid com-
ponents were separated, and the concentration of vanadium and
iron in the dried leaching residues was determined. To evaluate
the leaching efficiency, the leaching efficiency was calculated using
the leaching formula represented by Formula (1)

gV ¼ 1� m2 �xV2

m1 �xV1

� �
� 100% ð1Þ

where, gV represents the leaching efficiency of V; m1 represents the
mass of raw tailings (g); xV1 represents the content of V in raw tail-
ings (%); m2 represents the mass of leaching residues (g); xV2 rep-
resents the content of vanadium in leaching residues (%).The flow
chart of the ultrasonic enhanced leaching experiment is shown in
Fig. 4.

To validate the progress of the new process, a conventional acid
leaching experiment was conducted under identical conditions as a
reference blank experiment. Additionally, the variation in oxalic
acid content was examined under both experimental conditions,
namely conventional leaching and ultrasonic leaching, in the blank
experiment without raw tailings. This analysis aimed to elucidate
the synergistic effect of ultrasound and oxalic acid. The obtained
results provided theoretical backing for the viability of this innova-
Fig. 4. Process flow char

5

tive process. All experiments were replicated three times, and the
average results were considered. To differentiate the two pro-
cesses, the concept of differentials was introduced to calculate
the specific distinctions between ultrasonic leaching and the con-
ventional method. conventional leaching.
2.3. Characterizations

(1) Element content analysis
In this experiment, inductively coupled plasma optical emission

spectroscopy (ICP-OES) was used to analyze the vanadium content
in these samples (Mohanty et al., 2021). The solid sample was dis-
solved completely by the acid melting method and then trans-
ferred to a volumetric flask for preservation. In order to ensure
the accuracy of the measurement structure, these samples were
diluted to the standard concentration range for ICP measurement.
The content of H2C2O4 was measured by acid-base titration (Arif
et al., 2023). The experiment was performed in triplicate. Finally,
the content of H2C2O4 was calculated as per the average value of
three measurements.

(2) Component analysis

In the experiment, an X-ray fluorescence (XRF) spectrometer
was used to analyze the chemical constituents of solid samples.
When the sample was prepared, boric acid was used as the adhe-
sion agent and pressed for 30 s under 40Mpa. Besides, the SST-
mAX light tube and Hi-Per scintillation detector were adopted to
perform quantitative analyses of O to U elements.

An X-ray diffractometer (XRD) was used to analyze the phase
constituents of solid samples. Cu was selected as the XRD target
material. The Cu target emitted the Ka line with a wavelength of
1.5419A. The tube current was 40 mA and the tube voltage was
40 kV. The scanning range (2h) was 10–90�. The scanning speed
t of the experiment.
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was 0.06 s/step, and the step interval was set to 0.02�/step. The
scanning structure was analyzed by XRD analysis software x’Pert
Highsocre with the aid of the PDF-2003 database.

The Thermo ESCAlab 250 X-ray photoelectron spectrometer
(XPS) was used to analyze the valence state and content of ele-
ments in the samples. Injecting X-rays into the sample excited
the inner electrons or valence electrons (photoelectrons) of the tar-
get element, and the photoelectron energy was measured by the
detection system. The photoelectron spectroscopy was obtained
through specific calculations, and the relevant information about
the samples was obtained.

(3) Morphology analysis

The JSM-6700F cold field emission scanning electron micro-
scope (SEM) (Electronics Company, Japan) and X-Act energy dis-
perse spectroscopy (EDS) (Oxford Instruments, UK) were used to
detect the surface morphology and micro-element distribution of
samples. Subsequently, the samples obtained under different con-
ditions were plated with gold or carbon to improve their conduc-
tivity, and then these samples were observed in the electron
microscope test chamber.
3. Results and discussion

3.1. Thermodynamic analysis

The complexation reaction between vanadium and oxalic acid
can be divided into three stages, as depicted in Table 3. The first
stage involved the dissolution reaction of V. The main valence
states of V in tailings were (Ⅳ) and (Ⅴ). Under the action of H+,
VO2+ and VO2

+ were generated, respectively. The specific reactions
are shown in Eqs. (1) and (2). The results were consistent with
the conclusion obtained by Liu et al. (2020), indicating that vana-
dium with the valence state of V4+ and V5+ mainly existed in the
form of VO2+ and VO2

+ in the inorganic acid solution with a pH value
below 1.

The second stage involved the complexation reaction of metal
cations. Before the elucidation of the complexation reaction, the
anions of oxalic acid were classified. With the continuation of the
decomposition reaction, the anions of oxalic acid mainly included
HC2O4

� and C2O4
2�. Based on the known ionization constant Ka

(Table 1) of the weak acid, it can be found that the acidity of
C2O4

2� was almost negligible compared with that of HC2O4
�. Hence,

it is widely accepted that HC2O4
� is the main anion in the complex-

ation reaction of oxalic acid (Rezaei et al., 2022). With this under-
standing, further analysis of the complexation reaction was carried
out. In the oxalic acid solution, vanadium oxide ions were com-
bined with oxalic acid and reduced, resulting in the formation of
complex anions. Firstly, VO2+ formed a complex (VOC2O4) under
Table 3
List of vanadium leaching reactions.

Step Chemical reaction equation

First stage V2O5 Sð Þ þ 2H3O
þ $ 2VOþ

2 þ 3H2O

VO2 Sð Þ þ 2H3O
þ $ VO2þ þ 3H2O

Second stage VO2þ þ HC2O
�
4 þ H2O $ VOC2O4 þ

VOC2O4 þHC2O
�
4 þ H2O $ VOðC2O

VOþ
2 þ HC2O

�
4 þ H2O $ VO2ðC2O4

VO2C2O4
� þHC2O

�
4 þ H2O $ VO2

Third stage VO2C2O4
� þ 2Hþ þ HC2O

�
4 ¼ VO Cð

VO2ðC2O4Þ3�2 þ 2Hþ þ HC2O
�
4 ¼ VO

2VO2C2O4
� þ 3Hþ þ HC2O

�
4 ¼ 2VO

2VO2ðC2O4Þ3�2 þ 3Hþ þHC2O
�
4 ¼ 2

6

the complexation of HC2O4
�, and then continued to react under

the action of residual oxalate ions to form a new complex (VO
(C2O4)22�). The specific reaction can be expressed in Eqs. (1) and
(2) (Tracey, 2003). The complexation reaction of VO2

+ in the oxalic
acid system was similar to that of VO2+. The specific complexation
products included VO2C2O4

� and VO2(C2O4)23�. The specific reaction
can be expressed by Eqs. (5) and (6) (Tracey, 2003).

The third stage involved the reduction reaction of V5+ complex-
ation anions. VO2C2O4

� and VO2(C2O4)23� formed VOC2O4 and VO
(C2O4)22�, respectively, under a series of reductions of HC2O4

� in
the acidic environment (Bruyère et al., 2001). After a series of reac-
tions, the integrated reaction Eqs. (7) and (8) were obtained, which
can be simplified to the final reaction Eqs. (9) and (10). Therefore, it
can be concluded that VOC2O4 and VO(C2O4)22� were generated by
vanadium in the valence states of V4+ and V5+, respectively, in the
presence of oxalic acid.

The effect of ultrasound in the vanadium complexation reaction
process can be intuitively judged through the analysis of the con-
trol link in this process. In this regard, a thermodynamic analysis
of possible reactions was conducted with the aid of Factsage 8.1,
as shown in Fig. 5. Within the temperature range of 293–353 K,
the Gibbs free energy was negative in both the first stage and the
third stage. Besides, the reaction in the first stage was more prone
to occur. This indicates that the first stage and the third stage may
proceed spontaneously, and do not play a significant role in the
control of the complexation reaction. Within the temperature
range of 293–353 K, the Gibbs free energy was positive in the
whole reaction in the second stage. This indicates that the reaction
tendency in this stage is relatively insignificant, making it a pivotal
area of interest in the study of the ultrasonic leaching process for
the complexation reaction. On the whole, these reactions can be
ranked as follows: the acidolysis of vanadium oxide, the reduction
of V5+ complex anion, and the complexation of vanadium oxide ion
with oxalic acid.
3.2. Factors affecting leaching of vanadium from the CRAL tailings

3.2.1. Leaching temperature
During the leaching process, it is crucial to consider the effect of

temperature on the efficiency of vanadium leaching. Wu et al.
(2018) found that temperatures above 363 K led to the volatiliza-
tion and decomposition of the oxalic acid solution, resulting in
the wastage of leaching agents. To mitigate this issue, a tempera-
ture range of 293–353 K was determined for the optimal leaching
conditions. In this section, the effect of the leaching temperature
on vanadium leaching efficiency was investigated under the oxalic
acid concentration of 10%, the liquid–solid ratio of 10:1, the ultra-
sonic intensity of 20 W/cm2, and the stirring speed of 200 rpm for
30 min. The results, as shown in Fig. 6(a), indicated that the vana-
dium leaching efficiency increased continuously with the rise in
Serial number

(1)
(2)

H3O
þ (3)

4Þ2�2 þ H3O
þ (4)

Þ� þH3O
þ (5)

ðC2O4Þ3�2 þH3O
þ (6)

2O4Þ þ H2Oþ HC2O4� (7)

C2O4ð Þ2�2 þH2Oþ HC2O4� (8)

C2O4ð Þ þ 2H2Oþ 2CO2 (9)

VO C2O4ð Þ2�2 þ 2H2Oþ 2CO2 (10)



Fig. 5. Thermodynamic analysis of the complexation reaction of vanadium. ((a) The first stage; (b) The second stage; (c) The third stage).
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leaching temperature. This observation can be attributed to the
direct influence of temperature on the reaction rate in chemical
reactions. With higher temperatures, the movement rate between
molecules increases, leading to more energy and increased colli-
sions per unit interval. Additionally, the proportion of activated
molecules increases, which rapidly improves the vanadium leach-
ing efficiency within a short period (Wang et al., 2023). Further-
more, the increase in leaching temperature reduces the viscosity
of the solution, enhancing the diffusion coefficient and indirectly
accelerating the reaction rate. Comparatively, the ultrasonic leach-
ing efficiency gradually increased within the temperature range of
293–333 K, indicating the beneficial effect of utilizing an appropri-
ate temperature in assisting the ultrasonic leaching process. Under
the influence of ultrasound, the solid particle surface’s encapsulat-
ing boundary layer is effectively broken and stripped, continuously
enlarging the reaction area. The temperature rise further elevates
the mass transfer rate, enhancing the leaching process. However,
when the leaching temperature exceeded 333 K, the increase in
ultrasonic rate diminished significantly. This decrease may be
attributed to the higher vapor pressure in cavitation bubbles with
rising temperature, resulting in an increased threshold for bubble
collapse and inhibiting cavitation during the leaching process
(Yan et al., 2021). The presence of iron-bearing components, such
as hematite, could undergo reactions (11) and (12) in the oxalic
acid system, which can merge into reaction (13) (Taxiarchou
et al., 1997). According to the research of Kim et al. (2019), the
complexation reaction of iron proceeded very slowly when the
7

leaching temperature was lower than 338 K. With the progression
of the reaction, the insoluble ferric oxalate products gradually cov-
ered the whole reactant surface layer to prevent the generation of
ferric oxalate ions. Based on these findings, the proper temperature
for the selective leaching of vanadium was determined to be 333 K.

Fe2O3 þ 6H2C2O4 ¼ 2FeðC2O4Þ3�3 þ 6Hþ þ 3H2O ð11Þ

2FeðC2O4Þ3�3 þ 6Hþ þ 4H2O ¼ 2FeC2O4 � 2H2Oþ 3H2C2O4 þ 2CO2

ð12Þ

Fe2O3 þ 3H2C2O4 þH2O ¼ 2FeC2O4 � 2H2Oþ 2CO2 ð13Þ
To fully elucidate the changes of reaction systems in different

processes, blank experiments on the oxalic acid solution were con-
ducted. The results, as depicted in Fig. 6(b), revealed a continuous
increase in the decomposition amount of oxalic acid with rising
leaching temperatures. Furthermore, ultrasound treatment facili-
tated higher decomposition efficiency. In an aqueous solution, oxa-
lic acid underwent gradual decomposition, as indicated by the
following reactions (14) and (15). The ionization constant of acetic
acid in the decomposition process was only 1.75� 10�5, which had
negligible influence on the oxalic acid complexation process. The
decomposition of oxalic acid resulted in significant costs, thus
emphasizing the need to maximize the utilization of decomposi-
tion products in industrial production. Under the influence of
ultrasound, some oxalic acid molecules may react with hydroxyl



Fig. 6. Effect of the leaching temperature on the vanadium leaching efficiency (a) and the oxalic acid decomposition rate (b) under different processes.
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radicals (�OH) to generate numerous bubbles, as shown in Eq. (16)
(Kim et al., 2019). When the adding amount of oxalic acid was
fixed, the number of bubbles produced under the action of ultra-
sound was larger than that produced by the conventional leaching
process. Additionally, most of these bubbles served as nucleation
sites to enhance cavitation.

H2C2O4 ¼ HCOOHþ CO2 " ð14Þ

2HCOOH ¼ CO2 " þCO " þH2 " þH2O ð15Þ

H2C2O4 þ 2 � OH ¼ 2H2Oþ 2CO2 " ð16Þ
8

3.2.2. Oxalic acid concentration
In this section, the effect of the oxalic acid concentration on

vanadium leaching efficiency was investigated under the leaching
temperature of 333 K, the liquid–solid ratio of 10:1, the ultrasonic
intensity of 20 W/cm2, and the stirring speed of 200 rpm for
30 min. The results are shown in Fig. 7(a). The results indicated
that as the oxalic acid concentration increased, the vanadium
leaching efficiency displayed an upward trend, especially within
the range of 1%-5%. This can be attributed to the enhanced reaction
between the high-concentration leaching solution and the solid
particle surface binding site. Notably, the leaching efficiency of



Fig. 7. Effect of the oxalic acid concentration on the vanadium leaching efficiency (a) and the oxalic acid decomposition rate (b) under different processes.
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the two processes increased by 15.10% and 12.07%, respectively,
when the oxalic acid concentration increased from 3% to 5%. This
indicates the highest increase in leaching efficiency with changes
in oxalic acid concentration. However, when the oxalic acid con-
centration exceeded 5%, the increase rate of the leaching efficiency
began to slow down. This indicated that the high-concentration
oxalic acid system does not contribute to further improvement in
leaching efficiency. This can be explained by the limited binding
sites exposed in the solution that can react with oxalic acid, caus-
ing the control mechanism to shift from chemical reactions to dif-
fusion. At an oxalic acid concentration of 5%, the leaching efficiency
of vanadium reached 68.59% and 73.14%, respectively, under con-
ventional and ultrasonic leaching scenarios. On that basis, the opti-
9

mal oxalic acid concentration was determined to be 5%, regardless
of conventional leaching or ultrasonic leaching. Compared with the
conventional process, the ultrasonic enhanced process can enhance
the vanadium leaching process from the raw tailings under differ-
ent oxalic acid concentrations. The difference in leaching efficiency
between the two processes gradually decreased as the leaching
system concentration increased from 1% to 5%. This can be attrib-
uted to the continuous increase in viscosity with increasing oxalic
acid concentration, which resulted in the weakening of cavitation
effects (Xu et al., 2023).

Furthermore, the relationship between the oxalic acid concen-
tration and the oxalic acid decomposition rate was examined, as
shown in Fig. 7(b). The results revealed that changes in oxalic acid
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concentration had minimal impact on the decomposition rate in
the conventional leaching process. However, in the ultrasonic
leaching process, an increase in oxalic acid concentration led to
an improvement in oxalic acid decomposition rate, although the
rate of improvement gradually decelerated. Within the range of
5% to 10% oxalic acid concentration, further increasing the concen-
tration resulted in a rise in the difference value. This can be
explained by the increased bubble generation due to oxalic acid
decomposition under the influence of ultrasound, which ensured
cavitation. In contrast, under conventional conditions, the reaction
diffusion decelerated due to changes in system viscosity, compro-
mising the leaching efficiency.
Fig. 8. Effect of the ultrasonic intensity on the vanadium leaching efficiency

10
3.2.3. Ultrasonic intensity
Ultrasonic intensity (W/cm2) refers to the acoustic energy per

unit area in a unit interval. It can be regarded as the energy acting
on the leaching system. Hence, the ultrasonic intensity would exert
significant impacts on the ultrasonic efficiency. In this section, the
effect of the ultrasonic intensity on vanadium leaching efficiency
was investigated under the leaching temperature of 333 K, the oxa-
lic acid concentration of 5%, the liquid–solid ratio of 10:1, and the
stirring speed of 200 rpm for 30 min. The results are shown in Fig. 8
(a). With the continuous increase of the ultrasonic intensity, the
increase rate of the vanadium leaching efficiency gradually decel-
erated. When the ultrasonic intensity increased from 20 W/cm2
(a) and the oxalic acid decomposition rate (b) under different processes.
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to 40 W/cm2, the vanadium leaching efficiency increased from
73.14% to 86.88%. This can be attributed to the generation of more
cavitation bubble nuclei in the solution, leading to enhanced cavi-
tation effects induced by ultrasound (Xu et al., 2023). The enhance-
ment of cavitation contributed to the stirring of the solution, which
accelerated the heterogeneous reaction rate and the diffusion of
reactants and products. When the ultrasonic intensity exceeded
40 W/cm2, the leaching efficiency remained basically unchanged.
After the cavitation intensity reached a certain degree, cavitation
tended to the saturation state. Under this circumstance, increasing
the ultrasonic intensity would generate numerous ineffective bub-
bles, thus forming a sound shielding phenomenon and reducing
the available sound field energy of the system (Liu et al., 2022).
Based on the vanadium leaching efficiency, the optimal ultrasonic
intensity was determined to be 40 W/cm2.

Meanwhile, the effect of the ultrasonic intensity on the oxalic
acid decomposition rate was also examined, as shown in Fig. 8
(b). With the increase of the ultrasonic intensity, the increase pat-
Fig. 9. SEM images of raw tailings and leaching residues. (wt%) ((a) Raw tailin

Table 4
Comparison of elements contents of raw tailings and leaching residues. (wt%) ((a) raw tai

Elements Fe Mn Cr

Contents (a) 37.93 15.00 11.54
(b) 40.93 15.91 12.34
(c) 41.21 15.97 12.42

11
tern of the oxalic acid decomposition rate was similar to that of the
vanadium leaching efficiency. The thermal effect caused by cavita-
tion in the ultrasonic process generated a local high temperature,
which directly induced the decomposition of oxalic acid in the oxa-
lic acid solution with high-temperature instability (Lin et al., 2022).
Subsequently, with the attenuation of cavitation, the area of the
high-temperature area tended to be saturated, and the increase
trend of the oxalic acid decomposition rate also decelerated.

Moreover, the SEM analysis was performed to explore the
microstructure of raw tailings and leaching residues from different
processes (Fig. 9). There were significant differences in the
microstructure of raw tailings and leaching residues under the
action of ultrasound. The raw tailings had a compact structure,
accompanied by the severe and irregular symbiosis phenomenon,
which was similar to the conventional leaching residues. Under
the action of ultrasound, the average particle size of leaching resi-
dues decreased significantly. Besides, the nesting phenomenon of
different minerals was also improved, which indicated that ultra-
gs; (b) Conventional leaching residues; (c) Ultrasonic leaching residues).

lings; (b) conventional leaching residues; (c) Ultrasonic leaching residues.

Ca Ti Si S V

9.36 9.27 7.33 6 0.84
9.96 9.81 7.65 0.05 0.28
9.99 9.84 7.24 0.04 0.12
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sound exerted a significant impact on the stripping and dispersion
of minerals (Liu et al., 2021c).
3.3. Characterization of leaching residues

The composition of raw tailings and leaching residues was ana-
lyzed using XRF and XRD techniques, and the results are presented
in Table 4 and Fig. 10. The main components identified in the raw
tailings were Fe2O3, CaSO4�(H2O)2, MnCr2O4, FeTiO3, and SiO2. Sim-
ilarly, the leaching residues consisted primarily of Fe2O3, CaC2O4-
�H2O, MnCr2O4, FeTiO3, and SiO2. Interestingly, the phase
diffraction peak intensity of leaching residues was not significantly
attenuated compared with that of raw tailings. This suggests that
the use of cavitation may not be effective in further disrupting
the internal mineral structure when there is an abundance of fine
particles (�200 lm) present in the industrial tailings being used as
raw materials. As shown in chemical Eq. (17), CaSO4�(H2O)2 was
converted into CaC2O4�H2O. The sulfur in the slag exists in two
forms: the free state (SO2�) and the combined state (CaSO4).
SO2� is the residual acid component after industrial acid leaching,
while CaSO4 originally existed within the slag. During the experi-
mental progress, SO2� effectively entered the leaching solution,
while CaSO4 reacted with H2C2O4 to produce CaC2O4 precipitation.
Furthermore, the presence of Fe in the leaching residues from both
processes showed varying degrees of enrichment, facilitating the
subsequent reuse of leaching residues in ironmaking.

CaSO4 + H2C2O4 = CaC2O4#+H2SO4 ð17Þ
In addition, the surface scan analysis (Fig. 11) also detected the

presence of Fe, Mn, Cr, Ca, Ti, Si, S, and V in the leaching residues,
which was consistent with the result measured by XRF. Notably,
the agglomeration area of elements other than Fe was significantly
diminished in the ultrasonic leaching residues compared to the
conventional ones. This can be attributed to the shear stress caused
by the collapse of cavitation bubbles under the action of ultra-
sound, which destroyed and stripped off the surface layers of dif-
ferent phases, thus exposing inclusions such as gangue (Verma
et al., 2021). Under this circumstance, oxalic acid was prone to con-
tact with V in the Ca phase and the Si phase through cracks and
Fig. 10. Phase comparison of raw tailings and leaching residues (wt%). ((a) Raw t

12
pores. Therefore, the application of ultrasound enlarged the reac-
tion interface, improved the contact between solid and liquid,
and accelerated the reaction rate.

The occurrence state of the main elements in raw tailings under
the action of oxalic acid and ultrasound was analyzed by XPS
(Fig. 12). The similar elements between leaching residues and
raw tailings mainly included Fe2p, O1s, and Ti2p. The distribution
of the characteristic peaks of Fe and V in the leaching residues was
similar to that of raw tailings. The characteristic peaks of both were
located at 734.0 eV, 729.8 eV, 726.2 eV, and 723.8 eV (Fe2p1/2) and
719.9 eV, 716.7 eV, 712.8 eV, and 710.4 eV (Fe2p3/2); 524.3 eV and
523.0 eV (V2p1/2) and 517.1 eV and 516.0 eV (V2p3/2), respec-
tively (Wu et al., 2023; Jenifer and Sriram, 2023).

The intensity of iron diffraction peaks in leaching residue exhib-
ited slight changes compared with that in raw tailings. Addition-
ally, both conventional and ultrasonic leaching residues
displayed a similar content of iron in different valence states, sug-
gesting that the Fe-bearing phase had minimal participation in the
pure oxalic acid system reaction. In contrast, the significantly
increased content of Fe3+ in ultrasonic leaching residues suggested
that the oxidation potential of the leaching system was improved
under the action of ultrasound. As a result, compact ilmenite was
converted into loose iron oxide, facilitating the stripping and dis-
persion of mineral particles. Notably, the intensity of vanadium
diffraction peaks in the leaching residues exhibited a significant
reduction in comparison to the raw tailings, specifically in terms
of V5+. This observation indicated that V5+ in raw tailings had a
low encapsulation degree compared with V4+, which was beneficial
to the leaching and recovery of V5+. Moreover, the analysis of vana-
dium content in different valence states revealed a similar propor-
tion of vanadium in the tailings. Both V4+ and V5+ accounted for
roughly half of the total content, while a portion of vanadium with
various valence states remained encapsulated.
3.4. Mechanism analysis

Based on a comparative analysis of different leaching processes,
this study aimed to summarize the mechanism of ultrasound in the
CRAL tailings. The initial analysis of the conventional leaching pro-
cess revealed that vanadium mainly existed in calcium sulfate col-
ailings; (b) Conventional leaching residues; (c) Ultrasonic leaching residues).



Fig. 11. Backscattering diagram and element distribution diagram of different leaching residues. ((a) Conventional leaching residues; (b) Ultrasonic leaching residues).
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loid and gangue in raw tailings. After complexation with oxalate
ions, the colloid transformed into calcium oxalate precipitation.
The residual vanadium adsorbed by the colloid was converted into
water-soluble vanadium ions in the acidic environment, which
then reacted with oxalate ions. However, the gangue did not react
with acidic substances, leading to the retention of some vanadium
within its lattice structure, thereby hindering its release during the
13
complexation reaction. Additionally, the slow diffusion in the con-
ventional leaching process resulted in the unnecessary decomposi-
tion of some oxalic acid at high temperatures, thereby increasing
production costs.

The introduction of ultrasound in the leaching process triggers a
chemical reaction due to the collapse of microbubbles under cavi-
tation. This reaction generates highly active free radicals known as



Fig. 12. XPS spectra of leaching residues and the distribution of Fe and V contents in each valence state. ((a) Conventional leaching residues; (b) Ultrasonic leaching residues).

Table 5
Expression of mechanism analysis.

Chemical equation Serial number

H2OþÞÞÞ ! H � þHO� (18)
H � þH� ! H2 (19)
Hþ þ H2OþÞÞÞ ! HO � þH2 (20)

Fig. 13. EPR spectra in different leaching systems.

H. Li, Q. Ren, S. Tian et al. Arabian Journal of Chemistry 16 (2023) 105344
hydroxyl radicals (�OH) that possess strong oxidation ability but
weak selectivity. The oxidation ability of �OH is second only to flu-
orine, as its standard electrode potential is 2.8 eV. Consequently,
the introduction of �OH effectively alleviates the control limitation
in the complexation reaction. By selectively targeting the elements
in the tailings, the addition of �OH can facilitate the oxidative leach-
ing reaction when combined with oxalic acid. The generation of
�OH in the complexation reaction involves two main sources.
Firstly, under the influence of ultrasound, �OH is produced through
the decomposition of water molecules, as depicted in chemical Eqs.
(18) and (19) in Table 5. Secondly, �OH is generated from the reac-
tion between hydrogen ions and water molecules under the influ-
ence of ultrasound, as expressed in Eq. (20) (Chen et al., 2020).
14



Fig. 14. The mechanism of ultrasound in the complexation reaction of raw tailings.
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To investigate the chemical impact of ultrasonic waves on the
leaching process, Electron Paramagnetic Resonance (EPR) was
employed to decipher the formation pattern of OH in various
leaching systems under optimal ultrasonic leaching conditions.
As depicted in Fig. 13, the application of ultrasound in the distilled
water system yielded an inconspicuous �OH signal, possibly due to
the low ultrasonic power. However, upon the addition of H2C2O4, a
distinct �OH characteristic peak materialized in the original system
under ultrasonic influence. To determine the primary source of OH,
the generation of OH radicals in the H2C2O4 solution sans ultra-
sonic intervention was examined. Although the inclusion of
H2C2O4 resulted in a stronger �OH signal, it did not match the inten-
sity observed with ultrasonic treatment. This indicates that H2C2O4

can autonomously produce �OH under heated conditions, albeit in
limited quantities. Ultrasonic waves, on the other hand, effectively
enhance the oxidation reaction of H2C2O4 by inducing cavitation
effects, facilitating the entry of the reaction system into a super-
critical state, and promoting the efficient decomposition of
H2C2O4, leading to the generation of OH radicals.

Given the limitations of the conventional leaching process, this
study aims to explore the potential benefits of ultrasound in the
leaching process. As shown in Fig. 14, the mechanism of ultrasound
was investigated in detail. Two primary pathways were identified
for the generation of hydroxyl radicals (�OH) in the oxalic acid sys-
tem under ultrasound irradiation. Firstly, ultrasound can directly
decompose H2O in the solution to generate OH. This process signif-
icantly enhances the oxidation environment of the reaction. Sec-
ondly, under the action of ultrasound, the acidic environment
facilitates the decomposition of hydronium ions H3O+ into �OH.
This further contributes to the generation of �OH and the improve-
ment of the reaction conditions. The generation of �OH is not only
advantageous for the oxidation environment but also plays a cru-
cial role in the direct reaction with oxalic acid. This leads to the
release of numerous carbon dioxide (CO2) bubbles. These bubbles,
originating from both the CO2 in the solution and the CO2 attached
to the mineral surface, act as nuclei for bubble formation. The con-
15
tinuous growth of these bubbles, influenced by the phenomenon of
cavitation, ultimately leads to their collapse and rupture. Conse-
quently, micro-jets are formed, which effectively destroy the min-
eral surface and accelerate the mass transfer process. Additionally,
the local high temperature and high pressure induced by ultra-
sound contribute to the enhanced nesting phenomenon of symbi-
otic tailings. Consequently, the chemical reaction process is
accelerated. Furthermore, ultrasound exhibits both a perturbation
effect and an energy gathering effect. These effects collectively lead
to a reduction in the activation energy of the reaction, promoting
the generation of �OH and facilitating the continuous oxalic acid
decomposition cycle. Ultimately, this improves the conditions of
complexation reactions.

4. Conclusion

In this study, a novel method, known as ultrasonic enhanced
oxalic acid complexation, was utilized to effectively remove resid-
ual vanadium from calcification roasting-acid leaching tailings. The
main conclusions are as follows:

(1) Ultrasonic enhanced oxalic acid complexation significantly
improves vanadium removal efficiency. Under the optimal
conditions of temperature 333 K, oxalic acid concentration
5%, liquid–solid ratio 10:1, ultrasonic intensity 40 W/cm2,
stirring speed 200 rpm and stirring time 30 min, the removal
rate of vanadium and the decomposition rate of oxalic acid
reached 86.88% and 23.6%, respectively, which were signifi-
cantly higher than the corresponding values achieved by the
conventional method (The removal rate of vanadium
increased by 26.67%, and the decomposition rate of oxalic
acid by 81.54%). By extracting a majority of the vanadium
from the slag, this method reduces environmental pollution
and provides valuable vanadium metal for industrial appli-
cations. This study serves as a theoretical foundation for
the advancement of vanadium industrial production.
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(2) The acidity of leaching environment is a key factor affecting
the leaching efficiency. In the conventional leaching process,
oxalic acid decomposes into acetic acid, which compromises
the effect of complexation between oxalic acid and vana-
dium. Ultrasonic cavitation generates��OH, which minimizes
the formation of acetic acid. Additionally, and under strong
oxidation potential, oxalic acid directly decomposes to pro-
duce a large number of CO2 bubbles. Some of these bubbles
firmly adhere to the surface of the original tailings and the
solution, supplementing the limited bubble nucleuses gen-
erated by cavitation, thus directly enhancing the cavitation
effect and providing enough �OH in a virtuous cycle during
the ultrasonic leaching process.

(3) The virtuous cycle, with the �OH generated by cavitation
continuously participating in the decomposition of oxalic
acid to produce more CO2 bubbles as cavitation bubble
nuclei, fuels the ultrasonic leaching process. The strength-
ened cavitation effect occurs due to the ultrasonic waves
acting on the interface between the leaching agent and the
material particles, generating micro-jets that accelerate the
destruction of inclusions and promote mass transfer. Simul-
taneously, local high temperatures and pressures facilitate
the stripping and dispersion of associated tailings. Further-
more, the micro-disturbance effect and energy accumulation
reduce the activation energy required for reactions. These
factors optimize complexation conditions and accelerate
chemical reactions.

Overall, the ultrasonic enhanced oxalic acid complexation
method demonstrates great promise for efficient vanadium
removal from calcification roasting-acid leaching tailings. Its abil-
ity to enhance vanadium removal efficiency, reduce environmental
pollution, and provide valuable vanadium metal holds immense
potential for industrial applications.
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