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The article presents an overview of the basic technologies employed for the processing of these vanadium-
containing materials. These technologies encompass a range of extraction methods, including roasting, leaching,
solvent extraction, and precipitation. The specific techniques employed for each source material are discussed
in detail, highlighting their advantages and limitations. Black shale ore, a significant source of vanadium,
is explored for its extraction potential. Vanadium-containing titanium magnetite ores, known with their
abundant vanadium content, are investigated as another prominent source. Additionally, spent vanadium
catalysts, which are commonly utilized in several industrial processes, are examined as a potential source
for vanadium extraction. Furthermore, vanadium-containing bauxite raw materials, oil, and steel production
slags are evaluated for their vanadium extraction capabilities. Overall, this article provides a comprehensive
understanding of the various sources of vanadium and the technologies employed for their extraction. The
insights presented here will aid researchers and industry professionals in developing efficient and sustainable
processes for vanadium extraction, ensuring a stable supply of this valuable transition metal for various
applications.
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1. Introduction

Vanadium, a transition metal with atomic number 23 and
symbol V, is a crucial element that finds extensive applica-
tions in various industries, including steel production [1],
energy storage [2], and catalysis [3]. Its unique properties,
such as high strength, excellent corrosion resistance, and
the ability to form stable compounds, make it indispensable
in these sectors [4]. Therefore, the extraction and processing
of vanadium from different sources have gained significant
attention in recent years. As the demand for vanadium
continues to rise, the efficient processing of vanadium ores

and industrial waste becomes paramount for ensuring a
sustainable supply chain of this important resource [5, 6].

The main technological sources of vanadium consid-
ered in this study include black shale ore [7], vanadium-
containing titanium magnetite ores [8], spent vanadium
catalysts [9], vanadium-containing bauxite raw materials
[10], oil [11], and steel production slags [12]. Each of these
sources possesses varying concentrations of vanadium and
requires distinct techniques for efficient extraction.

As it known, vanadium-containing ores and materials
are processed using a combination of hydrometallurgical
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Fig. 1. Flowsheet of recovery of vanadium from vanadium
source to V2O5 [12].

and pyrometallurgical methods to extract and refine vana-
dium. These processes are aimed at separating vanadium
from other minerals and impurities, and producing high-
purity vanadium compounds.

Hydrometallurgical processes involve the use of aque-
ous solutions to extract vanadium [13]. One common
method is known as acid leaching, where the ore or mate-
rial is treated with sulfuric acid or another suitable acid (
Fig. 1). This process dissolves the vanadium minerals and
forms a solution containing vanadium ions. The solution is
then purified and subjected to various chemical reactions
to separate vanadium from other impurities. Solvent ex-
traction and ion exchange techniques are often employed
to isolate and concentrate vanadium. Finally, the vanadium
is precipitated as a compound, typically ammonium meta-
vanadate or vanadium pentoxide, through the addition of
suitable reagents [14].

Pyrometallurgical processes involve high-temperature
operations to extract vanadium from ores and materials
[15]. One common method is known as the roast-leach
process. In this process, the ore or material is first roasted
at high temperatures to convert vanadium minerals into
water-soluble compounds. The roasted material is then
leached with an appropriate solution to dissolve the vana-
dium compounds. The resulting solution is further pro-
cessed to remove impurities and recover vanadium. This
may involve precipitation, filtration, and other separation
techniques. The vanadium is eventually obtained as a high-
purity compound, such as vanadium pentoxide [16, 17].
It is important to emphasize that the water leaching is al-
ways preceded by the roasting step, which convert the
vanadium-containing mineral into a soluble form. The
roasting process involves heating the mineral, causing a
chemical change that makes vanadium easier to dissolve in
water. It is important to note that depending on the desired
product, additional reagents may be added during roast-

ing. For example, if a chloride solution is desired, chloride-
containing reagents are used, and a chemical reaction oc-
curs during roasting, resulting in the formation of easily
soluble chloride products. Alternatively, acid or alkaline
teaching can be applied directly to vanadium-containing
minerals without roasting, as they have the ability to extract
vanadium without pre-treatment.

In addition to these primary methods, there are also
secondary processes used to recycle and recover vanadium
from various waste materials, such as spent catalysts [18,
19] and fly ash from coal combustion [20, 21]. These pro-
cesses typically involve a combination of hydrometallurgi-
cal and pyrometallurgical techniques to extract vanadium
from these secondary sources. The treatment of industrial
waste, such as spent catalysts, fly ash, and slag containing
vanadium, offers a promising source for vanadium recov-
ery. Consequently, exploring effective methods to treat
these waste streams for vanadium extraction not only has
economic benefits but also contributes to reducing environ-
mental contamination. By summing existing literature and
incorporating the latest findings, this review article aims to
provide a comprehensive understanding of the methods of
processing vanadium ores and industrial waste. Moreover,
we will delve into the challenges and limitations associ-
ated with these methods, highlighting the need for further
research and development to enhance the efficiency and
sustainability of vanadium processing. This knowledge
can serve as a valuable resource for researchers, engineers,
and industry professionals involved in vanadium produc-
tion, as well as contribute to the overall understanding of
sustainable resource management.

2. Processing of black shale ores

2.1. Methods of vanadium recovery from black shale ores
using acid-based technologies

The acid leaching method is a widely used process for the
extraction of valuable metals from black shale ores [22].
Black shale ores are sedimentary rocks containing high
concentrations of various minerals including base metals,
precious metals, and rare earth elements [23]. The acid
leaching method involves the use of strong acids to dissolve
and extract these valuable metals from the ore Fig. 2.

The first step in the acid leaching process is the prepa-
ration of the ore. The black shale ore is typically crushed
and ground into fine particles to increase the surface area
for better contact with the acid. This is followed by a series
of pre-treatment steps such as roasting or calcination to
remove any impurities or organic matter that may inter-
fere with the leaching process. Once the ore is properly
prepared, it is then subjected to the acid leaching process.
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Fig. 2. Technological scheme of processing
vanadium-containing shale ores by acid method [21].

Sulfuric acid is the most commonly used acid for this pur-
pose due to its availability and effectiveness in dissolving a
wide range of metals. The acid is typically added to the ore
in a controlled manner to ensure efficient leaching while
minimizing acid consumption.

During the leaching process, the acid reacts with the
minerals in the ore, dissolving the valuable metals into
solution. The leaching conditions, such as temperature,
pressure, and acid concentration, are carefully controlled to
optimize the leaching efficiency. Increasing the temperature
and acid concentration can enhance the dissolution kinet-
ics, but excessive conditions may also lead to unwanted
side reactions or the formation of insoluble compounds.
The leach solution, which contains the dissolved metals, is
then separated from the remaining solid residue through
a series of solid-liquid separation techniques such as fil-
tration or sedimentation. The solid residue, also known
as the leach residue or tailings, may still contain traces of
valuable metals and can be further processed to recover
any remaining metals.

The next step in the acid leaching process is the recovery
of the dissolved metals from the leach solution. This is
typically achieved through sorption, precipitation or sol-
vent extraction techniques [24]. Precipitation involves the
addition of a suitable reagent to the leach solution, causing
the metals to form insoluble precipitates that can be easily
separated. Solvent extraction, on the other hand, involves

the use of an organic solvent that selectively extracts the
desired metals from the leach solution. The recovered met-
als can then be further purified and processed to obtain the
final product. Depending on the specific metals of interest,
additional refining steps such as electrowinning or smelt-
ing may be required. These steps aim to remove impurities
and enhance the purity and quality of the final metal prod-
uct. The acid leaching method offers several advantages
for the processing of black shale ores [25]. Firstly, it allows
for the extraction of a wide range of valuable metals from
the ore, including base metals such as copper and zinc,
precious metals such as gold and silver, and rare earth ele-
ments. This makes it a versatile and economically viable
method for the recovery of multiple metals from a single
ore source.

Secondly, the acid leaching process is relatively simple
and straightforward, requiring minimal equipment and
infrastructure compared to other extraction methods. This
makes it a cost-effective option for both small-scale and
large-scale mining operations. Furthermore, the acid leach-
ing method is environmentally friendly compared to tradi-
tional mining and extraction methods. It reduces the need
for extensive mining operations, which can cause signifi-
cant environmental damage and disturbance. Additionally,
the use of acids in the leaching process can be optimized to
minimize acid consumption and waste generation. How-
ever, the acid leaching method also has some limitations
and challenges. One of the main challenges is the presence
of impurities in the ore, such as organic matter or refractory
minerals, which can interfere with the leaching process
and reduce the overall extraction efficiency. Pre-treatment
steps, such as roasting or calcination, are often necessary to
remove these impurities and improve the leaching perfor-
mance.

Another challenge is the management of the leach
residue or tailings. These residues may contain residual
metals or other contaminants that require proper disposal
or treatment to prevent environmental contamination. Ef-
forts are being made to develop sustainable and environ-
mentally friendly solutions for the management of these
residues, such as recycling or reprocessing technologies.

Acid leaching method offers a cost-effective and environ-
mentally friendly approach for the extraction of valuable
metals from these complex ores. With ongoing advance-
ments in technology and process optimization, the acid
leaching method continues to be a promising option for the
mining industry.
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2.2. Methods of vanadium recovery from black shale ores
using alkaline-based technologies

The alkaline leaching process involves the use of alkaline
solutions, typically sodium hydroxide (NaOH) or ammo-
nium hydroxide (NH4OH), to dissolve the metals present
in the ore. The leaching is typically carried out at elevated
temperatures and pressures to enhance the dissolution ki-
netics. The alkaline solution acts as a leaching agent by
breaking down the mineral structure and releasing the met-
als into the solution [26].

One of the key advantages of the alkaline leaching
method is its ability to selectively dissolve certain metals
while leaving others untouched. This selectivity is achieved
by controlling the pH and the composition of the leaching
solution. For example, in the case of black shale ores, the
alkaline leaching method can be used to selectively extract
valuable metals such as vanadium, uranium, and REE,
while leaving the unwanted components, such as iron and
silicon, in the residue.

The alkaline leaching process is influenced by several
factors, including the particle size of the ore, the concen-
tration of the leaching solution, the leaching time, and the
temperature and pressure conditions. The particle size of
the ore plays a crucial role in determining the leaching effi-
ciency, as smaller particles offer a larger surface area for the
leaching solution to come into contact with the ore. The con-
centration of the leaching solution affects the rate of metal
dissolution, with higher concentrations generally resulting
in faster leaching kinetics. The leaching time, temperature,
and pressure conditions are optimized to achieve the de-
sired metal recovery while minimizing the consumption of
reagents and energy [27].

In addition to the leaching parameters, the alkaline
leaching method is also influenced by the mineralogical
composition of the ore. The presence of sulphide minerals,
can significantly affect the leaching process. These min-
erals can react with the alkaline solution, leading to the
consumption of reagents and the formation of undesired
by-products. Therefore, a thorough understanding of the
ore’s mineralogy is essential for the successful implementa-
tion of the alkaline leaching method.

The alkaline leaching method has been successfully ap-
plied to various black shale ores around the world. Sev-
eral studies have reported high metal recoveries using this
method. For example, a study conducted on a black shale
ore from the Zechstein deposit in Poland reported vana-
dium recoveries of up to 90% using a sodium hydroxide
leaching solution. Another study on a black shale ore from
the Kupferschiefer deposit in Germany achieved vanadium
recoveries of over 95% using an ammonium hydroxide

Fig. 3. Generic vanadium production flowsheet from
titanomagnetites, based on several industrial examples

[29].

leaching solution [28].
Apart from metal recovery, the alkaline leaching method

also offers the advantage of environmental sustainability.
By selectively extracting metals from the ore, the method
reduces the need for traditional mining and processing
techniques, which often generate large amounts of waste
and have a significant environmental impact. Furthermore,
the alkaline leaching method can also be combined with
other extraction techniques, such as solvent extraction and
electrowinning, to further enhance the metal recovery effi-
ciency and minimize the environmental footprint.

As we see, the alkaline leaching method is a competent
and scientific approach for the processing of black shale
ores. It offers the advantages of selective metal recovery,
high metal yields, and environmental sustainability. How-
ever, successful implementation of the alkaline leaching
method requires a thorough understanding of the ore’s
mineralogy and the optimization of leaching parameters.
Further research and development in this field are neces-
sary to improve the efficiency and cost-effectiveness of the
alkaline leaching method for the processing of black shale
ores.

3. Methods of vanadium recovery from vanadium-
bearing magnetite ores

The processing of vanadium-bearing magnetite ores is a
complex and multi-step procedure that involves various
methods and techniques. These ores typically contain a
significant amount of iron and vanadium, making them
valuable resources for the production of steel and other al-
loys. The extraction of vanadium from these ores involves
several stages, including crushing, grinding, magnetic sep-
aration, and smelting Fig. 3 [29].

The first step in processing Vanadium-bearing mag-
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netite ores is the crushing and grinding of the ore to re-
duce its size. This is typically done using jaw crushers and
ball mills, which break the ore into smaller particles. The
purpose of this step is to increase the surface area of the
ore, allowing for better contact with the chemicals used in
subsequent processes. Once the ore is crushed and ground,
it undergoes magnetic separation to separate the magnetite
from the other minerals. This is achieved using magnetic
separators, which utilize the magnetic properties of the
magnetite to attract and separate it from the non-magnetic
minerals. The magnetite concentrate obtained from this
process is rich in iron and vanadium. The next step in
the processing of Vanadium-bearing magnetite ores is the
smelting of the magnetite concentrate. Smelting involves
heating the concentrate in a furnace to high temperatures,
typically above 1200◦C. This process aims to separate the
iron and vanadium from the other impurities present in the
concentrate. During smelting, the magnetite concentrate
is mixed with fluxes, such as limestone and silica, which
help remove impurities and facilitate the formation of a
molten slag. The slag, which contains most of the impuri-
ties, is then removed from the furnace, while the molten
metal, consisting mainly of iron and vanadium, is tapped
and collected. After smelting, the molten metal is further
processed to obtain pure vanadium. One common method
is the vanadium extraction from the molten metal using
an oxygen blowing process. This involves blowing oxygen
through the molten metal, which reacts with the vanadium
to form vanadium pentoxide (V2O5). The V2O5 can then be
further processed to obtain various vanadium compounds
or converted into ferrovanadium, a popular alloy used in
the steel industry [30].

Another method for vanadium extraction from the
molten metal is the ammonium metavanadate (NH4VO3)
precipitation process. In this method, ammonium meta-
vanadate is precipitated from the molten metal by adding
ammonium chloride or ammonium carbonate. The precipi-
tated ammonium metavanadate can be further processed to
obtain vanadium compounds or converted into ferrovana-
dium [31].

In recent years, there has been increasing interest in hy-
drometallurgical methods for the processing of vanadium-
bearing magnetite ores. These methods involve the use of
chemical solutions to extract vanadium from the ore. One
such method is the acid leaching process, which involves
leaching the crushed and ground ore with sulfuric acid
or hydrochloric acid. The leach solution is then treated to
remove impurities and recover vanadium as a vanadium
compound.

Another hydrometallurgical method is the alkaline

leaching process, which uses alkaline solutions, such as
sodium hydroxide or sodium carbonate, to extract vana-
dium from the ore. The leach solution is then treated to
remove impurities and recover vanadium as a vanadium
compound. The processing of vanadium-bearing mag-
netite ores involves a combination of physical and chemical
methods, including crushing, grinding, magnetic separa-
tion, smelting, and hydrometallurgical processes. Each
step in the process is crucial for the efficient extraction of
vanadium from the ore. The choice of processing method
depends on various factors, such as the ore composition,
desired vanadium product, and economic considerations.

4. Methods of vanadium recovery from bauxite
residue

Bauxite residue, also known as red mud, is a byproduct of
the aluminum production process and is generated from
the digestion of bauxite ore with sodium hydroxide. It is
estimated that around 150 million tons of bauxite residue
are produced annually worldwide. This residue is primar-
ily composed of iron oxide, titanium oxide, and alumina,
but it also contains several other valuable metals, including
vanadium [32].

The recovery of vanadium from bauxite residue has
gained significant attention in recent years due to the in-
creasing demand for this metal in various industries, such
as steel production, energy storage, and catalysis. Several
methods have been investigated for the extraction and re-
covery of vanadium from bauxite residue, including physi-
cal separation, leaching, and precipitation techniques.

Physical separation methods involve the separation
of vanadium-bearing phases from the rest of the bauxite
residue matrix. This can be achieved through techniques
such as magnetic separation, gravity separation, and froth
flotation. Magnetic separation relies on the magnetic prop-
erties of vanadium-bearing minerals to separate them from
the non-magnetic components. Gravity separation utilizes
the differences in density between the vanadium-bearing
minerals and the rest of the bauxite residue to achieve sep-
aration. Froth flotation, on the other hand, exploits the
differences in surface properties between the vanadium-
bearing minerals and the gangue minerals in the bauxite
residue.

Leaching methods involve the dissolution of vanadium
from the bauxite residue matrix using various chemical
reagents. Acid leaching is one of the commonly used tech-
niques, where sulfuric acid is often employed to dissolve
the vanadium oxide minerals. The leachate containing
vanadium is then subjected to further processing to recover
the metal. Alkaline leaching, using sodium hydroxide or
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sodium carbonate, has also been investigated as an alterna-
tive method for vanadium recovery. This method offers the
advantage of selective leaching, where vanadium is pref-
erentially dissolved while leaving other valuable metals,
such as iron and titanium, behind in the residue [33].

Precipitation techniques are used to recover vanadium
from the leachate obtained through leaching methods. One
of the commonly employed techniques is solvent extrac-
tion, where an organic solvent is used to selectively extract
vanadium from the leachate. The extracted vanadium is
then stripped from the organic phase using an appropriate
stripping agent to obtain a concentrated vanadium solution.
Another precipitation method involves the use of chemical
precipitants, such as ammonium metavanadate or sodium
metavanadate, to selectively precipitate vanadium from the
leachate. The precipitated vanadium can then be further
processed to obtain vanadium compounds or metal [34].

In recent years, there has been growing interest in the
development of innovative and sustainable methods for
vanadium recovery from bauxite residue. This includes
the exploration of bioleaching techniques, where microor-
ganisms are used to selectively dissolve vanadium from
the residue matrix. These microorganisms produce organic
acids that can effectively leach vanadium, offering a poten-
tially cost-effective and environmentally friendly approach.
The recovery of vanadium from bauxite residue is a com-
plex process that requires the implementation of various
methods, including physical separation, leaching, and pre-
cipitation techniques. Each method has its advantages and
limitations, and the selection of an appropriate method
depends on factors such as the composition of the baux-
ite residue, the desired purity of the vanadium product,
and the economic viability of the process. Further research
and development efforts are needed to optimize and im-
prove the efficiency of these methods to ensure sustainable
and economically viable vanadium recovery from bauxite
residue.

5. Methods of vanadium recovery from fly ash and
coal

Fly ash is a byproduct of coal combustion in thermal power
plants. Fly ash and coal contain trace amounts of vanadium,
making them potential sources for its recovery ( Table 1).

Several methods have been developed and studied to
extract vanadium from these sources, each with its own
advantages and limitations. One of the most commonly em-
ployed methods for vanadium recovery from fly ash is acid
leaching. This process involves treating fly ash with an acid
solution, typically sulfuric acid, to dissolve the vanadium
present. The leaching efficiency can be enhanced by factors

such as temperature, acid concentration, and particle size.
Numerous studies have investigated the effects of these pa-
rameters on the leaching process. For instance, Wang et al.
[35] conducted experiments to optimize the acid leaching
of vanadium from coal ash. They found that increasing the
temperature and acid concentration significantly improved
the vanadium extraction efficiency. Additionally, reducing
the particle size of fly ash increased the surface area avail-
able for leaching, resulting in higher vanadium recovery
rates.

Another method commonly used for vanadium recov-
ery from fly ash is alkaline leaching. In this process, fly ash
is treated with alkaline solutions, such as sodium hydrox-
ide or ammonia, to extract vanadium. Alkaline leaching
has been shown to be effective in recovering vanadium
from fly ash with high alkaline content. However, the pres-
ence of other elements, such as calcium and magnesium,
can interfere with the extraction process.

In a study by Font et al. [36], the authors investigated
the alkaline leaching of vanadium from fly ash with a high
calcium content. They found that the addition of a chelat-
ing agent, such as EDTA (ethylenediaminetetraacetic acid),
improved the vanadium extraction efficiency by reducing
the interference of calcium. The study concluded that alka-
line leaching, combined with a chelating agent, could be
a promising method for vanadium recovery from fly ash
with high calcium content.

In a study by Masoum et al. [37], the authors investi-
gated the acid leaching of vanadium from coal ash using
hydrochloric acid. They found that the leaching efficiency
was influenced by factors such as acid concentration, tem-
perature, and leaching time. Increasing the acid concentra-
tion and temperature enhanced the vanadium extraction,
while extending the leaching time had a diminishing effect.
Roasting and smelting are alternative methods for vana-
dium recovery from coal. Roasting involves heating coal in
the presence of air or oxygen, which oxidizes vanadium to
a soluble form that can be leached. Smelting, on the other
hand, involves the reduction of vanadium oxides in coal
to metallic vanadium, which can then be separated and
purified.

6. Methods of vanadium recovery from oil residue

Vanadium recovery from oil residue is an important area
of research due to the increasing demand for vanadium.
Oil residue, also known as petroleum coke or petcoke, is
a byproduct of the oil refining process and contains sig-
nificant amounts of vanadium [38–40]. One of the most
common methods for vanadium recovery from oil residue
is through hydrometallurgical processes. These processes
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Table 1. Components of stone coal [35]

Chemical
Composition Content (%) Chemical

Composition Content (%)

Quartz 38.05 Vanadate and
vanadium oxide 2.28

Carbonaceous and
clay materials 15.87 Feldspar 2.59

Loewite 9.64 Molybdenite 2.63
Carbonaceous matter 7.02 Nickel potassium 2.06

Spinel 4.26 Periclase 0.66
Roscoelite 6.81 Others 6.91

involve the use of chemical solutions to selectively extract
vanadium from the petcoke. One such method is acid leach-
ing, where the petcoke is treated with a strong acid, such
as sulfuric acid or hydrochloric acid, to dissolve the vana-
dium. The resulting solution is then processed to recover
the vanadium by sorption or extraction. Several studies
have investigated the optimization of acid leaching parame-
ters, such as acid concentration, temperature, and leaching
time, to enhance vanadium recovery efficiency [41].

Another hydrometallurgical method involves the use of
alkaline solutions for vanadium extraction (Fig. 4). In this
process, the petcoke is treated with a strong alkali, such as
sodium hydroxide or potassium hydroxide, to dissolve the
vanadium [42]. The resulting solution is then subjected to
various purification steps to isolate the vanadium (Fig. 4).

Researchers have explored different factors affecting the
alkaline leaching process, including alkali concentration,
reaction temperature, and leaching time, to maximize vana-
dium recovery In addition to hydrometallurgical methods,
pyrometallurgical processes have also been investigated
for vanadium recovery from oil residue. Pyrometallurgy
involves the use of high temperatures to extract and sepa-
rate metals from ores or other materials. One such method
is the roasting of petcoke followed by leaching with an acid
solution. The roasting process converts vanadium com-
pounds present in the petcoke into a more soluble form,
facilitating their extraction during the subsequent leaching
step. Studies have examined the influence of roasting tem-
perature, duration, and atmosphere on vanadium recovery
efficiency [43].

Furthermore, researchers have explored the possibility
of using bioleaching techniques for vanadium recovery
from oil residue. Bioleaching involves the use of microor-
ganisms or their metabolic products to extract metals from
ores or other materials. Several studies have reported the
isolation and characterization of vanadium-tolerant bacte-
ria capable of leaching vanadium from petcoke. These bac-
teria produce organic acids or enzymes that can solubilize
vanadium, making it accessible for recovery. Optimization

Fig. 4. technological scheme of crude oil processing by the
alkaline method [42]

of bioleaching parameters, such as bacterial concentration,
temperature, and pH, has been investigated to improve
vanadium recovery efficiency [44].
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Fig. 5. Flow sheet for recovering vanadium from
desalination residue [46].

7. Methods of vanadium recovery from spent cata-
lysts

One significant application of vanadium is its use as a cata-
lyst in the production of sulfuric acid [45]. Spent vanadium
catalysts from sulfuric acid production contain a consider-
able amount of vanadium, making their recovery an eco-
nomically viable and environmentally sustainable process.

One of the primary methods used for vanadium recov-
ery from spent catalysts is leaching ( Fig. 5 ) [46].

Leaching involves the dissolution of the vanadium-
containing material in a suitable solvent, followed by the
separation and purification of the vanadium. Different
leaching agents have been investigated, including sulfuric
acid, hydrochloric acid, and alkaline solutions. The choice
of leaching agent depends on factors such as the nature of
the spent catalyst and the desired purity of the recovered
vanadium.

Sulfuric acid leaching is commonly employed due to its
compatibility with the spent vanadium catalysts used in
sulfuric acid production. The leaching process involves the
dissolution of the spent catalyst in a concentrated sulfuric
acid solution, followed by the separation of impurities and

precipitation of vanadium compounds. The vanadium con-
tent in spent catalysts can range from 5% to 25%, depending
on the specific application and operational conditions. The
leaching efficiency can be enhanced by adjusting factors
such as temperature, acid concentration, and leaching time
[47].

Hydrochloric acid leaching has also been explored as an
alternative method for vanadium recovery. This method
involves the dissolution of the spent catalyst in hydrochlo-
ric acid, followed by the separation and purification of
vanadium compounds. Compared to sulfuric acid leach-
ing, hydrochloric acid leaching offers the advantage of
higher leaching efficiency and lower impurity content in
the leachate. However, it requires additional steps for the
removal of impurities such as iron and aluminum. Alka-
line leaching methods, such as sodium hydroxide leach-
ing, have been investigated for vanadium recovery from
spent catalysts. Alkaline leaching offers the advantage of
selective vanadium dissolution while minimizing the dis-
solution of impurities. The leaching process involves the
dissolution of the spent catalyst in an alkaline solution, fol-
lowed by the separation and purification of vanadium com-
pounds. However, alkaline leaching methods often require
higher temperatures and longer leaching times compared
to acid leaching methods [48, 49].

After leaching, the vanadium needs to be separated and
purified from the leachate. Various separation techniques
have been employed, including solvent extraction, ion ex-
change, precipitation, and membrane separation.

8. Conclusions

In conclusion, this review article has comprehensively ex-
amined various vanadium-containing sources, including
black shale ore, titanium magnetite ores, spent vanadium
catalysts, bauxite residues, oil residues and their respective
processing technologies. The research findings presented
in this article demonstrate the potential of these sources as
viable and sustainable alternatives for vanadium produc-
tion.

Black shale ore, which is abundant in many regions, has
been identified as a promising vanadium source due to
its high vanadium content. The extraction and recovery
of vanadium from black shale ore have been extensively
studied, and various processing technologies, such as acid
leaching and alkaline leaching, have been developed to
achieve efficient vanadium recovery. These technologies
have shown promising results in terms of high vanadium
extraction rates and low environmental impact.

Titanium magnetite ores, another significant vanadium
source, have been widely explored for their vanadium con-
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tent. The extraction of vanadium from these ores involves
a series of complex processes, including magnetic separa-
tion, roasting, and acid leaching. The development of ad-
vanced technologies, such as selective reduction and direct
leaching, has further improved the efficiency of vanadium
extraction from titanium magnetite ores.

Spent vanadium catalysts, which are generated as waste
from various industrial processes, have also been recog-
nized as potential sources of vanadium. Recycling these
spent catalysts not only helps in vanadium recovery but
also contributes to the reduction of environmental pollu-
tion. Different techniques, such as acid leaching, calcina-
tion, and solvent extraction, have been employed to recover
vanadium from spent catalysts, achieving significant vana-
dium yields.

Bauxite and oil residues have emerged as unconven-
tional sources of vanadium. The extraction of vanadium
from bauxite residue, a waste generated from alumina pro-
duction, has shown promise through different methods
like roasting, leaching and precipitation. Similarly, the pro-
cessing of oil residues, such as petroleum coke and heavy
oil fly ash, has demonstrated the potential for vanadium
recovery using techniques like direct leaching. In summary,
the exploration and utilization of vanadium-containing
sources discussed in this review article offer promising op-
portunities for sustainable vanadium production. Further-
more, the utilization of these sources not only addresses
the growing demand for vanadium but also contributes
to the reduction of waste generation and environmental
pollution. Continued research and development in this
field will undoubtedly lead to further advancements in
vanadium production, making it more economically viable
and environmentally sustainable.
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