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Abstract: Addressing the environmental issues of traditional vanadium extraction methods from vanadium-bearing
shale, a highly efficient and clean suspension oxidation roasting—curing—leaching process was proposed and
semi-industrial trials were conducted. Vanadium in raw ore mainly exists in sericite, roscoelite, and limonite,
predominantly in the forms of V(III) and V(IV). Under the conditions of a feed rate of 30 kg/h, an air flow rate of
28.0 m3/h, an O; flow rate of 4.0 m?/h, and a temperature of 900 °C in both the suspension furnace and fluidized reactor,
the vanadium-bearing mica underwent dehydroxylation and transformed into illite-montmorillonite. These changes
disrupted the crystal structure of mica, facilitating vanadium extraction. Compared to direct acid leaching, curing-
leaching demonstrates better performance in vanadium extraction. Under the conditions of curing temperature of 130 °C,
acid dosage of 40 wt.%, curing time of 6 h, and leaching time of 3 h, a V,0s leaching efficiency of 83.92% was

achieved.
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1 Introduction

Vanadium (V) is one of the rare strategic
metals with multiple valence states [1,2]. Due to its
high melting point, ductility, hardness, and
corrosion resistance, it is widely utilized in
aerospace, chemical industry, batteries, steel alloys,
and other fields [3,4]. The rapid development of
global strategic emerging industries has led to a
substantial increase in demand for vanadium
products. This trend has prompted increased focus
on the development and utilization of vanadium
resources [5—7]. Major countries including China,
the United States, Japan, and the European Union,

have classified vanadium as a strategic metal
essential for national security [8,9].

China possesses the largest vanadium ore
reserves globally and also ranks as the world’s top
exporter of vanadium products [10,11]. Vanadium
extraction primarily relies on vanadium slag and
V-bearing shale as raw materials [1]. 87% of
vanadium resources are contained in V-bearing
shale, which is 6.7 times the amount found in
vanadium titanium—magnetite [12]. However, fewer
than 40% of the exported vanadium products utilize
V-bearing shale as a raw material [13]. V-bearing
shale, a strategic resource unique to China for the
production of vanadium products, offers substantial
economic benefits and social value through the
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recovery of valuable metallic vanadium. Vanadium-
bearing shale, also known as stone coal, has
vanadium content ranging from 0.13% to 2%,
classifying it as a low-grade vanadium mineral
[14,15]. The mineral composition of V-bearing
shale is complex, and depending on the degree of
oxidation or weathering, it can be classified into
primary and oxidized types [16]. China possesses
substantial reserves of primary V-bearing shale;
however, the extraction process is challenging
because the vanadium predominantly exists as
isomorphic V(III) within mica minerals.

Currently, common methods for vanadium
extraction from V-bearing shale include direct acid
leaching with fluorine-containing leaching aids and
salt-enhanced roasting followed by leaching. To
address the high acid consumption and low leaching
efficiency in direct acid leaching, researchers [17,18]
have proposed the addition of leaching aids.
ZHENG et al [19-21] developed a complete
hydrometallurgical process for extracting vanadium
and demonstrated the enhancing effects of fluorine-
containing leaching aids on vanadium extraction.
CHEN et al [22—24] used ultrasound combined with
CaF, to enhance the vanadium extraction, further
increasing the leaching efficiency. However, the
addition of fluorine-containing leaching aids results
in the release of hydrogen fluoride (HF), posing
significant challenges in industrial production, such
as equipment damage and unsafe working
environments. Sodium salts, calcium salts, and their
composites are common additives in roasting
[25,26]. HU and ZHANG [27] achieved a vanadium
leaching efficiency of 80%—85% using a Na,COs/
NaCl composite salt in roasting. WANG et al [28]
employed a CaF,/CaO composite salt roasting—acid
leaching process to extract vanadium from
V-bearing shale, achieving a leaching efficiency of
86.74%. Composite salt roasting can effectively
disrupt the crystal structure of V-bearing minerals,
enhancing vanadium leaching. Although it is an
efficient method for extracting vanadium, it has
drawbacks such as poor adaptability and significant
environmental pollution. Other treatment methods
include pressurized acid leaching [29,30] and
bioleaching [31-33], with the former using
precisely controlled equipment to achieve a
vanadium recovery rate of 77%. The latter has a
long processing cycle and is still in the early stage
of research [26].

Compared to the aforementioned processes,
blank roasting (oxidizing roasting) followed by
leaching is gaining increasing attention as a green
and sustainable vanadium extraction technique.
Compared to salt roasting, oxidizing roasting
enhances vanadium leaching efficiency by raising
the temperature to a certain level, without requiring
additional acid consumption. Building on this,
many researchers have investigated fluidized
roasting to improve vanadium extraction from
V-bearing shale [10,34-37]. Fluidized roasting
improves the heat exchange between gases and
suspended particles, significantly enhancing the
heat and mass transfer of powder particles, thereby
achieving superior performance metrics [38]. BAI
et al [12,39,40] proposed a two-stage fluidized
roasting process for V-containing shale with a high
carbon content, resulting in a 13.54% increase in
vanadium leaching efficiency compared to the
original NaCl roasting. In summary, while the
oxidizing roasting—leaching process has proven to
be a clean and efficient technique for vanadium
extraction at the laboratory scale, studies at the
semi-industrial scale are still lacking.

The sulfuric acid curing leaching process
offers advantages such as low energy consumption,
low pollution, and high efficiency, making it a
current focus of research in hydrometallurgy [41].
Significant progress has been made, particularly in
the application of low-temperature sulfuric acid
curing leaching for vanadium extraction from
vanadium-bearing shale [42]. Using this method,
most refractory vanadium-bearing shale can be
effectively treated through water leaching following
heat preservation curing. The curing process
operates at a low reaction temperature, with
minimal carbon decomposition and a short reaction
time [43]. This significantly enhances production
efficiency. Therefore, further investigation of the
curing process is warranted. To date, there have
attempts to treat vanadium-bearing shale using
suspended oxidation roasting or curing leaching
processes independently. However, research
combining suspended oxidation roasting and curing
leaching for vanadium extraction from vanadium-
bearing shale remains scarce. Furthermore, most
current studies are primarily laboratory-scale, with
limited exploration of pilot-scale processes.

Therefore, this study focused on vanadium-
bearing shale from Pingtaishan in Gansu Province,
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conducting pilot-scale suspended oxidation roasting
trials. A comparative analysis was conducted
between the direct leaching process and curing-
leaching process for the roasted products. Detailed
process mineralogical analyses were conducted on
the vanadium-bearing shale, its roasted products,
and the residues from curing leaching, including
chemical elements, valence states and occurrence
mode of vanadium, mineral composition, and the
embedded features of V-bearing minerals. Based on
the mineralogical characterization results, the
mechanisms  underlying extraction
enhancement via suspension-oxidizing roasting
pretreatment are systematically investigated, along
with evaluating its semi-industrial feasibility. This
research aims to bridge process mineralogy with
vanadium extraction techniques, thereby providing
a theoretical foundation for industrial-scale
implementation.

vanadium

2 Experimental

2.1 Sampling and research methodology

The experimental samples were sourced from
the Pingtaishan mining area in Dunhuang, and their
characteristics are detailed in Section 3.1. The
experiments were conducted using an innovative
suspension oxidation roasting (SOR) pilot platform,
as shown in Figs. 1(a, b). The equipment used for
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acid curing and leaching is illustrated in Fig. 1(c).
The entire SOR system was computer-controlled,
with precise regulation of internal temperature and
pressure achieved via thermocouples and pressure
sensors. Materials were transferred from the storage
bin to the cyclone separator, with the feed speed
controlled by a loss-in-mass scale. The materials
were then introduced into the suspension furnace
for pre-oxidation at 900°C and underwent
secondary oxidation within the fluidized bed reactor
at the same temperature to obtain the roasted
product. Air was introduced at the bottom of the
reactor to oxidize the carbon and volatile
components in V-bearing shale, convert lower-
valence vanadium to a higher valence, and disrupt
the crystal lattice of vanadium-bearing minerals
such as mica and tourmaline, thereby enhancing
subsequent vanadium leaching. Finally, after
passing through the cooler, the products were
collected in the product bin.

After initial dedusting in a cyclone separator,
the exhaust gases entered heat exchanger I, where
they were cooled to 160 °C before being purified in
a dust collector. The gases were then cooled to
below 50 °C in heat exchanger II and vented to the
atmosphere via the Roots blower. The dust from the
high-temperature dust collector and the baghouse
filter was collected in dust bins, cleaned every 2 h,
and manually returned to the storage bin. The entire
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Fig. 1 (a) Photo of pilot-scale roasting equipment; (b) Schematic diagram of pilot-scale SOR system; (c) Schematic

diagram of leaching system
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SOR system operated under negative pressure,
powered by a Roots blower to facilitate the
movement of particles and gases. The roasting
process was intelligent, energy-efficient, safe, and
environmentally sustainable.

The direct leaching (DL) process is described
as follows. Initially, 125 mL of deionized water was
added to a beaker, followed by a specific amount
(3050 wt.%) of sulfuric acid. After thorough
100 g of the roasted products were
introduced. The beaker was then placed in a 90 °C
constant-temperature water bath and stirred for a
designated time (3—10 h). Subsequently, the slurry
was filtered and dried, and both the mass of the
leach residue and the V>Os content were determined.

The acid curing—leaching (CL) process is as
follows. 100 g of the roasted products were placed
in a wide-mouth bottle to which 15 mL of deionized
water and a specific amount (30—50 wt.%) of
sulfuric acid were added. After thorough stirring,
the mixture was placed in an oven to maintain a
specified temperature (100—160 °C). After reaching
the predetermined time (4—8 h), 1.1 mL of sulfuric
acid and 150 mL of water were added to the bottle.
The mixture was then stirred for a specific time
(2—5h) under a stirrer. Subsequently, the mixture
was filtered and dried, and both the mass of the
leach residue and the V,Os content were determined.
In the aforementioned processes, the concentrated
sulfuric acid used was of analytical grade, with a
content of 98.3 wt.%.

The leaching efficiency (L) of V.05 in
V-bearing shale was calculated as follows:

Lz[l_

where m; and m; are the masses of the leach residue
and the roasted products, respectively; a1 and a, are
the V,0s grades of the leach residue and the roasted
products, respectively.

mixing,

M]xm% (1)

m,a,

2.2 Analytical methods

The analytical methods used for determining
each chemical composition in this study are detailed
in Table 1. The mineral content of the raw ore was
determined using a mineral liberation analyzer
(MLA, FEI MLA 650). The micromorphologies
of the samples were examined using scanning
electron microscopy (SEM, Apreo 2C). Phase
transformations of the products were analyzed

using X-ray diffraction (XRD, X’Pert3 Powder)
with a test angle range from 5° to 95° and a
scanning speed of 5 (°)/min. The pore structures of
the products were characterized through surface
area measurements (Quantachrome Nova 2000e).
Changes in functional groups within the product
were analyzed using a Fourier transform infrared
(FT-IR) spectrometer (Nicolet iS50).

Table 1 Methods for determining chemical composition
of samples [36,44,45]

Cheml'c ?1 Analytical method
composition
. Titanium(III) chloride reduction
Total iron . .
(TFe) potassium dichromate
titration methods (routine methods)
V205 Ferrous amine sulfate titration
Silicomolybdic blue spectrophotometric
SiO, method reduced by ammonium ferrous
sulfate
P Bismuth phosphomolybdate blue
spectrophotometric method
High frequency combustion with infrared
C.s absorption method (CS230-Series
’ carbon/sulfur determinator, LECO,
America)
ALO; EDTA titration
Flame atomic absorption spectrometric
Ca0, MgO, method (iCE™ 3500 AAS Atomic
TiO,, K, Na Absorption Spectrometer, Thermo

Scientific™, America)

3 Results and discussion

3.1 Process mineralogical characteristics of V-

bearing stone coal
3.1.1 Chemical and mineral composition

Table 2 and Fig. 2 illustrate the chemical and
mineral compositions of the V-bearing shale. As
shown in Table 2, the primary valuable component,
V,0s, is present at 0.93 wt.%. The impurity
components, SiO, and Al,Os, are present at 58.79
and 7.17 wt.%, respectively. The total carbon
content is 12.40 wt.%, with a loss on ignition (LOI)
of 18.23 wt.%. The harmful element sulfur is
notably high at 0.44 wt.%. Figure 2(a) shows that
the principal V-bearing minerals in raw ore are
sericite, roscoelite, and limonite, with respective
contents of 22.64, 8.35, and 3.17 wt.%. Quartz
is the primary gangue mineral and also the most
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Table 2 Chemical composition of V-bearing shale (wt.%)
AL O3 SiO, V205 TiO» C TFe MgO CaO P S K Na LOI
7.17 58.79 0.93 0.74 12.40 2.82 1.19 3.31 028 044 1.64 0.56 18.23
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Fig. 2 (a) Mineral composition; (b1) Mineral phase diagram, >38 pum; (b2) Mineral phase diagram , <38 um

abundant, comprising 53.61 wt.% of the ore.
Figure 2(b) illustrates the complex intergrowth
relationships among the different minerals.
3.1.2 Vanadium occurrence state

The occurrence state of valuable elements in
the ore influences both the difficulty of extraction
and the choice of method. The predominant
occurrence states of vanadium are adsorption and
isomorphism. Vanadium adsorbed on the surfaces
of iron oxides and clay minerals can be directly
leached with acid [46]. However, vanadium is often
present in the form of V(III), substituting for AI(III)
in mica, making it difficult to extract without
roasting or HF pretreatment [41,47]. Moreover,
only V(IV) and V(V) are soluble in the acidic
solutions [20]. Therefore, the key to enhancing
vanadium extraction lies in disrupting the crystal
lattice structure and oxidizing the lower-valence
vanadium [48]. Figure 3 illustrates the phase and
valence state of vanadium in raw ore. In the ore,
vanadium was predominantly found in mica, with
67.4 wt.% occurring in roscoelite and 25.7 wt.% in
sericite. Additionally, 6.8 wt.% of the vanadium
was adsorbed on the surface of limonite.
Furthermore, since 82.9 wt.% of vanadium exists in
the form of trivalent vanadium, which is
challenging to extract, the direct leaching method
proves to be ineffective for efficient vanadium
extraction. Roasting to facilitate the breakdown of
the crystal lattice and the oxidation of vanadium
presents a viable alternative.

V in roscoelite 67.4 wt.%

(@

V in sericite
25.7 wt.%

V in limonite
6.8 wt.%

V(III) 82.9 wt.%

(b)

V(V) 4.8 wt.%
V(IV) 12.3 wt.%

Fig. 3 Distribution (a) and valence state (b) of V in
V-bearing shale

3.1.3 Embedded features of main minerals

The degree of dissociation and the intergrowth
relationships of different minerals directly influence
the difficulty and efficiency of subsequent
processing steps. The particle size, dissociation
degree, intergrowth relationships, micro-morphology,
and embedded features of the primary minerals
were analyzed using MLA and SEM, with the
results presented in Figs. 4, 5, and 6. Figure 4(a)
shows that the embedded particle size of primary
minerals in the ore is relatively fine, predominantly
distributed at —38 pm. Specifically, within the particle
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size range of 2—9.6 um, the highest concentrations
were observed for sericite, roscoelite, limonite, and
quartz, with distribution rates of 64.41, 41.13, 36.10,
and 38.47 wt.%, respectively.

Figures 4(b), 5 and 6 reveal that the sericite
monomer content is 39.48%, with rich intergrowths
(greater than 50%) comprising 42.55% and sparse
intergrowths (less than 50%) at 17.87%. Sericite
appears as fine scaly aggregates either located
between carbonaceous or quartz grains, or closely
associated with quartz, limonite, roscoelite, and
rutile. Sericite monomers frequently encapsulate
small amounts of quartz, plagioclase, potassium
feldspar, calcite, apatite, roscoelite, glauconite,
tourmaline, rutile, and limonite. The encapsulated

sericite was primarily surrounded by quartz among
other minerals, and the rich intergrowths contained
a substantial amount of quartz.

Roscoelite monomers, as well as rich and
sparse intergrowths were present at 27.90%,
44.75%, and 26.97%, respectively. Roscoelite
predominantly formed fine flaky aggregates and
was closely associated with tourmaline, quartz, and
carbonaceous materials. A small proportion of
roscoelite crystals were well-formed, exhibiting
hypidiomorphic textures, and coexisted closely with
barite, apatite, rutile, quartz, and carbonaceous
materials.  Roscoelite =~ monomers  typically
encapsulated small amounts of sericite, while
the encapsulated roscoelite was predominantly
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Fig. 6 Embedded characteristics of primary minerals: (a) Sericite and roscoelite; (b) Sericite; (c) Roscoelite; (d) Limonite

surrounded by quartz and sericite. The rich
intergrowths contained a substantial proportion of
sericite.

Limonite monomers, as well as rich and sparse
intergrowths were present at 25.05%, 31.85%,
and 41.96%, respectively. Limonite exhibited
hypidiomorphic granular forms, pyritohedral shapes,
and sparse disseminated patterns, or colloform
appeared along rock fractures. Isolated limonite
monomers enclosed quartz—sericite—roscoelite micro-
inclusions. These inclusions formed quartz—sericite
boundaries around limonite cores. Rich intergrowths
within the limonite contained a substantial
proportion of sericite.

Consequently, traditional beneficiation methods
are insufficient for liberating V-bearing minerals
and extracting vanadium. This work compares the
effects of suspension oxidation roasting—direct
leaching (SORDL) and suspension oxidation
roasting—curing—leaching (SORCL) processes on
vanadium extraction from V-bearing shales.

3.2 Pilot-scale SOR evaluation
3.2.1 Operational stability
A stable operation test was conducted under

fixed conditions to assess the operational stability
of the suspension roasting furnace. The stable
operation conditions of the roasting process were
set as follows: feeding rate of 30 kg/h, air gas flow
of 28.0m’*h, O, gas flow of 4.0m’*h, and
temperature of 900 °C in both the primary
(suspension furnace) and secondary (fluidized
reactor) reactors. The experiment was conducted
under stable conditions for 48 h, with samples taken
hourly for direct leaching tests. The leaching
conditions were as follows: 40 wt.% acid usage, 8 h
leaching time, and 90 °C leaching temperature.
Figure 7 illustrates the leaching indicators, as well
as the temperature and pressure of the key
components during the continuous and stable
operation of the suspension roasting system. The
results shown in Fig. 7(a) indicate that product
quality remained stable throughout the entire
continuous operation. The average leaching
efficiency of V,0s and the average V»Os grade in
leaching slag were 67.15 and 0.37 wt.%,
respectively. As shown in Fig. 7(b), throughout the
continuous operation, the temperature and pressure
of key components in the suspension roasting
system, including the suspension furnace, fluidized
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reactor, Roots blower, and cooler, remained stable.

After the experiment, the major components of
the suspension roasting system that could
experience blockage, wall adhesion, and ring
formation were inspected, as shown in Fig. 8. It was
observed that no wall adhesion or ring formation
occurred inside the suspension furnace, and the
inner walls of the fluidized reactor remained clean,
indicating that no material adhesion occurred on the
inner walls during the experiment.
3.2.2 Chemical composition analysis of ash and flue

gas

During the suspension roasting process, ash is
inevitably generated. To fully utilize this material, a
chemical composition analysis was performed, and
the results are presented in Table 3. It is evident that
the composite ash contains 0.93 wt.% V,0s, with
the main impurities being SiO, and AlOs;, which
account for 62.77 and 6.66 wt.% respectively, and a
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carbon content of 12.80 wt.%. This indicates that
the composite ash is a valuable vanadium-
containing raw material and should be returned to
the suspension roasting system for recycling in
actual industrial production.

During the stable operation of the suspension
roasting process, the emissions of atmospheric
pollutants, such as sulfur dioxide (SO;) and
nitrogen oxides (N,O,) in the exhaust flue gas were
monitored, and the results are presented in Table 4.
It was found that the measured concentrations of
PM, SO, N.O,, and carbon monoxide (CO) were
6.92, 57, 85, and 495 mg/m’, respectively.
Therefore, the flue gas from the vanadium-bearing
shale suspension roasting contains gaseous
pollutants such as PM, sulfur, nitrogen, and CO.
The flue gas underwent baghouse dust removal in
the roasting system, resulting in a solid particle
concentration of only 6.92 mg/m?, meeting the

1000 (b) Temperature ~ —=— Suspension furnace 1
—~o— Fluidized reactor
900 |- —4— Cooler
D908, ) 2 W -4
Miﬂ‘fﬁw“quq: .1\4/143;4\4/4'\1;,>(411‘:l4u.\{\ 0
800 - '
Pressure Suspension furnace 1_
~0— Fluidized reactor 3

—4— Roots blower
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15 20 25 30 35

Sample No.

0 5 10

Fig. 7 Results of continuous operation stability test on suspension oxidation roasting process: (a) Leaching indicator;

(b) Temperature and pressure of key components

Fig. 8 Photos of inner walls of suspension furnace (a) and fluidized reactor (b)

Table 3 Chemical composition of comprehensive ash (wt.%)

A1203 SiOz V205 C TFe

MgO

CaO P S K Na LOI

6.66 62.77 0.93 12.80 2.30

1.03

3.24 026 035 1.70  0.47 14.95
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Table 4 Flue gas test results

Component Concentration/(mg-m™>)
PM* 6.92
SO, 57
N.O, 85
CO 495

* PM: Particulate matter

requirement of the Gansu Province Industrial
Furnace Air Pollution Comprehensive Treatment
Implementation Plan (December 24, 2019), which
states that particulate emissions should not exceed
10 mg/m?®. Sulfur in the flue gas can be efficiently
removed using the gypsum method, meeting the
requirement of the Gansu Province Industrial
Furnace Air Pollution Comprehensive Treatment
Implementation Plan (December 24, 2019), which
states that SO, emissions should not exceed
35 mg/m’. The nitrogen oxides concentration in the
flue gas was below 100 mg/m?, meeting the
requirement of the Gansu Province Industrial
Furnace Air Pollution Comprehensive Treatment
Implementation Plan (December 24, 2019) that
nitrogen oxide emissions should not exceed
100 mg/m?, so denitrification was not required. The
content of CO in the flue gas was 495 mg/m’,
equivalent to a volume concentration of 0.04%,
which was well below the upper limit concentration
of CO in flue gas during alumina and cement
roasting production (2%), so no treatment was
required.

3.3 Direct leaching of roasted products

Direct leaching tests were conducted on
pilot-scale roasted products to determine the
optimal leaching conditions, as shown in Fig. 9.
Subsequent comparisons of the indices were made
on this basis when acid curing—water leaching was
applied.

The particle size of raw materials significantly
impacts both the solid—liquid interface area and the
viscosity of the slurry. As illustrated in Fig. 9(a), an
increase in the grinding fineness led to a gradual
increase in the V,Os leaching efficiency. When the
content of particles smaller than 0.074 mm
increased from 60 to 90 wt.%, the V,0s leaching
efficiency rose from 66.50% to 72.08%. Due to the
challenges of filtering and dewatering with
excessive grinding fineness, an optimal grinding

fineness of 90 wt.% for particles smaller than
0.074 mm was established.

The acid dosage determines the efficiency,
selectivity, and extent of the leaching reaction. As
shown in Fig. 9(b), the V,0s leaching efficiency
exhibited a gradual upward trend with the increase
in leaching acid dosage. The leaching efficiency of
V105 increased from 61.29% to 74.52% as the acid
dosage increased from 35 to 50 wt.%. Moreover, a
leaching efficiency of V.05 exceeding 70% was
achieved with an acid dosage exceeding 40%.
Taking into account both economic considerations
and leaching indices, the optimal acid usage was set
at 40%.

Optimization of leaching time requires
balancing the reaction rate and degree of
completion to maximize metal recovery and
economic benefits. Figure 9(c) shows that the V,Os
leaching efficiency initially increased with extended
leaching time but subsequently decreased.
Specifically, when the leaching duration was
extended from 3 to 8h, the V,0s leaching
efficiency increased from 62.93% to 72.08%.
However, further extending the leaching time to
10 h resulted in a decrease in the V,Os leaching
efficiency to 68.24%. This reduction may be
attributed to prolonged leaching at high
temperatures, causing volatilization of water in the
solution, ultimately leading to supersaturation and
precipitation of V>'. Consequently, the optimal
leaching time was set at 8 h.

In the blank roasting—acid leaching process of
vanadium ore, the addition of the leaching aid
calcium fluoride aims to improve the efficiency and
selectivity of acid leaching, but its environmental
impact and economic costs must also be considered.
As shown in Fig. 9(d), the V»0s leaching efficiency
progressively increased with the dosage of the
leaching aid. Specifically, when the leaching aid
dosage increased from 0% to 3%, the V,Os leaching
efficiency increased from 72.08% to 78.37%. The
experimental results indicate that adding the
leaching aid facilitates the leaching of V,0s.

Chemical composition analysis of the leaching
residue under optimal conditions was performed,
and the results are presented in Table 5. Following
the blank roasting—direct acid leaching process, the
content of V»Os in the leaching residue decreased
from 0.93 wt.% in the raw ore to 0.28 wt.%, the
carbon content reduced from 12.40 to 0.074 wt.%,
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Table 5 Chemical composition of leaching residue under optimal conditions for roasting—direct leaching process (wt.%)

ALOs3 SiO, V>0s5 TiO, C TFe MgO CaO P S K Na
3.50 76.85 0.28 0.95 0.074 1.49 0.45 2.35 0.044 140  0.92 0.28
the AlOs content decreased from 7.17 wt.% to offers advantages, such as lower energy

3.50 wt.%, and the content of the main impurity,
Si0,, increased from 58.79 to 76.85 wt.%.

3.4 Acid curing—water leaching of roasted products

While the direct leaching tests provided
valuable insights into the leaching behavior of the
roasted products, certain limitations were observed.
These limitations included suboptimal leaching
efficiency beyond 3 h. To address these challenges
and enhance the overall extraction performance, the
acid curing-water leaching method was investigated.
The sulfuric acid curing-leaching process involves
permeating concentrated sulfuric acid into the ore at
a specific temperature, where it contacts minerals
and undergoes oxidative reactions, converting
trivalent vanadium (V(III)) into soluble tetravalent
(V(IV)) and pentavalent (V(V)) forms. This is
followed by a water leaching method to separate
vanadium from the residue [42]. Compared to
conventional methods, the curing—leaching process

consumption, shorter operational cycles, and higher
leaching efficiency [49]. Acid curing—water
leaching tests were conducted on pilot-scale roasted
products to determine optimal conditions, as shown
in Fig. 10.

Reaction temperature is a critical parameter in
the diffusion process [S50]. Appropriate increase in
temperature enhances the activity of atoms and
molecules, accelerating the diffusion rate of sulfuric
acid within the particles and improving the
permeability of sulfuric acid in vanadium-bearing
stone coal, facilitating the decomposition reactions
of sericite/roscoelite [51]. However, excessively
high temperatures not increase energy
consumption but also lead to secondary reactions of
the transformed vanadium [41]. Therefore, selecting
an appropriate curing temperature is necessary. As
in Fig. 10(a), the V,0s leaching
efficiency initially increased, and then decreased.
Upon the rise in curing temperature from 100 to

only

illustrated
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130°C, the Ileaching efficiency of V,0s
demonstrated an increase from 78.21% to 83.92%.
Further increasing the temperature to 160 °C led to
a decrease in the V,0s leaching efficiency to
76.99%. This is due to intensified evaporation of
water in the acid leaching system, increasing the
viscosity of the slurry and consequently reducing
the diffusion rate of sulfuric acid in the particles.
Therefore, the optimal acid curing temperature is
determined to be 130 °C.

Figure 10(b) indicates that as the curing acid
dosage increased, the V,Os leaching efficiency
initially rose and then remained relatively stable.
When the acid dosage increased from 30 to 40 wt.%,
the V»0s leaching efficiency rose from 66.52% to
83.92%. Further increasing the acid dosage did not
significantly affect the V,Os leaching efficiency,
thus the optimal acid dosage was determined to be
40 wt.%.

Reaction time also plays a crucial role in the
leaching process [52]. The goal is often to produce
as much product as possible in the shortest time to
maximize economic benefits for the industry.
According to Fig. 10(c), the V,0s leaching
efficiency initially increased and then remained
stable as the curing time was extended. When the

curing time increased from 4 to 6h, the V,0s
leaching efficiency rose from 80.93% to 83.92%.
Further extension of the curing time did not
significantly change the V,Os leaching efficiency;
thus, the optimal curing time was determined to be
6 h to conserve energy during production.

Figure 10(d) shows that as the water leaching
time was extended, the V,0s leaching efficiency
initially increased and then remained relatively
stable. When the leaching time increased from 2 to
4 h, the V,0s leaching efficiency rose from 81.18%
to 84.72%. Further extension of the leaching time
caused the V:0s leaching efficiency to fluctuate
between 83.13% and 84.72%. When the leaching
time exceeded 3 h, the V,0s leaching efficiency
consistently exceeded 83%. Considering energy
consumption and leaching indicators, the optimal
water leaching time was set at 3 h.

3.5 Comparative analysis of RCLR and RDLR
To compare the vanadium extraction efficiency
of different processes, the chemical composition
and mineral content of the raw ore, roasted products,
direct leach residue (RDLR), and curing-leach
residue (RCLR) were analyzed. The results are
presented in Table 6 and Fig. 11. Table 6 shows that
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Table 6 Chemical composition of raw ore and leaching residue from various processes (wt.%)

Sample ALOs SiO; V05 TiO, C TFe MgO CaO P S K Na

Raw ore 7.17 5879 093 0.74 1240 2.82 1.19 331 028 044 1.64 0.56

Roasted product 8.61 70.86 1.02 092 0.108 359 155 382 035 051 195 0.68
Direct acid leaching residue  3.50 76.85 0.28 0.95 0.074 1.49 045 235 0.044 140 0.92 0.28
Acid curing—leaching residue 3.52 78.35 0.19 0.63 0.089 1.20 0.51 128 0.073 1.01 1.08 042
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Fig. 11 Mineral contents of raw ore and leaching residue
from various processes as determined by MLA

the sulfur content in the minerals decreased after
roasting, while the carbon content decreased
significantly. Due to the loss of carbon, the
remaining chemical components increased to
varying degrees. After leaching, the SiO, and S
contents in the products increased significantly, and
the TiO; content in the direct leach residue also rose.
However, the remaining constituents decreased to
varying extents. Compared to the direct leach
residue, the curing—leach residue had higher SiO,
and lower V,0s and CaO contents, indicating that
more vanadium- and calcium-bearing minerals were
leached during the curing—leaching process.
Figure 11 shows that the contents of roscoelite and
limonite decreased significantly through the
SORDL and SORCL processes, while the contents
of other major minerals, such as sericite, quartz, and
feldspar increased. This suggests that the majority
of the leached vanadium originates from roscoelite
and limonite. A comparative analysis of the apatite
content indicates that the RCL process also
facilitates apatite leaching. In conclusion, the
SORCL process achieves better leaching indicators
and is a more efficient method for vanadium
extraction. Subsequent analysis of the products
from the SORCL process will be conducted to
elucidate the mechanisms of roasting and leaching.

3.6 Phase selective transition analysis

XRD analysis was conducted on raw ore,
roasted products, and leach residue from the
SORCL process. As illustrated in Fig. 12(a), the
primary components of the raw ore were quartz and
sericite. The diffraction peaks corresponding to
limonite and calcite were weak, indicating their low
content. After roasting, limonite dehydrated to form
hematite, and calcite decomposed. The crystal
structure of sericite was disrupted by the removal
of —OH groups from the Al—O octahedra,
transforming it into illite. Consequently, the
diffraction peaks for these three substances in the
roasted product disappeared. Following leaching,
the diffraction peak for hematite weakened, with

L=
@) = Quartz o Sericite
® Limonite o Hematite
4 Calcite 4 Feldspar
| |
| |
ala [Hmw | = 7 _ " RCLR
Roasted product
oo
o

o T, n = Raw ore

10 20 30 40 50 60 70 80 90
20/(%)

—OH C=0Si—0Si—0

(b) \/RCE;\\,\

Roasted product

Raw ore

3617~

N

1427=
778" 694

i, L L L - 3T§3 4 3
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber/cm™!
Fig. 12 XRD (a) and FT-IR (b) patterns of products at

various stages of roasting—curing leaching
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almost no change in the other peaks. Therefore,
roasting was beneficial for disrupting the crystal
structure of mica, thereby enhancing the leaching
efficiency of vanadium.

FT-IR analysis was performed on the raw ore,
roasted ore, and RCLR to verify the transformation

or breaking of chemical bonds in minerals like mica.

The results are presented in Fig. 12(b). According
to Refs. [25,36], absorption band 1 (3614 cm™) in
the infrared spectrum corresponds to the stretching
vibration of O—H. Absorption band 2 (1427 cm ™)
corresponds to the bending vibration of C—O,
characteristic of calcite and dolomite. Absorption
band 3 (1082, 1033, 796, 778, and 459 cm™)
corresponds to the bending vibrations of Si—O,
which are characteristic of silicate minerals like
mica. Absorption band 4 (694 cm™') represents
the symmetric stretching vibration of Si—O,
characteristic of quartz. After roasting, absorption
bands 1 and 2 disappeared due to dehydroxylation
and carbonate decomposition reactions occurring
during roasting process. The disappearance of the
absorption band at 1033 cm™' indicates that
roasting disrupted the Si—O tetrahedral and Al—0O
octahedral structures, altering the coordination
numbers of Al and Si. These changes promoted the
disruption of the layered mica structure. Following
leaching, the intensity of the absorption band at
594 cm™! exhibited a slight increase, indicating an

7 e
; %‘ 7# Hematite

r
gt

Pl : .
5 oL 1# Quartz

increase in SiO; content.

3.7 Microstructure analysis

Figure 13 illustrates the microstructure of the
primary minerals in the roasted products. It was
evident that the major minerals in the roasted
products  exhibited significant
microstructure,

changes in
accompanied by compositional
transformations. The primary changes included the
transformation of vanadium-bearing mica into
illite—montmorillonite and limonite to hematite.
The transformations between vanadium-bearing
sericite and illite—montmorillonite occurred in the
following three stages: (1) Vanadium-bearing mica
exhibited flaky
structures, with coarse grain sizes ranging from
0.05 to 0.08 mm, closely intergrown with limonite
and quartz. The crystal shapes showed deformations,
appearing flexed and bent, with some flaky crystals
being incomplete and having indistinct, blurred
boundaries. However, the composition remained
that of vanadium-bearing sericite. It is suggested
that there may be a trend toward transformation to
illite—montmorillonite during roasting (Figs. 13(a)
and (b)). (2) Vanadium-bearing mica retained its
xenomorphic-hypidiomorphic flaky crystal forms,
with finer grains smaller than 0.02 mm in length.

xenomorphic-hypidiomorphic

However, the composition had transformed into
illite—montmorillonite or exhibited a transitional

%+ 8# I1litt-montmorillonite
4 o

v
R A
244

f“:‘“‘

Fig. 13 Embedded features of vanadium-bearing mica (sericite and roscoelite) (a—c), illite—montmorillonite (d, e), and

limonite (f)
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state between illite—montmorillonite and vanadium-
bearing sericite (Figs. 13(c) and (d)). In raw ore,
illite—montmorillonite appeared as irregular thin
flakes, almost lacking distinct crystal forms.
Therefore, it is speculated that the minerals retaining
the hypidiomorphic flaky crystal morphology but
composed of illite—montmorillonite are derived
from the transformation of vanadium-bearing
sericite during roasting. (3) The crystal form of
vanadium-bearing  sericite =~ was  incomplete,
appearing irregular. Sericite is primarily intergrown
with illite—montmorillonite in a clustered habit, and
secondarily, closely associated with quartz and
barite (Fig. 13(e)). This represents the complete
transformation of vanadium-bearing sericite into
illite—montmorillonite. Another vanadium-bearing
mineral, limonite, has primarily transformed into
hematite compositionally. Microstructurally, limonite
was predominantly distributed in a colloidal form,
closely intergrown with quartz, vanadium-bearing

Zhe BAL, et al/Trans. Nonferrous Met. Soc. China 35(2025) 3161-3178

Figure 14 presents the N, adsorption—
desorption isotherms, pore size distribution, and
pore characteristics analysis results for the raw ore,
roasted products, and RCLR. It is evident that the
isotherms of the three samples belong to the H3
type, and the pores are predominantly mesopores
(medium-sized pores) with sizes ranging from 2 to
50 nm. H3-type isotherms typically appear in
layered clay particles and are characterized by
slit-shaped pores. Following the roasting process,
the maximum adsorption capacity of the product
exhibited a notable decline, decreasing from
21.0207 to 3.3381 cm?/g. However, after subjecting
the roasted product to leaching, the maximum
adsorption capacity demonstrated an increase,
reaching 8.9468 cm?/g. The analysis results for total
pore volume and specific surface area are consistent
to those for maximum adsorption capacity. After
roasting, both the total pore volume and specific

surface area of the product showed a significant

sericite, and illite—montmorillonite (Fig. 13(f)). decrease. Following leaching, both metrics showed
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Fig. 14 Adsorption—desorption isotherms of N (al, bl, c1) and pore size distribution (a2, b2, c2) of raw ore (al, a2),
roasted products (b1, b2) and RCLR (cl1, c2), total pore volume (d1), specific surface area (d2), and average pore size (d3)
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a significant increase. The average pore size did not
show any significant change. This was due to the
reaction of CaO, produced by the decomposition of
calcite and dolomite during roasting, with mica,
forming a silicate mineral-based coating and sealing
some cracks and pores [53]. This led to a decrease
in the number of pores, while the pore size did not
change significantly. However, during the leaching
process, the coating is partially destroyed, exposing
some cracks and pores.

4 Conclusions

(1) The ore contained 0.93 wt.% V, primarily
as V(II) in sericite, roscoelite, and limonite.The
main vanadium-bearing minerals exhibited fine
embedded particle sizes, low degrees of individual
mineral liberation, and complex intergrowth
relationships. These factors present significant
challenges to vanadium extraction. Therefore,
promoting lattice destruction and vanadium
oxidation through suspension oxidation roasting
to enhance subsequent leaching is a feasible
approach.

(2) Under continuous operation, the
roasting system, including the
suspension furnace and fluidized reactor, exhibited

suspension

stable working conditions with stable and reliable
production operation. A comparative analysis of the
SORDL and SORCL processes revealed that the
latter exhibited superior leaching efficiency, and the
leaching efficiency of vanadium can reach 83.92%.

(3) Mechanistic analysis indicated that
vanadium-bearing mica underwent dehydroxylation
and transformed into illite—montmorillonite during
roasting. However, the transformation was
incomplete, with some remaining in a transitional
state. These changes disrupted the crystal structure
of mica, facilitating vanadium extraction. At
elevated temperatures, the roasted products
exhibited sintering, sealing some cracks and pores.
During the subsequent leaching process, some of
these cracks and pores were reopened.
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