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mechanism of mechanochemical
activation for enhanced leaching of vanadium-
bearing shale: activation kinetics and fluorine
adsorption

Xuxia Zhao, abcd Yimin Zhang,*abcd Nannan Xue*abcd and Pengcheng Huabcd

Vanadium-bearing shale as a strategic resource is an important raw material for extracting vanadium, and

the mechanochemical activation can realize the vanadium extraction by full-wet leaching with green, low-

carbon and high efficiency. Based on mineralogical research on mineral composition and distribution,

mineral embedded grain size distribution, we employ a graded activation process. The mechanism of

mechanochemical activation-enhanced dissolution of vanadium-bearing shale is revealed through the

relationship between activation kinetics and vanadium leaching as well as the fluorine adsorption process

on different minerals surfaces of vanadium-bearing shale. Vanadium-bearing shale is mainly composed

of quartz, muscovite, calcite, pyrite, feldspar and apatite. Vanadium with 94.24% exists in muscovite,

while the remaining 5.76% exists in oxide. Muscovite is predominantly closely associated with quartz,

calcite and organic carbonaceous and tends to be enriched in fine grained, displaying fine disseminated

granularity with 0.005–0.06 mm. The grindability order of vanadium-bearing shale is observed as

follows: −3 to +2.5 mm < −2.5 to +2 mm < −2 to +1 mm < −1 to +0.6 mm. The activation process of

different particle sizes were well evaluated by kinetic equations (R2 = 0.99). The vanadium leaching

efficiency has a positive linear relationship with the activation yield at the optimal leaching particle size

with −0.6 mm. The vanadium leaching efficiency and activation time can be expressed by equation of h

= g0 exp(−ktn)m + n. The mineral surface of vanadium-bearing shale has a good adsorption of F−

(23.89 mg g−1) undergoing amorphous phenomena. The order of F− adsorption capacity is calcite,

pyrite, dolomite, muscovite, feldspar, and quartz. The adsorption process of F− alters the surface

potential on the vanadium-bearing shale, and the negative charge on the of muscovite surface increases,

while that of pyrite and calcite decreases, which is conducive to the diffusion of H+ to the surface of

muscovite and away from pyrite and calcite. F− generates CaF2 with the surface of calcite and FeF3 with

Fe(III)–S on the surface of pyrite, hindering and slowing down the dissolution of calcite and pyrite. F−

forms Al–F and Si–F bonds with Si and Al on the surface of muscovite, promoting the dissolution of

muscovite.
1. Introduction

Vanadium is included in the strategic metal lists of China,
America, and the European Union and is widely used in the
aerospace, metallurgy, chemical, medicine, and new energy
industries.1 Vanadium-bearing shale is a polymetallic ore with
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vanadium grades ranging from 0.1 to 1.2%.2,3 The gross reserves
of V2O5 in vanadium-bearing shale are approximately 118
million tons, accounting for more than 87% of the domestic
reserves of vanadium,4,5 which is the crucial rawmaterial for the
extraction of vanadium. Primary vanadium-bearing shale is
a sedimentary rock rich in organic carbon, argillaceous mate-
rials, and suldes, mainly composed of quartz, mica, calcite and
pyrite. Vanadium in vanadium-bearing shale mainly exists in
silicate minerals in the form of low-valent isomorphism and is
difficult to be released.

Except thermal activation, mechanochemical activation is
another pretreatment method of enhancing mineral
leaching.6–8 The mechanochemical activation refers to the
changes in the physical and chemical properties and crystal
structure of solids under the action of external forces such as
RSC Adv., 2025, 15, 25233–25249 | 25233
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shearing, friction, impact and extrusion.9 Through plastic
deformation and defect formation, part of the mechanical
energy is converted into the internal energy of the solid, putting
it in a high-energy unstable state and causing an increase in the
chemical reactivity of the solid, thus inducing physicochemical
reactions process.10 Mechanical force disordered the solid
crystal structure, resulting in dislocation formation and ow of
atoms within solid particles, thereby causing the amorphous
transformation of the particles.11,12 During the amorphous
process, the internal energy stored in solid particles is much
greater than that stored in simple dislocations, and they are in
a high-energy unstable state.13 Therefore, this is also the reason
for the enhanced reactivity and accelerated reaction rate of solid
particles.14 Unlike ordinary thermochemical reactions, mecha-
nochemical reactions is mechanical energy rather than thermal
energy, the reactions can be completed without harsh condi-
tions such as high temperature and high pressure.15 Its advan-
tages of good reaction safety and low energy consumption are
also major advantages of mechanochemical technology over
high-temperature heat treatment.16,17

Mechanical activation is the process of reducing ore particle
size under the action of mechanical force.18 Under the action of
mechanical force, mechanical energy is directly transferred
from the ball mill to the solid system, causing theminerals to be
crushed and the particle size of large solid particles to
decrease.19 Due to differences in mineral characteristics, during
the process of activation, the parameters of ore particle size,
grindability, and crushing energy are particularly important to
the activation performance of ore.18,20 Therefore, it is necessary
to study the activation kinetics and particle size characteristics
of these materials.21,22 One study compared the crushing
processes of quartz and chlorite by grinding kinetics during wet
ball milling.23 At the same time, the time required to crush the
particles to obtain the appropriate particle size is a necessary
step in designing the activation process.24,25 In our previous
studies,26 the mechanochemical activation pretreated the
vanadium-bearing shale to effectively improve the leaching
efficiency of vanadium and achieves a full hydro-metallurgical
process. It was discovered that the activation time is an
important factor of affecting the leaching and the particle size
and monomer dissociation of vanadium-bearing shale is closely
related to activation time. Meanwhile, during the ball milling
process, an activator is added, the reactivity of activation is
enhanced through the collision, friction and shearing of the
spheres, promoting the interaction between the activator and
the minerals. Inorganic reagents are utilized to adsorb the
mineral solids, thereby altering the physical and chemical
properties of the mineral surface.27

In this study, we investigated the process mineralogy of
vanadium-bearing shale, examining mineral composition,
Table 1 Chemical compositions of the vanadium-bearing shale

Composition V2O5 SiO2 Al2O3 CaO Fe2O3 M
Content/% 0.72 60.69 8.99 11.14 3.52 1

25234 | RSC Adv., 2025, 15, 25233–25249
dissemination relationships, and vanadium occurrence.
Furthermore, we analyzed the impacts of graded activation
processes on vanadium leaching. We established activation
kinetics and a vanadium leaching efficiency model for activa-
tion efficiency for vanadium-bearing shale, laying a theoretical
foundation for enhancing vanadium leaching efficiency and
optimizing activation conditions and performance. Meanwhile,
the uorine adsorption on surfaces of vanadium-bearing shale
was revealed using pure minerals under mechanical chemical
activation process.
2. Experimental
2.1 Materials

The vanadium-bearing shale examined in this study originated
from a mine in Hubei Province, Central China, and underwent
pulverization to achieve a grain size of 0–3 mm prior to analysis.
Chemical compositions of the raw ore, detailed in Table 1,
reveal a V2O5 grade of 0.72%, with silicon, aluminum, calcium,
and iron as the primary non-target elements. Specically, SiO2,
Al2O3, CaO, Fe2O3, MgO, and K2O contents were 60.69%, 8.99%,
11.14%, 3.52%, 1.71%, and 1.88%, respectively, indicating
a multi-calcium vanadium-bearing shale. Identied mineral
phases in the vanadium-bearing shale include mica, quartz,
calcite, and apatite (Fig. 1), with calcite predominating as the
gangue mineral with high acid consumption. Furthermore,
Fig. 2 demonstrates a signicant correlation between vanadium
and silicon, aluminum, potassium, andmagnesium, suggesting
muscovite as the primary host for vanadium. Therefore, the
vanadium-bearing shale utilized in this study serves as a repre-
sentative example of mica-type vanadium-bearing shale.
gO K2O S BaO P ZnO Na2O TiO
.71 1.88 1.39 0.58 0.52 0.29 0.22 0.21

Fig. 1 XRD patterns of the raw vanadium-bearing shale.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.2 Experiments

Particle size screening experiments were conducted using a top
strike type vibrating screen machine (HLSDOB-F200, Wuhan
Hengle Mineral Engineering Equipment Co., Ltd, China). In
each trial, 100 g of vanadium-bearing shale was introduced into
the vibrating screen and subjected to screening for a duration of
5 min.

Under the specied activation conditions—such as a pulp
concentration of 50%, a ball-to-pulp ratio of 50, and a 5 wt%
NaF activator—vanadium-bearing shale samples with different
particle sizes (500) underwent testing at varying activation
durations. This was achieved through conical ball milling
(HLXMQ-F150 × 50, Wuhan Hengle Mineral Engineering
Equipment Co., Ltd, China) and rod milling (HLXMB-F200 ×

240). Following activation, the product was ltered, dried, and
subjected to particle size analysis using both a vibrating screen
and a laser particle size analyzer.

The leaching efficiency of vanadium was obtained through
an acid leaching experiment. The vanadium-bearing shale (50 g)
and 30 wt% sulfuric acid were put into a 250 mL conical bottle,
oscillated and leached for 12 h in a thermostatic oscillator with
a vibration velocity of 200 rpm and a temperature of 95 °C (SHA-
2, Jiangsu Jintan Yitong Electronics Co., Ltd). Aer the leaching
was completed, the leaching residue and vanadium-containing
leachate were obtained by solid–liquid separation, and the
vanadium concentration in the leachate was determined by
ammonium ferric sulfate titration.
Fig. 2 Microstructure and elemental mapping images of the vanadium-

© 2025 The Author(s). Published by the Royal Society of Chemistry
2.3 Characterization

The chemical composition of the vanadium-bearing shale was
detected by an inductively coupled plasma optical emission
spectrometer (ICP, Horiba Ultima Expert: Agilent ICP-OES 730,
US). The mineral phase compositions of the vanadium-bearing
shale were tested by X-ray diffraction (XRD, D/MAX-RB, Rigaku,
Japan). The micromorphology and elemental distribution of the
vanadium-bearing shale were analyzed by scanning electron
microscopy (SEM, JSM-IT300, JEOL, Tokyo, Japan) on an
instrument equipped with an X-square energy dispersive spec-
trometer (EDS, OXFORD, Britain). The mineral dissemination
relationship of vanadium-bearing shale was tested by a polar-
izing microscope (Nikon, LV100POL). The particle size of the
activated vanadium-bearing shale was tested by a laser particle
sizer (ZEN2600, Malvern Instruments Ltd). The dissemination
patterns of the V element in the vanadium-bearing shale ob-
tained by the Advanced Mineral Identication and Character-
ization System (MLA, Sigma 300, Quantax 400 and AMICS).

3. Results and discussion
3.1 Characteristics analysis of vanadium-bearing shale

3.1.1 Dissemination relationship of vanadium-bearing
shale. The optical microscopy images of the vanadium-
bearing shale are shown in Fig. 3. Quartz and calcite are asso-
ciated with carbonaceous and clay minerals in granular and
veined forms, and the particle sizes are 0.005–0.20 mm (Fig. 4(a)
bearing shale.

RSC Adv., 2025, 15, 25233–25249 | 25235
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Fig. 3 Optical microscopy images of vanadium-bearing shale. (a) Granular quartz and calcite. (b) Calcite and quartz were distributed in fine veins.
(c) Mica, quartz, and calcite distributed in bands. (d) Sericite aggregate.

Fig. 4 XRD patterns of the vanadium-bearing shale with different particle size ((a): full spectrum; (b): muscovite and apatite; (c): quartz and
potash feldspar; (d): calcite; (e): pyrite; (f): potassium feldspar).

25236 | RSC Adv., 2025, 15, 25233–25249 © 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Occurrence relationship of vanadium in vanadium-bearing
shale

Element Muscovite V-oxide Total

V 94.24 5.76 100
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and (b)). The muscovite is a ne scaly aggregate, which has
a more scattered directional distribution in quartz schistosity
and foliation, and the slice diameter is 0.005–0.06 mm (Fig. 4(c)
and (d)). In addition, organic carbonaceous is mainly concen-
trated in ne aggregates and linearly distributed along the
interstices of plates or in densely distributed or cemented
quartz fragments, ranging in size from 0.001 mm to 0.60 mm,
which affects the transfer process of the medium during acid
leaching due to its hydrophobicity. As shown in Table 2, only
5.76% of vanadium occurs in oxides, while 94.24% of vanadium
occurs in muscovite as isomorphism in vanadium-bearing
shale, it is due to the high octahedral selective energy of V3+,
which replaces Al3+ in mica octahedra by isomorphism.

3.1.2 Minerals distribution of vanadium-bearing shale.
The vanadium-bearing shale is a very complex ore, the mineral
composition is shown in Table 3. The main minerals are quartz,
mica, calcite, pyrite, potassium feldspar and apatite, the
content of which are 62.04%, 12.95%, 6.50%, 3.07% and 2.63%,
respectively, accounting for more than 87% of the total
vanadium-bearing shale. The organic carbon content is 8 wt%,
which indicated that the ores a kind of high-carbon primary
vanadium-bearing shale.

The particle size distribution of the raw vanadium-bearing
shale was examined, and the distribution of vanadium across
different particle sizes was investigated. Standard screens with
mesh sizes of 2.5 mm, 2 mm, 1 mm, 0.6 mm, 0.45 mm, and
0.25 mm were utilized to categorize the raw vanadium-bearing
Table 3 Mineral composition and contents in the vanadium-bearing sh

Mineral Quartz Muscovite Calcite
Content 62.04 12.95 6.5
Mineral Dolomite Akermanite Magne
Content 0.72 0.7 0.33
Mineral V-oxide Szomolnokite Hemat
Content 0.19 0.03 0.05

Table 4 Particle size distribution of vanadium-bearing shale and vanadi

Particle size (mm) Yield (%) V2O5 grade

−3 to +2.5 12.16 0.44
−2.5 to +2 9.64 0.52
−2 to +1 25.83 0.59
−1 to +0.6 16.07 0.73
−0.6 to +0.45 6.52 0.81
−0.45 to +0.25 9.71 0.89
−0.25 20.07 1.03
Total 100.00 0.72

© 2025 The Author(s). Published by the Royal Society of Chemistry
shale into seven size ranges, including particle sizes of −3 to
+2.5 mm, −2.5 to +2 mm, −2 to +1 mm, −1 to +0.6 mm, −0.6 to
+0.45 mm,−0.45 to +0.25 mm, and−0.25 mm, respectively. The
particle size and vanadium distribution of the vanadium-
bearing shale are presented in Table 4, the yields of
vanadium-bearing shale with different particle sizes are
different. The V2O5 grade is different for the various vanadium-
bearing shale particle sizes, and the vanadium grade increases
with decreasing particle size.

The phase analysis of vanadium-bearing shales with
different particle sizes were conducted on, as shown in Fig. 4. In
Fig. 4(a), the main phases of each granulometric class of vana-
dium shale is composed of muscovite, quartz, apatite, calcite,
pyrite and potassium feldspar. The XRD characteristic peaks of
muscovite, apatite and calcite increase with the decrease of
particle size in Fig. 4(b) and (d), indicating that muscovite,
apatite and calcite are gradually enriched in the ne-grained
grade. Specially, muscovite is consistent with the distribution
of vanadium grade. On the contrary, the characteristic peaks of
quartz weakens as the particle size decreases in Fig. 4(c), indi-
cating quartz is enriched in the coarse-grained grade. According
to the characteristic peaks of pyrite and potassium feldspar in
Fig. 4(e) and (f), pyrite and potassium feldspar are distributed
relatively evenly in each grain size. The minerals distribution of
vanadium-bearing shale with different particle sizes are shown
in Table 5. With the particle size of vanadium-bearing shale
decreasing, the content of quartz reduce from 72.28 to
50.92 wt%, while muscovite, calcite, apatite and carbonaceous
increase from 11.42 to 14.36 wt%, 4.04 to 9.07 wt%, 0.52 to
3.25 wt% and 5.05 to 11.41 wt%, respectively.

The distribution characteristics of various minerals in
vanadium-bearing shale are related to disseminated grain size
and hardness of the minerals. The Mohs hardness of main
minerals are shown in Table 6. The order of mineral hardness
ale (wt%)

Pyrite Potassium feldspar Apatite
3.07 2.63 1.98

tite Barite Anhydrite Gedrite
0.34 0.22 0.23

ite Rutile Organic carbon —
0.03 8 —

um grade

(%)
Distribution
rate of V2O5 (%) Mohs hardness

7.50 6
7.01 6

22.91 6
16.22 6
7.31 5.5

12.00
28.76

100.00

RSC Adv., 2025, 15, 25233–25249 | 25237
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Table 5 Minerals distribution of vanadium-bearing shale with different particle sizes (wt%)

Minerals

Particle size (mm)

−3 to +2.5 −2.5 to +2 −2 to +1 −1 to +0.6 −0.6

Quartz 72.28 70.88 67.79 64.89 50.92
Muscovite 11.42 11.78 12.27 12.72 14.36
Calcite 4.04 4.19 5.11 6.15 9.07
Pyrite 2.51 2.43 2.46 2.28 4.21
Potassium feldspar 2.35 2.44 2.43 2.36 3.04
Apatite 0.52 0.83 1.36 1.91 3.25
Dolomite 0.24 0.97 0.48 1.06 0.84
Barite 0.78 0.34 0.32 0.12 0.32
Gedrite 0.19 0.21 0.23 0.25 0.23
Akermanite 0.28 0.3 0.41 0.57 1.22
Anhydrite 0.11 0.21 0.23 0.23 0.24
Vanadium oxide 0.2 0.16 0.1 0.18 0.34
Magnetite 0.03 0.07 0.11 1.05 0.33
Hematite 0 0 0 0 0.14
Szomolnokite 0 0 0 0 0.08
Carbonaceous + clay 5.05 5.19 6.7 6.23 11.41
Total 100.00 100.00 100.00 100.00 100.00

Table 6 Mohs hardness of minerals28

Minerals Quartz Pyrite Potassium feldspar Apatite Calcite Muscovite
Mohs hardness 7 6–6.5 6 5 3 2–3
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from high to low is as follows: quartz, pyrite, potassium feld-
spar, calcite and muscovite. During the coarse crushing process
of vanadium-bearing shale, due to the different hardness of
minerals, the particle size changes to varying degrees. The
particle size change of quartz with high hardness is relatively
small, while the particle size of minerals with lower hardness,
such as mica and calcite, are ner. Meanwhile, the ner the
embedding particle size, the more enriched towards the ne-
grained. Additionally, the larger the dissemination particle
size, the more enriched towards the coarse-grained. Hence, the
quartz in vanadium-bearing shale is not only hard but also has
a large dissemination particle size, so it is enriched in the
Fig. 5 The vanadium leaching efficiency for different particle sizes wit
a leaching time of 12 h ((a) narrow particle size and (b) wide particle size

25238 | RSC Adv., 2025, 15, 25233–25249
coarse-grained grade. While the muscovite, calcite and apatite
vanadium-bearing shale are enriched in the ne-grained grade.

3.1.3 Optimal leaching particle size of vanadium-bearing
shale. To clarify the connection between particle size distribu-
tion and leaching, we examined the vanadium leaching effi-
ciency of various particle sizes of vanadium-bearing shale, the
results are depicted in Fig. 5. Within the −3 to +0.25 mm range,
there is an inverse relationship between vanadium leaching
efficiency and particle size, as shown in Fig. 5(a). Conversely, as
particle size decreases, vanadium leaching efficiency increases.
However, when the particle size drops to −0.25 mm, vanadium
leaching efficiency decreases. This indicates that excessively
h 30 wt% H2SO4, 5 wt% CaF2, a leaching temperature of 98 °C and
).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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ne particle size of vanadium-bearing shale hampers vanadium
leaching. Hence, it is crucial to isolate the vanadium mica
mineral monomer and control the particle size of vanadium
shale through activation. In Fig. 5(b), both coarse and ne
particles exhibit low vanadium leaching efficiency, whereas
intermediate particles demonstrate higher efficiency. Direct
acid leaching yields a vanadium leaching efficiency of over 88%
when the particle size is −0.6 mm. Coarse-grained vanadium-
bearing mica, enclosed by quartz and other minerals, remains
undissolved during leaching, hindering vanadium release. In
ne-grained vanadium-bearing shale, calcite, an acid-
consuming mineral, competes with mica for dissolution,
depleting hydrogen ions and resulting in low vanadium leach-
ing efficiency. Moreover, ner particles tend to agglomerate,
impeding leaching. Hence, the optimal leaching particle size is
−0.6 mm. Vanadium-bearing shale is segregated into two size
fractions: −0.6 mm particles undergo direct leaching, while
+0.6 mm particles undergo activation to enhance vanadium
recovery. Gradual activation reduces vanadium-bearing shale
processing capacity by 36%, thereby cutting energy consump-
tion during activation.

As shown in Fig. 6, according to the correlation between
vanadium leaching efficiency and mineral distribution in
vanadium-bearing shale, the vanadium leaching efficiency
shows a good positive correlation with the content distribution
of muscovite (R2 = 0.98). In addition, the distribution of quartz,
muscovite and calcite is relatively good correlation (R2 = 0.99).
Fig. 6 The correlation between vanadium leaching and mineral distribu

© 2025 The Author(s). Published by the Royal Society of Chemistry
Among which quartz is negatively correlated, while muscovite
and calcite are positively correlated.

3.2 Effect of mechanochemical activation on particle size
distribution

3.2.1 Full-particle size activation. To explore the effect of
the activation method under activation time on the particle size
distribution of vanadium-bearing shale, activation time exper-
iments were carried out under a feed particle size of −3 mm,
with the activation time varying from 1 to 10 min. The yields of
vanadium-bearing shale under different activation times are
shown in Fig. 7.

Fig. 7(a) indicated that with the increase in activation time,
the yield of coarse fraction with particle size of −3 to +0.6 mm
decreased rapidly and the yield of ne fraction with −0.6 mm
increased gradually. Fig. 7(b) illustrated that the negative
cumulative yield of ner fraction increased rapidly with the
gradual increase in activation time. The cumulative curves of
particle size distribution showed that the curve was convex, and
the breakage products were mainly coarse particles. In addition,
the proportion of ne-grained powder is high, the particle size
distribution is wide, and the coarse particle content is reduced
from 12.16% to 4.74% and not wholly broken. There were two
possibilities for this phenomenon, one is that the crushing rate
of ne particle size is larger than that of coarse ones, and the
other is that the crushing process of vanadium-bearing shale
belongs to surface crushing.
tion.

RSC Adv., 2025, 15, 25233–25249 | 25239

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra03987h


Fig. 7 Effect of activation time on the yields of vanadium-bearing shale ((a): yield; (b): cumulative yield).
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3.2.2 Graded activation. To elucidate the activation char-
acteristics of vanadium-bearing shale with various particle
sizes, we investigated graded activation of the shale. Vanadium-
bearing shale with a particle size of 0–3 mm was sieved into
grain sizes of −3 to +2.5 mm, −2.5 to +2 mm, −2 to +1 mm, −1
to +0.6 mm, and −0.6 mm. Activation time experiments were
conducted on vanadium-bearing shale with grain sizes of −3 to
+2.5 mm,−2.5 to +2 mm,−2 to +1 mm, and−1 to +0.6 mm. The
activation yields and accumulation curve under different acti-
vation times are depicted in Fig. 8.

As seen in Fig. 8(a)–(d), there is a swi decline in the content
of coarse particle sizes (−3 to +2.5 mm,−2.5 to +2 mm,−2 to +1
mm, and −1 to +0.6 mm) with activation time, while the
proportion of −0.6 mm particles increases during activation.
The yields of vanadium-bearing shale vary notably across
different particle sizes, with smaller particles demonstrating
superior activation efficiency. In addition, intermediate
particle-grade products are generated during the activation
process, as shown in Fig. 8(a)–(c). With increasing activation
time, these intermediate particles are gradually crushed into
ne particles, which indicates that the whole particle is
destroyed by volume destruction; thus, producing intermediate
particles. Moreover, the variation in the yield of intermediate-
sized particles has no obvious trend of increasing or
decreasing with increasing activation time, which shows that
the activation process is relatively uniform for each particle size
of vanadium-bearing shale.

As depicted in Fig. 8(e)–(h), the negative cumulative yield of
vanadium-bearing shale with various particle sizes increased
with activation time, though the curve variations exhibited
slight differences. The negative cumulative yield curve of
vanadium-bearing shale with a particle size of −3 to +2.5 mm
displayed an S-shaped pattern, indicating that during activa-
tion, particles were mainly distributed in the ne size range of
−0.6 mm and the coarse size range of −3 to +2.5 mm, with the
intermediate size range showing minimal but uniform distri-
bution (Fig. 8(e)). With prolonged activation time, the curves of
the other three particle sizes gradually transitioned from convex
25240 | RSC Adv., 2025, 15, 25233–25249
to concave, suggesting a gradual enrichment of coarse particles
into ner ones (Fig. 8(f)–(h)).

3.2.3 Activation kinetics of vanadium-bearing shale. The
activation kinetic model is based on the activation speed. In the
activation process, the value of remaining material on the
screen passing through a certain particle size is directly
proportional to the initial material value. Activation efficiency
and activation time can be expressed as follows:29,30

g = g0 exp(−ktn) (1)

where, g0 is the initial activation materials with certain particle
size and n is the time index determined by the nature of
material and its activation conditions. k is the activation rate
constant.

The linear equation can be obtained by mathematical
transformation of eqn (1):

ln

�
ln

�
g0

g

��
¼ ln k þ n ln t (2)

The functional relationship between kinetic parameters n, k
and particle size d can be expressed as follows:

k(d) = A0 + A1d
x1 (3)

n(d) = C0 + C1d
x2 (4)

where, A0, A1, C0, C1, x1 and x2 are the coefficients to be deter-
mined, respectively, depending on the nature of the material to
be ground and the activation conditions. The parameter n
mainly depends on the homogeneity of the material and the
particle size characteristics.

Activation kinetics experiments of vanadium-bearing shale
were conducted to characterize the effect of different particle
sizes on ore breakage. Based on the kinetic equations, the
kinetic parameters n and k were obtained by tting. Fig. 9(a)
shows the grinding kinetics results for particle sizes of −3 to
+0.6 mm, and Fig. 9(b)–(e) show the grinding kinetics for feed
sizes of −3 to +2.5 mm, −2.5 to +2 mm, −2 to +1 mm and −1 to
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 The yields and cumulative yields of different particle size distribution under different activation times (graded particle size: (a and e):−3 to
+2.5 mm; (b and f): −2.5 to +2 mm; (c and g): −2 to +1 mm; (d and h): −1 to +0.6 mm).

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

2/
7/

20
25

 9
:1

6:
50

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
+0.6 mm, respectively. The grinding kinetic parameters n and k
are shown in Table 3. Fig. 10(a)–(d) showed the curves of the
relationships between the activation kinetics parameters n and
k and the particle size d.

Fig. 10 illustrates the quantitative description of vanadium-
bearing shale through activation kinetic equations, achieving
a tting accuracy of 0.99. The parameters n and k are deter-
mined by the material's characteristics and activation
© 2025 The Author(s). Published by the Royal Society of Chemistry
conditions. The n value primarily reects the material's homo-
geneity and strength, indicating its grindability. A higher n
suggests that the ore can be activated easily,31 and a lower n
implies greater difficulty in activation. The activation neness
determines the k value. When activation time (t) is less than e1/k,
k predominantly inuences the cumulative yield on sieve (g). A
higher k corresponds to a smaller g, resulting in a greater
reduction of g and faster activation efficiency.29
RSC Adv., 2025, 15, 25233–25249 | 25241
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Fig. 9 Fitting curve of the grinding kinetics of vanadium-bearing shale (feed particle size: (a):−3 to +0.6 mm; (b):−3 to +2.5 mm; (c):−2.5 to +2
mm; (d): −2 to +1 mm; (e): −1 to +0.6 mm).

Fig. 10 The curve of the relationship between the grinding kinetics parameters n and k and the particle size d (feed particle size: (a): −3 mm; (b):
−3 to +2.5 mm; (c): −2.5 to +2 mm; (d): −2 to +1 mm).

25242 | RSC Adv., 2025, 15, 25233–25249 © 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 7 Fitting parameters of the kinetic model of vanadium-bearing
shale with different feed particle sizes

Kinetic equation n order kinetic model

Feed size (mm) Particle size (mm) n k R2

−3 −3 to +2.5 0.52 0.23 0.994
−2.5 to +2 0.76 0.21 0.998
−2 to +1 0.67 0.25 0.998
−1 to +0.6 0.48 0.30 0.997

−3 to +2.5 −3 to +2.5 0.50 0.40 0.987
−2.5 to +2 0.57 0.23 0.988
−2 to +1 0.75 0.11 0.995
−1 to +0.6 0.90 0.07 0.994

−2.5 to +2 −2.5 to +2 0.50 0.59 0.995
−2 to +1 0.82 0.16 0.998
−1 to +0.6 0.95 0.09 0.999

−2 to +1 −2 to +1 0.77 0.36 0.997
−1 to +0.6 1.04 0.14 0.995

−1 to +0.6 −1 to +0.6 1.06 0.44 0.994
Fig. 11 Effect of activation time of graded vanadium-bearing shale on
vanadium leaching efficiency.
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As depicted in Table 7, vanadium-bearing shale exhibits
improved grindability with ner particle sizes, making it easier
to grind. During the activation process, the material oen forms
a multiparticle layer between the activation media. The force
exerted by the media on the material can be transmitted
through these particles, potentially without direct contact,
leading to breakage. During mixed crushing, the particle size of
the fragile material is smaller than that during single crushing,
and the particle size during difficult crushing is larger than that
during single crushing. With graded activation, the crushing
yield of coarse particles is greater than that with mixed activa-
tion. Thus, graded activation is exceedingly necessary to
improve the activation efficiency and prevent the overactivation
of ne particles.

The activation kinetic parameters n and k for different
particle sizes were obtained by tting the data in Table 3. Thus,
the optimal activation kinetic equation of vanadium-bearing
shale of different sizes is obtained, as shown in eqn (5)–(9).

−3 mm: g = g0 exp[(0.336d
2 − 1.07d + 0.05)

t(0.056d
2−0.211d+0.406)] (5)

−3 to +2.5 mm: g = g0 exp[(−0.029d2 + 0.12d − 0.12)

t(0.068d
2−0.412d+1.11)] (6)

−2.5 to +2 mm: g = g0 exp[(−0.181d2 + 0.115d − 0.094)

t(0.018d
2−0.367d+1.16)] (7)

−2 to +1 mm: g = g0 exp[(−0.19 + 0.55d)t(1.44−0.68d)] (8)

−1 to +0.6 mm: g = g0 exp(0.44t
1.06) (9)

3.3 The relationship between activation yield and vanadium
leaching efficiency

3.3.1 Effect of graded activation on vanadium leaching
efficiency. The vanadium leaching efficiency of vanadium-
bearing shale with different particle sizes at different
© 2025 The Author(s). Published by the Royal Society of Chemistry
activation times was investigated. Leaching tests were con-
ducted on vanadium-bearing shale with coarse-grained sizes of
−3 to +2.5 mm,−2.5 to +2mm,−2 to +1mm and−1 to +0.6 mm
under different activation time. The leaching conditions were as
follows: 15 vol% H2SO4, liquid–solid ratio 1.5 L kg−1, leaching
temperature 95 °C and leaching time 12 h. The leaching results
of graded activation of vanadium-bearing shale are shown in
Fig. 11. The vanadium leaching efficiency of vanadium-bearing
shale with different particle sizes increased with the increase of
activation time. Except that the leaching curves of the two
particle sizes of −2.5 to +2 and −2 to +1 mm almost overlap,
while both the vanadium leaching efficiency and the growth rate
of different particle sizes are different, the larger the particle
size, the smaller the vanadium leaching efficiency. For the
vanadium-bearing shale with the largest particle size (−3 to +2.5
mm), the vanadium leaching efficiency did not change within
the activation time of 0 to 2 minutes. When the activation time
increased to 4 minutes, the vanadium leaching efficiency began
to increase, and the vanadium leaching efficiency shows a linear
growth trend. The vanadium leaching efficiency of vanadium-
bearing shale with −1 to +0.6 mm was signicantly higher
than that of the other three particle sizes, and the vanadium
leaching increased rapidly rst. When the activation time
reached 6 minutes, the vanadium leaching rate was 92.57%,
reaching leaching equilibrium.

3.3.2 Models establishing of vanadium leaching and acti-
vation efficiency. In order to further analyze the relationship
between the yield of each particle size and the vanadium
leaching efficiency, and establish the relationship equation
between the yield and the vanadium leaching efficiency, as
shown in Fig. 12 and Table 8. The activation yield of vanadium-
bearing shale of different particle sizes with −0.6 mm has
a positive linear relationship with the vanadium leaching effi-
ciency (R2= 0.98). With the increase of the yield of the−0.6 mm
particle size, the vanadium leaching efficiency also increases.
The order of the growth rate of vanadium leaching efficiency
RSC Adv., 2025, 15, 25233–25249 | 25243
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Fig. 12 Relationship between graded activation yield and vanadium
leaching efficiency.

Table 8 Fitting equation and correlation coefficient of the relationship
between graded activation yield and vanadium leaching efficiency

Particle size/mm Linear equation R2

−3 to +2.5 y = 28.285 + 0.588x 0.981
−2.5 to +2 y = 44.229 + 0.745x 0.987
−2 to +1 y = 48.361 + 0.462x 0.982
−1 to +0.6 y = 65.639 + 0.279x 0.997
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corresponding to the yield is: −3 to +2.5 mm > −2.5 to +2 mm >
−2 to +1 mm > −1 to +0.6 mm.

According to the tting equation and correlation coefficient
of the relationship between the graded activation yield of
vanadium-bearing shale and the vanadium leaching efficiency
with the tting accuracy reaching 0.99 in Table 8. Hence, the
relationship between the activation yield and the vanadium
leaching efficiency can be expressed by linear eqn (10).

h = mg + n (10)

where, h represents the vanadium leaching efficiency (%), g
represents the activation yield (%), and m and n are the corre-
lation coefficients.

The eqn (1) was substituted into eqn (10) to obtain the
relationship model between vanadium leaching efficiency and
activation time, as shown in eqn (11).

h = g0 exp(−ktn)m + n (11)

According to the activation kinetics equation of vanadium-
bearing shale, the equations among the specic particle size,
activation time and vanadium leaching rate of different particle
sizes can be obtained.

(1) −3 to +2.5 mm:

h = 0.588 × g0 exp[(−0.02 exp(d/0.79) + 0.05)t(0.80 exp(−d/1.31)+0.39)]

+ 28.285, 2 # t # 10 (12)
25244 | RSC Adv., 2025, 15, 25233–25249
(2) −2.5 to +2 mm:

h = 0.745 × g0 exp[(0.05 exp(d/0.78) − 0.01)t(1.14−0.32d)]

+ 44.229, 0 # t # 10 (13)

(3) −2 to +1 mm:

h = 0.462 × g0 exp[(−0.19 + 0.05d)t(1.14−0.68d)]

+ 48.361, 0 # t # 10 (14)

(4) −1 to +0.6 mm:

h = 0.279 × g0 exp(0.44t
1.06) + 65.639, 0 # t # 10 (15)

3.4 The adsorption mechanism of vanadium-bearing shale
in mechanochemical process

During themechanochemical activation process, the vanadium-
bearing shale will adsorb the activator simultaneously as the
particle size decreases. Under the action of mechanical force,
the mineral surface of vanadium-bearing shale undergoes
amorphous phenomena. The atoms with unsaturated surface
charges specically adsorb F− in the activator, reducing the
surface potential of vanadium-bearing shale and increasing its
hydrophilicity, promoting the adsorption and diffusion of H+ on
the mineral surface. Meanwhile, F− is adsorbed at the central
atomic positions (Si, Al) on the surface of muscovite, weakening
the adjacent Si–O and Al–O bonds on the surface. During the
leaching process, the weakened Si–O and Al–O bonds are prone
to break during the dehydroxylation process of H+, thereby
accelerating the dissolution of muscovite during the leaching
process and ultimately increasing the vanadium leaching effi-
ciency. In order to reveal the adsorption mechanism of F− by
vanadium-bearing shale during the mechanochemical activa-
tion process, the main minerals in vanadium-bearing shale
undergo mechanochemical activation using pure minerals.

3.4.1 Adsorption capacity of vanadium-bearing shale on
F−. In order to quantify the adsorption of main minerals on F−

in vanadium-bearing shale duringmechanochemical processes,
the adsorption content of F− by pure minerals in the mecha-
nochemical activation process was determined, and the results
were shown in Fig. 13. The adsorption capacity of vanadium-
bearing shale on F− was 23.89 mg g−1. In pure minerals, the
adsorption capacity of muscovite, quartz, calcite, pyrite, feld-
spar and dolomite on F− were 12.08 mg g−1, 2.39 mg g−1,
31.09 mg g−1, 20.30 mg g−1, 3.81 mg g−1 and 13.08 mg g−1,
respectively. The results showed that the main minerals in
vanadium-bearing shale all adsorb F− during the mechano-
chemical activation process. Among the adsorption capacity of
calcite is the highest, and quartz is the lowest.

3.4.2 Surface potential of activation minerals. The zeta
potential of vanadium-bearing shale before and aer activation
are showed in Fig. 14. Aer activation, the surface potential of
the vanadium-bearing shale changed from positive to negative
in the acidic system, which is conducive to the diffusion of H+ to
the mineral surface and promotes the dissolution of minerals.
The surface potential of muscovite, quartz, feldspar and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 F adsorption of pure minerals in vanadium-bearing shale after
activation.

Fig. 14 Zeta potential of minerals before and after activation.
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dolomite increase towards the negative potential, especially the
negative charge on the surface of muscovite enhances, which is
conducive to the dissolution of muscovite and thereby improves
the leaching of vanadium.32 On the contrary, the potential of
calcite and pyrite decreases and the negative charge weakens,
thereby weakening the competitive dissolution with muscovite.

3.4.3 Analysis of the microscopic morphology. The micro-
morphology of the activated pure mineral was analyzed, as
shown in Fig. 15. The irregular occulent particles of varying
degrees are found on the surface of activated minerals on
account of the amorphous formation of minerals in the mech-
anochemical activation process. In Fig. 15(a), the F− content of
muscovite surface at point A is higher than that at point B, while
the sodium content at point A is lower than that at point B and
the F− content is much higher than sodium, which indicates
that the adsorption of activator of muscovite in the activation
process is not in the form of NaF, but in the form of ions
respectively. Muscovite is one of the most representative silicate
minerals, known for its nearly perfect cleavage surface, and
© 2025 The Author(s). Published by the Royal Society of Chemistry
tends to grow and dissolve along their marginal surface, which
is more reactive to adsorption reactions. The (0 0 a) crystal
surface of muscovite is a negatively charged dissociation
surface, where sodium ions undergo a displacement reaction
with potassium ions.33,34 The Al–O bond and Si–O bond coated
on the muscovite edge can undergo hydration reaction to form
active hydroxyl group and aluminoxy group,35–37 which
combines with F to form [SiF6]

2− and [AlF5]
2−. Therefore, F− are

more adsorbed on the edge surface of muscovite, which is
meaningful for releasing V from the crystal lattice of muscovite.
As shown in Fig. 15(b), a small amount of F− appears in the
element distribution of the surface, while F− and Na+ were not
detected at points C and D during the spot scan. It showed that
the adsorption of F− is less during the mechanochemical acti-
vation of quartz. In Fig. 15(c), the F− content on the dissociated
surface (point E) of calcite is about 4 wt%, while the edge (point
F) can reach more than 5.9 wt%, and the atomic content ratio of
Ca to F is 1 : 2, indicating that the adsorption of F by calcite may
result in the formation of CaF2 adsorbed on the surface of
calcite. In Fig. 15(d), the content of F− at the adsorption points
G and H on the surface of pyrite are very high, reaching more
than 10%, while the content of Na+ is zero, indicating that pyrite
has a good adsorption on F−. In Fig. 15(e), the adsorption of F−

varies greatly at I and J points of potassium feldspar. The F−

content at I point reaches 11%, while that at J point is only
about 2.6%. In Fig. 15(f), the adsorption correlation of uorine
on the dolomite surface is better, but the adsorption amount is
different at different locations.

3.4.4 F− binding form in mineral surface. In order to study
the adsorption state of F on the surface of various minerals, XPS
was used to analyze pure minerals. The ne spectra of elements
that may be combined with uoride ions in minerals, such as
Al, Si, Fe and Ca, were tted by peak-splitting, and the results
were shown in Fig. 16. The XPS ne spectrum of Si 2p and Al 2p
in muscovite before and aer activation were shown in
Fig. 16(a) and (b), the binding energy of activation muscovite at
76.3 eV and 104.5 eV appeared new peaks, which attributed to Al
2p3/2 of Al–F and Si 2p3/2 of Si–F, indicating the F were chemi-
cally adsorbed with the active points of Si and Al on the surface
of muscovite.35,38–40 The XPS ne spectrum of Si 2p in quartz
before and aer activation were shown in Fig. 16(c), the binding
energy of Si 2p in activated quartz widened, and the Si–F 2p3/2
peak appeared at the binding energy of 104.49 eV, indicating the
activated quartz would adsorb a small amount of F.40,41 The XPS
ne spectrum of Ca 2p in calcite before and aer activation were
shown in Fig. 16(d). The binding energy of Ca 2p orbital in raw
calcite at 347.17 eV and 350.7 eV is a double peak, which
correspond to Ca 2p3/2 and Ca 2p1/2 orbits of Ca 2p, respectively.
The binding energy of Ca 2p orbital in calcite aer activation
converted two double peaks, the new double peak at 347.98 eV
and 351.5 eV correspond to Ca 2p3/2 and Ca 2p1/2 orbitals of
CaF2, respectively, which showed that a part of the surface of
calcite (CaCO3) were converted into CaF2.40,42 The XPS ne
spectrum of Ca 2p in dolomite before and aer activation were
shown in Fig. 16(e), activated dolomite is similar to calcite, and
the adsorption peaks of Ca 2p3/2 and Ca 2p1/2 orbitals of CaF2
were generated at binding energy of 348.32 eV and 352.01 eV.40
RSC Adv., 2025, 15, 25233–25249 | 25245
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Fig. 15 The SEM images of pure minerals in vanadium-bearing shale after activation ((a): muscovite; (b): quartz; (c): calcite; (d): pyrite; (e):
feldspar; (f): dolomite).
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The XPS ne spectrum of Fe 2p in pyrite before and aer acti-
vation were shown in Fig. 16(f), the binding energy of raw pyrite
at 707.52 eV, 708.25 eV and 712.43 eV is the Fe 2p3/2 orbital,
representing Fe atoms in the pyrite lattice (Fe(II)–S), surface
bound Fe with S (Fe(III)–S) and oxidation products (Fe(III)–O),
respectively. The binding energy at 720.33 eV and 725.98 eV
correspond to spin orbits and surface oxidation products of Fe
2p1/2, respectively. The binding energy of the activated pyrite at
712.43 eV disappeared, and the Fe 2p3/2 peak of Fe(III)–F
25246 | RSC Adv., 2025, 15, 25233–25249
appeared at 711.17 eV, which indicated that F was adsorbed on
the surface of pyrite by binding with Fe(III)–O on its surface.40,43

Aer activation, the binding energies of Al 2p and Si 2p on the
surface of feldspar both decreased, and the peak areas
increased in Fig. 16(g) and (h). However, the characteristic
peaks of Al–F and Si–F binding energies did not appeared,
which indicated that the electron cloud on the surface of the
surface-activated feldspar changed, and the adsorption of
uorine was not chemical adsorption.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 16 XPS fine spectrum of pure minerals before and after activation
((a and b): muscovite; (c): quartz; (d): calcite; (e): dolomite; (f): pyrite; (g
and h): feldspar).
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4. Conclusion

This study systematically discusses process mineralogy, the
optimal leaching particle size, and the kinetics of activation
processes of vanadium-bearing shale. Based on the mineral
characteristics of vanadium-bearing shale, a classication
© 2025 The Author(s). Published by the Royal Society of Chemistry
mechanochemical activation method was proposed. The
adsorption mechanism of vanadium-bearing shale on F− was
revealed through pure minerals during the mechanochemical
activation process.

(1) Vanadium-bearing shale is a complex low-grade ore,
which is mainly composed of quartz, muscovite, calcite, pyrite,
feldspar and apatite. Vanadium with 94.24% exists in musco-
vite, while the remaining 5.76% exists in oxide. Muscovite is
predominantly closely associated with quartz, calcite and
organic carbonaceous and tends to be enriched in ne grained,
displaying ne disseminated granularity with 0.005–0.06 mm.

(2) The mineral distribution of vanadium-bearing shale of
different particle sizes leads to differences in activation effi-
ciency. The grindability order of vanadium-bearing shale is
observed as follows: −3 to +2.5 mm < −2.5 to +2 mm < −2 to
+1 mm < −1 to +0.6 mm. The activation process of different
particle sizes were well evaluated by kinetic equations (R2 =

0.99). The vanadium leaching efficiency has a positive linear
relationship with the activation yield at the optimal leaching
particle size with −0.6 mm. The vanadium leaching efficiency
and activation time can be expressed by equation of h = g0

exp(−ktn)m + n.
(3) During the mechanochemical activation process, the

mineral surface of vanadium-bearing shale undergoes amor-
phous phenomena, then has a good adsorption of F− (23.89 mg
g−1). The order of F− adsorption capacity is calcite, pyrite,
dolomite, muscovite, feldspar, and quartz. The adsorption
process of F− alters the surface potential on the vanadium-
bearing shale, especially, the negative charge on the of musco-
vite surface increases, while that of pyrite and calcite decreases,
which is conducive to the diffusion of H+ to the surface of
muscovite and away from pyrite and calcite. F− forms Al–F and
Si–F bonds with Si and Al on the surface of muscovite,
promoting the dissolution of muscovite. While F− generates
CaF2 with the surface of calcite and FeF3 with Fe(III)–S on the
surface of pyrite, hindering and slowing down the dissolution of
calcite and pyrite.

(4) The mechanochemical activation can realize the vana-
dium extraction by full-wet leaching with green, low-carbon and
high efficiency. However, the impact of mechanochemical
activation on the subsequent purication and enrichment of
vanadium are further studied, especially the improvement of
vanadium leaching efficiency and the accompanying leaching of
impurity elements such as iron and aluminum in muscovite.
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