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Abstract

Driven by the practical needs of reducing mining costs and protecting the environment,
and with the growing focus on the green and efficient recovery of metal elements (Cu, Mn,
Ni, Co, Li, V, Al, Fe, REEs) from mineral raw materials and secondary resources, ultrasonic-
enhanced leaching has emerged as an effective method for achieving the resource recovery
of the aforementioned metals. As the ultrasonic-enhanced leaching process can effectively
recover metal elements from mineral resources and secondary resources, it can effectively
reduce the energy consumption, shorten the recycling time, and effectively improve the
efficiency of the recovery of metal elements in the recycling process. This paper provides
a comprehensive overview of the latest references and scientific knowledge in the field
of ultrasonic-enhanced leaching, classifies and summarizes the application of ultrasonic-
enhanced leaching in the recovery of metal elements from mineral resources and secondary
resources, and discusses the mechanisms of ultrasonic-enhanced leaching in detail.

Keywords: ultrasonic enhanced leaching; hydrometallurgy; metal elements; secondary resources

1. Introduction

With the increasing demand for non-renewable metal elements [1], the massive con-
sumption of lithium, cobalt, vanadium, rare earths, and other metal resources by modern
electronic products and industries has caused precious metal elements to face the dilemma
of resource depletion [2,3]. This has led to the efficient utilization of non-renewable mineral
resources, the recovery of precious metal elements from secondary resources, and the reuse
of precious metal elements becoming more and more urgent [4,5]. Currently, the most
mainstream methods for recovering metal elements are hydrometallurgical methods and
pyrometallurgical methods [6-9]. However, these traditional processes (hydrometallurgical
and pyrometallurgical) generally suffer from problems such as a low leaching efficiency,
long leaching time, high reagent usage, and high energy consumption [10-20]. So, there
is a pressing need to explore an efficient and environmentally friendly method to recover
metal elements from minerals and secondary resources [21-26]. To improve the recovery
efficiency of metal elements, researchers have compensated for the shortcomings of the
traditional method by introducing assisted technologies [27,28]. In recent years, the applica-
tion of ultrasound in leaching processes has become more and more widespread, which is
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due to the cavitation, mechanical, and thermal effects of ultrasound that make it possible to
improve the leaching efficiency and shorten the leaching time in the recovery process [29].

The application of ultrasound in the recovery of metal elements mainly utilizes the
cavitation effect of ultrasound. The impact of cavitation on the reaction system primarily
manifests in both physical and chemical effects. Specifically, its physical effects involve the
transformation of gas nuclei already dissolved in the solution, such as Oy, N, and other
gases, into microbubbles through the alternating acoustic pressure. These microbubbles
then undergo oscillation and growth, ultimately leading to their rupture, as illustrated in
Figure 1A [30]. When microbubbles expand rapidly and collide with each other during
transfer in solution, the gas or vapor inside the bubbles is compressed, and the collapse
of the cavitation bubbles in a very short time generates a huge amount of energy locally
(1018 kW /m3) [31]. Meanwhile, the periodic generation and collapse of cavitation bubbles
produces shock waves/microjets with pressure amplitudes of about 240 MPa and molecular
motion velocities of up to 1700 m/s. These strong shock waves/microjets will cause the
local temperature near the bubble to rise sharply to 2000~10,000 K. The huge energy released
from the bubbles during transient cavitation will have a strong impact and stripping effect
on the insoluble impurities on the surface of the object, causing the impurities to fall out
of the solution. In addition, transient cavitation also has a dissolving effect on the surface
components of the object, which can expose its internal components [32], as shown in
Figure 1B. The sharp increase in temperature inside the bubble causes the decomposition of
water vapor and oxygen to form various oxidants, such as -OH, H,O,, oxygen atoms, and
O3 [33], as shown in Figure 1C. The above various oxidants produced in solution have a
strong oxidative decomposition effect, which has a good promotion effect on the leaching of
metal elements in mineral resources and secondary resources [34]; the above processes are
the main reasons for most of the physical and chemical effects of ultrasound in solid /liquid
or liquid/liquid systems [35-37].
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Figure 1. (A) Steps in cavitation activity along time: bubble formation, growth, and implosion;
(B) effect of ultrasonic cavitation on particle size; (C) ultrasonically activating the oxidizing agents
can produce strong oxidants. This image is reprinted from [36-38], with permission from Elsevier,
2022, 2021, 2022.
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Since the cavitation of ultrasound has the above physical and chemical effects, the
use of this effect to recover metal elements from mineral resources and secondary re-
sources has become a research hotspot. This paper summarizes and compares the existing

representative studies on the recovery of metal elements using ultrasound.
According to the existing research, ultrasonic-enhanced leaching is different from

conventional leaching [30,32]. The ultrasonic-enhanced leaching method is widely used
in the recovery of metal elements from minerals and secondary resources [22,35,39,40].
The existing representative studies are classified into two major categories: the recovery
of valuable metal elements from minerals and that from secondary resources. These
two categories are further subdivided into four subsections based on the recovery of
common metal elements and rare metal elements, as shown in Figure 2. The research
on the ultrasonic-assisted enhanced leaching of valuable elements is also summarized
and compared in terms of experimental equipment, research methodologies, experimental

conditions, and mechanism analyses.
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Figure 2. Ultrasonic-enhanced leaching in the recovery of metallic elements from minerals and

secondary sources.
2. Recovery of Metal Elements from Mineral Raw Material

2.1. Recovery of Common Metal Elements

In recent years, the study of the enhanced leaching of metal elements by ultrasonic
assistance has obtained better results, and the ultrasonic synergistic strengthening process
was analyzed to confirm that it was effective in improving the leaching efficiency of
metal elements. Xue et al. [41] investigated the oxidative leaching process of nickel (Ni)
directly from nickel sulfide ores with oxidizing agents under the action of ultrasound.

The results show that an 82.95% leaching rate for Ni can be achieved through ultrasonic-
enhanced leaching. Li et al. [42] studied a method for recovering nickel (Ni) from nickel
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ores with the assistance of ultrasound. The results showed that the ultrasonic cavitation
effect could strip off the oxide film on the nickel surface, which increased the reaction
area, promoted the liquid—solid reaction, accelerated the yield of nickel sulfate, effectively
shortened the reaction time (by 50%), and improved the reaction efficiency (by 50%). The
maximum leaching rate of this process is limited. Under the optimal process conditions
(30% sulfuric acid concentration, 10% hydrogen peroxide, temperature of 333 K, ultrasonic
power of 200 W, and reaction time of 4 h), the nickel leaching rate is only 60.41%, and the
conventional leaching rate is even lower (43.87%), which is far from achieving an efficient
recovery of nickel resources. For high-purity nickel blocks (with a nickel mass fraction of
99.96%), nearly 40% of the nickel remains unleached, leading to a low resource utilization
and failing to meet the core requirement of a “high recovery rate” in industrial production.

The use of ultrasonic-enhanced leaching technology in the recovery of zinc (Zn) from
zinc ore has achieved good results. He et al. [43] proposed a novel synergistic system
combining mechanical and ultrasonic activation for Zn leaching from ZnO ores. The
results showed that the median particle size of ZnO ore could be crushed from ~29.2 um
to ~178 nm, as shown in Figure 3A. The microscopic morphology of the original and
activated ZnO is shown in Figure 3B,C. This is accompanied by the small-size crushing
of particles, the creation of new surfaces, point defects, and dislocations in the crystal
structure, and polycrystalline transformations ready to disrupt the crystal structure and
gradually transform it into a disordered state [44,45]. Furthermore, the XRD spectra of raw
ZnO and activated ZnO in Figure 3D show that the ZnO raw ore consists of ZnO, ZnFe;Oy,
and ZngAl,Og with good crystallinity. The modeling results in Figure 3E show that the
combination of ultrasonic and mechanical activation effectively reduces the activation
energy (Ea) (from 54.6 kJ /mol to 26.4 k] /mol), whereas ultrasonic and mechanical activation
can only reduce the activation energy to 44.9 kJ/mol and 41.5 k] /mol, respectively. The
dual action of ultrasonic waves has been strengthened, which results in an increase in the
recovery of Zn (about 12%). The research content only analyzes the influence of ultrasonic
power (50 W=150 W) on extraction, and does not involve variable experiments on ultrasonic
frequency (fixed at 20 kHz in the paper) and ultrasonic operation modes (such as continuous
ultrasound and intermittent ultrasound). Different ultrasonic frequencies will change the
intensity and distribution of the cavitation effect, and intermittent ultrasound may affect
energy accumulation and slurry stability. The lack of these parameters makes it impossible
to fully reveal the synergistic mechanism between ultrasound and bead milling.

The recovery of copper (Cu) from copper-bearing ores can be carried out through
ultrasonic-enhanced leaching. Wang et al. [46] investigated the reaction kinetics of Cu
leaching from chalcopyrite in an acidic ferric sulfate medium with and without ultrasound
assistance. Compared with conventional leaching methods, the ultrasound-assisted leach-
ing process not only has a high leaching rate and short leaching time, but also has a low
reagent dosage and high selectivity.

By summarizing the studies on the recovery of metals from minerals using ultrasonication-
enhanced leaching, it can be concluded that ultrasonication-enhanced leaching is obviously
superior to the traditional leaching methods. In addition, ultrasonication leaching can be
combined with other leaching techniques to further improve the strengthening effect of
ultrasonication leaching. We list representative research data in Table 1 on the recovery of
common metal elements from minerals using ultrasonication-enhanced leaching.
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Figure 3. (A) Particle size distributions of raw and mechanically activated ZnO ores; (B) SEM images
of raw ZnO ore; (C) mechanically activated ZnO ore; (D) XRD patterns of raw and mechanically
activated ZnO ores; (E) Arrhenius plots for the leaching kinetics of raw and activated ZnO ores
leaching in the presence of ultrasound. The combination figure is an integration of the figures,
reprinted from [43], with permission from Elsevier, 2018.
Table 1. Recovery of common metal elements from minerals.
Target . . . Ultrasonic Leaching
Elements Raw Materials Chemical Reagents Temperature Time Power/Frequency Rate Ref.
Nickel sulfide ore NayS,05-AgNO; 70 °C 120 min 220 W 82.95% [41]
Ni Nickel block H,S504-H,O, 60 °C 240 min 200 W 60.41% [42]
Nickel laterite ore H,S0,4 95 °C 10 min 720 W 96.18% [29]
Zinc oxide ore NH3—(NH,4),SO4 30°C 60 min 600 W 83.33% [47]
7n Zinc oxide ore NH;3-C¢H507(NHy)3 25°C 120 min 600 W 88.57% [48]
Zinc oxide ore H,S0, 60 °C 90 min 150 W 75% [43]
c Chalcopyrite Fep(SO4)3-HSO4 80 °C 300 min 80 W 57.5% [46]
u
Deep-sea manganese nodules (NHy);5,03 85°C 90 min 100 W 93% [49]
Al Quartz Na,COs3 80°C 25 min 150 W 42.3% [50]
Quartz sand H3POy4 80 °C 240 min 150 W 77 1% [51]
Fe
Silica sand H,C,04 95°C 30 min 150 W 75.4% [52]

2.2. Recovery of Rare Metal Elements

The recovery of vanadium (V) from low-grade vanadium ores using ultrasonic-
enhanced leaching has also become a research hotspot. Chen et al. [53] systematically
investigated the effects and mechanisms of ultrasound and CaF; on V leaching from
vanadium-bearing shales. The synergistic effect in this study enhances vanadium extraction
through the mechanism of “structure destruction—mass transfer acceleration—chemical
activation”, with specific manifestations as follows: the activation energy of the leach-
ing reaction is further reduced to 27.61 kJ/mol under the synergistic effect, which is
much lower than the 82.50 kJ /mol of ultrasound alone and 50.70 kJ/mol of CaF, alone,
significantly lowering the reaction energy barrier and making vanadium dissolution eas-
ier to occur; the mineral structure is destroyed more thoroughly—the cracks generated
by ultrasonic cavitation provide deeper diffusion channels for HF, while HF specifically
breaks down the mica lattice, and their combined action makes the diffraction peaks of
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mica almost disappear (the attenuation of mica characteristic peaks in the residue of the
“ultrasound + 3 wt% CaF,” group is the most significant), resulting in the highest de-
gree of vanadium release; there is a dual improvement in mass transfer and reaction
efficiency—ultrasound promotes the adsorption and diffusion of H*, F~~, and HF on the
mineral surface, while CaF, continuously generates HF to maintain a high-activity leaching
environment; the combination of the two maximizes both the concentration of effective
leaching agents in the pulp and the contact efficiency between these agents and the active
sites of minerals, ultimately increasing the vanadium leaching rate by 66.28%, which is
higher than the 26.97% improvement by ultrasound alone and 60.35% improvement by
CaF; alone. The synergistic enhancement process is illustrated in Figure 4.
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Figure 4. Synergetic mechanism for vanadium leaching out of V-bearing shale improved by ultra-
sound and CaF, This image is reprinted from [53], with permission from Elsevier, 2016.

Tungsten (W) has been widely used in the chemical industry, machinery and equip-
ment manufacturing, and other fields [54]. In recent years, the recovery of W from
tungsten ore using ultrasonic-enhanced leaching technology has achieved better results.
Orjan et al. [55] investigated the effects of ultrasonic cavitation on W leaching efficiency.
It was shown that the leaching efficiency of W using ultrasonic cavitation energy supple-
mented by 130 kWh/kg was 71.5%, while the leaching rate without ultrasound was 36.7%.
The results confirmed that ultrasonic cavitation can effectively reduce energy consumption
and improve W recovery. The introduction of ultrasonic waves can effectively promote
the collision chance between the leaching agent and mineral particles, thus promoting the
efficient dissolution and leaching of W from tungsten ore.

The use of ultrasonic-enhanced leaching for the recovery of rare precious metals has
also been increasingly studied [56]. In recent years, the use of ultrasound-assisted leaching
techniques has effectively improved the leaching efficiency of Au from gold ores and
gold concentrates. Gui et al. [57] investigated the oxidation of sulfide coatings on Au
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surfaces using ozone and ultrasonic synergistic pretreatment and studied the mechanism of
synergistic-enhanced oxidation. After 4 h of ozone and ultrasonic pretreatment, the leaching
rate of Au increased from 49.12% to 93.52%. Ultrasound and ozone pretreatment not only
oxidized the pyrite encrustation, but also effectively destroyed the pyrite encrustation and
inhibited the secondary encrustation in a short time, as shown in Figure 5A-C. At the same
time, ultrasonic treatment significantly reduces the particle size of difficult-to-select gold
ores, increases their specific surface area, shown in Figure 5D,E, intensifies the oxidation
process during pretreatment (ultrasound and ozone), and can significantly increase the
leaching efficiency of Au. The process flow mentioned that ozone has an extremely low
solubility in aqueous solutions (only 14 mmol/L at 20 °C). Even when introduced into the
system via aeration, a large amount of ozone is discharged with the exhaust gas without
participating in the reaction. This not only causes a waste of oxidant but also requires
an additional investment in exhaust gas treatment equipment (such as the “ozone tail
gas treatment device” mentioned in the paper), increasing the complexity and energy
consumption of the process. Meanwhile, to achieve the desired oxidation effect, a relatively
high ozone flow rate (3.44 g/h as the optimal value) must be maintained, which further
raises the cost of 0zone generation and reduces the economic viability of the process.
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Figure 5. SEM images of (A) raw material, (B) ore treated with O3, and (C) ore treated with ozone
and ultrasound, and their BET images (D,E). The combination figure is an integration of the figures,
reprinted with permission from [57], with permission from Elsevier, 2022.

Larrabure et al. [19] investigated the ultrasound-assisted leaching of Ag-containing
polymetallic (Mn-Fe-Pb) sulfides. It was shown that ultrasound-assisted leaching decreases
surface Mn by dissolving oxidizing substances, exposing the surface of fresh sulfides and
increasing Ag leaching. Ultrasound-assisted leaching could obtain a higher Ag leaching of
60%, while conventional leaching could only extract 25%. Cilek et al. [58] investigated the
application of ultrasound in the cyanidation reaction of refractory silver ores. Ultrasonic
waves can effectively improve the leaching rate of Ag (the 24 h leaching rate of sono-
cyanidation is approximately 15.5% higher than the 48 h leaching rate of conventional
cyanidation, achieving a 50% reduction in cyanidation time), and the use of ultrasonic
waves can greatly reduce the cyanidation time without affecting the leaching efficiency
of Ag, being 13% more efficient with ultrasound than without ultrasound. Experiments
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showed that the effect of ultrasonic frequency (37 kHz and 80 kHz) on silver recovery
is negligible (p-value = 0.907 in the analysis of variance). Changing the frequency alone
cannot improve the leaching efficiency; instead, it increases the complexity of equipment
selection. In industrial settings, it is necessary to match ultrasonic transducers with specific
frequencies. The meaningless frequency variable will lead to an increase in equipment costs,
and it is impossible to optimize the leaching process for ores with different characteristics
(such as the content of silver sulfide minerals) by adjusting the frequency.

By summarizing the relevant studies on the recovery of rare metals from minerals
using ultrasonication-enhanced leaching, we can determine that ultrasonic-enhanced leach-
ing is a highly efficient recovery method, which points to a new direction for the future
exploration of assisted enhanced leaching technology. We list the representative research
data of the recovery of rare metal elements from minerals using ultrasonication-enhanced
leaching methods in Table 2.

Table 2. Recovery of rare metal elements from minerals.

Eﬁ; i:f;tts Raw Materials Chemical Reagents = Temperature Time Powlclelrt/rl:rse(:]rzcincy Le;x{c:;ing Ref.
A% Vanadium-bearing shale H,S0,-CaF, 95 °C 30 min 900 W 92.93% [40]
Scheelite Naz;CO3 90 °C 450 min 1000 W 22.5% [54]
W Scheelite HNO; 80°C 360 min 131 kWh/kg 71.5% [55]
Scheelite NaOH 90 °C 146 min 176 W 90% [59]
Refractory gold ores NaClO-NaOH 30°C 120 min 200 W 68.55% [56]
Au Refractory gold ores HCI-Cl, 50 °C 120 min 300 W 50% [60]
Refractory gold ore Na3(CN)3C3H3NgO3 80 °C 240 min 480 W 93.52% [57]
Ag Refractory gold ore Na3z(CN)3C3H3NgO3 80 °C 240 min 480 W 61.25% [57]
Refractory silver ores NaCN 30°C 2880 min 100 W 90% [58]
Weatlzlered crust elution- MgSO, 25°C 30 min 700 W 99% [61]

REEs eposited ore
Eudialyte concentrate HNO;3 80 °C 140 min 22 KHz 94.5% [62]

3. Recovery of Metal Elements from Secondary Sources
3.1. Recovery of Common Metal Elements

With the significant popularization of electronic and technological products, the con-
sequent generation of secondary resources containing valence metal elements is increasing.
In recent years, many researchers have confirmed the superiority of assisted enhanced
recovery methods over conventional recovery methods [63]. Esmaeili et al. [64] investigated
ultrasound-assisted bio acid leaching for the leaching of metals from spent lithium-ion
batteries. Organic acids from lemon juice and H,O, were used as leaching agents. The
results showed that metal recovery dropped sharply without Hy;Oy, and lemon juice,
decreased much less without ultrasound, and reached 100% for Li and Co when ultrasonic
treatment was applied for 35 min of leaching. Xiao et al. [65] investigated an ultrasound-
assisted leaching method for the leaching of metals from spent lithium-ion batteries. The
entire leaching process shortened more than 50% of the leaching time due to the localized
thermal effect of ultrasonics. The use of ultrasound to improve the mass transport of metal
ions in the residue layer of used lithium-ion batteries during organic acid leaching at low
temperatures (50 °C) can facilitate the recovery of battery metals.

Ding et al. [66] investigated the effect of ultrasound on the leaching of gallium (Ga)
and Zn from corundum flue dust and its mechanism. The leaching efficiencies of Ga and Zn
were increased from 62.78% and 82.56% to 94.43% and 99.57%, respectively, under the effect
of ultrasonic-enhanced leaching. By comparing the SEM images of conventional leaching,
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shown in Figure 6A-C, and ultrasonic leaching, shown in Figure 6D,E, it was found that
the enhancement of the leaching rate and leaching efficiency by ultrasound was mainly
because ultrasonic action breaks the particle agglomerates into small pieces or cracks, which
enhances the diffusion of sulfuric acid and the product layer on the surfaces of particles.
Through the experimental phenomena and leaching kinetic modeling, the mechanistic
processes of conventional and ultrasonic-enhanced leaching, shown in Figure 6G, were
deduced, and the superiority of ultrasonic-enhanced leaching over conventional leaching
was confirmed by comparison. Corundum flue dust contains a large amount of silicates
and aluminosilicates. Concentrated sulfuric acid preferentially reacts with these silicates
and aluminosilicates to form by-products such as aluminum sulfate and silicon sulfate,
resulting in the consumption of part of the sulfuric acid before it participates in the leaching
of gallium (Ga) and zinc (Zn). Experiments show that, when the sulfuric acid concentration
exceeds 25 wt%, there is no significant increase in the leaching rates of Ga and Zn, which
confirms the existence of an ineffective consumption of sulfuric acid. This further increases
the reagent cost and the subsequent wastewater treatment load.

H,50, ¢ 0 G805 Diffusion layer

. \_/0 ZnSO,
G ° ° 5]

° Reaction A

- Sa

1
\3H.50,+2Ga — GaS0)5#3H,, | Ea(Zn)=16.22 K¥/mol
e o s T Ea(Ga)=20.65 KJ/mol
. H,80,4Zn0 — ZnSO+H,0™~,
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® H,S0, ®ZnO Ga @ KALSiO,, ®ZnSO, @ Ga,(SO,); @ K,SO+AL(SO,),

Figure 6. (A-C) SEM image of conventional leaching residue; (D-F) SEM image of ultrasonic leaching
residue; (G) the mechanism of ultrasound assisted leaching. The combination figure is an integration
of the figures, reprinted from [66], with permission from Elsevier, 2022.

Xin et al. [39] enhanced the leaching process of germanium-containing slag powder
by using the innovative method of combining ultrasound and oxygen, and the equipment
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is shown in Figure 7A. The use of ultrasound combined with oxygen can obtain a stronger
oxidizing capacity and achieve a higher leaching efficiency of Zn and germanium (Ge), by
4.92% and 9.80%, respectively, than that in conventional leaching. By comparing the SEM
images of the raw ore, shown in Figure 7B,C, and the leaching slag, shown in Figure 7D,E,
with ultrasound combined with oxygen, it was found that using ultrasound combined
with oxygen could not only destroy the crystal structure of the minerals and reduce the
crystallinity of the minerals, but also break the minerals, open the mineral inclusions, leach
out the sulfide, release the encapsulated germanium, and ultimately increase the leaching
efficiency of Zn and Ge. Through the experimental phenomena and the leaching kinetic
model, the mechanism process of conventional leaching and ultrasonic-enhanced leaching,
shown in Figure 7F, was inferred. This is a green, efficient, and environmentally friendly
waste recycling method. Experiments were conducted using a small-volume 500 mL reactor,
where ultrasonic energy could be uniformly distributed. However, when scaled up to an
industrial cubic-meter-scale reactor, the ultrasonic energy attenuates significantly with
propagation distance (over 60% energy loss at 1 m from the transducer). This leads to the
excessive fragmentation of raw material particles in areas close to the transducer (generating
fine powders that clog the filter screen), while insufficient cavitation effects occur in areas
far from the transducer (ZnS inclusions remain unbroken, preventing germanium exposure).
Consequently, the overall leaching efficiency may decrease by 10-15%. Although this issue
can be mitigated by using a multi-transducer array, it will further increase equipment
investment and energy consumption.

Ultrasonic generator

\ Heat collecting
constant temperature
magnetic stirrer

Broken

ZnO+H,SO, — ZnSO,+H,0

3
o

oo . Cavitation effect /3 '+, GeOy12H,80, — Ge(SO,),+2H,0

S <
Mechanical action ;mke "ZZnS+Oz+ZHZSO4 — 2ZnS0,+2S+2H,0

%

Figure 7. (A) Schematic diagram of the experimental setup for ultrasonic- combined with oxygen-

[J () (J ]
ZnO ZnS GeO, PbO PbSO,

enhanced leaching; (B,C) SEM-EDS image of germanium-containing slag dust, * represents the
microstructure of germanium-containing slag dust; (D,E) SEM-EDS image of ultrasound combined
with oxygen residue, * represents the microstructure of the reaction residue from ultrasound combined
with oxygen; (F) schematic diagram of ultrasound combined with oxygen leaching mechanism
analysis. The combination figure is an integration of the figures, reprinted from [39], with permission
from Elsevier, 2022.

Ultrasonic-enhanced leaching has also made good progress in the recovery of precious
metals. Hosseinzadeh et al. [67] used the ultrasound-assisted Fenton-like leaching of
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precious metals from spent automotive catalysts. The recovery efficiencies of Al and
Ce with ultrasound were 12.2% and 33.8% higher than without ultrasound for the same
reaction time. Zhu et al. [68] investigated the process of acid-free in situ chemical oxidation
ultrasound-enhanced persulfate leaching of Ag from zinc slag. The study finds that the
Ag leaching efficiency reached 91.09%. Ultrasonication lowered the reaction barrier and
improved the silver leaching efficiency. As ultrasound reduced the activation energy
from 112.47 kJ /mol to 65.23 kJ /mol and shortened the leaching time and improved the
leaching efficiency (the experiments were conducted within a unified temperature range
of 323 K-353 K (50-80 °C), which covers the temperature intervals used in both the single-
factor experiments and kinetic analysis), the leaching mechanism of the Ag element was
deduced by analyzing the reaction process, shown in Figure 8. The experiments showed
that the leaching rates of associated metals (In: 75.11%, Zn: 51.74%, Ge: 43.12%) in zinc
leaching residue by this process are much lower than that of silver (91.09%), and no
subsequent separation and recovery scheme is mentioned. In industry, besides silver,
associated metals such as In and Ge in zinc leaching residue are high-value scattered metals.
The low leaching rates lead to resource waste, and the industrial chain advantage of the
“synergistic recovery of multiple metals” is not formed, which reduces the overall economic
viability of the process.

01 \\@

Figure 8. Reaction mechanism diagram. This image is reprinted with permission from [68], with
permission from Elsevier, 2024.

Ultrasonic-enhanced leaching has achieved better research results in recovering Fe and
Pb and in removing Fe from waste materials. Kong et al. [69] investigated the ultrasound-
assisted leaching process for Fe removal from silica powder waste slag and optimized the
leaching conditions to achieve an Fe removal rate of 95.24%. By introducing ultrasound-
assisted leaching, the leaching time can be effectively shortened, and the removal efficiency
can be improved. Xie et al. [70] investigated the microwave-coupled ultrasonic method
for extracting Pb from electrolytic manganese anode sludge, and determined the flow
of assisted recovery methods through experiments and modeling analysis, as shown in
Figure 9. The results showed that microwave roasting promoted the conversion of MnO,
to MnyO3 and Mn3O4, which greatly facilitated the subsequent leaching process of Pb, and
the introduction of ultrasonic waves made it possible to rapidly strip the mineral particles
attached to the surface of inclusions, fillers, and impurities, exposing more active surfaces
to participate in the leaching reaction and facilitating the contact between the leaching
agent, cleaning agent, and particles, effectively enhancing the leaching process, realizing a
leaching efficiency of Pb up to 86.98%. During the roasting process, PbyyMnggO1144 in the
raw material decomposes to form PbO,,, and part of the PbO,, may further decompose into
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PbO, which volatilizes with the flue gas (TG analysis shows that PbO,; starts to deoxygenate
at 403.6 °C). Although the experiment is equipped with an exhaust gas treatment device
(ammonia water + dilute NaOH + activated carbon), it does not detect the lead content in
the exhaust gas. If the exhaust gas treatment is incomplete during industrial scaling-up, it
will cause lead vapor pollution, requiring an additional investment in high-efficiency dust
removal (such as electrostatic precipitation) and adsorption equipment.
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(b)

— PbSO,

ultrasonic

Figure 9. (a—c) The schematic diagram of ultrasonic-enhanced leaching. This image is reprinted
from [70], with permission from Springer, 2021.

By summarizing the relevant studies on the recovery of common metal elements
from secondary resources using ultrasonication-enhanced leaching, it can be concluded
that ultrasonication-enhanced leaching is obviously superior to the traditional leaching
method, and the recovery of metal elements can be efficiently achieved by ultrasonication-
enhanced leaching, and the reaction time and the amount of chemicals can be shortened
by ultrasonication-enhanced leaching. Ultrasonic-enhanced leaching is an efficient and
green recovery method. For readers to read more intuitively and quickly, we list represen-
tative research data in Table 3 on the recovery of common metal elements from secondary
resources using ultrasonication-enhanced leaching.

Table 3. Recovery of common metal elements from secondary sources.

Target

Ultrasonic Leaching

Elements Raw Materials Chemical Reagents Temperature Time Power/Frequency Rate Ref
Spent catalysts HNO3 90°C 50 min 30 KHz 95% [71]
Ni Spent lithium-ion batteries (LIBs) lemon juice-H,O, 40°C 35 min 37 KHz 100% [64]
Spent LIBs citric or acetic 50°C 1440 min 110W 99% [65]
Electric arc furnace dust H,S0, 80°C 30 min 60 W 90% [8]
7n Corundum flue dust H,S0, 90°C 50 min 900 W 99.57% [66]
Zinc residue H,S04 65°C 180 min 160 W 80% [72]
Copper anode slime H,504-NayS,0s 50°C 50 min 400 W 98.11% [73]
Print circuit boards spent etching solution 25°C 30 min 300W 93.76% [74]

Cu . - Room .
Copper anode slime Ultrasound Lixiviant: HySOy temperature 600 min 800 W 85.18% [75]
Blended copper slag Lixiviant: H,O,-CH3COOH 65°C 60 min 10% ultrasound power 93% [76]
Spent automotive catalysts FeSO4-H,0, 70°C 40 min 37KHz 81.7% [67]
Al Aluminum dross NaOH 50°C 240 min 100 W 60% [77]
Silicon diamond wire saw cutting waste H,S04 60°C 50 min 270 W 95.24% [69]
Fe Boron carbide waste- scrap H,S0, 50°C 50 min 210W 94.5% [78]
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3.2. Recovery of Rare Metal Elements

Ultrasonic-enhanced leaching technology has achieved good results in the recovery of
rare metals from secondary resources. Ghasemi et al. [79] used ultrasonic and hydrogen
peroxide-assisted sulphuric acid leaching to extract V and yttrium (Y) from fly ash. Their
study finds the recoveries of V and Y were 100% and 97%, respectively. Enhanced leaching
by ultrasound allowed the leaching agent to degrade and diffuse into the coal ash particles
for an efficient recovery of metal elements. Shruti et al. [80] utilized the synergistic action
of Escherichia coli and ultrasound for the bioleaching of spent catalysts containing Mo,
Ni, and Al. The use of a discontinuous ultrasonic treatment increased the molybdenum
leaching efficiency from 46% to 54%. It was confirmed that the metal leaching efficiency of
multiple ultrasonic treatments was higher than that of one continuous ultrasonic treatment.
This study lacks comprehensive control groups, including “ultrasonic leaching without
bacteria”, “bacterial leaching without ultrasound”, and “chemical leaching + ultrasound”.
As a result, it is impossible to clearly distinguish the independent contribution ratios
of ultrasound’s role in promoting bacterial growth, its mechanical damage effect on the
catalyst structure, and the synergistic effect of these two roles in metal leaching. In addi-
tion, no control groups with different initial pH values (e.g., 7.0, 8.0, 9.0) or temperatures
(e.g., 30 °C, 37 °C, 40 °C) were set up, making it difficult to rule out the interactive in-
fluence between environmental factors and ultrasound. Improvements are needed in
subsequent research.

The recovery of the “industrial vitamins” of rare earth elements from secondary
sources by ultrasonically enhanced leaching has been studied with good results, and
the recycling of rare earth elements has been realized. Maryam et al. [81] used an ul-
trasonically enhanced leaching process to recover lanthanum (La) from fluid cracking
catalysts. The high efficiency of ultrasonic-enhanced leaching achieved a recovery of 97.1%
of rare earth elements, which is simpler and faster than the existing methods and mini-
mizes energy and reagent consumption, while reducing costs and environmental benefits.
Behera et al. [82] investigated the application of ultrasound- and microwave-assisted
techniques for the dissolution of neodymium (Nd) from spent magnets using organic
reagents. Under ultrasound-assisted leaching conditions, the almost total dissolution of
Nd (~99.99%) was achieved by ultrasonic-enhanced leaching, with a reduction of 120 min
in the leaching time compared to conventional mechanically agitated leaching (240 min
for 65.03% of Nd). From the SEM results of the scrap magnet samples before and after the
ultrasonic/microwave treatment, the enhancement of Nd leaching is mainly due to the
cavitation effect of ultrasonic waves and the high thermal energy generated by microwaves
to destroy the solid matrix of the scrap magnets, shown in Figure 10, resulting in the
diffusion of Nd metal ions into the leaching phase.

In this study, only the shrinking core model and shrinking sphere model were used
to fit the kinetic data, while the change in activation energy (E,) was not calculated. This
makes it impossible to quantify the enhancement degree of ultrasound/microwave on the
leaching process from an energy perspective. Furthermore, the kinetic parameters of the
two energy fields (ultrasound and microwave) acting alone and in combination were not
compared, so the potential synergistic mechanism between them cannot be revealed.

By summarizing the related studies on the recovery of rare metal elements from
secondary resources using ultrasonic-enhanced leaching, it can be concluded that the
recovery of Li, V, Co, Mo, and REEs can be efficiently achieved using ultrasonic-enhanced
leaching, and the reaction time and the amount of chemicals can be lessened by ultrasonic-
enhanced leaching. We list representative research data in Table 4 on the recovery of rare
metal elements from secondary resources using ultrasonication-enhanced leaching.
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Figure 10. Ultrasonic/microwave process mechanism. This image is reprinted from [82], with

permission from Springer, 2019.

Table 4. Recovery of rare metal elements from secondary resources.

Target

Ultrasonic Leaching

Elements Raw Materials Chemical Reagents = Temperature Time Power/Frequency Rate Ref.
) Spent LIBs H,504-H,0, 30°C 30 min 360 W 98.62% [83]

U Spent LIBs DL-malic acid-H,O, 80 °C 30 min IO W 98% [84]
Chromium-vanadium slag H,S0, 60 °C 60 min 800 W 90.89% [85]

v Coal fly ash H,504-H,0, 50°C 60 min 60 KHz 100% [79]
Spent hydroprocessing catalysts Critic acid 60 °C 360 min 320 W 95% [86]

Mo Spent hydrodesulphurization catalysts NaOH 80 °C 10 min 200 W 66% [87]
Spent hydrodesulphurization catalysts Na,CO3 55°C 120 min 600 W 94.3% [88]

Spent fluid cracking catalysts HCl 60 °C 60 min 200 W 97.1% [81]

REEs LCD screen wastes P,O* 30°C 60 min 120 W 85% [89]
Fluorescent lamp waste HNO;3 20°C 1440 min 120 W 95% [90]

Waste magnet CH3;COOH 30°C 120 min 90O W 99.99% [82]

4. Conclusions

In this review, we systematically summarize the latest research results representa-

tive of ultrasonic-enhanced leaching technology (under an atmospheric pressure), classify

and summarize them according to the types of recovered raw materials and elements,

and describe the latest advances in the use of ultrasound enhancement for the recovery
of various metals from ores and secondary resources and their corresponding enhance-
ment mechanisms. Based on the literature review, we reach the following conclusions

and outlook:

@

By comparing the ultrasonic-enhanced leaching method with the traditional leach-
ing method, the physicochemical properties and reaction mechanisms of ultrasonic-
enhanced leaching are summarized, and three advantages of ultrasonic-enhanced
leaching are summarized: (i) The use of the ultrasonic cavitation physical effect on
the raw material particles of the crushing changes the morphology of the particles
(reduces the size of the particles, destroys the surface morphology to increase the
specific surface area, and removes the surface of the raw material of the passivation
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layer), which is conducive to the mass transfer and diffusion of chemical agents on the
particle surface and in the solution and the increase in the collision frequency between
the leaching agent molecules and the raw material. (ii) The ultrasonic-enhanced
leaching method can effectively reduce the activation energy of the leaching reaction,
accelerate the leaching reaction efficiency, and realize the efficient leaching and re-
covery of metal elements. (iii) By using the chemical effect of ultrasonic cavitation
to generate a strong oxidizing reagent (+OH or H,O,), the strong oxidizing reagent
generated by the ultrasound replaces the chemical reagent, which improves the leach-
ing efficiency and reduces the consumption of chemical reagents, realizing the cost
savings and efficiency improvement of the leaching reaction process.

(2) The combined use of ultrasonic-enhanced leaching with new green enhanced methods
(applied electric field, microwave heating) and reagents (microorganisms, organic
acids, ionic liquids) can be adopted for the efficient recycling of low-grade minerals
and secondary resources. The huge potential in the recovery of metal elements through
ultrasound, in combination with active agents or other processes, requires further
research. In addition, numerical simulations can be performed using software such as
ANSYS Fluent (ANSYS Fluent, 2025 R2, ANSYS Inc., Canonsburg, PA, USA) [91] and
MATLAB (MATLAB, R2025a, The MathWorks, Inc., Natick, MA, USA) [92], which can
optimize the experimental parameters and reveal the strengthening mechanism [93].
The traditional method of high energy consumption and serious secondary pollution
is transformed into a green and sustainable recycling method. However, based on the
ultrasonic-enhanced leaching process, most of the research is in the laboratory stage;
the small processing sample size, the limited ultrasonic cavitation area, and the poor
stability of long-time operation are the main constraints for the industrial application
of ultrasonic-enhanced leaching technology. In order to further promote the industrial
application of ultrasonic leaching, systematic research should be conducted according
to the types of samples to be treated and the ultrasonic leaching parameters to achieve
better results.
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