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Abstract The growing demand for rare earth elements (REEs) has posed significant challenges to their exploitation. Tradi-
tional chemical extraction methods of ion-adsorption type rare earth ores (IAREOs), which constitute the primary supply
chain for medium and heavy rare earth resources, have caused severe ecological damage. Bioleaching technology has
emerged as a promising solution to address the pollution issues in rare earth mining processes. This review comprehensively
examines the occurrence states of REEs in IAREOs, the evolution of REEs leaching theory, and focuses on the bioleaching
process. Initially, it introduces the genesis and characteristics of different REEs occurrence states in IAREOs and describes
the development of leaching theories for IAREOs. The review then systematically explores bioleaching modes, key parame-
ters, influencing factors, and mechanisms. Different bioleaching modes have their specific advantages. In contact bioleaching,
microbial activity and metabolic processes may be inhibited by the metal ions leached and the toxic compounds present in the
minerals or materials. On the other hand, non-contact bioleaching could avoid this issue while it requires additional facilities
and results in a high cost. The choice of bioleaching mode needs to consider factors such as the type of minerals, the types of
microorganisms, and operational costs, seeking a balance among these multiple factors. The efficiency of bioleaching is
jointly influenced by microbial species and their metabolic products, cultivation conditions, and mineral types. To improve
the performance of the bioleaching process, it is essential to consider several physicochemical and microbial factors that af-
fect the bioleaching efficiency of REEs. Fundamentally, improving bioleaching efficiency involves enhancing microbial ac-
tivity and metabolite concentration while minimizing, or eliminating the inhibitory effects of toxic substances on microbial
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activity and metabolic processes. The bioleaching mechanisms of IAREOs primarily comprise acid dissolution and subse-
quent ion exchange mechanisms, complexation-promoted dissolution mechanisms, and intracellular uptake mechanisms. The
dominant mechanisms of bioleaching change with different environmental conditions. Bioleaching is often a synergistic pro-
cess involving acid dissolution and complexation, with the predominance of either process depending on the pH value of
solution, the acid dissociation constants (pKa) of the functional groups, and the stability of the formed complexes. In terms of
biological uptake, the overall effectiveness is determined by the dynamic balance of multiple factors, which also influences
the final rare earth recovery rate obtained through cell recovery. The ecological impact of bioleaching on mining areas is
thoroughly examined. Through microbial metabolism and chemical speciation transformation, bioleaching technology signif-
icantly reduces the toxicity and mobility of heavy metals in residues, thereby minimizing potential environmental hazards and
laying the foundation for rapid ecological restoration. Compared to pyrometallurgical or hydrometallurgical methods, bi-
oleaching demonstrates superior environmental and economic advantages, reducing environmental pollution and ecological
risks associated with mineral extraction, while enabling rapid recovery of ecology. Finally, this review addresses current
challenges in bioleaching technology and analyzes potential solutions. The summary and analysis of the bioleaching process
presented in this review can provide support for the green bio-extraction of IAREOs and the development of microbial ex-

traction technologies for REEs.

Keywords ion-adsorption type rare earth ores; bioleaching; leaching agent; green mining; leaching theory
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Figure 2 Rare earth content changes and schematic diagram of different occurrence forms of rare earth in ion-adsorption type rare earth ore: (a) rare earth
content profile of ion-adsorption type rare earth ore?”), (b) water soluble phase rare earth, (c) ion-exchangeable phase rare earth, (d) colloidal sediment
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Figure 5 Bioleaching mechanisms: (a) acid dissolution, (b) ion exchange reaction based on acid dissolution, (c) complexation promoting dissolution, and

(d) intracellular uptake
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Table 3 Rare earth elements complexation data!®!%")
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25 VB P R SEELAG 132 . Zhao V0 #T T AT IR IRIZ
B B AR R AR, R B R T RS R S
IS T A2 W AR IR H R R AL, A s B AR () A7 A I8
S AAE R AL T IR .
333 e AEIBALE

TEAYNR I RE Y, BCAE 4 B mT R B s WA+
TCERIEAA (B 5d). AR Lo R SR ROE R 3
LB, HE G 0 2R 1T T PR R B P R S S By B 102-108
TEMR BB B, AMffRE EAPAE KSR 2 hE . B i S A
B i/ 0p e N T e R N S 32 SRR iR (2EN
RIMLE A DA T A2 (Ca? BY, Mg?* B #) 25 77 U s

= A i 48 & pK. F logk {H
HzSO;:‘-’HSO[‘*’HJr pK,, =1 99
Wi HSO, <SSO +H" pK.,=—1.99
REE**+HSO, <~>REE(HSO,)*" logk=3.4~3.3
REE*+2HSO, «>REE(HSO,)," logk=5.1~5.3
CoHy0,(C,H;30,) +H” pK,=4.70
2 REE**+(C,H;0,) «<>REE(C,H;0,)* logk=1.82~1.85
REE*+2(C,H;0,) >REE(C;H;0,)," logK=2.82~3.16
REE3++3(C2H302)’<—>REE(C2H302)3 IOgK:353’\’402
C4HsOs5>(C4H505) +H* pK.=5.11
E ((:41‘1505)7‘—’(?41'1405)27‘*'1'1+ pK,=3.40
REE*+(C4H,405)* —REE(C4H,05)" logK=4.37~5.08
REE**+2(C4H405)> «<»REE(C,H,05), logK=17.16~8.67
CsHgO74>(C4H,07) +H" pK,=6.40
oy ot ey (C6H7()7)7<—>(C:6H607)27‘*'HJr pK,, =4.76
frim (CeH0,) >(CeH0,) +H" pK,=3.13
REE**+(C¢H50;)> —>REE(CsH507) logk=7.1~8.07
C4H604<—>(C4H504)7+H4r pK,, =5.64
})ﬁ IE @ ((:41'1504)7<—>(7(341‘1404)27*’1'14r pKa =421
REE**+(C4H504) «REE(C,H;0,4)* logk=1.48~1.76
}{EEPE"Z(C4H5()4)7<—>1{EE(C4H5()4)24r IOgK:27N31
C61‘11207<—>(C(,I‘[11()7)7‘*’1‘14r pKa =3.66
1 R R REE*+(CsH,,0,) >REE(CsH;,0,)* logk=2.32~2.85
REE*+2(C¢H,10,) REE(CeH,,0,),” logk=4.25~-4.78
C4H504<—>(C4H504)’+H+ pKa =420
o, (C4H504) (C4H,0,) +H" pK,=1.20

REE*+(C4H,0,) <REE(C,H,0,)"
REE3++2(C4H4O4)27<—>REE(C4H4O4)27

logK=4.71~5.60
logKk=17.83~9.52

Except for oxalic acid (La-Tb), the selected elements for the logK values of the remaining rare earth complexes are La-Lu; the conditions for the pK, values of the

rare earth complexes are 25 °C, /=0; the conditions for the logK values are 25 C, I=0.1 (except for malic acid (20 C, /=0)).
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Figure 6 The impact of bioleaching on mining soil: (a) the effect on heavy metal release, (b) the effect on soil ecology
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