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Fig. 2 Sub-molten salt green chemical-metallurgical integrated technology platform
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Fig. 10 Detection of reactive oxygen species (ROS) in sub-molten salt media by UV-Vis spectrophotometry:

(a) UV-Vis absorption spectra of Cr( VI); (b) Effects of alkali concentration and temperature on ROS generation
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Fig. 11 Detection of -‘OH in sub-molten salt media using terephthalic acid fluorescence probe: (a) Fluorescence peak positions of

2-hydroxyterephthalic acid; (b) Effect of alkali concentration on -OH generation; (c) Effect of temperature on -OH generation
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Table 1 Comparison of methods for detecting reactive oxygen species in sub-molten salt media
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Fig. 12 Schematic diagram of the enhanced leaching

mechanism by sub-molten salt
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Table 2 Process conditions and activation energy comparison of sub-molten salt leaching for chromite

VRIS Bt S A 2R /% EALAE /(KJ - mol ) B
) (54 JR. NaOH-NaNO, i ¥ ¥ 100%, 400 °C, ) . .
NaOH-NaNO; B 6 h, 0.} 0.5 L/min Cr: 99 Cr: 164 Cr:a
KOH!" kT W 6:1,230 °C, 6 h, O, i # 1 L/min Cr:98 Cr: 38 Cr:b
KOH JE 137" [ RN 50% KOH . 220 °C . 1.0 MPa Cr: 98 Cr: 44 Cr:b
60% NaOH, 150 °C, 8 h, O, %i# 1 L/min
22 [69] -/ . B 5 b3 5 . . .
EERAAE S RN 750 A/ Cr: 99 Cr: 18 Cr:b
JEF135 KT 60%NaOH, B&# [t 4:1, 3.2 MPa, 250 °C Cr: 99 Cr: 54 Cr:a
0, 0, =
FET135 ™ RN 50% NaOH,, 240 °C, NaNO, 5 Cr: 97 Cr:32 Cr:b

BT TR 0.8, 2 MPa, 4 h

T *aFon NI H ; b Fon b RS 5 ¢ Foni Al .

BT s R R R B A A R B ) A A 2
WER3 PR ARIEH L 56 58 UG By 4% 1 (32 2 R ik
VPSR BN T ) 22 5, 36 3 R s AL vE T A ol
i Ve o DXL e A R XSRS R e X I,
o B e X 4k NaOH 5, KOH A4 Jit 2 ik 3l 5 > 75%,
50 NaOH-NaNO #& £h /1 it o 1% X 31 S5 g 4% 17
AT A, BN, R A R s, R
RN T Ak BB R LR, BLIR R A ) 93%

PLE, 0 RN AE 88% DL I o LI H ATE fL i —
3t 40 kJ/mol, f5 = Al LLik 21 93 kI/mol, 424515 1L
it RAEIAF) 411 kI/mol, FEI% Xk Py v, w5 I = Ak
AT, OH &2 il M4 O, M S5 3R
TR AR 2R O T4 FHAL L 8812 % . NaOH-NaNO, )|
WA OH FINOS (W Hh R AE H , £ i NOS™ 43 fiff 2B il
TGP A I PR e A 2R AR S LA S i e ALk g L
O, [n] 1 M A e Ak

®3 PBTEEZHRARIZEGMELRELR

Table 3 Process conditions and activation energy comparison of sub-molten salt leaching for vanadium slag

ik A R /% WALAE /(KT - mol ) WL
NaOH-NaNO, ¥ J# 100%, 400 °C,

- [55] 3 . . . . . . . . .
NaOH-NaNO, 6 h. O, 7 0.5 L/min V:93;Cr: 88 V:98;Cr: 102 V:a;Cr:a
80% NaOH"® 80% NaOH, 210 °C, 6 h, O, J#i## 0.1 L/min V.95 V.63 V:b

80% NaOH+ {1t 7% 57 80% NaOH, 215 °C, 10 h, 0,74 1 L/min V:97;Cr: 90 V:55,Cr: 411 V:b;Cr:
KOH"" 75% NaOH, 180 °C, 6 h, O, Jii % 1 L/min V:95;Cr: 90 V:41;Cr: 50 V:a;Cr:
N 40% NaOH, 140 °C, 6 h, O, % 1 L/min
22 [15.99] 4 ’ ’ 2 ’ . . . . . . . . .
A g B HE 750 A/ V:94;Cr: 88 V:30;Cr: 51 V:a;Cr:
JE 1374 50% NaOH, 200 °C, 1 MPa, 3 h V:97;Cr: 90 V:28;Cr: 37 V:a;Cr:
fi 50% NaOH, 140 °C, 6 h, O, J#ii# 1 L/min V:87;Cr: 73 V:56;Cr: 64 V:a;Cr:
e f s e 4L, 60% NaOH, 130 °C
/= o [16] = E ’ ’ . . . . . . .- .
W 6 h, O, i | L/min V:97;Cr: 75 V:36;Cr: 47 V:a;Cr:
e s [16] E AL, 60% NaOH, 140 °C, o e o
[ awich 6 h. O, 7 | L/min V:97;Cr: 75 V:46;Cr: 75 V:a; Cr:
MU AL 40% NaOH, 120 °C, 5 h, O, %1% 1 L/min V:94 V:29 V:c
HUAR % 1L 30% NaOH, 100 °C V:98 V: 18 V:c
IR AC A 40% NaOH, 120 °C; 5 h, O,ii# 1 L/min Cr: 91 Cr: 45 Cr:a
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Fig. 15 Flowchart of the chromium salt clean production process via potassium-based sub-molten salt liquid phase oxidation"*
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Fig. 17 Flowchart of the co-extraction process for vanadium and chromium from vanadium slag via the sub-molten salt method
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Advances in Sub-Molten Salt Reactive Oxygen Theory and Its
Application in Vanadium and Chromium Extraction

LIU Biao', DU Hao'?, LI Huiquan', LIU Zhigiang', LU Yeqing', WANG Chenye', ZHANG Yi'
(1. National Engineering Research Center of Green Recycling for Strategic Metal Resources, Institute of Process Engineering,
Chinese Academy of Sciences, Beijing 100190, China;

2. International College, University of Chinese Academy of Sciences, Beijing 100049, China)

Abstract: China is the world's largest producer, consumer, and importer of mineral resources, with the mining
and metallurgical sectors serving as fundamental pillars of its national economic development. The rapid growth
of these industries has, however, placed immense pressure on both finite mineral resources and the environment,
revealing a pronounced tension between increasing resource demand and the ecological carrying capacity of affected
regions. This imbalance has highlighted the urgent need for strategies that not only secure resource supply but also
minimize environmental degradation. In this context, the development of a circular economy and the adoption of
clean, resource-efficient production technologies have become critical objectives. Such approaches aim to maximize
the utilization efficiency of strategic minerals, reduce waste and pollutant emissions, and strengthen China's
competitiveness in the global mineral resource sector, particularly for metals such as vanadium and chromium that
are essential for high-tech and defense applications. Central to sustainable mineral processing is green chemical
innovation in resource transformation. This involves designing processes that enable the selective, atom-economical
extraction and separation of valuable elements under relatively mild conditions while minimizing the formation
of hazardous by-products. Responding to the national strategic demand for low-carbon, environmentally friendly
mineral production, our research team has developed an innovative method for activating and converting chemically
refractory amphoteric metal ores using a novel sub-molten-salt (SMS) medium. This method provides a viable
alternative to traditional energy-intensive and highly polluting techniques, such as oxidative roasting or conventional
pyrometallurgical approaches, by enhancing resource conversion efficiency, reducing energy consumption, and
minimizing hazardous waste generation at the source. In this study, chromite and vanadium-titanium magnetite
are selected as representative examples to illustrate the capabilities of SMS technology. The paper discusses the

theoretical framework of reactive oxygen species in sub-molten salts, reviews recent advances in clean extraction
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methodologies for vanadium and chromium, and details the operational outcomes of two pilot-scale demonstration
projects: SMS-based chromium salt production and co-extraction of vanadium and chromium from vanadium slag.
These projects not only validate the feasibility of SMS-assisted extraction processes but also provide practical
insights into their scalability, process control, and potential integration into existing industrial operations. Finally,
the paper explores future research directions and offers strategic recommendations for advancing clean vanadium-
chromium production. By combining fundamental theory, process innovation, and applied demonstration, this work
provides a valuable reference for the sustainable development of China's strategic mineral resources and contributes
to the broader promotion of green, low-carbon metallurgical technologies. The results emphasize that adopting SMS-
based methods can play a critical role in balancing resource utilization efficiency with environmental protection,
thereby supporting long-term sustainability in mineral resource management.

Key words: sub-molten salt; reactive oxygen species; chromite; vanadium-titanium magnetite; vanadium slag;

vanadium and chromium co-extraction; cleaner production
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