B52E HS M
2023 4£ 10 f

FEA RS
China Nonferrous Metallurgy

Vol. 52 No.5
Oct. 2023

Pl s AL & BT B AT — 1R IS A 5T

Z)}_g %1,2,3,4 ’ gﬁ__‘ﬁil,z,3,4 ’ %2,673_1‘4&1’2’3’4 ’ 3 }]ﬂgﬁil,z,SA ’ ot ‘%1,2,3,4
(1. R BHE R WIR SRS TR, Wb 2 430081 ;
2. ERABERAP IR TR 515 Yl E S g%, Widb st 430081,
3. GRS HLUFEIE A A A SR R oL, WG B 430081
4. W6 DU LR S A WA R DR R WE S G, 340 sk 430081)

(i 2]

PR NG L A Aoz IR 3T AR A A Ao 3R G iR h A o i B LA AR ARAE

Ao KRBT FHET -2 BRI BEFT - % B &4 KT, I8 3 UL $h 0 47 5 K fe
COMSOL b, 2 # 51 1 BEIABE 70 T HOK BACHLH] . S tbiXBe A0, BORANIEF Foi2 k5, JE 5 AF 1) T 45
%2.33.33% ,% 525 31. 06% ¢ JE A He 4L, LB R R 5 6. 18% FF HiZ it 18 4542 79. 17% . COMSOL ##
PR A O FRH T B, BT B BB R R A B gL, 7 A 300 ~2 500 C 69 & 8 A
SRR ERRT AN RN, T A RAACER AR, LR R LR, ESAE S F-R
R A 74,2 ~792 MPa AR & -4k A7) & 4.87 ~78.5 GPa 492 5 A7, S5 F-ARMR B , A B2 Am 4R,
REHTREE, MEHMZEIBPREGAESRAL AXRSERRT I HEN, M T Fhek
LM ESRT HREELAGAI I, BB F5 58RI E 2 0 MBI EI e, ik THRMEE, EAE

T AR A B -2 B AR R R B e R
BT WOk BB, Mokt SRk, B A2, COMSOL A4

[ K |
[P ] TF84L.3 [ SCHRAR &S ]
DOIL: 10. 19612/j. enki. en11-5066/1f. 2023. 05. 003

0 55

LI — b = T B B A PLIET I, [ N 87 %
Dh BRSOk B FALTUE T T AR, B X
L Al R SR AN WG, R 0 e LR L T Y
O 5 R A A 16 5 b e v X 0L 25 1 A R, U
RGBT Z B FE I 2 et BT
AR U AR B2 DT T AR FEK R BOR
P2 SR RRIZ BRI R i, A T iR AR e i

[ Wik H 1] 2023-03-09 [ &iTHH#]] 2023-04-28

[ B ] 2023-05-01 [ HARH ] 2023-10-28

[SF—AEE ] ZRE(1997—) , 55 b ZE BN, LA, RN
SRR AT o

LR ] k—8(1954—) , 55 MR iF BN, B0, 1 2L B0,
RN W0 L AR BOR S FHRSE A T AR o
[FEEIUH ] WAL BHL R0 A A Bk 55 & 3t H (2022EJD002)
[ B BT A R H (2020 YFC1909700) .

[ImT 2R, ok — B, 245 8, 55 ROH AL S LT E s - 12
HIXBOITELT]. HEA GRS, 2023, 52(5): 25 -33.

[CFESS] 1672-6103(2023)05-0025-09

o 2 FURREROR RIE D TGl AR e BoR i
U EREETS YT A7 FRTHR 0 BB F A B
T AIMEL SRR A R . L, 36 T BRI R L
AR IR I PR IO 20K 1 AL A $R AL U Y

“2;[10—12:
i °

FLARTR R B PRI FEASCR I RAS (i R
TETERRAY o HLIUE PR BER R R B R R
B MR R S AT R R LN
IR RCRH 2SI RERE, T P B 1AS
RE BT S PR ML PERRRL R i ORI A5
AR (H B0 B R T AE R I 0 B S Ak P R
FERRMERE R R R, LT A T R
Wil ™ AR LRV RSO I B B 3R, 2 i L A i ]
PR B IR B 0 REAE AN A0 B A ™
EX A

TRl Ak B DA DA 2 B e 4 ) T A 1) A 28T
o PUCEE R M EERRT Y (ot K A%F)
BB BT G BERA 45 ) VA (1
B) BRI AR () FBRAL o ok, # K



£ 26 - T E A & s A

FUREUR #4 ¥4

B FRR S5 AR A AR TN 4 e IS 22 F 3 o e B
HLRE , RO R R I IE R R S8
e T7 AT A i T AR B I A 2 R
Gy g i T IRIRE 0 AN R 0 i
Wi AN [5] , 2S4BT 32 SRR S, 00 A R
W 22 6] A7 A VR AE B3 L o6 JBE K 7 A TR A ) AR
I3, m LA g BRI )l P 33k D B B Rl Al
BT - s AR T TSR TR R g

(gl

S LR LTSS B3 7 L
GO - B RS B 5, SR T 4
2150 XRD A5 BB i 1

‘ 1
2k
(%A
akri
. N
DrL%J:
?77(‘
_’E
1
WMW

5 10 15 20 25 30 35 40 45 50 55 60 65 70

260/(°)
(a) PLITEXRDE

Bl i

F1 PUra FEFWAK

Table 1 Main mineral composition of the raw ore
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Fig.1 XRD pattern and microscope picture of raw ore
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Fig.2 Effect of microwave power,microwave irradiation time and grinding time on the grindability of vanadium shale
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Fig.3 Analysis on grinding energy consumption
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Fig.4 Effect of leaching aid dosage, sulfuric acid concentration and leaching

temperature on vanadium shale leaching
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Fig.5 Effect of grinding time and leaching time on vanadium shale leaching
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temperature field of vanadium shale particles
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Fig.7 Temperature variation trend of minerals in microwave field



- 30 - T E A &5 A

FUREUR #4 ¥4

SR 2o 7 A i 22 5, T A AR RN FT o LTS
ML LB T B, A O 50 32 B4R T 5
BT 2 B 8] 7= A N ), i BF 5T 5 B -
BRI 5 - B 18] (8 AR R REAEL, AN 7 (b) B
ATRAE i, 4 B - iR AE 500 ~2 000 Wl i HE A
1 min B A8 40025 S A2 R IR0 g B Al Gk B 74.2 ~
792 MPa, & LABSRE 2= B ORL; 25 25 B - BB 52 2]
500 ~2 000 W fl i IEAF 1 min B, BEADLEAG 2R 2 7R $4
I SJ{ELA] 1K 3 4. 87 ~78.5 GPa, it ISR 2= B ORL .
B AR AT T HASREAR 7 A AR A
R AT 3K R 2 X 2 =2 TR AR P A
LT
3.4 By RiIEXeE

N T BB AR, HEAT TR, IR R
KN 2 ~3 em BB B TR IO SO 2 (40
2.45 GHz, g AT 1500 W) H o J8 Sl e, &
B 2 AL TS ORLAE i n AR AE AR S A TR] (1 ~ 3 s)
RIZE K (F 8 (a) ~ (d)), SR, A4 fil 38 3 AR W
SEPIXF LG, K] 8 (e) ~ (h) NZflE /) SEM
BE, mTLE iz o i B 25 g™ SR, (i Bl 1
RAEALI GREE , EC A AT 2 AR IR B R o
B UE IR A R, TR ISR, S U ORI Y
AR A7 A i PR X S R A SR — B Y Bk
IR 2 ARV 1R I I 42 ) BAG = A ) SR, A

1=0s

=13

i A5 100 pm

TIRALED ROR , DB REFE
3.5 fiRESEIEHmA SEM-EDS

MEL9 1) SEM-EDS [&] Hr 5 ) W5 B f b e 5
LRSS FE TR . B9 (a) g
DX i DX AR 2R R AH S 004, AN (] 490 A ) L 2
WL, MWE9(b) fLUE M, = It E V. AL
Si.0 Mg K 5 Fe F1 S HA R 47 AH G, KU1
BB BRI B9 (e) AT LA
B AL B S L s VALSEH O Mg K 5
Fe S Z [A A CMEAZ 55 , R W& B = BE RN B BR AT 1
IR . 4t COMSOL R4 A5 IR (B 7) B2 4,
TR RS IS, 2R W WA (BT ) S I T 5
W AR ) I B ( = BEECER i R R A ) ) A DR 7
AR 2 ) 2 0] R I 25 23 R TN T, DT 5 3K
3.6 RHIIEKE

SRR FE R H PR RO X F AL TUE Y
M, Bt TP RS, 2 FORI N 2 ~ 3 em YL
U A B B2 Vs W b, O 7 OB e b (A R
2.45 GHz, 5 AT 1 500 W) Ik, 45 SR 10
7No TEE 10 v B HE 3] 5 & 8 HhAr ] %) s B
GRS FERLIT ] P, B 0T 5 RO A 22 fil Ak 7 5 TR
TR I L I R I S R T AR X

50 pm

»(g) : (h)

B8 (a)~(d): =PRI SRR A G RE; (e) ~ (h) : Bl fiAb 5™ Y1) SEM &R

Fig. 8

(a) ~(d) : Hot spots generation process in air; (e) ~ (h): SEM images of minerals

at the contact point



2023 4F 10 %55 ESE R AL S PSSR IR T - 31 -

9 (a)Hl(e) AL BRS¢ 5 i) SEM-EDS [& J15 (b) : J5 ) SEM-EDS [&
Fig.9 (a) and (c); SEM-EDS pictures of samples after

microwave treatment; (b): SEM-EDS picture of raw ore

B 10 (a) ~(d): PSR AR AR BGE R s (o) , () FTCh) « 2l A5 PR SEM K15
(g): 5y SEM K%
Fig.10 (a) ~ (d) Hot spots generation process in solution; (e), (f)F1(h): SEM image of mineral at the

contact point; (f): SEM image of crack on mineral at the contact point; (g): SEM image of raw ore

SOL FE 25— K 10(e) ((f) FI(h) fIrzs o X HLJER SEM (&% ] 2L
X fl 0 B R BT E AT SEM K, 25 SR WERBIRIEOINAA G , e AR A A i 2 TR S



- 32 - T E A &5 A

FUREUR #4 ¥4

IR i 7 2R R, R WAE BB I R i fe
it Bl A A, B OB TR T2 Bl g T AR A s
RN 1T Y45t Ak T e, BE 5 4L
2w A 1 N, R TS TR RO R T Yl
SRR IG I, S0 JHE AR T, 352 S I R 4

EIRBIEFEIE A T A T A A AR
Se T or I DA N TR A A v TR A T LR
FIRTHR AR

4 g

30 T b v A S L VU B T - R R L
JES 3 A Fl COMSOL #5248, W5 1T Sl $2 iy L 0
AT SR FSRALIR (R R HLEE, #0081 A BE 4%
PF T H T BT REFE X L TR RN GG iAo
BRI B 1T B A D AT A BB A A
B AR AL,

1) AR 451 A 203 1500 W A
SPEFE] 2 min30 s | BE A H] 20 min ; 2848 i Pl At
J& BRI E) AT 45 46 33.33% , 0] 4545 24 31. 06% [1)
FERDIFE ; 5 SR - 12 T A L, S T4k 2
FERT = LR R AR 6. 18% , = Y I [R] 4F
79.17% .

2) Wi nR A B B AL PR AA A PR T — T
LI AL T AE B DL 25 UKL (8] 7 A= 19 300 ~2 500 °C 1)
RIS S BIRT A5H B I T i AT B 5 5
— 51, AR EE 2 53 B W R A [R] , HTHR
BB F], 2575 25 Bk - Wk [A] 74 74.2 ~792 MPa
DI Nz - Bk 8] 77 4R 4,87 ~78.5 GPa [y #A
J1, B YN 3 L, B I DU 1 a] P

3) Tolcipt 5 AL IR HE AL BE S R A i G
FERAEAE R R AL, TR SRR 10451, 404k
TR IRRLEE | BB S ) B B AR T I N, A
T 51 PR Z ] RIS RGN, B R
AT A532 Hh s ) 40 0

E =GN
(1] 3k, BemhE, X%, %. PUUE ARk G IRIEAR )]
R E Rl R AR, 2022, 51(3) ;520 -531.
ZHANG Yimin, XUE Nannan, LIU Tao, et al. Green extraction

technology of vanadium-bearing shale via whole hydrometallurgical

process [ J ]. International Journal of Mining Science and
Technology, 2022, 51(3) . 520 -531.
(2] W, B, Kk—8. 30 E P TTE SR PEARBT 5T R i

F[J]. &E# 1, 2020, 10: 20 -33.

BAO Shenxu, CHEN Bo, ZHANG Yimin. Research status and
prospect of vanadium extraction technology for vanadium-bearing
shale in China [ J]. Metal Mine, 2020,10; 20 —33.
WA, k—8, D, % FET O - TR MR IA R P it
HURIRAPEREDLAL [T]. A @4 s ~#4i, 2021, 31(6):
1621 —1631.
YANG Yadong, ZHANG Yimin, TANG Li, et al. Performance
optimization of electrolyte based on sulfate-chloride mixed acid for
vanadium redox flow battery [ J]. The Chinese Journal of
Nonferrous Metals, 2021, 31(6) : 1621 —1631.
JURLME, MHEAE, REE, A NEHUIUE PRI AL T
MBS RE [T ]. ALK, 2022, 43(2) : 25 -34.
KANG Xuanxiong, YE Guohua, ZHU Siqin, et al. Research
progress on V,0s extraction from vanadium-bearing shale [ J].
Iron Steel Vanadium Titanium, 2022, 43(2); 25 -34.
RS, k—H, BEmRE. S AR TUS SUAIR S 9 3 B
PRWIEL)]. Ml 48, 2022, 46(4) . 488 —496.
ZHENG Qiushi, ZHANG Yimin, XUE Nannan. Occurrence state
of vanadium in typical black shale by DFT [ J]. Chinese Journal of
Rare Metals, 2022, 46(4) . 488 —496.
Bo Chen, Shenxu Bao, Yimin Zhang. Synergetic strengthening
mechanism of ultrasound combined with calcium fluoride towards
vanadium extraction from low-grade vanadium-bearing shale[ J].
International Journal of Mining Science and Technology, 2021, 31
(6): 1095 -1106.
W, WA, K. TUA KRR P R N AR A A
WEFE[]. HFRREAER (A RBHEMR) , 2019, 50(1): 15 -
22.
YANG Xinlong, FENG Yali, LI Haoran. Research of phase
transformation of potassium in roasting process of vanadium
extraction from shale [ J]. Journal of Central South University,
2019, 50(1) . 15 -22.
VTR, B, SHEEL . R IUE B B R e
IR FE 1] ik, 2022, 41(3) : 232 -237.
ZENG Guangjun, LI Peiyou, JIA Xiumin, et al. Study on roasting
and leaching of a carbonaceous shale-type stone coal vanadium ore
[J]. Uranium Mining and Metallurgy, 2022, 41(3) : 232 —237.
Yunliang Zhao, Wei Wang, Yimin Zhang, et al. In-situ
investigation on mineral phase transition during roasting of
vanadium-bearing stone coal[ J]. Advanced Powder Technology,
2017, 28(3): 1103 -1107.
PR, sk—8, B, . TR AR R PR ERIRR 1
wm[J]. fTEkE, 2017, 36(3) : 1126 -1133.
CHEN Fang, ZHANG Yimin, HUANG Jing, et al. Effect of
manganese dioxide on direct acid leaching of extracting vanadium
from stone coal [ J]. Chemical Industry and Engineering
Progress, 2017,3 6(3) . 1126 —1133.
CHEN Bo, BAO Shenxu, ZHANG Yimin. A high-efficiency and
sustainable leaching process of vanadium from shale in sulfuric

acid systems enhanced by ultrasound [ J ]. Separation and



2023 4F 10 %55 ESE R AL S PSSR IR T - 33 -

Purification Technology, 2020, 240 116624. recovery of vanadium and aluminum from oxalic acid leachate of
[12] Zheng Qiushi, Zhang Yimin, Liu Tao, et al. Vanadium shale by solvent extraction with Aliquat 336 J]. Separation and
extraction from black shale: enhanced leaching due to fluoride Purification Technology, 2020, 249 116867.
addition[ J]. Hydrometallurgy, 2019, 187, 141 —148. [16] Sheng Li, Yimin Zhang, Yizhong Yuan, et al. An insight on the
[13]  Jingpeng Wang, Yimin Zhang, Jing Huang, et al. Kinetic and mechanism of efficient leaching of vanadium from vanadium shale
mechanism study of vanadium acid leaching from black shale using induced by microwave-generated hot spots [ J ]. International
microwave heating method[ J]. JOM, 2018, 70(6) : 1031 —1036. Journal of Minerals, Metallurgy and Materials, 2023, 30(2):
(14] SEF , AHDETTAR, A5 DTG IO 8™ M 71 P SR AE 1B 293 -302.
T2, &EW 1L,2014(8) :69 - 73. [17] Yizhong Yuan, Zhang Yimin. Improvement of the grindability of
WEI Qing, LI Guiying, DAI Zilin, et al. Vanadium extraction & vanadium-bearing shale and the direct vanadium leaching
consumption and emission reduction process of stone coal in efficiency of grinded product via microwave pretreatment with
Shaanxi Wuzhou Mining Co. , Ltd [ J]. Metal Mine, 2014(8) : particle size classification [ J ]. Colloids and Surfaces A:
69 -73. Physicochemical and Engineering Aspects, 2022, 647 ; 128979.

[15] Zishuai Liu, Jing Huang, Yimin Zhang, et al. Separation and

Research on microwave enhanced grinding-leaching of vanadium-bearing shale
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Abstract; Microwave intervention in the grinding and leaching process of vanadium-bearing shale has a positive
effect on reducing grinding energy consumption and improving leaching efficiency and leaching rate. This study
conducted experimental comparisons between conventional grinding leaching and microwave grinding leaching
conditions, and studied the microwave strengthening mechanism through microscopic morphology analysis
technology and COMOSL electromagnetic thermal stress simulation. The conditional experiment shows that after
microwave intervention in grinding and leaching, the grinding time can be shortened by 33.33% , saving about
31.06% of grinding energy consumption, increasing the vanadium recovery rate by 6. 18% , and shortening the
leaching time by 79. 17% . The COMSOL simulation results indicate that when vanadium shale particles come into
contact with each other, electric field polarization occurs, generating high-temperature hot spots of 300 ~2 500 °C ,
which damage the mineral structure; at the same time, due to the different dielectric properties between mineral
components, their heating rates also vary, which will result in a temperature difference of 500 ~2 000 C and a
thermal stress of 4.87 ~ 78.5 GPa, leading to heterogeneous dissociation and increasing the grindability of
vanadium shale. There are also high temperature hot spots in the process of microwave assisted leaching. Local high
temperature destroys the mineral structure and refines the particle size of minerals. With the increase of exposed
surface of vanadium bearing minerals, the collision frequency between hydrogen ions and active site increases,
accelerating the dissolution of vanadium. This study can provide theoretical basis and reference for the microwave
assisted grinding leaching process.

Key words: vanadium-bearing shale; microwave assisted grinding; microwave leaching; hot spots; stress

cracking; COMSOL simulation



