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Guangzhou 510650, China)
Abstract: Aiming at the problems of low product purity and high pollution in the treatment process
of spent petrochemical catalyst for a petrochemical enterprise in China, a microwave-ultrasonic
enhanced process for spent catalyst treatment was proposed, and the behavior of vanadium and
molybdenum in the process was studied by material flow method. The results show that high purity
V,05 product (> 99.9%) and common V,0s product (> 99%) can be prepared by
microwave-ultrasonic enhanced treatment process. The direct yield of V is 91.32%. The ineffective
recovery of vanadium is mainly dispersed in leached residue, purified precipitation residue,
vanadium extraction raffinate and second stage back-extraction solution precipitated solution,
accounting for 7.58% of vanadium in the raw material. At the same time, qualified ammonium
molybdate product can be prepared. The direct yield of Mo is 91.68%. The ineffective recovery of
molybdenum is mainly dispersed in leached residue, purified precipitation residue, loaded vanadium
organic phase, molybdenum extraction raffinate and molybdenum precipitated solution, accounting
for 7.99% of molybdenum in the raw material. The characteristics of this process are mainly
reflected in microwave enhanced leaching and ultrasonic enhanced back-extraction process. In the
microwave enhanced leaching process, the leaching efficiency of vanadium and molybdenum is
obviously improved, which is attributed to the temperature system of the reaction, the
macro/microstructure change of the mineral and the increase of the high valence state vanadium
content. Ultrasonic back-extraction technology can obviously shorten the back-extraction time.
Moreover, ultrasound can reduce the agglomeration degree of crystals and effectively eliminate the
phenomenon of the agglomeration crystals blocking the pipes in the ammonium chloride
back-extraction process.
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Table 1 Main elements and composition of spent catalyst (mass fraction/%)
V,0:5 Ni Mo C S AlLO4 SiO,
14.91 2.94 1.73 16.2 6.98 29.83 1.24

1.S10, 2.V-Fe-Al-Si-S-O phase 3.Fe-V-Al-S-O phase 4,5,8,16,17.V-O phase 6,10,13,18.A1,03
7,9.C-S phase 11.S 12.BaSOy 13.Fe-Si-O phase 14.Al-V-S phase 15. Al-V-S-O phase
2 JRIEALF SEM JES K
Fig.2 SEM morphology of spent catalyst
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1000 W), KA N O &R SCH BAUMIRIE 14, ot ¥ % % F = BRI B 25 il
N 50 g JRMEALFIFIMEE N 87.51 g- L™ i) NaOH YA, Ik ThZ N 648 W, [WEL A 0.20
gmL™, 7EHARIRE 90°C 21 FHtPE R 13.5 min. B 5ERME, HHTEAEE, BTk
BRI R R R, — R SRR 2 R 50 g IR H T RS TP ERE7E,
FT LS IEHEAT 20 IREE SEEG, N 1000 g JEHEAT], = HERHAUKIRGE, BaHERE
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BB EHRZ AT, EER SRR, FFed T bR A . R pH BT
IRIAT AL 2%, pH (3 HITE 8.5, DUIESE UG, BT H 25138, Yl R 4k vk,
BERIEBERZ 6.0 L, M 5Pt &N 40.5 g.

W73 1 i ) LI VR Y N263+4 7 B+ AR R, T 226 H14A pH 8.5, ZEHL
FIRFE 30% M EBEIRE 5% BFTE] 3 min. #HEL(O/A) 1/1, AT =08 mAER, RENHRE
HUAH 6.0 L, #4223 6.0 L.
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Table 2 Rare metal element distribution ratios in treatment process for spent catalyst

Distribution ratio / %

Sample
\'% Mo
Spent catalyst 100 100

Microwave leaching solution 97.55124 97.78245
Microwave leached residue 2.44876 2.21755
Purification solution 93.92233 95.04454
Purification residue 3.62891 2.73791
Loaded organic phase (V) 93.41515 0.94094
Extraction raffinate (Mo) 0.50718 94.10360
Organic phase (stage 1) 34.89990 0.76941
Stripping solution (stage 2) 34.66258 0.12580
No-load organic phase 0.23732 0.64361
Precipitate 33.66430 0.07060

V precipitated solution 0.99828 0.05520
V,05 product (99%) 33.59360 0.07045
Calcination loss 0.07070 0.00015
Stripping solution (stage 1) 58.51525 0.17153
Precipitate 57.86573 0.07244

V precipitated solution 0.64952 0.09909
V,05 product (99.9%) 57.72685 0.06241
Calcination loss 0.13888 0.01003
Loaded organic phase (Mo) 0.48365 93.30372
Extraction raffinate 0.02353 0.79988
Stripping solution (Mo) 0.24778 92.97716
No-load organic phase 0.23587 0.32656
Ammonium molybdate product 0.00192 91.67548
Mo precipitated solution 0.24586 1.30168

21 HBERIMER

RIEE 2 g5 R LA & B o= PMEIER K, B 3 NRER AR H
B3 LIRS, KA 5 s sm b AR T2, nf LA B A V,0s P20 @4l V,0s 72 (>
99.9%)F1E I8 V,0s 7 ih(>99%), B 514 57.73%F0 33.59%, V FUEEEN 91.32%,
T2 3 AR ILLE A AR R P A R 2K TP, R BRI B S A B IR
HE . ATEE . RRIN B AR UTIE BRI, 3 5 R 7.58%.
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Fig. 3 Distribution of vanadium in treatment process for spent catalyst
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Table 3 Distribution of vanadium with different valences in spent catalysts before and after
microwave treatment
Mass fraction / %

Valence state of vanadium Spent catalyst
Spent catalyst

(microwave treatment)

Trivalent vanadium 2.85 2.64
Tetravalent vanadium 26.93 5.13
Pentavalent vanadium 70.22 92.23

IR IR, . SR I R SRl IS MANEYI N & & A
PR ARAIRIR TZEAT R, B TARARRT R R E TR, AR

L) 2.2448 3AFEYY) ABEETY
1. Mineral 2. Crack 3. External mineral 4. Encased mineral
B 4 iR s

Fig. 4 Microwave assisted leaching model
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PRALR: RELFNMBL BB RABEABREE, SEGMFEDRURAFERAR
LR, AR AR B AR R BRI, R 4 NG REE S A BRI R
APPSR, EHA T ZRMAMFERRHRL T, BAEBRREBCRI TG RAE, 7 RA E
N 1 min I, BGERFELTZHRARRAERN 46.88%, A BRI AR 62.64%, LG
FEF A FE K ZE 3 min, FIIAE S ERAE 1 min FIRCR: JFEE RS BRI TR E 0 R R
RA MR, B AR A 5 YRGS 5 BIRHIE O, NGB 75 I AT AR 1 1 [
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Table 4 Comparison between traditional back extraction (TBE) and ultrasonic enhanced back

extraction (UEBE) of spent petrochemical catalyst

Condition Ultrasonic power /W Time/min V back extraction rate /%
TBE - 3.0 62.68
TBE - 1.0 46.88
UEBE 500 1.0 62.64

DUBE 17 —BURFCR A A BRA, NG ER RZER], AT B & i B
FRAER SR, KR E = gl VoOs P2i, midll V,o0s 77 i BT R 5 FoR. Bk
DUVEVEAR — M EZ R RIS T, AT NS9O B EhUTUE e . 39 IR MR B SR T VA IR 1t
YIRS . HTASLIG T BUREERCAIENE, AT DUR I S5 SR DTS iR AT DAL S G
S B e ERVTUE T2 T S e B IR R VAR 5 B R A AR U LR TR R B o R IR I
FEEERIIEA G NF IR 5 NHIA 0 5 A HE, R 0 2h A R e L
BT R AR S NI S R EEF, T A G NFHABB &+, SR S AR R TTLT
W TAESSIE A, S MR LR EE(NaVO;) B AFAE, T B2 M S B X (2) 14T

NaVO;+NH,Cl= NH4VO;+NaCl )

MTUTREPIHAT RS e, RIIRAF I Vo0s 77 b EEL 0T s 5 fos. WK S R, 5
bR GB3283-87 X Eb, BTk 1R I 2B A3l V,05 7 it V05 8 & 23 0l E T 99.9% M1 99%,
H H A& B ST AR E  ARYE PIAP = SR U & B, P E R T AR 91.32%
gL, HA RGRCR.

=5 HEMA Y ML (REDEU%)

Table 5 Chemical analysis of vanadium pentoxide products (mass fraction/%)

Element V,0s Na K As P Si S Fe Mo
High-pure <
0.004 0.003 0.006 0.004
V,0s5 product 99.9 0.001  0.001 0.002 0.001
General V,05 <
>99 0.059 0.015 0.013 0.048 0.002 0.017
product 0.001 0.001
< < <
GB3283-87 >99  Na,0O+K,0<1 <0.01 <0.01 -

0.05 0.15 0.20

HREURAE TP SN B TRERUR 2 T M 5 SR 0.51%.

WU FF: NS TP A 5 JEURHY 0.25%, K MBAM A FUuh et (B pRgisk
EAE.
22 HESEENER

Bl 5 R A G . I S TR, SR SR DR A T, T AR
i FRY BRI 272 i, Mo (1988 BT 91.68%, A A IRIHIC (ER 3 5 3 35 1 8 Y LU
G HUAR . SR RIUTER R, 3% 5 SURHE G 7.99%.
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Fig. 5 Distribution of molybdenum in treatment process for spent catalyst
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Table 6 Comparison between traditional(TL) and microwave enhanced leaching(MEL) of spent

petrochemical catalyst
NaOH

. Microwave Reaction . Mo leaching
Condition . i concentration .
power/W time/min B efficiency /%
(gL™)
TL - 13.50 87.51 65.12
TL - 30 100 80.36
MEL 648 13.50 87.51 97.78

PRI : WA 20 R, BTt R, JFR R 2.74% M8 3E N JTiE i
W, P TP R TR EE, TR I REECEN 0.99%, FEELA P
A T 0.94%M4H, S AREL/EE 3 R A 18420, H/AHS BRI R AT,

PARETLF: B—BRETFH, REBRP AT 0.17%M48H. B _BRETZH, REE



WA T 0.13%I0H,  HEM I 4 K

BHAERURRE T N FVHZEBUS R TP I8 5 JRRHT 94.10%. B AE R AN [ AL 4
BN 99.15%F1 99.65%, FEEUR FERUR RIF, 0.80%F1 0.33%M4H 43540 A TR R WMA S 3HAE
HUAHH

VUHT R BEANFPUH TR ERT 92.98%, LUl TEAM G, HERE ™ M h
BHBET 91.68%MHH, (HARA 1.30%MH S MAETUHERR . R & B AH R b AT 14k
S2O3HT, R 7 B, Hb Mo SEN 60.7%, H AT HER AT 5% 10AH BR B i o DU B R B
((NH4):MogO3) 2N 99.26% . VU E = Wi, MR, M=l RIF, 6
E ZAr#E GB/T 3460-2007-MSA-3 (HHEREL) ArifE. Kl 6 A= fh XRD 4047, FTLLEH,
W C A AR T, B A AR

/7 IR R AL BT R AR HE (TR 20 %)

Table 7 Chemical analysis and standard of ammonium molybdate products (mass fraction/%)

Element MSA-0 MSA-1 MSA-2 MSA-3 Product
Mo The molybdenum contents of ammonium tetramolybdate and ammonium 607
hepamolybdate are not less than 56% and 54%, respectively
Al 0.0005 0.0005 0.0006 0.0010 <0.001
Bi 0.0005 0.0005 0.0005 0.0006 0.0006
Ca 0.0008 0.0008 0.0010 0.0020 0.0012
Cd 0.0005 0.0005 0.0005 0.0006 0.0006
Cu 0.0003 0.0003 0.0005 0.0006 0.0005
Fe 0.0006 0.0006 0.0008 0.0010 0.0010
Mg 0.0006 0.0006 0.0006 0.0010 <0.001
Ni 0.0003 0.0003 0.0005 0.0008 0.0007
Na 0.0010 0.0010 0.0030 0.0050 0.0040
P 0.0005 0.0005 0.0005 0.0010 0.0006
Pb 0.0005 0.0005 0.0005 0.0006 0.0005
Sn 0.0005 0.0005 0.0005 0.0006 0.0006
Si 0.0005 0.0005 0.0010 0.0020 <0.001
Sb 0.0005 0.0005 0.0005 0.0006 0.0005
Mn 0.0003 0.0003 0.0006 0.0008 0.0007
K 0.010 0.010 0.040 0.080 0.030
W 0.015 - - - <0.001

As 0.0005 - - - <0.001
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Fig. 6 XRD analysis of ammonium molybdate product

3 &g

Gttt [ P A AL AR 1 20 3 Bt ek A P R A AT, SR T — R Rt - 7 i
WA T2, It H R R 7 ixt T2 R b 0F A & 8 U 147 AT 87, 3R154
FEH ) 53 AT AR

(1) K- R b EE T2, AT CAI & B AT VL0572 il B4 V,057 5(>99.9%) Fl
EV,0577 5(>99%), ELUCE 5 N57.73%33.59%, VEIE EIE NI1.32%. KA Rk
AL 5 B BRSO . R AR TR — BUR AR DTiE BER 3 o5 JEURMLI 7.58%

Q) RHAARWFH %, W LA %A M I RREE P fh, Mol EUE N91.68%, A %M
W B 32 B BOE IR L TP DTUE T . FUERVA AR . ZEE R BRI, 3 & R
HH17.99%

(3) AT ZMLA I BARBLTE RO AR AR P Ak [ 26 T o Bl oAt mT B
PER AR, X5 RS R BRI ZE . %O S5 A8 DL SR s A L 4R
MAEVIRR. MAERREIRMTHESRE, REMEH SR, HHEEREEAN T4
WE T R ZEAR R AR AL, TR SRR (0 1 SRR B, A AU e e B e A 0 A b A T 3

FE )

REFERENCES

(1] xig, BRI, B, EAlMy, skad. FREA AL TR M AR & R I [I]. o B B R 45
I, 2015, 33(6): 38-42.
Liu Jian, Qiu Zhao-fu, Yang Ji, Cao Li-mei, Zhang Wei. The comprehensive utilization of spent
petrochemical catalysts in China[J]. China Resources Comprehensive Utilization, 2015, 33(6):
38-42.

[2] MAZY,LIUY,ZHOUJK, LIU M D, LIU Z Z. Recovery of vanadium and molybdenum from
spent petrochemical catalyst by microwave-assisted leaching[J]. International Journal of
Minerals Metallurgy and Materials, 2019, 26(1):35-42.



[3] Banda R, Nguyen T H, Sohn S H, Lee M S. Recovery of valuable metals and regeneration of
acid from the Ileaching solution of spent HDS catalysts by solvent extraction[J].
Hydrometallurgy, 2013, 133: 161-167.

[4] AKCIL A, VEGLIO F, FERELLA F, OKUDAN M D, TUNCUK A. A review of metal recovery
from spent petroleum catalysts and ash[J]. Waste Management, 2015, 45: 420-433.

[5S] KOLOGRIEVA U A, VOLKOV A1, KIRICHENKO A S, ERMOLOV V M, MIRAKOVA M G.
Development of a production scheme for utilizing vanadium pentoxide hydrometallurgical
production waste[J]. Metallurgist, 2019, 63(3-4): 813-818.

[6] ZZiE, BUK, AFI0, XEH, MM, NI 1215 135 T A R T AL
TEM. R R HARBLEERR, 2010, 41(4):1268-1275.

LI M T, WEI C, LI C X, DENG Z G, LI X B, FAN G. Technics for vanadium pentoxide
extraction from black shale in pressure field[J]. Journal of Central South University (Science
and Technology), 2010, 41(4):1268-1275.

[7] kD=, BEICR, HEE, FREE, A0, B0t AR AR R -z RN T Z0].
W E A 4 8 23], 2011, 21(4):908-912.

ZHANG X Y, QIN W Q, TIAN X D, CHEN Y B, GU Y, XI X G. Microwave roasting-acidic
leaching technique for extraction of vanadium from stone coal[J]. The Chinese Journal of
Nonferrous Metals, 2011, 21(4):908-912.

[8] 2K, BRET, (A%, RE. 8N MAEMIEHER IR ERIZ0]. HEE 6
G @R, 2014, 24(11): 229-235.

LI F, CHEN X Y, HE L H, WU J L. Leaching thermodynamics of decomposing sparingly
soluble molybdate by sodium hydroxide[J]. The Chinese Journal of Nonferrous Metals, 2014,
24(11): 229-235.

[9] Barik S P, Park K H, Parhi P K, Parka J T, Nama C W. Extraction of metal values from waste
spent petroleum catalyst using acidic solutions[J]. Separation & Purification Technology, 2012,
101: 85-90.

[10] MAZY, YANG HY, HUANG S T, LV Y, XIONG L. Ultra fast microwave-assisted leaching for
the recovery of copper and tellurium from copper anode slime[J]. International Journal of
Minerals Metallurgy and Materials, 2015, 22(6): 582-588.

[11] Zhang X L, Sun C B, Xing Y, Kou J, Su M. Thermal decomposition behavior of pyrite in a
microwave field and feasibility of gold leaching with generated elemental sulfur from the
decomposition of gold-bearing sulfides[J]. Hydrometallurgy, 2018, 180: 210-220.

[12] He A X, Chen G, Chen J, Peng J H, Srinivasakannan C, Ruan R S. A novel method of synthesis
and investigation on transformation of synthetic rutile powders from Panzhihua sulphate
titanium slag using microwave heating[J]. Powder Technology, 2018, 323(1): 115-119.

[13] Tian L, Xu Z F, Chen L J, Liu Y, Zhang T A. Effect of microwave heating on the pressure
leaching of vanadium from converter slag[J]. Hydrometallurgy, 2019, 184: 45-54.

[14] Jeroen S, Thomas A A. Combined microwave assisted roasting and leaching to recover
platinum group metals from spent automotive catalysts[J], Minerals Engineering, 2020, 146(1):
1-7.

[15] Behera S S, Panda S K, Mandal D, Parhi P K. Ultrasound and Microwave assisted leaching of
neodymium from waste magnet using organic solvent[J]. Hydrometallurgy, 2019, 185: 61-70.

[16] YAN LY, WANG A J, CHEN Q S, LI J W. Dynamic material flow analysis of zinc resources in



China[J]. Resources, Conservation and Recycling, 2013, 75: 23-31

[17] WANG P, JIANG Z Y, GENG X Y, HAO S Y. Dynamic Material Flow Analysis of Steel
Resources in China Based on Circular Economy Theory[J]. Advanced Materials Research, 2013,
813: 64-71.

[18] HAO H, LIU Z W, Zhao F Q, GENG Y, SARKIS J. Material flow analysis of lithium in
China[J]. Resources Policy, 2017, 51: 100-106.

[19] S¥0x, XI5, &%, 4P, X% wa S i e R A )t sz th L L2
0], " EA 48 %R, 2019, 29(6): 1308-1315.
MAZY, LIUY, ZHOU J K, LIU M D, LIU Z Z. Optimization of microwave assisted leaching
of vanadium from spent catalyst based on response surface methodology[J]. The Chinese
Journal of Nonferrous Metals, 2019, 29(6): 1308-1315.

[20] JORDENS J, GIELEN B, XIOURAS C, HUSSAIN M N, STEFANIDIS G D, THOMASSEN L
C, BRAEKEN L, GERVEN T V. Sonocrystallisation: Observations, theories and guidelines[J].
Chemical Engineering and Processing, 2019. 139: 130-154.



