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SR A R M, SE . Bl B
k. BisFnER, HEZERSWER 1. Rt 3%
THNMALZENIH, E2ENE, BEREAN
B, LEAW. . AR EY . o EREAT
THEREEEST, WE 2 P, R L 2
L V-0 # . V-Fe-Al-Si-S-O # M .
Fe—V-AI-S—0 ). A1-V-S ¥ 1 Al-V-S—0 ¥

&1 R FE A2 5y
Table 1 Main elements and composition of spent catalyst
(mass fraction, %)
V,0; Ni Mo C S ALO; SiO,
1491 294 173 162 698 29.83 1.24

MEPEAAAAE: MR E L ALO; ML ANTE
AFTE s WABL EZL L) C—S WAHAI R R AFAE . 7]
PAEH, REETIIAE R B %, MRS,
BRI GPHE, BT HRICE N SR A

12 #EREIRF

MEEE T RHMER &SNS A
XH-200A (JbHiRE K EARAF, 2450
MHz, 1000 W), SZEedeBE 3 frox. MR
FKAFRT S CHR[19], MR R % L = OBk
AN 50 g JRMEAFIFIRE S 87.51 g/L )
NaOH ¥, #2720 648 W, [ LE Ny 0.20
g/mL, 7E H PR 90 C oM N Hidt =B 13.5 min.
BHsERSE, BT ESESE, BT RR R

&2 KHELLF SEM FESH

Fig. 2 SEM morphologies of spent catalyst: 1—Si0O,; 2—V—-Fe—Al-Si—S—0 phase; 3—Fe—V—Al-S—O phase; 4, 5, 8, 16,
17—V—-0 phase; 6, 10, 18—Al,0;; 7, 9—C-S phase; 11—S; 12—BaS0O,; 13—Fe—Si—O phase; 14—AIl-V-S phase;

15—AI-V—-S-0 phase
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Fig. 3
experimental installation: 1—Condenser pipe; 2—T-branch

Schematic diagram of microwave leaching

pipe; 3—Temperature sensor; 4—Solution; 5—Magnetic
rotor; 6—Tray; 7—Furnace body

1.3 $AFENTHF

BHBH S AR Z AR, 52m A B
B, FTIAT RS . SRR pH B 7kt
T BR 44, pH (EFHITE 8.5, YUIETERE,
BT A, DS R 4K Ees, S BE &
£ 6.0L, HTJEMUTIERTTEN 40.5 go

W1 4 B J PR & U TBCR F N263+fif < i+
WARRZER, T2 %M W16 pH 8.5 FHUGHIKEE
30%- fFEEEREE 5% BfTE] 3 min. AHEL(O/A) 1/1,
BT =Y AR, SRR AEANAH 6.0 L, R
6.0 L.

14 AREIFRF
RN I EAL V,0s B E I S I [ %,

WITWBRAETLZ. —r B A E 2 H 2 RE 4
B 99.9%LL b Vo005 P2 e N T FRARFS i 425 & =
KA N REER], B G ET A A R T
B o LA BRI, TS ZEETE, T K
F AR BEAE T R b PR M o El TR 7 e R R AT 2k
I TSRS RN, AN AT DAAR He 3 2E ) i,
11 EL R4 e S BE AR . R 7 U8 S 2 TP SR ) s
IV RSy XH-2008DE (bt FERS R Kk R A
FR/HE], 25 kHz, 1500 W), SZEGHEE il 4 fiox.
—BURZE SR N AN 25 kHz, M )
500 W, SEALELKEE 2.0 mol/L. AHEL(O/A) 5/2.
i) 1 mine —FBR A NaOH 1 NaCl 1 R e 2577
AT IR A S, [RAAT 9 NaOH # & 1.0 mol/L.
NaCl % 2.0 mol/L. #HLL(O/A) 3/2+ B[E] 3 min.
2230 — 2% NH,4Cl [ XE+=2% NaOH. NaCl i i ) %
TZ2aE, RS —B&RFER 24 L, —BRFER
40L.

®
)
| |

B4 HERRAE SRR E
Fig. 4

Schematic diagram of ultrasonic extraction
experimental installation: 1 — Condenser pipe; 2 —
Thermometer; 3—Solution; 4—Three necked flask; 5—

Ultrasonic probe; 6—Ultrasound generator (25 kHz)

1.5 BRI RF

T —BUREE T 2R B R FE A @A
W, BN EM, (HAEEEIE. NT
i R AR PR YTE R N SE 4, iP5 min J5,
FE 30 min, HATEAIEIE, RS IS UED
HEATIBRE, MBCBRIRE 550 °C, WA 2 h, REEE
KT 99.9%HI = 4E V,0s 72 86.15 g, YLIE B E
7 24L.

T BB, Bt LR A §5 0k
DUEVERAT UL EE5 . TEVIAE pH 8.5, Ik RE(5L
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BB FE 10%. AHEL(O/A) 1/64 IFIA] 3 min, 3k
BHFRENF 1.0L, KW 6.0L.

R ZIKAE R R ZEFNAT R ZE ST, A%
NAHEE(O/A) 5/1 BIKIKFE 10%(ARFR 5350« I 5
min, ZR1FXFEK 0.2L.

1.7 IR

PR BIN B, G518 1) S
MLV MR R R, 15 pH N 2, 7EIRE 45 C
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Table 2 Rare metal element distribution ratios in

treatment process for spent catalyst

Distribution ratio/%

Sample
v Mo
Spent catalyst 100 100

Microwave leaching solution 97.55124  97.78245
Microwave leached residue 244876  2.21755
Purification solution 93.92233  95.04454
Purification residue 3.62801  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,0s5 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,0s 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

T HREE RN MR B, JURHESN
97.55%, W& TAE SR N1 66.23%, ¥AL40E
I E) ZE K- 3] 30 min, NaOH #1255 100 g/L,
PURHEN 75.68%, AR B RAK Tl s b iz
(1, 1K 5 J5 AR 2R iS00 305 2 A 0 2 /R 5 4 A
WHEVI LR,

H LN AR H s R, o Tk A
BRSSP A RN SN & 2 H 24
HAT TR, WK 3 Fn. Sk iRE & kol
% 648 W, If[E) 5 min, 7] LAE HERF =4 7Y
MR & & S BRI AN 2.85%.
26.93%F1 70.22%, LM ARE EHEL 30%,
SbFRMEFERLR, W A ARAN A AR T I () A
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No-load organic Stripping solution Precipitate,
phase, 0.23732% (Stage 2), 34.66258% 57.86573%
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V precipitated (Mo0),0.24778%  phase, 0.23587%
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Ammonium molybdate

product, 0.00192% Mo precipitated

solution, 0.24586%

0.13888%
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V precipitated Precipitate, V,0; product
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[
' }
Calcination loss, V,0; product
0.07070% (99%), 33.59360%

& 5 R T2 L o A

Fig. 5 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

. Spent Spent catalyst
vanadium .
catalyst (microwave treatment)
Trivalent vanadium 2.85 2.64
Tetravalent vanadium  26.93 5.13
Pentavalent vanadium  70.22 92.23

SPA A RCELDULNI TSI s T2 Rl db 2
Ja BRG], =AU AL S B3 S 7.77%,
RO L& B AT, S P& B AR maehs
IR S (R HEAT o

JREEAFI 2 ER B BHAT DB SR
SR U8R ANEYION & S AR SRR
MERAIRR T 23T e, i AR s R 5 T
Fe, AR TVEARTR .

AT BRI pH EI AT
R ER 2%, B IRt AR A, S5O 3.63%

PR DTEE . TIEETR AN B HER
&g, wHt—B R, I T FHRERCE N
99.46%, ZEHUSCR R

PURFETI: RETFHAME, BB TF
KRB REE, S5ERMNERRZERARMELE,
AU B B R BRI
K 4 P Ak G I A 5 7 R R AN OB IR 0] L
Ro FEHAR T2 A RIE AL, 8 I e 2L
R TG R A, 1EREEREN 1 min B, 445
REETEHPI R AEZ N 46.88%, 7 I A S 36
HH 62.64%; FEG AN HEK 2 3 min, A[IA
FI5@BAPRAE 1 min RCR. AN, HAEREEAR
X TR B S AR A MR AR, 9 e AT
TR S 5 T L4 i A S I 0, I N 7 U ] PRI
en R RAR L, A RO e 1 3R A B 2R A 1) )
A, X5 JORDENS #2003 (i 7t — 8, wlidid
A R PR U SR A PR T SRR E , TTAN 52 M) R 1)
. FoBRET Y, HMRFEZRILT
99.32%, MR-
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Table 4 Comparison between traditional back extraction
(TBE) and ultrasonic enhanced back extraction (UEBE) of

spent petrochemical catalyst

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

DUBUBR L7 —BURACR BRI R, N
NFAEA R FER), AT B B2 % 20 A () L
FRER, Krbefa sl V,0s 77 e =2l VoOs 7= il
FE SN S Bim. EEhiliEik g —fEE
MRS 7325, AT o R SR b Ui 5
PR R VTR AR M e ER DT v S . T ARSI R
TR, BT LAR 550 e R O iR
TS o S0 B Bh Ve 4 2 2T 55 e 1 (A
i R V5 B SR A FH 2B IR AL R R RS e 3R 11
PR E R A G NH R R B8 5N
FJR B, H R s S A IR e &L .
T AR AN G AT, T A
NHAFHE -, RS UL . 7E55hE:
BUAER A, B2 LMRAUIR i (NaVO) L A7 7E, &
BRI S N () HEAT
NaVO;+NH,4Cl=NH,VO;+NaCl Q)

XPUTEYIAT R e, PIRTF58 V.05 7=,
FENZFSTWEE 5 s, Wk 5 For, S5HEF
GB 3283—87 XfHPY, s s ai A iE v,0s
FEa T VoOs IS & T 99.9%F 99%, H.
TR BT bR UE . AR AR = S L
TRV, PR EE T AT 91.32% M8, BA
RAFRR .

BHAEIUS R Ty 3 N BIBH AU AL T 4L

*5  LEM TR ST

Table 5 Chemical analysis of vanadium pentoxide products

b7 R 0.51%
DR T #ENFI YU TP B & R ORRG
0.25%, KEDELETUUHBER T, [HRAES R

22 WAEEEHEMER

Kl 6 B iERER SR, B 6 TLE
B, SRAE A R T2, TR &S
B BV AR i, BRI ECE N 91.68%, KA
WS EE 32 B B RV . 1T . B
HHUAH R TUE B, S FRME
7.99%.

Mk sRAR Ly SPREECR 8, k
TEALIR AR TAE SR Y, Wk 6 fR. 1F
FHIEIS (8] 264 T, oAb = i, SR RN
97.78%, HHEM TAESIR H(65.12%); & ALK
EFOSE DA TR FE, AR 2R A SR T b iR
HE R R REBEDAA T —Ho4H, 48
2.22%, N T PEREHEPEER, TR
HE R ZR G I TAR

PRI TP WM LR A fe v, 3t
DUERRR, TR 2.74% M3 NTTEE R, Ut
JEE TP A, TR AR R SRR, AEHT R
FHIMZERRE R 0.99%, LA UL 540 1 0.94%
EH, EVARE/EE 2 B R ECH 18420, HL/AH D B RER
R4f.

PRET?: F—BRELRFY, RERS S
7 0.17%M4H. FBRELZF, RERT 5
i T 0.13%MI4H, RN AT R K.

FERBUSAE T 7. HENEVHARUR A T 14
BT 94.10% . 4H 1A B3R A e 2655 43 il 9
99.15%H1 99.65%, AEURFHMR RLEF, 0.80%F
0.33%[F18H 7390 0 A T ZE RN S HA AR

DU T #ENBIUTH TP 4 SRR

Mass fraction/%

Product
V,0s5 Na K As P Si S Fe Mo
High-pure V,05 product >99.9 0.004 <0.001 <0.001 0.003 0.006 <<0.002 0.004 <<0.001
General V,0s product >99  0.059 0.015 <0.001 0.013  0.048 0.002 0.017 <0.001
GB 3283—187 >99 Na,0+K,0<1 <0.01 <0.05 <0.15 <0.01 <0.20 -
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6 JRMEALFIA I T Z AR 43 A

Fig. 6 Distribution of molybdenum in treatment process for spent catalyst

6 RMEMTLSUIR S LA IR (1 x) Th sk s

Table 6 Comparison between traditional(TL) and microwave enhanced leaching(MEL) of spent petrochemical catalyst

Condition  Microwave power/W  Reaction time/min NaOH concentration/(g-L™") Mo leaching efficiency/%
TL - 13.50 87.51 65.12
TL - 30 100 80.36
MEL 648 13.50 87.51 97.78

R OHRRE AT

Table 7 Chemical analysis of ammonium molybdate product (mass fraction, %)

Mo Al Bi Ca Cd Cu Fe Mg Ni Na
60.7 <0.001 0.0006 0.0012 0.0006 0.0005 0.0010 <0.001 0.0007 0.0040
P Pb Sn Si Mn K W As
0.0006 0.0005 0.0006 <0.001 0.0005 0.0007 0.030 <<0.001 <0.001

92.98%, Lty T EAEE, HRE Wb E %
T 91.68%M%H, (HAIRH 1.30% 08 73 A fEUTEH B
W Kbl & AHBR B AT T AR, InEk
7 B, HAPHEEN 60.7%, L ATHER BT &
(1) EH TR 4 = it DY EH R 2 (N HLy )2 Mg O 13) R 48 B2 Ry

99.26%. VYRS mgitaaie, sy, ™
m L E RO, A E KX s dE GB/T 3460 —
2007-MSA-3 CGHEREE) FrdE. B 7 B Nis i
1) XRD . B 7 vTUAEH, B G H AR AR
U, FEHI AR BT A AR,
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= —Ammonium molybdate oxide hydrate
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10 20 30 40 50 60 70 80 90
20/(%)

7 BHEREZ ™ i) XRD %
Fig. 7 XRD patterns of ammonium molybdate product

3 &g

1) R s A T2, nl LA 4%
PRl V,0s 77 fh: T4l V,0s 77 (21 >99.9%) Fl
H V,0s P2 (L >99%), EWESHN 57.73%
M1 33.59%, V KIS BEWEN 91.32%. KA REL
(B 2 B B AE SR OV . TR . ARLAT
TBORFEWITRE R, 355 EURMILE 7.58%

2) KAWL TR, 0T LA &G 06 B R B e
ft, BRI R ELCRN 91.68%, A A 2 if4H 3
SRR . WL DTIEE . MEBLE YL, A4
RIFVCHERR S, I8 5 FORMEE 7.99%.

3) AL Z I E AR IUAE O SR AL IR AT
PR ZE Y o Sk A IR T B AR =R
AR, X5 KSR R ERGR BE 7 % O 2
AL DL JE R R s L S E R A E IR &
PR P R FE R T e AN, AT R] B R 45
B2, F PR T A T R AR R A AR
MR, o] B A A R FE S, A Rk vk AL
JRAE TR A T B 2 R
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Behaviors of rare metals in process of
microwave-ultrasonic enhanced treatment of spent catalyst

MA Zhi-yuan" > LIU Yong"*?, LYU Jian-fang"*°, LYU Xian-jin"**, ZHOU Ji-kui"*°, LIU Mu-dan"*"

(1. Institute of Resources Comprehensive Utilization, Guangdong Academy of Sciences,
Guangzhou 510650, China;
2. State Key Laboratory of Separation and Comprehensive Utilization of Rare Metals, Guangzhou 510650, China;
3. Guangdong Provincial Key Laboratory of Development and Comprehensive Utilization of Mineral Resources,
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 behaviors of vanadium and molybdenum in the process were studied by
material flow method. The results show that high purity V,0s product (purity >99.9%) and common V,0s product
(purity>99%) can be prepared by microwave-ultrasonic enhanced treatment process. The direct yield of vanadium
is 91.32%. The ineffective recovery of vanadium is mainly dispersed in the leached residue, purified precipitation
residue, vanadium extraction raffinate and second stage back-extraction solution precipitated solution, which
account for 7.58% of vanadium in the raw material. At the same time, qualified ammonium molybdate product can
be prepared. The direct yield of molybdenum is 91.68%. The ineffective recovery of molybdenum is mainly
dispersed in the leached residue, purified precipitation residue, loaded vanadium organic phase, molybdenum
extraction raffinate and molybdenum precipitated solution, which account 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 efficiencies of
vanadium and molybdenum are 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.

Key words: spent catalyst; microwave; ultrasonic; vanadium; molybdenum

Foundation item: Projects(2016GDASRC-0201, 2017GDASCX-0841, 2016GDASPT-0104, 2017GDASCX-0109)
supported by the Project of Science and Technology Development of GDAS, China;
Project(21607138) supported by the National Natural Science Foundation of China
Received date: 2020-01-19; Accepted date: 2020-07-20
Corresponding author: LYU Jian-fang; Tel: +86-20-61086451; E-mail: 576105498@qq.com
(B )



