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XTE M AR T EE R, FIL, WA SO 4 T8 T AR R R B WORE R S R B R )
M, Mo, AlFINi b2 R, o3 AL RS B -KIR I 70 Mo, ALEAL RIS, 5
NiZ ., B2, HETHEA TR b= i ad F2 iR dn e st .

AR5 402K FH i o7 T 2 o X a4 s B iR O AR P R R FR BN S N L RS BRIREE . BRI AR
W E ., B EEX Mo, AR HR R, - H, 256 M -2 H i3k (TG-DSC) fil X I
LERTHT AT aNA L B Fe i A2 b Mo AL RS ALALRE
1 MR5F%
1.1 ik ER

A ISR MBS A b AL T [ B i F 1 BT XRF SR
AL, R BRSO . 23Kk fb 2 vk Ak B Table 1 Main composition of the material by XRF %

Ji R H X 5 2R 9% % % 1 AL (XRF) XF H i3F 47 43 ALO; MoO, SO, P0O; NiO Si0, Fe,0, CoO

Br, G500 1. haE 1A, ks rp ik 4782 2171 2025 4317 3558 208 00729 00718

A AL B 47.82%, & B e
MoO, I NiO ) i & 43 5053 5 A 21.719% F1 3.558%, 40 . B & Ran® s, AR KAy A 14 .
1.2 LWHE

D) KRR TAL B AR R A R AR v, SR R R R AT A, T DL X A A R 2R AT
SR T AL B, A B A AL 70 (%) 4 JE Ak 20 S R AL B e Ak R R AR

2) B Be - KR o B 10 g Sk e T A 38 9 2 I AR R0, Fa B A9 S o — a2 i A R TR 41
O, MRS YA KMIRAEAERE T SIRr N, B T E TR, EER
R A (D)~20 (3) Fin o

MOO3 + NaZCO3 = N32M004 + COzT (1)
A1203 + N32CO3 = 2NaA102 + COzT (2)
$i0, +Na,CO;s = Na,SiO; + CO, 1 3)

Foan AR RIS, INA—E B RUKE THE RS, BT misisa b, HREH. &
WEZS U, FRREMR A, A R ST AT AR, DR T RO R o IR R PR e I R TR
R ER R, B I E R A R ik o MR R T Mo A ALY B MR, TS Mo Al
AL R g i A A AL EL A TR - 22 /R S SO X AT A A T 20 #r

3) Wi 7 15 S Y BT o o B Y I35 BT R Ol Design-expert 8.0.6; e R R AL AT BRI (A). KF
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5 PZR 3K B B 1 o A LB . BETT Y SR Table 2 Design experiment level and coding with
R K K ity 0L 3 2, #4234 2 5 il S 56 TR BBD method
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Behnken LR EA7 S5 A #9044 HE o 0 i
Z o mAG, w45 i il i 2w %% =X ik FibeiREE(A) C 800 900 1100
EATNEI Sy Jrpeit | (B)/h 1 2 3
2 ERE51i8 BRI EHAS L (C) 0.7 1.1 15
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A AR R AR . B 10 g A AR 4 ) A
ANE B EE FR B 2 h, B2k M TI bk &
AsAE, SR ULER 3. M 3 WAL, Bl A K ke
U BE RGN, PR A AR A be Ok w B W . Y
Ab S FE BAET , A kR T B I A K BROR
SE4r, B BIE. K MoO, W) 5k 795 ¢,
Tl 4 A BRI B O m A, ] ER 4> MoO, &
FhAg, B LA AL BRI R B R T 800 C o AN
U 5 T A B B A AR R AT X AT S o A
F &5 F A& 1 s o Y 1Ak B#EE BE R 300 °C
1 A R TR R U S R R S NG 5
S35 X PP AT oA, DG RE S AR AR AN
W, el L Y AL BRR B AE 400~500 C
BF, 1Ak B B % A AR R 3 2 W AH S MoO; .
ALO;; MoO,. ALO; ¥ kWi E ik, fhfilne
55 S B B iR R S Ny, AT 5 A8 IS 82 1Y) B A e
e S g U 4 i 4k RO BE A 600~800 °C HY
X S A7 5 E F 2 JC MoO, W, R LAY
FYIAh AL(MoO,),, X i H] MoO, 1 ALO, 7
il 22455 4 AL(MoO,); .

H TG AL(MoO,), =5 81k ) b 1 1 72
K HLEE, 43 5 HUAE 500, 600, 700, 800 °C fii
Ak BT 1 P A AR R 53 0 S I 1.1 A% B Bk
BN FE 43 BEA1IR A, 16 950 C Th kS 2 h, £
YL 2 5 AT XA S o, g R 2
Firs o B 2 APAT, 2t A [R) I R T Ak B S B
JE A A6 R 5 Bk IR B A Ak s B I N W 3
Na,MoO, il NaAlO,, iX i B L\ 3 i B 7F 600~
800 °C i b H I, MoO,. ALO, 45 & 4 W (1)
AL(Mo00,); A4 510 Mo, Al B 8A 1k i . 18
% BB L PRAE I PR RE AR R, R AL Y
18 A AL BE 25416 52 A 400~500 °C BB 2 he
22 MNEESLREER

XoF W 17 TR V5 A5 2 B 1A B SEAT T 5 2497
MrFnfe E R, R WK 4, Hrph, PIEM

*3 BEEAFNEFREE THRXE

Table 3 Burning vector of spent catalyst at different

temperatures
HREE/ C PR HE/% A/ °C PRt/ %
300 10.2 650 19.2
400 17.4 700 19.6
500 17.9 800 21.5
600 18.7

3
AR R R_800°C

332 2 2 700 °C
3
3 322 2 2 600 °C
11 1 1 2
A 11 2500 °C
L WEEN 2400

2.300°C

10 20 30 40 50 60 70 80
20/¢)
7 1-MoO,; 2-ALO,; 3-AL(MoO,),-

1 NEFALIERE T EEAFIE S
Fig. 1 Phase analysis of spent catalyst at different
pretreatment temperatures
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Fig.2 Phase analysis of sodium reaction of waste catalyst
pretreated at different temperatures

K/NF AR [ 4 58 R B i E K, PE/NT 005, RABMEZNES BEEW; PHENT
0.001, FRUABIAIGY K R M i % . R0 ok 3R fr B 5 S0 LA i fe B, Bl = H 2251
REM, mE4H, Fy=1597, F,=10.00, P{E¥/NTF 0.0001, Uiz PIIAGRCR BRI R
LI P,,,=0.3038>0.05, P,=0.1427>0.05, Uil kLW IUA H RS LRIV & .

XFFUARAE Ep,y ZHCA. B, C. E. A’, B, C’. D*. E* &N 3 (P<0.05) ; BEARIYJLE R



262 ok L B ¥ W EEAVE S

*4 HAEAREMFESHER

Table 4 Analysis of variance of regression model

SETIH Y% FlE P
2 I EEE
Mo Al Mo Al Mo Al Mo Al
Model 20 605.72 757.30 30.29 37.86 15.97 10.00 <0.000 1 <0.000 1
A 1 44.02 40.10 44.02 40.10 23.21 10.59 <0.000 1 0.003 3
B 1 250.27 310.64 250.27 310.64 131.96 82.04 <0.000 1 <0.000 1
C 1 1.06 0.55 1.06 0.55 0.56 0.14 0.001 5 0.006 9
D 1 0.028 0.56 0.028 0.56 0.015 0.15 0.904 2 0.704 1
E 1 10.26 5.69 10.26 5.69 5.41 1.5 0.028 5 0.2317
AB 1 0.004 9 1.56 0.004 9 1.56 0.002 584 0.41 0.9599 0.526 5
AC 1 1.31 2.89 1.31 2.89 0.69 076 0.413 6 0.390 6
AD 1 121 0.026 121 0.026 0.64 0.006 761 0.4320 0.935 1
AE 1 0.016 2.74 0.016 2.74 0.008 283 0.72 0.928 4 0.403 1
BC 1 4.20 3.33 420 3.33 222 0.88 0.149 1 0.3573
BD 1 1.00 2.03 1.00 2.03 0.53 0.54 0.474 5 0.470 8
BE 1 0.20 0.74 0.20 0.74 0.11 0.20 0.746 6 0.662 3
CD 1 0.21 0.58 0.21 0.58 0.11 0.15 0.7412 0.699 4
CE 1 0.25 0.11 0.25 0.11 0.13 0.030 0.7223 0.8647
DE 1 0.018 0.023 0.018 0.023 0.009 609 0.005 942 0.9227 0.939 2
A’ 1 49.30 54.58 49.30 54.58 25.99 14.42 <0.000 1 0.000 8
B’ 1 142.56 185.74 142.56 185.74 75.17 49.02 <0.000 1 <0.000 1
c 1 189.11 243.46 189.11 243.46 99.71 64.30 <0.000 1 <0.000 1
D’ 1 80.88 89.04 80.88 89.04 42.64 23.52 <0.000 1 <0.000 1
E? 1 7.13 2.11 7.13 211 3.76 0.56 <0.000 1 0.462 4
Gk 25 47.42 94.66 1.90 — — — — —
JAUT 20 41.18 86.47 2.06 — 1.65 2.64 0.303 8 0.142 7
a7 5 6.24 8.19 1.25 — — — — —
ENp 45 653.13 851.96 — — — — — —

R=0.9274, 7E 5 RELCV, =1.48%<4%, FWIBIHA R A] {5 BRI BE 8 m )s W % B R A UE 5
HEEERLIE, RT 4G X T Ey, W0, A58 0E Bl 14459, RRES 5T
o XTWRAE Ey. ZEA. B, C. A’ B, CP D INRUNL L3 (P<0.05) ;5 BEEIPGE REX R*=0.8889,
5t RECV =2.12%<4%, 3R WYY ] 05 B RO 0 BE 8 i s X T B M0 BT, AR SEER RO E IR 1L
11680, RRfFDSAIE. Lia bl BEE, T H B AR A& HOR B, W T 0 .
2.3 ALK IR SEIG AN 2 T 45 SR 43

XA rp A TS RO AT A R B, R BRI L KR BRI L BRI BN IS X Mo, AL
HARA RF LR (P<0.05) o 1EACHIAH, 2 N Z A5 AR A B |IE 3 () « 3 (b) °]
PAF . Mo, AL 5B K508 IR FURT 8 I [R] (9 52 i 2 3 0 n o B Bel 2 800 °C . Kb
I ] IR, ALV FESr, Mo, AL BYIR T I TE 80% /iy, H Al B H RIS IL T Mo HI#=
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Fig. 3 Response surface diagram
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HIE 3 (e) « 3 (D) AII, Mo, Al HAREEE R R T 1 Tk o 5 Th il B2 vl L 5i v 0
TAEE, WORBON A, HHAR N R —E R, R AE 70 C RALRESE MR i fE 5 B R TR
[ L B3GR, Mo, AR FRHARE e b I e PR . SR WS oy 3: 1 0F, Bk AR % fi
RN, 2 RSN FESY 5 AH SR A O R, W i PR, A AT Mo, ALRHE . Fr
LA, RIS TR 6:1 ZE A sERERR I Mo, Al IFE IR

2.4 SRALKE IS SEBE B A SR AR RO TN K2 36 E

MR A E A A FO S B A T AR . S BRIREE N 954 °C . REREmTIEI R 2 h B IR 4 8 N 1=
Na,CO, 5E mMA MR R E ) M 1.1, BHEBEL A 6:1, BEEE R0 C., HIZELHT,

Mo f ¥ H 3T 98.79%, Al HI %K 94.54%,

FEfe A T8 50 64T 3 41717 50 i 52
¥, 45 R W K 5. MoiR i RTE 98% Ll | .
AVRITE 94% L o B W, Al &R E
30 gL' ZEfH . Mol ik E ol 18 gL' /&2
F, 3 ud B e R O A 5 SR X S PR AR R LA —
ERZHEME
2.5 SHILKEIRALIE

1) 8RR S5 2 % Mo, Al &R AL 52 i 4 5%
Wi o P14 Sk 22 AL BT A9 18 A6 590 S I A [ o i
iR 40 K5 58 72 W (950 °C) WIMI AR A M o FhIEL 4 0]
M, EARFBRBRENEINGE T, -y 2
LG 2 BH R AR 40 R 4R 5 B FR AN TS N £ 5
1 1k ) & oA 0.7~091F , XRD E i A
Na,MoO,. NaAlO,. ALO,. Al(MoO,), it ¥
W, R R R AN R R, 4> MoO, 5 ALO,
LB T ALMoO,),; Y Bk TR AN S I & 5 K
FEAL T 5 EE R 1.0 B, K58 1 v B i AR R P
AL(MoO,); K K, HAAE ALO, I, X Ui 1]
LR B R B S I TSR 5 BRI I 5 R
AR R I 1.1, 1.2 1) ALO, Wil 2k, 3%
Ul B BB R R AN i B RS, LT 2R
5 48 N .

K5 2 [ = T Lo 601, = R
JE R 60 °C BF, Mo, Al H 35 5k IR 40 s I
MIAEL R . B SATH, Mo, AR H R i
R EFE TR TR IR N &t/
T L1AEEE, Mo, AL H 2B 5 ik R 44 VS i
B4 14U 38 5 2 ik R B S N £ R 11 AR R
Mo. Al &G, 20K 98.75% . 95.02%;
A YRR RGNS I KT L1 A5, Mo, Al
A PR, SR, B R A i

*®5 SLWERWIE

Table 5 Verification of experimental results %
ST Moz % Al R
1 98.79 95.21
2 99.01 94.89
3 99.24 95.03
2
MW
1 2 2
132 hiop
! 23003 3

1 22 3
1184 4151 Lo 3

10 20 30 40 50 60 70 80
20/°)
¥ : 1-Na,M0O,;2-NaAlO,;3-AL0,;4-AL(MoO,),.

4 RIS [E) 2 RRER S B KI5 P2 49 (950 °C) 4HE o AR
Fig. 4 Phase analysis of calcined products (950 °C) with
different amount of sodium carbonate
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Fig. 5 Leaching rate of molybdenum and aluminum with
different amount of sodium carbonate
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IS MR IR 5, MRS B . B ool . o
Mo. ALRHHRMEIE, 44 FREETMm, 5 1 00s
A T A5 A B A R 1 1.1 e i o 1 low |
2) KBRS Mo, ALGILR S B EM.  £ ST >~ Loss &
Pl 6 JAE 500 °C (TR, FHRES 10 Comin) = 7ol 1%
T, AT B B0 M A ) A EL ol 1.
O L5 P BR R 8 J5 1 TG-DSC #h 4k . 1 '
100, 750 °C Ab H4 B, X UL BH A B B Y 500200 400 600 800 1000 1200 -0
B ERE . SR 1 A RCRAIGE 2 R R RE S Rk AR BT
H/\J;_—gji, % 2 AN ZE 700~1000 °C 2 fa], i At 6 FAIBEMSELTSHREIESIN
[ MoO,. ALO, 2 5HIMLZ I . A i CO, 7 At TG-DSC ik

Fig. 6 TG-DSC curves of the mixture of pretreated spent
hydrotreating catalyst and sodium carbonate
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NaAlO, W G R RE .k SR 0k e K Fig. 8 Leaching rate of molybdenum under different roasting

temperature and sodium
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Fig. 9 Phase analysis of calcined products (950 °C) under

& 9

different calcination time
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Fig. 10 Leaching rate of molybdenum and aluminum under
different sodium roasting time
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Optimization of recovery of valuable metals from spent hydrogenation catalyst
by sodium roasting water leaching method based on response surface
methodology
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1. China MCC5 Group Corp. LTD., Chengdu 610000, China; 2. School of Environmental & Safety Engineering, Changzhou
University, Changzhou 213164, China
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Abstract The process conditions of sodium roasting and water extraction were optimized by response surface
method during the recovery of valuable metals from spent hydrogenation catalyst. The effects of roasting
temperature, roasting time, sodium carbonate adding amount, leaching temperature and liquid-solid ratio on the
extraction rate of Mo and Al were examined, and the optimal process conditions were determined. TG-DSC and
X-ray diffraction were used to analyze the phase transformation during pretreatment and sodium roasting of
spent catalyst. The results showed that the suitable pretreatment temperature was located in the range of 400 and
500 °C. With the increase of pretreatment temperature, Al,(MoO,), can be formed by the combination of Mo and
Al, while Al,(M00O,), can still participate in the sodium reaction. The maxmium extraction ratios of Mo and Al
of over 98% and 94% could be obtained when the mixture of sodium carbonate and spent hydrogenation catalyst
with mass ratio of 1.1:1 was roasted at 950 °C for 2 h, and was further extracted by water with the liquid-solid
ratio of 6:1 at 70 °C. Mo and Al combine and form Al,(MoO,), with the introduction of slight sodium carbonate.
The sodium reaction did not occur substantially at 700 °C, while finish completely with the temperature rising to
950 °C. This study provides technical and theoretical supporting for the sodium roasting and water extraction
process of spent hydrogenation catalyst.

Keywords spent hydrogenation catalyst; sodium roasting-water leaching; recovery of valuable metals;

response surface optimization; hazardous waste recycling; molybdenum
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