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%, 5RILZES, A, 3, 244

ER T RAWIR G TR, BRI T B R KUS A 54 H = S S0l =, il 200237

7 FE xR A AR (FCC) Ak 7 1 B 5 A0 R FH IR R, SR FH I 300 A8 0k A B FCC A Ak 77 v i 280 [l e o
+o X EHRE B IR, = Q-2 E T H) BN (P204) 1 2-2 HE T 2L P iR 81 2-2, FE B 218 (P507) Bah 26 Ui + i
T2 LA K P204-PS07 & A ZEHURG o B BIEAT TFSE . S5 ERW, o EAER IR, B AR &
(4mol- L EhMRVAW . BHAFE S 4h, 60 °C. WL 1:15) F, Ce il La B35 40518 99.7% F1 97.7%., #EHL
I B A R FE WG HR BE 1.5 mol- L', 12 P 4 pH=2.5, P204 Fl P507 %} Ce #l La By ZE LR i, M
P507 X 4% 51 47 1 2 IR AL P204, P204-P507 &2 & 2L BUAR & 1 PSO7 IR AR LE R 0.2 B, Ce T La B Il 3 43 1l 35
£ 80.4% 1 75.3%, WA F 46 P204 ZEHUR R, T 4= B340 19 MR 2 /N T 10.0%, P204-P507 & & 78 BUIAR 3R BE A7 3% %
A TSR A b 2% R AR A AR UL o ARAIF ST T S DA FCC A Ak 5 v I o 4 B2 4 - 424l 5%

KR EmAR AR L B BRI

ffi £ 70 % (Rare Earth Elements, REEs) H. A7 Jilt ¢ 1 A% 41 i - 45 04 R ZE M RR40E , P B RE R 51,
C o R 28 B T R £ R AN AT Bl i ) B RN R R Y B AR Tk AR o Tz
2014 47, 4ERUi A AL 244 (Fluid Catalytic Cracking, FCC) AL FIHE R w25k 8.4x10° t, T A HL
Yy R 4 B B S IR, FCC A Ak 550 76 A F ok 72 v S5 49 Bl B 3K 01 2k 0, A8 N JE FCC AL, &
FCC 4k 57 v 19 i + 32 22 0 B (La) A4l (Ce), H A T & 53 502 0 29%0~4%"), 2015 45, FKEE
FCC AL F 7= A 240 1.43x10° t, P18+ (La. Ce) 40 2.86x10°~5.72x10° ¢, SRS B . mRk
[ 77 32 2R [SeHL v () 4 4 o0 2R 38 7E JE B
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IR AL R E G . BORRA 5PV KB, SAVMRAHLIL, FhiR . HiiR A6 55 T LR B A T 5 1Y
B EREBGAMER L, HRETXE FCC AR i £ 3E 7 ik, R 2 WA BGI I = -2 5
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% FCC AL I SR MR s i, JT FHAR TR B0 60% 1Y P204-BE R & A ML ZE BUR Hk, 242 H ik
With pH=2, ZEHUHI N 2:1 B, ZEBCEUR AT, F L PR A 2] 91.76%.

FH VA 0 26 B R FCC AR50 A LB, 200 —30 40 28 Il AL ZEBUH Ok o 408 2 R LAY
TCE, FEEBRTHRAARESE ME S, MTFRAPEE, FRE FCC MR B0 ik E2H
WL . BRI RAEEGET, BHAET, PR ZM EERBIEMRE, X2k TEE R, WAK
U R R RSB TS A HE . ZHAO U BIFSE T P507 Fi1 P204 X FCC Ak F) h s +
MIAEIORAL, RIH P204 X La Fl Ce B 2 BUSC R B AT,  [FI B ZHCH R HEAY AL, 1T PSO7 X La 1
Ce MIFEBUH R L P204 2%, (HAEHUH A AL /L

g it — R NI FCC A Ak 700 i ISRy - B A8 RO X 48 A L BRASCR, AR AR 98 0 A B A 3 2
SAEFEAT AL, BERRE ] AOHE 1+ 2K R P204 F1 PSO7 A A ARG, BRI TR R a5
WU AR AT P204-P507 &2 & Z UG R, LU AR FCC L) i Rl s s B2 A Lt 25 5% .

1 #MRl5E%
1.1 XLEHR

A S Af ] B JE FCC AL ) ok A TAAR Rl T o #h#2 (HCL, 36%~38%). fiff IR (HNO,,
65%~68%) MIFLR (H,S0,, 95%~98%). & /K (NH;-H,0, =26%). P204(C,H,0,P, 98%). P507(C,H,,0,P,
95%) . WEALKEIA S AT 4t
1.2 TR

K HHE 54T (TGA, DSC1 AU, HgkE8)-FEH) 28 A BR 2 5] A % & FCC i Ak 7 A 5 rh A
BLY 0 BT 6 o B, O B L I AR B BE IR B o R FCC AL R fh S8 46 105 C F T, B il
200 H i, RIGTERAEBBIRIET, DI igbe2h, BHEMAT RSP &M, @i X ik
543 M A% (XRD, D/max 2550V %I, H 7 RIGAKU 2 ) %51 J5 09 % FCC Ak F1 14 5 A 45+
AT . B X BFR P8O0 HT (XRE, XRF-1800 %, H 75 H) ¥ 280 EREM A, REHE
JKAE 180 °C F XF & FCC 4 Ak 71 BE 71 7% 30 min i 1 H1 B A 45 88 7 1R & 5 %6 3% 1% (ICP-OES,
Agilent 710 8, 35 [E L HEAC BB AT BR A 7)) 2 5 0@ W A 0 Ce. La. ALY T B0,

1.3 WHE

DR, Ee, AEH 1. 2, 3. 4, 5mol'L AUERIR . FHRR AR, fEIR IR E
960 C. WL 1:10, B HEEY 4 h (Y550, XF 550 °C b B E FCC AL AE #1712
D iR iR MO R AR E . )R, R HIAS R, IR RN — 2D s R A
B A, KRIEST R A ) (REEER N 6 h, BEMIFE 1 h B 1 WRER) . 12 IR B (d i TR B 43 3 ok
40, 50, 60, 70. 80 °C). [HWE Lt (&l W& b 43 1:5. 1:10, 1:15, 1:20, 1:25) X} Ce il La 12
WM, BB ER AR RGP AT, XTI R TN S A B IR AR R
5000 r'min”' 254 B0 B 5 min I B 2 A IS 09455, H ICP-OES &2 3= H i 1 Ce Fll La 19 Ji
IR

2) ZEWGT LI . FERAESRMF TR 550 C K5 4R )5 MK FCCAEALFIAE S, Wl i, H
Ce. La Fl Al Ay JB 2 4 J&F 43 9 4 1 027 mg-L™'. 657 mg-L™' 1 2997 mg-L™', 43 %I B il W J&F My 0.5,
1.0, 1.5, 2.0, 2.5mol-L™" iy P204 Il P507 = Bt 7], I H 2 /K 8 15 3= 90 46 pH 43 518 1.0, 1.5,
2.0, 2.5F13.0, R P -ERFERORAAERBGM . ERERRESET, Bl PS07 4 (P204+
P507) iR & 2 BUGR R BLEL 43 50 0, 0.2, 0.4, 0.6, 0.8 F1 1.0, BF5% P204-P507 &2 & 6 BUiA & X}
B RS AL RO . A ARG R E IR (25.020.2) °C N AT, A HLAE S KR 0 4
R 11, ZEBGS P )5, 85 ICP-OES J3 Hr il 5.0 5 BV W OKAH) h Ce. La. Al BT
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WeBE . A HLAR T 3 Fhos 2R (1% I vk B A T A AR

3) RAWGE RS o f#H 2 mol- L™ Ay R MR IS W AE R SO AR B, AR5 A MLAH FZK AH I AR R LG R
1:1, FEEE (25.0£0.2) °C N XA HAHSEAT A . ARG B 5, H ICP-OES #a il I35 (K
) H Ce. La, Al YRR MEE .

SIRBE RN ) PR £EAFEBCRAIHE N Q) iR 48 R 5 X
3) Firm.

ncy

n=—x10"°%x100% )
mw
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W=nXEXE’ 3)

A n ARG EG ¢ O ICP-OES Kl /K AH b 5 J8 B T I i vk B, mge L5 v o BV AR,
mL; m AR FCCHEALFIRE S B, g5 w WK FCCHEALAIAE S h & Jm ot R it r % C, M1 C, 4>
59 A0 e Y I 4 R B T AR KA R B BRI EE , mg Ly BV RAEHCR ;. woy g iR

R ST 3 K SR EAE N 3 RESEIR AT, IRZELUARHEZE . TRIN T Z AR WLIA 1.
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‘wccwmuw}—»{ RN }»»{ MR I HPSOTH L i AR H LR
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Fig. 1 Process flow chart of rare earth recovery from spent FCC catalyst sample
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2.1 & FCC R8I RAE
XF & FCC AL #EAT T XRF 70 #r, JF AL BB A3 B 45 o R i 0 B, REdh R EE TR N
ALHI Si, 5 A 23 8003 O 36.33% Fl 24.19%;

100

Fis 902 b Ce Fl La, Jit &t 70 3853 90l 4 7.23%
il 3.84%. [ FCC fE4k # ICP-OES 43 H7 il 5 9 98 | R
Ce Fl La JFi 40504 B4 1.56% F11.01%, REEs ool o
BB AP HON 2.57%. W SCRRIRGE . B FCC fiE p
{7 o () REEs Jit & 43 50 2%~4%"", & 8255 = ol
45 LA ICP-OES M % it 55 A o .
S i P FCC AL T A7 1L 19 R A 4% 2T
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Fig. 2 TGA characterization of spent FCC catalyst sample
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H1.253%. MRS T 550 °C B, RS
JLFEA WD, TR R 550 °C & e ry ks b
T

i BT JE 2 FCC 4 4k ¥ B9 XRD 43 #r
B3, WEI3ATEH, KXtk FCC ik
F ) FAHZE R JL-FAS = AR5 . R FCC ik 71
HiEEEEREUSBEACYNIEXAE, B
RKEeFETASRMEST, FET AT H
SiO, il ALO,. W% 2 [ A3 3¢ 2 1 1T 5 0
1E 20=15.88°, 20.66°F1 23.78°1} , & £t B & Y
SiO, i 5 AIE 1§ 5 7E 20=26.5°. 35.0°, 45.9°Fl
66.6°1F , & BLEI WL ALO, FUFRIEIE . T %
FCC 1L th La £ Ce B9 5 2 0 B, L RE
W2 F 3055 1Y La,0; Fl Ce, O, FRFIE
2.2 MR FCC 4L+ )2 H REEs

1) BRI FE I o AR 28 Fk B i T L
fig X} REEs 2t 5 1 52 e 40 14 4 fir s o fR & 4
A, EAEF AT, $hm XA 5 REEs
3= 2 B S O B R RN A R o L DR I W g
J&, CI'HL NO, #1 SO, ™ 5 5 %6 + 3 F ¥ sl fic
fii, H NO, # SO, fl 5 -8+ . Na'. K'IE
BRI, R O AR B T
B AR U8, 24 JC HL IR vk B AN 1 mol- L™ 3% i &
4 mol-L™" i}, REEs izt F sl #2 5, i
BRI IK 86.3%. M ICHLIR M B KT 4 mol- L™
iF, REEs ¥ H R B98N BT 8 o AR 4 52 56 45
W, JESEM R SRR 4 mol L' R RV W -

2) RBT R m &S5 B TR A
X} REEs iz th Rz, i S EH, A
12 i FE] A B4 0, REEs (32 H R & i 7 .
R B A AL 4 h B, REEs 12 H 9 34 fin it
T8, HIFHATReR, ERMNIFMHE, &k
JE B S A s R B, BE R T AT, IR
IO ) ) W B AR W AT, B TP . 2 R
AFMEIIAE] 4 h B, La (3 HRIAE] 5 KN 89.0%;
M R E] A S hEf, Ce 19i8 H Rk B e kKl
92.3%, RV 4 h #4136 h, Ce 1 La iy
S REETE 90.9%,
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20/°)
B3 KEERHTEE FCC L 74 & XRD E
Fig. 3 XRD characterization of spent FCC catalyst sample
before and after roasting
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Fig. 4 Influence of inorganic acid on REEs leaching rate
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Fig. 5 Influence of leaching time on REEs leaching rate
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PR A A AL R (] B b i, AT 2 R 5 % FCC 98
AL Z ) B SN . SR E KT 60 C B, R 9%6f o it
AR EARRRE . WA, EFPE 60 C g A Cetla
g BEAE B R sl

4) [E W L By 52 . JF FCC ik A i 5 B
T VA R 10 TR A LA BRI (S/L). BT RG He 270
REEs 1 i 2 {5 1 0 18 7 s . MK 7 1 =
o, M E W SRR E 115 8F, Lafil 861
Ce 1= i 2 Bl 5 [ W LL A9 T 5 T PR 3k 34 o sl = - - -
WA 1215 BRI 1:25 0, La Fll Ce 1Y S C
B HRAAR K, La fl Ce 12 2 e KAH 5 6 BB N REEs 2 RS0
WL E] 97.7% #199.7%, La Hl Ce [ 8RR E Fig. 6 Influence of leaching temperature on
SEAE 98.5% Ao HETR L, Bl R L REESs leaching rate
MIREAR , P FCC A0 TR & 5 19 1 Y 1) 42 i T o0
AR, AR RN &R o 25 B0 R 1Y) T ol
FE, WEFE 1SRN R DR L
23 B—ENERTRE s T

AL A0 56 S AE ORI P W L A R L
F P204 11 P507 M3 i AU REEs, 2 I AL %”' e
U (4) B A PR L T ) .l
TR G T & 7284, X pHTE 1.0 % 3.0 88
i, W BT R et Lt B A A, 86 |
14~ REEY 5 Z BUH] — RAK ) 34~ HZZ e, s 10 IBE 120 125
I o 2 O R 1= o R AR B R, 3R B4R SE
w4 B E 7 Bt X REEs ;3 H &R 2200

- Fig. 7 Influence of solid-liquid ratio on REEs leaching rate
REEs™ + mH,A, = REEA;(HA),,,; +3H"  (4)

1) 2 B vie B % REEs 1 Al 2 JL & 114 5%

. 8 SR T A ORIV X REES Al Al % " ///r/,+__+__4

Ry, IWE 8 AT F i, P204 XJ i 1 La Al 80 |

Ce MHEHEIIE F P507, HEBF B, P204 5

FI PSO7 58 T 1 VE B 0 25 0, FUAK e 2 oor

Ok FRAEIR S . PSOT 45T AR 1AMk, |

PSS T P204, ARSI HHR, i R TR
[7] i % B0 XF Ce il La f9 % BUAE 7t R = 20} ToTPOTAL mem P04l

[, P204 X} Ce Fl La M2 BUR B 70514 90.0%

F1 83.7%, P507 Xt Ce F1 La Ff) A% B 5 /5 43 9l s 10 s 20 25

7 90.0% F1 75.1%., H EFJR R, M8 A H U (mol - L)

P LB ECH B, B RN, B B8 ZEELFIKE X REEs #1 Al ZEUR K0

E/‘J fic % % ﬂ i% /THE , Fh T !ﬂ@ /% LI& é’ﬁ 7, Ce3+ﬂ5 ﬁﬁ(: Fig. 8 Influence of extraction concentration on extraction rates
/NTF La** E%‘t%%ﬂiﬁﬁi”” of REEs and Al
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AR A BE M 0.5 mol- L™ M % 1.5 mol- L™ I, Ce Al La iy € HURA BERHE &y, 24 48 BOR e
KT 1.5mol-L ™ I, Bl A WGR W BE AU, Ce 1 La ZEWCRIG KITUG A%, HLRd b &,
HAEPGI LR F] 2.0 mol- L™ 1, i FAMUAHMKG i i, 2 FhAEBGH#R 2 M FLIL LR, #k = 8k
APUAHMKAXE L8 o ZRa B8, 5 2LSC B A ORI e B2 1 #% 1.5 mol- L',

2) 12 W) 15 pH X REEs 1 Al A6 Bt Z 1 100

B, B9 R TR W) 4G pH X REEs fl ol * . a
AVREIRCRIGEI . IO T 1, S h) sl ;;zgzéizzxzzq
G pH M 1.0 6 /i1 %5 2.5 i, P204 %f REEs [ % §m-

B % A8 4k R A, Tfif PSO7 % REEs () 4 B % % £ oo

pH Bk . H BB H 2, P507 Bt 55 T %m-

P204, HE A TE R PE & F T AR, 4 pH Y g o TR0 baosts
K, VR PSS, PS07 A% HUAE Jy B8R0, 30 T POTAL mem P0RAI

0 oH KT 2.5 B, 2 B AEIOR GRS - 0 % 28 oo e
B % 3k B Bk O A8 £ F4 5 . P507 il P204 X e s 20 25 30
La Hl Ce [ 55 KA U4 W 61.7% . 85.8% Fil Bl HipH

82.8%. 90.2%, ¥t BABUERA 9K 76.4% 9 2% #0 pH X REEs 1 Al Z= B #9820

Fig. 9 Influence of initial pH of leach solution on extraction
rate of REEs and Al

87.3%. H LI MEEE], 4 pH K 3.0 Bf £ 5]
EFAL . XEFEA, Al e R P TEAEE
KEZ, YpH KT 250, ALOH),". Al(OH) S FHHEZRMIEL T RN L, BIRERARNER
EME, BRI Wik, SRR BB pH A 2.5,
2.4 P204-P507 EAZFEETFE

B — 95 300 2 Bk B b & B, P204 X REEs Fil Al #576 #% 5 2€ BU%, P507 %} REEs [t 45 HUR I
ik F P204, IMixt Al A BCREAR T P204. 256 2 P AR WO AS B (DR B8, 1) P204 rfin AGd i1
P507, LIFRZR P204-P507 &5 2 UK 2 %t REEs 1 Al 1Y A BUHUR .

1)P507 /& FH Lt %} REEs Fl1 Al 2 BUR 50 . 18 10 @78 T P507 14 FH L % REEs Fl Al %% BUK (1) 5%
M. B 10T F i, B PSO7TAR L 93N, & & 2 BUR R X ALRY 26 BOR PR RG24
P507/(P507+P204)=1.0 HJl P507=1.5 mol-L™', P204=0 mol-L' i}, Al i 2K B f& 2 F X N 17.1%. i
La fll Ce FIZAEBURIE FIEETHE, 78 PS07/(P507+
P204)=0.8 Bl P507=1.2 mol-L™", P204=0.3 mol-L"'
IR BB R AL, 40501 48.5% FI 72.9%, 4K g0l

100 -

Je Mg A Il FE . FLJE R AT AR JE, PSO7 4544 Hh A7 §
TE 1A e R, 7 P-C L A% 3 o R A §6W
P-O 1%, FE{% T P-O-H. P-O-C-H | H'5 K g
o 4 TR BS -1 S Bk o, T AT e 9 1 4 Y o
HURE ST, 5 P204 R AT, AN HEHLIK £ 1Y N
IR T %
P204 Al P507 £ B Al i ML B BH & 7 &2 O
o, 2 N Ak B A S (5) Fros B KA P507/(P507-+P204)

pH N 1.0 E 200, AILTE % W b £ % 2 L
AP FE, MK pH KT 2.0 0, FfiF
pH 3G A0, APHIK % R G R B & A, B

B 10 P507 AFALk 3t REEs 71 Al Z2 U R A9 820
Fig. 10 Influence of P507 volume ratio on REEs and Al
extraction
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B AL(OH),*". AL(OH),”". Al(OH) > fIH {h B 100

A SR KA A AR R WP, P507 Fil P204 1 )8 —

TRRPEAEH, H P507 MR PER S, M5 S 80
G A BUR Z i PS07 AR B B W3S K, Wl g

Lo (5 B K 6 10 R T TR BS L pHL 3 W7 B or L
—A— Al

R, HLZH) APR ARG REG R, AP A
WOB B A, TR AL A A% HCR T8 R AR

AlSjL + 3HA(0) = A1A3(0) +3H* (5) 20 L ‘—__‘/‘\‘\A/A

2) P507 /& FH L X REEs I Al Jz #5 BUAY 5%

40 -

REESHIALY 2B /%

Wjo P11 AR T PSOT fRBUEL XS REEs fil Al L 02 04 06 08 10
R, NE 11 [ FH, P204-P507 & P507/(P507+P204)

AACURZXS La M Ce B SARACRI G, 11 P507 #AFALE Xt REEs £ Al iz 2= BRI 220
gﬁlgi{ 90.0% U L, H%% P507 MK*R t E/‘J i Fig. 11 Influence of P507 volume ratio on reverse extraction
T $E R, La B9 A B i 5 0] 3k 3 100%, rates of REEs and Al
Ce MY S AU e g AT ik 81 97.0% 1] P204-P507
EARPRRN AL RCZEBSCR A R, 24
P507/(P507+P204) Mk 0 34 fin 2] 0.8 B, X Al
A BURFE ETE 20.0% LR, 24 P507/(P507+
P204)=1.0 B} P507=1.5 mol-L™', P204=0 mol-L™
I, ALY SR IBUSCR IS b i, s ol 22.1%
X R WAL O] DR 4R 9 8% REEs 5 AL 7R #5 30 b
Kl 12 275 T P507 A BULL X REEs Al Al [#] 20

ORI P 12 AT L B PSOT (AR op T

Fe i 348 i, P204-P507 &2 A # HUIK & X La. - - - . !
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i, La Ml Ce B9 IMIC R 55 B — P204 ZEHURAH LE Fig. 12 Influence of P507 volume ratio on REEs
W& G T B, 439k 75.3% F1 80.4%, Ce Fl La 1) and Al recovery

BENSCR R 78.4%, HRTM, BLET P204-P507 &2 & # BUK R X Al A BOR/NT 10.0%, 78 - IIE REEs
v BRI, FAARR T Rl b 2 B ALY R0 0, $ 0 1 mI gl
3 #ig

1) SHR MR, SR AhRER B H . ERER &AM (4 mol- L EhERE R . 17 i a] Ry
4h ., 60 °C. LM 1:15) T, Ce Fl La 12 %453 51K 99.7% F1 97.7%, Ce Fil La [ 537 H 3N
98.5%.

2) I AEA T, P507 Fil P204 Xf La Fil Ce M ZE BUR 8w, 43 61.7%. 85.8% Fil 82.8%.
90.2%, {H P507 %f Al 2 BRI T P204.

3) 24 P204-P507 & & A HUA & PSO7 IURFLLEL A 0.2 B, Xt Ce A1 La B [RTCR 43 51 ok 80.4% Al
75.3%, Ce #1 La 19 5L B # K 78.4%, T Z% it Al B9 [MDSCR/NTF 10.0%, A 3K T % FCC i 4L 7
[l 1= AL B R 4535
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Recovery of rare earth elements from spent FCC catalysts in P204-P507-HCI
system

HE Sha, QIU Zhaofu", SHAN Zhaoyang, YANG Ji, JIN Xibiao
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Resources and Environmental Engineering, East China University of Science and Technology, Shanghai 200237, China

*Corresponding author, E-mail: zfqiu@ecust.edu.cn

Abstract Aiming at the problem of resource utilization of spent fluidized catalytic cracking (FCC) catalysts,
the solvent extraction method is used to efficiently recover rare earths from spent FCC catalysts. The process of
inorganic acid leaching, single extraction of bis (2-ethylhexyl) phosphoric acid (P204) and single 2-ethylhexyl
phosphonate (P507) and composite extraction of rare earth by P204-P507 were studied. The results showed that
hydrochloric acid was the best leaching agent. Under the optimal leaching conditions (4 mol-L™" hydrochloric
acid solution, leaching time of 4 h, 60 °C, solid-liquid ratio of 1:15), the leaching rates of Ce and La were 99.7%
and 97.7%, respectively. The optimal extraction conditions were as follows: the concentration of extractant was
1.5 mol-L™", the initial pH of leaching solution was 2.5, and the extraction rates of Ce and La were both higher
for P204 and P507, while the extraction rates of aluminum for P507 were much lower than that for P204. When
the volume ratio of P507 in P204-P507 was 0.2, the recovery of Ce and La reached 80.4% and 75.3%,
respectively, slightly lower than that of pure P204, while the recovery of aluminum was less than 10.0%. The
P204-P507 composite extraction system can effectively reduce the content of aluminum impurities in the
recycled rare earth, providing a useful reference for the recovery of high purity rare earth from the waste FCC
catalyst.

Keywords spent fluid catalytic cracking catalysts; rare earth elements; leach; solvent extraction
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