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M odification of SAPO-34 and its application in syngas
conversion to light olefins
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Abstract: A series of modified SAPO-34 zeolites with different metal (Ce, Zn, Zr) doping and Zr contents
were synthesized via hydrothermal method, and physically mixed with GaZrO, to obtain GaZrO,/SAPO-34
bifunctional catalyst, whose catalytic performance for syngas to light olefins (STO) was further investigated.
Structural characterization by XRD, TEM, SEM-EDS, BET, FTIR, NH;-TPD and XPS indicated that all the
synthesized SAPO-34 samples displayed CHA structure with metal Zr doping leading to the relative
crystallinity improvement and particle size reduction. The synthesized sample with Zr doping content of
1.0% [n(ZrO,) : n(Al,03) = 1 : 100] exhibited the smallest particle size with an average particle size of
0.53 um as well as a moderate amount of strong acid (1.34 mmol/g), while 2.0% ZrSP-34 zeolite led to
particle surface, especially the strong acid center, covered by ZrO, formed by excess of Zr. Compared with
the ones prepared from unmodified SAPO-34, GaZrO,/1.0% ZrSP-34 bifunctional catalyst could increase
CO conversion from 14.2% to 21.2% and light olefins selectivity from 71.0% to 82.4% with no significant
deactivation after 60 h of reaction.
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FHIEAT T4 ( JCPDS No. 47-0617 ), J& T- CHA %5#4 .
5RMUMER SAPO-34 ML, Tmp-0.4% ZrSP-34 i
gh EhEE I R, AR 43.7%, XN Zr 1235
L ATE SAPO-34 HE MR MFRAL T SAPO-34 M4
S5EAIBA Ce Ml Zn WIRESAALL, B2 Zr 5RO
ZrSP-34 4y T4 MM B R, RS Zr B2
1%38 N3 2%, 43—F 0 AT 45 R SR in 2] 109.2%
JAFARE] 83.2%., XN Zr BAEBARES, Zr i
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T

L 2.0% ZrSP-34
41 L  10%ZssP-34
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26/(°)

Bl 1 I SAPO-34 43 F-Hii i) XRD &l
Fig. 1 XRD patterns of different SAPO-34 zeolites
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GaZrO, 5 1.0% ZrSP-34 Y HR & J5 FE 5 i) TEM &
&l 2a~d T T A AR S TR S £ 2 N7 Ty a5, HoarF
i W UKL RS o3 A AR 5, FEWOR R T BEE Ze
57 (I INSEI/INE K. 1.0% ZrSP-34 FE 5L )
Wik RSF e/, M 0.5~0.7 um, XN TE A AL
SAPO-34 43T W i ik 2 v, WS N 3d 52 1Y Zre fid i

T SR IE B EL A 5 b R R A %, DA Tk
INT R RSHR, Ze BRI Z N 2.0% ZrSP-34
LSRR UTE VA NG M8 N 11 A D w1 i 2 R e B A RN
Wik, XAl BESE R A Zr fEERH A 2 AR Zr
P S oo N s e 1= 0 Rl = s e 1< O[T o
X5 XRD 55 A —2 . K 2e T GaZrO, E ALY AT
FR] Yy FURER HASORE RHE /. 1B 2F 4 GaZrO, 5
1.0% ZrSP-34 YHUR AR TEM K, WLAEH,
GaZrO, AL 5 b 1387 1.0% ZrSP-34 431
i I, H GaZrO, S k¥ Bk R~ B /N T30 1)
Wk Rt W58 h GazrO, 548 64 T IR & 1
RYIER AR, LT LABUL GazrO, EALYITEAR
] 200 R L AR A A IR 2

a—SAPO-34; b—0.4% ZrSP-34; ¢—1.0% ZrSP-34; d—2.0%
ZrSP-34; e—GaZrO,; f—GaZrO,/1.0% ZrSP-34

B2 AR TEM B
Fig. 2 TEM images of different catalysts
[l 3a. b >~ SAPO-34 F1 1.0% ZrSP-34 53
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Map data 2

Map data 2 Map data 2

a—SAPO-34; b—1.0% ZrSP-34; ¢—1.0% ZrSP-34 4> T Si.
Al, P, O, Zr #J EDS &
Kl 3 SAPO-34 5 1.0% ZrSP-34 4»1-%ift) SEM &l & 1.0%

ZrSP- 34 HITL R i ]
SEM images of SAPO-34 and 1.0% ZrSP-34 and
EDS mapping of 1.0% ZrSP-34 zeolites

&L 3 T LAE Y, PIASRE S R34 Sl ST TR 50
SAPO- 34 Fiki RS8R, AR ARTE 0.7~2.5 pm Z
B, SEHIRAE N 1.52 pmo JEALE LAY 1.0% ZrSP-34
Wk R B /N, RIAR AR TE 0.3~1.0 pm Z (7],
SEIPRIAR A 0.53 pm o 33X R R A TER BR T VR R S Y
Zr 15 SR 0 A% R R T iR AR R, e
T kAR 2420 18 3¢ My 1.0% ZrSP-34 £
X Sagis (EDS) &M MK, nLIEH, Si. Al
P. O Fl Zr 5 FIICERTEST TS 345
22 HFHHAMERSREMER

AN ] 23— 1) N W A - I3 A S5 TR e DL 1R 4 151 4
T A R L S R B AR U SRR LR, FE p/po<0.1 B
352 58 14 W BRE R DR T F O R R B RL I L A
P/po>0.95 Bt A A28 /I 118 T i AR U BT A0 i 18] /)N

Fig. 3

7 HE R A ) Ok e FLER PO, 2.0% ZrSP-34 FE
WA MRS, XTREZ M T 2.0% ZrSP-34 £
PR A/ INTORE SRS T HE RS A B FLBE .

2.0% ZrSP-34
(" 1.0% ZrSP-34
I 0.4% ZrSP-34
i 0.4% ZnSP-34
0.4% CeSP-34
| Tmp-0.4% ZrSP-34
SAPO-34

LU

% B Bt/ (cm/g)

1 1 1

0 02 04 06 08 1.0
FHXTIE F3 (p/po)

Kl 4 ARI[E SAPO-34 ) Ny W B -fid bt 45 L 2k
Fig. 4 N, adsorption-desorption isothermal curves of different
SAPO-34 zeolites

ARV F i RS PE R LR 1. Fra R R
AR ) LR T AR GALIAR R, R SAPO-34
KJFLIBL 0.4% Zn. 0.4% Ce F1 0.4% Zr BUFE S L
R ARFAFUARFA 22K, RN G B2 2% >
4 JE R OB TR SR Y Ze Bl
HEINE] 2.0%F, 530 A9 b 2 T AR AL AR B 50
INo BXJE R R Ze RREVEA TR AL, FE
T ZrO, 3 E T 43 F i fLIE , W/ T L3R E FURI
FLAAL, (RIS N T Ah e e AR SRty
SAPO-34 #H I, R & 5k 6l 4 1 Imp-0.4%
ZrSP-34 431 i) LL R AR GA LR R i 2 R %, A
R Tmp-0.4% ZrSP-34 Fy4h H R AN E 17 mY/g,
5T SAPO-34 3 T 1Y 9 m¥/g, (HIZw itk 5 7 1
i B AL H R T BUR AL IR TR £, X E B
MR Y Zre 36 2E T 20 T i FLIE ),

1 A SAPO-34 7p-1ifi (1 SUE P TR X 45 i
Table 1  Textural properties and relative crystallinity of different SAPO-34 zeolites
v b MR AL R SR LR T BALIARY PALIRRL®Y 42 LiboES
A 2 @02 2 3 3 fL4%"/mm -
(m*/g) AL /(m*/g) FY/(m?/g) (cm’/g) (cm’/g) B /%
SAPO-34 577 568 9 0.29 0.27 10.8 100
Imp-0.4% ZrSP-34 336 319 17 0.19 0.15 9.3 43.7
0.4% CeSP-34 573 566 7 0.30 0.27 15.0 81.5
0.4% ZnSP-34 570 562 8 0.30 0.25 10.6 98.9
0.4% ZrSP-34 593 585 8 0.30 0.27 12.1 107.0
1.0% ZrSP-34 591 578 13 0.31 0.25 13.1 109.2
2.0% ZrSP-34 528 512 16 0.26 0.20 4.8 83.2

(DR BET J5 it 5 s @il ad M A LE R AR I 2380 LU R I BRAT s DT s-plot 7 i35 5 @E i BT SFLIR R, p/pe = 0.99;

GBIH 75 BT L E R

K] FTIR FE1F SAPO-34 73 10 B4R F I, 25
HULE 5,18 5,480 1530 cm ™ Zb % 1% T SAPO-34

B Sio, 1Y Si—O #EF AlO, 1Y Al—O S 4E iR
S IE ; 640 e b F B SAPO-34 FRIE AL T WA
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B HLO AW AT 5 3400 em ! &b I J& A7 F2 3L (9 W i
Vg, ATAEN B BRIG ML, BRI AR 05
Si Fll AVMEIE E, Bilan Si—OH—AL FFFR3ElH
Bk 0.4%% |G Y 43§ 1Y Si—OH—Al 4k
315 SAPO-34 WA —E, KW &R BINor+Tii—
OH [IERGEIA K, (AR Zr BN, Si—
OH—AI WP sh IR Bk 55, RMASFiidh ) B iR
WEESEY AGE T FTIR 20 R o AR e ke = Ui iR
J1, HE HE NHs-TPD ZrMrif#h 5. # F kR H
NH;-TPD 43 #1530 U R 5 B2 A R £

2.0% ZrSP-34 480
1.0% ZrSP-34 Ny
0.4% ZrSP-34

0.4% ZnSP-34
4% CeSP-34\
SAPO-34 \

[ 730!

: 640’
. . . . L 1108, 39
4000 3500 3000 2500 2000 1500 1000 500

PBE/em™
K5 Al SAPO-34 47 FTIR % /4]
Fig. 5 FTIR spectra of different SAPO-34 zeolites

AT i) NH;-TPD 2k LKl 6.

~_1.0% ZrSP-34

; ~0.4% ZtSP-34
i +_0.4% ZnSP-34

TCDfE5/a.u.

1 0.4% CeSP-34
Tmp-0.4% ZrSP-34
! SAPO-34

100 200 300 400 500 600
TR BEE/C

Kl 6 A[F SAPO-34 731 i) NH;-TPD fihi £k
Fig. 6 NH;-TPD profiles of different SAPO-34 zeolites

JI56 A 08 HRL 3 B R P N7 R R g T R SR
LR PR B o AR S B A IR0, LR AIG
T 58 B 0 Xk 7 - S5 o 465 440 119 OH & [A( 4145 Si—OH .
P—OH Hl AI—OH ) , = 5t B e D) Xof 17 - 568 i 4
fid, B Si—OH—AIl [ (B tEfis) B, 5
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245 1Y Tmp-0.4% ZrSP-34 FRH ik, FE W
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AR RS Ze B4R 035N, LR T 2.0%
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Table 2 Acidity amount of different SAPO-34 zeolites

. iR & /(mmol/g)
FE

551 IR B
SAPO-34 1.17 1.54 2.71
Imp-0.4%ZrSP-34 0.61 1.15 1.76
0.4%CeSP-34 1.15 1.53 2.68
0.4%ZnSP-34 1.08 1.51 2.59
0.4%ZrSP-34 1.13 1.40 2.53
1.0%ZrSP-34 1.04 1.34 2.38
2.0%ZrSP-34 1.00 1.20 2.20

0. MREH NH,-TPD %5 33544 .

£ STO M, F=¥ P A KE AR Ly Hs,
R T IRAN 5] 43 0 X5 S5 R 7= 4 v 0 AV I o 1
FIINEERE, BT T F RO SR AT 5256 . K
0.2 g 7+ T 7E 400 °CHI1 0.5 MPa 55445 T K, Jevi
JEORH U TR 5 U (CoHa) = (C3Hg) © (N2)=0.9: 0.8 -
98.3 ) 5 H, #5100 5 Al 25 mL/min, HIEJ5 A9
FEH IR 3. LR 1, KRR SAPO-34 43
T A SR R, Ze YRS 19 SAPO-34 2.8
AL TR, HBEE Ze B MG, LIGAN I
HIEEAL R B R, 2.0% ZrSP-34 By 246 R M %
BRI R R, X T RESE R 2.0% ZrSP-34 # i
) Ze WA HEA TR AR AR B Zro,
TEA T R T Frma, SHOmm
PG AR AR . R ATLUE 2, &R 5 ARG
F, SO F= 4 2 AT s Y AR 4 e o AR T
PREF SO, 1E O 25 - B A A R A9 S g
JEORH AR 2H BRI S AR TR A, R M i %) 43 1
IR AR S, 2455 5 NH3-TPD 255 A — 2L,
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Table 3 Hydrogenation performances of C,H, and CsHg over different SAPO-34 zeolites
v AR /% PRI EE IR G Y%

i CoH, C;H; CH,4 c’ C; (o} C5 cd o Cs+
SAPO-34 40.3 48.8 2.0 2.0 35.7 22.7 27.4 1.8 6.8 1.5
0.4% ZrSP-34 37.1 50.0 2.3 2.1 36.5 22.3 27.1 1.6 6.7 1.4
1.0% ZrSP-34 33.4 46.7 1.7 1.6 39.7 18.4 28.4 1.5 7.0 1.8
2.0% ZrSP-34 9.2 11.8 8.2 0.7 46.7 2.67 39.5 0.1 2.0 0.8

. O, Co. C3. G5 Ch. Cin
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Fig.7 XPS spectra of different SAPO-34 zeolites
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GaZrO, 1 STO i, 43| ¥  GaZrO, EALYIHY
CO b H 5.0%, Coy EFEME R 13.8%, FAIM 1.0%
ZrSP-34 3T CO #EALRAUN 0.7%, Crq HEFF
PR 27.5%. XLEERH BT GazrO, 5 1.0%
ZrSP-34 WIFIRA 5 1) CO S Ak SR A B B 3%
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Table 4 Catalytic performances of STO over different SAPO-34 zeolites combined with GaZrO, oxide

B CO B f15/% 1R (LG CO, ) EHEE/% G W25 1 2R/
CH, Cis Yy Cs: [mL/(g'h)]
SAPO-34 14.2 4.9 71.0 20.4 3.6 96.5
Imp-0.4% ZrSP-34 6.4 17.6 37.9 38.6 5.8 22.0
0.4% CeSP-34 13.0 6.2 71.3 20.4 2.2 86.5
0.4% ZnSP-34 14.2 4.4 75.6 17.7 2.3 101.8
0.4% ZrSP-34 16.4 3.2 77.5 17.2 2.1 122.1
1.0% ZrSP-34 21.2 2.9 82.4 11.2 3.5 170.7
2.0% ZrSP-34 8.6 10.6 56.7 28.5 4.1 44.2
. CoodR IR, CLdRlRRicheke (Zhe. PIBER T bG ).
Kl 8} 1.0% ZrSP-34 5 GaZrO, &5 Gl X fRERM e FEbE
e LFFE 2.5 MPa, 400 °C. %5 6000 mL/
(heg). m(GaZrO,) : m(1% ZrSP-34) =5 : 1 JTi % ol
PR AR E . FTRVER W, AR ZEW) 45 ﬁ 80 -[‘“ : B
BB G TR R, 20V 15 b CO Bk % 7ol oS
SEAMRFEARAS , FLRE 60 h JE A Ak ) A 3 2 Fol
o SN YRER I R e BEPETE 10 h JR IR BIFRE . Q 40 |
ARSI 1Y GaZrO,/1.0% ZrSP-34 {4k 5 SCiik § 30
S 1 AT IR F A 1 BUh R AT T X He, 45 g {.\
YT 5. ATLUR B, TEARRIR R Z50F T, 1.0% o Lesssotecs : : ; ' 0
ZrSP-34 55 GaZrO, 25 £+ il 6 (0 U REAE AL I 47 ¢ 2 e T ®
FRF 2SRk E] 170.7 mL/(g-h), EA W R
K8 1.0% ZrSP-34 5 GaZrO, Z545 JE AL STO S i e Pk

X EBEECE, 1.0% ZrSP-34 431 Wik K~
AN, SRR RS, AR TR E IS TR Y

Fig. 8 Catalytic stability of 1.0% ZrSP-34 combined with
GaZrO, for STO reaction

#5 AR REMELFMEL STO S PERERY L
Table 5 Comparison of the catalytic performance for STO reaction over different bifunctional catalysts
SN £ A Cco '};/;S%(K/% COz)ii*é'ﬁ/% 0, 1k Coa I 25
W) REAE AR I pE 7 Sk A ~ . 2; o #/[mL/ STk
2% CH, Crs Cra Css PEHE/% -h
rC /MPa Bl (g'h)]
ZnCrO,/SAPO-34 400 2.5 2.5 17.0 2.0 80 94.0 4.0 45.0 100.8 [4]
ZnCrO,/SAPO-34(NS) 380 1.0 2.0 18.6 2.4 85.0 92.5 5.1 49.6 142.7 [38]
ZnCrO,/SAPO-18 380 1.0 2.0 19.9 2.3 68.6 84.8 2.9 49.2 124.8 [39]
ZnCr,04/SAPO-17 400 3.0 1.0 26.2 1.8 88.3 94.0 4.2 48.6 107.0 [40]
Zn-Zr/SAPO-34 400 1.0 2.0 11.0 4.0 74.0 92.0 4.0 45.0 51.5 [7]
Zng3Ce) 0211004 350 3.0 2.0 15.2 6.8 70.8 87.4 58  25.6 179.0 [41]
/SAPO-34
Zr-In/SAPO-34 400 2.0 1.0 27.7 4.0 73.6 93.7 2.3 40.0 197.1 [42]
Mn-Ga/SAPO-34 400 2.5 2.0 13.7 2.1 88.3 96.1 1.8 45.0 89.6 [13]
GaZrO,/1.0% ZrSP-34 400 2.5 2.0 21.2 2.9 82.4 93.6 3.5 45.7 170.7 KTHE
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