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Abstract

The outstanding denitrification activity of Cu/SAPO-34 catalysts has garnered widespread attention
in the NH3-SCR reaction, but their relatively low activity at temperatures below 250°C significantly
restricts their application under low-temperature conditions. To address this limitation, this study
prepared Cu/SAPO-34 catalysts using spent MTO catalysts as raw materials via a one-step method,
systematically investigating the catalysts’ physical structure, types and distribution of Cu species,
surface acidity, and low-temperature NH3-SCR performance. Results indicate that Cu species mainly
exist as isolated Cu2+ and CuO, both of which can facilitate the NH3-SCR reaction, with isolated Cuz+
being the key active center affecting low-temperature performance. The abundant acidity promotes
NHs adsorption and activation, while the well-developed pore structure ensures rapid diffusion of
reactants and enhances Cu?+ utilization. Compared with catalysts prepared by impregnation, the
one-step method catalysts exhibit superior low-temperature denitrification activity, achieving an
NOx conversion of up to 99.3% at 150°C, and significantly suppressing the formation of the by-prod-
uct N20. This study innovatively develops a preparation method for Cu/SAPO-34 catalysts and elu-
cidates the structure-activity relationship, providing theoretical support for the design of copper-
based catalysts with high activity across both high and low temperatures.
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1. 51§

WE A AL AT AR A, SR I(NOK) I HE ) @ H i ™02 [1]. NOx 2R IS T A AR
WRIFREEIS AR, Fod K Ik AT SRR SO B HEBOR 2 — (2] FHREIR S 1) NOx 2 FEUB
JHZ AR TR, IR N BE e (3], U @ RO A2 272 00 . Bl NOL I AFik
JER 16 R A A8 SR (SCR)SE R R FH I R AU A BOR [4], AH N Z2 4 PEAI AR 75 5K 5 &, NH3-SCR 72 H
[GIE= &N 1B 40P SR WilT <57 NS

A2 NH3-SCR HiAR MR &R, HEEJUE B . BN T ieEmas . BAER T
Ak SCR AL H 4% m ARV M B 1 S8 ORRAESTo HAT, ol b U B A fh AL 750 32 B0 4 8 S| e
(6] Bx4JE[7]VA S T RI[8]55 . & B AL TI(LL V20s-WOs/TiO AR R HT iz, HHAK
TS AR S V5 PRI T VAR (R 300°C~400°C), AT BRIl T FAE 5 A HEBURHE S IR R (9] &R
AT EZZLL Pty Pd S5t & @ iEEA sy, BEAREMIREMELEYE, (HHRAR S PR O
AERTRL A o T B 28 A 1) 70 - O S A 770, R OB PR 8 o 0 0 v PR v M AR e 1 T 4% 32 %7 » Cu/SSZ-
13 #1 Cu/SAPO-34 [10]-[ 12]1F A 41T fe FARGRNER 7 I Fe e A0 0], 76 S 5 7 1 A R 3 H AL 53 1 NH-
SCR AL IETERIL 100% 1 Ny 86 [13]. SR, Cu/SSZ-13 1E il %% i A2 A 3 A BRI v B i, Sk
HpiA s, ART TR H[14]. 17 Cu/SAPO-34 {EALFIR 43t AR (1) B 2 45 M A S5 BRI R AE, A HL B
AR NH; B 535 4k, AT S 2R S R A s PR [ 15 ] HH )28 BOAAIG S B I ERBE A8 . {H Cu/SAPO-
34 EALFIFEARIR 26 A T OUHE<250C) ) NOx FeAL 21K, BRI & TR <& bR Lo K.
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I, $ETF Cu/SAPO-34 ARIE R Io M B A S EA 70 & L.

Cuw/SAPO-34 [1fiilk NH3-SCR PERES Cu #Fh 1/ AitRAS K H AL 2 V)M G FFFERIA[16],
Cu/SAPO-34 H1[f] Cu ¥)Fh F EAFEIL Cu®>'. CutbL LR CuO 5. AL Cu? KR SCR M [RIAZ% 0
WAL A, HB 5 NO HIWRM 5%k, FRiln Cu*/Cut B AR I FMEHE S M BEAT . BRI, BN K
AR CP EHRr R 1 5 E, A TR P IR A TS P o E I VAR 1 7 R R T DA R S P
YiFf. Tang 5 N[171RFZ 23800 7 OS2 Cu 8, ARSI 2 B 250°C B3] 200°C . il 4 772
R Cu MR AFAEIRES B[ 18] B T 20k & 3RAGAIL. CuP i F I 75, CuP il e 76 5 10
HHRELAERAL s BEFURIAAL T SAPO-34 /N JGHR R BIARAL Cu?t BB %0 1) NH3-SCR G [ 19]. W%
RAES T TERSE 5 Cu %, Cu WP EENA T FIisERT, FHIE CuO SERESDM
[20]. —BEH CuPREINA BB, 7T Cu WA TE RS SAPO-34 Gk ik FEFIB#E4T, A FIT Cu
YRR R R A, HLFT RIS R ARST. Cu2 MR T CuO AR [217. BT I 98 A S CAIF Sz 4% 7 1R AE 4% Cu
YIR AR S EA A /R, (B8 B Arxt Cu PR 51K SCR B8 1 KB E R AT Z IR
Bre

ST, AT CABERR B (Cus(POs) ) NI, SR FH — 2 il & Hh B It AR S 4 1K) Cu/SAPO-
34 AL, R THEAGTIN Cu PR A SIRIEBAHTERE Z ARG R &% TAE AT RIRERA . AR
A R AR B (A SR

2. SELRERSY
2.1. R EHFRHA

MTO A i B A T A PR ml 3R AL, BEIR(HsPOL) AL 85%. = L (CsHisN) L2440
VU 247 TLHE(CsHuNs)y P a2, 3 i [ 25 8 AL 2R PR R R A3, R H(CusOsP2)2UFZ 98% i Eifg=¢
SEMRAARHE AR A PR A A S it -

2.2. ELFIRHIZE

K — 5 4 AN TR A 77 3R Y Cw/SAPO-34 AL Bk, KR A TIAL B MTO JE A5 258
FARAE, Btk 2 hs FB, KBRS A E S B RRAR S, B 2 he BEJE, CRETEIN Bk
RS, FINMANZS O, 4R8:3EE 2h, BRSIRSRIR, BRI T 6 BB 1 BE IR 4
4 2.0TEA:1.0A,05:0.7P,05:0.3Si0,:30.0H,0 . ¥4 i3 &t 2 100 mL AFNE R EH, 1E 200C Rk
Pmit 48 he MALAR G BRRH, Z2ELHEETE, T 100°C FF: 12h, f&J51E 550°C FRkE 6h,
153 Cu/SAPO-34 fE4L7, 4364 N x-Cu/SAPO-34 (x =2, 3, 4, 5, 6), Hr x f£% Cu BB R B E

=

HEHo
VENXTHORE R, SR SRR B 4 Cu/SAPO-34-im. 4l SAPO-34 4> T fh& st 5 — 5148
A, EARINEER. BHRG T AERF 24 h, 2 100C TSR G, T 500°C R4 4 h, FriSFeMm
% N Cu/SAPO-34-im, Cu FiEE A ICP 45 RAfiE .
2.3. PITRIE
X AT (XRD)MAK H Bruker D8 Advance BUATHMX e/, #8HHEA Cu Ka (40 kV, 40 mA), 1E
5°~60° (20)JEEEI A LA 5°-min! B fECR S TR . X LR T REIE(XPS) B PHI 500 X #5072,
KH Al Ko $12&(hy = 1253.6 eV)TE IR IR . KA Quantachrome Quadrasorb evo 738 (3 7 #F & 1 N2 1)
PR SR 2R, AR L RALME AR B FLES ) S SR RFAE . LUERTIASK ) BET J7iih B, S FLA AR IR AH
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X 77 P/P, = 0.99 B MR e, FLAR 20 A7 MIIE I 25 B i sk 3R (DFT) A AT 0 i« Ho B /F THIRIE
JR (Ho-TPR)AT NH; F2 /7 F+ il it Bt (NH5-TPD) i3 /£ Micromeritics X #% Fii 7. H A, Ho-TPR DL Ho
W JF A, R A E8 (TCD) M A S #E o Ho FVH #6155 s NHs-TPD LA He JH#, @it TCD id
5% NH; it fHE 5 B iR AR AL .

2.4. HEHMEETTN

A5 P[] 52 PR S S 2833847 NH;3-SCR AL FITEEIAR o B 5, KAk 70 5 ok - 0, e Bk R~
N 40~60 HFMEILFA], FHFREL 0.5 g HEALFIFERBEANNIEN 10 mm AFEEH, Bl KA T 38 N R N 2%
Fom#FdgP e . MR 5vol% 0,2, 500 ppm NH3, 500 ppm NO, FHER Ny 1E R PR . #EHIES
SRR 500 mL/min. PR AT IR T P DGR FE X TR 2 90°C~300°C, RERE 30°CHL—ANIRFE i, A
T RE P AR E I TR A 30 mine HYAS SRR 4> EZALHE NO, N,O, NH; Ml NO,. Jf i i B AR 42T /NFTIR)
FE A I A H VSR ZE A R . b NOK B4 28 4 300 N i B A Ul T -

. _([NO, ], ~[NO,]
NO, conversion = inlet outlet. 1% 100%
[NO,]

inlet

N, selectivity = [1 — 2 [Nzo]outlet j 100°
2 y - X A)

[NO] + [NH3 ]in]el - [NO]in]ct - [NH3 ]inlet

inlet

HeF, [NOJinetr [NHsJintet FH[NOxJinter 73 A F 78 NO, NH;z Fl NOy #E N [H] 52 2 MR IR, FAN ppme.
[NO]outlet’ [NHS]outlet’ [NOX]outlet ?ﬁu [N2O]0utlet ﬁﬂ?‘]?@ﬁﬁ%%&ﬁﬁ}ﬁ E(] NO, NH31 NOx ?ﬁn N2O E/‘J)%%%z
&, HAH ppmo

3. BR 5118
3.1. A%

FEMP) XRD W0 1 Frs. B 18R, — Bkl M EARITE 20 25 9.5°, 12.7°, 15.9°F1 20.8°4b
A TR T CHA a5 (RRAEAT 06 [22], RIFZIEFTSFEM G SAPO-34 43 T it 424544 o [AFT
AMEAFITE 35.6°F1 38.8°Ab¥ YR I CuO HIRHEATHIIE23], BAEH Cu FhTE S B 35 5 & B 2 BeIR
Ao HEEE Cu BRI, SAPO-34 73 T4 dfE T, XJZHT Cu MHTIKYIAE | 4o 1A
KIIFAIAES, BATR AL P, Si & =WrFpEfh i) 2 MAZBE, I 7 o7 e, SETHEd
FH SAPO-34 [14h & B AR [ 2410 BbAh, — k& AT SAPO-34 43 [ 45 di BE 38 B 2 v TR
BUER), X F BV T 48 450 B T SR S IR, ER BT AR R R 7 i K A S AR IR,
UG S BUIR SAPO-34 73 i I Bt i, A &5 & FE FRAIR [ 25

3.2. LRESFLIESH

FI G IR No W B — JBEBRERAE AL R 1 LE R TR I LI £5 4, 5 Rl 2 FI3E 1 fom. [ 2(a) o,
JITA Rt AW R IR R T T B TV RGNS 2, AEARARO I 01X N, WRBR B U BT, Dl A7)
PARALA M N T ERGRA R X, T A REG I T H4 BUA S[R3, SRR S B A LA 26],
HAUAR AT B 20)A1E 2(c)o 13 2 I FL AR, BT A AL FLEE TP 20 7E 2~10 nm 2 [, 1X
T E5 SAPO-34 FIRIHERUL B @ R FLER A % i3k 1 Bl B, W) TOREAE 2~5 widola] 2L, —
A AR I R AR S B AR, KRB SR Cu? 1R S0 A (a2 B
TR FLE AL AT, Co IR L RO BV Rk, fLIETEW] R gE . (H 7R mE 6
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Figure 1. XRD patterns of different catalysts
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Figure 2. (a) N2 adsorption-desorption isotherms of different catalysts; (b) DFT micropore size distribution; (c) DFT mesopore

size distribution
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Table 1. Specific surface area and pore structure parameters of different catalysts

* 1. FRIMENFINLERARALEBSE

Sample SBETa Smicrob Smesoc Viotal Vmicmb Vimeso®
P m?/g m?/g m?/g cm’/g cm’/g cm’/g
2-Cu/SAPO-34 564 528 27 0.29 0.20 0.09
3-Cu/SAPO-34 561 498 34 0.28 0.19 0.09
4-Cu/SAPO-34 556 487 33 0.29 0.19 0.10
5-Cu/SAPO-34 525 459 33 0.29 0.18 0.11
6-Cu/SAPO-34 489 449 21 0.26 0.17 0.08
Cu/SAPO-34-im 387 333 31 0.23 0.13 0.10
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3.3. Cu PR EERR

I Ho-TPR WHEAL I H Cu MRS AL R A AT EAT 23 W7, &5 S an 1] 3 o o 18] 3 T, 7E 150°C~600°C
WEN BT 4 4 HydkEls. Hedr, & A N\t Z[Cu(OH) B 5N Cu {5 51§, 1§ B X}RNT CuO
B Cu® L5, U C Z&NTEH | Z,Cu b 508 Cut 55, U D NSA Cut®l Cu® SR [28] [29]. 7T
7S TCH(DOR) I 1Y) ZoCu?t 152 B AN i JE fl fer U Rl AR e AE L, BABGs AR i
Z[CuOM)]"' EE AT CHA BN, BEAREMITEEET, —FHILFEM R NH;-SCR [N 3 Z5E 44
Fh[30]. NEEBRFRE S Cu PR EIAIXT EL], X Ho-TPR BHZRHEAT W AT — b AT, 455 une 2 Ar
e MR 2VWLEH, ARFEME CuWF A mfAE R ER . Hd, 5-Cuw/SAPO-34 BA =il Z,Cu®
EEAI(52.42%) R AIC T CuO & #(32.55%), AL Co> W i) & EAE AT A FE S i m, 183 67.44%, X
FHEAR T — P4 10 5-Cu/SAPO-34 FE IR B 1 BN 7E 1) CHA B4 5ilg (LB 45, 72mE
TACHAL A LLRAE s [ Cu Fd i 5 S b i A B SR R IERE, Cu? ] 78 404 B XS To 3 T
IAZ AT B, S BT A E (1) Z,Cu?t, FHE4MIH] CuO A2 R, FeZ A8 5-Cu/SAPO-34 1] Cu?* LUl & i -
L Z R, 6-Cu/SAPO-34 H1 Z,Cu L 4% 43.18%, CuO NITFFHEZE 39.55%, HJFERLET#4 Cu ¥iFh
M CLTEA R B A i S BC AL PR o ORI A B, i) T R A2 SR BRI TR CuO #Ff, 33 CuO A
Ll T, PR Cu Lefl R i thabh, 12B0UEAREI Cu/SAPO-34-im FE M AT Cu i) & LRI, X2
FUAR RS SAPO-34 TEAJE 51N Cu 9Fh, 5 T80 Cu MR TE T Ah R R TR, 1R
W25 KA CuO AR, BB FRE il o 0 B 2R, T R I 28 - A0 e iR B i b, 23T Cu?*

) o LI
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Figure 3. H>-TPR profiles of different catalysts. (a) 2-Cu/SAPO-34; (b) 3-Cu/SAPO-34; (c) 4-Cu/SAPO-34; (d) 5-Cu/SAPO-
34; (e) 6-Cu/SAPO-34; (f) Cu/SAPO-34-im

& 3. AREMEMLF Ha-TPR BiZk. (a) 2-Cu/SAPO-34; (b)3-Cu/SAPO-34; (c)4-Cu/SAPO-34; (d) 5-Cu/SAPO-34; (e)6-
Cu/SAPO-34; (f) Cu/SAPO-34-im
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Table 2. Copper species types and contents of different catalysts

2. FRIMENFINEMFRERSE

Sample Z[Cu(OH)]*/% Cu0/% ZoCu? /% B Cu%
2-Cu/SAPO-34 19.33 38.92 4175 61.08
3-Cu/SAPO-34 14.42 36.79 48.79 63.21
4-Cu/SAPO-34 17.56 34.30 48.14 65.70
5-Cu/SAPO-34 15.02 32.55 52.42 67.44
6-Cu/SAPO-34 17.27 39.55 43.18 60.45
Cu/SAPO-34-im 14.99 37.20 47.81 62.80

Intensity (a.u.)

NS W Cu WIRIAEE ISR, SR XPS XA TRAE, Frigds Rl 4 por. K 4
H1936.23 1 933.56 eV AL K10 53 A1V &8 T 5 B LA BC AL AR Cu R AR TH CuOs 17T 944.5 1 942.6
eV AbHIH Cu2ps, M PR, Ht—PIESE T Cu¥ WIAETE[31] [32]. iE— DR T M Ak R T AP A i) &
a2, F AR NAS 5 AR 0 AR AT Cu A CuO FIARNS ELl, e 3 fian. Hi3E 3 1531, 5-Cu/SAPO-
34 HA BeE 0L Cut 2 5(53.88%) Ml = ) Cu®/CuO ELAE(1.17), FHIHFE Cu Y0k PLE 2B
AL Cu*"AE. HEZ R, 6-Cu/SAPO-34 HHHIAL Cu?' (5 ELAUA 48.09%, 1fi CuO M EHE 51.91%, X—4
5 Hp-TPR S5 5 AH—5. [HAAGEMN 2R FUEF 2N Cu/SAPO-34-im, HANSL Cu* (& EEUK, KU
ZIEASRI T i L AR Cu2
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Figure 4. XPS spectra of different catalysts. (a) 2-Cu/SAPO-34; (b) 3-Cu/SAPO-34; (c) 4-Cu/SAPO-34; (d) 5-Cu/SAPO-34;
(e) 6-Cu/SAPO-34; (f) Cu/SAPO-34-im
&l 4. FEMELFIA XPS HiZk. (a) 2-Cu/SAPO-34; (b) 3-Cu/SAPO-34; (c) 4-Cu/SAPO-34; (d) 5-Cu/SAPO-34; (e) 6-
Cw/SAPO-34; (f) Cu/SAPO-34-im
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Table 3. Types and contents of copper species on the surfaces of different catalysts

3. FRMENFIRERYMEBERSE

Sample CuO/% Cu®*/% Cu?*/CuO
2-Cu/SAPO-34 65.71 34.29 0.52
3-Cu/SAPO-34 53.25 46.75 0.88
4-Cu/SAPO-34 49.38 50.62 1.03
5-Cu/SAPO-34 46.12 53.88 1.17
6-Cu/SAPO-34 51.91 48.09 0.93

Cu/SAPO-34-im 50.88 49.12 0.97

3.4. EEMER

T NHs-TPD AR R M TEAT 00, 3R 5 B, B 5 SR, Bra e 2=
AMREAE LB o FLH 150°C~250°C ¥ BBl A 1 58 PR 08 %of 7 55 B st M B 1) NHL3, 250°C~400°C Y [l P 14 e Bt
U VA i T R SRR A7 pet (R BE B, 400°C LA b 1 it B g IO T s WA h ) NH [ 17]. E e R T AR T LA
F, 5-Cu/SAPO-34 HA i A B & o X e 1T Cu? 33 i fr M/ F RS HER 4% 17 2 F IR BR 0L 5 43 A
Mg T KBS IAL Cu? ILACH Lewis BRYENL AL, ARERT THEA TR . F 5 B A R T NH; 1%
B FIVEAL, PTG NH3-SCR S M HR A 78 2 IR SO S A AF R R T SN o BEAE, — S5l 48 T
MR & IR BUER & A, X SRR IR NS, R R SR A 5% H CuO YIFE &
THRE BIRRAL A, WE SN SEUR BUAH S R AR E MK, ik, DU BRI B Cu
VIFR RIS [ DA T2 R PEAL .

3.5, fE1LERE

Intensity (a.u.)

Weak acid Medium acid | Strong acid

L_:gu/SAPO-34-im
__6-Cu/SAPO-34|

[
s
1 N

~——

1 | 5-Cu/SAPO-34
: | _4-Cu/SAPO-34

' 3-Cu/SAPO-34

: | 2-Cu/SAPO-34

150 200 250 300 350 400 450 500 550

Temperature (°C)

Figure 5. NH3-TPD profiles of different catalysts
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Figure 6. Catalytic performance of different catalysts. (a) NOx conversion; (b) N2 selectivity; (c) N2O concentration
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