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Research progress on NH;-SCR mechanism of metal-supported zeolite catalysts
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Abstract: Metal-supported zeolite catalysts have been widely used in the NHj; selective catalytic reduction (NH;-
SCR) reactions due to their wide temperature window and good hydrothermal stability. In this review, the research
progress in the structural characteristics, catalytic performance and reaction mechanism of Cu- and Fe-based zeolite
catalysts in NH;-SCR was summarized. In addition, the application of density functional theory (DFT) calculation in
clarifying the reaction mechanism of NH;-SCR was introduced. Finally, the reaction kinetics and the apparent
kinetic parameters of different metal-based zeolite catalysts in NH;-SCR were compared and discussed. We hope
this review could provide new ideas for the study of NH;-SCR reaction mechanism over metal-supported zeolite
catalysts.
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(1) 2NH, + 2NO,= NH,NO,+N,+H,0 (14)
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Horf, NO EZ 98 &1k NOL(>300 C) (X (9),
NH; I 4% .4k 71 N,, NO, NO,, N,O(>400 C) (=X
(10)—(13)), 7£ 42 J& 11 3% NHs-SCR JZ I 1, & %A 1k
Bl 520 ) B TR No (> 90% ), HA =R ™
I Ah, NH3-SCR 4 £ v, vl & By AL B 0, 23
Wi 2 0 T B 1 T v 4 5, R &S B0RR E NHs-
SCR J W ok 1E % &, NO, 5 1k R T % .
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rh £ 73 0 -t e B B 3 9 NH;-SCR i E v
Jio A, AR HGE T — kS A T
TG FLIE 254 MWW 2544 1Y) Fe-MCM-22 43 - i ,
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N BB, 2 356 43— 0 AU I 136 1 22 1) [ 75 )
—E MRS AN, Ryu 2557 SR RS B T30
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1 EES T B AS TR FLAE $hF 2 ) kS
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Uk, S HUAR A VR A E, R — R vk ) A R L
A 751 %) OGS O R AR A, X R T — Rk
RE A0 LR 06 Tk R 9 b T G (R 4 B, LIRS, 5 R ALAR
430t (U ZSM-5, Beta) A He, 1 T/INFLAR 43 F
(4n CHA) g ifil o S Ak & P ik A SLIE, I B AR 7K
At B o B A, BRI K AR
PE Rk S A Pt

G54 DL Lo AT, 3k 43 7 O R AR R A & )
e (D BEBEEA GG NG5 0 53 F i 2k, A
TGk TE 1 4 S W o 1) 43 A, O 38 n LRk,
T i T 4 Ak 77 B9 NH,-SCR ¥ B %7 11 H1 K $ka 8
P (2) el i Ak 300 0 ) A 7 s, R B — B 1 A
T5 AR AR TR R 4 A5 (3) B0 R A fiE Ak

F, a5 AZE AP E T (Cu ot Mn), DL & HAK
T PR R K AR E MR A
1.2 FEMAS

BRIy F i AR 7] LAY NH5-SCR S v 32 % &
AT PR R A A, RIE, W T Rh A R 2
B oA, BT B A# NHs-SCR W HL i 28 6
%, Javier 5 FEHE T Fe/ZSM-5 AL I, 43
BRYIRh A 5 NHa-SCR i1k M BE 1] RO #3556 &
B, 454 EPR, UV-vis RIES5 R & I, 8k 55+
) Fe WA Ah A S BB 1 IRR B Fe,O, W)
it . 1 B R AR BB E LI RN N Fe,05 51 ik —
#, Yuan SO R — M H g T BA ARG SR
) Fe-ZSM-5 43 ¥-¥iii, Jf-if it EPR. UV-vis, H-TPR
ST BOOTRE i T A R ol B e R AT R R E
3T, AT R IR, Fe/ZSM-5 [ NH;-SCR i 4k 1 1,
5 EPRIEE 1 IH & T B A w5 X AR R B A A
Fe' [ 5 fF 45 5 6 5 3 55 10 A1 6, A R axX Fh 2k
il J& Fe/ZSM-5 | 1) 5 NH;-SCR %P0 Gao
S % T — R B A AN A 8k R Y Fe/SSZ-
13 43 -0, XF FLHEAT (R IR (8 K) T B2 it 28 /K 1% A
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Table 1 Summary of representative Fe-based NH;-SCR zeolites catalysts

Channel Preparation Metal content Temperature NO,

Catalyst  Topology system method W% Reaction condition window/C.  conversion Ref.
Fe/ZSM-5 MFI  3-dimensiona IE" 1.9 0.1% NO, 0.1% NH3;, 5% O,, 6% 300-550 >80% [59]
110-MR H,O0, balance of He, GHSV =
1.9%x10°h "
Fe/Beta BEA  3-dimensiona CVD’ 4.7 0.1% NO, 0.12% NHs, 8% O, 8% 300500 >90%  [60]
112-MR H,0, 10%CO,, balance of N,,
GHSV=2.1x10"h"
Fe/Mordenite MOR  1-dimensiona 1IE 2.3 0.05% NO, 0.05% NH3;, 5% O,, 350-500 100% [61]
112-MR balance of N, GHSV =
1.6x10'h "
Fe/SSZ-13 CHA  3-dimensiona 1E 1.37 0.035% NO, 0.035% NH;, 14% 320-550 >80% [50]
18-MR 0,, 2.5% H,0, balance of N,,
GHSV=2x10"h"'
Fe-SAPO-34 CHA  3-dimensiona OP° 1.0 0.035% NO, 0.035% NH3;, 14% 300-600 >80% [51]
18-MR 05, 5%CO0,, balance of Ar, GHSV
-3.0x10'n"
Fe/Ferrierite  FER  2-dimensiona CVD 4.7 0.1% NO, 0.12% NH;, 8% 0,, 8%  250-500 >90%  [60]
110-MR H,0, 10%CO,, balance of N,,
GHSV=2.1x10"h '
Fe-SSZ7-39 AEI 3-dimensiona OP 1.01 0.005% NO, 0.006% NH3;, 10% 300-550 >90% [57]
18-MR 0,, 10% H,0, balance of N,,
GHSV=45x10"h"'
Fe/L LTL 1-dimensiona CVD 5.1 0.1% NO, 0.12% NH3, 8% 0,,8%  300—500 >80% [60]
112-MR H,0, 10%CO,, balance of N,,
GHSV=2.1x10"h"'
Fe-ERI ERI  3-dimensiona  OP 1.03 0.05% NO, 0.06% NH;, 10% O,,  450-550 >60%  [62]
18-MR 10% H,0, balance of N,, GHSV =
1x10°h
Fe-SSZ-16 AFX  3-dimensiona OP 0.95 0.05% NO, 0.05% NHj;, 5% O,, 400-550 >80% [62]
18-MR 10% H,0, balance of N,, GHSV =
1x10°h"
Fe-MCM-22 MWW 2-dimensiona  OP 4.8 0.05% NO, 0.05% NH;, 5% O,, 190-490 >80%  [23]
110-MR balance of N, GHSV =6 x 10 h '
Fe/LTA LTA  3-dimensiona 1IE 1.8 0.05% NO, 0.05% NH3, 5% O,, 370-580 >90% [58]
18-MR 10% H,O0, balance of N,, GHSV =
1x10°h "
Fe/UZM-35  MSE  3-dimensiona IE 1.9 0.05% NO, 0.05% NH;, 5% O,, 250-570 >90%  [56]
112-MR 10% H,0, balance of N,, GHSV =
1x10°h

a . b . . c
: ion-exchange; : chemical vapor deposition; : one-pot
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Figure 1 Coordination of Fe" with NO in Fe-based zeolite'
(with permissions from ACS publications)
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zeolite catalysts'”
(with permissions from ACS publications)

M 2 AT, L-H 5 B-R BRI LAY S 16
PR RV AAE 7R 22 52, Rk, 38 2o A ) 44 (9 4 B2 T LA
| ELAK 2 W 842 . Antonio 2577 ZERFSTY Fe/ZSM-
5 fEAL ) bR HE NH;-SCR [z v HLEE I, i 5 i
K BN A B R X R AR A Rt AT A R
K, % 3% NH,NO; Fl NH,NO, 2 2 v H Y 56 gt vh
)4 AT % B, 76 3% A il A NO, fFFE R IE L T,
1T A R £k BB B 35 i IK TR (< 250 °C) TR A MG il
VR, KB NO 5 il iR £ =2 8] 19 S 1L 8 R
WA A T . (B Jiang 27 B T Fe 224> T
| #J NH;-SCR 5z Jj i E-R HL il : 7E #x 1 NH;-SCR
2R, NO 5 5 1 1 [Fe"O1' 8k A o5 & A= Ak
W JRC R, A= A ER A A R e B 42 1 — SR ARk
It 4 4 [Fe"O(NO")-(NOYOFe' T (4 &l 3(a) i 7% ),
SR I 5 NH; 3 % h 8% B [Fe' O(N(OH))-NH,] it
A CnE 3b) i), B NIR 2 5 T8 T
PSR AT AR 1K [Fe'(OH)] i NHLNO, J&5 # il
W43 i R N, Al HoO. Kovarik 257 3 4o J 437 21 41
HeiE W IE T Fe/SSZ-13 | NH;-SCR S Jif i1 #2 H 1)
T Ve Bl K s AL, e B RIS R Bk 4 Y
SN #2 AN — K . [Fe(OH),] ] LA % 1k NO 4= Ji
HONO, [HO-Fe-O-Fe-OH]" — 58 {4 1 45 K 4 75 4k 141
% 0l LLIE AL NO A= i NO,, 7 4k )5 i) NO ¥ F 5
NH; 38 15 2 W (16) 1 (17) 42 B N, #1 H,0.

HONO +NH, — NH,NO, — N,+2H,0 (16)

NO +NO,+2NH, — 2N,+3H,0 (17)

DL ARIE 2200, Xt Fe B 4880 4y 7 i 4 Ak 5] -
(1) NH3-SCR [ 7, HAA S b AL 45 B2 4%, 5 R0
KR IEVERRY R RS | RO SR A K



5 9 1] SO 55 4 5 RO 4 T 0 4 L) ) NHL-SCR HLIBRI 52 2 1301
0 N PR ORRK, LR R BT . Sy eyl
[O_Fe/nN\Fen_o]2+ [ o 0 | I, 1T B0y Fe YIRS 205 Bk 0, ik, 147
N RN e 1 2 25 A A 0L TR SR B R RO VR T
0 : NH;-SCR 11 5016 18 B % 2, WAT 42 25 4 1 7 11
© © JEREE L OB, 18R TR AT ) NO,,
¢ ; A T Bk Bl AL, IR T 10 5 i
N . H-x_O/H"--]:\],H . 2, DT A NH5-SCR W 19 & 4
[orer g o] [0 X ] S - R AR T-05 | NHL-SCR i3 b, —
i S Fe Wy 95 kB 5 ST LG K B 1

(©) (d
K3 BREESTTIfi7E NHs-SCR SRl BETE LAY
Hh ) S LS )
Figure 3 Possible intermediate complexes formed on
Fe-based zeolites in NH;-SCR
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Table 2 Summary of representative Cu-based NH;-SCR zeolites catalysts
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Preparation Metal content

Temperature

NO,

Catalyst Topology Channel system method W% Reaction condition window/C  conversion Ref.
Cu/ZSM-5 MFI 3-dimensiona IE” 4.7 0.05% NO, 0.05% NHj3, 5% 150—450 >80% [89]
110-MR 0,, 10%H,0, balance of N,
GHSV=1.0x10"h "'
Cu/Beta BEA 3-dimensiona 1IE 2.1 0.075% NO, 0.075% NHs, 280-520 >70%  [90]
112-MR 9.5% O,, balance of Ar,
GHSV=9x10"h"'
Cu/SSZ-13 CHA 3-dimensiona 1IE 3.6 0.05% NO, 0.05% NH;, 5% 200-550 >85% [91]
18-MR 0,, 10% H,0, balance of N,,
GHSV=4.0x10"h'
Cu/SAPO-34 CHA 3-dimensiona IE 1.89 0.05% NO, 0.05% NHj;, 5% 190-540 >80% [52]
18-MR 0O,, balance of N,, GHSV =
6.0x10"h "'
Cu/SAPO SAV 3-dimensiona IE 33 0.05% NO, 0.05% NH;, 5% 250-350 >80%  [84]
STA-7 18-MR 0,, balance of N, GHSV =
1x10°h
Cu/SAPO SAV 3-dimensiona DSb 4.2 0.05% NO, 0.05% NHj3, 5% 200400 >80% [84]
STA-7 18-MR 0O,, balance of N,, GHSV =
1x10°h"
Cu/SSZ-16  AFX 3-dimensiona 1IE 5.65 0.05% NO, 0.05% NH3, 10% 200-500 >90% [52]
18-MR 0O,, balance of N,, GHSV =
425x10"h"
Cu/Nu-3 LEV 2-dimensiona 1E 0.79 0.05% NO, 0.05% NH;, 10% 270420 >90% [52]
18-MR 0O,, balance of N,, GHSV =
425x10*h"
Cu/Sigma-1 DDR  2-dimensiona IE 0.82 0.05% NO, 0.05% NH;, 10%  230-450 >90%  [52]
18-MR 0,, balance of N, GHSV =
425%10'h '
Cu/SSZ-39 AEI 3-dimensiona 1IE 0.52 0.05% NO, 0.05% NH;, 7% 220-550 >90% [92]
18-MR 0O,, balance of N,, GHSV =
2.7x10°h '
Cu/ERI ERI 3-dimensiona 1IE 2.2 0.05% NO, 0.053% NH3, 7% 250-500 >80% [62]
18-MR 05, 5% H,0, balance of N,
GHSV=1x10"h"'
Cu/SSZ-16  AFX 3-dimensiona IE 3.0 0.05% NO, 0.053% NH;, 7%  270-550 >90%  [62]
18-MR 0,, 5% H,0, balance of N»,
GHSV=1x10"h"'
Cu/SAPO-18 AEI 3-dimensiona IE 5.6 0.05% NO, 0.053% NH3, 7% 240-460 >90% [82]
18-MR 0,, 5% H,0, balance of N,
GHSV=45x10"h '
Cu/KFI KFI 3-dimensiona 1IE 4.7 0.05% NO, 0.05% NHj;, 8% 250-500 >90% [93]
18-MR 05, 5% H,0, balance of N»,
GHSV=12x10"h"'
Cu/RHO RHO  3-dimensiona IE 2.4 0.05% NO, 0.05% NH;, 5% 250-500 >90%  [94]

18-MR

0,, 10% H,0, balance of N,,
GHSV=1x10"h"'
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F2_{KEMIFE NH-SCR HFIREAARE  (UhFD)
Channel Preparation  Metal content . . Temperature NO,
\ Topol R ; Ref.
Catalyst - Topology system method w/% eaction condition window/°C conversion
Cu/SAPO-44 CHA 3-dimensiona IE 1.59 0.05% NO, 0.05% NH3, 5.3% 180-550 >90% [83]
18-MR 0O,, balance of He, GHSV =
1x10°h "
Cu/LTA LTA 3-dimensiona IE 2.7 0.05% NO, 0.05% NH;, 5% 220-600 >90% [85]
18-MR 0,, 10% H,0, balance of N,,
GHSV=1x10"h"
Cu/UZM-35 MSE 3-dimensiona IE 33 0.05% NO, 0.05% NH;, 5% 200-550 >90% [88]
112-MR 0,, 10% H,0, balance of N,

GHSV=1x10"h

g ion-exchange, >, directly synthesised

AT, BF 5% & 2 i A R, Al 57 Cu™ 4 Ff 2 4 3
43 F 0 £E NH;-SCR S H B 36 A7 o, ™7, 3 I
H1 Korhonen 2™ 3R Jg i Hi Y, J5 5 Deka 25 3L T
] 25 O TR A X5 2 AT 55 ( XRD) F I i 4% R
(XAFS) (R AE S5 4T DFT 315, 332 T2 F oS
JCIR- 18T sRS O 2 O 7 S T A A o7 A
i) Cu™ B 1 J2& Cu/SSZ-13 I 1k NH3-SCR i Jif Y
W PENT 5o Song %" SR ] Ho-TPR 454 EPR 3%
TIE % Cu/SSZ-13 W Rt AT i 9%, & Bt Ak
F A7 AE BRIk S Cu” I Fl: Cu”'-2Z Al [Cu(OH)] -
Z(Z RFESFI) . BT Cu'-2Z TS24 EF R
5E , L HL-TPR 4 J5 i BE 24 400 C, i [Cu(OH)] -
Z PR GRE R, HAOR R B2 250 °C . Tk,
Yu 27 R A L R SR (EPR) B ARGIESE T
Cu”BIVE A A1 % B, 2L FA7E 270 °C F 2 5%
7E NH; 48 [ F i} Cu” §8 iy Cu', FE AR & P i
A NO, J&i W B 25 i NH, #5715 #€, 1M B 38 J5 ) Cu”™
HEFA . Xue """ R EPR., H,-TPR., CO W fft
2L AN RAE T B, XA [\ 4 17 48 12 1) Cu/SAPO-34
A R EAT T M R AE, & B Cu/SAPO-
34 43 i v A7 7E DO ol ] ) e A0 3R T CuO HT %
ST Cu™, K R SFAY CuO Al Cu's IEAb, Jh 57 Cu™
Y A9 BE 5 NHs-SCR R H1 1) NO, #5 L R H A
IEM KRR i —2, W ah )= K, 78
100-200 °C A~ [A] 4 1 2% & 1Y) Cu/SAPO-34 4 1L 7
WA ST Cu” i B e 45 % (TOF) JL-F- ff 5 R 72
XUESE T 4 37, Cu’J& NH3-SCR SRy A7 A9 5 2 36
(A=

UEAh, A SCHERFE I, IR TN R A Cu™'Y)
T oy LI PE Y Rl IS IR R ST Cu RPN TR
PEHI AP . Gao %™l i EPR 454 ICP (977 1%, %}
HA A A4 & (0.065%—5.15%) ) Cu/SSZ-13 43

T 1 A B A A AT T, R RS [ e
T NH;-SCR S b i P i AF 7 22 5 IR 250 C
IF, A 2 N R 5 A B 48 1 P O BIE L, R
ERES Cu” W R R AIGIR T AR 7E NH,-SCR M (1)
WO HE T Cu” R AT E, FEE IR E T
Y R i o i SE co” R, I BE R R T
i 75 76 ¥ 2 T A% A 3 EE A9 NH,-SCR J b7 1 3%
Hl .

T, 2 R 5T 36 I AL SR B cu
Fift, Cu'#y Fh #E NH5-SCR S v H (L H ARG ) [F]
FER R MEACE R . BRBE, 6 PR R R
Cu'y Rl Fn Cu” ¥R IR A4, X T Cu'/Cu”Z
B8] () 4 £k 38 JRL G 28 X F NH,-SCR Jz b 3F & &
21 Mcewen %5 I FH JE A 9 8 X 52 W O
90 45 F3% (XANES) , #8985 T Cw/SSZ-13 43 F i tf
i ) 7E B S NH,-SCR Sz by i B2 o 1 A8 4k, & 3R
7E P 3 NH3-SCR( K 4 & NOy/NO, = 0.5) il NO,-
SCR(NOyNO, = 1) i hi; i1, Cu/SSZ-13 L 13 1
> 32 B2 DU A7 (4 Cu™ ) Bl s 1 76 B 1 NH;-SCR
(NO/NO, = 0) JZ Ji Hr, Cu' 1 Cu” ¥y # [8] i) 17 7,
U Cu PR 9k S5k Cu', 5 3 3 R A Ak
YEFH . Chen 2" 30, b T 15 2096 B 0T K, AH L
T4 K ALA2 1 ZSM-5 Fl Beta 43 1 9%, /N LR 1Y
SSZ-13 431 b4 ¥y 55 43— 0 2 18] B i L A%
o, B 5 T IE W Fe e M Y Cu', [ U B 2 a2 44
YA EARIR (< 200 °C) F B E AL B JRAG IR, FEAR
NG AL RE, W5 N TG . Zhao 25" & BH, £ Cu-
Mn/SAPO-34 | # 47K (<200 °C ) NH;-SCR [ i/
I, CuAh 5 VAR Cu™ ¥y Fh 22 6] 1Y 8 Ak S5 7
¥R, J& NH3-SCR [ W & A4 1 Bk 42, 1 5 DU T
PRk Cu™ W) R i 22 [8) ) SR AL I8 SR R ek 2 A, 5
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HOHPERAL

E2 S B 5 e 7 1 | B S o R e 7 )
S E & B G RA G, SEITE YR A
1o AR P AE T L 43 F i AR A RE AR L 5 4 R 5
At o NH3-SCR J Jj Ht, A3 F 43 i 85 28 4 for
SR ST Cu” (IN7E Cu/SSZ-13 |, o G4 454y vp
FNIOCI T b SR ok O 25 O 60 ) S RN Y
FEIE P A, IF H KRB Y Cu™ 5 Cu' P Fp
[i) %) S Ak 3 AT 24 A 2 B g b ke S AR AR AR
R Cu 4 Ff [R) R R HH 35 S22 09 VE T, L H AR AR
T Cu' Ve BE 55 = 19 43— U EL AT S S 09 AR i
AR EER i PP N Sl = B 7 e 7l W K 7/ L o I
H4 A NH3-SCR 07 17 4 v o0 W Ao 5, % #1544
AR B PR R B L B RO R et R B
23 RNMERE

B L4305 b B9 NH3-SCR J2 W -5 4 343 1
Z&{l, A Eley-Rideal(E-R) Y Langmuir-Hinshelwood
(L-H) P Fl S I i 72 . 2 80mrog & "k
Cu/SAPO-34 |- fi) NH5-SCR S Jvf A L-H HLEE Ry £ .
NH; W% Bt 78 Cu™ 7 £ 437 £ 55 B 037 £ L (Brénsted 2
5 Lewis i), 5 Cu™ %8 1k NO A= 5T A9 i iR £ 5l 0
B TR £R 45 5 7 A v a4, s 1R 6 24 o [ 4 43 ik ™=
A= N0, T iR 5525 b B 53 7= A= N, Fi H,O.
{HJ2, Xin 55" 30 i A 404 FAEH AR BEGE T
Cu/SAPO-44 | NH;-SCR 2 i HLIH, & B 1] 2 i
1K Z il A NO + 0, J&, Lewis BRI Y NH; W i i
ST R 2, G B B S ) NHG BB 5 338 NO, U,
PRI 92 I 07t N E-R AILEE . BRI b, 4 2 4 7
iifi I A9 NH3-SCR K ik 78 1Y 32 22 4 W AE T2 E-
R HLHLE 7 5 L-H FLEL R B A,

WAk, 4 34> 10, Bronsted fi8 5 Lewis fig
¥ 5. 7F NH3-SCR 1 H I VE FH IR AF e il . R
Gy HEgE N R, RO HRR 32 R L T Lewis
FR A5 »5 I, 17 Bronsted FiR 7 s {58 77 NH; 19 17E
H, A& HES SR . Yu %™ @ i JF A7 EPR 3
AL JE AL NH; & NO W [ff 5250 #8598 T Cu/SAPO-
34 |+ NH;-SCR [ I 1 3k W5 28 18 A7 o5 19 4 HH , At AT
KW, AE RN ITF R B9 3 min Lewis i@ v & (£ E
Cu’ v 5 ) W B A9 NH; B Je 9T #E, 2 )5 5 min
Bronsted 2 v 5 ( 3 20 5 JR R 507 85 ) B A9 NH;
A WAL, Az U R R Bl A PR R IS W R, UESE T
Lewis g i &5 7F NH-SCR S i o (1) B 24 H . &
M, A 5% & A N, Bronsted fi2 5 Lewis R ¥ 7

NH;-SCR H & # B 2 A9 /E ] . Schwidder 25" i
it P ZSM-5 43 F i () Si/Al FL i 58 T Bronsted
[ E VR =g S S G S DN e VA A NN
i T Bronsted R RE {12 #F 48 £k S o7 (1) o ] 25 B (-
Vi TR £ 2 W Bl 43 A BN ), AT AT NH;-
SCR [z b i 34T, IR 1, Bronsted 18 ¥k B i AL i
KNG PER o Ak, Brandenberger 5" if % 3,
S0 R = (0 25 N R o W =W AT TR N A ]
# 77 H, Bronsted iR 10y, i AE A HEHF 1E oL 17 B 42
JB B FAE 5T A B, MO A R TS Cu”
i A B . X, Bronsted 8 5 Lewis g {37 & 7E
NH;-SCR J i h 8 B A # 2 4E ], Lewis B2 1 41 |
HEAT B N R RIS B, R S 5 R
() Bronsted iR 76 fif 77 S 32 i NH; AR o o ] 52
577 T [R) A ke 3 H A

F 5% 3 W, NH3-SCR S i 3 2 o, 2 17 o i) 44
T AR TR A S R £ 25, KA
FENN, A 2 I M Y v ) A R A 1R 28 v ]
1A, T RS AR 3 £ S 8 NLO Bl 7= 9 4 i . Ruggeri
GO S g AR SO R ST R R 41 D R S T
B9 T Fe/ZSM-5 43 F Wi | i#F 47 NH;-SCR J iz
I % H a] A B e B, IESE T A R £ /HONO
Hp i) A A A B, L H A AR E NH,-SCR 2B H A=
RAMKAEE R EA, Tyrsted 2" i 1 NO
WA 21 AMBIFSE T Cu/CHA |- Y NH3-SCR S v 7
[B] {4, %& B NO 1 O, 4= il NO, J&, Al 7 £k 75 F W
W SRR R, J5 3 0T LA NO IR J5 ok XU 7 il iR
HCE ), Mot A LA K . Wang %5 %
FH R A 2140563, % Cu/SAPO-34 i 4k 7 I, NH;-
SCR Sz 7 14 i 14 v ) A g 00 A7 T 40 R AE, At AT 00
T3 7 R R R 2 e )R ) A G, 0 A ARG T #
EASFRERZYIT, (AAAT TN, SXFTRESE FH T NHLNO,
FR) ST 6 A T, Gk I 2, 9 K BE HEBR NH-
SCR i3 72 HF b 28 W Ff A A . Su 45" R F A6
At ST THER R WA, 58T Cu/SSZ-13
AL - NH3-SCR W e i 8 77 2%, $2& i T Cu/SSZ-
13 AR EE 5 0 A 2 6 288 vh (a1 8 0B 75 43 1)
RN HLEE (I 4) o M fiTIA Ry, Lewis MR 45 11 5
NH; J2 37 B 4 5 32 8 & NO;, 1117 NO; Y A= 1 e BE 45
K, XS T NHNO, B 5 &N 1, 25 5 A2 il
N, fil H,O iR XfE 8% O, A Ak iy NO;; LA, il iR 1
AR, 255 IR B NLO B F=4 . DRI, AR
f) 32 AR 5 NO SR AR IV Al 1R 6 305 40 T
(% 3% 3 TA A &= NH3-SCR S5z w7 H i) 80 552 v ] 445 )
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T g, INIEA B il 52 5 M Ah, iR #h it & 5 3L
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AR BT 845 A0 "

Figure 4 Formation and decomposition of nitrate and nitrite
intermediates on Cu/SSZ-13""

(with permissions from ACS publications)

B T AL LR T O iR I A, Cu R 4
T AL F) i NH;-SCR S 642 Fl v ] 445 52
S Tk B A RZ R . Ma S5l R £ A R
Cu/SSZ-13 il Cu/SAPO-34 43 T iifi I, NH;-SCR
Jof 3 i v A A P AR R AT AR L, R
T (=390 °C) Y S B %42 5 AR (< 390 <€)
TR R, 2R R AR N AR
NH,NO; A2 S8 v [B] 44, B A NO #F— 258 A
A N, Fl HyO5 1 76 55 i K, A NO, J& NH3-SCR
S5 o7 H i R ] A, 0 B AR S SR NO, B
A AR NHLNO,, T2 B 2472 N, Fil H,O.

N 3k R 43 PS4 A R 0 S AR O
i, 11 J& NH;-SCR S by B A28 i 5% ) T 2 PR, 4R
AT 1 P AR R — S 22 Y AR, 2 NH-SCR
IO B ok AL B AR AR B Cu S O KA
TE B8 N ¥ 5E 1Y [Cu-OH] » Gao 25 ™" 5% % 1R
B J 2R 45 A DFT Big 15, & B Cu/SSZ-13
- 3EAT NH;-SCR S I ], IR T 9 48046 21 706 24 £
PN S7 Cu W 2 5 8 i L [Cu'(NH;),] -Os-
[Cu'(NH;)o] H AR 2R 4T, S AR T 4 AR A1 5
) e A 5 1 R R, NHG B FfHS SR 88 1Y Cu' 54y
0 2R A7 TR TR T Cu'l Ak Cu™iY
FAL G R AT LLAE M ST Cu' B 58 8. Gao %M %t
Cw/SSZ-13 AL FIFEAT T #r5 i NH3-SCR )y J1 4 1f
58, KB A A O #E T, XANES SGi B4
HYEE Cu R AE i, b ]38 3 JELAE 2T A R 4
T Cu'5 Cu' B A AL IR JEAE FR AL (X (18)-(20))
NOs g A2 UG B AE B O (2K (21) A B NO',
5 NH; 4k 22 [ Vi, fix 242 i N, Fil H,O.  Paolucci

S 5E L IR A XAFS 454 DFT 3500 B, 42
T Cw/SSZ-13 b b 37 Cu™ 3% 1 7 /5 Y 58 B4 NH;-
SCR J )7 MLE . W [ff 76 Lewis FR {3 &5 b ) NH; 5
WG AL 5 B NO S 18 4B i E] 4 [Cu' -NO-NHL],
53 ff A2 B N, Al HL0; O, A NO FA 36 M7 4 5 5
W B 1% NH Bz 1o A B I i 1 6 HP TR, 32 v [ 44
[F) FE 43 i A= B N, A HLO, 5¢ B NH3-SCR E AL if J57
TEA

NO + O-Cu*-0— O-Cu**-0O-NO (18)
0-Cu**-0-NO — O-Cu*-0+NO,, (19)
O-Cu*-0+1/20,— O-Cu*-O (20)
2NO, ., — NO; +NO* (21)

SVARCE B, 4 23 0 1 NH3-SCR 2 W i 1%
RIS 45 EE AR LU =45 1. (1) Bronsted
iz 55 Lewis RV 5 7F NH3-SCR Jz h H #f H A 22
YER . RN LR, rp EMAIE B ZEAE Lewis MR
m BT, N 5355 I N A Bronsted iR 75 i
FE Bz Hi NH, A2 2 e (a] 52 W 45 T T () A i 3]
FAEH . (2)7E NH3-SCR Jz i H, G 2 236 1 8
V) A 2 IV il i 5 2 b el 4k, (EL Pl 9 28 0 o R i
YRR, A X HE DAL o T A IR £ 45 5 3 NLO
PR A A, ELZ W) T R R B A N S B R Y
FUOR AR . (3) IR 3 X [a] ) 25 5 5 35fi b 35 - NHs-
SCR 1 5 I fA3 « Ig H TR AR % Jz 1o 3 14 Ao A 4
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K S0 F BEAE A LA X A0 ST . 1 3k F i
b2 1 B B R BORS i SR R A 45 B e,
TS T SRR 1 AR A AR AR R A 1 2 U S A
ShAE, T AR AR I il BB Y R I A% . Horpr, B
P FHL1E ( Density functional theory, DFT) J& fix B 2L )
MR I Z —, Z B 5050 % 18 T LT 1 AH 56 4
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CHA 2543 71 | NH3-SCR Ji2 )i B 32 2 3 P07 5
Deka 25" 1 o 3 F 4% B 72 oK HLE 19 5 — M R B
T8, A3 T Cu/SSZ-13 b A [A] B - 28 #e i 5 |
Cu’ Y B o7 B K RN fn 280, & B T CHA 454
H S JEHRSF T _E G Cu” (] 5(a)) fcka e, 1% 5 R A
EXAFS 52 56 K98 45 - — 8. b, il & B 7E
125 °C (% ¥ #E NH:-SCR 4 F, NH; &5 Cu”'4%
B, S EOE A Y JR B 2 F ISP T 1E B AR Sy
L i A pY AR (P S(b)) 5 X Rl LA A8 4k 7F 45
(>250 °C) Ay BE T 2R3 ([ 5(c)), H Cu’ A
BBl 119 b 2 B K B R A R A AR O AR Ak, R B I
7 15 TE B 2544 T AT s PR ZS, S NH;-SCR J
7 B = B PR 0 o
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Figure 5 Changes of the local copper environment in d6r subunit of Cu/SSZ-13""

(with permissions from ACS publications)

TE 5 — & R I M s L, 38 R R N 4
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Wr A M REAR R B, DL KR N AR 0 16 AL g 22 K
AN, BT RAF RN Ay F 5 5 O B BARE 2,
NH;-SCR 2 i 9 #% 72 Al H A& ML il . Christopher
S EF DFT #3e, 718 T Cu/SSZ-13 | NH;, NO,
0, } H,0 MW B fE, & FLAE 200 °C . Frifi NHs-SCR
W, NH; 5 H,O 2356 G W B A7 T 7S Jo 3
() Cu”™ 7 PE A7 5, 1 B T I B RE R K, NO R &
W R 28 6 PR A7 A5 s 3T, TR T NH (i
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TE200 °C B A4, B2 AAT42 T NO % B NH;
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YER T, 198 = 4T Re A fe i B A2 (18l 6) o A&
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Figure 6 Free energy diagrams of different reaction paths
on Cu/SAPO-34""
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Table 3 Apparent activation energy values of standard NH;-SCR reactions over Fe- and Cu-based zeolite catalysts

Catalyst Temperature range #/°C EJ/(kJ -mofl ) Ref.
Cu/ZSM-5 150240 42 [120]
Fe/ZSM-5 200250 46 [121]

Cu/BEA 100—-140 58.9 [122]

Fe/BEA 350-400 48 [56]

Cu/MOR 200250 35 [123]

Fe/MOR 220-320 58 [124]
Cu/SSZ-13 100—-200 43 [125]
Fe/SSZ-13 220-270 48 [76]

Cu/SAPO-34 100—-200 33.6 [101]
Cu/SAPO-18 150-180 58.3 [126]
Cu/KFI 140-180 53 [93]
Cu/FAU 190240 29 [127]
Cu/SAPO-44 150-200 38.2 [83]
Cu/LTA 170-200 43 [86]
Fe/LTA 350400 49 [56]
Fe/UZM-35 350400 48 [56]
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