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NH;-SCR and Cu-based small-pore zeolites
1.1 NH,-SCRRRBE F{E(E5 / Common Catalysts for NH,-SCR Reaction
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GRS, PBIE i
EEEM V-based Oxides V,05-WO;(MoO,)/TiO,
: MnO,, Mn/TiO,, MnFeTiO,, Mn-Ce/TiO,,
Mn-based Oxides Mn-Fe oxide, Mn-Ce oxide, Mn-W oxide

Low-T activity, poison resistance

Carbon-supported Oxides CuO/CNT, Fe,0,/ACF, V,0./AC

Catal. Sci. Technol., 2015, 5, 4280; Appl. Catal. B, 2009, 93, 194; Catal. Commun., 2008, 9, 2217; Chem. Commun., 2003, 848; J. Catal., 2003,
217, 434; Catal. Sci. Technol., 2013, 3, 2699; Appl. Catal., B, 2010, 96, 157; Catal. Today, 2013, 201, 115; Ind. Eng. Chem. Res., 2016, 55, 2677

> Mobile SCR:

Broad activity window, High HTS
CeTiO,, CeWTiO,, CeWO,, FeTiO,,
WO,/Ce0,-ZrO,, Nb-Ce oxide

Ze0|ite CatalyStS Fe-ZSM-5, CU-ZSM-S, Fe-Beta,
Cu-SSZ-13, Cu-SAPO-34
Chem. Commun., 2014, 50, 8445; Chin. J. Catal., 2014, 35, 1251; Chin. J. Catal., 35, 1438; Chem. Commun., 2008, 1470; Catal. Commun., 2010,
11, 465; J. Am. Chem. Soc., 1999, 121, 5595; J. Catal., 2012, 287, 203; Chem. Commun., 2011, 47, 9789; Environ. Sci. Technol., 2014, 48, 566
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NH;-SCR and Cu-based small-pore zeolites
1.1 NH,-SCRRRBE F{E(E5 / Common Catalysts for NH,-SCR Reaction
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HBINH,-SCRIEEMHITERE CuBE D FiEKRiaEN
NH;-SCR activity of typical catalysts Hydrothermal stability (HTS) Cu-based zeolite
100 ] 100
80 — 801
S 601 ? 601
% 10- —a— Cu-based zeolites S 10 —&— (Cu-SSZ-13
& —— Fe-based zeolites X —&— (Cu—ZSM-5
” —— V-based oxides - 2. —— Cu-beta
20° —v— Ce-based oxides .
—e— Fe-based oxides ' 800 °C/k#AZ
O h ’ T T T T T T T T T T [] L T j T T T i
100 200 300 400 500 600 10 200 300 100 500 600

Temperature (°C) Temperature (°C)



1. NH,-SCRRRFISCuB/MLSFisiEdR

NH;-SCR and Cu-based small-pore zeolites
1.2 NH,-SCRIE{EFIiZ1TEN / Design Principles of NH,-SCR Catalysts

4NO +4NH, + O, === 4N, + 6H,0

El=F[RIE:
N,+H,O

NH,-SCRR N FERCIEFRLS 2772

B RHERSS

The redox sites and acid sites NO E-R#13E

must work together in NH,-SCR NO;” NH,
i+ E): 0, NGO, NH/ +H
ERBRL R 4 8 S L-HHLI2 o
High dispersion of active sites EE@: ﬁ EI:I—{M-
AEIDEERBERES

Tight coupling of redox-acid sites A

= THER A R 1

FrBIIEE M REYFE I 2 EE

Adequate exposure of active sites ﬁﬂf’% ﬁ ﬁi %ﬂ"%
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NH;-SCR and Cu-based small-pore zeolites

¥ B4 5 1%

CHINESE ACADEMY OF SCIENCES

®

1.3 Cul /AL 2 F ANk FE 515711/ Structure-activity and Design of Cu-based small-pore zeolites
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o0 ' " sl ) ( =51 |,
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Cu-SSZ-13 Cu/Al=0.44 NH; Ny NO "
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Yulong Shan et al., Natil. Sci. Rev., 2021, 8, nwab010.
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NH;-SCR and Cu-based small-pore zeolites
1.3 Cul /AL 2 F ANk FE 515711/ Structure-activity and Design of Cu-based small-pore zeolites

‘H Pk
Composition
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&S

Cu-SSZ-13

Structure

Si: BRGIIREHE BIRGEHIEEN

Si: framework stability . EEmE Framework stability
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Al: acid and ion-exchange sites ~y Reaction diffusion
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Io 7 4 '

FIMCuIt B RBRTE NH,;-SCRRRIZER

Cu distribution and state AT ’ ﬁ I !:l !b CHAX Reaction zone for NH;-SCR
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Yulong Shan et al., Natil. Sci. Rev., 2021, 8, nwab010.
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NH;-SCR and Cu-based small-pore zeolites
1.3 Cul /AL 2 F ANk FE 515711/ Structure-activity and Design of Cu-based small-pore zeolites
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JNT | Joz | JRy | osn | Jsr | uJst | usw KFl rLav)] tev| wo | wut ] Los! rLov| LTA
LTF | LTJ | LTL | LTN | MAR | MAZ | MEI | MEL | MEP | MER | MFI | MFS | MON | MOR | MOz
MRT | MSE | MSO | MTF | MTN | MTT | MTW | MVY | MWF | MWW NAB | NAT | NES | NON | NPO
NPT | NSI | OBW| OFF | OKO| ©Osl | 0sO| OWE | -PAR| PAU | PCR| PHI | PON | POR | POS
psi | PUN | PWN | Pwo | PAW RHO RoN| RRO | RsN | RTE RTH RuT | RWR | Rwy | SsAF
SAO | SAS | SAT | SAV | SBE £ SBN @ SBS | SBT | SEW | SFE | SFF | SFG | SFH | SFN | SFO
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> JUERAER: EFIIRFIERIE

> Elemental composition: ion-exchange and acid sites

Moliner and Corma et al., Appl. Catal. B, 2017, 217, 125; Corma et al. Chem. Commun., 2012, 48, 826;
Wang et al., Micropor. Mesopor. Mater., 2014, 183, 185; Li et al., Chem. Eng. J., 2018, 348, 608;
He et al., Catal. Sci. Technol., 2019, 9, 106; Kim et al., ACS Catal., 2017, 7, 6070;

Hong et al., Angew. Chem. Int. Ed., 2017, 56, 1; Hong et al. ACS Catal., 2016, 6, 2443;

Wang et al., Ind. Eng. Chem. Res., 2018, 57, 16763; Can et al., Catal. 2018, 8, 3.
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Cu-based small-pore zeolites for NH,-SCR
2.1 Cu-CHA M9 Fijf/ Cu-CHA small-pore zeolites

Cu2+

Cu2+ HDHCUE"

VRN |

\/\f\s.—'\f’n\ /ﬂ“\fn\./'

":ﬂ:-f v f—/ *r/ ,(—,
HEF Cu-AlZIaEEZrIB HHEBE(FR

Cu-SSZ-13

$SZ-1315 ¢
Yulong Shan et al., Appl. Catal. B, 2020, 264, 118511

> IKEARRES: H,OIESD FIGAIL, FZRKAI(OH);, MREESL, ERMERBIAERIMEATRX;

» Hydrothermal dealuminization: H,O attacks the Al site of the molecular sieve, forming AI(OH)3, which breaks away from the skeleton site,

resulting in skeleton destruction and loss of acid site;

> CuOxiHEE: jHMHECU>iFhFAEE, FERkCuOxEhi, 1SpkiETHTERFHEIR/\ TSI,

» CuOx accumulation: The accumulation of active Cu?* species, forming CuOx particles, resulting in loss of active site and destruction of

eight-membered ring structure;

CHINESE ACADEMY OF SCIENCES
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HFNH,-SCR

Cu-based small-pore zeolites for NH,-SCR

SSZ-13 zeolite
CHA structure

SSZ-39 zeolite
AEIl structure

e

D6R: Symmetric distribution
Yulong Shan et al., Appl. Catal. B, 2020, 264, 118511
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| 27AI.NMREHE

H-SSZ-13

HTA IZ%EFEEHEM

A H-SSZ-13-HTA-850

27AI-NMREE

H-SSZ-39

HTAl'ﬁ‘ﬁ"c%EE
i\ H-SSZ-39-HTA-850
EHAYFLIELZEHE / tortuous pore channel 100 80 60 40 20 0 -20 -40

Chemical shift (ppm)

® SSZ-39 (AED) HMRAEETHMIFLESH, HEKRELTES, SHAZIRIF;

® SSZ-39 (AEI) structure has an excellent hydrothermal stability due to tortuous pore structure »
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Cu-based small-pore zeolites for NH,-SCR
2.2 Cu-AEI I©FlL9Fi6/ Cu-AEI small-pore zeolites
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(a) (b)
—o— Cu-83Z-39-Fresh —o— Cu-58Z-13-Fresh
—o— Cu-58Z-39-HTA-750 —o— Cu-§5Z-13-HTA-750
—o— Cu-582-39-HTA-800 —o— Cu-SSZ-13-HTA-800
—o— Cu-55Z-39-HTA-850 —a— Cu-SSZ-13-HTA-850

R ey T R i e e FMT Mooy ol Sy PPy oo iyt oo ] Tt ) Ry S v, fon ) o ne ) e et (g ey Ex e
150 200 250 300 350 400 450 500 550 150 200 250 300 350 400 450 500 550

Temperature (°C)

Temperature (°C)

® Cu-SSZ-39EAHCu-SSZ-13E M RHEIENH,-SCRIEME . kAt EMMBIKAIN,O%E K.

® Cu-SSZ-39 possess superior high-temperature NH;-SCR activity and hydrothermal stability to Cu-SSZ-13.

12



2. §

J=2IFL53 F AT NH,;-SCR

Cu-based small-pore zeolites for NH,-SCR
2.2 Cu-AEI I©FlL9Fi6/ Cu-AEI small-pore zeolites

o EEARBCuSEHERCU-SSZ-3948H
B Cu-SSZ13EMFHIKAFEE M

® Cu-SSZ-39 with various Cu loadings showed
higher hydrothermal stability than Cu-SSZ-
13 with the same Cu loadings.

® H{ECuZERCu-SSZ-397E/k AR EWE,

HNH,-SCREME—EEZE R
® The deNOx efficiency of Cu-SSZ-39 with medium

and low Cu loadings
hydrothermal stability.

increase after

NOx conversion (%)

NOx conversion (%)
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Cu-based small-pore zeolites for NH,-SCR
2.3 Cu-KFI I©flL9FiF/ Cu-KFI small-pore zeolites

KFI zeolite:
o —HF B

CHINESE ACADEMY OF SCIENCES

| 12842788 15d
® Three-dimensional pore channel »
48 o E %26 MJLLMWMLJM
o HFIERFEFBEREKFIS T : :
g £
® Al-rich KFI zeolite was obtained by S E 124d
522
OSDAs-free method
. ML

4 5 7
Si/Al
10d

WA AL

5d

Intensity (a.u.)

4d
2d
1d

w
5 10 15 20 25 30 35 40
2Theta (degree)
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Cu-based small-pore zeolites for NH,-SCR
2.3 Cu-KFI I©F.53FiH/ Cu-KFI small-pore zeolites
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Intensity (a.u.)

NOx conversion (%)
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o RIEA A Cu-KFIRFBIFRIKAIREM MM FHINH,-SCRIEM
® The rapid synthesized Cu-KFI exhibits good hydrothermal stability and excellent NH,-SCR activity.

SCIENCES

15



2 AR FREFNH,-SCR & 895

Cu-based small-pore zeolites for NH,-SCR
2.4 Cu-SSZ-50 (RTHF3RY) i\fl,53FiiF/ Cu-RTH small-pore zeolites
RTH zeolite:

> ZHEFLIBEZEF / 2-dimensional structure

CHINESE ACADEMY OF SCIENCES

> @gﬁWSMR / Containing two types of SMR

> TBREREBY / Efficient synthesis
ite (46-58-64-84) rth (44-54)

=
=
2 1 2

Crystallinity(%)

[\
=
1

0.56 X 0.25 nm 0.56 X 0.56 nm

IZA: Data base of Zeolite structures, Http://www.lza-Structure.Org/

Xu et al., J. Mater. Chem. A. 2018, 6, 8705-8711
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HFNH,-SCR
Cu-based small-pore zeolites for NH,-SCR
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2.4 Cu-SSZ-50 (RTH3BY) iZfl53Fi%/ Cu-RTH small-pore zeolites

100
80
S
5
2 60- _
| 9 -
()] -
> -
g Y Q
o 404 ol
3 AL —mECu2.5-RTH
e Ay @.-D peasess 0752 Er Cu2.5-RTH-HTA
204 O o —— Cu3.5-RTH
Y o -+O== Cu3.5-RTH-HTA
e Feeead"’ —A— Cu4.4-RTH
0 - === Cu4.4-RTH-HTA

a %% 3608
200 !

: 420

150 200 250 300 350 400 450 500 550

Temperature (°C)

Cu3.5-RTH

I ' 532 Cu2.5-RTH-HTA

_Cu2.5-RTH

! | ! | ! | ! |
200 400 600 800
Temperature (°C)

> Cu-RTHEBRIFAINH,-SCRiEE, (BREMNRE, RHTFBEECUIMARIRE.

» Cu-RTH catalysts showed good NH;-SCR performance but poor hydrothermal stability due to the instability of active Cu species.
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Bl 3FiEAFNH,-SCR @

Cu-based small-pore zeolites for NH,-SCR

2.4 Fe-Cu-SSZ-50 (RTHFYEY) ©F,93FH/ Fe-Cu-RTH small-pore zeolites

NOy: Conversion (%)

100 -

=]
[—]
1

=)
[—]

F o
[—]
1

20 -

0 -

100

80 -

60 -

—#— Cu-RTH-HTA
—o—(0.5%Fe-Cu-RTH-HTA
—b—1%Fe-Cu-RTH-HTA

—v—2%VFe-4Cu-RTH-HTA

—&— Cu-RTH-F
——0.5%Fe-Cu-RTH-F
—d—1%PFe-Cu-RTH-F
—¥—2%Fe-Cu-RTH-F 20 4

40 -

0 -

150

200

YV VYV VY V

250 300 350 400 450 500 150 200 250 300 350 400 450 500
Temperature (°C) Temperature (°C)
FelSZE#REENH,-SCRIEIE A Z RN

The fresh NH,;-SCR activity of Cu-RTH was unaffected by Fe-doping.

Fel8ZHRAKIRF T Cu-RTHKIREAL IS RIBRAEIE I
Fe-doping greatly enhanced the deNOx conversion of Cu-RTH after hydrothermal aging (HTA).

¥ B4 5 1%
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Cu-based small-pore zeolites for NH,-SCR
2.5 HfthvFl 53 F i #-Cu-LTA

CHINESE ACADEMY OF SCIENCES

100 - 100 -
S 80- 80 -
5

? 60- 60-
2 _
5 40 —<4— Cu-LTA-23(Si/Al)-0.50(Cu/Al) , |
S —a— Cu-LTA-16(Si/Al)-0.65(Cu/Al) |
Z ] —>— Cu-LTA-11(Si/A1)-0.48(Cu/Al) |

0 ‘ 0 m. - —

T T T T T T T T T T
100 200 300 400 500 600 100 200 300 400 500 600

Temperature / °C Temperature / °C

S. K. Hong et al., ACS Catal., 2016, 6, 2443-2447. S. K. Hong et al. Angew. Chem. Int. Ed. 2017, 56,1-6.

> Cu-LTABME£21900 CIKIREMIE, (BAARILAMRIFERIANFRRINH,-SCRIERE,

» Cu-LTA still maintained good NH,-SCR performance despite hydrothermal aging at 900 °C

2+43F ' 534
Cu {"L:FGMREF'L' ’ '33 | Oﬁ¥*ﬁﬁ Taekyung Ryu, Suk Bong Hong* et al., 2017, Angew. Chem. Int. Ed., 2017, 56, 1
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2. fiEAL 3 FIE BB FNH;-SCR

Cu-based small-pore zeolites for NH,-SCR

2.5 Hit L 53 Fi5#3#-Cu-RHO

CHA

Quanli Ke, Shudong Wang et al., Ind. Eng. Chem. Res. 2018, 57, 16763-16771

R ¥EA5
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After 800 C aging
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