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Figure 1 (Color online) Schematic illustration of preparation of hierarchical zeolite by hard template method [37].
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Figure 2 (Color online) (a) Growth of zeolite crystals around carbon particles [38]. (b) TEM images of ZSM-5 and the diffraction pattern [38].
(c) Formation proposal of the hierarchically porous ZSM-5 zeolite [41]. (d) Pore size distributions of the samples [41].
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Figure 3 (Color online) (a) Schematic of formation of 3DOm-i zeolite confined in the pore space of 3DOm carbon [49]. (b) Schematic diagram of the
synthesis route of OMMS-Beta [44]. (c) Schematic diagram of the synthesis route of OMMS-ZSM-5 [45]. (d) SEM images of OMMS-ZSM-5 [45].

(e) Schematic diagram of the synthesis of hierarchical TS-1 [50].
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Figure 4 (Color online) (a) Schematic diagram for the preparation of Pr,Mn;_Oy/3DOM ZSM-5 catalysts [54]. (b) SEM images of 3DOM ZSM-5
[54]. (c) The catalyst formation process of 3DOM [56]. (d) SEM images of 3DOM ZSM-5 [56].
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Figure 5 (Color online) (a) Schematic representation of the crystallization process of macroporous zeolite crystals [58]. (b) SEM images of
macroporous TS-1 [61]. (c) Schematic illustration of the fabrication process of sheetlike Silicalite-1 embedded with macropores from MSSs precursors
with the assistance of urea [62]. (d) Schematic representation of MaLTA formation process [63].
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Figure 6 (Color online) (a) Schematic of the formation of hierarchical ZSM-5 microsphere [73]. (b) Illustration of the mechanism of the roles of

CTAB in the synthesis of hierarchical zeolite beta [74].

A, BB TR M TE MR =ik B R R 4 -
RN - 4 F127)MP123 4k T AR &
B BRI T, ZhuE I AR 127 AN FLBR & R T
ZRALTS-150 70, HA LR ] Lot s F1271)
FIESRA. ZhaoZ " REFIFIF127, i 3d /K #idhl
B TNALY T, KNG G #E , F1275 4> 70
RO A M LA I e s IR, 51 9490 T 45 &
K, BBREREEE T 2135 nmPINFL. BB, ZUE
AU LIPI23 AR T & T ALY 2 T%. P123
HA RIFIRERE F1, 754 Bt AE 5 Al AR v oA
HAERTE AR, IAE5r T b T oM %2
FINFLEER. BiriaeiZs " AP123 B &k T B A

8~10 nm A fLHIZSM-54r Fi. A it #2 oo i =5
pHESEIL T ZSM-5 fth 5 A L2 A B R A, 3 4
T G5 I FE R 54T 2 AR 45

(2) A HUEESE

I 96 T 8 A R SRR A, A WU b5 10 3 A
OB & B2 AL 0. A HURE S BT LAJE I 47 )
(AR AR F 51 500 T00 (0 428, S R Ak e T
DA HURE L A5 RN AS, 92300t FLG5 K4 0K
Pl Besh, BRSO T LUSINAR R BB R, 4
EATREE THREII 2 FUMPRE, 3658 T 43799 10 87 FH 45,

ZouZPIEGN K B R RTINS WL G-
IR = 2 B SRR, APTES)IE /A FLEAR A, FiIF

2027



F AR 2 AL T ) 8 S AR AR5 R BT T

FAE RN ISR ZL ) B 46 A [N, Ih & T B A
LA ZSM-48-x 73 1Tt (&l 7a). KIS 70 74K
WRL A Sh 2 TH I APTES S,  LABKH 15 iAo i A K 48
gk sk (a1 B, APTESTEGK AR I H BER,
R EAAIL. WFARRY, ESRRE R EEIA
APTES, JC7E 4 fuUa T, ALAETE T 107 i
IR R, I8 BN AT L R A7 4 2 1l %2 2 FLZSM-48 % 1
5. MeAb, B3 APTES/SIO, HUAE AT LS AS /LR ~FF
CarvalhoZ P DL SE A HLRE be(— 5+ )\ b
FE[3-(= F AR SRR AL N 36 & 8:, TPOAC) A FLAE
R, AT A FLZSM-124r 10, 858 T TPOACH)
TSI o T IR 4 S B 1 R2 . BF 5L R W, TPOACH
B INS S8 TIRg MEALE, FILSaEK g,
o B[] R P TPOA CHA 2.
Tempelman5"™ 4138 i A HLIEE TPOACE W T
NFLY 2 TR IHEN T R E58. B, SilvaZE® LU
FER 7154 T A FLNa-LTA % 1§ F§ T Knoevenagel
i L. A FLEERISRE B T Na-LTA S T 5 1447 551 1)

(@) 65

Pefh R, HEMHE S T Knoevenagel 46 & W (% M.

WenZ: 3R FI R A A HLUE R 3-R 2 = 28
ke, AMEO; y-5 A3 = 28 3%, CPTEO; = 2%
FH2WmFERER, VTES; 3-FiNE= 2 H MK,
CPTES)HBI & 1 T M FLZSM-5%> T (K 7b). A HLiE
BEAE A A A KA 570 45 ¥ A T K A 2 T ) pe 3 1A
SN, TE R Si-O-SiFL A RV, S0 1 A A 1w
A, W R 22 (A LGS 4. AN [F) B HLEEBE s n
FENLE MR, Hd, AMEORMIVTESIE
AFLED, 43 51492.4%02.8 nm, CPTEOMICPTESIE .
MK IIANFL, FLIEZ14 nm. 54 ZSM-54HE, A
LI BIN BB D56 7 I SR~ i A i
1, BEm T RNECR, Wb T RN R AR, iR,
ZhaoZ5 i b y- 4 T 3 = 2 U BLRE 7 (CPTEO) Sl B &
BT 2R ALZSM-55r 0. 45 SRR, B HUEEREAMN A8
BP0 AR AR K, RIEAFLIITE R BA S I IR 1, 186
BEMABZSM-57 T TR HITE 3.

Qiao ! IH| FH 3- (I ) P9 5 = W AR JE ek e
(PAPTS) & il T /- FLZSM-SMEALT. i@t iS5 PAPTSH)

T

-Si0;

Supermicropore or
mesopore

Crystallization

@®
@ Calcination
@

(b)

TEOS+NaAlO;; ® o

AR C 06
T ® @
H \
AlNa* /

Rxsﬁg:::z b
0—Si<
H—

Hierarchical ZSM-5

Zeolite @ Zeolite crystal

seed,
e Organosilanes

B 7 (M%&) (a) ZSM-487EAPTES il T Big Ak it 72, (b) 2 HFLZSM-5% T3 B o 2 ™)

Figure 7 (Color online) (a) The evolution process of ZSM-48 with the assistance of APTES [79]. (b) Schematic representation of the formation

process of hierarchical ZSM-5 zeolites [83].

2028



REFR: b 20254 Hs55F BT

I\ &0 DATE & R ik 72 A 4% o) ol 44 1 TR 35 A0 R T
PAPTSH b i 7K 30 73 A5 KB 4 B A ELAE FR AR T A
FLHITE R, BN T ZSM-5) R TR AFUEFR, i/
FLZSM-STEMEAL I AR iR R B 4 9 b e AR Ak
TEPE.

Q) HETERED

FHE T RAEMEA Rtk =taett, vTiES
TRV 2 A1 R 5 001 07 AT DR A b (R R S R R A A
SERPRIAH ELAE FH, T Bk e TEAR ARSI SR, 5] 3R
ORI AR K, & 2 AL T E 1
BOBERR. PH ST 2G4 27 1R IR AH ELAE P X o0 T 0 485
el RIS MAR /D, BRI TR K G 450, Ak,
WIS ER AR IS E REA, v LK BT DhRe N
NEIE 4 o,

XiaoZ5 M R I LK PR B TR A (R i —
WS s, PDADMAC) N LI, & % 1L
BetaZ) - 7%. PDADMACHER 2% 571 G LA (1) T LRk
VIFAREAEH, 7 IEBAR 5 45 0 i Sk AA 2 (8] AH 43 5,
B8 Ji5 38 o B B8 3 49 AH L 3% 3 B JE FE A FL(5~40 nm).
PDADMACHI I & 7] PLTE— 5 6 P P A FL I AL
#%. DU PDADMACH A FLEIRR, SR K #vk
AT BEAFEE LGN ZRALTS- 157 15K
I FEF, PDADMACH T /NI REM, 1E 5B
Wit 2 5 5y Fim 5 M I k. PDADMAC 1 Tk
ZEKE, Tovk E BT ORI ) R R B T 4 A,
OB T TP A FLEE ). Bbak, TA%PDADMACH]
HEWAT LA TS- 10 FIfifLE. bjE, ZaEam
GuoZ D i A AL IR, PDADMAC A/ FLBHR,
il 1 2 JALSAPO-344# k57, wE8affi7x, PDAD-
MACFH & 722 5= [ 1 e TE W] 46 5 Hh T 3 11 5240,
R S S| T R B, FSRYTE R
SES R ONCE S, B A S L A A A TR B 5
SLEANTLIERK. GaoZ 1 F| FIPDADMACHE A
R TSR T 7R 5 SR — K Gk & 7 2
PALSAPO-18EALF]. 1EA U 2 1 (EI8b), N,N-—"
% 2 (DIPEA) FTPDADMA CY4 5] 43 B A & A 1
ERRNBEIR e b, AR BAE RS . BE)S
PDADMACR LR IE S I 2] 70 75 289, 76
PRI 2 SR T _F TR RCREG, 5 PDADMACHK 134
hn, fESAPO-185r i L ik 1 4% B fLE

BEAh, R I T RSk (PDDA)BH S 7 5%

B PIRIRER A LAE A FLIEAR & B2 L5 10, Liu
20U D) PDDA A FLREN I 4% T 2 L FLHZSM-53 F
43T, WEFE KRB, PDDAF &2 A FLI KN4
i, & EPDDAR LUIE IS NS, it B2 S8
LA S HERIFL. 24PDDA/TEOSH & LhN0.2
INF, #1451 2 2 FLHZSM-5 %3 1 1% B A 35 51 A AL
(11~13 nm)FE Z R PEA, AR IE+ et tb
iR S S, I B R AR AR T R AR E

A EE T REASEAR 2 () 2 1 i) % I R AR 5 T KA
AR . AR e DA 22 R 25 1) i, ORI 4
ZHAL IR E R R R, @ N AR ER S
ATURAA YR &, i 38 ik P A B 7 7% o R RT T R %2
PALEEN; AR T AR 58 5 38 i ] 5B b 22 B,
T T AR B B I REAR R L e ) RS
BRI REE, HE R, 7RSI AR %
PR 7 B R AR AR AR F Ak R S FLES A %), 4R
USRI BT 2SRRI 7. SR, SRR BT
REARI B B 5, [ A FE AR R 2 B i AR Pt 4
X RS 5 L.

3.2 FoliMIE

B 1 RRIEZ AN, 2 AL o1 B AT DA e
WEEE AR, BT, JOREGE T A A
?£[92~98]\ E i?§[99~101]&2\j]jj#iﬁﬁ[mZﬁOﬂ.

(1) SFPABhE

ety 8 Y20 o R R VR (6 P AT LS ) 3 1
7B B b b A B AR IR B S SR 5
RSAZANAEA, TR B H bR 4. fE &R 1 fe it
T, R TR A AL T AN 7 A A FLRAR

By & 2 AL o Tt X R ITVE AR 1 BA,
WP TG, R, SRR R AR T

AR, R TS, AT T A ILS M. Sun
9393 ) R B A R T BB SR LI gk
SAPO-34411-¥ii. 18It X AN [F] 45 dib IS AU AE R 9, 42
H T 9K SAPO-34% 11 (1) T B LER (1 9a). 7EHIUEEY
B, SRR IARRRCE B, SAPO-34%) T T AERE P 2 TH AP 4E
ghim, BEAE LT, TR A TESAPO-344) -1 N b
RN — D45, DWIEARR AN T B2 26,
TE AN BB 2 R ALE5 M. bR T REER R Zh(SAPO-
345 TIRAN, %R IR SR P A B ) 4
T 2 K AURERR R 2 (ZSM-5 F1Beta) FIER FE R 25(TS-1)

2029



F AR 2 AL T ) 8 S AR AR5 R BT T

(a)

&
Crystallization
180 °C 3 days
[\

® — Alresource
— Si resource

@ —Presource

A—PDADMAC )% v'g

Mesopores

Calcination

b . P 2
YR @ 47 T \. ppapmac

ez Ol
‘(@' 7254

N9

B8 (MshilE) (a) ZHALSAPO-34%5 Tt Bt F2% (b) £ 24 FLSAPO-18 A7 Fr 1 4h Lo

Figure 8 (Color online) (a) The formation process of hierarchical SAPO-34 zeolite [89]. (b) Crystallization mechanism of a hierarchical porous

SAPO-18 zeolite sheet [90].
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Figure 9 (Color online) (a) Schematic of the process for the formation of nano-sized hierarchical SAPO-34 zeolites [93]. (b) TEM images of the self-
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of single-crystalline and defect-free hierarchical nanozeolites [104].
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Figure 11 (Color online) Schematic representation of the influence of Al content on the desilication of MFI zeolites in NaOH solution and the

associated pore-formation mechanism [130].

BECVE RIS IF A7, ZEACERMI, BT TAA 4 79
AL 7 3 B s TOH B RERE B, TAA &%k b
P FIFILA D, R IRE ae, i B i,
BRE, TAA HE 20 A9V 5 38 32 Sz, BEJS,
OH WIlikEARE 1 F1EMH, NILMZER. 5HEEH
NaOHARERAH EL, 4307 B Sl FLARFRRD A FL I R AR 4
WAHWEZER, UTAA MR8 F Bo2s i ik i A2,
XS e R R PR RE. hAh, TMAOHIK
B RE A 32 IRE O K, 24 TMAOHIK & \0.05 M i
/0.2 MBS, MFUATR D EU LT R RN, X2 iAE
HCRPEE R LR ERT0.2 MJE, N FUAR 5L
TR EERENTMA S ¥EMIL O EEOHY S
MAEA FLIE Bk b, DRIk, Ay 3 i 3% 8% 43 O A (2
TAAOH/E T-NaOH) S i 45 il A WU BEAE0.2 M
A5 CfF T TMAOH ) K~ I ik 5 S5 A DR, s3I X it
TR AR AN, B A A A AN B TAAOH
Jor B 4 K T DL $a A AL K/ A TR 28 28 1 i (an
NaOHHMTMAOH)XS /LA /NP FE AN [F]. NaOHAL
Al BT TR g A BRI, T TMAOHRESE — &
TR B e £, LR/ S HAE G IE T
Bl [FIEF, 2 20fLBetady 9 1 A FLELAE B T idE i

2034

PHEETAAOH e B BE 1 FE R 2. B e R FE I TAA
(WNTMAOH) 2> T UK 1P 38 FL AR A ey i A FL A
1, Bl e S B K B N (W M\ TMAOHZI TBAOH), it
il % 1) 2 e fLBeta 7y ¥ 9 P FLAR BB, 1K A2 K
AN K FEE PR e FE B S Beta 20 07 Ak L 1) 78 26 A1 2 [
AL BEASON AN ], A B B TAATE (5 4R S LA B2 i O HU
FEIS AR R, B R T T B A L2 8], AT S
N FLFLR A RO, Guo! i it ENaOH H iR 1
R FI(TPAOH) il % T 2 K FLCu/ZSM-5% F 1.
TPA B T 1] 5 F 4 b i 7 HL I AL s 4 A, 7E5r 10
FETHTTE F AR R, 40t 20 07 28w ek %) 77 8 ok, o
B 7 H BRI BERR. R, TPATE T HIAEAE A 43
OH TEFh A dib VR N A IE BRI B FL, AT
F MU R B AN A . T AR 75 5 2 e ) )
ELABI(TPA/OH™), AT LUKE i 1l A LA T BRRE FE A4y
A, AL BIFLES K. 24TPA /JOH =041, Cu/ZSM-5
53 F-0 L R A K, A FLARRR .

(3) Juga-JhitE

Je AR FE SRR A, RSN AR A B 2[R I A 4
KRR LRGN, H, TR RS sT T
FISEHRAE. Yang25 4 i sn F B ik 5 A le ke, 353



REFR: b 20254 Hs55F BT

R FE R (B ) R A B (i ke ) 7 B AR MFTA) 197 o
SINT S HIAFL(4~6 nm). 2 25 FL4S5 R 1 7 R e
FAREE DL R A e 2 R A EAE . Villa
2SI B USY 20 T 9 M EURE, AR UGHEAT B R A
CTABA# BhZ /K B ik LA K FLIR IR Ve = AN B 0%, il il
% T 2R 5T, BHIRRI, BRI NY 41
(R PERERS I K. 5 AR MM ITUS Y 20 P AR b, st Je
(953 T IR A FLARRSG I 7 — %, e T R I
B R R AL R A 1 2R 3 R

UbAb, WEFEN G TE T USRI S 0 ) )
LIS TR LS HIRAE. BabicZs 5% FH40 w¥% NH,F
WA MSSZ-130) 70, FIh3R1S T 2 4fLSSZ-134)
T, NHFE A F 2 20 i R v ) ¢ B3 147
T, RS TS50 T AR AR R TR RN, SE
B ARG VE MR, BT SSZ-13FL42/ N\ TTHR), 7K
BRET Y B2 BRI, 2003 B TR AR
TFFUG, 2R NS T. I8 R A % I NH  F Z1 T
FAFUIREE W LL AT [A)), W] AR — s R
B FIR ML RN b SR B, W D0 A JEAE (AL B
Itk fe. Bk, Zhus! 58 i NH,FVE R 2 ik 7512
H% 7 2 %FLEU-143 10, NH,FIERE DS LUK [F] (33
RIBMREEAG, RSB MEU-19Timghk Sk
[ e A A4 0 BB X3, AT A AN R AL 65 4
MIRTHE TR RATL. XA FLAIE = T 0 F iy
BRAE ), EHESE T HURBRAE S, BT IR A
Fa e ANk Rt

Feng25!" "6 FINH, HE, 7 W US Y 23 - 47
AR AL, P I NaOHEUNH, OHE AT i — 1)
Pt Ab 2, K15 T 2 HFLUSY S Fi. fEUSY 5 T
&t FE e, AR AR R 2 3 2E AL, NH,HF, Al
DU Rt 2 Brix se i 4240, SNHHF A S, JE8
ARl el YD T XFOHT [HE R AR, A5 R Ak B
Ao bR, NaOHE NGRAR, Atk i s K&
OH™, MKk IEIOH AN B HE N FL A 5 J65 nh J 18] Fr0 -1
Ik, RAFLRSE, 10 AT DL ik 4 T ARk B
SN PR AR E R AL, K, NaOH/NH,HF, %
RIUSY 2> 7 BEA fL, tha KFL. MNH,OHAE 59
B, ZIPhVEFA R, B8-S A FLRE B AR R B, TR
10 nmZ A I/ L. YangZ5! i@ i AL ) (HF-NH,F)
210kl % T BH W ILE I 2 HILTi-Betasy T
B HF ¥ W2 A1 S $E BUTi-Beta sy -9 22 IR T,

[T HF W S IINH P22 OB 22 P4, = A58 5 48
HUERIHE, -, AT SEB X SIANTIf E 2 Bl . 5 R 4G
AL Ti-BetaZ> A L, @A %1 b FE 1 %2 28 L
Ti-Betas) -0 AMUARFE T A=A %, & BA £
ghK.

gE L RTIR, AR A BRI 2 Lo T
FUBR RN 7B A @ PRI R, AR VL TT BARR
T 75 L AR SR R P 45 R R R /N 5t LA RT3 R
TR 2 ALy TR, AERIEE BT FH BRI
or, BRI RBRIIFEE AL, AR IE 2% R
it Ry e, ORI R S TR, Ak
TR ISR IR, SR TR % 75 RS B2 ) e B
A, BRAER A, J5 AR BRI R AE 18T 5, AR AR IR B,

AP % PR B AL BE 73 10, AE PSR AT 7 B AR
. IR, JEAEHE IR TR A, FRAREE ),
SRS E R, G RAE AL B R O ORI S 2 4
ISA. BeAh, 5 A A 5 1 2 AL TR FL A A
ARUEE, SLED A DE, FLER AT E 2.

4 ZRAL T IR R TS 3

ZRALIr T IR T Lo T IR E
TEAEAL 7 T B0 A P, B8 I T AL FLAE AL
LH AR SRR 3. A FLERK LGS W R I SR =)
THAL T 2 e EIE, AR TR R
TEFLIE N HIPBRBE g, $RmifeiReR. 2Rl ME
T2 (W AR T ANE A S AR5 B i, WM T RS
TP 25 B R, TRD AR IS 3 1 7 A 20 AT B )
5], G T IR, $EE TR O R
R, H R T AT A, T, 29400 Fifc
B2 - FNOx. VOCs. RAHFRL . NHy. CO%EK
SRR, 7R RIS YR R AR B D
5.

4.1 fEAEEIERALI(NOX)
AAAI(NOX) I /2 it & G 3= A T R AR
MG, FREZ, BHENO. N,0. NO,. N,0,f1
NLOSZEZ ML & 1. BAMYIRIET ER TR NG
3, HA NFIEF R B A A TR,
TolAEF=. REH R RIS il s . BRI HER

2035



F AR 2 AL T ) 8 S AR AR5 R BT T

ZIERIRT « eI S5 — RN EGT5 e il @, Xt
N A R AN IR EE 3 ™ . PRIk, A A T
B4 B AT A SR RS A A B G VE R E A, A R B
FOR E BRI . LI R . BRI, AR
gl 18 oh o) P R R R AT 1 B R AL SR (SCR)
FEAR R BRAAG SRR 7E A 22 B F A A B 85T H
H A, ZIEFLIE JF (NH;-SCR) 2 M FH )72 FINOx
THERHIA.

TR SRR, AL TR NH A 55 I B
SR SCR N U AT I AL EL IR 2. P oAb 771
DRI LA J0 00 ) FLh g T b R T AR R SO NHL 1 7 B
AE 71, BT FE N B FNOXIN . Ik, 4R
PEII 2> TR B R A7 IR A 1 B AN 4% B8 1) AR LS
&, Bl AR R E A e R, AL
T ENH;-SCRI S B B HATIAZAE — BB 2, G
PRI PEIAEAEY BRI, (NH,),SO,ENHNOS TR
FEALIE IS TR RIS, e R R, B
NG R T 2 A5 T, SE50MALY T
i AH bk, 2 efL oy T I BE aF i p AL P e

Gora-Marek 25593 51 1) FF i b B0 (¢ 1 ek ) A 9
BRIE (PR MUl 4 T 2 B FLFe-ZSM-5%3 T Jiii
F T RS OBz ) 3RS B S I Feek 1 A FLZSM-
S(Fe-M){# L7 fENH;-SCR I M {46 P RE AL T 5 Ak
T L] £ 1A FLZSM-5(Fe-D)EAL 7, Fe-MAEALFI7E
IR T (100°C)#t Won th mrEfb G P, 7375 CHPkH|
IL100%INOFEAL R, [FIIT AR TR T 1R Ay N IR F 4
(97%~100%). Fe-M{gALFFIPEREIHR T FEE A T H
BAEEZ A FLEMAIE KRR, AR TNOxF
NH; %, DL AL 2 1 S B2V PEAT 5. Rutkows-
ka7 48 I NaOH AINaOH/TPAOH [ i £ VA ik
XF T FHZSM-SHEAT IR AR B2, B e 8 I B T As #e vk 5N
CulyFh I % T 2 HFLCu-ZSM-SHEALT). 45 R E
B TPAOH AL FE 1) %2 2% FLZSM-S AL 75 B H 5 = (1)
TEPE AL ERE ISR S P A N LA O, EE W
L ALLER IR T NH,-SCRAIEIL %, Peng5” 1%
7 L PR — BV ) 46 T B A SRR AL 45 M 1) 2 g FL
ZSM-STEALTL A FLEIBI NG I T ELERTH AR, o3t T 18
AL RE ). &G FLCu-ZSM-5 LA L,
%2 % fLCu-ZSM-SHEALFIAE150~350°C F R BLH B4 1
FAEEERE . LS BIK B GE HERITBTS O, B g 71 12a).

GuoZs ! T7E Ak #8372 b i N TPA BH B T4E

2036

{45008 4 7 2 L FLCu/ZSM-51E AT, TPA (I In A AE
PHEAFLE SN FLIGFI, AR T B s L e
P, TR BRCRFER, WOREE TR S S
P, ZHFLCWZSM-5EAL A 4~11 nmIAFL, A2
HE AR S AR PR B I B IR A, BRI R AR 1)
W RAEIES T AL Cu FICuO SR IRE E M, ik
FEA B ARGRIEE M, 7£225~400°C FSEZIL T NOx
58 254k, Yues ! SR — 4B i T £ % FLFeCu-
ZSM-51#4k 57, #ENH;-SCR S 5 H 3 A 5 i fE AL,
PERE. M FL(10~50 nm)RIFELERE = 1 S 24 B M AL
H(Cu. FeFmnlik e, Cu. Fef) W [E RN 1AL,
FILE L T8 BT B 11(230~500°C) A = JL L iENO#: 4k,
R (>90%) N, FE M (~100%).

Liang5!" ™ LI SN AR 1 4% 7 BA AL A~
FLIZ R FLCu-SSZ-131#4L 7). R 1R, £%FLCu-
SSZ-13-MesoffE AL 7 L I HH Lu AL G i L. Cu-SSZ-13-
Trad(160°C B NOx 1 A4 23 IA N 51 %) B8 4 (R AR I 14
AE(160°C I NOx 111k #61X $86%). Cu-SSZ-13-Meso
HEAL TR 2 FLES RS 5 T A s B R R LA =) 11
PG AT A RARNHL), SO, M3 B i, 52
ARG P %) [R] B 2 3 H A e ) 7K AR 1 DL R B /KR
PG 12b). WangZ5! it — 4R % T 2%
fLMnCu-SSZ-13-OPf#4L5f. L Cu-SSZ-13-OPHEAL ]
FHEE, MnCu-SSZ-13-OPHEAL FFIZ I H AR S AR 14
e, XU T R A B M R A AR S N O it
e 11, FIRFMnCu-SSZ-13-OP £ 2t FL4%5 K xh i AL
R AT AR B YT BUR A R E .

JabtonskaZs!" R H — 2. (DEA)FI 2 — %Y 2,
R —#H(Na,H,EDTA) XS B ML SAPO-34 147 L, A2l
% 17 HA 2 FLEE M Cu-SAPO-344) 1. FHIDEA
A FESAPO-34 4 e &5 by Py SR FEvE s B i, 722
(IR 1) FLIE Re 6 38 v i 1 b 7E 22 X FLSAPO-34 1 [¥)
W Bt . 17 I Na,H,EDTA AL 2R [ Cu-SAPO-34 | 2= A3
EFEEHL AL (HA 2520 SAPO-34 i 74 (1) P i 45
¥, BB 12e~AT7R, KRR Cu-SAPO-34. 245 37 514
TSR, WRRE N, MEZ T, BRI Cu-SAPO-
34 Na,H,EDTAARI it f{)Cu-SAPO-34 DEAKISEMK]
HB 5 R LA, Ja 3 R AL T K, FLES M T =
LIS, A R U IS R 430 b R R RS
MR FEAZ R M. 5 AR Sk 75 97 ) 4 75 2 AH B
(0.5 wt%), BMEJEFISAPO-3414 B h 5| N =& &



REFR: b 20254 Hs55F BT

(a) Il Cu-ZSM-5-meso
90 B Cu-ZzSM-5-C

§ 80
= 70
_5 1 with 100 ppm sO,
d
[
>
c
5]
o

x
o
=z

275
Temperature (°C)

L

kb) Diffusion is easier

Poison by SO:

Hierarchical structure
Cu-SSZ-13-Meso

& NO

Traditional micropores
Cu-SSZ-13-Trad

& NHs

@® No:

@ O: «® so: @ H:0

@ N: “® NH.NO: @ (NH):S0.

B 12 (MAREE) (2) Cu-ZSM-5-mesofICu-ZSM-5-CHELF I HTRTHEE™"; (b) 2 AL Cu-SSZ-13fEALF Y ke /1,
SAPO-34 (c), Cu-SAPO-34 (d), Cu-SAPO-34 Na,H,EDTA (e)fICu-SAPO-34 DEA ()i a5 &'

Figure 12 (Color online) (a) Sulfur resistance of Cu-ZSM-5-meso and Cu-ZSM-5-C catalysts [20]; (b) Enhanced diffusion ability of hierarchical Cu-
SSZ-13 catalyst [149]. SEM images of SAPO-34 (c), Cu-SAPO-34 (d), Cu-SAPO-34 Na,H,EDTA (e), and Cu-SAPO-34_DEA () [151].
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Table 1 Activity comparison between hierarchical zeolite catalysts and microporous zeolite catalysts in the elimination of different pollutants

HEALFH] SRSk A HEAETE Ref
[NOJ=[NH;]=500 ppm, [O,]=5 vol%, . 0/ N 5
Cu-ZSM-5-C WHSV=60000 mL g71 h! NO conversion (90%)=300—-400C o0
[NOJ=[NH,]=500 ppm, [0,]=5 vol%, . o .
Cu-ZSM-5-meso WHSV=60000 mL g_l h! NO conversion (90%)=250-400C
Q712 [NOJ=[NH;]=500 ppm, [O,]=5 vol%, 5 I,
Cu-SSZ-13-Trad WHSV=60000 mL g71 W 160°C, NO conversion=51% o
[NOJ=[NH;]=500 ppm, [O,]=5 vol%, . L ero
Cu-SSZ-13-Meso WHSV=60000 mL g_l W 160°C, NO conversion=86%
Pt/MOR 1000 ppm toluene, WHSV=60000 mL gf1 h T9y=210C [158]
PY/HPMOR 1000 ppm toluene, WHSV=60000 mL g™' h™" Ty=190°C
RwHZ 500 ppm toluene, 10 vol% O,, 1.58 wt% H,0/N, Ty=2517C [159]
Ru/m-HZ(3) 500 ppm toluene, 10 vol% O,, 1.58 wt% H,0/N, Tyy=243°C
catalyst/soot=10:1, 500 ppm NO, 10% O,, 420
CuMn-MBeta WHSV=120000 h~' Ty=430C -
75
catalyst/soot=10:1, 500 ppm NO, 10% O,, a0
CuMn-HBeta WHSV=120000 h"" T9e=300C
Ag/Z-0M catalyst/soot=10:1, 10 vol%O,/Ar T9=483°C (177
Ag/Z-0.1M catalyst/soot=10:1, 10 vol%O,/Ar To=467C
Pt@S-1 1 vol% CO, 20 vol% O, WHSV=60000 mL g”' h™' T10=120°C 1901
Pt@meso_S-1 3 1 vol% CO, 20 vol% O,, WHSV=60000 mL g~ h™' T,0=60°C
Pd/SSZ-13 1 vol% CH,, 20 vol% O,, WHSV=60000 mL g™ h™' T5=450C (193]
Pd/SSZ-13-M22.5 1 vol% CH,, 20 vol% O,, WHSV=60000 mL g h™' To=416C
1000 ppm o-xylene, 2000 ppm propane, _2ge
P@s-1 20 vol% O,, WHSV=60000mL g~ h™" T=238°C o
1. 1000 ppm o-xylene, 2000 ppm propane, 141
Pt@S-1-meso 20 vol% O,, WHSV=60000mL g~ h™' To=161°C
Mn/SAPO-34 50 ppm toluene, 5 vol% O, To=295C
V/SAPO-34 50 ppm toluene, 5 vol% O, T9=390C [198]
V-Mn/SAPO-34 50 ppm toluene, 5 vol% O, Tyy=265C
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Figure 13 (Color online) (a) The catalytic performance of Pt/Y zeolite catalyst [163]. (b) The reaction mechanism of catalysts [164]. (c) Catalytic

activity of catalysts for toluene [165].
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Figure 14 (Color online) (a) SEM images of MnCe/SM [174]. (b) The influence of H,0O vapor contents on the soot oxidation over the sample CuMn-
HBeta in the soot catalytic oxidation [175]. (c) The soot conversion of Ti/Cu, sMn, ;0,-HBeta under different conditions [176]. (d) Dual synergistic

effects on bimetallic catalysts for soot oxidation [177]. (¢) Reaction mechanism diagram of catalyst PtMnOs/3DOM ZSM-5 catalyst [55]. (f) Reaction
mechanism diagram of catalyst Pr,Mn,_.Oy/3DOM ZSM-5 catalyst [54].

2041



F AR 2 AL T ) 8 S AR AR5 R BT T

Ruan 2577 FY B Ak B 1 4 7 -/ FLZSM-59)
T, I A SR (KELCs) FE (A g) TE O 4 g fi
T m R AP RE . 2 RALZSM-5RfH 5 £ (K
R Cs B TR AEMEAL TR, 90 T AR 5084 8 2 1]
ffk, mE14dfR, I ANKELCs 5 AgZ [AIFELE T
FIfER, KBCSHIH T4 T RN ] LR O-AghE, &
BURE FIRJE N a B AR, 7L S A ek AR
[T, A TR 22 FLAS R R i I e A SR A 3 11 e
2 IH], ST PR 5 R I AR AR, PR TR
& &S

AR R S o T ) o o - 2 A A A
LA T =456 - KFLBDOM)ZSM-54) 11, LAt
NEARE] % T MMnO,/3DOM  ZSM-5(M=Fe. Co-.
Ce. PrAIW)HELLF, 7E AR 25 B i A ATNOX Jy T 72
H RGP E Y. EH & AR, PrMnOy/3DOM
ZSM-5R I H B A IR e, LR MRIR B 1 W (1R
JER430°C, X AT RESE BT i AL B A R AR
WEMERE . FE RE AR A A, DL S
Mt G, FIR, IR TR B, 2R
&, RN EfGEley-RidealflLangmuir-Hinshelwood#l
B fEmi, FEMEEE A S FINO B E A
(El14e). Nit—HRFPr. Mnd B RHEAL 1 RE 5
Wi, &R T — F%IPrMn,_0Oy/3DOM ZSM-5i# 4k 51 H
FRAMAINOXII R, 22 FTA AL, Pro,Mng O,/
3DOM ZSM-SHEALFIRI M B bF LS. 5
Pr, ,Mny §O5/ZSM-5F1Pr, ,Mn, ;Os-powderfi: 1t 74 Lt
Pry,Mn,305/3DOM  ZSM-5{f 44,751 5L A7 B8 AR 1 2= R %
JRUEAE IR (417°C), 3% B 2 G LG5 M TE i JIR A b J T
HA R BRI, HRIUA BT R ML R S5k, A
FUANGIAL P A AG SR N 7. A, AR PR L 52
T AN TE] S FE A (AN R, M A A R AR
FEfRIR. TE250~370°CIRFEVE N, RN - B g
AN AINOAHBIHLEL. 370~417°CYEHI A 2
FENO, 4 B (1 146).

4.4 S EAD R RI5 G

bR T R KA R BAL, 2 RAL 0 TR
A5 I FNH; . CORICH, AL A e pirhr, 3
1, NHyg—FEf. 5K BAREESWRNA
B HEUBE RS INH, & 55T IR < ik
IH R, RO B B R B S IR L RIR M,

2042

XA A KA P PM2. 5 1 RS s
£180% fINH 2 p AR HER ™, Aol Tl Ans s
BHAANHH AR, A, NHyERT
AR AW e A SR S 2 B R T
Horb e B E AN, (NH;-SCO) 2 8/ NH, HE
A T2 —. 2 T IR N IR s e Bk, 30
YRSy (950 T 9% 22 ] T NH;-SCO!M %4 s 43
TR (AR FL R 1) 1 4308 PR S PR s ) ] R,
I, BTN R B TR 2 AL TR T
NH;-SCOJ V.

Rutkowska 25" Vil i To bR =4 % T Fe,Cr, 41
K1/ fLBetafti: 4b 7] ] T NH;-SCO [ M ( 152). /4L
Beta /¥ i B A B AR AN FLIAT, A HRIT
A TP BOSCRREEAL S a] e b, 32
AR, RIS TR SORIAS B FLBR 25 4 Bl T 4
SRR SELT (o, SRR ZVEPELL AT, BEAk, Fe-Cr
Z AP FE F S T BRI A T a0, S AR
JEUPE, 3R T AL B EE AN, . Borcuch 2! ™!
F B AL B4 T A FLZSM-54> T, FF0F9E 7491
i FLBR . BRIR DL R Bk 45 N\ 7 sU NH5-SCO#
PRI IR, B LR B, PA[Fes(OAC),O(H,0),] Nk
TR, BRSO A FLZSM-S AT B B
AT ME(E 15b). B AL 3 4310 B A 3 TR
FLBRZE ), fH A3 B PR 25 5 ik N FF 7 BUAE 2 T A
i, 5N TR EAER, Wi s aeR.

CORZT RPN RN, Tt Tk, B
B, FER AR T AR, X IR A f R i
BT e B R, COMIERRZ BTN 2 8
. H AT, AR BRI B A R .
RZIETF, 2RI TImMETIR KRG &R
THRUR = FLR R4 2 B T CO%L.

X FAEG T, COZF RSHR/INAT BLE N AL
EiE AL 7 o et I S, [ AR AR R . i 4L
(1151 NRERSHE R COZ T I BUs 2, (HIGIE 7R 70 FI
TP, R, B FLIE S5 R VA SR BLCOR AR
WWHTE K. 456 TMILS AL 2 HALs T iR I
B A AR AL PERE, Aefs 35 1R mCOM I
TEPE.

Ligs!" ) & 7 R F S B AIPY/Fet i/ FLBeta
AL F1(Pt/Fe-mBeta), JLH, HAH & LR TAURIFLIA
FUIPt/Fe(3)-mBetaR Il H R UF HUMEAL . 7E/KZES



REFR: b 20254 Hs55F BT

© S B :
~ >

e O—Q—0—0—0

1 —o— Fe3(IE)MFl/des

=0
1 D/o/e/

Fe(IE)MFI
Fe3(IE)MFI
—o—Fe(IE)MFl/des

==

T T T T T T T T T
200 250 300 350 400 450 500 550 600 650
Temperature /°C

d

5 hierarchical
P Pd/ZSM-5
$ CH,+ O, /oo PdiZSM-5
E o
E ©
o
c
o
o
3 H,0 + CO,
° 1.Pd mobility Z 1.stable

2. rapid deactivation 2. active

50 100 150 200 250 300
Temperature / °C

B 15 (M%) (a) H-Beta/mesoftI TEMP!™; (b) AN FEMEALAFINH AL R RIN, S, () COTEH-BEAR A RIA A
&R PEH-BEAKE S E AL AR ERED ™, (d) 2 ZLALP/Na-ZSM-SHEAL T AL SR R o e e 35

Figure 15 (Color online) (a) TEM images of H-Beta/meso [185]. (b) NH; conversion and N, selectivity of different catalysts [186]. (c) CO catalytic
oxidation performances on the support H-BEA and the different metal-modified H-BEA samples [189]. (d) Advantages of hierarchical Pd/Na-ZSM-5

Catalysts for methane oxidation [196].
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Research progress in the preparation of hierarchical zeolites and their
catalytic purification of atmospheric pollutants
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Abstract: The rapid development of industrialization and urbanization has led to increasingly severe air pollution,
which poses a threat to human health and damages ecological balance. Therefore, the control of air pollution is urgent. In
recent years, hierarchical zeolite catalysts have been widely used in catalytic purification of atmospheric pollutants due
to their abundant pore structures, high contact efficiency of active sites, and low mass transfer resistance. In this article,
the advantages of hierarchical zeolites for catalytic purification of atmospheric pollutants were introduced in detail. The
preparation methods of hierarchical zeolites, such as template method, template-free method, and post-treatment
method, were elaborated and the advantages and disadvantages of the corresponding methods were also analyzed.
Meanwhile, the research progress in hierarchical zeolite catalysts for the catalytic purification of atmospheric pollutants,
such as nitrogen oxides (NOx), volatile organic compounds (VOCs), soot particles, NH;, and CO, was summarized.
Finally, the current problems in the preparation of hierarchical zeolites and their catalytic purification of atmospheric
pollutants were discussed, and the development trends of hierarchical zeolites were also proposed.
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