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Figure 1 SEM images of nano ZSM-5 with different crystallization
times via Na,S,0g at low temperature: (a) 1 d, (b) 2d, (c) 3d, (d) 6 d.
TEM images of (e) nano ZSM-5 synthesized via Na,S,0g at low
temperature and (f) conventional nano ZSM-5 synthesized at high
temperature [47].
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Figure 2 (Color online) Schematic illustration of different seeds assisted synthesis of nano ZSM-5 in template free system [60].
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Figure 3 (Color online) Possible mechanism of the seed-assisted two-stage crystallization process [61].
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Figure 4 TEM images of stacked ZSM-5 nanosheet aggregates
synthesized with (a) silicalite-1 seeds prepared with low-cost silicon
sources and (b) conventional silicalite-1 seeds [63].
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350

WA (15). i R AL R, nZSM-5F-24 &k R ~F /T
8.5 nm H. 73 7 7= S ALk BI87%. [HAFER ML, %M
FARZR T AH FH 0K ZSM- 5388 75 4 B Bt 25 Bk
A IR (CV) YR TR R, K BnZSM-50 Jek)
A A U R RE 77, FLRT DA IR, 75 GeRhEE (40
$AT DA SR — i m] E A 1 v s KR B 5

Hu5 " g i IR i 500 R 45 #E48~72 h, AR5
TER AR S 24 Rl 4% T 9K ZSM-5. WF e kB, Bt
O G P RN BB TR] (R34, oK A 1) A RST
B R, FE0~250C IR, ImA il fERe i
SEHLANR SR K 1 H . 20214, Kim 275 F o
HBhE T4, KGR T 99K ZSM-53 47 (<100 nm),
W K445 T A R ). 75 25 R RRL 2 1 R 1
I HR AR LA B e A A M R Sk R

20224F, SuZEUIS i 4 Bh K 795, #£60 min A
BU3R1S TSI 50 5. RN SEEM
20~60 nmFIZSM-5402K Fr (El6), K4 i B 8] 446 56 2 4%
GLARIRIE1/3. 5EGIKZSM-SHIEL, gk AR
ZSM-5STEMTG = N H 32 B H B8 A0 S5 110 i e 3 PR R
IR, PR ST R R e B, O Haz e A
RIS R

A /I i 0 ) S T v R B S — R s
AATHI S K ZSM-5 52 IR I T4 Gk
PAbER, %07 B RS R e R gk
RS R AR R A s e B i e A S 2 A 34

5 JoEE K

FE 51 7K A RIS LK s KA NIE R, 7E2 )
RS AT RN, KA R NS riE s R R T
wEEEMAT R, WIER T RS FEEE TR
AR, FEOUAAFH R EURAS AT e i i R ok
[F) Ao R B VS 7R P A P 2 3 B B 5 P 22 A e A G i,
S5 7 A B B 4 e B A s i B s 0 R,
TR LIE A R T EN T LR A BRI N
L

20124F, RenZl'RiE 7 —fh B IR S 0BV UG
OB, 58 Akt G 8 RS ES K AR R T A A oK
ZSM-5IW 518, 7 T SR I 2 RV I BT
R G )

20174, LuoZs™fifi F -+ /K 5582 #4(Na,CO,- 10H,0)



REFR: b 20254 H55F 0 H2 M

L . s, 5, 8
+
s, 3 0y 9,9
~- 3 Fully stirred
s, s &, Ot — >
depolymerization
s o s "o, 9 & polymerization
+
L I ] L] L T Amorphous

aqueous solution

Low temperature (140°C)
hydrothermal treatment ?
e

aluminosilicate

%
?%§° B
wE

ZSM-5 crystal nuclei

nucleation

PHMB
Fully stirred
v Z
bt o
\ == > .;,,
ﬁ |  Crystallization (130°C) f‘: i
‘Z = PHMB decomposition & /‘»\:\ [.;r\‘ aAluminosqicate
— \ \\§-5 "!0}' intermediates
ZSM-S synthesis gel
TPA* PHMB
ATP + co, 2
TEOS © NH;

B 6 (MR ZSM-59K B i) & s 2 i e

Figure 6 (Color online) Schematic illustration of the formation of ZSM-5 zeolite nanosheet assemblies [76].
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aggregates [83].

351



T L LS 9K ZSM-5%3 05 RURE 7T 33 F

SPEH: (1) G IR, T A I 7R, Aot f
& THAXTABERG 0 2) MM T RS H
B, B, () RRIRI R, A R e
WA A K I R A S A RV R P S B IR B

6  ZRITHHBIES

KL BRI FTRAEERIRIEKZ FERE
MIVEFIOK S A HLIE B T4 B SIS N 42 f
TRAE R, BRI I 16 77 25 fo £ 0 AN T 3 4 s S350 T 0
A= 5 Je kTG . RPN 4G i (SAC)TEAMY
BEME & 2k A RN AT DR m R . b E L
il S

FENARMITPA B TIRE T, HRGUK AR AR E
T4 R ESUAINYKZSM-5. 20164, RilyantiZs ™7
ARIHBIT, DMES A i 20% & 1A HLEE ) S 11
F(OSDA)E I 4 T 4k ZSM-5. AR R I, L
IR — B gl S R fE, R R SR R A K
B0 A AR M R R AR T AR PR A
KE, W WG T R FITE L B AR R4 2
AR

Tia POV <k A B Ak - 2V B 45 (DG C-
SAC)VETERKINSIO & & N RIh & i 1 F ki 2/
T50 nmfIZSM-5. 15 i T/EDGC-SAC L2 H sk 1
BRAZIREG N, AH T SRR K T LR R R £k,
AR R AR RIS, e Ge ok g i T2 BA
B R EURE R 25 9 FLIX S /N g K bt B AL 3 AR
[ R 3 7= A T KL R A FL. 78 FE R O R A S 7
ORI, &I BN B9k ZSM-5 T 34 Rl R T R o
AN, BE BRI, HXHERR &G n
BERA.

Xie5 " 3l T — i £ [ A5 T B A 2V A Bh 45
B [ B A WUSAR (G K ZSM-55 1T 1. SR RERR
b IR F [ A5 T BE (SSG)E VAR, 72
A HUBRR 77 B 24 R H 28 1R Bl Bh 1L (SAC), gl
KZSM-SH4E Sl s, [HAFER IR, 75N 2%
rh A R ZETRAIE T 99K ZSM-5 45 & i 74 v [ 4 S R
ORSE G E E S R el S ke

IR B (SAC)ERR &, IR% . AR
THFED IR 5077 52 B BRK R 2 DG, AT, 287340 BN
G S A B R SRR D ET RS 3 BT B e i

352

(I, K SIURARk ™ K Tlk A BB R ZIIT 7

7RISR R BRI IR IR
7.1 o )RRk

FEFGNKZSM-SIE R T EREZMHE 4. Bk
BT A7 A BEALE . SV, SRTTIX L6 kb
BT ARA R FERER. FRRIRMACE R A 55
e 7T, Gk R R R AR
RER TSR B3 AR 08y, BB 4R R A B B
BN T T A SR AR T JEORH R 0 B
MIESK ESRBL T2 sk tath 5145 ks w15
JENEE.

B % Ak B R AR T A 7= T2 e K R,
Fob 25 G A R E WL SR A ) rp R Th B EC TR I A A
Y. 20094E, Zhu AT SR BRI R JFOR R A AR T
A m g i AR 5K AR 2 PE I 9K ZSM-54) F
B, YueE UL KARERRERR BL (B AT A /i £l
T A B A5 3 v 4 T AN AL R R AR A ME— 1
FEJRAERR, KA 5 MUK RITVE S R T 9IKZSM-5 (E18).
XHHR R (XRE)Z SRR, PiF R0 P LT
BT I AR AL BB R 2R B N B A i 2 .

NT LN EFEYIR D, ARSI i
I A1, Zhang5"” 5 HE 72 K (RHA)YZEAT (8115 57
H, TETCIEFFAE R LA AR ZSM-59 T, H.
LKA AR, Z s B T 1A BCR (R T2
70%) FME RRAS A 35 38 b A 7 2K i Rl e F 4t 138
MR EBARTT R, DU T AN T AR LR AR )
HA B s M E &5 0.

TEGKZSM-SI A L E ., Il i 4 58 /N ki 4%

ChenZ PSR T LU R XA AL(OH), AR R, #2
H T IR B A 2 R e RAR A TS TR TR A R 2D
ANINTE LRI R K ZSM-5 18 7%, T AL
FIISTARKI B2, Sk RSFRUN, AT, $0y
BRI X — R B 25 & T 0% L& I ZSM-511)
SRV, ST L AR R
20244, Wang25 "M i fek 1 [ s 2 75490 h R Y
RERRIR Eh oM JE k), I8 A AL 7 RE A R T 9N
KPZSM-5REAR. % 5Hilg R 7 E/D & TPAOHE A
SER A7), AN T5 B I ARE AR, > TR



REFR: b 20254 H55F 0 H2 M

Reorganization
<—— Crystallization —>}<—Further crystallization

Diatomite

Thermal
treatment

. Soluble nutrients

. : o it :
‘e Aland Si species in solution ‘

Thermally
treated diatomite

SMS depolymerization
rectorite

T SMS
depolymerization Insoluble

. mesoporous
seeds

T
Rectorite

1.

-
-

Nano-crystalline sheets

1.

-
1
N o

Hierarchical ZSM-5

B8 (PMI4RARR B it 99K i SR T AL ¥ ISR £ I 409K ZS M-S0 A1 SRS T i P Jad s 7 )

Figure 8 (Color online) Schematic illustration of a possible formation process of the nanosheet ZSM-5 zeolite aggregates synthesized from natural

minerals via the nanoscale depolymerization-reorganization approach [96].
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Research progress in green synthesis of nano-sized ZSM-5
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Abstract: As a type of zeolite with high catalytic activity and high stability, nano ZSM-5 plays an important role in
various fields of industry. However, a large amount of expensive and non-recyclable organic templates, as well as the
high energy consumption caused by long-term crystallization, limit the application of nano ZSM-5 and cause
environmental pollution. In addition, high temperature leads to excessive pressure in autoclave, posing safety hazard.
Therefore, developing green synthesis strategies for nano ZSM-5 zeolite is of great significance. In this review, green
synthesis methods of nano ZSM-5 in recent years are systematically described based on “green chemistry” principles.
The advantages and limitations of different green synthesis methods are compared, and their development directions are
prospected.
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