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Abstract: ZSM-5 zeolite is a typical porous aluminosilicate material widely used in chemical engineering,
environmental protection, and other fields due to its excellent hydrothermal stability, acid resistance, and shape—
selective catalysis. However, the sole microporous structure of zeolites still presents challenges in applications, such
as diffusion limitations, poor accessibility of active sites, and rapid deactivation by coking. In this study, nano—sized

single—crystal ZSM-5 zeolite was efficiently synthesized via a one—pot method using TPAOH as the sole template
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and AICL, as the highly active aluminum source. The effects of aluminum source, Si/Al ratio, TPAOH content, and
crystallization temperature on the crystallization characteristics, morphology, pore structure, and aluminum
coordination environment of the zeolite were investigated, and the crystallization mechanism and -catalytic
performance in methanol to propylene (MTP) were elucidated. The results show that increasing the Si/Al ratio and
crystallization temperature both lead to a non—monotonic change in the relative crystallinity and BET specific
surface area of the zeolite, which first increase and then decrease, while also reducing the crystal size. Increasing
the TPAOH content continuously enhances the relative crystallinity and BET specific surface area and significantly
refines the crystal size. Under the optimized conditions using aluminum chloride as the aluminum source, Si/Al ratio
of 100, n(TPAOH)/n(Si0,) = 0.35, and crystallization temperature of 170°C, the obtained nano-sized single—crystal
ZSM-5 zeolite exhibits a crystal size of approximately 110 nm, a BET specific surface area of 398.72 m’/g, an
average pore size of 5.44 nm, maintains a methanol conversion rate above 80% in the MTP reaction, and achieves a
maximum propylene selectivity of 60%. The crystal growth process of the nano—sized ZSM-5 zeolite undergoes

multiple stages of "nucleation—ripening-stabilization." This study provides an important reference for the design

and preparation of high—performance nano—sized single—crystal ZSM-5 zeolite materials.
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Fig.1 Schematic diagram of the ZSM~35 zeolite preparation process
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Fig.2 Effect of aluminum sources on nanosized single—crystal ZSM-5 zeolite

:(a) SEM image; (b) XRD pattern; (c) ’Al solid—state NMR spectrum;

(d) N, adsorption—desorption isotherm and (e) pore size distribution plot
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Table 1 Effect of aluminum sources on the pore structure

of nanosized single—crystal ZSM-5 zeolite

S S S
*i [=] BET micro external
Ty g (mg)

Z5-N 341.92 21691 125.01 0.31 0.11 3.58

Vl(
((:m3/g) ((:mB/g) (nm)

V. D

otal micro pore

75-S 322.67  228.03 94.64 0.19 0.12 2.31
75-C 380.35  276.14 104.21 0.40 0.14 4.23
75-pP 369.19  232.73 136.46 0.49 0.12 5.29
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BT BB AL A5 F BT e T [, AT LB AL
Lb 2R T AR I A

25 b AERERR H 50~300 78 Fl N 24 AT 4 4l
K B ZSM=5 43 10, H. Z5-100 22 B v B A
BYRIAR AT RAFIOES A S R TR . Rk,
VEEURESR L 100 At il 4 S50
222 TPAOHAMmE# ¥ TPAETHIRST JE
RN 22 BT 5 ZSM=-5 431 1) MFT B 42 fL 18 45
oy e 2 VG C 368 ok v v A 5 25 Ta) S S 2800, A
5| S RESR IR ER RN RS2 H A S kAT A P A A Tk
FE T R AT IR SE R DL SRR R T . R FE
JECREBC A n(Si0,): n(ALO,): n(TPAOH): n(Na,0): n
(H,0)=1:0.01: y : 0.01: 10 AL 8RR | LAkl 2
170°C Je i AL BT [H] 24 h 254, 38 3 98 4% TPAOH 7§



XX I www.hegxb.com.cn 7.
e
(a) Z550 & L
£ “’140.nm
~ 44 nm >
Sy 407NN ‘g’ hm 136.nme @
b g b = ( 12991m
G
£ 159.nm Sy ey Py
=¥ BTN SN
7
¢ w14 nm
M 3 O ©)
S 3~ A~ 75-300
TS 8 _
‘r Mv 75-300 FARTLE B 75.57% Z5-250
- = / \ Z5-200
S ‘h M 75-250 FENTLEMBEE: 87.52% 5
s - ~— & AN 75-150
2 h ’” 75200 AAXIEEME: 84.47% | 2
g | | 1 g
15 75-150 XL BB 100.00% | £ Z5-100
A] h 75-100 FEXSLEMEE: 97.14%
h h‘ 7550  AXIEERE: 68.42% Z5-50
10 20 30 40 50 100 75 50 25 0 -25
20 (9 3 (ppm)
(d) ] (e)
g —e—75-50 —e— Z5-100 —e— Z5-150 —o— 75-50 —o— Z5-100 —— Z5-150
= ——75-200 —o— Z5-250 —e— Z5-300 / so/\\:::isj?i_o_ 75-250 —a— Z5-300
(%] 1
® '} - .
§ El
° ®
£ § M
— O
2 T > >
g
2 >
€
[
>
© \s-g__‘

0.0 0.2 0.4 0.6 0.8
Relative Pressure (P/Po)

Pore Width (nm)

I3 RESH HLXT 9K B ZSM=5 53 T i) 5 )
Fig.3 Effect of the Si/Al ratio on nanosized single—crystal ZSM-5 zeolite

::(a) SEM image; (b) XRD pattern; (c) 2’Al solid-state NMR spectrum; (d) N, adsorption—desorption isotherm and (e) pore size distribution plot
(a)SEM [&13(b)XRD i &1 (c )77 AL FEMAAZ 335 P3N, W6 Y 11 26 L R e )P L A28 3 A 6]

Jid (n(TPAOH)/n(Si0,)) 9 0.15-0.40, SEHLX ZSM-5

IS NibE

A A

TPAOHAE R 450 T a1 5], HS fin i X ZSM-5 43
T TGS | AR 2 A0 5 LT A g ELAT R R s 1

o aniE 4(a) s, T AT B il 1 52 303 18 ST 0 44
KRB SARIES , B TPAOH Z AN i 0.15 B/ &=
0.40, 43 Ui A £ 52 B /N #, i 25-0.15T 1Y
206-290 nm 4 I 2 75-0.40T 14 74-113 nm, K5 5>
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Table 2 Effect of the Si/Al ratio on the pore structure of

nanosized single—crystal ZSM-5 zeolite

EF‘ EIIII"I SBF]I‘ Smwm S&xlmnal Vtm;ﬂ Vmi.»m Dpum
(mz/g) (m2/g) (mz/g) ((:m3/g) ((:mB/g) (nm)
75-50 372.58 244.66 127.92 0.44 0.13 4.70

7Z5-100 38597 21345 17252 0.49 0.11 5.04

75-150  301.54  206.55 94.99 0.40 0.11 5.33
75-200  309.90 203.95 10594  0.45 0.11 5.87
75-250  308.22  198.62  109.60  0.42 0.10 5.48

75-300  338.79  230.34 10845  0.48 0.12 5.61

A3y B B =2 AR 7 ) B A 2% 11 22 o 45 A A e
W R IR AR I e e 5 Y — RS Bk
XRD (& 4(b)) 22 W & /=5 TPAOH 12 1] A R $2 7+ 40
RRUNERT YRS 2 RS A O R s = LS
TPAOH 7E & W BE I th iy Z AR FIMLE . — 7 T
O B A 38 v in ke 17 ek V5 R R A K i, 38 T
TEPEY R R BE , O —J7 T TPA™ (AR B B4 1) &y
B iSRG 3 v TR S s s
MEFTE 2R e, B SAZ A7 o5, A A FR 8 fe 0 R 43 B
T Z @i b, T E A2 2 A A A i [) e FR ] &
W RST, SEIGOK RS 55 8 4t B2 B B [ 4

Al MAS NMR 3% &l (&l 4(c)) #8577 T TPAOH %
TS X R A BB A AT R SR . AR
TEALA #8260 ppm b Y BUE 5, 15 & T U LA B
DR %A S 5R BERE TPAOH 7810 A8 K i Sl 488 5
Ja AT RE . X FRWIAE TPAOH TR AN 15 43
BR )P R BE B AT AR ) A S R AR L AR
TPAOH ¥ it BEASFE THR W Rl A B JRBIRLEE T
M TPAOH WS il 35 81— BE = 7R R i SR b
CHEARTE AT, IR B FRE

A & 4(d) AT 1, Z5-0. 15T AR 0 W B it 28 52 1
TR L B A AT DX R AR N s R X TG
B S DT IR 4, SR B AL AE DAL S5 0 o 3 5 5 Bl
# TPAOH RGN 2 0.20 2 LA b, IR A RS 3%
A TV AU 2 IR A A H3 R ] 28, Ui B A7 78
A fL o Bl 4(e) 3R W i A #F a1 FLAR 53 A1 1978 2-5
nm Z [0, AR T §h R FLAS A 7E . e 3
7~ ,725-0.15T 2 75-0.35T /Y BET L 3 1w £ h 347.86
m?/g % A T % 387.83 mi/g, AL L 22 T AR 2 90
A A H K e, B 210.04 m*/g 38 5 230.72 m’/g, MFI
HARWILA, H OB ALIR TR P 34 fL AR o ) 20 4
Fto B WE A TPAOH ik T & ik I
BIE LB P28 R . SR, 25-0.40T 1Y L3R AT

U PR [E1 9% i B TPAOH 1l BE S 800> Tt i R 4E
AR TR LT . I, Z25-0.35T fEIZ K &
TR I L FLEE Y, H BET L T8 R B &
Hh R TIFRIIA BN AR, S AR & h TPAOH S Akt
NI

25 I, 454 TPAOH ¥ &2 X 44 K B iy ZSM -5
O3 Ui T B0 ot A 45 4 R L 43 A 5 1Y) 52 ) R
4, PEHCTPAOH BRI 4y 0.35 , B A BE AL -
223 SR EGHw  fbREE N IEE ST
i i Ak SN Bl T 2 ) S S, AR R
BUR 22 HRE B P B K A R A R T
NS MR A KA AR P AR AR X gk
H i ZSM=5 410 A B B2 ), 7E S AR AS R AR TR
JEOBFAE HE R n(Si0,): n(ALO,): n(TPAOH): n(Na,0): n
(H,0) = 1: 0.01: 0.35: 0.01: 10 Jz L1} 7] 24 h 514
T S E AL IR S A 150°C-210°C, & = 2
TELE AN 5 iR o

W 5(a)Fr 7, AS 5] A AR TR R A R i 2 2 80
(B3] S5 R P A K FIORE , TESE T 7E 150°C-210"CHlt i [l
WA A R R B RAFEIES AT 1. Z25-150°C
R A2 0 A e B (60-151 nm ) , 5 WA 76 AR 5 Ak L2
LR NARR W IK SN R R BN S AR
2208 HAY — . A0 T2 170-190°CHY, AL
oA W R %, 43 51 28 109-124 nm AT 114-131
nm , PR RO B Ay 34—, 3502 R T R A I
FRTRER DT (0 1 it TR M AR T 1) F (A 7
Y e o R IR B PA , IR 1 T 389 0 A% S A AR
KR RSB — gk ik . iR — LS
2210°C, K2 4341 B K JE 98 (66-131 nm) , iX —
G A] BE TR T Ak e R T I A B R B R b
RO /NS AT 2 N TR 1 di A e A s i, R
i M B P AL I E R DU B R T AR R T

XRD (& 5(b)) i 7 B 4 i Ak B2 R 150°C T &5
£ 210°C, 431U 1 A X 45 o B S B T R ) /N R
FE AR AR S Ak T B T A s e AR AR K B )
2 TR 2 A X8 - s 1) 45 ok R R A T R A, Y
A AL T AR (<150°C) , B A fil F 0 LA o IR i
¥ 5 i K RE £, S 20as &R I AR 5 1M 24 S 4k
TR L B i (2210°C) , B bt B S SO AR 2, /1N
W R W, 33 Al MAS NMR #F— 25 36 41F =5 1 5%
PR 3 AR 45 4 1 AR LD, an B S(e) TR .
1 AR R T, A2 B T 60 ppm Ak A DU L
B BRERAT T R R /NI 0SS I A T
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Fig.4 Effect of TPAOH addition on nanosized single—crystal ZSM-5 zeolite

::(a) SEM image; (b) XRD pattern; (c) ’Al solid-state NMR spectrum; (d) N, adsorption—desorption isotherm and (e) pore size distribution plot

(a)SEM FE1(b)XRD 31 F15(c 7" AL 8P AP ON, WL LR £ L e AL 8 5
PALAE S SO0 R B AR BLER , 5 XRD 4553k A
BT R A A R T 2 AR S AR S A
PRIERENE T A N 7ESCTBR

AR BE B 150°CFF 2 170°C, BET b 36 1 2 i 348.81
m*/g P Tt 3 398.72 m*/g, MALIAFLH 0.45 cm’/g 3 &
0.54 cm®g, FH¥ L4 H 5.21 nm ¥ K % 5.44 nm, H.

N T A 3R B T R i 118 SR T il £ £
B A W S(d)e)i 7w , FLBR S5 M S50 22 4 iR o
JIE A A 2 2 BRIV R AR R 2R R AE L R A H3 AL ]
BN R SE AR RS S A LI AR e . B

AL 54 R E R S B K R BeALEs I i
S, SR, R HE— TR A 190°C-210°C
iF, BET 2% i A1 % 351.97 m¥g, M ALIAR /N 2
0.38 cm'g, ‘P fLAR MU 4E 2 4.34 nm., R4k
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Table 3 Effect of TPAOH addition on the pore structure Th VRS S VAR B R T S g R S A R
of nanosized single—crystal ZSM-5 zeolite KORZh F7 AR PERER A R A 4 S LA % Tk EL

St S S 14 V. D N N i 2 y
g S Swe S T Ve D gk, LB RSB THEE 190-

(m¥/g) (m*g) (m*g)  (ecm’/g) (cm’g) (nm) o s . - .
75-0.15T 34786 21004 13782 024 0.1 282 210°C, 3 s 9 i P B2 5 A AL B, S B3 AL
75-020T 366.87 212.15 15472 038 011 4.13 AR B | e A SO AL PERERY TR
75-025T 37476 22328 15148 046  0.12 496 g b it RGPS REAR L TPAOH IS i i A
75-030T 370.84 22671 14414 053 0.2 570 AR 45 T — RN K B 5 ZSM-5 7T
75-0.35T 387.83 23072 157.12 042 0.2 432 i, 255 F FH XRD .SEM .BET 1 MAS NMR £ £ 4F

75-0.40T 361.72 213.94 147.77 0.40 0.11 4.40 %ébﬁ*ﬁTﬁ?“ﬁ E‘in’f'{ﬁ'ribﬁ , %%TTZ’{ZIK% _F‘éw

KL i ZSM=5 43T ) e I T 20 454 - iR EE 100

(a) zs5-150°C 75-170°C 75-190°C ¢ 75-210°C
ll@m

P
A W \5“4
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()| 2 3 )
o g;." (o}
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~ S ~—
3 3
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> Z5-190°C  FEX & RE: 100.00% [ >
2 2
z 2
£ Z5170°C HEREERE: 0170% | = cJ\ 25-170°C
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20 (9 8 (ppm)
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Fig.5 Effect of crystallization temperature on nanosized single—crystal ZSM-5 zeolite

4::(a) SEM image; (b) XRD pattern; (c) *’Al solid—state NMR spectrum; (d) N, adsorption—desorption isotherm and (e) pore size distribution plot
(2)SEM [El:(b)XRD 1% ()77 AL A R 33 1] (N, W B il 5% Fl AR (e VFLAR A ]
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Table 4 Effect of crystallization temperature on the pore

structure of nanosized single—crystal ZSM-5 zeolite

ﬁﬁ:ﬁ SBET Smil:ln Se‘mern;ﬂ ‘/Inl.ll Vmil:m DPIIIP
(m%g)  (m¥g)  (w'/g) (em¥/g) (em’/g) (nm)

75-150°C 348.81 215.30 133.51 0.45 0.11 5.21
75-170°C 398.72 239.02 159.70 0.54 0.12 544
75-190°C 376.53 239.79 136.74 0.45 0.13 4.83

75-210°C 35197 21929 132.68  0.38 0.12  4.34

n(TPAOH)/n(Si0,) & 0.35. & 4k ¥ & 170°C , b 1)
ZSM=5 4y i 5 2 T G 1 A0 15 SR 0, R AR R
109-124 nm, H A /& 45 & B2, BET L 3% 1/ fL ik 3
398.72 m'/g, MALIARFHILE] 0.54 cm¥g.
23 MKRBEBDFIHHERVIERAR

S ZSM-5 4 T G e 245 3 Tz
8 AR H DA TG 22 T 17 914 2] 52 4 it AR 1) T Ab BG4
JUHIE VS T B S AR S RN A K S5 S B BRI HIL B
ARt — LW A MY fTERLE R T Z&FT,
22 AN [R) S AL TR I (3-48 h) 23 T IR R S O IR 51
AR S5 R DR A A5 0 AR FUAE R iR A K
1t TR K AL S5 5 S8 UL

RERGE 5y T L 0 A AL, R SEM XA
[Fi] it A B ) R B4 TR B0 AR U6 AT R B8 o B, WKL 6
()7 . 7ML R (3h) , Z5-3h ] ML F| 7S b
FIR 5 158 SR K ORI AT 5 B b A ) ) B 2
6 h, 7S AT AR G A JUR B B el D 5 i — 2P SR A AR
BFIE) 28 9 h S DA - B i HASCAAAE (B 38R 40 DK B0
BRI A TR G A ) B — R A A R, R T
ZSM-5 43 -1 #a T 3 1 g fe /M 5 S5 M s e iy
T AL A, 3R T IR 25 R OR A0 0 2 e A R
a7/

K JH TEM K BUHL 17 55 (SAED) YR A ik Hr 4
KR ZSM =5 43T 1 A AR S R AT 6(b)FT7 .
it H R R SSURE PR 8 A A 8 I 1Y) 2 7 L EL IR
— SICI B I AH ) ARk A5 0, iR LR S R AR R
WU HE B ) J5 T 2 A A 7 A A3 B T 7 A At B, L
BV HPAES T RN A E 0y e+ HES
HIC W] G i Bk e, SR B R A B R
PRSI AHN 1Y SAED K #E— 2044 T 1 5 23 [a] Y
AR S X R BT BE S AT R G AR A
B A ST A O 38 % & T () B N e AR 34 5 TE A A &R
MFI %4 ZSM-5 43U () A o = 7 Bl & B
SFFBE A0 R0 HE B 6T 1B 25 8] Poma (9 X FR 1

i

2B ANOK IR I SAED [ 1% 7] 75 B oA 2 S 5(010]
s [ 1001544 57 18], 5 ZSM=5 fb A UL i) 22 55
— 3, RGO S ARTE A KRR T AR S R
B A

254 XRD 5 7A1 MAS NMR 2553 (& 6(c)(d)) , #F
— /R ZSM-5 53 -0 ) i AL B A2 . 7E 3-48 hild
FEL PN, 43 0 10 R R &5 o B2 SE R 2 1 v Je B T AR
T, R ARG P AR e Y RN, 4R A%
1 1% A T 60 ppm Ak UE IR T DU BC A B 2R R 9
SRR IL Y B AR A . X OR R T URE R
PR sSECE 1B AR R AE AR 91 (<3 h) B P
A AL, R 220 ik B B0 TN FE R R o e
AR &5 ARG S AR A S AT P 1 X S 7R
£75 ) ) e A1 E T TS O (E b AR v = 2 SR e )
R

i T BT ] 2 3 428 ZSM—5 43 75 LI 45 14 T 1
FR) B DR 2R, o AR A L 40 K BRI ZSM-5 31 AL
TV 7 AL R S AL A A R v R s LA R
Mo W5 Fros B d AL A 3 h 7K %2 48 h,
FEA Y BET R AR A b R mm A R LR A 2
LA K5 AR B A, AP R TE B 103.35 mg
1 % 150.63 m*/g, B ALIARFH 0.43 em¥g 3 £ 0.50
em’/go GUAL R T AR S AL LR RO R i BEARUE
439 4 FEFE 220-230 m*/g AT10.11-0.12 em’/g A3 [l
N, 221 ZSM =5 431 i (1) MFT 5 28 45 ¥ 78 5 Ak 400 35
L T A 5 IR e B RS, 5 2 A Ak
FEAALHE T BN LR T S, 5 RS
i 8 A AZ R 1) A8 A R B B EDIE

BEF LR BT S R T — R T BB A B -
BA-F2E " Z B Bk B i ZSM-5 43 - i iR A=
KAV, WE 7R o 855, MFLE 22 25 1) e s
#, H PO ECA B AR AR i AL A R A
TEZ TP A% B8 AR 5 AR R W), 7S iR 5 T3] bR 4
KR AEAE . BES R 3R R AR SRR FUR TR Ak
T, 22 10 B 50 175 1 7 s A R IR, T8 A 1 it i [ 4%
ARIFORL S A KT HEA T HERR AR i T fh Rl A fL
MBI S AL o 2 R U R) S0 T AR B R Y 5
S LE M RS, S S TR K B T
e A AT 4 A B T BRI A
24 KBRS FIER MTP #4180

XoF 20 2K B & 0 R RS 43 O 2R AT MTP fie
ferEremiA. aniE 8(a) R , B 23 i w0 4 Y
AL RN 60% , 76 N HHH 60 min N T R
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Fig.6  Effect of crystallization time on nanosized single—crystal ZSM-5 zeolite
#:(a) SEM image; (b) TEM and SAED images; (¢) XRD pattern and (d) ’Al solid—state NMR spectrum
(a)SEM FEl(b)TEM K SAED FEl;(c)XRD 5 FIF(d)7 Al B i4A% R 5 12
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Table 5 Effect of crystallization time on the pore

structure of nanosized single—crystal ZSM-5 zeolite

S

*364 = BET Sml(‘m Sexlﬂn.}l
23]

extel Vl( Vmil’l 0 D
(m%g)  (m’g)  (m¥g)

(em'fe) (cm¥g) (nm)

pore

75-3h 331.60 22826 103.35 043 0.12 5.15
75-6h 337.37 23252 10485 048 0.12 5.73
75-%h 364.03 21627 14775 047 0.11 5.21
75-18h  377.81  231.51 146.30  0.50 0.12 5.24
75-24h 37242  221.78  150.63  0.50 0.12 5.40
75-48h 37390 232.66 141.24  0.49 0.12 5.26

55% ZeA, B JE B TH 22 70% , I 4ERAE 70-75% , 3%
Bt 7T FH 0 K 15 S 10 5 R X R A 1 3
PR, MEZ T, 9k 80 T it wth
FH B 7 Ak 2% 155 38 85% , I 7E 0-420 min YK B[] 2
o7 3 A P 4 HEAE 80% LA b, A H B BH B A 4 T
P, X —SERIRIT, GK B 2 RE A R I

7495 0 P s B BB AR, R v T R A A A T
et DT 482 T R B AR 5 R B AR 1 . I ET 8
(b)Y 7, 1 FH 430 4F 0—420 min 2 1 B} 8] P 3F- 3
PR e B 38 R 339% , I S g 3o e R 200
31, 7E 120 min F 2 5 27%, Bl 5 508 [0
S W, 2% B A Ak 8 B S 1 R A T TR O
K BRL 43 04 R 06 TN M 3 R PR 1K 3 60% , 1E
240 min 5 4EHF1E 35-40% [X [8] , 5 AR 4 e R kA
E TR AT X R, 40K 505 ZSM -5 43 F0ifi
1) i R 235 K TR AT R 1 T O A B S B, B A G T
MTP J I (4 6 T A AL AL, 7T A5 R0AE 2% 43 F- Bifi 2%
o L5 WK A ZSM=5 5 T e F Bkl fb % 5
PR 1o 20 D T ) 3 AR AR T R ZSM-5 4 - Ui
(AR TR 1 i, 35 gl oKk RUST A ke 1) 4 R 9 0 %
B R A BRI AE UIAE C 1R
MTP 2 v HH BAT B AF 0 7 o

Ostwald # 4t
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Fig.7  Crystallization schematic of nanosized single—crystal ZSM-5 zeolite
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TPAOH 2% 14, B T) il #8 T = 1 AE 19 9 K B
ZSM=5 43 - , TRATR ST T SRS IR X 43 0 B 28
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