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Preparation and Characterization of Hierarchical Porous
Molecular Sieves: Effects of Alkali Concentration and Treatment
Time
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Abstract: ZSM-5 molecular sieves have attracted widespread attention and application due to their high specific surface area,
high stability, and abundant pore structure. However, commercial ZSM-5 molecular sieves are mainly microporous, which
limits their applications in some fields. In this study, a simple alkaline treatment method was used to successfully synthesize
hierarchical porous ZSM-5 molecular sieves by varying the concentration of NaOH and the treatment time. Characterization
using X-ray diffraction, Fourier-transform infrared spectroscopy, nitrogen adsorption-desorption, and scanning electron
microscopy was conducted to examine the changes in the physical and chemical properties of ZSM-5 molecular sieves before
and after treatment. The results indicate that alkaline treatment does not alter the MFI topology of the molecular sieve, and
that higher alkali concentration and longer treatment time lead to the formation of more mesopores with larger pore size and
pore volume in ZSM-5 molecular sieves, primarily due to alkali etching of the sieve's surface or framework.
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ZSM-5 5y T oy Sk 2 ALE5 K, v DL R B R AP FLEE R 2%, BRS i TR A% ot FR 1
WAL, ZSM-5 77 T e FLEE MO A R M BE AT AR KRS . Liao 5 NBURIN, SHCFLEAAHLL,
Gr9R ZSM-5 43T LE T 4- TF TR Jo RT3 I Joe 2 A ol 2 Ty 60 R 045 ) AR AT PG T 32 iy o Liu 55 NP5 1
T 294 ZSM-5 (HP-ZSM-5) #ifi, 5 ZSM-5 FEfAREL, BT 5IN T 35 A FLANE MR A,
HP-ZSM-5 FF il F 30 H 38 5 R R 1 AN IG N R B2 47 6T CMTO JREfF I+ 1% . Arnon K &8 AR A
BRI G B T/ FL ZSM-5 (MFD) WA, sEIeR A, ol ZSM-5 WA LL i ZSM-5 I B R
PRI P20 775, AT TAESR 2L N K i bR 22 B B A LA . Wang 8 NDIBEFCR I, 1L
SERIIT) ZSM-5 X AT Csas IRE A PIIIE R VERI BT 1 CHa T R 1R KEgm . BRIk, nfer = A=
T ZSM-5 70 T I A FLEE R, R 72 1 74T

B A B 5 152 H TS ZSM-5 3 Tl i i B HA R ke —, B ARG & 50k
fal . EE PG (4 02, Hartanto DUSYEE NG I BRAC B Ih & B T 2 HFL ZSM-5 43 Fiifi o BlAb i
FERFH TAEMMEM T, 5 ZSM-5 43T 1) SiOz W1 J5 8], Af Si A 439 (14 B 22 v i
W, MR = AN FLE H 04, Li 25 A0S o B b B (1) 5 i1 % 7 AL ZSM-5 4 T, £ 0.5
mol-L"! NaOH. 150 min H1 75 °C %4~ , 4 1L ZSM-5 WP 751 s tH i KIS & . Cao 6 A
(16T FH i 24 9% 52 PRI B AL LK) P-0.5A-Z5-ST FEf R B 1 i 2 IIRYERL 55, I HAE TOS=660 min I I H
B9 B R . R, RGBSR B R B,
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1.1 BREEE

ZSM-5 5311 (SI/AI=38) KH ElgF A RHEA R AR S8 (NaOHD Sk H iR
BT AR H IR AT ; Tk LEE (CHsOH) SRE BRI AU THR AR £BET/K CHED
AR5 R b 4k
1.2 AL ZSM-5 [t %

WSS FREX 4 g ZSM-5 4r ¥ 4 B F] 0/0.05/0.15/0.3 mol-L! ) NaOH ¥ (100 mL)
W, TE 70 °)CRBEHE 1 /MR, AHIZRER, HLKOEEMEETRZBREE SN, BN 80 °CIrt
FAH T4 10 /B SRR RS, TED 3647 550 °C RS 6 /N (FHEIE K 2 °C/min) . £
AT N B fr 44 N ZSM-5-0. ZSM-5-0.05. ZSM-5-0.15 F1 ZSM-5-0.3, ZSM-5-0 A= F NaOH 4t
i,

(RIS 7 IR SEI6 3 at -, FREX 4 ¢ ZSM-5 4011 73 5 I 2 0.3 mol-L! 1) NaOH ¥

(100 mL) Bebf i, 7E 70 °CRHEHES AT FE 2 /NSEAT 3 /N, WA =R, HTGK SBEM 281K
RV APE, N 80 CCHIMLAEH T8 10 /N T HERBTES 5, 7E 347 550 °C F k%
6 /NI (R R 2 °C/min) o £ dh 205l fir 4 ZSM-5-2 fil ZSM-5-3, Horr, ¥R FE 2 5236 oh ZSM-5-0.3
Ffn %N ZSM-5-1,
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X SHERATHSEE (XRD) 7E X SFRATH (fEE A58 D8 advance ) 4T, WK% {F: Cu
B Ka B2k, L 40.0kV, B 30mV, FAHVEH 5-80°, HHHHE 6 °/min.
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FHUCECN 320

B TE LR TAR &AL A LR R A R AR, 3H-2000PS2 BY) kA7 20 <R Bt
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AP FLFL AR LA K HK Al AL FLAR

B I B BB (SEMD RAETEAE[E 22 7] A & 1) Sigma300 R 7 B Ase L5er,
SRALEFE R MO LS. %S SkV.
2 HREWR
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2.1.1 XRD
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Fig. 1 XRD patterns of ZSM-5 before and after treatment with different NaOH concentrations

2.12 FT-IR
I FT-IR 0 it MFL 4544, Wil 2 fros . B BOAE L e AR (R A B3 B 1 IR iic i, 43
BT 451 em'y 547 em'. 794 cm!y 1224 cmly 1630 em! AT 3653 em! Ab. 451 eme! Kb AR A UG Kok
R 2 ZSM-5 WHERI T-O Z k3. 547 e AW 4310 TLoc R SIS, 32 40 TR R 4544
FRAEIE0T-181, 794 et b RO ST 77 A 5 1 6 AR T-O-T IIRLHIIR SN 1224 et Ab W ST 5 431+ 7
AMERASKIFRFLARIRENE 55 1630 cm™ A1 3653 em! AW & 5 O-H 1725 fi3Rsh A 48 9k 50 4 %,
X FE A FTECY, X5 XRD 45 R, WA E R, BAREEIR T4 T-O-T 4544,
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Fig. 2 FT-IR spectra of ZSM-5 before and after treatment with different NaOH concentrations

2.1.3 SEM

FE G A T AR R LA, AR 3 Fn. A 3 FTBAE L, KA
BRALBEFR) ZSM-5 7 TR TG, RO =4k MFI 2544 . 18] b~d J9 AN [ B8O B2 AL PEE ZSM-5
7y ¥R SEM o FEFHANFIRBE ) NaOH ARBE 5, 7370 AR I T 46 B, HLRE G Bl 52 Y 4
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B 3 A[F NaOH AR 7 ZSM-5 i1 SEM [l
Fig. 3 SEM images of ZSM-5 before and after treatment with different NaOH concentrations
2.1.4 BET
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FR AP BB 4 (D From. WEITRRTLE 1, RFEATIALEL ) ZSM-5 J5 i A TR 45
4, HEAYIRREE, SN 1) ZSM-5 AR 2 HKIFL A, 2L EIR Ry . Bk
S, SFRAMRAIRA T oA, M4 WIALSEIR ih 288 i AL R TV SRR M 28 . 4 NaOH WK FEH
0.05~0.15 mol- L i, A NI SRR Hh £k, AT BRI 3A, Btk ZSM-5 701 UM SL v 325 24 NaOH
WRFEILF] 0.3 mol- L I, HIZRNIVAYSEIR M2, FEAHXS K /18 0.45 7245 FF 06 B Ha Y[R 36, it
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Fig. 4 Nitrogen adsorption-desorption isotherms (left) and pore size distributions (right) of ZSM-5 before and after

treatment with different NaOH concentrations
R 1 ONTRAL BT ZSM-5 (1 BRI AR B2 AL o 1 it 0 BE SR T AR 50 A BRL D el 0 Ak B T AR
Ak, (HARMALEZRUIL . ZSM-5 A FLALAE PR . M FLALAEBEE NaOH WK Z 85
MR, A FLAAEM 5.1 nm BN 16.2 nm, ~FEIFLAEM 2.4 5 F] T 9.3 nm, S fLFLA I 0.0883
cm?-g! §KE] 0.8628 cm®-g!, FEJFEKE NaOH 7EMNAMIZME T E S5 ZSM-5 H11] Si0, v, fif
Iy ) SiOANE SRR BT, AT AE A LA o
# 1 AF NaOH WELERTE ZSM-5 LR E R LER LA

Table 1 Specific surface area, pore size, and pore volume data of ZSM-5 before and after treatment with different

NaOH concentrations

Mean diameter (nm) Pore volume (cm?-g™)

Sger(m?-g™) Damicro Dimeso FHfLE Vmicro Vmeso

ZSM-5-0 397.5 0.7 5.1 2.4 0.1437 0.0883
ZSM-5-0.05 353.9 0.7 7.3 2.3 0.1800 0.0438
ZSM-5-0.15 345.8 0.5 15.0 3.7 0.1752 0.1763
ZSM-5-0.3 419.2 0.7 16.2 9.3 0.1466 0.8628

LE BT T SZIG I 3L AE B, 2B NaOH 3R 9 0.3 mol-L-! 44248 57 A 18] % ZSM-5 FLEE 4 (182 m) .
2.2 KbERHE
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2.2.1 XRD

5N ZSM-5 43 T E NaOH ¥R K £ A [A] A B ] A B 5 ) XRD & B A B2 1T )5 ) ZSM-5
Iy FIRITE 20=7.97 °, 8.82°, 23.32°, 23.94°, 24.41 4P T HFENE, HAFEIEKIAL B IFI%E R
A, WTE B AR I, T BRAL BT AN 22 O ZSM-5 43 TR ) MFL b2 . [RII, Beist B
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Fig. 5 XRD patterns of ZSM-5 treated with different alkali durations
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cmly 1224 em™' 1630 cm™ F1 3653 cm™! Ab I 1 R IAC e o IRAC U = A T S AT ) 2.1.2, i B A A 2
Ja, A FImH ML S50 3R 2038 . 4585 XRD X V.

2.2.3 SEM
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Fig. 6 FT-IR spectra of ZSM-5 with different alkali treatment times
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Fig. 7 SEM images of ZSM-5 treated with alkali for different durations

2.2.4 BET

FE i 20 LU R AR AL A A B . & 8 () N ZSM-5 FE 4t 0~3 h Bk B Je
ISP R . EIRT DA, ZSM-5 15 M 28 A2 7 B R 1078 Ak, e IY 450 i 2 1) S TV Y
IR AR AR 0.0<P/Po<0.4 I, ZHIR MR BN T2, KU T ZSM-5 J3 1 P AFERAL . 24 P/Po>0.4
B, BRACER S ) ZSM-5 43T F 4R 3 Ha (RIS 3, 5 2 10 5 DR 2 A 3 1o A% v 43 10 kAT TR
FEAE T LA o [RIIE R D Ab BRI ] (AN R, TR BRI ER (R RN A — 4, AR BRI TR, TR
[P BR R . RAL BRI R] Dy 3 h B, B R, SR TR A LR L, RSB R
L2 AL . AR E CGEED B E S5 T T aa = A AL, B LI S e A AL B
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Fig. 8 Nitrogen adsorption-desorption curves (left) and pore size distribution (right) of ZSM-5 with different alkali

treatment times
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R 2 NAEATE TR LR IAL. LML . KX T LUE Y, ABERT S 2 0
[ EL R TR K, BITE 400 m?-g ! Aida o A I FLARBE 5 AL BRI R RE K, M 2.4 nm 03] 12.2
nm, AFLFLEZHIE A, M 0.0883 cm® ¢! §KF] 1.1529 cm?-g'ls
22 FRBAER RETE ZSM-5 FHLRTER . AR RILEHE

Table 2 Specific surface area, pore size, and pore volume data of ZSM-5 before and after different alkali treatment

times
Mean diameter (nm) Pore volume (cm?3-g™!)
Sger(m?-g!) Dumicro Dueso FHfLAE Vmicro Vineso
ZSM-5-0 397.5 0.7 5.1 2.4 0.1437 0.0883
ZSM-5-1 419.2 0.7 16.2 9.3 0.1466 0.8628
ZSM-5-2 392.1 0.7 13.3 11.3 0.1084 1.0589
ZSM-5-3 391.5 0.7 12.6 12.2 0.0975 1.1529

3 &k

(1) BFEIE I 6 511K NaOH WAL B T 3%, il & 7 — RHN 2 %Al ZSM-5 43 7. Jiid ol
NaOH ¥ L AL BRI 8], 4RFT 7 AR 70 70 fLAe . FLA IR . SEIe 45 R W], NaOH ik
FEiliEr, AR BRI ARG, ZSM-5 TR AE LB H sk 2, FLARFIALA R, 24 NaOH 1
W 0.3 mol 'L, ACBEESEDY 3 h i, 7¢ 7 EARFEEWNAEHE . BRMASLE (1220m) M
L& (11529 em®-g) o FER WM TR A& E 2L WA 2.

(2) 1#id XRD. FT-IR. SEM %83 AE, UEH] 1 HAL A2 2088 73 9 i) MFT 2544, {H [A] i
VESE 7 AR P R B 8] PR B AL 2], 2 23 07 1) &5 0 B2 R AT o AR B — T U/ M ZSMI-5 43 F I (1 3
AR PN, REED HNHRE.
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