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Abstract Beta nanocrystal aggregates (BNA) possessing two types of hierarchical mesopores have been synthesized
by the one-step conversion of the ordered mesoporous material AI-SBA-15 following a seed-assisted steaming conver-
sion (SASC) strategy. The relationship between the assembly of the Beta zeolite and the evolution of hierarchical
mesostructure was systematically investigated. Using a controllable thermal treatment, the P123 micelle was
selectively decomposed to form the carbonaceous particles that highly dispersed inside the mesopores, and then a
new three-dimensional nanosized space network was constructed in the whole AI-SBA-15 bulky particles. With the
help of the pre-impregnated Beta seed solution and tetraethylammonium cation (TEA*) template, the amorphous
Al-SBA-15 walls were slowly converted to the Beta nanocrystals in these spaces under the low-solvent-content

conditions. By adjusting the synthesis parameters, the resulting nanocrystals arranged along the Al-SBA-15 wall
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direction and formed a newly ordered mesostrcuture. In addition, the BNA has another kind of large cavity that

connected through the mesopores after the removal of carbonaceous particles. On the other hand, the high-quality
framework assembly derived from the slow mass transfer directly caused the strong acidity of the final BNA. The
strong acidity combined with the excellent hierarchical textural characteristic endow BNA with great application
potential in acid catalytic reactions involving large molecules.

Keywords Hierarchical Beta nanocrystal; AI-SBA-15; Seed-assisted steaming conversion; Framework assembly
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T, BN IR G PR T A 808N Beta 43T AR -G I Py vh 290 AL a0 S e s 0l B2, X
S RILIK BT VR 1 B TR W X LA AT SR i A E L A i AL L R v 5 5 | R/ INFURE 7 1) F
A, DT R (B) Y 2 SR FLEE RO . B AREA A, B i AR K BR R [ 25 (], 2R 2 AL Beta
Ay TR R AR R RS . e Rl A HE R HES (R BRIE 2 SR ml A L SORR 2544 () = 4R b4 ) RS
My, 752 1450 B = HEA A TP I-RALESH 9 2 941 Beta 731 22,

AT A FNE S Beta BERLEE, FEMRE R R GRS, KA A fL5 70 AI-SBA-15 5
AL ARG ALK Beta 9K i AT R AR (BNA) 224 75, X AL-SBA-15 LAY P123 A A 7 AT #5300 i,
W I AL AR IR , 55 B4 BT AL-SBA-15 KR Y38, FELHT 1 =423 (8], LLFR ] Beta 431 AE
K5 SRIG, T Beta dhFA S B 284135 5 B, 5 AI-SBA-15 JCE B FLBEAE bk % 8] N — £ 4k
BNA.

1 SCIGERSY

1.1 5=

RAE OB -RAE NP - R A L he =i BeIL R Y (P123, I E 5298 5800) , FE[E
Aldrich fb24 28] 5 VU 23 A ALK B (TEAOH, B 4125% ) , KEDEE b2l IERERR Y
ZTR(TEOS) | JUKGRHRRE . ERAREN . SV ALINFIRS IR L , o0 hral, 258 =i A IR A <
A AERE (0. 2~0. 3 wm) , 72 Aldrich fb2#2A ] .

D8-Advanc Y X S 2 717 AL (XRD) , &5 41 6 50 AXS A vl , Cu#l, 4 HLE N 40 kv, HUIR N
40 mA, A KA 0..02°; Autosorh-1Q3 TUH IR HHL , 36 [H B (AR 7, WIRIRAE 9 77 K, Wity
1453 K FXRE A B T SAL 2R 6 h; Nicolet10 BULLAMEHHY, S&EFHLA F ; JSM-7800F #1347 & 5 414
HL 7~ 2 G (SEM) #1 JEM-2100 PLUS 37 % 5325 56 H 7 358 (TEM) . H ASHL PR 2345 Bruker
Ascend-500 B G IR G (NMR) , Hi 1= Bruker 23 7] ; AutoChem TTT R AL 22 WE FHL, 56 [ 22 7/ ]
DXR BRI, S EHE A, G R 785 nm.
1.2 EIHRE

Scheme 1 APHEAT A £LJ3 T+ Al-SBA-15 BORC AR HE AL BNA (/R B3 26 (1) 1]
257 fifk AI-SBA-15 H i) P123 Ji oA , 78 UKL A A4 SR i 4 28 K A BR J8 28 18] (CGS) 5 (2) ] Beta
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FaFI-TEA* Z 20, 15 S E2R4%E; (3) MR E K. 78 BBk, 402% Beta 2010 rifs G
FIET AI-SBA-151LEE . 7ERRUR AT BRISAE R T, Beta 492K S B 52T AI-SBA-15FLEE . JHT &=
B, 1 Beta 24K ST AI-SBA-15 FLEEJ5 [l ALUIHES , RTAS204 T3/ Z5H .

Al-SBA-15 Nanosized Beta

/@ @ /@ cos Q\
Erphyegks
W e

CGS : Crystal growth space
. . Beta nanocrystal aggregate

o . Carbonaceous particles

Scheme 1 Schematic representation of formation of BNA by directly converting the Al-SBA-15 bulky
particles following the SASC method

Step 1: selective decomposition of P123 micelle; step 2: induced assembly; step 3: controllable crystal growth.

1.2.1  AI-SBA-15 B84 R FETCIRAM T A M AI-SBA-15: FRHX 2. 2 ¢(0. 38 mmol) =itk Bt ALY
P123 T 54 mL LB FKkH, FIR T HHEEM; A 2.2 ¢(1. 8 mmol) JUKARSERES, EFE 30 min; i
fn4. 0 mL TEOS, 20 FHERE 15 h)m, THEZE 313 K, FiEHE 24 h; BB SWEB 2 KRG T,
F373 Kibfb 2 d; M7= ibtrares . PR AEL A0 BE s 5 FrfS 1k AR & T S hdr, L3 K/min A5
FIHRZE 393 K, i1 hy QR 2 673 K, 4 hy ASRRAI RSN, EI155] AI-SBA-15 50k

122 Beta T & f 894 5 #50. 055 g(1. 4 mmol )AL AN 5 0. 1 g(1. 2 mmol) R4S BN T 10. 3
mL TEAOH 7KW HT, A 1. 6 o SAH AL RE, s8It 4 h s, R 2K IE &, T 413 Kk
3h. BRNIAR AR ENE R, A AN R Beta 730 fb A A WL .

123 BNAW &M #2.7 mL Beta s FA 7> 3 R INZE 0. 8 g AI-SBA-15 J5UKH, SR/ 0. 9 mL
TEAOH KW . BRI IG Y FEFHET 3 h, BRI 43 51158 333, 373, 373 F1333 K. Irf#igk
SNBSS , FUAEEAT 2.5 mL 0. 7 mol/L 8 AL HI/K IS I KK A BN, T 423 K43ilikfT74, 8, 12,
24, 36 196 hZE AL FR . PEM . MET RIS 9, T 823 KAGHe 5 h, 193] BNA-x (x IR 28 AL H I}
[E]). K BNA JIIA 0. 5 mol/L A ER /KW h (LB A 1 /50 mLL), F313 K$iidk6 h i, mE ik

VB3R, BRRAIE IS BB i FE , 5245 8 H-BNA, TR SR AE .

2 HR5WHE

2.1 AI-SBA-15E B #RAE

& 1 A AN [ BE A5 e 1 AL-SBA-15 1 XRD i 5 N, W B - I B S 3 R AR S5 2R . 28 673 KARIR RS BE
AL1-SBA-15 J5URH B2k ) A 58 BB A WA P123 JIE o, A= iR RIS AE T Al-SBA-157 ?LVHS
M4 823 K ke e ) AL-SBA-15 (B 4k b) W58 kR T P123 i o, HALIE TE TP, WK 1(A) iR,
AN BE RSB TS AL-SBA-15 A% i 9 XRD 335 1] b 357 B0 3 AT T R A7 565 06, 43 % - 1T 7S 45 44 1)
(100), (110)H1(200) 41 . 823 KA BEFTIS MY A1-SBA-15 K fit A AT 5 A ria) 405 £ 58 O % , 00 B s Tl
L TCHLC R WA 75y, AR, 540, WE 1(B) Fiw, AR RS Be iy A-SBA-15 [ N,
IF - I8 o 5 305 2 350 SR b v 1) TV RO AT I B0 HLL B F A, 7 W FRE AT R B = v, W R ) 2R R34 %
HEAE G 0. 80 AL, i J5 B4 b R 38 FEI I AR 1] (p/py=0. 65~0. 94) , LA B FIE RFF 43 32 43 532445 1) i FL A%
RAFAHTEILE 1(COFND) . axX—Z5 SRR, W BRI 2T 1) AS [R) B e e 1 AL-SBA-15 FLAE PN (438 78 Fl
WA RES, E LN R R T ELFLAR AR RS, P123 AN 5 4= 43 fifk AR R A0 B 9 o o A AR
AL-SBA-15 A FLIEARFN RS, JLLAGN K BURE 25 5 B A BT fLIE H , ST 7E A1-SBA-15 FiUk: ;N A4 B 4H
K75 0] (Scheme 1 H2E5% 1)
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Fig.1 Small angle XRD patterns(A), N, adsorption-desorption isotherms(B), pore size distribution
curves calculated from adsorption branch(C) and desorption branch(D) of AlI-SBA-15 calcined
at 673 K(a) and 823 K(b)

2.2 BNARISRFAEHMEREERAR

P 2 Sy At ol B 2 U A (SASC) S [+ B ) B A4 it 9 XRD B 4] . 2250 I ] (24 12 h) 78 AL 3
J& . HJE T AL1-SBA-15 J5URH(100 ) & T 8 77 55 06 ) KA B2 7 I B8 8 22 0. 85°, HLAET FATE IR WAT S
B R AU (2924 h) , BNA-24 76/ MATE R RGN %, [N, 767, 82°FI122. 64°fb i BLAT
S (LR d) , X T BEA G545 (101) 1 (302) AT . 45K A BRI 2 36 h, [ A 3 FB A9 107 e 3
BEREIN TR, T AI-SBA-1S JSURHAY AT I P 1 707 5606 52 20 2, D691 BEA 4544 7R 5 55 3
AL-SBA-15 EL 56404 Beta 40 -7 . “BEA RiGT{E 5B B 554k, BB Beta 23 T 7= ok R F/N, 4k
SO 53—, FENTEIE R T AL-SBA-15 JEURH TSI 2K, 76 1. 16°Ab s BL T SERTHIE,
B Beta 2K S A LI MR 1, 1 5 54 P g

0 20 30 40 50
20/(°) 20/(°)

Fig. 2 Small angle(A) and large angle(B) XRD patterns of BNA-4(a), BNA-8(b), BNA-12(c),
BNA-24(d) and BNA-36(e)
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&3 4y A1I-SBA-15 J5UEHFI BNA-36 1 SEM B 5. fHEI3 A] UL, A1-SBA-15 il BNA-36 UKL 52 AN KL
A EIRTE ST, —F IR S EARAAL, D] Beta 23197 Al 20 255 1 72 & 4E T AL-SBA-15 Uk N 35
BNA-36 UKL 3557 4K SR TSR A, 4K SRIAR 29 30 nm, 33 SEZ0 K S PR T R RSURL A5 1) HE
H. FEXRDIEE R, 1. 1674 HBUB BfT ST (2 Hr i<k e ), DEIHIX 2L Beta 94K f 42 Fi AI-SBA-15 4L
BER I ICHLC R AL AT, HAT 8 5 AI-SBA-15 FLEE Jy m JEA T A, X AR HES 7 X i BNA-36 T
BT AP WREEH

500 nm

Fig. 3 SEM images of AI-SBA-15(A) and BNA-36(B, C)

Pl 4 S AN ) 25 AR FRESF (145 31 Y BNA R i 1) N, W B - IR SR 30 25 5 . 55 AL-SBA-15 J5UBH L, BT Ay
BNA FE S35 30 B 5 W B S BRIR G . {H BNA-4 WZ 43 327 FE R 0. 90 Ak H 3 1 A58 Aty W% b6 o
RIFE, BEITZRE i TP AR TE R AR IRDE A AL . Z8 A SR ] S 28 8 h, K — W SAH A R aed 52 1] 55 R
A5 22 0. 94 R I I U5 5 dRE e 28 b BT[], MR IR RIS 5 . BNA-12, BNA-24 Fl1 BNA-36
47 g BT (10 TR PR AR T U R 4R R Ak
R BT 207 BT AT N, W - o B 5 L £k 38 2
H B BR , FLBAZE U (LN R4 K, 35 /5 3R 2
AR H3 By HA B, BNA-36 S BL5 HA BRI 5
R, 16HH BNA-36 J2 i R T i B 3550 1) 40 K Jks
R IE A, 3% 5 SEM B — 8. (A=K
&, AR SR IO S A IAE LR 0. 41 b G,
B SBURL SR T Y2 AFTE 7 CIRFLES ™. BERAEH
() N, 435 4b R [0 L H 1 R B I35 437 19 G 0
SRR, SO R ER 4 (R B I LT Y% Remtepsemnon,
6. SASC & BUFCHL AT AT, 1 28 CIRFL G TE A

15

10

Tags/(mmol-g1)

5

Fig. 4 Nitrogen adsorption-desorption isotherms at 77 K

TR AE AL-SBA-15 UKL A OB 4 K JURLIF) 125 of BNA synthesized at 423 K for 4 h(a), 8 h(b),
WA K. 25 1, BNA PAE7E 3R LS #, 43 12 h(c), 24 h(d) and 36 h(e)

B A Beta 27 B B 1A F L . 90 SR a] i The isotherms were offset vertically by 5.2, 10.5, 14.7 and
I ALFNBRATURL 3 I TE IR 7 CRAL 18. 4 mmol/g.

&5 BNA-36 [ TEM F1 STEM B F. W& 5(A) 7R, BNA-36 442K d ki 421 5], 24954 30 nm,
H AR IR N EBAEAE N S5 SO LRI S (B) |, X T Beta 2370 (B ML R 46 . 3 S0 40 K 50K K1
WIHES , 55 A-SBA-15 J5URHLBE )y [ B2 A F 4. 16 STEM F8 H- rh & 300 A SR A BURE N 43 Al 6 K7 CIR AL
[EIS(COF(D) ]2 FiRZESULET , BNA H ) 2 Fi 2 A FLEAS #4435 K U5 T 40K it AR 0 KAL) HE 57 sk
ST 43

T 823 K K5 B354 FLFL I 52 42 FF K AL-SBA-15 Ji5 , SR JH SASC 5 B4 i 1Y) Beta 43 i 45 i JiF
N IR - B 25 2k S TR (A S35 BRI ST, g SR AL o T kbl S Lkl &
A SRS BRI S) L X — S5 UL, SRR il A SR A1-SBA-15, PR Beta 49K
Al CE SEURHIURE 2 252, =T 5 SRR, R AE iR it 2 L5 44
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50 nm

1 I/nm

Fig. 5 TEM(A, B) and STEM(C, D) images of BNA-36
Inset of (A) is the relative SAED pattern.

X BNA-36 #E4T T B AAZREIL RIS . 4 6 (A) s, BNA-36 H1% Q3 Fl Q4 i {E 5 5 1
K94, 8%, 55 HAKINA B Beta 44K 7 T-0RiAH G, BNA B 2220 55 it i B s AL, 37525 TIRIA I
MR , AL-SBA-15 FLEEFF A TCHLOC R 7EfF 25 . SEHE | 6 S s Ao A v 4% ol R 18 H e 3
=, B, "BEA BRI AT 5B AL RE S IR BT i S A J5 0] . AL MAS NMR &K 6(B) AT I, K
ZREE A AR AR (6 55. 6) , iF S T E4AMY S FRUR YA A 0 (6 -1. 3). 534, 626.8
b A5 AT IE & T U BC A7 55O A 24 P RS R AR MRl BEBIANK S a5 A0 Bl 7 s B 4eoc R
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Fig. 6 *Si MAS NMR spectrum(A) and Al MAS NMR spectrum(B) of BNA-36

&1 7 Jg AN [ ZE S A T ) T AR S B FTIR 3581 . 425, 525 #1570 em™ &b BRI 43 51 %5 137 Beta 43+
TR PO ICHR . FLOCH RIS TEFRZE R, BNA-24 (1 FTIR 1% & v i B0 T 7S JCFR G5 #1405 i i
(570 ecm™) , BNA-36 (1) FTIR % & 5 H BT 0 oG 3R DU 0 90 25 44 14 W i i, 150 BH SR SASC 7 323 1%
Beta 73Tl , IRGEEHIEAIC(SBU ) S FEA ] 4 H A YRRk .

798

570 /
425

5257

570

i
1,
B

1225 460
! ! ! ! ! ! ! I I ! 1 I 1
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Wavenumber/cm™! Raman shift/cm~!

Fig. 7 FTIR spectra of BNA-12(a), BNA-24(b), Fig. 8 Raman spectra of BNA-4(a), BNA-8(b), BNA-12(c),
BNA-36(c) and BNA-96(d) BNA-24(d), BNA-36(¢) and BNA-96(f)
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g T A A SASC 544k P Beta 5070 B 2R AU LB BE , X AN [ 28 A BT (] P A5 R0 S 0B A 7
THE5EEm. 8 FT/R, BNA-4 R W BA5S, UAHIEAICK M, A TERRE, X5
JEURE AL-SBA-15 Z5F4AH{L . BNA-8 7E 348 em ' Ab W BLHES 55, XIN F75 o0 gh#, 5 FTIR ik 4 R —
3, VLB TCIR S R 2E A Y. BNA-127E 397 em™ A RS (55, X T Lo 45 #4954, BNA-24
FE 421 F1463 em A I(ES540] U@ b DU ICIREE R, IUR, FFHEEE Beta 20 F i A HL 5T (CBU)
(T IR HIGEER (SBU) B E A B . 78 BNA-36 H, iR fE-S-5m BES434ai , 1L JOHLIG R ) SR 7
a7, EARABE AL . S5k, 233 em AR IE S B SN B T) 4 SE R T RS 2 223 em AL, BEIAE S
FNOCIAEERE Er R I HL S VUOCHAE R, 3X 5 Beta 43 T 4128 Hh muo Z5F9 I 42 104 2%

9 3 BNA-24 Fl BNA-36 (&SR 7 THEBU I (NH,-TPD) Hi 2k . 53 BK PUE A B 48K Beta 73
T b, LR oA R DL AR Ak, BRI RILG R ER . e ER FISRER A (5 5, Hidr, 59ER TP
% . BNA-36 [UBR5RE H BNA-24 i E 158, BNA-36 1Y NH, 231t FfHE 22 BNA-24 75 20~45 K, [H]
B, PP R O RS 8 O R R AR B 49 A B S A8 2 DRI R ] SASC SR A i Beta 430, SEA A Ak AT
05 I 2 B A e, 3RAS SR A IR

A W: 54% ®) W: 51%
[, M: 37% M: 39%
S: 8% 475 S: 10%
........ 610
690
PR 1 1 |‘ ----- 1 1 1 1 1 P 1 1 1’1 PR— 1
400 450 500 550 600 650 700 750 800 400 450 500 550 600 650 700 750 800
Temperature/K Temperature/K

Fig. 9 NH,-TPD curves of BNA-24(A) and BNA-36(B)

W : weak acidic site; M: middle acidic site; S: strong acidic site.
4x A\
3 Z5 TE

F AT IR | W P123 AR R BV AL i g K ORI 43 0T AL-SBA-15 4L, 76 Al-
SBA-15 J0Rr NERF AR T 4ok a5 0] . FEAR HE U I RTHE T, SR HZE AT ok A1-SBA-15 o JEFLEE
TEGUKZS (B A0 Beta 20K Al AA . 38 2 PR SR AL ST R], SZEE T 40K Al AR SRV Al-SBA-15 FLEE J5 [1]
PIRRIIHES ], TR T B AT e A WEs 1 . 55 4b, & i e o i g K JURE ) . 76 BNA UKL TP K
FORZHAL . R R R0 G O A AR T BT B, 4 T B AR i, o T 4
B, RAF T ERYE BT R 47 BNA.

X #1328 W http://www.cjcu.jlu.edu.cn/CN/10.7503/20240110.
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