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Abstract: Mordenite is generally referred to be a one-dimensional micropore zeolite. The major drawback of this
pore structure is severe diffusion limitations, especially for the reactions involving bulky molecules. Herein, hier-
archical mordenites were successfully prepared through a soft-templating method using a diquaternary ammonium
surfactant [C,gH37N+(CH3)2C(,H|2N+(CH3)2C(,H|3(Br')2, Ci3.6.4Br; for short] as mesoporogen. The obtained samples
were characterized by XRD, FT-IR, SEM, TEM, TG-DTG, N, physical adsorption, and NH;-TPD techniques. The
results show that the hierarchical mordenites with nanorods (2040 nm in width) oriented-assembled structures are
synthesized in the presence of the C;5.4.4Br, surfactant. Moreover, the crystal sizes, mesopore surface areas and me-
sopore volumes of hierarchical mordenites can be systematically tuned by changing the C5¢.¢Br,/SiO, ratios. More
importantly, the hierarchical mordenites exhibit much higher catalytic activity and faster reaction rate in the
benzylation of benzene with benzyl alcohol than the conventional mordenite. The remarkably enhanced catalytic

performance of hierarchical mordenites may be attributable to the more accessible acid sites and much better mass

Yris BER: 2016-03-15; UBMEDLFE HEA: 2016-04-22

EEWB : HEKEMBTFTHRI(2012CB215002); W 5K HAREL# 342 (51371123); 117544 BEAlHF 70050 H (2012011005-7)
Natural Basic Research Program of China (2012CB215002); National Natural Science Foundation of China
(51371123); Natural Science Foundation of Shanxi (2012011005-7)

RN 22 17(1969-), L&, @%4%Z. E-mail: yupingli123@163.com



1356 TS| R =

#3145

transfer properties with the presence of mesopore. Thus, the special hierarchical mordenites reported here show a

great potential for catalytic conversions involving bulky molecules.
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O3 T Ui A — Fh 4 b P L RE R TR &k B BE TR SR A4
BHU AT FLIE R — . B AR i RO SRR M 4 A5 AR
JSR I P2 VA< R 1 AN - 1 R SR S TR A
VTSR, AT K4y B A 5B o A S I P
PREER, NATTWFTE A 7R 2 AL oy 10 e it
HEPY BT B AR, BN RELY L T x4
JEANFI FE A, 5 2832 i A 570 1R R T 0%

2 AL AT 53 10 R 1 2% 32 A S A Y RO
BRIEAE AR v2: = KIS e AL BRI IE % 2 38 ok sk Ak
B PR Ak 3 e K AR A B A R I R T O
AL (S 5 A, H s sl B 7 o2 Tl b i
K% 2 B AL 1 I I 7V, A& %L =2 1
0 B A 2 R IR e Ak 3 3o R v A R A 2R b
SR FL IR PR A S o B R 30 R B 5 A2 e e ol
T A AL ) 20 26 T 4% 22 G fL oy 10, SR T Al
AL AR BB IURE - A1 LA S AEAR R 1 1) 2400 A
P B RE I AL FEL L Had R R 2y, AR T
R A7 o BROBEAR I — Pl iy R 4% 2 AL oY 107
(K1 773 - Ryoo 5L 2 75 0 30 [ 1) K e o 1 2
Bl Eh OB, DG s B 9K 2 IRE SR 2
AL ZSM-5 4y . BAh, Liu 2560250560 1 it
FURIREAR F M ML AT T o SN 5, it
Ui W] 25 2 R S TS M 7 ] I R AT Sl L& R 3 1)
UiRe. Mhikdfl s el B, IS a0 R A L
FMAR . A E I A LR SRR VE AR A, H S
HRT, K HH BSR4 1R 2 G L 43 1 0 I iF 9T 32
E%EPYT: MFI[H'IS]\ CHA“("”]?F[I BEA“S'W]%//I\%IIL
Flor 70, T2 AL 22 6 A 43 T U 1 RO
B BT 5T B A R 20,

26 A R EAN 0.65X0.70 nm [+ G
HALIE S EHAAA 0.34X0.48 nm 1))\ JCHFLIE A B
g P, H TG LD EARR DN, K
Oy M LLEEN, DRI 22 ' b A 38 B B — 4
FLERGPP, Rk, & AR 2 AT 50
FR PRI 22 b A A 2 N T Tk A = v, JE3L N
TR b SR s B s b R o (H 2 22630
A ) AL A BT A W St 2 6o I s R P e AR
AF g, B 2 JALL 6 A o> T, o
H—2EfLE MY R ), RAIEE E ISR .

AT G 5% X7 e B R 1 7% PE A Cose.6Br2
(C15H37N"(CH3),C6H N (CH3),CH 3(Br),) fF 4k #5E

W, —DIRG R RAL LA 0TI, SRR
S EAR B . XA T BEREAT R 4T
RAL, JFRI IR 8 I (K A B2 f N7 PP Ay
FoRD T RN PERE, 2l RIS M . Pett
JREREPEREZ TR o

1 KEWHZE

11 SRR

AT \BE: AR, [H 25 (54 Bifg b 2730 A Hl;
NNONONSPY - 1,6- L fi%, dRCkE: AR, RN
AT IENEE, SR AR, KigtiiRl
RRALZARAAT B A 7] BRGS0, F i 30wt%, 75 5
WRAEALT) T WEREREN: CP, ALO; ¥ & 41.3%, [HZ4(4E
) B AR A F] R AR R CE R R A
BRAT] ZFEE: AR, RV KM R R A R
Aw]; NE, LB AR; ZEEFK: SEEE .

1.2 BHUARHR A S &

K&/ NNNN-PU FEE-1,6- O [l T i &
VI, VA5 A IR\ e, HidE44F T
AN 0.5 g ALER, 76 S5°CAKIT I 8 ho Bl i B S v
YhuE, HNERYES 3~4 X, REEECEEM, 50°C+
3 d, A3 AGEA CigHN (CH;s), CeHaN(CH;),
Br, it} CigeoBro ¥ CiseoBr AR CAbtig— iz Lbfl
BTG EMIEANEET, 90°C FRIZIF: 1.5d, ZK%
R STk 78 4y DEG:, 4930 A g, =0 TS
FIBIHR ] CisH3N'(CH;),CeHoN' (CH;),CeHi3(Br),
f#i11d 4 Cis.6.6Brae
1.3 BRFALABADTFIRHHIGE

J5BH% BE R EC L n(Na,0) : n(ALO3) @ n(SiO») :
n(Cig.6.6 Bra) : n(H,0) = 11.4 : 2: 40: x : 2500 K XFR
AN, IWERIREY . ZETK, B TR, %
ARV G IRV IR, B FETE s —dElie, 5 100°C
TERAEHIRCE 16 h, 192150 IO . WG
I Cige.6Bra, FFAE60°CAKIHFES h, R DA%
VUSRS I AT AR AN SRS, 78 160°C itk 5 d.
RINVEEWG, P Y. 8. T, 550°C Rk
6 h, JBEER Y RERGR), 4332 Rl 7T
o x 0 mlHUE 1. 24 3, MRAEBE LG (n(Cig.6.6 Bro)/
n(SiOy) FEIK L), H4 1l £ (1) 2 AL 2250 A1 oy 1T
Zralid 5 HM-0.025. HM-0.05. HM-0.075.



12 W

TR, i T ARG e A o TR L R
CM), BRAIMARER ] Cis6.6Brr 4b, HELKMS B
WSS A E . O T3R5 H B4R, SR 1 mol/L
(1) NHyNOs % 5 81 8L 22 56k 41 75 80°C i+ 3 h, 1t
I L AR ATES, 100C T4, EE ik
PRI FE—IR, BHJGAE 500°C N &5KE 4 ho
1.4 HmHIRIE

X Rigaku D/max-2500 %! X 5 & i 5 506 &
JRFE S AT S AR SE R 0T, Cu Ko a4 ST, Ni E9%,
BHE 36 kV, & HI 30 mA, HHIEHE 20 A
5°~35°, XM Bruker /A [f] TENSOR 27 4141
TEACINR 23 T FHRE 5 (0 2R 44, RN 2 em,
FAHE BN EL 16 1K, [EARFE 5 KBr #% & 115
w LR E, M. J5 A . KM TESCAN MIRA3 #i§]
i IR TR R =3 eV IR GRS D AN S
F JEOL JEM-2010 ZY32 5 Fi B A B0 WL DA i 1R Ak
G 254 o N W3 e BIAR F 2% [ Micromeritics 23
7] ASAP 2000 [ BB BTG 5E « 75 Rigaku TG Plus
8102 HHHAX EMSEREM Y TG/DTG gk, FHEHR
10°C/min, ZVTHUHE 30 mL/min. R RESERA 7 1)
TP-5075 ) AW FHASCI i F it PRI R M 5t o i Rigaku
ZSX-100 2! X OO /T eEn &

1.5 FEmAvfEd e

T FH 2R B 2R FRE IR BORE R AL R N VAN 2 AL
26 oy T IR AL PR RE . ONVIRT, iR R AE
500°C AL 4 he LI [RIAEERS I = 15y
SRIVFEE, TR A N RN o B (1) J B Ik FR A0
# 169 mL ZEIIASEAT 0.1 g HEALFIK = e,
PE N AR EE 30 mine 2 5 3T BN R
(0.2 mL), VAUCI RN SRONES A, J B ik F rpods— e
] () SR AARKE o SR Agilent GC-2014C 1Y
AL, FID R A5 =0 Bode AT /3 b, Al
PIRLE 280°C, FEARRLE 220°C, {444 DB-1 B4
EFE(60 mx0.25 mmx0.25 pm). I FIR S B,
s M R B R A 2 300 o O T R 11
FeE M, AL FIRE i S TR I e A J N . 3d
UL 7 S DA R IO S IR R A R 0
AT, H CBEBEREaR, T J57E 550°C K5 JE 6 ho

2 FERE5

2.1 LIEEERAE
211 SRESH

Bl 1 AT Cig.6.6Bra SRR A FH B 46 A N 45 1™
Pift XRD B 0%, MWEH T LA, 4 AR

AL, A ORISR A R AL Ot R R R R AL T 1357
L
' HM-0.075
DN S W | _NJU\»\JJUL A
E HM-0.05
E “ A A |'| [lh A HM-0.025
E L A__ S e N VUL A
M
1 i | L 1 N |

L n | "
5 10 15 20 25 30 35
20/ (%)

E] 1 Z: ﬁ C18»6-6Br2 iﬁbu%ﬂdﬁﬁiﬁé% H/‘] XRD i«leJI‘Z
Fig. 1 XRD patterns of mordenite samples synthesized with
different amounts of C;3.4.cBr,

20=6.51°. 9.77°. 22.20°. 25.63°. 27.67° AL HiILW]
BATHTE, UG R B LR MOR AU A
ALY, BeAL, SMFLL eI A AR CM HILE,
AT 5T 2 52 (FIASEAR 751 FH 3 L P 2 1 1) 22 9 FL 22
AR HM-0.025. HM-0.05. HM-0.075 [fIfT5}
R P TCIH 2 75 5, RN Cigee6Bra 150 LA K
g i R 226 0 0. IX 5 Ryoo U
AR TE (0 I AR R A R 2 40 FL ZSM-5 4y T
AR O A S WA i R e, L AR A AT B 0 AR I IR
BRI o 35 X — B 2 S AT R R R, W
FIAL ZSM-5 53U s 2 DY P4 2 S AR A0 B s DU T
B VR i SRR FAUAEAE (R 45 A A 0] B i, 1 R
L 22 56 ok A T T A AR BT 1T 45 g 45 ot 26 v 1) 7
M. fE2 e A A SRR P, N BRI
Cig6.6Bry [, — 5 L ZE40 3L AT LU S (e 3k
FE SR AR, 3 T B K KRR R R A
SORHE 48 A K B BRI T, A AR,
A5 2 G AL 2 A A Ty LA B m (R 45
212 BREHSH

B 2 Ky ORE i B 4R h DA 1 [ (FT-IR),
M A, FrA R EI7E 455, 560 #11070 cm™
BRHEAT AR AR g, Hoh 450 em™ A& )E T
Si-O #RBhIE, 550 cm™ AbiIEIJE T MOR 45HIX G
R IE AR AN . 8 1150~1050 cm™ f£ % O-T-O
ANXFRRAR AR B, 124 20 06 B B 445 5 (1 2R 40T
LA R BB JEREAS L SI/AL (K8 B4 )
AR B, BRI AT DA SR A e rEAR LI 1K . M
[t O-T-O AXF FRAF IR IEAL T 1062 em™ 4k, Bl
PR 7] CigesBra F B3 I, 12044 B W78 &2
1066, 1075, 1080 cm™, B2 2L 22 6 A1 FE
PIREES LE T e & T UL 22060 A, X5 X 4k
PGS (XRF)MA4SE 3. )\ XRF 73 #r 45 R (&
DA, FESh CM. HM-0.025. HM-0.05. HM-0.075



T AL M OB AR

#3145

1358
1.0
CM
o U8 MM-028
g L HM-0.05 \
o HM-0.073 )
E 0.6+ : \ 1 |
£ | j
E 041 1080
1066
02+
1075
i 1 " | i | " 1 i | i |
2000 1750 1500 1250 1000 750 500
Wavenumber / cm™!
2 A CigeeBry W INE BT & B R 1) FT-IR 3%

Fig. 2 FT-IR spectra of mordenite samples synthesized with
different amounts of C,g.4.4Br,

FIREES BE IR EE 23 0 6.04 6.2 6.9, 7.5, FiRZp#T
KW, AR F Cig6.6Bra, 2 L2260 A1 A b
M SRS R A T — A fh
213 FLEHSH

Bl 3 & BORE b IR Ny IR B B i 2R (] 3(a))
FAH B 1R FLA2 2 A B (B 3(b)), WTLAE H, £l CM
I T R AR, RIAFE T R AALAG ,
HIEHWAFLAEAE . IS0 Crge6Bra T, A8 i IR
IR B bl 2 LB BB S8 PR [ B, BB i R AR AE A AL
FHX I JIAE 0.4< plpy < 0.8 JGHIN, 204k T2
HH T Ny ZEN LR B 4IRS 8000, X H I 7E plpo

(a)

2
= | HM-0.075 i
=]
: !’( 5 P
¥ ',wﬁ-—;—¢=¢r1-1.—4-_1-.1-.1—:&‘-ﬂ" xf
% EAI-I‘M:O'OZS-..-—-_ ——— r—r:z:.l—‘l_-xlulr
st oom Bt ——

S . .

b , I I I

00 02 0.4 06 08 1.0

Relative pressure (p/p,)

Pore volume / (cm

)

g

>0.8 I, SRk S S0E BT, T Ny 7ERURE
(M HERRTE B R ALBR R ks 5 iR . A 3(b)mT LA
Fih, CM I RN FLAETE, 2L A
HM-0.025. HM-0.05. HM-0.075 4 % 3L 58 (A 4L
fLAEsr A, Bl JLALAR 3 A (e 20~35 nm 2 7], %K 1
H 2 B G A AL S5 fRgi e
JE AT CM AN R AR A FLAL A R 15 mP/g F1
0.02 cm’/g. 1M1 2 AL WA FE S BAT R R R Ah
THARFNA FLALEE, H BRI Cig.6.6Bro H 1 13 1,
AR TR FLAL A BT 386 0, 1f AL 3R T AR R
FLALAAIE A Yok 1> o VEBHER I Cis.6.6Bra REESRAT B %
AL 2 AL L2064 510, BT LI S5O ARAR
RIS P h AL
2.1.4 SEM $#f

Kl 4 b4 RE S ) SEM R A, i AT 40, B
FIIT NN 55 75 %6 22 5636 47 43 1 i (1) T 30 A AR K%
Mo DAREE I A IS G 0 A% G ik AL 22 06l A R i
HEHAA 3.5~10 um MHRRBORL, BO0RL RS20 A A
B5) (B 4(a)). T2 AL 22 6k AR S 3 A E 4
20~40 nm ZHK A E 1] H1F 21 T R AR A 1A 2R
f&. HM-0.025. HM-0.05. HM-0.075 Ff & (1) ki
RAFHIRZI R 1. 0.8 0.6 pmo S54E88225630 47
b, Wk RF B 29, HBE Cis.eeBra T 138
TN o 3K L Cg.6.6Bra 22 I 1 712 b K i ot

0.10

| (b) P
0.08 —e—CM <
i —=— HM-0.025 /
HM-0.05 a.
0.06 | =] IM-U.O?S/ . \
0.04 4/ //-/ |
i ¥
0.02 .

0.00 -

o0

P |
10
Pore diameter / nm

B3 226U ATAT il B N W RS- 38 A 18 2 () AT AR . B LA 70 A1 161 (b)

Fig. 3 Nitrogen adsorption-desorption isotherms (a) and pore size distributions (b) of mordenite samples
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Table 1 Pore structure parameters of mordenite samples

Samples a Si/Al ° S;SETI/ szicm / ¢ Sext / ¢ Vtotal/ Vmicm/ eVmeso/
(m*g") (m*g") (m™g") (cm’-g™) (cm’g™) (cm’g™)
CM 6.0 318 303 15 0.14 0.12 0.02
HM-0.025 6.2 333 286 47 0.21 0.13 0.09
HM-0.05 6.9 366 291 75 0.26 0.11 0.14
HM-0.075 7.5 362 252 110 0.27 0.09 0.18

* XRF analysis. ° BET surface area. ° External surface area calculated from t-plot method. @ Total volume adsorbed at p/pg= 0.99. °Mesopore volume calcu-

lated from BJH method.
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. . Peak temperature/
Acid amount/(mmol ¢ g™)

Sample T
Total Weak Strong Weak  Strong
CM 0.855 0.463 0.392 224 528
HM-0.025 1.026 0.499  0.527 219 513
HM-0.05 1.094 0391 0.703 220 525
HM-0.075  0.952 0320 0.632 218 519
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Table 3 Benzylation of benzene with benzyl alcohol over mordenite samples ?

Conversion of Selecthlty/ % Yield / % Ka X 103/
Catalysts 0 .
BA/ % DPM DBE DPM DBE min
CMOR 39.06 89.25 10.75 34.86 4.20 3.32
HMOR-0.025 76.84 93.63 6.37 71.95 4.89 8.50
HMOR-0.05 95.08 95.74 4.26 91.03 4.05 19.02
HMOR-0.075 97.33 97.15 2.85 94.56 2.77 22.48

#Reaction condition: benzene = 16.9 mL; benzyl alcohol = 0.2 mL; amount of catalyst = 0.1 g; temperature: 353 K; time: 165 min



1362

F LM R 3

i 031 %

3 Hig

IR R BRI & T Crs.6Bra AIHHEAR
i, Il T 2Rl Aa 1. A2 9
FLEZ Gl ATRE S S B RANOK & 5 1) HE 510 17 S 1)
P TR o LEAWIT ST 25 SRR R =Y R Y, B
CiscBro FHHE N, 2 0L 22000 A A i 11 dioki
ST B g N A LR AR FLAL B 0. A
AR5 R GEIEAL SN, 2 RALRE il D05 1) o
S B SRRV Rk T R I ) Ak, DRI LR 48
22560 R R R AT . T3S HM-0.075
AR R 2 I 2 i O RAL S 22 T A T S IR 7 A5,

HA RAF R ENE . 2RI OIERD T5
LM BN AT R R P S5t
S Hk:

(1] #RaA, PESCE, T4,
Rl HARAL, 2004: 34-39.

[2] CHEN L H, LI X Y, ROOKE J C, et al. Hierarchically structured
zeolites: synthesis, mass transport properties and applications. J.
Mater. Chem., 2012, 22(34): 17381-17403.

[3] NAK, CHOI M, RYOO R. Recent advances in the synthesis of hi-
erarchically nanoporous zeolites. Micropor. Mesopor. Mater.,
2013, 166: 3-19.

[4] LI K H, VALLA J, GARCIA-MARTINEZ J. Realizing the com-
mercial potential of hierarchical zeolites: new opportunities in cat-
alytic cracking. ChemCatChem, 2014, 6(1): 46—66.

[S] ZHOU J, HUA Z L, SHI J L, et al. Synthesis of a hierarchical mi-
cro/mesoporous structure by steam-assisted post-crystallization.
Chem. Eur. J., 2009, 15(47): 12949-12954.

[6] BOVERI M, MARQUEZ-ALVAREZ C, LABORDE M A, et al.
Steam and acid dealumination of mordenite characterization and
influence on the catalytic performance in linear alkylbenzene syn-
thesis. Catal Today., 2006, 114(2/3): 217-225.

[7] VERBOEKEND D, PEREZ-RAMIREZ J. Desilication mechanism
revisited: highly mesoporous all-silica zeolites enabled through
pore-directing agents. Chem. Eur. J., 2011, 17(4): 1137-1147.

[8] GROEN J C, PEFFER L A A, MOULIIN J A, et al. Mechanism of
hierarchical porosity development in MFI zeolites by desilication:
the role of aluminium as a pore-directing agent. Chem. Eur: J. 2005,
11(17): 4983-4994.

[9] BOISEN A, SCHMIDT I, CARLSSON A, et al. TEM stereo imaging
of mesoporous zeolite single crystals. Chem. Commun., 2003, 3(8):
958-959.

[10] JACOBSEN C J H, MADSEN C, HOUZVICKA J, et al. Meso-
porous zeolite single crystals. J. Am. Chem. Soc., 2000, 122(29):
7116-7117.

[11] CHOI M, NA K, KIM J, et al. Stable single-unit-cell nanosheets of
zeolite MFI as active and long-lived catalysts. Nature, 2009,
461(7261): 246-249.

[12] LIUBY, TAN Y Z, REN Y Q, et al. Fabrication of a hierarchically

structured beta zeolite by a dual-porogenic surfactant. J. Mater.

Chem., 2012, 22(35): 18631-18638.

LIU B Y, REN Y Q, DUAN Q Q, et al. Facile synthesis of

mesoporous aluminosilicates constructed with crystalline micro-

porous frameworks. Appl. Surf. Sci., 2013, 279: 55-61.

& TS Z AR, e,

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

(21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

(31]

(321

[33]

CHOI M, CHO H S, SRIVASTAVA R, et al. Amphiphilic or-
ganosilane-directed synthesis of crystalline zeolite with tunable
mesoporosity. Nat. Mater., 2006, 5(9): 718-723.

NA K, CHOI M, PARK W, et al. Pillared MFI zeolite nanosheets
of a single-unit-cell thickness. J. Am. Chem. Soc., 2010, 132(12):
4169-4177.

WU L L, DEGIRMENCI V, MAGUSIN P C M M, et al. Meso-
porous SSZ-13 zeolite prepared by a dual-template method with
improved performance in the methanol-to-olefins reaction. J. Cat-
al., 2013, 298: 27-40.

WU L L, DEGIRMENCI V, MAGUSIN P C M M, et al. Dual tem-
plate synthesis of a highly mesoporous SSZ-13 zeolite with im-
proved stability in the methanol-to-olefins reaction. Chem. Commun.,
2012, 48(76): 9492-9494.

NA K, JO C, KIM J, et al. Directing zeolite structures into hierar-
chically nanoporous architectures. Science, 2011, 333(6040):
328-332.

XIAO F S, WANG L F, YIN CY, et al. Catalytic properties of hi-
erarchical mesoporous zeolites templated with a mixture of small
organic ammonium salts and mesoscale cationic polymers. Angew.
Chem., 2006, 118(19): 3162-3165.

LI'Y P, SUN C J, FAN W B, ef al. One-pot synthesis of hierarchi-
cal mordenite and its performance in the benzylation of benzene
with benzyl alcohol. J. Mater. Sci., 2015, 50(14): 5059-5067.
BAERLOCHER C, MEIER W M, OLSON D H. Atlas of Zeolite
Framework Types, fifth Ed., Amsterdam, Elsevier, 2001.

GROEN J C, SANO T, MOULIIN J A, et al. Alkaline-mediated
mesoporous mordenite zeolites for acid-catalyzed conversions. J.
Catal., 2007, 251(1): 21-27.

TAO Y S, KANOH H, ABRAMS L, et al. Mesopore-modified
zeolites: preparation, characterization, and applications. Chem.
Rev., 2006, 106(3): 896-910.

TREACY M M J, HIGGINS J B, VON B R. Collection of Simu-
lated XRD Powder Patterns for Zeolite. 3rd Revised Ed. New York,
Elsevier, 1996.

SOHN J R, DECANIO S J, LUNSFORD J H, et al. Determination
of framework aluminium content in dealuminated Y-type zeoLites:
a comparison based on unit cell size and wavenumber of i.r. bands.
Zeolites, 1986, 6(3): 225-227.

ZHANG Q, LIU S J, YU S H. Recent advances in oriented attachment
growth and synthesis of functional materials: concept, evidence, me-
chanism, and future. J. Mater. Chem., 2009, 19: 191-207.

CHEN J, HUA W M, XIAOQ Y, et al. Tailoring the structure of hi-
erarchically porous zeolite Beta through modified orientated at-
tachment growth in a dry Gel system. Chem. Eur. J., 2014, 20:
14744-14755.

OCCELLIM L, BIZ S, AUROUX A, et al. Effects of the nature of
the aluminum source on the acidic properties of some mesostruc-
tured materials. 1998, 26(1/2/3):
193-213.

HU S, SHAN J, ZHANG Q, et al. Selective formation of propylene
from methanol over high-silica nanosheets of MFI zeolite. Appl.
Catal. A, 2012, 445-446: 215-220.

LENG K Y, WANG Y, HOU C M, et al. Enhancement of catalytic
performance in the benzylation of benzene with benzyl alcohol over
hierarchical mordenite. J. Catal., 2013, 306: 100-108.

PENG P, ZHANG Z Q, WANG Y H, et al. Hierarchical molecular
sieves: synthesis and catalytic applications. Progress in Chemistry,
2013, 25(12): 2028-2037.

SUN Y Y, PRINS R. Friedel-crafts alkylations over hierarchical
zeolite catalysts. Appl. Catal. 4, 2008, 336(1/2): 11-16.
CHOUDHARY V R, JANA S K, PATIL N S, et al. Friedel-Crafts
type benzylation and benzoylation of aromatic compounds over HB
zeolite modified by oxides or chlorides of gallium and indium. Mi-
cropor. Mesopor. Mater., 2003, 57(1): 21-35.

Micropor Mesopor Mater.,



