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Core/shell-Structured ZSM-5@Mesoporous Silica Composites for
Shape—Selective Alkylation of Toluene with Methanol

Ji, Yongjun Zhang, Bin Zhang, Kun* Xu, Le Peng, Honggeng Wu, Peng*

(Shanghai Key Laboratory of Green Chemistry and Chemical Processes, Department of Chemistry,
East China Normal University, Shanghai 200062)

Abstract A shape-selective core/shell-structured ZSM-5@mesosilica composite catalyst has been synthesized by a facile
surfactant-directed sol-gel coating strategy in basic medium using cetyltrimethylammonium bromide as a template. Typically,
ZSM-5 with Si/Al ratio of 80 was hydrothermally synthesized using sodium aluminate, tetraethylorthosilicate, and
tetrapropylammonium hydroxide (25% aqueous solution). Then it was functionalized with positively charged polymer of
polydiallyldimethylammonium chloride (PDDA). Finally, the PDDA-modified ZSM-5 powder was dispersed into a gel of
mesoporous silica, and reacted at 303 K for 6 h, thus the ZSM-5@mesosilica composite catalysts were obtained. The
characterizations with scanning electron microscopy (SEM) and high resolution transmission electron microscopy (HR-TEM)
evidence that mesoporous silica with disordered pores can be evenly coated on the external-surface of ZSM-5 crystals with
defined shell thickness. N, adsorption isotherms implies the connectivity between the nanopores of mesoporous silica and
subnano pores of ZSM-5 zeolite. Additionally, the adsorption-desorption measurement using pyridine or ammonia as probing
molecules further demonstrates that, the acid sites within ZSM-5 nanochannels are still accessible and the numbers and intensity
of which are nearly unvaried. In the probe reaction of the alkylation of toluene and methanol on a fixed-bed reactor, the
ZSM-5@mesosilica composite exhibits higher para-xylene selectivity in comparison to pristine ZSM-5. The unique catalytic
behaviors of ZSM-5@mesosilica are ascribed to an effective removal of non-shape-selective acid sites located on the external
surface of ZSM-5 by coating nonacidic mesoporous silica shell. In addition, the relationship between acidity and catalytic
performance is discussed in detail, particularly in correlation to the enhancement of the para-selectivity by covering the external
Brensted acid sites with the generated layer of mesoporous silica. The present synthetic strategy was also applicable to
preparation of other materials having micro-mesoporous core-shell composite with different topology and catalytic application.
Keywords core/shell-structured zeolite; ZSM-5; mesoporous silica; para-xylene; shape-selective alkylation
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Bl1  HFPRHEREE I SEM [E: ZSM-5 (a, b), ZSM-5@meso-SiO,-1.33TEOS (c, d), ZSM-5@meso-Si0,-2.0TEOS (e, f), ZSM-5@meso-Si0,-3.0TEOS (g,

h), ZSM-5@meso-Si0,-4.0TEOS (i, j)
Figure 1 SEM images of calcined ZSM-5 (a, b), ZSM-5@meso-SiO,-1.33TEOS (¢, d), ZSM-5@meso-SiO,-2.0TEOS (e, f), ZSM-5@meso-
Si0,-3.0TEOS (g, h), and ZSM-5@meso-SiO0,-4.0TEOS (i, j)
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B 2 #EERGE TEM E: ZSM-5@meso-SiO,-1.33TEOS (a, b), ZSM-5@meso-Si0,-2.0TEOS (¢, d), ZSM-5@meso-Si0,-3.0TEOS (e, f),

ZSM-5@meso-Si0,-4.0TEOS (g, h)

Figure 2 TEM images of calcined ZSM-5@meso-SiO,-1.33TEOS (a, b), ZSM-5@meso-Si0,-2.0TEOS (¢, d), ZSM-5@meso-Si0,-3.0TEOS (e, f), and

ZSM-5@meso-Si0,-4.0TEOS (g, h)

Intensity/a.u.
-

26(’)

B3 kSRS I XRD fi4E: ZSM-5@meso-SiO,-1.33TEOS (a),
ZSM-5@meso-Si0,-2.0TEOS (b), ZSM-5@meso-SiO,-3.0TEOS (c)
Figure 3 XRD patterns of calcined ZSM-5@meso-SiO,-1.33TEOS (a),
ZSM-5@meso-Si0,-2.0TEOS (b), and ZSM-5@meso-SiO,-3.0TEOS (c)
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ZSM-5@meso-Si0>-1.33TEOS (b), ZSM-5@meso-Si0,-2.0TEOS (c),
ZSM-5@meso-SiO,-3.0TEOS (d)

Figure 4 N, adsorption isotherms at 77 K (A), and pore size distribution
(B) of ZSM-5 (a), ZSM-5@meso-SiO,-1.33TEOS (b), ZSM-5@meso-
Si0,-2.0TEOS (c), and ZSM-5@meso-Si0,-3.0TEOS (d)

iR ZSM-5 FI T AT #% 7644 KF ZSM-5@meso-SiO; [#]

Acta Chim. Sinica 2013, 71,371—380

© 2013 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

LR mA AL ARSI S TR 1 Wk 1 Pion, Bk
ZSM-5 [ LE R A FIFLAAR 233 392.4 mPeg ' 1 0.28
cmleg” !, ZSM-5 BiRIA G LI TTIRIR /D, 2251 26.4
mPeg ' F10.09 cm’eg . 04 RTHIA AZ TR S AR, B
Fre 2B ERE N, AL oTER K FLARUR LR R AR
W, A AL DT R AL AR BRURD L 2R T AR D AR
ZSM-5@meso-Si0,-3.0TEOS ) Lk M AR FLAAF B,
350k 8152 mPeg ' H1 0.5155 cm’eg !, LjfHA ZSM-5
ML, FHAFLTTIRIO I N, 43514 681.7 m?sg ' Fl
0.49 cm’eg . AL, HE PRI E A MEL ZSM-
5@meso-Si0,-1.33TEOS  HI  ZSM-5@meso-SiO,-2.0TEOS,
FLR IR 5100 522.8 mPeg ™' Al 686.0 mPsg !, &L
ZSM-5@meso-Si0,-3.0TEOS /|, {HASSRE L REA ZSM-
5(392.4 mPeg YKFZE. N, MR B 21 45 L W 4 10
% P I BRFLRN 72 238 43 (R A L 52 A AR ).

2.2 #%EHE ZSM-5@meso-SiO, BIES M1 R

22.1 NH;-TPD /&

Jl NH;-TPD Xf£:4A& ZSM-5 Hil ZSM-5@meso-SiO,
e R CL BT 2 A3 A 5e A R R v T i T
W5, S5l s fon. Fraee i 2 A g, wshr
B AE 197 F1397 °C, XM 1AW BHESS R L 12
{167 58 B R PR 7 o R A 0 A I PR LS. A e A k)
ZSM-5@meso-SiO, 5 EHA ZSM-5 AHLL, R r & %
HRAEWBESAS, BT ZSM-5 #4410 & ik,
SR o] b VA T AR SR N YR T R (P T
FEBA KA B SR, T IREXT ZSM-5@meso-
Si0,-3.0TEOS #% Fe A EHE 110 "C24k 12 h LU, J9FRAT
WA THTRR R %, T R AT Ve A 2, I v i — 38
LTS BN, VR R ORI/NE %€ ZSM-5
() Ah 2 T AL A NH Jo vk 3% il 2 R YE A7, 5 i
TEM(E 9)%5 H (15560 45 R 0iE 7 FATR . Mot b e
(R IR . ZSM-5>ZSM-5@meso-SiO, ¥ 5ek kL >

300 400 500 600 700

Temperature/K

B 5 #RHY NHs-TPD i [&: ZSM-5 (a), ZSM-5@meso-SiO,-3.0TEOS
(b)yFZ2 4Lt ¥) ZSM-5@meso-Si0,-3.0TEOS (c)

Figure 5 NH;-TPD profiles of ZSM-5 (a), ZSM-5@meso-SiO,-
3.0TEOS (b), and ZSM-5@meso-SiO,-3.0TEOS (aged) (c)
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Table 1 Textual properties of ZSM-5 and ZSM-5@meso-SiO, with controlled shell thickness

Samples Sper’/(meg ") Sweso/(m’g”)  Suieo/(m’eg)  View/(cm’og ") Vinesol(cm’»g ) Vaierd/(cm’sg )

ZSM-5 392.4 26.4 366.0 0.28 0.09 0.19
ZSM-5@meso-SiO,-1.33TEOS 522.8 376.4 146.3 0.34 0.27 0.07
ZSM-5@meso-Si0,-2.0TEOS 686.0 542.4 143.7 0.48 0.42 0.06
ZSM-5@meso-Si0,-3.0TEOS 815.2 681.7 1335 0.51 0.49 0.03

“ Sper: total surface area calculated using BET equation in a range of relative pressure from 0.05 to 0.3; ° Speso!

surface area covered by mesopores

calculated from #-plot; © Spicro: Surface area covered by micropores calculated from #-plot; 48 eso: Single point pore volume at P/P,=0.99; ¢ Vipeso: pore
volume covered by mesopores calculated from z-plot;/ Vpiero: pore volume covered by micropores calculated from #-plot.
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Figure 6 IR spectra of ZSM-5 (a), ZSM-5@meso-SiO,-3.0TEOS (b),
and ZSM-5@meso-Si0O,-3.0TEOS (aged) (c) after pyridine adsorption
and desorption at 423 K for 1 h

376  http://sioc-journal.cn

© 2013 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

FE S 0 5 A S AT A (K (50 mg), ZSM-5 ZER% e Ak
AR B IFC, 5 NHy-TPD [RAES R 84—
QWA fLoe 2 tuE, Rinr) B BRA L 1 th TGk
fiskth 2 Y I S ) AT () E A AR S IR PR A7 HY I ] S
(1) BAR 32 LA 25 T 58 E A FLAG M 5 1, BHZE T tkne 43
T A 5 TR AR FLIE (YL, USRI 2,
ZSM-5@meso-SiO, T & 2 4k 1k (4% 52 52 A& # kLA
1450~1490 cm ' AL T —ANUT R KRS RKCE, T
LA S (R ol W 5 U S I 0 ) T g A 4
T FUAA R 2R T 52 L 55 R T 1 ek R 3k (LA AV A7
FE), PRA 22 A0 5 R 2 DA MR i W S 38 . KR5S
R P ek 0 e 1 A A 06T S5 I P i 1) S i R JLAE T LR 75
PR IR B ST, M HT 1D T 4 R %
Wl: S AEM B RERRFE A R T F 2 b A 7 3%
PEPEMIHE 5.
2.3 1%EMH ZSM-5@meso-SiO, Bk 148k

X521 ZSM-5 Fl ZSM-5@meso-SiO, #% 5K K
T & A (A% 52 A RHE AR 575 F R 5 e 34k
MR EALTERE. I Scheme 1 7R, H 2 H RS e Ak S
1) B =)t — R R A AR AR, e — SR8,
ORI = RS, (eI & BRI AT 2%.
A2 BCIRTN  FRORAE 3 R R R R R e T o D RE R 43 B
BeE UL BETE. £ 2 BEE T T ZSM-S,
mesoSiO, fl ZSM-5@meso-SiO, # Fe i L LL K+ 24k
BEAZ e R, R H BB AL S N AE 400 'C TR
PR P AL R FE ) ot B LR — 2 S
PRI o & . XHFREA ZSM-5, HF & IR e 5
%, NI R Rt =y, A 53.1%, XA kPR
h 28.8%, Wi T F B (24%). ) AR =
SRR ) A e e 0, PO L e W Rl i 1A
P2 B RE. A LA BT A R R ARER T 1,
XHZ I N B W, X ZSM-5@meso-SiO, #%5e#1 k)
HEALFI, BliE TEOS/ZSM-5 [FILLAE M 1.33 38 m %1 3.0, &
FIRIA LSS 2 R AR N, ZSM-5 £EA%Z Fe k4 BEb BT (1)
LU AT A X gk 2D, AF S 1) R o B A ik 2D, R R G b
52.0% FI4F] 49.1%; [lif, — HZES KA A6 th %
AT AR, ORI EREE ZSM-S SR
> KR T, it B T 2 P . T

Acta Chim. Sinica 2013, 71, 371—380



W F F R

ZSM-5@meso-Si0,-3.0TEOS, KRR Yy 49.1%, If
SIRLIEPEMEIE R T 41.1%. F3— 51, A8 F R —
FRR (R R B TR I BRI, Bk Ah, ZSMI-5 (1) A0 T g 2 it
A FLARE S A R T T, AR 7 = K
5B LG B S iRb T CREG ), AR 34 — H R
TEANRI A LR R RN, AN RATE R I, 4T
J5E 0 ZSM-5@meso-Si0,-3.0TEOS 5B 110 °C
ZA6 12 h UG, SRR st — b i, 7RO AL
N 43.6% K, AR FEEIL S T 54.6%.

para-

é + CH3OHM< Q +  HO
meta-
e
ortha-

B 1 FRGEAEAL SN 3 A

Scheme 1 Product distribution in toluene alkylation with methanol
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B, AN BRAR T S S S iis e, FF HOW A e 81 B
. 5 ZSM-5@meso-SiO, # Lk, T &4k id it
ZSM-5@meso-SiO, FRIN H 5T w5y IR0 A R (> 54.6%).

FE) IR PR ARG S N KT, 30 Ik e AR A ) m LA
W R A IE R 2 MR R, B’ 8 A T
PRI FN I R AR () G R M2 . B rhr] UG
H, XFFRHA ZSM-5, W IE R REE FORE LR T
B TR WAL RIS RN RS 53.1%I, % = HZR
KM N 28.8%( 8a), EbH 2 AT (E g . %
T ZSM-5@meso-SiO, 7 RHEALT, XL IEFETEHE
B F ORI AR T i R AR, ZEAR I i e K
P, R SEPRH A 3 B B A I Bk ZSM-5( 4 8b).
2 G B PR B B T RN R K, B R ) AL
K, WX KIE, ZSM-5@meso-SiO, #% FE AT EME W G
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Figure 7 The alkylation of toluene with methanol over ZSM-5 (a),
ZSM-5@meso-Si0,-3.0TEOS (b), and ZSM-5@meso-SiO,-3.0TEOS
(aged) (c). Reaction conditions: catalyst, 0.2 g; others, see Table 2
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Figure 8 Dependence of para-selectivity on toluene conversion over
ZSM-5 (a), ZSM-5@meso-Si0,-3.0TEOS (b), and ZSM-5@meso-
Si0,-3.0TEOS (aged) (c). Reaction conditions: catalyst, 0.03~0.2 g;
others, see Table 2
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Table 2 The alkylation of toluene with methanol over parent ZSM-5, mesoSiO, and ZSM-5@meso-SiO,

ZSM-5@meso- ZSM-5@meso- ZSM-5@meso- ZSM-5@meso-

Catalyst Parent MesoSiO,

Si0,-1.33TEOS Si0,-2.0TEOS Si0,-3.0TEOS Si0,-3.0TEOS (aged)
Si/Al ratio® 64.6 — 80.8 91.1 122.0 122.0
Toluene

. 53.1 0.00 52.0 50.9 49.1 43.6

conversion/%
Benzene/xylene 0.00 0.00 0.00 0.00 0.00 0.00
Fraction in xylene/%  — — — — — —
p-Xylene 28.8 0.00 29.3 33.0 41.1 54.6
m-Xylene 47.8 0.00 47.3 43.7 36.1 29.9
0-Xylene 23.4 0.00 23.4 23.3 22.8 15.5

“Obtained by ICP. Reaction conditions: catalyst, 0.2 g; temp.: 673 K; Methanol : Toluene=1.0 (molar ratio); feed, 1.7 mL-hﬂ; N,, 30 mL-minfl; TOS: 1 h.

L BEA ZSM-5 B A FIEME. 52 AiRIE 1 silicalite-1/
H-ZSM-5 #25¢ M BHE FE R R e 340 S B e 2@ I HE A
e AR AT 36 8 P (AP 9 4 S — 3023 e, MR
X ZSM-5@meso-SiO, 5 M RHE 110 C24k 12 h LA
Ji, WAEREE it — DA (B 8e). i, XFREA
ZSM-5, £ R ZRIL R 20%H, X Rk £t
LU 45%, 1 ZSM-5@meso-SiO, K75 5 Ak BHiE AL 71,
FEFIREIV AR TR, SHERYERIE 70%, S ZhbL
Jii, SEALIEREERE— L TR 81%.

SCHR[ASTHRE H I 55 FE RGBS Ab A o — R OR
KN A FE— AR TR I B 1 RN, IR WA
HFE SN R AR TE RO, AE ZSM-5 AL B BR
Ly, WIGTE R = 4 k5 F IR, A2 R oh) — R AR 2%
YhAE ZSM-5 4y AR ) B RO R A2 S M4k S5
TR IR 2K, (XA IR R TE PR, By 2%
PR 6 TRHA ZSM-5, WIUGA I 2R AE AN R
TR PR A% B R A SRk S v, A — R R 3 1
B 28.8%, W& i T #) 2~TE (24%). L% ZSM-5
AP T AR ST R T, AT DA okt R i
PEVE, AT A BN EIN — R ORAE SN R T AR B PR IR 1
P72 SR A s S AR I, ST A R ZSM-
5@meso-SiO, 5t ML FE N FL A iEA L
PG T ZSM-5 AN A BRI, AT X
R A, PRI R HE i TR Rk . 2k
WFELLSE, B TEM(E 9)MRAEL Rnl %1, — /4L
FEEEBIIR, WAR ORI/ I5%E ZSM-5 [F4hR
TRTFL I, AT RE— 26 — B R e A SRk 1 v i
PE, 0 HUOR PR R b B

3 #Rr

SR FH B 25 1 2 T M FRBARR G  T —Fol 2 )
HA m P REIIAZ 72 458 ZSM-5@meso-SiO, 5
GAEL RN FLILIE S RS T FLIE A e A Bl
(). 53 ZSM-5 M LL, ZSM-5@meso-SiO, #% 7% 4 1) 7y
-7 PR A TR A R R R I o R A 1) 86 o R R (1) Bk
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Bl 9 £ REMRbeE B ek ZSM-5@meso-
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Figure 9 TEM images of calcined ZSM-5@meso-SiO,-3.0TEOS (dry
gel aged)
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41 EEFIHE
4.1.1 NH4-ZSM-5 #9461,

o FESCHR 431K K 576 B, DLIERETR £ B
(TEOS). fmiARHI(NaAlO,). VU IEEA A LI (TPAOH)
AR b kL, B4 B 4 I & B O 1810, -
0.00625A1,0; : 0.25TPAOH : 30H,0. Sz &0 B4y K.
¥, KM TPAOH iS5 TEOS HiikfliHIRE G354,
FERZE R R TP 22183 N NaAlO, [RKIEW, Bk
A B, BRI LR RNIEAYT 50~60 CTFK

Acta Chim. Sinica 2013, 71, 371—380



W F F R

AR 0.5~1 hy 8=, K LA RVIESYTHER 2
75~85 C, AIREWYE 3~4 h; B0, KV RS VIR
R A RS M WA TIANER AN I N 38R, T 170 °C
AN 2 d, SIS, YERR SR Na 7Y
ZSM-5 43 -1 JsUR IR € 0E. 4R J5 F 2 mol/L 1) NH,CI %5
W80 CHFACHE 2 h, T 3 IR, 1FEIMFEAL .0
ZETRKEIRRG, B R BEIK T R T
W
412 M ZSM-5@meso-SiO, 894 A%,

KA T ZSM-5 R AR —HR 2
N A IR IR (PDDA)EAT D REARAE A, A5 L3 i 5 1E
Hofey. SEZEGIEFRUN R 3 NH4-ZSM-5 SBINAE] 2 g/L
(1) PDDA ¥ (32 B (1 L NH,-ZSM-5 K -
PDDA =1 : 50), 1F2IMEEGY{E = M dE 30
min, 2.0, YEUE, 80 C 1515 2] PDDA 11 (1) ZSM-5

SR 5 ¥ PDDA 11t ZSM-5 ¥ A& (0.3 g)IMAF i 1
g Z/K(28%). 80 mL £EiF /K. 0.3 g CTAB 60 mL
LT R G, B 2 h, A R B
ST — M, AERIZAERE T, HUG & TEOS (0.4~
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FEYIZAIE, FH CERUK KEVEE G AR, &5 T 550
TS RERE 10 h LERAZA A A HLARP, IR
Ba a2V A= W I SR 5 7 > i
ZSM-5@meso-SiO,-nTEOS KK 7R, HH n £/x TEOS
FI PDDA & 14t ZSM-5 3 A [ )5 & L.
4.2 BELFIRIE

%1 Bruke /A 7] D8 ADVANCE X S} 266 K ATHHX
(XRD)I 52 FE it 47 b AH 25 44 FE S IR FL A5 KA Quant
achrome A7 /] Autosorb3-B [ A Zh4HEW it k4T
WsE. FESTESR A HAX H 32 A ] Hitachi S-4800 ¥
Yy o HER R S T WA BT (SEM) AT JEM-2100 7Y
B BAB(TEM)EA T2, TEM AR B A 7
REE 200 kV, £S04 G H SR /K B i, @8
FE AN B W IR BT B, AL AR LT Ak
(FT-IR)RJH2E [ Nicolet A ] 1] Nexus 670 B fH 7 ifAx
LA AT, Nl W B 20 A A A
VB Sk AR, X 50 mg A R AE AN 2 em [ s bl E &
Fr, R AR ANBAE 400 CIESHIE S 2 h )G, FES
FE I N BRIERE 30 min, 4RJ57E 150 C Rk 1 h )5
W, FE 5 IS TSR H 98 B & 1Y Thermo Jarrell
Asch IRIS Advange 1000 7 H 86 & 55 2 1A R B OG T
AXACPYHEATIN 2. NH; F2 7 Tl Bt Bl £ (NH;-TPD)R
H tp-5080 ZL43Hr Gk, Wi R R B 100 mg #f
IAEZ (30 mL/min) T 550 Ciikfk 1 h, fREJERHFE
50 ‘CH, WRFff NH; 21851, FHEE 100 'C, &A%
2 h BB BRI B NH,, THEZ 550 CHEATIIE, THE
4110 C/min.
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FH 2R 55 P S0 o A Sz I8 A T 29 ) 31 2 IR A
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