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Abstract: The progress in the preparation, structure modification, and catalytic applications in liquid-phase selective oxidations of
MWW:-type titanosilicates is reviewed. A novel titanosilicate with the MWW topology, Ti-MWW, has been prepared by various methods
such as hydrothermal synthesis using boric acid as a crystallization-supporting agent, dry gel conversion, postsynthesis through reversible
structural conversion, and dual structure-directing agents method. Ti-MWW, originating from a lamellar precursor, is readily subjected to
various structural modifications, which leads to the catalytic materials with larger porosity suitable for a variety of oxidations. The unique
pore and structure properties of Ti-MWW make it to be active and selective for the epoxidation of both linear and cyclic alkenes. Moreover,
exhibiting a different solvent effect to TS-1, Ti-MWW shows more advantages in product selectivity in the ammoximation of ketones and
epoxidation of alkenes with functional groups.
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Fig. 1. Oxidation reactions based on the TS-1/H,0, system.[*"]
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Table 1 Structure and preparation methods of representative titanosilicates™”!

Material Structure code Channel system Preparation method Ref.
TS-1 MFI 10-10-10 HTS [1]
TS-2 MEL 10-10-10 HTS [18]
Ti-ZSM-48 NA? 10 HTS [19]
Ti-FER FER 10 HTS [20]
Ti-Beta “BEA 12-12-12 HTS, F-, DGC [21-25]
TPSO-5 AFI 12 HTS [26]
Ti-ZSM-12 MTW 12 HTS [27]
Ti-MOR MOR 12-8-8 PS [28-30]
Ti-MCM-68 MSE 12-10-10 PS [31]
Ti-ITQ-7 ISV 12-12-12 HTS [32,33]
Ti-MWW MWW 10-10, 10-10° HTS, PS [34-41]
Ti-UTD-1 DON 14 HTS [42]
Ti-MCM-41 1D hexagonal HTS [43]
Ti-MCM-48 3D cubic HTS [44]
Ti-SBA-15 1D hexagonal® HTS, PS [45,46]
Ti-HMS 1D hexagonal HTS [47,48]
Ti-MTS-9 1D hexagonal HTS [49]

HTS: hydrothermal synthesis; DGC: dry gel conversion; PS: postsynthesis; F™: fluoride media method. ?Not available. "One of 10 MR channels con-
tains 12 MR supercages (see text). “One dimensional nanopore channels are interconnected by micropores.
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Fig. 2. Topology of MWW zeolite (hOl plane).!!

1.81 nm), 53 A AE b A ) e TH LA N T 12 TR
(TR 2% 7 (1 2) BH. 3% 40 7 9 AN AN 45 #y ke, 1 L
(ER o /i R b NI N (A S SR R G I R
TR PR L DL MCM-22 5] 44 1 7K #4 A 1 MWW
TGRSR 43 7 0 15 b [ 44 R AR 0 3, L8 A5 2R IR 0 4
Bt S AL 1) & R R R T R R SE I T T Ak
F. T8 ARy 707 Ti-MWW B 45 i 4 1345 %), o4
2 — IR Z WS/ LR P X . B Corma 25152
FHEEAG 10 7515, F Ti i 82 312 325 16 MCM-22, 45 X
th Ti-ITQ-2. Mobil 2 7] SR HI TiC1, UAH [A] df HUAR i
B MCM-22 3175 T Ti-MCM-22 B3 R[] — 7k & B
T3 150 % (R B 4 97 TR I A A R B 4% 4 T b
BN Ty R RG22 1) ) . AR, ATV R ST
T e BE AR TE 2> T Ti-MWW 45 44 (% 1 & %,
T ) 26 156 B T N A B o A7, LS T
e B WIR I Sk 45 A4 5 ) 391, 7ER B8 I BR B S Rl Y, @
o K BGE R K T A S Ti-MWW 4y 1 6 B39,
ARSCEFR T HAT MWW 5 4 (1 BK 1 41 0 4 16 751 119

W2 o G R A PRCSE  FRAE S T AL S N A5 TS
T PRI 5 2L .

1 Ti-MWW 4 Fis 89§ & 5%

1.1 FHER @ LBhFI KRG BE

AT MWW 458 53 7 0t 15 il T BeAN 2, I I
b U 4 I A% IR T 4 0 A A T TR 2 A Ak
1, Bt BA MWW 25 84 2% J5 1 43~ 055 110 G i 2 A 45 B
TS =M BE T, WREES R4 1 5 BRI T 2 70
I O Z T I, K A ) MCM-22 Tk 47 4y
T AR R M A5 AT 1 R NONGN- = -1 4 W
AL E (TMAdOH) . 7N H3E TV i (HMI) B # IR
e (P1), 7EREEK A AR & b #8AS g B 2 K A A
Ti-MWW 43 F-fii

75 MWW 25 # T 2 43 7 ERB-1 (14 B A4 &
SEnt 10T FRATEE T DAB R A kA B AR A A
HHT B B Dl i B — AREKRE 2 1 R Ti-Mww
(Ti-MWW-HTS) B 75 Tk okt i o i A 3o &2 B 1 )
s AL (Si/B BEZR L2l 0.75), L HMI B P12 45 #4 5
I 761, AT A A BK Y BN K B G Ti-
MWW 53§ (WRIE, 7~ 0 FF 3630 Jie g &5 440 5 1) 5710
i 4 Ti-MWW-PI, Ti-MWW-HM). Ti-MWW E4
e K R vy LU SR TRTRR (36 2). 1717 7= i 1Y) Si/B IR L
Uy NG Y I Sk 5 N S NS 7 1 B S B AN e 1
4R ARG EORE SI/B > 2 I, TV LI Ti-MWW 4L,
T3 U Tt e sk BRI R A A TR 6 R

BARIE KIS T, CLBINR 4y & 4 B 37 & il T
Ti-MWW 43 1~ i, AH Bl 25 1 1E N 90 1 0 B 48 5 B
JSC59 TR BT TR, 14 I s A SR F B 2 T S ) )
P B PE RN R TIAV) IS M. Ay
W BERIE FLIR > 7K A B 85 0 08 ) 2 1) B BT 1 TR

*2 TREEERELAKRERE Ti-MWW B2 S
Table 2 Hydrothermal synthesis of Ti-MWW from different gel compositions*!

No Gel composition® Ti-MWW-PI Ti-MWW-HM
) Si/B SilTi SilB SifTi A/(m?/g) Si/B SifTi Al(m?g)
1 0.75 © 11.8 © 616 13.6 w© 601
2 0.75 100 12.6 120 625 16.3 138 621
3 0.75 70 12.2 63 612 14.2 79 628
4 0.75 50 11.4 51 621 12.4 53 b
5 0.75 30 11.0 31 623 11.6 31 613
6 0.75 20 12.7 21 540 11.4 22 b
7 0.75 10 13.6 10 537 115 9.6 541

Other compositions: n(P1)/n(Si0,) or n(HM)/n(Si0,) = 1.4; n(H,0)/n(SiO,) = 19. "Not determined. PI: Piperidine; HM: Hexamethyleneimine.
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Fig. 4. Pore engineering of Ti-MWW lamellar precursor.
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Table 3 Crystalline cell parameters of Ti-MWW lamellar precursor,
3D Ti-MWW, and IEZ-Ti-MWW!®!

Crystalline cell parameters (nm)

Sample

a b c
Ti-MWW lamellar precursor 1.415 1.415 2.693
3D Ti-MWW 1.419 1.419 2.509
IEZ-Ti-MWW 1.410 1.410 2.758
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Table 4 Alkene epoxidation with H,O, over various titanosilicates %!

1-Hexene 2-Hexenes
. ) Surface area - -

Catalyst n (Si)/n(Ti) (mPlg) Conversion TON Conversion TON

(%) (%) (trans/cis ratio)
Del-Ti-MWW 42 1075 51.8 1390 89.5 2352(81/19)
3D Ti-MWw 46 520 29.3 934 40.5 1053(83/17)
TS-1 34 525 12.0 49 24.5 105(36/64)
Ti-Beta 35 621 6.0 26 9.2 40(35/65)
Ti-MCM-41 46 1144 0.5 3 2.3 (67/33)

Reaction conditions: 0.01-0.025 g catalyst, 2.5-10 mmol alkene, H,O, equal to the alkene amount, 5-10 ml CH;CN, 333 K, 2 h, trans/cis ratio of
2-hexenes is 61:39. TON (in mol/mol Ti) was calculated by dividing the amount of alkene converted by the amount of Ti used.
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Table 5 A comparison of epoxidation of allyl chloride in various solvents between Ti-MWW and TS-11®!
Ti-MWW (%) TS-1 (%)
Solvent . ECH Conversion Efficiency . ECH Conversion Efficiency
Conversion L b Conversion S b

selectivity’ of H,0, of H,0, selectivity of H,0, of H,0,
MeCN 83.4 99.9 88.0 94.8 16.5 99.9 233 71.0
(CHs).CO 86.1 99.9 89.5 96.1 42.4 99.9 69.9 61.0
H,0 38.2 99.9 56.1 70.0 13.7 96.2 23.0 69.0
MeOH 42.3 98.6 63.5 67.0 75.1 97.2 87.9 85.0
EtOH 338 99.9 54.3 62.0 56.9 87.2 89.6 64.0
i-PrOH 28.7 98.5 56.7 50.6 317 96.4 54.6 58.1
CH.Cl, 64.4 99.6 89.0 72.0 35 99.9 7.6 46.0

Reaction conditions: Ti-MWW-PS (n(Si)/n(Ti) = 55) or TS-1 (n(Si)/n(Ti) = 47) 0.1 g, allyl chloride 10 mmol, H,O, (30 %) 10 mmol, solvent 5 ml,
333K, 2h.
0thers were mainly solvolysis products together with some heavy products.

PCalculated by relating all the oxidative products to the amount of H,O, converted.

80% LA |, FRAL SN Sk $EMEIA 99.9%. 1M TS-1 il
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TS-1 5 iy 0 4 A 7% R PR A= ik
312 INRBIERIRE LR
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o 2 T HEK A e 6 L2 JE 66 2 TR MR SE A
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Table 6 Epoxidation of cycloalkenes with H,O, over various titanosilicates *

Surface Cyclopentene Cyclooctene Cyclododecene

Catalyst n(Si)/n(Ti) area Conversion Conversion Conversion
’ TON TON TON

(m‘/g) (%) (%) (%)
Del-Ti-MWW 42 1075 58.9 306 28.2 147 20.7 57
3D Ti-MWW 46 520 15.7 89 43 24 33
TS-1 34 525 16.3 69 1.6 7 1.2 3
Ti-Beta 35 621 9.9 43 4.6 20 1.9
Ti-MCM-41 46 1144 35 20 5.1 29 4.1 12

Reaction conditions: 0.01-0.025 mg catalyst, 2.5-10 mmol alkene, H,O, equal to the alkene amount, 5-10 ml CH;CN, 313 K for cyclopentene and
333 K for other substrates, 2 h.
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Fig. 7. Comparison of the catalytic activity between IEZ-Ti-MWW
and 3D Ti-MWW with different Si/Ti molar ratios in the epoxidation
of cyclohexene.™ Reaction conditions: catalyst 0.05 g, cyclohexene
10 mmol, H,0, 10 mmol, MeCN 10 ml, 333 K, 2 h.
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Table 7 The results of cyclohexanone ammoximation over different titanosilicate catalysts

a[80]

Catalyst n(Si)/n(Ti) Solvent Conversion (%) Oxime selectivity® (%) TON?
Ti-MWW-PS 55 H,0 99.4 99.9 656
Ti-MWW-HTS® 50 H,0 97.0 99.9 291
TS-1° 51 H,O-t-BuOH 97.0 99.9 155
TS-1 51 H,0 16.2 72.8 99
Ti-MOR® 90 H,0 60.0 95.0 122
Ti-Beta® 76 H,0 15.0 4.0 37

Reaction conditions: catalyst 0.05 g, cyclohexanone 10 mmol, solvent 5 ml, NH; (25%) 12 mmol, H,0, (5%) 12 mmol, 338 K, 1.5 h. H,0, was added

dropwise at a constant rate within 1 h.
#Byproducts were mainly peroxydicyclohexyl amine, etc.
® The amount of catalyst used was 0.1 g.

°The amount of catalyst used was 0.2 g and reaction time was 5 h.
4TON in mol/mol Ti.
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Fig. 9. Effect of catalyst amount on the 4-picoline oxidation. Reaction

conditions: 30 mmol 4-picoline, 39 mmol H,0, (30%), 348 K, 2 h,
methanol as solvent.
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