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Deactivated TS—1 as Efficient Catalyst for Hydration of
Cyclohexene to Cyclohexanol

Yao, Xuting Huang, Xin Lin, Yuxia Liu, Yueming*
(Shanghai Key Laboratory of Green Chemistry and Chemical Processes, School of Chemistry and
Molecular Engineering, East China Normal University, Shanghai 200062, China)

Abstract Cyclohexanol is an important chemical intermediate material. At present, ZSM-5 is mainly used as a catalyst in
the industry to produce cyclohexanol by one-step hydration of cyclohexene. Its core is the development of high-performance
catalysts. TS-1 is a high efficient catalyst for industrial liquid-phase ammoniation of cyclohexanone, which shows a typical
Broensted acidity after deactivation. Based on this, we applied the deactivated TS-1 as catalyst for cyclohexene hydration re-
action, and investigated systematically the effects of reaction time, reaction temperature, catalyst dosage and mass ratio of
water to oil on the hydration reaction of cyclohexene. The results showed that the deactivated TS-1 could offer a high cata-
lytic performance with 11.0% yield and 99.8% selectivity towards cyclohexanol under the optimized reaction conditions,
which indicated that the deactivated TS-1 is a high-performance catalyst and possesses the characteristics of high activity,
high selectivity and high stability. Combined with nitric acid treating modification, potassium ion exchange experiment and
the characterization techniques such as UV-Vis (UV-visible spectroscopy), FT-IR (Fourier transform infrared spectrometer),
»Si MAS NMR (¥Si magic angle solid nuclear magnetic resonance), and NH;-TPD (temperature-programmed desorption of
ammonia), it was found that the deactivated TS-1 possesses two kinds of Brensted acid sites, whereas its real active center for
the hydration reaction of cyclohexene is silanol group adjacent to titanium hydroxyl group (Si-OH(Ti)). The structure of this
Bronsted acid site is completely different from the skeleton bridge Brensted acid site (Si-(OH)-Al) of ZSM-5 zeolite, mean-
while shows relatively weak acid strength. The unique acid property of Si-OH(Ti) could promote the main reaction path of
cyclohexanol formation and inhibit the side reaction path of cyclohexene isomerization in cyclohexene hydration reaction,
which determined its characteristic of high cyclohexanol selectivity. The discovery and application of the special Brensted
acid site of the deactivated TS-1 waste catalyst can provide a new idea for resource utilization of solid waste resources of
spent catalyst.
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Figure 1 The XRD diffraction patterns of MTS-1 (a), DE-TS-1 (b),
DE-TS-1-H™ (c) and ZSM-5(150) (d)

5 10

120
105
90
75 |
60 1
45
30
15 ] ‘
o= ==
-90-100-105-110-115-120-125-130
)

Intensity/a.u.

B2 MTS-1 (a), DE-TS-1 (b)fl DE-TS-1-H (c)f] *Si MAS NMR i [&]
Figure 2 The ?Si MAS NMR spectra of MTS-1 (a), DE-TS-1 (b) and
DE-TS-1-H" (c)
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Figure 3 The UV-Vis spectra of MTS-1 (a), DE-TS-1 (b) and
DE-TS-1-H" (c)
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Figure 4 The Py-IR absorption spectra of MTS-1 (a), DE-TS-1 (b),
DE-TS-1-H" (c) and ZSM-5(150) (d)

Desorption temperature was controlled at 473 K
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Figure 5 The NH;-TPD spectra of MTS-1 (a), DE-TS-1 (b),
DE-TS-1-H™ (c) and ZSM-5(150) (d)
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Table 1 The comparison of acid property between titanosilicate zeolite
and ZSM-5

Acidity”
Sample WA/ | SA/ | Total/il SA/WA Si/Ti’ Si/Al,”
(mmoleg ")(mmoleg ")(mmoleg ')
TS-1 ca. 0 ca. 0 ca. 0 — 41 —
DE-TS-1 0.13 0.03 0.16 0.23 21 —
DE-TS-1-H" 0.04 0.03 0.07 0.75 44 —
ZSM-5(150) 0.06 0.12 0.18 2.00 — 142

WA: weak acidity; SA: strong acidity; Total: total acidity. Reaction conditions:
“ Detected by NH;-TPD. * Detected by ICP.
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Figure 6 Effect of reaction time on cyclohexanol yield and selectivity

Reaction temperature: 425 K; catalyst content (w/w): 15%; cyclohexene/water
(mass ratio): 0.35
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Figure 7 Effect of reaction temperature on cyclohexanol yield and
selectivity

Reaction time: 3 h; catalyst content (w/w): 15%; cyclohexene/water (mass
ratio): 0.35
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Figure 8 Effect of catalyst content on cyclohexanol yield and selectivity

Reaction time: 3 h; reaction temperature: 425 K; cyclohexene/water (mass
ratio): 0.35
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Figure 9 Effect of cyclohexene and water mass ratio on cyclohexanol
yield and selectivity

Reaction time: 3 h; reaction temperature: 425 K; catalyst content (w/w): 15%
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Figure 10 The UV-Vis spectra of DE-TS-1 and its nitric acid treating
samples
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Table 2 The activities in oxidation of 1-hexene and alcoholysis of PO
with DE-TS-1 by nitric acid treatment

Oxidation of
1-hexene®
Treatment Si/Ti“  Con. Sel. Con.  Sel. Sel.
(1-hex.) (epo.) (PO) (PPM) (SPM)
/% /% /% /% /%
DE-TS-1 21 17.8 78.3 93.3 28.6 69.7
2M3h-1/50-80°C 41 18.5 72.4 95.6 30.6 67.6
2M3h-1/50-105°C 46 17.5 72.7 95.0 304 68.0
2M5h-1/50-105C 46 17.6 75.1 946 294 68.8

Alcoholysis of PO°

© 2020 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

Reaction conditions: ¢ measured by ICP. ° catalyst: 0.05 g; 1-hexene: 10 mmol;
H,0,: 10 mmol; solvent (CH;0H): 10 mL; 7: 333 K; time: 2 h. “catalyst: 0.10
g; PO: 10 mmol; solvent (CH3;0H): 10 mL; 7: 333 K; time: 2 h.
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Figure 11 The UV-Vis spectra of DE-TS-1, DE-TS-1-H", DE-TS-1-
H™-K"-1 and DE-TS-1-H"-K*-3
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Figure 12  The vacuum infrared spectrogram of DE-TS-1 (a),
DE-TS-1-H" (b), DE-TS-1-H"-K -1 (c) and DE-TS-1-H"-K -3 (d)
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Si-OK(Si).

TR TS-1 WIKEHEATEYEF O, SE50H
DE-TS-1. DE-TS-1-H" LA & FiFh R[] K A8 e 1) 4y
TIFHAT T A CHK A IE QAR EAR PO BEfE
B, RWEER 3 Bias. K 3 wlHL, AT DE-TS-1
B A A 1 BE (O 1 A 23 3k 8 1 43 A 10.5% 1
99.8%), DE-TS-1-H" HA 84T 14 b ZOR OF B
R FENE 9N 11.0%H1 99.8%), X F£ LR TR S
WIHA R RIE TS-1 MEALIE O KA SO AR5 1 A O,
T FEAELE 22— 78 2 B PR B Sy 1k o0 B P 42
23 RFIEKEE ST 0 AL

Table 3 The activities in hydration of cyclohexene, oxidation of
1-hexene and alcoholysis of PO with different TS-1 catalysts

Hydration of =~ Oxidation of

Cyclohexene®  1-hexene’

Sample Yield Sel. Con. Sel. Con. Sel. Sel.
(CHOL)(CHOL)(1-hex.)(epo.) (PO) (PPM) (SPM)

/% /% Y 1% % % 1%

DE-TS-1 105 998 17.8 783 587 28.6 687
DE-TS-1-H" 11.0 998 166 829 669 279 69.5
DE-TS-1-H"-K*-1 55 100 17.8 86.8 205 28.0 72.0
DE-TS-1-H'-K'-3 22 100 16.6 867 13.1 329 67.1

Alcoholysis of PO°

© 2020 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

Reaction conditions: * cyclohexene/water=0.35 (mass ratio); catalyst content:
15% (wiw); T: 425 K; time 3 h. bcatalyst: 0.05 g; 1-hexene: 10 mmol; H,O,:
10 mmol; solvent (CH;0H): 10 mL; T: 333 K; time: 2 h. “ catalyst: 0.05 g; PO:
10 mmol; solvent (CH3;OH): 10 mL; 7% 333 K; time: 2 h.

HAFE K A #FfEE R DE-TS-1-H -K -1 Al
DE-TS-1-H'-K"-3 [ EERE T 0, & KA Hert(a]
MIIEK:, IF CMFEA R AE N 17%), Wil K32
FERKAL S-OH(THHF AR FIMKA #mF| Ti-OH
AT, T ORI B R PR 11.0%fE K%
2.2%), P CORLEFEVERS G SEm, MHRERIEILR) PO BEfF
AL R I B PR 66.9%FMKZE 13.1%). HLAT
A1, DE-TS-1 403 K& R EIETE O/ S
BRFR AR A 1 2 2 (Si-OH(Ti)).

DA, ARG TS-1 H B A WF Brensted B2 H 0
B B U A A E 4L Si-OH(TY), {EfEfLIFC
$5 7K A S SE R B IE 5 14 R O B 42 Si-OH(Ti).

K| 13 4 MTS-1. DE-TS-1 L }2 DE-TS-1-H" 44k
WO, Hodr, 550 cm ™! & MFIL 45K 45 AE R i
531960 cm ' AR B R 1Bl B Eh 5N B 570 B 28
T T 3 1 76 56 D0 A7 A6k 0 FE W AT g 2070 BTt T LA
1T 960 cm ™' A1 550 em ! AbUg T AR ) ERARE SR A K e 5 DY
He A7 K ) AR X A &L JE i b T Rk B, DE-TS-1
DE-TS-1-H " F A5 # 24 1 04 i A LKA (0.36), (HILHT R/
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F MTS-1(0.53), X8 MTS-1 H #5635 VU B AL SR AE
IR OB 50 S s PR B, R TRk AR A T
AT 3B SRR — G IR A R AR B DY AL R A
Pl Si-OH(Ti). ¢ bATd, 73 ClE G0 R N AT I 72
W, B AL TS-1 FOHELL AR F A BRAR, AR N H
BT BA TR AGAE F A SR BE PO B AL 2K Si-OH(TH)F.

Absorbance/a.u.

—— . —
1000 80 600
Wavenumber/cm-"
Bl 13 MTS-1 (a), DE-TS-1 (b)Fil DE-TS-1-H" (c)[I£L A s i
Figure 13 The infrared absorption spectra of MTS-1 (a), DE-TS-1 (b)
and DE-TS-1-H" (c)

24 KFETS15 ZSM-5 WA HKENZERS

DL SRR, R0 TS-1 sz A AL K
AR AE L A A 0 A 0 Dy SR DY IE A AR
Si-OH(Tiy##. b4, H 54 MK ZSM-5 AFHH H4
ANFWE? Mk, sEIGEE T MTS-1. DE-TS-1-H 'l
ZSM-5 I Ci/KE IR N PERE, S5 RWE 4 PR,
AL, MTS-1 JLF A B & e R AL 3R CM 7K & B R 1)
Bronsted ®EH.Cy, T DE-TS-1-H MZEILE TR X
JSL 3 PR AT FEE (A RSO AR N2 3 9 11.0%F0
99.8%); AR LL ZSM-5 N AL A, FF 2 IR
(13.0%) & T DE-TS-1-H " (11.0%), 15 3f C B i%& #% 1t
(96.0%) A1 B ZAK T DE-TS-1-H ' (99.8%). X3 B 2K iF
TS-1 23 KA SOSAR 7 AR i X il 22 S
(1 )5 IR 3 2 BT P K AT PR O I RR M JRASR]. R
T B PR3 0 A 2 B (B 4 A 1), ZSM-5 TR RO R 9
FERI R 3T DE-TS-1-H', Xt S8 T 5 8 e (et 38
O AL, T 5 2 S8 Refe i T B EAT, 40 & e
RLF AR A, NI T 3730 CRERAE A%, el 1 H
BEIR A 5 B PN e A
£ 4 MTS-1, DE-TS-1-H Il ZSM-5 LR T /K & vt B

Table 4 The activities in cyclohexene hydration reaction with MTS-1,
DE-TS-1-H" and ZSM-5(150)

Catalyst Yield(CHOL)/% Sel.(CHOL)/%

MTS-1 0.1 100.0
DE-TS-1-H" 11.0 99.8
ZSM-5(150) 13.0 96.0

Reaction conditions: Cyclohexene/water=0.35 (mass ratio); catalyst content:
15% (w/w); T: 425 K; time: 3 h.
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Kl 14 9 DE-TS-1-H" 5 F i AL 38 O 7K A s B 1)
IR g5, B 14 A%, DE-TS-1-H Al fa g iafT
13 WK, 755 14 RIS A A B IS IR, I8 X R3m
AT AT R e F A, XTI A RE. DL gk
# W] DE-TS-1-H A BA RIFHME AR e M, R
Rl FEZ e T DE-TS-1-H A6 71 A R A 55 5 55 59,
AT LA A B OB R A, TG T R R4 T ML
W7 o5 i RO B ZEFLIE T 51 RS A AR ST 1 ) L

12
10

Yield(CHOL)/%

o N A OO

1234567 891011121314
Times

B 14 DE-TS-1-H Hfi§H 5 9256

Figure 14 The experimental cycle diagram of DE-TS-1-H'

Reaction temperature: 425 K; reaction time: 3 h; catalyst content: 15%; cyclo-
hexene/water (mass ratio): 0.35

3 g

KAE TS-1 AL CK S RN, o H & R
PEE T EERR A m AR MR L, R — Rl AL
. I ER IR BB TS TS-1 HRaEE 4eREER 0T
REM KRSz, RI, EMAEE O K-S RN
WG TS-1 1 Ak 1 a0 DR i SR R DY E A 4K
Si-OH(T)¥#. HT 263 TS-1 FEIR TR K-S ROV
i1 Bronsted F& H o538 5 B 52 55 F ZSM-5 40 107, [Al T e
B S A T BRI S AR AL A i R 3R B 0 B S N )
17, I BRI T KA RN 3 N AR T i 17
YRR ORI B E. 20E TS-1 JRMEAL7EF 7 Bronsted
i v 1A R B -55 I F A A 70 TR % 90 ) 5 R A
EE N Y

4 SCERERSY

41 EEFIEIHIERLIE
4.1.1 MTS-1. DE-TS-1. DE-TS-1-H ##& %R
MTS-1 AN TIERRRE 7> 701, F& Tl AE P 1f8r
SEAEAL R, HAIRMAE. DE-TS-1 HI2F N iE a2y
T, AR E G Tk B (10 5/ iE s
AT 2160 h 5 RIEHIFES, B SRAL, fE AT
FEF, DE-TS-1 fi&id T/, K5ke(823 K, 6 h)Ab#.
DE-TS-1-H &AL IR VAL 35 ) DE-TS-1, &%k
REBEH) DE-TS-1 % E W& 1130, T 2 molL ™'
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HNO; R EI S h J5, B e, Y. ks
$%(823 K, 6 h)J5 13 %
4.12  ZSM-5(150)%-F ik 4 | &

K Z oK PGEPV S BEEER EE N 150 ) ZSM-5 4y
T, ARCEBAR: Jek 1.0 g RSB TKE, B
TN 73.7 g WRESEMEQR5%), T=iE FHEEY
512 h), SRJETHIN 76.7 g IERERR VY 2.1, iRk 2 h EETE
I, B e W P T e e 7 Bt SR DU I S0 9 AT AN
WRMNES, T 443 K TS mib 48 h 4G,
SHhUE. Ve BT R ZSM-5(150) 7.
413 Rk

FRYEACHD IR U : Sk DE-TS-1 %[ Wi & L
1:30851:50&T 2moleL ' 8% 4 moleL ™' RYBRVA W T
PR IRZS (20 105 C)Ek 80 CHHIR)3 h, BG4
g, VeI, THRAIRSHE(823 K, 6 h)f5 BIFRVEALFE /5 (1)
FE5h, 1N DE-TS-1-/2- [ 7 bb-i8 2
414 K mIpsas

K &b ¥ 57%: ¥ 5 g DE-TS-1-H A ZE] 0.05
moleL ' I KCIEW A, fE%E FHEE1~3h, R4
e VR, MTEM AR KIRZHSE ST, Il
DE-TS-1-H"-K "-x (x y K" 22 #ef [a]).

42 PHRUUERRIE

[l A 8 A1 18 S 5 R] L RE (UV-Vis) SR 2 H A
Shimadzu 2 7427 ) UV-2400PC 5438 52 5458 4 a] IOk
BT, XS SRy AR AT ST (XRD)R H () & H A< B 25
Rigaku Ultima IV 8 X-SFZ0R ARATHMX; 8 B AR HR 2T
Ah 6 % (FT-IR) K A 1) /2 25 [ Nicolet 2 &) 2 7= [1)
Nexus670 U7 ARG TEAY; NH; F2 7 FHE-
Bt (NH5-TPD)f FH (1 2 R Je A 5 A PR A & AR 7= 1
tp-5080 24> [ 7)) 22 FH W RS, AR 4 55 B8 14 R i
J6 1 (ICP) K i) /& 34 [E Thermo IRIS Intrepid IT % XSP
FH R & S5 B AR T R S
4.3 RUERNRE=G5H
43.1 ETHIRBAR LRI My oM

50 mL A (R0 A S RO 3R R T PR B 3 s
AR IMA 0.05 g fiEfLF, 10 mL ¥ 71(CH;0H), 10
mmol H,0, (30%), 10 mmol IF W4, FELE 333 K 7K
HFRRBL2 he RFSERE, JeA AN 0.5 ¢ ¥ CEfE A
by, BORESC, FAR ES 1T IE O R A2 DL 2 )
PR, Hor, @RS Agilent GC 7890 A, il
FEN 30 mX0.25 mmX0.25 um ) DM-WAX B0+,
R BT S5 A AR T AR R (FID), FTfs i GC 1
WA R FH I FRVE T, AR R CL .

432 IFREARIEERER LB oAt

50 mL A (R0 A S RO R BT P B 3 s

KM 0.05 g fiEALF, 10 mL ¥ 77(CH;OH) A1 10
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mmol PO, ¥ 333 K FHiHERF 2 h, R4 HR)E, 5
OV 2 O I SO S 43 BT DL R B0 45 HE A B
(AR 26t A RO B MR = D e R . v, il 2
54 Agilent GC 7890A, fifiH N 30 mX0.25 mm X
0.25 um [ DM-WAX EMEH:, Biknth % vasE T+
KGRI A5 (FID), AH JSL ) e A4 2 AR 4% 06 T AR b i 2500
THEAF 3.
433 FRTHARKE BB oAt

B K AT RS T SR IR e e N
F] 100 mL FIU4E 2K (PTFE) N 4 AN & K 28,
PRz P R B2 B T R, PR B e, FHRZ T
EMRE G, RSFFGETEI, fR— % B ] J5 45 1k 34,
PLig A 0.5 h. JFE)E 0 0.8 g HAEIE AR, 12 g 2R
FiE VR AU AL U= 038 CURE R IR N30 O fs, B 0.5
h RO ZERUGI 2k, B0 10 min, FHE)JZER
IS EE AT, 8 NARE TS AR RLER 2 A
WO & Hf, aiifiS5 8 Agilent GC 7890A,
RN 30 m X 0.25 mm X 0.25 pm ) DM-WAX E 41
K, B i A N E S T KGRI ER(FID). 31 2B
EHHE AR

0
Mcyg CHOL

SGadz(fgﬂkx:@iﬂLunm

Hrp, Yield N CRENCE, %; mewor NIFCRERE, g;
e I SLETIR R i, @ Moyor, R CUREIABE R
JiiE, gemol ' Meue NI O HIEE /R &, gemol ' 3£
QIR TR A A

Sel.(CHOL)=Acpor/(Acnor 1 Aother)
Hot, Acyor AFAHIER TN I (/<M €03 (1 e T AL
Aotner NENF=AD(FFEIR AR )X L PR SR €13 10 Ve T AR
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