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Table 1 Catalytic activity of TiPO and TiPO/MCM-41 on the nonsolvent oxidation of cyclohexylamine®
Catalyst Conversion/ % Selectivity/% ;
CHO CH NCH CCA Other
None 7.3 24.0 2.3 1.1 61.5 11.1
MCM-41 22.5 40.5 3.6 1.6 325 21.8
TiO, 42.7 79.2 1.8 35 8.2 7.3
TiPO (Ti: P=1:1) 46.2 80.5 2.0 4.7 6.3 6.5
TiPO (Ti : P=2: 1) 53.0 83.0 1.7 59 3.8 5.6
TiPO (Ti: P=3: 1) 53.9 81.4 2.6 6.8 4.1 5.1
TiPO (Ti : P=2 : 1)° 29.5 76.8 25 2.1 13.2 5.4
30%P,05/MCM-41 25.1 66.5 2.1 6.6 19.7 5.1
30%TiO,/ MCM-41 57.6 81.6 1.6 7.3 3.6 59
10%TiPO/MCM-41* 61.5 85.8 4.0 44 2.0 3.8
30%TiPO/MCM-41 59.0 87.9 3.7 32 1.7 3.4
50%TiPO/MCM-41° 523 82.4 4.6 5.5 1.8 5.7
30%TiPO/MCM-41" 8.2 612 24 1.2 324 2.8

a. Reaction conditions: CHA 10 g, O, 1.0 MPa, catalyst 0.3 g, temperature 90 “C and time 5 h. CHA,CHO, CH, NCH and CCA stand

for cyclohexylamine, cyclohexanone oxime, cyclohexanone, nitrocyclohexane and cyclohexyl-cyclohexylidene-amine respectively;

b. Other byproducts are cyclohexylimine (<:>=NH) and N-benzene-cyclohexylidene-amine (QN@),

¢. Amount of TiPO is 0.09 g; d. Amount of catalyst is 0.9 g; e. Amount of catalyst is 0.18 g;

f. Silylated 30%TiPO/MCM-41 using a trimethylchlorosilane agent.



%4l

PPPTIESE . BT TIO/MCM-41 HEALERC TR AL i 46 21 A NG i A 1R 355

PR 1 S5 1o 465 S AH e, B AR AL 2R O BT
VoA AR A0 A A T fl 387 387 R X 48 v B T . i
% TiO, YA Rl BB B, TiPO AL 7 1A Ak
PEREUE— 1R, JUIL Ti 5 P BE/R LR 2 ¢ 1 B, 4
Tk RE S A, HURS, B b3 53.0%, okt h
83.0%. N T #fi & P XF TiO,/MCM-41 1 1k 11 RE 4
AR VEF, 43 933 T MCM-41 i % TiO,. P,0;
H1 TiPO #44Y, IF %% 30%P,05/MCM-41. 30%TiO,/
MCM-41 F1 30%TiPO/MCM-41 HIHEALIERE. FTLLE
PO SR R A — 2 IR AR, s e
PEM 30%TiO,/MCM-41 1 81.6% P45~ 30%TiPO/
MCM-41 1) 87.9%. & T i — & & TiPO My fiEfL
R, BG4l 4 TiPO RY4a X [E 2 R 0.09 g Ji
HEATHEAPEREXS LL. 5 B— TiPO #H L, TIPO/MCM-
41 AR AT DL — 204 v e A R e .
W1, 30%TiPO/MCM-41 3 8t H Fe i o PERE, e s 1k
RN 59.0%, f5 RN 87.9%. 1% 2 T2 fizk
JE TG TELLSY TiPO LA/NURE A4 T AR G i 7 7 2%
T L, 9 HBT R T H R A, A AT s
T 5GBSR, B % TiPO
TR IG INF] 50%, AR AL B2 TG,
XA BESE N A 28 TiPO M EBAR K I AL T
Jry R HEAR, BEAR T 438, AT T AR AR .
KT E B T AR 30%TiPO/MCM-41 1) 3% T 72
B, SR = H LSRR e N AT R e A A B, % B
Ab B (4RO B B 22 88, AR N 59.0% T RE
F| 8.2%. UL AT L, B il 25 1Y 30%TiPO/MCM-41
PR BR O e TG 75 39 480k s I v, T i Ak S8 A s ke
PE R 2538 B e A, W TR A A ) R TR
P, H P X} TiOyMCM-41 AL PEBEA — & 1Y 242
YEM.
2.2 RS H AR
FERLN Z M 2414 T, 30%TiPO/MCM-41 1
AL PERR AN 3 . R IE 3(a) 0, BTG A 2 bl i
FEB . EF, A 70 °C BFRY 27.2% G HNE] 100 °C )
1) 65.1%. i 5 e BEPE N SE TS B, 76 90 °C HUiS i
KAH 87.9%. A LA O o IR O A 114 356 6 7 B VL 2
WAT T, TR BB B B R R, X T RRSE RN
= A TiPO/MCM-41 W% BfF 6 Ak 38 2 g, M T £
PERRC R Ak, TRIE, SRt Rt — 2 b =3
B, AR A )T 3 e bk Akl 37 Al A
R AR i PR 255 7 8, S i SO IR
90 C. IR Z O, F J35%F I i A 52 A & 3(b)

Fi7R, B AR 2206 O, )38 K B w4 &, 1)
i 1.0 MPa, BB AL R 32 A TR, X AT g2 40+
AR A BRE R, Bz, O, kiR
A BT Z 0950 FE8 S5 O e i, $2m L TR,
AT C e — 254k, 238 8 AT AR,
O, FEJ7 A3 x4 2E 30 O e A B RE 078 BIR. i i
VEBEPERE R TS B, 13k E] 1.0 MPa
A, I P 38 3 e g 5 A L 2R O e FEA O T 119 36
PR B R 7 04 e T, [ I Y R S R
A . SOk B AR 1o 1.0 MPa. B[R] X3 2
[ T B AL BRI AN 3(c) BT, 2RO A 45
A1 57 T f R ) B AR T 3 h, BURS A £k
REIA 45.3%. P25 RER ], i A 4t o AN i
i, YR ] 7 h B AR 65.6%. X & TR
o7 328 B R P R B BRI, sl T O A3 Y
A BRI 23, £6 RN e AR Ah 236 O 420 Al e
3, MELASE— LT T s e B Rl A (] 2 5E T e
R, 76 S N s [RISA 5 bR, HEGR 310 g 5 87.9%. I
A, HFEER CBE AR B — ELREES T, T fef isk
Pt S T B BE A A v, Bt IR R X
HH S e 7 12 B g oV R v ARAEAE . FRATTZ AT/ T
VEUEW, ZE3R CUMEAFAE T, PR B nT LD sk e ik
Sk Wz, b B 2 — 25 4R Ak Sk 3R O i A IR O
Y, T e AR A IS8 A 5 h, Ak 350 o
AR S R AR B L, R AN 8 9 4 A8 H
FepEfE, fif F i R 22 0 23 i pE A TR 2%, I8 T REFS
KHE R Y. 30%TiPO/MCM-41 155 7 C TG
FEAA B & 3(d) B, B 30%TiPO/MCM-
41 AT, B AR K, Tl v Bt A By
KR, FEFHEN 0.3 g IR R MH. AkSEigin &,
FieibAb S AN, TG BEREE A i TR X AT RE
FEFh TIPO/MCM-41 Jilk £, #2555 S/ C
oyl R4 S TG LI O LR, A I3 C
¥ R A E Y 38 34 A AL 3R, PG o ] )
R E 20 O e i Ak i Re A FR, I L 2 i i Ak )
Ho e R, Rm el Ge A T8I . 5546, BiE
30%TiPO/MCM-41 f& 114 2, fiff 2 30 O e F A O
Tl (14 T 5 P 120 T B v, T I Y 1 32 R U T R
JIT LA, DA A 500 el FH 2550 238 0 g e 3 ) R BBE AR R
30%TiPO/MCM-41 1} 0.3 g I 2 LA 36 1. 47
b, FEROSREEA 90 °CL FEJ14 1.0 MPa., BE]2R 5 h,
30%TiPO/MCM-41 fil A & & 0.3 g, 30%TiPO/
MCM-41 FIREA I RE SR IL, MR B AL R 59.0%,



356 A R i I A G L ) 38 &

90 - (a)

m-r/////'/////‘\\\\\‘
70
60

50
—l— Conversion

Conversion or selectivity/%

40 - —@— Selectivity of CHO
30 —A— Selectivity of CH
20 - —W— Selectivity of NCH
—¢— Selectivity of CCA
10
o Li—— * : :‘;!::ﬁ_
70 75 80 85 92 95 100
Temperature/°C
90 - ()
80 -././.\0

—l— Conversion

Conversion or selectivity/%
wn
=
T

40 —@- Selectivity of CHO

30 —A— Selectivity of CH

20 —W— Selectivity of NCH
—— Selectivity of CCA

Reaction time/h

80 -

I

z 70+

Z

% 60

=

% 50 - —l— Conversion

: 40 L —@— Selectivity of CHO
'% —A— Selectivity of CH
g —¥— Selectivity of NCH
=

Q

—— Selectivity of CCA

0.6 0.8 1.0 1.2 1.4
Pressure/MPa

90 -81)/.—/.\.
80

70

60 -
50 —l— Conversion
40 H —@— Selectivity of CHO

—A— Selectivity of CH
10 - —W— Selectivity of NCH
—¢— Selectivity of CCA

Conversion or selectivity/%

0 1 1 1 1
0.1 0.2 0.3 0.4

Amount of catalyst/g

K 3 T ESHO L TERER

Fig.3 Effects of process parameters for the catalytic performance

(Reaction conditions: (a) Time 5 h, catalyst 0.3 g, O, 1.0 MPa; (b) Temperature 90 °C, time 5 h, catalyst 0.3 g;
(c) Temperature 90 °C, O, 1.0 MPa, catalyst 0.3 g; (d) Temperature 90 °C, O, 1.0 MPa, time 5 h)
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Table 2 The kinetics parameters for the cyclohexylamine
oxidation of the main reaction (R,,,;,) and the side reaction

(Rgiqe) at different temperature

N Yield/% 10°Y* /(mol's ™)
TR e T R Rom | R
343 2915 1.70 2.59 5.04 7.27
353 2.833 4.18 5.47 11.73 15.34
363 2.755 9.16 11.37 25.68 31.91
373 2.681 21.72  23.60 60.90 66.22

Reaction conditions: CHA 10 g, O, 1.0 MPa, catalyst 0.3 g and time 1 h.
a. Y(mol‘sil) =Yield xn(CHA)/t, (n(CHA): the mole of CHA, ¢: time)

AR AAC I OB 5 D 32 SR, o ml LA AR S BR
C W FI L0 L Be D Bl SO AR FRAT] 2 mir A
FE, AFRE B AT L E i B O e 5 30 C B R 4 5
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Fig.6 Results of recycle test of 30%TiPO/MCM-41

Reaction conditions: CHA 10 g, O, 1.0 MPa, catalyst 0.3 g,
temperature 90 °C and time 5 h
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Table 3 Structural characteristics of TIPO/MCM-41

Surface areca Pore volume Pore diameter

Samples

/(m2~g71) /(cm3‘g71) /nm
TiPO 348.6 0.51 5.81
MCM-41 1036.1 0.96 2.65
10%TiPO/
826.5 0.66 2.35
MCM-41
30%TiPO/
607.8 0.51 2.20
MCM-41
50%TiPO/
544.9 0.48 2.10
MCM-41
30%TiPO/
. 484.5 0.49 2.15
MCM-41
30%TiPO/
b 602.6 0.51 2.20
MCM-41

a. Sample was reacted for 5 h at 90 °C;
b. Reacted sample was baked at 500 °C for 4 h.
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Fig.8 FT-IR spectra of TIPO/MCM-41
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Fig.10 Small-angle (a) and wide-angle (b) XRD patterns of TiPO/MCM-41

FIEATT S 08 114 38 i A 0 268 k199 18 im0 7 FRAIR, 7 72
R 30% BN BE A AR H B . X U 1 U5 2
& MCM-41 4 #B5r/FL9E TiPO kLK %, [ L
I8 T #ARIS B S50 194 Je 1. &l 10(b) 2 TiPO/
MCM-41 K£ 5 )7 f XRD . o] LAF H MCM-41
1 TIPO/MCM-41 47E 20=23.5° I T 1 55 i ke
fIEUE, BRI L@ TR AL 1.
2.4.5 Py-FT-IR 43#7

N T 3R A54E 4L I Bronsted Fl Lewis B& 14 57
MR AT B, FRATX ik MCM-41 F1 30%TiPO/
MCM-41 AP TIELT AN GERAF, 25500 11.
AT LA Y, 2R MCM-41 {UXAE 1447 F11597 cm
DX I B T REAE IR A0, B AT DU PR b B 5 -7
Lewis FRVEQE 5 F 590 P, 24 TiPO %551 A MCM-

MCM-41

30%TiPO/MCM-41

Transmittance (a.u.)

1507

1447
1

1410 1440 1470 1500 1530 1560 1590 1620

‘Wavenumber/cm™

Kl 11 MCM-41 F1 30%TiPO/MCM-41 fiAk5 11
MEBELT SIS P
Fig.11 Py-FT-IR spectra of MCM-41 and
30%TiPO/MCM-41 catalyst

41 I, BT 1487 1 1542 em ' IX 585, (4 R W,
Wirie, 1487 em ' X 14 7 iF 0 01 DAL R AL 1 it
IEFH 2575 Lewis Fl Bronsted fat: (7 S AHEAERDY,
1542 em" X 48 1) 45 fiF 06 U R J5 1 f e e H
T7E Bronsted [RVE(7 & F B9 FECT. b kgh Rk
W, gl i A MCM-41 {UU A Lewis R M7 &3, 1
30%TiPO/MCM-41 #EAL I B A £ & 1 Lewis iR fl
Bronsted Ji2 P4 37 &, Bronsted P& P4 57 i XTHEAL T 1)
AL EREA B A i, AT AR HH 3 O e 1) v
SR A PR
2.4.6 SEM Mt

K 12 7R T MCM-41 1 TiPO/MCM-41 ¥ &
) SEM [, T LI, ik MCM-41 & HRZ K
INA— Ry A IR0k, HAR AR YGHE . 24 TiPO #(5]
A MCM-41 B, 7EZR AR 11 v] DA SR 3] 355 —
R ERIE WOk, OB B KL 0.1 um, JEHXFF
& TiPO ik (= 30%) [AHEAL ), BRIE OkL R 5
Z. SR, 24 TiPO A Z RGN E] 50% B, GEag
g, i T TiPO kLAY R SR HERR, S
AT i A RO SR 3R, X 5 BET RAES5 R
B3, FrLA, 3@ 240 TiPO W& P44 38 T
AEFFAR MCM-41 (IESAEH 2.
2.4.7 TEM 43t

K 13 B8 T 10%TiPO/MCM-41 ¥ i i) TEM
. & 13(a) AT, BERS LA HE M b 24T FP 7S
Y FES) I —4EAN-FLFA T E, BB TiPO Bk iR
U HiJ3 BAE 284K MCM-41 11 |, f#115 MCM-41
ATh S8 AR F LA AL 45 R RRAE. H 1] 13(b) AT AT, A
10%TiPO/MCM-41 £ 5 i) HRTEM & b 1] DL i 48
Hi WLELF TiPO Fl TiO, F bk 2 80, -3 4 4L 1



A5 4 15

BTSN TIO)/MCM-41 HEALER O ICIR F) E Ak il 4534 L 1 i il IR A8V 361

£ 1 pm

12 MCM-41 FIAR[A A £k i TIPO/MCM-41 fE4k 5 14148 Fa 5 K

Fig.12 SEM images of MCM-41 and TiPO/MCM-41 catalysts with different loadings (a) MCM-41; (b) 10%TiPO/MCM-41;
(c) 30%TiPO/MCM-41; (d) 50%TiPO/MCM-41

-~
=
=
-
-
~
2
Bl

& 13 10%TiPO/MCM-41 Ak 2 5 e g 5
Fig.13 TEM images of 10%TiPO/MCM-41 catalyst

5 d {8~ 0.24, 0.35 i1 0.38 nm, %3 5| 7 J& T TiO,
[ (001). (101) F1 (010) ¥ 1, d {54 0.36 nm I &
F TiPO HYfihk 2™,
2.4.8 TiPO/MCM-41 43 FE AL IR C ALEE

FRAE S 4648 AN FA ] 2 BT A B, FRAi xS
I OB AL B AR A TIESY, TR 14 FoR. B 5k,
PR o SV FHE TiPO/MCM-41 Ffi, £ %5
SEEIE ML - AY-OH 53 C B 1 -NH, B AL A,
JITTE S B 25 1 30 O R B - W 2R e K =, A6 i
PR AR O L0 e v TR i, 300 1 IV fg v ) A

I FEIVE T AT AL N—H #EH o-C—H 4
A 2 At A R R, Wi, ARG N—H
SHE B i B A LE 7K I/ T DR P 67 L 1w ot
B, TE A O et S84k 0, [RIB) TiPO/MCM-41 Z Hif
R —OH W ReIk & BIVERIEPEAL I, T SEE Ak
TEER. B, Mk SE AL ] AP B /K R A 23R
ot WAHHEIA O GEAR S 5y S48 1 B b 7= 4 34 L i g,
Al ARE— A IR O b, AN, iR I
i a-C—H BIE By [T LAFAL S R = 3 O
. I LB RN A B R AR 25 3 T DR 4 5 o0 S Bz



362 o | A AL L A ) %38 %
H
N .
OH HO NH, /NG ;
b i © Ty H,0 "N on mo
i Y | | T 2 )
A RUZEN C 07 OH HO . W l
O oo0oo0 O R ] I Tigg—P~0 0
; S Ti~ /P\O/Tl / N9 / \()
/N0 Y7 N O o0 O
9 0O 0 O 0 i1 Si 1
- -
IS I SICEES 0"/ ~0" \ 0/ So8
| O \O0O/ O (0] 0O O
(0] O O
Adsorbed intermediate
Adsorption activation
; 0.
H 2
N OH HO
s 0/: i
. e Tiwqn—P—0—
: : o o 07"\ Path A
oo NG T

NH,

O

E AY
: : i |
Condensation 0

NH,OH

_—

H, 0—H

Kl 14 35O A LAY AT BE RN iR A

Fig.14 Possible reaction path of cyclohexylamine liquid phase oxidation

H AT R A2, et T LUE B A& 2 i Ak R 3R
O 5. Bt TIPO/MCM-41 44k 71 (10 %k 356 4 (37
ST )-OH X6 340 2R e A S AL 23R
T i 2 E 2L

N T g E TiPO/MCM-41 A7) i3
1] Ti—OH YEEALTE AL S, K 30%TiPO/MCM-41
3BT 500, 700 F1 900 °C K5kg, I HH THCE
e SE A R Ry, LR B PERE NI 15 s, 4551 %
B, Bt 25 5 B IR EE AN 500 T 2 900 °C, 30%TiPO/
MCM-41 (AL M 3 AR, B AR i 59.0%
TR 5.4%, F5E Bl 87.9% T £ 58.7%.
LR R ] B2 R A R e B Akl e 2 v
RO D, 2 4 A, RS RRTE EE X 30%TiPO/
MCM-41 (LR AIF LR EA W 2 h5em, JF 5.
Wi 25 A5 e T B 1 T T s S, LA AT — o FREE Y
B, AT A UE SRR I AR 1k, {# ] Nicoletis
B LA RGN AR T B 30%TiPO/MCM-
41 SHATFAE, G550 018 16 Frs. W LLE L, W5 R
BEl T, VA T BT SV AR B A S

CHA conversion

100
CHO selectivity

80

60

40

Conversion or selectivity/%

20

500 700

Calcination temperature/°C
& 15 AEEBEIREE B 30%TiPO/MCM-41 fEAL I BEN,
Fig.15 Comparison on the catalytic performance of
30%TiPO/MCM-41 at different calcination temperature

Reaction conditions: CHA 10 g, O, 1.0 MPa, catalyst
0.3 g, temperature 90 °C and time 5 h

PR BRI, BD 1630 A1 3380 cm ' &b (45 B BH
55, X B R SR s



%4l

PPPTIESE . BT TIO/MCM-41 HEALERC TR AL i 46 21 A NG i A 1R 363

R 4 ARKEKEET 30%TiPO/MCM-41 HI& #4514
Table 4 Structural characteristics of 30%TiPO/MCM-41 at

different calcination temperature

Temperature  Surface area  Pore volume  Pore diameter
/C /(m*g™h) fem’g ") /nm
500 607.8 0.51 3.2
700 512.4 0.45 3.5
900 363.2 0.29 3.9
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Fig.16 Vacuum infrared spectra of 30%TiPO/MCM-41
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Phosphorus Modulation Effect on the Solvent-free

Oxidation of Cyclohexylamine to Cyclohexanone
Oxime Catalyzed by TiO,/MCM-41

ZHONG Zhe-hao, ZHANG Cong, CHEN Qing, LIU Shui-lin"
(School of Chemical and Environmental Engineering, Hunan Institute of Technology, Hengyang 421002, China)

Abstract: TIPO/MCM-41 was synthesized by liquid phase hydrolysis method. The structure and properties of
these catalysts were characterized by BET, FT-IR, XPS, XRD, SEM and TEM characterization techniques. The

catalytic performance of TiPO/MCM-41 in the solvent-free oxidation of cyclohexylamine to cyclohexanone

oxime was further studied. The probable liquid phase oxidation pathway of cyclohexylamine was also suggested.

The results indicated that the titanium hydroxyl groups on the surface of TiPO/MCM-41 were the active centers

for catalytic oxidation of cyclohexylamine. It was verified that TIPO/MCM-41 demonstrated goodish catalytic

activity and repeatability. The optimal reaction conditions were obtained that temperature was 90 °C, pressure was

1.0 MPa, time was 5 h and catalyst amount was 0.3 g, and 59.0% of cyclohexylamine conversion with 87.9% of

selectivity to cyclohexanone oxime was achieved. The method developed in this study provides a green route for

the highly efficient synthesis of cyclohexanone oxime, and has certain industrial application potential.

Key words: cyclohexanone oxime; solvent free; catalytic oxidation; cyclohexylamine; TIPO/MCM-41
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