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Fig. 1 FTIR spectra of VPO-E and VPO-E-pre
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Fig.2 The XRD patterns of VPO-W and VPO-E
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Fig.3 The SEM micrographs of VPO-E (A) and EDX spectrum of VPO-E(B)
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Table 1 P/V atomic ratios of the catalysts

Catalysts P/V atomic ratio from EDX
VPO-E 0. 66
VPO-W 0.44
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Table 2 Contents of V", V" and V¥ and average oxidation numbers of the vanadium phosphate catalysts

Catalysts V>*/% V*/% V*/% Average oxidation number
VPO-E-pre 9.2 78.8 12.0 3.972
VPO-E 30.4 66. 1 3.5 4.269
VPO-W-pre 8.7 80.6 10.7 3.980
VPO-W 95.8 2.1 2.1 4.937
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Fig. 4 Effect of reaction time on oxidation of cyclohexanol
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Fig. 5 Effect of reaction temperature on oxidation of cyclohexanol
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Fig. 7 Conversions of cyclohexanol and selectivities of cyclohe-

xanone over the different catalysts under optimum conditions
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3 &t

3.1 FERT R IR ILR A R T B & G B Y
PRSI, 57K A SR R B A A, AR A R
F VIR IR0 SO BEGR. A0 BAT B T S
PRAGPEIR, 1 D B RRGH 5 5 i R £ b1 LB 2R T
B, A EN ARG R A LA AL

3.2 R B T G O R S LA LR VPO-E i
AT EEEA LY, AT, i A
JOLtJBE | ESF I RS 5 T S5 B A% R R I Ak
I, FRZER O A 1 B Bl oy i 0 93. 5% Fi
51.4% , TiKRA BB E PLAE AL ST VPO-W 1)



110 g Mt 5528 &
O B T AR A R 51.2% F125.2% . ( China) (53 THEfL), 2013, 27(5) :420-428.
[13] LiuL, Li Y, Wei H B, et al. lonothermal synthesis of

Sk

(1]

(2]

(3]

[4]

(5]

(6]

(7]

(8]

(9]

(10]

[11]

(12]

Whittingham M S. Lithium batteries and cathode materi-
als[J]. Chem Rev, 2004, 104 . 4271-4302.

Li Yu, Yang Xiao-yu, Feng Yi, et al. One-dimensional
metal oxide nanotubes, nanowires, nanoribbons, and
nanorods: synthesis, characterizations, properties and
applications [ J]. Crit Rev Solid State Mater Sci, 2012,
37.1-74.

Hutchings G J, Sananes M T, Sajip S, et al. Improved
method of preparation of vanadium phosphate catalysts
[J]. Catal Today, 1997, 33. 161-171.

Sananes M T, Ellison I J, Hutchings G J, et al. n-Bu-
tane oxidation using catalysts prepared by treatment of
VOPO, + 2H,0 with octanol [ J]. Chem Soc, Faraday
Trans, 1996, 92. 137-142.

Duvauchelle N, Bordes E. Influence of the nanostructure
and morphology of (VO),P,0, on its catalytic reactivity
[J]. Catal Lett, 1999, 57. 81-88.

Unnikrishnan R. Pillai, Endalkachew Sahle-Demessie * .
A highly efficient oxidation of cyclohexane over VPO cata-
lysts using hydrogen peroxide [ J .
2002, 2142-2143.

Hutchings G J, Bartley J] K, Webster ] M, et al. Amor-

Chem Commun ,

phous vanadium phosphate catalysts from supercritical an-
tisolvent precipitation[ J]. J Catal, 2001, 197 232 -
235.

Cooper E R, Andrews C D, Morris E R, et al. lonic
liquids and eutectic mixtures as solvent and template in
synthesis of zeolite analogues [ J]. Nature, 2004, 430
1012-1016.

Parnham E R, Morris R. lonothermal synthesis of zeo-
lites, metal-organic frameworks, and inorganic-organic
hybrids[ J]. Acc Chem Res, 2007, 40:1005-1013.

Zhu Ying-jie , Wang Wei-wei, Qi Rui-juan, et al. Mi-
crowave-assisted synthesis of single-crystalline tellurium
nanorods and nanowires in ionic liquids[J ]. Angew Chem
Int Ed, 2004, 43. 1410-1414.

Zhao Y, Zhao Y P, Feng H S, et al. Synthesis of nickel
phosphide nano-particles in a eutectic mixture for the hy-
drotreating reactions [ J |. J Mater Chem, 2011, 21;
8137-8145.

Tao Fu-rong (FEFE%E) , Cui Yue-zhi (f£ HZ), Chou
Ling-jun( H% %) , et al. The dissolution and regenera-
tion of cellulose in sawdust from ionic liquid ( B ¥ {4
XF 5 AR 2T AE R IR AR S AT ) [T T Mol Catal

[14]

[15]

[16]

(17]

[18]

[19]

[20]

[21]

[22]

zirconium phosphates and their catalyti ¢ behavior in the
selective oxidation of cyclohexane[ J]. Angew Chem Int
Ed, 2009, 48(12) . 2206-2209.

Kumar R, Sithambaram S, Suib S L, et al. Cyclohexane
oxidation catalyzed by manganese oxide octahedral mole-
cular sieves--effect of acidity of the catalyst[ J]. J Catal,
2009, 262 304-313.

Yang Dan-hong (# F}£1.) , Zhao Wen-jun ( #X L %) ,
Gao Lin( & #). Study of catalyzed of cyclohexane in a
solvent-free system using a unique combination of two
heterogeneous catalysts ( JCIA 714 28 H =l AR Al ) A
e A S 5T ) [J]. ] Mol Catal ( China)
(4rFfk) , 2008, 22(6) : 513-517.

Qin Yun(ZE =), Wang Jia-qiang( E% &), Yao Wen-
hua( Wk 3C4E) , et al. Synthesis of cobalt doped meso-
porous silica with high cyclohexanone selectivity of cata-
lytic oxidation of cyclohexane by the wild sugarcane-grass
stems bio-template route ( L B A= YH 7 55y A= WA A 57
B Co BRI AL Si0, oy L £ M AL S AL 35 2 bt
Hil# 2 C i) [J]. J Mol Catal ( China) (43 ¥
1k), 2012, 26(3) :216-224.

Fridman V Z, Davydov A A, Titievsky K. Dehydrogena-
tion of cyclohexanol on copper-containing catalysts: II.

The pathways of the cyclohexanol dehydrogenation reac-
tion to cyclohexanone on copper-active sites in oxidation
state Cu0 and Cu'[J]. J Catal, 2004, 222. 545-557.

Zheng HY, Zhu Y L, Bai Z Q, et al. An environmen-
tally benign process for the efficient synthesis of cyclohe-
xanone and 2-methylfuran[ J]. Green Chem, 2006 , 8.
7-9.

Michael D H, Bruce S A. Matrix isolation study of the
photochemical reaction of cyclohexane and cyclohexene
with CrCl1,0,[J]. J Mol Struct, 2007 ,826(1) : 36-47.

Abbott A P, Capper G, Davies D L, et al. Novel solvent
properties of choline chloride/urea mixtures [ J]. Chem
Commun, 2003, (1):70-71.

Leong L K, Chin K S, Taufig-Yap Y H. Effect of
varying reflux durations on the physico-chemical and
catalytic performance of vanadium phosphate catalysts
synthesized via vanadyl hydrogen phosphate sesquihydrate
[J]. Applied Catalysis A: General, 2012, 415/416;
53-58.

Niwa M, Murakami Y. Reaction mechanism of ammoxi-
dation of toluene: IV. Oxidation state of vanadium oxide

J Catal,

and its reactivity for toluene oxidation [ J].



24

RS IR AW IA R G SO0 E B BRIR S B R S ]

111

(23]

[24]

[25]

[26]

1982, 76 9-12.

Wang Feng, Dubois Jean-luc, Ueda Wataru. Catalytic
dehydration of glycerol over vanadium phosphate oxides in
the presence of molecular oxygen [J]. J Catal, 2009,
268 260-267.

Li Yong(Z% B ), Shen Wen-jie( HH X{7%) . The nano-
meter catalytic morphology effect of metal oxide (4:J& 4
T AARMEARIE BN ) [T]. Scientia Sinica Chim-
ica( P EFI A7), 2012 , 42(4) . 376-389.
Cavani I, Ligi S, Monti T, et al. Relationship between
structural/surface characteristics and reactivity in n-bu-
tane oxidation to maleic anhydride; The role of V** spe-
cies [J]. Catal Today, 2000 , 61 203-210.

Centi G, Fornasari G, Trifiro F. On the mechanism of n-

(27]

[28]

butane oxidation to maleic anhydride: Oxidation in oxy-
gen-stoichiometry-controlled conditions [ J]. J Catal,
1984, 89, 44-51.

Zhang Hai-zhou( 5K ) , Zhao Rong-ming (X5 H]) ,
Zhan Yong-gon ( & 4L) ,
transforming gaseous cyclohe- xane into maleic anhydride
and acetic acid on VPO catalyst ( VPO L7 S
O e fE A A A Tl BOTIST M B R B9 IE5E ) [T, J Mol
Catal (China) (4rFiE4k), 2005, 19(1) :46-49.
Pokutsa A, Fliunt O, Kubaj Y, et al. Relationships be-

et al. Studies on reaction

tween the efficiency of cyclohexane oxidation and the
electrochemical parameters of the reaction solution [ J].
Journal of Molecular Catalysis A; Chemical, 2011, 347 .
15-21.

Ionothermal Synthesis of Amorphous Vanadium Phosphate

Catalyst in Eutectic Mixture for the Oxidation Reaction

LI Gui-xian, ZHANG Qi, JI Dong, FANG Wei-guo, ZHAO Yu "
(College of Petrochemical Technology ,Lanzhou University of Technology, Lanzhou 730050, China)

Abstract: A vanadium phosphate catalyst was prepared through the ionothermal synthesis method in a deep eutectic
solvent ( DES) which was composed of urea and choline chloride. The results of FT-IR, XRD, EDS, redox titra-

tion and SEM measurements showed that the catalyst was an amorphous, mixed-valences and nano-sized vanadium

phosphate. Thus it exhibited excellent performance for the selective oxidation reaction of cyclohexanol to cyclohe-

xanone. Through optimization of the reaction conditions such as the molar ratios of H,0, to cyclohexanol, reaction

times and temperatures, the selectivity and yield of cyclohexanone reached 93.5% and 51.4% , respectively.

Key words: ionothermal synthesis; eutectic mixture; vanadium phosphate; cyclohexanol; cyclohexanone



