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Fig. 1 XRD patterns of Ce Ti, O, catalysts
(a) TiO,; (b) Cey Tiy,0,; (¢) Cey,Tiy 0,3
(d) Cey;Tiy ;0,5 (e) Cey ;Tiy 50,5 (£) CeO,
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Table 1 Surface area, pore volume, average crystal size and cell parameter of Ce, Ti, O, catalysts

Sper v, Average pore D /nm Cell parameter/nm 0SC
Sample ) ) i .
/(m* e gty /(em' e gt)  size/nm Anatase  Cubic a /(pg 0y - go)

TiO, 79.1 0.31 15.74 15.5 - 0.37831 0
Cey., Tiy 40, 170.5 0.40 9.34 - - 0.37899 2585
Ce, ,Ti, 3O, 161.5 0.45 11.18 - - - 3264
Ce, ;Ti, , 0, 148.6 0.58 15.60 - - - 1501
Ce, ;Ti, 50, 109.3 0.36 13.41 - 9.4 0.53961 764
Ce0, 53.7 0.14 10.55 - 16.0 0.54176 860

2.2 Raman i 4 #F

2 /& Ce,Ti, O, ALK Y PLEEHE. TiO, 7E
143,395 515 f1637 em™ &b, 45 4 4B & B WLk
I, XUHJE T TiO, ik A 4 N2 s (E,,
B,,, A, M E ). CeO, 7£ 462 em™ LbA — 1
Wi, Xf R T CeO, ST % A1 25 #4145 E Ik 3l
(Fp, )t Cey Tiy,0, Fl Cey,Tiy 30, U1 143
em” AL — SRR Y TiO, B3R AR IR A 0
HPERMEL R CeO, A7 458 () FRAE 0, X 156 B
Cey, Tig 0O, I Cey ,Tig O, L4 i EE R R FEAREL 2
PITEE WL RAFAE, 5 XRD (45 A —2. i
Cey 5 Tiy , 0, BFL &35 [F] T8 A 454 CeO, FI4L
KR TiO,, 7E 171, 351, 552 11624 em™ AbA 4
AT s, HAE 188 em™ b — G, X
XF TR CeTi, 04 YWU' F A7 3%
P A A ALY A B 48 A A . 76 XRD Hrgf:
WA WMEER] CeTi, 0, BT BL, $LH] CeTi, 0,
e LA P BE VR R S AATE R, XA RE S T

Bl A S a3, S BRI VR g 58, T AR
T CeTiZOO. Jﬂﬁﬁl\, Ceo.7Tio.302 75*’1‘9%&7‘&55’ 0]

462

100 200 300 400 500 600 700

Raman shift /cm™

& 2 Ce,Ti, O, /A Raman Fif
Fig. 2 Raman spectroscopies of Ce Ti, O, catalysts
(a) TiO,; (b) Cey Tiyo0,; (¢) Cey,Tiy0,;
(d) Cey;Tiy,0,; (e) Cey ,Tiy 50,5 (f) CeO,
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Fig. 4 Catalytic activities of Ce Ti, O, catalysts

at various temperatures



Fal

CeO, LT, MR & A ALY H Bk 2 8] 19 AH .
YRR Z 3w 1T AP aE.

Ce0,-TiO, & &5 ALY BTG PE4L CeO, FI TiO,
WEST, — TR RO S A AR H 2 1 LR AL
PRFHEREL TIO, F1 CeO, KRIEM (U 1), AT
P2 SN EAL; 53—TJ5 T, M H,-TPR 4%
RATLIE ) Ce0,-TiO, 5 AW 1Y A ALIE I fE
B CeO, FI TiO, A —E B, 6 1A
Py vk FE AL o> TR ). HE— 2B 40 BT H,-
TPR &5 R it w] LA, H AR Cey;Ti, ,0, H
Ceq.;Tig 30, 23 HI7E 575 °C H1 650 C A —R5E K
AR A S, {ELE Cey 3Tig 50, AR 3 SR UG 45
/N, T Cey 5 Tig 5 O, AEARHR T HE 2 J0 25 3 Ji 0
W, XFHET EMNBEEA K Cey, Tig,0, Fl
Ceqg 2 Tig 5 O, I AT ASHE W73 U 52 B AR 18 i A 711
T AP B S A b E AR,

7£ HCL LS fbd B b, W IEE R A5 %)
WA K T S5 ARG 2 6. Ru JEAE AL 77
DyR4S . WiRAREEZE , Ru0,/Sn0, fE/N 50 h )5
T TR A TS EI 25% 0. TR A AL ) 1Y R
TEPEXS T HCL AL R R AR H KA. Ce,  Tig 0,
HEAL R SR B T 00 5 9 HCL HE AL 4 A 5 1, X
Cey Tiy , O, HEALTNHEAT T 60 h pFE P, 45
RANE S FroR. Ceo, Tig o0, fEALFIFERAIHY 15 h
WIS PEA BT T R, ZERN 1S h S TG TR TRE, &
SO RREFLE 0. 76 g, ° gcal_l ~hT A, R
T R AR E

N T %5 Cey iy o O, HEALFH SN FIT i 45 F4 119
AR AL, R AL R 3EAT T SEM SRAE , 45 4 n 1516 B

XUis T 4% (5 e R Ce, Tiy O, HEALTI A Z5HE ZRAE J2 L HCL fifb 4 fh itk fe 333
1.6
1100
141
1.2+ 180
o LOF e
- o 160 £
| ~— o=
2 081 Ng——o—0—f—0—g n g g Z
o5 >
> 06r 140 E
; Q
0.4
120
0.2}
0.0 1 1 1 1 1 1 1 0
0 10 20 30 40 50 60 70

Time/h

5 Ce,,, Ti, , O, A FIFRE MM

Fig.5 Long-term stability test over Ce, , Ti, O, catalyst
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Fig. 6 SEM images of Ce, Ti, ,0, catalyst before (a) and after (b) reaction
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Table 2 Elementary analysis of Ce, , Ti, 4O, catalyst before

and after reaction

Atom /% *
Element
fresh catalyst used catalyst”
(0] 62.55 60.16
Cl - 2.76
Ti 30.64 30.12
Ce 6.80 6.96

a. Obtained from EDX analysis; b. Catalyst after 60 h on

stream.
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B, AT ARG PR R E

S

[1] Moser M, Mondelli C, Schmidt T, et al. Supported CeO,
catalysts in technical form for sustainable chlorine produc-
tion[ J]. Appl Catal B, 2013, 132/133; 123-131.

[2] Chen Xian ([ #t), Lu Gao-ming ( B/ H]), Tang Ji-
hai (%75 ¥F), et al. Research on preparation of nano
complex Ce-Cu-K catalyst loaded in the Y-type zeolite
and its performance (1#,F Y 23T 1944k Ce-Cu-K
HEALF T 5 M R RERFSY) [T]. Jowrnal of Chemical
Engineering of Chinese Universities ( 5 # Ak 2F T 2
%), 2011, 25(1); 109-113.

[3] Amrute A P, Mondelli C, Moser M, et al. Performance,
structure , and mechanism of CeO, in HCI oxidation to Cl,
[J]. J Catal, 2012, 286 287-297.

[4] Dai Yong (# 5), Ye Hong-bin (IM7Z%k) , Fei Zhao-
yang ( ¥ JKPH), et al. Preparing natural clay-based

[5]

(6]

(7]

(8]

(9]

(10]

[11]

(12]

[13]

[14]

catalysts for HCl catalytic oxidation to recycle chlorine
(R IR B A A 700 9 il 25 Sz HCL S8 AL ] S 1R fE )
[J]. J Mol Catal ( China) (/3 TH4k), 2014, 28(1) :
54-59.

Seki K. Development of RuO,/Rutile-TiO, catalyst for in-
dustrial HCl oxidation process [ J]. Catal Surv Asia,
2010, 14(3/4) . 168-175.

Mondelli C, Amrute A P, Krumeich F, et al. Shaped
Ru0,/5n0,-Al, O, catalyst for large-scale stable Cl, pro-
duction by HCI oxidation[ J]. ChemCatChem, 2011, 3
(4): 657-660.

Pérez-Ramirez J, Mondelli C, Schmidt T, et al. Sustain-
able chlorine recycling via catalysed HCl oxidation: from
fundamentals to implementation[ J ]. Energy & Environ-
mental Science, 2011, 4(12) . 4786.

Li Jian-guang (Z=#51) , Huang Yan (7% ), Peng Li-
li (FF#]). Performance of a novel CeO,/HBEA cata-
lyst for NO reduction with NH; and its property against
the effect of H,O and SO, ( H# CeO,/HBEA {f#{k5F] I
NH, fiJE 5t NO 36 P K& St s tEREWF ST ) [T 1. J Mol
Catal (China) (45rF1#E4k), 2012, 26(1) ; 52-61.
Urban S, Tarabanko N, Kanzler C H, et al. Stable and
active mixed Zr-Ce oxides for catalyzing the gas phase
oxidation of HCl [ J]. Catal Lett, 2013, 143 (12):
1362-1367.

Shan W, Liu F, He H, et al. An environmentally-benign
Ce0,-Ti0, catalyst for the selective catalytic reduction of
NO, with NH; in simulated diesel exhaust[ J]. Catal To-
day, 2012, 184(1) . 160-165.

Zhao Xiu-hua (X F1E), Jiang Xiao-yuan (FEEEJE),
Chen Hong-hua ([47:#€), et al. Preparation and cha-
racterization of CuO/Ce, ;Ti, O, and its catalytic activity
for NO+CO reaction ( CuO/Ce, sTi, sO0, HHI &5 FAE
Je X NO+CO Sz b B HEAL TG PE) [J]. Acta Phys -
Chim Sin (¥ HAL 2% 24 3K), 2008, 24 (6): 1023 -
1029.

Gao X, Jiang Y, Zhong Y, et al. The activity and cha-
racterization of Ce0,-TiO, catalysts prepared by the sol-
gel method for selective catalytic reduction of NO with
NH,[J]. J Hazard Mater, 2010, 174(1/3) ; 734-739.
Chen Zheng-xiong ( B IE#E), Zhu Wan-peng ( #iL J7
&), Yang Shao-xia (4%/& ). Research on the activity
of TiO,-CeO, catalysts for wet air oxidation of phenol
(Ti0,-CeO, AR E AL R By 1Y 16 PETSE) [T].
J Mol Catal ( China) (43 F14E4k), 2006, 19(5):
338-341.

Fang J, Bi X, Si D, et al. Spectroscopic studies of inter-



554 4 XAk H 4 Rk Ce, Tiy, O, AEALTHAIASHI AL 2 HCL (LA LM RE 335

facial structures of CeO,-TiO, mixed oxides [ J]. Appl gation of their crystal structure and morphology [ J]. J
Surf Sci, 2007, 253(22) : 8952-8961. Solid State Chem, 2013, 198 . 485-495.

[15] Si R, Zhang Y-W, Li S-J, et al. Urea-based hydrother- [17] Watanabe S, Ma X, Song C. Characterization of structu-
mally derived homogeneous nanostructured Ce, Zr O, ral and surface properties of nanocrystalline TiO,-CeO,
(x=0-0.8) solid solutions; a strong correlation between mixed oxides by XRD, XPS, TPR, and TPD[J]. J
oxygen storage capacity and lattice strain[J]. J Phys Phys Chem C, 2009, 113(32) . 14249-14257.

Chem B, 2004, 108(33) . 12481-12488. [18] Reddy B M, Khan A. Recent advances on TiO,-ZrO,

[16] Mat&jova L, Vales V, Fajgar R, et al. Reverse micelles mixed oxides as catalysts and catalyst supports[ J]. Ca-
directed synthesis of TiO,-Ce0O, mixed oxides and investi- talysis Reviews, 2005, 47(2) . 257-296.

Structure Characterization and Catalytic Performance of High Surface
Area Ce, Ti,, O, Catalysts in HCl Oxidation

LIU Hao-yue'?, FEI Zhao-yang' ">, DAI Yong®, CHEN Xian®>, TANG Ji-hai®,
CUI Mi-fen®, QIAO Xu''>*
(1. State Key Laboraiory of Materials-Oriented Chemical Engineering, Nanjing Tech University, Nanjing
210009, China;
2. College of Chemistry and Chemical Engineering, Nanjing Tech University, Nanjing 210009, China)

Abstract: A series of Ce, Ti, O, catalysts were prepared by ammonia co-precipitation method. The physiochemical
properties of the catalysts were characterized by XRD, Raman, N, adsorption-desorption and H,-TPR. The cataly-
tic performances of the samples for the gas-phase HCI oxidation to recycle Cl, were investigated. The results of XRD
and Raman showed that mixed oxides were more dispersed than pure CeO, and Ti0O, , even existed as the amorphous
structures, leading to the special surface areas of mixed oxides much higher than that of pure CeO, and TiO,.
Ce, , Tiy 40, possessed a surface area as high as 170.5 m” - g”'. Meanwhile, the results of H,-TPR showed that the
reducibility of the mixed oxides was greatly improved by the interaction of CeO, and TiO,. Mixed oxides showed
higher activities than pure CeO, and TiO,. The STY (space time yield) of Cl, over Ce, ,Ti, ,O, reached to 0. 90
ga, g~ - h™" at 430 °C. The long-term stability test showed Ce, ,Ti, ,O, can maintain its activity at 0. 76 ga, *
g+ h™" after 60 h on stream.

Key words: Ce, Ti, O,; HCl; catalytic oxidation; chlorine recycle; nano catalyst



