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Abstract

Titania-supported chromium oxides with different loadings have been embarked in catalytic oxidation of trichloroethylene
(TCE) to inquire association of the formation of crystalline Cr,O; with catalytic performances. A better activity in the
oxidative TCE decomposition at chosen temperatures was represented when chromium oxides (CrOx) had been dispersed on
pure anatase-type TiO, (DT51D) rather than on phase-mixed and sulfur-contained ones such as P25 and DT51. The extent of
TCE oxidation at temperatures below 350°C was a strong function of CrOy content in CrO/DT51D TiO,, and a noticeable
point was that the catalyst has two optimal CrOy loadings in which the lowest Tso and Tgo values were measured for the TCE
oxidation. This behavior in the activity with respect to CrOx amounts could be associated with the formation of crystalline
Cr,03 on the support surface, that is less active for the oxidation reaction, and an easier mobility of the surface oxygen existing
in noncrystalline CrOy species with higher oxidation states, such as Cr,Og and CrO;.

Key words : Trichloroethylene, Catalytic oxidation, Supported chromium oxides, Titania, Crystalline chromium oxides
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R, ¢14)$] 2 7] ¥ printed circuit board, PCB)
52 AESRE AT EARY L ChRe E5E0] $
A3-6-7138k3HE(Volatile Organic Compounds, VOCs)
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Ao s skl wiEFsErt W Aol 4
A A7les 28sto] AAE ok gt wiEE=
VOCES At o7 Aefsy] flste] a2, &
s, S5, 2L S YRR, AHjALkel Eek=
up 2] 52 S e)7|esEo] AFd @l H-8-E A
U 7iebE] a7 Qo Agarwal, 1992; Moretti, 2001). Ak
PN = 27| FAH]E-0] 23l AF-8--7 0] g0
g AL E ATkl glo, 2ol 27] FAb
H|-go] A or &2 ©do] Sl&A|e e ppm
=0 A5 VOCE2] Akl AAE flste] Sl
A9} FA|wo] = e o] HgEa ek A
AR 22 A folle SAIE A olek
I A s AlEe AAksh] f13k welerddE
B A= o tefR VOCE] AREEAL glom g o]
AE tha He7F 6 387k 240 Aet 2
oJu SIS NS = A4 o8 o9 o]77]
tj<zoll B 7ol visl Frjdar]ss] S 7
ek == Qlck

S A7) A2 Hls] iAo m e
L5(150~500°C)of| Al RZAFO AMEglo] VOCE
= A 717] wiZol] 4= 13k AiAtE WAy
o] W #nk ofy 2} -4 H]g-o] A7 slti(Kosusko
2} Nunez, 1990; Moretti, 2001). VOCE2] 04
ol A ERE Y9l Sl Pr, Pd3 2HS A4}
Cr, Co, Cu, Mn 59| F&ASHE0| 9] nj(Bond 2}
Sadeghi, 1975; Corella 5, 2000; Hung¥} Pfefferle,
1989; Manning, 1984; Moretti, 2001; Scharf &,
1994; WeldonI} Senkan, 1986), X|&71A] @&] A
Elo]e AR Zuf 8 = Cr,03/ALOs, Pt/ALOs, Houndry
3K, Hopcalite 52 9|2 & 4= i Agarwal, 1992;
Moretti, 2001). Ha< AEL] VOC A|AL Svj=
iAo r wrtehs o diol eAEHE SulilE
of thgt Aol 5] o] oAl Ql=dl, 5
ks FuE SollAE Bl Crox Sl R7]
SAIZ Fe] AREoJR]E H43HF VOC(Chlorinated

sa
VOC, CVOC) AAZgo°] m|$ &3t Aoz Hu
T %itHong 5, 1998; Manning, 1984; Miranda %,
2007). 53], Pok= XA | B]274/d CrOc©]
A Sl RS FujE0] 2 AL gk
sfe] BAES FEF 4 Qlrks oA £2HT
¢ItiMiranda %, 2007).

CVOC AAREZ<] thgh v A4 CrO 8] g
AL FAAEY Tl 2A FFE S 5 e,
ALO;, SiO,, TiOy, MgO % Al @efo] EA| Fof T4
g HIZAA Crox FHiE FollAl CroyTio: Fli=
FUT FRFA 7]ES] CrOJ/ALO; 4F-8-Fulj H ok
et WREEHEE UL o) o RS
et 2 dAsHGIt{Hong 5, 1998; Yim &,
2000a, 2000b). E5E o] 52 A-1+Z21= CVOC A7
HES-oll QlolA] TiO, 9] Eej3tel#|el ddo] mj¢- 5
3t dAE AGeE wellar Sty &, st
CrO, HA| =k} H] 523t H] A A (surface area, Sper)<
Zr=thd, ALOs ETH= TiO, 21 2] CVOC A|A &4
o] Spoiglon, T FAARl Aol 1 "HAA
o] H|EHA o] S5 FuljEdo] ES8ith ol AR
H GXA | A =2 AR E 2=
7 CrOs0] A== Aot wAdet wdsdo] g7l
wjFo|ti(Kulazynski 5, 2002; Rachapudi 5, 1999;
Scharf %5, 1994; Yim 5, 2000b). =, TX|A|2] H|®E
HH o] S5 FUS Crox FR[FoA Ay oz
o] W& AR CrO 0] A == Holeh 4
et aket 22 A5 aigto 2 @ o, CVOC A|A
HhgolA B e ® A-8h= Cro 8] GAES 7t
53 3 Z7HA|7|HA] TiO, EHol 2A5k= 244
CrO, 0] S Fastdl= Aol vigz|sic). uhetA],
&2 Ao AR OE HEEAE 2= Tio o) =
2 CrO, o2 TXH FulES AlRsto] tjxF
21 CVOCO] UF<1 TCE A|AREg-<ll thgt Saj2hd =
H|278/d/47873 CrOZHe] WA S A 2 arA ghch

2.1, E0H|=
B Ao = A A 02 71 W2 Sper(60 m’/g)
5 ZF=P25(Degussa), 27+ A= o] 33l 85~100
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m’/gQ] Spers ZH= DT51D$} DT51(Millennium
Chemicals) % 7} S 250 m'/g2] Spers ZH=
Hombikat UV 100(Sachtleben Chemie GmbH, ©|35}
"UVI00" 0.2 HTHI 22 M ThE SrrS 2 4
£59] TI0,2 Zul2} Cr0s2] SAIA|5 ALg3HeITh
30%9] rutile®] EA5}= P25 TiO, &9, t}& &
TiO, 52 ¢ anatase 2 0|50 & 910, A8 TiO,
A| 2373740 o] -2 DTS 1 9lli= oF 1.3%2] o] gh-
Eo] AL DTS1of| EA5h= 3 Aite Al2s7dollAl
A3t 73$-oll afgek= DT51Dl= F 0.4%2]
Huto] 223t Table 1).

DT51D TiO,= 0]8-5}0] T32K10~30%) 2]
CrO & 72H= SulE2 HAAIR] TiOE 570°CollA|
79% N2/21% Os(Praxair, 99.999%) =2 1 A7t g2k 4
Joto] EwES AAT o o710 Crox H4HA4] &
M-S incipient wetness 7|FH O 2 HX|dlo] A|ZEQ
th = 4245 TiO 9] Ala-+-1)(pore volume, 0.88
cm’/g)o] FFEHe Zepo] Yoke CrOx FHES
ZFEE Cr(NO3); - 9H,O(Aldrich, 99.99+%)2 =
TiO, o FA|gE $of] 110°CollA] 8 A7t 53F AXRAIZ
thKim} Choo, 2005; Yang@} Kim, 2006). 15~30%
CrOx T 2H= Zu| 52 TiO, | Cro, o] H-4k
L5 FIA7N7] Slste] A &4 RS HA
sho] ZA%3E - thA] 2ho] WA §Hs BA5k=
& 3~43] HHESTo] dojirh

2.2, CrO,/TiO, Z0fAOIA2S] TCE AtsHHIS
TCE 4lehk-gol et Smi59] 2/d%7k= A%
B 52 1= HE-S-A| A E)(continuous flow-type fixed-

bed reaction system)S ARE-5}0] o] o] HTH Yang 1}

o
» T
)

0-\>:4 o,
N

Table 1. Physicochemical properties of commercial titania used

Kim, 2006). A|Z% Z0E-2 HA| mass flow controller
(Brooks Model 5850E, MFC)o]| oJ3l] 24 == S-aF
200 cm3/min94 79% N2/21% 0, 0]-835}0] 5°C/min
O] H2&ELR 570°CollA] 1 AIRE FF 293 Fof,
Hol= WEg-2=oflA TCE A|ARS-S ~3y5k3ich
H 3Ll A ARE-E TCE(Aldrich, 99.5%)9] &%=
1,150 ppmE 2145 ©-4517] 9J5ke] TCE7} Sol
Ql= UAFE Pyrex saturator®] 2= refrigerated
circulating water bath(Jeio Tech., Model RBC-11) <
ol A 10£1°CE A|o =] $lr}.

F7F&%(gas hourly space velocity, GHSV)
20,000 h' o) Bjgal= A air 95 200 cm’/min 2
o] MFC2 Alo]=]= 5 em’/min®] air= TCE ¢}
o] 59 Q= A7] saturatorE E9F & mixing
chambero] EEE I 195 cm’/min®] airs HEO
MFC9]| 93] A|o]%]o] mixing chamberofl A TCE
713553 S8 EdERl = Fuljrh SXE
5710 A=A} FiEk37] - oA 7)14dS
Woll EAsh= TCES] 555 WAIsH] ffste] =
G272 120°C = heating tape S ARE-3}o] 714 E]
o, Bkg A9 38 TCE e w2023+
7)(flame ionization detector, FID) & QX == 7<7|
(thermal conductivity detector, TCD)7} F2}1%] 7]
T2 u}E 12 3)(Shimazu, Model 2010ATF)E ©]&
3}o] on-line 0.2 EA %]l

T o

r oo ¢

2T

2.3. Cr0,/Ti0, Z0Hof| CHet XRD FFE4

ALY CrO S 2= 59 TiO, o] 4374
E= 444 CrO,of thel XRD(X-ray diffraction) el
2 X-ray diffractometer(Rigaku, Model D/MAX2500PC)

TiO, Crystallite structure SBET Sulfur
(m’g)’ (%)
P25 70% anatase/30% rutile 60 0
DT51D Anatase 87 0.4
DT51 Anatase 92 1.3
UVv100 Anatase 250 0

* Determined by the BET technique.
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£ o]gsto] ST oJuf ARERE X-ray radiation
source 2= Cu Ka(A = 1.5406 A)Z A&31%,
X-ray tubeo] 7}al| % Atat AF zkzF 40 kv el 20
mASICE 217] THE Cro, Be5S: ke 258 95}
= YATE Pyrex Wg7]of Ear &3 TCE A7
9 7o) Zol T BT P OR 24T 5 4
27HA] WZIA]A airRE passivationF] ITHKim 5,
2002). o|FA| 2/d%E 7+ ZulE XRD 5748 quartz
holdero] @il 1°/min®] scanning rate®} 0.01°2]
sampling step sizeZ 20 = 10~80° FHoj|4 XRD
B-S 533 3 CrOy 31HES3 B4 =l XRD 937}
Ul 26(32~40°)  FYollie Hrp Adsh
resolution(0.2°/min) © & scanning 331t}
=t

nE

3. 2o

n

3.1. Ti02| =2|afstdel EMut TCE HMAHEM

Table 10]] =014 10|, & AFtolA] AMSH 4 F
F9 TiO = ZV7| & Spers 27] W&o HotAlE
=7](average pore size)2] x}o| &2 Q18| Z} TiO, ¥H

o A] BRS-Eo] TCEJ A Q_o]/v]o] o= 7o 7|
g o  ETE0] uReskA
A oIS G Ao AL, A, 7]
TIO:5 Zoll 4 TCES] A1 gol4 Zwlol A 71 vt
HARRE TIOE Hobi7] flske] GAA] 21 &A1
TCE AFo}ehd& A 1l

Fig. 1of yehd upe} o], 330°CE] Wh-g-2 ol 4]
TCE A3S-8 4=3)31 A1}, P25, DT51 2 UV100

ol A= 10% m|vtke] REg-&/do] ¥a=| 1L, DTSID
O] Z-olli= 20% ©)/de] TCE AAZAS Hol8l
t}. 330°C9} 72+ W U2 o) A Ti0,2] Spert
AR 20| T2 2ol HE TS| Holg= Ful = A
o] IOl 4= ¢lglt)h = SU%) anatase AR
FZE 29 Sper7f 2R T51-‘—1’ Seer7} 2.58) ©]
31 UVI0094 AR 0] SujedS 43

= T
9&&04—]-—, 73}4;[1}—-}:‘ Aii E]'E‘IX]H} Hl*‘b'}' SBETS Z,l’
= PZSQ—]' DT51% —,T/\]—ﬁP /\Z.,] TCE Xﬂﬂbﬂ— Je ]4—

ERlch
420°C2] ¥h-3-2-= 0| A TCE Akadh-gof| tgt 24
& ZAREIYS w, P259} DT51S 15% Wele] TCE

A A 2L RN, DT51DE 9F35%2] TCE 3}
&2 HolFqlth & ol A ARE TiOE FollA
Seer7t 7F% 24250 mY/g) UV1002] HRS8H e of
25% A=k olefRt AyEg g o2 & o, TCE
AePEES 91t EAAH| 2= anatase AHF2E 2

11100 m’/g F10] Sper S 2H= TiO 7} 7P vlg3]
gt Aog Hojxal, o] 7P Hilsh= TiO=
DT51D = A§z+=c}
40 T
; DT51D e T=330°C
3B 1 L]
: ; B T=420C
-~ 30 + i
o . | uv100
e ®1 | i
5 ; ¢
c 20 +
S : DT51
o C i i
g 154 p2s | 5
S ‘ " i
© 104 P i
s : i 4
54 L
4
0 —

0 50 100 150 200 250 300
Sger (M?9)
Fig. 1. Effect of the surface areas of bare TiO, on the
oxidation of TCE at chosen temperatures. Reaction

conditions: [TCE] = 1,150 ppm in flowing air at a
GHSV 0f 20,000 ™.

Fig. 20|41 M4t o) 9l 4 2R A2 o2
SpereF AAFZE 714 TiO2 9 5% CrO5 ©AI8H
= o], ¥h= W2 o 4 TCE ARhikg-of Tl 2t
Fufo] WS HolFal Qlok Ao v
RS-0 alfgah= 240°Coll 4] TiO, 2] E/dAto] el
BAYO] 40-60%2] TCE AATHS Lepid),
DT512} UV100Eth= P252} DT51DO] ©AE 5%
CrO, Z1fAtol| A F 15% A= ¢ =2 TCE A AZA
& UL 5 ATk olelat I Aol 2 Aol
ARG T102—4 Sper Afolof] W AlE-=7]9] 2to]
2 QI3 AnE £ o gt sk vgEel
TCEQ] Bx}=37]%= 0.65 nm X 0.68 nmo]7] wfj&oj
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(Farrell 5, 2002), & A-Loj| A AM8H BE HAAE
O Als W= 4 A 9 bl Avket ZAl=
Y= A] ok Ao]7] wiolt). wahA], A o=
Sper7} 2 TiO,0f] GAJE 790 Hrp & 24 2
oli= T4 o)== TiO, ol FAFE o] 3= CrO«&}
TiO,712] 733t Al% 21-8(strong metal-support interaction,
SMSI)o]] W= CrO, 2] redox EAJ O ZEE 7|Q5k=
Ao g2 AZ = tHKimy} Kim, 2011). &, Ajdo g
Sper”7t & DT512} UV100¢] HA|E CrO= T 723t
SMSI &1}& Ql&f| TCE 4Fepg-ofl Q+1%]= HAF
Zx(surface oxygen)S A84 02 FHF317] o]8=& A

o,

100

: "1 DT51D .
90 £ i H
g .
80 £ P
£ 704+ o
3] : 3
60 + i
= i * &
S s i P25
2 ; : ®
wn [ 1
g 40+ L
2 E DTSt UV100
g 30+
20 ¢ e T=240°C
10 ¢ B T=340°C
0 e
0 50 100 150 200 250 300
Seer (M2/9)

Fig. 2. Activities in the oxidation of TCE at 240 and 340°C
over 5% CrOx supported on TiO with different Sger
values. Reaction conditions: [TCE] = 1,150 ppm in
flowing air at a GHSV of 20,000 h™".

AR 0 & 31.2.01 340°Cof| 4] TCE ARahiE3-of o
St A7) ZuE9] TCE H3he-g 2A18H9S ), TiO,
o] Z=of IAG0] 85~100%= > =7 Lrepyich
(Fig. 2). P25, DT51D, UV1009]] 9] 5% CrOy2]
74$oll= 100%2] TCE AAZES HolFlar
CrOy/DT51 TiOy= 90%X .t} Y& TCE A A4S

Epdick o]gdt AE5-S TCE Abshal-g-of @41%=
sl RE B7]0] FESE HRE o) idollA=

Ti0, 59| Sper@t A2 HT= A0 4AMe
7} B S8 AlAlstaL Qitk &, DTS1 TiO 9] 739
A3 AollA BHAtol2(sulfate)o] DR FESHATE
DTS1D9] 7§ FHito] &5 A A 7] wlzoll(Table
1), gAtol2 Fhefo] =2 DT519] FH AMJ =7} AF
HHog B w5 AR 7= AT TCE Akelehy
< 25] WA HEEACk o]H g AMS TCE A|A
HhSoll A FAIA| S HHAMI =7 AUAA 2 I8
k= A oJu|sh=d], ol Hhs- Foll A5k Ak
7= HCI 5o] Rg-AHER AAE7] ded
o]tiIntriago 5, 2006; Miranda 5, 2007).

0

oX oX T
o rlo

»

2. D8 Cr05/Ti0, Z0H2| TCE M|7EM
tedsl A9EE vl o2 & ), rutiled} anatase
| 4A v g2 SA5H= A(P25) E.th= <= anatase
2 0]20]Z TiOy(DT51, DT51D, UV100)7}, A2
O 8 o] vk o] glo] FHAMIETF Y
F =2 ADT5)Eh= A5 AMEE 2
TiOy(DT51D, UV100)7} TCE AF3HFS-8- CrO, Zuff
O] FAA| Z=A Kot vpEAlsie) B35 & A to A=
SRS CrOL 9] TS 10~30%71A] B ZS
o SR A|?] TiO, e A== 2444 Cro &t =
7] TAE wpotslarA; SRR a1gkeEe] CrOx
7} FA =S o TCEQ] B4 Ay} Sitol| Jaks
FA o= AleE7] 5= AA%tehd UVI00Rth=
DTS1D7} Ko} A gHek 71 © 2 Y71, o2k v 7
of wha} & QLo 4] 10~30% CrOy Z1j5-2 DT51D
£ o]&5to] AlxE Sk

Fig. 32 DT51D TiO,¢] ©4]E CrO,2] & w3}
of Wk TCE 4HtehdS Hojsal gt} 7P w2
AR 10% CrOx 9] 79, 150°CeflA] 12% 4
9] TCE A3he-S Uefal ¥h3-2% S71e} &4
FfE/d-2 S7Fste] 340°CollA] ¢F 80%2] TCE A|A
€& B9+, 10% CrO/DT51D Sufj ol 4] foj]
= "2k uE AWtk AaAH(Yangat
Kim, 2006)¢} 2 22519k SA3 DT51DY) 5%
CrOx 7t P2 =] 91S wff 24017} 340°C 2] HH-g-2- Lol A
2o]Z TCE A|AL(Fig. 2)ol| val F 15~20% A=
o=, ol gt Al CrOx BrA|=Fe] whet Tio, 3%
Hol| A== AEAEE E/dE(active species)©]

Oo>”°‘>

N
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Mo

gepzitks 2AE AARBRL Stk Croc9] HARS
15%2 S7HA1 75, 300°C o)4e] b2 ofA=
10% CrOy Sufjo] vjsl| 571 R4S UEdl=
HhHo| 150°CL} 22 Aol A= ©.5]8] Sufighdo] &
o= ATE ZalsitkFig. 3). 20% CrOy/DT51D
Fuo] 7, A2 (1502 250°C)ellA] AAS] =
2 A S ks A0 R YERT Cro, Eol 7t
2} =2 30% CrOy/DT51D ZujAto)| A o]z uf
Se o) whE FAHI= 15% Cro &} mf9- GAlsE
gtk olAte] Autg E uj, TiO,of 92 CrO, 3k
of wheh A2 o2 EH FAE(Cr03, Cro0s, CrOs )
o] A/3d 4= SlaL(Scharf 5, 1994), TCE AlshiEg-o]l
gt o] 52 7|A%Tt ThE 4 S AAKRIL Q=
o], 1 4%} TCE A|lAARES<l dieh 24 7He]
A= ofefol A F o] A4 o8 thF ) gick

100

Conversion of TCE (%)

10% CrO,
15% CrO,
20% CrO,
30% CrO,

ttes

100 150 200 250 300 350 400 450 500 S50
Reaction temperature (°C)

Fig. 3. TCE oxidation activities of CrOx/DTSID catalysts
with different CrOy loadings. Reaction conditions:
[TCE] = 1,150 ppm in flowing air at a GHSV of
20,000 h™.

CrOx FHeg ¥isto] wh= TCE #all2/d-& ot g
3] At 7] 9J8lod, Fig. 404 1~30% CrO, 9] &
2 FuFOR 3=l TCES] 50%E AAT 4=
9l HRS-2 % (Ts)Tt 90% TCE H3}&o) Edsl=
RS- 0 (Ty) S ZHzb HojFa gtk oluf, 1~10%

- olgAt

(o]

CrOx TS 2= Fvlloll thgk TCE ks Hlolel=
7|&o] B 23 (Yang®} Kim, 2006) 0. 2HE ¢l
BE Ak Cro8] FAFo] 1~30%7H4] HskE| 3lS
o], Tso-2 2000]14] 260°C7}HA], & 60°C 74| Eet
A 4= ek 7P -2 T50(202°C)-2 20% CrOy g
ofl A |G, Ao R =2 TCE AAS IS
HAH 5% CrOYDT51D Zuf2] Tse-2 228°CE 20%
CrO/DT51D Z0jjof| u]3 ¢k 25°C ] =-8-8 oF 2 9]
=4, ol#fgt A2 DT51D TiO.of] B4 == CrOy
9] gheFo] 20% Y w7} A2 TCE A AL/ SHoA
o] vEAISItH= 2 ou]gith Fig. 40f 37 EAE
CrOx 35 Hslof| mh2 Ty 2525 A EH, 17} 10%
CrOx gegollA] 71 32 Too(3803} 390°C)S H2l
HHHO(TCE ARBHES- SHolA B Sl =)o) 2
go) 71 Rk ofnlof| 8, thE CrOx TGS, 15,
20, 30%) o A= AL FAFSE 522] To(310~318°C)
< UERiLE &, 90% TCE A|A&<) =g3al7] $isf
A= AR 7 AR 70~80°C H L o] =2 Bt
TS QI

400

350 |
Teo
300 |
250 fe ° T o

200 + L4

150 +

Tso and Tg, (°C)

100 +

50 +

0 + + + + +
0 5 10 15 20 25 30

CrO, loading (%)

Fig. 4. Influence of CrOy contents with DT51D TiO, on Tso
and Ty values. The Tso and Toy were defined as a
temperature yielding the respective 50 and 90% TCE
conversions. Reaction conditions: [TCE] = 1,150
ppm in flowing air at a GHSV of 20,000 h™.

ofFe AveS FHHeR Ave |, CroJ
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DT51D ZFujidollA] 744 & TCE A|AZAS et
W= Croc 8] BAIFES 59 20%=H, o= 552
CrO, 2ol EAfRitks A8 wajem olrt. of
o} 28 WAo] WISl 1 2 o)1= TiO, Flo]
HAE Crox &gl mE €00 F57, 244,
monolayer coverage 51} A E= A0 2 AZhECH
(Hardcastle2} Wachs, 1988; Scharf %, 1994; Vuurman
3, 1993). FAA ] 4R CrOx= CrOs, Crzosy
CrO;oF 22 ofg] #F o2 2T 4= Qletl, *&
Cr0,8] FFoll A Cra0s8t Crost A 421 Hhio]
CrO:8] 3 571t A GAA| el AdE=
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Fig. 5. XRD spectra for CrO/DT51D catalysts with
different CrOy loadings after calcination at 500°C:
(a) DT51D TiOz, (b) Cr203, (¢) 1% CrOx, (d) 5%
CrOx, (e) 10% CrOy and (f) 20% CrOx.
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