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o]& W3O =Z (Fe, Co)/NaY, (Fe, Co)/NaBeta (Fe, Co)HUSY & (Fe Co)/zeolite ZME A Z3IA 0, 71E1E-2
sz Hrlslriel &%t wl=e] Ak HhEollA o]&8] Full Ad5-8 ZAISISITE. (Fe, Co)/NaBeta FvlollAl= vt
2571 70 °C, ﬁlh/ﬂvPﬂ—?i(%) 1|7} 3, w3/ GA) 817t 50, %“H(T)/Tﬂl &A BI7E 621 2 H=e
AgEL 2 2% Pa} Hhg-ol gk AEEE 77%, 7}Eﬂ ol et MBS 70%, 7HElE/sto| =27 =2] AAdn]=
255 7P £ W AdE AUt} (Fe, Co)lzeolite Fvll= AAste] W ARESE Also] A8kEA] &girt. whe
A3 (Fe, Co)/zeohte Zm]lE XRD, UV-VIS DRS, XPS 502 FA}5}o, o],- SAR FHof Hkg- d3E A sISiT)

Abstract — (Fe, Co)/zeolite catalysts such as (Fe, Co)/NaY, (Fe, Co)/NaBeta and (Fe, Co)/HUSY were prepared by
ion-exchange method and their catalytic performance was examined in the hydroxylation of phenol with H,O, for the
production of catechol. The (Fe, Co)/NaBeta catalyst showed its best performance at reaction temperature=70 °C, molar
ratio of phenol/H,0,=3, weight ratio of phenol/catalyst=50 and weight ratio of solvent (water)/phenol=6 as 20% of phe-
nol conversion, 77% of the selectivity for the hydroxylation, 70% of the selectivity for catechol, and 2.5 of the forma-
tion ratio of catechol/hydroquinone. The (Fe, Co)/zeolite catalysts showed the reproducible activities without deactivation
after repeated regeneration. The fresh and used(Fe, Co)/zeolites were characterized by XRD, UV-VIS DRS, and XPS
and their catalytic performance was discussed based on these characterization results.
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1980t o]Fol= =4 AbgHE[6-8|oly Slo]l EREALO|E
(hydrotalcite)[9-10] & B0 FulE AMgslo] ikslraz Aks)
A7) 7 21314 F4o] AT ek 1980 ] ko) ofek
F’/IO]- EnichemAollA] TS-1 FullE ARE5H0] H=2] H-5 Ak} 34

< st S5 e H[11-13]), o] theFst metallosilicate[ 14], TS-2[15],
Ti-Beta[16, 17], VS-2[18], Cu-AIPO,-5[19], ZrO,-Pillared Clay[20] ‘&
< FuE AN AT ARt HarE vt

H T2y Ho] 9AE MCM-41, MCM-48[21-23], SBA-15[24]
Wz Elo] Full2A] gAdo] wrial HuHSr) e-sle]
22Fo|E 25, AlE el sleleEe skekE26). Tev
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o] PA]¥ hollow core mesoporous shelld 7H=[27] FHull = A
oL Qlek RISk TS-1 Fufjollxs= 7hel 23} slo] == F)s=o] oF
11 1SR A w1 W4T} = ddo] Qloi{11-13, 28], 92
© 24T 9 SR ST 0A AlEefol Bl Hol dmow A
SR 3} SAETL gho] gx|El Fulj7h 4k (hydroxylation)
HhSol tigh A ee} FhelEel] wigh AEer) Sl ®askgltt
[29, 30]. ©] =ellME H2 sEEZF 37 9 Y9} Beta AlE:
ol E FuljoA] wizo] Ak} HkE-S 32 wkS7]eA Sl
FhelEs Mg or deh= H2 Whe e Harghth
2.4 ¢

2-1. S0j &4

NaBeta(PQ. Si0,/AL0;=25)% 0.01 M FeSO,-7TH,03} 0.01 M
Co(NO,),-6H,0 8N 0 2 A= o] 21w 3ks}o] (Fe, Co)/NaBeta
ZFulE Az 70 °ColA] SAIRE ERE w5 o] el Al
glo|EE o] o] 2w gt & o] ¥}sle] 100 °Cellx] 71x3}aL, 450 °C
oA 2/3seltt. Fe o] -8 wdhet & A2A3lal, o]o] Co o<
WS 22 W © 2 NaY(Zeobuilder Co., SiO,/ALO;=4.5)%}
HUSY (Zeolyst, SiOy/Al,0,=80)& ©]-&ig&}o] (Fe, Co)/NaY £t
(Fe, Co)/HUSY FHull& A z=5151t).

22, E0f HiS

#=(Kumho P&B Chem., Inc, Korea)Z} ZAF}=457(50 wtb%,
DC Chem. Co., Ltd, Korea)S WFs-&E= ARE-31S )

o] QE-olli= 100 ml 5+ Aie EekAaE w712 ARSSI3]
o} HES-ER] s 89 AR Fujel 3 RSVl ¥ &
Aok, Whe7oll AAE Fepix FAP] Hxe @] 3
AbglpE s Gole 1087l AA AA15] Tl ykgo] A%t
¥ 5wl AR} A 25 AF ko] EAEITE tisEAQ Wk =
242 o3 2k Adetel A WS- 70 °colH, s/ iksl
28] EHli= 30]az, Bull(E)FlEe] FAMRE 4.500m, wlEAm e
A 500tk HRET A ES Cp ZH Y UV-Vis AE7]
(ICL, LC1200)7} A2 Az = 2v}E 183 (HPLC, Shimadzu,
LC-10ADVP)Z #4330t} 3t A8 E4A 2+ 4-fluorophenolE
ARE-FITE. #li=e] a3t kst nkgol] thsh e, A Eel
ojgk ME %, Fhe|E/sto| B0 /], ksl Ae] fa A
F(H,0,,, (BN 212t (1522 HJi34ch

Xppor%) = ([PhOH],~ [PhOH]) / [PhOH, (1)

Xpporr T1E2] AgHgolth [PhOH|> ¥HE 9 v w5k,
[PhOH]2- HES- F 35 F ot}

&

Shyarox(%) = {([CAT], + [HQ],+ [BQ]) / ([PhOH],~ [PhOH]p)}
x 100 2

Sy AL} HES O] gk ABlolc). ASkE A= FolA 7
B, slolmealie, Wzalis M Rl oet Hene] go
= LRI [CAT], [HQ),. [BQL = 217} Whe 3 Al e,
sol =g, Hlzali-o] & Fiol),
Selectivity for Catechol(%)= {ICAT],/ (JCAT]+ [HQ] + [BQI)}
%100 3)
sfetsst Hl44d H4= 2006 8

S - o)

FHelE el tigh Aei 4ks} ukgoll X A s = 37 e
FHE, slol=2dls=, WlxFls=) FollM Fhelge] A== ule
& YRS [CAT],, [HQ],. [BQ= 22t Hke- 5 e 7HelE,
SOl =, Mx =0 & Folt).

CAT/HQ = [CAT],/ [HQ], 4)

Hy056(%) = {(ICAT],+ [HQ], + 2[BQ]) / [HyOs] s} * 100 (5)

H,0, 5 PS40 §8 dEgo|w, [H,0,],,& 38d +
Ikl ot

2-3. Fi2| B4 24

Inductively coupled plasma(ICP) spectrometer(J.Y. Ultima C, Jobin
Yvon)Z Akg8te] Srvlol BAIwe] gl sh sptEE AR,
MicromeriticsF2] BET &28%|(ASAP 2400)% N, &2 52412
Falel Fule) lERAL AN EA A8 26l
208} kgl ALgH Slo] el RAjstgict. Sule) A w7
A E2S gkelstr] €8] UV-Vis spectrophotometer(UV-2501PC,
Shimadzu)@ UV/VIS-DRS A EFHS TR} Ay} F9E A5
At 5 F743517] $1814 non-monochromatized AIK radiation
source” | 2] VG ESCALAB HP spectrometer® X-ray photoelectron
spectra(XPS)E 131 t}. Monochromatic Cu Ka radiation source”}
A2t Rigaku D/MAX 3B diffractometer® 0] A744dS &<l
sk7] Sl XAl B 2AS skt

3. 24t ¥ nE

Table 19]+= ©] 15l AR8-3F (Fe, Co)/zeolite(NaY, NaBeta, HUSY)
o] A3} AE gk Ul BET 145 SISt (Fe, Co)/zeolite
Zujjoll= Ay} FET} 242 1.1~1.3%29F 1.2~1.4% BAEo] 2091
om, 7} Fuf v]EEAL 720~750 m¥gol At}

(Fe, Co)/NaY ZFulloll 4] REg AJzhel] thgh #i=o] Agkay) 44
=9 HYEE Fig. 1o YT ¥EeA1ZE £ 308717 A=
o] Aghgo] 29 WO R REgo] b dojubA] gkt Zievt 14
7} o]Fol= Hjimo] AL 21%2, FHElE] tiet e 68%
2 wolgr). FHEEe] tigk BT} 40~50%21 TS-1 FHujjwo) X
=7} =90tk 3A7E o] felli= TakslrAT) of EalEo] wkEo]
3AIRE ool A=, HEFARA A=) ASEL 229%, VIE
of et Mel == 71ElE 68%, Stol =2 27%, MEFT= 5%
olv FHe|FE/Ato| S F =2 Bl 2.6013rt.

Scheme 10 YR ZA 9 #Akslriee] €3k 5] 4ks) vl
82 OH ]z} Fe?'o} Fe¥*e] Aksl ghel nkgof &l 1yt
Scheme 2°l:= (Fe, Co)/zeolite®} TS-1 Fuljolld] ZArkslrae] o3t

Table 1. Fe and Co contents and BET surface areas of (Fe, Co)/zeolite

catalysts
Catalyst Fe content Co content BET sur;“ace area
(wWt%) (wt%) (m7/g)
(Fe, Co)/NaY 13 14 750
(Fe, Co)/NaBeta 1.1 13 721
(Fe, Co)/HUSY 1.1 12 743
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Fig. 1. Activity and selectivity of (Fe, Co)/NaY. Reaction conditions:
Reaction temperature: 70 °C, PhOH/H,0,(mol): 3, Water/
PhOH(wt): 6, PhOH/Catalyst(wt): 50.

Fe?' + H,0, — OH- + F3'+ oH- 0y
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Scheme 1. Reaction mechanism: Fenton’s hydroxylation.

H52] Ak} whgo] z18d wf FHu] G477 vk
A= UrE}LH?iUr. #% o]o] Al &Ejo| B TAH FHujo A= 7]
B} IREEAT) ALl @7l viel s B R, S4ks) 9hgo] =
2 QE (ortho) $IX|ollA 3Eo] FEFo] AMeld oz X}
WbH TS-1 Fofjo A= APAAZ wi$1E Ti 297389 424 #|gto.
72 Qlslo] IPkskrEAT) 2 Tioll il$lEe] OH glelzdo] WA A
ML), AR BRSO A TRsA o7 1 FhE|Eo) dlo] =2

FA=rr) 28] AN TS-1 Fujo A= F2 Ay QlollA] =3
OH gjt]Zo] ¥hg= Hol: 817] wsell FHlE R A slol=w
Fi=0] ¢ Wo] AWAET}

Table 291= (Fe, Co)/NaY®} (Fe, Co)/NaBeta Zuljol|A] 3A]7F ¥t
& A At 7 FullelA B vl AL 21-22%,

FHIEl T3t e e 70%% WS- A7t A2 v]5sieic). 7]
0] 0.55 nm#Z 22> TS-1 FullellMi= 713 qlollr] 44ks) wkgo]
A W) YRR e, Sl =2l izl Uiet AEs
b 15% A gtk vl Sl el AL wkgo] o

Tk Wk 389

Table 2. Activity comparison over (Fe, Co)/NaBeta and (Fe, Co)/NaY

Catalyst (Fe, Co)/NaBeta (Fe, Co)/NaY
PhOH conv. (%) 231 215
Shyarox (%) 77.7 822

Product selec. (%)

HQ 28.1 26.5
BQ 2.0 54
CAT 69.9 68.1
CAT/HQ 25 26

Reaction conditions: Reaction temperature=70 °C, Reaction time=3 h,
PhOH/H,0,(mol)=3, PhOH/Catalyst(wt)=50, Water/PhOH(wt)=6

Table 3. Effect of the ratio of Water/PhOH over (Fe, Co)/NaBeta

Water/PhOH (wt) 0 1 3 6 30

PhOH conv. (%) 9.8 16.1 17.4 23.1 226
Shydrox (%) 61.2 59.8 65.7 77.7 76.6
Product selec. (%)

HQ 40.2 30.1 28.6 28.1 24.1
BQ 23 1.3 1.0 2.0 7.1
CAT 575 68.6 70.4 69.9 68.8
CAT/HQ 1.4 23 25 25 2.8
H,0, eff. (%) 63 184 328 50.2 594

Reaction conditions: Reaction temperature=70 °C, Reaction time=3 h,
PhOH/H,0,(mol)=3, PhOH/Catalyst(wt)=50

fi71ito] ol AdESIeH31]. wekA 7o) 0.744) 0.77 nmE &
Y Beta Al22jo|E7} w2 vlzlEc)

Table 3°ll+= (Fe, Co)/NaBeta Zuljoll A £vll(&)2} &2 F7
HIE 30714 mlro] 7k ZAkeh kst whg-o] AkE et
S &, & YolA] 2 2AE/MHAEY FA vl 0oy
50 wt% »Wﬁk?**'—; HR-EE AR Pom R Azl E/ulE
o] A vl 0.2%)0llA wlise] AgE2 9.8%, ksl whE-ell o
& MY S 61.2%, 7HEIEe] tiet A8 %= 57.5%, CAT/HQS] 8
)= 14, HyOp= 6.3%C1300) &8 S22 YolZ wjuc) uh
& A7t FA] Ak E& FolFo] Bl vt 13} 391
AeM = vle] A@Eo] 16~17%2A & FolFA] Usks o
BT} g4k} whgo] wol I Irt. E/2] Hl7t 6 oo
Ak} A7) Hopr) fc). &5 o] Yol /M9 v
7} 300] Holx ukg Ak Bl vi7t 62 wieh A2 wlssit),
e S e W =S s Trsketl AR A
o] Sof uigtAlskA] ofvt. wbA EalEe] vl7) 6]l Zxlo] Agk
F% =1 AEE s sl Bt wke 2ol

HEma Fulje} FA vlE vl s éﬂa Table 49l 2]
Stoiet. sl o] A v17E 509 v A=) g2 23.1%,
As} ghgel] it AEwi= 77.7%, FHElEel tiek A 69.9%,
CAT/HQ #AdnH)= 2.5, H202effL 50.2%24 Wk @ ) A =
k. FulE AiFor wo] Yol #ls/&ue] 7] 8|7} 100]H
=] AEE2- 18.3%, ZOME 36.5%% E]o] S}, o] A7
WhEEo) nlal] FullE wol ARgSP #ise] HgHeo] hasiht. o]
= 71REe) =240l HaEEl SR Suljol ks pkgo] 118y
7w IRkgEA] fal] whgo] R xEEr] wiirow A
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Table 4. Effect of the ratio of PhOH/Catalyst over (Fe, Co)/NaBeta

PhOH/catalyst (wt) 100 50 10

PhOH conv. (%) 21.1 23.1 183
Shydrox (%) 753 77.7 74.1
Product selec. (%)

HQ 272 28.1 26.5
BQ 4.4 2.0 1.3
CAT 68.4 69.9 722
CAT/HQ 2.5 2.5 2.7
H,0, eff. (%) 415 50.2 36.5

Reaction conditions: Reaction temperature=70 °C, Reaction time=3 h,
PhOH/H,0,(mol)=3, Water/PhOH(wt)=6

(Fe-Co)/zeolite (Y, Beta)

PN OH OH OH

L j l on X |

i OH I

| / ( i

- > . - /

HO/ vﬁ? r/ ﬂ/ Si: O\Tz/o's‘ L
P{e“ Co \\t/‘) S ‘\ S |
~ 8i-O =

oy i 0-5i i

|
A on

H,O,-Catalyst-Phenol Coordination H,0;-Catalyst Coordination

Scheme 2. Coordination of reactants over (Fe, Co)/zeolite and TS-1
in the formation of catechol.

Table 5. Regeneration of (Fe, Co)/HUSY

Water/PhOH Fresh st 2nd 3rd 4th
PhOH conv. (%) 233 237 21.7 21.9 21.2
Shydrox (%) 79.9 78.1 78.1 78.8 78.7
Product selec. (%)

HQ 29.8 274 237 24 4 24.0
BQ 1.5 2.0 4.6 44 47
CAT 68.7 70.6 71.7 71.2 714
CAT/HQ 23 2.6 3.0 29 3.0
Reaction time 4 4 4 4 5
PhOH/catalyst 50 50 69 50 50
H,0, o (%) 54.0 499 47.0 46.5 46.0

Regeneration conditions: filter and wash water — dry andcalcination
450 °C, 5 hin air

Reaction condition: Reaction temperature=70 °C, Reaction time=4 h, PhOH/
H,0,(mol)=3, Water/PhOH(wt)=6

o 4= Sk HiEAue] FAmZE S7FshE FhelEel gk Ags
7} ok CAT/HQS] A7} Zaak AT Full ALg=Fo] ol
A8 Scheme 20 H.Q1 WH-go] F71%]7] wjio|u},

Gaksl WhSo] ARR-3F (Fe, CoyHUSY EmE 1-43] A3 5
H7Vet A3 Table 50l elaisich. ARSSF SullE B2 Al¥skar
1xsto] Adshd Full Adso] AYE AT 43744 A gstol s
] Aol ZA AsKER] ik B4 2459 At IAET) AL
2lo|E9] Al el ePgatA HAE o] Q7] wlitoltt. (Fe, Co)
NaY Z1] vk3- A & XRD &2 Fig. 20] v]wa}3ir}. Wks-o
ARG St AA RS Tl A&l E NaYe] A7/ Al
A=A Algeto| E Fuljo] Adso] A Felx Tar® A=
S A3K(Table 5y= Ao B9 727} o) fA o] AlLet

sfetsst Hl44d H4= 2006 8

W - o)

(Fe,Co)/NaY
(a) fresh
(b) used (dry)
(c) used (calcined)

©

NIRRT

J,J‘;L T NV Y (.a)

Intensity [a. u.]

Acabinhi

T T T T T T T T T T T

10 20 30 40 50 60 70
2 theta
Fig. 2. XRD pattern of fresh and used (Fe, Co)/NaY.

(a) fresh (Fe, Co)/NaY
(b) used (Fe, Co)/NaY

Fe 2P | (a)
Ti2ev 7243 eV

709.8 €V 722.8€V . /I

Intensity
O

3+

Fe

LA BN R AL L B R B AL B L AL B
700 705 710 715 720 725 730 735

Binding Engergy (eV)
Co 2P | (b) (a) fresh (Fe, Co)/NaY
782.5eV (b) used (Fe, Co)/NaY

79706V 708 4 v

Intensity

34+ 2+ .
34 2+
Co” Co Co™ :Co

LA AL DL L LA L L TrrrTrTTTTTTTT
775 780 785 790 795 800 805 810
Binding Energy (eV)

Fig. 3. XPS of fresh and used (Fe, Co)/NaY. (a) XPS of Fe 2p over

fresh and used (Fe, Co)/NaY, (b) XPS of Co 2p over fresh and
used (Fe, Co)/NaY.
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0.8
] (Fe, Co)/NaY
0.7 (a) fresh
0.6 | (b) H,0, treated
. _ (c) calcined after treated
0.5
D
g 4
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2
2 03]
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Fig. 4. UV-VIS spectral change of (Fe, Co)/NaY after H,O, treatment.
Reaction conditions: H,0, treatment temperature: 70 °C, 0.78 M
H,0, solution, Calcination: 450 °C 4 h in air.

O|E 7]& Qlelld Fuff wkgo] 2 xlgid 4= Q17] wiitolrt.

Fig. 39 Ak} wh-gof ALgal7] A Fof 1% (Fe, Co)/NaY &
2] XpS AFERS Bt IRISlAE o] 83 el 4tk
HES-ollx] Aksl Sl whgofl FHull=A] 7]ofgt = Qs AlEE0|E
Algrell GAH A2 Fe'o} Fe'o] AEIE 4lo] EASIG o, s0%
E o] Co?'sk Co™ I 4o I3,

A Eol, B A @ S, Hel Tl 248 Sl
UV-VIS DRS 2 E-S: Fig. 400 YeRIT). T8l4E Ag
sh Fuljo] 5/do] debAirt. 250~300 nm W loIA F e
0]F #o](charge transfer transition) S<~M=7} YERIT}, o= &
A alg] 720 Feo] Yol A AkshE S} FH ot
o 0] U2 HofFET) B3, 450~550 nmellA] YERS= spin and
symmetry forbidden transition®l] 71913} 2% 1.2 Sl == Fuffo]
Fe,0; 4AtelA vehdet, shbshea® Aelshd Fe,0,2] S22
E7} WolAA o] F Fl=9] Fol ylojx| L AxIvt B, A4
Zo = o] FFMET} AR = AL FRksrAE AR o] it
g} Ho| A H AL o] F0] A Foll Fe,0,%2 WlE]= ] 713,
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(Fe, Co)/NaBeta, (Fe, Co)/NaY, (Fe, CoyHUSY Zujjol|A] ziks}
TAE HEE ARl FHEIES sk 180 IAL Aol
A TR A2S At} (Fe, Co)NaBeta ol A= RS- 70°C,
ARkl A B8] 3, HiEA&n A 50, 4 AR 61
ZAM 5] AghEo] 23.1%, A HEgoll tigt Aexr}
77.7%, FVElEel tigh HE 7} 69.9%, CAT/HQ A/3n]7} 2.5,
Hy0,4°] 502%%4 Wks- A3y} 71 23k} Al o] 1271 Ak
A2t A= o]Foi7] Beta®} Y AlZEIO|ER TH= (Fe, Co)/zeolite
Zulli= 7] go] Zotr B4 dddo] -3 1S-1 FHullRr) FhE|E ol
oist Aeldo] =gkt A&l E qlell YR |H ke, Fet'oll ik
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Fulli= Astol s At AAEER APY ol Sl 24
A = FAE A

72 A

o] ot sarulabAlet 7] 2kl AR (FHA M S R0O1-2003-
000-10069-0)2] 2gko 7 =35,

EHIEH

1. Neta, P. and Fessenden, R. W., “Hydroxyl Radical Reactions
with Phenols and Anilines as Studied by Electron Spin Reso-

nance]’ J. Phys. Chem., 78(5), 523-529(1974).

2. Ogata, Y., Urasaki, I., Nagura, K. and Satomi, N., “Kinetics of
the Aromatic Hydroxylation with Permonophosphoric Acid.’
Tetrahedron, 30(17), 3021-3025(1974).

3. Steenken, S. and O’Neill, P., “Oxidative Demethoxylation of
Methoxylated Phenols and Hydroxybenzoic Acids by the Hydroxyl
Radical. An in situ Electron Spin Resonance, Conductometric
Pulse Radiolysis and Product Analysis Study.’J. Phys. Chem.,
81(6), 505-508(1977).

4. Hamilton, G. A., Hamfin, J. W. and Friedman, J. P,, “The Hydroxyla-
tion of Aromatic Compounds by Hydrogen Peroxide in the Pres-
ence of Catalytic Amounts of Ferric Ion and Catechol. Product
Studies, Mechanism and Relation to Some Enzymic Reaction,’
J. Am. Chem. Soc., 88(22), 5269-5275(1966).

. Walling, C. and Johnson, R. A., “Fenton’s Reagent. V. Hydrox-
ylation and Side-Chain Cleavage of Aromatics,’J. Am. Chem. Soc.,
97(2), 363-367(1975).

6. Ai, M., “The Relationship between the Oxidation Activity and
the Basicity of Modified Co,0, Catalysts.’ J. Catal., 54(2), 223-
229(1978).

7. Rakshe, B., Ramaswamy, V., Hegde, S. G, Vetrivel, R. and Ramaswamy,
A. V., “Crystalline, Microporous Zirconium Silicates with MFI
Structure’ Catal. Lett., 45(1), 41-50(1997).

8. Goldstein, S., Czapski, G. and Robani, J., “Oxidation of Phenol
by Radiolytically Generated ‘OH and Chemically Generated
SO, a Distinction between "OH Transfer and Hole Oxidation in
the Photolysis of TiO, Colloid Solution}’ J. Phys. Chem., 98(26),
6586-6591(1994).

9. Zhu, K., Liu, C., Ye, X. and Wu, Y., “Catalysis of Hydrotalcite-
like Compounds in Liquid Phase Oxidation: (I) Phenol Hydrox-
ylation” Appl. Catal. A, 168(2), 365-372(1998).

10. Dubey, A., Rives, V. and Kannan, S., “Catalytic Hydroxylation
of Phenol over Ternary Hydrotalcites Containing Cu, Ni and Al
J. Mol. Catal. A, 181(2), 151-160(2002).

11. Esposito, A., Taramasso, M. and Neri, C., “Hydroxylating Aro-
matic Hydrocarbons;” US Patent. No. 4,396,783(1983).

12. Thangaraj, A., Kumar, R. and Ratnasamy, P., “Catalytic Proper-

i

ties of Crystalline Titanium Silicalites. II. Hydroxylation of Phenol
with Hydrogen Peroxide over TS-1 Zeolites.’ J. Catal., 131(1),
294-297(1991).

13. Martens, J. A., Buskens, P, Jacobs, P. A., van der Pol, A., van
Hooff, J. H. C., Ferrini, C., Kouwenhoven, H. W., Kooyman, P. J.
and van Bekkum, H., “Hydroxylation of Phenol with Hydrogen
Peroxide on EUROTS-1 Catalyst” Appl. Catal. A, 99(1), 71-84 (1993).

Korean Chem. Eng. Res., Vol. 44, No. 4, August, 2006



392 A -

14. Arends, I. W. C. E., Sheldon, R. A., Wallau, M. and Schuchardt,
U., “Oxidative Transformation of Organic Compounds Mediated
by Redox Molecular Sieves, Angew. Chem. Int. Ed. Engl., 36(11),
1145-1163(1997).

15. Reddy, J. S., Sivasanker, S. and Ratnasamy, P., “Hydroxylation
of Phenol over TS-2, a Titanium Silicate Molecular Sieve.” J.
Mol. Catal. A, 71(3), 373-381(1992).

16. Camblor, M. A., Constantini, M., Corma, A., Esteve, P., Gilbert,
L., Martinez, A. and Valencia, S., “A New Highly Efficient Method
for the Synthesis of Ti-Beta Zeolite Oxidation Catalyst,” Appl.
Catal. 4, 133(2), L185-L189(1995).

17. Wilkenhoner, U., Langhendries, G., van Laar, F., Baron, G. V.,
Gammon, D. W., Jacobs, P. A. and van Steen, E., “Influence of Pore
and Crystal Size of Crystalline Titanosilicates on Phenol Hydroxy-
lation in Different Solvents;’ J. Catal., 203(1), 201-212(2001).

18. Hari, P. R., Rao, P. and Ramaswamy, A. V., “Catalytic Hydrox-
ylation of Phenol over a Vanadium Silicate Molecular Sieve with
MEL Structure” Appl. Catal., A, 93(2), 123-130(1993).

19. Chou, B., Tsai, J. L. and Cheng, S., “Cu-Substituted Molecular
Sieves as Liquid Phase Oxidation Catalysts,” Micropor. Mesopor:
Mater:, 48(3), 309-317(2001).

20. Awate, S. V., Waghmode, S. B., Patil, K. R., Agashe, M. S. and
Joshi P. N., “Influence of Preparation Parameters on Character-
istics of Zirconia-Pillared Clay using Ultrasonic Technique and
its Catalytic Performance in Phenol Hydroxylation Reaction;’
Korean J. Chem. Eng., 18(2), 257-262(2001).

21. Lee, C. W., Ahn, D. H., Wang, B., Hwang, J. S. and Park, S.-E.,
“Hydroxylation of Phenol over Surface Functionalized MCM-41
Supported Metal Catalyst.” Micropor. Mesopor. Mater., 44, 587-
594(2001).

22. Zhao, W., Luo, Y., Deng. P. and Li, Q., “Synthesis of Fe-MCM-
48 and Its Catalytic Performance in Phenol Hydroxylation.’ Catal.
Lett., 73(4), 199-202(2001).

23. Norena-Franco, L., Hernandez-Perez, 1., Aguilar-Pliego, J. and Maub-

sfetsst Hl44d H4= 2006 8

AT

24.

25.

26.

27.

28.

29.

30.

31.

;- 089

ert-Franco, A., “Selective Hydroxylation of Phenol Employing
Cu-MCM-41 Catalysts)” Catal. Today, 75(2), 189-195(2002).
Wang, L., Kong, A., Chen, B., Ding, H., Shan, Y. and He, M.,
“Direct Synthesis, Characterization of Cu-SBA-15 and Its High
Catalytic Activity in Hydroxylation of Phenol by H,0,.” J. Mol.
Catal. 4, 230(2), 143-150(2005).

Xiao, F. S., Sun, J., Meng, X., Yu, R., Yuan, H., Jiang, D., Qiu, S.
and Xu, R., “A Novel Catalyst of Copper Hydroxyphosphate
with High Activity in Wet Oxidation of Aromatics,” Appl. Catal.
A, 207(2), 267-271(2001).

Zhang, H., Zhang, X., Ding, Y., Yan, L., Ren, T. and Suo, J.,
“Hydroxylation of Phenol Catalyzed by Copper Keggin-type
Heteropoly Compounds with Hydrogen Peroxide.” New J. Chem.,
26(1), 376-377(2002).

Jeong, H.-C., Shim, 1.-W., Choi, K. Y., Lee, J. K., Park, J.-N. and
Lee, C. W., “Hydroxylation of Phenol with H,O, over Transition
Metal Containing Nano-Sized Hollow Core Mesoporous Shell Car-
bon Catalyst;” Korean J. Chem. Eng., 22(5), 657-660(2005).
Yokoi, T., Wu, P. and Tatsumi, T., “Para-selectivity Enhancement
by Coexistent Molecules in Phenol Hydroxylation over TS-1/
H,0, System.” Catal. Commun., 4(1), 11-15(2003).

Park, J.-N., Wang, J., Choi, K. Y., Dong, W.-Y., Hong, S.-I. and
Lee, C. W., “Hydroxylation of Phenol with H,O, over Fe** and/or
Co?" Ion-Exchanged NaY Catalyst in the Fixed-bed Flow Reac-
tor)” J. Mol. Catal. A, 247(1), 73-79(2006).

Wang, J., Park, J.-N., Wei, X.-Y. and Lee, C. W., “Room-Tempera-
ture Heterogeneous Hhydroxylation of Phenol with Hydrogen
Peroxide Over Fe?*, Co?" Ion-Exchanged Nab Zeolite Chem.
Commun., 5, 628-629(2003).

Wang, J., Park, J.-N., Jeong, H.-C., Choi, K.-S., Wei, X.-Y., Hong,
S.-L and Lee, C. W., “Cu*"-Exchanged Zeolites as Catalysts for
Phenol Hydroxylation with Hydrogen Peroxide?” Energy & Fuels,
18(2), 470-476(2004).



