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FA VB R NEE(IPA) , Cu(NO,), - 6H,0,
ERER TR (TEOS), 175 b 4 = I &R R Ak %
(CTAB) %My, 2 W, H,0,#1 NaOH 3L T 48
B4 T3, P73 S A b4 (TPAOH ) Il 3K
F RiEkEE TR, LR 2y R artral, H
RS EE

444 M-2 1Y Si0, W4 35 T35 B M R ik I A
BN F], FIRILE 550 °C RSB 4 h.

1.2 HaH &

25 CF, 7E 24.0 mL TEOS H i fin 20.0 mL
IPA, fiidk . YWERAE, REEEBEW, ZEmA
80.0 mL. TPAOH ( 10% ) /KW, NIRZE 77 °C , IKfi#t
8 h(TH KPR FHATURAR ) | Ve il s, RIZIEHE T
#h0 5.0 mL CTAB 9 TPA ¥, itk 8 h J5HE5] 5
JERRZEH, 0.1 MPa N A4, 175 °C T btk 168
W SRR, Ve TR K, 550 CF
JEPE 10 h, 15 MS-1 k4.

T3 135.0 mL 2l K KU A 1.50 g NaOH
4.50 g CTAB #128.0 mL TEOS, ] NaOH( 1% ) #75
W pH A 11, 25 CFHEFE2 h )5, 7 A& R
Zm, 0.1 MPa N,A&497 T, FHEZ 110 °C, {47 120
h. JGEEAbPRIE) MS-1, 15 M-1 # i >.

Bl—E s MS-1, M-1 f1 M-2, 205 &F 520
R, EZSE 2.7 kPa 47, P45 30 min, A

(a)

Intensity/(a.u.)

B Cu(NO, ), W, EIRFRE 24 h, THET
550 °C b5 10 h, 18 Cu/Sio ML (BT A
FES, MR ELE RN 2.5%) .
1.3 H SR

FHBC A Cu ¥0 K BFER, TR AT R 2030 R
40 kV #1140 mA 1 LTD DX-1000 CSC 5+ A5 5%,
A HRE S B SR 45 # . ] Micromeritics Trisar3020 L
FABUAL, BT ke S bR AR FLAARF K LR
AR SR L)L BaSO, NERUEY), WK K 200 ~
800 nm [ TU1901 £AMGIEAL; WA R Al K 9
2%, L C 1s 45418 284.8 eV K UERY AXIS Ultra DLD
(KRATOS) X Stk i FRETE ML = H O A %M
H, (A8 5 T 340 S5 23 B 4S50 A7 R i v A7 7 1) 4
Fh. FHl AXIS Ultra DLD (KRATOS) X HJ£kH T-fgi
VRGBS T I 2 S i G DA v % T ] 2 A i)
o i
1.4 R ELERE TN

MRE 15.0 mL 47K, 1.0 ¢ 2K & 50.0 mg
FESE T 50 mL S, BEFEIERIR T, THEZE 70
ChF, MEEZHELL 0.1 mL «» min ' LA 1.30 mL f4
30% H,0,, W 4 h J&, RE1, 238 DL EERK N
WEhH, FECA Waters 2487 £ 4G 25 1 C-18 4%
i) HPLC ( Waters1525P ) #1475 P I i &4 Hr

2 BRIt

2.1 #£ 5% XRD FRI{E
B 1 AEESH RS XRD 5. M-1 Ffl M-2 XA —4>
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Fig.1 XRD patterns of samples

(a) supports and fresh Cu loading catalysts; (b) used Cu loading catalysts
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Fig.2 N, adsorption-desorption isotherms and pore size distribution of the samples

a. used Cu/M-1; b. Cu/M-1; c. used Cu/M-2; d. Cu/M-2; e. used Cu/MS-1; f. Cu/MS-1

FLAF0ET | Cu/MS-1 F1 Cu/M-1 9 N, 4560
Wz FfE- P B 2, ZEARXT T HUE R F 0.9 J5,
TS, el th g 3k 1
G PIRE SR EE R S E, UAIIAE i [R) B A7 AR AL S A
LA FLEE R >

R 1 EFRPEEER

Table 1 The textural properties of the samples

e Sy v,/ D,/
(m*-g™") (em®-g”')  nm

Cu/MS-1 386.8 0.413 2.7
Cuw/MS-1(used once)  341.2 0.468 2.7
Cw/M-1 500.3 0.459 2.2
Cu/M-1(used once)  281.1 0.448 2.0
Cu/M-2 389.7 0.831 8.5
Cu/M-2(used once)  324.3 0.911 8.8

SHEA L, Cu/MS-1, Cu/M-1 #l Cu/M-2 )
LI T 12% , 44% 0 17% , X5 T
IV RV S EAESE7/BLiE e s S rAVE Y/ L RE 2V DY &= W ) )
T R - AR A T 2 1) AR AR, (AR A
KA SRR BRI AL, R TCE AU Cu/M-1, 45
ARk 437 NAA G i R ) =P S NI E AR N ARSI )
LA, Cu/MS-1 F1 Cu/M-2 B34, i Cu/M-1 )3
N, TG RE G I N 1 5k R T3t B R L A2 3 A i
&rh, Wi Cu/M-1 A, X5 Ca YFh Y
TR RS A A . g5 SR, FEVRAR
N, BA LA, FLEE b B 250 O R L AR
FE PR T A LRE S T RS54 A .

2.3 ¥& DR UV-vis R1E

& 3 MFE S DR UV-vis i &. 3 Fl Sio, 78 &K
4 200~ 800 nm BJE MU ; 5 Cu BFPIS, H
BB WL, Ry BEURE A ) Cu B RD Al 1A
[F] Cu ) Fh 1 #H X 25 12, >R H Peakfit v4.12 3K £ X
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Fig.3 DR UV-vis spectra of the samples
A. Cu/M-2; B. Cu/M-1; C. Cu/MS-1; D. M-2; E. M-1; F. MS-1

FE S DR UV-vis JGiE B T, 455 4n1& 3b-d
ffR. SCHRARE, Cu/M-2 1£ 230, 440 F1 600 ~
880 nm IS | HKUCH Si0, H Y Ak A5 Cu (D)
(O—Cu) ZHIMWHE FHE, Cu, 0, THAEYS
Cu( 0, —Cu) Brit Z [E] 1Y oL 56 RS H Cu (11) 5%
JEFTE B IE N A S ) d-d BRIE, 435X T
Cu-0-Si, Cu-0-Cu FIEZH CuO > 2" | HG i 1
PR HAE N 1.0 7/ 0.9 / 0.9( & 3d). Cu/M-1 F1 Cu/
MS-1 7E 440 nm A0 ¥ WY, 230 F1 600 ~ 880 nm
Ak, W AU TR AR EEAE 0 A 1.0 / 0.4 (1] 3¢) F0I
1.0/1.2(F 3b).

ZEREW], Cu WIS & EAE 2.5% LA NI, fig
FEMS-1 M M-1 B35 0040, Horfr ) —353 DL 4k
CuO JEAEAE s I3 —HB o 58 AR SR T 1Y 2 55 R 1]
F(ER) g A E R B E AL, AL Cu-0-Si ¥1Ff; M-2
Skt HELT Cu-O-Cu #9F, AT REA H1ER 1) /)N
RiAE Cu WIAAETE. FESL T, 43 HE CuO AHXT & &
H: Cu/MS-1 > Cu/M-1>Cu/M-2; Cu-O-Si A%} &5 &
H: Cu/M-1 > Cu/MS-1 > Cu/M-2. BB Si0, iy 4%
¥, XF Cu By A s i 2%, HAT AL, MFL,

Ry, FLEBE N SR MS-1, B4 AT CuO #Fh
FEH AR 51 5045, B AR X 5 o B i 1) 1 43
CuO.
2.4 #& H,-TPR RAE

& 4 SRR H,-TPR k. Hidr, 277 ¢ 4bhy
g JE A i P EEA R Cu (1) (Cu (1) + 2e — Cu)
() #E S0 5277 F1377 °C Ab [ B H3 B0 Ay g S A i v

Cu/MS-1

Cu/M-1

o
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Fig.4 The H,-TPR profiles of the fresh Cu loading samples

H, consumption/(a.u.)
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ZWHEER Cu( 1) (1. Cu( )+ e — Cu( 1);
2. Cu( 1)+ e — Cu) FES IS, 427 °C LI Y TR
RSB R, Cu( ID) MRS B 5 3k &
AR AR AR, A2 T MR D ik R R 3 SRR A
FERUE R R AT Lk 3 R Rl (K 4)
Cu/MS-1 1 59 B AR | 43 CuO AR 4R
2, ke 4 ok HfE iF R 1 i R &R i £ 2 Cu/
M-2020270FE XRD 404, 3 R i 2 0 AR ) 81 5%
454, 78 DR UV-vis 2MHr}, Cu/MS-1 Fl Cu/M-1
WHHR B Besb LS. X 0T BEJE Y B RLAR /N B Ak B
W2 g, {2 XRD, DR UV-vis #1 H,-TPR %% %
W], MS-1 5894 T &40 CuO HIIE L.
2.5 ¥ & XPS RIEF Cu EEHH

&5 2 K dib 1Y Cu 2p fig 15 B, 249 934.0 eV Ab,

Cu/M-2

Counts/(a.u.)

1 1 1 1 1
965 960 955 950 945 940 935 930
Binding energy/eV

Bl 5 #E A XPS G A
Fig.5 XPS of the fresh Cu loading samples

BB CuO F#T SiO, MFHIEIE, 942.0~944.0 eV
WA RS ) LA I RRAEIE . $0147932.8 ~
935.6 eV 4t Cu 2p,, M HETE ], Cu/MS-1, Cu/M-1
Al Cu/M-2 433 4E 933.0 F1 935.6., 933.3 £ 935.6,
933.1 f1934.5 eV Kbt BLIE , FIAFEGH Cu YFE
Cu(1l), HEADLIWABF DL L AE AT 29
933.0 FIK T 934.5 eV ALY, 43 5IlJ2 = 43 HL CuO
FEARRIHY Cu (1) 52K (B CuO) H i 48 Z 1]
PR RZS A6, 455 H,-TPR 45—

P2 BRI Cu B (Cy ) BIR Cu &
B (Cye) M Cy o/ Cp o OB, Cu/MS-1, Cu/M-1
M Cu/M-2 "1, Cg o, 235124 0.3, 2.0 f15.8, Cg ./
Cp.o MESTHIH 0.1, 0.8 F12.3. Cg o/ Cy o> 1 BT,
Cu(ID) FZSFHAEREMANRI; Cy o/ Cpen< 1B,
Cu(11) FZE S FLIEY BL, A AmTEremFLEE 11

RRHESE : Cus/Si0, 4514 B HARAL R By R AL S Wk RE BT 5Y 101
%2 HEH CulEE
Table 2 The Cu loading of the samples

Sample Cu% Cu% Csy o/

(w)* (w)" Ci, cue
Cu/MS-1 2.5 0.3 0.1
Cu/MS-1(used once) 2.4 0.3 0.1
Cu/MS-1(used10) 2.1 0.1 0.1
Cu/M-1 2.5 2.0 0.8
Cu/M-1(used once) 2.0 1.4 0.7
Cu/M-2 2.5 5.8 2.3
Cu/M-2( used once) 1.2 0.6 0.5

a. Bulk Cu loading determined by ICP; b. Surface Cu loading
determined by XPS; c. Cs ./ Cy ¢, = Surface Cu loading de-
termined by XPS / Bulk Cu loading determined by ICP.

AR it FLBE TR RR R T Ah R R AR, E AKE AL B
T Cu (1) 5 TR HUE CuO, Wi T 53
R IR R B R VR st AL BB o2, TE R Cu-
0-Si; MEZ Cu(1) 7 A AESNRIEIY, K5 BEmS 5 )™
AR, JE M Cu-0-Cu. MS-1 I M-1 1, Cg ./
Cpe< 13 FEBIE CuO/MS-1, Cq o/ Cheo= 0.1, H
F MS-1 BARER MFL XA fLE5H, Cu (1) 5
BLEISL o, fefLBE b ¥ 50 0 A, B Al B 20 1
CuO; 5 MS-1 [, JoE M5 M-2, REHAES
AFL, (AR E MRS, TU A ™ B FLIE S 15 I
LOBIER SR, BRI Cu (1) 73 A 1S
T, KGR B R A bR AR

MK Cu/MS-1, Cu/M-1 #l Cu/M-2 1, Cy ¢,
I Cg ¢, 3 508> 4% F1 0, 20% F1 30%, 52% Fil
90%. & TN AEWA P T, HAEA Y+,
FEAR AN R Cu W) 5 52 BRI M 2K s 53 0h,
T HE2E I RE A, SOV BT B IR, FLBE I Cu Wb
AR AN RIS YIRS, IWTTINE Cu YIFFHY . Cu/
MS-1 fFLEE N A A, BAEERTEN:, EEMH
10 ¥k, ASRORAFEE M A e Bk, DA Cu WP A U
KA.
2.6 FEmMELIERNER

W RIS A A0 %ot R Iy 1 0 F Ak
A RUFIMACTE . S 7 28 Z0E i 7E K3 1 I AH
BB REALPERE , KON T L H, 0, S8 AE5H
LA AR AR B B SOV, 25 RN
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3. JUTARE SR RN R AT AR, AR R SRR
T, Cu/MS-1 MAEFIE, 28 B R A 5 18
#1] 38.91% 1 81.5%, T Cuw/M-1 1Y 24.49% Fi
78.8% , Cu/M-2 (1) 16.44% F1 80.1%. T 1 %
) Cu/M-1 Fl Cu/M-2, K " BleR R3] 8.77% Fil
5.33%; MM 10 K Cu/MS-1, K il

53k 37.64% , FEah T Cu S AU 2.5% 725K 2.1%.
H bR A 45 A8 I O 4 Iy, A A ) ]
DR, R R AR Ry, X2
T A I A, HL I A 44 45 [ 437 B
KT AR, W5t — b AL bR,
i PR A TR B A A i e = .

R 3 AEELFIEFSE

Table 3 The activities over different catalysts®

Satuple S o Yorine Yields of products/%"
/% /% HQ CAT BQ Other
Cu/MS-1 81.5 38.91 22.33 16.58 5.61 3.20
Cu/MS-1(used 1) 81.2 38.39 21.97 16.42 4.88 4.02
Cu/MS-1 (used 10) 81.3 37.64 21.50 16.14 4.43 4.35
Cu/M-1 78.8 24.49 13.62 10.87 2.81 3.78
Cu/M-1(used 1) 79.0 8.77 4.99 3.78 0.84 1.54
Cu/M-2 80.1 16.44 8.61 7.83 1.90 2.18
Cu/M-2(used 1) 80.5 5.33 2.74 2.58 0.39 0.90

a. Reaction conditions: 1.0 g phenol, 15.0 mL distilled water as solvent, 50 mg catalyst, 1.30 mL H,0,(30%) as oxidant, reac-

tion temperature = 70 °C, reaction time=4 h; b. S, : dihydroxybenzenes Selectivity; S;,; = mole amount of DHB/ (mole a-
mounts of HQ+ CAT + BQ + DHB + other) x 100%; c. Y, : dihydroxybenzenes Yields, Y, = (mole amount of HQ + mole a-
mount of CAT)/ (initial mole amount of phenol) x 100%; d. HQ: hydroquinone, ¥}, = mole amount of HQ/ (initial mole amount

of phenol) x 100% ; CAT: catechol, Y, = mole amount of CAT/(initial mole amount of phenol) X 100%; BQ: p-benzoqui-

none, Yy, = mole amount of BQ/ (initial mole amount of phenol) x 100%; Y. = mole amount of other/ (initial mole amount of

phenol) x 100%.

P XPS Fl ICP 737, HAFE B MFL F14r£L
) MS-1, FIF H 438 CuO JEAL; 1fii DR UV-vis £l
H,-TPR 78T R B, Cu/MS-1 &2 1 & 5% 8
R | 53 HE CuO; #E XRD | N, % 55 ek 1% B 158 B A
AL | FasE e et R BLEA MFI A4 FL
Z5FE) Cu/MS-1, T PEmAr | FooE Phd . 45 Rk
B, HA MFI FAFLIG MS-1, FaE P, A F THE
i il & Cu W) Fh A 484 FL I8 4 8 FLRE | 5y
i, TR AL CuO, Tl 2L ik i CuO &
AR N 1Y 3 205 PR Fl B, = AR i
Cu/MS-195 J /0L CuO 2 | Fa e Mok . AL
PEEAF. Ca/MS-1 H, FE M A =250 A0 T R fL
T FLEE I, Foue PRIk T 2 65 1 A R H L 1 P
PrFl; [RIEE, Cu/MS-1 o 145 F4 i mT Je KRR B A
WD IR IR IR, T2 R E , 558 IR
T

3 &t

VI BE RS & 3 F I L B v, A CTAB
BRI, 435 BUE A A FLA5 H6) 1  f BE MS-1 il
ToE R M-1. FKAFLSRUER, MS-1 158 A2 E T A
fLZsH, ] v IR S EFL I A A 5 3 0 - [ R A T
Z A B AH EAE FH AR 2L R Py 3 1, A1 T8 A Fh e
HALE P, i 7EFLEE [P B 20 L CuO, 3K
fAemfaE MY Cu/MS-1. =FPEES T, Cu/MS-1 &
AT, SRR CuO & i . 7E L H, 0, i b
H, Cu/SiO, AL FRFEA IR B Az AR 9 19 S g v
Gyl JEI | AL CuO 2 RN G . B A
FLRESsRFRE MR Cu/MS-1, FF B A5 5 H A A%
YRR Py e FL R R, TR B B T N
L, AT ARAS D0 88 0 A AL 35 1 (38.91% ) FIEHE 1
(81.5%).
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Study on the Structure of Cu/SiO, and Their Catalytic Performance
in the Reaction of Phenol Hydroxylation

YU Tian-hua® , HUANG Qi-peng, SITU Cheng, ZHANG Ji
(School of Life Sciences, Guizhou Normal University, Guiyang 550001, China)

Abstract; Three kinds of Cu/SiO, were prepared by the impregnation method using the synthesized and purchased
Si0, with different structures as the support. The samples were characterized by X-ray diffraction (XRD) , N, iso-
thermal absorption-desorption, ultraviolet-visible diffuse reflectance spectra, X-ray photoelectron spectroscopy, in-
ductively coupled plasma atomic emission spectrometry and H, temperature programmed reduction. The catalystic
activity of the samples in the phenol hydroxylation to dihydroxybenzenes using H,O, was investigated. The results
showed that good stability of MS-1 possessing MFI topology and mesoporous structure were advantageous to diffuse
copper species from surface to pore and further formed more highly dispersed copper species. The Cu/MS-1 cata-
lysts gave a desired dihydroxybenzenes yield (38.91% ) with excellent selectivity (81.5% ). The dihydroxybenzenes
yield reached up to 37.64% and copper loading of the Cu/MS-1 dropped slightly from 2.5% to 2.1% after use ten
runs. The results demonstrated good reusability of Cu/MS-1, and the highly dispersed CuO in samples was main ac-
tive species of the selective oxidation of phenol with H,0O, produces catechol, hydroginone and benzoquinone. We
believed that MS-1 prepared in this study was a promising metial-supported and was widely used to catalytic field,
particularly for those employing in macromolecular liquid reaction.

Key words: phenol; dihydroxybenzenes; copper species; mesoporous silica; MFI



