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Co(l11)-Modified SBA-15: Preparation, Characterization and Catalytic
Performance for Epoxidation of Cyclohexene
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Abstract: A Co(lll)-modified mesoporous material (SBA-15-Co(lll)) was prepared by supporting an in situ formed Co(lll) complex on
o-dicarboxylic acid modified SBA-15 (SBA-15-(COOH),) that was synthesized by first the Diels-Alder reaction between maleic anhydride
and cyclopentadienyl-modified SBA-15 (SBA-15-Cp) and then the hydrolysis of resulting anhydride. Fourier transform infrared spectros-
copy, elemental analysis (ICP-AES), and X-ray photoelectron spectroscopy confirmed the successful incorporation of carboxyl and Co(lll) in
the mesopores. The results of X-ray powder diffraction, No-sorption, and high resolution transmission electron microscopy showed that
SBA-15-Co(l11) well maintained the mesostructure of SBA-15. In the presence of isobutyraldehyde, SBA-15-Co(l11) showed moderate activ-
ity and stability in the epoxidation of cyclohexene when the flow rate of O, was 5 ml/min, the solvent was acetonitrile, the reaction tempera-
ture was 40 °C, and time was 6 h. The yield and selectivity of cyclohexene oxide could reach 58% and 63.7%, respectively. The yield and
selectivity of cyclohexene oxide could still maintained 51.6% and 56.5% after six catalytic cycles.
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Hi i) SBA-15 (SBA-15-(COOH),), #& J& il if & 742
ikl 4% Co(1ll) ‘B fietk SBA-15 (SBA-15-Co(lll)), Jf:
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1.1 BT &
1.1.1 SBA-15-(COOH), By & &

SBA-15-(COOH), ¥ il # 2 f STk [14]. #% 1.0
g P123 (EO»PO+0EQ,, - ¥ 73 1 #5800, Aldrich
7y #]) Al 1.82 g NaCl (AR, btk 1)) In A% 159
2 mol/L HCI 1 3.75 g Z&Z 1K, T 40 °C Hit # 4 h.
¥ 1.86 g (TEOS) (AR, b x{ tk 1)) #1 0.40g¢g
[2-(1,3-3F 1% @ dt) 238 = Z A SRRk ke (TEECp)™!
I #) 15 g 2 mol/L HCI A1 3.75 g Z&M/KH, T =
WHEFE 15 min 5, Bz R g2 180 n 2 5 P123 %
W, fE 40 °C 4k S HE#F 20 h J5 # N B K A,
BT HEAE N AE 100 °C 4k 2d. RE9E, H WK
ZrpbE, = TR, DTS e ol oK FHE K Sl R A4

o 1) Toluene/reflux/72h  sBA-15

0
SBA-lS@ +
0

SBA-15-Cp

2) H,S0,

W2d, S 85 I8 R BRI ER 1 4 i 1 Refk
SBA-15 (SBA-15-Cp).

# 1.0 g SBA-15-Cp 1 2.0 g & KRR (AR, [H
282 A 25 R AT B A 7)) I F] 30 mi TG 7K 2R
Hr, F 120 °C [F19R 3 d, ok 38 J5 A5 4ok R H DAL
Wmeg 28 SCHR R 2 d, T8 i [ 44 43 5T 60 mi A fim 1R
L FER SR 24 h W UE, KRR, TSR
38 AR BRI 20 — R R H etk SBA-15, it & SBA-15-
(COOH), H: / ¥& 3 & & 0.54 mmol/gt4. il % &
NS
1.1.2 SBA-15-Co(Ill) By %I &

2 18 SC ik [12] ) % SBA-15-Co(Ill). =i
1.0 g ] SBA-15-(COOH),, 0.75 g ¥} Co(CH3;COO0),:
4H,0 (AR, R 7 i1k T 45 R A 7)) A1 0.42 g nit
mE (AR, AL 504k T77) A2 30 ml 2848 /K A, THil
%2 100 °C J7, 8 h ¥ 5 ml H,0, (30%, b 514k 1))
AR R, AWHI R, D8, Frfrm K N
i F 2 08 K U, = TR S BE Co(IN) 4% & )
[Cou(u-0)4(n-0,CH,CHa)4(py)a] H fiE 1L ¥ SBA-15,
Fr i b SBA-15-Co(Ill), M o Co # & K 0.144
mmol/g. il 2% B 3 WL & X 1.

1.1.3  Co(lll) & & # [Co4(u-0)4(n-0O,CH,CH3),-
(py)a](1) B9l &

Co(lll) % & W) 2 % SC Wk [16] & B . 2.90 g
Co(NO3),-6H,0 (AR, db =t fk 1. J ) 1 2.70¢g
CH3COONa-3H,0 (AR, Jb 2L T.]7) % T 30 ml
M B A s L i N 0.08 mil it g S5, K 5 m

H,0, (30%) 2% 1% i B 4K 2, 4K £E R 4 h )=, %
W . LRSS, DR AT 2 R R
TN A g (60~90 °C) BEAT F &5 &, I 15 b A4 R
Co(Ill) 25454 [Cos(n-0)a(u-02CH,CH3)a(py)a] (1).
1.2 ELFIBRE

X4 [F Bruker 2w ] D8 Advance % X 5 4;
K ARAFTHHACEAT X AT 5 (XRD) 234, Cu #E K,
S 2% (0.154 18 nm), A7 & BB 4%, B L 40 kY,
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Scheme 1. Synthesis route for SBA-15-Co(lll).
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X 9} £ 6 H - RE 3% (XPS) il i 7F VG-Scientific
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2100DV Y HL 8 AE & 55 B 4K IR RO O A
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<5 I T B A AR B I N 6 h, R A T GC-7900
RUSAH SO (iR LR FZ AT A A)) AT
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min.
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Fig. 1. XRD patterns of samples. (1) SBA-15-Cp; (2) SBA-15-
(COOH);; (3) SBA-15-Co(lIl).
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Table 1  Physicochemical properties of SBA-15-Cp, SBA-15-
(COOH), and SBA-15-Co(lll)

Sample daooynm ag/nm Ager/(m?/g) D/inm V/(cm?/g) W/nm
SBA-15-Cp 9.4 10.8 697 4.00 0.67 6.8
SBA-15-(COOH), 9.2 10.6 630 3.90 0.65 6.6
SBA-15-Co(lll) 9.2 10.6 452 5.59 0.65 5.0

ao: cell parameters, a, = 2d(100) / V3 ; W: wall thickness, W = ag-D.
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Fig. 2. N-sorption isotherms and pore size distribution of samples.

P o L, T B I
IV 1, H7E plpo Jy 0.5~0.7 2 [i] Hy Bl H2

2 ¥4 L {1y
T34 i 5F,



www.chxb.cn

S ZE Co(INN) B AEAL SBA-15 % . RAE LA IR 2GR AL 169

Ui B BT MR A Y — LR A L. MRS )
P NLER 1.0 BR WL, 5 SBA-15-Cp #H L,
R SBA-15-(COOH), My Lk R A fLi2. FLA
B JEL R M 2 BRSBTS, AR AR AN R, B
i Diels-Alder Jz N n] 5| N 56 Bk, HAR GF
RFF T SBA-15-Cp fL 45 #4. 1l 5 SBA-15-Cp #H
tt, SBA-15-Co(I11) &A= T K A2 4k, B2 1 AA B
fIG. FLEEAR FERIALARIE K, X AT BEAE HH T Co &2 4 idt
TR FLAE G546 72 T — 2 [R5 ),
213 TEM 4R

3 M EAFERY TEM B, ol o] WL AT A
FE L3 S0 B A 7 (1) 2D Pemm 45 1y, R W] &85t
Diels-Alder [ N Fl 7K fift [ N I, #4OREE A 77 P4 0 5L
SRR R, X5 g R
214 FTIR%

4 Jy FFEA ) FT-IR %, 5 SBA-15-Cp ##
tt , SBA-15-(COOH), 43 Jll 7 1778, 1 645 FI 1550
em ™ HBLT AN, R TR I C=0 1 45 ik 30
I B350 22 Diels-Alder 2 ¥ i ¥ 58 B AE A % 2h 51
A | SBA-15 1. Co # &%) (1) 7£ 1532 Fil 1415
om ™ A F 1 AN R AT U Ay 22 TR AR 10 o R RN AR K 4 3
I, 696 cm ™t WL I L Z 48 AT (us-O)Cos [RIHRFAE

A A A

L ! _l_ I.l \ A
‘.\.l A

2o . g

) 1778
T~ 1550 696
600
5 \\ /M
e

N

1 L 1 L 1 L 1 1 1 L 1 L 1

2200 2000 1800 1600 1400 1200 1000 800 600 400
Wavenumber (cm™)

4 HmAy IR L

Fig. 4. IR spectra of samples. (1) SBA-15-Cp; (2) SBA-15-(COOH),
(3) SBA-15-Co(lll); (4) Co complex(l).
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Fig. 3. TEM images of different samples. (A,a) SBA-15-Cp; (B,b) SBA-15-(COOH),; (C,c) SBA-15-Co(llI).
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Co 20 %2 SBA-15-Co(Ill) FsHE &Y (1) BILACHIRE L E
R
Table 2 Epoxidation of cyclohexene using SBA-15-Co(lll) and
o Cobalt complex (1) as catalysts
= Co2
2 P Catalyst Cyclohexene  Turnover Epoxide
E Catalyst dosage  conversion number selectivity
(mg) (%) (mmol/mmol) (%)
Blank — 4.0 — 100
Co complex () 4.0 83.2 507.3 50
SBA-15-Co(lll) 100 90.5 766.4 58.7

770 775 780 785 790 795 800 805 810
Binding energy (eV)

5 SBA-15-Co(lll) # Co 2p XPS i
Fig. 5. Co 2p XPS spectrum of SBA-15-Co(l11) sample.
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1E5 T EAFAE T, BLor 7 O WAL A, B5 T
SBA-15-Co(lIl) 1 Co é%ﬁ% (1) 7R3 O R AL I
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TR RIS 3 U 1) B A %A 4%. LL Co &5 Y)
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@ e

Reaction conditions: acetonitrile 20 ml, cyclohexene 1.0 g, isobutyral-
dehyde 2.6 g, O, 5 ml/min, 40 °C, 6 h.

(1) A AL, 2RO A Z . A BRI L £ 2
5k 83.2%, 507.3 F1 50%; fij LL SBA-15-Co(lll) K
HEAG TS, 5 O I B A A AL B ik B MR %L Co
) (1) W W ag i, 43 7k 90.5%, 766.4 il 58.7%.
A BE R A (1) SBA-15-Co(II1) F 2 T 7 7K 1k A i3k
T IR U R R PR, A A S R ) 1) R S BE RGN (2)
SBA-15-Co(I11) F & [ AR i, A 49 3% P oo 43 1
A5 (3) AL AEALE A AT S S ) 7= 1 ) A%
W, AN, R R I A A AL, B O
B BRI I RN ER O W 25 R ).

——> HOOC(CH,)4,COOH

ExX 2 SBA-15-Co(lll) LR CHEAREHEER
Scheme 2. Scheme for cyclohexene epoxidation catalyzed by SBA-15-Co(lll).

222 O iEHIF NG

7 SBA-15-Co(lll) f4L 7 0.1 g+ ¥4 1.0 g+
ST 2.6 9. OB 20 ml, 40 °C R 6 h (41T,
F 8T O, ik X SBA-15-Co(I11) i 1k BF 45 34 44
P PR S, 45 9 LR 30 Rl I, R O, i
T4 10 ml/min B, 55— IR AR R TR R AER e I

LB PEHK T Oy WU A 5 mil/min B (1) 7 S Al
ERETE. SR, B OE B CECR B, O, Wit Sy 10
ml /min I 3R SCER Cpe 7 28R 3% 95 v R g FE AR, T
O, Uit 4 5 ml/min I PR ACER O 77 26 F Ik 48 7 4
FEARRFERGE. X ReAE BT 2 O WU H 0 i,
MR Z O, (=38 0, WA A T S W 1) 1E 77 1) 1

&3 TR O fiEAT SBA-15-Co(Ill) BULIACHIRRE R LR

Table 3 Catalytic reaction results of the epoxidation of cyclohexene using SBA-15-Co(l1l) as catalyst at different O, flow rates

Cyclohexene epoxide selectivity (%)

Cyclohexene epoxide yield (%)

O, flow rate/(ml/min)

Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 1 Cycle 2 Cycle 3 Cycle 4
5 58.7 63.7 59.4 60.5 52.2 58.0 54.6 55.0
10 75.3 51.6 44.0 34.8 87.1 60.2 50.2 40.4

Reaction conditions: acetonitrile 20 ml, cyclohexene 1.0 g, isobutyraldehyde 2.6 g, 40 °C, 6 h.
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Fig. 6. Catalytic stability of SBA-15-Co(lll). Reaction conditions:
acetonitrile 20 ml, cyclohexene 1.0 g, isobutyraldehyde 2.6 g, O, 5
ml/min, 40 °C, 6 h.
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