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ITfL Ag, S BEIZSE AN L AL IR S UM RE A 3T

X My, E T, FRZE, BRI, HBEPE
(JPE R 2R T 2EBe, ) V8 m7° 530004 )

P TN RAE 5,10,15,20- D (A-ILEE ) HEIRIHR ( Mn TPyP ) (IR L8 HE FIRCR A FLEEALHRRS Mn TPyP
HEA AR RLOL, TR T A LB ACHR 2L 5, 10,15,20-P0 (4-1E 3 ) BEUINH (Mn TPYP/mp-Ag,S) 94K AL 0 fiE {1
B, LR AT RAE. MALA kIR S 15 BB T Mn™ 2 [ ARSR AR B R 1, AP b
TLAEUILIR CUAERO N LG | L PSRRI 543 I S 1 46.99% 11 29.6%. MEALBDRMIEF T 5 s , It
HEACPERE LT A W, 3000 Tl b ik A1 PR K 23 2 i T R AT O 25 1

KR ALK 5,10,15,20-P0 (4-MEBERE) B0 PRCbE; fEfL L

FESES: 0643.32 XEERERS: A

A5 3 P450 S iy M Py — F s e
HAH S—Fe Shm ECAL A A2 4549, refifb
AR SE AR B, B AT E N MG DA Fh AR
[¥] 2 4 B NSRS 4D, PASO il 14 25 48 I HEA T Ak I
B2t TR ZH . (B, IKRTFAEER
ZHG, L. AR, HAKCRIRSEA 2. I,
FHR—FPBEREALIL P450 Bl C A7 A S s D REAE
PHATHEAL TR, SRR RRTH /& T 7T 5 4 {0 vy
B AT B SR I —Fh Pk AR

TR AR AT B AR AT RL, (EJRAE A TE
Py T i GEAR D, s AR RE  AARRE . B
PG EEAE X T R HAR 2127 R B RE |
SAAREE | BRALER SR Sy A R REAR PG 5, (H
SETEMEAL IR C LT, B30 O IR 19 A 23 55 fife 4w
ok, T34 kA R AR 4 M 5 &R . AR LR
5, AERAE NN R, IRXERR IS M, 1
AR, AT A A s LR A B L AR
HB A5 1Y) BE 4

I AL AR A B m i L R AR, s g
WA A B R AR RE g, X H AT DU =
JERBRBCAR IR, A A FLBRA AR 195 T v
M, N, PHES ARk W EOR ST

s HEA: 2019-07-19; f€E HH . 2019-08-23.

(R, X LB SN 22 ABRLAL S U B ] 25 4 fL G2
JERRALY, Aok — g BRI, D e AT LA AR
LM X FIARXT IR L S IO BRI, & R T 9
FLERALER.

FA TR A FLA P HR b i B2 <2 SR ok, SRASEAL
P450 i 4 il 1) JE (57 02 M S REAE FH. I HAR o
TG A REACAT L, T8 L AEIR R A B 2% 1F H AL 73
TR AR O A O B AR
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1.1 X5

5,10,15,20-P0 ( 4-Mk BE JE) 0h Bk ( H2TPyP,
97%) W F 3L K /R ; A LM 10 Jh B ( BRIJO10,
99%) . FHERSR (AgNO,, 98%) | BN L MM (MPT-
MS, 95% ) FIFR L 4E (99.7% ) W T Bl 41 T, HAR
R et 0T PP R e A PR H.
1.2 NFLERALER Al &

# 0.169 87 g AgNO, Ky K% T 25 mL 0.01 mol/
L HNO, AW, #1455 25 mL 0.04 mol/L (RS FRER
(AgNO,) TRV, fEZE WA, KI5 5w
RE LM 10 JhEE(BRIJO10) 1 = 1 MRS, A
UKFEIRAE. SRJE I AR & Tk B ( TAA ) B3 oK 9 i
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2 min, ¥V ESHE 24 h 5, 08, FHZEEER R
Ve EAZ IR, 1E-50 C FEA B H T 6 h,
z’“ R FLER AL AR,
1.3 5,10,15,20-70 (4-REBEEL ) 2 MRS ) 55
5,10,15,20-PY ( 4-0H e 3L ) 55 MK ( Mn TPyP )
4. 4% 0.050 ¢ H, TPyP I fi#7E 40 mL DMF
W, IR IR S WA E R, A2 A 0.800 ¢
MnCl, - 6H,0. 4kZE[13% 4.5 h, RIGA N ZHEER
BE. i8R AT T IR DMF ) H,TPyP A1 MnO, ,
WA TEW, 2T B B s R, A 150 mL 2
B F/KARE, A 0.2 g NaCl ¥ Mn TPyP 455 H

+Ag,S

Organic template

Immobilization of

Ag,S + template

oxidation

e, 1UE, THRARISEENATE.

A FLIR AL AR [ 28 5, 10, 15, 20-DY ( 4-t B
B RPN K Mn TPyP 3 21 L B ok, el
A—1y 100 mg/LMn TPyP AUV, FREL 0.5 ¢ /1L
FRALERAR 7 43U 400 mL B 7Kk H, FRR20 mL
[) Mn TPyP ¥R Z B b, 78 50 C FHi$k
12 h, i3, FHEBFKUER, 16 85 CHris 4k
Y118 24 h, 4 Mn TPyP/mp-Ag,S 44 K fLA AL #F
BE 8 ICP FAI E B Pk 9 [ 205 3.98 mg/
g. HEALF Al A8 AR N BT S

Removment of

template

mp-Ag,S

After catalytic

Recovery of

Mn TPyP/mp-Ag,S
7R 1 mp-Ag,S I ELL Mn TPyP/mp-Ag,S il 41 72
Scheme 1 The process of preparing mp-Ag,S and immobilized Mn TPyP on mp-Ag,S

1.4 LR RIE

ffiFH TU-1810SPC Y3 A1 55 28 4h- AT WL
fdFH TriStar 11 3flex AT 77 K F AR A H
DU N IR BFF/ R B 45 T 26 O i BET 7% 2% BJH 7%
AR R e R AR FLAE S0 A5, F FEL Tecnai
G2 ¥20 AY3% 5 H - I SR LA AL b RHROW I 35
Jnis L Ry 200 kV. X T ICP-OES, #4245 0.05 g fit
fEpA LI 1T HNO, T A2 Y, PRSI AR IR /KoK fe 2%
PRFAN 2 2 25 mL. fdi H Netzsch TG 209 F3 B
ST, RS, FHREE A 10 C/min 5F7F
TXIRE A AT S A, FHBC A A Al Ka RUCR fE 5
aas, AIAEEBER ) A 30 ~400 wm [ K-Alpha* %Y
X TG R T RETE SO LA i e ThT Ak 27 R o
KHITCRE G REHAT 7.
1.5 5,10,15,20-H (4-ALBEE ) SEAMMR R AL IR B 62

¥ 200 mL 3£ 2 B F1— 5 7 ) Mn TPyP/mp-
Ag,S T 300 mL St O & rp, I mak
FRNIER, FFEGE ARSI ENIET B

catalytic materials

O BT FE . 4 FE R 220 v/min, B E
0.03 m’/h. W IFEGR)E, B 30 min MRS I AL ERZE
JEI—IK, BRI AR (GC) %a, R
GC-7900 {13#4% . 25 mx0.25 mmx0.5 pm PEG-20M
YNNI BT AR 2 (AR T R I 25 15

SETREE M 180 °C, AR 120 °C), LA NN
SE I SE T O R PR O B %) 5 . DA KO 3SR
F P T B0k 2 0 R R 1) 7 . R 2R P RO
RAWGLNE, I H CBved, M fEfb ik, 85 «C
HF, HT F—Wfk. Mn TPyP/mp-Ag,S #E 1L

Che AL RN AR
MnTPyP/mp—Ag2
T P.0, + by-product

& 7R 2 Mn TPyP/mp-Ag,S fEfb E AL C b
Scheme 2 Cyclohexane oxidation catalyzed by
Mn TPyP/mp-Ag,S
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2.1 EUFIBIRIE

2.1.1 TEM FAWRZR I W 1(a) F IS
Bl & BOBAR TR AR Z AU RE, T 1(D)
B R|E B S, LRI/, XA
THAN 2 nm ZEATINS T RN TIRSEER Y
FLR.
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To S 008t
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% 151 < oee2p
2 0.00 |
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T 10F
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T 5| we—e
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Relative pressure/(p/p° )

mp-Ag,S Al Mn TPyP/mp-Ag,S [ N, W Jii - 1
MR ZE R E (e, d) Fis. FERRIN HT A
AL, JETIVEISER 2, AL i
i SR ER N /e B W T Bu s { K T
DIFE D, Ba4Emobuks, LRk 3.8 TR
1.7 nm, iXAR AT RESE B N IRk T HOE S T AR R
T2 nm ALIA T, &R TP EALE L FUABURI R
I Y R R, X5 TEM FRAFEZ5 AL

0.025F —e—Adsorption

30+ o020l —e—Desorption

25 | 300154

T
dV/Dlog(W)
s
=
=

0.005

I 0.000
1 2 3
D/nm

Quantity adsorbed/(cm?. g™' STP)
L
wn

MnTPyP/mp-Ag,S

1 1
0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure/(p/p°® )

1 mp-Ag,S(a) 1 Mn TPyP/mp-Ag,S(b) A5 5t FL L AN mp-Ag,S(c)
1 Mn TPyP/mp-Ag,S(d) 7E—-196 °C By S B &5 28 e FLAR 4345 16
Fig.1 TEM images of mp-Ag,S(a) and Mn TPyP/mp-Ag,S(b) , Nitrogen adsorption and desorption isotherms at
~196 °C and pore size distribution for mp-Ag,S(c) and Mn TPyP/mp-Ag,S(d)

% 1 mp-Ag,S 71 Mn TPyP/mp-Ag,S #f Bl
Table 1 Structural characteristics of mp-Ag,S and Mn TPyP/mp-Ag,S

Samples Surface area/(m’ + g') Pore diameter/nm Pore volume/(cm® « g™")
mp-Ag,S 22.4 3.8 0.088
Mn TPyP/mp-Ag,S 9.3 1.7 0.023

2.1.2 ZEAb-A] WIS 43 b A 2O o B 2
(a) FAEALHE R 28 Ah-RT DL SOG4 H, TPyP
5 MnCl, - 6H,0 fi@]ﬁ, 7742 Mn TPyP, Soret T
M 439 45K 462 nm, H QY 516, 589 Fl1 635 nm i1
g%, HBUH A% 560 nm. 5 SCHK[ 21 ] 18 FEA—
B, XYL Mn TPyP A ACE K. 14 Mn TPyP &2
1E mp-Ag,S )i, H Soret 47 7 Mn TPyP/mp-Ag,S

LI % 467 nm. X ULHH Mn TPyP & 2838 i3 Bl fvi 4
FHEZE T mp-Ag,S £ F 2(b) BaRmyHieg
eI £k v A, ARIAMRAE 376 em™ AbAT Mn-Cl 247
B BRALARAE 250 ~ 500 em ™ A BEA T
Mn TPyP/mp-Ag,S £ 369 cm™ 4b 45 Mn (1I1)-S
57260 S B Mn TPyP €25y S-Mn o {7 1
43 T mp-Ag,S L.
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14 100 1000
(a) Z(HTPyP)=2.18x105 L * mol" + cm” (b)
12 439 £MnTPyP)=7.7x10* L * mol" + em™ 90 + 1900
(MnTPyP/mp-Ag:S)=2.24x10°L * mol* * cm* .
10l &(MnTPyP/mp-Ag; mol cnr 80 ! mp-Ag,S 1500
Zo8f o | 700
3 T 60 1 =
S 06 MnTPyP 7 S Mn-Cl 1600 &
g HTPyP & 50 Mn-5= s 5 =
'E 0.4 ¥ < Mn l‘PyP/mp—Aglb_ 500 =
g - e MINTPyP/mp-Ag,S 40 b §
S
< 0.2 560 30 | Mn-Cl 1400
0.0 20 Mn TPyP 1300
-0.2 516 589 10 - 1200
1 L 1 1 1 1 1
400 500 600 250 300 350 400 450 500
Wavelenght/nm Wavenumbers/cm™

€] 2 H,TPyP, Mn TPyP Fll Mn TPyP/mp-Ag,S HJ 44N E Al mp-Ag,S,
Mn TPyP FIl Mn TPyP/mp-Ag,S(b) AL S 18 K
Fig.2 UV spectra for H,TPyP, Mn TPyP and Mn TPyP/mp-Ag,S and Raman spectra for mp-Ag,S,
Mn TPyP and Mn TPyP/mp-Ag,S (b)

HLF-IAE5 SR an &l 3 FI5& 2 7. Mn TPyP 9 XPS
W 63 A O ST R (Mn, N, CLFIS) FA7ET

2.1.3 X LR TFRERE T Mn TPyP 1 Mn TPyP/
mp-Ag,S B ICZE (Mn, N, CL A1 S) Y X H£:ok

Ag 3d Mn TPyP

Mn 2p

Mn* p,,

Mn 2p

MnTPyP

Aglp

L . A MnTPyP/mp-Ag,S
I 1 I I I L L 1 .
100 200 300 400 500 600 700 660 655 650 645 640 635
Binding energy/eV Binding energy/eV
Mn TPyP
Cl2p
Cl>Mn 2p,,
Cl—=Mn2p,,
1 1 1 1 1 1 1 1 1 1 T A
Mn TPyP/mg-Ag,S g’l; TPyP/mg-Ag,S Mn TPyP/mg-Ag,S
] 4 Cl2p Cl>Mn 2,
N1s S-Ag2p,, Cl-Mn2p,, "
N—Mn |
|
S—Mn 2p, , %g S—Mn2p,,
1 1 1 1

404

402

400

1 1
398 396

Binding energy/eV

394 170 168 166 164 162 160 158 156 202
Binding energy/eV

3 fEep R XPS 3

Fig.3 XPS spectra of catalytic materials

200

198

196 194

Binding energy/eV
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% 2 Mn TPyP, Mn TPyP #1 Mn TPyP/mp-Ag,S HIXEBTEE SR
Table 2 Binding energies for the key element of Mn TPyP | Mn TPyP and Mn TPyP/mp-Ag,S
Binding energy/eV
Element Existing form ABE/eV
Mn TPyP mp-Ag,S mp-Ag,S-Mn TPyP
Mn** 2p,, Mn-N 641.67 - 642.29 0.62
2p,, 653.32 - 653.58 0.26
Mn**2p,,, Mn-N 639.48 - 640.32 0.84
2p, 651.43 - 650.97 -0.46
Mn** 2p,, Mn-N 644.41 - 644.78 0.37
2p1 1 653.53 - 654.39 0.86
N 1s C-N=C 398.59 - 398.99 0.4

N-Mn 398.43 - 398.39 -0.04
N—Mn 400.01 - 400.13 0.12
S 2p,, S—Mn - - 161.85 0.72
2p, 2 - - 163.14 0.84

2p5, S—Ag - 161.13 - 0

2p, - 162.30 - 0
Cl 2p,, Cl—Mn 197.08 - 196.52 -0.56
201 1 Cl—Mn 198.73 - 198.02 -0.71

Mn TPyP/mp-Ag,S BIAH N Y . X R BIMn TPyP BRI,

OV 2 [H 207E mp-Ag,S . T mp-Ag,S i +5
Mn TPyP 5% B T A SR 45 S EM 161.13
M 162.30 eV 7% 43 53 2 ] 161.85F1 163.14 eV,
RIFAR 4 ABE {4 0.72 F1 0.84, FH. w14
HPOKF B F R4S T 456 2 1. RIS, X rl BB 15 Mn
TPyP fh3E5EICE (Mn, N I Cl) BU45 & RE & A28 k.
AR LS4 EM 197.08 F1 198.73%1 [ 5] 196.52 Al
198.02 eV, FEGEAE THH T HEH S, X2
S () 1E LM 58 ( MinlI 2p,,, A1 Mnlll 2p,,""" | ABE
3318 0.62 F10.26 eV) . X 0] LIHE4A 5> T 25 5 2
AT PG O A B T IR AR, AR TR AR
R RE. 534b, S4B R R T B E5 6 REM
400.01" B4 HNF) 400.13 eV, X T A 55 1Y BT
DA FHAE [ 32 Ja B Ik, B2 T AR R i R e
PE. B2, XN T U B T S 2 1 IE HL AT
LU R 2811 B 25 5 45 A NG AL 4800 75 S T S E AR

2.1.4 RFESHT [l 4 W78 Mn TPyP/mp-Ag,S K
PP IRZE, 300 C LA FILTF 0 &, AL
SEES R R N 170 °C, X B IR 1E AL S5
AR LA TR i IR

100

. L I 1 I -16
100 200 300 400 500 600

Temperature/°C

[l 4 Mn TPyP/mp-Ag,S #4H | Puiith<k
Fig.4 TG and DSC curves of Mn TPyP/mp-Ag,S
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2.2 Mn TPyP/mp-Ag,S X SHLIRD It

2.2.1 Mn TPyP/mp-Ag,S fiE L3R C bt %A 1k Kl 5
(a) T RIRH R C LA ST TIHN 0.9 MPa , fitfl
A Mn TPyP/mp-Ag,S H# K 0.125 g, [N B[]
4 i, AR B S5 T IR O e fb 3 | Sk Bom
FEY R (RO A CEE) . B8R,
160 °C 2 A AR EGE AR SOV IR, AT AR
FEH AR R AR RE. B 5(b) /2 7E 160 C F A fH )
XA PERE R SZ IR, AR TR 0.8 MPa. iX
ATRESE P TE B RIS SR, SR 4
SEEA— BB 8 2 AE mp-Ag,S 11 4 J& I ok A
TG B S (o) AR A AL ) R X

12

1 36
(a)
10 | 132
1288
O Juifs
= 2 2
— =)
X 6 120 ¥ z
z gz
= 116 é 5
4 1122
)
—®— TON x 10° 18 »
2 —w— Yields(keton+alcohol)/ %
—e— Conversion/% 44
0 1 1 1 Il 1 0
145 150 155 160 165 170 175
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© 136
10 132
428 ¢
st =
w e =]
& 24 _g i
z 6f 1205 2
S -
= "_”’_v/\ 116 8 °>’
Z g
4r 11223
—=— TON x 10° g =
2+ —w— Yields(keton+alcohol)/ % >
—e— Conversion/% 14
0 1 1 1 1 1 1 1 1 1 0
0.07 0.08 0.09 0.10 0.11 0.12 0.13 0.14 0.15 0.16

Amount of catalysts/g

R BRI, T LA 0.125 ¢ L FI BB
ZoIR BN T A AR AR, Ak s finfi AL 750 2
M2 A R NSO AR 22 | 33X AT B2 — i At Ak ) 41
HIBG o TR R EAF WAL SR B ), A
5(d) ATLAE MAEREAL R N E] 4 h B, PR C ik
RGBT R O 2k i m, XS
AR REEIEAT | FEAL R REERR P AN A B 42
fe. BN, 7 e e T 4 S MR 2 S OB IR T L
A0 R O R B O R & K .
I, Mn TPyP/mp-Ag,S B 4f N 45 F K. 0
IREE160 °C . AAJE SN 0.8 MPa, fiE{b 7 FH &
0.125 gFlJ Vi [E] A 4 h.

12
=36
®) 3
10 + =432
428 &
81 NPYRERS
= -]
= q20 ¥ %
X 6 = 2
é 116 £z
= N
4t 12 2°
=
51 —=— TONx 10° 18 -
—w— Yields(keton+alcohol)/ %
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0 1 1 1 1 ] 0
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12 6
(d —= TONx10° 1
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8t =
.é 124 % i
L 420 2 £
] -
= 116 g E
]
4r 112 S
=
)
1g &
2 b >
14
0 1 1 1 1 s 1 0
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Reaction time/h

Bl 5 FEARIROBREE (a) | SRS (b) | ARG () RN ] (d) T, o 2
NI P S AR e ) e A 3 R e A 5 e 7 3 i S 7 2% 1 A A2 A

Fig.5 Changes in the conversion rate, turn over number and yields with reaction temperature, pressure,

time an dosages of catalyst for the first run in oxygen oxidation of cyclohexane over the supported catalysts

2.2.2 Mn TPyP/mp-Ag,S 5 Mn TPyP L MFE
3 Al LLFE M. 5 Mn TPyP A L, Mn TPyP/
mp-Ag, SHE L IR O bt 1 7% Ak 3 = 5 0 il & T
46.9% 1 29.6%. T EL (1) & A 4 8 nh AR
AT AL IR O ot 23 DR Ay A A7) S Ak 2R 39 i Ik

A, {HZE, Mn TPyP/mp-Ag,S B A R IFAY 7]
AL R TERE. Qg 3 FraR, 16 2 Al i
PR R PERE B A B I 00T [ (2 B 3 g v [ i i
IR ). B2, AR BHEA T8 1 ik
TP R A A R
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Table 3 Comparison of catalytic performance of Mn TPyP/mp-Ag,S with that of Mn TPyP under optimal reaction conditions

Catalysts Recycling times Conwersion/% ( molar percentage)  Yield/% (molar percentage) TON/(x10°)

Mn TPyP/mp-Ag,S 1 35.75 18.80 10.02
2 35.07 18.04 9.84
3 34.26 18.53 9.66
4 33.50 17.78 9.45
5 33.24 17.28 9.39
Average 34.37 18.11 9.67
mp-Ag,S 1 15.7180 11.62 4.70
Mn TPyP 1 24.3297 14.51 7.07
no Catalysts 1 14.4189 10.32 4.30

3 i b. Liu Wen-fang ( X X 35), Wei Li-na (ZLFIHE). Re-

AR T A WO BRI, LA i
AT AL, St T U A H,S X
PRI R SRR IR AL S T RS 40L 200 Jf (2 R P450 il
()t 1) TC S RN K2 s i), LAt v A2 1) 0
L JENNR Mn TPyP [E 2 2] A A LA 19 Ag,S
I, I T O e A

Mo FE58 LR, % Mo TPyP 3 it 4l 1] B {7
YEF B BN FLAALAR . Mn B RO IE Bt
Rl D =0 R O (AT S L 2 i AT Y= N =4
() Mn TPyP il 4. 1 H i F Mn TPyP #itk A
AfLrh, {45 Mn TPyP BEXERL T, $20 T AL 1)
FOEME, XA 5 W25, KA EIR
LSREO i Aa i

IX°H Mn TPyP $&4E T84, 28951 H IR PR A H
THEA 7 48 AL 20 O e i 2 31 O IR A A O B 1Y
ik
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Research on Catalytic Oxidation of Cyclohexane over Manganese
Porphyrin Immobilized on Mesoporous Ag, S

LIU Peng, HUANG Guan, LI Pei-lan, ZHAO Shu-kai, PENG Shu-ting
(School of Chemisiry and Chemical Engineering , Guangxi University, Nanning 530004, China)

Abstract: In order to increase the catalytic activity and the efficiency of 5,10,15,20-tetra (4-pyridyl) manganese
porphyrin ( Mn TPyP) , Mn TPyP was axially coordinated to mesoporous silver sulfide ( mp-Ag,S) , forming Manga-
nese porphyrin supported on mesoporous silver sulfide( Mn TPyP/mp-Ag,S) as a biomimetic catalytic material. The
catalysts were characterized by various spectroscopic techniques. A strong axial coordination between S* anion and
Mn™" cations was found in the catalyst material, which greatly enhanced the catalytic activity of the catalyst material
for cyclohexane oxidation. The conversion of cyclohexane and the yield of ketone and alcohol were increased 46.9%
and 29.6% respectively. After five times recycles, the catalytic performance of the catalyst almost did not decrease.
The excellent performance was attributed to the effect of the strong axial coordination and the nano-cavity structure
function in the catalyst material on the catalytic performance.

Key words: mesoporous silver sulfide; 5, 10, 15, 20-tetrakis ( 4-pyridyl ) manganese porphyrin; cyclohexane;

catalytic oxidation



