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PR RIS S T 45 T — F 51 MoO,/Si0, M Ak 70 1 T 50 B — WY 1 R B i <2 4 s vr, 91 )
I XRD, IR, XPS, NH,-TPD ZEFRAEMEALFIEE . 45 SR, 55 W8 0 J2 0 R — Y R 8 B I 32 460 B2 7 11 43 1 v
L. 24 MoO, it g 12% (T T 43 1L) , pH 24 9.1 IFHY MoO,/Si0, AL BA T i AL PEfE | X AT fiE 5%k
FI 2T Mo Wy /O 1 M 25 R B 56, 7E 1.20 g MoO,/Si0, #E4E 5], 0.20 mol ZEER, n( WA —HER) /n( K
) =2, 180 CJME 3 h (UPETT, HREFEALAIR 70.0% , HY L2 00 BTG A 5 R — R e e 43 ) A 88.4% 1

11.5%.
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RESES: 0643.36 SHRFRERD: A
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s HEA . 2018-06-06; f€E HHEA. 2018-07-19.
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MoO,/SiO, AL | ok B Bk i 4 o 4 AL 741
FETHEH R e . MoO, /- HUE 4, HpR sc e bERE AR
TAL S 1235 . Biradar 25050 7E o S5 F R H I
Jig — B 1 i) 7 MoO,/Si0, AL 7 FH T H iR — £ Bk
FIZRIY G A S I, ARAS T 346 Guia ik ALY
fEAbPERE. SRR L B AT, ZE0E A R A I -
EEIE A8 MoO,/SiO0, AL FH T~ B R Ie BE iR 5 %
P T A8 B B B R TR R LI RIS, R, 3R
125 T 5T MoO,/SiO, AL 14 ) 45 K
AL R R — Y G55 A T S 4 1) S P

1 SEIEE 4

1.1 FEAZHKFH

FR R IR . RERRIY L HE . 1,2-I9
Pt ( E 25422 AR A FRAFD) 5 2R () AR efefbse
] AHBRAHE].

1.2 ELFIFI&

U 20K IR LB /KA pH {ETE BUms i %
WA, Horp pH 20504 8.6, 9.1 12 9.7. BE—E &
RERR VU TR . S, 1,2-TH P R RR B iU
B. SRIGTEREREAE T B O AN A 80 °C il #4
A, TRnoeER, dkSRhiiRE . Ak, KT
JEHEAT T HF 550 CREFE S h, BITE MoO,/SiO,
AT, S T, BT A AL AR LN 4Mo0,/
Si0,, Hitp x 03 MoO, g (R 40 EL).
1.3 LRI M R =D

FR R TR B G TR A A R A AT IR A Y
250 mL =HUEM AT, 43— R R . B
Mg — F W AN AL 4% LA, 38 4 PSR DR
TR S SN IR EE . SO 45 RIS 1) 4 VRN o T A A

v %9
c-o—@ + H,CO0-C-C-OCH, + 3)

FID A5 I 45 19 <A 03 1517 53 B, Bk 4ol SU-
PELCO 25316 SPB™-5 # (15 mx 0.53 mm x 0.5
pm) , SR FREFP TR, R 5 R S A = TR
1k 270 C.

PEAL ) 16 M R B B AR RO, B
MPO . DPO {3 £ K2 MPO 5 DPO Sk £44%: ( ik
SR ) Foon.

1.4 EAFIRAE

PEARF S AH 43 A5 £ Philips X pert pro MPD %!
X HHRAT S F AT, Cu #B, Ko fE5TIR, IR
40 kV, EHL 40 mA, AGIBEE(1/6)°, FRERE
2°/min, FHEMH 5°~80°.

£14ME NICOLET 6700 2L 4MGiEAY ( 3£ [ Ther-
mo Scientific A 7] ) AT, FHFEEGER R . 400~
1600 cm™'.

R X SO HL F 215 7E ESCALAB 250Xi
X B FHETE X ( 32 [E Thermo Fischer) L iEfT
M. AL Al Ka(he = 1253.6 eV) MR OGIR,
FEA BT LN LA C 1s (284.60 eV) i N bR 0 LA
R IE.

NH,-TPD FEAE7E TP5080 %4> [ 5l 4k 27 1 Bt 4%
(REEFEM) EidkAr, HE LA A 400 CIRHERE 2
50 °C, 7 50 CAb2EWE Bt NH, Z /A, Y]l A
LA 10 °C/min FHEH A M 50 CFHEZ 800 C,
PRSI NH, BRI 5 . AR 50) A R AR % NH,
I8 o 0 T AR A T
2 &R 5itie
2.1 EUFIRMELR
2.1.1 fEARFR 0 Py AH 25 44 A TE] MoO, 17 2% 5 1)
MoO,/Si0 fEALF] (& pH = 9.1) B XRD 3% &

Kl 1a. X4 MoO, i #ii 2 4% ~ 12% (H & A 41 Lb)
XAE 23.0° (JCPDS 43-0784) it B T I ETE Sio,
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RFIERT S0, IR MELE] MoO, I AFNERT ST, R
W Mo 4 & & AR S UL & o OB X fF 78 T
MoO,/SiO, b5, 1524 MoO, 2k N 15% (&
HArH) IE, AE 260 O 12.8°, 23.3°, 27.4°, 33.7°ff}

% < Moo,

18 wt% MoO,/SiO,

x 15 wt% MoO,/SiO,

12 wt% MoO,/SiO,

Intensity/(a.u.)
£

9 wt% MoO,/Si0,

4 wt% MoO,/SiO,

| 1 | | | 1 |
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20/(° )

U BT 55 Y MoO, I fi7 5 1% ( JCPDS 05-
0508) ; 4 ZE 1 il MoO, T 2k i &2 18% (& | 7
F) B, MoO, AT S e A8 75 5 fin B J FAR 3, = B
MoO, gt br R HE K.

(b)

0 < MoO,

pH=38.6

Intensity/(a.u.)

10 20 30 40 50 60 70 80
20/(° )

&l 1 AR[F MoO, A1 MoO,/SiO0, ikl (pH = 9.1) AR pH (A& T
12% Mo0,/Si0, k51 XRD % &l
Fig.1 XRD patterns of the MoO,/Si0, catalysts with different MoO, loadings synthesized at pH=9.1 (a)

and the 12% Mo0,/Si0, catalysts synthesized at different pH values (b).

AN pH AE 5514 T A W 12% (R & H 5 1)
MoO,/SiO, fiEfL 7 1) XRD 1% E7R FEl 1b. pH = 8.6
KpH =9.7 FMHTFHEWM 12% (E&A L)
MoO,/SiO, HEALFI A TE 12.8°, 23.3°, 27.4° ) 33.7°
BRHE BT MoO, AR AEAT ST, T pH by 9.1 54%
T A B MoO,/SiO, 1k 71 I A WL 2] MoO, 14§
TEAT ST, 20 pH N 9.1 B, MoO,/SiO, fi# k.71
) MoO, LA 5543 BOE X AFAE. UL MoO,/SiO, fE L7
il et A rp, KA SOV pH S T Mo #) Rl e
R A1) 2R 18T ) 3
2.1.2 AL B FT-IR ATl MoO, 7t 3% 12 1Y)
MoO,/Si0, AL HY FT-IR YEig aniE 2, Fra ka4
LA W . £F 1098 . 800 Fi1 463 em™' fff i
HH B4 0 ) 1 Ji A ke B W T P9 52 %o R AR 40 i 2
(vas(Si-0-Si) ), e % DY T 4% 1 X FR A 456 PR 3l (vs
(Si—0—Si)) . Si—0—Si f#tAY 25 MiyRsh . 1Ak,
IBTE 908 em ™' BT HBL T Mo—O—Si iz 2 W U
Wt B Mo, /SiO, fALF) b i v 4 i 5 4 A 22

) A A= T AHEAERT.

1098 908 800 463
: {15% Mo0,/Si0, |

/' 9% Mo0,/Si0,
i /12% Mo0,/SiO,

Transmittance/(a.u.)

1 1 1 1 Il
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Wavenumbers/cm™'
& 2 MoO,/Si0, AL LA E (pH = 9.1)
Fig.2 FT-IR spectra of the MoO,/Si0, catalysts synthesized
at pH 9.1
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IR ETCR ARG B, X Mo0,/Si0, fi#Efk
FIHEAT T XPS . AIF) pH {E 551 T #4519 12%
(EH A5 H) MoO,/Si0, AL T S 15% ( 7 H 4
) Mo0,/Si0, (pH = 9. 1) fi#t f£ 7 i Mo 3d,,, .
Mo 3d,,, B8 25 & fE 43 5 o8 232.50 ~232.60 eV J
235.60~235.70 eV, 8 Mo LA MoO, JE R AFAE.
XHF 12% (B H 40 E) Mo0,/Sio, L7, AS[H]
pH {H A B MoO,/Si0, AL ZR T Mo & 4%
DL IFREAR: pH = 9.1 > pH = 8.6 > pH = 9.7.
454K 1b B9 XRD 2558, 28] pH=9.1 i}, 12% (&
HHET) Mo0,/SiO, fi# Ak 7 F 18 19 Mo ) Fh 43 #%
T U B A ) ) B o R P K R SN Y pHL A X
TEAL IR ] Mo Wit 43 FCA — 2 52 M. pH {H34
9.1 8F, 5 12%(FE & A 57 Ik) Mo0,/Si0, b7 4
b, 15% (548 H 4 ) Mo0,/Sio, fi L 7 22 i Mo
BRSO/, 455 1a (9 XRD 45 5%, X ] fE &
AT Y MoO, 7 & T E i AL 7 R 1l Mo W Fh &
ARAE, AR RCSTIEIN, SRIE Mo Yo ids 2.

& 1 MoO,/SiO, X FIHER FESRERRETRARK
Table 1 Binding energy of Mo 3d and surface elements
composition of the Mo0,/Si0, catalysts

Binding energy/eV Mo
Catalysts ‘
Mo 3d,,, Mo 3d,,, (mol%) *
pH=8.6, 12% 235.70 232.58 0.82
pH=9.1, 12% 235.62 232.50 0.95
pH=9.7, 12% 235.60 232.60 0.76
pH=9.1, 15% 235.67 232.52 0.90

a. The values were calculated from XPS.

2.1.4 fEALF M NH, TPD  A[R pH {4104 F il 4%
f) 12% (5 1 43 ) MoO,/Si0, AL ) NH, TPD
WE 3, =AM 3 23— S I R 0, i
PLEANLT 175 CHHE, HE AR L. 5
pH=8.6 & pH=9.7 il £ i) MoO,/SiO, LTI L,
pH=9.1 4 #Y MoO,/SiO, fi Ak 571 f B i LA K
3 3 0 B R e AR A T 40 A, pH=8.6, pH=9.1 K&
pH=9.7 1) MoO,/SiO, ff 1k 7] (1) 22 i B 12 53 51
0.088 mmol/g . 0.095 mmol/g & 0.079 mmol/g, FZHH
MoO,/SiO, {1k 71 il £ i R v, K A B i) pH
X AL 2 IR AT — e, LAk, pH {E 34
9.1 fF, 5 12% (E i H 47 ) Mo0,/SiO, kI #H

15% Mo0,/Si0,, pH=9.1

Intensity/(a.u.)

12% Mo0,/Si0,, pH=9.7

12% Mo0,/Si0,, pH=9.1

12% MoO,/SiO,, pH=8.6

1 1 | 1
200 400 600 800
Temperature/°C

[l 3 MoO,/SiO, {4k ¥ NH,-TPD &l
Fig.3 NH;-TPD profiles of the MoO,/SiO, catalysts

o, 15% (FR 43 E) MoO,/SiO, HE Ak 77 Y 42 Mt Ff
g T AR Fa i, LU M 224 0.097 mmol/g.

2.2 LTI

2.2.1 pH X} MoO,/SiO, AL FIMERERIZ I K
i) pH B 4% 14 F il £ 1) 12% ( 52 H 4 H) MoO,/
SiO, AT S W P RE LI 4. 25 R B, pH=9.1 i}
Hl A 129 (A 40 H) MoO,/Sio, fi Ak 71 (i 4k
PEREIAT, KW Ak R iE 63.6%, MPO Fl DPO 1t
PEVES N 87.0% . 12.9%. %54 XRD, XPS
NH,-TPD RAEZER | X AT e 5 iz AR A 35
% 121 1 35 0 Mo W) F 40 S A G e oh , i T A

W Conversion of Phenol
B8 Selectivity to MPO
100 = XY Selectivity to DPO

80

60

40

Percentage/ %

20

9.1
pH

[ 4 pH {EXF MoO,/SiO, fiE A I RE 1 5
Fig.4 Effect of pH on the performance of 12%Mo00,/SiO,

catalysts
Reaction conditions; m( catalyst)=1.20 g, 0.20 mol DMO,
0.20 mol Phenol, T=180 C, ¢t = 3 h
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MoO,/SiO0, LTI R BUs AR P, PIL, S5RRA
JE S IE R 0.

2.2.2 FEEXT MoO,/SiO, fEALFIMERER M pH=
0.1 i, N[l ki B MoO,/Si0, fi Ak 7 f4 Tk 38 e i
PELIEL 5. 24 MoO, Ak i <12% 5, BE#E MoO, 71 %k
G R, AR AL R R DPO B 5 M 8 M 4 K

100
80 |- —— Conversion of Phenol
—O— Selectivity to MPO
—A— Selectivity to DPO
R 60 -
)
o0
3
=
@
5 40|
a
20 -
0 1 1 I 1 I
3 6 9 12 15 18

Loading of MoO,/%

&l 5 MoO, 24 % MoO,/SiO, HEAL FI P RE Y 5 1
Fig.5 Effect of MoO, loading on the performance of
Mo0,/Si0, catalysts prepared at pH=9.1
Reaction conditions: 0.20 mol DMO, 0.20 mol Phenol
m(catalyst) = 120 g, T =180 C, ¢t = 3 h

MPO D) 52 BAH B AR, >4 MoO, T i A 12%H,
AL R IR R, ARSEHE K MoO, sk, K
AL R KM B B, AR XRD & XPS Z55R (& 1 K
1), XATRESE B TR R T Bt 21 MoO,
AR S TR BTE R OA G, BUMBILE R
ﬂiﬁ{%,ﬁj .

5 ERTIR, 24 MoO, TR i R 12% (E & A 43
), pH 9.1 B MoO,/SiO, Ak 3] B A7 T 5 1)
PEALPERE. S5 S8 FH A Ab 7R R 17 R A 4 T 28 454
Ptk
2.3 pH=9.1, 12%Mo0,/SiO, &k EE 32 # f R fi X
2.3.1 iR EE &6 R Il X B 48 SR (1Y)
M. ATLAE Y, MR 160 CHE, I AYFEILR
B, BEE R R IR BT, R 462 A DPO
PEPRPEL BTG K, T MPO 32 85 1 ) 52 4 S ka3
T U -t v S5 I A2 2 Yk B2 A ) T T A I Ak I
MIIHAT, X AT BB SRR SN | B AR SN 1 A W s
AR MR R IR EE IR 180 C I, B A=y rik
IR, I, BOE B N RN 180 C.
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e 335555559 RS
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o0 58] 0505059585 P85
s ] & s,
- RRRRK] [RXX R
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[ e e R
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e B RS
B8] R R,
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20 - R RS R
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s oo poeeee]
b P oeeteee N
R RS . e N
s o NN RIS
s o
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20303038 J

160 170 180
Reaction temperature/’C

FEL 6 J5 o 1 5 Xof P 5 46 S 114 5 )
Fig.6 Effect of Reaction Temperature on transesterification
Reaction conditions: 0.20 mol DMO, 0.20 mol Phenol,
m(catalyst) = 1.20g, ¢t = 3 h

2.3.2 n(DMO)/n( Phenol) 7 AR DMO
55 2R My JBE IR LU i 28 48 s 1 Y 5% . 24 DMO 5 2R

100
s L W
S 60|
)
g —i— Conversion of Phenol
§ —O— Selectivity to MPO
g 0F —A— Selectivity to DPO
20 A\A./A\A?_A
0 1 1 1 1 1
0.5 1.0 1.5 2.0 2.5
n(DMO)/n(Phenol)

7 n(DMO) /n( Phenol ) X Pig A2 S I (14 5 1
Fig.7 Effect of n(DMO)/n(Phenol) on transesterification
Reaction conditions: 0.20 mol Phenol, 1.20 g catalyst,
T=180°C,t=3h

BYEE R LU 0.5 BF, 2RI A Fad iR, % ik
FHXFEAL, 1A 41.0%, 7=¥) MPO 1 DPO fiY 3k
BEVE 2K 79.6% 1 20.3%. B DMO 54 1 FE
JRLGHT 1 B ] 2, 749 MPO il DPO fHiL 4%
PEARAAR S/ MACE B e A I B 3 s, SRR
TR R AR L A AR SEiE R IR HE
2.5 B, SR A AL R N, LT R EIT A,
U, B ERY R RS ORI EE AR R 2. e, R
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LAk ZE ] 3K 70.0% , MPO 1 DPO FY 3 8 43 5
4 88.4%F1 11.5%.

2.3.3 J v At ] Pl 8 Ay sz i sk ) ek PG 52 48 Js2 it
(R s e T DL Bl RN B T A 9 G 2R T

100

80 -
e 60|
a —— Conversion of Phenol
-g —O— Selectivity to MPO
5 —A— Selectivity to DPO
5 40 |
&

20 |-

0 ! 1 1 ! !

Reaction time/h

P18 S5 R i [ X T S 488 S 1 ) )
Fig.8 Effect of reaction time on transesterification
Reaction conditions: 1.20 g catalyst, 0.20 mol Phenol,
n(DMO)/n(Phenol)=2, T=180 C

feese 2 BB R E WA ZE, T MPO FI DPO i
FEVERAS MR/, FEWAE R S 3L 647 T 2 B
UEAT. JELR R 3 b J5 A S A K A o,
LK. I, BeEE BT A 3 h,

3 &g

HEARTRN Gl B, K SN Y pH RS e i
AT LT B Mo W) 73 5 e i PR 1. H AN REAE T
77 55 R 6 2 RN A O, 2 pH R 9.1 Bl
B 12% (F i EH 4 ) MoO,/Sio, #E Ak 57 B #5e4:
(R ACHe S NEE PE , 3X FT B B T IZ R R R A
R Mo & £ M S iR i Y 12% (HE i H 41
L) MoO,/SiO, #E4L 74 1.20 g, 0.20 mol Phenol,
n(DMO) /n(Phenol)=2, T=180 C, ¢ = 3 h i}, 7
i AL #0315 70.0% , MPO F1 DPO B3 51 Ky
88.4% 1 11.5%.
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Transesterification of Dimethyl Oxalate with Phenol over
MoO, /SiO, Catalysts Prepared by Sol-Gel Method

YU Xiao-peng'*, ZHANG Fu-bao’
(1. Department of Chemical Engineering, Sichuan University of Science & Engineering, Zigong 643000, China;
2. Zhonghao Chenguang Research Institute of Chemical Industry Co Lid, Zigong 643201, China)

Abstract: A series of Mo0O,/SiO, catalysts for the transesterification of dimethyl oxalate (DMO) with phenol were
prepared by sol-gel method under alkaline conditions, and their structures were characterized by XRD, FT-IR,
XPS and NH;-TPD. The results indicated that weak Lewis acid sites were occurred. When the loading of MoO, is
12% , the Mo0,/Si0, catalyst prepared at pH=9.1 exhibited higher catalytic performance, which might be attribu-
ted to the higher dispersion of Mo species and the higher surface acid amounts. Under optimal transesterification
reaction conditions (m (catalyst) = 1.20 g, 0.20 mol Phenol, n(DMO)/n(Phenol)=2, T=180 °C, t=3 h),
the conversion of phenol reached 70.0%, and the selectivities to methyl phenyl oxalate ( MPO) and diphenyl
oxalate (DPO) were 88.4% and 11.5%, respectively.

Key words: sol-gel method; Mo0O,/Si0O, catalyst; methyl phenyl oxalate; diphenyl oxalate; transesterification
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