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Rational design of Cu/SiO, system for improving activity in dehydrogenation

of alcohols
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(1.Jiangsu Key Laboratory of Green Catalytic Materials and Technology, School of Petrochemical Engineering,
Changzhou University, Changzhou 213164, China; 2.Advanced Catalysis and Green Manufacturing
Collaborative Innovation Center, Changzhou University, Changzhou 213164, China)

Abstract : Copper-based catalysts exhibit high selectivity for non-oxidative dehydrogenation of cyclohexanol, but
deliver an insufficient conversion. Furthermore , the stability of copper-based catalysts needs to be improved due to copper
sintering.Cu/Si0, nanoparticles are prepared through wet chemical method,and characterized by means of XRD,SEM,
TEM,FT-IR,BET, XPS and UV-Vis.It is shown that the selectivity of cyclohexanol dehydrogenation to cyclohexanone
over the catalyst approaches 100% at 280°C and a WHSV of 11.62 h™", and the molar conversion of cyclohexanol
reaches 81%.In addition, the catalyst also has good performance for dehydrogenation of benzyl alcohol to benzaldehyde. At
260°C and a WHSV of 12.48 h™", the molar conversion of benzyl alcohol reaches 75% ,and the yield of benzaldehyde
reaches 61%.Under these conditions,the activity of the catalyst remains stable within 48 h.

Key words: cyclohexanol dehydrogenation; benzyl alcohol dehydrogenation; copper-based catalyst; fixed

bed reactor

PO A R O B A BRI A A AL Dy e, 24 OVl B v T 280°C , 23 5

LR MBIy i F ORIz I T T
TLBESAIE R Tl ™ et IE R A
1) B M A2 ™ B L I A T2 Tl SR 3R
MR USRS O, 8 i S IO IR A A T 34
CEERYHAL . HIT 3R C Al A A S & Rl A R
T B SHE X A I 2 Al 0 R 3o 45 28 11 52 o DL SC ik
[5,7,9-10,12,15-17], BFFER M, Hd ZAE L5 7E
oo B AR AR B S R R B R R T
ETIOTELRA A R ROR R R R v o

AR R TR D AL TR PEBAR S
I FE R A S TEE SR PR R AR E R A C
i 5t S A ) FLAT B R S

FH T34 O s I S0 ) 5 e 1 700 194 1% M 67 6
Cu’ Al Cu”, Friedman %" 3@ i3 21 S A 5h 124
WEFE T3 OB AIEA OB AR IX 2 AT ML b i W B
BLEE, 25 R R ], 30 C B AE 200 T kA 4% W B 7R
Cu’ I, MO EEAE Ca® b B W BRI 75 72 50°C, 1
Fh, BT Ca" X3 LW O i HAHRNES & 77,

%5 B #3.2022-09-07; 1€ B H #7:2023-06-12

EETE % MR AR TR0 H (C120220152) 5% WK% Jeib Ak 5 k6 fil s B Rl G F ol Y1548 & M T 26 4 SRS B 5 00 s )
B 7 B A T AR 5% o0 Bl S FE35 H (CE20195022) 5 #7 V14 [ & 8 4 0F & 1151 (2019C01083 ) 5 VL9 & 2 & T B F 3k 4

(21KJB430035)

YEB /A ZRIEPE(1995-) , 4 A L0F9e Ak, BRFSE 7 17 M HEAL B AL, 193823931 @ gq.com; BTN (1969) , B #i -t #d% , B0 58 07 1] A i
e R RSN T AL TR AL, 38 IR R A, majiangquan@ 126.com,,



192 - A AL T

TS A IO AR B, PR T D3R A 3 R Y A O
PEFEME, B2 Cu™ MR E B T o

PEAR TR A TR T 25 T BOA O BER SUA BUBE K =
(ACH) o DRI, B A 7] P 1R B T A 20 i 7K
SV, A3 2 B oy P e 2 A 2 52 e 4 A )
TR SR R 22— AR A AE A R T Cu® A Cu™ )
Fh ) T 53 43 ORI AR FL AR RS Si0, AT AL O, /&
PR, Hop Sio, MR L ALO, /N, EZH
Bk BLAb, Bl S5 A b S g A RS
Popova 55"V BIFSE A B, SR FH < T2 W B — K i 3%
AL, DL AR REVE B L DL AL O, fEZk{E
TS 5 AR AS 5 B B EL 5 i SR AR B T, R
£ CuO/Si0, FE G A 5] 8O E 1) Cu”,
DAL ) 2 B H B = (R PR LR R . O TR
EMALF P E Cu® 2% Cu™ Wl ¥ 4R BB 2L
FMEAERI R H T RZ—, Cr,0, MINAS B)
FRaE A S T B Cu®/Cu™ ¥ 5, 32 s Ak 57
ffesEbE " BLAh, IFST IR & B, A A SR AL
B MO ] il b RoT #/N  4i 5 MgO Z 18] 1 P
VR FH A A, A 0005 P 47 7 CusSio, fi
EFIHGIA ZnO BT LIS ZE BN Co Py G L], 5
H Cu 1 ZnO WyFh Z [AAFAEAR EAEH], 2% Cu P97h
£ Cu—Zn0/Si0, HALF L 43 5OR o0 A, 038 T 44
PR B R R

EHW T — R Cu/Sio, #ALH, T
Mo S A R TS, Cu PIRh e A AR5
rh i BE 3R, Cut W) Rl B A7 7E B 3 B e TR AR R
NS R, A AR A A R R T B
P50 M | 1B B M RS P 1 A O O A £k )
Cu/Si0,(7.5) . HEALF Cu/Si0,(7.5) i HAT 48
F14) 2% P 8 O S0 Y R ) 6 e R e 3 e | [ s ol
H I 9 A6 7 T A 3R B T B

1 #MEFAE

1.1 ##
KRR B A AR | BRI e T | B
ClE FRO R ARG A veid mfbsk, o E 254k
A BR S A 2R 7 O A A RE, B Rk
A7
1.2 ENFIHE
SRR AL AR 2 1) 5 — A A R 28
Cu #KKi+, B Feks—E =R Cu(NO;),-3H,0
PVP % Tk, B = 1B, 3 I — 2 & /Y
NaBH, /KB, 7% 2038 A B AP I BAR KRB+

FE435FESH

W T35 A 1 SAH AR E 3 TR 25 3 /K T T8
JIA = EV R (F R ] 5 <M — A ik ) Jo i 1
H5:2) R Ak S HII A A AN K VR T B
pH, ZERSAI NS | h )5, DRI A,
W A 2B /K Ve SR 5 B T 60°C I .25 T4
FEP T 12 hy TR AT AR RIS I 7E 25 X
H 400°C TR 4 h, SRS A S <k sk, L
2°C/min FHEE 350°C AR IR 1 h, F-LL 2°C/min i
% 400°C#i% 2 h, F7E pH 3.0.5.0.7.5 F1 8.0
= 48 Ak R 4 1 44 A Cu/Si0, (3.0) | Cu/Si0,
(5.0) .Cu/Si0,(7.5) F1 Cu/Si0,(8.0), JZJ¥ 48 h
R 9 Cus/SiO, (7. 5) AR 43 3l 4w 44 24 Cu/Sio,
(7.5)BR Hl Cu/Si0,(7.5) AR,
1.3 RMEZEGF=Yoan

A O A A A SUTE [ 5 DR SO s R AT
P T AR 1 37 P R PR S AR R 8 T B S5
A%, PRIk T A B 7 P9 A £ 700 P £ R B 4 R4
AT, PSR EAS [FBCRE IR EE  pH A
JETN IR VTEERT 6 h Rt O 3 R SR A Ak
J& #6748 h RREPERSY . AT A O R E
P P A0 230 R O T 1) 328 3 P 0 A7 5 SR RO
JET T T )RR A T S
1.4 EUFIRMEFF=RSH

AR X S AT (XRD) B 7 B R
(SEM) i 5F H 7 5 S 45 (TEM ) e BL A4 46 21 A
JEiE (FT-IR) WBER 25 26 ( BET) , X G4t
THenk (XPS) \H, /¥ FHilk i J5 (H, -TPR) XJ ik
FRIHEATRALE

2 SRR

2.1 fEHFIRLE

AL Cus/Si0,(3.0) . Cu/Si0,(5.0) . Cu/SiO,
(7.5) .Cu/Si0,(8.0) & Cu/SiO,(7.5) W JEHT . J5 M
SN 48 h JE i XRD B an &l 1 s, AR 1 Hra]
VA, 50 2 A 2 T 8 B 4R, Sio, 1%
ARFAEENT O pe A, N 1 (a) AT LA Y, Cu/
Si0,(3.0) . Cu/Si0,(5.0) ,Cu/Si0,(7.5) . Cu/SiO,
(8. 0) HEALFIIITE 20 Sy 43. 4 50. 5°F1 74. 2° 4075 5]
Cu( PDF#85-1326) 477 5 e | 2 Bk A 551348 I )i )
TR VB TR, BARLLF] Cu/Si0,(7.5)
) Cu 25 fh R e 22 A RS ™, BeAh, E 20
36. 6°AbWLEL E] 1 ANFEH 5919 Cu,O 755 (PDF#
74-1230) . M 1(b) Hha] LLE H, i 5t i i 4k 5
B FTA T S48 T CuO ( PDF#45-0937)



2023 8 B

- —— Cu(PDF#04-0836)
—— Cu,0(PDF#05-0667)
*Cu
+ v Cu,0
1 . ]
% 2 | 2
A= E—
4 - .
| L I| i 1
20 30 40 50 60 70 80
20/(°)

1—Cu/Si0,(3.0) ;2—Cu/Si0,(5. 0) ;3—Cu/Si0,(7.5) 5
4—Cu/Si0,(8.0)
(a) A[F pH Hl 4 HE AL XRD

T +=Cu
*Cu,0
- »CuO
1 * *
-
il
gﬁ 2 . * >
v
v
3 v Y v vV Yo Lo

20 30 40 50 60 70 80
20/(°)
1—Cu/Si0,(7. 5) LI 48 h Ji& ;2—Cu/Si0,( 7. 5) B Fm ;

3—Cu/Si0,(7. 5) i JE R

(b) 7 T AL 9 XRD
K1 78 XRD HiE

Cu0/Si0, (3.0) . Cu0/Si0, (5.0) . Cu0/Si0,
(7.5) Fil CuO/Si0,(8. 0) B JFE R 5 A FT-TR i 40
B2 s, M 2(a) ol LA AR FB IS
£ 668 cm ™ AbFRAS T TURERRH ARFEIE, IAIE 2(b)

/

3
2
1

500 1000 1500 2000 2500 3000 3500
Be¥/em™!

1—Cu0/5i0,(3. 0) 52—Cu0/Si0,(5. 0) ;3—Cu0/Si0,(7. 5) 5
4—Cu0/5i0,(8.0)
(a) HEALFRIE T

798
466 614§ 195
4 g H

BELRI%

Si-0-Si

Tsic0”

600 900 1200 3300 3600
BB /em!

1—Cu/Si0,(3. 0) ;2—Cu/Si04(5. 0) ;3—Cu/Si0,(7. 5) ;

4—Cu/Si0,(8.0)

(b) LRI R E

M2 AL E A E 8 FT-1R HiE

FIENF: CwSi0, EEMRARINERESMEES SR SRR - 193 -

Rl DLE Y, il RS J2 R EERR L i Cu™
WA JE N Cu', fE 614 em™ b 15 B AH ¢ B AF 0%,
3 450 em™ ALY T U R 25 4 K 1) —OH X R A 4 4
Bl 1 095 em™ A A5 1T B 1 WO & Si—O0—Si
SCRERRAS 45 PR B 798 em ™ F1 466 cm™" 4b A s -
Si—O HxH B i 4 R sh g > 2 W T AR R R 4
R Si0, FaE AR TR,

Wit SEM S3HrifFgE T AN pH 450 T il £ 1
Cu/SiO, AL By F MmIE S, IF @ & EDS Wl & T
Cu/Si0, (7.5) Mo R A M, 45 R Kl 3 fron, M

kg TN T

(a) Cu/Si0,(3.0) Y SEM &%
TR 3 J
» 27

4

(b) Cu/Si0,(5.0) 1Y SEM [E{%

.4,,x;_,f, “: 9 q

(e) Cu/Si0y(7.5) HY EDS Besff () Cu/Si0,(7.5) ) EDS Bi

T

.
2
N

200 nm

(g) Cu/Si0,(7.5) ¥ EDS st (h) Cu/Si0,(7.5) iy TEMS [&l1%

¥
-
AT

2 pm

(i) Cu/Si0,(7.5) 1 TEMS [El{%

(j) Cu/Si0,(7.5) 9 TEMS [Ef%

B3 fEALF B SEM & TEM B 1%



- 194 - LA AL T

K3 (a) ~E3(d) TA VR FEAN R pH 25 T il 45
AL A BRI QK IORL , A, A 3 (e) ~ &1
3(g) AT IE 1, Cu . Si A O 3 FhoC R 5143 i 78
Cu/Si0, (7. 5) Ak, AL 3(h) Hraf LI IR
f5 TEM B 78 Cu/Si0, (7. 5) BRI 40 K Wiok:, 5
SEM RAEZE R —2, mesh, NE 3(i) ~ B 3(j) ]
DL, HRTEM B4 [ #E 0.25,0.21 nm Al
0. 18 nm B SR SO T Ca B[ 1107 [ 111 ] Al
[200] fhim ",

Cu/Si0,(3.0) Fl Cu/Si0,(7.5) iy XPS 4 Mr
R 4 Frs . WK 4(a) HRTLUE Y T7E 2 FifiEdl
FIRY T R Cu Si 0 F1 C TTE, MK 4(b)
AT LIA H,7E 939~946 eV 1 959 ~966 eV il N
WA Cu™ (R IR 3 TR RRIE G | 2 WK 5 78 3 T 11 i
e P A co™ PR XPS R AEIX 4 Cu® Al
Cu”, 2N Cu® F1 Cu™ B 3RAFAH A 9 Cu 2p BLIE Y
XPS B FERGRE . Ah, Cu/Si0,(3.0) 7E 932. 6 eV
H1952. 4 eV AbBRHIEIERS =T Cu/Si0,(7.5) , 456
FT-IR 737, X & T Cu/Si0, (7. 5) FRFErE 2 AR ik
PRI 422 B 4 () AT LA 75 103.7 eV
b R E [ FR AR UG, X T Si0,, 5 3CHk[ 6,251 1
B —F, MK 4(d) TRTLIE T, CusSio,(3.0) Al
Cu/Si0,(7.5) 19 O 1s JGiH 532.9 eV [WIEIH)E T
Si—0—si'*,

- 932.6
e 952.4
. . i
| I & a—L
% & © R 932.4
@ = 952.2
e LA
200 400 600 800 10001200 955 950 945 940 935 930
Ltk /eV diftblev
1—Cu/8i0,(3.0) ; 1—Cu/Si0,(3.0)
2—Cu/Si0,(7. 5) 2—Cu/Si0,(7.5)
(a) XPS 41 (b)XPS Cu 2p i
103.7 532.9
21 N, A
E 1 1 , Y
! 7 3 : !
2 ' B I
i 1 ) ™
2 / N
- _ 2
02 104 106 530 532 534 536
ZibtBlev Ziftrev

1—Cu/Si0,(3.0)
2—Cu/Si0,(7.5)
() XPS Si 2p itk

B4 Cu/Si0,(3.0) .Cu/Si0,(7.5) By XPS i A

1—Cu/Si0,(3.0) ;
2—Cu/Si0,(7.5)
(d)XPS O 1s Y63

FE435FESH

2.2 Cw/SiO, 4L _EIR S R SR8

S BIAE R R 5 T HEAT, B A R, )
S 10 mL/min, §15 B LT REIL PR O B
IS8 S B L T EL AT PR S s B L #25E 100%
2.2.1 pH *3RTEHLAMN 0

£ 280°C | W is 4T 6 h BT, A[F pH T
il 8 1) Cu/Si0, AR R E S AR I 0 36 2 2 ]
58, IS el DLA 4R SR] CusSio,(7.5)
FEFN M Sl SO T T AR R T, B O R R R Ak
ik 81%, fEALF] Cus/Sio, (5.0) il Cu/Sio,
(8.0) F SR IE PELERT 6 h W58 T, #E AL R [t
i 15% , EALH] Cu/Si0, (3. 0) B S TG PE A F AN
I TR, X2 53 5 A0 2Rk R
1) B f AR R Y S B DI ARG, SR RS J2 AR
RERRAA 1 Cu™ BRIk Cu' DAAE B 5T & 2R
Cu" WP IR B &0 PR A BEPEAE T o, b
FIES R FEW, Cu" PR EMEIEF] CusSio,(7.5)
2, 1M Cu" WM FEAELL TR CursSiO,(3.0) FILTA
TFAE . XRD 4k 2 Cu/Si0, (7. 5) A7) A
BAF Ca YIRS

1—Cu/Si0,(3. 0) ;2—Cu/Si0,(5. 0) ;3—Cu/Si0,(7.6) ;
4—Cu/Si0,(8.0)
K5 pHXITEHRANYH
VNS AE ROV IR R 280°C, AL ki 0.5 g,
WHSV 3 11.62 h™'

2.2.2 BEAe WHSV 330 T B L A.09 %R

3 I T ER OB Y U 5 58 WHSV (6,97,
9.29 11.62 h™' 1 13.94 h™") XF FF O kb Ak R 1 5%
Wi, 25 SRR 1 s, R 1 PRI RLE 24 WHSY
M 6.97 h™' JHEEF] 13. 94 h™ B, 76 A A S iR E R
OB RN AR LT 224k e AR
) WHSV 08T, e A 8 Bl L R (% i 3, DRy
T O T 1 000 2 S 7 2 M A B I e i AR R T R Y
KM 7E 290°C H1 300°C 1 s R RLE T, I LAY %
TR 5T 35 85% F1 88% Ze A7, (H 1 T 55 5 5 [
TR S IV g 14) T 4 sz g A1 5 A BR A, 7 290°C L I



2023 £ 8 B

FITRBE T, SO i sl 2 HLRIEN 33X 25 M AL 750 1)
KHTE M, AR FROE HEMFIE . 78 280°C 11 )2 i iR
FEN A C BRI S A R 2 e ATk 81%
PRI o A A T e S0 36 %) S o i B R 280°C
#z1 AE WHSYV ERRREBEET
IR EERE SRR ()

REE/C
WHSV/h™!
260 270 280 290 300
6.97 0.721 0. 769 0. 815 0. 852 0.877
9.30 0.721 0. 766 0.815 0. 853 0. 883
11. 62 0.723 0.763 0.811 0. 847 0. 879
13.94 0.724 0. 769 0.813 0. 851 0. 885

T RN AT Cu/Si0, (7. 5) AL 4R BT &M 0.5 ¢,

2.2.3 Cu/Si0,(7.5) 147 L 3r T B B A A8 2 1k
R,

BT Cu/Sio, (7. 5) fEAL IR O s &0 0 11
48 h e AL R anE 6 Frn, MWE 6 AT LLE
SR 2 h FRGR, 26 OB AL R AR AR E TR
81% , FEULHAN], £k GR 2420 100%, KL, %
PR TRIAE A O B R AT 0 26 O i v 3R L
() B SR AR e

1.0

09
L e i e

%
B 0.7

M 0.6f
W 0.5F
0.4

0 5 10 15 20 25 30 35 40 45 50
BT} /h
K6 IfCEEMANEATEH AR
Rk Cus/Si0, (7.5) AL I i 8 R 0.5 g,
WHSV } 11. 62 h™' FI 7 % Ry 280°C ,

2.3 Cu/SiO,(7.5) LTI FEZRE S BEF 3T
% R S S I A R AR R R AT B AR

FRR, RN 10 mL/min, AE4L ] Cu/Sio,

(7.5)MHAETREHNO0.5 g,

R X6 2 R R S R A S i ] 7 () TR
LT (a) AT AR 2 4 2 A o3 o 1 B T
Tk (HBEFEPERRAR . 5 SO I BE 2 T 250°C 1,
ORI PR ) G K U B B SR . 260°C 2 AR
FRE Z5 0, Ui, 2R i bR e . (R, F
8 THEALF] Cu/Si0, (7. 5) 78 260°C T 7 H B 110
o, 2R mE 7(b) Fiaw, MK 7(b) ol LIA
AT Cus/SiO, (7. 5) X2 Y i 0 i 25

FIENF: CwSi0, EEMRARINERESMEES SR SRR - 195 -

HAT B T PR RS RS SE 1

1.0

W (ePEE)
> o o
B (=)} oo
|

S
)

0.0

220 230 240 250 260 270 280
RE/C

1—R LR  2— R MY BRSO 5 3— 2R I R A UOR
4—E R
() I3 28 Y e A R

09F 1
R I N I TP Wy
= 8 3 JRIEL S P e
2

6 1‘0 2I0 3I0 4‘O 5‘0
B E)/h
1 R R ;2 FP ) o
(b) 25 P e R 43
H7 BREMXFEREANYHRAELTR
A Cus/Si0, (7. 5) AL R SR B 0.5 ¢, WHSV 2y
12.48 h™'  FEZEHFFT IR R 260°C .
2.4 FImELFEENEER
SIS R & B Cu/Si0, (7. 5) By B2 3% P
I, Cu/Si0, (3. 0) MY S i PR e 22, 2 ik 0 1 4
B2 S K, R, BEREX 2 Pl ALk T
HE—EEAE . Cu/Si0,(3.0) .Cu/Si0,(7.5)BR . Cu/
Si0,(7.5) AR 9 N, W JIi B 45 i 2 S AL AR 53
&l 8 s, HALGS I S5k 2 s
®2 EAFMLEERER ASHILRZ

B HaRE A/ L5/ TR,
(m*-g™) (em’-g™") nm
Cu/Si0,(7.5)BR 82.78 0.4228 21.56
Cuw/Si0,(7.5)AR 89.27 0. 4447 21.64
Cu/Si0,(3.0) 87.30 0. 2665 18. 66

M 8(d) Hral LA i HEAEF] Cu/Si0,(3.0) |
Cu/Si0,(7.5) BR Hl Cu/Si0,(7.5) AR BfLAZ 431
FEEPAE 1.5~3 nm Al 15 ~ 30 nm, Cu/SiO,
(3.0) Fl Cu/Si0, (7. 5) Hy L AL, {2 Cu/Si0,
(3.0) Lt Cu/SiO,(7.5) ifLZ KL, BLAh,
F 2 A AFE L AE Cu/Si0,(7.5) KU 48 h Ji, fi#
A5 e 2 TR 82,78 m?/g M AN %] 89.27 m*/g,



- 196 - FAX AL L

X HEALAR A AT LUK B, B I R FLECE W1 2 3
FE R AR A R vl T SO i A AR IR R A Y
RN R R R Er 1 AR LA

500

oL

010 0:2 0.|4 0.|6 0:8 ll.O
X ETI(p/p,)
1—M jh 5 2—JBE BfF

(a) Cu/Si0,(7.5) BR Y N, W it b 455 &

500

74001

°

& 300

8 1

1 200 2

§ 100
OF

010 012 014 016 018 1‘.0
X ESI(p/p,)
1— Rz B 5 2— I B
(b) Cus/Si0,(7.5) AR 1 N, 1 i b 5

% Bt/ (cm3 - g-

010 OI.2 0‘.4 0|.6 0|.8 1l.0
AXFEI(p/p,)
1— 1% B 5 2—JIst B
(¢)Cu/Si0,(3.0) BR Y N, M it i 45 i &

=~ 2.1x10°f
E 1.8x102f
+ 1.5x102F
0
& 1.2x102f
59.0x10-3-
Q 6.0x103}|
-
S 3.0x103
a -]

0.0F, ’ , . . . .
0 5 10 15 20 25 30 35

fL#2 /nm

1—Cu/Si0,(7. 5) BR;2—Cu/Si0,(7. 5) AR;;3—Cu/Si0,(3. 0) BR
(d) Cu/Si0,(7.5) BR,Cu/Si0,(7.5) AR .Cu/Si0,(3.0) BR i)

LIRS
B8 T N, BRI IR & X AR A

5T F B, CuO DL Ak i ] 76 A 55 AFAL A I

THGA IR, Cu0/Si0,(7.5) B H, -TPR & & 9 fr

~o ME 9 HRTLIE Y, 7E 240°C 38 JEiig 5 X
CuO 35 A Cu MUZREERRE B Cu™ Bl Cu®, 8

FE435FESH

AR B 34 Sl BE BE— 2B UE W] T Cu AR Y A A AL 571
) RS T

241C

100 200 300 400 500 600 700 800
REE/C

K9 CuO/Si0,(7.5)# H,-TPR

3 BEERSNE

] A AR TR H R L B SRS P RS Cu® A
Cu’™, 33X 2 FfAS [ 355 14 B4 0 P B e % 7 AN [ 14 Js2 Iz AL
B A i IEHLEAE FALEE, AL CusSio,(7.5)
[ ELAT Cu® A1 Cu™ WM F, Cu™ PR i 3 0 i 3
P T RBIEE, P Cut SR E O T EA
R 456 1, A AT A OB, AR Cu/
Si0,(7.5) i Pk 2 4 2 th TAEAR A Cut
ARG A T AR Y A LA TR R

4 #Zig

W R AL A ER & T Cu/Sio, Gk Bk, I
TE T e A& 2 F, AT CusSio, (7.5) XA H
PR 58 S o 8 Y RS R S 0 R O o A L B LA v 1
WAL IS PE RIS #EME . 7 280°C K WHSV Ky 11.62 h™'
B RS R  BREBELE Cu/Si0, (7. 5) AL F
EAL IR 81% , ¥R B AY BE 4223 100% ,48 h
RIS R . AN, B Cu/Si0,(7.5)
TE 2 R S R T A I S i e RE . 7
260°C \WHSV S} 12. 48 h™" {2 W 2514 F , 2% F 2 1)
AR T5% R EECRE R 61% , AL &
TG PR R B8 3 P U T A 7 o o B A A Cu®
Cu" YAy U IR AE o 2 1k 500 ) 28 BUAS AR, 2
R ki i e R A

S 3k

[1] Van De Vyver, Romdn-Leshkov S Y, et al. Emerging catalytic
processes for the production of adipic acid[ J].Catal Sci Technol,
2013,3(6) :1465-1479.

[2] Zhang B X, Li J Chen, et al. Tandem synthesis of &-caprolactam
from cyclohexanone by an acidified metal-organic framework [ J].
Chem Cat Chem,2021,13(13) :3084-3089.

[3] Zhang J,Lu Y, Wang K, et al.Novel one-step synthesis process from

cyclohexanone to caprolactam in trifluoroacetic acid [ J]. Industrial



2023 £ 8 B

[4]

(5]

(6]

[7

[

(8]

(9]

[10

[l

[11]

12

[

[14]

[15]

[16

[l

[17]

& Engineering Chemistry Research,2013,52(19) :6377-6381.
Chen W,Song T, Tian J,et al.An efficient Cu-based catalyst for the
hydrogenation of ethylene carbonate to ethylene glycol and methanol
[ J].Catalysis Science & Technology,2019,9(23) :6749-6759.

Ji D,Zhu W, Wang Z et al.Dehydrogenation of cyclohexanol on Cu-
Zn0/Si0, catalysts : The role of copper species|[ J ].Catalysis Com-
munications ,2007,8(12) :1891-1895.

Kang Q,Wang C, Zhou S, et al.Low-Temperature Co-hydroxylated
Cu/Si0, hybrid bonding strategy for a memory-centric chip archi-
tecture[ J ]. ACS Appl Mater Interfaces, 2021, 13 (32) ; 38866 —
38876.

Nagaraja B M, Padmasri A H, et al.A highly active Cu-MgO-Cr, 05
catalyst for simultaneous synthesis of furfuryl alcohol and cyclohex-
anone by a novel coupling route—Combination of furfural hydrogen-
ation and cyclohexanol dehydrogenation [ J]. Journal of Molecular
Catalysis A :Chemical ,2007,278(1-2) :29-37.

Reddy G K,Rao K S R,Rao P K, et al.Effect of support modifica-
tion by carbon coverage in the dehydrogenation activity of Cu/
Al, O catalyst[ J].Catalysis Letters,1999,59:157-160.

Siva Kumar, Sreevardhan Reddy V S, Padmasri A H, et al.Role of
CO/CO, co-feeding in the dehydrogenation of cyclohexanol to cy-
clohexanone over Cu-ZnO based catalysts[ J ]. Catalysis Communi-
cations,2007,8(6) :899-905.

Tangale N P, Niphadkar P S, Deshpande S S, et al.Dehydrogenation
of cyclohexanol over Cu/Al,O; catalysts prepared with different
precipitating agents[ J ]. Applied Catalysis A : General ,2013,467;
421-429.

Chang F W, Yang H C,Roselin L. S, et al.Ethanol dehydrogenation
over copper catalysts on rice husk ash prepared by ion exchange
[J].Applied Catalysis A ;General,2006,304 :30-39.

Sancheti S V,Yadav G D, et al. CuO-ZnO-MgO as sustainable and
selective catalyst towards synthesis of cyclohexanone by dehydro-
genation of cyclohexanol over monovalent copper[ J].Molecular Ca-
talysis, 2021,506:2468-8231.

Shan J, Janvelyan N, Li H, et al.Selective non-oxidative dehydro-
genation of ethanol to acetaldehyde and hydrogen on highly dilute
NiCu alloys[ J]. Applied Catalysis B: Environmental, 2017, 205 ;
541-550.

Glinski M, Ulkowska U, E Iwanek, et al. Application of
heterogeneous copper catalyst in a continuous flow process: Dehy-
drogenation of cyclohexanol [ J]. Journal of Chemical Education,
2016,93(9) :1623-1625.

Simén E, Rosas J] M, A Santos, et al.Study of the deactivation of
copper-based catalysts for dehydrogenation of cyclohexanol to cyclo-
hexanone| J ].Catalysis Today,2012,187(1) :150-158.

Marella R K,Madduluri V R, et al.Hydrogen-free hydrogenation of
nitrobenzene via direct coupling with cyclohexanol dehydrogenation
over ordered mesoporous MgO/SBA-15 supported Cu nanoparticles
[J].RSC Advances,2020,10(64) :38755-38766.

Fridman V. Dehydrogenation of cyclohexanol on copper-containing
catalysts I .The pathways of the cyclohexanol dehydrogenation re-

action to cyclohexanone on copper-active sites in oxidation state

FIENF: CwSi0, EEMRARINERESMEES SR SRR

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

- 197 -

Cu® and Cu*[J].Journal of Catalysis,2004,222(2) :545-557
Popova M, et al.Dehydrogenation of cyclohexanol on copper contai-
ning catalysts: The role of the support and the preparation method
[ J].Catalysis Communications,2012,17;150-153.

Deshmukh P, Bhatt J, Peshwe D, et al. Determination of silica
activity index and XRD,SEM and EDS studies of amorphous SiO,
extracted from rice husk ash[ J].Transactions of the Indian Institute
of Metals,2011,65(1) :63-70.

Qiu R,Ding Z,Xu Y,et al.CuPd bimetallic catalyst with high Cu/
Pd ratio and its application in CO, hydrogenation[ J ].Applied Sur-
face Science,2021,544 .148974.

Isahakyan A R, Beglaryan H A ,Pirumyan P A et al.An IR spectro-
scopic study of amorphous silicas[ J ]. Russian Journal of Physical
Chemistry A,2010,85(1) :72-75.

Finsgar M. 2-phenylimidazole corrosion inhibitor on copper: An
XPS and ToF-SIMS surface analytical study[ J].Coatings,2021,11
(8):966.

Khalakhan I, Vorokhta M, Xie X, et al.On the interpretation of X-
ray photoelectron spectra of Pt-Cu bimetallic alloys[ J].Journal of
Electron Spectroscopy and Related Phenomena,2021,246.147027.
Tan B, Xiang B, Zhang S, et al. Papaya leaves extract as a novel
eco-friendly corrosion inhibitor for Cu in H,SO, medium [ J].]J
Colloid Interface Sci,2021,582( Pt B) ;918-931.

Oke J A,Idisi D O,Moloi S J,et al.Structural , electronic , and elec-
trical behaviour of MWCNTs: TiO, ( SiO, ) nanocomposites [ J ].
Journal of Electron Spectroscopy and Related Phenomena, 2020,
245 :147002.

Xu G,Shen X, et al.Fabrication of SiO, nanoparticles incorporated
coating onto titanium substrates by the micro arc oxidation to im-
prove the wear resistance [ J]. Surface and Coatings Technology,
2019,364:180-186.

Bian Zhoufeng,Zhong Wengi, Yu Yang,et al.Cu/SiO, derived from
copper phyllosilicate for low temperature water-gas shift reaction:
Role of Cu"* sites[ J ].ScienceDirect,2020,07:054.

Chen Liangfeng, Guo Pingjun, Qiao Minghua, et al. Cu/SiO,
catalysts prepared by the ammonia-evaporation method: Texture,
structure , and catalytic performance in hydrogenation of dimethyl
oxalate to ethylene glycol[ J].Journal of Catalysis,2008,257 172~
180.

Gong Jinlong, Yue Hairong,Zhao Yujun,et al.Synthesis of Ethanol
via Syngas on Cu/Si0, Catalysts with Balanced Cu®-Cu”* Sites[ J].
JACS,2012,134.13922-13925.

Chen Y, Liu D, Yang L, et al. Ternary composite oxide catalysts
Cu0/Co30,-Ce0, with wide temperature-window for the
preferential oxidation of CO in H,-rich stream[ J].Chemical Engi-
neering Journal ,2013,234:88-98.

Ma J,Jin G, Gao J, et al. Catalytic effect of two-phase intergrowth
and coexistence CuO-CeO, [ J].Journal of Materials Chemistry A,
2015,3(48) :24358-24370.

Qian J,Hou X, Qin Z, et al. Enhanced catalytic properties of Cu-
based composites for NOx reduction with coexistence and

intergrowth effect[ J |.Fuel ,2018,234.296-304. 1



