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NAE SRS AI A — BT RN SR AW . &
JEFREW, SRIG KA 4 JE B W o fl Sk AR .
TR [ AR B 1 (TR B ) B AN 1 | ik
Bk w7 AR . REREAC L T2 R
FEEL A, G R E A, I 2k i A R A
AR BB FBEZ —. Cao 28R FHIX b 12
il T Cu0-ZnO 1 Co, 0, HEALF], I35 i FH T H
Pt () 7K 28 S B TN A ot S8R S

AR Ay A 1 Yy B = T TR P s ) 5 ) At
51, T Co, a4 s e 1, 2k XRD,
TPR., TG-DSC ., SEM . BET %5 F Bt X4k 751 4 RE ik
ATERAE SR8 PR 3% 252 2 7 2 85 Xof A A 390 09 e i
TPV, ARG A8 S X R MR i s e, G
e AR AT IR AT b o B At T PR e A A A
JE RN R AT, 4 & TG LRI S H, i

1 LG ER 4y

1.1 ENFIH &

¥ Cu/Zn JRFEE/R A 1/1, WERAFREL— 2 &
i) Cu(NO,), + 3H,0 1 Zn(NO,), - 6H,0 H-7EH
W4k b [ A BF B E W PR A 5, SRR R IR
CeHg0,/(Cu+Zn) BEIR L 1. 2/1 1 LB In A 47 46
2, ZiREAIEE 0.5 h BH NV 5E4, VY H
[E A5 A S R O RDIR AT BR AR (&R BC A ) . TR
T 393 KP4 12 h, £ N, FLL3 K » min™" #Z
JHEZ 623 K&5iKE 3 h, SRIEH 1% 0,/N, Ei|T
Bifk s h, EEMABREAEFEMAR], iIdh C/1-Cu/
Zn0. BT RTIRAREZS S 623 K 5563 h,
5% H,/N, T493 K b Jii%{k 10 h, A5 M 1% 0,/
N, ZIREEE S h, 52500 H, R, 10k
C/H-Cu/ZnO.
1.2 ELFIRIE

L A =S T A v B o SR ES - o
ASIQC0000-4 744> [ fy 9y B8 1k = W FiF X 1 347 53
Mr. BTN 0.1 g, JofE 473 K PR TH
2R3 b, TR N, AT R, R BRI R S
AIL)E. JH Brunauer-Emmett-Teller 5 Feit 38 L F 1
0, BIH kit B fLE a6, F T-Plot Jikit
ELEIRYN S

AR AP R 7 7 (] T 5t 1] 25 443 BT {3 STA
449 F3 b4, HE I 10 mg, &I H
20 mL « min™", FHE#EEH 10 K « min™', 7£ 323 ~

1073 K 5B N T -, 152] TG-DSC k.

PEATR Y 20 B K 25 48 7 75 [ 41 & 52 D8 AD-
VANCE B XT3 (XRD ) L7l e, LA
Cu Ko AESHE, 5 40 kV, BHLA 40 mA | ]
HYEEAE 10° ~80°, ALK 0,020, HHfiHE
g 18.2°/s.

AL JFEPERE (H,-TPR) 7£ H AR Belcat-B3 4
H s =l A2 AW B A 7400, BF0.02 g BEAL %S
TERJFAE T, 323 K NS 2 hy DAiEh 30
mL - min~' #Y 10% H,/Ar B JF<, 32110 K -
min”" YRR R R B 323 THE 623 K, iR JFid
T H, YT R 38 7 2SO A3 (TCD) #E4T
.

CO,-TPD MRTE H A Belcat-B3 4= H 3h =ik
SRR BEAT, B 0. 02 g BESREEAERE S R,
573 K FHZARWA 1 h, BIRZE 373 K H- U1k
CO, PRFF 1 h RS WA, LL10 K « min™ 19
HCRME R 373 JF 2 923 K, THEZFEH €O, iy
UG8 o 3 A R A 53 (TCD ) R4 70

FEALTRI R Y 578 B A i F 4k X &4k (JEOL)
) JSM-6360LV RI4= 4 L 5% (SEM ) L4703k, i
RN S 8 B A 76 H A F ik =X &4 JEM-2100
(UHR) B3 55 B 58 3 AN b A 7t

X SFEOGHL T REIE 20 Hr (XPS) 7528 FH 388K C il
/R ESCALAB250 #OGHL FRETEAYL E#E1T, RH Al
Ko R, $EHE 30 eV, HIGEIFE 0.1 eV, %
RS20 10 nm, RSG5 RH C 15=284.8 eV
HATALIE.

1.3 EAFEETEMN

I 3o 7R R [ DR 3 8 Sy 26 B AL I AE €O,
IV A B B RN TS PR AT PR RN A
KR AR EEAN 0.5 g MEALT], I F A S 1 2.
H4 20 mL (1 2- T B AV B TR W v Bk A i
R B R E ST E, @AW
18 mL « min™" BN S (A L H,/CO,/Ar =72/
25/3), FHEMFHEZE 523 K f13.0 MPa, FHiE47)
N4 . SR R A N 3 R R B EORE | O i
A TCD A a8 (1) <R a3 ( (3 +E TDX-01 ) X AH
FEHEITAELR R, RN ZE A, K B (VA
P AT FID A I8 ) SMH 035 (A 3E A REST-
EK Rix-5ms) #4782 5341, 115 CO, Sk H
P e PR PR =
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2.1 fE/F XRD 437

F M Cu/Zn JEFEERIEH 1/1 9f CH O,/ (Cu+
Zn) FEJRICAY 9N 0/1,0.8/1, 1/1,1.2/1, 1.5/
1, 2/1 WJURIEAT AR B , AR AR T4 J5 76 N,
HPL3 K - min™' HPRFHRE 623 K IFKEHE3 h, B
EE S a—f AR B 1 AR AR G Y
XRD . FEA AT B 0 FE & a h, FEAT 95
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Fig. 1 XRD patterns of catalysts

(a-f ; molar ratio of C;Hg0,/(Cu+Zn) =
0/1,0.8/1, 1/1,1.2/1,1.5/1, 2/1)

35.5°, 38.7°, 48.8°4bF CuO BYFTHTIE, FEATHAA
31.2°, 34.4°,36.3°,56.7°, 62.9°, 68.0° kb
ZnO IS I, IR TINAY 16 R il 45 19 FF & a J2
Cu0/Zn0, JCiEMEH L Cu® FETE. AR IR 15
) b—f FE 5L, FERTHE A 31,20, 34.4° 36.3°,
56.7°. 62.9° 68.0°4bA ZnO fUfFETIE, CuO HIRT
SPUEARMEMZE S, HIENTHS A 43,20 50.4° 74.5°
WEE RN T Cu® AT, RIS b-f P&
Cu’ 1 ZnO. FFE PR FH RGN, Cu’® (7545
JEBEIGI, 24 CeH 0,/ (Cu+Zn) FEIRHLINF] 1.2/
1B, CuO AT ST TP WS AR FI. 2 I 48 K35
CuO $64bh Cu’. (AR R RIS R T B Ik AR
N, HE 2 B A7 340 Ji R AR 7 v Cu® g K R A
R A SR E A, RS SR 1%
0,/N, &b THEfbRIFm, S fbilRima —=

SRR PR, SR, 3 )23 A AR 178 B 4 A ]
IR AT A AR, v AR I TS b kL 7 20 %
R, BRI, DR AL e, &
AR 3T WSS B A A AT I X s
TR, AR il B B 145 D AT SRARAE N, P ks
Peid R, R A o OB T R AR (H, |
CH,. CO %), ffi CuO EIEPEFR T Cu®. Kk,
PR BT EE I, ANTEAMIN H, , ] R i B
FERIE C/1-Cu/ZnO HEALF.
2.2 EHFIEEEBES #7 ( H,-TPR)

2 R ANRIFTPAE R & it AT OR AR AE N, kR
J5 WIRE S TPR L. ORI AT 162 2 1Y) i 1R 4] 4 PR o AT

__/_/\ f
495
I NG e

H, Consumption/a. u.
(]

1
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Temperature/ K

Pl 2 FEah 1 TPR
Fig.2 TPR profiles of samples
(a-f : molar ratio of C;H;0,/(Cu+Zn) =
0/1,0.8/1, 1/1,1.2/1,1.5/1,2/1)

BEIF N, F B )E AR a 7E 499 | 529 1580 K 4b
A 3 AR T8 T AR 3 EUE R CuO #d 5,
BRI CuO 0 JFR B, AR 43R AR AH CuO
WRIRER S BT RAFERIA , SRR Y
MRPE S IR S W4 m IR AT B CuO A AT ZnO AHJE
FHE ARSI/, CuO 43H R B B BEK, BT ik
SRR . AT IR B S 3 N, RS A5
AL b=f 1 CuO AYIAS I I IRIR AL RS, IF LI
RIASAE . K2 b #IAY C,H0,/( Cu+Zn) FE/R I
0.8/1 W}, MR JFWEH A JE W, BRI 1Y 8 1§10 s
T B OB, T8N CuO BB I s T Ay 1A AH
BETFEERI CuO BB R 3t 78 40 6 A B R
SRBORE, FTMRRLE N, kBt A 5
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W RS, FEE Y CuO A B E AL
J5it. CsHgO,/ (Cu+Zn) BEIR ILIEMME] 1/1 B, I8 Ji
WAL SRy 7 11 L0 | 3 DR IR T IR AN B, i A
55, R THHERRAEAE T CuO A1 ZnO R EAEH,
fifi CuO KifRAS/NH Ak T35, K CuO B
AR P FE P R IR SR, N C Hg O,/ ( Cu+Zn)
FEJRLE 1. 2/1 JRhR, o JR s B AR 55, H F3 n
CoHy 0,/ ( Cu+Zn) FEIR HL, AR A9 38 T 04 58k B L,
SEARAE. NI, 18 CH 0,/ ( Cu+Zn) BEIRH 1.2/
1 ~2/1 BT AT SR A7 76 10 308 JRE 04 Sy iy 5K 44 78
N, Hhsbefa 1% 0, 845 i CuO BEATEL, Xt
AT 2 B9 XRD FPARRIIESE. MElfE CuO R IR

JE 3R T A 0 4 LR R0 rPORE T 1 4R B, CH0,/
(Cu+Zn) BEIREL 1.2/1 B, A0 J 0 i i 45 1%, 2 B
T HR /N CuO B85 FEHE Iy e
R, i R ) & R AL, X R IR R A by
i, A Z rp SR AR S R N AR B e A L R R
HE, BT EUE, CuO BRI, IR E T .
Zi b, FERY a PR CuO, AWM Cu’ 17
e, FEf b Fle T, HTITER RS, FAERA
SEAIR IR CuO, T LB FNTE PR, FEA d
FrEEmR FH & e 1& B (C H 0,/ (Cu+Zn) = 1.2/1),
CuO 248 K3 B JFALIA I 6 P Cu®, Cu” RiAREL
AN, ARG R . 53R 1 TR EEAE A &

F1 ELFBIERERNALSE

Table 1 Surface area and pore parameters of catalysts

Sample Surface area/(m” « g™') Pore volume/(mL - g™') Pore diameter/nm
C/H-Cu/Zn0O 35.84 0.11 3.82
C/1-Cu/Zn0O 54.59 0.17 3.83

2.3 ELFIFLEFL R RS
HEALTRIAY N, W RR- R SRR DL 3, S5 R H
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= =S
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1 1 1
0.0 0.2 0.4 0.6 0.8 1.0
P/P,

Amount adsorbed/(cm3.g™') (STP)

JEAF IR S5 C/T-Cu/ZnO AN A S8 5 /Y C/H-Cu/
ZnO AL 7] (4 W B 45 R e 25 O IV RS IR 28 ) N, I Bff

100

b

80
60
40 +

20

1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

Amount adsorbed/(cm?.g™') (STP)

3 N, MR-t R Al 2k
Fig.3 N, adsorption-desorption isotherms of catalysts
(a. C/1-Cw/ZnO, b. C/H-Cw/'ZnO)

SEREA R B N, TR RER IS,
TERGEIRISE T, R ISR b N, B B
e T BRFE Fey A, ISR O B 745 28] ) S IR £ 5 W o
SRR E S, SR FAAEmE R, X2
HLA R B W B R AE. R, C/T-Cu/ZnO Fi1 C/H-
Cu/ZnO AL FIERS & A P AL, FLARTERITE 2 ~ 50 nm,
1R TR 3.8 nm oAy, SRR C/
1-Cu/ZnO AT 1 LU 2% 10 BURIFL 25 35 = T4 H,
WY C/H-Cu/ZnO fEALF, FIfEEH T C/1-Cu/

ZnO HEALFE 22T AN H, 59K 8] 75 1A SR AL 3R
WD T AR e 4, i LA AR R - 53 1K
MELE, R BURIFLA K.
2.4 7 TG-DSC 447

K4k CHO,/(Cu+Zn) BE/R L 0/1, 1/1,
1.2/1 F11.5/1 B4 09 TR ATIRR Y TG-DSC Kl
Kl 4 a RUIAIAFGERR , SA HIRA FGS R FHRE A
PIHRE S AE TG 4k |- 488 ~572 K i B X i) 4 T Jf:
76 DSC £k | 516 #1556 K A AT mebhag | ] T
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l Exothermic
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Pl 4 AR A TSR A7 25 T b TG-DSC ]
Fig.4 TG-DSC curves of dried precusors in Air
(a-d : molar ratio of CgHgO,/(Cu+Zn) = 0/1,1/1,1.2/1,1.5/1)

Bl R ) N BRS BR B 1) 40 . 181 4 b—d Ry C H, 0,/ ( Cu+
Zn) BEJR GRS 1/1 . 1.2/1 F11.5/1 BYHTHR A
IYMTEESR, BTURIAREE S b—d 19 TG BhiZk I 438 ~ 536
K X[ B E, Jf7E DSC #h4k 1 531 K AbfEA
W R | 3 TT R AR P R A A R 3k 40 LA
B (R BRI AR T s . T IRARRE & b—d
1) TG th<k | 536 ~668 K IX[H] P H , IH:-1E DSC
Mk | 549 ~676 K X [H]4 v B HCIE | 7E 569 K 4b
(AR W AP R TR B B A 0 e, A ffad
HE A g R =4 CH, . H, . CO ., CO, ., H,0, H
AL CuO Fl ZnO, 3XEESARFIRER A HL
YIAE 25 SO P 0, AR BE AR H,0 A

(A)
Shakeup (y 2,

Cu2p,,
. Shakeup 933.6
943.5

T 932.7 =

A\}

Counts /s

i
[ [

Binding energy/eV

CO,"™ 0. PRI A W o it A R Bl SR,
WU A 1 B3 JEPE SR (CH, . H, . CO) ¥ CuO i
JERE Cu®t™). 7E 595 F1 634 K &b iy e by ) 4k
BERR ML A WA i = A (A AL R e 25 S e
— R RTE
2.5 fENF XPS 4547

kT W E AR A R R AR 2R
SR CuO | JEAL A B C/T-Cu/Zn0 fiEALFH], 2= h
JEBEIFAMNIN H, 36 5 A C/H-Cu/ZnO AL 577 26 1 1F
17 XPS 237, IFRET Cu2p Hl Cu LMM &%, N
5 BN, SR GRS 1 T A 3R 4 i Ak R R
AL E 2Bk, WA BB & Jm R 1. 45 SR R I

.

910 912 914 916 918 920 922 924
Kinetic energy / eV

Counts/s

5 LI Cu 2p K (A) LK Cu LMM & (B)
Fig. 5 XPS spectra of catalysts
(a-c; C/1-Cu/Zn0O, C/H-Cu/Zn0 and CuO)
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5 2k a(C/1-Cu/ZnO) A1l 2k b ( C/H-Cu/Zn0)
W RV FER LA ZEEISA ) 4k ¢ (Cu0) T
MELH) 4 A Co® WU, JLHAE Cu 2p Z5E BN T
943.5 eV B A LA 1A WA Shakeup U5, T2k
a( C/1-Cu/Zn0) A ZE b ( C/H-Cu/Zn0) ok W%
%] Shakeup 6, Ui a A1 b HEALF T BA Cu™. Cu’
Fl Cu’ 1Y Cu 2p,,, Z5GHEFE(932.620.1)eV M,
T ZLE T A RALSAA A B Cu LMM AR BRI T
X 3. EI5B o Cu Fl Cu® 19 Cu LMM 8Kk 5 g
43547 T 916.3 F1918.3 eV, a Fl b HEALFIALK
M 918.3 eV I, ULHH a Al b AL K CuO B
WJFA Cu® ' ks g BLER MR IR TE N, ks
Bl , AlER R Y CuO HOA N Cu®, ihiHlS
JRAL R R C/1-Cu/ZnO fEAER. 5AMm H, i85
C/H-Cu/ZnO HEALFIA L, JEALA ) C/1-Cu/ZnO
AR, 25T H, BIFAPPR, A T H, B
2.6 5 CO,-TPD %7

Fi i CoH, 0,/ (Cu+Zn) BE/RIEL 1.2/1 3F Cu/Zn
JRFEEIR R 171 il AR B 6 Ak C/1-
Cu/Zn0O(a) il C/H-Cu/ZnO (b) W [} CO,-TPD A,
HE 6 A, ZERTRESE IR BEYE N, a AT b Mk
R AEARIRIX 433 K 24 DL R X 623 Fl 733
K 2245 T S iy G B e 7 433 KRR XA It fA
AR Cu 5 CO, LA, 75 623 F1733 K &
TR IX AR R Cu 5 €O, BYBF NI BH. 76 5
WAL R T EZEAEAEPIRD Ca BTG PE oLy, R
Cu PIFP LA K S Zn FHEAE A Cu BFl, AFA Cu
TEPE LI CO, AN, B0 X H B A
CO, Fh JiE B 06271 5 480 H, 38 Y C/H-Cu/
ZnO AL FIH EL | IR AL 38 JL C/ T-Cu/ ZnO A Ak 5] r

Precursor

Intensity / a.u.

400 500 600 700 800 900

Temperature/ K
&l 6 k14 CO,-TPD [
Fig. 6 CO,-TPD profiles of catalysts
(a. C/1-Cw/Zn0 b. C/H-Cu/ZnO)

TForulschy, HRE B, FTIREE £ Co,,
SEUGE R C/1-Cu/Zn0 AL FITE B R IX. CO, 1Y
JRRIGESR oK, FRUA T C/1-Cu/ZnO AL T 36 P
BE, X5 BET i85 SRAIAT 6. XS4 R a
b AR CO, WoR T KAFRImItfESr, JRAL
W B HEALFIXT CO, B B Rl 1 T 4, AL TR T
.
2.7 fEWFI SEM 437

Fi I8 C H O,/ (Cu+Zn) BEJR EL 1. 2/1 I Cu/Zn
JRFEEREE R 1/1, T ETIRIATE N, H T 623 K
JE8 3 h 5 145 C/1-Cu/ZnO AL, i 9K AR A4
R SEM ZrHr 4 e 7 pios. &7 #HT1)E
AR R IR AR 5 PP AN R, AR S Al AR 3
5. TN WG IR 4 B T i R B T IS S5 AT T
[ AH R, A T AT R AR SR A . T C/1-

Pl 7 HTBKAARI C/1-Cu/ZnO HEALTIK) SEM 4]
Fig. 7 SEM images of precursor and C/I-Cu/ZnO catalyst
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Cu/ZnO AT SEM Ha UL DK AR 8 AN B0 0] etk 4
THE, TERLT 406 10 50RE A BRAR i /INRL A7 7
FW T HTIKARALE N, HRS RS R AL R A i T C/1-
Cu/ZnO 1EALF.
2.8 ELF TEM 47

K8 i C/H-Cu/ZnO (a) 1 C/1-Cu/Zn0O (b) )
TEM M. 25 R £ AE C/H-Cu/ZnO fEALF] ks

C/H-Cu/ZnO

Soom]

P 8 AL TEM 4]

T2, AR T RENS. XTEEH T8
H, KW EA B, S50 C/H-Cu/Zn0 AL FIRL T 5
AR Mg MG LA, JRAE R C/1-Cu/
ZnO AL B FRF Bk B v R iR I, AN
H, WEAETR, B4y 8 B 5], ke RE kK
TATE 15 ~25 nm Z[H], X5 XRD 455 H i Scher-
rer 23 284 H R RSTAIAT A

C/1 -Cu/ZnO

- ..

50 nm'

Fig. 8 TEM images of catalysts

2.9 EAFIFEETESR

2.9.1 FPEERR I XF C/1-Cu/ZnO HEAL ] BE Y 52
M 4% Cu/Zn FE/RER 1/1 F1 CH O,/ ( Cu+Zn)
FE/RIL0/1,0.8/1,1/1.1.2/1 . 1.5/1 . 2/1, TijiK
KT 393 K412 h, ZE N, HLA 3 K - min™" 3%

TJHEZ 623 K Kike3 h, SRJ5H 1%0,/N, £ift 5 h,
193] 6 Fh A5 C/T1-Cu/ZnO HEALF]. f# ] H,/
CO,/Ar(72/25/3) A WA, T 523 K #13.0 MPa
AT CO, A M EE N 4 h, FragEie X
TEAL TR BB RE A AN 35 2 s,

2 TR A EY C/1-Cuw/ZnO B FIMEREHIRMN
Table 2 Influence of citric acid dosage on C/1-Cu/ZnO catalyst performances

CsHy 0,/ (Cu+Zn) €0, o CH,0H CH,OH Surface area Cu” particle
conv. /% sel. /% sel. /% yield/ % /(m® - g ") size/nm

0/1 0.78 100 0 0 9.74 -

0.8/1 22.14 31.66 68.34 15.13 32.70 25.2
1/1 26.35 27.75 72.25 19.04 37.93 22.5

1.2/1 28.28 25.71 74.29 21.01 54.59 17.1

1.5/1 27.16 27.04 72.96 19.82 36.80 18.5
2/1 24.64 30.75 69.25 17.06 35.84 19.6

Reaction temperature = 523 K, catalyst weight = 0.5 g, reaction gasH,/CO,/Ar = 72/25/3, flow rate = 18 mL * min™ ,

1

reaction time = 4 h

HHE 2 A, BFFIERR RN, CO, ik
FH B BE PR RN = S i 0, 24 CH, 0,/ ( Cu+Zn)
FEIREEN 1.2/1 BF, CO, $54b3 | I Btk 4 =
FIRFNERK, PR &, Co, L3,
FE FEE A = R TR &1 A 2 B XRD F
TPR M Hr 45 R O SR WA bR 5 1 KD, il

BRAA AT CuO A RE# I J5 B A BE B 42 A3 I ™ A
WPE Cu”, BrRMEAL R TG PR R AR, B Fr R
G, AR AY F T AR R, RO
TR FH B I, (5 AL R SR T AR R, G’
AR /0N, AR TG PRI 0. (EAT A 1R P i
fe, TR bE R b B AR ANC & W 20 i R
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1 Z2 W8 JEUE AR, SR A A D Ry A P, ]
FUTICHA DTS B AL TP 1 2R R 4 S s e 2
GG LA, AR R m AU N E Cu’ kiR
B, MATITE RIS, 24 CH 0,/ (Cu+Zn) FEIR
Ho 1271 B, AR LR mT A RO, Cu® kAR
/N, CO, Ffb3 | B BRI R e . A
I, CoHg O,/ (Cu+Zn) IAEEE/R LR 1.2/1.

2.9.2 KEBEi BE X EAT IR JE C/1-Cu/ZnO A AR5 1
HE Y 52 e CoH 0,/ (Cu+Zn) FE/R LR 1.2/1,
RRBIRRE Sy I 573 L 623 . 673 F1723 K, fEALFIHE
Bl 2.5.1 MHIE, HIAS IR EA AR C/1-
Cu/ZnO HEAEF. EFEREEXT C/1-Cu/ZnO fEALFAITE
REMYRZI AN % 3 7K.

R 3 IEEEEX C/I-Cu/ZnO &4k 14 gk 1Y 221

Table 3 Influence of calcination temperature on C/1-Cu/ZnO catalyst performances

Calcination CO, conv. CO sel. CH,0H CH,0H Surface area Cu” particle
temperature/K / % / Yo sel./ % yield/ % /(m> - g™") size/nm
573 22.98 30.36 69.64 16.00 44.77 16.6
623 28.28 25.71 74.29 21.01 54.59 17.1
673 26.68 27.51 72.49 19.34 43.18 21.2
723 25.92 29.11 70. 89 18.38 30.09 25.0

Reaction temperature = 523 K, reaction pressure = 3.0 MPa,

1

flow rate = 18 mL * min™ , reaction time = 4 h

3 RUIBHLT bR BRI, CO, i | HEE
VEREPE R b8 I, Yk be il B 4 in & 623 K A,
CO, FifbR | WIEEBEPEME RN P 2k B d i, R beii
JEARSLRETIN, CO, FfbR | HI RSB PE A 3 T RE.
B et R n, AR Co® BRI, mTRE
S TR T T v 5 S A A DA P SRR 1 4
JRBRLE T EL. EALFI T Cu® BPRLAR BN, HEAL TR
PEBR. YRRy 573 K B, Cu® AR /)N,
R et B R IR BRAA 23 S CuO TR AV 348 Ji #4 7T
RERSE4:, FEURSREIEE A 573 K B8 A1k 57

catalyst weight = 0.5 g, reaction gas H,/CO,/Ar = 72/25/3,

g PR LG Cu® IBCR I, AR PERRAR. Y
KRR BRI 2 623 K B, AL Cu® ARIAR 3L
AN, AR PR R, FeAERT BRI A 623 K.
2.9.3 KEBETH L FXT R AL IR C/1-Cu/ZnO 14k
FIMERERIREM  C H,0,/(Cu+Zn) BE/REL N 1.2/
1, W 623 K, kiR HRER SR 1, 3.5
M8 K« min™', ALK EHI&FMHT2.5.1 41
[\, 45 PUFp 5 A7 8 7 C/1-Cu/Zn0 fEALF]. K5 b
FHE X C/1-Cu/ZnO AEALF M RE RS2 M N 2 4
B,

x4 BERHABREEI C/I-Cu/ZnO L FIIEEE SN

Table 4 Influence of calcination heating rate on C/1-Cu/ZnO catalyst performances

Heating rate CO, conv CO sel. CH,0H CH,0OH Surface area Cu’ particle
/K + min™ ./ % / % sel. / % yield/ % /(m> - g™") size/nm
1 21.02 35.92 64. 08 13.47 39.47 23.6
3 28.28 25.71 74.29 21.01 54.59 17.1
5 27.03 27.40 72.60 19.63 45.95 21.0
8 24.50 30.53 69.47 17.02 35.85 24.3

Reaction temperature = 523 K, reaction pressure = 3.0 MPa, catalyst weight = 0.5 g, reaction gas H,/CO,/Ar = 72/25/3,

flow rate = 18 mL + min~" | reaction time = 4 h

T4 RWIFETHR B RIE N, CO, FefbR | HIfEE
BEPRPEA R, THEEAREF] 3 K - min™
CO, b | WRERFEME A ™ SR B f ok, Tl s
PN, CO, Fefesc | VBRI £ A ™ RN FE
W TR ARG, AR PSR AR N, Cu® AR

WD, FHEHEH L 3 K - min' 5, PSR
AR LR TR TR, Co’ BRI, (LA
AR L RV (G4 B Co® BT
ML, RIEALH LR, Co®
F/ AL K BETHRLER 3 K -
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min~" #1E H.

Zi b, C/1-Cu/ZnO Ak 55 il & 0 Je AR 25 1F 2
Cu/Zn BE/R LR 1/1 Fl C H O,/ ( Cu+Zn) BER LR
1.2/1, N, SR P RARRIRIE 623 K, KRR #R 3
K « min™", %55EMFE] 3 h.

2.9.4 50 A AL RIVERERY M bR

SN FHIFS IRALIE R C/1-Cu/ZnO AL, Fedd &
PF TR AT SRR TE 2 < 573 K K563 h 5
5% H, 7£ 493 K FiAJ5 10 h 53] C/H-Cu/ZnO 14k
. PAMEALTRIFE CO, I A H B vy M fig L
BN S PR,

&5 EREF LT ERER I

Table 5 Influence of reduction way on catalyst performances

s | CO, CO sel. CH,0H CH,OH Surface area Cu’ particle
ample

P conv./ % / % sel. / % yield/ % /(m* - g™") size/nm
C/H-Cu/Zn0O 23.26 21.82 78.18 18.18 35.84 25.3
C/1-Cu/Zn0O 28.28 25.71 74.29 21.01 54.59 17.1

Reaction temperature = 523 K, reaction pressure = 3.0 MPa, catalyst weight = 0.5 g, reaction gas H,/CO,/Ar = 72/25/3,

flow rate = 18 mL + min™", reaction time = 4 h

5 KW, H54Mm H, B C/H-Cu/ZnO 1
FEFIRHLL , JEALE T C/1-Cu/ZnO HE AL 22 i A7
WK, Cu® BIRIAREN, CO, B Ak A I i 7 2R
. AIfEEm T C/H-Cu/ZnO AL 5% H, K
i B A8 v ) T 3T S D A £ 7R 7 P R R
Cu’ R Fhesh, ML H 2 m AR Cu® [k
BRI, BEAR T C/H-Cu/ZnO AL 7 Y 15 k.
I, BAIEE C/1-Cu/ZnO HEALFIZE CO, A A K
FH st o o7 S PR T, €O, BRI B AY e
=R HAE] T 28.28% | 74.29% F121.01% .

3 &it

3.1 AT R A B 2 T AR T I A ) A
1AL F), R0 XRD, TPR, TG-DSC. SEM . BET %
FBOMEEFIPEREDEATRAE. S5 R, BN
A, 2 L T AR AR B 1 i O A A4 MR N, R
RERE, RIS B SRR SR T DA RS 38 Ji 4 R
7y CuO BG4 R Cu’, RSN H, iR 5, H#%
Hil15 T C/1-Cu/ZnO HELLF, AR T4 4],
HA L.

3.2 b B AR A A5 2 CH O,/ (Cu+Zn)
FEIREE A 1.2/1 FF Cu/Zn BEIR L 1/1, KRS N
N,, JEbeliE 623 K, BReFHRH#E 3 K « min™, &%
PERTIE] 3 h. FAES TR C/1-Cu/ZnO fELF]
e mAR A, cu® kifed/N, T COo, A&
FH st 2 o B A A 0G ME. CO, bR Bk
PEPE A= R 503k B T 28. 28% . 74. 29% Fi
21.01%.

3.3 540 H, iR C/H-Cu/ZnO #E4L 5 AH
o, JEA 8 5 C/1-Cu/ZnO AL 3 b 26 T B K
Cu’ FURIAREL/IN, 7 CO, IR A B B s N i

B
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Preparation of Cu-based Catalyst by Solid-phase Grinding
Method with Citric Acid Assisting and Performance Research in
Methanol Synthesis Reaction from CO, Hydrogenation

LU Peng'*”, XU Ding’, SHEN Dong-ming’, HAN Bing’, GAI Xi-kun'"*",
XING Chuang'?, LIU He-yang'*”*, LU Cheng-xue'*”, YANG Rui-qin'*""
(1. Zhejiang Provincial Key Lab for Chem. & Bio. Processing Technology of Farm Product ,

Hangzhou 310023, China;
2. Zhejiang Provincial Collaborative Innovation Center of Agricultural Biological Resources
Biochemical Manufacturing, Hangzhou 310023, China;

3. School of Biological and Chemical Engineering, Zhejiang University of Science & Technology ,
Hangzhou 310023, China)

Abstract ; The Cu-based catalyst was direct prepared by a solid state grinding method with citric acid assisting. The
catalysts were characterized by the means of XRD, TPR, TG-DSC, SEM, BET, TEM, XPS, CO,-TPD etc. The
results showed that when the precursor obtained by solid state grinding at room temperature was calcined in N, inert
atmosphere , the C/1-Cu/ZnO catalyst with mesoporous structure was obtained directly since most of CuO had been
reduced in-situ to Cu’ without further H, reduction. The catalyst activity was tested by using high pressure fixed bed
continuous reaction device. The results showed that the catalyst activity was affected by the citric acid amount, pre-
cursor calcination temperature and calcination heating rate. When C,H;0,/( Cu+Zn) molar ratio was 1.2/1 (Cu/
Zn=1/1, molar ratio) , the precursor was calcined in N, atmosphere at 623 K for 3 h with calcination heating rate
of 3 K + min™", the C/I-Cu/ZnO catalyst was obtained with the maximum surface area and smallest particle size of
Cu’. This catalyst showed the best catalytic activity in the methanol synthesis reaction from CO, hydrogenation, and
the CO, conversion, the selectivity and yield of methanol up to 28.28% , 74.29% and 21.01% , respectively. The
in-situ reduction C/1-Cu/ZnO catalyst showed a large surface area, small Cu’ particle size and high catalytic activi-
ty compared with the traditional catalyst reduced by additional H,.

Key words: citric acid; solid state grinding; copper/zinc oxide; CO, hydrogenation; methanol



