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MRS A %5 19 Rh/Si0, LG, K BUAE CO, A
ST LS AEE D HiT IR A 1 A AR TR, CO, Hedk
REAR, TTUABSRREE . AR B o A 9K il 75 1) fiE 1L
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A% CO, Hikifk Ni/SiC AL PR BE A 2, 45
FW], LIS BRI £ T PR TR B A i 6 A o 5 7 i £
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AT R 75 A S RS T A T R R 3K A X
CH,-CO, H% Ni/y-AL O, fEALRIPERERSE IR, K3
FEAEAT ] o 2 e AR iy B S 1 S i o R
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AR EAE .

TSR AT GE TAR YRR |, B4 T DA
[ 0 it e Ay T R A ) 5 P A 7R 28 K A R B A KR
RSN B HEAETERE.
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1.1 EEFaF &

K AL UUTE CIETONE ) Wil 48 1A W) 4 5 58
AR ) S S AR B p A SRR . RS AR AN s
SIKE RS IR AR | A EROR R R . A I TR AR A
AACYIRIR G4 1 2 1 (mol) i 451 e i Jiik B2 hy
0.225 mol/L IR G, BT 45 CHYIH IR K
PP RAFTE 300 rad/min, YR 5E A
BAEYAE, HERA(YZ1515X) #24] NaOH 5K
(4 mol/L) BV I A (10. 5 rad/min) , AR
PEG40 RYPR B2 115 I sk i 2 pH H22 4k, &

PEFEH By 300 rad/min, A& Z AL ]2 30 min,
A B PTEM A&VE VG (h i, pH R 7 24 T
HEFEH 80 T4 4 h, TE2 U 550 Chike 4
he, A5 A R AE Al A A 000 L CuMin-
NO, . CuMn-SO, , CuMn-OAc 1 CuMn-Cl Z&/.
1.2 FEER

A S AP BRI TE N AR R @6 mm {4
B B0 [ R R s th R AT, fEAl AR B
500 mg( fif% 0.450 ~0. 180 mm), 753 &y 20 000
<hT KRR 4.0, ORI CO:
65.60% . CO,: 1.76% . H,: 31.72% } Ar V-ff7. i
AJFEFRUE , AEARIRZ R IR L2 C/min
JEFHRF] 450 °C, 7E 190 C &3t il A KA,
1E 450 CE R 180 min. FL4 2 °C/min F{) 38 TR,

mL - g™

BTG IR, H RS 200 C. TR 50
e LUBAEH] SP3420 UM (A ANAEL 73 Hr, T
R, SCHTEPEREE R 3 il & 1P (E.

1.3 FEmRAE

XRD: R E D8 Advance %I X-GF R AT 4H1X,
Cu #1 Ni &7, Si-Li #80%%, 40 kVx40 mA, 94
JUHE s 20° ~80°, M : 2°/min, LRSS g
IRARIHRAR R

TPR. STPR. TPD iz ¥ 7F 3£ [E Micromeritics
25 ) AutoChem2920 16271 FRHAY 347

TPR. REALHIROEREREY 20 me. 75 Ar 04T
MEIRTHE] 120 °C, W 30 min J5RERIER, A5
P& Hy 7 8.9% (v/v) I Hy-Ar JRG S, it
430 mL/min. 2GF2E )G, LA 10 °C/min )32 A
Fif T+ 600 C.

STPR (K M4 AL AR 7 THR IR J5L) « Ak 7 B
20 mg. 7R Ar UGN NETRTEE 120 C, ik
930 min J5HERER] . )RS N 50 mL/min [
8.9% H,/Av(v/V)IRER, RGRER, LL10 C/
min [P R M E IR THEE 600 °C, H, if JF g i 1
A, FoR s RIGFER]60 °C, ] Ar SHZE RGUER
FE, FELA 30 mL/min {3 fEE A N, O SRS T R A
46 30 min, B Ar TR B RGEEE , BAR R
750 mL/min ] 8.9% H,/Ar(v/v)*, Pi 10 C/
min J}-3] 600 C, H, & JF g m A A, £

TPD: HEALF) AL 40 S 5 FE i 50 mg, 78 Ar <,
AT HEIRIH 120 °C, Wdd 30 min J5, FER 2]
Fii, REFEE G Ar R F R THIR 2 600
C, AT THR G RN, 45 20728 6 B0 4 ot 5t e
i) TPD Hij£k.

XPS: X G4t T RIS T E 9L [ VG Scit-
ntific 23 &) f* ESCALAB-210 BU{Y #§% F k47, Mg-K,
B, ThF 200 W, RGEZS N 107 Pa, LIS YL
) C 1s(BE=284.6 eV) ffar HLALHE. “RAE B A X
] XPS-PEAK4. 1 B AT RLA.

2 RS

2.1 Ll

Bl L A A () ) A o i R A o 5 7 A A7) 2
450 CiifF4 180 min f5 FEIR I FERY CO Feib 3. H Al
A1, CuMn-OAc £ 5L 7E 300 ~400 °C 2] CO %4k
REEARRFEAAR, 2 97% Fo 47, 250 CHEN T0% ,
200 CHF[% Ky 33% . CuMn-NO, £ 5 1) CO 554k %
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different copper-manganese salt
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Fig.2 XRD patterns of catalysts with prepared by different copper-manganese salt
a. calcined patterns; b. spent patterns

(1) CuMn-NO,; (2) CuMn-SO,; (3) CuMn-OAc; (4) CuMn-Cl

=1 TEREE T FEATNERSEY

Table 1 structural parameters of catalysts with prepared by different copper-manganese salt

Crystalline phase( PDF) Cu, sMn, ;0,(35-1172)

Average partical size/nm

Sampl
ampre 20/° (hkl) (311) 4/nm Cu, <Mn, 0, Ca
CuMn-NO, 36.07 0.2490 22.36 52.87
CuMn-SO, 36. 10 0.2486 18.93 40. 05
CuMn-OAc 36.03 0.2491 18.69 40. 68
CuMn-Cl 36.04 0.2487 35.56 130.8
Standard card 35.97 0.2495 - -
a. Calculated by Scherrer equation using (111) plane (cubic Fm-3m225)
HA CuMn-OAc I CuMn-NO, ¥/ 7E 26=31.5°H Cu, sMn, O, (311) 25 ¥ = 8, 5 #n Y

BT MnCO; fiT S 0. i3 1 nf WL, 45 4F i /Y

Cul,SMn1,504(311 ) E/‘J’Tﬁgj‘m%j:ﬁ e, 'EH[II%

L B 1] &
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RS, UHIAE S Cuy sMn, 5O, B9 311 JFh i8]
FRIS4E 0N, SR R PR A8 Ak i U B ST R AR
5K Cu, sMn, 50, G J& B A b & E T A AR
AR i 15 7 1) B9 [R) & 5 AR CuMin-NO, Al CuMn-
OAc B i Cu, sMn, O, 19 311 SHE[REIFE(0.249 0,
0.249 1 nm) & Cu, sMn, 5O, (311) &b 1 (5] fE AR (E
0.249 5 nm f T, KF CuMn-SO, #£5(0.248 6
nm) Fl CuMn-Cl #£ 5 (0. 248 7 nm), FH CuMn-
OAc Fl CuMn-NO, ¥EFh A% Cu' |, Cu” (B T+
AR HK 0,096 Fl 0. 072 nm ) 7] &2 £ Mn™ F0
Mn** (H B 72424394 0. 062 1 0. 054 nm) i B
RRE, BRGS0 S), 4R PE
RS, CuMn-SO, A i P 4 5 25 5 ]t 25 AU
IR I PR AR BR AR A S A s [ 254, R BRI rh Y
SO,* #£ 550 °CKEpeid Fit oy 2 ) sl S B0 A
MENG IR B2 o0 fife, BELBSH 50 25 5 2 [l i ] S AR €1
TEVE AR B R PO AR B, S B8O 5 725 5[]
A E 3 /b, T Scherrer equation &5 ] 4
AFER AR RS, BARS 2R RS 1R 3R 3
ArAH—2, HENTRY SRR NA ], X2 RS TEA
[ IR EE T, B A AR AN ], S BOHT
RAATE 1 ok AT 1 ) G54 R A A 1) Y
LS G L. AR 4 S b FE v el T
Tipeas Cu SRR, TERRIR | AH IR R VA M A
BEh il g5 A RE S Cu dlRLIC R IR BEAL/N, TR SR
WIALE b A B RE i 22 4 RN 5 Cu B RR 25 350 ™
H, I TXERLUBEER A CL T 1 5o 4 9 B3 [) 5500
T oA AN B AR B 2 T SR AR R
2.3 H,-TPR/STPR

B 3 kg AN [ ) A 66 i A ) 8 i) 4 A7) 7Y
H,-TPR P13, 254 SOk S 325 40 7 ol a7 4%
R i 0 5t 3 W U B 24 78 250 ~ 350 C 2], tAh
ST B R AT A Cuy sMny 0, BYIE R, M EE T
Mn, Oy RSB 75 55 i B4 ml i 88 Ok 0 % 4
IR A FEFEVE. At 75 100 ~250 C Z [A] 18 W
ZEA R, YO AALIRIE R (5 XRD RAESS
R—3), Cu™ £ CuO b 7E 5 5 2R A
Cu, sMn, O, HIRJEAR L) 7 H AR J5 S0 1o 7
W, BB SRR P RIE R, A2 B AR SoRE AR 25 5
iR, BN, AAEER TTE 171 CAA A
—EUE ) CuO I 5SS, 75217 C Lt AT —H W]
BAY CuO AR, CuMn-Cl #: 5/ Cu, (Mn, J0, if
JEUE B 2 4 PRy, X2 T CU IR R FL DN,

_’—/
d
.———/
| | | | | 1
0 100 200 300 400 500 600

Temperature/°C
P 3 A [ H i £k ) A i AL RI Y HL-TPR 3%
Fig.3 H,-TPR profiles of catalysts with prepared by

different copper-manganese salt

a. CuMn-NO;; b. CuMn-SO,; ¢. CuMn-OAc; d. CuMn-Cl

AT RERR R A B i b, (405 5 A i = 2
Wb, A Cu—O BERMRES, Mifl Cu 5 MnO HplH]
RO AR 22, BEIN T XA SR G P 20, 5 30k
rn EMEIR L, [ ) 3 5 I ] 1) it b R S 2 14 .

Wl 4 hy A (] 4l 5 Eh ) 25 fE AL ) 9 STPR il £k,
[T 20 S 80T A28 R 5] T 38 2 . AR 4 SCmk
[37-43], RH N,0 bR Cu 15 Pkl e 3
I Cu FAMHUE. B4 8. 9% i H,/Ar IS, LA
10 °C/min (FHERHA, WEHRTFH 600 C, #fk
FNTE AR, OB P SR T AR A & A ER AR Ak
YIRS T iHAE H, W6, FRRG, D145 N,O Xl i
IR Cu #1744k, 7E 60 C (SCHR[38 ] HiiKE,
120 ~ 120 CHYIR XA N,O e A A HE L 7] 2
I ) T 44k 35 min, RN R N0 +
2Cu=Cu,0 + N,, RIGHYIL Hy/Ar iBSS, &
GikasE o FHE R 600 C, £33 Rk R, 04 T FL
A, JEFRT Cu 3B IS AE H, AR 2 10 20 B3R /Y
HE T AR

AZ
2 —=XAv X L,

SA 2 -1 - 1
c(m™ g ) 100 x W, x N,

Av:Avogadro’ s number

L, :Cu contern( % ) in the catalyst

W, : atomic weight of Cu(63.5 g/mol)

N,: 1.7x10"”m™ number of surface Cu atoms in unit

surface area
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Pl 4 ANTr] 5 il 26 AL R 9 STPR Hhi 2k
Fig.4 STPR profiles of catalysts with prepared by different copper-manganese salt
a. CuMn-NO;; b. CuMn-SO,; c. CuMn-OAc; d. CuMn-Cl
R2 AENAEEF EEMLTE STPR ITESH
Table 2 STPR calculated parameter of catalysts with prepared by different copper-manganese salt
CuMn-NO, CuMn-S0, CuMn-OAc CuMn-Cl
Sample
A A, A, A, A A, A, A,
Area Peak 9.56 0.48 9.12 0.43 9.51 0.68 9.64 0.15
Temperature/°C 212 122 208 136 201 128 279 204
Cuw/% 50.07 46.02 48.44 52.61
SA./m” - g 28.04 24.19 34.10 9.13

Cu /% representatives Weight percent in Cu catalysts

Hy TRV 2601, 4% o B — W LI i 2 — Y 4R
AT 80 CZiAy, Uil H, 3 JEUr e 3 1 S AL .
CuMn-Cl A i Y — VR R 0k 340 5 I g 4 2 d5 5 11
RUPHXEL L, 3% B PR A 22 1 — 1 it
K. CuMn-OAc il CuMn-NO, H¥ 5 B — YR 4 Ji ji
AHIE, BEHT PR AE S 0 2 15 ) R Ak 22 P REAR I
M2 AL Y, & FE G BAT AN [R] 5 2% TR O O
(SA.,(m’g™")), HAK/PMIFFEH: CuMn-OAc>CuMn-
NO,>CuMn-SO, >CuMn-Cl, CuMn-OAc #£ 5} B &
150 1) 2 TR 40 43 HHE 34,10 mg ™, L5 1HG 40 40 ol
s
2.4 CO,- TPD

R T G O JE A e A T R BREIR A, X
A ] e il ) 8 1 A A 7R 28722 48 S W I R AR TE A
AP AT T EETHEIB A TPD SC5, 45510
LS. 254 il I BN AR 28 SO 35 2 B A 1 R
CO,, FRHUILEAL e S BT SR A —E 1)
CO, Wk FftHE f7. CuMn-OAc F1 CuMn-NO, #£ 5 ¥ 75

391

159

wx S
=
-/

/]
A
_

;

1 |
0 100 200 300 400 500 600

Temperature /°C
V1 S A [ o 01 22 0 I
FES Y CO,-TPD
Fig.5 CO,-TPD profiles of catalysts spent with prepared
by different copper-manganese salt

a. CuMn-NO;; b. CuMn-SO,; c. CuMn-OAc; d. CuMn-Cl
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150 ~450 °C Z [a] B0~ Bt B e, I 2 A AH 3 /Y
CO, JBARHELEE , UaBI Wi HA HHRI 2T ) CO, 11
WZ R A, CuMn-OAc ¥ &b B B 0% 1) T R %8 CuMn-
NO, KX, #H] CuMn-OAc i CO, MR .0 1%k H
# CuMn-NO; £. CuMn-Cl ¥£ 5 7E 200 C LI R A —
A~ CO, iR, HIH CO, Jiifff %L/ CuMn-SO,
FEARTE 122 ~327 CZ[E4A —A> CO, ik, X
Vi, UREL, JCB W, Rk A A —,
H CO, ifft&E/NF CaMn-NO, #£ 5 K F CuMn-Cl
FEfh. TPD RAESE AP (R T XRD FRAE AR
3 SN 5 FE I MnCO, PIARI SR, CuMn-Cl A
i %A B MnCO, Py A0 71T 56 0 149 J5 R 0l BE Sl CO,
W R4 /b, CuMn-SO, ¥ §h AR —E 1Y CO,
Bt o, LR BT BE 455, AN LATE B MnCO, #4H.
2.5 XPS

SRtk — A T g AN [ ) e X e e A R 2 T

P EIRAS | JTRIE R ST PEZ R OC R 52
W, 23 5 % 2% A IS AR s R AT T XPS i3, Cu
2ps5\ Mn 2p,, () 0005 ILIET 6, A DG ES A 571
THR3I ML 4 b NEIRBATEL, &M A
S Cd’, Cut, Cu*, Mn*, Mn™, Mn*". K 6(a)
78, CuMn-NO, , CuMn-SO, . CuMn-OAc #I CuMn-
Cl 4l Cu 2py, HISEHRE F IR 933.2 eV,
933.6 eV, 932.9 eV, 933.2 eV, H.r CuMn-SO, £%
i ) 25 G A de K, T HL g R A L R R
CuMn-OAc # & 1Y 45 & BE dc /)y, Horpo 7 & 7
932.9 eV ZiAy, RIHIAN[EHERERFREE T il 4515 2 1Y
PR ) 3 T A 1 PR BN T SCRR [44 ] A,
CuO ) Cu™ 2p,, &5 A fiEh 933.8 eV, H A uE
(shake up) Vi BTEZE A HE 940 ~945 eV ZJA], Cu,0
) Cu” 2py, Z55HER 932.240.3 eV, TEG LS
Prb, HLEE 5 REA BRARE . N BRI JI, 25 48 5 1Y

(a) cu’  cu'+Cu’

o =N

3)

4)

1 1 1 1

2+
3 Mn

(b) Mnzp P ERs Mn~i
18)) 12 Mn'
(2) @

3)

“4)

950 945 940 935 930
Binding energy/ev

660 655 650 645 640 635

Binding energy/ev

Pl 6 AN [ it ) P A R0 A2 450 SO FS R A 9 Cu 2y, 1 Min 2p,,, XPS S5 R 05 1T £
Fig. 6 XPS spectra of Cu 2p,,, and Mn 2p,,, of catalysts spent with prepared by different copper-manganese salt

a: Cu2py,; b: Mn2p,,
(1) CuMn-NO,; (2) CuMn-SO,; (3) CuMn-OAc; (4) CuMn-Cl

%3 #miy XPS Cu2p,, FRHEER
Table 3 XPS date of binding energies in the Cu 2p,,, region for samples

Binding energy/eV Cu™/%"
Sample
Cu’+ Cu* (ol I(Cu’+ Cu™) I( Cu™)
CuMn-NO, 932.15(2.6) 934.33(3.2) 63.5 36.5
CuMn-SO, 932.16(3.6)" 934.53(2.9) 61.4 38.6
CuMn-OAc 932.13(2.5) 934.72(2.8) 65.7 34.3
CuMn-Cl 932.86(2.4) 935.00(3.0) 58.6 41.4

a. Numbers in parentheses refer to the FWHM in eV; b. percentage of ion on the surface of sample
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%4 HTH0 XPS Mn 2p,, BAHER
Table 4 XPS date of binding energies in the Mn 2p,,, region for samples
Binding energy/eV Mn"* /%"
Sample
Mn** Mn** Mn** I(Mn*") I(Mn™) I(Mn*")
CuMn-NO, 640.82(2.8) 642.70(3.3) 646.09(3.2) 53.6 35.3 11.1
CuMn-SO, 640.92(2.9) 642.37(3.4) 645.84(3.1) 52.5 36.3 11.2
CuMn-OAc 640.73(2.8) 642.51(3.3) 645.90(3.3) 54.0 32.1 13.9
CuMn-Cl 641.42(2.8) 642.93(3.4) 646.53(3.0) 49.7 38.6 11.7

a. Numbers in parentheses refer to the FWHM in eV; b. percentage of ion on the surface of sample

ZEAREXTT CuO 1 Cu 2p £55HE(933.8 €V) , M
T Cu,0 /Y Cu 2p 2545 RE(932.5 V), BEHIfELL
FIF Y Cu 4143 Lh Cu™ F1 Cu' (Cu”) IR A T8 2047
fE. Cu' Fil Cu” 45 A REMIZEAR/N, XPS Zr A7 1R A
XM, (HAE XRD AL b8 4 5 0y J5 A i 25
PRSI, S T S MERR B E Cu JTTR MM S FI1E
WG, T E S Co YRR S, W ek
PR ERSE o (o = a+ho) S5 AS [R)BE i i 17 1L
B TR B &R Co ISR o L
50 AR T A E Cu 764K R T
FPL Cu’, Cut, Cu™ 1.

xS AEMEES B EEAFTREEEHR Cu g
Auger S
Table 5 Cu Auger parameters of catalysts spent with

prepared by different copper-manganese salt

sample Auger parameters(a’)/eV
CuMn-NO, 1850.5 1852.4
CuMn-S0, 1850. 8 1851.2
CuMn-OAc 1850. 1 1852.6
CuMn-Cl 1850.7 1851. 1

HIE 3 A, A SR, RS S
Prrr, Cu’+Cu” B2 RS ARk LS A REA LL, BR
CuMn-Cl # 4 Sb, Y RREE 5 88T 1M A2 3, R
Cu” Ity (14 1E L A B0 20, Cu® +Cu™ i [ ) Hh o 25
B R AR BGR TR, AR A
A CuMn-Ac B fh Cu’ +Cu’ HLfof 25 BE S N e 22, 17
Cu™ Byl 25 A RE T [ B 8y, 3T (Cu™+Cu’) /Cu™
ZHHEZ, AMT CO+H,0 2 N Ryt f7. 4 4
FERHT (Cu” +Cu”) /Cu™ Z L K/INBUF 2 CuMn-

0OAc>CuMn-NO, >CuMn-SO, >CuMn-Cl, [# i, CuMn-
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Influence of Copper-Manganese Salt Precursors on
Catalytic Performance of Copper-Manganese
Catalysts for Water-Gas Shift Reaction

HE Run-xia, ZHI Ke-duan, WANG Bin, WU Fang, JIANG Hao-giang, LIU Quan-sheng
( Department of Chemical Engineering, Inner Mongolia University of Technology, Inner Mongolia
Key Laboratory of Industrial Catalysis, Hohehaot 010051, China)

Abstract: Copper-manganese catalysts were prepared using different Copper manganese salt precursors, copper
manganese nitrate, copper manganese sulfate, copper manganese acetate and copper manganese chloride by co-pre-
cipitation method. The samples were characterized by X-ray diffraction ( XRD) ,temperature-programmed reduction
(TPR ), temperature-programmed reduction of oxidized surfaces ( STPR), temperature-programmed desorption
(TPD), X-ray photoelectron spectrometer( XPS) , and tested for water gas shift (WGS) reaction. The results show
the main crystalline phase of samples prepared as starting materials was a Cu, ;Mn, O, spinel structure. After WGS
reaction , the main crystalline phases were transformed into Cu and MnO. The sample prepared with acetate as start-
ing materials showed the most obvious MnCO, characteristic diffraction peaks, the Cu and MnO showed better syn-
ergistic effects in it, which increased the adsorption of CO, and improved the dispersion of Cu on the catalyst sur-
face, meanwhile, it showed the best thermal stability and the highest low temperature catalytic activity. Sample
prepared with nitrate as starting materials maintained high thermal stability and catalytic performance from 400 to
450 °C, but the CO conversion decreased below 300 °C. The catalytic performance of sample prepared with sulfate
and chloride as starting materials was poor, ranging from 200 to 450 °C.

Key words: copper-manganese catalyst; copper-manganese salt precursors; water-gas shift reaction; catalytic per-

formance



