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Effect of Water on the Structure and Performance of Cu/C Catalyst in
Methanol Oxidative Carbonylation Reaction

ZHANG Wensheng, MENG Fanhui’, LI Haojie, LI Zhong'

(State Key Laboratory of Clean and Efficient Coal Utilization, College of Chemical Engineering and Technology,
Taiyuan University of Technology , Taiyuan 030024, China)

Abstract Copper-based catalysts exhibit high activity and selectivity in the oxidation and carbonylation of methanol
to dimethyl carbonate (DMC) , however, the presence of water as a byproduct can significantly affect the catalytic
performance. This study investigated the effect of water in the methanol feedstock on the conversion of methanol to
DMC using a copper-based catalyst supported on carbon material (Cu/C). The results indicate that, as the water
content in the methanol feedstock increases, the initial catalytic activity decreases significantly, the water content
has no apparent effect on the selectivity of DMC; however, the CO, content in the gas-phase products increases
remarkably as the water content increases. Under different water content conditions, the catalyst exhibits identical
patterns of reactivity variation. Methanol conversion reaches its maximum value at 15 h into the reaction. As reaction

time progresses, activity gradually declines and stabilizes between 150 and 250 h. Increasing water content
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significantly reduces the initial catalytic activity. This is mainly due to the competitive adsorption of water molecules

on the Cu/C catalyst with reactant methanol molecules, which reduces contact between active Cu species and reactant
methanol. Under the reaction conditions with a constant water content, the active Cu reacts with the reactant O, and
the by-products water and CO,, and thus converts into Cu, (OH),CO,. Moreover, the acidic environment created by
CO, dissolving in water promotes the dissolution and loss of Cu,(OH),CO,, which reduces the content of active Cu
species in the catalyst and leads to a decrease in catalytic activity and stability. Furthermore, the oxidation and
agglomeration of Cu species, induced by water, exacerbate the catalyst deactivation. This work may inform the design
of Cu-based catalysts for oxidative carbonylation reactions and provide a theoretical basis for understanding the
impact of by-product water on Cu/C catalysts.

Keywords Cu-based catalyst; Water; Stability ; Methanol oxidative carbonylation; Dimethyl carbonate(DMC.)
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Fig.1 Effects of water content in feed methanol on catalytic activity and stability over Cu/C catalyst(A),

volume fraction of CO, in exhaust gas(B) and probe reaction for the generation of CO,(C)

FE AR SN I )T B A 00305 2 Bt o K 5 3 o S B ek g a4, ELARBSO L3 1. 2Kk & A0
BN ZE 6. 0% (B ED) , WITATETEINO. 4% FREZES. 1%, FaE iGN S. 2% FHEE 1. 3%. S¥IATEE:
LG, CulCHEALFIAE K SN0, 1.5%, 3. 0% F16. 0% B SN 44 F B2 15 553 5 K 44. 1%, 54. 2%,
61. 7% % 72. 5% , F&W /K S3E A SORHE AR 1 SR A0 6 196 24 A 4 il VE FH B i 2, i S A AR
SEPERN B . Kt R L R AP CO MR E s A B [ 18 1(B) ], TERUN IR BB
Bl K S, B COMBUE R T M FRUE M B, 5K E &k o i A K Co,
B (0.99% ) ML, KRN0, 1.5%, 3.0% F16. 0% W Z0E T, SOV e g 5 re Ak 1 CO, & 44 i 2 1
I, FER N IAF] 250 h i Sk R 1. 7% A A . AR RIS, R 1P BRI =Y DMC BEPEE (S)y.)
Bifi K 5 B BB A 91, 19% % 22 88. 29%.

Table 1 Catalytic performance results of Cu/C catalyst and the pH values of collected liquid products

Volume fraction of pH value of liquid pH value of liquid
Initial activity,  Stable activity, =~ DMC selectivity,

Water content(% ) , CO, in exhaust gas  products collected at  products collected
Choon(%) Chieon(%) Spc(%) . -
(%, volume ration) initial 0—15 h at 150—250 h
0 9.4 5.2 91.1 0.99 4.71 5.34
1.5 7.2 33 89.5 1.68 4.70 5.01
3.0 6.0 23 88.8 1.70 4.69 4.98
6.0 5.1 1.4 88.2 1.89 4.40 4.84

a. Methanol conversion obtained at a reaction time of 15 h; b. average values for methanol conversion in the TOS range of 150—250 h.
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Fig.2 In situ DRIFTS of methanol and water adsorption on fresh Cu/C catalyst at 120 °C(A) and time-
dependent trend of methanol absorption bands at 1048 and 2980 cm™(B)
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o, T I T A LA IR AR TR R B, A — BB R R IR BIRR T, FRUE ST 1048 em bR
IS 0 1 2980 e ALk W AT I 4y i 35 B S8 ARG T 55— W vt FH BRI I MR A R B, I HLGIRT 2(A) AT L)
FHHTE 3658, 3528 F1 1640 em™ BT 30 1 I & TR BT A Fry i e e, 35 P £ 700 2 TRT 2 o A FH Pl 7K 4
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TRSE (14 VR DA 0 5 88 K 35— U B Y PR S I IR 0 s B, 5 L [T s 1 2 (A S8 DT i 7 A i i
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T P FH BEAIK 43T 90 min B FHTAH A 00K H BBl ik B o iy, A — Bt ), R EAE AL
1) 2 T 1 2 B P Ak B AR AS L HIRE 1048 12980 em™ Ab Ja8 T FF T 14 MR LA s 543 B 15 55— Y o Y
WA FSF ) 388 3 R AS AR ], ELU R Tk AR I I i 2 . I 20 A0 S22 I, WP 5 K 22 ) A A 3 A I o
IR A FAH HE B B 5 AL 0 B (R IR B RE . S S R S AR RIS IRD T, AT MRl o R ep
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2.3 #EE Cw/C R B Cu/C-x HIRAE
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W . 55t Cu/CAEALFIAH EL , S 5 B Cu/C™-0 F Cu/C™-1. SHEALFITE 36. 5° 40 Y Cu,0 17 Sl i J3 B ik
S, (ER B A CuO AT S, 17 520 J 1Y Cu/C-3. 0 Fl Cu/CT-6. OFE AL FIAE 35. 6° 71 38. 8°4b H Fi
T CuO (PDF#80-0076) 45 EIE , H.36. 5° ALY Cu,0 fi7 St IA s BE 2 F % . X R WK & a5
Ot R Cu WA AR . XA S 0 B

W 58 1 52 1 CulC-6. 0 A A 30 I 50 I F4 WA 7 o saomeo,
DR T 4007 L 45 50 /0 0 0 L 4% 0 Tk 44 == S Y
Cu/C'=6. 0, Fh T3 7 T, , 240 s Eh B A7 i M
V)& TR CAR R i [ Cu,(OH),CO,, PDF#41-1390], X Cu/C3.0 .
TRV AR Cu R 0,45 7K . CO, RN I QueSe__
(19 [ 2Cu+0,+H,0+CO,—>Cu,(OH),CO,, Cu,0+1/20,+ .. U6

H,0+CO,—>Cu,(OH),CO, 12", Jz i Frok & pg 38 i 0 20 30 40 50 60 70 80
FEUR N A CO, M 2, (HA5 A = PR 3 o 20

(%% 1), Mﬁﬁgﬁﬁ[ Cu2(OH)ZCOJf@ﬁ‘ﬁ‘Zﬁ‘]ﬁqﬂﬁﬁﬁfﬁ Fig.3 XRD *patterns of fresh Cu/C and spent
R, I T Cu,(OH),CO, [ 5 2. CHiC s catalysts

R, Cu’/Cu2 Cu/C AL ML H B Aa A e B Ak R iy ) R BE3& P v JEF Ik, 3£ XRD
Tk & 20=36. 57 b 77 5 U4 8 B B 5 1) Cu, O (111) Fh AT R Scherrer 24 3 20 #T Cu,0 AR RSH 9481k
gERL UL 2. B Cu/CAEAL I Cu,0 SRR ST A 24, 8 nm, W i AOAEAL T Sl )R ~F K 5 58 0 i
(4 26. 8 nm BT Z /K & 54 6. 0% B 36. 3 nm. 3 2 Fh S e AL 7 A9 TCP 25 93611, 5Bt Cu/C AL
FIE) Cu B0 11, 3% (8, [ G RN 6. 7% (4380, HBEE K& BB s, G
Cu/C -x AL B Cu 12T T K, K& 58 6% BHEALTIY Cu & i AR, A 2. 7% (5340, ix4h
SRR WAEAE MR T AEAER H Ca PRI 2R . SR FH SEM ARSI 0 115 1 Cu/C AL I 2R TH Cu ot
oA, B Cu/C AL IR Cu JC R 43 A ¥ 5], TR AT S oK B s AR, BN ) Cu/C -« Ak
FIER) Cu PN ) o BPE A SRR (8] S2, WASCSZRHFE ). I MR 2 v N,O i 43 Ir 4 SR 2 W, Ak 7
HH ) Cu W0 1) 43 HICRE B 7K 5 e R HE N 28 1 B, DI B4 50 1) 22. 5% BRAR 2 S i 5 Cu/C™-6. 0 11
10. 1%, RUPENK GRS FE Cu PRI HIER .

Table 2 Effects of water content on Cu,O crystallite size, Cu content and dispersion of fresh Cu/C and

spent Cu/C’-x catalysts
Sample Crystallite size d ¢, /nm Cu content’(%, mass fraction) Dispersion of Cu D, (%)
Cuw/C 24.8 113 225
Cu/C™-0 26.8 6.7 20.3
Cu/C™-1.5 29.1 5.5 19.9
Cu/C™-3.0 353 3.1 12.1
Cu/C™-6.0 36.3 2.7 10.1

a. Calculated from XRD diffraction peaks for Cu,0 (111) crystal plane at 20=36.5°; b. determined by ICP-OES; ¢. calculated by N,0

titration analysis.

SR RSO B 5 VR RS TSR e X RS I ) Cu/ AR RN Z R PE S . 181 475 Y 1 A (GOl
Cu/CAEAR TR BN Rip e 1 42 B0 e SR A TV R 45k 2, EL#R A2 B Ha LRI F 2R, R B e A i
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AT AEAE B S AR FL AN FLAEFA 2. R A | ek A AR S I i ) Cou/CARE A ) 118 S5 T R o fi 2T 75 35
AR—F, FWI A TR H K o A E I AR B i ek
A BRI LI G5 . X Fe e A | S 66 i 1 2
IS B Cu/CAEALRIZ IR 280 (3R 3) B, 11 40HT

g
(1 ¢ B AR 1 L2 T BRI AL 2 5331 1965 mg £ CuC-L3)
0. 621 e/, HUERJ ) Cu/CHEALF ) H R T £l AR
LA, W] Cu PRl 4 T AR 3 [ e ™
FRBONLAE . LA, SIS AT He R L ST
LB S AT R SR R G54 SERTHY 002 04 06 08 10

Relative pressure, p/p,

T, HER TR AL T e SR 2R oK
il T Cou 375 0 ) SR A3 2R 3 B 22 14 e A

Fig.4 N, adsorption-desorption isotherms of C
support, fresh Cu/C and spent Cu/C’-x

BRI catalysts
Table 3 Textural properties of C support, fresh Cu/C and spent Cu/C catalysts
Sample BET surface area”/(m*-g™") Total pore volume®/(cm?+g™") Average pore size‘/nm
C 1965 0.621 2.6
Cu/C 1180 0.441 2.5
Cu/C"-0 1241 0.455 2.5
Cu/C"™-1.5 1304 0.491 2.5
Cu/C"-3.0 1323 0.495 2.5
Cu/C"-6.0 1374 0.537 2.6
a. Determined by the multi-point BET method; b. Barrett-Joyner-Halenda(BJH) desorption pore volume; ¢. BJH desorption average pore
diameter.
) L 8 01 i %o e 8 A Ol i 1 0 S 1 S Y DG
Cu/C i A 55 e B 45 #7288 40 45 #0647 43 4 € T NI
(F1S). 46T 1350 0 1573 cm BHEILEEE) 92 4 e N Apgersn
1 ORI, 4350 DI G % . D WA Hy B cucs N\ 10
TR RBP4 40 (0 5 e, T O Nt
B sp? I O PR AR 302 G e B J5 R s =
* ' N\ Io/l=1.78
D A1 G U4 93 E L L 1/, 2K S A ) 9 B cuc-60 /NN pllel78
JE . BRI (CO Y LI A8 R 1. 76, Bk Cu/C AL 800 ?Oh;@l 2000
aman shirt/cm
g AE> i #AL ) 1] A o) AR
9 ]D/[(’{E?g 1.97, % ﬂ?’f:fﬁ’ﬂfm Jﬁ?]%ﬂj}ﬁﬂ Cu Py Fig. 5 Raman spectra of fresh Cu/C and spent
S MAEAR IR , B AE TR SR, S CurC i o/ catalysts

A7) B R R A A T e B AR T (AR

S, SN Cu/C-x AR R /T AR RE /K 5 B 3 S B AR AR L . EK S &M 0, 1. 5%, 3. 0% FiI
6. 0% MIZAET , NS5 Y Cu/Cra AR /1B NI . 5632 2 TP ICP 5 A3 HriAhy , [ it i rp
DRI W) Cu R, SRR R 2R o 2 sk, B K S a3, SN FEH Cud)
Pl AL S IR , B A5 SR S 1) Cu/C-6. O A A 751 S5t oA R o o e e T Py R PR R

232 k@R #EX H-TPR A TG BRG0S0 ) 4 Cu/C ARSI Cu P81 ) 43
AAEAL(E 6). HEALFRIAY H-TPR #HZE AT 405 3 b i, Hodt a1 JHJE T Cu,0——>Cu° [if )5, B4
& T HES CuO——>Cul (IR 5, y W J& T XA IR A 45 i 25 CuO——>Cu®™. 3 4 LA S5 5
Mr& B, it Cu/CHRALFIH Cu,0 PFh b He ik 54. 2%. SR, BEE K &SRB, KN 5 Cu/C -x AL
FIR) Cu,0 i Ji 0 [T FR 52 BH S AR s Ea 34, [l s 285 A5 CuO W TRTBRURE N 1 493 2 DA 26. 9% B & 3 i =
64. 6%. K B I T BN I AR T A 45 A CuO I8 JE 0 ET AR R, HR N SR Cu/Cl-x
AL FES S I 1. 79 mmol/g FFEZE 1. 19 mmol/g, 28 S b e AL AY Cu S5 i2b . bah,
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TSV R A2, Cu VT (9 SR JER BE B K O Dispersive i
BRI 2 B R TR (F 4). AV T e M
ColCHIALH, ARIRK A 4T RN IS i 0 3 ~ LS
L ) TR, K A W5 T Cu o
Tl 5 5% U 1 4 LA . R R Cu/CT-3. 0 Fl ) ESB o
Cu/C-6. O AL FIAR B T 2 0I5 Cu/Co-1. 5 AL | 361% 8 Lam35% o 5
Cu 1R 4 6 SR FEE W A7 1817, 6 3 %50 L Cu | a0y R STy
PRI B . HL 7 H 7 BRSO — A W 38 T 2% LT
VIS Co IR, A5 SR B [ 1 5 e

= v N — 90 180 270 360 450
AR AR HAEAR T Cu/C W JFREE . [FlE, A1
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)‘@1§4ﬁ Cu Py E?*J4Iﬁ%ﬁm‘¢it - OPHUEEREAR, el Fig. 6 H,-TPR profiles of fresh Cu/C and spent
HB A CuO HYI IR SE R K Cu/C’-x catalysts

Table 4 H, consumption from H,-TPR profiles and XPS fitting results of fresh Cu/C and spent Cu/C’-x catalysts

) Binding energy peak area of surface
Peak temperature of H,-TPR/C

Sample H, consumption/(mmol -g™") Cuz,;3,2/a'u'

a B v Cu® Cu’+Cu®
Cu/C 1.79 219.5 286.1 358.3 7066 13477
Cu/C™-0 1.43 205.3 250.1 300.9 4753 6220
Cu/C™-1.5 1.41 193.4 229.6 285.3 3502 3101
Cu/C"-3.0 1.27 199.9 236.3 286.7 2686 1362
Cu/C™-6.0 1.19 204.7 2389 303.7 2263 973

7 (A) B XPS i /R, 5T EE Co/CAEAERIMIEL, SN S5 Cu/Cx HEAL TR Cu,y, 1945 4 RE G TR
B Sk 55, FLBE A K & B 3G 0, Cu P9 Fh Y 25 & RE W 8 B BRI, 33X 2 i F Cu 0 B 1 98 2% BT 2L
15 1CP &5 R — 5. B fif 19 A1 NS 1 Cu/C LRI BY Cuy, ) XPS 1S 2 U5 45 R ILIEL 7(B) , I8 24
932. 8 eV FAL B FLAYZE & BEIE T )E T Cu®+Cu’, 1524 935. 6 eV 40 IR A 16 )T & T Cu'™. 3 fif
Cu/C HEAL T FR Cu®+Cu® A4 A T 5 48 35 3K 65. 2%. Bl K & i hn, S R Cu/Cr-x i 4k 77 26 1hi
Cu+Cu" 145 & BB T AT A 40 & i S I I 3« 56. 6%>45. 5%>33. 6%>30. 1%, T Cu® 454 eI
HFUE o> A R 2, X AT RR SR T Cu’+Cu B 48k Cu™. (EAR IR A, B 7(B) b5 AR i
Cu> 45 G REVE IR 4 te BT, (H3E 4 rh A5 & BEAY 4 Xp e 1 FLEE R A 3 X2 RN IOV IR Cu/Co—x
PEA I ZRT Cu & R AR TR

A) Cis

(
Cuzp Cu/C O
N_,_CJLC”_-M
Cu/C-1.5
Cu/C-3.0

1000 800 600 400 200 938 936 934 932 930
Ev/eV Ev/eV
Fig. 7 Full XPS spectra(A) and Cuzl,y2 XPS spectra(B) of fresh Cu/C and spent Cu/C"-x catalysts
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2.4 KFHEUFI IR REIR N
ANTRD R4 S AR ) B TG P ANRSE TGk Y S AR ANTAT 8 Firais . B /K 2 i s, W dp b itk SR

SE TR PEHS R I e . TFIT R, MR RN - - N
(1 35 2 3% 4 10 05 A 26 1 77 2 95 KR U i g 1 ey S
B, SR BOR B RO Cu/C A A0 B o 1 o T Selerh
IR 7 1 P WK S 5 0 SE0 i 28, % B RO 3 5 15 S

0.909. WK G RNOBINE 6%, JoEhhiatis | 4 \\\\k\\\ﬂ

I PR S 2 A R BT O 4. 66 H1-0. 43, FE 5.

VEAE E R B RS K 4. 17 F1-0. 40, W12 S BIA YL 028w 168

2 R AIEAAR N, EREAT . 458 1 (A) RYSEE R 6
BRI LAAE 208 AR ) R L ) 45 1R pA L 00 i Water content(%)

,@ I},@% 7k/a\§ E/‘J i j]nﬁzﬁ—lr I;% % EE *H IﬁJ %_‘3' I @ E/‘J ; Fig. 8 Relationship between water content and
TEARIA K Sr B4 PE T L 0T b R T initial activity

22 AT RE R KB R AL AT A28k S8 5B T 5 RARSS AT, FEAAR] A B 1o i
[, KB BN Co/CAALT IR IRTE T 2Z [ 122 5, EZET /K5 W1 (10 58 S Bt 5 i
FEB K RAMT, MG 16 M S ha e 16 Pk 2 1l A S 28 22 5, D)0 DR AR G A 751 A 305 1k 41
O3 TEAREE G B e bE ™ A AR A5 . WF9E 3R, Cu/CARAE R Cu®/Cut R AR i 10 Y s S A Bk
FEAR BN Y T BSOS SO A Y Cu/C AR AE K SN 0 & F R, AR LR Cu S
(11.25%, JEH53%50 H Cu/Cu™iEEYFR  F5(65. 2%) , WIHATEYE N 9. 4%. SR, BiE VL&
Y, HASEWEVERE 2 5. 5%. 1CP, XRD DL i & S RAELE R HHAEY], 7ER™ YK COo, AL [F/E ]
T, W Ca LA Cu,(OH),COJE ™ FE iR, SBU G B Cu/C-0 ALY Cu & AU K 6. 66%.
FR s Kk i B3 2 R Co PRI TR R, MK B iR 6. 0% B, O Y Cu/C'-6. O AR Cu &
TR 2. 72%, WFIE G W 098 B TEPEAUH 1. 4%. SEM FIN,O 4 & 45 R — 3R W], B /K& iy
T, SN R BE AR Cu MR R AT SR, T8 B UKL A S5 R AOIR A SR AR AR . X Rl AT SR I G 0/ T 2%
FEAE 210 A TE PE Cu/Cu Py Fh A ECEY. XRD 1 XPS 45 B, /KR 23 hn i3 1k 2H 43 Cu/Cu* 8 AL K
Cu™, 56 1E 1(C) (BT Cu/CAHEFL IR HT SRR A AL CO AL AE BT CO, TE PSRRI, Cu™ il fk CO %
AR CO, ITEE R T Ca®/Ca Il CO,LAE iR 136 2 StE— 25k T Cu PR 2%

R AL A JE A b & 1 DMC AL 38 DAk B 2 0T A T 1 P 0> Cu®/Cut I 2% A W B A 35 A
FRAE LRI (CH,0) , BEJS CO 434 A AU AR B Hb ] 74 B A AR R AR (MMC) L #5eJi MMC 5 55 4k
) PR ISR T RO 2B I DMC. BRS8N, Cu®/Cut i/ 43 B3 S 30 B T3 2k rho o (9 FR s /b, =22 05
AL CO i A B S0, EBUEAERITERE T

. R o 22 9 0 K Bl e MO
FARAIE T ECHEE £ (19, 76F Cu/C A 78 10 1 e 723 mmols

ik v g ZE AT Uy LR bk et 5 B 4 55, 26 B i Cu/C
A £ ) X FE i 4 O o R R, B K o R B 4 Cu/C™-1.5 1.47 mmol/g
T, ok e B 5 B 20 T 1 5iE O T RRUE . TN TR —J\JJJJJJJJJJL—HJJL

Cu/C-3.0 0.39 mmol/g
I I ) Cuo/C-x AR, AT K5 380 0% AT L. 5%
AR B — > ko o B 5558, K HEIAF 3.0 S L Cu/C"-6.0 038 mmol/g
I, 25— koide g s, FLIS 2204 Dk ih e sie B2 L
A AL R A S PR B RS E . R E AT R, B 0 10 20 30 40 50 60
SO HEAT PR B M G A AL R Cu/C Y Time/min
3. 02 mmol/g REARG 28 52 W 5 Cu/C™-0 114 2. 23 mmol/g, Fig. 9 Methanol pulse chemisorption of fresh Cu/C
LK o B 0BT 6. 0% Bt . S 13 JE 19 Cu/C—x and spent Cu/C’-x catalysts
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AR 4 B R o6 DA 2. 23 mmol/g 38 I 2 0. 38 mmol/g. BT , AKFE SO B2 H AR R Y
AL . FETRHE L ML A CullCu A R RIS, ETTIISS T i A B R MR 7, L
SRR K G AL | ARSI S e AR, AT S50 56 7 S B 2 % 5
i, Fe 2 P EAHEA R TR P S AR E TR

3 &

SR FRA AR Cu il 5 1) Cu/CAHEAE R, 2558 T IR BEP /K 5 52 (0, 1. 5%, 3. 0% F16. 0%, 1AF
O30 X B B AR FLAL A B DMC S PERERY SR . 5 /K &5 N O8I 2= 6. 0% , AEALFR AA00 4 175
9. 4% B 3E TR 5. 5%, I HIHFE RN 5. 2% FEAK 3 1. 4%. i1 %S SEIHRS I & B, @
FEY) CO, 1 A B B K B B A BN I S BT AR R IR B B, JEURL R EE S K 4 T R AR TR, 7R
Cu/CAHEAE T T B 4 B, K A3F- 0056 o5 3 Cu dl vk s, 2> 17 5 07 40 H 5 36 Cu 0 22 1) )
Hefol, DI ELEE PR ID ] T RN ARG & 1 . B RO RS T, KA IR 25 AL 7] — R 51
AR AR . RONAR B K L CO, AR W 4 O, AL FIE R, AR 15 Cu MRl Ak TCAEAL 15
PERY Cu,(OH),CO,. T SEHE RS, BIF=4) CO, IR T /KT Ay BR L 15 5 350E Y Cu, (OH),CO, KA 3
fift, XS PE Cu R AR RT3, N RT3 /b TG PR R R B . 1CP 45 5 B R Bl O 11 2
1T, W MWHTEEAL TG 11. 3% [ 2 2 i J5 Cu/Cx AL 6. 7%, 5. 5%, 3. 1% F12. 7%. BLAk, KI¥)
FEAEINRE T 15k Cu By Rl B AL A 3, BRAR T Cu®/Cut B9 T3 43 & HE R Cu BRI 0 20 B . Cu R AY 37
I SR AR PR SRR B T BOE TR R A B I, 05 T AR R SO 4 R B W R RE T L R
SRR PERE TR . (A R0, 2 X BRSSO 5 Ry H 48 R 43 CO, SR IE T Cu PRl AL Y
COEAS N, H Cu> MR e I I 13 Fh 22 300 HE Cu®/Cu B B BTG 1 . 33 AT B2 /K 2 b i : 3% CO, 26 1%
SN SR . TN CO, FBUNAR R 1Y pH AR SE— P BE(R T Cu,(OH),CO, IR R L 7R , i fi
U SN

¥ 1z & L http://www.cjcu.jlu.edu.cn/CN/10.7503/cjcu20260045.
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