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Cu( 1)/SO; /ZnO #0 Cu( 1)/S,0: /Zn0O
LI H & 5 RAE

F %, hiEW, HAS
(RIS T IR S HOR B ML P98 T S0 %, KR 030024)

HE  RARBEXTER 200 2305 HF: H,S0, FI(NH,),S,0, HHALH, #1457 SO2~/Zn0 18,02~ /Zn0
RIR. 38 i AR B T2 Bk 45 T Cu( 1 )/S027/Zn0 F1 Cu( 1 )/S,027/Zn0 BiFpHEILH], IR H XRD,
FTIR, TPD F1 TPR %:#:4T T R 4E. W54 B2, B H,80, F(NH,),S,0, ¥ W4 5118 35 4 3 & I
Zn0, 253 500 ~600 C R BRI SO2™/Zn0 M S,0 /Zn0 FRRRE T T Zn,0(S0,), Y,
py-FTIR 550K, W HA B R0 A L Ry, #F—25 09 NH,-TPD 585 R B, il & i R NH,
JBL T4 L BAE 543 C T, JB T B EARR. S50 H1IACh, BT SO;~ BFIM L FiESEH, so;- Al
ZnO JERFF B R =242 T B IR0 LR L, 1 HE SR R Y R A R PE. SO /Zn0 FI
S,0;™/Zn0 BRIR 5 CuCl FE17 B F AWK 4 #9 Cu( 1 )/S0;/Zn0O F Cu( 1 )/8,0;/Zn0 fi AL 5] A9
Cu( 1) 5 TiRJg, Xt s A B A 5 a2 — H K ( DMC) € 9 L0 B0 v T 36 PR AN e 361, DMC b 454424
98.3% , RZSICRATIAE] 1.9 g(g - h).
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AR MESCHR[ 9,11 ] BY 73 T H,S0, FI(NH, ) ,S, 0 i WAL BRI E ) Zn0, 158 T SO2/Zn0
H1S,0;”/Zn0 KRR, SR )5 LA EVARR Ry ik, RS S8 ik il 46 7 Cu( 1) /S05™/Zn0
Cu( 1 )/8,05 /ZnOPIFPMEALTR. X T il £ 19 AR R FRA#E 4R 64T XRD, py-FTIR, FTIR #l TPD Aik
J& , AHZERRR R O LB HEAT TR BT, TR B & Y Cu( T1)/S037/Zn0 Fil Cu( 1)/
S,0;” /ZnO #EALFIFE CH, OH 4 AL FRFEAAE AL A B DMC 19 S BTG PEEAT T 3FAT

1 SEIEESY

1.1 RFSNEE

ZnAc, + 2H,0( A. R. 9%, KEET R AFA RAF) 3 288K (GB50172-92, Hifil); NH, -
H,0(A.R. %%, KJFEALAE) fb2A5)) ) ; H,S0, FI(NH,),S,0,(A. R. &, KERMERAL A7 I &
Fr) ; WERAR (AL R. 2%, KALEMA R TARZE ) ; CuCl(A. R g, KREtmifbzakn =) N,
0, (4 99.99% , 99. 8% , KJFATHIHEILAFFSMEARAF) ; CO(LE99. 9% , ALt &b /AR Tl
HBRAF]) ; CH,OH(A. R. 9%, KT CERML T,

D/Max 2500 8 X HHEATHML ( H A Rigaku 2371 ) 5 Autochem 112920 %94k 2208 FfFAY ( 38 [ Microme-
ritics A1) ) ; FTIR-8400 FILT AP ( H A Shimadzu A H]) 3 FTS-165 % FTIR Y63 ( 26 E Bri-rad 23
) ; HP-6890N B A1 ( 26 [ Agilent A ) 3 WDF-0. 25 %Iz ) 48 (Jii A 45w S A BRA A ).
1.2 RETTE
1.2.1 #EAFEH A H ZnAc, - 2H,0 FIZEEKEIFE 0. 1 mol/L 4 Zn(Ac), KW, fEBEFERI A1
AN 0.5 mol/L MR /KIEIZE pH =9 ~ 10, Mtk 24 h, ik, FHZEMKBEYE 3 K, BIEDET 105 €T
$ 12 h, fHETCEIE Zn0; H 0.5 mol/L IIFRERLAR | i BiFRE IR IE IR 10 mL/g ML LR B2 Y ZnO
12 h, 308; KuEPFT 105 °C T4 12 hy REESHP T —ERE T 4 h, 153 SO, /Zn0,
S,08™ /Zn0 [EARR. R FH SCHk[ 12 ] 7 2 R ER IR AL 4E CuCl; S BB SCHR[ 8 ] I i — E L L% CuCl
F1S0;™/Zn0, S,0;” /Zn0 F357E N, KA R b B p FHR, FHEE A 2.5 C/min, B F 235
TE 550 °C, sCHentIa] 4 h. K5 RE S R A B G S BHRAAT, 52RO N FEfE ZEAY Cu( 1) /802" /Zn0 Fil
Cu( 1)/S,0; /ZnOfEfL 7.

1.2.2 @#EAAFBHERE XRD RAMEH] Cu Ka FEGTIR, &L 40 kV, U 100 mA, 3
8°/min; NH,-TPD RALFE 5 F e 40 mg, AR ECH 15% %R-85% ARG MW, T 3 %
10 °C/min FEFFBER; H,-TPR FALFESE A 40 mg, FIRBIECH 10% R/3-90% WA AR,
PUIFHE R 10 °C/min #EATHLR ; Py-FTIR AR A EAE 15 mm, JEE 0.1 mm, Hix 8 ~13 mg H 7%
A, R 4 em™ ) FIREREC32 /R, FHF FTIR RAFMIAES 5 KBr #5218 1: 6 19 & HOIR A B R TR
A, 7E 400 ~4000 cm =~ JEC R

1.2.3 KN M FH  BL100 mL CH,OH #13. 0 g ALFIE TRV M, #5218 CO F1 0, (AR &
b 2: VLRGSR, VR TI N 3.0 ~3.1 MPa, NIREEHR 120 °C, RHFIE] 2 h. [N 45 o5 43 2 WA
PR, R AR R R

2 HRSHE

2.1 SO /ZnO #1 8,0} /ZnO #HIKRIEDHT
FIL(A) %5 T il £ (1) SO, /Zn0, S,0; /ZnO P F 8 PR R 7 A [A] 4% b i B R 19 XRD 3%
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Fig.1 XRD patterns of carriers at different calcined temperatures
(A) Scanned from 5° to 85° of 20; (B) magnified of (A) from 5° to 31° of 26. a. SO~ /Zn0, 500 C ;

b. SO~ /7Zn0, 600 °C ; ¢. S,03~/Zn0, 500 °C; d. S,03~/Zn0, 600 °C.

B 1(B) A 1(A)FE 260 Jy 5° ~31° X[ AR R E. B 1(A)FMH, SO /Zn0, S,0;™/Zn0 FELILE f

FER T ZnO M5 SARL B T 20AE AR 5 Rl PIRPRARI L T Zn,0(S0,), MviARfT g 7. M

gh AR AT ST A, BTl & A S,007 /Zn0 HIAR A Y 4 AR W o T AR TR R A& B SO% T/

ZnO BIEEAR , JEARIR BETE 500 ~ 600 °C i P [F]— 241 Zn, 0(S0, ), 45 BT A2 fk[ WWET1(B) 1.

(NH,),S,0,7Ef T 60 CHREE T IFATRE, HHeHM(NH,),S0,, RN (3) s, FiE R

JERR R, (NH,),S0, 1 H,80, 2055 TE Zn0 FEAT RN, #8504k R Zn,0(S0,), Yifh.
(NH,),S, 0 —A>(NH4)2504+502T +0,1 (3)

K H,S0, S FREE R SO, /Zn0 B, i T#83 TCETE ZnO AT LU H,S0, & AR Fl
N, Ak ZnS0, AR, TR 20% Zn0 WIBTRHI ; WLA(NH,),S,040 S Hifil# S,0; /Zn0
BARRES , ZnO FRE SEABARIL. XPS RIMZIMITR g5 &M, S JTELE SO, /Zn0 F1 S,05™/
ZnO FERFR I EE R 938053 0 R 3. 5% F1 4. 2% . 16 EARTR 1) ks be A b B R v, S ST R TR 8 ™
&

2 A MERERRER 4> T2l ZnO |, FEARBR AN Cu( 1)/S02 /Zn0 HEALFIK) py-FTIR FAELE R, [ 2
1447 em " I BLAYTEIE T E T Lewis iR 55038 W BFF it e A SUBEIR 04, 1489 em ' HIBLAGTEIE TR T
Bronsted iR, 1608 cm ' HELAYIEIE TR T 5 MY Lewis BR°', SO;/Zn0, S,0; ™ /Zn0 FEARFRAG M 5]
) 1540 cm ™' Bronsted FRFFIEFESUEIFAB . JETE Zn0 7 600 C FA55E4 h J5 1Y py-FTIR W55 45
KW, HTAE 1489, 1608 cm AN I AR K INA IRBNIE, FrLIH: 1447 om ' BN IR 20 06 0 IH &
W BEF I E A R R S04l el T, ZnO FER A SOLT AN S,05 IR AU BL R A PR A AT AT iR
i W, #i H,80, B (NH,),S, 0412 Wi TE L Zn0 K Befsb BiS 27T LIBUE Zn0 TRYE, 14
B B B2 M L iR, FTIR FRMEFRAELGE LR, 600 CFAGkE 4 h (7 SO; ™ /ZnO 3 2 [ 44 55 3 4 o ol 48 1)
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Fig.2 py-FTIR spectra of pyridine absorbed Fig.3 NH,-TPD profiles of solid acids
on solid acids at 600 °C at 600 °C
a. $,037/7n0; b. SO;~/Zn0; a. SO3~/Zn0; b. S,02~ /7n0;

c. Cu( 1)/80%~/7Zn0; d. 7ZnO. ¢. Zn0; d. Cu( 1)/S0%~ /ZnO0.
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Cu( 1)/S0; /ZnO #ALFIT) Lewis BRFIl Brénsted FRYR 2006 I 8055, H o Bronsted iR ik 30 16y 55 5
B, 3350 A B 2 R i T AR R 2 (AR, T SO2~/Zn0 F1 S,03™/Zn0 [ AR ey iR Ak i i
FEhPEREE S TEE L SO BRI, L, 7E 550 °C i T By KR 7 et #irh, S02 sk &
2 Lewis BRI Bropnsted FRIKFR B 44 FrkEAL- "), FEF, BT Cu( I )5 Brénsted FRIEFT AR T35,
A 535 Brénsted BRI LT 58 471 45

XA 4y ZnO . AR A1 Cu( 1) /S0;™/ZnO fEALFI HEAT NH,-TPD FRAE (& 3) &P, 4i4]43 Y
ZnO WAAEAERYE ; SO, /Zn0 F1 S,0; /Zn0O AR Rk X 543 C MBS 3 T NH, R0, vii]
XA AR ER (R AR =, (HRRE R/, BeAh, B 3 i nT LUEIL, M F SO~ /Zn0, S,0;”/Zn0
AR AR A7 ks e, T ELIATE 607 °C B T #5519 NH, BRI, X Cu( 1)/S037/Zn0 fi
PERN B RAERFFE LB, U EAE 543 °C BFHIT AY BRI 2 2 W S s/, 2 A AR B e e ) ad A 4 3
BRI R R R [AIG ; k4N, Cu( 1) /S0 /Zn0 #EALFILE 607 °C VAR, HBLHHE S T g2k Tk
WA 220 WA 2245 5 o0 et i, XA T TE— 0o

SO;” H&mEY M, 0, Z R 4s &I T 15 (A) (B) (©
GURE 4 BTR3NS RO
AL (B) AR WL (C) 5 02 /M, 0, Bl N, N o\,

MR T R B T S02 - X 52 M4 R T E
M SREUE TR, B RETE Bk B BRI L FR 0.
Yang %R, SO; - (R 4 @ Sl e 78 [ AR S 5 SUELA7 IR FESCIX AR ¢ 1240 ~ 1230 em ',
1125 ~1090 cm™',1035 ~995 cm ™' 1 960 ~ 940 em ™", AJ 43 BV JE NEEHFHY S = 0 X5 S—0
G, MAFREAL IR FESCX AR 1195 ~ 1160 em ™', 1110 ~ 1105 ecm ™', 1035 ~ 1030 e¢m ™' H1 990 ~ 960
SO; /Zn0, S,0; /ZnO [EARER FTIR EWE 5 iR, 1626 cm ' FFAFE 0 AT T J& T8 5 5% 17 19—OH
PR, X IR B Ab BES A 2 R % B T K I—OH %5 470 em ™' $RAF I AT 98 F Zn—0—Zn
SH A A RIS | TG 622 em ! WUIR AR Ry SO, - AR BURRAE PR sl
Tang %%t SO;~/ZxO B HESRIRIEAT T FT- 8 983 1306 1619
IR F1E, K SO2- 5LI4MEi% 900 ~ 1400 em ' 1y | 1oo | '
SO JE T S — O BEMMARFAE R, SO3- 5 Zr0 201 |
ZIAEAEA 2R 44072 I 2 v 984 ~ 1306 W
em ™ EECEIRNERTIHE T SO, 5 Zn0 EE AT / \ i
S8 VR 24 o7 25 H B M 4R B, 1110 em \“kﬁﬁ/\;:ﬁ%:h
200 4II}U (}II]I[J Kll)l) IUI{)U IZI(]{]IH;JU 1(>It:}t1 18{](:)
#lem!

PN IR BN JE T A ALY A5 S,05™/Zn0 7
1221 em ™" PEE PR B4R SO /Zn0 IR A 11,
XEH TR W E TR R D E E L2 A4 Fig.5 FTIR spectra of SO; /ZnO(a) and
Fy; e Ah, NH, B9 REAE M 0 (1399 em ') FE S,02"/ZnO(b) at 600 °C
S,05™/Zn0 ) FTIR 1 EIMPE 29K %, XKW (NH,),S,0, © &5k
Zn,0(S0,), YFTE H,0 75 FBAE NI IHIE S an & 6 (B) Fron B9 me oAy R Hovb i 432 i 4>

Fig.4 Binding models of SO}~ and M, O,
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Fig.6 Structure patterns of the solid acids
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SO} W Zn T [ B 6(B) L], lF223 S0, #EIEFIER, WEM T Lewis BRH L, [FIBS 7R NG #E
BB H B[ B 6(B) H BN Brnsted FRHL, 55 —hY O JRF[ B 6(B) o B/L]5 H Z5A 1)
BIJE W Brépnsted B2 0, HEAK Zn JEFAHIERE AL Lewis FRH.C. BT ZnO & JEITER Zn HA R
A H 2, Bl HIE B B A AL L5 [ K 6 (B) 128 ZnS0, , %A L L B BRYEH L.
2.2 Cu(1)/80; /ZnO 1 Cu( 1)/S,0; /ZnO fE4LFI R1E

B 7 25 T ORI g N AEAR TR E XRD JEE, FaR R meo/ M <0. 5 BFEARA I E] CuCl
AT, BEIALE ER 43 CuCl SEUATE N, SR T T 550 °C | 4 h RIS A AL T IS B 28, Fa
1) CuCl AL L 4 s ke, BIVAS 2 s W BT 75 2208 Cu( 1) /S0;™/ZnO F1 Cu( 1)/S,0;™ /Zn0O
HEALF]. T2 3 CuCl #ER L ISEM, S mey/ Mo = 0.5 BF, 4 h (3830 (8] JE ik 58 2 il R 28 e
9 CuCl 58448, IMIZER 7 Tl LAWEEE] CuCl AR HERT S, X Cu( 1) /8,03 /Zn0 ANt 2 it
FEGEAEFIES T XRD 5% E o] LIS 2 AR 4538, Fra IR B9 XRD 335 & FR 34 R AT 2] Cu, O
1 CuO FRIERT G, S5A 1 6 R oM AR B, nlHEm ARG L5 Cu( 1) 5 SO;™/Zn0
M1S,0; /ZnO JEIL T W 8 FiR LA 9).
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Fig.7 XRD patterns of Cu( I )/SO; /ZnO catalysts Fig.8 Structure pattern of major active
Mect/ Meamior: @ 1545 b 1:35 ¢, 1:25 d. 2:3. species of catalyst

SCHR [ 18 ~22 ] 2 T8 A4 4 5 Ak 5 ) 5 A AL
F IR IR FE TE 120 ~800 CHE[IN, HMM A | Fifs
Wt )T 2B i 6 D5 ik Ha SR S e AR . %
Cu( 1)/8,05™ /ZnO HEALFIFILF R SE40 5 W kAT
H,-TPR RAEA 45 RGN &1 9 Bz, 4liZH 73 CuO Al
CuCl 34 JF IR B 5 3Ck [ 18,20 1 4L, 433311k 200
F1580 “CZifi, Richter 5513, i1 T CuO if )5
T B2 Cu( 1) —Cu( 1)—Cu By, FTLLHIA Temperature/'C
JUE A A E*i@ﬂ‘]ﬁﬂ@, VNS AW Cu( 1)/ Fig. 9 H,-TPR profiles of copper-based compounds

1

1 1 1 1
100 200 300 400 500

8,05 /ZnO fEALF] H,-TPR 3% K IfJC ARG H L, and Cu( I )/SO;~/ZnO catalyst

Cu( 1) By JIgE; Cu( 1) Ak U R 2078 400 a. CuCl; b Cuy0; e Cu( 1)/8,037 /700, meyy/
CHA, b Cu,0 Fl CuCl H11 Cu( I ) Zb IR, Al My =173, the carrier was heated at 550 C for 4 h;
W, Cu( 1)/8,05 /Zn0 fEALFIHF Y Cu( 1) 138 d. Cu0, A.R. grade.

JEPEAS B AR .

2.3 EALFIEEEE DMC #EL TN

WM 1 PR, ERNZEMT Ca( 1)/S0; /Zn0 AT AL | BB PE R 2 PR b5, /s
#7T10.6%,98.3%M1.9g-g ' +h™", Cu( I)/S,05/Zn0 ALFIRZ , Wi DML IS P I B4
F CuCl F43F 0 SR A4 SEAAL ). 76 CO AN O, DABEIREL 2: 1A AR, 1T CuCl Y Cu( 1)
B A Ca (1), WEAFRAER VTR, 1 B AR R s, st 2RIBE A%, 2 h 0
RN R A 4.5% . Cu( 1 )/HZSM-5 Ml Cu( 1 )/HB MR AL A e #EME A BT 91% , 5
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Cu( 1)/50; /ZnOFI Cu( 1 )/S,0; /Zn0 #HLL, FIH MHEALENETEE. KR, Cu( 1)/50; /
Zn0, Cu( 1)/8,0;"/ZnO RSN AR BN I B 0 B4 AL P ST AL ).

Table 1 Contrast of activity of the catalysts”

Catalyst Conversation” (% , molar fraction) Selectivity”* (% ) Space-time yield ?/(g+g=' +h~")
Cu( I)/802" /Zn0 10.6 98.3 1.9
Cu( 1)/8,0%~/Zn0 9.2 97.7 1.4
CuCl 4.5 93.6 0.8
Cu( 1)/HZSM-5" 9.0 90.9 0.4
Cu( I)/HB 9.2 65.1 1.0

a. Reaction conditions; 100 mL methanol and 2 g catalyst at 120 C for 2 h with constant pressure 3. 0 MPa of flowing CO and O,
(molar ratio =2:1) in a 0. 25 L stainless steel autoclave; b. preparation of catalysts referenced of the literature [ 12 ] ; reaction time 4 h, catalyst

5 g; c. based on methanol; d. based on DMC.

WrsE s 3R W1, 8 AR R R B8 i X Cu (1)/8057/Zn0 H Cu (1 )/8,057/Zn0 i 4L 5
(Mee/ My = 1/3) FIPEAL IR PEEMAAL R, 75 450 ~ 650 CIURJEIE B P, Bl B AR B e 1 T
Cu( 1)/80;~/Zn0 F1 Cu( 1) /8,05~ /ZnO AT S0 1 M 53 I Js BEAR, T4 R 5% e T B2 4K T 500
CHAE T 650 CHE, P A SN TG A B BRI B beil B 550 CH Cu( 1) /8037 /Zn0
PR AL IR PR B s s Cu( 1) /S,0%7 /Zn0 MEALFIZERS BT EE Sl 600 °C I HEAL 77 A Ak 376 1 ik
Fferm. XK, 550 ~600 CHYKTHEIREE T [E R RR BENS o KRR HIE i ZnO I =CRC 02 254, I BAR
BT RRIENIAETE, FTLA, [RRR i SR Pl YE I A 550 ~ 600 °C.

Cu( ) TR XTI RCR M R 5 25 R, /Mo =0. 5 BFEEAANT Cu( 1) W HEED
ZRATHRAURE, IREEC L (B BT 1: 20 CuCl MELASE 45 R 2 (K 7) , BRAFTEMEALT T i)
CuCl JC i FUSE 2 T 2% SR GE PR A AL BOR RIS 23 3 s &5 B ik, I S50 qie Ak 0] A e
. WFFREIL, meo/m, e =0. 5 B H 45 B ZS ) CuCl S50 DMC/MeOH BUEREPEMEA I, 4k S
F DMC 23 P2 3R A FEAG ; HAE B T CuCl A B4 MeOH 4k DMC BB AR, FT LA SR R 1
A4y CuCl BIBE TG A TS, FTLL, meo/ Mo = 1/3 NERAERCLE, BCAE R AL AT DL f R 1
PRFF Cu( 1) Mtk , [ RN £EME RN DMC Y28 7= 3 fe .

3 4

FA# H,90, 8% (NH,),S0, BEEAFICE Zn0, 23tk 5T 550 CHYPEBE | w I3RS B
A BRI BARTR. % R R O AR B 454, A2 80 4w e A B0 BRI, BT HLA A
Ol 2 4B S A TS BN S B s 7= A M. CuCl A1 SO;™/Zn0, S,0;™/Zn0 %
DA 3 B B 24 T LA 6 e R R v i P ) PR VR AR P B ST A5 L DMLC A1
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Preparation and Characterization of Cu( 1 )/SO; /ZnO and
Cu( I)/S,0 /ZnO Catalysts

LI Zhong™ , HUANG Hai-Bin, XIE Ke-Chang

(Key Laboratory of Coal Science and Technology of Ministry of Education and Shanxi Province,
Taiyuan University of Technology, Taiyuan 030024, China)

Abstract Two novel solid acids of SO; /ZnO and S,0; /ZnO were prepared by impregnating H,SO,,
(NH,),S, 0y solution respectively on amorphous zinc oxide and calcining at 500—600 °C, and then used as
carriers to prepare Cu( I )/S0;”/Zn0 and Cu( 1 )/S,0; /ZnO catalysts via solid-state ion-exchange. The
solid acids and catalysts were characterized by XRD, FTIR, TPD and TPR. It is observed that Zn,0(S0O, ),
was formed during the preparation of the solid acids, and both of Lewis and Brénsted acid sites were formed
on SO;/Zn0 and S,0; /Zn0O. NH,-TPD shows that both SO}~ /ZnO and S,0; /Zn0 were very strong solid
acids because the temperature of NH,desorption peaks were above 543 °C. Tt is suggested by molecule struc-
ture analysis that the form of acid sites is due to the strongly electronic inductive effect of SO; ™, the bridge-
coordination complex of ZnO and SO;~ causes the formation of Brensted and Lewis acid sites on the surface,
but the chelate-coordination complex of ZnO and SO;~ has not any contribution to acid sites. Prepared by sol-
id-state ion-exchange with the solid acids and CuCl at high temperature in N, follow, Cu( I )/SO;/Zn0O and
Cu( 1)/S,0;” /ZnO catalysts, in which Cu( I ) was easy to be reduced, showed an excellent catalytic be-
havior in the oxidative carbonylation of methanol to dimethyl carbonate (DMC). Both of the catalysts showed
high catalytic activity and selectivity: 98. 13% selectivity of DMC based on methanol and 1.87 g/(g « h)
space-time yield, respectively.

Keywords Solid acid; Heterogeneous catalysis; Copper-based catalyst; Zinc oxide; Solid-state ion-exchange
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