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Dimethyl Ether Synthesis from CO, Hydrogenation over
CuO-TiO,-ZrO,/HZSM-5 Catalysts

WANG Song MAO Dong-Sen’ GUO Xiao-Ming LU Guan-Zhong

(Research Institute of Applied Catalysis, School of Chemical and Environmental Engineering, Shanghai Institute of Technology,
Shanghai 200235, P. R. China)

Abstract: A series of CuO-TiO,-ZrO, mixed oxides with different CuO mass fractions (50%—-80% ) were
prepared by co-precipitation and characterized by X-ray diffraction (XRD), N. physisorption, temperature-
programmed reduction of hydrogen (H-TPR), temperature-programmed desorption of carbon dioxide
(CO.-TPD) and hydrogen (H--TPD), and reactive N.O adsorption techniques. The prepared CuO-TiO,-ZrO,
samples were mixed physically with HZSM-5 zeolite to synthesize dimethyl ether (DME) from CO,
hydrogenation in a fixed bed reactor at 250 °C, 3.0 MPa, gas hourly space velocity (GHSV) of 1500 mL-g™"-
h™', and volume ratio of 2.8 for H, to CO.. We found that the conversion of CO, increased with an increase
in CuO content, reached a maximum at a CuO content of 70% and then decreased. The selectivity of DME
increased with an increase in CuO content initially and remained essentially constant when the CuO
content was 270% . Thus, the yield of DME reached a maximum of 13.2% at 70% CuO content. The
productivity of the oxygenated compounds (including methanol and DME) on the CuO-TiO,-ZrO.,/HZSM-5
catalysts is closely related to the metallic copper surface area.

Key Words: Hydrogenation of CO,; Dimethyl ether; CuO-TiO.-ZrO, mixed oxide; Zeolite HZSM-5;
Bifunctional catalyst
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[ 25 R CO, IE 51 At 52 1 6. CO,
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CO, 4345 FH IR AL 2% S R RE, SURT U ¥ CO,L 1)
IRBE G G ) {5, 6 T AR 20 B 1) e e R RS2 LK
TR RR S R kg 1) LA EE B )

T e A AL TR IR ATE ) 2 COL N & H 2 1) DME
FEORTF I I O, LR F B A 770 o H PR ik
TR 2E 5 R I A 4 43 2 A i R PR XU R A
A H AT, K2 ESCHR TR ) e fE AR
PR 25 TG 1 A1 43 FE AT /2 CuO-ZnO-ALO B A4,
1) .35 B8R CuO-ZnO-ALO; 5 & S AL W *t — 4 AL
B (CO) I &) R I ()3 PR AR i, AR e T3P i ZnO
HTALOs 11585 7K M 117 X6 COL A3 2 JAS &+ 43
HRARLST KR SCHR PRI, LA ZrO, K B AR 1) Cu JEf
AT COL A FH I HLAT R L ()4 A TS 1, A
CuO/ZrO, 5 2 A AW Jy PR &5 G M 4 43 11 X0
L REME AL FTE CO. N DME J W H i Y. 328
2 T EE, ZeOL A N BARAELE LR TR/ i
RUATR E S A2, W AR TiOL-ZrO, & 5 A 1

FIE P e B, F-ATTEA CuO-TiO-ZrO, ok FE &5
B 1 2H 23 1 4% 1) CuO-TiO,-ZrO/HZSM-5 WL I fig
AT, Ak CO,L AL HI DME (1) s b M g BH A0
LA CuO-ZrO, Ky A B 1k 4 110 X ) e A4
7.2

X T CO, A RE ) Cu ZEAE AL, 3L Cu &
S AR ERE M R RN R Z — 4 Cu
OB AR, AN SR Y B P 0 g b, B
fEAPE BB, AH R, W Cu & &l &, Cu 2 Aiiid
TR, TERRERIE JFUS FE h R S B 4 KK, Cu i)
I FH 2 BRAG, AT A e A4 70) R 6 1 S T %, R,
A — A1 Cu 5 & 3 — 25 $2 5 CuO-TiO»-
ZrO,/JHZSM-5 X CO, N & H 4% 75 i DME J& )3 ) {i
TP BE, ASCR LU L $l4 T — RVIAF CuO
H RO 5 50%-80%) [ CuO-TiO.- ZrO, & &
ALY, JF DUl H A B 1 41 5 5 HZSM-5 73
T 0 JEAT MM VR A W T BE i 4k 5] CuO-
TiO-ZrO/HZSM-5, % %% CuO 7% & % CuO-TiO:-
ZrO,/JHZSM-5 ff ft, CO, N H 4 & 1% DME Jx W P

FEAITTE, LU CO, N2 154 ) DME = 2002
HEMEAL A BB 34 P s 1.

2 WERSY
21 EEFIFHIE
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ZrOCL /K F WA TiCl, £ B W% — 52 I LL R 45,
ESRZIERE T, B IRV A S5 W% 1 mol - L
1) Na,C O 7K 5 ¥ [7] s 35 Jonn 28] 4 A7 /D> 5t 28 1R 7K O 4%
A e S e P P P AR R TR SR A T
() pH AH, fH 8 A 7. T3 8] (3 48 25 i B A D
M, 7110 °C HEE &, ARG 7R g g T
500 °C 4552 6 h 735 CuO-TiO»-ZrO,. H:H1 Ti/Zr (1) &
IR LG T 32 0 1, CuO 75 & (& H 20 50 5 38 50%,
60%, 70%A11 80%, JLL CTZ-x %7, Hob x 4% CuO
B, IR RE S TR R TR S 40-60 H 1)
FORL. LA b B R385 4 23 i 2, e [ 24 4R 14k 2
A PR A 2

PL_E 3 I 461 45 1) CuO-Ti0,-Zr0, g F S 45 B
PELL Y, 5 5E T RS MEAR T 2672 1) S/AL R 38 1)
HZSM-5 43§ (B i 4201 K 7N S 40—-60 H )42 1
—JE 1) i LE AT WL A, 19 230 B 4657
CuO-TiO,-ZrO,/HZSM-5.
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SR N s 32 282 370 5 (1] 50 PR AN 55 4N e I3 4% K PF
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AH DL RE 1) A7 Db, | BRI, A7 T8 B <0(10%
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min™', i [ J3 R 17n B0k 3.0 MPa. [d] i, Tl i
4250 °CHEAT M. 15 I N ASSE 4 h 5, B SN )
TN SAH A (Agilent 6820, L 2B RHEH
B2 RDEATAEZR A0 T, IR N8 1 & AR AE
() BT A 3% 27 % 340 Y In Ay {9 38 150 °C DAk 47
SRRt

RN A S A CO,. N,y COL CHOH,
DME . H,O # CH., Jo ML A4 Sk H Bk 43 - 0 45 72
FE43 B3, 305 Ky I 2% (TCD) R I, A6 HL /44 % H
Porapak Q & 40 4 #1 7 &, A KA B 1A K I 2%
(FID) Al AR 488 Fir 453 1 B 2 2 A< 4 21 2 TR
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i, UK SR 1 (1) BE R E vk 5 COL I 3 A3 LA K& CO
DME . CH,OH fil CH. [ % .
2.3 fELFIMRE

tH 2% [E Micromeritics 23 &) 45 7 1] ASAP 2020
M+C B 4 [ gy bl 3R 11 AR L B RE I e 4] =
CuO-TiO:-ZrO, ¥y L ZE THI AR, No oAy W B J5it, VR0 5
TIRBE, NoAE R FE SR T 200 °CL6.7 Pa bk
JE N ZT A 4 b DUBE R FE it 4 1 B e B ) 2 .
BET J7 R U1 S04 b 1) LU R TR (Saer).

FH 48 5] Bruker 2 w] 42 77 1) D8 Focus 1Y X S} 2k
RIS HEAT CuO-TiO.-ZrO, I i FH 45 ¥y 43 #7. K H
Cu K526, TAE AR 71 24 40 KV A1 40 mA,
AR 3 (°) »min.

K H 47 2 PANalytical 28 & 2E 7 [f] X Pert ¢ X
SR AT B HEAT CuO-TiO,-ZrO, i 5 A7 XRD 43 #7.
P S AE B Antor Paar 24 7 427 ) HTK 1200N
e i Y 10% Ho/N, (19348 <, (3% 4 50 mL -
min™)F 300 °C " J A28 7 30 min, 28 5K H Cu K,
SN2, AR HL HS AT HL R 23 70 4 40 KV F140 mA, $14
A 6 (°)-min™, FHIFFRIL JFUS 5 XRD K.

KL T 8 5 (H-TPR) 43 #1 CuO-TiO»-
ZrO, (AL IE J5PE: FRE 0.05 g AF 2 A 7 D8 B 3 4%
SN g T RUSAE 500 °C RIRFT 1 h, R)5 4
HIF| 50 °C. FH 10%H/N, 138 J5 < (33 4 25 mL -
min~" )47 30 min Ji5, LA10 °C - min™ [{) T3 R BT
T THIROA B, 5K 1 TCD Ml 52 348 Ji i 72 P (R R A
H.

H, B2 7 T B (H-TPD) 23 #7: FR 0.1 g 1
CuO-TiO:-ZrO, N A1 Je P I S N 4% 1, 11250 °C
TIEJE 1 h, I8 J55(10%H,-90%N,) [ % %k 50 mL -
min™". 3 U R 45 S U4 2 s 2l AW 1 h,
AEIE50 °C, FEORFFIE E. 2R 55 A U4 238
<, ££ 50 mL - min™ ] 5L N B 30 min J5, DA
10 °C - min™" (13 2R JEAT FE 3 FHil BB, BT M B 14 H,
X FH TCD W&,

CO, F 7> TH il it B (CO,-TPD) 73 #7: #RE: 0.1 g
FE N AT DB A [ N A% T, 7E 250 °C R IE R 1
h, 38 55 (10%H,-90%N,) ({13 % 4 50 mL-min™". if8
Ji 3k PR 5 RS e & v AW 1 hy FEA D E
100 °C, H IR FEfE 2. AR5 <% V) 2 CO, R, 7
20 mL - min™' [ 3 T W Fff 30 min J5, LA 10 °C-
min™" [ 5 B AT L P R B B, R ) 48 [ Pfeiffer
7y ) 45 77 1 Vacuum Quadstar, 32-bit 7 i 3 {3 ] 52
JIT B (%) CO..

CuO-TiO,-ZrO, " 43 J& i (1) 2% 111 X 42 18 1 N,O
SNAEIE ). FRAE 0.2 g FF S 2 T4 S g B A5 e .
#xH, FH 10%Hy/He 551250 °C 4 Mk 1
h, SR8 J5 F He WK, I S 5 (1)L BE ¥4 21 21 60 °C.
¥ 1%N,0-He 38 A\ A7 9245 N, 2 111 42 & A4 N,O ik
J R N, FF F 5 i 4% (45 [F Pfeiffer 23 w), Vacuum
Quadstar, 32-bit) F I 474 K142 4. 45 8 4 (1) 2 1 A1
P TE ST 2 5L T REF 07 K 1.46% 10" /N4 i 1,
N.O Fl Cu [P b2 i & A2 0.5.7

3 #ZRE5HR
31 EUFIR R

CO; £ LA A [A] CuO % & 1 CuO-TiO+ZrO, 5
HZSM-5 43 - it 41 S R XU B e A A0 R OF & B b 2:1)
AN B BE IR 45 A TR 1L kT I,
CuO 7 50T XLy e i 4k 770 16 P B8 52 K. Bl A
CuO-TiO-ZrO, "' CuO 7 &= AW 39 I, CO, I 4k
IR, 24 CuO % 0 70%I, COL I3k
B e KAH, B CuO 7 &2k 50% i 4¢3 T 30% LA L.
Ak 418K CuO & 5 5 80%, CO, I EEAL R KT/
H )77 4) DME [ 3% 8 1 B 45 CuO 7 2 (K34 i A~
W i, 24 CuO 5 =38 I £>70% M, DME [f11% £ 14
TR, Bl E 1 CO LR MR CuO & & 11 AR 1L
1 L IE 47 5 DME A J, RIBE S CuO 75 & (138 in ifi
AWk D, 2 CuO B N A2 >70% i, CO 1 IEF
P T AR E. BLAN, AT HEAL R ) T BRI R 1Y

#1 CuO & 83} CuO-TiO,-ZrO,/HZSM-5 1 1 71 f [ 1% BE B 221
Table 1 Effect of CuO contents on performance of CuO-TiO,-ZrO./HZSM-S5 catalysts

Selectivity of products/%

Wewo/%o Conversion of CO,/% Yield of DME/%
DME CH,OH CO
50 15.7 56.3 13.9 29.4 8.84
60 18.4 56.8 14.1 28.7 10.4
70 21.0 62.9 14.1 23.0 13.2
80 15.8 63.2 13.7 22.7 9.99

‘contents of CuO in the CuO-TiO,-ZrO,. =250 °C, p=3.0 MPa, GHSV=1500 mL-g™'-h™", n(H.)/n(CO:)=2.8, Mcwo-tioyz0z:Muizsw.5=2: 1.
DME: dimethyl ether
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Table 2 Performance of CO. hydrogenation on different catalysts

Selectivity of products/%

Werz0 Whizsmes Conversion of CO»/% Yield of DME+CH;OH/%
DME CH;OH CcO
1:0 14.9 - 63.9 354 9.52
1:1 16.8 48.3 11.3 32.8 10.0
2:1 21.0 62.9 14.1 23.0 16.2
3:1 17.6 51.8 12.5 30.3 11.3

‘CTZ-70: CuO-TiO,-ZrO, with 70% (w) CuO; reaction conditions: 7=250 °C, p=3.0 MPa, GHSV=1500 mL-g™'-h™", n(H.)/n(CO.)=2.8

FEARIA(13.7%-14.1%).

R 1 o BL 13, CuO-TiO-ZrO./
HZSM-5 ffE 4. 7] () DME it % K 7N % CuO-TiO»-ZrO,
H CuO & = 1 7 41 242 70% CuO > 60% CuO>
80%CuO> 50%CuO. RI7E A7 i 4k 7] 1, BA CuO
BN 70%0) CuO-TiO»-ZrO, Ky F B A it 1 41 4y
14 1¥] CuO-TiO.-ZrO/HZSM-5 XLl BE A 4k 71 L AT
I3 15 1) DME &5 G k.

CTZ-70 M AN[F] CTZ-70 5 HZSM-5 Ji & LE 1
D REHEAL T T COL A S Y. 1R 37 1 U 4 SR 41 T
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CuO 7F 20=32.4°, 35.5°, 38.7°, 48.6°, 53.5°, 58.2°4b
TELE fis AH CuO [R145 E T 49 16> Jir 47 1) CuO-TiO»-
ZrO, £ §h7E 20=35.5°F1 38.7° &b #R H B T i A CuO
(FIRFAEAT S 06, 4 CuO & E>70% 1, 1E 20=48.6°4b
WL T S AH CuO IR IERT I 1. 4, B CuO

B m (PN, b oA A B U (1 5 S 1) AN T e i, U T
B AR A, bR g RAR W, B AR CuO % 51 3 1,
CuO-TiO»-ZrO, 1 CuO 1] i T~ 58 %, CuO 1]
PIAZSLE N

P B 13k o] LU, B FE S 2 IR 2
1) ZrO, A1 TiO, W) AH 1R 5 AiF A7 56 0, 22 W] i ) 43
CuO-TiO,-ZrO, ¥ iy F1 ) ZrO, F1 Ti0, ) 4b T 76 5 &
o AR ZE (IR S Be A, B Pt %A B S Al
AH BT S0, 26 BT CuO M Ti0,-ZrO, 2 18] -4 A ik
HEAMNY. LIRS RS Chary 55 7l T OEHEAE 2R
FH 28145 (1) CuO/TiO-ZrO, IR 45 A — 3.

AN [H] CuO & & ) CuO-TiO--ZrO, K & 1) 5 47
XRD i WL 2. fHIG T L, A0l 42 300 °C it i 5, 1
20~43.3°, 50.5° B T Cu(111)H1(200) 5 [ HI4FAEAT
U i CuO FRIAT ST 58 42 2%, R B CuO L4
HIE I %4 S Cu. BBk, BE#E CuO-TiO-ZrO, ' CuO
PRI, I RS Cu T S IR o B i, U TR AR
2, X P CuO-TiO,-ZrO, K h &k J5Us, Cu f) 5k
FEBE B it b K /N5 CuO 75 2l i 189 5 R R H
Scherrer J7 FEAR 4 Cu(111) it [HI A7 5 06 1) 2 06 B v 5
3B Cu WL R ) WL 3. 0] L, Cu dibki RS B T
IR CuO & =3 i 34 K, JEF Y CuO & A

ry

=
8
>
2 N
i
= W\

A

1 k‘A-i 1
20 30 40 50 60
26/(°)

1 K[ CuOEE CuO-TiO-ZrO, 8 XRD i
Fig.1 XRD patterns of CuO-TiO-ZrO; samples with
different contents of CuO
wewo/%: (1) 50; (2) 60; (3) 70; (4) 80; (5) 100
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No.11
Cu(111)
—_ Cu(200)
s (4)
>
g @®)
- B 2)
J\ A (1)
10 2IO 310 410 510 6I0 70

26/(°)
2 F[FElCuO & & CuO-TiO:-ZrO, B JR il XRD i
Fig.2 In-situ XRD patterns of CuO-TiO,-ZrO, samples
with different contents of CuO
Wewo/%: (1) 50; (2) 60; (3) 70; (4) 80

T0%38G 1 %2 80%INT, Cu it b RS 1 38 K 5 A W il
3.2.2  Seerfn St E

AN CuO 5 1 [ CuO-TiO,-ZrO, ¥ il ) Lb 2 T
FRFNZ8 30 R S 4 a8 i 1) Bl 28 i AR 1 3k &5 S 1) 1
3. AT LUE Y, BEAE CuO &= 07t s, A 5 (1 BET
L2 T AR 2R 3 B ARG, X2 T BT iAs i) CuO 78 75 76
FF ity PR 2 T Bl B ZE 35 43 L3 P 80 [RIINF, %S CuO
eI N, CuO Wik 75 5 A KOK, X2 F 3K
FE il EE 2 AR A ) — S E 22 SR A

H1 2% 3 1] UL, AN [H] CuO-TiO,-ZrO, £ i 4838 Ji
S JeB A 1 L 2R T AR Bl A CuO & & 1 s SE 1 K s
P, 24 CuO 75 &l 70% A Fl i K. CuO & &%)
CuO-TiO,-ZrO, Ff: ity 11 42 J&& i 1) bL 2 THI FR 1) 56 i) m]
&P 7 T AR — 7 1, CuO 7 & (1) 19 hn #is &
BOAL IR 4 8 S A N, X6 4 8 A te K i
U 3G KA F). 55— J7 1, CuO & & f 38, {815
CuO 194> HUE BAR (R 1) XRD Pk 45 5 O &80 B
T IX ), B R A EOIR A 1 CuO 1 7 B i
b, CuO IR AfoRLIE DR, AT A <6 e 4l 11 BL 2 1 AX 0
NIRRT L, 2 R CuO 7 IR (ST0%) I, i
— R by LA, WREAE CuO & &3S N, 4

%3 7[E CuO & £ CuO-TiO-ZrO. HI L F 1% R
Table 3 Physicochemical properties of CuO-TiO,-ZrO,
samples with different contents of CuO

i A 1 L 2R T AR KL 1T 2 CuO 75 R 1 (270% )
I, Ja— VR 3 S, MR A CuO 75 i 1 3
o, A it e B 11 L 2R T AR 1 AR
3.23 XFEMHERAE

3 /AN [A] CuO & & 1) CuO-TiO,-ZrO, £f i 1]
H,-TPR . (L w] 0L, Fr 5 CuO-TiO,-ZrO, #f S ¥ 7E
150 %2 350 °C 2 [i] H 3L T P AN B 2 1) CuO 138 J5t
W, iy L e L UG I S AN AR, gl A 1 K e
AL T AN IE SR (s fATy), o) 6 b 7 25
B B . P v s Jir U PR i FEE R 06 TR 1) 24
¥R 4 LA, Y CuO & 5 <70% i, CuO-
TiO»-ZrO, £ il = AN S ¥ T (L AR AH IR, {H 2
CuO 7 58— 25 1 K 55 80% I 1) B 2. T+ 1. b Ak,
Bt CuO-TiO,-ZrO, F CuO & & [ 14 i, adds Ji W (1)
T AR AN BT sk /1N B4 Ji Vg (1) T AR 56 i CuO 5 o i 1
DR K, & CuO & &4 70% 0 I8 B e K, 2 5 %

H, consumption / (a.u.)

100 ‘ 15IO . 260 I 2:50 I 3(IJO ‘ 350
T/°C
3 A[E CuO & £ CuO-TiO:-ZrO, 8 H-TPR i
Fig.3 H,-TPR profiles of CuO-TiO,-ZrO, samples with
different contents of CuO
Wewl%: (1) 50; (2) 60; (3) 70; (4) 80

%4 7A[FECuO 2 & CuO-TiO-ZrO,i X FRIEH]
iR (Te) FNTETFR(A)
Table 4 Temperatures (7...) and areas (4) of reduction
peaks of CuO-TiO:-ZrO, samples with different
contents of CuO

Wwew/% — Seer/(mPeg™)  Sa/(mP-g™) Cu crystallite size/nm®

50 89.9 2.75 16.8
60 70.4 6.66 17.9
70 53.7 7.94 18.5
80 39.7 4.16 21.5

* determined by N.O chemisorption method; * calculated by

Scherrer formula

o peak p peak y peak
Wewo/%o B B .
To/°C A4 Ton/°C A Twx/°C A4
50 177 510 236 1377 266 1823
60 177 420 237 1881 267 2227
70 177 393 235 2360 268 2782
80 183 258 242 1475 284 4718

‘calculated by integral of peaks in H,-TPR profiles
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TiO»-ZrO, 1 CuO 1 FUkL K /N o0 A AL 58 T A
5.

— RN, CuEZ EE A T CuO IAETE JT
A =Fp, BRI 0 B CuO- ZNBUR (1) 5 A CuO(XRD
TCEERL N A IORL 1] f AH CuO(XRD RE W K5, T
H, Bl A CuO UKL 1) AN W7 38 K, T Ji 06 (1 38 5 2
T v I I 45 B IR 1) XRD RAE 45 R, FRATT
N KA L CuO-TiO-ZrO FF i H H e N JH & T 5
TiO.-ZrO, A FLAF F i« 52 5 5 49 LK 2 1T CuO 1)
M J5, BUE A & TR i b 5 TIO-ZrOs AH HAE R
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