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[Regular Paper]

Dimethyl Ether Synthesis from Carbon Dioxide by Catalytic Hydrogenation

(Part 3) Direct Synthesis Using Hybrid Catalyst by Recycling Process
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A hybrid catalyst consisting of a methanol synthesis catalyst and a methanol dehydration catalyst was used for
the direct synthesis of dimethyl ether (DME) from CO; and H,. Particle-shaped hybrid catalyst (MD-12) and
pellet-shaped hybrid catalyst (MD-13) gave similar results for the DME synthesis. In the MD-13 hybrid cata-
lyst, the activity of the methanol synthesis catalyst slightly decreased whereas the activity of the methanol dehy-
dration catalyst did not decrease during the durability test for 2000 h at 563 K.  One-path and recycling experi-
ments for MD-13 were carried out using the bench plant. The methanol synthesis reaction was retarded due to
the equilibrium restriction at elevated temperatures. In contrast, the methanol dehydration reaction was promot-
ed with increase in temperature at 543-563 K. The combined yield of methanol and DME was slightly decreased
whereas the DME selectivity was remarkably increased. The methanol synthesis reaction was promoted with
increase in pressure at 4-8 MPa. However, the methanol dehydration reaction was less promoted. As a result,
the combined yield of methanol and DME increased, and the DME selectivity decreased. This observation was
consistent with the simulation of reaction rate. Higher reaction temperature and higher recycling rate as well as
lower reaction pressure favored higher CO, conversion, combined yield of methanol and DME, and DME selec-

tivity.
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Fig. 1

1 : Hydrogen cylinder, 2 : Carbon dioxide cylinder, 3 : Pressure
regulator, 4 : Mass flow controller, 5 : Mixer, 6 : Vessel, 7 : Make-
up gas compressor, 8 : Recycled gas compressor, 9 : Heater, 10 :
Reactor, 11 : Thermocouple, 12 : Condenser, 13 : Trap.

Fig. 2 Schematic Diagram of the Bench Plant
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PCV:Pressure control valve
PRV:Pressure retaining valve
MFC:Mass flow controller

N V:Needle valve

T C:Temperature controller
T R:Temperature recorder

G M:Gas meter

GSV:Gas sampling valve
PG:Pressure gauge

Schematic Diagram of the Microflow Reactor
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Table 1 Specification of Hybrid Catalyst MD-13
Ratio of methanol synthesis cat-  Filling method of methanol synthesis Diagram of
Cat. No. Structure alyst and methanol dehydration  catalyst and methanol dehydration catalyst filling®
catalyst catalyst
upper layer: M-1 particle
M2 . i -
MD-13  upper layer: M-1 50- 50 wi% lower layer: particle of M-1 and

lower layer: M-1+D-1%

D-1 mixture
(M-1:D-1=33:67 wt%)

a) methanol synthesis catalyst (CuO-ZnO-Al,03-Ga,03-MgO).
b) methanol dehydration catalyst (Zr.O-Al,O3).
c) @ M-1 (3 mm dia.X 3 mm height pellet).

& Mixture of M-1 and D-1 (3 mm dia.X 3 mm height pellet).

A% =)V +DMEZE (%)=[(#% / — VER+2X
DME EHiH) / (CO,+CO) ft#h] X 100

DME 4R (%) = [2XDME 4R,/ (X &/ — VAR +
2 X DME 4 i &) 1 X100

2.2.2. NXOFFF2 MILBER

NYFTT 2 M)A 7 VH AL L, RS H A
RGBT A 7V $ 5 ENTRETH D, ULROEMIT
100 m/ (25 mm (dia.) X210 mm (height)) T& %,

MD-13 A&l 93 g (100ml) % G#FICHEL, 2.2.1.&
FAED Jr i CRE ORIC % 4T > 720 FRA R L LTCO & Hy
ZL:30EETHHBL, IFV—TCRAELALE, AHTAE
M CTHMDIEIZHE L (DT, SNEXAL 7Ty THA
EMT D)o AA Ty THAZIZFDTE, 23V A 270
HALRAEL, mﬁ%fvﬁttm,ﬁf%«ﬁﬁttoﬁﬁ
ez AL, 3y F Uy —I2TsC ICE %, SHERRIC
KB AL A Y ) — VB X I DME KA “%Lto%w
MEH ANG—HEN=THT AL LCHIE L, Y2V A 2V H
AELTYFA 7 VT AEMETHYOE ETAEL, A4
7Ty THRERE L TRILENMER L 72

DME A BERIX, REILHTAZ VA7)V LE VT Y INA
FEERE, EHT70ATHESINI KB T AZ ) A 7V
5 IEIE ST T O USRS X T AL Z 0BT 5 7200 ) ¥4
7 VEBRO 2FEE & Fhii L7z, F 4 OFEBREEOFIITLLT O
EBYTH D,

T YN AEER

J£77:4, 6, 8 MPa
B 543, 553, 563K
AA 7Ty T H AFE: 200 Ni/h
)Y A 7 VEER
J£7/): 4, 6, 8 MPa
RE: 543, 553, 563K
XA YT T H AR 50 Ni/h
VA7V (VA 2VHTRAGRE AL 7T TH
AiE) 14, 6, 8mol/mol

VA 7 VEBRICB T AR TR O CER I NS IH

HCHM L7z, 22 ChED X MR EOHALIE mol/h TH

%o
CO B (%) =[(A ¥ /7 — VK& +2 X DME 4 i & +
CO L) / CO, iG] X 100

J. Jpn. Petrol. Inst.,

100 —
OMD-13(Methanol+DME Yield)
foees s et s ses 2o AMD-12(Methanol+DME Yield) |

£~ 80 : : . | ©MD-13(DME Selectivity)
o= " | AMD-12(DME Selectivity) 1
=22 3
S D>
>
w3 60
E -
=l
s 8 40

w
53
2 20

0 L L L L 1 L

0 100 200 300 400 500 600

Time on stream (h )

Pressure= 4 MPa, Temperature= 543 K, GHSV= 1000 h',
Hy: CO,: CO=77:17: 6 mol%.

Fig. 3 Effect of Difference of Catalyst Shape
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Catalyst structure : MD-13, Temperature = 563 K, Pressure= 4
MPa, GHSV=1000h™!, H, : CO, : CO=77: 17 : 6 mol%.

Fig. 4 Durability Test Result of Hybrid Catalyst
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Catalyst structure : MD-13, Pressure =4 MPa, Make-up gas flow
rate=200 Ni/h, GHSV=2000 h™", H> : CO,=75 : 25 mol %.

Fig. 5 Effect of Temperature in One-path Reaction
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Catalyst structure : MD-13, Temperature =563 K, Make-up gas flow
rate=200 Ni/h, GHSV=2000 h™!, H : CO,=75 : 25 mol %.

Fig. 6 Effect of Pressure in One-path Reaction

Table 2 One-path Test Result Using Bench Plant

Temperature Pressure con\(/:e(r)sion CO yield Mjltitel?;()l DME yield I\S;t[tgl;?ell_g DME selectivity
(K] [MPa] [%] [%] [%] [%] [%] [%]
543 4 227 12.4 7.8 2.6 104 25.2

6 26.4 9.8 13.7 29 16.6 17.7
8 31.1 7.7 20.9 2.5 23.4 10.7
553 4 232 14.4 55 33 8.8 37.8
6 259 154 10.1 44 14.5 30.6
8 29.9 9.4 16.2 4.3 20.5 21.0
563 4 24.3 16.0 4.3 4.0 83 48.4
6 27.1 13.1 7.8 6.2 14.0 443
8 29.8 11.0 11.9 6.9 18.8 36.9

Catalyst structure: MD-13, make-up gas flow rate =200 Ni/h, GHSV=2000 h™!, H, : CO,=75 : 25 mol%.
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Catalyst structure : MD-13, Temperature=563 K, Pressure =4 MPa,
Make-up gas flow rate =200 N//h, H> : CO,=75 : 25 mol%.

Fig. 7 Effect of GHSV in One-path Reaction
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Table 3 Recycling Test Result Using Bench Plant

Recycling CO, . Methanol . Methanol + DME
Temperature Pressure ratio conversion CO yield yield DME yield DME yield selectivity

(K] [MPa] ] [%] [%] [%] [%] [%] [%]
543 4 4 60.9 9.1 32.6 19.2 51.8 37.0
6 78.6 6.0 47.7 249 72.6 343

8 93.1 2.3 62.4 28.4 90.8 31.3

6 4 84.2 2.7 61.8 19.7 81.5 242

553 4 4 60.1 11.3 26.7 22.1 48.8 453
8 88.4 43 51.7 324 84.1 385

563 4 4 60.0 2.9 239 232 47.1 49.2
6 74.7 10.1 36.3 28.3 64.6 439

8 86.3 6.9 44.7 34.7 79.4 43.7

6 4 83.2 4.7 42.1 36.4 78.5 46.3

8 4 90.3 2.9 48.7 39.4 88.1 447

Catalyst structure:

J. Jpn. Petrol. Inst.,

MD-13, make-up gas flow rate=>50 Ni/h, H, : CO,=75 : 25 mol%.
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Fig. 8 Effect of Temperature in Recycling Test
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Temperature= 563 K, Recycling ratio= 4, Make-up gas flow
rate =50 N//h, H> : CO>=75 : 25 mol%.

Fig. 9 Effect of Pressure in Recycling Test

BIRENOKE L Fig. 918 T, O LA L & HI12Co iRk
ER% )= )V+DMENERIE FH L, —J7 DMEEIRFIZEN
FREEDICVETOMENEZR Lz, 2, EhEFIZE->T
AF = VARG EE SN DS, 2 ¥ —IVHkIZE D
DME AR E A 7/ — VAR IE EHET OB % T 7
WEWZERRLTEY, T NRAERLEFAROKRETH -
776

3.2.2.3. U A JILLEDE

VA 7 VD COE LS, A% ) — )V +DMEIERE X O
DME #IRFEANDKE % Fig. 1012-F, V¥ A 7 Vibx BT
CEICED, WHNCXBEMBEESIKEL Y AY ) =L L
DME DB AN %0 2 OFE, FEIICHERICZZ Y 2
g ) — VARG E A& ) — VKGO REAHIK L, CO,
LA LA T 5, DMEBRIREE, —EOEHIRE T TIEy
AMOMEANZIE—E LR, /225 ) — VAL DMES
DB b 25D 5 R\ 0720 E—EDflE o, &5
I2, Fig. 101IR§ ¥ 3 2 b— 3 3 YR b FEHME & RO
mxmRL72,

3.2.3. EE

KB A " OB A 7 VT 52 137 S8 A G
HARTCOo 8 b=, X%/ — )L+ DMEJIZ, DMEERED W
FThedbllb&ds, VA 7 VICX by pgsTaER L7z Co
WAL )= VIR EN D20, A% ) —)V+DMERD &
DbIFRELMET 5,

J. Jpn. Petrol. Inst.,

Vol. 48,

100 T " - "
-] O CO,conversion f=-f------ E------------: ----- % -----: -----
= g 80 H A MeOH+DMFE }'ield . . — .
Eo8 O DME selectivity H - - H
32O % S P A SRR~ e R PR
c .2 > H .- .
S > -5 P
o w.2 T e
g=7% SETt T T
>0o0
£53
0o ®
~ S W
SES bbb e
o %D :
= :
............................. e P
4 6 8 10

Recycling ratio (-)

Temperature =563 K, Pressure =4 MPa, Make-up gas flow rate=
50 Ni/h, Hy : CO2=75 : 25 mol%.

Fig. 10 Effect of Recycling Ratio
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Fig. 11 Reaction Rate Simulation
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