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Introduction: direct dimethyl ether synthesis

METHANOL SYNTHESIS

𝑪𝑶𝟐 + 𝟑 𝑯𝟐 ↔ 𝑪𝑯𝟑𝑶𝑯 +𝑯𝟐𝑶 ∆𝑯𝒓 = −𝟒𝟗. 𝟒 𝒌𝑱/𝒎𝒐𝒍

WATER GAS SHIFT

𝑪𝑶 + 𝑯𝟐𝑶 ↔ 𝑯𝟐 + 𝑪𝑶𝟐 ∆𝑯𝒓 = −𝟒𝟏. 𝟏 𝒌𝑱/𝒎𝒐𝒍

METHANOL DEHYDRATION TO DIMETHYL ETHER

𝟐 𝑪𝑯𝟑𝑶𝑯 ↔ 𝑪𝑯𝟑𝑶𝑪𝑯𝟑 + 𝑯𝟐𝑶 ∆𝑯𝒓 = −𝟐𝟑. 𝟎 𝒌𝑱/𝒎𝒐𝒍

Z. Azizi et al., Chem. Eng. Process., 82 (2014) 150-172

DME
Biomass

gasification

Syngas
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Methanol
catalyst

Syngas
DME

Dehydration
catalyst

Cu/ZnO/Al2O3 γ-Al2O3 or 
zeolites

Catalyst configuration
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Methanol
catalyst

Syngas
DME

Dehydration
catalyst

Cu/ZnO/Al2O3 γ-Al2O3 or 
zeolites

Catalyst configuration

𝑅1 = 𝐾1
𝑓𝐶𝑂2𝑓𝐻2 1 − Τ1 𝐾𝑒𝑞,1 Τ𝑓𝐻2𝑂𝑓𝐶𝐻3𝑂𝐻 𝑓𝐶𝑂2𝑓𝐻2

3

1 + 𝐾𝐻2𝑂
𝐻2

𝑓𝐻2𝑂
𝑓𝐻2

+ 𝐾𝐻2𝑓𝐻2 + 𝐾𝐻2𝑂𝑓𝐻2𝑂

3

𝑅2 = 𝐾2
𝑓𝐶𝑂2 1 − Τ1 𝐾𝑒𝑞,2 Τ𝑓𝐻2𝑂𝑓𝐶𝑂 𝑓𝐶𝑂2𝑓𝐻2

1 + 𝐾𝐻2𝑂
𝐻2

𝑓𝐻2𝑂
𝑓𝐻2

+ 𝐾𝐻2𝑓𝐻2 + 𝐾𝐻2𝑂𝑓𝐻2𝑂

METHANOL SYNTHESIS FROM CO2

𝐶𝑂2 + 3𝐻2 ↔ 𝐶𝐻3𝑂𝐻 + 𝐻2𝑂

REVERSE WATER GAS SHIFT

𝐻2 + 𝐶𝑂2 ↔ 𝐶𝑂 + 𝐻2𝑂

K.L. Ng et al., Chem. Eng. Sci. 54 (1999), 3587-3592
K. M. Vanden Bussche et al., J. Catal., 161 (1996), 1-104



Methanol
catalyst

Syngas
DME

Dehydration
catalyst

Cu/ZnO/Al2O3 γ-Al2O3 or 
zeolites

Catalyst configuration

DIMETHYL ETHER SYNTHESIS

2𝐶𝐻3𝑂𝐻 ↔ 𝐶𝐻3𝑂𝐶𝐻3 + 𝐻2𝑂
𝑅3 = 𝐾3

𝐾𝐶𝐻3𝑂𝐻
2 𝐶𝐶𝐻3𝑂𝐻

2 − Τ𝐶𝐻2𝑂𝐶𝐶𝐻3𝑂𝐶𝐻3 𝐾𝑒𝑞,3

1 + 2 𝐾𝐶𝐻3𝑂𝐻𝐶𝐶𝐻3𝑂𝐻 + 𝐾𝐻2𝑂𝐶𝐻2𝑂
4

K.L. Ng et al., Chem. Eng. Sci. 54 (1999), 3587-3592
G. Bercic et al., Ind. Eng. Chem. Res., 31 (4) (1992), 1035–10405



Hybrid pellet

Catalyst configuration

Methanol
catalyst

Syngas
DME

Dehydration
catalyst

Cu/ZnO/Al2O3 γ-Al2O3 or 
zeolites

D. Song et al., J. Ind. Eng. Chem., 13 (5) (2007) 815-826
A. Garcia-Trenco et al., Cat. Today, 227 (2014)  144-153
B. Voss et al., Book of abstracts ISCRE25, (2018)6



D. Song et al., J. Ind. Eng. Chem., 13 (5) (2007) 815-826

Mechanical
mixture

Catalyst configuration

Methanol
catalyst

Syngas
DME

Dehydration
catalyst

Cu/ZnO/Al2O3 γ-Al2O3 or 
zeolites
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Catalyst configuration analysis

Hybrid pellet

Mechanical
mixture

▪ DME carbon yield

𝒀𝑫𝑴𝑬 =
𝟐𝑭𝑫𝑴𝑬

𝑭𝑪𝑶 + 𝑭𝑪𝑶𝟐 𝒊𝒏

▪ Reactor centerline temperature

▪ Catalyst efficiency factor

η𝒋 =
𝑹𝒋
𝒄𝒂𝒕,𝒂𝒗

𝑹𝒋
𝒄𝒂𝒕,𝒔𝒖𝒓𝒇

rp rp=2.43 mm

rp rp

CatMeOH/CatDME = 2 w/w*

*K.L. Ng et al., Chem. Eng. Sci. 54 (1999), 3587-35928



Dt 25.65 mm

Lt 6 m

GHSV 1407 h-1

Tcoolant 511 K

Tinlet 323 K

Pinlet 50 bar

Inlet CO/CO2 1.3

M=(H2-CO2)/COx 1

Inlet inert 8%

dpellet 4.86 mm

Operating conditions

Dt

Lt
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Hybrid pellet vs. mechanical mixture

Tinlet = 323 K;   Pinlet = 50 bar;   GHSV = 1407 h-1;   M=(H2-CO2)/COx=1;   CO/CO2=1.3;   Dtube = 25.65 mm;     
Ltube = 6 m;   dpellet = 4.85 mm;   CatMeOH/CatDME = 2 w/w.10
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Tinlet = 323 K;   Pinlet = 50 bar;   GHSV = 1407 h-1;   M=(H2-CO2)/COx=1;   CO/CO2=1.3;   Dtube = 25.65 mm;     
Ltube = 6 m;   dpellet = 4.85 mm;   CatMeOH/CatDME = 2 w/w.11
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Pellet adimensional coordinate [-]

 Hybrid

 MeOH diluted

 MeOH cat.

Hybrid pellet

T = 511 K;   Psurf = 50 bar; dpellet = 4.85 mm;  External surface composition: CO 20%, CO2 17.5%, H2 52.5%, 
H2O 0.5%, MeOH 0.8%, DME 0.6 %, CH4 8.3%. 

Dilution effects

CO2 + 3 H2 → CH3OH + H2O

CatMeOH/CatDME = 2 w/w

MeOH catalyst

MeOH diluted
catalyst

Catalyst efficiency
Hybrid                   0.376
MeOH diluted 0.405
MeOH cat.            0.338
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2 CH3OH → CH3OCH3 + H2O
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 Hybrid
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Dilution effects CatMeOH/CatDME = 2 w/w

DME catalyst

DME diluted
catalyst

Catalyst efficiency
Hybrid                   0.949
DME diluted 0.233
DME cat.               0.151

T = 511 K;   Psurf = 50 bar; dpellet = 4.85 mm;  External surface composition: CO 20%, CO2 17.5%, H2 52.5%, 
H2O 0.5%, MeOH 0.8%, DME 0.6 %, CH4 8.3%. 13



2 CH3OH → CH3OCH3 + H2O
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T = 511 K;   Psurf = 50 bar; dpellet = 4.85 mm;  External surface composition: CO 20%, CO2 17.5%, H2 52.5%, 
H2O 0.5%, MeOH 0.8%, DME 0.6 %, CH4 8.3%. 



2 CH3OH → CH3OCH3 + H2O
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Dilution effects CatMeOH/CatDME = 2 w/w

Catalyst efficiency
Hybrid                   0.949
DME diluted 0.233
DME cat.               0.151

RMeOH syn = 2 RDME syn

CO2 + 3 H2 → CH3OH + H2O

T = 511 K;   Psurf = 50 bar; dpellet = 4.85 mm;  External surface composition: CO 20%, CO2 17.5%, H2 52.5%, 
H2O 0.5%, MeOH 0.8%, DME 0.6 %, CH4 8.3%. 15



Core-shell
pellet

Catalyst configuration

Methanol
catalyst

Syngas
DME

Dehydration
catalyst

Cu/ZnO/Al2O3 γ-Al2O3 or 
zeolites

G. Yang et al., J. Am. Chem. Soc., 132 (2010), 8129-8136
Y. Wang et al., Chem. Eng. J., 250 (2014), 248-256
W. Ding et al., Chem. Ing. Tech., 87 (6) (2015), 702-71216



Catalyst configuration analysis

Hybrid pellet

Core-shell
MeOH@DME

Core-shell
DME@MeOH

▪ DME carbon yield

𝒀𝑫𝑴𝑬 =
𝟐𝑭𝑫𝑴𝑬

𝑭𝑪𝑶 + 𝑭𝑪𝑶𝟐 𝒊𝒏

▪ Reactor centerline temperature

▪ Catalyst efficiency factor

η𝒋 =
𝑹𝒋
𝒄𝒂𝒕,𝒂𝒗

𝑹𝒋
𝒄𝒂𝒕,𝒔𝒖𝒓𝒇

rp rp=2.43 mm

rp

ri se ri=2.04 mm
se=0.39 mm

rp

ri se
ri=1.80 mm
se=0.63 mm

CatMeOH/CatDME = 2 w/w

17
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Ltube = 6 m;   dpellet = 4.85 mm;   CatMeOH/CatDME = 2 w/w.

Core-shell performances vs. hybrid
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Tinlet = 323 K;   Pinlet = 50 bar;   GHSV = 1407 h-1;   M=(H2-CO2)/COx=1;   CO/CO2=1.3;   Dtube = 25.65 mm;     
Ltube = 6 m;   dpellet = 4.85 mm;   CatMeOH/CatDME = 2 w/w.

𝑪𝑶𝟐+ 𝟑 𝑯𝟐 ↔ 𝑪𝑯𝟑𝑶𝑯+𝑯𝟐𝑶 ∆𝑯𝒓 = −𝟒𝟗. 𝟒 𝒌𝑱/𝒎𝒐𝒍

𝑪𝑶 + 𝟐 𝑯𝟐 ↔ 𝑪𝑯𝟑𝑶𝑯 ∆𝑯𝒓 = −𝟗𝟎. 𝟓 𝒌𝑱/𝒎𝒐𝒍

𝟐 𝑪𝑯𝟑𝑶𝑯 ↔ 𝑪𝑯𝟑𝑶𝑪𝑯𝟑 +𝑯𝟐𝑶 ∆𝑯𝒓 = −𝟐𝟑. 𝟎 𝒌𝑱/𝒎𝒐𝒍

Core-shell performances vs. hybrid

19



1 2 3 4 5 6
0.0

0.2

0.4

0.6

0.8

1.0

1.2

M
e
O

H
 s

y
n

. 
- 

C
a

t.
 e

ff
ic

ie
n

c
y

Axial coordinate [m]

1 2 3 4 5 6
0

10

20

30

40

50

D
M

E
 c

a
rb

o
n

 y
ie

ld
 [

%
]

Axial coordinate [m]

Equilibrium yield @511K, 50bar

1 2 3 4 5 6
460

480

500

520

540

560

580

600

T
s
 c

e
n

te
rl

in
e
 [

K
]

Axial coordinate [m]

 Hybrid

 MeOH@DME

 DME@MeOH

T
coolant

= 511K

Tinlet = 323 K;   Pinlet = 50 bar;   GHSV = 1407 h-1;   M=(H2-CO2)/COx=1;   CO/CO2=1.3;   Dtube = 25.65 mm;     
Ltube = 6 m;   dpellet = 4.85 mm;   CatMeOH/CatDME = 2 w/w.

Core-shell
MeOH@DME

Core-shell
DME@MeOH

rp

ri se

ri=2.04 mm
se=0.39 mm

rp

ri se

ri=1.80 mm
se=0.63 mm
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21



Core-shell performances: MeOH@DME

2 CH3OH → CH3OCH3 + H2O

rp

ri se ri=2.04 mm
se=0.39 mm

η𝑫𝑴𝑬 𝒔𝒚𝒏 =
𝑹𝑫𝑴𝑬 𝒔𝒚𝒏
𝒄𝒂𝒕,𝒂𝒗

𝑹𝑫𝑴𝑬 𝒔𝒚𝒏
𝒄𝒂𝒕,𝒔𝒖𝒓𝒇
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22
T = 511 K;   Psurf = 50 bar; dpellet = 4.85 mm;  External surface composition: CO 20%, CO2 17.5%, H2 52.5%, 
H2O 0.5%, MeOH 0.8%, DME 0.6 %, CH4 8.3%. 



Conclusions

➢ A 2D+1D heterogeneous single tube model of a direct DME synthesis
multitubular reactor has been used to study the effects of diffusion
phenomena in different catalysts configurations (hybrid pellet, mechanical
mixture, core-shell).

➢ The hybrid configuration has shown the best performances in terms of DME
yield, but it is reported in literature that can suffer from deactivation issues.

➢ In the case of the mechanical mixture the DME yield is strongly limited by the
diffusion-reaction phenomena.

➢ The core-shell configuration MeOH@DME reaches a satisfying DME yield
with lower interface contact between the two catalysts than in the hybrid
pellet.
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Catalyst configuration analysis – core-shell
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