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Summary 

A stacked foil microreactor (SFMR) was developed and used to study the methanol synthesis under high 
pressure. Two catalyst foil coatings were applied, Pd/CeO2 by sol-gel coating + impregnation and 
CuO/ZnO/Al2O3

 by co-precipitation + slurry coating. Laboratory fixed bed reactor (FBR) experiments 
were made for comparison. The results show that stable and active foil coatings of both Pd/CeO2 and 
CuO/ZnO/Al2O3 can be prepared, but detailed understanding of the catalyst structure as well as SFMR 
reactor characteristics are needed to explain and further optimize these systems. 
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Microstructured reactors have received attention over 
the past two decades due to their process intensification 
and safety potential. This potential arises from the high 
surface to volume ratio that enhances mass and heat 
transfer, as well as from the small amount of reactants and 
products inside each microchannel. Using microchannels 
for heterogeneously catalyzed reactions introduces new 
challenges to catalyst loading, since filling the 
microchannels with catalyst powders may lead to flow 
maldistribution. For the option of coating the micochannel 
walls with catalytic materials, heat and mass transfer 
properties may allow coatings with even higher activity 
than powder filling. However, a considerable increase of 
surface area relative to the channel geometric area, 
accompanied with good adhesion on the channel walls, is 
demanded for the coatings. This study focuses on a 
microreactor configuration of stacked, catalyst coated foils 
for the methanol synthesis. Two catalytic coatings were 
prepared, Pd/CeO2 and CuO/ZnO/Al2O3, and studied 
under relevant conditions. A comparison to laboratory 
scale fixed reactor experiments has also been made. 

Experimental  
The stacked foil microreactor (SFMR) was made by 

Karlsruhe Institute of Technology (KIT), and consisted of 
fourteen structured foils. The foils were equipped with 200 
μm x 200 μm microchannels and 100 μm thick fins 

between these. Each foil contained 50 channels of 150 mm 
length. The structured and coated foils were stacked in a 
stainless steel housing, using SK graphite seals (Frentzelit) 
to allow for high pressure. The SFMR was heated 
electrically by 16 cartridges to maintain a uniform 
temperature profile, which was recorded by insertion of 
thermocouples into holes in the SFMR outer shell. 

For the Pd/CeO2 coating, a CeO2 sol-gel was prepared 
according to N. Oezer et al.1, dripped uniformly over the 
microchannels, dried at 70 ºC overnight and calcined at 
500ºC for 5hrs in air. The CeO2 layer was then 
impregnated with a PdCl2 solution until obtaining 
10%Pd/CeO2, and dried and calcined as before. 
CuO/ZnO/Al2O3 was prepared by a two-step 
coprecipitation method according to the ICI procedure2 
and slurry coated onto the foils as described elsewhere.3 

Pd/CeO2 and CuO/ZnO/Al2O3 catalysts were reduced 
in 10 vol.% hydrogen in nitrogen at 300 ºC and in a 
premixed (H2/CO/CO2/N2) syngas at 250 ºC, respectively. 
The premixed syngas was fed at varying contact time 
(GHSV), 80 bar and 220-300 ºC reaction temperature. For 
fixed bed experiments, a Pd/CeO2 powder was prepared 
by deposition – precipitation.4 Undiluted 50-120 μm 
particles of Pd/CeO2 or CuO/ZnO/Al2O3 were used. 

For comparison of SFMR and FBR performance, the 
maximum catalyst temperature (peak) along the FBR axis 
has been compared to the mid-section SFMR temperature. 



  
 

Results and discussion 
Pd/CeO2 showed high initial activity in the methanol 

synthesis in both reactor types, even exceeding the 
methanol synthesis equilibrium conversion in the case of 
the SFMR. This could be explained by a high initial 
activity for methane formation (S(CH4)300 ºC = 50 %) not 
considered in the equilibrium calculation. The activity 
decreased significantly over time to stabilize the 
conversion after ~100hrs on stream (Figure 1) with 
significantly lowered methane selectivity (S(CH4)300 ºC = 
17 %). The reaction proceeded up to 400 hrs without 
further deactivation. Figure 1 also shows higher 
conversion for the Pd/CeO2 catalyst coated on foils and 
employed in the SFMR than for the Pd/CeO2 catalyst 
particles in the FBR, presumably due to the different 
preparation techniques.  
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Figure 1: Activity of Pd/CeO2 as a coating in the SFMR 
(filled symbols) and as a powder in the FBR (open 
symbols) after 10 h (circles) and after stabilization 
(triangles) as a function of reaction temperature. Contact 
time W/F = 110 [ms·gcat/ml] and pressure 80 bar. 
 
 

Temperature, oC
225 240 255 270

C
O

 c
o

nv
e

rs
io

n,
 %

0

5

10

15

20

25

30
180ms
103ms
68ms

W/F, ms.gcat/ml
30 60 90 120 150 180

C
O

 c
o

nv
e

rs
io

n,
 %

0

5

10

15

20

25

30
SFMR
FBR

(a) (b)

 
Figure 2: (a) Activity of CuO/ZnO/Al2O3 coated foils in 
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SFMR as function of temperature for different contact 
times (W/F). (b) Comparison of CuO/ZnO/Al2O3 based 
SFMR and FBR experiments at 255 ºC and 80 bar as a 
function of W/F. 
 

ferent behavior in the SFMR compared to Pd/CeO2. 
The optimum reaction temperature appears to be 250-
265ºC for the Cu system (Fig. 2a), as for industrial 
operation. The Cu catalyst slowly deactivated by 20 % 
over a 300 h period, during which the conditions were 
varied, and the methane selectivity was always below 
10%. Figure 2b shows higher conversion in the SFMR 
than in the FBR on a CuO/ZnO/Al2O3 mass basis for the 
shortest contact times, while at longer contact time, the 
highest conversion is obtained in the FBR. Since 
temperature gradients exist mainly in the FBR, but depend 
on conversion level and feed flow rate, the reverse 
reaction may contribute as conversion and residence time 
increase. Fig. 2b may, however, also reflect very different 
characteristics of flow and mass transfer.   

The liquid prod
racterization is required to better understand the 

behavior of the catalytic coatings in the SFMR. These are 
in progress and will be presented to elucidate the reaction 
data.  

Conclusion  
A stacked foil
 used to study different catalysts for the methanol 

synthesis under high pressure (80 bar). The activity of the 
Pd/CeO2 SFMR foil coating was significantly better than 
Pd/CeO2 particles prepared by deposition-precipitation 
and applied in the FBR. The same CuO/ZnO/Al2O3 
coprecipitated catalyst was used in both reactors with an 
additional step of slurry preparation for coating the SFMR 
foils. Differences between the two reactor types are found 
using the Cu catalyst that seems to relate to temperature 
and possibly to mass transfer characteristics. 
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