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The synthesis gas produced by gasification of biomass is too rich in CO2 and it also contains H2S and 

these components must be separated from the synthesis gas, preferably using an inexpensive membrane 
process, prior to synthesis of renewable fuels such as methanol. The H2/CO ratio must then be adjusted prior 
to methanol synthesis using the water gas shift (WGS) reaction. More CO2 is generated by the WGS reaction 
and some of or all the CO2 may have to be separated again prior to methanol synthesis or generation of 
electricity in a gas turbine.  

Methane from natural gas may also be used for production of methanol and higher hydrocarbons. Since 
natural gas may contain large amounts of CO2, separation of CO2 from the natural gas using an inexpensive 
membrane process is also desirable.  

Our research group has developed MFI-membranes with a film thickness of 0.5 μm on porous α-alumina 
discs with a diameter of 25 mm. The separation of hydrocarbon isomers by molecular sieving with these 
membranes has been demonstrated and the membrane performance in terms of flux and selectivity is 
excellent.1 However, for separation of smaller molecules, such as CO2 from synthesis gas or methane, a 
molecular sieving mechanism can not be employed for separation, since all these molecules are smaller than 
the MFI zeolite pores. An alternative approach could be to modify existing MFI membranes to increase the 
CO2 adsorption and improve the CO2 selectivity. Han et al 2 have demonstrated that the acid-base properties 
of MFI-type zeolite powder can be modified by methylamine. In the present work, the adsorption properties 
of our MFI membranes were modified using a similar protocol as described by Han et al 2 to arrive at CO2 
selective MFI membranes.  

MFI membranes were prepared as described previously1 and mounted in a Wicke-Kallenbach apparatus. 
After dehydration at 300 °C, the membranes were saturated with methyl amine gas at room temperature. The 
membranes were heated to 50 °C for 3 hours and then cooled to room temperature with a heating and cooling 
rate of 1 °C/min. Separation experiments were carried out using two feed mixtures, see Table 1. In the first 
measurements presented here, the pressure was kept at atmospheric at both sides of the membrane and 
helium was used as sweep gas. The separation factor as a function of temperature for an unmodified 500 nm 
silicalite-1 membrane and two amine modified 500 nm silicalite-1 membranes are shown in Figure 1. 

 
 

 
Table 1. Compositions of the two feeds used in the separation experiments. Partial 
pressure of each component (kPa) is given in the table. 

Feed CO2 H2 CH4 H2O 
A 49.6 49.6 - 2.1 
B 49.6 - 49.6 2.1 

 
 

The separation factors α CO2/H2 and α CO2/CH4 for the unmodified membrane is quite low throughout 
the whole investigated temperature range. The separation factors α CO2/H2 and α CO2/CH4 for the 
unmodified membrane is highest, 3 and 4.6, respectively, at lowest temperature tested, i.e. room temperature. 
This low separation factor is a result of a relative weak adsorption of CO2 in silicalite-1 and also due to 
substantial pressure drop for CO2 in the support. The separation factor for the unmodified membrane is 
reduced at higher temperature due to reduced adsorption of CO2. As the temperature is increased, the 
separation factor CO2/H2 approach 0.5, i.e. the membrane becomes H2 selective.  
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Figure 1. Separation factors (α CO2/H2 and α CO2/CH4) for one unmodified silicalite-1 membrane and two 
amine modifiedsilicalite-1 membranes (M1-M2) with feed A (CO2/H2/H2O) solid symbols, and feed B 
(CO2/CH4/H2O), open symbols. 
 

The amine modified membranes have lower separation factors for both feeds at room temperature 
compared to the unmodified membrane. This is likely caused by too strong adsorption and low mobility of 
CO2 at this temperature. However, as the temperature is increased from room temperature, the CO2 
permeance is increased substantially for both feeds (not shown). The increased temperature apparently leads 
to higher CO2 mobility, which results in increased separation factors. For feed A, a maximum separation 
factor α CO2/H2 of 6.5 is observed for both modified membranes at a temperature of about 50 °C. For feed B, 
a maximum separation factor α CO2/CH4 of 11-13 is observed for the modified membranes at a temperature 
of about 40 °C. At these temperatures, the CO2 permeance is as high as about 10·10−7 mol ⋅ m−2 ⋅ s−1 ⋅ Pa-1 for 
both membranes. As the temperature is increased further, the separation factors for the modified membranes 
are reduced, likely due to reduced adsorption of CO2. 

The main conclusion from this work, is that amine modified thin MFI membranes are very promising 
candidates for separation of CO2 from synthesis gas and natural gas.  

Further separation experiments at higher pressures (up to 30 bar) are commencing. It is possible that the 
maximum in separation factor will be shifted to higher temperatures at higher pressure. These results will be 
presented at the conference. 
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