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Abstract
A wall-catalyzed water-gas shift membrane reactor is demonstrated on an ethanol reformate. The reactor implements a palladium alloy membrane in a micro-channel configured Hastelloy housing in absence of any conventional form of catalyst and performed 40 % WGS conversion. Pure hydrogen at 0.5 – 1.6 SLPM flow rates was consistently generated during a two month test period. Yields up to 85% were obtained in an ethanol fuel processing system feeding the steam reformer output directly into the membrane reactor. Initial measurements on a micro-channel wall-catalyzed steam reformer with a geometric surface area of 300 cm2 per cm3 reactor volume are also reported. 
1. Introduction

Considerable attention has been given in recent years for the development of integrated liquid hydrocarbon fuel processors due to their importance in on-demand H2 generation and distributed power generation systems.  Using ethanol or some other bio-fuel may be an attractive option to replace common fuels like propane, gasoline and diesel when cellulistic processing is economical.  Fuel processing challenges include: low yield of H2 and/or recovery from reformate, inability to separate H2 to the requisite purity for long hours of operation, coking of catalyst, thermal integration issues among others. 

The basic reactions involved in fuel processing can be described as a “cracking” reaction where larger hydrocarbons are broken down and the Water Gas Shift, WGS, reaction shown hereunder respectively as (1) and (2):   
CnHm + nH2O

( (

nCO + (n+m/2)H2


(1)
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CO2 + H2                               

(2)
Not shown are quantities of excess water that would appear in equal amounts on both sides of the equations. Apart from preventing coke formation, such excess water has a tendency to shift the reactions to the right, toward making more hydrogen. Another effect is shown by the arrow through the H2 in the WGS reaction (2) representing membrane based selective removal of hydrogen which also shifts the reaction to the right.
Conventional and new fuel processing schemes are shown in figure 1, which represents a simplification of the more elaborated schemes of reference 1. A highly selective hydrogen membrane, capable of hydrogen impurity at the 0.1 ppb level, see reference 2, enables to combine the separation and purification in a single step. This paper reports the capability to perform also the WGS reaction in the same step without the use of conventional catalyst. In this case, the hydrogen removal drives the reaction that is catalyzed by the membrane surface itself and by the Hastelloy material used for the micro-channel that conducts the raffinate. The small gap distance in the micro-channel addresses limitation set by the diffusion speed of hydrogen through the non-hydrogen components in the raffinate. The overall result is the simplified new scheme shown in figure 1.
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Figure 1, conventional and membrane reactor based fuel processing schemes 
This work shows performance measurement for a wall-catalyzed WGS membrane reactor while some initial results using the same concept for the steam reformer are also reported. Besides avoiding the troublesome conventional catalyst, this concept addresses hot spots and the dominant limiting poor heat transfer between the reactor wall and the inside of the traditional catalyst bed, see reference 3.
Also reported are high sulfur concentration membrane exposure results, showing little impact on PdCu alloy.

2. Experimental setup


Wall-catalyzed WGS reactor

Figure 2 shows the experimental setup. Multiple configurations of reformers have been tested including a micro-channel reformer and a wall catalyzed version. Catalytic steam reforming of ethanol is carried out in Rh/CeO2 at more than 600oC. A compact and robust Pd/Ag multi-tube micro-channel membrane separator of Power and Energy is used to separate H2 directly from the reformer stream without passage through a separate WGS reactor. A first generation reformer and membrane reactor are shown in figure 3. The feed into the integrated vaporizer-reformer consists of an ethanol-water mixture where the molar ratio can be varied. The effluent gases are passed through a condenser where the condensables are separated in a knock-out pot. After being dried, gas streams can enter the gas chromatograph, to determine the concentrations of CO, CO2, and CH4. The pressure in the reformer and the retentate side of the membrane separator are maintained using a back pressure regulator.
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Figure 2:  Ethanol reformer system, P and T indicate pressure transducers and thermocouples, MFM is a NIST traceable MKS mass flow meter.
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Figure 3: First generation reactor and separator with heating elements

The determination of the WGS conversion is based on the gas chromatograph analysis of the gas streams entering and exiting the membrane reactor. Resulting ratios for the corresponding CO2/CO concentrations are used to calculate the conversion rate. A high 10:1 steam to carbon ratio was chosen to minimize coke formation and to drive reaction (1) to the right minimizing the methane content. Methane in the gas streams represents an alternative molecular form that contains carbon that should be taken into account unless it is only present at trace concentrations. Coke formation is to be completely avoided as it impacts the CO2/CO concentration ratios in a hard to determine manner through the Boudouard reaction:
2CO ( ( C + CO2. 
The actual WGS membrane reactor used for the test has seven 6.6” long tubular Pd88.5Ag11.5 alloy membranes with an OD of about 2 mm. The membrane reactor was operated at a pressure of 100 psia, temperatures of 650 °C and 500 °C and a flow rate corresponding to a residence time in the micro channel of 0.24 sec. 

Wall-catalyzed steam reformer 
Figure 4 shows the setup used to measure the performance of the micro-channel wall-catalyzed reformer concept.  A premixed ethanol/water mixture with a steam to carbon ratio of 10 is fed at a flow rate of 0.25 cc/min. into the reactor through a syringe pump.

Prior to the reactor the mixture is preheated to 600 °C while the external heat source of the wall-catalyzed reformer was operated at 950 °C and 750 °C temperatures. The given flow rate corresponds to a calculated 85.6 cc/min of maximum extractable H2. The micro-channel wall catalyzed reactor has a volume of 90 microliter with a geometric surface area per reactor volume of 300 cm2/cm3.
As can be seen in figure 4, no hydrogen separation membrane was used in this experiment. Though a hydrogen peak appears in the chromatograms, its calibration through a calibrated gas mixture was deemed unreliable as hydrogen might not mix well in the cylinder. The hydrogen content in the reformate stream was calculated from the concentrations of the other peaks (CO, CO2 and CH4) applying conservation of the number of C, O and H atoms.
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Figure 4, experimental setup for wall-catalyzed reformer evaluation 
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3. Results

Wall-catalyzed WGS reactor 

The developed integrated fuel processor for ethanol was operated consistently for more than two months running typically 5 hour periods three or four times per week.  Figure 5 shows high fuel utilization (H2 yield) greater than 80% with a continuous flow of H2 greater than 0.5 SLPM containing ppb levels of impurities. Figure 6 is shown to illustrate consistency and is a rerun of figure 5 at a different time in the mentioned period. 
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Figure 5:  Ethanol fuel processing

The pure H2 flow from membrane separator varies from 0.5 - 1.6 SLPM for space velocities of the order of 1000-5000 hr-1. A feed of 1 ml/min of liquid ethanol fuel gives ultra pure H2 flow of 1.2 SLPM with a H2 yield 60% whereas a feed of 0.24ml/min ethanol gives more than 0.500 SLPM of pure H2 with a yield of 92% H2. 

Similar experiments were performed on micro-channel reforming of E-85 and additional experiments are planned for propane, gasoline and diesel fuels. 
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Figure 6:  Subsequent run of figure 5 illustrating consistency.

Wall-catalyzed WGS reactor

Measured CO2/CO concentration ratios at the WGS reactor’s in- and outlet were 5 and 9 with only respectively 0.5% and 1.7% of the total carbon in the form of methane. This results in a 40% WGS conversion of CO into CO2.
This conversion percentage seems in good agreement with DOE data with an Inconel reactor, given the 650 ºC operating temperature, see figure 7a and the 0.24 sec residence time, see figure 7b.
The same measurements on a similar membrane reactor with a micro-channel with stainless steel wall operating at 500 °C showed little measurable CO conversion.   

[image: image11.jpg]CO; conversion (%)

10

e
=

0.01

........................ ;..---.--;-.-..-..-
| = N *

. —¥ 4 *
.

4 Inconel reactor

B Inconel reactor, Inconel-packing

® Quartz reactor

= = =Equilibrium conversion
T T T T
0.0 0.1 0.2 0.3 0.4 0.

Residence time (s)

n



[image: image12.png]



Figure 7a (left) and 7b (right), reversed WGS, DOE results, reference 4.
Wall-catalyzed steam reformer 


The 0.25 sccm ethanol/water mixture produced 110 +/- 20 cc/min. dry gas mixture at 950  °C external heat source temperature corresponding with a 0.5 m/sec. average gas speed in the micro-channel. At that temperature, the dry gas composition was 66% H2, 13% CO, 6% CH4 and 15% CO2 corresponding with a flow rate of hydrogen of 73 +/- 15 cc/min.
The dry gas composition corresponds with a much lower equilibrium temperature of about 600 °C where the large temperature gradient over the reactor wall is illustrative for the mentioned heat transfer bottleneck in stream reforming.  

Membrane sulfur exposure

Extremely high hydrogen sulfide concentrations were used to expose a micro-channel membrane module. Generated levels exceeded by more than an order of magnitude the kind of concentrations corresponding with the reforming of a diesel fuel with more than 3000 ppm weight/weight of sulfur. A SEM picture in figure 8 shows, on the right, a slab of iron sulfide formed in the micro-channel on the stainless steel wall on the opposite side of the membrane. The membrane itself is visible in figure 8 on the left and its chemical composition by Edax is shown in figure 9. The spectral position of sulfur is shown by the arrow while its contribution to the composition corresponds to 0.5% which is in the noise of the measurement. The membrane’s hydrogen separation remained unchanged under these extreme conditions, but came to a halt when the module’s outlet became finally clogged by iron sulfide formation.

Figure 8, SEM picture unaffected membrane (left) next to FeS slab (right).



Figure 9, EDAX spectrum of unaffected membrane next to FeS slab. 

4. Conclusion

An integrated ethanol reforming setup with up to 85% yield was shown producing 0.5-1.6 slpm flow of pure hydrogen consistently over a 2 months period. The wall-catalyzed Water-Gas Shift membrane reactor with Palladium alloy membrane and Hastalloy micro-channel configuration demonstrated to perform 40 % WGS conversion at 650 °C. At 950 °C a wall-catalyzed micro-channel reformer demonstrated to address the dominant heat transfer steam reformer bottleneck. High sulfur tolerance and chemical inertness was illustrated by SEM and EDAX analysis of a membrane alloy under “unrealistically” high exposure to a degree that compromised module wall material, a situation that is easily avoided under normal operating conditions. 

5. Outlook The wall-catalyzed reactor concept for both the WGS and the reforming offers an outlook to avoid the multitude of problems associated with the use of conventional catalysts such as hot spots, dead volume and degrading efficiency. The concept offers a good outlook for sulfur immunity and a high potential for fuel neutrality. The micro-channel design is highly scalable and manufacturable as is illustrated by the real world delivery to the Navy of a 200 kWe capacity HSMA hydrogen separator containing 2700 membranes, see figure 10 and 11. 
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Figure 10, HSMA final assembly.

[image: image7]
Figure 11, 2700 Membranes HSMA, width 22”, height 26” and 24” deep.
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