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ABSTRACT:   
 

The main aim of this work is to synthesize low temperature bimetallic nanocatalysts for Water 

Gas Shift reaction (WGS) for hydrogen production from CO and steam mixture; and develop 

low-cost metal (Nb/Ta)/ceramic membranes for H2 separation and Cellulose Acetate membranes 

for CO2 separation. Cu-Ni-Ce/alumina, Fe-Ni-Ce/alumina granular WGS catalysts incorporating 

metal oxide nanoparticles into alumina support were prepared using sol-gel/oil-drop methods. 

The catalysts were characterized by Powder X-ray Diffractometer (PXRD), Scanning Electron 

Microscope (SEM), Differential Thermal Analyzer (DTA), Thermal Gravitational Analyzer 

(TGA), and Brunauer, Emmett and Teller (BET) techniques. TGA shows sharp weight loss at 

approximately 215°C and DTA shows dehydration of metal hydroxides between 200°C and 

250°C. The PXRD spectra show an increase in crystallinity as a result of heating to 1000
o
C, and 

indicating a fine dispersion of the metal oxide nanoparticles in alumina supports during the sol-

gel synthesis and calcination at 450
o
C. BET analysis indicated a mesoporous structure of the 

granules with high surface area. A gas-phase dynamic flow reactor is used to optimize the 

reaction temperatures. A gas-phase batch reactor was used to obtain kinetic data and the 

parameters for maximum CO conversion. In Cu-Ni-Ce/alumina category, 

Cu(0%)Ni(10%)Ce(11%) was found to be the best WGS catalyst among six Low Temperature 

Shift (LTS) catalysts with optimum temperatures between 200-300°C, while 

Ni(5%)Cu(5%)Ce(11%) was found to be the best among four High Temperature Shift (HTS) 

catalysts with optimum temperature between 350-400°C. In the Fe-Ni-Ce/alumina category 

catalysts, Fe(8%)Ni(0%)Ce(8%)/alumina and Fe(6%)Ni(2%)Ce(8%)/alumina catalysts showed 

optimum WGS reaction temperature below 150
o
C. All Ni(8-x%)Fe(x%)Ce(8%) had lower WGS 

reaction efficiencies compared to Ni(8-x%)Cu(x%)Ce(8%).  

Metal (Nb or Ta)/ceramic membranes for hydrogen separation from the WGS reaction 

gas products have been prepared using a) sputtering and b) aluminothermic techniques. A 

polyvinyl-glass permeability tester was used with a gas chromatograph (GC) for H2/CO 

permeability testing. Nb films showed a higher permeability than Ta at a given disk porosity. 

The aluminothermically deposited membranes have higher H2 permeability compared to the 

sputtered films, and Nb-film coated disks showed lower H2 permeability than Ta-film. A three-

stage prototype stainless steel reactor with integrated housing for 1) WGS reaction catalysts, 2) 

H2/CO2 separation metal/ceramic or metal/asbestos membranes, and 3) CO/CO2 separation 

cellulose acetate /filter-paper membranes has been designed and tested to have capabilities to 

perform WGS reactions at temperatures up to 400
o
C and withstand gas pressures up to 15 bars. 

The cracking of ceramic disks and gas leaks were successfully prevented by replacing ceramic 

disks with asbestos sheets that can easily withstand 400
o
C. Kinetic studies of H2 and CO 

permeabilities were performed through the single and double layer Nb and Ta membranes.  

Cellulose acetate (CA) films with 25% triethyl citrate (TEC) as plasticizer were prepared 

for H2/CO/CO2 gas separation with varying thickness of the films by acetone solutions at 

different concentrations and by dip-coating onto filter papers. The AFM analysis of the CA 

membrane showed that the uniform coating had fewer and smaller pores as the film thickness 

increased, and corroborated by gas permeability studies. The CO2 permeability has decreased 

faster than CO permeability with the CA/TEC membrane thickness, and findings support that the 

CA membrane could be used to entrap CO2. Several CA/TEC membranes were also staked to 

increase the separation efficiency. Positron Lifetime Spectroscopy (PLS) was used to estimate 

the micro-porosity (pore size and concentration) and fractional free volume changes of CA/TEC 

films, and used to understand the variations observed in the CO2/CO permeabilities.  
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EXECUTIVE SUMMARY 

 

The main aim of this work is to synthesize low temperature bimetallic nanocatalysts for 

Water Gas Shift reaction (WGS) for hydrogen production from CO and steam mixture [1,2]; and 

develop low-cost metal (Nb/Ta)/ceramic membranes for hydrogen separation and Cellulose 

Acetate membranes for CO2 separation.  

The metal nanoparticles-catalysts in mesoporous supports significantly enhance the 

catalytic activity [3-5]. We have prepared Cu-Ni-Ce/alumina, Fe-Ni-Ce/alumina granular WGS 

catalysts incorporating metal oxide nanoparticles into alumina support using sol-gel/oil-drop 

methods [6-8]. These catalysts were characterized by PXRD to confirm metal and alumina 

support structures, DTA/TGA analysis for thermal properties, and BET techniques for surface 

area and porosity measurements. TGA shows sharp weight loss at approximately 215°C and 

DTA shows dehydration of metal hydroxides between 200°C and 250°C. The PXRD spectra of 

Ni-Cu-Ce/alumina catalysts annealed to 1000
o
C showed characteristic peaks for metal oxides, 

whereas only alumina support peaks were observed for the 450
o
C calcined samples. This shows 

an increase in crystallinity during sintering of nanocatalysts as a result of heating to 1000
o
C, and 

indicating a fine dispersion of the metal oxide nanoparticles in alumina supports during the sol-

gel synthesis and calcination processes at 450
o
C. BET Surface Area analysis of the catalysts 

indicated a mesoporous structure of the nanocatalysts granules with high surface area. A gas-

phase dynamic flow reactor is used to screen the catalysts and optimize the reaction 

temperatures. A gas-phase batch reactor was used to obtain kinetic data and the parameters for 

maximum CO conversion. In Cu-Ni-Ce/alumina category catalysts, Cu(0%)Ni(10%)Ce(11%) 

was found to be the best WGS catalyst among six Low Temperature Shift (LTS) catalysts with 

optimum temperatures between 200-300°C, while Ni(5%)Cu(5%)Ce(11%) was found to be the 

best among four High Temperature Shift (HTS) catalysts with optimum temperature between 

350-400°C. In the Fe-Ni-Ce/alumina category catalysts, Fe(8%)Ni(0%)Ce(8%)/alumina and 

Fe(6%)Ni(2%)Ce(8%)/alumina catalysts showed optimum WGS reaction temperature below 

150
o
C and hence LTS catalysts. All Ni(8-x%)Fe(x%)Ce(8%) had lower WGS reaction 

efficiencies compared to Ni(8-x%)Cu(x%)Ce(8%). Mixed metal compositions of Ni and Cu 

seem to have higher CO2 production than Ni alone or Fe-cerium catalysts. 

Metal membranes made from pure metals and alloys of Group IVB and VB elements (i.e. 

Nb, Ta, V, Zr) were considered for hydrogen separation as alternative to expensive Pd 

membranes [9-12]. We prepared metal/ceramic membranes for hydrogen separation from the 

WGS reaction gas products using a) sputtering and b) aluminothermic techniques. Initially we 

designed and fabricated a polyvinyl-glass permeability tester for H2/CO permeability testing with 

metal/ceramic as membrane housing and connecting to a gas chromatography (GC) system. Thin 

films of Nb and Ta were prepared using physical (sputtering - using a DC-RF Magnetron 

system) and chemical (aluminothermic [13]) methods. DTA of M2O5 (M = Nb and Ta) and Al 

mixtures showed reduction of M2O5 to M at the temperature ~ 950°C. PXRD of sputtered disks 

showed metallic phases of Nb and Ta (400 nm) films on (0.16, 0.5, and 0.8 m) micro-porous 

Al2O3 disks. PXRD of chemically coated disks showed mixtures of phases: M, M2O5, Al2O3, and 

their alloys.  Sputtered disks showed increasing H2 permeability with porosity of the ceramic 

disk. Nb films showed a higher permeability than Ta at a given disk porosity. The 

aluminothermically deposited Nb-film coated disks showed lower H2 permeability, while Ta 

showed higher H2 permeability. In general, aluminothermic deposited membranes have higher 
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H2 permeability compared to the sputtered films. Later, we developed a stainless steel 

permeability tester to reduce leakage under high pressures and temperatures.  

Polymeric Membranes have been used for CO2 separation [14] and a plasticizer can 

control the micro-structural properties of polymer membranes [15]. The stainless steel 

permeability tester is also used for CO2 separation membranes using 25% triethyl citrate (TEC) 

as plasticizer in cellulose acetate (CA) films. CA/TEC films were prepared for CO/CO2 and 

N2/CO/CO2 separations with varying thickness of the films by acetone solutions at different 

concentrations and by dip-coating onto filter papers. The N2/CO/CO2 permeability studies for the 

CA/TEC membranes were performed using stainless steel housing with 

H2(25%):N2(25%):CO(25%):CO2(25%) gas mixture in the inlet side and a GC-TCD analyzer at 

the outlet side. Filter papers with various CA film thicknesses were produced by varying 

(CA+TEC)/Acetone ratio of 0.2 (thicker film), 0.133, 0.1, and 0.067 g/ml (thinner film). The 

AFM analysis of the CA membrane showed that as the thickness increased, the uniform coating 

had fewer pores compared to thinner films. AFM analysis confirmed that pore size decreased in 

CA filter paper membrane as the film thickness increased and was corroborated by gas 

permeability studies. The CO2 permeability has decreased faster than CO permeability with the 

CA/TEC membrane thickness. Under these conditions, there is no significant effect on the 

permeabilities of either N2 or H2. Permeability data supports that the CA membrane could be 

used to entrap CO2. Several CA filter membranes could be staked to increase the separation 

efficiency. We have studied the micro-porosity and free volume changes of CA with 25% TEC 

as a function of its concentration in fixed amount of acetone using Positron Lifetime 

Spectroscopy (PLS) techniques [15]. The third lifetime component associated with positronium 

annihilation in the polymer is used to estimate the pore size, pore concentration, and fractional 

free volume using a simple model [16]. The pore size decreased with the CA-TEC concentration 

in acetone, while the overall fractional free volume showed an increase with the CA-TEC 

concentration. These results may explain the variations observed in the CO2/CO permeabilities. 

The CO2 permeability decreased faster than CO permeability with the CA-TEC concentration, 

which agrees with the decrease in pore size shown by PLS results. Decrease in pore size might 

be reducing the CO2 diffusion as the CA-TEC concentration increases. 

A two-stage prototype stainless steel reactor with integrated housing for both the 1) WGS 

reaction catalysts and 2) H2/CO2 separation metal/ceramic membranes has been designed and 

fabricated; and during the last phase, a three-stage prototype stainless steel reactor with 

integrated housing for 1) WGS reaction catalysts, 2) H2/CO2 separation metal/ceramic or 

metal/asbestos membranes, and 3) CO/CO2 separation CA/filter-paper membranes has been 

designed. The stainless steel reactor has capabilities to perform WGS reactions at temperatures 

as high as 400
o
C and withstand gas pressures up to 15 bars. The prototype stainless steel reactor 

has been tested for its functionality and preliminary studies have been performed for H2/CO2 

separation. The problems associated with cracking of ceramic disks and leaks were successfully 

prevented by replacing ceramic disks with asbestos sheets, and Nb and Ta films were sputter-

coated on flexible asbestos sheets that can also withstand high reactor temperatures (400
o
C) and 

used conveniently in the SS permeability tester. Kinetic studies of H2 and CO permeabilities with 

time are performed through the single and double layer Nb and Ta membranes and the results 

confirm that Nb membrane showed higher H2 permeability than Ta membrane. 
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REPORT DETAILS 

A) Experimental Approach and Procedures 
 

i) Catalysts Preparation 

 

 The synthesis of catalyst using sol-gel-oil-drop methods [6-8] involves three steps: 1) 

Boehmite sol (-AlOOH) preparation; 2) Gelation and shaping the granules; and 3) Dry and 

calcination. Figure 1 shows the sol-gel preparation 

system for producing granular alumina supports 

with nanocatalysts. 

 

Step 1: Boehmite Sol (-AlOOH) Preparation - We 

have dissolved aluminum tri-sec-butoxide in 

distilled water (at 75
o
C) as precursor and HNO3 for 

adjusting pH value, and refluxed for 14 hours to 

stabilize. 

 

Step 2: Sol Gelation and Shaping (Oil Dropping) 

the granules – Metal nanoparticles were added to 

this solution and the resulting mixture was 

transferred to a syringe.  About 1/3
rd

 of the 

measuring jar is filled with 10% ammonium 

hydroxide solution and the remaining 2/3
rd

 is filled 

with paraffin oil (Figure 1). The paraffin oil top layer was heated to 90
o
C using a heating tape. 

The drops of the mixture were dripped into the hot mineral oil and the gel was collected in the 

bottom ammonia layer. The soft granules were washed.  

 

Step 3: Drying and Calcination – The catalyst granules were dried in an oven kept at 50ºC. The 

granules were calcined at 450ºC for 4 hrs. 

 

ii) Catalyst Characterization 

 

a) Thermal analysis:  

 

We have analyzed the 

catalysts with various compositions 

of the Cu-Ni-Ce/Al2O3 catalysts 

using DTA and TGA methods. 

Thermal analysis was carried out 

using Shimadzu DTA-50 and TGA-

50 systems (Figure 2). The 

experiment is carried out from room 

temperature to 450
o
C with 20

o
C 

increment in temperature with an 

aluminum sample holder. 

Figure 1: Sol-gel preparation system for 

producing granular alumina supports with  

nanocatalysts 

Shimadzu DTA 50 TGA-50 

Figure 2: Thermal analysis – DTA and TGA systems 
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b) Surface area measurements by BET method: 

 

A NOVA 2000 high-speed gas desorption analyzer with Brunauer, Emmett and Teller 

(BET) method was used to analyze the surface area and pore structure, and to confirm the 

mesoporous nature of the alumina granules. The calculations were based on the nitrogen 

desorption isotherm using Autosorob1
 

software provided by NOVA Inc.  

 

The BET equation is given below. 

cvp

p

cv

c

PPv mm

1
)(

1

]1)[(

1

00







  -       [1] 

Where P and Po   are the equilibrium and saturation pressures of adsorbate at adsorption 

temperature, v is the volume of gas adsorbed, vm is volume of gas adsorbed in monolayer, and c 

is the BET equation constant. 

 

c) Crystal structure - X-ray powder diffraction 

 

The PXRD measurements were performed with 

a Scintag X-ray powder diffractometer (Figure 3) using 

Nickel-filtered Cu-K radiation and DMNST
 

software. The X-ray diffraction patterns were obtained 

for samples annealed at various temperatures (450
o
C – 

1000
o
C to study the phase composition and the 

dynamics of crystallinity.  

 

d) Granular Characterization - Scanning Electron Microscopy 

 

SEM/EDX is a powerful tool for analysis of surface 

character, particle size and composition. The SEM facility 

at GSU consists of Carl Zeiss DSM 942 SEM along with 

Kevex LPX1 Super Dry Quantum Detector EDXS system 

(Figure 4). The SEM has 3.5 nm resolution at 30 kV, 

magnification range of 4X to 500,000X and produces high 

quality digitized images with point to point image 

measurement, image storing and processing capabilities. 

The EDXS is equipped with super quantum dry Si(Li) 

detector that has elemental analysis capability in the wide range: from Boron through Uranium 

with better than 145 eV resolution. We used SEM to study the granular structure of nanocatalysts 

incorporated alumina granules.  

 

iii) Screening Catalysts for WGS Reaction 

 

Both, dynamic flow and batch, gas phase reactors were used in screening catalysts, 

determining the reaction temperature, and optimizing compositions that gives maximum CO 

conversion. 

 

Figure 3: X-ray Diffractometer 

 

Figure 4: SEM/EDXS system 



10 

 

 

a) Gas-phase dynamic flow reactor 

 

A gas-phase flow reactor as shown in Figure 5 is connected to a GC is used for the 

analysis of WGS reaction products. CO gas flow with a certain rate was bubbled through the 

heated water bath at a 

certain temperature to 

mix CO with the steam. 

The flow rate of CO and 

temperature of H2O 

were optimized to 

obtain required 

reference ratios of CO 

and H2O.  The CO/H2O 

mixture flows through 

the quartz tube 

containing the 

bimetallic/tri-metallic 

catalyst. 

 

The reactor has 

a bleeding outlet where 

the gases can be sent out bypassing the GC analysis set up while flow rates and temperatures are 

steady. The gas mixture was passed through an ice trap where the water vapor was condensed 

and then passed through a sulfuric acid trap in order to remove the traces of water before it was 

injected to the GC column. The experiments were carried out with an increment of 50
o
C in 

temperature so as to determine the optimum temperature at which the catalyst has maximum 

conversion. 

 
b) Gas-phase batch reactor  

 

We have used a gas-phase batch reactor (Figure 

6) to obtain detailed analysis of the WGS reaction 

products.  Gas-phase batch reactor was connected to GC 

(Figure 7). In the batch reactor, calculated amount of 

water and CO gas at certain pressure were placed to 

obtain reference ratios of H2O and CO. The batch reactor 

has a heating mantle, which is externally connected to 

temperature control to maintain required temperature. 

The reacted gas mixture was taken from the reactor every 

one-hour to analyze the conversion. The batch reactor 

experiment is mainly to obtain kinetic data and determine 

the catalysts deactivation time. 

Figure 5: Gas-phase flow reactor for optimizing reaction parameters 

 

Figure 6: Gas-phase batch reactor 
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Figure 7: Gas-phase batch reactor for kinetic study of WGS catalysts 

 

c) Gas chromatograph (GC) Analysis 

 

To analyze H2/CO/CO2 gas mixtures, we have used a 

modified HP 8950 series II gas chromatograph system 

(Figure 8) with a thermal conductivity detector (TCD) and 

Carboxen 1000 (Supelco
®
 Carboxen-1000) column.  This 

CG is interfaced to a PC computer by a GOW-MAC
®

 

interface and software.    

 

iv) Preparation of Metal/Ceramic Membranes 

 

 a) Magnetron Sputtering of ~ 400 nm Nb 

and Ta thin films on alumina disks of 0.16, 

0.5, and 0. 8 m porosities 

 

DC-RF Magnetron Sputter Deposition 

System (PVD300, Unifilm Technology Inc.) at 

Louisiana Tech was used to deposit thin 

coatings of Na and Ta metal on three ceramic 

disks each with following dimensions: 1 1/8” 

(OD) and 0.281”  thickness; and porosities: 

0.16 m, 0.5m, and 0.8m. The thickness of 

the coated metal films is ~ 400 nm. Figure 9 shows the blank ceramic disk and Nb sputter 

deposited ceramic disk. 

 

b) Aluminothermic deposition of Nb and Ta films on 0.5 m porous alumina disks 
 

Aluminothermic method was used to reduce metallic oxides in to metals.  

                M2O5(s) + 10/3 Al (s/l)  2 M   +  5/3 Al2O3 (s); (M = Na and Ta) 
                 

Samples of Nb2O5 (~1.0 g) and Al (~1.0 g), and Ta2O5 (~ 0.5 g) and Al (~0.4 g) in a molar ratio 

of 1:11 were mixed separately and each sample was grounded using a mortar and pestle for 15 

min. to obtain a fine particle homogenous mixture. A 0.2 g of sample was added to 10 mL 

 
Figure 8: HP 5890 series II GC 

 

 

Figure 9: Ceramic disks a) blank b) Nb 

sputter deposited 

a

) 
b

) 
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acetone and sonicated to obtain a well-dispersed emulsion.  Emulsions were allowed to deposit 

on the disks and acetone was removed in an oven at 50C, then the disks were placed in a muffle 

furnace and the temperature was raised slowly to 1200
o
C and maintained for 8 hrs to complete 

the reaction. 

 

v) Preparation of Cellulose acetate membranes 

 

 Cellulose acetate (CA) 75%, tri-ethyl citrate (TEC) 25% plasticizer, and acetone solution 

were used to drip coat a thin membrane on filter paper (S & S 100). All three chemicals were put 

into a conical flask and were stirred for about 15 min. until all the solid CA was dissolved into 

the acetone. Circular filter papers of 1 1/8” OD were used for CA film deposition. CA film is 

deposited on filter paper by simple dip solution method in which filter paper is soaked in the 

solution for 30 seconds and then allowed to dry overnight for permeability testing. The filter 

papers were also weighed before and after coating. Seven filter papers were prepared replicated 3 

times for gas permeability testing. A separate batch of four membranes (Table 1) was also 

prepared by recoating 1, 2, 3, 4 times with (CA+TEC)/Acetone ratios: 0.2 (thicker membrane), 

0.133, 0.1, and 0.067 g/mL (thinner membrane) for AFM study. Membranes prepared in this way 

were allowed to dry overnight. 

 

Table 1: CA-TEC thin films prepared at different concentrations in acetone solution 

CA 

(g) 

TEC 

(ml) 

TEC 

(g) 

CA+TEC 

(g) 

CA:TEC Acetone 

(mL ) 

(CA+TEC)/Acetone 

(g/mL) 

1.5 0.44 0.49984 2 75%:25% 10 0.2 

1 0.29 0.32944 1.33 75%:25% 10 0.133 

0.75 0.22 0.25 1 75%:25% 10 0.1 

0.5 0.15 0.1704 0.67 75%:25% 10 0.067 

  

   Another set (Table 2) of seven CA-TEC/filter-paper films with uniform thickness were 

prepared to study gas permeability as a function of thickness by stacking the films. They were 

prepared using 1g CA and 0.29 mL TEC, using a 75%:25% weight CA/TEC ratio, and 10 mL 

acetone solution.   

 

Table 2: CA-TEC thin films prepared at different concentrations by stacking the films 
 

Film 

Number 

Filter-paper  

Weight (g)    

CA+TEC 

deposited Paper 

Weight (g) 

Each Film - 

Weight of 

CA+TEC (g) 

Stacked Films - 

Net Weight of 

CA+TEC (g) 

1 0.0552 0.0802 0.025 0.025 

2 0.0550 0.0795 0.0245 0.0495 

3 0.0576 0.0869 0.0293 0.0788 

4 0.0577 0.0846 0.0269 0.1057 

5 0.0545 0.0806 0.0261 0.1318 

6 0.0516 0.0789 0.0273 0.1591 

7 0.0534 0.0800 0.0266 0.1857 
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vi) Characterization of CA Membranes 

 

a) Atomic Force Microscope (AFM) Study 

 

Agilent 5400 Atomic Force 

Microscope (AFM) in contact mode was used 

for scanning and characterization of CA/TEC 

films deposited on tissue paper by dip 

coating. The topology features of the 

fabricated membranes are observed to check 

whether the film is deposited uniformly on 

the filter paper using system software 

available [17]. The main component of the 

Agilent 5400 SPM system (Figure 10) is the 

microscope, which includes the sample plate, 

scanner, high resolution probe/ tip, and 

detector. The AFM tip is attached to the end 

of the cantilever (made up of Silicon Nitride) 

with a low spring constant (typically 0.001-5 

nN/nm). The tip makes gentle contact with 

the sample, exerting from ~ 0.1 - 1000 nN 

force on the sample. AFM can be conducted in either constant height or constant force modes. In 

Constant force mode, the error signal is used as the input to a feedback circuit which, after 

amplification, controls the z-height piezo actuator.  

 

- First a filter paper deposited with CA film was mounted on the translation stage (magnet 

is used to hold the sample in place). 

- Focused the camera on the sample surface. 

- Adjusted to an area of the sample that is free from contamination. 

- Kept the initial scan size to 10 × 10 microns with 256 data points per line with a scan rate 

of 2 lines per second. 

- Kept the initial rotation, X-Y offsets to 0.0 and then the scan is done. 

 

b) Positron Lifetime Spectrometer analysis of CA membranes 

 

Positron Annihilation Techniques (PAT) is very sensitive to the microporosity of the 

sample. We used a Positron lifetime spectrometer (PLS) to estimate the microscopic free-volume 

spaces in polymers. PLS gave estimates of average pore size and pore concentration in the CA-

TEC membranes deposited on to filter paper.  The positron lifetime spectrometer is shown in 

Figure 11. A 
22

Na source is sandwiched between two identical samples under study and the 

lifetime spectrum was collected. A 16 ns delay is introduced for the time calibration of the 

spectrometer with a 
60

Co source and found to be 0.0125 ns/ch. The 
60

Co calibration curve is used 

to find the instrumental resolution and used to de-convolute the positron lifetime spectra of the 

polymer sample into three lifetime components using POSFIT computer program. The time 

resolution of the positron lifetime spectrometer at GSU has been found to be 35 ps.  
 

 
Figure 10: Agilent 5400 Atomic Force 

Microscope (AFM) system 
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Figure 11: Positron lifetime spectrometer (PLS) and the block diagram of PLS 

 

c) Gas Chromatography (GC) Analysis  

 

 A HP 8950 series II gas chromatograph system (Figure 12c) with a thermal conductivity 

detector (TCD) and Carboxen 1000 (Supelco
®
 Carboxen-1000) column has been used to find the 

gas products from WGS reactions or outlet gases after passing through the gas separation 

membrane during permeability testing. The chromatograph is connected to the computer using 

the Power-chrom hardware. The GC is interfaced to a PC computer by a Power-Chrom
®

 

interface and software. 

 

vii) Prototype Reactors for Permeability Testing  

 

a) Polyvinyl-glass permeability tester  

 

H2/CO permeability testing system consisting of a polyvinyl housing for ceramic disc and 

epoxy glued to glass metal connectors to inlet and outlet is shown in Figure 12 along with the 

metal/ceramic membrane housing and the GC system. This setup is used to test the H2/CO 

permeability through metal/ceramic membranes, i.e. metal thin film coated micro porous ceramic 

disks with different pore sizes of 0.16m, 0.50m, and 0.80m.  

 

a) 

 

 

 

b) 

 

 

 

 

 

 

 

c) 

 

Figure 12: a) Schematic of gas permeability system, b) Membrane housing, and c) GC 
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H2 and CO were mixed in a gas mixing manifold in the mole ratio (1:1) of 

H2(50%):CO(50%) and stored in a gas reservoir. This mixture at 20 psi pressure was introduced 

into the pre-stream side of the membrane housing and allowed to permeate through 

metal/ceramic membrane. The curves to show the variations of the post–stream concentration of 

CO with time have been recorded. Since H2 is difficult to quantify in GC, we assumed H2 

permeability is inversely proportional to that of CO. 

 

b) Two-stage stainless steel reactor/permeability tester  

 

A prototype stainless steel reactor with integrated housing for both WGS reaction 

catalysts and H2/CO2 separation metal/ceramic membranes has been developed and fabricated. 

Figure 13 shows the schematic diagram of the prototype reactor. The stainless steel reactor has a 

capability to perform WGS reactions at temperatures as high as 400
o
C and withstand gas 

pressures up to 15 bars. The prototype stainless steel reactor has been tested for its functionality 

for catalytic reaction, H2 separation using metal/ceramic membranes, and CO2 separation using 

cellulose acetate membranes. 

 
Figure 13: a) Block diagram of two-stage prototype reactor, b) Stainless steel housing for WGS 

catalysts and metal/ceramic gas-separation membrane, c) Reactor temperature controller and 

Gas Chromatograph, d) Gas mixing manifold, and e) Gas reservoir 

 

c) Three-stage stainless steel reactor/permeability tester  

 

A three-stage prototype stainless steel reactor with integrated housing for 1) WGS 

reaction catalysts, 2) H2/CO2 separation metal/ceramic or metal/asbestos membranes, and 3) 
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CO/CO2 separation CA-filter membranes has been designed. A block diagram of three-stage 

stainless steel reactor/permeability tester is shown in Figure 14. These stainless steel reactors 

have capabilities to perform WGS reactions at temperatures as high as 400
o
C and withstand gas 

pressures up to 15 bars.  

 
Figure 14: Block diagram of three-stage prototype reactor/permeability tester  

 

 

B) Results and Discussion 
 

1) WGS Nanocatalysts in Alumina Support Granules  

 

i) Catalysts characterization 

 

a) Granular structure – SEM observations 
 

SEM viewgraphs at different magnifications for the Cu(10%)Ce(11%)/alumina granular 

nanocatalysts prepared by sol-gel synthesis are shown in Figure 15. The average size of these 

granules is ~ 1.7 mm. SEM viewgraphs of Cu(7%), Ce(11%), and Ni(3%) nanocatalysts in 

alumina granules, and the granules pulverized during calcinations are shown in Figure 16 and 

they give an estimate average size of the granules to be ~ 1 mm. The Cu-Ce catalyst granules 

have less mechanical strength and more brittle compared to the Cu-Ce-Ni catalyst granules.  The 

Cu-Ce-Ni granules have smoother surface, while Cu-Ce granules showed more fibrous structures 

on the surface (Figures 15b and 16b). At higher magnification (Figures 15c and 16c), Cu-Ce 

granules showed larger pour structure compared to Cu-Ce-Ni granules, however Cu-Ce-Ni 

granules show finer microporosity at higher magnification (Figure 6c) that may result in higher 

surface area available for catalytic reaction.  
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a) 20X mag. 

 
b) 1000X mag. 

 
c) 5000X mag. 

Figure 15: SEM viewgraphs of Cu(10%)Ce(11%) nanocatalysts in sol-gel alumina 

 

 
a) 20X mag. 

 
b) 1000X mag. 

 
c) 5000X mag. 

Figure 16: SEM of Cu(7%)Ce(11%)Ni(3%) nanocatalysts in sol-gel alumina 

 

b) Thermal Analysis of Catalysts Granules 

 

 Standard DTA and TGA techniques were used to determine the calcination temperature 

and thermal stability for all the catalysts synthesized using the sol-gel method. The experiments 

were carried out from a starting temperature of 

32
o
C to 450

o
C with an increment of 20

o
C per 

minute using aluminum. The results showed 

complete dehydration at 450
o
C in Figure 17 

and Figure 18. Samples of the different 

alumina catalysts were synthesized and heated 

in a platinum holder; they did not show any 

DTA/TGA thermal features in the 200-450
o
C 

range. The peaks at 70-100
o
C are due to loss of 

water from metal hydroxides to form metal 

oxides. The various endothermic peaks 

between 100-200
o
C could be due to 

dehydration of metal hydroxides. A strong exothermic peak with a weight loss around 230
o
C is 

due to dehydration of alumina hydroxide. 

The transition from boehimite to γ-alumina occurred at low temperature of 230
o
C. This 

might be due to the collapse of boehimite structure by the early evaporation of water. The 

temperature of 450
o
C was found to be sufficient for complete calcinations because there were no 

significant peaks observed after 450
o
C which indicates the complete calcination. 

  

 
Figure 17: DTA of Cu(10%)Ce(11%) catalyst 
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TGA gives the thermal stability of 

the catalyst. The experimental conditions 

were same as mentioned for DTA of 

Cu(10%)Ce(11%). A strong peak for metal 

hydroxide and a weak peak for metal oxide 

were clearly observed for this catalyst. It 

was observed that there was a weight loss 

of catalyst from 200-300
o
C and later it 

stabilized. This shows the catalyst is 

thermally stable at 200
o
C. Figure 18 shows 

the TGA of Cu(10%)Ce(11%).  

 

c) BET Surface Area Results 

 

Surface area and pore size measured based on adsorption isotherms are important 

characteristics of a catalyst. A chemical reaction on a finely distributed catalyst inside pore 

structure is faster than a reaction without a catalyst. Catalysts are classified into three different 

categories depending on their pore diameters: less than 20 Å - microporous, larger than 500 Å - 

macroporous, and 20-500 Å - mesoporous. Based on the data tabulated in Table 3, all ten 

catalysts synthesized fall under mesoporous category. Generally, mesoporous materials exhibit 

Type IV adsorption isotherm [18] indicating that hysteresis loop consists of more non-uniform 

cylindrical pores than pores with uniform cross sectional area. 

For the mixed metal catalysts of Cu and Ni, the highest surface area is observed for 

Cu(3%)Ni(7%)Ce(11%) catalyst and the lowest for Cu(5%)Ni(7%)Ce(11%). Generally, it is 

observed [19] that an increase in pore volume increases the pore diameter of the catalyst. It is 

found that decreasing the Cu metal content increased the surface area and decreased the average 

pore size of the catalysts.  
  

Table 3:  BET Surface Area Measurements 

Catalyst 
BET specific surface 

area (m
2
/g) 

BJH average 

pore size (Å) 

Fe(10%)Ce(11%) 625.7(6.2) 19.23(0.01) 

Ni(10%)Ce(9%) 401.0(4.0) 20.57(0.02) 

Ni(10%)Ce(6%) 273.4(2.7) 20.13(0.02) 

Cu(3%) Ni(7%)Ce(11%) 233.7(2.3) 15.7(0.01) 

Ni(10%)Ce(11%) 214.8(2.1) 18.01(0.01) 

Ni(7%)Ce(3%) 211.5(2.1) 19.79(0.01) 

Ni(10%) 194.6(1.9) 21.37(0.02) 

Cu(5%)Ni(5%)Ce(11%) 183.7(1.8) 17.95(0.01) 

Cu(10%)Ce(11%) 156.3(1.5) 20.11(0.02) 

Cu(7%) Ni(3%)Ce(11%) 141.8(1.4) 17.97(0.01) 

 

 
Figure 18:  TGA of Cu(10%)Ce(11%) catalyst 
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d) X-ray Analysis 

 

Figure 19 shows the PXRD spectra for 

Cu(5%)Ni(5%)Ce(11%)/alumina calcined at 

450
o
C and further annealed at 1000

o
C.  No 

characteristic PXRD peaks for metal oxides 

(other than alumina support peaks) were 

observed for samples annealed at 450
o
C.  

Sharper metal oxide PXRD peaks appeared 

for samples as they were annealed to 

1000
o
C due to increased crystallinity upon 

sintering. This is consistent with the 

nanoparticles nature of the metal oxide 

nanocrystalline phases that are preserved 

during the sol-gel synthesis. The PXRD 

result is direct evidence that metal oxides 

are finely distributed on alumina support at 

450
o
C calcination temperature. 

 

ii) Catalytic Study 

 

In a dynamic gas phase flow reactor, the reaction temperature of the catalyst is increased 

from 150 to 400
o
C with an increment of 50

o
C intervals. For every 50

o
C raise in temperature, the 

catalytic activity based on CO2 conversion is measured to determine the optimum WGS reaction 

temperature for each reaction by the catalyst. In the gas phase batch reactors, the reaction is 

carried out for 13 hours and the catalytic activity is measured for every hour at the optimum 

WGS reaction temperature for the catalyst to determine the CO conversion and CO2 production. 

  

 a) Gas Phase Dynamic Flow Reactor – Optimization of Reaction Temperatures 

 

  Of the ten catalysts, six catalysts 

were classified as low temperature shift 

LTS (150-300
o
C) catalysts and four as 

high temperature shift HTS (350-400
o
C) 

catalysts based on the optimum 

temperature of the catalytic activity. In 

this section we compare all catalysts as 

high (HTS) or low (LTS) temperature 

shift catalysts [20-22].  

 

 Low temperature shift catalysts: The 

plots of CO2 production in temperature 

range of 150-400
o
C for six catalysts 

compositions that are LTS catalysts are shown in Figure 20. Among the catalysts investigated, 

two catalysts Ni(3%)Cu(7%)Ce(11%) and Cu(10%)Ce(11%), were found to operate at 

 

Figure 19: PXRD spectra at 450 
o
C and 100 

o
C for 

Cu(5%)Ni(5%)Ce(11%)/alumina 

 
Figure 20: Comparison of gas phase dynamic flow 

reactor data of LTS catalysts 
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temperatures around 200
o
C. The three catalysts Ni(3%)Cu(7%)Ce(11%), Ni(10%)Ce(11%) and  

Ni(10%)Ce(9%) were found to operate at temperatures around 250
o
C. 

Ni(10%)Ce(6%) and  Ni(10%)Ce(3%) catalysts had 

higher optimum temperature and lower catalytic 

activity.  

 The results of LTS catalyst are summarized in Table 

4. Under dynamic flow reactor conditions 

Ni(3%)Cu(7%)Ce(11%) LTS catalyst showed the 

lowest optimum temperature and highest catalytic 

activity. 

 

 

 

 High temperature shift catalysts: Figure 21 

shows a plot of CO2 production in 

temperature range of 150-450
o
C for four 

catalysts compositions that are HTS 

catalysts. Among the catalysts investigated, 

two catalysts Ni(5%)Cu(5%)Ce(11%) and 

Fe(10%)Ce(11%) were found to operate at 

temperatures around 350
o
C and showed a 

higher catalytic activity.  

 Ni(7%)Cu(3%)Ce(11%) and Ni(10%) had 

slightly higher optimum temperature and 

lower catalytic activities.  

The results are summarized in Table 5. 

Under dynamic flow reactor conditions 

Ni(5%)Cu(5%)Ce(11%) HTS catalyst 

showed an optimum temperature of 350
o
C 

and highest catalytic activity. 
 

b) Gas Phase Batch Reactor – 

Optimization of Compositions for 

Maximum CO Conversion  

 

Ten catalysts were loaded into 

a gas phase batch reactor and CO 

conversion/CO2 production data were 

collected at the optimum WGS 

reaction temperature determined 

previously from a gas phase dynamic 

flow reactors study. The reaction is 

carried out for 13 hours and the 

catalytic activity is measured for 

every hour at the optimum. 

 

Table 4: Compositions of LTS Catalysts 

and Optimum Temperatures 

Name of the Catalyst 
Optimum 

Temperature (
0
C) 

Ni(10%)Ce(6%) 300 

Ni(10%)Ce(3%) 300 

Ni(10%)Ce(9%) 250 

Ni(10%)Ce(11%) 250 

Ni(3%)Cu(7%)Ce(11%) 200 

Cu(10%)Ce(11%) 200 

 
Figure 21: Comparison of gas phase dynamic 

flow reactor data of HTS catalysts 

Table 5: Compositions of HTS 

Catalysts and Optimum Temperatures 

Name of the Catalyst 
Optimum 

Temp. (
0
C) 

Ni(10%) 400 

Fe(10%)Ce(11%) 350 

Ni(7%)Cu(3%)Ce(11%) 350 

Ni(5%)Cu(5%)Ce(11%) 350 

 

 
Figure 22: Comparison of gas phase batch reactor CO 

conversion data of LTS catalysts 
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Low Temperature Shift Catalysts: The plots of CO conversion and CO2 production at optimum 

temperatures of six LTS catalysts are shown in Figure 22 and Figure 23. The initial and final CO 

conversion and CO2 production are also 

tabulated in Table 6 and Table 7, 

respectively. Both the highest initial (1 

hr) and final (13 hr) CO conversion was 

observed for Ni(10%)Ce(3%) followed 

by Ni(10%)Ce(9%). These two 

catalysts are the best conversion 

catalysts. The moderate initial and final 

CO conversion was observed for 

Ni(10%)Ce(6%) and  Ni(10%)Ce(11%) 

compositions.  The lowest initial and 

final CO conversion was for the mixed 

metal catalyst with the composition of 

Ni(3%)Cu(7%)Ce(11%).   
 

 The highest initial (1 hr) 

CO2 production was observed for 

Cu(10%)Ce(11%) catalyst 

followed by Ni(10%)Ce(9%) and 

Ni(10%)Ce(11%) catalysts. 

Moderate CO2 productions were 

observed for Ni(10%)Ce(6%) and 

Ni(10%)Ce(3%) and the lowest  

was observed for 

Ni(3%)Cu(7%)Ce(11%). The 

highest final (13 hr) CO2 production was observed for Ni(10%)Ce(11%) followed by 

Cu(10%)Ce(11%) and Ni(10%)Ce(9%) catalysts. Moderate production of CO2  were observed 

for Ni(10%)Ce(6%) and Ni(10%)Ce(3%) catalysts and the lowest was for 

Ni(3%)Cu(7%)Ce(11%) catalyst. 

 

Although the initial 

production of CO2 with 

Ni(10%)Ce(11%) catalyst 

appeared to be a little lower 

when compared to reaction using 

Cu(10%)Ce(11%)  catalyst, the 

maximum amount of CO2 was 

produced using the former over a 

13 hour period. Both initial and  

final CO2 production were relatively lower for Ni(10%)Ce(6%) and Ni(10%)Ce(3%), and the 

lowest is for Ni(3%)Cu(7%)Ce(11%) catalyst indicating that mixed metal composition of this 

catalyst is not good for low temperature water gas shift reaction. 
 

High Temperature Shift Catalysts: The plots of CO conversation and CO2 production from batch 

reactor at optimum temperatures of four HTS catalysts are shown in Figure 24 and Figure 25. 

 
Figure 23: Comparison of gas phase batch reactor 

CO2 conversion data of LTS catalysts 

Table 6: CO Conversion Data of LTS Catalysts 

Catalyst 

Optimum 

Temperature 

(°C) 

CO conversion  

(% moles) 

after 1 hr 

CO conversion  

(% moles) 

after 13 hr 

Ni(10%)Ce(3%) 300 60.9 92.72 

Ni(10%)Ce(9%) 250 56.36 77.2 

Ni(10%)Ce(11%) 250 43.63 73.63 

Ni(10%)Ce(6%) 300 50.00 72.72 

Cu(10%)Ce(11%) 200 42.72 48.18 

Ni(3%)Cu(7%)Ce(11%) 200 0 47.09 

Table 7:  CO2 Production Data of LTS Catalysts 

Catalyst 

Optimum 

Temperature 

(
0
C) 

CO2 production 

(% moles) 

after 1 hr 

CO2 production 

(% moles) 

after 13 hr 

Ni(10%)Ce(11%) 250 17.2 71.81 

Cu(10%)Ce(11%) 200 23.63 62.72 

Ni(10%)Ce(9%) 250 22.72 61.81 

Ni(10%)Ce(6%) 300 10.90 43.63 

Ni(10%)Ce(3%) 300 10 29.09 

Ni(3%)Cu(7%)Ce(11%) 200 0.909 17.27 
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The results of CO conversion and CO2 production are tabulated in Tables 8 and 9. Ni(10%) 

showed the highest initial and final conversions of CO; and the lowest CO conversion was 

shown by Fe(10%)Ce(11%). Moderate 

CO conversion was observed for 

Ni(5%)Cu(5%)Ce(11%) catalyst. 

 

Ni(5%)Cu(5%)Ce(11%) showed the 

highest initial and final CO2 production. 

Ni(10%) and Fe(10%)Ce(11%) showed 

the lowest initial and final CO2 

production. Mixed metal compositions 

of Ni and Cu seem to have higher CO2 

production than Ni alone or Fe-cerium 

promoted catalysts. Although Ni(10%) 

catalyst showed the highest CO 

conversions, it is not reflected in CO2 

production. This might be due to indirect 

reactions resulting in production of 

hydrocarbons through Fisher Tropsch 

(F-T) reactions. 

 

Higher initial and final CO2 production  

was observed for 

Ni(5%)Cu(5%)Ce(11%) catalyst 

followed by Ni(7%)Cu(3%)Ce(11%) 

catalyst. The lowest initial and final CO2 

production was observed for 

Fe(10%)Ce(11%) and Ni(10%) catalysts 

with nearly equal catalytic activities. 

 

 In both cases of CO conversion 

and CO2 production, the lowest 

catalytic activity was shown for 

Fe(10%)Ce(11%) indicating that 

it is not a suitable catalyst for 

WGS reaction. 

 

 

 

 

 

 

 

 

 

 

 
Figure 24: Comparison of gas phase batch reactor 

CO conversion data of HTS catalysts 

 
Figure 25: Comparison of gas phase batch reactor 

CO2 production data of HTS catalysts 

 
 

Table 8: CO Conversion Data of HTS Catalysts 

Catalyst 

Optimum 

Temperature 

(
0
C) 

CO conversion  

(% moles) 

after 1 hr 

CO conversion  

(% moles) after  

13 hr 

Ni(10%) 400 80.90 98.18 

Ni(5%)Cu(5%)Ce(11%) 350 60.00 80.09 

Ni(7%)Cu(3%)Ce(11%) 350 28.18 59.09 

Fe(10%)Ce(11%) 350 0 7.27 

Table 9: CO2 Production Data of HTS Catalysts 

Catalyst 

Optimum 

Temperature 

(
0
C) 

CO2 production  

(% moles) 

 after 1 hr 

CO2 production  

(% moles) 

after 13 hr 

Ni(5%)Cu(5%)Ce(11%) 350 26.36 100.0 

Ni(7%)Cu(3%)Ce(11%) 350 20.0 90.9 

Ni(10%) 400 1.2 17.2 

Fe(10%)Ce(11%) 350 0.9 17.2 
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c) Effect of metal composition at constant CeO2 

 
 

A list of CO2 production rates of 

catalysts with constant Ce composition at 11% 

with varying Ni and Cu metal compositions at 

their optimal reaction temperatures is given in 

Table 10. Highest production of CO2 was 

observed for Ni(5%)Cu(5%)Ce(11%) catalyst 

at an optimum reaction temperature of 350
o
C. 

Decreasing Ni composition in mixed metal 

combination of Cu and Ni decreased the 

catalytic activity. The Fe-Ce catalyst 

composition showed the lowest catalytic 

activity.  
 

d) Effect of various CeO2 compositions at constant Ni 
 

 

A list of catalysts with Ni 

composition constant at 10% and CeO2 

composition varying is given in Table 11. 

The best CO2 production was seen for the 

Ni(10%)Ce(11%) catalyst with an optimum 

reaction temperature of 250
o
C. Decrease in 

CeO2 composition decreased the catalytic 

activity of catalysts. It is also observed that 

a decrease in CeO2 composition 

significantly increased the optimum 

reaction temperature of the catalysts.  

 

Table 12: Metal loadings of Fe-Ni-Ce/alumina catalysts 

% Composition Weight of 

Ni(SO3)2∙6H20 (g) 

Weight of Fe2O3 

(g) 

Weight of CeO2 (g) 

Fe(8%)Ce(8%) 0 0.811 0.346 

Fe(6%)Ni(2%)Ce(8%) 0.354 0.608 0.346 

Fe(4%)Ni(4%)Ce(8%) 0.708 0.406 0.346 

Fe(2%)Ni(6%)Ce(8%) 1.062 0.203 0.346 

Ni(8%)Ce(8%) 1.416 0 0.346 

 

A new set of Fe-Ni-Ce/alumina catalysts were prepared using sol-gel/oil-drop methods, 

and characterization and optimization of the catalytic reaction temperature for WGS reaction. A 

list of compositions and the metal loading parameters for the new set of Fe-Ni-Ce/alumina 

catalyst is given in Table 12. 

Our CO2 production data in temperature range of 150-450
o
C for Fe(8%)Ce(8%)/alumina 

and Fe(6%)Ni(2%)Ce(8%)/alumina catalysts indicate that the optimum temperature for WGS 

reaction around 150
o
C and the catalyst could be considered as low temperature catalysts. BET 

Table 10: CO2 Production of Catalysts with 

Constant Ce Composition 

Catalyst  composition 

 

Optimum 

Temperature 

(°C) 

CO2   production 

(% moles) 

after 13 hr 

Ni(5%)Cu(5%)Ce(11%) 350 100.0 

Ni(7%)Cu(3%)Ce(11%) 350 90.9 

Ni(10%)Ce(11%) 250 71.8 

Cu(10%)Ce(11%) 200 61.8 

Ni(3%)Cu(7%)Ce(11%) 200 19.9 

Fe(10%)Ce(11%) 350 17.2 

Table 11: CO2 Production of Catalysts with 

Constant Ni Composition 

Catalyst composition 

Optimum 

Temperature 

(
0
C) 

CO2   production 

(% moles) after 13 hr 

Ni(10%)Ce(11%) 250 71.8 

Ni(10%)Ce(9%) 350 60.0 

Ni(10%)Ce(6%) 300 42.7 

Ni(10%)Ce(3%) 300 30.0 

Ni(10%) 400 17.2 
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Surface Area Analyses of these catalysts showed a surface area value 170 m
2
/g. The preliminary 

studies indicated that all Ni(8-x%)Fe(x%)Ce(8%) had lower WGS reaction efficiencies compared to 

Ni(8-x%)Cu(x%)Ce(8%). Mixed metal compositions of Ni and Cu seem to have higher CO2 

production than Ni alone or Fe-cerium promoted catalysts. 

 

2) Metal/Ceramic Membranes for Hydrogen Separation 

 

a) Thermal analysis of aluminothermic reaction of Ta2O5 with aluminum 

 

 DTA curves for Ta2O5 and aluminum 

mixture are shown in Figure 26. Similar DTA curves 

were obtained for Nb2O5 and aluminum mixture. 

These DTA curves of M2O5 (M = Nb and Ta) and Al 

mixtures shows reduction of M2O5 to M at the 

temperature close to 950C. 

  

b) PXRD analysis of Sputtered disks 

 

PXRD of sputtered disks are shown in Figure 

27. These PXRD results show metallic phases of Nb 

and Ta films on micro-porous Al2O3 disk. 

 

 

Figure 27: PXRD of sputtered Nb and Ta thin film surfaces on ceramic disks 

 

Figure 28: PXRD of aluminothermically coated Nb/ Ta film surfaces on ceramic disks  

 
 

Figure 26: DTA for Ta2O5/Al reaction 

Ta coated disk Nb coated disk 
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On the other hand the PXRD of aluminothermic reaction method coated disks show (Figure 28) 

mixtures of phases: M, M2O5, Al2O3, and their alloys.   

 

c) CO Permeability Results of the Nb/Ta sputtered disks 

 
  

Figure 29: Percentage CO concentration in the post–stream mixture gas after passing 

through Na/Ta sputtered membranes 

 

Percentage CO-concentration in the post–stream mixture gas after passing through 

metal/ceramic membranes with sputtered Na or Ta thin film (400 nm thickness) on different 

micro-porous (0.16 m, 0.5m, and 0.8m) alumina disks is shown in Figure 29. Since H
2 is 

difficult to quantify in GC, we assumed H
2
 permeability is inversely proportional to that of CO 

and the variations in the percentage CO-concentration in the post–stream mixture gas after 

passing through metal/ceramic membranes is used to estimate the qualitative changes in H2 

permeability. Sputtered disks show increasing H2 permeability with porosity of the ceramic disk. 

Nb has a higher permeability than Ta at a given disk porosity. 

 

 

d) CO Permeability results of Nb/Ta deposited disks by aluminothermic reaction of NbO5 

and Ta2O5  

 

Percentage CO-concentrations in the post–

stream gas mixture after passing through Na or 

Ta membranes prepared by aluminothermic 

reaction method starting with Ta2O5, Nb2O5, and 

aluminum powders deposited on 0.5 m porous 

alumina disks are shown in Figure 30.  The 

aluminothermically deposited Nb film coated 

disks showed lower H2 permeability, while Ta 

film showed higher H2 permeability. In general, 

aluminothermic deposited membranes have 

higher H2 permeability compared to the 

sputtered films. 

 

 

 

 

 

Figure 30: CO concentration in the post–

stream mixture gas after passing through 

aluminothermically made Na/Ta films. 

 

Aluminothermically coated 0.5 m porous ceramic disk 
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e) CO Permeability Results of Nb/Ta sputtered thin film on asbestos substrates 

 

  The CO-concentration in the post–stream gas mixture after passing through metal 

membranes made by Na or Ta sputtered thin film (400 nm thick) deposition on asbestos substrate 

is shown in Figure 31. Two identical metal membranes were assembled in the permeability tester 

housing as shown in Figure 31 for each metal membrane (effective thickness ~ 800 nm) , and 

uncoated asbestos film is also used for comparison. Since H2 is difficult to quantify in GC, we 

assumed H2 permeability is inversely proportional to that of CO and the variations in the CO-

concentration in the post–stream mixture gas after passing through metal/ceramic membranes is 

used to estimate the qualitative changes in H2 permeability. The results indicate that Nb 

membrane has a higher H2 permeability than Ta membrane. The blank asbestos film showed 

almost no variation in H2 and CO permeabilities. The small positive slope for the blank case may 

be as a result of minor gas leakage through the gasket fittings.   

 

 

 

 

 
 

Assembly of metal membranes in 

the permeability tester housing 

Figure 31: CO concentration in the post–stream mixture gas after passing through Na or Ta 

sputter coated thin film membranes 

 

The CO-concentrations in the post–stream gas mixture after passing through metal 

membranes made by Na or Ta sputtered thin film (400 nm thick) deposition on asbestos substrate 

are shown in Figures 32 and 33. These membranes were assembled in the permeability tester 

housing for each (Nb or Ta) metal either single membrane (metal layer thickness ~ 400 nm) or 

double membrane (effective metal layer thickness ~ 800 nm), and uncoated asbestos film is also 

used for comparison. Since H2 is difficult to quantify in GC, we assumed H2 permeability is 

inversely proportional to that of CO and the variations in the CO-concentration in the post–

stream gas mixture after passing through metal/ceramic membranes is used to estimate the 

qualitative changes in H2 permeability.  
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Figure 32a: Single coated Ta membrane Figure 32b: Double coated Ta membranes 

 

 

 

 

Figure 33a: Single coated Nb membrane Figure 33b: Double coated Nb membranes 

 

 

It can be inferred from the results shown on Table 13 that double Ta and single Nb membrane 

shows almost the same trend in CO concentration with time. While double Nb shows way higher 

difference in CO concentration with time. So from the values it can be inferred that Nb 

membrane has higher H2 permeability than Ta membranes.  

 

Table 13: permeability results of Ta and Nb membranes deposited on asbestos disks 

Membrane Variation in CO concentration 

in the post–stream 

% decrease in CO 

concentration 

Single Ta membrane 1.00 to 0.74 26% 

Double Ta membrane 1.08 to 0.72 33% 

Single Nb membrane 1.12 to 0.78 30% 

Double Nb membrane 1.24 to 0.62 50% 
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3) Cellulose acetate membranes for CO2 separation 

 

i) Cellulose Acetate Membranes 

Characterization 

 

 Polymeric membranes 

have been used in gas separation 

applications [17,23]. We used 

cellulose acetate membranes for 

CO2 separation from CO/CO2 

mixture. Cellulose acetate (CA) 

with 25% triethyl citrate plasticizer 

was used to drip coat filter paper at 

different film thicknesses using 

different concentrations of CA/TEC 

in 10 ml acetone solution. The 

(CA+TEC)/acetone ratios are: 0.2 

(thicker film), 0.133, 0.1, and 0.067 

g/mL (thinner film). The CA/TEC 

film surfaces were examined by 

AFM and the view graphs of the 

surface topography are shown in 

Figure 34 for the 4 CA-TEC films 

(from the most concentrated i.e. 

thickest film to thinner film). The 

AFM pictures show that the thicker 

films have more uniform coating with fewer pores compared to the thinner films.  

 

ii) H2/N2/CO/CO2 Permeability Results 

 

 The GC for the 

post-stream gas mixtures 

after passing 

25%H2/25%N2/25%CO/

25%CO2 gas mixture 

through the WGS 

catalytic reactor is 

shown in Figure 35. 

Even though H2 peak 

area increased as the CO 

concentration decreased 

in the post-stream, it was 

realized that H2 is 

difficult to quantify 

because it is negative 

and has lower response 

 

Figure 34: AFM images of CA/TEC dip coated films  

 
Figure 35: Typical GC curve for the outlet gas products after passing 

25%H2/25%N2/25%/CO2/25%CO mixture through CA/TEC membrane 
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factor and less sensitivity. Therefore, H2 permeability was estimated indirectly by assuming that 

H2 permeability is inversely proportional to that of CO since enrichment in the pre-stream and 

reduction in CO in the post-stream mainly due to higher hydrogen permeability. 

 

Table 14: Fractional concentrations of CO and CO2 in the outlet gas mixture after 

passing 50%CO:50%CO2 inlet gas through CA-TEC membranes dip coated on 

filter paper 
No (CA+TEC)/Acetone CO CO2 CO CO2 

(g/mL) (AUC) (AUC) (conc.) (conc.) 

1 0.2 (thicker membrane) 0.08 0.14 0.44 0.18 

2 0.133 0.12 0.35 0.66 0.46 

3 0.1 0.115 0.405 0.64 0.533 

4 0.067 (thinner membrane) 0.08 0.38 0.44 0.5 

5 0 (blank filter paper) 0.09 0.38 0.5 0.5 

  

 After the GC run, we calculated the area under curve (AUC) for the CO and CO2 peaks 

and correlated with the mole fraction of CO and CO2 gases permeated. The data (AUC) obtained 

is shown in Table 14 in a descending order of the CA/TEC film thickness for the 

(CA+TEC)/acetone ratios of 0.2 (thicker film), 0.133, 0.1, and 0.067 g/mL (thinner film). A 

typical characteristic graph of the chromatogram obtained is shown in Figure 35. 

 

a) CO/CO2 permeability dependence on CA/TEC membrane thickness  

 

 Cellulose acetate membranes with different thickness were analyzed by GC-TCD with 

50%CO: 50%CO2 gas mixture introducing in a pre-stream. The data is summarized in Table 14.  

 

 The CO2:CO concentration ratios 

from the GC analysis of outlet gas products 

after passing 50%CO2+50%CO mixture 

through the CA/TEC membranes deposited 

on filter paper is shown in Figure 36. The 

results clearly indicate that the CO2 

permeability is reducing faster than CO 

permeability as the thickness of the CA/TEC 

membrane increases. 

                From the above graph it can be 

inferred that, there is an increase in the CO 

permeability (i.e. CO enrichment in the 

product outlet) with the increase in the 

CA/TEC membrane thickness. So, we can 

easily conclude that there is decrease in CO2 

permeability. This proves that CA membranes 

entrap CO2.  

In the next section, we try to optimize the 

CO2 separation by using different thickness CA films with uniform coating using H2/CO2 

mixture in the inlet side and by closely monitoring the film fabrication and characterization. In 

 
Figure 36: Permeability of CO2 shown as 

CO2:CO ratio after passing 50%CO2:50%CO 

mixture through CA/TEC membranes 
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future, we plan to use the WGS catalyst to make sure more production of H2 along with the 

permeability tester and closely monitor the temperature of the reaction by temperature control 

furnace. 

 

b) N2/CO/CO2 permeability as a function of number of CA layers 
 

The results of N2, CO, and CO2 gas permeabilities through multiple layers of CA-TEC 

membranes are presented in Table 

15 as a function of number of layers 

(weight). The permeability curves 

(Figures 37-39) show the variation 

of the post–stream concentration of 

N2, CO, and CO2 with time. CA-

TEC membrane has almost 

negligible effect on N2 and it seems 

to be 100% permeable throughout 

all experiments. Since H2 is difficult 

to quantify in GC, we assumed 

100% permeability based on the 

size. It can be inferred from the 

chromatograms that there is CO 

enrichment as the number of 

membranes is increased while CO2 shows a decrease in CO2 concentration with the increasing 

number of membranes. 
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Figure 37: Permeability of N2 vs.  number of 

CA membranes (weight) 

Figure 38: Permeability of CO vs.  number 

of CA membranes (weight) 

 

Table 15: Fractional concentrations of CO and CO2 in 

the outlet gas mixture after passing through a number of 

CA-TEC membrane layers 

Membrane 

layers 

Weight (g) Conc. N2 Conc. CO Conc. CO2 

1 0.025000 0.025800 0.0096000 0.26260 

2 0.049500 0.019200 0.012000 0.28720 

3 0.078800 0.025600 0.022000 0.22040 

4 0.10570 0.019200 0.024100 0.18240 

5 0.13180 0.022400 0.019200 0.20520 

6 0.15910 0.018000 0.024000 0.15100 

7 0.18570 0.024100 0.028800 0.16240 



31 

 

0

0.05

0.1

0.15

0.2

0.25

0.3

0 0.05 0.1 0.15 0.2

y = 0.29262 - 0.78458x   R= 0.90234 

Weight (g)

 Figure 39: Permeability of CO2 vs.  number of 

CA membranes (weight) 
Figure 40: Positron lifetime spectra for CA-

25%TEC and CAB-60%diacetin 

  

iii) Positron Lifetime/micro-porosity studies of CA membranes 
 

We have studied the micro-porosity and free volume changes of CA with 25% TEC as a 

function of its concentration in fixed amount of acetone using Positron Lifetime Spectroscopy 

(PLS) techniques. The third lifetime component associated with positronium annihilation in the 

polymer is used to estimate the pore size, pore concentration, and fractional free volume using a 

simple model. Figure 40 shows the positron lifetime spectrum of CA-25%TEC compared with 

the lifetime spectrum for cellulose acetate butyrate (CAB) with 60%diacetin plasticizer. The 

third lifetime (positronium) component is much higher in CAB film than CA film. The positron 

lifetime results provide an estimate of fractional free volume in these films to be around 2.2%, 

which is very small compared to about 6% obtained previously for cellulose acetate butyrate 

films with 60% diacetin. The third lifetime component associated with positronium annihilation 

in the polymer is used to estimate the pore size, pore concentration, and fractional free volume 

using a simple model [24].  
 

Table 16: Positron lifetime results of CA-TEC membranes dip coated on filter paper 

CA-TEC/Acetone 

concentration  

τ1 (ns)  τ2 (ns)  τ3 (ns)  I1 (%)  I2 (%)  I3 (%)  

0.2 0.1903 0.4011 1.7935 42.119 46.922 10.959 

0.133 0.1784 0.4103 1.8812 46.9 44.31 8.7887 

0.1 0.1827 0.4143 1.929 47.889 43.484 8.6276 

0.067 0.1797 0.4303 1.9438 50.145 41.537 8.3182 

 

The POSFIT computer program analysis of the lifetime spectra for CA-TEC films 

provided three lifetimes. The variations in the lifetimes and related intensities with the CA-

TEC/Acetone concentration are shown in Table 16. The third lifetime component is related to 
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positronium (a bound state of positron and electron pair) annihilation in the pores (free space in 

the polymer matrix), where 3 is proportional to the average pore size and I3 is proportional to the 

pore concentration. The variations in these parameters listed in Table 4 show a decrease in pore 

size with increasing CA-TEC concentration in acetone, while the pore concentration increases. A 

simple model [24] is used to estimate the pore size (R) and the fractional free volume (Fv). 

 

Pore size R is estimated by: 

3
-1

  = 2[1-R/Ro + {1/2}sin(2R/Ro)]; Where Ro = R + R and R = 1.66 Å  

And the free volume fraction Fv by: 

     Fv = C * Vf * I3; Where C (1/400) is a constant [25], and Vf is pore volume. 

 

 
Figure 41: a) Average pore size and b) fractional free volume as a function of CA-TEC 

concentration in acetone 

 

The estimates of pore size and fractional free volume are shown in Figure 41. The pore 

size decreases with the CA-TEC concentration in acetone, while the overall fractional free 

volume shows an increase with the CA-TEC concentration. These results may explain the 

variations observed in the CO2/CO permeabilities. The CO2 permeability decreased faster than 

CO permeability with the CA-TEC concentration, which agrees with the decrease in pore size 

shown by PLS results. Decrease in pore size might be reducing the CO2 diffusion as the CA-TEC 

concentration increases. 

 

C) Conclusions 
 

We have synthesized Cu-Ni-Ce/alumina and Fe-Ni-Ce/alumina granular catalysts 

incorporating metal oxide nanoparticles into alumina support using sol-gel/oil-drop methods. 

Thermal analyses of the nano-tri-metallic/alumina catalysts were performed using DTA and 

TGA to determine the thermal stability.  TGA of each sample shows sharp weight loss at 

approximately 215°C.  This indicates thermal stability up to 215°C.  DTA of the samples shows 

dehydration of metal hydroxides between 200°C and 250°C for each sample, and fluctuations at 

higher temperatures for some samples may indicate a breakdown of the boehmite structure.  The 

PXRD spectra of nano-metal/alumina catalyst showed peaks for metal oxides in 1000
o
C 

annealed catalyst, whereas only alumina support peaks were observed for the 450
o
C calcined 

samples. This indicates an increase in sintering of nanocatalysts to crystallinity as a result of 
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heating to 1000
o
C. This is consistent with the nanoparticle nature of the metal oxide particles and 

their fine dispersion in alumina support during the sol-gel synthesis and calcinations processes. 

The surface areas of all the catalysts were in the range of 150- 650 m
2
/g and with an average 

pore size of 20 Å which falls under the mesoporous category that exhibit Type IV adsorption 

isotherm. A dynamic flow reactor is used to screen the catalysts and optimize the reaction 

temperatures. A gas-phase batch reactor was used to obtain kinetic data and the parameters for 

maximum CO conversion. Ni(10%)Ce(11%) catalyst was found to be the best WGS catalyst 

among six Low Temperature Shift (LTS) catalysts with optimum temperatures between 200-

300°C, while Ni(5%)Cu(5%)Ce(11%) was  found to be the best among four High Temperature 

Shift (HTS) catalysts with optimum temperature between 350-400°C. Though Ni(10%)Ce(3%) 

and Ni(10%) showed highest CO conversion, their CO2 production is one of the lowest 

indicating that these catalysts undergo a reaction other than WGS reaction. This might be due to 

indirect reactions resulting in production of hydrocarbons through Fisher Tropsch (F-T) 

reactions. Fe(10%)Ce(11%) showed the lowest initial and final CO conversion as well as CO2 

production indicating that it is not a suitable catalyst for WGS reaction. Mixed metal 

compositions of Ni and Cu seem to have higher CO2 production than Ni- or Fe-cerium catalysts. 

 
Following factors seem to affect the granular structure of the catalysts: 

1) Acidic conditions (~ pH 2) helped to polymerize alumina to form cross linked polymers in 

the gel, 

2) The height (3/4
th

 oil to 1/4
th

 oil aqueous NH4OH layer) of the hot mineral oil in the oil-drop 

set-up helped to prevent coagulation and preserve granular structure during washing and 

drying, and  

3) Granular aging time greater than 45 minutes in the aqueous NH4OH layer helped to form 

better granules. 

 

Gas phase batch reactor CO conversion and CO2 production data of the nano-catalysts 

show following trends listed below: 

1) The highest initial CO conversion (98.2%) was observed for Ni(10%) catalyst at optimum 

temperature of 400
o
C.  However, it showed the lowest CO2 production (17.2%). This could 

be due to side reactions CO producing hydrocarbons through FT process; 

2) The largest initial (26.4%) and final (100%) CO2 productions were observed for 

Ni(5%)Cu(5%)Ce(11%) catalyst at an optimum reaction temperature of 350
o
C proving to be 

an effective WGS  HTS catalyst; 

3) In mixed metal (Cu and Ni) with constant Ce composition, decreasing Ni composition 

decreased the catalytic activity of mixed metal catalysts.  This indicates Ni is an important 

metal for increasing WGS reactivity;  

4) Out of six LTS catalysts, Ni(10%)Ce(11%) is found to be the best with the highest CO2 

production (71.8%) at a lower WGS optimum reaction temperature of 250
o
C; 

5) Among the four HTS catalysts, Ni(5%)Cu(5%)Ce(11%) with 100% CO2 production is found 

to be the best catalyst at an optimum WGS reaction temperature of 350
o
C; 

6) Increasing the amount of Ce at constant Ni composition increased catalytic activity and 

decreased the optimum reaction temperature of the catalysts. The Ce promoter had a 

significant effect on catalytic activity and in reducing the optimum reaction temperature of 

the catalysts. 
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Thin films of Nb and Ta were successfully prepared using physical (sputtering) and 

chemical (aluminothermic) methods. DTA of M2O5 (M = Nb and Ta) and Al mixtures shows 

reduction of M2O5 to M at the temperature  ~ 950C. PXRD of sputtered disks show metallic 

phases of Nb and Ta films on micro-porous Al2O3 disk. PXRD of chemically coated disks shows 

mixtures of phases: M, M2O5, Al2O3, and their alloys.  Sputtered disks show increasing H2 

permeability with porosity of the ceramic disk. Nb has a higher permeability than Ta at a given 

disk porosity. The aluminothermically deposited Nb film coated disks showed lower H2 

permeability, while Ta showed higher H2 permeability. In general, aluminothermic deposited 

membranes have higher H2 permeability compared to the sputtered films.  

 

We have prepared cellulose acetate (CA) films with 25wt% triethyl citrate (TEC) 

plasticizer for CO2 separation with varying thickness of the films by mixing in 10 ml acetone at 

different concentrations and dip-coating onto filter papers. The (CA+TEC)/acetone ratios used 

are: 0.2 (thicker film), 0.133, 0.1, and 0.067 g/mL (thinner film).   The Atomic Force microscope 

(Agilent 5400 AFM) observations of these membranes show that the thicker films have more 

uniform coating with fewer pores compared to the thinner films. 

 

The CO/CO2 permeability studies were performed using the prototype stainless steel 

reactor housing for the membranes with 50%CO:50%CO2 gas mixture in the inlet side and a GC 

analyzer at the outlet side. The GC results clearly indicate that the CO2 permeability is reducing 

faster than CO permeability as the thickness of the CA/TEC membrane increases. This may infer 

that CA membranes may be used to entrap CO2. The H2, N2, CO, and CO2 gas permeabilities 

through multiple layers of CA membranes as a function of number of layers (weight) show 

almost negligible effect on N2 and H2, while there is CO enrichment as the number of 

membranes is increased and CO2 shows a decrease in concentration with the increasing number 

of membranes. Positron Lifetime Spectroscopy (PLS) techniques were used to study the micro-

porosity and free volume changes of CA with 25% TEC as a function of its concentration in 

fixed amount of acetone. The positron lifetime results provide an estimate of fractional free 

volume in these films to be around 2.2%, which is very small compared to about 6% obtained 

previously for cellulose acetate butyrate films with 60% diacetin. A simple model is used to 

estimate the pore size and fractional free volume from the positronium component of the lifetime 

spectra analysis. The pore size decreases with the CA-TEC concentration in acetone, while the 

overall fractional free volume shows an increase with the CA-TEC concentration. These results 

may explain the variations observed in the CO2/CO permeabilities. Decrease in pore size shown 

by PLS might be the cause for reducing the CO2 diffusion as the CA-TEC concentration 

increases. 

In order to incorporate our membrane permeability results, first, a two-stage prototype 

stainless steel reactor with integrated housing for both the 1) WGS reaction catalysts and 2) 

H2/CO2 separation metal/ceramic membranes has been designed and fabricated; and during the 

last phase of the project a three-stage  prototype stainless steel reactor with integrated housing  1) 

WGS reaction catalysts, 2) H2/CO2 separation metal/ceramic or metal/asbestos membranes, and 

3) CO/CO2 separation CA-filter membranes has been designed. These stainless steel reactors 

have capabilities to perform WGS reactions at temperatures as high as 400
o
C and withstand gas 

pressures up to 15 bars. The three-stage prototype stainless steel reactor has been successfully 

tested for its functionality for its functionality for catalytic reaction, H2 separation using 

metal/ceramic membranes, and CO2 separation using cellulose acetate membranes. 
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