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ABSTRACT 

 

 

     The subject of this dissertation is advanced inorganic membranes and their application in 

membrane reactors (MRs).  The reaction studied is the ethanol steam reforming (ESR) reaction 

using Co-Na/ZnO catalysts, chosen because of their high activity and stability.   

 

     The Co-Na/ZnO catalysts were prepared by a co-precipitation method and it was found that 

promotion with a moderate amount of Na (1.0 wt%) produced a catalyst with stable ethanol 

conversion and product selectivity.  Higher cobalt loading, higher W:E ratio, higher reaction 

temperature, and lower space velocity enhanced the conversion of ethanol to H2 and CO2 while 

reducing the formation of undesirable acetaldehyde.  Acetaldehyde was a primary product of the 

ESR reaction. 

 

     Studies of the effect of hydrogen permeance on the ESR reaction at 623 K were performed in 

MRs equipped with silica-based and palladium-based membranes of different hydrogen 

permeances, and the highest ethanol conversion enhancement of 44 % and hydrogen molar flow 

enhancement of 69 % compared to a packed-bed reactor (PBR) were obtained in a MR fitted 



with a membrane with the highest hydrogen permeance.  An operability level coefficient (OLC), 

defined as the ratio of the hydrogen permeation and hydrogen formation rates, was suggested as 

a useful tool for estimating performances of MRs for different reforming reactions such as 

methane dry reforming (MDR), methane steam reforming (MSR), methanol steam reforming 

(MeSR), and ethanol steam reforming (ESR) reactions.  Studies of the effect of pressure (1-10 

atm) on the ESR reaction at 623 K were carried out in a PBR and a MR fitted with a Pd-Cu 

membrane prepared by an electroless plating of palladium and copper at 333 K.  Comparison 

studies showed that increasing pressure in both reactors resulted in decreasing ethanol 

conversions and increasing hydrogen molar flows.  Compared to the PBR, higher ethanol 

conversions and hydrogen molar flows were obtained in the MR for all pressures studied.  

Increasing pressure was favorable for enhancing ethanol conversion and hydrogen molar flow in 

the MR compared to the PBR, and the highest ethanol conversion enhancement of 48 % with the 

highest hydrogen molar flow enhancement of 55 % was obtained at 10 atm in the MR.   
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Chapter 1 

Introduction 

 

 

     Increasing concerns with the environmental problems associated with fossil fuel use have 

generated interest in the use of hydrogen as a clean energy carrier.  Hydrogen is produced 

commercially by the steam reforming of methane [1].  Recently, much attention has been paid to 

ethanol because there have been significant advances in its production from biomass, a 

renewable energy source [2].  Compared to methane, this bioethanol can be reformed at a 

significantly lower temperature and is a CO2-neutral energy source.  The principal reaction in an 

ethanol steam reforming (ESR) reaction is shown in reaction 1.1.  Ethanol reacts with water and 

produces hydrogen and CO2 in a 3:1 ratio. 

 

C2H5OH + 3H2O  6H2 + 2CO2 Δ Ho
298 = 173.5 kJ mol-1 (1.1)

 

There are other possible reactions occurring with the principal steam reforming reaction [1,3,4].  

These reactions are ethanol dehydrogenation (reaction 1.2), decomposition (reaction 1.3), and 

dehydration (reaction 1.4), water-gas shift (reaction 1.5), acetaldehyde steam reforming (reaction 

1.6), and acetaldehyde decomposition (reaction 1.7).  

C2H5OH  CH3CHO + H2    Δ Ho
298 = 68.9 kJ mol-1          (1.2)  

C2H5OH  CO + CH4 + H2   Δ Ho
298 = 50.1 kJ mol-1          (1.3)  
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C2H5OH  C2H4 + H2O        Δ Ho
298 = 45.8 kJ mol-1          (1.4)  

CO + H2O  CO2 + H2            Δ Ho
298 = - 41.2 kJ mol-1       (1.5)

CH3CHO + 3H2O  5H2 + 2CO2         Δ Ho
298 = 104.6 kJ mol-1        (1.6)

CH3CHO  CH4 + CO          Δ Ho
298 = - 18.8 kJ mol-1       (1.7)

 

 

     Membrane reactors (MRs), which combine reaction and separation, have attracted attention 

because of their compactness and possible cost-savings over conventional reactors.  MRs can 

also improve product yields by the removal of one of the products of reaction and the shifting of 

equilibria [5].  To realize the benefits of using MRs, it is important to develop a highly selective 

membrane to preferentially separate a particular species.  Additionally, the membrane should be 

strong enough to endure severe conditions like high temperature and pressure to accommodate 

heterogeneous catalytic reactions.  Considering these requirements, inorganic and metallic 

membranes are suited for use in MRs because they are chemically, mechanically, and thermally 

stable.   

 

1.1.  Literature Review 

 

        1.1.1.  Ethanol Steam Reforming Reaction 

 

                   Recently, much work has been reported for the ESR reaction, reflecting growing 

interest in this area.  Several studies have described high activity catalysts for the ESR reaction 

which operate at low temperature (573-673 K).  Marino et al. [1] studied the ESR reaction over a 
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Cu-Ni-K/γ-Al2O3 catalyst and found that it produced significant amounts of hydrogen at 

atmospheric pressure at 573 K at a gas-hourly space velocity (GHSV) of 1500 h-1.  The ethanol 

conversion was 82 % and main products were H2, CO, CH4, CH3CHO, and CH3COOH.  It was 

claimed that nickel addition improved the gas yield and reduced by-products such as 

acetaldehyde and acetic acid.  Llorca et al. [6] carried out the ESR reaction over a Co-Na/ZnO 

catalyst and found that it showed very stable activity over 240 h producing H2 and CO2 and only 

small amounts of CH4 and CO.  The ethanol conversion was 100 % at a GHSV of 5000 h-1 at 

temperatures higher than 623 K.  A higher water-to-ethanol molar ratio (13:1) than 

stoichiometric (3:1) was used for their study.  Diagne et al. [7] investigated the ESR reaction 

over a Rh/CeO2-ZrO2 catalyst and found that it had a high activity and selectivity for hydrogen at 

573 K.  Main products were H2, CO2, CH4 and CO with complete ethanol conversion at a GHSV 

of 15400 h-1.  Sun et al. [8] performed the ESR reaction with Ni nano-particles supported on 

Y2O3.  The ethanol conversion reached up to 98 % at 573 K at a GHSV of 1400 h-1 and the 

catalyst was stable for 66 h.  Main products were H2, CH4, CO2, CO, and CH3CHO.  Batista et al. 

[9] studied the reaction with Co/Al2O3 and Co/SiO2 catalysts at 673 K at a GHSV of 17400 h-1 

and obtained an ethanol conversion higher than 70 % with main products being H2, CO2, CH4 

and CO.  They reported that higher cobalt content was favorable for reducing undesirable liquid 

products.   

 

        1.1.2.  Membranes for Hydrogen Separation 

 

                   Hydrogen is widely used in the chemical and petrochemical industries [10] and has 

recently gained significant attention as an alternative energy carrier to alleviate the 
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environmental problems derived from fossil fuel use.  Coupled with these needs, the preparation 

of hydrogen selective membranes has been a topic of considerable interest.  Many efforts have 

been made to improve membranes because of the limited hydrogen selectivity of present 

membranes, and various inorganic and metallic membranes with high hydrogen permeances and 

selectivities have been reported.  A microporous silica membrane prepared by a sol-gel method 

was reported by De Vos and Verweij [11] and the hydrogen permeance of this membrane was 

2.0×10-6 mol m-2s-1Pa-1 with a H2/CH4 selectivity of 560 at 473 K with a silica toplayer thickness 

of 30 nm.  The membrane required the use of a clean room facility to avoid the deposition of 

impurity particles, and was unstable at high temperatures.  Palladium membranes have been 

studied extensively because of their high hydrogen permeance and excellent separation 

capability.  Uemiya et al. [12,13] plated palladium alloy layers (Pd-Ag, Pd-Cu) on the surface of 

a porous glass and an alumina support by an electroless plating method.  The permeance of 

hydrogen was 1.7×10-6 mol m-2s-1Pa-1 with a Pd-Ag membrane and 4.9×10-7 mol m-2s-1Pa-1 with a 

Pd-Cu membrane at 673 K.  Recently, Roa et al. [14] investigated several Pd-Cu composite 

membranes with different Cu contents also prepared by an electroless plating method on top of 

zirconia-coated alumina tubes with a pore size of 50 nm.  For a membrane with a thickness of 

1.5±0.2 μm, the hydrogen permeance was 1.9×10-6 mol m-2s-1Pa-1 with a maximum H2/N2 

selectivity ratio of 50 at 623 K.   

 

        1.1.3.  Membrane Reactor Studies 

 

                   The development of inorganic and metallic membranes has led to numerous MR 

studies.  Prabhu and Oyama [15] carried out a methane dry reforming (MDR) reaction with a 1 
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% Rh/Al2O3 catalyst at 848-973 K in a MR fitted with a modified Vycor glass membrane.  

Higher conversions of CH4 were obtained in the MR compared to a packed-bed reactor (PBR).  

Irusta et al. [16] performed the MDR reaction with Rh/La2O3 and Rh/La2O3-SiO2 catalysts at 823 

K in a MR equipped with a commercial Pd-Ag alloy membrane.  Their results showed that both 

CH4 and CO2 conversion increased by more than 40 % over equilibrium.  Tsuru et al. [17] 

investigated a methane steam reforming (MSR) reaction with a Ni catalyst at 773 K in a MR 

containing a microporous silica membrane with a H2/N2 selectivity ratio of 30-100.  It was found 

that methane conversion increased from 44 to 80 % by the use of the MR.  Tong et al. [18] 

studied the MSR reaction with a Ni/Al2O3 catalyst at 773 K in a MR fitted with a Pd-Ag 

membrane prepared by a combination of electroless plating and electroplating.  They claimed 

that the CH4 conversion in the MR was 3.4-5.7 times higher than in a traditional reactor.  Basile 

et al. [19] carried out a methanol steam reforming (MeSR) reaction with a CuO/ZnO/Al2O3 

catalyst at 523 K in a MR equipped with a dense Pd-Ag membrane.  They confirmed that the use 

of the MR increased the methanol conversion from 45 to 50 % compared to a traditional reactor.  

However, few studies have been made of MRs for the ESR reaction.  One study by Birdsell et al. 

[20] investigated hydrogen production from octane, ethanol, methanol and methane with 

Cu/ZnO, Ni/γ-Al2O3, Ni/α-Al2O3, and Pt/α-Al2O3 catalysts in a MR containing a Pd-Ag 

membrane.  Conversions close to 100 % were achieved for all reactants and it was found that the 

ESR reaction worked very well with a Pt/α-Al2O3 catalyst at 773 K and 823 K. 

 

                   Studies of MRs combining reaction and separation have been carried out extensively 

for reforming reactions to improve reactant conversions and product molar flows compared to a 

PBR.  Improved reactant conversions and hydrogen molar flows have been reported from MRs 
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for MDR [15,16,21], MSR [17,18,22,23], MeSR [19,24], and ESR [20,25] reactions.  Kikuchi 

[26,27] proposed that a membrane used in a MR should have three important properties: high 

permeability, high selectivity, and stability, and pointed out that the hydrogen permeation rate 

through the membrane should be comparable to the hydrogen formation rate for a better 

performance in the MR.  The effect of the ratio of the two rates on performances of MRs for the 

MSR reaction has been studied [28,29] and it was shown from a numerical simulation that 

higher methane conversion was obtained in a MR when more of the produced hydrogen was 

removed through a membrane.  However, no comparisons with experimental results were made 

in those studies.  No publication has been reported so far trying to find a general relationship 

between the ratio of the two rates (hydrogen permeation and hydrogen formation rates) and 

enhancements in MRs for different reforming reactions.  In the present work, an operability level 

coefficient (OLC), defined as the ratio of the two rates, is introduced and used to analyze 

previously reported MR data [16,17,21,22,23,24,25].  Reactant conversion and hydrogen molar 

flow enhancements are presented with OLC values and the OLC curve of calculated data 

obtained from a one-dimensional numerical simulation was found to closely approximate 

experimental data obtained from the MRs. 

 

                   A number of studies of the effect of temperature on reforming reactions in MRs have 

been reported, however, only limited studies of the effect of pressure on reforming reactions in 

MRs have been reported so far [21,22,30].  Lee et al. [21] studied the MDR reaction with a 

Rh/Al2O3 catalyst in a MR fitted with a silica membrane and found that a maximum for H2 molar 

flow enhancement existed with increasing pressure due to a tradeoff between hydrogen 

production and hydrogen separation.  Hacarlioglu et al. [22] carried out the MSR reaction with a 
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commercial Ni/MgAl2O4 catalyst in a MR equipped with a silica-based membrane and reported 

that pressure had a positive effect on hydrogen molar flow by increasing hydrogen flux through 

the membrane at high pressure.  Uemiya et al. [30] performed the MSR reaction with a supported 

nickel catalyst in a MR containing a palladium membrane and found that pressure was favorable 

for enhancing conversion by increasing the hydrogen permeation rate through the membrane at 

high pressure.  In the present work, the effect of pressure on the ESR reaction in a MR was 

studied and it was found that pressure was favorable for enhancing ethanol conversion and 

hydrogen molar flow. 

 

 

1.2.  Overview 

      

     Chapter 1 presents a literature review and overview of the dissertation.  The coverage 

includes a description of the catalyst and membranes used in the investigation. 

 

     Chapter 2 describes the preparation of Co-Na/ZnO catalysts prepared by a co-precipitation 

method.  It also includes the characterization of the catalysts by elemental analysis, BET surface 

area measurements, CO uptake, and X-ray diffraction analysis.  The latter was used to estimate 

particle sizes and dispersions of the catalysts.  It also includes studies of the ethanol steam 

reforming (ESR) reaction over the catalysts at various conditions such as water-to-ethanol molar 

ratios in the reactant, temperature, and a space velocity (SV). 
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     Chapter 3 presents the preparation of silica-based membranes by a chemical vapor deposition 

(CVD) of tetraethylorthosilicate (TEOS) and aluminum-tri-sec-butoxide (ATSB) at 873 K on a 

porous alumina support.  It also includes the preparation of palladium-based membranes by an 

electroless plating of palladium and copper at 333 K on a porous alumina support to improve a 

hydrogen permeance compared to the silica-based membranes.  The best palladium membrane 

was obtained with two orders of magnitude improvement in a hydrogen permeance (6×10-6 mol 

m-2s-1Pa-1 at 623 K) compared to the silica membranes (~10-8  mol m-2s-1Pa-1 at 623 K) while 

maintaining a good H2/CO2 selectivity of 1020.  Scanning electron microscopy (SEM) was used 

to investigate the structure of the membrane. 

 

     Chapter 4 describes studies of the ESR reaction with a Co-Na/ZnO catalyst at 623 K at 

atmospheric pressure in MRs fitted with silica-based and palladium-based membranes of 

different hydrogen permeances (10-8-10-6 mol m-2s-1Pa-1 at 623 K), and provides comparisons to 

a PBR.  Comparison studies showed that enhanced ethanol conversions and hydrogen molar 

flows were obtained in the MRs versus the PBR.  It also includes studies of the effect of 

hydrogen permeance on the ESR reaction in the MRs, where it was found that the highest 

ethanol conversion enhancement and hydrogen molar flow enhancement were obtained in a MR 

fitted with a membrane with the highest hydrogen permeance.  It also includes an analysis with 

an operability level coefficient (OLC) defined as the ratio of the hydrogen permeation and 

hydrogen formation rates in a MR.  It was found that increasing reactant conversion and 

hydrogen molar flow enhancements were observed with an increasing OLC in previously 

reported MR studies with different types of reforming reactions.    
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     Chapter 5 describes studies of the effect of pressure (1-10 atm) on the ESR reaction at 623 K 

in a PBR and a MR fitted with a Pd-Cu membrane with a hydrogen permeance of 5×10-7 mol m-

2s-1Pa-1 at 623 K prepared by the electroless plating of palladium and copper at 333 K.  

Comparison studies showed that decreasing ethanol conversions and increasing hydrogen molar 

flows were obtained with increasing pressure both in the PBR and the MR.  It was found that 

pressure had a positive effect on the ESR reaction in the MR, and the highest ethanol conversion 

enhancement and hydrogen molar flow enhancement were obtained at high pressure in the MR.   

 

     Chapter 6 presents the conclusions of this work. 
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Chapter 2 

Studies of the Ethanol Steam Reforming Reaction with a Co-Na/ZnO Catalyst 

 

 

2.1. Introduction 

      

     This chapter describes the preparation and characterization of Co-Na/ZnO catalysts.  The Co-

Na/ZnO catalysts were prepared by a co-precipitation method and characterized by elemental 

analysis, surface area measurements, and CO uptake measurements.  Studies of the ethanol steam 

reforming (ESR) reaction were carried out at atmospheric pressure over the Co-Na/ZnO catalysts 

in a packed-bed reactor (PBR).  Promotion with a moderate amount of Na (1.0 wt%) produced a 

catalyst with stable ethanol conversion and product selectivity.  Various conditions such as 

different cobalt loading, water-to-ethanol molar ratios in the reactant, reaction temperature, and a 

space velocity (SV) were studied for the ESR reaction, and it was found that higher cobalt 

loading, higher water-to-ethanol ratios, higher reaction temperature and lower SV were favorable 

for enhancing the conversion of ethanol to H2 and CO2 and reducing the formation of undesirable 

acetaldehyde.      

 

 

2.2.  Experimental 

 

        2.2.1.  Preparation and Characterization of Co-Na/ZnO Catalysts 
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                   The Co-Na/ZnO catalysts used in this study were prepared by a co-precipitation 

method [1] using different cobalt amounts.  An aqueous solution of 0.1 M Na2CO3 (Aldrich, 

99.95 %) was added to a mixed solution of 0.1 M Co(NO3)2·6H2O (Aldrich, 98+ %) and 0.4 M 

Zn(NO3)2·6H2O (Aldrich, 98 %) in distilled water under vigorous stirring at 308 K with a 

controlled pH of 8 to prepare a sample of 12.5 wt% Co.  Catalysts with different cobalt loading 

were prepared by varying the concentration of Co(NO3)2·6H2O while fixing the concentration of 

Na2CO3 and Zn(NO3)2·6H2O.  The resulting precipitate-containing solution was stirred for 1.5 h 

at 308 K and was then filtered and washed with different amounts of distilled water (volumetric 

ratio of precipitate-containing solution to distilled water = 1: 0~1) to control the Na content (0.2–

2.0 wt%).  The filtered catalyst was dried for 12 h at 363 K and calcined for 12 h at 673 K.  The 

calcined catalyst was ground, pressed, and sieved.  The particle size of the catalysts used in this 

study was 0.6-0.85 mm (20/30 mesh).   

    

                   The catalysts were characterized by elemental analysis, surface area determinations, 

and measurements of CO uptake.  Elemental analysis was carried out by inductively coupled 

plasma – atomic emission spectroscopy (ICP-AES, Spectroflame Model FTMO A85D).  The 

BET surface area of the catalysts was measured in a volumetric adsorption apparatus 

(Micrometrics model ASAP2010).  The CO uptake for the catalysts with different cobalt loading 

was measured in a pulse flow system equipped with a mass spectrometer (Dycor/Ametek Model 

MA100) by monitoring the CO+ (m/e=28) signal resulting from the injection of pulses from a 

calibrated volume (19.6 μmol).  Before uptake measurements, all catalysts were reduced under 

H2 flow for 2 h at 723 K and cooled to room temperature.  X-ray diffraction (XRD) patterns of 
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reduced catalysts were obtained using a Scintag XDS-2000 powder diffractometer operated at 45 

kV and 40 mA with Cu Kα monochromatized radiation ( λ = 0.154 nm) at a scan rate of 0.017 o 

s-1.  

 

        2.2.2.  Studies of the Ethanol Steam Reforming Reaction in a PBR 

 

                   A catalytic reactor system that could be used for a PBR and a membrane reactor 

(MR) was employed for this investigation [2,3].  A schematic of the system is shown in Figure 

2.1.   

TC

Ar H2

 Feed  
 (Ethanol and Water) 

Condensate 
Trap 

Gas 
chromatograph 

Pump 

Flow meter MFC MFC 

 

  

Figure 2.1.  Schematic of the PBR system at atmospheric pressure 
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                   The catalyst was loaded in the shell side of the reactor in the same manner as in the 

MR.  Depending on the experiment, amounts used varied from 0.15-0.6 g, but the total bed 

volume (2.6 cm3) was kept constant by dilution with quartz chips sieved to the same size (20/30 

mesh).  All catalysts were reduced under pure H2 at a flow rate of 34 μmols-1(50 cm3 (NTP) min-

1) for 2 h at 723 K before reaction.  After reduction, the reactor was cooled to the desired 

reaction temperature, and a flow of reactant containing different water-to-ethanol molar ratios in 

an argon stream at a flow rate of 14 μmols-1(20 cm3 (NTP) min-1) was introduced to the shell side 

of the reactor by a liquid pump (Lab Alliance TM Series I).  The lines leading to the reactor were 

heated to keep the feed and products vaporized.  The flow rates of the gases after vaporization 

were water, ethanol 40 μmols-1 (59 cm3 (NTP) min-1), and argon 14 μmols-1 (20 cm3 (NTP) min-

1).  A space velocity (SV) was calculated from the gas flow rate and the catalyst volume using a 

measured density of 0.77 g cm-3.  A contact time is the reciprocal of the SV.  The ESR reaction 

was carried out at different temperatures to calculate the apparent activation energy.  The 

measurements were made in the order 623 – 523 – 573 K.  After reaction, liquid products were 

condensed in a condensate trap maintained at 273 K and collected for analysis, while gaseous 

products were directed to a gas chromatograph (SRI 8610C) and analyzed with a Carbosphere® 

column (1/8 " OD × 6 ft) attached to a thermal conductivity detector (TCD).  The volume of 

collected liquid products in the condensate trap was measured and the composition was analyzed 

with an ATTM-1000 column (1/8 " OD × 6 ft) attached to a flame ionization detector (FID).  The 

ethanol conversion was calculated from the ratio of ethanol consumed and ethanol fed into the 

reactor.  Product selectivity was calculated from the moles of each molecule divided by total 

moles of all gas molecules produced. 
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2.3.  Results 

 

        2.3.1.  Properties of Co-Na/ZnO Catalysts 

 

                   The properties of the catalysts are summarized in Table 2.1, which gives BET 

surface area, CO uptake, dispersion (D), and particle size (d) for the samples of different cobalt 

loading.  The surface area, uptake, and cobalt particle size of the catalysts depended on the cobalt 

loading, with the surface area, uptake, and cobalt particle size increasing with higher cobalt 

loading.  Decreasing dispersion values and ZnO particle sizes were obtained with higher cobalt 

loading.  X-ray diffraction patterns of reduced catalysts are shown in Figure 2.2 and the inserts 

show scans of the Co peak at 44.2 o taken at 0.003 o s-1.     

 

Table 2.1.  BET surface area, CO uptake, dispersion (D), and particle size (d) for the Co- 

                   Na/ZnO catalysts 

 

 
BET 

surface area 
/ m2 g-1

CO uptake 
/ µmol g-1

D  
(CO uptake) 

/ % 

d 
(Co) 
/ nm 

d 
(ZnO) 
/ nm 

Surface 
area 

/ m2 g-1

12.5 wt% Co-Na/ZnO 15 29 1.4 17 29 37 
21.5 wt% Co-Na/ZnO 51 35 1.0 22 24 45 
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Figure 2.2.  X-ray diffraction patterns of reduced Co-Na/ZnO catalysts.  Inserts show the            

                    Co peak at 2θ= 44.2 o taken at a scan rate of 0.003 o s-1. 

 

 

2.3.2. Studies of the ESR Reaction in the PBR 

 

                     The initial studies of the catalyst were carried out in the PBR with the objective of 

finding compositions that gave stable activity.  First, the effect of Na was examined.  Samples 

with different Na content were prepared by washing the catalyst precursor with different 

amounts of distilled water.  Samples with Na contents of 0.2, 1.0 and 2.0 wt% (21.5, 21.1, and 

20.7 wt% Co, respectively) were obtained and studied at 623 K with a liquid reactant ratio of 

W:E = 13:1 and SV= 6000 h-1.  Equilibrium conversion for ethanol at 623 K is 99 %.  For 

comparison, a sample with no Na content was prepared and tested at the same condition.  The 

 17



ethanol conversion for different samples is shown in Figure 2.3.  The lowest ethanol conversion 

and deactivation were observed for the sample with no Na content.  For the samples with 

different Na contents, the ethanol conversion decreased with higher Na content and deactivation 

occurred for the highest Na amount (2.0 wt%).   
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Figure 2.3.  Effect of Na content on the ethanol conversion at 623 K with W:E=13:1 

                     and SV= 6000 h-1 

 

 

                   A longer term stability test was carried out at 623 K with the sample (12.5 wt% Co) 

containing 1.0 wt% Na using a liquid reactant ratio of W:E =3:1 and SV= 8000 h-1.  Stable 

ethanol conversion and product selectivity were obtained for 30 h as shown in Figure 2.4.  The 
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ethanol conversion was close to 40 % for 30 h, main products being H2 (68.2 %), CO2 (15.0 %), 

and CH3CHO (9.5 %) with minor amounts of CO (3.5 %) and CH4 (3.8 %). 
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Figure 2.4.  Stability test of the Co-Na/ZnO (12.5 wt% Co) catalyst at 623 K with  

                    W:E=3:1 and SV= 8000 h-1 a) Product selectivity b) Ethanol conversion 

 

 

                   The effect of cobalt loading on the ESR reaction was studied at 623 K at a SV of 

6000 h-1 using two different catalysts (0.2 wt% Na) prepared by varying the initial concentration 

of Co(NO3)2·6H2O from 0.1 to 0.2 M in the catalyst preparation step to give Co contents of 12.5 

and 21.5 wt%.  Stable ethanol conversion and product selectivity were obtained as shown in 

Figure 2.5.  Increasing the cobalt loading increased the ethanol conversion from 86 to 92 %.  It 

also increased the H2 selectivity from 71.1 to 72.0 %, the CO2 selectivity from 12.7 to 16.0 %, 

and the CH4 selectivity from 4.0 to 4.8 %, and decreased the CH3CHO selectivity from 5.5 to 
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Figure 2.5.  Effect of cobalt loading at 623 K with a SV= 6000 h-1 a) 12.5 wt% Co- 

                     Na/ZnO b) 21.5 wt% Co-Na/ZnO 

 

 

2.0 % and the CO selectivity from 6.7 to 5.2 %.  Overall, the selectivity to the desired product, 

H2, increased and the selectivity to the problematic product, CH3CHO, decreased so the effect of 

increasing Co content was positive.   

 

                   The effect of water-to-ethanol molar ratio on the ESR reaction was studied at 623 K 

at a SV of 6000 h-1 with the catalyst (21.5 wt% Co and 0.2 wt% Na) using ratios of W:E=5:1 and 

W:E=13:1.  Stable conversion and product selectivity were obtained for both cases as shown in 

Figure 2.6.  Increasing the W:E ratio from 5:1 to 13:1 increased the ethanol conversion from 82 
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to 92 %.  It also increased the H2 selectivity from 66.0 to 72.0 % and the CO2 selectivity from 

10.0 to 16.0 %, and decreased the CH3CHO selectivity from 6.7 to 2.0 %, the CH4 selectivity 
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Figure 2.6.  Effect of water-to-ethanol molar ratios at 623 K with a SV= 6000 h-1 for  

                     the 21.5 wt% Co-Na/ZnO catalyst a) W:E = 5:1 b) W:E = 13:1 

 

 

from 7.3 to 4.8 %, and the CO selectivity from 10.0 to 5.2 %.  Again, increasing the water-to-

ethanol molar ratio improved the product selectivity, and had a positive effect. 

    

                  The effect of temperature on the ESR reaction was studied using a ratio of W:E = 3:1 

with 0.6 g catalyst (12.5 wt% Co and 1.0 wt% Na) at a feed flow rate of 0.1 cm3min-1 to give a 

SV of 18000 h-1.  The ethanol conversion and product selectivity are shown in Figure 2.7.  

Increasing the temperature from 523 to 623 K increased the ethanol conversion from 6 to 25 %.  
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It also increased the H2 selectivity from 50.7 to 70.2 %, the CO2 selectivity from 5.2 to 15.2 %, 

the CH4 selectivity from 0.7 to 2.4 %, and decreased the CH3CHO selectivity from 

41.5 to 9.3 %.  The Arrhenius plot of the ethanol conversion is shown in Figure 2.7 b) and gives 
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Figure 2.7.  Effect of temperature for the 12.5 wt% Co-Na/ZnO catalyst with W:E  

                     =3:1 and SV= 18000 h-1 a) Product selectivity b) Arrhenius plot of the  

                     ethanol conversion 

 

 

 an apparent activation energy of 39.1 kJ mol-1.  Increasing temperature also had a positive effect 

by increasing the H2 and CO2 selectivity and decreasing the CH3CHO selectivity.  

 

                   The effect of a SV on the ESR reaction was studied at 623 K with different amounts 

(0.13 and 0.6 g) of the Co-Na/ZnO catalyst (12.5 wt% Co and 0.2 wt% Na) using a ratio of W:E 
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=13:1.  Stable ethanol conversion and product selectivity were observed as shown in Figure 2.8.  

Decreasing the SV from 28000 h-1 to 6000 h-1 increased the ethanol conversion from 60 to 86 %.  

It also increased the H2 selectivity from 70.5 to 71.1 %, the CO2 selectivity from 6.2 to 12.7 %, 

the CH4 selectivity from 2.0 to 4.0 %, and the CO selectivity from 4.3 to 6.7 % and decreased   
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Figure 2.8.  Effect of SV for the 12.5 wt% Co-Na/ZnO catalyst with W:E  

                     =13:1 a) SV = 28000 h-1 b) SV = 6000 h-1 

 

 

the CH3CHO selectivity from 17.0 to 5.5 %.  Overall, the decreasing SV had a positive effect by 

increasing the H2 and CO2 selectivity and decreasing the CH3CHO selectivity.   

 

                   To get further insight on the formation of acetaldehyde, experiments with space 

velocities from 6400 to 64000 h-1 were carried out at 623 K with 0.6 g catalyst (12.5 wt% Co and 
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1.0 wt% Na) using a water-to-ethanol molar ratio of 3:1 by varying the flow rate.  The 

dependence of ethanol conversion and product selectivity on the SV is shown in Figure 2.9 a) 

and the dependence of the concentrations of products on a contact time (the reciprocal of the SV) 

is presented in Figure 2.9 b).  Increasing the SV decreased the ethanol conversion from 49 to 2 

%.  It increased the CO2 selectivity from 14.2 to 15.6 % and decreased the CO selectivity from 

4.8 to 2.1 % and the CH4 selectivity from 4.4 to 1.2 %.  The CH3CHO selectivity went through a 

maximum (12.0 %) and then declined with an increasing SV.   
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Figure 2.9.  Effect of a) SV b) contact time for the 12.5 wt% Co-Na/ZnO  

                     catalyst with W:E = 3:1.  Dotted curve was calculated as described in the text. 

 

   

2.4.  Discussion 
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     The ESR reaction was carried out over a Co-Na/ZnO catalyst first reported by Llorca et al. 

[1].  This catalyst was chosen for study because it had been reported to have high stability (> 240 

h) in the reaction.  The catalyst was also very active and allowed the investigation of the 

reforming reaction at moderately low temperature.  For most of the studies reported here, a 

temperature of 623 K was used.  Two catalysts with different cobalt loading prepared by varying 

the initial concentration of Co(NO3)2·6H2O in the catalyst preparation step were characterized by 

surface area determinations and measurements of CO uptake.  Increasing the initial concentration 

of Co(NO3)2·6H2O resulted in an increase of the cobalt content from 12.5 to 21.5 wt%, 

maintenance of a 0.2 wt% level of Na, and an increase in the BET surface area from 15 m2 g-1 to 

51 m2 g-1.  To count the metallic active sites on the surface of the catalyst, uptake measurements 

for different cobalt loading were carried out using CO as a probe molecule (Table 2.1).  The 

dispersion of the catalysts was calculated based on the CO uptake with equation 2.1. 

 

                                100
%)wtCo(

)Coofweightmolecular)(uptakeCO((%)D ×=                       (2.1) 

 

     XRD patterns of reduced catalysts with different cobalt loading are compared with standards 

from the Powder Diffraction File (PDF) [4] (Figure 2.2) and show the presence of metallic 

cobalt (44.2 o) and ZnO phases.  The crystallite size of catalysts with different cobalt loading was 

determined by the Scherrer equation (equation 2.2). 

 

                                                             
)cos(

Kd
θβ

λ
=                                                          (2.2) 
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In this equation, K is 0.9, λ is the wavelength of the X-ray radiation, β is the full width at half 

maximum, and θ is the angle at which reflections occur [5,6].  Increasing cobalt loading 

produced a larger cobalt particle size, but a smaller ZnO particle size (Table 2.1). 

 

     Dispersion (D) can also be obtained from XRD by equation 2.3. 

 

                                                       100)
da

v(f(%)D
M

M ×=                                                (2.3) 

 

In this equation, f is the shape factor, vM is the volume per metal atom in the bulk, aM is the 

effective average area occupied by a metal atom in the surface (6.6×10-20 m2 for a cobalt atom), 

and d is the particle size [7,8].  The values of shape factors range from 1 to 6 depending on the 

particle shape, with spherical shapes giving a value of 6, cubic shapes giving values of 5 or 6, 

and flat planar shapes giving values of 1 or 2.  Different shapes of cobalt particles, including 

non-spherical shapes, have been reported from transmission electron microscopy (TEM) studies.  

Fettar et al. [9] performed TEM observations of cobalt particles and a flattened spherical shape 

was found.  Puntes et al. [10] investigated shapes of cobalt particles from TEM images and rod-

like, cubic, and spherical shapes were observed.  By equating the dispersion values obtained 

from the CO uptake and XRD, the shape factor of the cobalt particles was estimated.  Respective 

shape factors of 1.4 and 1.3 were obtained for the 12.5 wt% Co-Na/ZnO and the 21.5 wt% Co-

Na/ZnO catalysts.  From this result, it is conjectured that the cobalt particles have a plate-like 

shape whose shape factor is between 1 and 2 [8]. 
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     The surface area of the ZnO support was calculated from equation 2.4 and compared to the 

BET surface area. 

 

                                                       
d
6AreaSurface
ρ

=                                                (2.4) 

 

In this equation, ρ is the density (5.6 g cm-3) and d is the particle size of ZnO.  The BET surface 

area of the 21.5 wt% Co-Na/ZnO catalyst was close to the calculated one, however, that of the 

12.5 wt% Co-Na/ZnO catalyst was less than the calculated one possibly because of particle 

agglomeration. 

 

     The effect of Na as a promoter in Co/ZnO catalysts was studied by Llorca et al. [1] and it was 

claimed that the presence of sodium on the catalyst surface prevented deactivation of the 

catalyst.  Indeed, there were no carbonaceous residues detected after reaction in the catalysts 

with Na content higher than 0.78 wt% and a catalyst with Na content 0.98 wt% maintained its 

stability for 240 h at 673 K.  A catalyst with no Na content was tested for comparison study and 

showed considerable deactivation.  The effect of larger concentrations of Na on the stability of 

the catalyst was also studied and it was found that the catalysts with 0.2 and 1.0 wt% Na showed 

stable ethanol conversion, but the catalyst with 2.0 wt% Na showed deactivation (Figure 2.3).  

Thus, too much Na can adversely affect the stability of the catalyst.  The catalyst with 1.0 wt% 

Na showed long term stability at 623 K (Figure 2.4) confirming the results of Llorca et al. [1].    
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     To investigate the effect of various conditions, comparison studies for different cobalt 

loadings, water-to-ethanol molar ratios, reaction temperatures, and space velocities were carried 

out.   

 

     Increasing cobalt loading was favorable for the ESR reaction (reaction 1.1, C2H5OH + 3H2O            

        6H2 + 2CO2) and resulted in an increase in the ethanol conversion, and the H2 and CO2 

selectivity (Figure 2.5).  It was also favorable for the acetaldehyde steam reforming reaction 

(reaction 1.6, CH3CHO + 3H2O        5H2 + 2CO2) reducing the CH3CHO production and further 

increasing the H2 and CO2 levels.   

 

     Turnover rates based on active sites were calculated to obtain the intrinsic activity of the 

catalysts with different cobalt loadings by equation 2.5.   

 

                                                 
sitesActive

XF
rateTurnover AA=                                                 (2.5) 

 

In this equation, FA is the molar flow rate of ethanol, XA is the ethanol conversion, and the active 

sites are estimated by the CO uptakes.  Respective turnover rates of 0.14 and 0.13 s-1 were 

obtained for the catalysts with cobalt loadings of 12.5 and 21.5 wt% at 623 K with a liquid 

reactant ratio of W:E = 13:1 and SV= 6000 h-1.  Because the dispersion differences are very 

small, based on the turnover rates of the two catalysts, it cannot be determined whether the ESR 

reaction is a structure-sensitive or insensitive reaction on Co-Na/ZnO catalysts.  However, the 

closeness of the turnover rates indicates that the rate measurements are accurate. 
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     The stoichiometric ratio of water-to-ethanol in the ESR reaction is 3:1 (reaction 1.1).  Several 

studies have been carried out with higher water content with W:E =13:1 [11] or W:E= 8.4:1 [12] 

targeting ethanol concentrations obtained from biomass, which are more dilute.  Excess water 

resulted in higher ethanol conversion and lower CH3CHO selectivity (Figure 2.6) indicating that 

water was favorable for the ESR reaction.  This is consistent with the stoichiometry of the 

ethanol (reaction 1.1) and acetaldehyde (reaction 1.6) steam reforming reactions.  Excess water 

was also favorable for the water-gas shift reaction (reaction 1.5, CO + H2O        CO2 + H2) 

explaining the increase in the H2 and CO2 selectivity and decrease in the CO selectivity with 

increasing water feed. 

 

     The ESR reaction is an endothermic reaction (reaction 1.1).  Increased ethanol conversions 

were observed at higher reaction temperatures consistent with thermodynamic expectations for 

an endothermic reaction.  It was found that the ethanol dehydrogenation reaction (reaction 1.2, 

C2H5OH         CH3CHO + H2) was dominant at 523 K because main products were H2 (50.7 %) 

and CH3CHO (41.5 %) (Figure 2.7).  The dehydrogenation of ethanol at 523 K was also 

observed in the previous work by Llorca et al. [1].  Increasing temperature increased the H2 and 

CO2 selectivity and decreased the CH3CHO selectivity.  This result indicates that the ESR 

reaction is dominant at higher temperature as expected from its higher endothermicity.  The 

apparent activation energy from the Arrhenius plot was 39.1 kJ mol-1 (Figure 2.7b).   

 

     To determine whether the CH3CHO production can be controlled it is important to know 

whether it is a primary or secondary product of reaction.  This was carried out by examining the 

effect of a SV, which was varied over a large range by changing both the catalyst amount loaded 
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and the reactant flow rate at 623 K.  Decreasing the SV increased the ethanol conversion and the 

CO and CH4 selectivities and decreased the CH3CHO selectivity (Figure 2.8).  Concentrations of 

products as a function of a contact time (Figure 2.9b) showed that the concentration of CH3CHO 

increased, went through a maximum, and then declined while concentrations of CO and CH4 

increased with an increasing contact time.  A simple analysis of a sequential reaction such as 

A→B→C shows that the concentration curve of a primary product (B) has a finite slope while 

that of a secondary product (C) has a zero slope at time zero [8].  This is because a primary 

product is produced immediately as conversion rises, while a secondary product only is formed 

after a primary product is generated.  In this study, the concentration curve of CH3CHO had a 

finite slope (3.3 s-1) while those of CO and CH4 had zero slopes at time zero.  This confirmed that 

CH3CHO was a primary product in the ESR reaction and further decomposed to secondary 

products like CO and CH4 (reaction 1.7, CH3CHO        CH4 + CO) at a longer contact time.  This 

result validates the work by Benito et al. [13] suggesting that cobalt favors the production of 

acetaldehyde, which is an intermediate product, by the ethanol dehydrogenation reaction 

followed by the acetaldehyde decomposition reaction.  From the experimental data, k1 (reaction 

rate constant of A→B) and k2 (reaction rate constant for B→C) were estimated to be 3.3 and 2.0 

s-1 by equation 2.6. 

  

)ee(
kk
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12

0A1
B

τ−τ− −
−

= (2.6) 

 

 

In this equation, τ is a contact time [14], and the estimated concentration curve of acetaldehyde 

is shown in Figure 2.9b.   
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2.5.  Conclusions 

 

     Studies of the ethanol steam reforming (ESR) reaction over Co-Na/ZnO catalysts were carried 

out at various conditions in a packed-bed reactor (PBR), and stable ethanol conversion and 

product selectivity were observed.  Higher cobalt loading and higher water-to-ethanol molar 

ratios in the liquid reactant were favorable for the ESR reaction with an increase in the ethanol 

conversion and H2 and CO2 selectivity and a decrease in the CH3CHO selectivity.  Excess water 

was also favorable for the water-gas shift reaction with an increase in the H2 and CO2 selectivity 

and a decrease in the CO selectivity.  Higher temperature increased the ethanol conversion as 

expected for an endothermic reaction.  At temperatures above 573 K, the ESR reaction was 

dominant with H2 and CO2 as main products while at 523 K the ethanol dehydrogenation 

reaction was dominant with H2 and CH3CHO as main products.  A lower space velocity (SV) 

with a W:E ratio of 3:1 increased the ethanol conversion, the CO and CH4 selectivity and 

decreased the CH3CHO selectivity possibly due to the acetaldehyde decomposition reaction, and 

it was demonstrated that acetaldehyde was a primary product of the ESR reaction.  This limits 

the potential total conversion of ethanol to H2 and CO2. 
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Chapter 3 

Hydrogen Selective Membranes 

 

 

3.1.  Introduction 

      

     This chapter describes the preparation and characterization of silica-based and palladium-

based composite membranes for hydrogen separation.  The silica-based membranes were 

prepared by the chemical vapor deposition (CVD) of tetraethylorthosilicate (TEOS) and 

aluminum-tri-sec-butoxide (ATSB) at 873 K on porous alumina supports with a pore size of 5 

nm.  Membranes with hydrogen permeances of ~10-8 mol m-2s-1Pa-1 at 623 K were obtained with 

H2/CO2 selectivities of 200-600.  To develop membranes with higher hydrogen permeances 

compared to the silica-based membranes, the palladium-based membranes were prepared by the 

electroless plating of palladium and copper at 333 K on porous alumina supports with pore sizes 

of 5 and 100 nm.  Membranes with hydrogen permeances of 10-7~10-6 mol m-2s-1Pa-1 at 623 K 

were obtained with H2/CO2 selectivities of 140-1020. 

 

 

3.2.  Experimental 

 

        3.2.1.  Preparation of Boehmite Sols 
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                   Boehmite sols and dipping solutions with different particle sizes were prepared by 

the same method described previously [1,2].  The particle sizes of the boehmite sols were 

carefully controlled by the hydrolysis time and the molar ratio of H+/Alkoxide, and three 

boehmite sols with median particle sizes of 630, 200, and 40 nm were obtained.  Dipping 

solutions containing the boehmite sols were prepared by diluting the boehmite sols with a mixed 

solution of distilled water, HNO3 (1 M) and polyvinyl alcohol (PVA, 0.35 wt. %) and the final 

concentrations of the boehmite sols were 0.15 M.  A dip-coating method using a mechanical 

apparatus for reproducibility was used to deposit a single intermediate layer or multiple 

intermediate layers on the surface of the alumina supports. 

  

        3.2.2.  Preparation of Silica-based Composite Membranes 

 

                   A silica-based alumina composite membrane was prepared by the CVD of 

tetraethylorthosilicate (TEOS, Aldrich, 98 %) and aluminum-tri-sec-butoxide (ATSB, Aldrich, 

97 %) on a porous alumina support with a pore size of 5 nm at 873 K.  A schematic of the CVD 

system is shown in Figure 3.1.   

 

                   A tubular, porous, and asymmetric γ-alumina membrane (Pall Corporation) with an 

outer pore size of 5 nm was used as a support.  The outer diameter of the alumina support was 10 

mm and the wall thickness was 1.5 mm.  The alumina support was cut into 3-4 cm lengths and 

was connected to dense alumina tubing with glass glaze (Duncan) melted at 1153 K.  The glass 

glaze was reapplied to ensure a leak-free connection.  After connection, the alumina support was 
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dip coated with a 0.15 M boehmite sol for 10 s, dried for 1 day, and calcined for 2 h at 923 K.  

The heating and cooling rates were 0.017 K s-1(1 K min-1).   
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Figure 3.1.  Schematic of the CVD system 
 

 

                   The TEOS and ATSB were supplied by bubblers maintained at 298 K and 363 K, 

respectively.  Argon streams at flow rates of 3.7 μmols-1 (5.4 cm3 (NTP) min-1) and 4.1 μmols-1 
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(6.0 cm3 (NTP) min-1) were used as carrier gas to provide concentrations of 9.0×10-2 mol m-3 

and 2.4×10-3 mol m-3 for the TEOS and the ATSB, respectively.  The mixed reactant streams 

were mixed with another argon stream (denoted as the dilution gas) to lower the concentrations 

of the TEOS and the ATSB to 2.0×10-2 mol m-3 and 5.8×10-4 mol m-3, respectively.  The flow 

(16.9 μmols-1, 24.8 cm3 (NTP) min-1) of combined TEOS, ATSB, and dilution gas was 

introduced into the tube side of the support.  To prevent flow of the reactant mixture through the 

support, an argon stream (denoted as the balance gas) at a flow rate of 16.9 μmols-1 (24.8 cm3 

(NTP) min-1) was passed through the shell side of the support during the CVD step.  The CVD 

was carried out for 1.5-2 h at 873 K, following which the membrane was cooled to room 

temperature at a rate of 0.017 K s-1(1 K min-1).   

 

                   Single gas permeance data were obtained by measuring the gas flux penetrating with 

a soap-bubble flow meter using a pressure difference of 101.3 kPa (1 atm).  For a given area of 

the membrane and a pressure difference between shell and tube sides, the permeance was 

calculated from equation 3.1.  

 

                                                                 
ΔPA 
JF =                                                             (3.1) 

 

In this equation, F is the permeance (mol m-2s-1Pa-1), J is the flux (mol s-1) , A is the membrane 

area (m2), and ΔP is the pressure difference between the shell and tube sides (Pa).  The 

selectivity was defined as the ratio of single-molecule permeances at the same temperature.   
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        3.2.3.  Preparation of Palladium-based Composite Membranes 

 

                   Commercial porous alumina tubes (PALL Corporation, Membralox®, I.D.=7 mm, 

O.D.=10 mm) with pore sizes of 5 nm (mesoporous) and 100 nm (macroporous) were used as 

supports for palladium-based composite membranes.  These supports were cut to a length of 3-4 

cm with a diamond saw and connected to dense alumina tubing with a glass glaze (Duncan) 

melted at 1153 K.  The glass glaze was reapplied several times to ensure a leak-free connection.   

 

                 For a mesoporous alumina support with a pore size of 5 nm, a dipping solution 

containing a boehmite sol with a median particle size of 40 nm was used to coat the surface of 

the support.  The support was dip-coated at a speed of 0.01 m s-1, held for 10 s, withdrawn at the 

same speed, dried for 1 day, and calcined in air at 923 K for 2 h.  For a macroporous alumina 

support with a pore size of 100 nm, three dipping solutions containing boehmite sols with 

median particle sizes of 630, 200, and 40 nm, respectively were used to coat the surface of the 

support.  The support was dip-coated in the same manner as for the mesoporous support.  This 

dipping and calcining procedure was repeated twice, once, and twice for the dipping solutions 

containing the boehmite sols with median particle sizes of 630, 200, and 40 nm, respectively.  

This resulted in the formation of a graded intermediate layer [2]. 

 

                   Pd-Cu composite membranes were prepared by the electroless plating method 

described previously [3], which consisted of an activation process and a plating process.  To 

activate the surface of the substrate, first, the inner surface of the supports coated with the single 

intermediate layer or multiple intermediate layers was dip-coated with a palladium acetate 

 37



solution (0.05 M), heated to 673 K under pure N2 at a flow rate of 14 μmols-1 (20 cm3 (NTP) 

min-1), opened to air from 673 to 723 K, held at 723 K for 2 h, and cooled to room temperature 

under pure H2 at a flow rate of 14 μmols-1 (20 cm3 (NTP) min-1).  The purpose of the activation 

process is to deposit Pd particles that serve as seeds for the growth of Pd layers in the plating 

step.  After this activation procedure, the surface of the supports was treated with plating 

solutions of palladium [4] and copper [3] (Table 3.1) in a water bath kept at 333 K.  A schematic 

of the plating bath apparatus is shown in Figure 3.2.    

 
 
Table 3.1.  Composition of plating solutions of palladium and copper 
 
  
 Components Quantity 

Pd plating bath [4] Pd(NH3)4Cl2

NH4OH 

Na2EDTA 

N2H4 (1.0 M) 

4.0 g l-1

198.0 ml l-1 

40.1 g l-1

6.0 ml l-1

Cu plating bath [3] CuSO4

Na2EDTA 

Formaldehyde (37 %) 

NaOH 

Triton X-100 

2,2-bipyridyl 

6.2 g l-1

20.1 g l-1

14.0 ml l-1

20.0 g l-1

25.0 mg l-1

5.0 mg l-1
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                   A magnetic stirring bar was used to keep the bath temperature constant.  The outer 

surface of the supports was wrapped with polytetrafluoroethylene (PTFE) sealing tape and a 

known amount of plating solutions was injected inside using a pipette with the end of the support 

blocked by a rubber stopper.  After the plating process, the inner surface of supports was cleaned 

with distilled water and dried at 333 K in an oven.  Finally, the plated supports were heated to 

723 K, where they were held for 3 h, and cooled to 623 K under an argon stream for permeance 

measurements of various gas molecules.   
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Figure 3.2.  Schematic of the plating bath apparatus 
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        3.2.4.  Characterization of Membranes 

 

                   The dependence of hydrogen flux on pressure difference was studied by varying the 

pressure difference between the shell and tube sides and the exponent, n, was calculated from 

equation 3.2. 

 

                                                              
l

)PP(DJ
n

l
n

h −
=                                                       (3.2) 

 

In this equation, J is the hydrogen flux, D is the hydrogen diffusion coefficient, l is the film 

thickness, Ph is the partial pressure of hydrogen in the feed, and Pl is the partial pressure of 

hydrogen in the permeate. 

 

                   Scanning electron microscopy (SEM) images of Pd-Cu composite membranes on 

porous alumina supports were obtained using a LEO 1550 Field Emission SEM to obtain their 

detailed structures. 

 

 

3.3.  Results 

 

        3.3.1.  Properties of Silica-based Composite Membranes 
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                   Permeances and selectivities of silica-based composite membranes are presented in 

Table 3.2.  Respective hydrogen permeances of 5×10-8 and 7×10 -8 mol m-2s-1Pa-1 were obtained 

with respective H2/CO2 selectivities of 200 and 600 at 623 K.   

 

Table 3.2.  Permeances and selectivities of silica-based composite membranes at 623 K   
 
  

 H2 permeance 
/ mol m-2s-1Pa-1

Selectivity  
(H2/CO2) 

Si-Al I 5×10-8 200 
Si-Al II 7×10-8 600 

 

 

3.3.2.  Properties of Palladium-based Composite Membranes 

 

                     Table 3.3 shows permeances and selectivities of the gas molecules H2, CH4, N2, and 

CO2 at 623 K through the mesoporous alumina support, the support coated with one intermediate 

layer, and the Pd-Cu composite membrane, respectively.  With the pure support, permeances of 

10-6 to 10-5 mol m-2s-1Pa-1 were obtained with hydrogen selectivities of 2-5.  With the support 

with one intermediate layer, similar permeances and hydrogen selectivities compared to the pure 

support were obtained.  With the Pd-Cu membrane, a hydrogen permeance of 6.2×10-6 mol m-2s-

1Pa-1 and hydrogen selectivities of 600-1000 were obtained. 
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Table 3.3.  Comparison of permeances and selectivities at 623 K through the  

                   mesoporous alumina support, the support coated with one intermediate layer,  

                   and the Pd-Cu composite membrane 

 

 Pure support 
(mol m-2s-1Pa-1) Sel. 

Support with one 
intermediate layer 
(mol m-2s-1Pa-1) 

Sel. 
Pd-Cu 

membrane 
(mol m-2s-1Pa-1) 

 
Sel.  

H2 3.8×10-5 - 3.3×10-5 - 6.2×10-6 - 
CH4 1.6×10-5 2.4 1.5×10-5 2.2 9.9×10-9 630 
N2 1.2×10-5 3.2 9.7×10-6 3.4 8.7×10-9 710 

CO2 8.2×10-6 4.6 7.4×10-6 4.5 6.1×10-9 1020 
 

 

                  Figure 3.3 shows the dependence of hydrogen flux on pressure difference at 623 K 

for the Pd-Cu composite membrane plated on the support coated with the intermediate layer.  A 

value of n of 0.98 was obtained from the experiment. 
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Figure 3.3.  Dependence of hydrogen flux on pressure difference at 623 K with the Pd- 

                    Cu composite membrane on the mesoporous alumina support coated with  

                    the intermediate layer 

 

 

                    Figure 3.4 shows the top view of the alumina support with a pore size of 5 nm with 

one intermediate layer and the top view of the Pd-Cu composite membrane plated on top of it 

obtained from a scanning electron microscopy (SEM). 
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Figure 3.4.  Top views of the Pd-Cu composite membrane on the mesoporous support  

                    from a scanning electron microscopy (SEM) 

 

 

                   Figure 3.5 shows the cross-sectional view of the Pd-Cu composite membrane on the 

mesoporous support obtained from a SEM at low and high resolutions. 
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Figure 3.5.  Cross-sectional views of the Pd-Cu composite membrane on the mesoporous  

                     support from a SEM 
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                   Table 3.4 shows permeances and selectivities through the Pd-Cu composite 

membranes heated in argon and in hydrogen, respectively.  The Pd-Cu membrane heated in 

hydrogen had a hydrogen permeance of 3.8×10-6 mol m-2s-1Pa-1 with a H2/CO2 selectivity of 320, 

and the Pd-Cu membrane heated in argon had a hydrogen permeance of 6.2×10-6 mol m-2s-1Pa-1 

with a H2/CO2 selectivity of 1020 all at 623 K. 

 

Table 3.4.  Comparison of permeances and selectivities at 623 K through the Pd-Cu            

                   composite membranes heated in a hydrogen stream and an argon stream 

 

 
Pd-Cu membrane 

heated in H2
 (mol m-2s-1Pa-1) 

Selectivity
Pd-Cu membrane 

heated in Ar 
 (mol m-2s-1Pa-1) 

Selectivity 

H2 3.8×10-6  6.2×10-6  
CH4 2.3×10-8 170 9.9×10-9 630 
N2 1.9×10-8 200 8.7×10-9 710 

CO2 1.2×10-8 320 6.1×10-9 1020 
   

 

                   Table 3.5 shows permeances and selectivities through the Pd-Cu composite 

membranes without an intermediate layer and with an intermediate layer, respectively.  The Pd-

Cu membrane plated on the support without the intermediate layer had a hydrogen permeance of 

2.1×10-6 mol m-2s-1Pa-1 with a H2/CO2 selectivity of 140, and the Pd-Cu membrane plated on the 

support with the intermediate layer had a hydrogen permeance of 6.2×10-6 mol m-2s-1Pa-1 with a 

H2/CO2 selectivity of 1020 all at 623 K. 
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Table 3.5.  Comparison of permeances and selectivities at 623 K through the Pd-Cu  

                   composite membranes without and with an intermediate layer  

  

 

Pd-Cu membrane 
without an intermediate 

layer 
(mol m-2s-1Pa-1) 

Selectivity

Pd-Cu membrane 
with an intermediate 

layer 
(mol m-2s-1Pa-1) 

Selectivity 

H2 2.1×10-6  6.2×10-6  
CH4 2.8×10-8 75 9.9×10-9 630 
N2 2.4×10-8 88 8.7×10-9 710 

CO2 1.5×10-8 140 6.1×10-9 1020 
 

 

                  Table 3.6 shows permeances and selectivities through a pure macroporous alumina 

support and the support coated with multiple intermediate layers, respectively.  The pure support 

had a hydrogen permeance of 1.9×10-4 mol m-2s-1Pa-1 with a H2/CO2 selectivity of 4.1, and the 

support coated with the intermediate layers had a hydrogen permeance of 5.5×10-5 mol m-2s-1Pa-1 

with a H2/CO2 selectivity of 4.2 at 623 K. 

 

Table 3.6.  Comparison of permeances and selectivities at 623K through the  

                   macroporous alumina support and the support coated with multiple             

                   intermediate layers 

 

 Pure support 
(mol m-2s-1Pa-1) Selectivity 

Support with 
multiple 

intermediate layers 
(mol m-2s-1Pa-1) 

Selectivity Knudsen 
selectivity 

H2 1.9×10-4  5.5×10-5   
CH4 8.8×10-5 2.2 2.4×10-5 2.3 2.8 
N2 5.6×10-5 3.4 1.8×10-5 3.1 3.7 

CO2 4.6×10-5 4.1 1.3×10-5 4.2 4.7 
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                   Table 3.7 shows permeances and selectivities through a Pd-Cu membrane plated on a 

macroporous alumina support and a Pd-Cu membrane plated on a mesoporous alumina support, 

respectively.  Respective hydrogen permeances of 4.0×10-6 and 6.2×10-6 mol m-2s-1Pa-1 were 

obtained with respective H2/CO2 selectivities of 160 and 1020 at 623 K for the Pd-Cu 

membranes plated on the macroporous and mesoporous supports.  

 

Table 3.7.  Comparison of permeances and selectivities at 623 K through the Pd-Cu  

                   composite membranes on macroporous and mesoporous alumina supports 

 

 

Pd-Cu membrane 
on a macroporous 
alumina support 
(mol m-2s-1Pa-1) 

Selectivity

Pd-Cu membrane 
on a mesoporous 
alumina support 
(mol m-2s-1Pa-1) 

Selectivity 

H2 4.0×10-6  6.2×10-6  
CH4 4.5×10-8 90 9.9×10-9 630 
N2 3.2×10-8 130 8.7×10-9 710 

CO2 2.5×10-8 160 6.1×10-9 1020 
 

 

                   Figure 3.6 shows the cross-sectional view of the Pd-Cu composite membrane on the 

macroporous support obtained from a SEM at low and high resolutions. 
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Figure 3.6.  Cross-sectional views of the Pd-Cu composite membrane on the  

                     macroporous support from a SEM 

 

 

3.4.  Discussion 

 

        3.4.1.  Silica-based Composite Membranes 

 

                   Many efforts have been made to improve the limited hydrogen selectivities of 

alumina membranes by the deposition of a selective layer on top of the membrane.  In this work, 

a hydrogen selective layer was deposited on an alumina support with a pore size of 5 nm by the 

CVD of TEOS and ATSB at 873 K.  With the layer, there were substantial increases in hydrogen 

selectivities (H2/CO2=200-600) compared to the pure support (H2/CO2=5), however, there was 

also a significant reduction in a hydrogen permeance (~10-8 mol m-2s-1Pa-1) compared to that of 

the pure support (~10-5 mol m-2s-1Pa-1).  This resulted in silica-based membranes with high 

hydrogen selectivities, but low hydrogen permeances at 623 K (Table 3.2). 
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        3.4.2.  Palladium-based Composite Membranes 

 

                   The low hydrogen permeance of the silica-based membranes prepared by the CVD 

necessitated the development of membranes which had high hydrogen permeances at the low 

temperature used in the ethanol steam reforming (ESR) reaction (623 K).  A palladium 

membrane was chosen for the present study because of its reported high hydrogen permeance 

and selectivity at 623 K.  Various methods have been used to prepare palladium membranes, 

such as metal-organic chemical vapor deposition (MOCVD) [5], sputter deposition [6], 

electroless plating [3], and a combination of electroless plating and electroplating [7].  Among 

them, the electroless plating method was employed for the present work because of its simplicity 

and low cost.   

 

                   A mesoporous alumina support with a pore size of 5 nm coated with a single 

intermediate layer prepared by the deposition of the boehmite sol with a median particle size of 

40 nm was used for the electroless plating of Pd-Cu composite layers.  Permeances and 

selectivities of the gas molecules H2, CH4, N2, and CO2 were measured at 623 K (Table 3.3).  For 

the pure support the permeances ranged from 10-6 to 10-5 mol m-2s-1Pa-1 and selectivities of H2 

over other gas molecules (H2/CH4= 2.4, H2/N2= 3.2, H2/CO2= 4.6) were in reasonable agreement 

with the Knudsen diffusion selectivities (H2/CH4= 2.8, H2/N2= 3.7, and H2/CO2= 4.7) expected 

in the transport of gas molecules through mesoporous membranes.  For the support with one 

intermediate layer the permeances were reduced (6~19 %), however similar hydrogen 

selectivities (H2/CH4= 2.2, H2/N2= 3.4, H2/CO2= 4.5) were obtained, implying that the dominant 
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transport mechanism was still Knudsen diffusion.  Thin Pd-Cu composite layers were deposited 

on the support with one intermediate layer by the electroless plating method.  With the topmost 

layer of Pd-Cu, there was a substantial reduction (three orders of magnitude) in the permeances 

of gas molecules such as CH4, N2, and CO2 while there was a slight reduction (one order of 

magnitude) in the permeance of H2, indicating that the topmost layer was successfully plated as a 

selective layer.  Gas molecules other than H2 could pass through the Pd-Cu composite membrane 

likely through defects not covered by the plating process.   

 

                   A successful plating of Pd-Cu on the surface of zirconia and α-alumina supports with 

pore sizes of 50 and 200 nm was previously reported [3], however an unsuccessful plating on a 

γ-alumina support with a pore size of 5 nm with a thickness as high as 10 µm due to surface 

roughness and a small pore size was also reported.  The best hydrogen permeance reported on 

the zirconia support with a pore size of 50 nm was 1.9×10-6 mol m-2 s-1 Pa-1 with a H2/N2 

selectivity of 50 at 623 K.  In the present work, a Pd-Cu composite layer was successfully plated 

on the alumina support with a pore size of 5 nm and a higher hydrogen permeance of 6.2×10-6 

mol m-2 s-1 Pa-1 with a H2/N2 selectivity of 710 at 623 K was obtained.  The membrane reported 

here is different from the previously reported membrane in the use of an intermediate layer and 

this intermediate layer is believed to make the surface of the support more uniform so as to 

provide a good substrate for plating.      

 

                   To understand the mechanism of hydrogen transport through palladium membranes, 

many studies have used the dependence of hydrogen flux on pressure difference as given in 

equation 3.2.  Hydrogen transport through palladium membranes can be categorized into three 
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regions depending on the value of n.  When n = 0.5 the expression is known as Sievert's law and 

the transport is limited by bulk diffusion through the palladium layer.  When n=1, the transport is 

limited by external mass transport to the surface, and, when 0.5 < n < 1, the transport is limited 

by a combination of bulk diffusion and external mass transport [8].  Various n values of 0.52 [9], 

0.65 [10], and 1 [8] have been reported with a topmost layer thickness of 1.5 µm, 10.3 µm, and 

350 nm, respectively.  As expected, for the thickest layers transport is limited by the palladium 

layer, but as the thickness is reduced the limiting step shifts to external transport.  The hydrogen 

flux through the Pd-Cu composite membrane at 623 K was measured by varying the pressure 

difference between the shell and tube sides and a value of n of 0.98 was obtained with the 

hydrogen diffusion coefficient (D) of 1.2×10-12 mol m-1s-1Pa-0.98 (Figure 3.3).  This result 

indicates that mass transport to the surface was rate-determining in the Pd-Cu composite 

membrane suggesting that the flux through the membrane was fast.  The hydrogen diffusion 

coefficient of the membrane was close to that of a membrane (1.0×10-12 mol m-1s-1Pa-1 at 673 K) 

with a topmost layer thickness of 350 nm reported by Wu et al. [8].   

 

                   Scanning electron microscopy (SEM) was used to investigate the surface of the Pd-

Cu composite membrane.  A uniform and fine substrate for plating was created on top of the 

mesoporous alumina support after the deposition of the intermediate layer (Figure 3.4).  A dense 

layer of Pd-Cu with no visible defects was formed on top of the intermediate layer after the 

electroless plating, explaining the excellent hydrogen selectivity (99.9 %) of the membrane.  The 

cross-sectional views of the Pd-Cu composite membrane at low and high resolutions and 

distinctive layers composed of the pure alumina support, one intermediate layer, and the Pd-Cu 
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composite layer are shown in Figure 3.5 with a top layer thickness of 160 nm (0.16 µm) 

explaining the high hydrogen permeance of 6.2×10-6 mol m-2s-1Pa-1 at 623 K. 

 

                   To evaluate the performance of the Pd-Cu composite membrane prepared in this 

work with previously reported materials, a literature survey was carried out and comparisons of 

hydrogen permeances (573-823 K), hydrogen selectivities over other gas molecules (H2/N2, 

H2/Ar, and H2/CO2), and the top layer thickness (Figures 3.7 and 3.8) 

[3,7,8,9,10,11,12,13,14,15,16,17,18,19,20] were made.  The figures show with the symbol  

the properties of the Pd-Cu composite membrane developed in the present work.  The lower the 

ratios of N2/H2, Ar/H2, He/H2, and CO2/H2, the higher the selectivity.  As can be seen, the Pd-Cu 

membrane combines both high permeance and high selectivity and is therefore better than those 

reported earlier.  This is because of the inherent thinness of the Pd-Cu composite layer plated on 

the support coated with the intermediate layer.              
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Figure 3.7.  Comparison – hydrogen permeance and hydrogen selectivity 
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Figure 3.8.  Comparison – hydrogen permeance and top layer thickness 

 

 

                   To study the effect of the gas stream on the electroless plating method, a Pd-Cu 

composite membrane was prepared by the same method used before, but the gas was changed 

from Ar to H2 at a flow rate of 68 μmol s-1 (100 cm3 (NTP) min-1).  Permeances and selectivities 

of various gas molecules were determined at 623 K (Table 3.4).  The Pd-Cu composite 

membrane heated in the hydrogen stream had a hydrogen permeance of 3.8×10-6 mol m-2 s-1 Pa-1 

with a H2/CO2 selectivity of 320 at 623 K.  There were significant increases in hydrogen 

selectivities over other gas molecules (two orders of magnitude) compared with those of the pure 

alumina support and this indicated that the Pd-Cu layer was successfully deposited.  However, 

selectivities for the best Pd-Cu membrane heated in hydrogen were slightly lower than those of 

the best Pd-Cu composite membrane heated in argon, indicating that the use of hydrogen stream 
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had no substantial effect on improving the selectivities of the membrane.  This is likely because 

the Pd and Cu are already reduced and the heat treatment just serves to anneal the components 

and form a homogeneous alloy. 

 

                   As a control experiment the electroless plating method with Pd-Cu was applied 

directly on top of a pure mesoporous alumina support with no intermediate layer at the same 

condition as previously used.  Table 3.5 compares resulting permeances and selectivities at 623 

K to those obtained with the membrane with the intermediate layer.  The pure alumina support 

produced a lower hydrogen permeance of 2.1×10-6 mol m-2 s-1 Pa-1 at 623 K and lower 

selectivities (one order of magnitude) compared with those of the membrane with the 

intermediate layer.  It is likely that the application of the electroless plating method directly on 

the substrate results in the deposition of the Pd-Cu inside the pores of the substrate causing an 

added resistance to hydrogen passage.  Therefore, deposition of the intermediate layer can 

provide not only a uniform substrate for plating but also a blocking layer to prevent the 

obstruction of pores. 

 

                   A macroporous alumina support with a pore size of 100 nm was used for the 

electroless plating of Pd-Cu composite layers.  Multiple intermediate layers composed of 

boehmite sols with different particle sizes were deposited on top of the pure alumina support by 

several dip-coating and calcination steps to provide a uniform surface for plating.  Table 3.6 

compares permeances and selectivities of various gas molecules through the pure support and the 

support with multiple intermediate layers.  For both cases, hydrogen selectivities over other gas 

molecules were similar to those obtained with the mesoporous alumina support (Table 3.3) and 

 54



were in good agreement with Knudsen diffusion selectivities.  The permeances of gas molecules 

through the pure macroporous alumina support ranged from 10-5 to 10-4 mol m-2 s-1 Pa-1 at 623 K 

and, as expected, were higher than those through the pure mesoporous alumina support.  While 

deposition of one intermediate layer decreased the hydrogen permeance only from 3.8×10-5 mol 

m-2 s-1 Pa-1 to 3.3×10-5 mol m-2 s-1 Pa-1 at 623 K (13 %, Table 3.3), deposition of multiple 

intermediate layers significantly decreased the hydrogen permeance from 1.9×10-4 mol m-2 s-1 Pa-

1 to 5.5×10-5 mol m-2 s-1 Pa-1 at 623 K (71 %, Table 3.6).  However, the permeances were still 

slightly higher than those obtained with the pure mesoporous alumina support coated with one 

intermediate layer.   

 

                   Table 3.7 compares permeances and selectivities of various gas molecules at 623 K 

through the Pd-Cu composite membranes on the macroporous and mesoporous alumina supports, 

respectively.  The Pd-Cu composite membrane plated on the macroporous alumina support 

coated with multiple intermediate layers showed a hydrogen permeance of 4.0×10-6 mol m-2 s-1 

Pa-1 with a H2/CO2 selectivity of 160 at 623 K with a top layer thickness of 310 nm (0.31 µm, 

Figure 3.6).  The significant increase of hydrogen selectivities over other gas molecules (two 

orders of magnitude) compared with those of the pure alumina support coated with multiple 

intermediate layers showed the successful plating of the selective Pd-Cu composite layer.  Like 

the Pd-Cu composite membrane coated with one intermediate layer, gas molecules other than H2 

could pass through this membrane due to some defects not covered by the plated layer.  The 

graded intermediate layer was believed to improve the hydrogen permeance and selectivities 

because it could provide a more uniform substrate as reported previously [1,2].  However, the 
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hydrogen permeance and selectivities of the best Pd-Cu composite membrane on the 

macroporous alumina support coated with the graded intermediate layer were lower than those of 

the best Pd-Cu composite membrane on the mesoporous alumina support coated with one 

intermediate layer.  The lower hydrogen permeance can be explained by the thicker top layer and 

the lower hydrogen selectivities are possibly due to the fact that the graded layer composed of 

multiple intermediate layers still had defects that were not entirely covered by the plated layer.       

 

 

3.5.  Conclusions 

 

     A silica-based membrane was prepared by depositing a hydrogen selective layer on an 

alumina support with a pore size of 5 nm by the chemical vapor deposition (CVD) of 

tetraethylorthosilicate (TEOS) and aluminum-tri-sec-butoxide (ATSB) at 873 K.  Membranes 

with two orders of magnitude improvement in hydrogen selectivities compared to the pure 

support were obtained with relatively low hydrogen permeances in the order of 10-8 mol m-2s-1Pa-

1 at 623 K.  This low hydrogen permeance made it necessary to develop a membrane with a high 

hydrogen permeance to be used in a membrane reactor (MR). 

 

     The electroless plating method was employed to prepare palladium-based membranes with 

Pd-Cu composite layers on alumina supports with pore sizes of 5 nm and 100 nm.  To provide a 

uniform and fine substrate on which the palladium film can grow, the alumina supports were dip-

coated with intermediate layers of boehmite sols with different particle sizes before plating.  The 

hydrogen permeance of the best Pd-Cu membrane in this work was 6.2×10-6 mol m-2 s-1 Pa-1 with 
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a H2/CO2 selectivity of 1020 at 623 K.  Study of the dependence of hydrogen flux on pressure 

difference was carried out to understand the mechanism of hydrogen transport through the Pd-Cu 

membrane, and a value of n of 0.98 was obtained implying that an external diffusion process was 

rate-determining in the membrane.  Scanning electron microscopy (SEM) images of the Pd-Cu 

membrane confirmed the positive effect of the intermediate layer on the pure alumina support 

and showed a fine and uniform structure with a top layer thickness of 160 nm (0.16 µm).  
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Chapter 4 

Studies of the Ethanol Steam Reforming Reaction in a Membrane Reactor:   

Effect of Hydrogen Permeance and Operability Level Coefficient (OLC)  

 

 

4.1.  Introduction 

      

     This chapter presents studies of the effect of hydrogen permeance on the ethanol steam 

reforming (ESR) reaction at 623 K in a membrane reactor (MR).  Two silica-based membranes 

with hydrogen permeances of ~10-8 mol m-2s-1Pa-1 at 623 K were prepared by the chemical vapor 

deposition (CVD) of tetraethylorthosilicate (TEOS) and aluminum-tri-sec-butoxide (ATSB) at 

873 K, and two palladium-based membranes with hydrogen permeances of 10-7-10-6  mol m-2s-

1Pa-1 at 623 K were prepared by the electroless plating of palladium and copper at 333 K.  It was 

found that the highest ethanol conversion enhancement of 44 % and hydrogen molar flow 

enhancement of 69 % compared to a packed-bed reactor (PBR) were obtained in a MR fitted 

with a membrane with the highest hydrogen permeance.   

 

     An operability level coefficient (OLC), defined as the ratio of the hydrogen permeation and 

hydrogen formation rates, is suggested as a useful tool for estimating performances of MRs.  

OLCs of previously reported MRs for methane dry reforming (MDR), methane steam reforming 

(MSR), methanol steam reforming (MeSR), and ethanol steam reforming (ESR) reactions were 

calculated.  It was found that an increasing OLC resulted in increasing conversion and hydrogen 
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molar flow enhancements, and the OLC curve obtained from a one-dimensional numerical 

simulation closely approximated experimental data. 

 

 

4.2.  Experimental 

 

        4.2.1.  Preparation of a Co-Na/ZnO Catalyst and Membranes 

 

                   A 12.5 wt% Co-Na/ZnO catalyst was prepared by a co-precipitation method as 

described in Chapter 2 and used in this study.  Silica-based membranes were prepared by the 

CVD of TEOS and ATSB at 873 K and palladium-based membranes were prepared by the 

electroless plating of palladium and copper at 333 K [1,2] on alumina supports with a pore size 

of 5 nm as described in Chapter 3.   

 

        4.2.2.  MR Study at 623 K at Atmospheric Pressure 

 
                   A catalytic reactor system that could be used for PBR and MR studies was employed 

for this study [3,4].  A schematic of the system is shown in Figure 4.1.  A study in which the 

system was used as a PBR was carried out using an impermeable dense alumina tube of the same 

dimension as the membrane in order to keep the geometry the same.  The catalyst was loaded in 

the shell side of the reactor in the same manner as in a MR and the same amount of catalyst (0.6 

g) was employed for both reactors.  The catalyst was diluted with quartz chips sieved to the same 

size (20/30 mesh) to a bed volume of 2.6 cm3, whose length of 3 cm matched the length of the 

membrane section.  All catalysts were reduced under pure H2 at a flow rate of 34 μmol s-1(50 
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cm3 (NTP) min-1) for 2 h at 723 K before reaction.  After reduction, the reactor was cooled to 623 

K, and a flow of reactant containing a water-to-ethanol molar ratio of 3 in an argon stream at a 

flow rate of 14 μmol s-1 (20 cm3 (NTP) min-1) was introduced to the shell side of the reactor by 
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Figure 4.1.  Schematic of the MR system at atmospheric pressure 
 
 
 
 
a liquid pump (Lab Alliance TM Series I).  The lines leading to the reactor were heated to keep 

the feed and products vaporized.  The flow rates of the gases after vaporization for water and 

ethanol were 30 μmols-1 (44 cm3 (NTP) min-1), and for argon 14 μmols-1 (20 cm3 (NTP) min-1).  
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After reaction, all products were directed to a condensate trap and liquid products were collected 

and injected to a gas chromatograph (SRI 8610C) for analysis with an ATTM-1000 column (1/8 " 

OD × 6 ft) attached to a FID.  Gaseous products were directed to a gas chromatograph for 

analysis with a Carbosphere® column (1/8 " OD × 6 ft) attached to a TCD.  The ethanol 

conversion was calculated from the ratio of ethanol consumed and ethanol fed into the reactor.    

 

                   Studies in which the system was used as the MR used the same configuration as used 

for the PBR except a membrane tube replaced the solid inner tube.  Argon gas at a flow rate of 

41 μmols-1(60 cm3 (NTP) min-1) was used as a sweep gas in the tube side of the MR.  Before use, 

the membrane and the catalyst were heated to 723 K under Ar gas flow at 0.017 K s-1(1 K min-1) 

and the catalyst was then reduced in pure H2 at a flow rate of 34 μmols-1(50 cm3 (NTP) min-1) for 

2 h at 723 K before reaction.  All products from the shell and tube side were combined together 

to calculate the product molar flow in the MR.   

 

 

4.3.  Results 

 

        4.3.1.  Effect of Hydrogen Permeance on the ESR Reaction at 623 K 

 

                   Hydrogen permeances, selectivities, and areal time yields (ATYs) of membranes 

used in the present study are presented in Table 4.1.  Si-Al I and II membranes were prepared by 

the CVD of TEOS and ATSB at 873 K and Pd-Cu I and II membranes were prepared by the 

electroless plating of palladium and copper at 333 K.  Respective hydrogen permeances of 5×10-

 63



8 and 7×10-8 mol m-2s-1Pa-1 at 623 K were obtained with respective H2/CO2 selectivities of 200 

and 600 for Si-Al I and II membranes, and respective hydrogen permeances of 5×10-7 and 4×10-6 

mol m-2s-1Pa-1 at 623 K were obtained with respective H2/CO2 selectivities of 700 and 1000 for 

Pd-Cu I and II membranes. 

 

Table 4.1.  Hydrogen permeances, selectivities, and areal time yields (ATYs) of  

                  membranes at 623 K used in MRs 

 
 H2 permeance  

/ mol m-2s-1Pa-1
Selectivity 
(H2/CO2) 

ATY 
/ mol cm-2 s-1

Si-Al I 5×10-8 200 1.7×10-7

Si-Al II 7×10-8 600 2.4×10-7

Pd-Cu I 5×10-7 700 9.1×10-7

Pd-Cu II 4×10-6 1000 3.2×10-6

 

 

                   Figure 4.2a shows ethanol conversions obtained at 623 K at atmospheric pressure in 

the PBR and MRs fitted with membranes with different hydrogen permeances.  The ethanol 

conversion in the PBR was 50 % and respective ethanol conversions of 56, 58, 63, and 72 were 

obtained for the Si-Al I, Si-Al II, Pd-Cu I, and Pd-Cu II membranes.  For all MRs studied, 

improved ethanol conversions were obtained compared to the PBR.  To quantify this increase, 

the conversion enhancement was calculated by equation 4.1. 

 

         100
)PBR(conversion

)PBR(conversion)MR(conversion
(%)t enhancemen Conversion ×

−
=                   (4.1) 
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                   Figure 4.2b shows conversion enhancements of the MRs compared to the PBR and 

respective conversion enhancements of 12, 16, 26, and 44 % were obtained for the Si-Al I, Si-Al 

II, Pd-Cu I, and Pd-Cu II membranes. 
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Figure 4.2.  Comparison study of MRs at 623 K at atmospheric pressure a) Ethanol  

                    conversion b) Conversion enhancement              

 

 

                   Figure 4.3a shows hydrogen and acetaldehyde molar flows obtained at 623 K at 

atmospheric pressure in the PBR and MRs fitted with the membranes.  The hydrogen and 

acetaldehyde molar flows of 7.7×10-6 and 9.2×10-7 mol s-1 were obtained in the PBR.  Respective 

hydrogen molar flows of 8.3×10-6, 9.4×10-6, 1.1×10-5, and 1.3×10-5 mol s-1 were obtained with 

respective acetaldehyde molar flows of 7.4×10-7, 7.3×10-7, 5.4×10-7, and 4.5×10-7 mol s-1 for the 
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Si-Al I, Si-Al II, Pd-Cu I, and Pd-Cu II membranes and the molar flow enhancement was 

calculated by equation 4.2. 

 

         100
)PBR(flowmolar

)PBR(flowmolar)MR(flowmolar
(%)t enhancemen flowMolar ×

−
=  (4.2) 

 

                   Figure 4.3b shows hydrogen and acetaldehyde molar flow enhancements of the MRs 

compared to the PBR and respective hydrogen molar flow enhancements of 8, 22, 43, and 69 % 

were obtained with respective acetaldehyde molar flow enhancements of -20, -21, -41, and -51 % 

for the Si-Al I, Si-Al II, Pd-Cu I, and Pd-Cu II membranes. 
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Figure 4.3.  Comparison study of MRs at 623 K at atmospheric pressure a) Product  

                     molar flow b) Molar flow enhancement 
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4.4.  Discussion 

 

        4.4.1.  Effect of Hydrogen Permeance on the ESR Reaction 

 

                   The effect of hydrogen permeance on the ESR reaction in MRs fitted with 

membranes with hydrogen permeances of 10-8-10-6 mol m-2s-1Pa-1 was studied at 623 K at 

atmospheric pressure.  Two silica-based membranes (Si-Al I and II) and two palladium-based 

membranes (Pd-Cu I and II) were used for this study. 

 

                   Areal time yield (ATY) for MRs is a quantity proposed by Boudart [5] similar to 

space time yield (STY) for conventional reactors obtained by correcting for the S/V (surface area 

to volume ratio) of the membrane in a PBR.  This quantity was suggested to be useful for the 

estimation of the practicality of a process.  Based on an empirical observation by Weisz [6] that 

the volumetric rate of commercial processes in the chemical and fuel industries was found in a 

“window of reality” from 10-6 to 10-5 mol cm-3s-1, Boudart gave an analogous criterion for MRs 

with ATY’s ranging from 10-5 to 10-4 mol cm-2s-1 for a value of S/V of 0.1 cm-1 . With a value of 

S/V (surface area/volume) of 1.6 cm-1 obtained from the MRs in this study, the desired ATY 

value ranges from 6.3×10-7 to 6.3×10-6 mol cm-2s-1.  ATY values of these membranes were 

calculated and it was found that the values of the Pd-Cu I and II membranes were in the criterion 

range while those of the Si-Al I and II membranes were not.  The lower values of the silica-based 

membranes are due to their lower hydrogen permeances and this calculation suggests that a 
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membrane with a hydrogen permeance of at least 2 ×10-7 mol m-2s-1Pa-1 is needed for practical 

applications. 

 

                   Figure 4.2a shows ethanol conversions obtained at 623 K at atmospheric pressure in 

the PBR and MRs fitted with membranes with different hydrogen permeances.  As expected, 

higher ethanol conversions were obtained in the MRs compared to the PBR.  The highest ethanol 

conversion of 72 % was obtained in a MR equipped with the Pd-Cu II membrane which had the 

highest hydrogen permeance of 4×10-6 mol m-2s-1Pa-1.  Respective conversion enhancements of 

12 and 16 % were obtained for the Si-Al I and II membranes which showed similar hydrogen 

permeances (5×10-8 and 7×10-8 mol m-2s-1Pa-1) but different H2/CO2 selectivities (200 and 600).  

It is interesting to compare the effect of selectivity of the Si-Al I and II membranes with similar 

hydrogen permeances, and it is demonstrated that the conversion enhancement can be obtained 

from the improvement of selectivity.  Respective conversion enhancements of 26 and 44 % were 

obtained for the Pd-Cu I and II membranes.  With only one order-of-magnitude improvement in 

a hydrogen permeance from 5×10-8 to 5×10-7, the conversion enhancement increased from 12 to 

26 %, and with one order-of-magnitude improvement from 5×10-7 to 4×10-6, the conversion 

enhancement increased from 26 to 44 % (Figure 4.2b).  These results show that the improvement 

is highest in the lower permeance range, but all cases demonstrate the benefit of using a 

membrane with a high hydrogen permeance in a MR.      

    

                   A further study of the effect of hydrogen permeance on the ESR reaction in the MRs 

was made by comparing product molar flows produced at 623 K at atmospheric pressure (Figure 

4.3a).  The hydrogen molar flows of the MRs are higher than that of the PBR and the 
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acetaldehyde molar flows of the MRs are lower than that of the PBR.  There was a clear trend for 

more hydrogen and less acetaldehyde to be produced in the MRs with an increasing hydrogen 

permeance.  The increases in the hydrogen molar flows and the decreases in the acetaldehyde 

molar flows in the MRs can be explained by the shifting of equilibria to the product side of the 

reactions through the removal of hydrogen in the ESR reaction (reaction 1.1, C2H5OH + 3H2O            

        6H2 + 2CO2) and in the acetaldehyde reforming reaction (reaction 1.6, CH3CHO + 3H2O                

        5H2 + 2CO2), respectively.  Respective hydrogen molar flow enhancements of 8, 22, 43, 

and 69 % and acetaldehyde molar flow enhancements of -20, -21, -41, and -51 % were obtained 

in the MRs fitted with the Si-Al I, Si-Al II, Pd-Cu I, and Pd-Cu II membranes.  In the Si-Al I and 

II membranes, it was also found that the higher selectivity was favorable for enhancing the 

hydrogen molar flow and reducing the acetaldehyde molar flow in MRs.  With only one order-

of-magnitude improvement in a hydrogen permeance from 5×10-8 to 5×10-7, the hydrogen molar 

flow enhancement compared to the PBR significantly increased from 8 to 43 %, and with one 

order-of-magnitude improvement from 5×10-7 to 4×10-6, the hydrogen molar flow enhancement 

increased from 43 to 69 % (Figure 4.3b), all showing a positive effect of hydrogen permeance on 

the progress of the reactions.  The acetaldehyde molar flow enhancement decreased from -20 to -

41 % with one order-of-magnitude increase in a hydrogen permeance from 5×10-8 to 5×10-7 

again showing a positive effect of hydrogen permeance on the reduction of acetaldehyde 

production.  It can be concluded that a membrane with a high hydrogen permeance is favorable 

for producing a desirable product, H2, and reducing an undesirable product, CH3CHO. 

 

        4.4.2.  Operability Level Coefficient (OLC) 
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                   The effect of an operability level coefficient (OLC) on performances of MRs for 

different reforming reactions was studied in the present work to find a general relationship 

between them.   

 

                   A literature survey was carried out to review performances of previously reported 

MRs at atmospheric pressure for different reforming reactions such as MDR, MSR, MeSR, and 

ESR reactions [3,4,7,8,9,10,11].   

 

                   Table 4.2 summarizes performances of the reported MRs for the reforming reactions.  

The operability level coefficient (OLC) was defined as the ratio of the hydrogen permeation and 

hydrogen formation rates and was calculated by equation 4.3. 

 

                           
)volume()rate(

)PΔ()area()permeance(
=

rateformationhydrogen
ratepermeationhydrogen

=OLC                       (4.3) 

 

                   Conversion and hydrogen molar flow enhancements were obtained by equations 4.1 

and 4.2.  For the MR studies by Tsuru et al. [8] and Tong and Matsumura [9], reactant 

conversions and hydrogen molar flows at equilibrium were used because no experimental data in 

PBRs were provided.  Lee et al. [3] and Irusta et al. [7] carried out the MDR reaction with 

supported Rh catalysts at 873 and 823 K in MRs fitted with silica and palladium membranes, 

respectively.  Respective conversion enhancements of 56 and 18 % were obtained in the MRs 

with respective OLCs of 0.68 and 0.17.  Hacarlioglu et al. [4], Tsuru et al. [8], and Tong and 

Matsumura [9] performed the MSR reaction with supported Ni catalysts at 873, 773, and 800 K 
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in MRs equipped with silica and palladium membranes with hydrogen permeances of 1-2×10-7 

mol m-2s-1Pa-1.  Respective conversion enhancements of 27, 82, 21, and 34 % were obtained 

 

Table 4.2.  Summary of performances of the previously reported MRs 

 

Reforming 
reaction 

T 
/ K Catalyst 

Membrane 
H2 

Permeance 
/mol m-2s-

1Pa-1

Selectivity 

Operability 
level 

coefficient  
(OLC) 

X * 
/ % 

H2 * 
molar 
flow 
/ % 

CH4  
+ CO2 [3] 873 Rh/Al2O3 

0.04 g 
Silica 
3×10-7

H2/CH4
300 0.68 56 78 

CH4  
+ CO2 [7] 823 

Rh 
/La2O3-SiO2 

0.05 g 

Pd-Ag 
NR NR 0.17 18 NR 

CH4  
+ H2O [4] 873 Ni/MgAl2O4

2 g 
Silica 
1×10-7

H2/CH4
700 0.40 27 35 

CH4  
+ H2O [8] 773 Ni/Al2O3

0.25 g 
Silica 
2×10-7

H2/N2
70 0.73 82 NR 

CH4  
+ H2O [9] 800 Ni/Al2O3

NR 
Pd 

2×10-7
H2/Ar 
2000 0.32 21 NR 

CH4  
+ H2O [9] 800 Ni/Al2O3

NR 
Pd 

2×10-7
H2/Ar 
2000 0.54 34 NR 

CH3CHO 
+ H2O [10] 723 Ni/Al2O3

0.25 g 
Pd-Ag 

NR NR 0.50 NR 33 

C2H5OH 
+ H2O [11] 623 Co-Na/ZnO 

0.6 g 
Silica 
5×10-8

H2/CO2 
200 0.13 12 8 

C2H5OH 
+ H2O [11] 623 Co-Na/ZnO 

0.6 g 
Silica 
7×10-8

H2/CO2 
600 0.16 16 22 

C2H5OH 
+ H2O [11] 623 Co-Na/ZnO 

0.6 g 
Pd-Cu 
5×10-7

H2/CO2 
700 0.38 26 43 

C2H5OH 
+ H2O [11] 623 Co-Na/ZnO 

0.6 g 
Pd-Cu 
4×10-6

H2/CO2 
1000 0.58 44 69 

 
* Enhancement 
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in the MRs with respective OLCs of 0.40, 0.73, 0.32 and 0.54.  Kikuchi et al. [10] investigated 

the MeSR reaction with a Ni/Al2O3 catalyst at 723 K in a MR containing a Pd-Ag membrane.  A 

hydrogen molar flow enhancement of 33 % was obtained in the MR with an OLC of 0.50.  Lim 

and Oyama [11] studied the ESR reaction with a Co-Na/ZnO catalyst at 623 K in MRs fitted 

with silica and palladium membranes with hydrogen permeances of 10-8-10-6 mol m-2s-1Pa-1.  

Respective conversion enhancements of 12, 16, 26, and 44 % and hydrogen molar flow 

enhancements of 8, 22, 43, and 69 % were obtained in the MRs with respective OLCs of 0.13, 

0.16, 0.38 and 0.58.   

 

                   Different types of reforming reactions have been carried out in MRs and improved 

reactant conversions and hydrogen molar flows were obtained in the MRs with respective 

reactant conversion and hydrogen molar flow enhancement ranges of 12-82 % and 8-78 %.  

These enhancements in the MRs were possible because the continuous removal of hydrogen 

during the reactions shifted the equilibria to the products.  From the MR studies for the MSR 

reaction, it was found that there were significant differences in the conversion enhancement (21-

82 %) in the MRs fitted with membranes with similar hydrogen permeances of 1-2×10-7 mol m-

2s-1Pa-1.  The reason for this can be found in their different OLCs and the highest conversion 

enhancement of 82 % was obtained in a MR with the highest OLC of 0.73.  An obvious trend for 

higher conversion and hydrogen molar flow enhancements with a higher OLC was observed for 

all reforming reactions presented in Table 4.2.   
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                   Figure 4.4 shows the effect of an OLC on the conversion enhancement of the 

reforming reactions in the MRs and an increasing conversion enhancement was observed with an 

increasing OLC.  The solid line is the OLC curve of calculated conversion enhancements 

obtained from a one-dimensional mathematical model developed to simulate the performance of 

the MSR reaction at 773 K in a MR using the program POLYMATH 5.1 [12] with reaction rate 

equations obtained from Xu and Froment [13] (Appendix A and B).  The reactant conversion 

enhancement increased with an increasing OLC and this is because the equilibria for the 

reforming reactions are shifted more to products as more hydrogen is removed during the 

reactions with an increasing OLC.  The OLC curve from the numerical simulation showed a 

close match with experimental data with some minor deviations, and this result suggests that 

conversion enhancements of MRs of interest can be estimated if OLCs of the MRs are known. 

 

                   Figure 4.5 shows the effect of an OLC on the hydrogen molar flow enhancement in 

the MRs and an increasing hydrogen molar flow enhancement was observed with an increasing 

OLC.  The solid line is the OLC curve of calculated hydrogen molar flow enhancements 

obtained from the numerical simulation.  The hydrogen molar flow enhancement also increased 

with an increasing OLC and this again can be attributed to the higher removal of hydrogen 

during the reactions with an increasing OLC.  The OLC curve from the simulation showed some 

deviations from experimental data, however, it still gave a general trend for higher hydrogen 

molar flow with an increasing OLC.  Again, these results suggest that the OLC curve can be used 

to estimate hydrogen molar flow enhancements of MRs at given OLCs. 
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Figure 4.4.  The operability level coefficient (OLC) and reactant conversion enhancements of 

the MRs 
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Figure 4.5.  The operability level coefficient (OLC) and H2 molar flow enhancements of the  

                    MRs 
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                    A clear trend for increasing reactant conversion and hydrogen molar flow 

enhancements with an increasing OLC was observed in the MRs, and this relationship was found 

to be generally applicable to different types of reforming reactions.  The OLC curve obtained 

from the numerical simulation was found to be a useful method to estimate performances of MRs 

at given OLCs.  The numerical simulations used results from a specific system (MSR) but are 

likely generally applicable to other reforming reactions because the analysis focuses on 

observable system quantities (permeance and reaction rates) and not on the kinetics of the 

reaction. 

 

                   

4.5.  Conclusions 

 

     The effect of hydrogen permeance on the ethanol steam reforming (ESR) reaction was studied 

at 623 K at atmospheric pressure in membrane reactors (MRs) fitted with membranes with 

different hydrogen permeances (10-8-10-6 mol m-2s-1Pa-1 at 623 K).  This comparison study 

showed that the highest ethanol conversion enhancement of 44 % and hydrogen molar flow 

enhancement of 69 % were obtained in a MR fitted with a membrane with the highest hydrogen 

permeance of 4×10-6 mol m-2s-1Pa-1.  The increasing hydrogen permeance had a good effect on 

the ESR reaction by increasing the molar flow of a desirable product, H2, and decreasing the 

molar flow of an undesirable product, CH3CHO. 
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     An operability level coefficient (OLC), defined as the ratio of the hydrogen permeation and 

hydrogen formation rates, was proposed as a method for estimating performances of membrane 

reactors (MRs).  Conversion enhancements ranging from 12 to 82 % and hydrogen molar flow 

enhancements ranging from 8 to 78 % were obtained with OLCs ranging from 0.13 to 0.73 from 

previously reported MRs for methane dry reforming (MDR), methane steam reforming (MSR), 

methanol steam reforming (MeSR), and ethanol steam reforming (ESR) reactions.  The effect of 

an OLC on performances of the MRs was studied and increasing conversion and hydrogen molar 

flow enhancements were obtained with an increasing OLC.  The OLC curve of calculated data 

obtained from a one-dimensional numerical simulation was found to be a useful tool to estimate 

conversion and hydrogen molar flow enhancements in MRs at given OLCs. 
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Chapter 5 

Studies of the Ethanol Steam Reforming Reaction in a Membrane Reactor: 

Effect of Pressure 

 

 

5.1.  Introduction 

      

     This chapter presents studies of the effect of pressure (1-10 atm) on the ethanol steam 

reforming (ESR) reaction at 623 K in a membrane reactor (MR) compared to a packed-bed 

reactor (PBR).  The MR study used a palladium-based composite membrane prepared by the 

electroless plating of palladium and copper at 333 K with a hydrogen permeance of 5×10-7 mol 

m-2s-1Pa-1 and a H2/CO2 selectivity of 700 at 623 K.  For both reactors, decreasing ethanol 

conversions and increasing hydrogen molar flows were obtained with increasing pressure.  It was 

found that increasing pressure had a positive effect on the ESR reaction in the MR by enhancing 

ethanol conversion and hydrogen molar flow compared to the PBR, and the highest ethanol 

conversion enhancement with the highest hydrogen molar flow enhancement was obtained at 10 

atm in the MR.  

 

 

5.2.  Experimental 

 

5.2.1. Preparation of a Co-Na/ZnO Catalyst and a Palladium-based Composite  
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                    Membrane  

 

                   A 12.5 wt% Co-Na/ZnO catalyst prepared by a co-precipitation method as described 

in Chapter 2 was used in the present study.  Briefly, the catalyst was prepared by a co-

precipitation method where a mixed aqueous solution of Co(NO3)2·6H2O (Aldrich, 98+ %) and 

Zn(NO3)2·6H2O (Aldrich, 98 %) was reacted with Na2CO3 (Aldrich, 99.95 %) at 308 K with a 

controlled pH of 8.   

 

                   A Pd-Cu composite membrane was prepared by the electroless plating of palladium 

and copper at 333 K as described in Chapter 3.  Briefly, a porous alumina tube with a pore size 

of 5 nm (PALL Corporation Membralox®, I.D.=7 mm, O.D.=10 mm) was used as a support for 

Pd-Cu layers.  A dip-coating method was first used to deposit a single intermediate layer of a 

boehmite sol with a median particle size of 40 nm on the inner surface of the alumina support 

[1].  Then, the intermediate layer was dip-coated with a palladium acetate solution (0.05 M) to 

activate the surface and the activated surface of the support was treated with plating solutions of 

palladium and copper in a water bath kept at 333 K.  The inner surface of the support was then 

rinsed with distilled water and dried at 333 K in an oven.  Finally, the plated support was heated 

to 723 K, where it was held for 3 h, and cooled to 623 K under an argon stream for permeance 

measurements.  Permeances of H2, CH4, N2, and CO2 were obtained by measuring gas fluxes 

with a soap-bubble flow meter.  The permeance of each gas molecule was calculated from the 

formula, 
ΔPA 
JF = , where F is the permeance (mol m-2 s-1 Pa-1), J is the flux (mol s-1) , A is the 

membrane area (m2), and ΔP is the pressure difference between the shell and tube sides (Pa).  

The selectivity was calculated as the ratio of the single-gas permeances.  To understand the 
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hydrogen transport mechanism through the Pd-Cu membrane, the dependence of hydrogen flux 

on pressure difference was determined by the formula, 
l

)PP(DJ
n

l
n

h −
= , where J is the hydrogen 

flux, D is the diffusion coefficient of hydrogen, l is the film thickness, and Ph and Pl are the 

partial pressures of hydrogen in the feed and the permeate, respectively.  

 

        5.2.2.  MR Study at 623 K at High Pressure 

 
                   A reactor system equipped with a back pressure regulator (BPR) for high pressure 

was used for this work [2,3] (Figure 5.1).  When operated as a PBR, the membrane tube was 

replaced by an impermeable dense alumina tube of the same size as the membrane in the PBR to 

keep the geometry the same.  Also, the same amount of catalyst (0.6 g) was employed.  The 

catalyst was reduced under pure H2 at a flow rate of 34 μmols-1(50 cm3 (NTP) min-1) for 2 h at 

723 K before reaction.  After reduction, a flow of reactant containing a water-to-ethanol molar 

ratio of 3 in an argon stream at a flow rate of 14 μmols-1(20 cm3 (NTP) min-1) was introduced to 

the shell side of the reactor by a liquid pump (Lab Alliance TM Series I).  A mass flow controller 

(MFC) was used to adjust the argon and hydrogen flow rates.  High pressure was achieved by a 

BPR and residence times for different pressures were kept constant by increasing the inlet flow 

rates proportionally to the pressure applied.  After reaction, liquid products were collected in a 

condensate trap and injected to a gas chromatograph (SRI 8610C) for analysis with an ATTM-

1000 column (1/8 " OD × 6 ft) attached to a FID.  Gaseous products were directed to a gas 

chromatograph for analysis with a Carbosphere® column (1/8 " OD × 6 ft) attached to a TCD.   
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Figure 5.1.  Schematic of the MR system at high pressure 
 
 

 

The ethanol conversion was calculated from the ratio of ethanol consumed and ethanol fed into 

the reactor. 

    

                   For the MR study at high pressure (1-10 atm), the same configuration and reaction 

conditions as the PBR were used except the impermeable alumina tube was replaced by a 

membrane tube.  An argon stream at a flow rate of 41 μmols-1(60 cm3 (NTP) min-1) was used as a 

sweep gas in the tube side of the MR.  The membrane and the catalyst were heated to 723 K 

 81



under an argon stream at 0.017 K s-1(1 K min-1) followed by reduction of the catalyst in pure H2 

at a flow rate of 34 μmols-1(50 cm3 (NTP) min-1) for 2 h at 723 K before reaction.   

 

 

5.3.  Results 

 

        5.3.1.  Properties of the Palladium-based Composite Membrane 

 

                   Table 5.1 shows permeances and selectivities of the pure support and the Pd-Cu 

composite membrane prepared by the electroless plating of palladium and copper at 333 K.  The 

Pd-Cu membrane had a hydrogen permeance of 5×10-7 mol m-2s-1Pa-1 at 623 K, but a selectivity 

for hydrogen about two orders of magnitude larger than the pure support.   

 

Table 5.1.  Permeances and selectivities of the pure support and the Pd-Cu composite  

                   membrane at 623 K 

 
 Pure support Pd-Cu composite membrane 

 Permeance 
/ mol m-2s-1Pa-1 Selectivity  Permeance 

/ mol m-2s-1Pa-1 Selectivity  

H2 4×10-5 - 5×10-7 - 
CH4 2×10-5 2 2×10-9 250 
N2 1×10-5 4 1×10-9 500 

CO2 8×10-6 5  7×10-10 700 
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                   The dependence of hydrogen flux of the Pd-Cu composite membrane on pressure 

difference was studied at 623 K by varying the pressure difference between the shell and tube 

sides and a value of n of 0.97 for the hydrogen order was obtained (Figure 5.2).  
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Figure 5.2.  Dependence of hydrogen flux on pressure difference at 623 K with the Pd- 

                    Cu composite membrane 

 

 

        5.3.2.  Effect of Pressure on the ESR Reaction at 623 K in the PBR and the MR 

 

                   Comparison studies of the effect of pressure on the ESR reaction were carried out at 

623 K in the PBR and the MR fitted with the hydrogen selective Pd-Cu composite membrane.   
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                   Figure 5.3a shows ethanol conversions obtained at 623 K for different pressures in 

the PBR and the MR and decreasing ethanol conversions were observed with increasing pressure 

for both reactors.  Respective ethanol conversions in the PBR for pressures of 1, 5, and 10 atm 

were 50, 31, and 23 % while those in the MR were 63, 40, and 34 %.  For all pressures studied, 

improved ethanol conversions compared to the PBR were obtained in the MR.  To quantify the 

conversion increase in the MR, the conversion enhancement was defined by equation 5.1.  

 

             100
)PBR(conversion

)PBR(conversion)MR(conversion
(%)t enhancemen Conversion ×

−
=              (5.1) 

 

                   Figure 5.3b shows conversion enhancements at 623 K for different pressures in the 

MR.  Respective conversion enhancements in the MR were 26, 29, and 48 % for pressures of 1, 

5, and 10 atm. 
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Figure 5.3.  Effect of pressure at 623 K on the ESR reaction in the MR fitted with the Pd-Cu  

                    composite membrane a) Ethanol conversion b) Conversion enhancement 

 

 

                   Figure 5.4a shows hydrogen molar flows produced at 623 K for different pressures in 

the PBR and the MR and increasing hydrogen molar flows were observed with increasing 

pressure for both reactors.  Respective hydrogen molar flows in the PBR for pressures of 1, 5, 

and 10 atm were 7.7×10-6, 8.7×10-6, and 1.1×10-5 mol s-1 while those in the MR were 1.1×10-5, 

1.3×10-5, and 1.7×10-5 mol s-1.  For all pressures studied, improved hydrogen molar flows 

compared to the PBR were obtained at 623 K in the MR.  The molar flow enhancement was 

calculated by equation 5.2. 
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             100
)PBR(flowmolar

)PBR(flowmolar)MR(flowmolar
(%)t enhancemen flowMolar ×

−
=                 (5.2) 

 

                   Figure 5.4b shows molar flow enhancements at 623 K for different pressures in the 

MR.  Respective molar flow enhancements in the MR were 43, 49, and 55 % for pressures of 1, 

5, and 10 atm. 
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Figure 5.4.  Effect of pressure at 623 K on the ESR reaction in the MR fitted with the Pd-Cu  

                    composite membrane a) H2 molar flow b) Molar flow enhancement  

 

 

5.4.  Discussion 

 

        5.4.1.  The Co-Na/ZnO Catalyst and the Palladium-based Composite Membrane 

 86



 

                   The 12.5 wt% Co-Na/ZnO catalyst was chosen for the present study because of its 

reported high stability (> 240 h) and activity at moderately low temperature in the ESR reaction 

[4].  As expected, no deactivation of the catalyst was observed in this study. 

 

                   Many efforts have been made to overcome some of the drawbacks that pure 

palladium membranes have such as their phase change (α→β) at temperatures below 573 K in 

hydrogen environments and vulnerability to various contaminants.  Addition of a second 

component like Ag [5] and Cu [6,7] to a pure palladium has been reported as a way to prevent 

the phase change and to improve resistance to contaminants.  Among various methods to prepare 

a palladium membrane, the electroless plating method was employed in this study because of its 

simplicity and low cost.  Successful plating of Pd-Cu layers on the support with a pore size of 5 

nm has been made and two orders of magnitude improvements in hydrogen selectivities were 

observed in the membrane.  An unsuccessful plating of Pd-Cu layers on an alumina support with 

a pore size of 5 nm was reported by Roa et al. [6] and surface roughness and the small pore size 

were given as possible reasons.  The one crucial difference in the membrane prepared in this 

study from the previously reported membrane is the use of an intermediate layer before plating.  

The support was dip-coated with a boehmite sol with a particle size of 40 nm and this simple 

treatment is believed to have been effective in providing a fine and uniform substrate for plating.  

 

        5.4.2.  Effect of Pressure on the ESR Reaction in the PBR and the MR 

 
                   Studies of the effect of pressure on the ESR reaction at 623 K in the PBR and the 

MR were carried out at pressures of 1, 5, and 10 atm with the Co-Na/ZnO catalyst, and stable 
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ethanol conversion and product molar flow were observed during the reaction showing no 

deactivation of the catalyst and membrane used in the reactors.   

 

                   Figure 5.3a shows ethanol conversions with increasing pressure in the PBR and the 

MR.  Ethanol conversions were found to decrease with increasing pressure in both the PBR and 

MR.  This is because of thermodynamic reasons, as the equilibrium of the ESR reaction is shifted 

to the reactants with increasing pressure because of the net increase in moles (reaction 1.1, 

C2H5OH + 3H2O         6H2 + 2CO2).   

 

                   Improved ethanol conversions were observed at 623 K for all pressures studied in the 

MR compared to the PBR because the continuous removal of hydrogen during the reaction 

shifted the equilibrium to the products.  Figure 5.3b shows conversion enhancements in the MR 

compared to the PBR, which increased with increasing pressure.  This result shows that pressure 

had a positive effect on the ESR reaction by increasing hydrogen flux through the membrane.   

                    

                   Figure 5.4a shows hydrogen molar flows with increasing pressure in the PBR and the 

MR.  For both reactors, increasing hydrogen molar flows were observed with increasing 

pressure.  Improved hydrogen molar flows in the MR were observed at 623 K for all pressures 

studied compared to the PBR and this again can be attributed to the continuous removal of 

hydrogen in the MR.   

 

                  Figure 5.4b shows that increasing hydrogen molar flow enhancements were obtained 

with increasing pressure.  The highest hydrogen molar flow of 1.7×10-5 mol s-1 and enhancement 
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of 55 % were obtained at 10 atm.  This result is consistent with the work by Hacarlioglu et al. [3] 

who reported that pressure had a positive effect on hydrogen yield in a methane steam reforming 

(MSR) reaction due to an increase in hydrogen flux at high pressure. 

 

 

5.5.  Conclusions 

 

     Comparison studies of the effect of pressure on the ethanol steam reforming (ESR) reaction in 

packed-bed and membrane reactors were carried out with a 12.5 wt% Co-Na/ZnO catalyst at 623 

K at pressures of 1, 5, and 10 atm.  A Pd-Cu composite membrane with a hydrogen permeance of 

5×10-7 mol m-2s-1Pa-1 at 623 K was successfully prepared by the electroless plating of palladium 

and copper at 333 K, and used in the membrane reactor (MR) at high pressure.  Enhanced 

ethanol conversions and hydrogen molar flows compared to the packed-bed reactor (PBR) were 

observed in the MR at all pressures studied with higher enhancements with increasing pressure.  

Respective ethanol conversion enhancements of 26, 29, and 48 % and hydrogen molar flow 

enhancements of 43, 49, and 55 % were obtained at 623 K at pressures of 1, 5, and 10 atm in the 

MR, and this result showed that pressure had a positive effect on ethanol conversion and 

hydrogen molar flow enhancements. 
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Chapter 6 

Conclusions 

 

 

     Studies of the ethanol steam reforming (ESR) reaction were carried out at 623 K at 

atmospheric pressure in a packed-bed reactor (PBR) with Co-Na/ZnO catalysts of different 

cobalt loading and Na content prepared by a co-precipitation method.  Stable ethanol conversion 

and product selectivity were observed during the reaction with no deactivation of the catalysts.  It 

was found that higher cobalt loading, water-to-ethanol molar ratio in the reactant, reaction 

temperature, and lower space velocity (SV) enhanced ethanol conversion and reduced the 

formation of acetaldehyde.  It was demonstrated that acetaldehyde was a primary product of the 

ESR reaction and further decomposed to CO and CH4.    

 

     Two different types of hydrogen selective membranes were prepared and characterized.  

Silica-based membranes with hydrogen permeances of ~10-8 mol m-2 s-1 Pa-1 at 623 K were 

prepared by the chemical vapor deposition (CVD) of tetraethylorthosilicate (TEOS) and 

aluminum-tri-sec-butoxide (ATSB) at 873 K, and palladium-based membranes with hydrogen 

permeances of 10-7-10-6 mol m-2 s-1 Pa-1 at 623 K were prepared by the electroless plating of 

palladium and copper at 333 K.  The best Pd-Cu membrane with a hydrogen permeance of 

6.2×10-6 mol m-2 s-1 Pa-1 and a H2/CO2 selectivity of 1020 at 623 K was obtained with the use of 

an intermediate layer of a boehmite sol, and the intermediate layer is believed to provide a 

uniform substrate for plating.  Scanning electron microscopy (SEM) images of the Pd-Cu 

 91



membrane confirmed that a dense hydrogen selective layer with a thickness of 160 nm (0.16 µm) 

was successfully deposited on top of an alumina support with no visible defects. 

 

     The effect of hydrogen permeance on the ESR reaction was studied at 623 K at atmospheric 

pressure in membrane reactors (MRs) fitted with silica-based and palladium-based membranes.  

It was found that hydrogen permeance had a positive effect on the ESR reaction in the MRs, and 

the highest ethanol conversion enhancement of 44 % and hydrogen molar flow enhancement of 

69 % were obtained in a MR equipped with a Pd-Cu membrane with the highest hydrogen 

permeance of 4×10-6 mol m-2s-1Pa-1 at 623 K.  An operability level coefficient (OLC) was 

introduced as a useful tool for estimating performances of MRs, and OLCs of previously 

reported MRs were calculated.  The values ranged from 0.13 to 0.73 and a general trend for 

higher reactant conversion and hydrogen molar flow was observed with an increasing OLC.  It 

was found that the OLC curve obtained from a numerical simulation was close to data obtained 

from experiments. 

 

     Effect of pressure (1-10 atm) on the ESR reaction was studied at 623 K in a PBR and a MR 

fitted with a Pd-Cu membrane with a hydrogen permeance of 5×10-7 mol m-2s-1Pa-1 and a H2/CO2 

selectivity of 700 at 623 K.  For both reactors, decreasing ethanol conversions and increasing 

hydrogen molar flows were observed with increasing pressure.  For all pressures studied, higher 

ethanol conversions and hydrogen molar flows were observed in the MR compared to the PBR.  

It was found that pressure had a positive effect on the ESR reaction, and the highest ethanol 

conversion enhancement (48 %) and hydrogen molar flow enhancement (55 %) were observed at 

10 atm in the MR. 
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Appendix A.  Methane steam reforming (MSR)  
 
 

  CH4 + H2O  CO + 3H2 Δ Ho
298 = 206 kJ mol-1 (1)

 
  CO + H2O  CO2 + H2 Δ Ho

298 = -41 kJ mol-1 (2)

 
  CH4 + 2H2O  CO2 + 4H2 Δ Ho

298 = 165 kJ mol-1 (3)
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Appendix B.  One-dimensional reactor model 
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Nomenclature 
 
 

Fi Molar flow rate of species i on shell side (mol s-1) 

Fit Molar flow rate of species i on tube side (mol s-1) 
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FAr Molar flow rate of argon on tube side (mol s-1) 

W Catalyst weight (g) 

ri Reaction rate equation of reaction i (mol s-1 g-1) 

rp Reaction rate equation of hydrogen permeation (mol s-1 g-1) 

k1 Reaction rate constant of reaction 1 (mol s-1 g-1 atm0.5) 

k2 Reaction rate constant of reaction 2 (mol s-1 g-1 atm-1) 

k3 Reaction rate constant of reaction 3 (mol s-1 g-1 atm0.5) 

KH2 Proportional constant of rP (mol s-1 g-1 atm-1) 

PTotal Total pressure on shell side (atm) 

FTotal Total molar flow rate on shell side (mol s-1) 

Pi Partial pressure of species i (atm) 

kCO Adsorption equilibrium constant of CO (atm-1) 

kH2 Adsorption equilibrium constant of H2 (atm-1) 

kCH4 Adsorption equilibrium constant of CH4 (atm-1) 

kH2O Adsorption equilibrium constant of H2O  

K1 Equilibrium constant of reaction 1 (atm2) 

K2 Equilibrium constant of reaction 2 

PTTotal Total pressure on tube side (atm) 

FTTotal Total molar flow rate on tube side (mol s-1) 

PH2t Partial pressure of H2 on tube side (atm) 

R Gas constant (8.314 J mol-1 K-1) 

T Reactor temperature (K) 
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