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Abstract: In this work, a novel Co based catalyst containing 10 wt% of Co and 3 wt% of Pt Supported on Al2O3 pellets 
coated with CeO2-ZrO2 and Al2O3 was prepared. This catalyst has been utilized in dense Pd-Ag membrane (MR) and 
traditional (TR) reactors for ethanol steam reforming (ESR) reaction. In particular, ESR reaction was carried out between 

400 and 490 °C and in a pressure range of 100 - 300 kPa with an ethanol/water feed molar ratio of 1/13 and GHSV of 
805 h

-1
. The pressure in shell side of the MR was kept constant at 100 kPa during the whole experimental campaign. 

The experimental results in terms of ethanol conversion, hydrogen recovery, flow and yield as well as products 

compositions are reported. Moreover, a comparison between MR and TR at 490 °C and the same operating conditions is 
realized, pointing out that the MR is able to give higher ethanol conversions and hydrogen yields as well as lower CO 
content than the TR in all the reaction tests. The best results were observed at higher temperature and pressure for the 

MR and at lower pressure for the TR. By using the aforementioned catalyst, ethanol conversion and hydrogen recovery 
of 90% and 67% were achieved respectively at 490 °C and 300 kPa during ESR reaction in the MR, whereas a 
conversion of 75% was observed in the TR at the same temperature and at 100 kPa. 

Keywords: Ethanol steam reforming, Pt-Co catalyst, Membrane reactor, Hydrogen production. 

1. INTRODUCTION 

In the last decades, due to the depletion of 

conventional fossil fuels (natural gas, petroleum and 

coal), renewable energy resources received a growing 

attention, particularly if exploited in reforming 

processes for hydrogen production. Indeed, hydrogen 

is considered today as a new and alternative energy 

carrier for several applications [1, 2]. 

One of the major current uses of hydrogen includes 

fuel cell applications. In particular, proton exchange 

membrane fuel cells (PEMFCs) are used for clean 

power generation since they are zero greenhouse 

gases emission devices. However, PEMFCs are fuelled 

by high purity hydrogen because the existence of 

traces of CO in the feed acts as a poison, needing CO 

concentration less than 10 ppm [3, 4]. 

Steam reforming is the most widely used process 

for generation of hydrogen, not only exploiting fossil 

fuels like natural gas, petroleum and coal, but also  
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renewable raw materials such as ethanol [5-7]. Various 

studies in literature deal with ESR reaction in TRs, with 

ethanol coming from fermentation of biomasses [8-12]. 

Then, bio-derived ethanol is usually produced as an 

aqueous solution containing between 8 and 12 wt% 

ethanol [13].  

1.1. Ethanol Steam Reforming  

Ethanol or bio-ethanol steam reforming reaction is 

one of the best alternative processes to the exploitation 

of derived of fossil fuels for generating a H2-rich stream 

[13, 14] and several authors studied this reaction in 

TRs [15-20].  

From a general point of view, ESR reaction is an 

endothermic catalyzed reaction; therefore, it requires 

heat energy to generate hydrogen. Commonly, ESR 

takes place producing H2, CO2, CH4, CO and coke (and 

other further by-products) [21]. The conversion and 

hydrogen selectivity depend on the catalyst, 

temperature, pressure, water/ethanol ratio, space 

velocity and contact time [21]. 

The presence of water excess in ESR reaction 

reduces the CO content of the reformed stream. 
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Therefore, it could be helpful to use a raw bio-ethanol 

mixture for ESR as a feed into a such reactor. 

Furthermore, by considering that ethanol purification, 

extracting 99% water, has a high cost due to the 

ethanol/water azeotrope, it would be more 

advantageous to use directly raw bio-ethanol instead of 

a water/ethanol mixture as a feed. On this regard, 

some others investigated the approach for maximizing 

the hydrogen yield and minimizing the CO content in 

the reformed stream in the auto thermal and oxidative 

ESR in TRs [22-24].  

Moreover, a number of researchers focused on 

investigating the TR performance of different reforming 

catalysts during ESR reaction at several operating 

conditions [11, 25-28]. In particular, the main catalysts 

used for this reaction are based on Rh, Ru, Pd, Pt, Ni, 

Co and Cu [15-20].  

Recently, Contreras et al. [21] reviewed the state of 

the art about the most used catalysts for hydrogen 

production in ESR reaction. They pointed out that the 

noble catalysts with high selectivity to H2 (more than 

80%) are: Rh, Ru, Pd and Ir, while about non-noble 

metal catalysts they are: Ni, Co and Cu. The support 

materials include CeO2,ZnO, MgO, Al2O3, TiO2, SiO2, 

La2O2CO3, CeO2-ZrO2 and hydrotalcites. 

The ESR reaction is represented by the equation 

reported as follows: 

  
CH

3
CH

2
OH + 3H

2
O 2CO

2
+ 6H

2
H = 157.0 kJ / mol

             (1) 

Due to the endothermic character of equation (1), it 

is suggested that the highest ethanol conversions are 

obtained at high temperature and low pressures. 

Although the reaction pathways for ESR depend on the 

catalyst, this reaction can be expressed also as a 

combination of two other reversible reactions, ethanol 

steam reforming (insufficient steam supply) (2) and 

water-gas shift reaction (3): 

  
CH

3
CH

2
OH + H

2
O 2CO + 4H

2
H

298K
= 239.47 kJ / mol

             (2) 

  
CO + H

2
O CO

2
+ H

2
H

298K
= 41.19 kJ / mol

             (3) 

Haga et al. [29] investigated the effect of various 

supports in Co based catalysts for ESR. Furthermore, 

they indicated that Co/Al2O3showed the highest 

selectivity towards ESR. Also, they observed that, for 

Co based catalysts in ESR, methane is produced 

during the following reaction (decomposition of ethanol 

(4) and methanation of CO (5)): 

  
CH

3
CH

2
OH CH

4
+ CO + H

2
H

298K
= 33.18kJ / mol

           (4) 

  
CO + 3H

2
CH

4
+ H

2
O H

298K
= 206.2 kJ / mol

           (5) 

1.2. Membrane Reactor for Hydrogen Production 
via Ethanol Steam Reforming Reaction 

Commonly, a MR is a plug-flow reactor like a shell 

and tube heat exchanger that contains a membrane 

cylinder instead of tube.  

The general advantages of MR utilization as 

compared to sequential reaction-separation systems 

are (1) increased reaction rates, (2) combining reaction 

with hydrogen separation to increase conversion, (3) 

reduced byproduct formation, (4) lower energy 

requirements, and (4) the possibility of heat integration. 

These advantages potentially lead to compact process 

equipments that can be operated with a high degree of 

flexibility [30]. 

So far, the higher conversion in MRs compared to 

the TRs is due to the selective removal of hydrogen 

from the reaction zone to the permeated stream, 

allowing the reaction equilibrium to be circumvented 

[31]. 

Concerning ESR reaction, there is a consistent 

literature about MRs utilization for generating high 

grade hydrogen, even though there is not an uniformity 

of approaches within them [32].  

1.3. Pd-Based Membrane Utilization 

Dense metal membranes can operate at high 

pressures and temperatures (for example for steam 

reforming (SR) and water-gas shift reactions). In 

comparison with other membranes, dense metal 

membranes can be straightforward to manufacture and 

mechanically robust [33].  

Palladium based membranes have been used for 

decades in hydrogen extraction because of their high 

permeability and good surface properties.Indeed, the 

application of Pd-based membranes has been mainly 

due to their high hydrogen perm-selectivity with respect 

to all other gases [34].  



Pure Hydrogen Production via Ethanol Steam Reforming Reaction International Journal of Membrane Science and Technology, 2015, Vol. 2, No. 1    7 

Practically, the main benefit of dense self-supported 

Pd-based MRs consists of the possibility to carry out 

both ESR reaction and high grade hydrogen separation 

in only one device, without further processes [32]. 

In the last years, several works have been realized 

focusing on ESR reaction in MRs [35-42]. Among them, 

Iulianelli et al. [35, 36] made a wide experimental 

campaign about ESR over commercial Co/Al2O3 in a 

dense Pd-Ag MR. They used a model raw bio-ethanol 

mixture as a feed and investigated the effect of several 

operational parameters (temperature, pressure, sweep-

gas flow and load) on hydrogen yield and recovery. At 

400 °C and 300 kPa and WHSV = 2 h
-1

 they achieved 

60% and 95% for hydrogen yield and pure hydrogen 

recovered in the permeate side, respectively.  

Lin and Chang [37] performed ESR reaction in a 

MR housing a Pd-Ag layer deposited onto a porous 

stainless steel (PSS) support, over a Cu–Zn/Al2O3 

catalyst. As a best result, they obtained the hydrogen 

recovery of 80% at 440 °C and 1000 kPa. 

Papadias et al. [39] investigated ESR reaction at a 

steam to carbon molar between 3/1 and 12/1, using a 

supported Pd–Ag MR packed with an Rh–LaAl2O3 

catalyst. At 700 °C and 690 kPa, they reached 65% 

hydrogen yield, whereas at 690 kPa it dropped to 42% 

owing to an increase of methane yield. Indeed, by 

using a supported Pd-based membrane, the effect of 

an increase of pressure on the hydrogen permeation is 

less evident than using self-supported Pd-based 

membranes. As a consequence, by taking into account 

that Pd-based supported membranes are not full 

hydrogen perm-selective, the potentiality of shifting 

ESR reaction is less effective.  

Domínguez et al. [42] studied ESR in a commercial 

dense MR over cobalt talc catalyst supported over 

cordierite at 325-400 °C and 500-1500 kPa. They 

investigated the effect of temperature and pressure on 

hydrogen production and hydrogen recovery. In their 

experiments, the ethanol started to transform at 300 °C 

and, then, to be completely reformed at 450 °C. 

Furthermore, with W/F= 600 gcat.min.molEtOH
1 

and S/C 

= 3, they reached the maximum hydrogen recovery of 

80 % at pressure of about 1100 kPa and temperature 

of 350 °C.  

In this work, the potentiality of a bimetallic catalyst 

(Pt-Co based) has been investigated when applied to 

ESR reaction in a dense self-supported Pd-Ag MR for 

producing pure hydrogen. In particular, the experimen- 

tal campaign has been devoted to characterize the 

catalyst in terms of its chemical composition and 

reducibility properties. Then, to analyze the ESR 

reaction performance in terms of ethanol conversion, 

hydrogen recovery and hydrogen production when 

loaded in the Pd-Ag MR. Furthermore, the performance 

of the MR have been compared at the same operating 

conditions to a TR. 

2. EXPERIMENTAL SETUP 

The MR consists of a tubular stainless steel module 

(length 280 mm, i.d. 20 mm) containing a tubular 

commercial dense self-supported Pd-Ag membrane 

(Johnson & Mattey Co.) with a wall thickness of 150  

 
μm , o.d. 10 mm and 145 mm as length.  

The MR is heated by means of a heating tape 

connected to a temperature-controller. The operating 

temperature is measured by a thermocouple inserted 

into the lumen of the MR. The reaction pressure is 

regulated by means of a back-pressure controller 

placed at the outlet side of the retentate stream.  

The permeate pressure is kept constant during the 

whole experimental campaign at 100 kPa, and the 

sweep gas (N2) flow rate is 1.71 (L/h), supplied by a 

mass-flow controller (Brooks Instruments 5850S) 

driven by a computer software furnished by Lira (Italy). 

H2O and ethanol are supplied by means of volumetric 

pumps (type FMQG6) furnished by General Control 

(Italy).  

The ethanol feed flow rate is 4.2·10
-4

 L/h while the 

H2O/ethanol reactant feed ratio is 13/1 with a GHSV of 

805 h
-1

, kept constant during all the tests. Nitrogen is 

also used as a standard gas in the reaction zone with 

the volume flow rate of 1.5 L/h. The liquid reactants are 

mixed and, then, vaporized prior to enter in the reaction 

side. 

The outlet stream from retentate zone is passed 

through a cold trap in order to remove the unreacted 

H2O and the alcohol and, consequently, the restant 

retentate gaseous stream as well as the permeate 

stream are analyzed simultaneously by means of a 

temperature programmed HP 6890 gas chromatograph 

(GC) with a thermal conductivity detector (TCD) at 250 

°C and He as carrier gas. The GC is equipped by three 

packed columns: Porapack R 50/80 (8 ft  18 in) and 

Carboxen 1000 (15 ft 18 in) connected in series. This 

apparatus is driven by software furnished by Hewlett-

Packard. A scheme of the whole experimental setup is 

reported elsewhere [35]. 
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2.1. Traditional Reactor 

In order to emphasize the advantages of using a 

Pd–Ag MR, a comparison with a TR working at the 

same MR operating conditions was realized. The 

experimental tests for the TR were performed using the 

MR with the inlet and outlet permeates side completely 

closed. In this way the hydrogen partial pressures in 

the two sides become equal, with a consequent 

absence of the hydrogen permeation through the 

membrane and the MR starts to work as a traditional 

one.  

2.2. Catalyst Preparation and Characterization 

The preparation procedure started with the wash 

coat deposition on Al2O3 pellets, supplied by Aldrich 

and calcined at 600°C for 3 h. The slurry was obtained 

through mixed-oxide CeO2-ZrO2 (Rhodia) dispersion in 

a colloidal solution, which was prepared by acidifying 

with nitric acid a boehmite suspension (CeO2-

ZrO2/AlOOH= 2/1) at pH=4-5, which also contained 

methyl cellulose (1 wt %). Pellets were dipped in the 

slurry for 1 hour at 80°C; then, drying overnight 

(T=120°C) and calcinations at the same conditions 

reported above were carried out. The procedure was 

repeated until reaching a wash coat loading of about 40 

wt%. 

Active species deposition (Pt and Co) was carried 

out through wet impregnation. Wash coated pellets 

were impregnated with an aqueous solution of the salt 

utilized as active metal precursor (cobalt acetate and 

platinum chloride, both from Aldrich). The impregnation 

was performed at 80 °C for 1 h and then drying 

overnight (T=120°C) occurred. Finally, the sample was 

calcined in air at 600°C for 3 h. 

Since the catalyst is bimetallic, two impregnations 

have been performed. Previous studies [43] suggested 

that it is more convenient to have the noble metal 

directly available at gas-solid interface. In fact, the 

addition of Pt in the second impregnation step 

promoted ethanol adsorption and coke precursors 

hydrogenation. 

The prepared catalyst was characterized by means 

of the techniques listed below, which were carried out 

at University of Salerno. 

The catalysts composition was analyzed through 

the Energy Dispersive X-ray Fluorescence (EDXRF), 

performed using a Thermo-Scientific QUANT’X. The 

quantitative analysis was carried out through the 

Acquisition Manager software, developed through 

specific standard. TPR measurements were performed 

in the laboratory apparatus described elsewhere [44]. 

2.3. Permeation Tests and Catalyst Activation 

The permeation tests using separately pure N2 and 

H2 were performed at 350, 400 and 450 °C in the MR 

used as a permeator. The volume flow rate of 

permeating hydrogen for calculating the permeability of 

the dense membrane is measured by means of bubble 

flow meters. Nitrogen is used only to check if the 

membrane is permeable to another gas and to ensure 

its full hydrogen perm-selectivity.  

Successively, the reactor was cooled down at room 

temperature and packed with 3 g of 

Co(10%)Pt(3%)/CeO2-ZrO2-Al2O3catalyst. Thus, the 

MR was heated up again to 400 °C and 490 °C for 

realizing the reaction tests in the reaction pressure 

range between 100 and 300 kPa. 

Before reaction, the catalyst was preheated using 

N2 at 400 °C under atmospheric pressure for 3 h and, 

afterwards, reduced by using also H2 (1.5·10
3
mol/min) 

at the same temperature for 2 h. In order to ensure the 

accuracy of the experimental results, after each 

reaction cycle the hydrogen permeating flux was 

measured and compared to the values obtained during 

the permeation tests. 

2.3. Equations 

The following equations are used for calculation of 

ethanol conversion, yield, hydrogen recovery and ideal 

selectivity: 

Ethanol conversion (into gas) (%)

  

=
(CO + CO

2
+ CH

4
)

out

2C
2
H

5
OH

in

100

             (6)

 

Hydrogen recovery (%) 100
)H(H

H

retentate2permeate2

permeate2

+
=

             (7)

 

Hydrogen yield (%)

  

=
H

2out

6C
2
H

5
OH

in

100         (8) 

In these equations the subscript ‘‘OUT’’ means the 

total outlet flow rate of each component, while ‘‘IN’’ is 

referred to the inlet flow rate of each component fed to 

the reactors.  
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Equation (9) represents the Sieverts-Ficklaw useful 

for calculating the hydrogen permeating flux (
  
J

H
2

) 

through the dense Pd-Ag membrane. As reported 
below, the exponent of the hydrogen partial pressures 
in the retentate and permeate sides is equal to 0.5, 
typical value for full hydrogen perm-selective 
membranes. 

  
J

H
2

=
P

H
2

P
H

2
/ ret

0.5
P

H
2

/ perm

0.5( )
         (9) 

Equation (10) describes the relationship between 

the hydrogen permeability (
  
P

H
2

) with the temperature 

as an Arrhenius like law. 

P
H
2

= P
H
2

0
exp

E
a

RT
        (10) 

In the equations reported above,  
  
P

H
2

0
, Ea, R, T and 

represent the pre-exponential factor, apparent 

activation energy, universal gas constant, absolute 
temperature and the Pd–Ag membrane thickness, 

respectively. Furthermore, 
  
P

H
2

/ ret
and 

  
P

H
2

/ perm
are 

hydrogen partial pressure in the retentate and 
permeate zones. 

3. RESULTS AND DISCUSSION 

3.1. Gas Permeation Tests  

At first, permeation tests were performed on the 

dense Pd-Ag membrane by using pure hydrogen and 

nitrogen and varying the pressure in the lumen side 

between 150 and 300 kPa and the operating 

temperature between 350 and 450 °C. Absence of 

nitrogen permeation in all the operating conditions 

investigated in this work confirmed that the membrane 

is hydrogen full perm-selective. Figure 1 shows the 

hydrogen flux permeated through the membrane as a 

function of the hydrogen permeation driving force 

(hydrogen partial pressure square root difference 

between retentate and permeate side). It is possible to 

observe that, the higher the temperature the higher the 

hydrogen permeating flux because, at higher 

temperature, the hydrogen permeability is enhanced, 

being proportionally dependent on the temperature, as 

stated successively. Furthermore, the higher the 

hydrogen partial pressure square root difference 

between retentate and permeate side the higher the 

hydrogen permeation driving force, with a consequent 

higher hydrogen permeating flux through the 

membrane. 

 

Figure 1: Hydrogen flux permeated versus permeation 
driving force. 

Figure 2 confirms that the temperature dependence 
of the hydrogen permeability can be expressed by 
means of an Arrhenius-like equation (10). The results 
of these two figures were useful for calculating the 
characteristic parameters of the Pd-Ag membrane: Ea 

and 
  
P

H

0
were 13,412 J/kmol and 6.82 10

-

6
mol/m·s·kPa

0.5
, respectively. 

 

Figure 2: Arrhenius plot. 

3.2. Catalyst Characterization 

The composition of the final catalyst, determined 

through XRF analysis and reported in Table 1, showed 

a good agreement between theoretical and 

experimental active species loadings. 

Table 1: Chemical Analysis Result of 3%Pt-
10%Co/CeO2-ZrO2 Washcoated Alumina Pellets 

CeO2 [%] ZrO2 [%] Al2O3 [%] Pt [%] Co [%] 

14.512 10.934 60.82 3.279 10.451 

 

The results of TPR measurements are presented in 

Figure 3. The lower temperature peak (T=197°C) is 

ascribable to PtO2 reduction [45] while the reduction 
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peak of cobalt oxide was observed at T=429 °C. The 

latter value is higher with respect to the typical 

reduction temperatures reported in the literature for this 

species [46].  

 

Figure 3: TPR profile of bimetallic (Pt and Co based) 
catalyst. 

Moreover, it was also found that cobalt oxide 

reduction follows two steps: Co3O4 reduction to CoO 

and later to Co. The observed phenomenon is probably 

due to the fact that Al2O3, present in the CeO2-ZrO2 

slurry, inhibited the reduction of CoO: Al2O3 can create 

a solid solution with CoO, which is difficult to reduce 

[47]. Finally, the peak recorded at 550 °C can be linked 

to the superficial reduction of CeO2-ZrO2. 

The reduction curve was deconvoluted after 

background subtraction by a least-squares fitting to 

Gaussian–Lorentzian functions using the software 

Microcal Origin. Starting from the deconvoluted 

profiles, it was possible to estimate H2 uptake during 

reduction, which was compared with theoretical values, 

calculated according to the metals loadings (Table 2). 

The H2 uptake due to PtO2 reduction is higher than the 

theoretical one, while H2 consumption ascribable to 

Co3O4 is lower than the expected one corresponding to 

the complete reduction to Co. This suggests that Co3O4 

starts its reduction at lower temperatures: it is possible 

to explain this phenomenon taking into account that the 

Pt supported on the CeO2-ZrO2 may early reduce the 

adjacent Co particles to CoO, due to the activation of 

the H2 via the spillover mechanism [48]. However, the 

subsequent reduction to Co is observed only at higher 

temperature, due to the solid solution formation. 

3.3. Reaction Tests 

The reaction tests were carried out with the MR in 

counter-current configuration of sweep-gas with 

respect to the feed. Figures 4, 5, 6 and 7 sketch 

ethanol conversion, hydrogen yield, the hydrogen 

produced as in the permeate side and hydrogen 

recovery versus reaction pressure at 400 and 490 °C.  

Table 2: Comparison between Experimental and 
Expected H2 uptake [mmol/gcat] 

Active 
species 

T 
[°C] 

Experimental Theoretical 
PtO2 Pt

0
 

Theoretical 
Co3O4 Co

0
 

Pt 197 937 307  

Co 429 1690  2262 

 

 

Figure 4: Ethanol conversion versus reaction pressure at 400 
°C and 490 °C for MR. 

 

Figure 5: Hydrogen yield versus reaction pressure at 400 °C 
and 490 °C for MR. 

 

Figure 6: Pure H2 production in the permeate stream versus 
reaction pressure at 400 °C and 490 °C for MR. 



Pure Hydrogen Production via Ethanol Steam Reforming Reaction International Journal of Membrane Science and Technology, 2015, Vol. 2, No. 1    11 

 

Figure 7: Hydrogen recovery versus reaction pressure at 400 
°C and 490 °C for MR. 

Effect of temperature: as it is shown in these 

figures, the ethanol conversion as well as hydrogen 

yield, flow and recovery increase by increasing the 

temperature. For the conversion (Figure 4), besides the 

endothermicity of the ESR, this happens due to the 

positive effect of temperature on both the higher 

catalyst kinetics and the higher hydrogen permeation 

through the dense Pd-Ag membrane. Furthermore, an 

increase of temperature induces a higher hydrogen 

permeating flux (see Sieverts-Fick law, equation (9)) 

with a consequent higher removal of hydrogen through 

the membrane reflected in a higher molar flow rate of 

hydrogen in the permeate side (Figure 6). At a higher 

temperature, the shift effect on ESR reaction is more 

effective and, consequently, higher hydrogen yield 

(Figure 5) and hydrogen recovery are allowed (Figure 

7).  

Effect of pressure: from a thermodynamic point of 

view, by considering that ESR reaction proceeds 

towards the products with an increase of moles 

number, the highest ethanol conversions are expected 

at low pressures, preferably at ambient pressure. For 

the MR, the pressure difference between the reaction 

and permeate sides has a direct impact on the 

hydrogen permeation driving force and, consequently, 

on the hydrogen permeating flux through the 

membrane. Therefore, the higher the reaction pressure 

the higher the hydrogen permeation driving force, 

allowing a more consistent removal of hydrogen from 

the reaction zone towards the permeate side in which it 

is collected. Thus, on one hand an increase of reaction 

pressure acts negatively thermodynamically on the 

ESR reaction, but on the other hand it induces 

beneficially a shift of the ESR reaction due to enhanced 

removal of hydrogen for permeation through the dense 

Pd-Ag membrane. The balance between these two 

distinct effects, Figures 4-7 demonstrated that a 

reaction pressure increase makes overabundant the 

shift effect due to the hydrogen removal for permeation 

over the detrimental effect connected to the 

thermodynamic. However, in Figure 6 the pure 

hydrogen produced and removed/recovered from the 

reaction side at 400 and 490 °C is reported. Obviously, 

as previously stated, a higher temperature makes 

possible an enhancement of conversion and hydrogen 

yield and, then, at 490 °C and, at the maximum 

pressure investigated in this work, the pure hydrogen 

produced was equal to around 0.5 L/h. On the contrary, 

it is lower than 0.3 L/h at 400 °C. Furthermore, at lower 

pressure the recovery of hydrogen decreases and, 

then, the production of pure hydrogen is lowered too. 

Table 3 shows the composition of the gaseous 

products in the retentate stream. This table confirms 

that, at higher temperature, more hydrogen is produced 

and higher pressures favor a greater hydrogen 

removal, expressed in a decrease of hydrogen content 

in the retentate side. In the meanwhile, the shift effect 

on the ESR reaction favored by higher pressures made 

possible the decrease of CO content in the retentate 

stream and the increase of CH4 and CO2 production. 

Nevertheless, at 490 °C the content of CH4 is lowered 

with respect to 400 °C, while CO2 is favored up to 

achieve almost 50% at 300 kPa. 

More in details, regarding CH4 and CO production, 

two reactions are involved. The first one is the 

decomposition of ethanol (4) and the second one the 

methanation of CO (5). Without considering the 

Table 3: Composition of the Gaseous Products from Retentate Side for MR at Different Reactor Pressures and 
Temperatures 

Reaction Temperature [°C] 400 490 

Reaction pressure [kPa] 300 250 200 150 300 250 200 150 

H2 [%] 31.34 35.79 40.24 46.16 41.76 45.62 51.86 56.74 

CO [%] 0.23 0.26 0.28 0.32 1.22 1.29 1.53 1.68 

CH4 [%] 29.58 27.30 24.92 21.81 6.63 5.78 6.51 5.83 

CO2 [%] 38.85 36.65 34.56 31.71 50.40 47.32 40.10 35.75 
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membrane effect, decomposition of ethanol is favored 

at lower pressure, instead of the methanation of CO, 

which is favored at higher pressure. These opposite 

effects are balanced resulting in mild changes for CH4 

and CO compositions at an individual temperature. At 

higher temperature, the catalyst shows higher activity 

and, except methane, the results showed higher 

compositions for all of the components. However, the 

methanation of CO is highly exothermic and a 

downtrend in methane composition is also acceptable. 

3.2.1. Reaction Tests for Traditional Reactor 

Figures 8 and 9 show the results in terms of ethanol 

conversion and hydrogen yield for both TR and MR at 

490 °C. For the whole pressure range investigated, the 

ethanol conversion and hydrogen yield were higher in 

MR than TR. However, unlike MR the ethanol 

conversion as well as hydrogen recovery in TR 

decrease by increasing the reaction pressure. As 

mentioned before ESR proceeds with an increase of 

the moles number and in the TR is present only the 

thermodynamic effect due to a reaction pressure 

increase, which determines a depletion of ethanol 

conversion and a consequent decrease of the 

hydrogen yield.  

 

Figure 8: Ethanol conversion versus reaction pressure in 
both TR and MR at 490 °C. 

 

Figure 9: Hydrogen yield versus reaction pressure in both TR 
and MR at 490 °C. 

Table 4 reports composition of the gaseous 

products from retentate zone in TR at 490 °C and 

pressure range of 150-300kPa.The results of this table 

confirm the negative effect of a pressure increase on 

ethanol conversion. Also comparing Tables 3 and 4 at 

490 °C, the CO content in TR is higher than in MR for 

all the experimental conditions. 

Table 4: Composition of the Gaseous Products from 
Retentate Side for TR at Different Reactor 
Pressures and 490 °C 

Reaction Pressure [kPa] 300 250 200 150 

H2 [%] 74.44 72.65 71.36 70.85 

CO [%] 2.91 2.31 1.96 1.84 

CH4 [%] 2.22 3.76 4.47 4.76 

CO2  [%] 20.44 21.29 22.2 22.55 

4. CONCLUSION 

In this work a model bio-ethanol mixture with an 

ethanol/water feed molar ratio of 1/13 and GHSV of 

805 h
-1

was used to carry out the ESR reaction tests for 

producing pure hydrogen in both a commercial dense 

Pd-Ag MR and a TR, packed with a Pt(3%)-

Co(10%)/CeO2-ZrO2-Al2O3 catalyst at 400 °C and 490 

°C, and pressure range of 100-300kPa.The permeation 

tests were done to characterize the commercial dense 

Pd–Ag membrane in terms of hydrogen permeability at 

pressure between 150 and 300 kPa and temperature 

between 350 and 450 °C.  

The results showed that, during ESR reaction, 

higher conversion, hydrogen yield, flow and recovery 

were achieved at higher pressures and temperatures in 

the MR.  

At 490°C and 300 kPa, as best result of this work, 

the MR was able to reach about 90% of ethanol 

conversion, 74% of hydrogen yield, 67% of hydrogen 

recovered in the permeate side, corresponding to 

almost 0.50 L/h of produced pure hydrogen (except N2 

presence used at bench-scale as a sweep gas instead 

of steam as option at larger scale).For TR the best 

results observed at 490 °C and 100kPawere almost 

75% of ethanol conversion and 73% of hydrogen yield. 

Furthermore, by comparing the calculated CO 

composition from the experimental data in both MR and 

TR, it was evident that CO is higher in the TR than in 

MR in the whole experimental campaign, making the 

latter more attractive for hydrogen supplying in fuel 

cells applications. 



Pure Hydrogen Production via Ethanol Steam Reforming Reaction International Journal of Membrane Science and Technology, 2015, Vol. 2, No. 1    13 

ACKNOWLEDGEMENTS 

Part of this work regarding the application of the 

membrane reactor technology to the steam reforming 

of ethanol has been realized under the contract 

between the CNR-ITM and the University of Siena 

(Provv. n. 165/2014, Prot. CNR-ITM n. 0001885 del 

21/11/2014), in the framework of SPEI-BETA Project 

“Sistema di Propulsione Elettrica a Idrogeno tramite 

conversione autosostenuta di BioETAnolo” POR CREO 

2007/2013, which is particularly acknowledged. 

REFERENCES 

[1] Rostrup-Nielsen J, Rostrup-Nielsen T. Large-scale hydrogen 
production. Catal Tech2002; 6: 150-9. 

[2] Iulianelli A, Liguori S, Longo T, Basile A. Inorganic 

membrane and membrane reactor technologies for hydrogen 
production, in Robert D, Moriarty P, editors. Hydrogen 
Production: Prospects and Processes, Series: Energy 

Science, Engineering and Technology. Victoria, Australia: 
Nova Science Publishers 2012; p. 377-98. 

[3] Wee J. Applications of proton exchange membrane fuel cell 
systems. Ren Sust Energy Rev 2007; 11: 1720-38. 
http://dx.doi.org/10.1016/j.rser.2006.01.005 

[4] Iulianelli A, Basile A. Sulfonated PEEK-based polymers in 

PEMFC and DMFC applications: a review.Int J Hydrogen En 
2012; 37: 15241-55. 
http://dx.doi.org/10.1016/j.ijhydene.2012.07.063 

[5] Iulianelli A, Seelam PK, Liguori S, Longo T, Keiski R, Calabrò 
V, Basile A. Hydrogen production for PEM fuel cell by gas 

phase reforming of glycerol as byproduct of bio-diesel. The 
use of a Pd-Ag membrane reactor at middle reaction 
temperature. Int J Hydrogen En 2011; 36: 3827-34. 
http://dx.doi.org/10.1016/j.ijhydene.2010.02.079 

[6] Iulianelli A, Liguori S, Pinacci P, Morrone P, Basile A. 
Inorganic membrane reactor for hydrogen production through 
bio-ethanol reforming processes, in Henry RI, Woods BP, 

editors. ethanol: production, cellular mechanisms and health 
impact. Nova Science Publishers 2012; p. 79-102. 

[7] Kumar A, Prasad R, Sharma YC. Steam reforming of 
ethanol: production of renewable hydrogen. Int J Env Res 
Dev 2014; 4: 203-12. 

[8] Dasa D, Veziroglu TN. Advances in biological hydrogen 
production processes. Int J Hydrogen En 2008; 33: 6046-57. 
http://dx.doi.org/10.1016/j.ijhydene.2008.07.098 

[9] Fatsikostas AN, Kondarides DI, Verykios XE. Production of 
hydrogen for fuel cells by reformation of biomass-derived 
ethanol.Catal Today 2002; 75: 145-55. 
http://dx.doi.org/10.1016/S0920-5861(02)00057-3 

[10] Deluga GA, Salge JR, Schmidt LD, Verykios XE, Renewable 

hydrogen from ethanol by autothermal reforming. Science 
2004; 33: 993-7. 
http://dx.doi.org/10.1126/science.1093045 

[11] Ni M, Leung DYC, Leung MKH. A review on reforming 

bioethanol for hydrogen production. Int J Hydrogen En 2007; 
32: 38-47. 
http://dx.doi.org/10.1016/j.ijhydene.2007.04.038 

[12] Sanchez OJ, Cardona CA. Trends in biotechnological 
production of fuel ethanol from different feedstocks.BioRes 

Technol 2008; 99: 5270-95. 
http://dx.doi.org/10.1016/j.biortech.2007.11.013 

[13] Frusteri F, Freni S, Chiodo V, Donato S, Bonura G, Cavallaro 
S. Steam and auto-thermal reforming of bio-ethanol over 

MgO and CeO2 Ni supported catalysts. Int J HydrogenEn 

2006; 31: 2193-99. 
http://dx.doi.org/10.1016/j.ijhydene.2006.02.024 

[14] Benito M, Sanz JL, Isabel R, Padilla R, Arjona R, Daza L, 

Bio-ethanol steam reforming: Insights on the mechanism for 
hydrogen production. J Power Sou 2005; 151: 11-7. 
http://dx.doi.org/10.1016/j.jpowsour.2005.02.046 

[15] Liguras DK, Kondarides DI, Verykios XE. Production of 

hydrogen for fuel cells by steam reforming of ethanol over 
supported noble metal catalysts.ApplCatal 2003; 43: 345-54. 
http://dx.doi.org/10.1016/S0926-3373(02)00327-2 

[16] Freni S, Mondello N, Cavallaro S, Cacciola G, Pardon VN, 
Sobyanin VA, Hydrogen production by steam reforming of 

ethanol: a two process. React Kinet Catal Lett 2000; 71: 143-
52. 
http://dx.doi.org/10.1023/A:1010311005595 

[17] Srinivas D, Satyanarayana CVV, Potdar HS, Ratnasamy P. 

Structural studies on NiO CeO2–ZrO2 catalysts for steam 
reforming of ethanol.ApplCatal 2003; 246: 323-34. 
http://dx.doi.org/10.1016/S0926-860X(03)00085-1 

[18] Llorca J, Homs N, Sales J, de la Piscina PR.Efficient 
production of hydrogen over supported cobalt catalysts from 

ethanol steam reforming. J Catal 2002; 209: 306-17. 
http://dx.doi.org/10.1006/jcat.2002.3643 

[19] Haga F, Nakajima T, Yamashita K, Mishima S. Effect of 
crystallite size on the catalysis of alumina-supported cobalt 

catalyst for steam reforming of ethanol. React KinetCatal Lett 
1998; 63: 253-9. 
http://dx.doi.org/10.1007/BF02475396 

[20] Kaddouri A, Mazzocchia C. A study of the influence of the 
synthesis conditions upon the catalytic properties of Co/SiO2 

or Co/Al2O3 catalysts used for ethanol steam 
reforming.CatalCommun 2004; 5: 339-45. 
http://dx.doi.org/10.1016/j.catcom.2004.03.008 

[21] Contreras JL,Salmones J, Colı´n-Luna JA, Nuno L, Quintana 
B, Cordova I, Zeifert B, Tapia C, Fuentes GA.Catalysts for H2 

production using the ethanol steam reforming (a review). Int 
J Hydrogen En 2014; 39: 18835-53. 
http://dx.doi.org/10.1016/j.ijhydene.2014.08.072 

[22] Dolgykh L, Stolyarchuk I, Denyega I, Strizhak P. The use of 

industrial dehydrogenation catalyst for hydrogen production 
from bioethanol.Int. J. Hydrogen En. 31 (2006) 1607-1610. 
http://dx.doi.org/10.1016/j.ijhydene.2006.06.028 

[23] Mas V, Kipreos R, Amadeo N, Laborde M. Thermodynamic 
analysis of ethanol/water system with the stoichiometric 

method. Int J Hydrogen En 2006; 31: 21-8.  
http://dx.doi.org/10.1016/j.ijhydene.2005.04.004 

[24] Breen JP, Burch R, Coleman HM. Metal-catalysed steam-
reforming of ethanol in the production of hydrogen for fuel 

cell applications. ApplCatal B 2002; 39: 65-74. 
http://dx.doi.org/10.1016/S0926-3373(02)00075-9 

[25] Vaidya PD, Rodrigues AE. Insight into steam reforming of 
ethanol to produce hydrogen for fuel cells. ChemEng J 2006; 
117: 39-49. 
http://dx.doi.org/10.1016/j.cej.2005.12.008 

[26] Sun J, Qiu X, Wu F, Wang W, Hao S. Hydrogen from steam 
reforming of ethanol in low and middle temperature range for 
fuel cell application. Int J Hydrogen En 2004; 29: 1075-81. 
http://dx.doi.org/10.1016/j.ijhydene.2003.11.004 

[27] Haryanto A, Fernando S, Murali N, Adhikari S. Current status 

of hydrogen production techniques by steam reforming of 
ethanol: a review.En. Fuels 2005; 19: 2098-2106. 
http://dx.doi.org/10.1021/ef0500538 

[28] Song H, Zhang L, Watson RB, Braden D, Ozkan US. 

Investigation of bio-ethanol steam reforming over 
cobaltbased catalysts. Catal Today 2007; 129: 346-54. 
http://dx.doi.org/10.1016/j.cattod.2006.11.028 

[29] Batista MS, Santos RKS, Assaf EM, Assaf JM, Ticianelli EA. 
Characterization of the activity and stability of supported 

cobalt catalysts for the steam reforming of ethanol. J Power 



14    International Journal of Membrane Science and Technology, 2015, Vol. 2, No. 1 Basile et al. 

Sou 2003; 124: 99-103. 
http://dx.doi.org/10.1016/S0378-7753(03)00599-8 

[30] Iulianelli A, Ribeirinha P, Mendes A, Basile A. Methanol 

steam reforming for hydrogen generation via membrane 
reactors: a review. Ren. Sust. En. Rev. 2014; 29: 355-68. 
http://dx.doi.org/10.1016/j.rser.2013.08.032 

[31] Shu J, Grandjean BPA, Van Neste A, Kalaguine S, Catalytic 

palladium-based membrane reactors: a review. Can J 
ChemEng 1991; 69: 1036-60. 
http://dx.doi.org/10.1002/cjce.5450690503 

[32] Iulianelli A, Basile A. Hydrogen production from ethanol via 
inorganic membrane reactors technology: a review. CatalSci 

Tech 2011; 1: 366-79. 
http://dx.doi.org/10.1039/c0cy00012d 

[33] Morreale B, Ciferno J, Howard B, Ciocco M, Marano J, Iyoha 
O, Enick RM.Gasification and associated degradation 

mechanisms applicable to dense metal hydrogen 
membranes in: Bose AC, editor. Inorganic membranes for 
energy and environmental applications. New York: Springer 
Science + Business Media, LLC; 2009. p. 173-201. 

[34] Ockwig NW, Nenoff TM, Membranes for hydrogen 

separation. Chem Rev 2007; 107: 4078-110. 
http://dx.doi.org/10.1021/cr0501792 

[35] Iulianelli A, Basile A, An experimental study on bio-ethanol 
steam reforming in a catalytic membrane reactor. Part I: 

Temperature and sweep-gas flow configuration effects. Int J 
Hydrogen En 2010; 35: 3170-7. 
http://dx.doi.org/10.1016/j.ijhydene.2009.11.076 

[36] Iulianelli A, Liguori S, Longo T, Tosti S, Pinacci P, Basile A, 
An experimental study on bio-ethanol steam reforming in a 

catalytic membrane reactor. Part II: Reaction pressure, 
sweep factor and WHSV effects. Int J Hydrogen En 2010; 35: 
3159-64. 
http://dx.doi.org/10.1016/j.ijhydene.2009.11.034 

[37] Lin WH, Chang HF, A study of ethanol dehydrogenation 

reaction in a palladium membrane reactor. Catal Today 
2004; 97: 181-8. 
http://dx.doi.org/10.1016/j.cattod.2004.03.068 

[38] Basile A, Pinacci P, Iulianelli A, Broglia M, Drago F, Liguori 

S, Longo T, Calabro V. Ethanol steam reforming reaction in a 
porous stainless steel supported palladium membrane 
reactor Int. J. Hydrogen En 2011; 36: 2029-37. 
http://dx.doi.org/10.1016/j.ijhydene.2010.11.020 

[39] Papadias DD, S.H.D. Lee, M. Ferrandon, S. Ahmed, An 

analytical and experimental investigation of high-pressure 
catalytic steam reforming of ethanol in a hydrogen selective 

membrane reactor, Int. J. Hydrogen En., 35 (2010) 2004–

2017. 
http://dx.doi.org/10.1016/j.ijhydene.2009.12.042 

[40] Seelam PK, Liguori S, Iulianelli A, Pinacci P, Calabro V, 
Huuhtanen M, Keiskia R, Piemonte V, Tosti S, De Falco M, 
Basile A.Hydrogen production from bio-ethanol steam 

reforming reaction in a Pd/PSS membrane reactor.Catal 
Today 2012; 193: 42-8. 
http://dx.doi.org/10.1016/j.cattod.2012.01.008 

[41] Yu CY, Lee DW, Park SJ, Lee KY, Lee KH, Study on 

catalytic membrane reactor for hydrogen production from 
ethanol steam reforming.Int J Hydrogen En 2009; 34: 2947-
54. 
http://dx.doi.org/10.1016/j.ijhydene.2009.01.039 

[42] Domínguez M, Taboada E, Molins E, Llorca J. Ethanol steam 

reforming at very low temperature over cobalt talc in a 
membrane reactor.Catal Today 2012: 193: 101-6. 
http://dx.doi.org/10.1016/j.cattod.2012.02.004 

[43] Palma V, Castaldo F, Ciambelli P, Iaquaniello G, Capitani G. 

On the activity of bimetallic catalysts for ethanol steam 
reforming.Int J Hydrogen En 2013; 38: 6633-45. 
http://dx.doi.org/10.1016/j.ijhydene.2013.03.089 

[44] Palma V, Castaldo F, Ciambelli P, Iaquaniello G, Hydrogen 
production through catalytic low-temperature bio-ethanol 

steam reforming. Clean TechnEnv Pol 2012; 14: 973-87. 
http://dx.doi.org/10.1007/s10098-012-0472-7 

[45] Woo Ryu J, Moon D,Sang Lee D, Lee D, Hong S, Catalytic 
properties of Pt-Ni/CeO2 catalyst for WGS reaction. Theories 
ApplChemEng 2004; 10: 1024-127. 

[46] Padilla R, Benito M, RodrìguezL, Serrano A, Munoz G, Daza 

L, Nickel and cobalt as active phase on supported zirconia 
catalysts for bio-ethanol reforming: Influence of the reaction 
mechanism on catalysts performance.Int J Hydrogen En 

2010;35: 8921-28. 
http://dx.doi.org/10.1016/j.ijhydene.2010.06.021 

[47] Lendzion-Bielu Z, J drzejewski R, Arabczyk W. The effect of 
aluminium oxide on the reduction of cobalt oxide and 
thermostabillity of cobalt and cobalt oxide. Cent Eur J Chem 

2011; 9: 834-9. 
http://dx.doi.org/10.2478/s11532-011-0059-x 

[48] Norman A, Perrichon V, BensaddikA, Lemaux S, Bitter H, 
Koningsberger D. Study of the reducibility of Pt or Pd on 

ceria–zirconia catalysts by XANES measured at the Ce LIII 
edge and magnetic susceptibility measurements. Top Catal 
2001; 17: 363-8. 
http://dx.doi.org/10.1023/A:1016621401560 

 
Received on 02-03-2015 Accepted on 08-04-2015 Published on 15-05-2015 

 
http://dx.doi.org/10.15379/2410-1869.2015.02.01.2 

© 2015 Basile et al.; Licensee Cosmos Scholars Publishing House. 

This is an open access article licensed under the terms of the Creative Commons Attribution Non-Commercial License 
(http://creativecommons.org/licenses/by-nc/3.0/), which permits unrestricted, non-commercial use, distribution and reproduction in any medium, 
provided the work is properly cited. 

 


