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The performance of Rh/La2O3eSiO2 and Rh/CeO2 catalysts for steam reforming of ethanol

was investigated in a conventional fixed-bed reactor and a membrane reactor. This reactor

was built with a self-supported PdeAg membrane, and its performance was compared to

that the conventional reactor employing the same residence time and temperature. The

effect of steam to ethanol molar ratio, ethanol concentration, temperature and contact

time over hydrogen permeation and hydrogen recovery was investigated. In all cases, the

ethanol conversion was kept at 100%, and the products formed were only H2, CO2, CO and

CH4. In the membrane reactor, the overall ethanol reforming reaction was favored without

the formation of carbon deposits. The highest permeated and H2 recovery was obtained for

low ethanol content in the feed (high H2O/Ethanol ratio) and the methane formation was

unfavored, in agreement with the high production of hydrogen.

A slight difference in the hydrogen permeated/feed ethanol ratio was observed at

higher sweep gas flow rates being higher for Rh supported on CeO2 in comparison with the

Rh/La2O3eSiO2 catalyst. The best results were obtained with a H2O/Ethanol molar ratio

equal to 10 and the highest membrane permeation area. Under these conditions, the H2

recovery reached values of about 70% and the hydrogen produced for each mole of ethanol

exhibited the highest value close to 2.8.

Copyright © 2015, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
Introduction

Proton exchangemembrane (PEM) fuel cells are an alternative

for clean power generation. However, they require highly pure
(L. Cornaglia).
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hydrogen as the cell electrodes are poisoned by even small

amountsofCO [1]. Differentapproacheshavebeenwidelyused

to accomplish such a goal, involving integrated reaction units

for CO clean-up such as: water-gas shift; CO selective oxida-

tion; methanation [2]. Hydrogen-selective and -permeable Pd
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membranes are a promising technology for the production of

H2 with high purity. The use of membrane reactors for the

production of CO-free hydrogen has many advantages: (i)

production and purification can be achieved in the same

equipment, which results in the reduction of hydrogen costs;

(ii) the thermodynamic equilibrium can be overcome by the

continuous hydrogen removal from the reaction zone [3].

Different types of membranes have recently been applied in

membrane reactor (MR) for different reactions [3]. The reactor

performance ishighlydependentontheconditionsunderwhich

the reactions are carried out, such as membrane permeance,

membrane selectivity, space velocity, temperature and reactor

pressure, concentration and nature of reactants [4]. In a recent

study, we investigated the performance of a double tubular MR

built with a commercial self-supported PdeAg membrane or

with a composite Pd membrane supported on porous stainless

steel [5]. Bothmembrane reactorswere tested for theproduction

of hydrogen through the carbon dioxide reforming of methane

withandwithoutoxygenaddition.ThecompositePdmembrane

reactor exhibited a higher H2 permeated/CH4 fed ratio increase

with the sweep gas flow rate at 450 �C,which could be related to

its higher hydrogen permeability. To perform a better compar-

ison between the best catalysts applied in the membrane re-

actors (Rh and Ru supported on La2O3eSiO2 or on lanthanum

oxycarbonate), the H2 permeated/CH4 fed ratio expressed by

permeation area (mol s�1 m�2) was analyzed for self-supported

PdAgmembrane reactors operated at 550 �C [5,6]. These values

show that the Ru/La2O2CO3 and the Rh/La2O3eSiO2 solids dis-

played ratios higher than those observed for Ru/La2O3eSiO2,

when the dry reforming of methane was carried out. Carbon

deposition was not detected for all catalysts.

Different feedstocks have been used for the production of

hydrogen such as biomass and its derived liquids. As a

consequence, it does not contribute to CO2 emissions due to

the well-known carbon cycle. The steam reforming (SR) of

ethanol has been extensively studied for the production of

hydrogen [7e9]. Ethanol is non-toxic, easy to handle and the

infra-structure for production and distribution is already

established in some countries like the United States and

Brazil, which is adequate for the decentralized production of

hydrogen.

In the case of ethanol conversion reactions, a recent review

examined the benefits and the main drawbacks of inorganic

membrane reactors, paying particular attention to the effect

of the different typologies of inorganic membranes on the

reaction performance in terms of hydrogen yield, hydrogen

recovery and ethanol conversion [10]. In addition, the MR

parameters were qualitatively compared to those of conven-

tional reactors. The first studies of the SR of ethanol in

membrane reactors were related to the simulation and

modeling of the process [10e14]. In the last four years, the

number of experimental studies using membrane reactors for

the SR of ethanol have increased [15e24]. Tosti et al. [15] car-

ried out a kinetic study of the SR of ethanol over Ru, Pt, and Ni

based catalysts in a PdeAg membrane and analyzed the re-

sults using a power-rate law model. Non-commercial PdeAg

tubes of thin wall (50e60 mm) have been produced at their

laboratories via a cold-rolling. These wall tubes were applied

to membrane reformers and exhibited the capability to pro-

duce ultra pure hydrogen with high reaction conversions.
Recently, Oyama and coworkers [22,25] carried out a study

of the SR of ethanol over a CoeNa/ZnO catalyst both in a

packed-bed reactor (PBR) and MRs equipped with ultrathin Pd

or PdeCu membranes, and with a silicaealumina composite

membrane with different H2 permeability and selectivity. In

all studies, ethanol conversion and hydrogen yield in the MRs

were significantly higher than in the PBR. However, a signifi-

cant contamination of the Pd layer by CO or carbon com-

pounds during the reaction was observed. The hydrogen

permeation properties decreases due to the penetration of the

carbon atoms and expansion of Pd lattice, leading to mem-

brane failure [25].

Carbon formation is still a challenge during ethanol con-

version reactions carried out in conventional reactors as well

as in membrane reactors [7]. Different strategies have been

proposed to minimize or inhibit carbon formation such as the

modification of the catalyst support. The nature of the support

can strongly influence the stability of the catalyst during SR of

ethanol by assisting in the removal of carbon or suppressing

its formation [7,26e28]. The addition of La2O3 to a Ni/Al2O3

catalyst significantly decreased the rate of carbon deposition

due to the coverage of the acidic sites of alumina by the basic

lanthana species. These acid sites could be responsible for the

dehydration reaction. Fatsikostas et al. [28] proposed that the

LaOx species formed during reduction could react with CO2 to

produce La2O2CO3. This lanthanum oxycarbonate species can

react with carbon to form CO and regenerate La2O3 by pro-

moting the removal of carbon. Redox supports such as ceria

and ceria-containing mixed oxides improve catalyst stability

due to their high oxygen storage capacity (OSC) and oxygen

mobility [7]. This highly mobile oxygen can react with carbon

species formed during the reaction and thus keeps the metal

surface free of carbon, inhibiting deactivation. Recently, we

demonstrated that Rh/CeO2 catalyst is quite stable under SR of

ethanol carried out in a fixed-bed reactor [29]. This high sta-

bility of this catalyst was attributed to a greater fugacity of

available O from the support to assist in removing carbona-

ceous species.

Therefore, the goal of this work was to study the perfor-

mance of Rh-based catalysts for the SR of ethanol using a self-

supported commercial PdeAg membrane reactor.

Two different catalyst supports were employed: CeO2 and

La2O3/SiO2. Previous results of our groups showed that these

supports inhibited carbon formation for reactions in which

this is expected. The effect of steam to ethanol molar ratio,

ethanol concentration, temperature, contact time and sweep

gas flow rate over hydrogen permeation and hydrogen re-

covery was investigated. In addition, the performance of the

membrane reactor was compared to that the conventional

reactor employing the same residence time and temperature.
Experimental

Catalyst preparation

La2O3eSiO2 support was prepared by the incipient wetness

impregnation of SiO2 (Aerosil 200, calcined at 1173 K) with

lanthanumnitrate (Aldrich 99.9%) in order to obtain 27wt.% of

La2O3. The support was calcined for 6 h at 823 K in flowing air.

http://dx.doi.org/10.1016/j.ijhydene.2015.01.106
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Themetal deposition was performed by the incipient wetness

impregnation of the support by using RhCl3.3H2O (Alfa Aesar).

Then, the sample was dried at 393 K overnight, followed by

calcination in air at 823 K for 6 h. The nominal Rh loading was

0.6 wt. % for this catalyst.

CeO2 support with a high surface area was prepared. At

first, an aqueous solution containing the precursor cerium (IV)

ammonium nitrate (Acros) was prepared. Then, an aqueous

solution of ammonium hydroxide was slowly added to the

cerium aqueous solution for precipitation. Afterwards, the

temperature was raised up to 366 K and the system was held

under these conditions for 96 h. The pH of the solution con-

taining the precipitate was maintained at 10 during that time.

The precipitate was collected by centrifugation and the ma-

terial was washed until a pH of 7 was reached. Then, the

sample was dried at 393 K for 12 h and calcined in a muffle

furnace at 773 K for 12 h. Rh was added to CeO2 support by

incipient wetness impregnation using an aqueous solution of

RhCl3.3H2O (Aldrich). The nominal Rh content was 1 wt%.

After impregnation the samples were dried at 393 K for 12 h

and calcined in air at 673 K for 2 h.

Catalyst characterization

Surface area
The BET (Brunauer, Emmett, and Teller) surface area was

determined from N2 adsorption isotherms at liquid nitrogen

temperature using a Quantachrome Autosorb automatic gas

adsorption instrument. Prior to the measurements, all sam-

ples were degassed at 423 K under a 0.13 Pa overnight.

Metal dispersion
For the Rh/La2O3eSiO2 catalyst, the metal dispersion of the

fresh catalyst was determined by the static equilibrium

adsorption of either H2 at 373 K or CO at 298 K in a conven-

tional vacuum system, following the hydrogen reduction at

823 K for 1 h. Since H2 and CO adsorptionmay occur over CeO2

support, Rh dispersion could not be determined from chemi-

sorption of both gases for the Rh/CeO2 catalyst. In this case,

the metal particle size was determined using HR-TEM and

STEM. Electron microscopy studies were performed using a

JEOL 2010F STEM outfitted with a URP pole piece, GATAN 2000

GIF, GATAN DigiScan II, Fischione HAADF STEM detector, and

EmiSpec EsVision software. The catalyst was reduced at 773 K

for 1 h, cooled to room temperature under helium and then

passivated with a mixture containing 1% O2/He.

Laser Raman Spectroscopy (Raman)
The Raman spectra were recorded using a LabRam spec-

trometer (Horiba-Jobin-Yvon) coupled to an Olympus confocal

microscope (a 100� objective lens was used for simultaneous

illumination and collection), equipped with a CCD detector

cooled to about 200 K using the Peltier effect. The excitation

wavelength was in all cases 532 nm (Diode-pumped solid-

state laser). The laser power was set at 30 mW.

X-ray photoelectron spectroscopy (XPS)
The XPS measurements were carried out using a multi-

technique system (SPECS) equipped with a dual Mg/Al X-ray

source and a hemispherical PHOIBOS 150 analyzer operating
in the fixed analyzer transmission (FAT) mode. The spectra

were obtained with a pass energy of 30 eV; the Mg Ka X-ray

source was operated at 200 W and 12 kV. The working pres-

sure in the analyzing chamber was less than 6 � 10�7 Pa.

Prior to the XPS analyses, the solids were reduced in

flowing hydrogen in a fixed-bed reactor at 823 K for 2 h. After

that, they were exposed to a steam flow (7.5% water in Ar) at

the same temperature during 12 h. The data were processed

with the Casa XPS program (Casa Software Ltd., UK). The peak

areas were determined by integration employing a Shirley-

type background. Peaks were considered to be a mix of

Gaussian and Lorentzian functions in a 70/30 ratio. For the

quantification of the elements, sensitivity factors provided by

the manufacturer were used.

Catalytic test

Conventional fixed-bed reactor (CR)
Ethanol steam reforming was performed in a quartz reactor at

atmospheric pressure. A small amount of catalyst (20 mg) was

used in order to study the catalyst deactivation within a short

period of time. The samples were diluted with inert SiC (SiC

mass/catalyst mass of 3.0). Before the catalytic tests, the

sampleswere reduced in situ under H2 at 773 K for 1 h and then

purged under N2 at the same temperature for 30 min. All re-

actions were performed at 773 K using an ethanol/H2O molar

ratio of 3.0. The reactant mixture (2.5% ethanol; 7.5% water,

90.0% nitrogen) was obtained by flowing two N2 streams

(30 mL/min) through each saturator containing ethanol and

water separately.

Membrane reactor (MR)
The double tubular membrane reactor was built using a

commercial self-supported tubular PdeAg membrane with a

thickness of 75 mm, provided by R&B Research and Consul-

ting, with one end closed and an inner tube to allow N2

sweep gas (SG) flow. The difference in the hydrogen partial

pressure between the reaction and permeation sides was

the driving force for H2 permeation. The rate of hydrogen

permeation was enhanced by the sweeping gas flow rate

[4,5,30]. The outer tube was made of commercial non-

porous quartz (i.d. 9 mm). The catalyst (20 mg), diluted

with quartz chips to obtain a bed height of 2.5 or 4 cm, was

packed in the outer annular region (shell side) (Fig. 1). The

permeation area was 2.5 or 4 � 10�4 m2, respectively. Both

sides of the membrane were kept at atmospheric pressure

in all runs. The catalysts were heated under N2 flow to 773 K

and then reduced in situ under a H2 stream at the same

temperature for 1 h. Subsequently, the reaction mixture

containing water and ethanol was fed to the reactor as

described for the conventional fixed-bed reactor. The re-

actions were performed at 773 K or 823 K using three

different ethanol/H2O molar ratios of 3.0, 6.0 and 10.0. The

ethanol flow rate was kept constant in all experiments. The

reactions were also carried out at two different W/Q,

0.028 g s/mL and 0.056 g s/mL.

The permeability of similar REB commercial membranes

has been reported elsewhere [5]. At the reaction temperatures,

the permeability was equal to 5.6 � 10�9 and

7.1 � 10�9 mol m�1 s�1 Pa�0.5 at 773 and 823 K, respectively.

http://dx.doi.org/10.1016/j.ijhydene.2015.01.106
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Fig. 1 e Membrane reactor scheme.
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The constancy of the permeation characteristics was checked

after the MR runs. Only hydrogen was detected in the

permeate stream in all cases, consistent with the infinite

selectivity of the membrane.

The reaction products from both the conventional fixed-

bed and the membrane reactors were analyzed by gas chro-

matography (Micro GC Agilent 3000 A) containing three

channels with thermal conductivity detectors (TCD) and three

columns: a molecular sieve, a plot Q and a OV-1 column.

Ethanol conversion, products distribution and hydrogen re-

covery were determined from:

Xethanol ¼
ðnethanolÞfed � ðnethanolÞexit

ðnethanolÞfed
� 100 (1)

Sx ¼
ðnxÞproduced
ðntotalÞproduced

� 100 (2)

H2recoveryð%Þ ¼ H2permeated
H2produced

� 100 (3)

where (nx)produced ¼moles of x produced (x ¼ hydrogen, CO,

CO2, methane, acetaldehyde or ethene) and (ntotal)

produced¼moles of H2 þmoles of COþmoles of CO2 þmoles

of acetaldehyde þ moles of ethene (the moles of water pro-

duced are not included).
Results and discussion

Rh particle size measurements

To determine the metal particle size of both catalysts, CO

chemisorption, HRTEM and XPS measurements were carried

out. For theRh/La2O3eSiO2 catalyst, theRhdispersionmeasured

by CO chemisorption was 79%, which corresponds to a Rh par-

ticle size of 1.4 nm. In the case of theRh/CeO2 catalyst, themetal

particle sizewas determined byHRTEM/STEM. The value varied

from 4 to 8 nm, denoting that the Rh particles were almost the

same size. Moreover, themetallic dispersion calculated for this

catalyst was around 38.8% assuming that the Rh particles were

spherical [29]. In order to investigate the modification of the

metal particle size with the reaction temperature and in the

presence of the reactants, the catalysts were characterized by

XPS after reduction at 823 K followed by a treatment in a steam

flowat the same temperature. These results are summarized in

Table 1. Regarding the binding energy (BE) of the Rh 3d5/2 peak,

the low binding energies of reduced samples indicates the

reduction to Rh0 in both solids. The FWHM (Full width at High
Maximum) of the Rh 3d5/2 peakmainly reflects the particle size

[31]. The increased FWHM for small particles, where the BE is

also sensitively size dependent, originates fromthe particle size

distribution. The Rh/La2O3eSiO2 catalyst exhibits larger FWHM

as well as BE than the reduced Rh/CeO2 catalyst. This indicates

smaller averageparticle size andbroader size distribution in the

Rh/La2O3eSiO2 catalyst, in agreement with the high metal

dispersion (79%). For this catalyst, the Rh/(La þ Si þ O) atomic

ratio is lower in the reduced than in the exposed-to-steam

sample, suggesting that a variation in the rhodium dispersion

occurred during this treatment. However, no significant modi-

fication in the Rh binding energy assigned to Rh0 and in the

FWHMwas observed (Fig. 2a).

In the case of the Rh/CeO2 catalyst, the appearance of a

shoulder in the high BE side of the Rh 3d5/2 peak was observed

after the steam treatment, indicating the presence of a second

peak, assigned to Rhþn species (Fig. 2b). In addition, the Ce916.5/

Cetotal ratio increased from0.05 in the reducedcatalysts to 0.12,

suggesting the surface re-oxidation of Ceþ3 to Ceþ4. Note that

theO/Ce ratio also increased. However, the surface Rh/(CeþO)

ratio did not change in the sample exposed to a steam flow.

Fig. 3 compares the Ce 3d spectra for the reduced (a) and

treatedwithH2Ovapor (b)Rh/CeO2catalyst. Ina referenceCeO2

sample, six peaks, V1, V2, V3, U1, U2, and U3, corresponding to

three pairs of spineorbit doublets, were identified in the Ce 3d

spectrum (Fig. 3c). For this reference, the area of the highest

bindingenergypeak (U3at 916.5 eV) in theCe3d region, relative

to the area of the entire Ce 3d region was close to 12.7%.

Shyu et al. [32] proposed that this ratio determines the

relative amounts of Ceþ3 and Ceþ4 in a given sample. The 12%

value indicates a fully oxidized cerium dioxide (Ceþ4). This

analysis was previously applied to catalysts supported on

cerium oxides and mixed oxides [33e35].

In the reduced Rh/CeO2 catalysts, the intensity of the U3

peak significantly decreased and new peaks appears, which

were assigned to two pairs of spineorbit doublets (V0,V, U0

and U peaks). This indicates that Ce þ4 changed into Ce þ3 by

releasing lattice oxygen. The relative intensity of the U3 peak

showsavalueof 5% for the reducedsample (Table1), indicating

that 60% of surface Ce is present as Ceþ3. However, when this

catalyst is treatedwith steam, a strong surface Ce re-oxidation

occurs and only 6% of surface Ce remains as to Ceþ3.
Steam reforming of ethanol in a conventional fixed-bed
reactor (CR)

The ethanol conversion and product distributions as a func-

tion of time-on-stream (TOS) for steam reforming of ethanol

http://dx.doi.org/10.1016/j.ijhydene.2015.01.106
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Table 1 e Binding energies and surface atomic ratios of reduced solids and after steam treatment in a fixed-bed reactor at
823 K.

Samples Treatment Rh 3d5/2 (eV) Rh/M þ O O/Ma Si/La CeU3/Cetotal
b % Ce þ3c

Rh/La2O3eSiO2 Reduced 307.2

(3.4)d
0.0017 1.8 7.3 e

Steam 307.7

(3.6)

0.001 1.9 11 e

Rh/CeO2 Reduced 306.8

(2.0)

0.008 2.5 e 0.05 61

Steam 306.6 (72%)e

(2.0)

308.3 (28%)

(2.0)

0.0075 4.3 e 0.12 6

a M corresponds to Ce or La þ Si.
b U3 peak area relative to the area of the entire Ce 3d region.
c % Ceþ3 calculated considering a relative intensity of 12.7% for CeO2 (Ce

þ4).
d FWHM (eV) are given between parenthesis.
e Relative % of Rh species.
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over Rh/La2O3eSiO2 and Rh/CeO2 catalysts are depicted in

Fig. 4A and B, respectively. Both catalysts exhibited high ac-

tivity (100% of ethanol conversion) and they were quite stable,

even after 28 h TOS. Moreover, the product distribution ob-

tainedwas quite similar for both catalysts. Themain products

formed were H2, CO2, CO and CH4, indicating that steam

reforming and water-gas shift were the main reactions taking

place. The ethanol conversion was measured in an empty

fixed bed reactor showing values close to 10% [36].

The catalysts used in the SR of ethanol were characterized

by Raman Spectroscopy in order to evaluate the formation of

carbon. The Rh/CeO2 and Rh/La2O3eSiO2 catalysts did not

show any bands related to carbonaceous species. These re-

sults explain the high activity of these catalysts during the

ethanol steam reforming reaction.
Fig. 2 e XP spectra for the Rh 3d region of the reduced and treated

CeO2.
The stability exhibited by theRh/CeO2 catalyst for the SRof

ethanol is quite unusual mainly because it was used a low

H2O/ethanolmolar ratio. The outstanding performance could

be associated with the high Oxygen Storage Capacity (OSC) of

the support, which promotes the carbon removal. Further-

more, the small Rh particles (4e5 nm) measured by HRTEM

would assist in the catalyst stability since the carbon deposit

is expected to occur at large metallic ensembles [29].

Concerning the Rh/La2O3eSiO2 catalyst, a high resistance

to carbon deposition was also observed during the SR of

ethanol. A similar mechanism would be expected but with

some differences related to the support nature. As a matter of

fact, Fatsikostas and Verykios [28] showed that the impreg-

nation of Al2O3 with La2O3 led to an improvement on the

stability of the catalyst Ni/La2O3eAl2O3 during ethanol steam
with H2O vapor Rh catalysts. (A) Rh/La2O3eSiO2 and (B) Rh/

http://dx.doi.org/10.1016/j.ijhydene.2015.01.106
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Fig. 3 e XP spectra for the Ce 3d region of the reduced (a)

treated with H2O vapor (b) Rh/CeO2 catalyst and a reference

CeO2 sample (c).

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 0 ( 2 0 1 5 ) 4 1 5 4e4 1 6 6 4159
reforming. According to these authors, lanthanum oxide

species (LaOx) tend tomigrate to the Ni particle and react with

carbon dioxide under reaction conditions generating

lanthanum oxycarbonate species, La2O2CO3. The stability was

attributed to a reaction between lanthanum carbonate with

carbon leading to La2O3 and CO.
Fig. 4 e Stability tests for (A) Rh/La2O3eSiO2 and (B) Rh/CeO2, W

Conditions: T ¼ 773 K, H2O/ethanol ¼ 3.0, Ethanol composition
In the case of Rh supported on La2O3eSiO2, we have pre-

viously published [37] that the amount of oxycarbonate pro-

duced during the dry reforming ofmethane is low,mainly due

to the presence of lanthanumdisilicate. As a consequence, the

availability of La2O3 to form the oxycarbonates is limited and

they could only be formed at surface level. The high stability of

the La2O3eSiO2 catalysts was assigned to the formation of

amorphous lanthanum disilicate, which led to an appropriate

interaction between Rh and lanthanum with influence on

metal dispersion.

In the case of ethanol steam reforming, a catalyst with

lower La2O3 content (15 wt.%) exhibited larger particle size as

well as higher stability after SR of ethanol for 25 h [38]. The

high stability of the catalyst was assigned to the interaction

between Rh and lanthanum which leads into low dispersion

(particle sizes close to 3 nm) that inhibits the Rh oxidation

under reaction conditions.

Since Rh/La2O3eSiO2 and Rh/CeO2 catalysts were stable

during SR of ethanol with no carbon formation, the same re-

action conditions were selected to operate the membrane

reactor. In this case, the ethanol conversion was always kept

at 100%, and the products formed were only H2, CO2, CO and

CH4. While the stability results are very promising is impor-

tant to note that for considering the scaling up of this tech-

nology, tests that include several start-ups and shutdowns of

the reaction system are necessary.
Steam reforming of ethanol in a MR

To evaluate the advantage of using a MR for the production of

ultrapure hydrogen, a self-supported commercial PdeAg

membrane was incorporated to the reactor. As it is well

known, when a MR is used, the effect of several operation

variables over the reactant conversion, hydrogen permeation

and hydrogen recovery (defined as the ratio of the H2 perme-

ated and the total H2 produced) should be considered. The first

studies of the SR of ethanol in membrane reactors were

related to the simulation andmodeling of the process [10e14].
/Q ¼ 0.02 g s/mL, Conventional fixed-bed reactor. Reaction

¼ 2.5%.

http://dx.doi.org/10.1016/j.ijhydene.2015.01.106
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Fig. 5 e Comparison of the catalyst behavior in the membrane reactor. (A) H2 permeated/ethanol fed ratio and (B) H2

recovery. Reaction Conditions: T ¼ 823 K, H2O/ethanol¼ 10.0, Ethanol composition ¼ 2.5%, W/Q¼ 0.028 g s/mL, Permeation

area: 4.0 £ 10¡4 m2.
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However, in recent years the number of articles focused on

experimental measurements has increased [15e23,39]. In the

present work, a set of parameters influencing the reactor

performance was studied, employing catalysts that avoid

carbon formation in the applied operating conditions. In all

cases, the ethanol conversion was close to 100% to keep away

from the formation of by-products that could favor coke

deposition. The contamination of the Pd alloy membrane by

carbon deposits could lead to membrane failure.

Two different permeation areas were employed; the effect

of the H2O/Ethanol ratio, the comparison between both

reactor types and the effect of temperature was investigated

employing a permeation area equal to 2.5 � 10�4 m2. To
Fig. 6 e Product distribution for A) Rh/CeO2 and B) Rh/La2O3eSi

H2O/ethanol ¼ 10.0, Ethanol composition ¼ 2.5%, W/Q ¼ 0.028
increase, both the H2 permeated/ethanol fed ratio and H2 re-

covery, a higher permeation area was used (4 � 10�4 m2). This

value was selected to analyze the effect of ethanol composi-

tion, W/Q and the catalyst comparison.

Comparison between Rh-based catalysts
When a hydrogen selective Pdmembrane is used, an important

issue to be considered is the catalytic system. A catalyst that

exhibits high activity and stability for SR of ethanol with high

resistance tocokeformation isrequired.Note thatbothcatalysts

studied inthisworkcomplywiththeserequirements (Fig.4).The

comparisonofH2permeatedandH2 recovery for Rh/La2O3eSiO2

and Rh/CeO2 catalysts in the MR with a permeation area of
O2 in a membrane reactor. Reaction Conditions: T ¼ 823 K,

g s/mL, Permeation area: 4.0 £ 10¡4 m2.

http://dx.doi.org/10.1016/j.ijhydene.2015.01.106
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Fig. 7 e Effect of the H2O/Ethanol ratio on the H2 permeated/ethanol fed ratio (A) and H2 recovery (B). Catalyst: Rh/CeO2.

Reaction Conditions: T ¼ 773 K, Ethanol composition ¼ 2.5%, W/Q ¼ 0.028 g s/mL, Permeation area: 2.5 £ 10¡4 m2.
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4 � 10�2 m2 at 823 K is shown in Fig. 5. Under these conditions,

the H2 recovery reached values about 70% with the additional

advantage of producing high purity hydrogen.

Regarding the permeated hydrogen/feed ethanol ratio, a

slight differencewas observed between both catalysts at low SG

flow rates. This difference increases by increasing the SG flow

rate, which could be related to the difference in hydrogen yield

ofboth systems.Theproduct distributionasa functionof theSG

flow rates is shown in Fig. 6. It is observed that there is a slight
Fig. 8 e Comparison study between reactors: Membrane reacto

distribution in the reaction side. Catalyst: Rh/CeO2. Reaction Co

Ethanol ¼ 10, W/Q ¼ 0.028 g s/mL.
difference in the hydrogen selectivity at higher SG flow rates,

being higher for Rh supported on CeO2. For the Rh/La2O3eSiO2

catalyst, the concentration of H2 is lower and the methane

concentration slightly increases with the sweep gas flow rate.

This is because this catalyst tends to produce more CH4,

lowering the hydrogen produced in the reaction side. In addi-

tion, for both catalysts, the CO formation remained constant in

all range of SG flow rate studied (Fig. 6). Additionally, no for-

mation of oxygenated compounds was observed.
r vs conventional reactor A) Produced H2, B) Product

nditions: T ¼ 773 K, Ethanol composition ¼ 2.5%, H2O/
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http://dx.doi.org/10.1016/j.ijhydene.2015.01.106


i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 0 ( 2 0 1 5 ) 4 1 5 4e4 1 6 64162
Tosti et al. [15] studied the SR of ethanol in a membrane

reactor, built with a highly hydrogen selective membrane,

using Pt and Ni catalysts supported on Al2O3 and SiO2,

respectively. They found that both catalysts presented similar

activity. Recently, Basile and coworkers [17] compared the

activity of two catalysts based on Ni and Co. The authors

found that the Ni/ZrO2 system presented the highest activity

but the hydrogen recovery was lower than that obtained with

the Co/Al2O3. This result was attributed to the higher

hydrogen selectivity of the former solid.

The theoretical value of hydrogen produced should be

6mol for eachmole of ethanol reacted. In this work, this value

was <6 in all cases. This indicates that in addition to the

ethanol reforming reaction, other reactions such as water gas

shift, ethanol decomposition, acetaldehyde steam reforming,

acetaldehyde decomposition or steam reforming of methane

occurs. It is worth noting that in our case no carbon formation

was observed for the two catalysts evaluated, which would

suggest that the ethanol reaction occurred through dehydro-

genation of ethanol to acetaldehyde and not through dehy-

dration of ethanol to ethylene.

Considering that the Rh/CeO2 catalyst in the MR shows a

higher permeated hydrogen/feed ethanol ratio, it was selected

to study the set of parameters influencing the membrane

reactor performance.

Effect of the steam/ethanol ratio
Fig. 7A shows the effect of the H2O/Ethanol molar ratio on

permeated H2 employing different SG flow rates with a mem-

brane permeation area of 2.5 � 10�4 m2. The highest hydrogen

permeated fluxwas obtained under a H2O/Ethanol¼ 6 for all SG

flow rates, while hydrogen permeated fluxeswere lower for the

stoichiometric ratio (H2O/Ethanol ¼ 3). In this case, hydrogen

permeation decreases at higher SG flow rate. This behavior

could be related to the change in the reaction atmosphere that
Fig. 9 e Effect of temperature upon the H2 permeated/ethanol fe

Conditions: H2O/ethanol ¼ 10.0, Ethanol composition ¼ 2.5%, W
takes place when hydrogen is extracted from the reactor, pro-

moting the carbon formation and deactivation of the catalyst

[40]. The results obtained with a H2O/Ethanol molar ratio of 10

suggest that part of the water excess dilutes the hydrogen pro-

duced in the reaction zone resulting in a lower hydrogen partial

pressure difference between both sides of themembrane. Tosti

et al. [20] reported that an excess of a limiting reagent increases

the reaction conversion in a traditional reactor. However, in a

membrane reactor such an excess reduces the partial pressure

of the permeating species (hydrogen) and as a consequence, the

shift effect of the membrane is depressed.

The results of H2 recovery as a function of SG flow rate for

different H2O/Ethanol molar ratios are shown in Fig. 7B. The

H2 recovery increaseswith the SG flow rate for all H2O/Ethanol

ratios. With a H2O/Ethanol ratio ¼ 6, the H2 recovery reaches

values around 58% with a SG flow rate of 130 mL/min and a

membrane permeation area of 2.5 � 10�4 m2. In our work, it

was possible to recover 58% of total hydrogen produced with

the additional advantage of producing high purity hydrogen.

Basile and coworkers [17] studied the SR of ethanol with a

H2O/Ethanol ratio¼ 4, at (673 K) and 12 atm using a composite

Pd membrane supported on porous stainless steel (Pd/PSS)

with a H2 selectivity close to 90. The authors obtained a

hydrogen recovery of 40% under these conditions.

For the SRof ethanol, Gallucci et al. [11] defined theSG ratio

as the ratio between the sweep gas flow rate and the ethanol

feed flow rate. They reported that the highest increase in the

ethanol conversion was observed in the SG ratio range be-

tween 1 and 8. Afterwards, the conversion reached a plateau.

They remarked that an increase of the SG ratio justmakes the

hydrogen containing stream in the shell side much diluted

without any benefit in terms of reactor performance. In our

case, the ethanol conversion was 100% for all reaction con-

ditions used. Then, the effect of the SG ratio onH2 permeation

and recovery was studied. The SG ratio values were varied
d ratio (A) and H2 recovery (B). Catalyst: Rh/CeO2. Reaction

/Q ¼ 0.028 g s/mL, Permeation area: 2.5 £ 10¡4 m2.
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Fig. 10 e Effect of ethanol composition upon the H2 permeated/ethanol fed ratio (A), H2 recovery(B) and product distribution

(C). Catalyst: Rh/CeO2. Reaction Conditions: T ¼ 823 K, W/Q ¼ 0.028 g s/mL, Permeation area: 4.0 £ 10¡4 m2.
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between 4.5 (10 mL min�1) and 55 (120 mL min�1). A lower

increase was observed when SG ratios higher than 20 were

applied.

Comparison between conventional and membrane reactors
Fig. 8 shows the results of the total hydrogen produced

(Fig. 8A) and gas composition in the reaction side (Fig. 8B) for

the MR and the CR under different H2O/Ethanol molar ratios.

For the MR, the total H2 produced increased 30% compared to

the CR for the H2O/Ethanol ratio ¼ 10. In both configurations,

the ethanol conversion was always 100%. This indicates that

the hydrogen producing reactions are favored when a mem-

brane reactor is used. The total H2 produced for aH2O/Ethanol

ratio ¼ 3 was lower compared with the highest H2O/Ethanol

ratio. Note that the higher H2 recovery was obtained for the

lower H2O/Ethanol ratio (Fig. 7). This result suggests that

whenahigher reactant ratio is used, the limiting step could be
the hydrogen permeation due to the dilution of hydrogen in

the reaction side.

The product distribution in the reaction side for a H2O/

Ethanol molar ratio equal to 10 is shown in Fig. 8B. For the MR,

the H2 concentration in the reaction (retentate) side is lower

than the value in the CR. However, due to the H2 permeation

through the membrane, an increase in the total production of

hydrogen was observed (Fig. 8A). In addition, the CO2 concen-

tration increases significantly while the CH4 decreases in the

reaction side (Fig. 8B). It is worth noting that working under the

reaction conditions selected in this work (W/Q, T, H2O/Ethanol

ratio) no primary products (acetaldehyde and ethylene) were

observed in the reaction side. Oyama and coworkers [21] used

membraneswithsimilarpermeancesbutdifferentH2selectivity

ratios (H2/CH4 ¼ 60 and 350). They found that the yield of the

primary product (acetaldehyde and ethylene) decreased while

the secondary products (H2, CO2, COandCH4) increased at 623 K

http://dx.doi.org/10.1016/j.ijhydene.2015.01.106
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and employing a CoeNa/ZnO catalyst. In our case, only sec-

ondary products were obtained in both reactors (CR and MR)

which is likely due to theproperties of Rhmetal. The increase in

the total hydrogen (Fig. 8A) and CO2 production using the

membrane reactor would indicate that the overall ethanol

reforming reaction is favored under these conditions without

the formation of carbon deposits.

Effect of temperature
Fig. 9 shows the results of both H2 permeated and H2 recovery

as a function of SG flow rate measured at 773 and 823 K. The

increase of the permeated flux with temperature is likely due

to the highest H2 permeation through themembrane at higher

temperature. A slight difference in the H2 permeated flux at

low SG flow rate is observed. However, at higher SG fluxes the

difference is more notorious. This effect can be explained by

considering the temperature dependence of the hydrogen

permeation through the membrane that can be expressed by

an Arrhenius-like equation. The hydrogen transport in thicker

palladium membranes takes place through a solution/diffu-

sion mechanism.

Iulianelli and Basile [10] investigated the effect of reaction

temperature on the conversion of ethanol in membrane re-

actors. Taking into account that SR of ethanol is an endo-

thermic reaction, the ethanol conversion is favored by an

increase in temperature. In the case of Pd-based MRs,

increasing temperature enhanced the hydrogen permeating

flux, which shifts the equilibrium of the reaction towards the

reaction products, globally increasing the conversion. In our

work, the space velocity used allows obtaining an ethanol

conversion of 100% at the reaction temperatures employed

(773 K and 823 K).

Llorca and coworkers [39] employed a PdeRh/CeO2 catalyst

over cordierite monoliths, implemented in-series with a
Fig. 11 e Effect of W/Q upon the H2 permeated/ ethanol fed rati

Conditions: T ¼ 823 K, H2O/ethanol ¼ 3.5, Ethanol composition
PdeAg membrane for hydrogen separation from the mono-

liths outlet. They also studied the effect of temperature be-

tween 823 and 923 K, at complete ethanol conversion. At these

temperatures, they observed higher methane conversions

assigned to the steam reforming of methane reaction and,

consequently, leading to higher hydrogen yields. In addition,

an increase in the permeated H2 flow was observed as tem-

perature increased to 923 K, which was also caused by the

temperature dependence of the hydrogen permeation.

Effect of the ethanol composition
The influence of thewater to ethanol ratio on the performance

of MR has been largely reported in the literature but these

studies have not addressed the effect of feed ethanol

composition. This work discusses the effect of ethanol

composition on H2 permeation and recovery (Fig. 10). In this

case, the water concentration was kept constant and then the

H2O/Ethanol molar ratio varied. In order to increase the

hydrogen permeated/ethanol ratio, a permeation area of

4.0 � 10�4 m2 and a reaction temperature of 823 K were

employed. The highest permeated and H2 recovery were ob-

tained for low ethanol content in the feed (high H2O/Ethanol

ratio). This result is in agreement with the hydrogen produc-

tion obtained under these conditions (Fig. 10C). The product

distribution shows that methane formation is favored under

high ethanol concentration, in agreement with the low pro-

duction of hydrogen. This is also consistent with the increased

production of CO, indicating that the ethanol decomposition

reaction could be favored at a higher concentration of ethanol.

Effect of the residence time (W/Q)
Fig. 11 shows the performance of the MR at 823 K using two

different contact time (W/Q), while the mass of catalyst and

the H2O/Ethanol molar ratio were kept constant. Increasing
o (A) and H2 recovery (B). Catalyst: Rh/CeO2. Reaction

¼ 7.5%, Permeation area: 4.0 £ 10¡4 m2.
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W/Q, a higher flux of hydrogen permeated is obtained

(Fig. 11A) at all SG flow rates. In addition, the H2 recovery

increased, reaching values at about 72%. Tosti et al. [15] re-

ported that ethanol conversion and hydrogen production

decreased when the contact time decreased. The hydrogen

yield was strongly dependent on the feed flow rate; the

highest values were attained by feeding 5 g h�1 of a mixture

containing a water/ethanol molar ratio equal to 10. In our

work, the ethanol conversionwas always 100%. Therefore, the

results shown in Fig. 11 can be explained taking into account

that for higher W/Q, the formation of secondary products (H2,

CO, CO2, etc) is favored due to the increase in contact time,

causing an increase in the hydrogen partial pressure in the

reactor retentate side. Lim et al. [21] studied the effect of space

velocity by varying the catalyst amount loaded and the reac-

tant flow rate at 623 K. They found that decreasing the space

velocity, the ethanol conversion and the selectivity to CO and

CH4 increased, whereas the selectivity towards CH3CHO

decreased. This result is likely due to the decomposition of

acetaldehyde reaction. These results indicated that acetalde-

hyde is a primary product of ethanol reforming, while CO2 and

CH4 are secondary products.
Conclusions

This work compared the performance of Rh/La2O3eSiO2 and

Rh/CeO2 catalysts for SR of ethanol in a conventional fixed-

bed reactor and a membrane reactor. This reactor was built

with a self-supported PdeAg membrane.

The effect of several operation variables such us sweep gas

flow rate, steam to ethanolmolar ratio, ethanol concentration,

reaction temperature and contact time on H2 permeation and

H2 recovery was investigated. In all cases, the ethanol con-

version was kept at 100%, and the products formed were only

H2, CO2, CO and CH4. A higher total hydrogen and CO2 pro-

duction was observed in the MR in comparison to the con-

ventional reactor, indicating that the overall ethanol

reforming reaction was favored under these conditions

without the formation of carbon deposits.

The sweep gas ratio values were varied between 4.5 and 55.

A lower increase in H2 permeation and H2 recovery was

observedwhen sweep ratios higher than 20were applied. Both

H2 permeated and H2 recovery increased when the reaction

temperature increased, which was likely due to the highest H2

permeation through the membrane at higher temperature.

The best results were obtained with a H2O/Ethanol molar

ratio equal to 10 and the highest membrane permeation area

of 4 � 10�4 m2. Under these conditions, the H2 recovery

reached values about 70% with the additional advantage of

producing high purity hydrogen.

When Rh-based catalysts were compared, a slight differ-

ence in the hydrogen permeated/feed ethanol ratio was

observed at higher SG flow rates being higher for Rh supported

on CeO2. For the Rh/La2O3eSiO2 catalyst, the concentration of

H2 was lower and the methane concentration slightly in-

creases with the sweep gas flow rate, probably because this

catalyst tends to produce more CH4, lowering the hydrogen

produced in the reaction side.
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