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a b s t r a c t

The effect of support on the properties of rhodium and cobalt-based catalysts for ethanol

steam reforming was studied in this work, by comparing the use of magnesia, alumina and

MgeAl oxide (obtained from hydrotalcite) as supports. It was found that metallic rhodium

particles with around 2.4e2.6 nm were formed on all supports, but MgeAl oxide led to the

narrowest particles size distribution; cobalt was supposed to be located on the support,

affecting its acidity. Rhodium interacts strongly with the support in the order: alumina>

MgeAl oxide > magnesia. The magnesium-containing catalysts showed low ethene

selectivity and high hydrogen selectivity while the alumina-based ones showed high

ethene selectivity, assigned to the Lewis sites of alumina. The MgeAl oxide-supported

rhodium and cobalt catalyst was the most promising sample to produce hydrogen by

ethanol reforming, showing the highest hydrogen yield, low ethene selectivity and high

specific surface area during reaction.

Copyright ª 2011, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.

1. Introduction

The increasing demand for reducing the impact of modern life

on the environment requires a continuous development of

new technologies, aiming to reduce the pollutant emissions,

mainly from automotive sources. Among them, the fuel cell

fed by hydrogen is one of themost attractive options to obtain

clean energy, since water is the only product of the reaction

[1].

Therefore, an increase of hydrogen demand is expected

due to fuel cells in a near future which, associated with the

environmental restrictions for reducing air pollution and

global emissions of greenhouse gases, requires the develop-

ment of new routes for hydrogen production, especially from

renewable sources. To fit these requirements, ethanol steam

reforming reaction (Eq. (1)) emerges as the most convenient

process, compared to the conventional methane steam

reforming, partial oxidation of methane or methane dry

reforming, due to the advantages of ethanol that include

higher hydrogen content and availability, low toxicity and

ease of storage and handling, as compared to methane. In

contrast to fossil fuels, ethanol can be produced in
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a renewable way from biomass, contributing to solve impor-

tant environmental problems, such as the energy consump-

tion and the dependency on fossil fuels. In addition, ethanol

does not contribute to the increase of carbon dioxide emis-

sions, since the carbon dioxide generated in the ethanol steam

reforming is consumed during the biomass production.

C2H5OHðlÞ þ3H2OðlÞ/6H2ðgÞþ2CO2ðgÞ DH0
298K ¼ 347:4KJ$mol�1

(1)

A large amount of papers addressed to the production of

hydrogen from ethanol involves the steam reforming process

and catalysts based on noble metals, such as rhodium, plat-

inum, iridium, palladium and ruthenium as well as non-noble

metals, such as cobalt, nickel and copper [2e6]. Among noble

metals, several studies showed that rhodium is the most

active and selective one for the hydrogen production [7,8]

while among the catalysts based on non-noble metals, those

containing cobalt showed the highest activity and selectivity

to hydrogen [9e12]. In fact, supported cobalt has shown

similar activity to noble metals for the CeC bond cleavage,

even around 400 �C, producing hydrogen from ethanol steam

reforming [8,9].

It was noted by several authors [13e17] that the addition of

promoters is very effective in improving the performance of

catalysts for ethanol steam reforming. Promoters with alka-

line properties, such as lithium, sodium, potassium, magne-

sium, lanthanumand ceriumhave been added to the catalysts

with the primary purpose of inhibiting the deposition of coke

during the reforming process, especially on nickel, copper and

cobalt-based catalysts [15,16]. However it was observed, in

some cases, that other properties were also improved, such as

the decrease of reduction temperature and the increase of

metallic dispersion. Moreover, the addition of a second and

a third metal to nickel has also been studied and bimetallic

catalysts, such as nickel and copper [18], nickel and cobalt [19]

and nickel or cobalt promoted with noble metals [17] showed

significant improvements, such as the increase of activity and

selectivity to hydrogen and the ease of reduction to obtain the

active phase.

Besides the metallic phase and the promoters, the support

may also play a role on the properties of the catalysts for

ethanol steam reforming. The use of basic supports, such as

magnesiumoxide [20] and lanthanumoxide [21], has shown to

be a promising alternative to minimize coke deposition.

However, their low specific surface areas lead to a low

dispersion of the supported metal, which decrease the cata-

lyst performance [8]. On the other hand, acid supports, such as

gamma alumina, catalyze the dehydration of ethanol, causing

an increased production of ethylene, which is pointed out [22]

as the major precursor of coke in ethanol steam reforming.

Other properties of the solids have also been considered for

choosing a support for ethanol steam reforming. Supports

with high OSC (oxygen storage capacity) and high oxygen

mobility, such as ceria and ceria-zirconia [13], seem to

improve the catalyst stability, allowing the gasification/

oxidation of coke just after its production. It was also observed

that the use of aluminum and magnesium spinel [17]

suppresses the formation of nickel or cobalt aluminate,

making the metal reduction easier. Mesostructured solids

were also used, allowing the control of pore size, pore volume

and leading to high specific surface areas, which are impor-

tant properties to accommodate the metallic particles. It was

noted, for instance, that the use of SBA-15material, as support

of copper and nickel catalysts, increased their performance in

ethanol steam reforming [15].

Aiming to obtain catalysts for ethanol steam reformingwith

improved properties, the effect of support on the properties of

rhodium-based catalysts for ethanol steam reforming was

studied in this work. Magnesia, alumina and MgeAl oxide, ob-

tained from hydrotalcite, were used as supports. The

hydrotalcite-like compounds belong to the group of anionic

clays, called layered double hydroxide. They have the general

molecular formula [M2þ
1�xM

3þ
x(OH)2]

xþ(Ax/n)
n�.mH2O, inwhich

M2þ andM3þ are divalent and trivalentmetal ions and An� is an

anion intercalated in the structure. The thermal decomposition

of these compounds produces oxides with properties suitable

for applications inheterogeneous catalysis such as high specific

surface area, basic surface properties, homogeneous distribu-

tionof thecomponentsandstructural stability [23].Moreover, in

order to improve the catalysts performance, the effect of the

addition of small amounts of cobalt on the properties of

rhodium-based catalysts was also studied.

2. Material and methods

2.1. Samples preparation

In the preparation of hydrotalcites, magnesium and

aluminum nitrates were dissolved in 250 mL of deionized

water using a total cation concentration (Al3þ þ Mg2þ) of

1.5 mol L�1 and a Mg2þ to Al3þ molar ratio of 2. This solution

was added (1.5 mL min�1) to 300 mL of a potassium carbonate

solution and kept at 60 �C, under vigorous stirring. The

required amount of potassium carbonate was calculated to

obtain a ratio of nCO3
2- ¼ 0.5 nAl3þ and taken an excess of 10%.

During the addition of solutions, the pH was maintained at 10

by the addition of a potassium hydroxide solution (2 mol L�1).

After precipitation, the system was kept under stirring for

additional 2 h. The suspension was filtered and the solid was

washed with deionized water at 60 �C, to eliminate potassium

and nitrate ions. Then thematerial was dried at 75 �C, for 24 h,

crushed and sieved in 80 mesh. The precursor thus obtained

was calcined at 800 �C (to obtain stable supports), for 4 h,

under air flow (100 mL min�1). Pure magnesia and alumina

were obtained by the same method.

The supports thus obtained were impregnated with solu-

tions of rhodium nitrate and/or cobalt nitrate in order to

obtain catalysts with 0.5% and 1% (weight) of rhodium and/or

cobalt, respectively. The solids were dispersed in the solutions

of the metal ions and kept at 70 �C, under stirring, until the

evaporation of the solvent. After that, the sample was dried at

70 �C, for 16 h and calcined at 800 �C, for 2 h, under air flow

(100 mL min�1).

2.2. Samples characterization

The support precursors were characterized by thermog-

ravimetry, differential thermal analysis and X-ray diffraction
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while the supports were also analyzed by Fourier transform

infrared spectroscopy of adsorbed pyridine. The fresh cata-

lysts were characterized by elemental chemical analysis,

Fourier transform infrared spectroscopy, X-ray diffraction,

specific surface area measurements, temperature pro-

grammed reduction, transmission electron microscopy and

electron diffraction. The spent catalystswere characterized by

X-ray diffraction, specific surface area measurements and

carbon measurements.

The thermogravimetry (TG) and differential thermal anal-

ysis (DTA) experiments were performed in a Mettler Toledo

equipment, model TGA/SDTA 851. In the analysis, 0.005 g of

sample was heated from 25 to 1000 �C, at a heating rate of

10 �C min�1, under air flow (50 mL min�1).

The contents of rhodium, cobalt, magnesium and

aluminum in the catalysts were determined by inductively

coupled plasma optical emission spectroscopy (ICP/OES), in

a Vista Pro Simultaneous CCDVarian equipment. The samples

containing aluminum were previously digested in a closed

vessel, using a mixture of 25 mL of nitric acid and 75 mL of

hydrochloric acid and heated at 150 �C, for 4 h. The samples

without aluminum were digested using an aqueous solution

of hydrochloric acid (50% v/v) in an open vessel at room

temperature.

The Fourier transform infrared spectra (FTIR) were ob-

tained in a Spectrum One PerkineElmer instrument. The

sampleswere dispersed in potassiumbromide and the spectra

were collected using a resolution of 4 cm�1, with an accu-

mulation of 32 scans. The kinds of acid sites on the solidswere

identified by pyridine chemisorption. During the experiments,

0.070 g of sample was pressed (2 ton for 5min) and transferred

to a quartz cell equipped with potassium bromide windows.

The sample was then outgassed in vacuum at 120 �C, for 1 h

and then the background spectrum was recorded. After that

the samples were kept in contact with pyridine vapor (5 mbar

for 5 min) and a new spectrum was collected, subtracting the

background.

The X-ray diffraction (XRD) analysis was carried out in an

XRD 6000 Shimadzu equipment, using CuKa radiation gener-

ated at 40 kV and 30 mA, with a nickel filter. The data were

collected over a 2q range of 5e80�, with a step size of 0.02�, at
a scanning rate of 2�.min�1. The hydrotalcite stability upon

heating was monitored by getting X-ray diffractograms at

different temperatures (25, 100, 200, 300, 400, 500, 600, 700,

800, 900 and 1000 �C) heating the samples in situ in a chamber.

The solids were heated at a rate of 10�min�1 under air (20% O2,

80% N2) flow (100 mL min�1) up to the desired temperature,

kept for 1 h at this temperature and the spectrum was regis-

tered. This procedure was repeated at each temperature.

The specific surface area measurements and the experi-

ments of temperature programmed reduction (TPR) were

carried out in a TPD/TPR 2900 Micromeritics instrument. In

the first case, 0.150 g of sample was previously heated

(10 �C min�1) up to 160 �C, keeping the sample at this

temperature for 30min under nitrogen flow (60mlmin�1). The

specific surface area measurements were performed by

nitrogen physisorption, using a mixture of 30% of nitrogen in

helium, at liquid nitrogen temperature (�196 �C), using the

BET method. In the experiments of temperature programmed

reduction, the sample was heated up to 1000 �C (10 �C min�1),

under a flow of a mixture of 15% of hydrogen in nitrogen

(50 ml min�1).

The transmission electron micrographs (TEM) and the

electron diffraction (ED) patterns were obtained in a Jeol

model JEM 1200 EXII microscope. Before analysis, samples

were reduced in a separated oven, for 1 h at 800 �C, under
hydrogen flow (100 mL min�1). The ground samples were

dispersed in ethanol and drops of each dispersionwere placed

on copper grids. Themicrographswere obtained in both bright

and dark fields. For ED studies, 120 kV and 60 cmwere used as

acceleration voltage and focus distance, respectively.

Aluminum was used as standard for calibration.

2.3. Catalytic evaluation

The catalysts were evaluated in ethanol steam reforming in

a fixed bed tubular quartz reactor, containing 0.150 g of the

sample. The experiments were carried out under atmospheric

pressure, at 500 �C, for 6 h. Before reaction, the catalyst was

reduced in situ at 800 �C, for 1 h, under hydrogen flow

(30 mL min�1). During reaction, a mixture of water and

ethanol (molar ratio of 3:1) was fed to the reactor by a pump

(2.5mL h�1). The gaseous reaction products (hydrogen, carbon

dioxide, carbon monoxide, methane and ethene) were

analyzed on-line, using a CG-3800 Varian gas chromatograph,

equipped with Porapack N and molecular sieve 13X columns.

The liquid products and the remaining reagents were

collected into a container kept inside an ice bath and then

analyzed in a 5890 Hewlett Packard chromatograph, equipped

with an FFAP capillary column.

The selectivity (%) of the catalysts to i product was calcu-

lated according Eq. (2) and the yield of i productwas calculated

according Eq. (3).

Sið%Þ ¼ Fmolði productÞP
FmolðproductsÞ � 100 (2)

where:

Si (%) ¼ selectivity to the i product

Fmol (i product) ¼ molar flow of i product

X
Fmol ðproductsÞ ¼ sum of the molar flows of all products

Yið%Þ ¼ XEtOHð%Þ � Sið%Þ
100

(3)

where:

Yi (%) ¼ yield of i product

XEtOH (%) ¼ ethanol conversion

Si (%) ¼ selectivity to i product

3. Results and discussion

3.1. Catalysts characterization

Fig. 1 displays the TG curves of the support precursors. The

magnesium-based precursor showed a strong weight loss

(290e430 �C), assigned to magnesia production [24] and

a small weight loss (430e650 �C) due to decomposition of the

largest particles. The alumina-based precursor showed
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a weight loss (200e320 �C) associated to alumina production

and another one (320e480 �C), due to decomposition of

bohemite. A typical curve of hydrotalcite decomposition was

obtained for the PAM sample (Fig. 1c), in which the event at

150e260 �C is due to the loss of water from the interlayer

spaces of the structure [23]. The peak at 339 �C (DTG curve) is

related to the beginning of hydroxide layers decomposition

and the third loss, associated to a peak centered at 398 �C in

DTG curve, is due to the end of decomposition of hydroxide

layers and of carbonate ions, also present in the interlayer

spaces [23]. A small weight loss, at temperatures above 500 �C,
is due to the decomposition of nitrate ions in the solid [25]. All

these processes are endothermic ones, as shown by the DTA

results (Fig. 2).

The FTIR spectra of the supports indicated the presence of

adsorbed carbonate ions (Fig. 3), by the bands at 1444 cm�1 (M

sample), 1390 cm�1 and 1520 cm�1 (A sample) and at

1380 cm�1 (MA sample), which are typical of basic solids [25].

The broad band over 3000 cm�1 is due to vibrations of

hydroxyl groupswhile the band at 1637e1650 cm�1 is assigned

to the angular vibration of watermolecules on the surface [25].

The bands at 666 and 788 cm�1 are related to AleO bonds

while that at 447 cm�1 is due to MgeO bonds [25].

The surface acid sites were identified by the FTIR spectra of

adsorbed pyridine on alumina and magnesia supports, which

are supposed to have the most different properties. Fig. 4

shows that alumina exhibits essentially Lewis acidity while

magnesia showed acidity much lower than alumina, as ex-

pected. The bands at 1593 (1595), 1490 (1482) cm�1, 1452 cm�1

and 1446 (1441) cm�1 are assigned to pyridine adsorbed on

Lewis sites of alumina (or magnesia) [26]. The lack of bands at

1640 and 1545-1540 cm�1 for both solids indicates the absence

of Brönsted acidity or that these acid sites are not strong

enough to interact with pyridine and generate the pyridinium

ions [26].

The X-ray diffractograms for the support precursors are

shown in Fig. 5. The profile for the PAM sample is character-

istic of hydrotalcite (JCPDS 14-0191), in accordancewith the TG

result. For the magnesium-free sample, the structure of

bayerite, a-Al(OH)3 (JCPDS 20-0011), was obtained. Regarding

the aluminum-free solid, the structure of brucite (Mg(OH)2)

was produced (JCPDS 07-0239).

Fig. 6 shows the X-ray diffractograms of hydrotalcite taken

after heating in situ at different temperatures. The solid is

decomposed between 200 and 400 �C generating magnesium

oxide, in accordance with previous work [25]. From 400 to

800 �C, no other crystalline phase was identified. At 900 �C, the
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Fig. 1 e Thermogravimetry (TG) and derivative

thermogravimetry (DTG) curves for the support precursors.

(a) PM, (b) PA and (c) PAM samples: precursors of magnesia,

alumina and of aluminum and magnesium-based solid,

respectively.
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Fig. 2 e Differential thermal analysis (DTA) curves for the

support precursors. PM, PA and PAM samples: precursors

of magnesia, alumina and of aluminum and magnesium-

based solid, respectively.
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aluminum and magnesium spinel (MgAl2O4) appeared, which

is stable up to 1000 �C, as found previously [4].

The X-ray diffractograms of the catalysts based on

magnesia (Fig. 7a) show the presence of magnesia (JCPDS 87-

0653) and magnesium hydroxide (JCPDS 07-0239) for all

samples. In the case of the alumina-based catalysts (Fig. 7b),

peaks associated to gamma alumina (JCPDS 10-0425) were

found while the catalysts originated from hydrotalcite

showed peaks related to magnesia (JCPDS 87-0653) and to

aluminum and magnesium spinel, MgAl2O4 (JCPDS 05-0672)

(Fig. 7c). The spinel formation was attributed to calcination

carried out at high temperature (800 �C), for 4 h. As shown in

Fig. 6, heating for 1 h is not enough to produce the spinel

structure at this temperature. The spent catalysts showed the
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rhodium; C: cobalt.
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same phases as the fresh ones, indicating that all catalysts

were stable during ethanol steam reforming, as shown in

Fig. 8.

The contents of rhodium and cobalt were close to the

nominal values, as well as the values of the Mg/Al ratio (equal

to 2), as shown in Table 1. As expected, alumina-based cata-

lysts showed higher specific surface areas as compared to

magnesia-based ones (Table 1), regardless the presence of

cobalt. Magnesium and aluminum-based solid showed

different values depending on the presence of cobalt; for the

rhodium-based sample, an intermediate value was found,

which is close to the alumina-supported rhodium one;

however, both cobalt and rhodium led to a solid with specific

surface area higher than the alumina-based catalysts. It sug-

gested that the impregnation with both cobalt and rhodium,

followed by calcination at high temperatures, caused textural

changes resulting in an increase of specific surface area. After

reaction, the solids showed lower values, indicating that they

went on sintering during the reduction step and/or during

ethanol steam reforming. This sintering is probably related to

the reaction medium, since the samples were previously

calcined at 800 �C and then reduced at the same temperature.

Magnesium and aluminum oxide-supported rhodium

showed the highest decrease of specific surface area during

reaction, reaching a value as low as 8.0 m2 g�1. This sintering

Fig. 6 e X-ray diffractograms of hydrotalcite (PAM sample)

upon heating. H: hydrotalcite; #: MgO; D: MgAl2O4.

Fig. 7 e X-ray diffractograms of fresh catalysts based on (a)

magnesia (M), (b) alumina (A) and (c) aluminum and

magnesium-based solid (AM). R: rhodium; C: cobalt. #:

MgO; X: Mg(OH)2; g : g-Al2O3; D: MgAl2O4.
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is probably related to the presence of steam which is a well-

known plasticizing agent, favoring sintering [27]. The addi-

tion of cobalt, however, seems to delay sintering under

ethanol reforming and a higher value was shown by the cor-

responding sample containing cobalt (101m2 g�1). This finding

was also noted for other supports andmay be related to phase

changes in the solid. It is known [17] that cobalt can form

a stable solid solution CoOeMgO or stable compounds such

cobalt aluminate at high temperatures; the blue color of the

RCA sample confirmed the production of this compound.

The TPR curve formagnesia (Fig. 9a) showed a peak at 398 �C
due to carbonate species on the surface, as previously reported

[28]. The shoulder at 398 �C (RM sample) and the peak at 395 �C
(RCM sample) are assigned to this process; however, they can

also be related to non-stochiometric rhodiumoxide (RhOx) [29].

TheRMandRCMsamplesshowedotherpeaksat453and458 �C,
respectively, due tonon-stochiometric rhodiumoxide (RhOx) in

strong interaction with the support [29], generated at 800 �C.
As expected, alumina did not show any reduction peak

(Fig. 9b). The RA sample showed a peak at 356 �C, due to

rhodium oxide (RhOx) [29]. Above this temperature, only
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Fig. 8 e X-ray diffractograms of spent catalysts based on

aluminum and magnesium-based solid (AM sample). R:

rhodium; C: cobalt; #: MgO; D: MgAl2O4.

Table 1 e Elemental chemical composition and specific
surface area of the catalysts before (Sg) and after (Sg*)
ethanol steam reforming.

Sample Rh (% w/w) Co (% w/w) Mg/Al
(molar)

Sg
(m2 g�1)

Sg*
(m2.g�1)

RA 0.55 � 0.01 e e 142 113

RAM 0.47 � 0.01 e 2.0 � 0.1 114 8.0

RM 0.47 � 0.01 e e 61 27

RCA 0.59 � 0.01 1.10 � 0.01 e 145 126

RCAM 0.43 � 0.02 0.82 � 0.01 2.0 � 0.1 175 101

RCM 0.49 � 0.01 1.10 � 0.01 e 56 43

R: rhodium; C: cobalt; M: magnesia; A: alumina; AM: aluminum and

magnesium-based solid.
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Fig. 9 e Temperature programmed reduction curves of

fresh catalysts based on (a) magnesia (M); (b) alumina (A)

and (c) on aluminum and magnesium-based solid (AM). R:

rhodium; C: cobalt.
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a broad and poorly defined peak was observed. This finding is

in agreement with a previous work [30], according to which,

during calcination of alumina-supported rhodium catalysts at

high temperatures, rhodiumoxide particles go into the defects

on alumina surface and become highly bonded, producing

stable species, difficult to reduce. A similar profile was shown

by the RCA sample; in this case, only a broad and poorly

defined reduction peak was found; the shoulder at 364 �C is

related to rhodium oxide (RhOx).

For samples generated from hydrotalcite (Fig. 9c), the AM

sample showed a small reduction peak at 449 �C, assigned to

surface carbonates species [28]. The RAM sample showed an

intense peak at 472 �C, due to the reduction of rhodium

oxide (RhOxx) in interaction with the support [29]. A similar

profile was shown by the RCAM sample, with an intense

peak at 474 �C, also related to rhodium oxide (RhOx) reduc-

tion [29].

The TPR curves of cobalt monometallic catalysts (not

shown) confirmed that this metal is non reducible up to

800 �C. This is probably due to the production of cobalt

aluminate and/or the solid solution CoOeMgO, as detected by

X-ray diffraction (not shown), which are reduced only at high

temperatures, in agreement with a previous work [17].

Fig. 10 shows the TEM images of rhodium-containing

samples after reduction. The micrographs reveal small metal

particles, which can be related to the strong interaction

between rhodium and the support, as detected by TPR. The

interplanar distances of the RA and RCAM samples, calculated

from the electron diffraction patterns, were characteristic to

(111), (200), (220) and (222) planes of metallic rhodium. The

RAM sample did not show any diffraction pattern. No alloy

Fig. 10 e Transmission electron micrographs of the reduced catalysts. RA (a, b), RAM (c, d) and RCAM (e, f) taken on bright

field (a, c, e) and on dark field (b, d, f) and electron diffraction patterns of rhodium particles on RA (inset at b) and RCAM

samples (inset at f). RA: alumina-supported rhodium; RAM: of aluminum and magnesium solid-supported rhodium; RCAM:

aluminum and magnesium oxide-supported rhodium and cobalt.
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between rhodium and cobalt was detected in any sample,

suggesting that cobalt is interacting with the support.

The average particles sizewas similar for all samples: 2.4 nm

(RAsample), 2.6nm(RAM)and2.6nm(RCAM).Theproductionof

such small particles can be assigned to the strong interaction

between rhodium and the supports, as found by TPR. However,

fromFig.11,onecanseethatdifferentparticlessizedistributions

for rhodium particles were obtained, as the consequence of the

different supports. Alumina led to the broadest distribution of

particles size, ranging from 1 to 7 nm while magnesium led to

a narrower distribution ranging from1.5 to 4.5 nm; the presence

of both magnesium and cobalt led to a similar distribution

ranging from 1 to 4 nm.Moreover, the particles size distribution

is shifted to smaller diameters for RA sample (Fig. 11a), indi-

cating thatmost of particles is smaller than 2.5 nm. This finding

is in agreement with the TPR results, which showed that

rhodium particles are in the strongest interaction with alumina

and thus the production of the smallest particles is favored. On

the other hand, the interaction between rhodium and MgeAl

oxide isweaker thanaluminaand then thedistribution isshifted

to bigger sizes for the RAM sample (Fig. 11b). For the RCAM

sample, the distribution is intermediate between the other ones,

indicating that cobalt favors the production of small particles.

3.2. Catalysts evaluation

The RA and RCA samples led to the highest conversions (Table

2), a fact that can be attributed to the additional activity of

alumina for ethanoldehydration reaction (Eq. (4)) [22], as shown

by the highest ethene selectivities of RA and RCA samples. The

additionof cobalt decreased theconversiondue to adecreaseof

ethene selectivity, indicating a decrease of the acidity of the

support. These results are closely related to the presence of

Lewis sites on alumina, as detected by pyridine chemisorption.

For the other catalysts, cobalt increased the conversion. More-

over, the solids containing magnesium showed low selectivity

to ethene, due to the low acidity of the support, as detected by

pyridine chemisorption. The addition of cobalt reduces the

ethene selectivity even more and the RCM sample presented

the lowest ethene selectivity among the samples.

All catalystswere selective tohydrogen. In addition, theyalso

produced methane, carbon monoxide and carbon dioxide,

besides ethene, by side reactions, as shown in Eqs. (5)e(10) [31].

The hydrogen selectivity also changed due to the kind of

support. The RM sample led to a high value (51%) which

decreased (47%) due to aluminum (RAM sample) and became

very low (10%) for RA sample. This suggests that ethanol dehy-

dration is faster than theethanol reforming toproducehydrogen

and, in the presence of acid sites, the first reaction is favored at

the expense of the second one. Thus, appreciable quantities of

hydrogen are only formed in the absence of acid sites. Cobalt

increased the selectivity to hydrogen even more, suggesting

again thedecreaseofacidsites,probablyby thecoverageof these

sites by cobalt. For the RCM sample, this effect is irrelevant,

probably due to the absence of acidic sites. A similar behavior is

observed regarding carbonmonoxide selectivity, the addition of

magnesium to the RA sample causes an increase in selectivity,

which becomes closer to that based on magnesia.

C2H5OH/C2H4 þH2O (4)

C2H5OH þ H2O/4H2 þ 2CO (5)

C2H5OH/CH3CHOþH2 (6)
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Fig. 11 e Rhodium particles size distribution obtained by

TEM for the reduced catalysts. (a) alumina-supported

rhodium (RA); (b) MgeAl oxide-supported rhodium (RAM)

and (c) of MgeAl oxide-supported rhodium and cobalt

(RCAM sample).
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CH3CHO/COþ CH4 (7)

C2H4 þ 2H2O/2COþ 4H2 (8)

CH4 þH2O/COþ 3H2 (9)

COþH2O/CO2 þH2 (10)

The catalysts produced different H2/CO ratios, depending

on the kind of support and on the presence of cobalt. For most

of the cases, this ratio is higher than the stoichiometric one

(Eq. (5)), indicating that hydrogen is also produced by water

gas shift reaction, WGSR (Eq. (10)), which is also catalyzed by

rhodium and cobalt [7,32]. This is confirmed by the higher

values of carbon dioxide selectivity of the samples containing

magnesium as compared to alumina-based catalysts. In the

last case, theWGSR occurs in a small extension (or not occur),

probably because of the high rate of ethanol dehydration. The

RA sample showed the lowest ratio which increased due to

addition of magnesium (RAM sample) and increased even

more for the RM sample. A similar tendency was found for the

cobalt-containing catalysts, except for the RCM sample, that

showed a value close to the RCA sample. The addition of

cobalt increased this ratio, except for the RM sample, probably

due to its activity in WGSR [32], as well as in methane steam

reforming [33] and ethanol steam reforming [9]. In this case,

the methane selectivity is the highest one, suggesting

methane reforming did not occur in a large extension.

The magnesium-containing catalysts were selective to

methane while magnesium-free catalysts produced very low

amounts of this compound. This suggests that the main route

of methane production must be from the reactions of acetal-

dehyde [16]. A previous study [16] has shown that the basic

sites catalyze ethanol dehydrogenation to produce acetalde-

hyde. Additionally, during ethanol steam reforming, acetal-

dehyde can react by decarbonylation (Eq. (5)) [34] and by steam

reforming (Eq. (11)) [16], which increase methane production.

CH3CHOþH2O/CO2 þ CH4 þH2 (11)

The coke amounts deposited on the catalysts during

ethanol reforming are shown in Table 2. Thermodynamic

analysis shows that coke production, with graphite structure,

is unfavorable when the water to ethanol ratio is equal to

three, at temperatures exceeding 227e277 �C [35]. In the

present work, however, coke formation may be related to the

production of a disordered carbonaceous structure instead of

graphite one. Moreover, the thermodynamic analysis cannot

predict the composition inside reactor when the system is far

from equilibrium [35]. We can see that the lowest amount of

coke was deposited on the RA and RM samples, which showed

the same amount, the RAM sample showed higher amounts.

For the cobalt-containing catalysts, the addition of magne-

sium led to an increase of coke. These results mean that there

is no simple relationship between the coke amount and the

basicity of the support and these are not in accordance with

several authors [21,33] who claimed that basic solids, like

magnesium-containing catalysts, lead to a lower coke depo-

sition as compared to more acidic supports such as alumina.

Also, it has been pointed out [20] that ethene is the main

precursor of coke during ethanol steam reforming. From the

data of Table 2, we can see that magnesium-containing cata-

lysts produced large amounts of methane and carbon

monoxide as compared to magnesium-free catalysts, sug-

gesting that coke is mostly produced by Eqs. (12)e(14).

CH4/Cþ 2H2 (12)

2CO/CO2 þ C (13)

COþH2/CþH2O (14)

Table 3 shows the yields for all products. Among the cata-

lysts, we can see that the RCAM sample showed the highest

hydrogen yield being the most promising catalyst to produce

hydrogen by ethanol steam reforming. On the contrary, the RA

sample is the worst catalyst showing the lowest hydrogen

yield and the highest ethene yield.

Table 2 e Ethanol conversion, selectivities to gaseous products and coke amounts on the spent catalysts during ethanol
conversion.

Sample Ethanol conversion (%) Selectivity (%) H2/CO (molar) Coke (%)

H2 CO CO2 C2H4 CH4

RA 84 10 5.0 2.4 82 0.28 2.2 1.9

RAM 57 47 19 15 9.7 9.5 2.5 3.0

RM 57 51 13 24 3.6 8.6 3.9 1.9

RCA 80 17 5.4 7.4 69 0.43 3.2 2.2

RCAM 70 57 15 12 7.7 8.6 3.8 4.4

RCM 66 53 16 19 1.3 10 3.3 4.6

R: rhodium; C: cobalt; M: magnesia; A: alumina; AM: aluminum and magnesium-based solid.

Table 3 e Yields for the gaseous products during ethanol
conversion over the catalysts.

Sample Yield (%)

H2 CO CO2 C2H4 CH4

RA 8.4 4.2 2.0 69 0.23

RAM 27 11 8.6 5.5 5.4

RM 29 7.4 14 2.0 4.9

RCA 14 4.3 5.9 55 0.3

RCAM 40 10 8.4 5.4 6.0

RCM 35 11 12 0.86 6.6

R: rhodium; C: cobalt; M: magnesia; A: alumina; AM: of aluminum

and magnesium-based solid.
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4. Conclusion

In studying the effect of support on the properties of rhodium

andcobalt-basedcatalysts for ethanol steamreforming, theuse

of ahydrotalcite typeprecursorhas beenproven tobea suitable

route to get active and selective catalysts to produce hydrogen.

Heating of magnesium and aluminum-based hydrotalcite

produces MgeAl oxide, which generates rhodium and cobalt

catalyst with higher specific surface area andmore selective to

hydrogen, as compared to alumina or magnesia-based cata-

lysts. Thepresenceof cobalt changes the specificsurfaceareaof

alumina-based catalysts depending on the presence of

magnesium; a similar behavior was noted for magnesium-

based catalysts whose specific surface area depends on the

presence of aluminumandof cobalt. It also noted that rhodium

interacts strongly with the supports in the order: alumina>

MgeAl oxide > magnesia. For all cases, metallic rhodium

particles with around 2.4e2.6 nmwere formed on the supports

but the support based on MgeAl oxide led to the narrowest

particles size distribution; cobalt are supposed to be on the

support, affecting its acidity. The catalysts based on alumina

led to the highest ethanol conversion, which was associated to

ethanol dehydration to produce ethene, instead of ethanol

reforming. On the other hand, the magnesium-containing

catalysts showed low ethene selectivity and high hydrogen

selectivity. The MgeAl oxide-supported rhodium and cobalt

catalysthas shown tobe themostpromising sample toproduce

hydrogen by ethanol reforming, showing the highest hydrogen

yield and high specific surface area during reaction.
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