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Facultad de Ciencias Químicas, Universidad de Concepción, Casilla 3-C, Concepción, Chile
Instituto de Investigaciones en Catálisis y Petroquímica “Ing. José Miguel Parera”—INCAPE, Facultad de Ingeniería Química—FIQ, Universidad Nacional del
itoral—UNL, Colectora Ruta Nacional No 168, Km 0, Paraje El Pozo, 3000, Santa Fe, Argentina

r t i c l e i n f o

rticle history:
eceived 4 October 2016
eceived in revised form
9 November 2016
ccepted 30 November 2016
vailable online 1 December 2016

a b s t r a c t

Hydrogen production is commercially performed by methane steam reforming over alumina-supported
nickel catalysts, which deactivate by coke requiring improved catalysts. Aiming to find alternative cata-
lysts for the reaction, the properties of Pt/Al2O3-MgO catalysts were studied in this work. It was found
that small amounts of magnesium (Al/Mg (molar) = 5) enter into alumina lattice and produce magne-
sium aluminate on the surface. For higher amounts (Al/Mg = 2) only magnesium aluminate is produced.
eywords:
ydrogen
lumina
latinum
team reforming

For even higher contents (Al/Mg = 0.2) aluminum enters into magnesia lattice, producing magnesia and
magnesium aluminate on the surface. The specific surface area, acidity and platinum dispersion changed
with magnesium amount, the aluminum-richest catalyst (Al/Mg = 5) showing the highest values. Conse-
quently, the activity and selectivity of the catalysts change in methane steam reforming and in water gas
shift reaction, different values of products yield and H2/CO being obtained. The sample with Al/Mg = 5 is
the most promising catalyst to produce hydrogen.
l-Mg spinel

. Introduction

In recent years, the interest for producing pure hydrogen has
een increasing fast, as a consequence of the ultimate goal of devel-
ping a hydrogen economy, which is expected to play a crucial
ole in the future energy supply. Although molecular hydrogen is
ery rare in the earth atmosphere, it is considered an inexhaustible
uel, because it can be obtained from a large variety of abundant
earches in the earth, such as biomass, water, natural gas, biogas
nd oil, among others [1,2]. In addition, hydrogen is an efficient, cost
ttractive and a clean burning fuel, which can be stored as a liquid
r gas. Despite the current pipeline infrastructure is not suitable for
ts storage and distribution, hydrogen is considered as a long term
ubstitute for natural gas [1,3]. Nowadays, hydrogen is widely used

s feedstock in the chemical, food and refining industries, besides
n the steel and electronics industries [3,4].

Hydrogen can be obtained from both fossil sources (such as oil-
erived methane and natural gas) or renewable sources, like biogas

∗ Corresponding author.
E-mail addresses: mcarmov@ufba.br, mcarmog@gmail.com (M.d.C. Rangel).

ttp://dx.doi.org/10.1016/j.molcata.2016.11.040
381-1169/© 2016 Elsevier B.V. All rights reserved.
© 2016 Elsevier B.V. All rights reserved.

or biomass [1]. However, due to the great reserves worldwide, nat-
ural gas is still the most important feed for hydrogen production.
In addition, the shale gas development in last decade, especially in
North America, has increased assessments of resources producible
at low cost. Therefore, it is expected that the use of natural gas
continues to expand in the future [5].

Methane steam reforming is currently the main commercial
route for producing hydrogen. During the process, a mixture of
hydrogen, carbon monoxide and carbon dioxide is produced from
natural gas or other feedstocks, in the presence of steam. The main
reaction, shown in Eq. (1), is highly endothermic and thus high tem-
peratures favor the reaction. The water gas shift reaction (WGSR),
Eq. (2), can also occur in the operation conditions [6]. For both cases,
a high steam to carbon molar ratio shifts the thermodynamic equi-
librium favoring hydrogen production and then a rich effluent in
hydrogen is produced.

CH + H O � CO + 3H �H = +206 kJ mol−1 (1)
4(g) 2 (g) (g) 2(g)

CO(g) + H2O(g) � CO2(g) + H2(g)�H = −41 kJ mol−1 (2)

The classical catalysts used in steam reforming are nickel based
solids which show high activity and low cost. The metal is often
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ispersed on supports able to provide the thermal and mechanical
esistance required by the operation conditions, such as high tem-
eratures. Alumina is by far the most used support since it is able
o fit these requirements [6].

The major problem of the steam reforming is the fast catalyst
eactivation by coke deposition, which blocks the pores prevent-

ng the access of the reactants to the active sites. This process occurs
hrough several reactions that can take place on the catalyst sur-
ace, such as the dissociative adsorption of methane (Eq. (3)), the
oudouard reaction (Eq. (4)), the reduction of carbon monoxide
Eq. (5)) and the decomposition of hydrocarbons (Eq. (6)) [7]. In
rder to decrease coke production, the process is often carried out
n the presence of steam. Therefore, the industrial reformers usu-
lly work under steam to carbon molar ratios in the range of 2–5
6]. However, the steam and the severe operating conditions favor
ther deactivation processes such as the sintering of the metal and
f the support, which decreases the active surface area. As a con-
equence, the control of thermal stability has become as important
s controlling the activity and selectivity [7].

H4 � C + 2H2 (3)

CO � C + CO2 (4)

O + H2 � C + H2O (5)

nH2n+2 � nC + (n + 1) H2O (6)

Aiming to achieve the required properties for the steam reform-
ng catalysts, several works have been devoted to improving the
erformance of nickel-based catalysts [8–10] as well as to find other
etals that can replace nickel [11,12]. Noble metals, in special, are

ttractive options to reforming catalysts due to their activities for
atalyzing coke gasification. Previous works [12,13] have shown
hat less coke was deposited on noble metals based catalysts such as
latinum, rhodium, ruthenium and palladium deposited on several
upports. Platinum has also been successfully used as active phase
n dry reforming of methane [14,15], partial oxidation of methane
16,17], combined partial oxidation and dry reforming, oxidative
team reforming of methane [18] and in reforming of ethanol [19],
ethanol [20], glycerol [21] and biomass [22]. However, some coke

eposition was still found, depending on the support.
On the other hand, since basic solids catalyze the gasification of

arbon [7], they can prevent coke deposition on the catalyst surface
nd then the support for reforming catalysts should be chosen con-
idering this property. Among the basic solids, magnesium oxide
merges as an attractive option, since it has strong basic sites due
o O2− ions and easiness in receiving protons [9,10,23]. If the mag-
esium oxide basicity is combined with the high thermal stability
nd the specific surface area of alumina, a promising combina-
ion results for reforming catalysts. Indeed, magnesium aluminate
pinels show low acidity and high stability in the high tempera-
ures of the process and then have been considered for the reaction
12,24].

In a previous work [12], we have found that supports based on
luminum and magnesium oxides were suitable for ruthenium-
ased catalysts for steam reforming. In the present work, we
nvestigated the properties of platinum-based catalysts supported
n aluminum and magnesium oxide. It is expected to find catalysts
ith high selectivity to hydrogen production and with resistance

gainst coke deactivation, by combining the properties of magne-
ium oxide and platinum.
talysis A: Chemical 429 (2017) 1–9

2. Material and methods

2.1. Catalysts preparation

The preparation of the supports with aluminum to magnesium
molar ratio of 5 (AM5 sample), 2 (AM2) and 0.2 (AM02) and alu-
mina (A) and magnesia (M) was described elsewhere [12]. The
catalysts were obtained by incipient wet impregnation technique
using 3 mL of hexachloroplatinic acid solution (H2PtCl6) for gram
of the support, in order to obtain platinum (1% w/w) catalysts. After
impregnation, the solvent was evaporated and the solids were dried
at 120 ◦C, for 24 h and calcined at 600 ◦C under air flow, during 8 h.

2.2. Catalysts characterization

The fresh catalysts were characterized by X-ray diffraction,
specific surface area measurements, temperature programmed
reduction, acidity measurements by temperature programmed
desorption of ammonia, Fourier transform infrared spectroscopy
of adsorbed carbon monoxide, metal dispersion measurements,
X-ray photoelectron spectroscopy and by the model reaction of
cyclohexane dehydrogenation. After steam methane reforming, the
coke deposited on the spent catalysts was determined by chemical
analysis.

The X-ray diffractograms (XRD) were obtained using a Shimadzu
model XRD600 equipment and a nickel filter. The sample was
exposed to CuK� radiation generated at 30 kV and 20 mA, from 2�
of 10–80◦. Other experiments, using a heating chamber were also
performed, heating the solids in situ under air flow (60 mL min−1),
at 10 ◦C min−1 and collecting the diffractograms at 450, 550, 650,
750 and 850 ◦C. The specific surface area (Sg) measurements were
carried out by physical nitrogen adsorption (BET method). During
the experiments, a Micromeritics model AZAP 2020 apparatus was
used on 0.3 g of sample, previously heated under vacuum at 200 ◦C,
for 1 h.

The experiments of temperature programmed reduction (TPR)
of the catalysts were performed in a Micromeritics model TPD/TPR
2900 equipment, equipped with thermal conductivity detector
(TCD). Samples (0.25–0.3 g) were reduced in the range of 30–600 ◦C,
at 10 ◦C min−1, under a 5% H2/N2 mixture flow. The hydrogen con-
sumption in the experiments was calculated from the area under
the peaks, using the calibration curve obtained with a cooper oxide
(CuO) standard. The acidity of the samples was determined by
ammonia temperature programmed desorption (TPD-NH3) using
the same equipment. The sample (0.05 g) was heated up to 300 ◦C,
under helium flow and cooled to room temperature. It was then
heated up to 110 ◦C under the same gas flow and saturated with
ammonia, by the injection through a calibrated loop. The system
was heated up to 775 ◦C, under helium flow, for obtaining the
ammonia TPD profile. The acidity was calculated from the areas
of the adsorption peaks for ammonia, taking the last peak for cali-
bration.

The Fourier transform infrared spectroscopy (FTIR) experiments
of adsorbed carbon monoxide on the metallic surface were per-
formed in a Perkin-Elmer model Spectrum One equipment. The
sample (0.08 g) was prepared as a self-supporting wafer under
a pressure of 8 t, for 5 min. Before analysis, the sample was
reduced during 2 h, at 600 ◦C, under hydrogen flow (60 mL min−1).
After reduction, the hydrogen excess was removed by vacuum
(10−5 Torr), for 30 min. At this stage, a pulse of carbon monoxide of
50 mbar was injected for 5 min. The spectra were registered with a

4 cm−1 resolution before and after carbon monoxide chemisorption
and the final spectrum was obtained by subtracting those spectra.

The metal dispersion of the catalysts was determined by car-
bon monoxide chemisorption, at 25 ◦C and atmospheric pressure.
In the experiments, the sample (0.1 g) was previously reduced in
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ydrogen flow at 600 ◦C, for 1 h. After cooling in nitrogen flow up to
oom temperature, a series of pulses of 0.12 cm3 of a mixture of 5%
ol CO/N2 was injected successively into the reactor. The gaseous
ffluent from the reactor was passed through a methanator, where
he non-adsorbed carbon monoxide was converted to methane,
hich was analyzed by gas chromatography using a FID. By count-

ng the number of absorbed pulses, the total moles of adsorbed
arbon monoxide were obtained. The metal dispersion was calcu-
ated by considering that carbon monoxide adsorption occurs in
inear form on each exposed platinum atom.

The XPS spectra were acquired in a VG Scientific spectrome-
er Escalab model 220i-XL with source of X-ray, MgK� (1253 eV)
node and 4000 W power and hemispheric electron analyzer. The
l2p peak (BE = 74.5 eV) was chosen as an internal reference. This
eference was in all cases in good agreement with the BE of the C1s
eak arising from contamination, at 284.6 eV. This reference gives
n accuracy of ±0.1 eV.

The activity of the metal sites was evaluated by dehydrogenation
f cyclohexane to benzene, which is an insensitive reaction to the
tructure of the metal active site and thus the activity is known to be
roportional to the number of surface active sites. The reaction was
erformed under the following conditions: catalyst weight = 0.1 g,
00 ◦C, 1 atm, H2/CH (molar) = 3.4 and WHSV = 12.6. The catalyst
as charged into a tubular fixed bed reactor and was reduced

n situ under hydrogen flow (60 mL min−1) for 2 h, at 600 ◦C, before
ach run. The products were analyzed in a Shimadzu GC-8A chro-
atograph equipped with a FID and a packed column of FFAP on

hromosorb. From the gas chromatography compositional data, the
otal conversion and the yield to benzene as reaction product were
alculated on a carbon basis.

.3. Catalytic evaluation

The catalysts were evaluated in methane steam reforming
sing a stainless steel microreactor and samples (0.15 g) previously
educed in situ under hydrogen flow at 600 ◦C, during 2 h. The reac-
ion was carried out at 600 ◦C and 1 atm, using a steam to methane

olar ratio of 4. A mixture of 10% methane in nitrogen was fed to a
aturator (kept at 80 ◦C) and then to the reactor. Each run took 6 h
nd the products (hydrogen, carbon monoxide and carbon dioxide)
s well as no reacted methane were analyzed in a Thermo Fennigan
odel Trace GC chromatograph, equipped with thermal conductiv-

ty detector (TCD), flame ionization detector FID) and methanator.
he methane conversion was determined using Eq. (7), where XCH4
s the methane conversion and nCH4(in) and nCH4(out) are the inlet
nd outlet methane moles numbers, respectively. The selectivities
o hydrogen (SH2), carbon monoxide (SCO) and to carbon dioxide
SCO2) were calculated considering the balance of carbon atoms,
ccording to Eqs. (8)–(10), respectively, where nCO and nCO2 are
he moles number of carbon monoxide and carbon dioxide, respec-
ively.

CH4(%) = (nCH4(in) − nCH4(out)) ∗ 100/nCH4(in) (7)

H2(%) = nH2(out) ∗ 100/2(nCH4(in) − nCH4(out)) (8)

CO(%) = nCO(out) ∗ 100/(nCH4(in) − nCH4(out)) (9)

CO2(%) = nCO2(out) ∗ 100/(nCH4(in) − nCH4(out)) (10)

The hydrogen (YH2), carbon monoxide (YCO) and carbon diox-
de (YCO2) yields were calculated considering the balance of carbon
toms, according to Eqs. (11)–(13), respectively.
H2(%) = nH2(out) ∗ 100/2nCH4(in) (11)

CO(%) = nCO(out) ∗ 100/nCH4(in) (12)

CO2(%) = nCO2(out) ∗ 100/nCH4(in) (13)
Fig. 1. X-ray diffractograms for PtA sample (alumina-supported platinum), PtM
sample (magnesia-supported platinum) and for PtAM5, PtAM2 and PtAM02 sam-
ples: aluminum and magnesium oxide-supported platinum. The numbers indicate
the aluminum to magnesium molar ratios. • �-Al2O3; �periclase (MgO); * MgAl2O4.

The coke amount on spent catalysts was measured in a LECO
200 model CS200 equipment, using a ceramic crucible containing
0.002 g of sample, 1.25 g a tungsten compound (Lecocel) and 1.25 g
of accelerator to aid the combustion.

3. Results and discussion

The X-ray diffractograms of the catalysts are shown in Fig. 1.
One can see that all spectra of alumina-containing catalysts showed
broad peaks, indicating that poorly crystallized solids and/or
with small crystallites were produced. On the other hand, the
aluminum-free sample (PtM) showed a profile of a crystalline solid,
characteristic of the periclase phase of magnesia (JCPDS 45-0946).
The sample with the lowest amount of magnesium (Al/Mg = 5)
showed a profile similar to the magnesium-free sample (PtA),
which is characteristic of poorly crystallized �-alumina (JCPDS 10-
0414). It can be noted that the peaks related to alumina or to
periclase can also be assigned to magnesium aluminate, MgAl2O4
(JCPDS 10-01238), for all aluminum and magnesium-based sam-
ples, making the phases identification difficult. Moreover, the peak
at 68.2o for the PtA sample was shifted to lower angles for the alu-
minum and magnesium-based solids. This indicates the entrance of
magnesium into alumina lattice, causing an increase of the interpla-
nar distances. For the PtAM02 sample, this peak occurred at 61.8o,

which is the value for periclase. Likewise, by adding alumina to
magnesia-based catalyst (PtM), the peak at 62.7o of periclase was
shifted to higher angles, indicating the entrance of aluminum in
magnesia lattice. The presence of aluminum in magnesia lattice led
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ig. 2. X-ray diffractograms for the AM2 sample (Al/Mg = 2) taken at several tem-
eratures.

o a decrease in the lattice constant of magnesia, as found previously
25]. A similar behavior was noted for the peak at 46.4o. There-
ore, one can conclude that the PtAM5 sample is mainly made of

agnesium-containing alumina while the PtAM02 sample is made
f aluminum-containing magnesia. The PtAM2 sample showed a
rofile that could be assigned to alumina, magnesia or magnesium
luminate. The production of magnesium aluminate at tempera-
ures as low as 400 and 500 ◦C was also reported by other authors
26,27].

Fig. 2 showed the X-ray diffractograms collected at different
emperatures after heating a selected sample (AM2) in situ. As we
an see, the curves did not change upon heating, indicating that
his solid was stable. Also, no change in the peaks broadening was
ound, showing that the crystallite size did not increase upon heat-
ng. These profiles are similar to those obtained by Guo et al. [28]
nd Grabowska et al. [27] heating the solids at 900 and 1100 ◦C,
espectively and identifying the production of magnesium alumi-
ate. These results suggest that our samples contain magnesium
luminate.

Table 1 shows the specific surface area of the supports and of the
atalysts. The platinum impregnation caused a decrease in the spe-
ific surface area for the support with the highest Al/Mg molar ratio
AM5) and an increase for the support with the lowest molar ratio

AM02). For the solid with the intermediate Al/Mg molar ratio, the
pecific surface area did not change. The decrease in specific surface
rea can be related to the changes in the solids during impreg-
ation, since the smallest particles of magnesia are expected to
e dissolved by the acid solution of the chlorine-based precursor

able 1
pecific surface areas (Sg) for the supports (AM5, AM2 and AM02) and for the
atalysts and total acidity and metal dispersion (D) for the catalysts. PtA sample:
lumina-supported platinum; PtM sample: magnesia-supported platinum; PtAM5,
tAM2 and PtAM02 samples: aluminum and magnesium oxide-supported platinum.
he numbers represent the Al/Mg molar ratios.

Samples Sg (m2 g-1) Total acidity (mmol NH3 ads g−1) D (%)

AM5 318 – –
AM2 174 – –
AM02 93 – –
PtAM5 264 159 53.1
PtAM2 191 39.8 42.4
PtAM02 180 – 35.6
PtA – 48.5 62.0
PtM – 20.9 7.9
Fig. 3. TPR profiles for aluminum and magnesium oxide-supported platinum:
PtAM02, PtAM02 and PtAM5 samples, with aluminum to magnesium molar ratios
of 0.2, 2 and 5, respectively.

(H2PtCl6). During the reprecipitation process, particles with big-
ger size can be formed, decreasing the specific surface area of the
solid. A similar effect was observed by other authors [29], during the
impregnation of mixed oxides Mg(Al)O with palladium (II) chloride
(PdCl2). On the other hand, a considerable increase of the specific
surface area for the PtAM02 sample was observed, as we can see
in Table 1. This can be related to the higher ability of magnesia for
adsorbing chlorine, due its basicity, as compared to alumina [29]. As
this sample has the largest amount of magnesia, as compared to the
other solids, it is able to retain more chlorine, which is released as
hydrochloric acid, during the drying and calcination steps follow-
ing impregnation, generating pores and then an increase in specific
surface area.

The temperature programmed reduction curves for the alu-
minum and magnesium-supported platinum are shown in Fig. 3.
For all cases, a broad peak centered at around 300 ◦C can be noted,
which can be associated with the reduction of platinum species
in different interactions with the support. In the case of alumina-
supported platinum, this peak usually occurs at temperatures in
the range of 200–270 ◦C, as noted in previous works [4,30]. There-
fore, magnesium made platinum reduction more difficult, this
effect increasing with its content. This indicates that magnesium
increased platinum-support interaction. For the PtAM5 curve, a
shoulder at 241 ◦C can be seen, which is associated to the reduc-
tion of surface oxychlorated platinum species [4]. Another peak
at about 425 ◦C is related to the reduction of platinum crystals in
strong interaction with the support [30,31], this peak increasing
with magnesium amount.

The total hydrogen consumption in the reduction of PtAM5 sam-
ple corresponds to the stoichiometric value (102.5 �mol H2 gcat−1)
for the total reduction of platinum going from the (IV) to the (0)
oxidation state. On the other hand, in the case of the samples
with the highest magnesium contents (PtAM2 and PtAM02), the

total hydrogen consumption (120 �mol H2 gcat−1 and 127 �mol H2
gcat−1, respectively) overcame the stoichiometric value for reduc-
ing all platinum species. Since pure alumina and magnesia cannot
be reduced in the experimental conditions, the extra hydrogen
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ig. 4. TPD/NH3 profiles for alumina-supported platinum (PtA), magnesia-
upported platinum (PtM) and alumina and magnesia-supported platinum (PtAM02,
tAM2 and PtAM5). The numbers indicate the aluminum to magnesium molar ratio.

onsumption can be attributed to the reduction of small amounts
f impurities on the support, which was catalyzed by platinum, as
ound previously [12].

The TPD-NH3 curves of the catalysts are shown in Fig. 4 and
he values of total acidity are displayed in Table 1. Taking the PtA
atalyst as a reference, we note that the first peak was shifted to
igher temperatures and the second one to lower temperatures for
he magnesium-containing samples. Since the desorption temper-
ture is related to the strength of the acid sites [32,33], it means
hat magnesium affects the distribution of the acid sites, increas-
ng the strength of the weak sites and decreasing the strength of
he strong and moderate sites.

From Table 1, one can note that the total acidity of the PtA cat-
lyst changed by magnesium addition depending on its amount.
mall amounts of magnesium (Al/Mg = 5) cause an increase of the
otal amount of acid sites. However, higher amounts of magne-
ium (Al/Mg = 2) decreased the total acidity. These results are in
ccordance with previous works [32,33], which claimed that the
cid properties of MgO-Al2O3 can be tailored by using appropriate
mounts of magnesia and alumina. Therefore, the addition of small
mounts of magnesium (basic) to alumina (amphoteric) increased
he total acidity, generating weak and moderate acidity by neutral-
zing some alumina strong sites. This explains the increase in the
otal acidity of the PtAM5 catalyst as compared to the PtA sam-
le. On the other hand, the magnesium content was higher for the
tAM2 catalyst and then the magnesium oxide basic strength con-
ributed more for decreasing the total acidity of this solid. Pure

agnesia does not have inherent acidity but the addition of plat-
num created acid sites on the solid surface due to the acid nature
f platinum oxychloride species, which can remain in the solid.
his explains the acidity found for the PtM sample. A similar effect
as observed in a previous work [34], by adding 8% of molybde-

um to magnesia, which increased the total acidity and changed
he distribution of acid sites.

The FTIR spectra of the chemisorbed carbon monoxide
n platinum surface (Fig. 5) showed a broad band in the
ange from 2150 to 1980 cm−1. For the PtA sample, the
Fig. 5. FTIR of carbon monoxide adsorbed on alumina-supported platinum (PtA),
magnesia-supported platinum (PtM) and alumina and magnesia-supported plat-
inum (PtAM2 and PtAM5). The numbers indicate the aluminum to magnesium molar
ratio.

deconvolution of the bands produced components at 2124, 2070,
2050, and 2009 cm−1, which are associated to carbon monoxide
linearly bonded on metallic platinum in different electronic states
[35]. For all magnesium-containing catalysts, these bands were
shifted to lower wavenumbers, indicating an electronic enrichment
of the superficial platinum atoms due to the addition of magnesium.
This finding can be associated to the higher ability of magnesia for
adsorbing chlorine as compared to alumina [29], suggesting that
the hexachloroplatinate ions (PtCl6]2−) were adsorbed more on
divalent magnesium than on trivalent aluminum ions, leading to
the production of more platinum richer in electrons.

Fig. 6 shows the conversion of cyclohexane to benzene as a
function of time. Alumina-supported platinum catalyst led to the
highest conversions while magnesia-supported platinum led to the
lowest values. The magnesium-containing samples led to interme-
diate values. It can be noted that the conversion decreased with
increasing magnesium content in the solids. These results are in
accordance to the dispersion measurements, as shown in Table 1.
As pointed out early [31], when platinum is electronically enriched
(Pt�−) it shows smaller hydrogen chemisorption and catalytic activ-
ity as compared to Pt0. Therefore, the electronic effect is stronger
than the geometric effects during the model reaction of cyclohex-
ane dehydrogenation. As found by FTIR, the addition of magnesium

to alumina-supported platinum caused an electronic enrichment of
platinum and then a decrease in the dehydrogenation activity and
in the hydrogen chemisorption.

The binding energies (BE) of some characteristic core levels of
Mg, Al, Pt and O for the samples are displayed in Table 2. The
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Table 2
Binding energies and surface atomic ratios for the catalysts. PtA sample: alumina-supported platinum; PtM sample: magnesia-supported platinum; PtAM5, PtAM2 and
PtAM02 samples: aluminum and magnesium oxide-supported platinum. The numbers represent the Al/Mg molar ratios.

Samples Binding energies (eV) Surface atomic ratios

Mg2p Al2p Pt4d O1s Al/Mg Pt/Al Pt/Mg Pt/(Al + Mg)

PtA – 74.3 316.0 533.6 – 0.000118 – 0.000118
PtAM5 50.2 74.5 316.0 531.7
PtAM2 50.6 73.7 316.0 532.3
PtAM02 51.3 74.5 316.0 532.9
PtM 51.8 – 316.0 531.5
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latinum (PtA sample), (�) magnesia-supported platinum (PtM) and on alumina
nd magnesia-supported platinum with (�) Al/Mg = 0.2 (PtAM02); (�) Al/Mg = 2.0
PtAM2) and (�) Al/Mg = 5.0 (PtAM5).

inding energies for the Al 2p peaks were in close agreement with
hat for Al3+ in Al2O3 or MgAl2O4 type compounds [36–38]. In addi-
ion, the Mg2p binding energy for PtM sample is typical of Mg2+

pecies in magnesia [38]. It can be noted that these values decreased
ith increasing aluminum content, indicating the production of
gAl2O4 spinel [37]. The Mg2p binding energy for the PtAM2 sam-

le is quite close to the value for magnesium aluminate (50.5 eV)
36]. These findings are in agreement with the X-ray diffraction
esults.

The binding energy for the O1s peak in magnesia supported-
latinum was typical of oxygen in magnesia [39]. In addition,
he value is characteristic of oxygen in alumina for the alumina-
upported platinum [40]. For the aluminum and magnesium-
ontaining catalysts, the binding energies for the Os1s peak
hanged with the sample composition indicating that the chemical
tate of the oxygen species on the surface depends on the chemical
omposition of the solids. The values increased with aluminum con-
entration, as found in previous works [26,41]. This can be related
o the entrance of aluminum in magnesia lattice in accordance with
he X-ray results. The values of binding energy Pt4d for all samples
re typical of Pt4+ species in platinum oxide (PtO2) [38].

Table 2 also shows the chemical composition on the surface for
he catalysts. It can be noted that the PtAM2 sample (Al/Mg = 2)
howed the aluminum-richest surface, followed by the PtAM5 and
tAM02 samples. One can also observe that the PtAM02 sample has

igher Al/Mg ratio on the surface (0.408) than expected in the bulk
0.20) indicating an inhomogeneous distribution of aluminum in
olids with accumulation on the surface. The tendency of aluminum
o go to the surface in aluminum and magnesium-based solids was
lso observed by other authors [26]. An opposite behavior was
1.730 0.00543 0.009417 0.00344
1.801 0.00183 0.003307 0.00118
0.408 0.000345 0.000141 0.000100
– – 0.000275 0.000275

noted for the PtAM5 sample, for which the amount of aluminum
on the surface (Al/Mg = 1.730) was lower than that expected in the
bulk (Al-Mg = 5). In this case, the amount of aluminum is close to
magnesium aluminate, suggesting the production of magnesium
aluminate on the surface. On the other hand, the PtAM2 sample
showed around the same amount of aluminum and magnesium on
the surface (1.801) and in the bulk (Al/Mg = 2), indicating a homoge-
nous distribution of the metals in the solids. This amount is close
to the value of magnesium aluminate, suggesting that this solid is
made of the spinel, in accordance with the X-ray diffraction and
XPS results. Therefore, one can suppose that the surface of PtAM2
and PtAM5 samples is made of magnesium aluminate whereas the
surface of PtAM02 sample is made of magnesium aluminate and
magnesia. This result is in accordance with the lowest acidity of
the sample as compared to the other aluminum and magnesium-
based solids. The highest amount of platinum on the surface was
found for the PtAM5 sample and decreased with the increase of
magnesium in solids, in agreement with the values of metal dis-
persion (Table 1) and of the cyclohexane conversions (Fig. 6). These
results can be assigned to the specific surface areas of the supports
(Table 1) for which the same tendency was noted.

Fig. 7 shows the methane conversion, hydrogen selectivity, car-
bon monoxide selectivity, carbon dioxide selectivity and hydrogen
to carbon monoxide molar ratio over the catalysts as a function
of reaction time. The catalyst with the lowest amount of mag-
nesium (PtAM5 sample) led to the highest initial conversion, a
fact that can be related to the highest amount of platinum on
the surface (Table 2) as well as to the high reducibility of plat-
inum, as found by TPR. Alumina-supported platinum (PtA) and
magnesia-supported platinum (PtM) led to close initial conver-
sions but have different amounts of platinum on the surface, the
magnesia-supported platinum showing the highest amount. This
finding can be explained by considering that the electronic state of
platinum changed due to magnesium. As found by TPR, platinum
becomes electronically enriched (Pt�−) due to magnesium and then
its hydrogen chemisorption and catalytic activity is decreased, as
found by dispersion measurements and cyclohexane dehydrogena-
tion, respectively. This means that platinum atoms on magnesia
surface are less active than on alumina. Therefore, more atoms
on magnesia surface are needed to produce methane conversions
similar to alumina-supported platinum. In addition, the support
is believed to play a role on the catalytic activity especially in
water chemisorption, in accordance with previous works [12,42].
It is generally accepted [43,44] that the steam reforming reac-
tion takes place at the metal-support interface, by the reaction
between methane (preferentially adsorbed on the metal) and water
(preferentially adsorbed on the support), which dissociates and
generates oxygen species. Also, it is well-known [42] that alkaline
earth oxides, such as magnesium oxide, calcium oxide and barium
oxide are often incorporated into steam reforming catalysts to pro-

vide operational advantages resulting from lower support acidity,
higher metal dispersions and improved steam activation. In addi-
tion, it was pointed out [31] that basic supports tend to donate
electron to the metal, decreasing the activity, in agreement with
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Table 3
Methane conversion (X), selectivity to hydrogen (SH2), carbon monoxide (SCO) and
carbon dioxide (SCO2), hydrogen to carbon monoxide molar ratio and amount of car-
bon (C) on the spent catalysts after 6 h on stream. PtA sample: alumina-supported
platinum; PtM sample: magnesia-supported platinum; PtAM5, PtAM2 and PtAM02
samples: aluminum and magnesium oxide-supported platinum. The numbers rep-
resent the molar ratios of Al/Mg.

Catalyst X (%) SH2 (%) SCO (%) SCO2 (%) H2/CO C (%)

PtA 50 100 15 85 15 0.27
PtAM5 56 100 23 77 11 0.08
PtAM2 34 66 9 91 15 0.42
PtAM02 40 67 5.6 94 24 0.60
ample), (�) magnesia-supported platinum (PtM) and on alumina and magnesia-
upported platinum with (�) Al/Mg = 0.2 (PtAM02); (�) Al/Mg = 2.0 (PtAM2) and
�) Al/Mg = 5.0 (PtAM5).

ur results of cyclohexane dehydrogenation. This explains why the
tM sample has more platinum on the surface but has the same
ctivity as the PtA sample. The PtAM02 and PtAM2 samples were
he least active catalysts. These solids have quite different surfaces,
he first one showing magnesium aluminate, magnesia and more
latinum than the other one, which has only magnesium aluminate,
esides platinum. For these catalysts, magnesium was also acting
s electron donator for platinum and then the activity decreased.

From Fig. 7, we can also see that the conversion changed with
eaction time, depending on the catalyst. The sample with the
owest amount of magnesium (PtAM5) was stable during reac-
ion while the activity of the magnesia-supported platinum slightly
ecreased with time. On the other hand, the activity of the other
atalysts increased during reaction, indicating an increase of active

ites by the slow reduction of platinum by hydrogen came from
ethane decomposition, as found previously for nickel-based cat-

lyst [9]. After 6 h on stream, the magnesium-richest samples (PtM
nd PtAM02) led to similar values of conversions.
PtM 41 71 7 93 20 0.10

The values of selectivity to hydrogen followed a similar ten-
dency, as shown in Fig. 7. The catalyst with the lowest amount
of magnesium (PtAM5 sample) was the most selective to hydro-
gen followed by alumina-supported platinum (PtA). However, the
magnesium-richest catalysts (PtM, PtAM02 and PtAM2) showed
similar values at the end of reaction.

Fig. 7 also shows the selectivities of the catalysts to carbon
monoxide and carbon dioxide as a function of reaction time. As we
can see, all catalysts showed low selectivities to carbon monoxide
and high selectivities to carbon dioxide, indicating the occurrence
of the water gas shift reaction (Eq. (2)) under the operation con-
ditions. The activity of platinum in the WGSR was previously
demonstrated [45]. The PtAM02 sample showed the highest selec-
tivities to carbon dioxide and the lowest selectivities to carbon
monoxide, indicating that it was the most active in WGSR. On the
other hand, PtAM5 sample showed an opposite behavior and was
the least active in WGSR. It can be noted that the increasing of mag-
nesium amount increased the activity of the catalysts in WGSR. As
magnesium is expected to decrease the activity because of the elec-
tronic enrichment of platinum, this finding can be related to the role
of the support in the water adsorption during the WGSR.

The differences in activity of the catalyst in WGSR allow the
tailoring of the catalyst to obtain different hydrogen to carbon
monoxide molar ratio for several purposes. As shown in Fig. 7, the
addition of small amount of magnesium to alumina-based sam-
ple (PtA) generating the Pt/AM5 sample, leads to a slight decrease
of H2/CO ratio. However, the addition of higher amount (Pt/AM2)
leads to slight increase while even higher amounts lead to almost
a doubled increase. As a consequence of the highest activity of the
Pt/AM02 sample in WGSR, it produced the highest value of H2/CO
ratio.

Table 3 shows the values of methane conversions over the cata-
lysts and the selectivities towards the products after 6 h on stream.
The PtAM5 and PtA samples led to the highest methane conver-
sions, which was around five times the conversion obtained over a
commercial catalyst based on nickel evaluated under in the same
reaction conditions (10%). The solids with the lowest Al/Mg molar
ratios led to similar conversions to the magnesia-supported plat-
inum, which in turn was less active and selective to hydrogen than
the PtA sample. All catalysts were more selective to carbon dioxide
than to carbon monoxide, indicating that they more active in the
WGSR than in methane reforming. The values of hydrogen to carbon
monoxide molar ratio, obtained in the outlet of the reactor after 6 h
on stream, showed that the aluminum-richest samples (PtA, PtAM5
and PtAM2) samples led to the lowest values. On the other hand,
the other samples led to higher values, indicating that they were
more active in WGSR than the other samples. Table 3 also shows the
carbon content on the spent catalysts, after 6 h of methane steam

reforming reaction. It can be noted that very small amounts of coke
were produced on the catalysts, probably because the acid sites of
the catalysts were mostly weak or moderate. This finding indicates
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Fig. 8 shows the products yield obtained over the catalysts. One
an see that the aluminum-richest samples (Pt/AM5 and Pt/A) led to
he highest hydrogen yields. These samples produce similar hydro-
en to carbon monoxide ratios but the magnesium-containing
ample led to the highest hydrogen yield being the best candidate
or hydrogen production.

. Conclusions

Magnesium affects the properties of Pt/-Al2O3 catalyst depend-
ng on the amount. In small contents (Al/Mg (molar) = 5),

agnesium enters into alumina lattice and produces magne-
ium aluminate on the surface while in higher amounts (Al/Mg
molar) = 2) a solid made of magnesium aluminate is obtained. In
ven higher contents (Al/Mg (molar) = 0.2) aluminum enters into
agnesia lattice and produces a solid with magnesia and magne-

ium aluminate on the surface. Magnesium changed the specific
urface area and the acidity of the solids depending on the com-
osition, the aluminum-richest catalyst (Al/Mg = 5) showing the
ighest values. Platinum dispersion follows the same tendency. In
ddition, magnesium causes an electronic enrichment of platinum
nd increases the interaction of platinum with the support making
he reduction more difficult. These changes affect the activity and
electivity of the catalysts in methane steam reforming and in water
as shift reaction, leading to different products yield and different
ydrogen to carbon monoxide molar ratios. Therefore, the cata-

ysts can be tailored for different purposes. Among the obtained
atalysts, the sample with Al/Mg = 5 is the best option to obtain
ydrogen.
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