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a  b  s  t  r  a  c  t

Ni  based  catalysts  supported  over  �-Al2O3, previously  modified  with  increasing  contents  of Mg(II),  were
employed  for  the  steam  reforming  of  glycerol.  The  aim of  the  present  study  is  to  analyze  the  effect  of  the
content of  Mg(II),  as  a promoter  of  Ni/�-Al2O3 catalysts,  on  the  textural  and  structural  characteristics  of
the  solid;  as  well  as  on  the  catalytic  activity  and  selectivity  to  H2 in  the  steam  reforming  of  glycerol.

Fresh  samples  were  characterized  by  PXRD,  BET  surface  area,  H2 chemisorption,  TPR,  and  CO2-TPD.
Used catalysts  were  analyzed  by TPO,  in  order  to  study  the  effect  of  Mg(II)  on carbon  gasification.  Both
fresh  and  used  samples  were  examined  by  SEM.

The  content  of Mg(II)  has  both  an effect  on  the  catalytic  performance  and  on  the  structural  and  textural
characteristics  of  the  catalysts.  The  incorporation  of  Mg(II)  results  in  the  formation  of  Mg1−xAl2O4−x

spinel  phase.  The  differences  in catalytic  properties  due  to  the increasing  content  of  Mg(II)  have  effect
simultaneously  on  the  Ni◦ crystallite  size,  on  the  acidic–basic  character  and  on  the  interactions  between
NiO and  support.  For  the catalysts  promoted  with  Mg(II),  the best  activity  for  the  steam  reforming  of
glycerol  was  achieved  with  Ni(10)Mg(3)Al  catalyst  while  the  Ni(10)Mg(15)Al  catalyst  formed  the  lowest
amount  of  carbon  during  reaction  time  on stream.

The  catalyst  prepared  without  Mg(II)  presented  good  activity  results  despite  the  lowest  Ni  dispersion.

This behaviour  was  assigned  to  the  presence  of  Ni  sites  more  active  for the  steam  reforming  of  glyc-
erol than  the  ones  on  the  catalyst  promoted  with  Mg(II).  However,  this  catalyst  had  the  highest  carbon
deposition  during  reaction  time  on stream.

High  contents  of  Mg(II)  inhibited  carbon  formation,  this  was  evidenced  by  TPO  analyses  performed  to
used  samples.  Low  carbon  formation  at  high  Mg(II)  could  be related  to the  higher  basic  character  of  the
support  as  the  content  of  Mg(II)  increases.
. Introduction

In the last decade, production of bio-fuels, such as biodiesel, has
ncreased as a natural response to the concern caused by both the
iminishing of non-renewable resources and the increasing global
arming effect. Among the bio-fuels one of the most promoted

s biodiesel, whose production has grown sharply in recent years.
he main biodiesel production process is the transesterification of
ats and vegetable oils; glycerol being the major by-product. Con-

equently, in this scenario the international price of glycerol has
allen sharply, which has prompted the search for alternatives in
rder to re-valorise this product. Between these alternatives, the
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steam reforming of glycerol has been proposed in order to produce
green hydrogen; being this an economical and effective process
with high yields of this outstanding energetic vector that can be
easily employed in the fuel cell technology.

The steam reforming of glycerol (GSR) is an endothermic process
that takes place according to the following global reaction:

C3H8O3 + 3H2O → 7H2 + 3CO2 �H◦ = −123 kJ/mol

Still, the GSR process involves multiple complex reactions,
which leads to several intermediate by-products that strongly
affect H2 selectivity. Another key factor lies in the operative con-
ditions under which the reaction takes place. In this sense, a
thermodynamic study carried out in a previous paper [1] concluded

that in order to both favour H2 production and minimize carbon
formation, the steam reforming of glycerol should be performed at
high temperatures, with high feed ratio water to glycerol and at
atmospheric pressure.

dx.doi.org/10.1016/j.cattod.2013.02.015
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Noble metal based catalysts are commonly used for the steam
eforming reaction of hydrocarbons or alcohols [2–7] since they are
ighly active while they are less susceptible to develop undesired
arbon deposits. On the other hand, catalysts based on non-noble
ransition metals are far cheaper and present higher availability
han the former. Among them, Ni based catalysts in particular are
nown to be active for the cleavage of C C, O H and C H hydro-
arbon bonds while they also catalyze water gas shift reaction to
emove CO adsorbed from the metallic surface [8–10]. Regarding
he supports for Ni, the most usual are based on alumina, carbon
r modified alumina with cerium, lanthanum, magnesium or zir-
onium [9]. However, it is widely known that under the steam
eforming of hydrocarbons or alcohols, Ni/Al2O3 catalysts suffer
eactivation due to the sintering of metallic phase and/or coke
eposition [11–15]. In order to minimize coke deposition, several
uthors proposed the promotion of Ni catalysts supported over alu-
ina by the addition of either alkaline earth oxides or lanthanide

xides [11–13,15–18]. As it has been reported by Cheng et al. [13],
he promotion by oxides of the lanthanide group is related to Ni-
anthanide interaction; while the promotion effect of alkaline earth
xides obeys to the weakening of the Ni-alumina interaction. In this
ense, it has been suggested that the addition of Mg(II) to Ni/Al2O3
atalyst prevents or minimizes carbon formation since it favours
he adsorption of H2O, O2, CO2 or OH fragments, as well as the
pillover of such fragments from the support to the metal particles
11,19,20], facilitating carbon gasification. Furthermore, the use of

g(II) as a promoter in this catalytic system enhances the stability
f Ni against sintering [9].

Previously [21], we have studied the influence of the calcina-
ion temperature for both the Mg(II)–Al(III) support and the Ni(II)
mpregnated catalysts, on the activity and selectivity to hydrogen
n the GSR reaction. It was concluded that the best catalytic perfor-

ance was achieved when the modified support had been calcined
t 900 ◦C and the impregnated catalyst had been subsequently cal-
ined at 500 ◦C. This behaviour is mainly attributed to the formation
f Mg(II)–Al(III) spinel-like oxide phase which favours the disper-
ion of Ni(II), responsible of the catalytic activity.

The main goal of this work is to analyze the effect of the content
f Mg(II) in �-Al2O3 modified support, on the activity and on carbon
eposition in the GSR. Additionally, it is expected to identify the
ole of Mg(II) in catalytic activity and in the reduction of carbon
ormation in the GSR.

. Experimental

.1. Catalysts preparation

The catalysts were prepared by the incipient wetness impregna-
ion method. For this purpose aqueous solution of Mg(NO3)2.6H2O
99% Merck) between 2.80 and 14.02 M and Ni(NO3)2.6H2O (99%

erck) 3.87 M were prepared. First, �-Al2O3 (Rhône Poulenc,
00 m2/g) bare support was impregnated with increasing contents
f Mg(II); the samples were dried in a muffle at 120 ◦C for 6 h, fol-
owed by the calcination at 900 ◦C for another 6 h, according to
revious work [21]. Then, each Mg(II)–Al(III) modified support and
-Al2O3, calcined at 900 ◦C for 6 h, were impregnated with Ni(II),

n order to reach a final loading of Ni of 10 wt%; after impregna-
ion the catalysts were dried also at 120 ◦C for 6 h and calcined at
00 ◦C for 6 h. During drying and calcinations periods a temperature
amp of 10 ◦C/min was employed. The catalysts were identified as
i(10)Mg(x)Al, being x the nominal content of Mg  (wt%) between
 = 0 and 15%.
Prior to impregnation with Mg(II) or Ni(II), �-Al2O3 was crushed

nd sieved in order to obtain pellets with diameter between
4 �m < dp < 125 �m.
Today 213 (2013) 50– 57 51

2.2. Characterization

The catalysts were characterized by N2 sorptometry (BET), Pow-
der X-ray diffraction (PXRD), temperature programmed reduction
(TPR), H2 chemisorption, and temperature programmed des-
orption of adsorbed CO2 (CO2-TPD). The used catalysts were
characterized by temperature programmed oxidation (TPO) in
order to determine carbon formation. Both fresh and used
samples were examined by scanning electron microscopy
(SEM).

The characterization by PXRD was  performed in Siemens D 5000
equipment, with Cu K� radiation. BET surface area was obtained in
Micromeritics ASAP 2020 equipment.

Temperature programmed reduction (TPR) of the catalysts
were carried out in Micromeritics (Autochem II, 2920) equip-
ment, with a thermic conductivity detector (TCD). The fresh
samples (100 mg)  were placed in a quartz U-shaped tube reac-
tor. Previously to temperature programmed reduction, samples
were pre-treated under a flow of Ar (50 mL/min) at 300 ◦C for
1 h. TPR was performed from 50 ◦C to 1000 ◦C, at a heating
rate of 10 ◦C/min, under a flow of 100 mL/min of a mixture
2% H2/Ar. Hydrogen consumption was  determined by a TCD
detector and the amount of hydrogen consumed was estimated
by the integration of its profile and applying a calibration for
H2.

Metallic surface area and dispersion were obtained by means
of H2 chemisorption in Micromeritics (AutochemII 2920) equip-
ment. The samples (50 mg), placed in a quartz U-shaped reactor,
were reduced at 700 ◦C for an hour under 100 mL/min of a
mixture (50:50) H2/Ar. The chemisorption was  performed at
25 ◦C (keeping this temperature by a flow of nitrogen, which
has been previously cooled in a liquid nitrogen bath) by
pulses of a mixture of H2 (10%)/Ar in a flow of 100 mL/min
of Ar. The metallic area of Ni was  estimated assuming a
Nisurface/H = 1 stoichiometry and that an atom of Ni occupies
6.49 Å2.

In order to evaluate the distribution of basic sites, the CO2-
temperature programmed desorption (CO2-TPD) was performed
in Micromeritics (Autochem II 2920) equipment. Catalyst samples
(50 mg)  placed in a quartz U-shaped reactor, were pretreated in
a 50 mL/min flow of Ar at 500 ◦C for an hour, with a temperature
ramp of 10 ◦C/min and then cooled down. CO2 was adsorbed at
50 ◦C for an hour from a flow of 100 mL/min of a mixture CO2:Ar
(50:50) and the weakly adsorbed CO2 was removed by purging with
Ar. The sample was  heated from 50 ◦C to 800 ◦C at a heating rate of
10 ◦C/min in Ar flow and the desorbed amount of CO2 was  followed
by a quadrupole mass spectrometer (m/v = 44). The desorbed CO2
amount was  estimated by integrating the CO2 profile and applying
a CO2 calibration.

Carbonaceous deposits formed on the catalysts GSR were
determined by temperature programmed oxidation (TPO) in a
Micromeritics (Autochem II 2920) equipment. Used catalyst sam-
ples (20 mg)  placed in quartz U-shaped reactor, were pretreated in
50 mL/min of Ar at 300 ◦C for 30 min  and then cooled down. TPO
was  performed from 50 ◦C to 800 ◦C, under 100 mL/min flow of a
mixture Air:Ar (25:75), with a temperature ramp of 10 ◦C/min. The
products were followed by a quadrupole mass spectrometer and
the only product detected was  CO2 (m/v = 44), indicating that oxi-
dation reaction was  complete. The amount of CO2 produced was
estimated by the integration of its profile and by applying a CO2
calibration.

The morphology of fresh and used samples was  examined by

scanning electron microscopy (SEM), using an Inspect Scanning
Electron Microscope (FEI) operated at 20 kV. Before analysing them,
the samples were submitted to metallization with gold in a Emitech
K550X equipment.
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25 45 65 852θ

Mg(15)Al

Mg(10)Al

Al (900°C)

X X

Mg(5)Al

Mg(3)Al

which indicated, as previously mention, the formation of Mg spinel
like phases.

Superficial area BET of alumina calcined at 900 ◦C, of Mg(II) mod-
ified supports and of the corresponding Ni(II) catalysts are shown

25 45 65 852θ

Ni(10)Mg(15)Al

Ni(10)Mg(10)Al

Ni(10)Mg(5)Al

Ni(10)Mg(3)Al

Ni(10)Al

Al (900 °C)
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Ni(10)Mg(10)Al

Ni(10)Mg(5)Al

Ni(10)Mg(3)Al

Ni(10)Al

Al (900°C)
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.3. Catalytic tests

The catalytic tests were carried out in a stainless-steel continu-
us flow fixed bed reactor (� = 12 mm)  at atmospheric pressure in
n electrical furnace equipped with temperature controllers. The
ontact time (defined on base of glycerol molar flow) was fixed at
.09 gcat h/molglycerol, reaction temperature was 600 ◦C; and water
o glycerol molar ratio (R = nH2O/nC3H8O3 ) was 9:1 with a molar
raction of glycerol in the feed mixture of 2%. For all the catalytic
ests, 45.5 mg  of catalyst were employed, diluted with an inert

aterial in a ratio 10:1. Catalysts were reduced in situ under a flow
f 100 mL/min of pure hydrogen with a heating ramp of 10 ◦C/min
o reach 700 ◦C, keeping this temperature for one hour.

Liquid mixture of water and glycerol was fed to the reactor by
 syringe pump (APEMA PC 11U) and it was vaporized in the first
hird of the reactor. Regarding the carrier gas (Ar) and the reference
as (N2) they were both fed to the reactor by mass flow controllers
Aalborg AFC).

Moreover, in order to minimize mass transfer effects and ensure
atalytic chemical control, based on preliminary tests, particle size
as between 44 �m < dp < 125 �m and total feed flow was  higher

han 200 mL/min.
The gaseous products were analyzed on-line by TCD and FID

etectors, in 7890A GC chromatograph of Agilent Technology.
egarding liquid phase products, the stream was continuously con-
ensed and analyzed after four hours of reaction. A CarboxenTM
010 Plot (30 m × 0.530 mm)  column was employed to deter-
ine N2, H2, CO, CO2, CH4 and C2H4; while a CP-PoraBOND Q

10 m × 0.32 mm)  column was used to analyze the composition of
he liquid mixture feed and of the condensed mixture during the
eaction.

In order to analyze the catalytic results, the following parame-
ers were considered:

Glycerol total conversion: xT = FE
gly

−FS
gly

FE
gly

100

Glycerol conversion to gaseous products: xG =
∑

Fci

3FE
gly

100

ith Fci: CO2, CO and CH4

Glycerol conversion to liquid products: xL = xT − xG

Yields: Yi = Fi

FE
gly

ith Fi: H2, CO2, CO and CH4.
The kinetics results that are reported in this work correspond to

teady state condition and the experimental dispersion was esti-
ated in 4%.

. Results and discussion

PXRD inspection of the Mg(II) modified supports, revealed a con-
inuous shift from the parent �-Al2O3 (PDF-10-0425) structure to
he stoichiometrical MgAl2O4 (PDF-21-1152) (Fig. 1.). Intermediate
oadings resulted in the formation of its corresponding spinel-like
hase (Mg1−xAl2O4−x) (PDF-45-0528). From the PXRD pattern of
he modified support with the highest Mg(II) loading (15 wt.%), it
s possible to distinguish reflections associated to MgO  (PDF-45-
946); which implies some MgO  was segregated at high contents
f Mg(II).
The subsequent loading with Ni(II) (Fig. 2) resulted in the seg-
egation of NiO (PDF-65-2901), with no significant changes on the
pinel-like phase cell parameters confirming that the low annealing
emperature prevented the formation of ternary Mg1−xNixAl2O4
Fig. 1. XRD profiles of Mg/Al2O3 modified supports. Mg(x)Al, x = 0–15 wt.%. Com-
pletes line corresponds to �-Al2O3 pattern, dashed line to MgAl2O3 pattern and (x)
to MgO.

spinel phases. Furthermore, catalysts with Mg(II) contents varying
from 3 wt% to 15 wt%  exhibited similar PXRD patterns (Fig. 2).

For Ni(10)Mg(0)Al catalyst (Fig. 2) reflections asoociated with
NiO segregation at 2� = 37.25◦, 43.35◦ and 62.85◦ (PDF-65-2901)
and reflections asociated with Al2O3 mainly at 2� = 67.5◦ (PDF-10-
0425) were observed. Moreover, in Fig. 2 the PXRD pattern of �-
Al2O3 calcined at 900 ◦C has been included, in order to compare it
with the PXRD pattern of Ni(10)Mg(0)Al catalyst.

Additionally, Fig. 2 includes a magnification of the region
2� = 62–70◦. It could be observed that both the �-Al2O3 calcined
at 900 ◦C and the catalyst without Mg(II) presented a reflextion
at 2� = 67.5◦ which is characterictic of �-Al2O3. This result con-
firms the fact that Ni(II) in this catalyst did not form Ni spinel
like phases. For the catalyst promoted with Mg(II) this reflection
moved towards lower values of 2� as Mg(II) content increased,
Fig. 2. XRD profiles of the Ni catalysts supported over Mg/Al2O3 supports.
Ni(10)Mg(x)Al, x = 0–15% wt, and XRD profile of �-Al2O3 calcined at 900 ◦C. Com-
pletes line corresponds to �-Al2O3 pattern, dashed line to NiO pattern and (x) to
NiAl2O3 or MgAl2O3. A magnification of the region 2� = 62–70◦ is included.
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Mg(II) content above 5% the intensity of the CO2 desorption peaks
associated with the presence of weak basic sites is higher than the
intensity of the strong ones.
ig. 3. BET Surface area for both Mg  modified support and catalysts, as a function
f Mg content.

n (Fig. 3). As the content of Mg(II) increases, the superficial area of
he modified supports decreases. This behaviour could be explained
y the occlusion of the pores due to Mg1−xAl2O4−x growth. Also, it
an be observed that the surface area of the catalyst with Mg(II) is
etermined by the surface area of the support modified with the
orresponding content of Mg(II). For the Ni(10)Mg(0)Al catalyst a
trong decrease in the superficial area is observed, in comparison
o the superficial area of alumina calcined at 900 ◦C, mainly due to
he incorporation of Ni(II) into the pores of the alumina.

In Table 1 Ni metallic area, dispersion and particle diameter for
ll catalysts are presented.

For the catalyst without Mg  (II), both Ni metallic area and
ispersion were lower and Ni particle diameter higher than the
orresponding values obtained for the other catalysts.

The Ni metallic area and dispersion for the catalysts that were
odified with Mg(II) (3–15 wt%), were both affected by its con-

ent. As Mg(II) loading increased, Ni(II) metallic area and dispersion
ecreased and consequently the Ni particle diameter increased.

t has been previously reported [17] that the promotional effect
f Mg(II) addition to alumina support is based on the fact that
he precoating of the support (Al2O3) with Mg(II) improves metal
ispersion as well as stabilizes metal particles against sintering.
urthermore, the formation of Mg(II) spinel phase induces an
mprovement in the dispersion of metallic Ni. However, from these
esults it could be seen that both metallic area and dispersion are
nhanced at low Mg(II)/Al(III) ratios. Then, the promotional effect
f Mg(II) regarding metal area and dispersion is most significant
t lower contents of Mg(II). This behaviour agrees with the results
resented by Iriondo et al. [11] that at lower loadings of Mg(II),
gAl2O4 spinel phases are better dispersed, which hinders Ni◦

article diffusion and thus promotes higher stability.
In order to determine the reducible species present in each cat-

lyst, TPR tests were conducted between 50 ◦C and 1000 ◦C under
 flow of H2 (Fig. 4). The TPR profiles show a broad peak for all
atalysts and an additional peak at low temperature for the cata-

yst without Mg(II). The temperature at the maximum of the broad
eduction signal increased (from 535 ◦C to 610 ◦C) as the content of
g(II) increased between 0 wt% and 15 wt%.

able 1
esults of H2 chemisorption. Metallic area and dispersion and cristal size of the
i(10)Mg(x)Al,  catalysts, x = 0–15 wt.%.

Catalysts Metallic
dispersion (%)

Metallic area
(m2/gsample)

Cubic crystal
size (nm)

Ni(10)Al 1.50 0.998 56.29
Ni(10)Mg(3)Al 2.75 1.829 30.71
Ni(10)Mg(5)Al 2.31 1.538 36.54
Ni(10)Mg(10)Al 2.06 1.374 40.88
Ni(10)Mg(15)Al 1.92 1.227 43.99
Fig. 4. TPR profiles of the Ni catalyst supported over Mg  modified supports.
Ni(10)Mg(x)Al, x = 0–15 wt.%.

The reduction profiles could be deconvoluted into four main
contributions, which are NiO with weak interaction with the sup-
port at a reduction temperature around 370 ◦C; NiO with moderate
interaction with the support, centred on 536 ◦C; non-stoichiometric
Ni1−xAl2O4−x spinel at 753 ◦C and stoichiometric Ni spinel at
approximately 820 ◦C [11,12,22]. The predominant phase is, for all
catalysts, NiO with moderate interaction with the support, (about
80%).

Particularly, for Ni(10)Mg(0)Al catalyst the signal obtained at
270 ◦C can be attributed to the reduction of isolated NiO.

It is possible to distinguish that the temperature at the maxi-
mum of the reduction peak increased from 535 ◦C to 610 ◦C as Mg
(II) content increases between 0 wt% and 15 wt%. Similar results
have been reported by Iriondo et al. [11]. Since this reduction event
is assigned to NiO with moderate interaction with the modified sup-
port, it would be possible to attribute the increment in the reduction
temperature as Mg  (II) content increases to a greater interaction
between NiO and MgO. However it is not possible to affirm the
formation of a solid solution NiO–MgO due to the low calcination
temperature of the catalysts (500 ◦C) and since it was not possible
to distinguish any change in the parameters cell of NiO in PXRD
patterns of the catalyst promoted with Mg(II).

The CO2-TPD profiles for the catalysts Ni(10)Mg(x)Al
(x = 0–15 wt%) are shown in Fig. 5. It can be observed that,
both the concentration of weak basic sites (occurring at low
temperatures) and of strong basic sites (occurring at high tem-
peratures) increase as Mg  (II) content increases. In this sense, for
the samples without Mg(II) and with 3 wt%  of Mg  (II), it was only
possible to distinguish the presences of weak acid sites in low
concentrations. Additionally, it is necessary to remark that for
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Fig. 5. CO2-TPD profiles of the Ni catalysts supported over Mg  modified supports.
Ni(10)Mg(x)Al,  x = 0–15 wt.%.
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ig. 6. Glycerol total conversion (xT), conversion to gaseous products (xG) and con-
ersion to liquid products (xL) as a function of Mg  content.

GSR activity measurements (Fig. 6) revealed that for the cat-
lysts modified with Mg(II) the glycerol total conversion slightly
ecreased with the content of Mg(II), while the conversion to
aseous products sharply decreased. With respect to the activity
f the catalyst without Mg(II) it can be observed that this was simi-
ar to that exhibited by Ni(10)Mg(5)Al catalyst, in spite of its lower
i dispersion.

The highest conversion to gaseous products (79%) was  achieved
ver Ni(10)Mg(3)Al catalyst and conversion diminished to 30.3%,
ver Ni(10)Mg(15)Al catalyst. Contrary to what happened with the
onversion of glycerol to gaseous products, the glycerol conver-
ion to liquid products (xL = xT − xG) increased with Mg(II) loading
Fig. 6).

It is noted that, for the catalysts modified with Mg  (II), the con-
ersion of glycerol to gaseous products and the Ni metal dispersion
ollowed the same trend with the content of Mg(II). Thus, the cat-
lyst was more active towards the reforming reactions as Mg(II)
ontent decreased, which would be related to the increase in Ni
ispersion.

Instead, the catalytic activity to liquid products was  higher as
g(II) content increased. Similar results were found by Iriondo

t al. [11], who correlated the higher content of Mg(II) with lower
2 yield and with increasing production of liquid oxygenated
ydrocarbons. This behaviour deals with the role of intermedi-
te products that liquid oxygenated hydrocarbons [23] present in
he steam reforming of glycerol. Therefore, at higher Ni dispersion,
here is higher H2 production and also lower liquid oxygenated
ydrocarbon formation; which could be additionally related to the
igher activity that Ni has for C C bond cleavage.
In Fig. 7, the effect of the content of Mg(II) on the distribution of
aseous products is analyzed. The yields to H2, CO2 and CO followed
he same behaviour as the glycerol conversion to gaseous products.
he highest H2 yield took place with the 3 wt% Mg(II) modified solid
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ig. 7. Gaseous products (H2, CO2, CO and CH4) yields as a function of Mg content.
Fig. 8. Gaseous products (H2, CO2, CO and CH4) yields as a function of Ni metallic
area.

achieving a yield of 4.8 (76.8% of the thermodynamic yield under
these conditions). Beyond this point, H2 yield decreased with higher
Mg(II) contents. With regards to the yields to CH4 (Fig. 7) and C2H4
they were lower than 2%, regardless of the content of Mg(II). The
yields to H2, CO and CO2 as a function of Ni metallic area are shown
in Fig. 8. It is observed that yields to gaseous products increase
linearly with Ni metallic area for the catalysts modified with Mg.
While a strong deviation from this linear behaviour is detected for
the catalyst without Mg  (II). The catalyst prepared without Mg(II)
has more active Ni sites than the catalyst with Mg(II), which might
imply that the presence of MgAl2O4 modifies the intrinsic activity
of Ni◦. In this sense, the adverse effect of increasing the amount of
Mg(II) added to the alumina, on catalyst activity was reported by
Wang et al. [15].

Since the Ni(10)Mg(3)Al catalyst showed the best catalytic per-
formance for the GSR, a stability study for this catalyst was  carried
out. The reaction conditions were the ones mentioned before;
under which the catalyst was stable for a period of 10 h. In Fig. 9
glycerol conversion to gaseous products and H2 yield values as a
function of reaction time are shown.

The effect of Mg(II) content on the formation of carbon was stud-
ied by TPO analysis. The samples of catalyst used in the reaction for
a period of four hours were analyzed by TPO technique in order to
identify and quantify the species of carbon produced.

With regards to the results of TPO for the catalysts with differ-
ent contents of Mg(II), the TPO profiles for all the catalysts showed
the presence of a single species of carbon (Fig. 10). Based on bib-
liography [24,25], since the formation of CO2 takes place between
450 ◦C and 700 ◦C it was possible to assign this species to filamen-
tous carbon. Additionally, the presence of filamentous carbon is in
agreement with the fact that the catalysts did not deactivate under

reaction conditions. For the catalysts modified with Mg(II), as the
content of Mg(II) increased, a marked decrease in the peak intensity
of the CO2 profile was  observed. Besides, it can also be observed a
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Fig. 9. Stability test. Glycerol conversion to gaseous products (xG) and hydrogen
yield vs. time of reaction.
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Table 2
TPO results. Carbon formation per gram of catalyst and carbon formation per gram
of  catalyst normalized by glycerol total conversion.

Catalysts gC/gcat xT (%) gC/(gCAT × xT)

Ni(10)Mg(3)Al 0.07 91.2 0.08
Ni(10)Mg(5)Al 0.07 82.8 0.08
Ni(10)Mg(10)Al 0.05 76.8 0.06
ig. 10. CO2-TPO profiles of the Ni catalysts supported over Mg modified supports.
i(10)Mg(x)Al, x = 0–15 wt.%.

light decrease in the temperature at which the maximum CO2 pro-
uction took place. This effect has been explained by Ozdemir et al.
26] and Basagiannis et al. [19]. They suggest that Mg(II) promotes
he adsorption of O2 or OH fragments and also their mobility on
he catalytic surface, facilitating carbon gasification.

The amount of carbon formed during reaction per gram of cat-
lyst after four hours of reaction is shown in Table 2. However as
lycerol total conversion differs for each catalyst, the amount of
arbon formed during reaction was normalized by the total con-
ersion of glycerol. These results are also shown in Table 2. The
atalyst without Mg(II) presented the highest amount of carbon

ormed during the steam reforming of glycerol per mol  of con-
erted glycerol, whereas the lowest carbon formation per mol  of
onverted glycerol was observed for the catalyst modified with
5 wt% of Mg(II). Concerning the other catalysts with Mg(II) content

Fig. 11. SEM images of the fresh catalysts. Ni(10)Mg(x)Al, A:
Ni(10)Mg(15)Al 0.03 75.6 0.04
Ni(10)Al 0.07 79.1 0.09

between 3 wt%  and 15 wt%, carbon formation per mol  of converted
glycerol decreased with higher amounts of Mg(II). It is known the
importance of Ni particle size on coke formation; however these
results showed that carbon formation during glycerol reforming
could be explained mainly in terms of the higher basicity of the
support, instead that on the differences in particle size. Thus it is
evidently that exist a correlation between the basicity of the sup-
port and carbon formation, whereas there is not clear correlation
between carbon formation and Ni particle size.

Therefore, based on these results a controversy is established. If
the aim is to minimize carbon formation, higher contents of Mg(II)
should be used, whereas if the goal is to achieve better catalytic
activity for the GSR, lower Mg(II)/Al(III) ratios should be employed.

Samples with varying content of Mg(II), either used or fresh,
were analyzed by scanning electron microscopy. From the SEM
images corresponding to the catalysts with Mg(II), it was  possible to
determine that there were no significant differences between these

fresh catalysts. All samples exhibit a sheet like structure combined
with granules (Figs. 11 and 12).

The used samples clearly differ from the fresh ones, since regard-
less the content of Mg(II) the sheet-like structure disappeared and it

 x = 3 wt%, B: x = 5 wt.%, C: x = 10 wt.% and D: x = 15 wt.%.
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Fig. 12. SEM images of the used catalysts. Ni(10)Mg(x)

as only possible to appreciate the granular type structure. Added
o this, for the catalysts with a content of Mg(II) between 3 wt%  and
0 wt%, filaments of carbon (whisker) were observable. Carbon fila-
ents were not observed for the catalysts 15 wt%. Although, based

n the TPO profiles, the formation of these filaments should not be
iscarded.

. Conclusions

The effect of Mg(II) as a promoter of Ni based catalysts supported
ver alumina and of its content, on both, the catalytic activity and
arbon deposition in the steam reforming of glycerol is studied.
oading the support (�-Al2O3) with Mg(II) promoted the forma-
ion of Mg(II) spinel (Mg1−xAl2O4−x), which is a phase with high
nherent stability. Nevertheless, H2 chemisorption revealed that
i metallic area and Ni dispersion were enhanced at low contents
f Mg(II). Consequently, in order to obtain a catalysts with high
etal dispersion that favours glycerol conversion to gaseous prod-

cts it is advisable to modify the support with low percentages of

g(II).
For the catalysts modified with Mg  (II) there is a linear

elation between the conversion to gaseous products and Ni
ispersion. This behaviour could suggests that these catalysts
x = 3 wt%, B: x = 5 wt.%, C: x = 10 wt.% and D: x = 15 wt.%.

have the same type of Ni(0) active sites. While the deviation
from this linear relation detected for the catalyst without Mg
(II) might imply that this catalyst has a different type of active
Ni(0) site and particularly more active and more strongly deac-
tivated by carbon formation than the one in catalysts modified.
Thus, it is could be concluded that the catalytic activity is related
with the Ni(0) particle obtained from reduction of NiO with
weak interaction with support, but this species presents differ-
ent intrinsic activity depending on if the alumina is modified with
Mg(II).

Concerning catalyst deactivation, the lower amount of carbona-
ceous deposits was formed with the catalyst with the highest Mg
(II) loading. Therefore, carbon formation could be related to the
basic character of the catalysts; the higher basicity of the support
and the promoting effect of Mg  might favour carbon gasification
during steam reforming of glycerol.

Finally, it should be noted that the optimum catalytic per-
formance was  obtained with the 3 wt% Mg(II) modified support
with an H2 yield of 4.8, which corresponds to 77% of the ther-

modynamic yield under these conditions. Also the conversion
to gaseous products for this catalyst was 79.3% and conver-
sion to liquid products corresponded to the minimum recorded
(about 11%).
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