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� Glycerol reforming on catalysts
obtained from MgAl layered double
hydroxides.
� Weak to moderate basic sites render

catalysts more selective to hydrogen.
� More stable carbon deposits play

major role in catalyst deactivation.
� Highly dispersed metal sites are

important for in situ catalyst surface
cleanness.
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a b s t r a c t

Layered double hydroxides containing Mg and Al (Mg/Al ratios of 3 and 5) were used as support for
Pt-based catalysts for glycerol steam reforming. Additionally, catalysts supported on the parent MgAl
mixed oxides were also evaluated. Fresh catalyst samples were characterized by XRD, BET, TPD-CO2

and XRF whilst the spent catalysts were examined by TEM and TPO/TGA-MS. All catalysts revealed to
be active, leading to a hydrogen-rich gas stream but with distinct resistance to deactivation. The catalyst
synthesized directly from the layered double hydroxide precursors with Mg/Al ratio of 3 was shown to be
more effective since global and gas conversion are similar, varying within 60–25%. Major incidence of
weak to moderate basic surface centers rendered catalysts more selective, reaching up to 68% selectivity
to hydrogen. However, they were not enough to suppress deactivation. It was found that the formation of
more stable carbon deposits play a key role on deactivation and only a minor contribution from the car-
bonaceous material formed from the intermediate organic liquid compounds was proposed. Highly dis-
persed metal centers were suggested to be important for in situ catalyst surface cleanness.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction known for producing hydrogen, mostly by applying thermochemi-
Hydrogen can be utilized in clean power generation through the
employment of devices known as fuel cells. Different routes are
cal reactions based on a number of fossil and renewable feedstocks
such as methane, ethanol, bio-oil, ethylene glycol, glycerol, etc.
Time and effort have been spent on studying hydrogen production
motivated by the promise of energy offer associated with very low
levels of pollutant emissions. Additionally, the hydrogen technol-
ogy platform can be enhanced by preferentially choosing renew-
able resources as main raw materials. They can certainly create
benefits but also bring some technical challenges. In fact, in spite
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of the sustainability assessment brought about by this matter, eco-
nomic competitiveness must also be considered. In this context,
the increasing availability of glycerol as a co-product of biodiesel
production makes it attractive to address these issues.

Glycerol is a particularly interesting biomass-derived com-
pound in todaýs global scenario given the ever-growing applica-
tion of biodiesel as fuel component worldwide. This is
additionally motivated by the vast accessibility to oleaginous seeds
in many countries, such as Brazil. The thermochemical trans-
formation of glycerol to hydrogen has been assessed by pyrolysis
and different types of reforming reactions. Amongst them aqueous
phase (APR) [1–4], dry [5] and steam reforming reactions (SR)
[6–11] are being consistently studied. Those are catalyzed reac-
tions conducted over metal based formulations. Usually the cata-
lysts are composed by Ni, Co, Ru, Rh, Ir or Pt [1–11], all having
the ability to promote the cleavage of C–C, O–H and C–H bonds.

Based on its low cost, availability and good performance, Ni is
the most cited metal appearing in the dedicated literature.
However, as already reported in previous investigations regarding
alcohol reforming reactions [3,6,12–15], noble metals also present
potential performance in glycerol reforming [6,15–18]. These met-
als are worth studying because they are active and stable at low
temperature. As a consequence, they are good candidates to reach
some crucial goals in glycerol reforming. Metallic or bimetallic
catalysts having platinum as one of the components have showed
good performance at temperatures below 350 �C [15]. In a straight-
forward comparison between Ni and Pt, Pompeo et al. [19] attested
that Pt catalysts are more active and much more stable than Ni
catalysts. Complete glycerol conversion to gas was achieved over
Pt based catalyst, producing a gaseous stream with 70% of hydro-
gen. Furthermore no deactivation was observed during 40 h on
stream. Conversely, strong deactivation caused by carbon deposits
with polymeric or amorphous structure was formed on the non-
noble metal catalyst [19].

Considering the problem of deactivation, such formation of car-
bonaceous deposits is indeed the most crucial issue regarding
reforming processes for energy generation. As for glycerol reform-
ing, its genesis has been frequently claimed to be related to parallel
reactions such as dehydration, dehydrogenation and condensation.
These side reactions would lead to the formation of a wide range of
intermediate organic compounds [7]. This phenomenon can be
favored or avoided by adjusting the reaction conditions [20] or
by the nature of the catalyst [3], tuning its surface properties.
Indeed, some authors have claimed that the amount of coke
increases with the density of strong acid sites [21]. A speculation
model of coke formation has been proposed elsewhere [22].
Basically, it relies on the formation of adsorbed species as carbon
precursors from glycerol side reactions that would transform into
coke on the active sites.

In view of the possible glycerol reforming processes, SR reaction
(Eq. (1)) is an attractive route since it can be carried out at atmo-
spheric pressure. On the other hand, it is thermodynamically
favored under high temperature conditions as it is an endothermic
reaction (DH = +123 kJ/mol). In fact, glycerol SR is a quite complex
process, resulting from the combination of the two distinct reac-
tions: glycerol decomposition (Eq. (2)) and water gas-shift reaction
(Eq. (3)). Methanation (Eq. (4)) is also one of the main reactions
that may occur concomitantly with the others, causing a significant
loss of hydrogen.
C3H8O3 þ 3H2O! 3CO2 þ 7H2 ð1Þ

C3H8O3 ! 3COþ 4H2 ð2Þ

COþH2O$ CO2 þH2 ð3Þ
COþ 3H2 ! CH4 þH2O ð4Þ
2CO$ CO2 þ C ð5Þ

Along with the above-stated reactions, the high temperature
demanded for glycerol SR also favors other side reactions. It
can provoke the breaking of glycerol molecules into lower
weight oxygenates or hydrocarbons, such as ethane and ethy-
lene. Still, because of the presence of small carbon-containing
molecules (CH4, CO), further transformations, such as the
Boudouard reaction (Eq. (5)), may take place and lead to coke
deposition.

Noticeably, this rather intricate scenario of simultaneous and
successive undesired reactions must be avoided by applying ade-
quate operation conditions and by an efficient design of the cata-
lyst. Thus, while planning SR reactions, the set of appropriate
conditions to minimize deactivation must be chosen. Indeed it
has already been discussed in thermodynamics studies [23]: med-
ium-high temperature (>320 �C), atmospheric pressure and high
water:glycerol ratio (>4). As previously mentioned, the catalyst
design should be considered as well. It should typically contain a
metal responsible for the selective cleavage of C–C bonds.
Moreover, the use of elements bearing alkaline properties is
encouraged since it is known that carbon deposition can be sup-
pressed on supports with strong Lewis basicity [24,25]. Some
authors has achieved successful results by adding an alkaline earth
(Ca, Sr) or rare earth oxides (La, Gd, Pr, Nd, Er) to the support
[25,26]. It has been argued that the presence of these oxides
increases the adsorption of CO2 on the catalyst surface. As a conse-
quence it would reduce carbon deposition through the Boudouard
reaction (Eq. (5)) by shifting the equilibrium toward CO. The
addition of Mg has also shown to enhance the stability and H2

selectivity in hydrocarbon and alcohols reforming [11,27,28].
Nevertheless, this approach is mostly used with Ni and Co based
catalysts as they are synthesized from layered double hydroxides
(LDH). These lamellar materials are usually taken as precursors
to obtain highly dispersed metal nanoparticles [29,30]. Such small
metal sites along with basic surface centers provided by Mg are
known to decrease the amount of deposited carbon and increase
the catalyst resistance to deactivation [31,32]. Those layered struc-
tures, however, are scarcely exploited to obtain noble metal cata-
lysts and only a few contributions concerning the use of Pt, Rh
and Pd can be found [33,34].

Hydrotalcite-like layered double hydroxides (LDHs) are natural
or synthetic materials consisting of positively charged brucite-like
(Mg(OH)2) sheets. LDHs have divalent Mg2+ and trivalent ions, for
example Al3+, octahedrally coordinated by hydroxyl groups. The
excess of positive charge in the layers is compensated by anions
located in the interlayer space. The materials with a hydrotalcite-

based structure have the general formula M2þ
1�xM3þ

x ðOHÞ2
h i

A�n
� �

x=a � yH2O, where M2+ and M3+ represent divalent and trivalent

cations in the octahedral sites within the hydroxyl layers, x is
equal to the ratio of M3+/(M2++M3+) and A is the interlayer
anion [29]. One of the most attractive properties of these solids
is the possibility of tuning its basic strength. This property arises
from the flexible Mg2+/M3+ ratio of its structure. Furthermore,
LDHs can be used as precursors of mixed oxides that are easily
obtained upon calcination, resulting in well dispersed oxide
phases.

In this contribution, layered double hydroxides containing Mg
and Al and their derived mixed oxides were synthesized. These
materials were taken as support for Pt-based catalysts and
investigated in glycerol steam reforming. In this approach, the
distribution of metal and basic surface sites was tuned by
exploiting the 2D and 3D architectures afforded by the lamellar
hydroxides and LDH-derived mixed oxides, respectively.
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2. Experimental

2.1. Support synthesis

The LDH materials were prepared by typical co-precipitation
method [35] at 70 �C, using aqueous solutions of aluminum and
magnesium nitrates. The concentration of the solutions was calcu-
lated to vary the Mg:Al molar ratio; two sets of samples with
Mg:Al = 3 and Mg:Al = 5 were synthesized. A NaOH solution at
1 mol/L was used as precipitation agent and the pH was kept con-
stant at 10.0. Precipitation step was followed by aging the resulting
suspension at 70 �C for 16 h. Carbonate contamination was mini-
mized by purging the reaction vessel with N2 throughout the
whole preparation procedure. The precipitates were filtered and
extensively washed. They were designated as MgxAl–H, where
x = 3 or 5 depending on Mg:Al ratio. These layered solids were fur-
ther calcined at 500 �C for 4 h in a muffle in order to provide the
LDH-derived mixed oxides herein designated as MgxAl–O.

2.2. Preparation of the catalysts

1 wt.% Pt catalysts were prepared by incipient wetness impreg-
nation, using an aqueous solution of Pt(NH3)4NO3 as metal precur-
sor. The impregnation procedure was carried out using both the
hydrated layered supports (MgxAl–H samples) as well as the cal-
cined mixed oxides, MgxAl–O. The impregnated solids were dried
overnight and finally calcined at 500 �C for 4 h. The catalysts were
named as PtMgxAl–H and PtMgxAl–O.

2.3. Standard characterization of supports and supported catalysts

X-ray diffraction (XRD) was carried out in a Rigaku Miniflex
using Cu Ka radiation (1.540 Å). The diffraction patterns were
recorded in the range of 5–80� (2h) with a scan rate of 0.02� s�1.

Specific surface areas were determined by BET formalism for
the calcined MgxAl–O samples. Nitrogen adsorption and desorp-
tion isotherms were obtained to determine pore size distribution
using BJH method. The analyses were performed at �196 �C in a
Micromeritics ASAP 2020 equipment.

Surface basicity was investigated by temperature-programmed
desorption of CO2 (TPD-CO2) carried out in an AutoChem II equip-
ment from Micromeritics. The samples were initially treated at
500 �C under a stream of 8% O2/He (vol.%) at 50 mL min�1 in order
to eliminate eventual carbonated species generated by air expo-
sure during handling and storage ensuring thus the surface clean-
ness. After, they were cooled to room temperature and then were
submitted to a flow of pure CO2 for 30 min. Lastly, the reactor
was purged with He prior to the thermal desorption analyses.
The desorption profiles were collected using a He flow of
50 mL min�1 and rising the temperature up to 1000 �C, following
a 10 �C min�1 linear temperature ramp.

Chemical composition of all samples was determined by X-ray
fluorescence spectrometry carried out in a Bruker S8 Tiger
spectrometer.

2.4. Catalytic evaluation

Catalytic activity and stability were evaluated on steam reform-
ing of glycerol in a continuous flow system equipped with a fixed-
bed stainless steel tubular reactor with / = 12 mm. In a typical test,
before the reaction, 40 mg of the powdered catalyst was mixed
with an inert material to avoid any temperature gradient in the
catalytic bed. It was reduced in situ at 600 �C for 1 h under pure
hydrogen. A syringe pump was used to feed the reactor with the
glycerol solution (36 wt.%) at 0.13 mL min�1. The liquid was
vaporized in the first third of the reactor. This feed stream was
diluted with a 172 mL min�1 flow of a nitrogen/argon mixture. A
contact time of 511 h�1 was used in all tests with a water to glyc-
erol molar ratio in the gas phase of 9:1, at 600 �C and at atmo-
spheric pressure.

The gaseous products were analyzed on-line by TCD and FID
detectors in an Agilent 7890A GC chromatograph. A CarboxenTM
1010 Plot (30 m � 0.530 mm) column was employed to determine
N2, H2, CO, CO2, CH4 and C2H4. Regarding the liquid phase products,
the stream was continuously condensed and the concentration of
unreacted glycerol and the distribution of the products in the liq-
uid phase were further determined by high performance liquid
chromatography (HPLC) on a Waters Alliance e2695 equipment
coupled to a refractive index detector (RID). The analyses were per-
formed in isocratic elution mode, using an aqueous H2SO4 solution
at 0.05 mol L�1 as eluent at 0.7 mL min�1 and a Biorad Aminex
HPX-87H ion exchange column. The temperatures of the column
and RID were kept at 65 and 50 �C, respectively.

Global conversion of glycerol (Xglobal) was calculated based on
glycerol concentration in the initial solution (Fin) and in the con-
densed phase from the reactor outlet (F out):

Xglobal ð%Þ ¼
Fin

gly � Fout
gly

Fin
gly

� 100

Glycerol conversion to gaseous products (Xgas) was determined
from the molar flow of the non-condensable products in the outlet
(Fi) and the glycerol molar flow in the inlet:

Xgasð%Þ ¼
FCH4 þ 2FC2H4 þ FCO2 þ FCO

3Fin
gly

� 100

Selectivity data was calculated by applying the following
equations:

SH2 ð%Þ ¼
3
7
� FH2

FCO2 þ FCO þ FCH4 þ 2FC2H4

� 100

Sið%Þ ¼
Fi

FCO2 þ FCO þ FCH4 þ 2FC2H4

� 100
2.5. Characterization of used catalysts

The used catalysts were collected after the reaction and
characterized in order to shed some light on the eventual deactiva-
tion process. Temperature-programmed oxidation (TPO) was per-
formed in a TA Instruments SDT Q600 thermobalance coupled to
an Ametek quadrupolar mass spectrometer (TPO/TGA-MS). The
analyses were conducted following a heating rate of 20 �C min�1

up to 900 �C under synthetic air at 50 mL min�1.
Finally, the used catalysts were ultrasonically suspended in iso-

propanol and deposited on a carbon-coated copper grid for
Transmission Electron Microscopy (TEM) examination using a
Tecnai 20 FEI microscope.

3. Results and discussion

3.1. Characterization of supports and catalysts

3.1.1. X-ray diffraction of synthesized supports
The diffraction patterns of the prepared LDH (Mg5Al–H and

Mg3Al–H) show that lamellar structures were indeed formed
(Fig. 1), irrespective of their chemical composition. Nevertheless,
the solids with different Mg/Al ratios exhibit an expected shift in
the position of the peaks due to the slight variation of the inter-
layer spacings, being 0.797 and 0.818 nm for Mg5Al–H and



Table 1
BET surface area (SBET) and density of surface basic sites calculated for the resulting
mixed oxides.

Support SBET

(m2/g)
Basic sites

Weak (%) Medium (%) Strong (%) Total
(lmol/m2)

Mg5Al–O 140 18 9 73 440
Mg3Al–O 149 22 17 61 334

Fig. 1. XRD patterns of the synthesized supports.

S.M. de Rezende et al. / Chemical Engineering Journal 272 (2015) 108–118 111
Mg3Al–H, respectively. Such a shorter spacing upon the increase of
the Mg/Al ratio is a consequence of the layer charge decrease as
well as the gallery height. Yet, the separation between the layers
is also determined by the dimensions of the anions guested within
the interlamellar space. Either interlayer distances revealed by the
XRD profiles will correspond approximately to an average value if
the presence of both [NO3]� (0.879 nm) and [CO3]2� (0.765 nm)
[29] anions are considered within the interlamellar domain. It sug-
gests that some CO2 was still dissolved in the aqueous solution
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Fig. 2. N2 isotherms (a) and pore diameter dist
despite the constant N2 flushing during co-precipitation, finding
its way into the interlayer space. The broader reflections noticed
in Mg3Al–H pattern when compared with Mg5Al–H indicate a less
ordered structure or the formation of smaller crystallites as already
observed for other Mg-rich hydrotalcite type materials [36]. Lastly,
the diffractograms show no evidence of any crystalline Mg(OH)2 or
Al(OH)3 phases.

Regarding the structure of the calcined samples, also depicted
in Fig. 1, it can be seen that the heat treatment leads to the forma-
tion of oxides phases, herein identified as Mg3Al–O and Mg5Al–O.
The diffractograms essentially exhibit, however, reflections only
associated with MgO cubic phase, which is ascribed to the pretty
high Mg/Al ratios in both solids. The patterns do not show any sign
of the presence of an Al2O3 crystalline phase. In fact, an amorphous
halo between 20� and 30�, which is typical of materials with low
crystallinity, is easily noted and may be related to a segregated
transition Al2O3 phase. It is thus conceivable that MgO�Al2O3 mixed
oxides powders are obtained.

3.1.2. Porosity of synthesized supports
BET areas of the two oxide samples are collected in Table 1. It is

seen that these solids present high surface areas as expected for
this sort of materials derived from layered double hydroxides
[29,37]. It is also noted that the values are pretty similar irrespec-
tive of the Mg/Al ratio. However, some textural disparities arise
when analyzing their N2 isotherms and BJH desorption pore
diameter distributions as depicted in Fig. 2.

It is seen that the isotherms present different features. Mg3Al–O
exhibits typical type IV isotherm with a broad H1 type hysteresis
loop, indicating the occurrence of mesopores. On the other hand,
the sample with higher Mg/Al ratio (Mg5Al–O) shows a type II iso-
therm, the normal form obtained with macroporous/non-porous
materials. These pore differences are consistently clear in their
diameter distributions (Fig. 2).

3.1.3. Basic properties of synthesized supports
As a discussion on the role of the basic properties of the cata-

lysts on their performance and stability is one of the goals of this
work, TPD experiments using CO2 as an acidic probe molecule were
made but only for the two calcined samples, since they are the only
samples thermally stable enough. The results indicate a wide dis-
tribution of basic surface sites as displayed by the large tempera-
ture range of the desorption peaks in the profiles in Fig. 3. These
data were used to quantitatively determine the total amount of
basic centers as well as to distinguish the surface sites according
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to their basicity strength. The density of basic surface sites was
normalized by surface area considering the BET results reported
and discussed hereinbefore.

The records summarized in Table 1 show some differences in
the total amount of basic sites, the mixed oxide with higher mag-
nesium content being the more basic solid. For a more detailed
investigation of each type of surface center, desorption peaks
below 250 �C were considered as corresponding to a moderate to
weak basicity. Above this temperature, CO2 release is a conse-
quence of the existence of strong basic sites. Taking into account
these indications, the amount of CO2 detected for each sample
was calculated and classified as exhibited in Table 1. These data
along with the wide range of temperature at which desorption
occurs show that the two solids are described by a major pop-
ulation of strong sites. This is even more significant for the sample
containing higher magnesium loading (Mg5Al–O), indicating that
it has a predominant concentration of low coordination O2� anions
[37]. On the other hand, sample Mg3Al–O carries more sites classi-
fied as moderate or weak basic centers than sample Mg5Al–O,
respectively 39% and 27% of the total amount.

3.1.4. Chemical composition of fresh catalysts
The metal catalysts obtained either from impregnation of LDH

or mixed oxide solids were essentially characterized as regarding
their chemical composition. The results show that the catalysts
possess similar metal loadings and that the experimental Mg/Al
ratios are in good agreement with the theoretical ones (Table 2).
Fig. 3. TPD-CO2 profiles of the mixed oxides.

Table 2
Chemical composition of the supported catalysts.

Catalyst Pt (wt.%) Mg/Al

PtMg5Al–H 1.4 5.0
PtMg3Al–H 1.3 3.5
PtMg5Al–O 1.2 5.6
PtMg3Al–O 0.9 3.2
3.2. Catalytic activity

3.2.1. Global and gas conversion
All supported catalysts were tested for the steam reforming of

glycerol and the gaseous products were analyzed firstly to infer
on their effectiveness for hydrogen generation. The distribution
of products in the gas phase is depicted in Table 3, revealing that
indeed high concentrations of H2 and CO2 were formed with maxi-
mum selectivities to H2 of �68%. It is interesting to note that H2

and CO2 selectivities are higher for those catalysts exhibiting lower
Mg/Al ratio. Still, the presence of CO and a very low concentration
of hydrocarbons (ethylene, ethane and methane) are also detected
for all the catalysts tested. This gas composition is in close agree-
ment with those reported so far for a multitude of different catalyst
composition [38]. It should be mentioned, however, that H2 selec-
tivity reached herein (<70%) is slightly lower than those usually
reported for non-noble metal catalysts (70–80%) [38].

Examining the data summarized in Table 3, it is possible to
learn that the H2/CO2 ratio is similar for the four catalysts. The cal-
culated values for this ratio satisfactorily approach the theoretical
value (H2/CO2 = 2.3) attributed to the reforming reaction (Eq. (1)).
Consequently, under the chosen conditions, we can conclude that
the two families of LDH-derived catalysts can indeed convert glyc-
erol to hydrogen through steam reforming reaction.

Fig. 4 shows the global glycerol conversion at 600 �C as a func-
tion of time on stream to estimate catalytic activity and stability of
the four catalysts. The temperature of these experiments took into
consideration the fairly low contribution of homogeneous thermal
conversion of glycerol as previously determined from blank tests
[39]. By observing Fig. 4, it is easy to note that the most stable sam-
ple is the catalyst PtMg5Al–H, which exhibits an almost constant
conversion of about 85%. Having a similar synthesis approach,
catalyst PtMg3Al–H reaches a similar glycerol conversion of 80%
at the very beginning of the reaction run; however, it undergoes
a severe deactivation causing the conversion to drop gradually
reaching 20% after 6 h. The other samples, produced through the
impregnation of the mixed oxides, present lower activities. Still,
they delineate a marked deactivation trajectory too, beginning
with glycerol conversions of 55–65% and decreasing steadily along
the 6 h until accomplishing only 25%. Although these two mixed
oxide-supported catalysts have poorer performances, it is interest-
ing to observe that the one with the highest Mg/Al ratio consis-
tently accomplish and maintain higher glycerol conversion. It is
thus plainly seen that the catalysts mostly differ in their resistance
to deactivation.

The gas conversion (Xgas) depicted in Fig. 5 is an important
parameter for the analysis of the H2 yield in glycerol reforming.
Concerning these calculations, samples of the ‘‘H’’ family behave
similarly with an average value of 35% after the first hour and
reaching 25–30% at the end of the experimental run. Sample
PtMg5Al–O exhibits a consonant behavior, excepting it achieves
�20% within the same reaction period. On the other hand,
PtMg3Al–O presents the most stable curve but with a quite low
Table 3
Gas phase selectivities and carbon balances of the catalysts tested in glycerol
reforming at 600 �C.

Catalyst Selectivity (%) H2
CO2

Carbon balanceb (%)

H2 CO2 CO HCa

PtMg5Al–H 48.5 50.0 9.7 2.3 2.3 98
PtMg3Al–H 65.0 67.9 10.2 2.4 2.2 91
PtMg5Al–O 51.8 53.0 10.6 3.7 2.3 94
PtMg3Al–O 68.2 59.5 27.0 14.5 2.6 82

a HC = hydrocarbons: ethane, ethylene and methane.
b Carbon balance considering only gaseous and liquid products.



Fig. 4. Glycerol global conversion (Xglobal) during time on stream for steam
reforming reaction at 600 �C.
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gaseous conversion of only 5%. Preliminarily, it is reasonable to say
that these results show that the ‘‘O’’ family catalysts are less effi-
cient than the ‘‘H’’ family.

Compare and contrast global glycerol conversion (Xglobal) and
gaseous conversion (Xgas) should lead to a sharp evaluation of the
catalyst performance. The results presented herein indicated that
sample PtMg5Al–H is the most active as regarding global conver-
sion. Nonetheless, the catalyst PtMg3Al–H is to be appointed as
the most effective for the production of H2 since the two calculated
conversions – Xglobal and Xgas – resulted in quite similar values. In
other words, by using this catalyst, all glycerol consumed is con-
verted into gas products, primarily hydrogen and CO2. Therefore,
the catalyst PtMg3Al–H produces a lower concentration of organic
by-products in liquid phase, which might be correlated to its lower
density of strong basic sites as discussed previously. Again, focus-
ing squarely on such compare-and-contrast examination, catalysts
synthesized by the direct impregnation of the layered double
hydroxides (‘‘H’’ family) led to a better catalytic behavior.
Fig. 5. Conversion to gaseous products (Xgas) during time on stream for glycerol
steam reforming reaction at 600 �C.
As for the catalyst PtMg5Al–H, the physico-chemical character-
ization along with its catalytic evaluation suggests that the higher
population of strong basic sites favors the initial steps of the reac-
tion. In fact, it is generally accepted that the strength of the basic
site is one of the determining features to influence the abstraction
of H atoms through a dehydrogenation route. Consequently, this
chemical property associated with the presence of metal sites is
possibly responsible for the high Xglobal observed for sample
PtMg5Al–H. However, as mentioned before and contrarily to the
objective of the overall reforming reaction, the glycerol conversion
toward liquid products is high (�60%). This means that parallel
reactions were markedly promoted leading to the formation of
by-products, which constitute the major components of the reac-
tion output from this catalyst. On the other hand, the catalytic
results obtained for sample PtMg3Al–H indicate that its weak to
moderate basicity leads to a more selective catalytic performance.
As concerning acid–base properties, it is usually accepted that
besides the strength of the acid sites, a narrow or more balanced
distribution of basic strength is also desired; otherwise the selec-
tivity and the stability may be strongly affected [40].
Unfortunately, fundamental studies on basic properties in cat-
alyzed reactions are not as developed as the acid ones yet and
much is still to be done. Nonetheless, it is well agreed that the
strength of basic sites required for base-catalyzed reactions, or a
base-catalyzed reaction step as in glycerol reforming, varies with
the easiness of proton abstraction from the reactant molecule
under the reaction conditions employed [41]. This fashion has
indeed been claimed in glycerol reforming studies at which differ-
ent acid/basic supports have been used and acid solids have consis-
tently failed to render effective catalysts [4]. Nonetheless, it has
been demonstrated that the use of basic materials does not solely
assure the stability of the catalyst for glycerol steam reforming
[38]. This is because dehydration on dual sites (basic oxygen cen-
ters and coordinatively unsaturated cations acting as Lewis acid
sites) on the support surface can still provoke the formation of
undesired coke precursors [3].

3.2.2. Distribution of products in liquid phase
For a deeper discussion and further understand the reaction

pathways occurring under the operation conditions followed here,
the distribution of products in liquid phase was also examined. To
proceed this investigation, around six aliquots from the condensate
were collected at regular intervals of time and analyzed by HPLC.
Fig. 6 shows the distribution of products as a function of the reac-
tion time for both ‘‘H’’ catalysts, PtMg5Al–H and PtMg3Al–H,
which had the more interesting and contrastive performances
regarding global activity.

The results indicate a similar trend for both catalysts showing
the production of the same set of compounds with the prominent
presence of acetol, pyruvaldehyde and lactic acid. Indeed, these
products have been recently detected by some other authors
[19], but in different proportion comparing to this contribution.
It is interesting to mention though that the authors applied milder
conditions considering this present work. For example, a residence
time of 7.50 gcat h/molglycerol was used while we have applied a
much lower value (1.25 gcat h/molglycerol), which should accelerate
catalyst deactivation. On the other hand, they adopted a lower
reaction temperature (350 �C) and obtained a global conversion
of 75% and a gaseous conversion of 46% [19]. Those conditions
led to the formation of ethylene glycol, dihydroxyacetone and
acetaldehyde as main products. Yet, acetol and pyruvaldehyde
were produced in very low concentrations. That distribution of
products was also related to the neutral character of the support
used (SiO2) which should not favor the dehydration route [19].

Unfortunately, very few articles [42] reveal the composition of
the liquid products while studying glycerol reforming and much



Fig. 6. Molar composition of liquid products as a function of time on stream for catalysts PtMg5Al–H (a) and PtMg3Al–H (b).
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are still to be done. In the case of the present catalysts derived from
LDH, it can be suggested that the major concentration of strong
basic sites contributes to the sequence of reactions depicted in
Scheme 1.

The proposed reaction pathway over the metal and basic sites
on the studied catalysts starts with glycerol dehydrogenation, fol-
lowed by a dehydration step leading to pyruvaldehyde; all steps
proceeding on the support surface sites. Finally, pyruvaldehyde
may be converted to acetol (hydroxyacetone) through hydrogena-
tion over the metal sites and lactic acid, which was possibly pro-
duced by the Cannizzaro rearrangement due to the catalyst
basicity. Aldehyde decarbonylation from cleavage of C–C bonds
would generate the gaseous products. As a deactivation process
was observed (Fig. 4), the breakage of C–O bonds in adsorbed inter-
mediates has also to be considered, which would generate carbon
deposits. Condensation of those reactive organic intermediate
compounds into heavy carbonaceous materials may not be ruled
out though.

Finally, it should be highlighted that the carbon balance con-
sidering gas and liquid products is quite satisfactory as presented
Scheme 1. Reaction pathway to organ
in Table 3. The difference observed is roughly consistent with total
amount of carbon deposited on each catalyst as seen by the abso-
lute values determined for each catalytic run (not shown).

3.2.3. Characterization of used catalysts
To understand the nature of the carbon deposits, some

characterization techniques were applied to investigate the used
catalysts.

TPO/TGA-MS analyses showed to be a valuable experiment to
progress the post-reaction studies. Profiles revealed different ther-
mal events, followed by the evolution of CO2 (m/z = 44) as dis-
closed by coupled mass spectrometer as depicted in Fig. 7. It also
shows the derivatives curves of the mass loss (dTG). According to
dTG curves, there are three thermal events in the analysis of all
four used catalysts. The first one takes place in the initial stages
of the temperature rise up to 150 �C and can be solely attributed
to the loss of water as observed by mass spectrometry. The second
and third thermal events are more or less resolved depending on
the sample, covering a wide range of temperature. The correspond-
ing CO2 profiles (Fig. 7, dashed lines) confirm that such mass loss is
ic liquid products from glycerol.



Fig. 7. TPO profiles of the catalysts after steam reforming of glycerol at 600 �C.
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a consequence of the gasification of carbon deposits on the sam-
ples. Interestingly, apart from the previously described con-
tribution at low temperature (<200 �C), water (m/z = 18) was only
evolved as a tiny peak between 380 and 420 �C for all samples
(not shown). This finding suggests that the residues may contain
slightly different carbon species, leading to either CO2 and water
or only CO2 as gasification products.

By deconvoluting the main dTG unresolved broadened peak, it
is indeed possible to note that the CO2 evolution profile comprises
three components that have maxima ranging approximately
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Fig. 8. Deconvoluted TPO profile of PtMg3Al–O catalyst.
between 345–425 �C (A1), 425–440 �C (A2) and 455–490 �C (A3),
as can be observed in the representative curves displayed in
Fig. 8. The first peak A1 perfectly matches the temperature range
at which water is also released, indicating that the parent CO2 dis-
charge results from the decomposition/burn off of remaining
organic compounds (CxHyOn) adsorbed on the catalysts along reac-
tion. The other components attached only to CO2 formation can
thus be attributed to gasification of carbon species (C).

By calculating the global weight loss associated with all car-
bonaceous species (excluding thus that below 200 �C) and dis-
criminating every single contribution (associated with each of
the three deconvoluted peaks), it is possible to make some
assumptions. For a more realistic approach, those amounts of car-
bon were analyzed separately normalized by the catalyst mass, Pt
loading and the global glycerol conversion (final conversion). These
values are summarized in Table 4. It should be firstly noted that the
amount of coke deposited on these Pt catalysts (10–15 wt.%) are
higher than those reported elsewhere (2–12 wt.%) [19,21]. It is
probably associated with the higher concentration of basic surface
sites on the samples in this study as previously discussed herein. It
can also be seen that the total amount of coke does satisfactorily
correlates with the catalyst stability. However, such a trend cannot
be equally expressed by all deconvoluted fractions. It might thus
suggest that they are not evenly responsible for the global deacti-
vation process.

In order to make it clearer, the contents of the different coke
fractions were correlated with the percentage of deactivation (dif-
ference between the initial and the final conversions) of each cata-
lyst (Fig. 9). As it can be seen through the evaluation of the
coefficient of determination (R2), a more satisfactory correlation
between carbon amount and degree of deactivation was found
for the more stable carbon species, those corresponding to peak
A3 at higher temperatures. This indicates that the more reactive
carbon species, which give rise to peaks A1 and A2, have minor
participation on the deactivation process of the catalysts. This is
an opposite proposition to that of presented elsewhere [19], which
relied on results obtained at mild conditions (lower temperature
and higher residence time). In that case, the authors concluded that
deactivation was caused by reaction intermediates adsorbed on the
catalyst, and responsible for generating the peaks at very low tem-
peratures in TPO experiments [19].

As already emphasized hereinbefore, the nature of deactivating
carbon sources has only recently been studied for glycerol reform-
ing [19,20,39,43,44] and a profitable discussion has to be moti-
vated. Additionally, they are especially scarce for platinum based
catalysts [3,19,21,22,38,45,46]. This recent literature reflects the
complexity and variation of carbon species in the light of the
well-documented knowledge on the mechanism of coke formation
involved in methane, ethanol and other oxygenated compounds
steam reforming [47–51]. It is thus generally accepted that carbon
Table 4
Amounts of carbon deposited on used catalysts as calculated from TPO/TGA-MS
analyses.

Catalyst Total
carbon
content
(wt.%)

Normalized
total carbon
contenta

CA1
b CA2

b CA3
b

PtMg5Al–H 10.0 0.0026 0.0010 0.0008 0.0008
PtMg3Al–H 12.6 0.0134 0.0066 0.0036 0.0032
PtMg5Al–O 14.5 0.0064 0.0023 0.0021 0.0020
PtMg3Al–O 12.0 0.0051 0.0017 0.0014 0.0020

a Total mass loss above 200 �C as normalized by the catalyst mass, the global
glycerol conversion and Pt loading.

b Mass loss corresponding to fractions A1, A2 and A3 according to the
deconvolution of dTG curves as defined in Fig. 8.
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Fig. 10. TEM images of used PtMg5Al–H (a) and PtMg5Al–O (b) catalysts.
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deposition during glycerol steam reforming present different
reactivity, associated with more stable polymeric or more reactive
carbon species [20]. For example, the source of the deactivation
process is often claimed to be: side reactions as the Boudouard
reaction and methane decomposition [52] and glycerol adsorption
or the presence of intermediate products generated by glycerol
dehydration/dehydrogenation (unsaturated coke precursors)
[3,7,38,44]. As regarding the formation of reactive organic inter-
mediates, acid–base surface properties of catalysts have been con-
sidered to play important role on coke formation for Pt supported
materials [10,19,38]. In the present study, side products were
indeed identified through liquid phase analysis. It is important to
remember that hydrotalcite type materials present acid Lewis sites
(coordinatively unsaturated cations) along with basic properties
[53]. This certainly contributed to the formation of condensed
compounds, which may not eventually be reformed to produce
gas products as very recently suggested elsewhere [54]. If so, the
acid–base sites could keep dehydrogenating the organic species.
It would thus ultimately lead to the formation of those more stable
carbon deposits similarly to the well-accepted coke formation
mechanisms for other oxygenated compounds such as ethanol
and bio-oil [38]. However, the desorption of those intermediates
from the catalyst surface to the outlet gas stream should also be
considered. In this case, the formation of oxygenated by-products
would not affect the catalyst performance. Taking into account
all these propositions, our findings suggest that the intermediate
compounds are not the ones to be straightforwardly credited with
deactivation. Any contribution from these compounds to carbon
formation would thus be indirect.
On the other hand, sintering of platinum particles is mostly lim-
ited to APR conditions [21,45], although it has also been considered
a secondary cause for catalyst deactivation in glycerol steam
reforming [55]. As concerning the metal role, it shall also be con-
sidered that low gasification temperatures may be associated with
carbon deposits near metallic centers while higher temperature
ones correspond to carbon deposited on the support [56].

The remarkable stability of PtMg5Al–H catalyst may be indeed
associated with its high metal dispersion, which would facilitate
in situ carbon decomposition/burn off during the reaction. The pre-
paration method applied to obtain ‘‘H’’ samples has already been
confirmed as a way to promote high metal dispersion [33]. In order
to verify eventual differences in the catalysts dispersion, the spent
catalysts were examined by TEM (Fig. 10). It was seen that sample
PtMg5Al–H indeed exhibits an average particle diameter lower
than its counterpart catalyst PtMg5Al–O. While Pt nanoparticles
with 3 nm is present in PtMg5Al–H after glycerol steam reforming
reaction, much larger ones (13 nm) is observed on PtMg5Al–O. It is
important to recall that TEM examination was limited to metal dis-
persion due to the presence of an inert material mixed with the
catalyst to avoid any temperature gradient along reaction.

It is interesting to highlight at this point, as hydrotalcite type
materials are frequently used in catalytic studies, that a simple
change in the preparation procedure can lead to a completely dif-
ferent behavior, to catalysts with distinct characteristics even when
the same chemical composition is used, and better catalytic results
can be accomplished. The different basicity of the supports, tailored
by their Mg/Al ratio and synthesis procedure, clearly affected its
selectivity to H2. The catalysts bearing weak to moderate basic sites
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(PtMg3Al) showed the highest H2 production, while those with
strong basic centers led to the formation of liquid oxygenated com-
pounds. This fashion was comparable to the resistance to deactiva-
tion of the catalysts, with the PtMg3Al samples being more stable
than the other PtMg5Al group. It corroborated the suggestion that
the formation of oxygenated by-products might play a secondary
role in deactivation. Finally, a more dispersed catalyst, which may
also be showed to play a role in catalyst surface cleanness.
4. Conclusion

Pt catalysts supported on layered double hydroxide and the
derived mixed oxides were studied in glycerol steam reforming.
All catalysts showed to be active but the one synthesized directly
from the layered double hydroxide precursors with Mg/Al ratio
of 3 revealed to be more effective. For this catalyst, global and
gas conversion were similar and varied within 60–25%. The pres-
ence of weak to moderate basic surface sites rendered more selec-
tive catalysts, accomplishing up to 68% selectivity to hydrogen.
Deactivation was observed on all catalysts irrespective their Mg/
Al molar ratio. The more stable carbon deposits played the major
role in the deactivation process. Carbonaceous materials derived
from intermediate organic liquid compounds also took a part in
deactivation but with only a minor contribution. Highly dispersed
metal centers showed to be important for in situ catalyst surface
cleanness.
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