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a  b  s  t  r  a  c  t

The  catalytic  conversion  of  renewable  sources  using  processes  with  low  energy  consumption  is expected
to reduce  damage  on  the environment.  In  this  sense,  significant  progress  in  reforming  of  alcohol  from
biomass  has  been  made.

The  aim  of  the  present  work  was  to study  the  aqueous  phase  reforming  (APR)  of  glycerol  using  Pt
catalysts  supported  on SiO2, �-Al2O3, and  �-Al2O3 modified  with  CeO2 and  ZrO2 (Ce4Zr1�).

The  higher  activity  and  H2 selectivity  would  be  related  to  the  less  particle  size  or  higher  metal  dispersion
of catalysts.  The  redox  properties  of  the  support  Ce4Zr1� favor  the  water  gas  shift  reaction,  increasing
the  yield  H2.  The  Pt/Ce4Zr1� shows  deactivation  by  a  fast  sintering,  however  this  catalyst  presents  the
best  performance;  even  after  three  reaction  cycles  and  regeneration.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, the benefits of generating hydrogen from
renewable sources and by means of processes with low energetic
requirements have been investigated. In this context, oxygenated
hydrocarbons coming from the biomass constitute a promissory
source for sustainable hydrogen production.

Nowadays, alcohols, as methanol, ethanol and polyols as eth-
ylene glycol, glycerol and sorbitol are found among most studied
organic molecules to obtain hydrogen by steam reforming and
aqueous phase reforming (APR) [1–4].

The APR has several advantages over steam reforming, for exam-
ple lower energy consumption, since it avoids the vaporization
of water and alcohol. Additionally, the lower APR temperature
minimizes undesirable decomposition reactions and favors the
water–gas shift reaction (WGS).

Catalytic systems based on metals of group VIII are cited in bib-
liography for APR of oxygenated hydrocarbons [2–8]. Wen  et al.
using a fixed-bed flow reactor have reported for APR of glycerol
the decreasing order in the yield to H2: Pt > Cu > Ni > Co [9]. The
activity, stability and composition of gas products were signifi-
cantly affected by the nature of the metal component, acidity and
basicity, and hydrothermal stability of the support. Basic support
resulted in high activity and higher hydrogen molar concentra-
tion, whereas acidic support and neutral support increase alkane
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formation. With respect to the study of different supports, APR of
ethylene glycol was studied over Pt supported on TiO2, Al2O3, car-
bon, SiO2, SiO2–Al2O3, ZrO2, CeO2 and ZnO as well as Pt-black [10].
Based on the turnover frequency for H2, Pt black, Pt supported on
Al2O3, TiO2 and carbon exhibited the highest activity. Pt supported
on Al2O3, and to a lesser extent ZrO2, exhibits high selectivity
for production of H2 and CO2. In contrast, Pt supported on car-
bon, TiO2, SiO2–Al2O3 and Pt-black produce measurable amounts
of liquid–phase compounds that would lead to alkanes at higher
conversions (e.g., ethanol, acetic acid, acetaldehyde) [10].

Manfro et al. studied Ni/CeO2 in APR of glycerol at 250–270 ◦C
[11]. These CeO2-supported catalysts showed lower formation of
methane than alumina supported nickel.

Menezes et al. studied Pt catalysts supported on Al2O3, ZrO2,
MgO and CeO2 in APR of glycerol [12]. All catalysts led to a
hydrogen-rich gas phase. However, a good potential activity with
high production of hydrogen and low concentration of undesired
hydrocarbons was accomplished over the catalysts supported on
MgO  and ZrO2.

Iriondo et al. studied the APR of glycerol using a fixed-bed
flow reactor with Ni and Pt monometallic and bimetallic catalysts
supported on �-Al2O3 and La2O3-modified �-Al2O3. PtNi catalysts
were the most active, whereas Ni catalysts experienced increasing
deactivation as the temperature increased. The presence of La2O3
improved this catalytic behavior toward lighter gaseous products
[13].

Wawrzetz et al. indicated that the initial reaction steps are dehy-
drogenation and dehydration. The dehydrogenation of hydroxyl
groups at primary carbon atoms is followed by decarbonylation and
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subsequent water gas shift or by disproportionation to the alcohol
followed by decarboxylation. Larger Pt particles favor hydrodeoxy-
genation over complete deconstruction to hydrogen and CO2 [14].

The present contribution has as an aim to analyze the effect of
the particle size and the role of the supports on the activity and
selectivity to gaseous and liquid products in the APR of glycerol.
To analysis the particle size effect, Pt/SiO2 samples were prepared
through different methods (impregnation and ionic exchange),
obtaining different particle sizes on a support with neutral char-
acteristics. To study the effect of the support, SiO2, �-Al2O3 and
�-Al2O3 modified with Ce and Zr were used. Finally, we stud-
ied with particular emphasis the stability of the catalyst which
results more active and selective. The post-reaction samples were
characterized by XPS, TEM and Raman, in order to determine the
mechanism responsible for the deactivation.

2. Experimental

2.1. Catalyst preparation

The Pt catalysts (∼1 and 2 wt%) supported on SiO2 (Aerosil 200,
Degussa) were prepared at room temperature using two  methods:
ionic exchange (ie) and incipient wetness impregnation (iwi), in
order to obtain catalysts with different metallic dispersion.

For the preparation by ionic exchange (cationic), the silica was
suspended in NH4OH.aq/under stirring prior to the addition of the
[Pt(NH3)4]Cl2 solution, having a concentration so as to obtain 1
and 2 wt% Pt exchanged on the silica. The solid was kept under
stirring for 24 h at 25 ◦C, in order to be able to obtain a uniform
distribution of platinum over the silica surface, as was  indicated by
Goguet et al. [15]. Subsequently, the suspension was  separated by
filtration under vacuum. The solid was repeatedly washed, dried
at 105 ◦C, calcined in air at 500 ◦C, leading to the “1PtSi(ie)” and
“2PtSi(ie)” catalysts.

The sample 2PtSi(Sintered) was generated by sintering the 2PtSi(ie)
catalyst at 800 ◦C with H2 flow saturated with steam. The sam-
ple 2PtSi(iwi) was prepared by impregnation with [Pt(NH3)4]Cl2 in
aqueous solution.

The Pt catalysts (1 wt%) supported on �-Al2O3 and �-Al2O3
modified with CeO2 and ZrO2 were prepared at room tempera-
ture by impregnation (iwi) with a H2PtCl6. Commercial �-Al2O3
Rhone Poulenc (Spheralite 512; surface area around 10 m2 g−1)
was used as base support. Modified supports were prepared by
impregnations of �-Al2O3 with ZrO(NO3)2·xH2O (Aldrich) and
Ce(NO3)3·6H2O (Alpha) aqueous solutions, with 4 wt% CeO2 and
1 wt% ZrO2 (denoted as Ce4Zr1�). The solids were dried at 105 ◦C
and calcined in air at 500 ◦C.

2.2. Catalyst characterization

The Pt content was determined by atomic absorption spectrom-
etry (AAS). The calibration curve method was used, with standards
prepared in the laboratory. The equipment utilized was  an IL Model
457 spectrophotometer, with single channel and double beam. The
light sources were hollow monocathode lamps.

Mean particle size was determined by TEM and obtained in a
TEM JEOL 100 C instrument. A graphite pattern was  used for cal-
ibration. To estimate the average particle size, the particles were
considered spherical and the diameter volume-area was calculated
by using the following expression

dva =
∑

ni · di3∑
ni · di2

(1)

where ni is the number of particles with diameter di.

Hydrogen chemisorption measurements were carried out in
dynamic equipment with a TCD detector. Samples were reduced
in H2 at 500 ◦C for 1 h, cooled in H2 up to 400 ◦C, flushed with Ar for
2 h at 400 ◦C and then cooled up to room temperature in Ar flow.
Hydrogen pulses were then injected up to saturation. Dispersions
were estimated from the hydrogen amount consumed, assuming
an adsorption stoichiometry H/Pt = 1.

Temperature programmed reduction tests (TPR) were per-
formed using a conventional dynamic equipment and the response
was  measured using a thermal conductivity detector. The feed flow
was  H2/N2 ratio of 1/9 and the heating rate was 10◦ min−1 from
room temperature up to 1000 ◦C.

The XPS analysis was  carried out in a multi-technique system
(Specs), equipped with a dual Mg/Al X-ray source and a hemi-
spherical PHOIBOS 150 analyzer operating in the fixed analyzer
transmission (FAT) mode. The spectra were obtained with a pass
energy of 30 eV and an Al-K� anode operated at 200 W.  The pres-
sure during the measurement was  less than 2 × 10−8 mbar. The
samples were subjected to a reduction during 10 min at 500 ◦C in
H2 5%/Ar flux in the pretreatment chamber of the equipment.

The Raman spectra were recorded with a TRS-600-SZ-P Jasco
Laser Raman instrument, equipped with a CCD (charge coupled
device) with the detector cooled with liquid N2. The excitation
source was  the 514.5 nm line of a Spectra 9000 Photometrics Ar ion
laser. The laser power was  set at 30 mW.  The spectral resolution
was  4 cm−1.

2.3. Catalytic tests

The APR experiments were carried out in a High Pressure Reac-
tor BR-100 system, from Berghof Instruments, with a volume of
100 mL,  operated in batch mode. The magnetic stirring was set at
900 rpm. The reactive mixture, 12 cm3, was an aqueous solution
of 10 wt% alcohol and the catalyst concentration was  4.2 wt%. As
considered thermodynamically elsewhere [16], the conversion of
glycerol to hydrogen and carbon dioxide is highly favorable at rel-
atively low temperature (∼227 ◦C), for this reason the reaction was
studied in the range 200–250 ◦C.

In a typical experiment, the catalyst was reduced ex situ at
500 ◦C for 1 h in H2 flow (30 cm3 min−1) using a heating rate of
10 ◦C min−1. Then, the catalyst was introduced in the reaction
media under H2 flow at room temperature. Subsequently, the reac-
tor was  purged with N2 (Air Liquide, 99.99%) and heated to reaction
temperature. The catalytic tests were performed at 200, 225 and
250 ◦C, resulting in autogenous pressure of 16, 24 and 44 bar respec-
tively.

The main reactions involved in the APR are represented in Eqs.
(2)–(4)

C3H8O3 ↔ 3CO + 4H2(GLY decomposition) (2)

CO + H2O ↔ CO2 + H2 (Water–gas shift reaction) (3)

C3H8O3 + 3H2O ↔ 3CO2 + 7H2 (Reforming reaction) (4)

The catalytic activity is expressed as the conversion to gaseous
products (XG) and the total conversion (XT), defined as:

XG
i = NCO + NCO2 + NCH4

n × No
i

× 100 (5)

where

No
i

, initial moles of alcohol;
NCO, NCO2 and NCH4 , moles of CO, CO2 and CH4 in gas products;
n, 3 (number of carbon atoms in the alcohol molecule)
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Table 1
Characterization of the studied catalysts. BET surface areas, metal content by atomic
absorption, mean particle size (dav) by TEM, H2 chemisorption (H/Pt ratio) and TPR
results.

Catalyst SBET support
(m2 g−1)

Pt (wt%) dav (nm) Dispersion
(H/Pt)

TPR peaks (◦C)

AA LTa HTb

2PtSi(iwi) 200 2.3 5.5 0.20 147 400
2PtSi(ie) 200 2.0 2.2 0.60 155 410
2PtSi(Sintered) 200 2.0 6.2 0.20 130 400
PtSi(ie) 200 0.9 2.4 0.60 110 410
Pt�  10 1.0 2.5 0.53 107 427
PtCe4Zr1� 8 1.1 2.1 0.60 134 391

a LT, low temperature.
b HT, high temperature.

XT
i = No

i
− Nf

i

No
i

× 100 (6)

where

Nf
i
, final moles of alcohol

The selectivity to carbon products (SCn%), Yield H2% and H2
Selectivity % were defined as:

SCn% = (mol of the product) × (number of carbon atoms in the product)
mol  of glycerol consumed × 3

× 100 (7)

Yield H2% = mol  of H2

mol  of glycerol charged × 7
× 100 (8)

H2 Selectivity% = molecules of H2 produced
C atoms in gas products

× 1
R

× 100 (9)

where R is the H2/CO2 reforming ratio of 7/3 for glycerol.

2.4. Analysis of products

The analysis of gaseous products was performed with a gas chro-
matograph Shimadzu GC-8A equipped with a column of 10 m and
1/8′′ HayeSep DB 110-120 and GC/TCD detector. The liquid products
were analyzed by gas chromatography with GC/FID and mass spec-
trometry CG/MS detector (Shimadzu GCMS-QP5050A) with 50 m
(0.2 mm and 0.5 �m)  HP-PONA capillary column. The accuracy of
the measured values was within 5% and the experiments could be
reproduced with a relative error of 10%.

3. Results and discussion

3.1. Catalyst characterization

Table 1 presents supports used, showing that SBET values are
from 8 m2 g−1 for Ce4Zr1� to 200 m2 g−1 for SiO2. In a previous work
we have reported the superficial acidity through an indirect method
by catalytic decomposition reaction of isopropanol (IPA). Thus, the
acidity of supports does not differ significantly but decreases in
the order of �-Al2O3 > Ce4Zr1� > SiO2. Moreover, we  have demon-
strated that the best support properties are achieved with Ce:Zr
ratio 4:1, and the Ce4Zr1� support consists of patches of mixed
oxide of Ce0.8Zr0.2O2 over �-Al2O3 [17].

Physicochemical properties of Pt catalysts are indicated in
Table 1. The particle size distribution determined from TEM micro-
graphs by at least calculating 100 particles was very narrow with a
mean particle size (dTEM) of about 2–6 nm.

The impregnated catalyst 2PtSi(iwi) showed less metallic dis-
persion and bigger particle size than that prepared through ionic
exchange (2PtSi(ie)). The treatment of 2PtSi(ie) at 800 ◦C in H2 flow
saturated with steam resulted in the sintering of Pt particles to a

Table 2
APR results of glycerol (GLY), ethylene glycol (EG), propylene glycol (PG) and acetol
(AC) with the 2PtSi(ie) catalyst. Reaction condition: P = 24 bar, T: 225 ◦C, reaction
time: 2 h.

% APR

GLY EG AC PG

XG 9 11 13 10
XT 15 13 72 21
SCO  0.1 0.7 0.1 0.5
SCH4 3.8 7.2 9.0 12.0
SCO2 58.0 80.0 17.0 34.0

Liquid products
SC1 + SC2 17.1 12.1 6.9 18.5
SC3 21.0 – 67.0 35.0

dTEM = 6.2 nm (sample 2PtSi(Sintered)). The Pt content increase from
∼1 to 2 wt% does not affect properties of PtSi(ie) catalysts as it was
observed in Table 1. It can also be observed that PtCe4Zr1� presents
slightly greater dispersions value than Pt�.  This fact would be indi-
cating a higher interaction between the metallic precursor and the
modified support, compared with �-Al2O3.

Reduction profiles obtained by TPR show the presence of two
peaks, the first one around 107–155 ◦C and the second between 390
and 430 ◦C (denoted as LT and HT respectively in Table 1). Accord-
ing to the literature, the lowest temperature peak can be assigned
to the reduction of Pt oxide species weakly interacting with sup-
port [18,19]. With respect to the high temperature peak, Ho et al.
reported for Pt/SiO2 catalysts, that the species with more interac-
tion Pt–(O–Si )n−y

y (n = +2 or +4) are reduced to temperatures over
400 ◦C [18]. Moreover, several authors reported for Pt/Al2O3 cat-
alysts, that the less important second reduction band is assigned
to the reduction of Pt oxychlorinated species (PtOxCly) in strong
interaction with the support [19–21].

Fig. 1 shows programmed temperature reduction profiles for
PtSi(ie), Pt�  and PtCe4Zr1�. For PtSi(ie) sample, the principal contri-
bution is the peak at T > 350 ◦C, evidencing the major interaction
Pt-support. For PtCe4Zr1� there is a low-temperature hydrogen
consumption (LT) that is higher to the complete reduction of the
Pt, which would indicate that, as it has been cited in the references,
Pt favors the reduction of Ce [22,23].

3.2. Catalytic tests

APR results of glycerol (GLY) at 225 and 250 ◦C using SiO2,
�-Al2O3, and Ce4Zr1� (without Pt) showed negligible levels of con-
version (XT around 1%).

In Table 2 the results of the APR of GLY at 225 ◦C with the cat-
alyst 2PtSi(ie) are shown. The gaseous products were mainly H2,
CO2 and CH4, being the selectivity to CO2 (SCO2) representative of
the selectivity to the reforming reaction (reaction (4)). The low CO
content near to 1000 ppm in gaseous products would be indicat-
ing that the CO can be quickly converted to CO2 through the WGS
reaction (reaction (3)). In Table 2 it is also indicated the selectivity
to liquid products grouped by the number of carbon atoms: SC1
(methanol), SC2 (ethanol and ethylene glycol) and SC3 (acetone, 1-
propanol, acetol, propylene glycol). Of these liquid products, the
main compound was propylene glycol (∼50% molar in the liquid).

APR tests of ethylene glycol (EG), acetol (AC) and propylene gly-
col (PG) allowed for the evaluation of their reactivity to the cleavage
of C C bond vs. cleavage of C O bond, with the aim of identifying
the main intermediaries of the reforming reaction and the lateral
products. While methanol, ethanol and 1-propanol were very stable
alcohols and not very reactive at 225 ◦C, the acetol, ethylene glycol
and propylene glycol showed remarkable differences in their reac-
tivity. The APR of EG showed the highest selectivity to cleavage
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Fig. 1. Temperature programmed reduction (TPR) profiles for PtSi(ie), PtCe4Zr1� and
Pt�  catalysts.

of C C bond reactions and therefore higher selectivity to the
reforming (SCO2 = 80%, Table 2). On the other hand, the APR of the
AC showed the lowest selectivity to cleavage of C C bond reactions
(SCO2 = 17%, Table 2). The APR of the PG showed a higher selectivity
to reforming than the AC but lower than GLY.

These results would indicate that the EG is a reforming reaction
intermediary, while the AC is a lateral product derived from the
cleavage of C O bond reactions. The high content of PG in the liquid
products of the APR of GLY could be explained by the hydrogenation
of the AC.

3.2.1. Metallic dispersion effect
From Table 1, it is possible to observe that the catalysts sup-

ported on SiO2 denoted as 2PtSi(iwi), 2PtSi(ie), and 2PtSi(Sintered),

Table 3
Results of APR of GLY with 2PtSi catalyst. Reaction condition: P = 24 bar, T: 225 ◦C,
reaction time: 2 h.

% 2PtSi(iwi) 2PtSi(ie) 2PtSi(Sintered)

Dispersion 20 60 20
XG 5 9 4
XT 17 15 16
SH2 68 81 75
SCO  0.01 0.10 0.14
SCH4 0.6 3.8 0.4
SCO2 29.0 58.0 28.0
H2/CO2 1.7 2.0 1.9
Yield H2 4.0 8.0 3.0

Liquid products
SC1 2.5 2.3 3.3
SC2 18.4 14.8 18.2
SC3 49.5 21.0 50.0

show different metallic dispersions over a neutral support. In
Table 3 the conversion and selectivity to gaseous and liquid prod-
ucts are shown. As was  previously indicated, the selectivity SC3
groups the lateral products: propylene glycol, acetol and to a lesser
extent acetone and 1-propanol. The 2PtSi(ie) catalyst showed the
best selectivity and yield to H2 (SH2 = 81%, Yield H2 = 8%). It can
be observed that the smallest particle size of the catalyst 2PtSi(ie)
would favor the cleavage of C C bond (SCO2 = 58%), against the
cleavage of C O bond and hydrogenations (SC3 = 21%), which are
very important for the H2 production.

Claus et al. postulate that the selectivity to H2 increase with
increasing Pt particle size because of the enhanced rate of cleav-
age C–C bond on Pt ensembles on low index metal surfaces [24].
However, Lercher et al. have reported that the higher relative con-
centration of edges and kinks on the surface of small Pt particles
favors the cleavage of C H bond and C C bonds [14]. The cata-
lysts 2PtSi(iwi) and 2PtSi(Sintered) have a similar mean particle size
(∼5.5–6.2 nm), and the results of the activity show that the biggest
particle size with respect to 2PtSi(ie) (2.2 nm) favors the cleavage
of C O bond and hydrogenations (SC3 ∼ 50%). Our results are in
agreement with what was  postulated by Lercher et al.

3.2.2. Effect of the support
In order to analyze the effect of the support, catalysts with

similar metallic content (∼1 wt%) and similar metallic dispersion
(∼0.6) were selected: PtSi(ie), Pt�  and PtCe4Zr1�. Table 4 shows the
results of the APR of GLY. Comparing the results obtained at 250 ◦C,
shown in Table 4, it was observed that PtCe4Zr1� turned out to be
the most active (XG = 29%), with the highest selectivity to reform-
ing (SCO2 = 45%), lowest selectivity to lateral products (SC3 = 35%)
and highest yield to H2 (Yield H2 = 20%). This could be associated
with the redox properties of the support Ce4Zr1�. While in PtSi

Table 4
Results of APR of GLY. Reaction condition: P = 44 bar, T: 250 ◦C, reaction time: 2 h.

% PtSi(ie) Pt� PtCe4Zr1�

Dispersion 60 53 60
XG 12 18 29
XT 29 43 60
SH2 78 71 81
SCO 0.1 0.1 0.01
SCH4 4.0 1.4 2.0
SCO2 37.0 40.0 45.0
H2/CO2 2.0 1.7 1.7
Yield H2 9 13 20

Liquid products
SC1 1.0 1.0 1.3
SC2 11.6 12.9 16.5
SC3 46.0 44.6 35.3
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Table 5
Results of APR of GLY with PtCe4Zr1� catalyst. Reaction condition: P = 44 bar, T:
250 ◦C, reaction time: 2 h.

% Tests

1◦ 2◦ 3◦ 4◦

XG 29 24 23 31
XT 60 68 80 69
SCO2 45 35 27 40
SC3 35 42 47 40
Yield H2 20 18 17 17

Tests Nos. 1, 2 and 3: three successive reactions, the catalyst was  reused after being
washed with water in situ.
Test No. 4: test was done with the sample used in test No. 3, regenerated in air flow
at  500 ◦C.

and Pt�  water activation is only produced over the metallic site, in
PtCe4Zr1� the mixed oxide of Ce0.8Zr0.2O2 would participate.

It has been indicated in the bibliography that Pt supported on
reducible carriers such as TiO2 and ZrO2 generally showed higher
activity for the WGS  reaction [25]. As regards supports with Ce and
Zr, it has been proposed for WGS  reaction a mechanism via formate.
In this mechanism, the formation of bridging OH groups occur at
Ce3+ defect sites and the presence of Zr+4, in the interaction with
Ce+3, facilitates the decomposition of the formate [26].

3.2.3. Catalytic stability of PtCe4Zr1˛
The stability of PtCe4Zr1� was studied due since it resulted the

most active and selective catalyst to the reforming reaction of glyc-
erol. The results of three reaction tests are shown in Table 5, where
the catalyst was  reused after being washed with water in situ. The
fourth reaction test was done with the sample used in test No. 3,
regenerated in air flow at 500 ◦C during 1 h and reduced to the same
temperature.

Fig. 2. Particle size distribution determined by TEM.
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Fig. 3. Change in dispersion as a function of reaction time as measured by TEM for
PtCe4Zr1�. Each point corresponds to a different batch test.

It is observed that after the 1st reaction test, the catalyst shows
some deactivation. In tests No. 2 and 3, the conversion to gaseous
products and the SCO2 selectivity decrease, while the selectivity to
lateral products SC3 increase, leading to a yield loss to H2. After the
regeneration, test No. 4, it is observed that the conversion to gases
is recovered, but not the yield to H2 due to the conversion to lateral
liquid products (Table 5).

The characterization of the fresh and used samples by TEM,
Raman and XPS permitted the analysis of the possible causes of
the observed deactivation.

The increase in the particle size with the reaction time was
determined by TEM (Fig. 2). It was  observed that in PtCe4Zr1� a
fast sintering is produced at 15 min, which later remains stable
(Fig. 3). These results allowed confirming the severe hydrothermal
conditions that the APR process represents.

By Raman it was observed that the spectrum of the post-reaction
sample “3” did not show presence of any carbonaceous deposits of
the coke in the range 1200 and 1700 cm−1, but a high band was
observed at 4400 cm−1 which could be attributed to molecules con-
taining groups –CH, aromatic aldehyde groups and/or cyclopropane
groups (Fig. 4). This would indicate that besides the sintering there
is a contribution due to the chemisorption of the reaction interme-
diate species. Due to the fact that in the Raman spectrum of the
regenerated catalyst the band at 4400 cm−1 disappears, the ther-
mal  treatment with air flow at 500 ◦C allowed the elimination of
these chemisorbed compounds.
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Table  6
Characterization by XPS. Binding energies (eV) and surface atomic fraction for PtCe4Zr1� catalysts.

Pt 4f7/2 (eV) Ce 3d5/2 (eV) Zr 3d5/2 (eV) Al 2p (eV) (Pt/Al) (Pt/Zr) (Pt/Ce)

PtCe4Zr1� fresh 70.7 881.2 (v)
884.8 (v′)
915.9 (u′′′ , 4.6%)

181.6 73.8 0.030 2.03 3.5

PtCe4Zr1� regenerated 70.7 881.6 (v)
885.2 (v′)
916.8 (u′′′ , 3%)

181.8 74.2 0.014 1.18 2.89

In Table 6 the results obtained by XPS for the catalyst PtCe4Zr1�
fresh and regenerated are shown, where the binding energy (BE) of
the Pt 4f7/2, Ce 3d5/2, Zr 3d5/2 and Al 2p is shown. The occurrence
of a strong interaction between ceria and zirconia in PtCe4Zr1� is
evidenced by the decrease in the BE of Zr 3d5/2 (181.6–181.8 eV)
with respect to the value for ZrO2 (182.5 eV), as reported in the
bibliography [27]. For the fresh and used sample it is observed in
the region corresponding to Pt4f7/2 at 70.7 eV, there appears only
one peak indicating the complete reduction of platinum.

The Ce 3d region shows presence of both Ce4+ and Ce3+ oxida-
tion states. For Ce4+ the Ce 3d5/2 and Ce 3d3/2 lines (separated by
about 18.5 eV) are characterized by three contributions denoted as
v, v′′, v′′′ and u, u′′, u′′′, respectively [28]. Because the u′′′ peak arises
exclusively from Ce4+, it can be used as quantitative measure of
Ce4+ amount and by difference quantify the Ce3+. As it has been
indicated in the bibliography, if all the Ce is found as Ce+4, the inte-
grated area of the u′′′ component with respect to the total Ce 3d
area should constitute around 14% of total integral intensity [29].
The results of the catalysts (fresh and regenerated), in Table 6, show
that the presence of Pt0, Ce+3 and Zr+4 is confirmed, which allows
to explain the role of the support in the WGS  reaction.
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Fig. 4. Raman spectra of PtCe4Zr1� catalyst used in Test 3 and regenerated.

Furthermore, it is observed that the intensity relations of the
Pt to the elements of the support (Al, Zr and Ce) decrease in the
regenerated sample, which would be confirming the loss of the
platinum superficial by sintering.

The PtCe4Zr1� systems presents the best performance of the
catalysts studied here, due to the fact that even after three reac-
tion cycles and the regeneration, it presents higher activity and
selectivity compared to the fresh Pt�  and PtSi catalysts.

4. Conclusions

In this work, we  studied Pt catalysts supported on SiO2, �-Al2O3,
and �-Al2O3 modified with CeO2 and ZrO2 in the aqueous phase
reforming (APR) of glycerol. It can be observed that the smallest
particle size would favor the cleavage of C C bond, against the
cleavage of C O bond and hydrogenations reactions, which are very
important for the reforming. The PtCe4Zr1� turned out to be the
most active (XG = 29%), with the highest selectivity to reforming
(SCO2 = 45%) and highest yield to H2 (Yield H2 = 20%). The presence
of Pt0, Ce+3 and Zr+4 is confirmed by XPS, which allows explaining
the role of the support in the WGS  reaction.

The characterization of the fresh and used samples by TEM,
Raman and XPS allowed determining that the principal cause of
the observed deactivation is a fast sintering which later remains
stable. The PtCe4Zr1� system presents the best performance; even
after three reaction cycles and the regeneration, it presents more
activity and selectivity compared to the Pt�  and PtSi fresh catalysts.
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