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A B S T R A C T   

The Deoxydehydration (DODH) of glycerol to allyl alcohol was studied over ceria-supported rhenium oxide catalyst. Mesoporous ceria materials were synthetized via 
a nanocasting process using SiO2 and activated carbon as hard templates. The as-obtained ceria supports were impregnated with 2.5-10 wt.% ReOx. and applied in the 
DODH reaction of glycerol to allyl alcohol at 175◦C in batch conditions using 2-hexanol as solvent and hydrogen donor. As the characterisations revealed that the 
template removal was a critical step in the synthesis of the mesostructured ceria via the nanocasting method, the influence of the presence of the hard template was 
studied in detail by comparison to commercial ceria supports. The catalyst based on the nanocasting ceria showed higher performance of up to 88% yield in allyl 
alcohol and was reusable for 3 cycles without reactivation step. No evidence of leaching was observed via hot filtration test. The characterisation of the catalyst by 
XPS revealed the presence of Re4+ species after test, which led us propose that two redox couples, namely Re7+/Re5+ and Re6+/Re4+, are involved during DODH of 
glycerol to allyl alcohol, which was further confirmed by DFT calculations.   

1. Introduction 

Due to the declining petroleum resources, the utilization of renew-
able alternatives such as biomass has gained increased attention notably 
with the growing demand for sustainable production of chemicals. In 
difference to petrol derived chemical, biomass derived molecules are 
highly functionalized, whereby reduction of the oxygen content is 
required to obtain value-added chemicals [1–3]. Hereby, olefinic com-
pounds are an attractive target since they are important platform 
chemicals, which today are still produces primarily from petroleum 
resources [1,4,5]. Allyl alcohol is a promising platform molecule due to 
its broad range of applications as an intermediate, i.e. in the production 
of allyl diglycol carbonate, 1-3 propanediol, poly (styrene –allyl 
alcohol), etc., which are used as plasticisers, crosslinking agents, and 
coating additives [4,6]. Several renewable sources can be envisaged as 
starting material for the synthesis of allyl alcohol whereby the most 
promising one – notably in terms of carbon economy – is glycerol. This 
molecule is the by-product formed during the transesterification of 
vegetable oils for the production of biodiesel [4]. Only a few systems for 
glycerol conversion to allyl alcohol with a cheap reductant have been 
reported [4,7], whereby the deoxydehydration reaction (DODH) is most 
promising. Fig. 1 displays the DODH of glycerol to allyl alcohol. This 

reaction requires a stoichiometric reductant (red), which is oxidized 
during the reaction (redO) [4]. 

A large diversity of catalytic systems for the DODH of glycerol in 
liquid phase have been reported in literature, including metal-free and 
transition metal-based catalysts. Notably the research of an optimal 
reductant and catalyst has become a subject of great interest, whereby 
H2 or secondary alcohols in combination with rhenium-based catalysts 
were reported. First homogeneous catalytic systems were studied in 
1996, by Cook et al. [8] using Cp*ReO3 for the DODH of diols into the 
corresponding olefin in the presence of PPh3 as an oxo-acceptor 
(reductant). A yield in allyl alcohol of 67% at 125◦C and 27h, was 
achieved. In 2012, Abu-Omar et al. [9] showed that MeReO3 (MTO), a 
water and air tolerant homogeneous catalyst was able to transform 
glycerol under neat conditions in the presence of a base at 165◦C, pre-
senting a yield in the range of 75% of volatile products: allyl alcohol (1)/ 
acrolein(0.22)/ propanal(0.15), at full conversion. The result was 
correlated with the initial amount of glycerol, since glycerol was sacri-
ficed as an internal reductant and eventually oxidized into 
dihydroxyacetone. 

Instead of using glycerol as H-donor, various alcohols have been 
widely studied. Especially, the system of MTO and 3-octanol displayed 
an excellent yield of 90% at 170◦C and 2.5h, as reported by Shiramizu 
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et al. [10] in 2012. They demonstrated that short-chain alcohols (less 
than 4 carbons) are ineffective H-donors. In contrast, for long chain al-
cohols (≥ 5 C), secondary alcohols were found to be more favourable 
than primary alcohols. A year later, Boucher-Jacobs et al. [11] studied 
the use of ammonium perrhenate (APR) as catalyst because of its rela-
tively low cost, greater hydrolytic stability, and solubility properties 
(easier recovery) in comparison to MTO. Despite the good performance 
of the secondary alcohol as reductant, such as 3-octanol (70% in yield), a 
primary alcohol (47% in yield) was preferred because of the formation 
of an aldehyde as co-product, which could be separated/recycled easier 
than the ketones resulting from the secondary alcohols. In 2014, Canale 
et al. [7] observed that catalysts such as Cp*ReO3, Re2(CO)10 were not 
active in DODH under neat and aerobic conditions, whereas MTO and 
rhenium trioxide (ReO3) presented moderated performances (14% and 
32%, respectively). A large number of solvents were tested under air and 
H2 atmosphere such as 2,4-dimethyl-3-pentanol, 1-hexanol, 1,3 pro-
panediol, 2-octanol and 1-phenyl-ethanol. Among this library of alco-
hols, 2,4-dimethyl-3-pentanol gave the best results with yields in allyl 
alcohol of 87% and 91% for MTO and ReO3 under H2 atmosphere, 
respectively. 

Despite the high catalytic performance of these systems, their main 
drawback is the difficulty to recycle the catalyst [12]. Therefore, het-
erogeneous catalytic processes are of interest from the industrial point of 
view since they can be regenerated and reused for several catalytic cy-
cles. Rhenium-based catalysts have been the main target of study: In 
2016, Palkovits et al.. [13] developed the first stable heterogeneous 
catalyst (ReOx/TiO2) for the DODH reaction. The corresponding catalyst 
showed a yield in allyl alcohol of 48-54%, using 3-octanol as reductant. 
Additionally, ReOx/TiO2 exhibited high stability with no deactivation 
over six runs and no traces of leaching. In the same year, Tomishige et al. 
[4] reported a higher yield (91%) in allyl alcohol using a ReOx-Au/CeO2 
and even 93% with ReOx-Ag/CeO2 as a catalyst with hydrogen as 
reductant and 1,4-dioxane as solvent. In 2017, Kon et al. [14] studied 
other solid supports for the DODH of glycerol into allyl alcohol, working 
with alcohols as reductants and solvents. Impregnation of HReO4 on 
SiO2, TiO2 and Al2O3 was carried out via incipient wetness impregnation 
method. Different kinds of alcohols such as 3-hexanol, 2-hexanol, 
3-octanol, 2-butanol, 1-Hexanol, 1-octanol, 1-butanol, cyclohexanol, 
benzyl alcohol and 1-Phenylethanol were examined, whereby, 
long-chain secondary aliphatic alcohols gave highest yields in allyl al-
cohols (>84%). 

Up to now, the influence of the support on the catalytic performance 
of heterogeneous Rhenium-based catalysts is still matter of debate. 
Notably ceria-based catalyst showed increased catalytic activity, which 
may be related to the intrinsic properties of the latter, such as surface 
oxygen vacancy concentration and the ratio of Ce3+/ Ce4+. In order to 
elucidate the role of ceria as support for ReOx in the DODH reaction, a 
mesoporous ceria carrier was synthesized by the nano-casting method. 
The latter consists in depositing ceria on the surface of a stable matrix, 
such as silica and then remove the latter using NaOH or HF [15–17]. The 
as-obtained ceria supports were impregnated with rhenium oxide 
(ReOx) and applied in the DODH reaction glycerol to allyl alcohol, using 
a secondary alcohol as a hydrogen donor and solvent. 

2. Experimental methods 

2.1. Synthesis 

All commercial materials were used as received without further 
purification. A commercial mesoporous ceria support (HSA-5) was 
purchased from Solvay. A ceria-silica sample (CeO2+SiO2) was provided 
by Solvay (ECL9 #1503984). Perrhenic acid solution (75-80 wt.% 
HReO4 in H2O), glycerol (>99 wt.% of purity), allyl alcohol (98 wt.%), 
tetraethyl orthosilicate (TEOS,98%), Tetrapropylammonium hydroxide 
solution (20-25%TPAOH in H2O), Cerium(III) nitrate hexahydrate (Ce 
(NO3)3*6H2O, 99%), Activated Charcoal and solvents (99 wt.%) were 
obtained from Sigma Aldrich. 

2.2. Support preparation 

Hard template SBA-15: 20 g Pluronic P123 triblock copolymer 
(EO20PO70EO20) were added to 250 g of distilled water. The mixture was 
stirred for 2h at room temperature. After that, 42.6 g of tetraethyl 
orthosilicate (TEOS, 98%, Aldrich), 142.8 g of concentrated HCl (35%) 
and 275g of distilled water were added and stirred for 1h at room 
temperature. The mixture was heated under stirring for 20h at 80◦C. 
Finally, the white solids were recovered by filtration, washed with 
deionised water, and dried at 70◦C during 24h in an oven. Thereafter, 
the products were calcined under static air at 550◦C for 8h at a heating 
rate of 1◦C/min. 

Support CeO2 using SBA-15 as hard template: For the synthesis of the 
mesoporous CeO2, 2 g of SBA-15 were dispersed in 10 g of Ce 
(NO3)3*6H2O (99%, Aldrich) and dissolved in 40 mL of ethanol. The 
mixture was stirred at 60◦C until solvent evaporation. Thereafter, the 
mixture was calcined to 450◦C for 4h (1◦C/min). After that, a second 
impregnation was carried out using 4.8 g of Ce(NO3)3*6H2O in 40 mL of 
ethanol. Following solvent evaporation at 60◦C, the product was 
calcined in static air at 600◦C for 4h (1◦C/min). The siliceous template 
was later eliminated in 100 mL of a 2M NaOH solution at 25◦C under 
stirring. The remaining material (mesoporous CeO2) was centrifuged, 
washed with distilled water, and dried at 80◦C. 

Support CeO2 using Activated Charcoal as hard template: 2 g of Acti-
vated charcoal were dispersed in 10 g of Ce(NO3)3*6H2O (99%, Aldrich) 
and dissolved in 40 mL of ethanol. The mixture was stirred at 25◦C until 
solvent evaporation. Thereafter, the mixture was dried in static air at 
200◦C for 4h (1◦C/min). After that, a second impregnation was carried 
out using 4.8 g of Ce(NO3)3*6H2O in 40 mL of ethanol. Following the 
solvent evaporation at 25◦C, the product was dried in static air at 200◦C 
for 4h (1◦C/min) and then, calcined at 460◦C for 2h (1◦C/min) whereby 
the charcoal template was removed. 

2.3. Catalyst preparation 

Catalysts with different rhenium contents were prepared by an 
incipient-wetness impregnation method. Before each synthesis, 2 g of 
support was washed with distilled water and dried at 110◦C (12h) and 
then calcined under static air at 500◦C (3h). For the preparation of 10 wt 
% ReOx catalyst, a diluted aqueous solution of HReO4 was added to the 
support, which was obtained by diluting 400mg of the 75 wt.% HReO4 
aqueous solution with water (0.75 mL). The impregnated catalyst was 
dried at 110◦C for 12 h and calcined under static air at 500◦C for 3 h 

Fig. 1. General reaction pathway for the Deoxydehydration reaction. Red=reductant. RedO=oxidised reductant [4].  
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using a heating rate of 5◦C/min. Concerning the preparation of 2.5 wt. 
%, 5 wt.% and 15 wt.% ReOx supported catalysts, the synthesis pro-
ceeded as for 10 wt.% ReOx but using 92, 190 and 635 mg of 75 wt.% 
HReO4 aqueous solution, respectively. 

2.4. Experimental procedure for DODH reaction of glycerol 

The catalytic test for the DODH reactions were performed in a 
pressure resistant glass tubes equipped with a magnetic stirring bar 
charged with glycerol (92 mg, 1 mmol, purity in water >99%), 100 mg 
of catalyst, and 3.3 mL of solvent. The vessel was tightly sealed by a 
screw cap and the mixture was stirred (1300 rpm) in an oil bath main-
tained at 175 ̊C for 2.5 h. The inside temperature was evaluated exem-
plarily by introducing a thermocouple through the cap, showing a decay 
of 30◦C. Correspondingly, we assume a reaction temperature of 145◦C. 
After the reaction, the solution was cooled to room temperature and 
placed under ultrasonic irradiation for 5 min at 40◦C of temperature to 
ensure a good homogeneity in a further analysis. The conversion and 
yield were determined by gas chromatography, using a GC instrument 
equipped with a CP-Wax52CB column (30m x 250 µm x 0.25 µm) and a 
flame ionization detector (FID). 

2.5. Hot filtration test 

The DODH reaction was carried out at 175◦C, using 2-hexanol as 
solvent and 10%ReOx/CeO2+SiO2 as catalyst. After 1 h of reaction, the 
catalyst was removed by filtration, using 0.45 µm filter paper. Then, the 
filtrate without the 10%ReOx/CeO2+SiO2 catalyst was heated again to 
175◦C (oil bath) for an additional 24h. The catalyst was recovered to 
further XRF analysis. For comparison, the identical procedure was used 
for a reaction time of 24h without catalyst removal. 

2.6. Catalyst characterization 

To determine the physical properties and chemical properties, the 
catalyst characterization was carried out using nitrogen adsorption/ 
desorption, Transmission Electron Microscopy (TEM), X-ray Photoelec-
tron Spectroscopy (XPS) and X-ray fluorescence (XRF) and X-ray 
diffraction (XRD). 

2.6.1. Nitrogen adsorption/desorption 
The surface areas, pore volumes and distributions of the pore sizes 

were determined by nitrogen adsorption/desorption at -190◦C (liquid 
nitrogen) using a TriStar II Plus and a 3Flex apparatus from Micro-
meritics. Preliminary degassing of the samples was done at 75◦C and 
130◦C for 90 min and 17.5h, respectively. The specific surface area 
(BET) was evaluated using the BET method (Brunauer, Emmet and 
Teller). In addition, the pore size distribution and the pore volume were 
calculated according to the Barrett-Joyner-Halenda (BJH) formula tak-
ing into account the data from desorption. 

2.6.2. Transmission Electron Microscopy (TEM) 
Selected catalysts were characterized by Transmission Electron Mi-

croscopy (TEM) to obtain local information at the nanometric and 
atomic levels on the morphology, structure, chemical composition, size 
and distribution of the nanoparticles on the support. The transmission 
electron microscope used was a FEI Tecnai G2 20 (TEM) equipped with 
an EDX (Energy-dispersive X-ray spectroscopy) micro-analysis, a Gatan 
energy filter (EELS), precession and electron tomography systems and 
an ORIUS CCD camera. This microscope uses a voltage of 200 kV for the 
acceleration of electrons. Sample preparation was done by inserting the 
support mesh into the catalytic converter to adhere the powder grains. 

2.6.3. X-ray Photoelectron Spectroscopy (XPS) 
XPS analyses were performed on a high-performance hemispheric 

analyzer VG Escalab 220 XL spectrometer and on a XPS KRATOS, AXIS 

UltraDLD with monochromatic Al Kα (hν = 1486.6 eV) radiation as the 
excitation source. The survey spectra (160 eV) and the high resolution 
spectra (20 eV) of the Re 4f, C 1s and O1s were collected. Binding en-
ergies were calibrated by setting the C 1s peak to 284.8 eV. 

2.6.4. X-ray fluorescence (XRF) 
X-ray fluorescence spectroscopy (XRF) was performed using an en-

ergy dispersive micro-X-Ray Fluorescence spectrometer M4 TORNADO 
(Bruker) with a Rhodium X-ray anode of 50 kV/600 mA enabling exci-
tation of an area of 200 μm. The detector used was a Silicon-Drift- 
Detector Si(Li) with <145 eV resolution at 100000 cps (Mn Kα) and 
cooled with a Peltier cooling (-20◦C). The measurement was done under 
vacuum (20 mbar). Quantitative analysis was done using fundamental 
parameter (FP) (standardless). To obtain accurate quantification of the 
components present in the catalysts, each sample was irradiated 35 
times to obtain accurate mean values. 

2.6.5. X-ray diffraction (XRD) 
X-Ray Diffraction (XRD) was used to determine the crystal structure 

on a D8 Discover X-Ray Diffractometer from Bruker using a X-Ray tube 
in Cu (Kα) radiation (λ=1.54060 Å). The diffraction angle 2θ was in the 
10-70◦ range with steps of 0.01◦ per second. The interpretation of the 
XRD patters was done from Diffract Eva software and the identification 
of the crystalline phase was done from reference standards. 

2.6.6. Temperature-programmed reduction (TPR) 
TPR analyses were performed on an automated AutoChem II 2920 

Chemisorption Analyzer from Micromeritics. At first, 50 mg of catalyst 
were weighted and inserted into a glass reactor. Then, the sample was 
flushed with a mixture gas of 5 vol.% H2 in Ar at room temperature. 
While the gas was flowing, the temperature of the sample was increased 
linearly at a ramp rate of 10◦C/min up to 1000◦C. The consumption of 
hydrogen by adsorption/reaction was monitored by a TCD detector to 
get quantitative information on the reducibility of the species present in 
the catalyst. 

2.7. Theoretical modelling methods 

Density functional theory (DFT) calculations were carried out using 
VASP software [18,19], with the Perdew-Burke-Ernzerhof (PBE) func-
tional [20]. All the calculations were performed on a 5 × 5 × 1 k-mesh 
according to the Monkhorst− Pack scheme [21], with a cutoff energy of 
400 eV in the plane augmented wave (PAW) framework [22]. We chose 
an electronic convergence criterion of 10− 6 eV and an ionic convergence 
criterion of 0.05 eV/ Å. All those parameters allow to converge 
adsorption energies within ~0.05 eV. In order to assign oxidation sates 
we performed a Bader charge analysis, following the Henkelman method 
[23]. In agreement with previous studies [24–26], we considered the 
charge convergence criterion to be 0.10 e. That is, for any specific atom 
two successive oxidation states can be identified if their electronic 
charges are different by 0.10 e. 

We started from the ReO3 bulk structure reported in literature [27]. 
The optimized structure belongs to the cubic crystallographic system 
(Pm-3m space group) with a lattice parameter of 3.76 Å, in fair agree-
ment with experiment [28]. Considering the (001) facet that has often 
been considered in computational studies for reason of its stability and 
reactivity [27–29], we focused on this surface in the following. We 
prepared a p(2 × 2) slab, with a thickness of three-metal oxide atomic 
layers from our DFT optimized bulk. We set a vacuum of 20 Å to prevent 
interaction between virtual periodic images in the z direction. Since the 
reaction proceeds in liquid medium, the external Re atoms are fully 
hydroxylated in our model. Also, in order to eliminate the dipolar 
moment inherent to metal oxide materials, we performed all our cal-
culations on a symmetric slab along the z axis. 
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3. Results and discussion 

3.1. Catalyst characterization of ceria-supported rhenium oxide catalyst 

3.1.1. Textural characteristic and elemental composition 
The textural characteristics of the samples are summarized in Table 1 

For all the catalysts, the specific surface area and the pore volume were 
lower in comparison with the parent support. The latter can be 
explained by the filling of the pores of the support by the active phase, 
leading to a decrease of the overall pore volume. In the case of 
CeO2+SiO2 supported catalyst, the mean pore size of the catalysts was 
generally close to the one of the parent support. 

The comparison of the textural properties of CeO2+SiO2 and 
CeO2+SBA-15 supports (Table 1, entry 5 and 11, entry 13 and 15, 
respectively) before and after treatment with NaOH, showed an 
increased specific surface in case of CeO2+SiO2 after NaOH treatment 
(from 87.8 to 113.6 m2g− 1) which was not observed in the case of 
CeO2+SBA-15 (from 119.6 to 100.9 m2g− 1). However, both showed an 
increased total pore volume after NaOH treatment (0.04 and 0.05 
cm3g− 1, respectively). The latter can be explained by the partial 
removing of the hard template from the corresponding support, as evi-
dence by XRF (next paragraph). In the case of carbon as hard template 
(Table 1, entry 17 and 18), an increase in the textural properties was 
observed after calcination whereby the specific surface changed from 
60.37 to 66.44 m2g− 1 and the total pore volume from 0.06 to 0.08 
cm3g− 1. In contrast, the textural properties of CeO2 (HSA-5) (Table 1, 
entry 1 – 3) were not modified after NaOH treatment. 

Concerning the isotherms, CeO2 (HSA-5) and 10wt.% ReOx/ CeO2 
(HSA-5) showed type-IV isotherms, with the presence of a type H2 and 
H1 hysteresis loop, respectively (Fig. S2). The washing with NaOH does 
not show significant influence in the type of adsorption-desorption 
isotherm. Nevertheless, a strong change in the morphology was evi-
denced after Rhenium impregnation, since the supports present micro 
and mesoporous nature and the corresponding catalyst only mesoporous 
structure, most probably due to the blockage of the micropores by ReOx. 
Concerning CeO2+SiO2 as support, the corresponding catalysts presents 
similar adsorption-desorption isotherm (type IV) and mesoporous in 
nature (Fig. S3), both with the presence of a type H2 hysteresis. With the 
increase of the rhenium amount (2.5 wt.% to 15wt.%), the catalysts did 
not present any changes in their adsorption-desorption isotherm, only 
the decrease of the total pore volume with increasing amount of active 

phase was observed. According to fig. S4, after DODH reaction and 
NaOH washing, the isotherms of 10wt.% ReOx /CeO2+SiO2 remained 
unchanged (type IV). On the other hand, CeO2+SBA-15 and 10wt.% 
ReOx/CeO2+SBA-15 materials (Fig. S5), exhibited a change in the 
hysteresis loop from H2 to H1 (type IV isotherm) after washing with 
NaOH, indicating that the silica removal significantly affects the textural 
properties of the material. On the other hand, as seen from fig. S6, the 
presence of carbon on CeO2 + carbon and 10wt.% ReOx/ CeO2 + carbon 
do not affect the pore structure of the support, these materials present 
isotherm type III with H3 hysteresis loop, before and after calcination. 
Based on the above observations, it can be inferred that the washing 
with NaOH could change the porous structure of the support, whereas 
the calcination of the carbon template did not cause any modification. 

The amounts of rhenium and silica in the synthesized catalyst and 
supports were determined by X-ray fluorescence (XRF) and are pre-
sented in Table 1. Concerning the amount of Re, one can see, that 
comparing the theoretical and actual loadings of the active phase, the 
latter were always lower. This might be due to the high volatility of 
rhenium oxide, mainly Re+7 species [30,31], resulting in some loss of Re 
during calcination. With respect to the hot filtration test, one can state 
that leaching of the active phase was not significant since the Re amount 
decreased only from 7.8 to 7.4 wt %. 

In addition, according to the XRF analysis shown in Fig. S1, after the 
matrix removal procedure, no trace of sodium was identified on the 
surface of 10wt.% ReOx/CeO2+SiO2 and 10wt.% ReOx/CeO2+SBA-15. 
Comparing the silica content of these last catalysts (entry 8 and 12, entry 
14 and 16, respectively), the removal of SBA-15 was higher than for the 
SiO2 in the commercial catalyst (81% and 57%, respectively). However, 
this also evidenced that the hard template was not entirely removed. 

3.1.2. X-ray diffraction and TEM 
The X-ray diffraction (Figs. 2 and S7) showed for all catalysts only a 

ceria phase [32–35] with characteristic peaks close to the fluorite 
structure of CeO2 (space group Fm3m; JCPDS 81-0792). The character-
istic peaks corresponding to the (111), (200), (220), (311), (222), (400) 
crystal planes are located at 2θ = 29.2◦, 33.1◦, 47.5◦, 57.6◦, 59.0◦, 69.4◦, 
respectively. No rhenium oxide was detected by XRD, indicating either a 
good dispersion on the surface of the ceria support when using low 
amount of rhenium (≤ 10wt.%) or the presence of an amorphous phase. 
However, characteristic peaks corresponding to Re2O7 crystals were 
detected on 15wt.% ReOx/CeO2+SiO2, indicating a possible rhenium 

Table 1 
Textural properties of rhenium oxide-based catalysts.  

Entry Catalyst Bet (m2/g) Mean pore size (Å) Total pore volume (cm3/g) XRF element amount (%wt) 
Re Si Ce O 

1 CeO2 (HSA-5) 236.2 26.6 0.15     
2 10wt.% ReOx/ CeO2 (HSA-5) 44.8 122.4 0.13 7.7 0.0 73.2 19.0 
3 CeO2 (HSA-5)(b) 236.6 27.2 0.16     
4 10wt.% ReOx/ CeO2 (HSA-5)(b) 43.8 122.5 0.13 7.8 0.0 73.1 19.1 
5 CeO2+SiO2 87.8 65.2 0.14 0.0 7.6 68.0 24.0 
6 2.5wt.% ReOx/CeO2+SiO2 79.8 66.8 0.13 1.6 7.6 66 24.3 
7 5wt.% ReOx/CeO2+SiO2 73.5 67.8 0.12 3.2 7.8 64.4 24.5 
8 10wt.% ReOx/CeO2+SiO2 61.5 68.7 0.10 7.8 7.5 59.9 24.6 
9 15wt.% ReOx/CeO2+SiO2 44.7 70.9 0.07 11.8 7.2 56.2 24.6 
10 10wt.% ReOx/CeO2+SiO2 

(a) 25.4 96.8 0.06 7.4 7.8 60.2 24.2 
11 CeO2+SiO2

(b) 113.6 66.3 0.18     
12 10wt.% ReOx/CeO2+SiO2

(b) 75.8 80.5 0.15 8.4 3.3 66.5 21.6 
13 CeO2+SBA-15 119.6 56.5 0.16     
14 10wt.% ReOx/CeO2+SBA-15 74.9 68.0 0.12 7.7 7.8 59.5 24.8 
15 CeO2+SBA-15(b) 100.9 87.2 0.21     
16 10wt.% ReOx/CeO2+SBA-15(b) 51.2 121.7 0.15 7.8 1.5 70.4 20.2 
17 CeO2 + carbon 60.4 42.1 0.06     
18 CeO2 + carbon (c) 66.4 51.1 0.08     
19 10wt.% ReOx/ CeO2 + carbon (c) 18.3 112.4 0.05 10.0 0.0 70.7 19.2  

(a) Catalyst recovered after 3 cycles of reaction 
(b) Washing with NaOH (2M), 3 times at 60◦C 
(c) Active carbon as hard template, carbon removal via calcination (air) at 500◦C, 1h. 
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crystal growth [36–38], supporting the hypothesis of a good dispersion 
at low loading. These results were further confirmed by TEM evidencing 
the homogeneous dispersion of the active phase over the support by 
STEM-EDS elemental mapping images (Fig. 3). The image analysis also 
allowed to establish the particle size distribution, confirming the 
agglomeration of rhenium species in the case of 15wt.% as Re loading 

(Fig. 4) with a maximum particle size of 10 nm, contrary to 10wt.% Re, 
where the maximum particle size is around 3nm. 

3.1.3. Temperature-programmed reduction (TPR) analyses 
The temperature-programmed reduction (TPR) profiles of 10wt% 

ReOx/CeO2 (HAS-5) and the bare CeO2 (HAS-5) support are shown in 

Fig. 2. XRD patterns for ReOx/CeO2 catalyst (a) support CeO2+SiO2 (b) 2.5 wt.% ReOx/ CeO2+SiO2 (c) 5 wt.% ReOx/ CeO2+SiO2 (d) 10 wt.% ReOx/CeO2+SiO2 (e) 
15 wt.% ReOx/CeO2+SiO2. 

Fig. 3. HAADF-STEM and corresponding STEM-EDS elemental mapping images of 10wt.% ReOx/ CeO2+SiO2 (a) Representative HAADF-STEM image of precipitates, 
(b) (c) (d) (e) STEM-EDS maps for Re, Ce, O and Si, respectively. 
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Fig. 5. Both patterns have a broad signal above 900 K with almost 
constant area attributed to the oxygen species in bulk CeO2. In the case 
of pure CeO2 (a), the low temperature peak from 550 – 850K is related to 

the reduction of the most easily reducible surface-capping oxygen on 
CeO2 [33,39,40]. Moreover, the overall consumption of hydrogen in the 
TPR of pure ceria is 1541 µmol/g, corresponding to an average Ce 
reduction of 53%. When 10 wt% of rhenium oxide is supported on ceria, 
the TPR pattern shows a sharp peak at 760 K [36] with a total H2 con-
sumption in the range of 600 – 850K of 1930 µmolH2/g. This value was 
significantly larger (H2/Re = 9.3) than for the total reduction of Re 
(H2/Re = 3.5) suggesting that 20-25% of Ce were reduced simulta-
neously in this temperature range. In order to quantify the contribution 
of Ce and Re, it was tried to deconvolute the peak, but due to the bad 
fitting, no clear conclusion could be drawn. 

3.1.4. X-ray Photoelectron Spectroscopy (XPS) Analyses 
X-ray Photoelectron Spectroscopy (XPS) was performed to establish 

the change in oxidation states of the surface rhenium atoms during 
glycerol DODH reaction using 10 wt.% ReOx/CeO2 (HSA-5) catalyst. 
The latter was deliberately chosen since no silica was present in this 
catalyst. Figure shows the Re 4f and Ce3d spectra of the fresh and spent 
catalyst (1 cycle) and the curve fitted results. Concerning the fresh 
catalyst, the peaks with 46.3 and 45.1 eV binding energy (BE) were 
ascribed to Re 4f7/2 and correspond to Re7+ (84.09%) and Re6+

(15.91%), respectively [30,41–43]. In the case of the spent catalyst, the 
peaks shifted to lower BE. The peaks at 46.0, 44.7, 43.7, and 42.7 eV 
were assigned to Re7+(39%), Re6+ (33%) and Re5+ (22.3%), 
Re4+(5.65%), respectively. [30,41–43] These results are consistent with 
the formation of partially reduced ReOX species during the reaction. 
Lupacchini et al. [44] evidence a reduction of rhenium during the DODH 
reaction using different Re species, namely Re7+ and Re5+/4+ species, 
which was further confirmed by Tomishige et al.[45] for their ReOx--
Au/CeO2 proposing a redox cycle with Re6+/Re4+. On the other hand, 
Jun Hee Jang et al. [41] found high catalytic activity of Re7+/Re5+

species before and after reaction using Re nanoparticles and 3-octanol as 
reductant. In the present study, both Re5+ and Re4+ were found after 

Fig. 4. Particle distribution of (a) 2.5wt.% ReOx/CeO2 (b) 10 wt.% ReOx/CeO2+SiO2 (c)15wt.% ReOx/CeO2+SiO2 and DF-TEM image of (d) 10 wt.% ReOx/ 
CeO2+SiO2 and (e) 15wt.% ReOx/CeO2+SiO2. 

Fig. 5. TPR profiles of CeO2-HAS-5 (a) and 10wt % ReOx/CeO2-HAS-5 (b). 
Conditions: Sample (50 mg) and H2/Ar (5%v/v, 50 cc/min) at heated rate of 
10K/min. 
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reaction, suggesting that both redox couples Re7+/Re5+ and Re6+/Re4+

are involved. 
With respect to the differences in the studies (supported and non- 

supported Re), it seems possible that the support – namely ceria – pre-
vent the deep reduction of rhenium (<Re4+). In order to see if ceria was 
contributing as a redox couple in the DODH reaction, the Ce3d peaks of 
the fresh and spent catalyst were studied (Fig. 5). The peaks at 898.8, 
890.16 and 882.9 eV BE were ascribed to Ce3d5/2, corresponding to 
Ce4+ species and the peaks at 887.19 and 882.0 eV corresponded to Ce3+

species [46]. The fitting of the peaks showed that the Ce3+/Ce4+ ratio 
before and after reaction was 0.28 and 0.27, respectively, meaning that 
no significant changes in the oxidation states took place during the re-
action. In addition, with respect to results from literature, it is note-
worthy that Ota et al. [4,36] observed a deep-reduction of rhenium until 
Re0, under reaction conditions over ReOx− Pd/SiO2 which they related 
to the deactivation of the catalyst. They also claimed a decrease of the 
catalytic activity in the DODH reaction using pre-reduced ReOx− Pd/-
CeO2 catalyst without exposure to air in comparison with non-reduced 
catalyst, which was probably caused by the reduction of Ce4+ to Ce3+. 
Since we employed NaOH treatment to eliminate the hard template, we 
analyzed the samples before and after treatment to see the influence of 
the template removal on the oxidation states of Ce and Re (Table 2, 
entries 2, 5 and 7). An increase in Re6+ /Re7+ and Ce3+/ Ce4+ ratio was 
observed in all catalysts. Considering that the reduction of Re is also 
involved in the catalytic cycle of DODH (Fig. 6 and Table 2, entry 3), 
whereas the reduction of ceria to Ce3+ was observed only after NaOH 
treatment but not from during the reaction, we can confirm the influence 
of the ceria on the catalytic performance and stability of DODH reaction 
which was further studied by DFT calculations. 

3.2. Deoxydehydration (DODH) of glycerol 

The influence of the preparation of CeO2 using different hard tem-
plates on the catalytic performance was studied (Table 3) Similar yield 
in allyl alcohol was obtained using commercial CeO2 (HSA-5), 
CeO2+SiO2 and CeO2+SBA-15 as supports, with 84, 86 and 88%, 
respectively. The catalyst prepared using activated charcoal as hard 
template (Table 3, entry 7) showed a slightly lower yield in allyl alcohol 
of 80%. It is widely accepted that the use of high-surface-area supports 
increase the dispersion, stability and catalytic performance of ceria 
supported catalysts, [46–48]. Nevertheless, in the present study, the BET 
surface area and the type of silica matrix were not correlating to the 
yields (Table 3, entries 2, 8, 14, 19). Furthermore, the results also 
showed that the remaining silica had no effect on the catalytic perfor-
mance in the DODH reaction. In contrast, when traditional removal of 
silica with NaOH (2M) was carried out in commercial CeO2 (HSA-5), 
CeO2+SiO2 and CeO2+SBA-15, a decrease in yield of around 14% was 
obtained (Table 3, entries 2, 4 and 6). As aforementioned, after the 
matrix removal procedure, no trace of sodium was identified on the 
surface of catalysts, therefore, the impact on the catalytic performance 
of DODH reaction was most probably related to the changes in the redox 

properties of the support, observed by the increase in Ce3+/ Ce4+ ratio. 
The catalytic performance with different amounts of ReOx was 

studied using the CeO2+SiO2 support with 2.5 wt.%, 5 wt.%, 10 wt.% 
and 15 wt.%; the corresponding results and reaction conditions are 
shown in Table 4. The support does not show any catalytic activity to-
ward allyl alcohol production (entry 1). Glycerol conversion increased 
as the amount of loaded rhenium oxide increased (entries 2-5). Since a 
good distribution of active phase was observed when 2.5, 5 and 10 wt.% 
amount of rhenium was used (entries 2-4), since similar selectivity was 
achieved (around 85%), and complete conversion with two of them (5 
and 10 wt %); 2.5 wt.% shows still fair activity with a conversion of 90% 
(entry 2). When 15 wt.% of rhenium was used, a decreased selectivity of 
81% was observed, which could be explained by the clustering of 
rhenium as observed by XRD (entry 5). Considering that 10 wt.% ReOx / 
CeO2+SiO2 was the catalysts giving highest yield (86%), this catalyst 
was used in the following tests for optimizing the reaction conditions 
and the recyclability. The influence of the glycerol amount and the re-
action time are reported in fig. S8: increasing the glycerol concentration 
to more than 5wt.% at a constant glycerol/catalyst ratio, affect nega-
tively the reaction yield, possibly due to mass transfer limitations caused 
by the high viscosity of glycerol. Regarding the reaction kinetics 
(Fig. S9), the selectivity is optimal for a time of 2.5h. For a longer re-
action time, secondary reaction pathways take place, leading to the 
degradation of allyl alcohol. The detection of other molecules via GC/ 
MS during the DODH reaction was limited (Fig. S10), and therefore 
further investigation is required to understand the reaction pathways 
involved in the degradation. 

Regarding the possible scale-up to a continuous process, the catalytic 
recyclability of 10 wt.% ReOx/ CeO2+SiO2 was studied. The DODH of 
glycerol was carried out at 175◦C, 1300 rpm and 2h as the reaction 
conditions. Between each cycle, the catalyst was only washed with the 
reaction solvent (2-hexanol), to avoid glycerol and allyl alcohol accu-
mulation. The relative amount of glycerol to the quantity of recovered 
catalyst from the previous run was kept constant. The corresponding 
catalyst did not lose any activity with reuse: the yield remains stable at 
around 58% after three cycles (Fig. 7). This result also indicates that the 
active catalyst was not a homogeneous rhenium complex resulting from 
the dissolution of the rhenium oxide supported on ceria. This was sub-
sequently validated by a hot filtration test, where the catalyst was 
filtered after 1h of reaction, and the filtrate showed no further increase 
in yield of allyl alcohol after 24h of reaction (Fig. 8), which was also 
underlined by the absence of Re leaching evidenced by XRF (Fig.S1). 

The influence of the sacrificial alcohol was studied for the 10 wt.% 
ReOx/ CeO2+SiO2 catalyst. The results are reported in Table 5. High 
yields in allyl alcohol were observed using long-chain aliphatic sec-
ondary alcohols, such as 2-hexanol, 4-methyl-2-pentanol (MIBC), 3- 
octanol and 2-pentanol (86%, 85%, 79%, and 65%, respectively) 
(Table 5, entries 1-4). In contrast, the performance of primary alcohols 
such as 1-heptanol (Table 5, entry 5) and short-chain aliphatic second-
ary alcohols, such as 2-butanol (Table 5, Entry 6), gave a yield in allyl 
alcohol of 22% and 24%, respectively. Cyclic alcohol (cyclohexanol) 

Table 2 
Summary of XPS data of ReOx/CeO2-HAS-5, ReOx/CeO2+SiO2 and ReOx/CeO2+SBA-15, before and after NAOH TREATMENT.  

Entry Catalyst Binding energy /eV Molar ratio 
Re 4f 7/2 Ce 3d 5/2 

ReVII ReVI ReV ReIV CeIV CeIII ReVI /ReVII CeIII/ CeIV 

1 10wt.%ReOx/CeO2-HSA-5 46.3 45.1 - - 898.7 889.9 882.9 887.2 882.4 0.19 0.28 
2 10wt.%ReOx/CeO2-HSA-5 (a) 46.1 44.6 - - 989.4 888.2 882.7 884.5 882.4 0.24 0.62 
3 10wt.%ReOx/CeO2-HSA-5 (b) 46.0 44.7 43.7 42.7 898.3 889.3 882.3 885.3 882.2 0.85 0.27 
4 10wt.%ReOx/CeO2+SiO2 46.7 45.07 - - 898.7 888.7 882.8 884.5 881.7 0.32 0.33 
5 10wt.%ReOx/CeO2+SiO2

(a) 46.4 45.3 - - 898.7 888.6 882.6 884.3 881.1 0.90 0.53 
6 10wt.%ReOx/CeO2+ SBA-15 46.4 46.6 - - 898.5 888.5 882.5 884.0 881.3 1.09 0.40 
7 10wt.%ReOx/CeO2+ SBA-15 (a) 46.2 45.3 - - 898.4 888.29 882.7 884.3 881.3 1.31 0.67  

(a) Fresh catalyst, After NaOH treatment 
(b) Used catalyst, Without NaOH treatment 
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showed a moderated yield of 21%. In general, in accordance with the 
literature, aliphatic secondary alcohols having longer chains are more 
suitable H-donors for DODH of glycerol.[1,11,41] 

3.3. Proposed Reaction mechanism 

As previously indicated, the redox properties and the ceria support 
play a vital role in the catalytic activity of DODH of glycerol. The re-
action mechanism proposed in this study is summarized in Fig. 9. 
Reduced ceria surface consists of a mixture of Ce3+ and Ce4+ and 
numerous O-vacancies since Re centers act as the electron acceptor, 
leading to the formation of oxygen vacancies at the interfacial sites of Re 
and CeO2 [49] and the eventual stabilization of rhenium seven species, 
due to strong metal support interactions at Ce3+ sites [50]. 

In general, the proposal reaction mechanism consists in five 
elementary reaction steps. (1) Represents the dissociative adsorption of 

Fig. 6. . XPS spectra of the 10%ReOx/CeO2 -HSA-5 catalyst before (up) and after reaction (down) in Re 4f and Ce 3d regions. The binding energy zone of Re4f7/2 for 
the different oxidation states are indicated in the colored regions. Reference: C 1s = 284.6 eV. Normalized by area of Ce 3d XPS. 

Table 3 
Influence of ceria synthesis in the performance of DODH of glycerol(a).  

Entry Catalyst Conversion (%)(b) Yield (%)(b) 

1 10wt.% ReOx/ CeO2 (HSA-5) >99 84 
2 10wt.% ReOx/ CeO2 (HSA-5)(c) 95 77 
3 10wt.% ReOx/CeO2+SiO2 >99 86 
4 10wt.% ReOx/CeO2+SiO2

(c) 93 72 
5 10wt.% ReOx/CeO2+SBA-15 >99 88 
6 10wt.% ReOx/CeO2+SBA-15(c) 91 73 
7 10wt.% ReOx/ CeO2 + carbon (d) 95 80  

(a) Reaction conditions: Glycerol (1.0 mmol), Catalyst (100 mg), 2-Hexanol 
(3.33 mL), 175◦C (oil bath), 1300 rpm, 2.5 h 

(b) Conversion and yield based on glycerol, determined by GC analysis with 
benzene as an internal standard. 

(c) Washing with NaOH (2M), 3 times at 60◦C 
(d) Active carbon as hard template. Carbon removal via calcination (air) at 

500◦C, 1h 

Table 4 
Performances of the ReOX/CeO2+SiO2 catalysts in the DODH reaction of glyc-
erol to allyl alcohol (a).  

Entry Catalyst Conversion (%)(b) Yield (%)(b) 

1 CeO2+SiO2 3 0 
2 2.5wt.% ReOx/CeO2+SiO2 91 77 
3 5wt.% ReOx/CeO2+SiO2 >99 84 
4 10wt.% ReOx/CeO2+SiO2 >99 86 
5 15wt.% ReOx/CeO2+SiO2 >99 81  

(a) Reaction conditions: Glycerol (1.0 mmol), Catalyst (100 mg), 2-hexanol 
(3.3 mL), 175◦C (oil bath), 1300 rpm, 2,5 h 

(b) Conversion and yield based on glycerol, determined by GC analysis with 
benzene as an internal standard. 

Fig. 7. Recyclability test. Reaction conditions: Glycerol (1.0 mmol), 10%ReOx/ 
CeO2+SiO2 (100 mg), 175◦C (oil bath), 2h, 2-hexanol (3.3 mL), 1300 rpm. The 
relative amount of glycerol to the quantity of recovered catalyst from each run 
was kept constant. Xgly = conversion of glycerol, SAllyl = Allyl alcohol Selec-
tivity, Yallyl = Allyl alcohol performance and BC = Carbon Balance. 
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the sacrificial alcohol on the reduced ceria. According to the literature, 
the adsorption of secondary alcohols occurs at O-coordination va-
cancies, on the under coordinated Ce4+ cations - Lewis acid sites - 
located in the second layer beneath the O-terminated ceria, where the 
remaining alkoxy is stabilized [51,52]. Considering that the alkoxy is 
adsorbed on the Lewis acid site next to the rhenium site (VII), desorption 
step leads the formation of the corresponding ketone via dehydrogena-
tion reaction (2). In agreement with the studies of Abu-Omar et al. [53] 
et Palkovits et al. [13], rhenium particles catalyse the dehydrogenation 
of alcohols. In this study, the corresponding ketone (2-hexanone) was 
detected via GC as secondary product in the case of 2-hexanol as 
H-donor (Fig. S10). Regarding the results obtained in Table 5, the 
changes in catalyst activity for the different alcohols indicates that 
dehydrogenation reaction is the rate limiting step in the coupling system 
[49,50]. The H atom is transferred to the rhenium site (VII) surface via 
spill over mechanism on the ceria surface [54], allowing the reduction of 
Re (3). Then the condensation of glycerol take place on the reduced 
rhenium (V) site followed by the extrusion of allyl alcohol along with the 
oxidation of rhenium site (from V to VII), closing the redox cycle of 
rhenium [50,55,9]. 

3.4. DODH reaction mechanism simulation 

To explain the presence of the alternative redox cycle including the 

Re4+/Re6+ couple, DFT calculations were performed. Considering the 
determining role of O/OH vacancy for the reactivity of metal oxide/ 
hydroxide surfaces [26,56] we modelled the glycerol DODH to allyl 
alcohol reaction both at the perfect and the OH vacant ReOxHy surfaces. 
First, regarding the reaction at the perfect surface (see Fig. 10), the 
catalytic cycle starts with the adsorption of glycerol on the surface. Due 
to its multiple hydroxide groups and its high flexibility, glycerol mole-
cule can adopt a huge range of conformations. Following previous 
studies from Sautet and co-workers [57,58],we focused here on the most 
stable gas conformation with the two terminal hydroxide groups 
engaged in a mutual H bond. On the Re (hydr-)oxide surface, the most 
stable glycerol configuration is obtained when it adsorbs via the two 
terminal OH-groups. The structure is stabilized by H-bonds between the 
molecule and the hydroxylated surface, resulting in an adsorption en-
ergy of -0.6 eV (Fig. 10, left, Int2). In the following step, glycerol be-
comes dehydrated on the terminal C-atom forming a C-O-Re bridge 
(Fig. 10, left, Int3). The corresponding step is slightly endothermic with 
a +0.37 eV. Then, the as-formed intermediate is hydrogenated liberating 
allyl alcohol and water, leaving behind a partially oxidized ReOxHy-2 
surface (Fig. 10, left, Int4), which becomes finally regenerated by 
hydrogen from the sacrificial alcohol (Fig. 10, left, Int1). From the re-
action energies, one can see that the determining step is the first dehy-
dration leading to the C-O-Re bridge (Int2 to Int3), which is 
endothermic, compared to all other steps. In order to access the oxida-
tion states of Re during the catalytic cycle, the Bader charge was 
calculated (Fig. 10, right). From these figures, on cane distinguish three 
successive electronic charge levels, 2.5, 2.6 and 2.7 e, respectively 
corresponding to Re5+, Re6+, Re7+. Correspondingly, this first model, 
only explains the redox couple Re5+/Re7+. 

Then, the reaction at the OH defected surface was simulated, that is 
with one exposed bare Re atom. As it can be observed on Fig. 11, the 
catalytic steps are globally identical to our previous calculations for the 
non-vacant surface, with only two major differences. Whereas the for-
mation of the C-O-Re bridge (Int2 to Int3) on the non-vacant surface is 
endothermal, the latter is exothermal for the vacant surface (-0.62eV vs. 
+0.37eV). On the other hand, whereas the hydrogenation step for the 
non-vacant surface is exothermal or non-thermal (-0.12eV), the latter is 
endothermal for the vacant surface (+0.64eV). Finally, the Bader 
charges were calculated (Fig. 11, right) showing significant differences 
in the present oxidation states with at least four states, attributed to 
Re7+, Re6+, Re5+ and Re4+. These results are thus in agreement with the 
experimentally observed redox couples Re5+/Re7+ and Re4+/Re6+. 

As we mentioned above, vacancy formation is determining for metal 
oxide reactivity. Hence, it is reasonable to consider that some vacancies 
are present in the system. In addition, it is worth mentioning that the 
cost of OH vacancy formation of the vacancy corresponds to an energy 
barrier of +1.13 eV, which is acceptable. Therefore, it is highly probable 
that some defected Re sites are effectively present on the ReOxHy sur-
faces. Also, there is no clear evidence in our calculations that one 
mechanism is more likely to happen than the other. That is why, both 
pathways should be considered as potentially proceeding in a simulta-
neous way at different surface sites. 

4. Conclusion 

The Deoxydehydration (DODH) of glycerol to allyl alcohol was 
studied over ceria-supported rhenium oxide catalyst. SiO2 and carbon 
were used as hard templates in the synthesis of mesoporous ceria ma-
terials, via nanocasting method. Upon NaOH treatment, the removal of 
the hard template was only partial, but caused a decreased catalytic 
performance. Thus, best performance was observed for non-treated 
ceria-supported rhenium oxide catalysts (10 wt.% ReOx/ CeO2+SiO2) 
yielding up to 86% allyl alcohol, using 2-hexanol and 4-methyl-2-penta-
nol as a H-donor and solvent. The corresponding catalyst was reusable 
for 3 cycles without reactivation step. Furthermore, no evidence of 
leaching was observed via hot filtration test, which encourages us to 

Fig. 8. Hot filtration test. (a) 10%ReOx/CeO2+SiO2 undergo glycerol DODH 
with 2-hexanol in pressure glass reactor for 1h at 170◦C. Catalyst was removed 
by filtration at high temperature, and the filtrate without 10%ReOx/CeO2+SiO2 
was heated to 175◦C (oil bath) for an additional 24h. (b) Glycerol conversion 
and yield of allyl alcohol for 24h without removing catalyst were recovered at 
1h and 24h for comparison test. (c) Glycerol conversion without catalyst was 
studied for another comparison test. 

Table 5 
Effect of solvent on the performances in DODH reaction of glycerol to allyl 
alcohol (a).  

Entry Solvent Conversion (%)(b) Yield (%)(b) 

1 2-Hexanol >99 86 
2 4-Methyl-2-pentanol >99 85 
3 3-Octanol >99 80 
4 2-Pentanol 82 65 
5 1-Heptanol 45 22 
6 2-Butanol 37 24 
7 Cyclohexanol 35 21  

(a) Reaction conditions: Glycerol (1.0 mmol), 10wt.% ReOx/ CeO2+SiO2 (100 
mg), Solvent (3.3 mL), 175◦C (oil bath), 1300 rpm, 2.5 h 

(b) Conversion and yield based on glycerol, determined by GC analysis with 
benzene as an internal standard. 
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study the catalytic performance in a continuous reactor and to perform a 
process simulation (i.e. with ASPEN) in the near future. 

The results of the nitrogen physisorption showed no correlation be-
tween the surface are and catalytic activity even though good dispersion 
of the active phase was evidenced by X-ray diffraction and TEM when 
using low amount of rhenium (≤ 10wt.%), suggesting that the catalytic 
performance is mainly governed by the redox properties. Since TPR 
results suggested that Ce could play a role in the reduction of rhenium 
species, a XPS study was performed showing that the Ce3+/Ce4+ ratio 
was not affected by the DODH reaction but significantly changed upon 
NaOH treatment of the support. Additionally, this study showed that the 
two redox couples Re7+/Re5+ and Re6+/Re4+ are involved during DODH 
of glycerol to allyl alcohol, which made us proposing a reaction mech-
anism based on the presence of Ce3+ and Ce4+ sites and numerous O- 
vacancies. The latter was further validated by DFT calculations con-
firming the presence of the redox couples Re5+/Re7+ and Re4+/Re6+ in 
the case of a O-defect ReOxHy surface. 
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