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Abstract 

    Al2O3 supported silicotungstic acid (H4SiW12O40/Al2O3) samples were prepared by 1 

impregnation and calcined at 350, 450, 550, 650 oC to study the structural evolution of the 2 

H4SiW12O40 heteropolyacid and its effect on the catalytic performance during glycerol 3 

conversion to acrolein. For comparison, a WOx/Al 2O3 catalyst was also prepared by 4 

impregnation with ammonium paratungstate. The catalysts were extensively characterized using 5 

BET, NH3-TPD, FT-IR, XRD, Raman, UV-vis DR and XAFS. The evolution of catalyst 6 

structure and catalytic performance was carefully resolved and analyzed. XAFS analysis reveals 7 

that the oxygen coordination number in the first shell with short W-O bond distance increases as 8 

the calcination temperature is increased, suggesting the transform of W-species on surface. Slight 9 

degradation of Keggin structure of H4SiW12O40 supported on Al2O3 is observed upon calcination 10 

at 350 and 450 oC, though [SiW12O40]
4- anions with Keggin structure are still the dominating 11 

species. The total decomposition of Keggin unit occurs after calcination at 550 and 650 oC. 12 

Isolated WO6 species and small amount of WO3 micro-crystallites are formed as a result of the 13 

decomposition. The glycerol conversion increases with acid center concentration under the 14 

specified reaction condition. As well, selectivity to acrolein increases with Brønsted/Lewis acid 15 

ratio, suggesting the crucial role of Brønsted acid sites for acrolein formation.  16 

Keywords: Dehydration; Glycerol; Acrolein; Silicotungstic acid; Supported catalysts 17 
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1. Introduction 

    Glycerol is one of the potential bio-derived building blocks for biorefinery [1, 2], as well as 1 

a major by-product in the production of biodiesel via transesterification of vegetable oils or 2 

animal fats with alcohols [3]. Generally, 10 wt% of glycerol can be obtained along with the 3 

production of biodiesel. Since the biodiesel boom in 2004−2010, glycerol became considerable 4 

oversupply in the market and the price has significantly decreased [3]. As a result, in recent years 5 

there have been intensive efforts devoted to convert glycerol to other value-added chemicals, 6 

such as dehydration to acrolein, hydrogenolysis to 1,3-propanediol [4], reforming to hydrogen 7 

[5], oxidation to glyceric acid [6], among others. Dehydration of glycerol to acrolein is an 8 

alternative process that could replace the current gas phase oxidation of propylene, thus 9 

producing valuable chemicals from low-cost and renewable biomass resources instead of 10 

traditional crude oil feedstock [7]. The subsequent selective oxidation of acrolein produces 11 

acrylic acid, a key feedstock for commodity acrylate esters and various functional polymers. The 12 

gas phase dehydration of glycerol to acrolein has been widely studied on various solid acid 13 

catalysts such as zeolites, heteropolyacids and WO3-ZrO2 catalysts [8-14], and the physical 14 

structure, acidic strength and active species of the catalyst were reported to affect the 15 

dehydration activity and selectivity.  16 

    Heteropolyacids (HPAs) are important solid acid catalysts for the development of clean 17 

technologies as they have the potential to replace hazardous mineral acids. They are special 18 

classes of polyoxometallates, composed of several metals, non-metals and oxygen. Some widely 19 

used HPAs, such as silicotungstic (H4SiW12O40, HSiW), phosphotungstic (H3PW12O40, HPW) 20 

and phosphomolybdic (H3PMo12O40, HPMo) acids with Keggin unit structure, have been 21 

investigated for glycerol dehydration to acrolein, both unsupported and supported [15-17]. These 22 
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three HPAs (HPW, HSiW, and HPMo; 30 wt% loading) with Keggin structure were supported 1 

on silica using impregnation methods and then tested in the dehydration of glycerol by Tsukuda 2 

et al [11]. HSiW/SiO2 showed the highest acrolein selectivity (74%) at complete conversion. 3 

High acrolein selectivity (94–96%) was also observed with unsupported caesium-doped 4 

silicotungstic acid (Cs/STA) and rubidium-doped silicotungstic acid (Rb/STA) using a dilute 5 

glycerol feed (0.5 wt% in water) by Hutchings et al [13]. Although HPAs showed high activity in 6 

glycerol dehydration, the well-known coking problem and the tendency to decompose under 7 

thermal treatments and alkaline conditions always led to the loss of active sites and deactivation 8 

[15, 17-19]. Usually, the active centers are generated during the calcination process, where 9 

calcination of supported HPA catalysts below the decomposition temperature would favor the 10 

creation of proper interaction between the heteropolyanions and the support surface, improving 11 

the stability of HPAs as solid acid catalysts. However, if the temperature is further increased, the 12 

Keggin structure can be gradually decomposed. Martin et al studied the decomposition behaviors 13 

of HSiW and HPMo HPAs using DTA technique [20]. The loss of water, the interaction with the 14 

support and the formation of new species were observed.  However, the detailed structure 15 

evolution and the consequent activity changes with thermal treatment at elevated temperature are 16 

still not clearly unveiled.  17 

    In this work, alumina supported HSiW is investigated during glycerol dehydration. The 18 

samples were calcined at various temperatures between 350 and 650 oC. The formation and 19 

evolution of active phases are investigated and correlated with the catalytic properties. The 20 

isolated WOx species formed by dissociation of HSiW at high temperature (≥ 550 oC) can still 21 

act as active centers for glycerol dehydration, but exhibiting less stability than HSiW.  22 

2. Experimental  
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2.1 Catalyst preparation 

    Commercial Al2O3 (Aldrich, 150 mesh) was used as catalyst support without further 1 

purification. H4SiW12O40/Al 2O3 was prepared by wet impregnation method. Typically, 3.0 g of 2 

tungstosilicic acid hydrate (Aldrich) was dissolved in 20 ml DI water under stirring. Then 7.0 g 3 

of Al2O3 was added to the above solution and stirred overnight. The mixture was dried at 110 oC 4 

in oven prior to further use. The catalyst was used without calcination and with calcination for 4 5 

h at 350, 450, 550, and 650 oC. They are denoted as HSiW/Al2O3, HSiW/Al2O3_350, 6 

HSiW/Al2O3_450, HSiW/Al2O3_550, and HSiW/Al2O3_650, respectively. For comparison, 7 

WOx/Al 2O3 catalyst was also prepared by impregnation method using ammonium paratungstate 8 

((NH4)10(H2W12O42)·4H2O, Sigma-Aldrich) as precursor and a calcination process at 650 oC for 9 

4 h. These catalysts were sieved to 250 – 400 µm before loading to the reactor. Unsupported 10 

tungsten trioxide (WO3) was also prepared by calcination of ammonium paratungstate at 650 oC 11 

for 4 h and employed as reference sample in some characterizations. 12 

2.2 Characterizations 

    N2 adsorption/desorption isotherms were determined on a physical adsorption apparatus 13 

(Micromeritics, ASAP 2420). The samples were pretreated at 300 oC under vacuum for 5 h 14 

before measurements. Calculations of the specific surface area (BET), pore volume, and average 15 

pore size (BJH method) were performed using standard procedures.  16 

    The temperature-programmed desorption of NH3 (NH3-TPD) was carried out over 0.10 g of 17 

sample from 30 to 850 oC at a heating rate of 10 oC/min while monitoring the thermal 18 

conductivity detector (TCD) signals (Thermo TPD/R/O 1100) after saturation with NH3 at 100 19 

oC for 30 min and then purging with He at 30 oC for 1 h. The sample was treated in He at 300 oC 20 
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for 1 h before the TPD experiment. The TPD curves were analyzed with a multiple Gaussian 1 

function and the area of each peak was calculated using Origin 7.5. The peak area was correlated 2 

with the amount of adsorbed NH3 based on calibration values obtained using injection of NH3 3 

pulse. 4 

    Infrared spectroscopy (FTIR) was recorded by a Varian FTS-7000/UMA600 microscope. 60 5 

mg catalyst samples were pressed as thin disks, with a diameter of approximately 25 mm. Before 6 

pyridine adsorption, all samples were pretreated in a glass vacuum system at 300 °C for 1 hr. The 7 

samples were cooled down to room temperature under vacuum and expose to purified pyridine 8 

for 30 minutes. Spectra were recorded after evacuation for 30 minutes at 300 °C. The 9 

background spectrum was recorded under identical operating conditions without sample and was 10 

automatically subtracted. 11 

    X-ray diffraction (XRD) patterns of the catalysts were recorded on an X-ray diffractometer 12 

(Bruker AXS D8 Focus) equipped with a Cu Kα source (λ=1.5406 Å) operated at 40 kV and 40 13 

mA. The crystalline phases were identified by comparison with reference patterns available in 14 

the JCPDS database. 15 

    Ultraviolet–visible  (UV–vis)  diffuse reflectance  spectroscopy  (DRS)  was  performed  16 

using  a  SHIMADZU UV-2450  instrument  with  a  collection  speed  of  40  nm•min−1 using 17 

BaSO4 as  reference.  18 

    The Raman spectra of the dehydrated supported tungsten oxide catalysts were obtained with 19 

either visible (532 nm) or UV(325 nm) excitation (Horiba-Jobin Yvon LabRam-HR). The UV 20 

laser excitation was generated from a He–Cd laser (Kimmon, Model IK5751 I-G, 30 mW) and 21 

the visible excitation was generated by a Yag double-diode pumped laser (coherent 315 m, 20 22 

mW). 23 
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    X-ray absorption spectra of W-L3 edge was recorded at the XAFCA beamline at the 1 

Singapore Synchrotron Light Source (SSLS). A Si(111) double-crystal monochromator was 2 

used. Ion chambers filled with N2(85%)/Ar(15%) and N2(50%)/Ar(50%) were used for I0 and I 3 

detection, respectively. The energy was calibrated by using a Pt foil. The data reduction and 4 

fitting was performed by the Athena and Artemis programs (by Bruce Ravel).  5 

2.3 Catalytic activity test 

    Glycerol dehydration was conducted in a vertical fixed-bed reactor under atmospheric 6 

pressure. A quartz tube reactor with an internal diameter of 7 mm was used. 0.5 g of catalyst was 7 

ground and sieved to sizes between 250 and 400 microns and loaded in the middle section of the 8 

reactor, with quartz wool packed at both ends. Before reaction, the catalyst was pretreated at 300 9 

oC for 1 h in N2 at a flow rate of 25 ml•min-1. Aqueous glycerol solution (20 % w/w) was fed 10 

using a syringe pump. The composition of the feed gas was N2/H2O/glycerol=56.5:41.5:2.0 11 

(molar ratio), which composes N2 of 30 ml•min-1 and 20 wt% Glycerol/H2O=1.5 ml•h-1. The 12 

reaction temperature was fixed at 300 oC for all reactions. The products were collected in 10 ml 13 

of water in a cold trap directly connected to the outlet of the reactor. A second cold trap with 40 14 

ml of water in an ice-bath was placed after online GC to further condense low boiling 15 

compounds. 25 µl of 2-butanol, as internal standard, was mixed with 1 mL of products in water 16 

in each trap and quickly analyzed by GC (Shimadzu 2014, Japan) equipped with an auto-17 

sampler, a capillary column (Phenomenex, ZB-WAX, 60m×0.25mm×0.5µm) and a flame 18 

ionization detector (FID). The chromatographs were obtained using the following temperature 19 

procedures: from 60 oC to 240 oC at a ramping rate of 10 oC min min-1 and kept at 240 oC for 12 20 
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min. The gas phase was analyzed by an online GC (Varian CP-3800) with two columns, 5A 1 

molecular sieve and Porapak Q. No CO/CO2 and other permanent gases were detected except N2. 2 

    The results of the GC analysis of the liquid-phases were used to evaluate conversion, 3 

selectivity, and carbon balance. Product selectivity (Si, mol%) was calculated based on molar 4 

concentrations of product and glycerol according to Eq.(1) 5 
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Where � represents the number of carbon atoms, for example, � � 3 for acrolein and � � 2 for 7 

acetaldehyde. �� represents the detected molar quantity of product � [21].  8 

3. Results and Discussion 

3.1 Catalyst characterizations 

    The porous structure of the catalysts was measured by N2 adsorption – desorption method, 9 

including the Al2O3 support. The N2 adsorption – desorption isotherms (plot separately and 10 

together) and pore diameter distributions are shown in Fig. 1. BET surface area, average pore 11 

size and pore volume are summarized in Table 1. The N2 adsorption – desorption isotherm of the 12 

Al 2O3 support has a steep adsorption increase at P/P0 = 0.4 – 0.6 and a hysteresis loop between 13 

adsorption and desorption curves, characteristic of type IV isotherm, suggesting mesoporous 14 

structure. Al2O3 has a BET surface area of 187.2 m2•g-1 and a pore volume of 0.25 cm3•g-1. The 15 

loading of HSiW on Al2O3 led to a significant decrease of N2 adsorption due to the possible 16 

blocking of some Al2O3 mesopores, but the mesoporous structure still remains as the hysteresis 17 

loop still exists. Calcination at elevated temperatures does not change the isotherm type (type IV 18 

isotherm) and the hysteresis loop between adsorption and desorption curves is still observed. The 19 

BET surface area and pore volume gradually decrease as temperature increases. The WOx/Al 2O3 20 
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catalyst calcined at 650 oC shows similar surface area as the as-synthesized HSiW/Al2O3 sample 1 

without calcination. The average pore diameter and pore volume are closer to Al2O3 support. 2 

Since the pore diameter distribution patterns indicate that most pores are around 5 nm and 40 3 

nm, a hierarchical pore structure could be envisaged. The pore distribution around 40 nm is 4 

much broader than that of 5 nm, and the pore diameter distribution shows a minor change after 5 

calcination at elevated temperatures. In summary, all catalysts preserve the mesoporous structure 6 

of pure Al2O3 support with slight pore size and surface shrinkage due to the deposition of 7 

tungsten species and calcination at elevated temperatures. 8 

    The temperature-programmed desorption of ammonium (NH3) was performed from 50 to 9 

850 oC to study the acidic properties on the catalyst surface. The ammonium desorption profiles 10 

over different catalysts are plotted in Figure 2. All curves are composed of overlapped multi-11 

peaks between 100 and 700 oC, indicating the presence of acid centers with different strengths 12 

[20, 22]. The HSiW/Al2O3 catalyst shows the highest total peak area among all catalysts. The 13 

total peak area decreases as the calcination temperature increases. The WOx/Al 2O3 gives a low 14 

peak area similar to the one obtained for HSiW/Al2O3_650. To quantify the number and strength 15 

of acid sites on catalyst surface, the TPD curves are deconvoluted into multi-peaks (Fig. S1 and 16 

Table S1). From the results, the first region at low temperature < 300 oC always composes of 17 

three desorption peaks. The first two peaks are deemed as desorption of ammonia molecules 18 

physically-adsorbed on the catalyst surface with different Van der Waals forces. The third peak 19 

mostly falls between 200 and 400 oC and it is attributed to the desorption of chemically-adsorbed 20 

ammonia molecules with week interaction, corresponding to week acid sites [15]. The peaks 21 

above 300 oC are usually accounted for desorption of ammonium molecules adsorbed on 22 

medium and strong acid sites. They are overlapped and it’s hard to distinguish between medium 23 
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and strong acid centers by using the general threshold point of 500 oC. However, a very strong 1 

fitting peak is shown on both HSiW/Al2O3 and HSiW/Al2O3_350 catalysts ranging between 300 2 

and 600 oC centered at around 400 oC, indicating the presence of abundant medium acid sites. 3 

This also suggests that the silicotungstic acid species on HSiW/Al 2O3 and HSiW/Al2O3_350 4 

have similar structures and distributions. The mole density of total acid sites was calculated by 5 

calibrating the area of peak 3 to 6, denoted as ammonium desorbed in mole per gram catalyst. 6 

The results are listed in the last column in Table 1. The quantity of acidic centers reduces 7 

regularly from 870 to 264 µmol•g-1 in the sequence of the catalyst list. The numbers are 8 

comparable to results reported in literatures [23]. 9 

FTIR spectra of pyridine adsorption were recorded to investigate the type of acid sites 10 

(Brønsted or Lewis) of the catalysts, including Al2O3 support (Fig. 3). The adsorption bands at 11 

1452 and 1541 cm-1 are ascribed to the chemisorption of pyridine on Lewis (v19b) and Brønsted 12 

(v19b) acid centers, respectively [22, 24-26]. They are generally used to estimate the relative 13 

abundance of the two types of acid centers (B/L). Additional absorption bands can also be 14 

observed at 1489 cm-1 (co-adsorption on B/L), 1616 and 1575 cm-1 (strong and weak L acid sites, 15 

v8a and v8b) [25]. Fig. 3 shows that only L acid centers are present on the surface of Al2O3 16 

without any B acid centers. However, both B and L acid centers are observed on HSiW/Al2O3 17 

and the samples obtained by calcination at different temperatures, as well as on WOx/Al 2O3, 18 

though less B acid centers are shown on WOx/Al 2O3 than on HSiW/Al2O3 catalysts. The B/L 19 

ratios of acid centers are calculated via integration of the adsorption bands at 1541 and 1452  20 

cm-1, respectively, without using the molar extinction coefficients. It is important to mention that 21 

it is difficult to determine the B-L absolute acid concentrations precisely in each catalyst in the 22 



 11

present condition, because the thickness of each wafer for IR measurement cannot be controlled 1 

precisely. The ratios are summarized in Table 1.  2 

   The catalysts were characterized with XRD to explore the crystal phases and structure. In 3 

Fig. 4, all catalysts show the same diffraction peaks of Al2O3 support with low crystallinity, well 4 

corresponding to diffraction peaks of standard cubic Al2O3 (PDF#06-0880) [27]. No other peaks 5 

could be observed on HSiW/Al2O3, HSiW/Al2O3_350 and HSiW/Al2O3_450, indicating the high 6 

dispersion or amorphous nature of tungstosilicic acid after calcination at 350 and 450 oC [20]. 7 

However, clear diffraction peaks assigned to orthorhombic WO3 (654048-ICSD) nanocrystals 8 

appear when calcination temperature increases to 550 and 650 oC. The result demonstrates that 9 

tungstosilicic acid in catalyst is, at least partially, dissociated into tungsten trioxides species after 10 

treatment at 550 and 650 oC. The patterns of HSiW/Al2O3_550 and HSiW/Al2O3_650 are very 11 

similar to the WOx/Al 2O3 catalyst prepared by impregnation with ammonium paratungstate and 12 

calcined at 650 oC. Thus, thermal decomposition of tungstosilicic acid and ammonium 13 

paratungstate at 650 oC generates the same crystalline structure, the orthorhombic phase of WO3 14 

species. Soultanidis et al observed similar results on WOx/ZrO2 calcined at 700 oC, detecting 15 

monoclinic WO3 crystals [28]. Calcination of unsupported ammonium paratungstate at 650 oC 16 

for 4 h also produces the same WO3 species with the orthorhombic crystal structure (Fig. S2). 17 

This WO3 crystal sample is used as a reference in the following characterizations. 18 

    The diffuse reflectance UV–vis spectra for all catalysts and WO3 are shown in Fig. 5. All 19 

catalysts display major absorption features at energies ranging from 3.5 to 2.5 eV due to ligand-20 

to-metal charge transfers (LMCT) in tungsten species existing on the catalyst surface [29, 30]. 21 

For compounds with Keggin structure, two LMCT transitions occur between 250 – 269 and 294 22 

– 328 nm. The oligomers of WOx species normally show LMCT bands with maxima at similar 23 
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positions, around 250 and 300 nm, respectively. Bulk WO3 exhibits two LMCT transitions at 251 1 

and 338 nm [31]. Hence, from LMCT band transitions, it is hard to determine the structure of 2 

tungsten oxides in HSiW/Al2O3 and its derivatives upon calcination. Since the structure and 3 

electronic properties can be differentiated by the optical absorption edge energy (Eg), Eg values 4 

were obtained by  the model typically applied for indirect-allowed HOMO-LUMO transitions 5 

occurring in amorphous nanosized semiconductor domains, which have been used to characterize 6 

WOx species supported on metal oxides [32]. In Fig. 5, WO3 gives a low absorption edge of Eg = 7 

2.56 eV. The HSiW/Al2O3 shows the highest absorption edge at 3.45 eV. The HSiW/Al2O3_350 8 

and HSiW/Al2O3_450 have very similar absorption curves as compared to HSiW/Al2O3, with a 9 

little shift towards low edge energy, 3.36 and 3.35 eV, respectively. The HSiW/Al2O3_550, 10 

HSiW/Al2O3_650 and WOx/Al 2O3 give close absorption edge at around 2.67 eV. The significant 11 

shift of edge energy of these three catalysts may be related to the formation of micro-crystallites 12 

of WO3 on surface, because supported tungsten oxide catalysts calcined below 700 oC always 13 

show polymerized WOx species with UV-visible absorption above 3.0 eV. Therefore, the 14 

absorption spectra near the edge, for example 2.67 to 3.60 eV, should be aroused from WO3 15 

crystallites, due to the different absorption curve shape as compared to HSiW/Al2O3, 16 

HSiW/Al2O3_350 and HSiW/Al2O3_450 samples. This is also consistent with XRD results, 17 

confirming the presence of orthorhombic WO3 crystal particles. Washs et al. reported that the 18 

overall Eg value was dominated by the component with lowest Eg values and the LMCT 19 

transition of each component was retained in multicomponent tungstate systems [31]. From this 20 

result, it is concluded that WOx in other forms other than WO3 nanoparticles (NPs) should exist 21 

on HSiW/Al2O3_550, HSiW/Al2O3_650 and WOx/Al 2O3 catalysts. For example, distorted 22 

monoxo WO4 and WO6 species have Eg value of 4.2 eV and 4.5 eV, respectively. These species 23 
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may co-exist in those catalysts. On the other hand, the LCMT curves shifts to higher Eg value for 1 

catalysts calcined at higher temperature (550 & 650 oC). The Eg values of these samples may 2 

also increase if the influence of WO3 NPs is excluded. Wachs et al. reported that Eg linearly 3 

decreased with increasing number of bridging W-O-W bonds [31]. The HSiW has a [SiW12O40]
4- 4 

Keggin structure with many edge-shared WO6 units or corner-shared W3O13 groups. Therefore, 5 

W-O-W bonds are abundant in HSiW/Al2O3, HSiW/Al2O3_350 and HSiW/Al2O3_450 samples. 6 

The reduction of W-O-W bridging bonds (increasing Eg) may result from the dissociation of 7 

[SiW12O40]
4- anions and the formation of isolated WOx(WO5/WO6) species.  8 

    Raman spectroscopy was widely applied as a  sensitive technique to study the chemical 9 

structure of supported tungsten compounds [33]. The Raman spectra of the catalysts are shown 10 

in Fig. 6. In the figure, bulk WO3 has distinct absorption peaks at 807, 715 and 273 cm-1, which 11 

can be assigned to stretching, bending and deformation modes of W–O–W in WO3 crystallites, 12 

respectively [29, 34]. These three peaks are also present on WOx/Al 2O3 and HSiW/Al2O3_650 13 

catalysts, as well as on HSiW/Al2O3_550 catalyst, but with relatively low intensity. This implies 14 

the presence of WO3 micro-crystallites in the three catalysts, in well consistent with XRD and 15 

UV-vis DRS results. Besides the absorption peaks corresponding to WO3, an additional peak at 16 

960 cm-1 (WOx/Al 2O3) and 970 cm-1 (HSiW/Al2O3_650 and HSiW/Al2O3_550), respectively, is 17 

assigned to the symmetric stretching vibrations of the terminal W=O bonds of surface WOx 18 

species [16, 32, 34, 35]. This peak appears at 980 cm-1 over the HSiW/Al2O3, being usually 19 

ascribed to the terminal bonds in the Keggin anions of HSiW hetero-poly acid. The Raman 20 

spectra of HSiW/Al2O3_350 and HSiW/Al2O3_450 appear to be a straight line without 21 

absorption peak. But after background removal, peaks located at 980 cm-1 are also observed for 22 

both catalysts (shown at left-down corner in Fig. 6). However, no peak assigned to WO3 23 
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crystallites is distinguished. Based on this analysis, dissociation of Keggin structure of HSiW is 1 

evidenced to occur at calcination temperature of 550 oC and above. The tungsten species are 2 

converted into WO3 micro-crystallites and isolated or polymerized WOx species on the catalyst 3 

surface. These WOx species account for the presence of abundant terminal W=O bonds. Wachs 4 

et al. assigned them to isolated surface mono-oxo W=O species (~1000 cm-1) or polymeric 5 

surface mono-oxo W=O species (~1020 cm-1). The light Raman shifts toward higher values are 6 

due to dehydration [31, 35]. As compared to the absorption peaks assigned to WO3 NPs, the 7 

HSiW/Al2O3_650 and HSiW/Al2O3_550 catalysts exhibit relatively stronger intensity of the peak 8 

assigned to terminal W=O than the one observed on WOx/Al 2O3, indicating that more terminal 9 

W=O bonds are present on those two catalysts. The W=O vibrations in hydrated interconnecting 10 

polyoxotungstate clusters have been generally associated with the formation of strong Brønsted 11 

acid sites under a reducing environment [32]. 12 

    X-ray absorption spectra at W LIII-edge were measured to investigate the local structure 13 

evolution of W species after heat treatment at different temperatures for HSiW/Al2O3, and 14 

compared to WOx/Al 2O3 prepared by impregnation. The normalized XANES spectra (µ) and 15 

Fourier transform EXAFS are presented in Fig. 7 and 8, respectively. In Fig. 7, the absorption 16 

edges are similar, being characteristic of W LIII-edge absorption deriving from electron 17 

transitions from 2p3/2 state to a vacant 5d state [36-38]. The absorption edge is rather symmetric 18 

and no significant difference is found in the first and second derivatives of W LIII-edge XANES, 19 

suggesting that the WOx units have no splitting of W 5d states due to ligand field [39]. 20 

According to literature, this shape of “white line” in the W LIII  edge is attributed to distorted 21 

octahedral WO6 species, being different to the one observed in compounds containing tetrahedral 22 

WO4 species [36]. For supported WOx catalysts (such as WOx/ZrO2, WOx/Al 2O3 and WOx/TiO2, 23 
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et al), the tetrahedral WO4 species are only present when W loading is much lower than 1 

monolayer coverage of W atoms on support, i.e., 0.5 W/nm2 [28, 31, 35, 40]. In this work, the 2 

surface density of W is calculated to be ~5.7 W atoms/nm2 of Al2O3 for all catalysts. This is 3 

slightly higher than normally accepted monolayer coverage density (4 – 5 W atoms/nm2) [35, 4 

40].  Therefore, WO6 units are the predominant species on these catalysts.  5 

    From the k3-Fourier transforms of EXAFS data of unsupported HSiW, the FT peaks at 1 – 2 6 

Å without phase-shift correction are associated to the scattering from the nearest neighbor 7 

oxygen atoms, including shorter W=O terminal oxygen (~ 1.7 Å) and longer W-O bridging 8 

oxygen (~ 1.9 Å) [41]. The FT peaks at 3 – 4 Å arises from single and multiple scattering effects 9 

in W-O-W, including even the contribution of oxygen atoms located in the third coordination 10 

shell [41, 42]. The peaks at 3 – 4 Å appear on HSiW, HSiW/Al2O3, HSiW/Al2O3_350, 11 

HSiW/Al2O3_450 and WO3 samples. The presence of this peak on WO3 is attributed to the 12 

existence of an ordered crystal structure with large amount of W-O-W environments present in 13 

corner-sharing WO6 units [43]. The peak area of HSiW/Al2O3_350 and HSiW/Al2O3_450 are 14 

lower than those of HSiW and HSiW/Al2O3, indicating the decomposition or evolution of 15 

Keggin structure of HSiW HPA after calcination at 350 and 450 oC, respectively. The absence or 16 

decrease of this peak on HSiW/Al2O3_550, HSiW/Al2O3_650 and WOx/Al 2O3 suggests the 17 

presence of significant amounts of isolated WO6 species dispersed on Al2O3 surface. Therefore, 18 

multi-scattering of electrons from the second W-shell cannot occur due to the lack of W-O-W 19 

bonds. This supports the previous assumption regarding UV-vis DRS spectra, suggesting that Eg 20 

should increase on HSiW/Al2O3_550, HSiW/Al2O3_650 and WOx/Al2O3 catalysts in comparison 21 

to HSiW/Al2O3, HSiW/Al2O3_350, HSiW/Al2O3_450 catalysts, accompanying the decrease of 22 

W-O-W bond numbers. But the increase of Eg value is not observed directly due to the presence 23 
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of orthorhombic WO3 NPs on HSiW/Al2O3_550, HSiW/Al2O3_650 and WOx/Al 2O3 catalysts. 1 

These WO3 NPs do not show any sign of electron-scattering in the second atomic shell at 3 – 4 2 

Å, suggesting that the percentage of WO3 NPs is very low compared to other isolated mono-WO6 3 

species on these catalysts. 4 

    In order to clarify the tungsten species structure and its evolution with the calcination 5 

temperature, fittings of the first oxygen shell around center W atom were carried out to obtain 6 

coordination numbers of O atoms and W-O bond distances (Fig. S3). The results are listed in 7 

Table 2. The coordination number (CN) of the first O shell was fixed as 6 for all samples, while 8 

the CNs of long W-O bond distances and short W-O (W=O) distances were set as flexible values 9 

and optimized by fitting together with the respective bond distance. However, the CNs of long 10 

W-O bond distance and short W-O distance of HSiW were set as 5 and 1, respectively, as 11 

reference [44]. Similarly, CNs of 4 and 2 were set for WO3 as reference [45]. The O atoms with 12 

shorter W-O bond distance are usually relevant to terminal oxo ligands. It is now widely 13 

accepted that temporary acidic sites are developed on WOx based solid acid catalysts after 14 

exposure to reducing agents, such as H2, alkanes, or alcohols, leading to the formation of 15 

partially reduced W(6−δ)+centers from the initial W6+ species [29, 32, 46]. It is possible that the 16 

reduction involves terminal oxygen. 17 

    Table 2 summarizes the structural parameters. HSiW sample is well described with 5 O 18 

atoms at 1.94 Å and 1 O atom at 1.75 Å, in well consistent with literature [45]. The bond 19 

distance shows negligible change on HSiW/Al2O3 catalyst, but CN changes to 3.6 and 2.4 for 20 

long and short bond distance, respectively. Calcination at 350 and 450 oC continue to increase 21 

CN with shorter bond distance to 3.1 and 3.8, respectively. To explain this change in the CN, it is 22 

speculated that the partial degradation of [SiW12O40]
4- anions to a kind of lacunary 23 
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polyoxoanions [SiW11O39]
8- occurs due to the weak alkalinity of Al2O3 surface and calcination. 1 

The reaction is as follows [47]; 2 

�������� !
�� " 6�$� ↔ ��������&!

'� "���
�� " 3$��          (2) 3 

The WO4
2- species would be coordinated to Al2O3 surface to form a mono WO6 unit with 4 

maximum CN of terminal oxygen up to 5. The resulting lacunary anion [SiW11O39]
8- has a 5 

Keggin structure in which one W=O group is removed. In this case not all W atoms are 6 

equivalent because four of the eleven W atoms have two terminal oxygen atoms. Due to the 7 

weakly basic properties of Al2O3 and the low mobility of Keggin anions on solid surface than in 8 

solution, the further conversion Keggin unit to lacunary [SiW9O34]
10- by eliminating 3 adjacent 9 

MO6 octahedra or to form Dawson structure, which is composed of two Keggin lacunary 10 

fragments with three missing octahedral, is excluded. Cavaleiro et al. [44] discussed the EXAFS 11 

spectrum and the Fourier transform of PW11 anion with the same structure as SiW11. The EXAFS 12 

best-fit parameters for this lacunary heteropolyanion showed 3 O atoms with shorter bond 13 

distance and 3 O atoms with longer bond distance around the centeral W atom. Based on this 14 

result and assuming that the resulting WO6 units have a maximum  CN = 5 of terminal W-O with 15 

short bond distance, the dissociation percentages of HSiW via reaction (1) on HSiW/Al2O3, 16 

HSiW/Al2O3_350 and HSiW/Al2O3_450 are estimated to be 17%, 26% and 35%, respectively, 17 

according to the actual measured short distance CN (Table 2). The degradation of HSiW via 18 

reaction (1) also accounts for the decrease of the peak at 3 – 4 Å in FT pattern of the EXAFS 19 

spectra of HSiW/Al2O3_350 and HSiW/Al2O3_450 in comparison to pure HSiW (Fig.. 8). The 20 

W-O-W number in [SiW11O39]
8- and WO6 units are both lower than that in [SiW12O40]

4- anions.  21 

    Calcination at 550 and 650 oC leads to complete dissociation of Keggin structure of HSiW. 22 

This is proven by the complete disappearance of W-O-W peak at 3 – 4 Å in FT pattern of 23 
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HSiW/Al2O3_550 and HSiW/Al2O3_650 catalysts. This is also observed on WOx/Al 2O3 catalyst. 1 

Bulk HSiW dissociates at 540 oC due to the crystallization into a new compound [37]. Small 2 

weight loss is also observed in TG/DTG patterns (Fig. S4). Although it was clearly shown that 3 

WO3 NPs exist on these three catalysts, the lack of peak assigned to W-O-W in the FT patterns 4 

indicates that the most abundant species are not WO3 NPs but isolated WO6 units since the 5 

isolated WO6 species have only the first O shell. If we assume that (1) only two species, WO6 6 

units and WO3 NPs, are present on surface of HSiW/Al2O3_550, HSiW/Al2O3_650 and 7 

WOx/Al 2O3_650 samples; (2) 5 and 4 O atoms with short bond distance are around the central W 8 

atom in WO6 units and WO3 NPs, respectively, the ratios of W atoms in WO6 units and WO3 9 

NPs could be calculated. The percentages of WO3 NPs in the samples are: 20 % 10 

(HSiW/Al2O3_550), 20% (HSiW/Al2O3_650) and 30% (WOx/Al 2O3_650). The particle size of 11 

WO3 NPs on HSiW/Al2O3_650 is calculated to be 48 nm using the Scherer equation. Thus the 12 

concentration of WO3 NPs on Al2O3 surface is estimated to be ~0.5 NPs/cm2, which is rather 13 

low. The remaining WO6 units almost reach full monolayer dispersion on the support (~4.5 W 14 

atoms/nm2 Al2O3), significantly contributing to the X-ray absorption fine structure spectra.  15 

    In summary, the six catalysts can be divided into two groups. Three W species in different 16 

concentrations, [SiW12O40]
4-, [SiW11O39]

8- and [WO6]
δ- units, are present on the first group 17 

(HSiW/Al2O3, HSiW/Al2O3_350 and HSiW/Al2O3_450), while two W species, [WO6]
δ- and 18 

WO3 NPs are present on the second group (HSiW/Al2O3_550, HSiW/Al2O3_650 and 19 

WOx/Al 2O3_650). The W in WO6 cluster may be partially reduced and coordinated to protonated 20 

water. Therefore, Brønsted acid centers like [SiW12O40]
4- and [SiW11O39]

8- anions may be 21 

generated. So it is denoted as [WO6]
δ-. Additionally, the [SiW12O40]

4- and [WO6]
δ- are the most 22 

abundant species in the first and second group of catalysts, respectively. A schematic illustration 23 
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is shown in Fig. 9, with HSiW/Al2O3 representing the first group and HSiW/Al2O3_650 the 1 

second one. The weight percentages are referred to W element only.  2 

3.2 Catalytic activity 

The catalytic dehydration of glycerol to acrolein was carried out under two weight hourly 3 

space velocity (WHSV), 0.6 and 1.0 h-1, on the various catalysts described above, including 4 

Al 2O3 for comparison. The results after reaction for 2 hours are shown in Table 3. The 5 

conversion of glycerol is 100 % for all catalysts with a WHSV of 0.6 h-1. In all cases, acrolein is 6 

produced as the main product and hydroxyacetone, acetaldehyde and propionaldehyde are the 7 

primary by-products of the reaction. The carbon balances are lower than 100 %, falling in the 8 

range of 59-81 %. This may be attributed to the formation of heavy compounds and coke that are 9 

deposited on the catalysts. Glycerol conversion decreased to low values when increasing WHSV 10 

to 1.0 h-1 in reaction for all catalyst. Accordingly, acrolein yield slightly decreased. While, the 11 

yield to hydroxyacetone, the main by-product, increased for HSiW based catalysts, with 12 

exception of WOx/Al 2O3 and Al2O3. This WHSV induced change can be explained as follows: 13 

increasing space velocity shortens the residence time for reactant so that the conversion drops. 14 

Meanwhile, higher WHSV also reduce the further polymerization and coking deposition from 15 

acrolein, hydroxyacetone, acetaldehyde, etc. These secondary reactions were more favored on 16 

HSiW based catalysts, which had relatively strong acidities. The amount of these heavy 17 

compounds is reduced when the reaction is run at higher WHSV. This is also suggested by the 18 

better carbon balance results obtained at higher WHSV. The different results on WOx/Al 2O3 and 19 

Al 2O3 catalysts under high space velocity were obtained. The low hydroxyacetone yield and poor 20 

carbon balance may be attributed to their different surface acidic properties and behaviors, that 21 

favors the polymerization of hydroxyacrtone and coke deposition. 22 
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As it is well known, deactivation in dehydration of glycerol occurs mainly due to coke 1 

deposition on catalyst surface. Therefore, the activity evolution as a function of the time-on-2 

stream (TOS) was investigated over HSiW/Al2O3 and HSiW/Al2O3_650 catalysts under WHSV 3 

of 0.6 h-1. The results are plotted in Fig. 10. The HSiW/Al2O3 shows better stability than 4 

HSiW/Al2O3_650 catalyst. The glycerol conversion starts at 100 % and begins to drop after 5 5 

hours, reaching 90% at 7 hours. The selectivity and yield to acrolein fluctuate in a narrow range 6 

between 66 – 75 %, without an apparent decrease during the 7 hours of TOS. In comparison, the 7 

HSiW/Al2O3_650 catalyst shows relatively poorer stability. The glycerol conversion begins to 8 

decrease from 100 % after the initial 1 – 2 hours. The glycerol conversion and acrolein yield 9 

continuously decrease with TOS, while selectivity remains rather stable. After 7 hours, only 68 10 

% of glycerol conversion and 38 % of acrolein yield are obtained. However, the selectivity to 11 

acrolein shows just slight decrease from 65 % to 58%. 12 

    Glycerol dehydration to acrolein is a typical acid catalyzed reaction. The acid concentration, 13 

strength and type of acid sites (Brønsted or Lewis) strongly influence the catalytic performance 14 

of solid acid catalysts. Firstly, the relationship between catalytic activity and acid concentration 15 

of the catalysts was studied. The activity after two hours under reaction WHSV of 1.0 h-1 was 16 

adopted to represent the catalytic activity at the early stage. The glycerol conversion was 17 

correlated to the acid concentration, which is derived from NH3-TPD analysis and expressed as 18 

total moles of chemisorbed NH3 (µmol) per mass unit (g) of the catalysts. The relationship is 19 

represented in Fig. 11 (a). Roughly, a positive correlation is observed between glycerol 20 

conversion and acid concentration. However, good linear correlations are not observed through 21 

the whole range investigated. In the lower acid concentration range (< 400 µmolNH3g
-1), the 22 

linear relationship is better represented. The conversion of glycerol increased slowly with further 23 
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increase of acid concentration. This may suggest that the surface reaction rate is suppressed due 1 

to the limited diffusion of glycerol molecules to surface.     The Brønsted and Lewis acid may 2 

catalyze different reaction pathways and determine selectivity to the products. Because the 3 

absolute amount of different B and L acid sites is not easy to be determined accurately, the effect 4 

of B/L ratio, derived from pyridine adsorption IR spectra, on selectivity to acrolein was studied. 5 

The relationship between acrolein selectivity and B/L ratio is shown in Fig. 11 (b). Interestingly, 6 

roughly linear correlation can be observed for reaction under both WHSVs. The selectivity with 7 

1.0 h-1 was higher than that with 0.6 h-1 due to the possible reduction of secondary reaction of 8 

acrolein by shortening residence time at higher WHSV. The acrolein selectivity increases with 9 

the B/L ratio linearly, indicating that B acid centers are required for acrolein production from 10 

glycerol dehydration. Conversely, L acid center has a negative effect on acrolein formation. 11 

Several papers have also reported that B acid centers are the active sites for glycerol dehydration 12 

to acrolein [26, 48, 49]. Actually, the B acid centers improve glycerol dehydration selectivity to 13 

3-hydroxypropionaldehyde (3-HPA), which subsequently converts to acrolein by the removal of 14 

another water molecule. 15 

The Keggin anion in H4SiW12O40•xH2O heteropoly acid is composed of a central tetrahedron 16 

SiO4 surrounded by 12 edge- and corner-sharing metaloxygen octahedral WO6. The structure of 17 

this fundamental unit is called the primary structure. Secondary structures are formed by packing 18 

the polyanions in which protonated water species like H5O2
+ are connecting four neighboring 19 

heteropolyanions via hydrogen bonds with the terminal M=O oxygen atoms [17, 50]. The crystal 20 

structure of HPAs depends on the amount of hydration water [51, 52]. Due to their structure, 21 

HPAs can provide strong Brønsted acidity which is comparable to that of mineral acids such as 22 

H2SO4, HCl or HNO3. The decomposition of the crystal structure upon heating at elevated 23 
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temperature leads to a dramatic loss in acidity [86, 87]. This probably happens in the case of 1 

HSiW/Al2O3_350 and HSiW/Al2O3_450 catalysts. The total acidity decreases from 870 2 

µmolNH3•g
-1 (HSiW_Al2O3) to 674 (HSiW/Al2O3_350) and 544 (HSiW/Al2O3_450), i.e., 22% 3 

and 37%, respectively. The removal of protonated water under heat treatment may account for 4 

the acidity loss, mainly decreasing Brønsted acidity. Therefore, the B/L ratio also drops from 5 

0.78 (HSiW_Al2O3) to 0.67 (HSiW/Al2O3_350) and 0.58 (HSiW/Al2O3_450), respectively. The 6 

Lewis acid sites are normally attributed to coordinately unsaturated W and Al metals in present 7 

catalysts. They are less influenced than Brønsted acid sites by heating treatments.  8 

The Keggin unit structure is irreversibly destroyed when heating at higher temperature, as in 9 

the case of samples HSiW/Al2O3_550 and HSiW/Al2O3_650. Conversely, isolated [WO6] 10 

structure and WO3 micro-crystallites are formed on these two catalysts. As stated previously, it is 11 

now widely accepted that temporary acidic sites developed on WOx-based solid acid catalysts 12 

often expose to reductants such as H2, alkanes, or alcohols, leading to the formation of partially 13 

reduced W(6−δ)+ centers from the initial W6+ species. This evolution takes place during glycerol 14 

dehydration, where glycerol, acrolein or other hydrocarbon products may play the role as 15 

reducing agent. This is consistent with the characterization results on HSiW/Al2O3_550, 16 

HSiW/Al2O3_650 and WOx/Al 2O3 catalysts (the second group), showing that the isolated WO6 17 

species are the dominating ones. Actually, the dominating WO6 species contain a large amount 18 

of terminal W-O bonds, which are easily protonated and, therefore, leading to the formation of 19 

terminal hydroxyl groups and providing Brønsted acid sites [24]. However, the easily formed 20 

hydroxyl groups can also be removed. The overall result is the reduction of Brønsted acid sites 21 

and acidity, comparing to HPAs with Keggin units (Table 1). The fast deactivation of 22 

HSiW/Al2O3_650 may also suggest that the Brønsted acid centers easily decomposed.  23 
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 The product distribution from glycerol dehydration depends on which hydroxyl group is 1 

initially removed, terminal or secondary hydroxyl. Hydroxyacetone would be the product when 2 

terminal hydroxyl is firstly removed from glycerol. On the contrary, if the secondary hydroxyl 3 

group is removed first, 3-hydroxypropanal (3-HPA) would be produced as an intermediate, 4 

which would be converted to acrolein through a second dehydration. The Lewis acid centers can 5 

catalyze both type of hydroxyl group removal, though terminal hydroxyl is preferentially 6 

removed. Thus, acrolein and hydroxyacetone are both produced over Lewis acid catalysts with 7 

larger amount of hydroxyacetone [53]. On the other hand, Brønsted acid centers mostly catalyze 8 

the removal of the secondary hydroxyl group, leading to acrolein eventually. Therefore, the 9 

Brønsted acid centers are essential for producing high yield of acrolein. This can explain that the 10 

acrolein formation rate increases with B/L ratio as clearly shown in this contribution.   11 

4. Conclusions 

    Based on the characterization results, the main tungsten species present on the Al2O3 support 12 

were identified and semi-quantified. A schematic representation of the chemical nature of the W 13 

species and their structural evolutions upon treatments at different temperature is proposed. The 14 

decomposition of supported silicotungstic acid (HSiW) crystal structure and the degradation of 15 

Keggin unit occur after calcination of HSiW/Al2O3 at 350 and 450 oC, but to a small extent. The 16 

lacunary polyoxoanions with Keggin structure are readily formed as degradation products. 17 

Increasing the calcination temperature to 550 and 650 oC causes total decomposition of Keggin 18 

structure, producing a large number of isolated WO6 species and small amount of WO3 micro-19 

crystallites. Quite similar surface tungsten species are formed on WOx/Al 2O3 catalyst prepared 20 

by impregnating Al2O3 with ammonium paratungstate. Glycerol conversion increases with the 21 

total amount of acid sites. The acid type also affects catalytic performance. Acrolein selectivity 22 
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increases with B/L (Brønsted/Lewis) acid ratio. Protonated [SiW12O40]
4- and [WO6]

δ- are the two 1 

different species that provide active Brønsted acid in the first and second group of catalysts, 2 

respectively. The [SiW12O40]
4- (HSiW/Al2O3) shows lower deactivation than [WO6]

δ- 3 

(HSiW/Al2O3_650) during glycerol dehydration. 4 
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Fig. 1. N2 adsorption-desorption isotherms and pore diameter distribution curves of the catalysts. 
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Fig. 2. NH3-TPD profiles of the catalysts. 
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Fig. 3. FT-IR spectra of pyridine adsorption on (1) Al2O3; (2) HSiW/Al2O3; (3) 

HSiW/Al2O3_350; (4) HSiW/Al2O3_450; (5) HSiW/Al2O3_550; (6) HSiW/Al2O3_650; (7) 

WOx/Al 2O3 
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Fig. 4. Powder XRD patterns of the catalysts. 
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Fig. 5. Diffuse reflectance UV–vis absorption spectra for the catalysts 
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Fig. 6. Raman spectra of various catalyst and WO3 
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Fig. 7. Normalized W LIII-edge XANES data (µ) of the catalysts and reference material 

  



 32

 

  
Fig. 8. Fourier Transform of W LIII-edge EXAFS (k3, ∆k=2 – 12 Å-1) of the catalysts. 
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Fig. 9. Schematic illustration of surface species on HSiW/Al2O3 and HSiW/Al2O3_650 
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Fig. 10. Catalytic activity over (1) HSiW/Al2O3 and (2) HSiW/Al2O3_650 with respect to time 

on stream 
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Fig. 11. Relationship between glycerol conversion and catalyst acid concentration (a); acrolein 

yield and B/L acid ratio (b) 
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Table 1. Summary of textural and acid properties of Al2O3 support and catalysts 

Catalyst 
Surface area  

/m2•g-1 

Pore size 

/nm 

Pore volume 

/cm3•g-1 

NH3(chem-
ads) 

/µmol g-1 

B/L Ratio 

 

Al 2O3 187.2 5.4 0.25 140 0.03 

HSiW/Al2O3 145.1 3.9 0.14 870 0.78 

HSiW/Al2O3_350 139.8 4.3 0.15 674 0.67 

HSiW/Al2O3_450 132.6 4.9 0.16 544 0.58 

HSiW/Al2O3_550 123.9 5.1 0.16 362 0.33 

HSiW/Al2O3_650 118.2 5.5 0.16 319 0.56 

WOx/Al 2O3_650 145.1 5.5 0.20 264 0.26 
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Table 2. The first W-O shell fitting results of the W LIII-edge EXAFS data 
 
Catalyst  CN  

(W-O) 
Bond distance  
(W-O) /Å 

Debye-Waller factor /( Å)2 R-factor 

HSiW 5.0 1.94(0.03) 0.001 0.026 

 1.0 1.75(0.14)   

HSiW/Al2O3 3.6 1.93(0.03) 0.001 0.011 

 2.4 1.76(0.02)   

HSiW/Al2O3_350 2.9 1.92(0.02) 0.002 0.007 

 3.1 1.75(0.02)   

HSiW/Al2O3_450 2.2 1.94(0.06) 0.004 0.012 

 3.8 1.77(0.03)   

WO3 4.0 1.75(0.02) 0.002 0.005 

 2.0 2.13(0.04)   

HSiW/Al2O3_550 4.8 1.77(0.01) 0.003 0.002 

 1.2 2.05(0.04)   

HSiW/Al2O3_650 4.8 1.75(0.02) 0.004 0.006 

 1.2 2.18(0.06)   

WOx/Al 2O3 4.7 1.74(0.02) 0.003 0.003 

 1.3 2.18(0.05)   
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Table 3. Catalytic results of glycerol dehydration to acrolein over various catalysts 

Catalyst*  HSiW/Al2O3 HSiW/Al2O3 

_350 
HSiW/Al2O3 

_450 
HSiW/Al2O3 

_550 
HSiW/Al2O3 

_650 

WOx/Al 2O3 

_650 
Al 2O3 

XGlycerol (%) 100a 85.8b 100a 80.9b 100a 78.9b 100a 65.7b 100a 75.5b 100a 59.9b 47.4a 44.3b 

Yield (%)        

Formaldehyde 0 0 0 0 0 0 0 0 0 0.3 0 0.2 4.0 2.9 

Acetaldehyde 1.9 2.5 3.4 2.5 2.6 3.6 3.8 1.4 4.7 2.3 4.6 1.1 2.9 1.5 

Acrolein 66.0 63.4 64.5 64.1 57.1 55.9 53.6 53.1 58.7 55.7 44.9 30 19.2 15.0 

Hydroxyacetone 6.6 9.9 7.0 9.3 7.4 8.6 5.2 9.1 5.1 7.0 5.7 4.6 9.2 7.3 

Propionaldehyde 1.8 1.4 2.1 1.3 2.0 0.9 0.8 0.7 1.9 1.1 2.5 0.6 1.7 0.4 

Acetone 0 0 0.3 0 3.1 0 5.3 0 1.1 0 1.5 0 0 0 

1,2-propandiol 4.5 0 0 0 0 0 0 0 0 0 0 0 0 0 

2-propen-1-ol 0 0 0.3 0 0.3 0 0 0 0.4 0 0.9 0 0 0 

Carbon balance 81 89 78 94 73 86 69 97 72 86 59 60 71 56 

*Reaction conditions: N2 flow rate = 30 ml•min-1, N2/H2O/glycerol=56.5:41.5:2.0; 300 oC, 
atmospheric; reaction time = 2 h; 
 a WHSV=0.6 h-1; b WHSV=1.0 h-1. 
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