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1. Background and Introduction 

It is widely acknowledged that there is a growing need for more environmentally 

acceptable processes in the chemical industry. This trend towards what has become known as 

‘Green Chemistry’ [1–5] or ‘Sustainable Technology’ necessitates a shift from traditional 

concepts of process efficiency, that focus largely on chemical yield, to one that assigns 

economic value to eliminating waste at source and avoiding the use of toxic and/or hazardous 

substances. A definition of green chemistry can be formulated as follows [6]: Green chemistry 

efficiently utilizes (preferably renewable) raw materials, eliminates waste and avoids the use 

of toxic and/or hazardous reagents and solvents in the manufacture and application of 

chemical products. 

 My PhD work is related to the topic “Green chemistry”, in particular the application of 

the following three main principles: (i) the role of catalysts, (ii) renewable raw materials (the 

conversion of renewable feedstock mainly carbohydrates) and (iii) the decrease of hazardous 

and toxic materials (selective catalytic reduction of NOx by hydrocarbons). 

 

1.1 The role of catalysis 

Acid-catalyzed processes constitute one of the most important areas for the application of 

heterogeneous catalysis. Hundreds of solid acids have been developed in the last decades; 

these solid acids have been applied as catalysts for various reactions. Solid acids are used also 

as supports of catalysts such as metals, oxides, salts, etc. Now, solid acid catalysis is one of 

the economically and ecologically important fields in catalysis. The solid acid catalysts have 

many advantages over liquid acid catalysts. They are noncorrosive and environmentally 

benign, presenting fewer disposal problems. Their repeated use is possible and their 

separation from liquid products is much easier. Furthermore, they can be designed to give 

higher activity, selectivity, and longer catalyst life. Therefore, the replacement of the 

homogeneous catalysts with the heterogeneous ones is becoming even more important in 

chemical and life science industry.  

Zirconia is a versatile oxide and useful catalyst support, it is amphoteric being able to show 

both mildly acidic and basic properties. These acid properties could be adjusted by adding a 

second component such as WO3, B2O3, Al2O3, Ga2O3 and In2O3. Tungsten oxide species 

dispersed on zirconia support (WOx/ZrO2) are an interesting class of solid acids [7]. Interest in 
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tungstated zirconia increased since Arata and Hino showed that they could isomerize n-

alkanes when prepared according to specific synthesis procedures [8]. Their catalytic behavior 

was studied for several reactions such as alcohol decomposition [9-11], alkane 

hydroisomerization in the presence of platinum [12-14]. Oxides such as Al2O3, SiO2-Al2O3, 

TiO2 and ZrO2 are active in the selective catalytic reduction of NOx by hydrcarbons [15-18]. 

Ga2O3 and In2O3 supported on acidic supports (Al2O3 - TiO2 - SiO2/Al2O3) have also been 

reported to present a remarkable de-NOx catalytic activity [19-21].  

 

1.2 Renewable raw materials  

The necessity to switch from nonrenewable fossil resources to renewable raw materials, 

such as carbohydrates and triglycerides derived from biomass, was an important conclusion of 

the Report of the Club of Rome in 1972 [22]. This switch to ‘renewables’ is desirable for 

various reasons, such as biocompatibility, biodegradability and lower toxicity, i.e. renewable 

raw materials leave a smaller environmental footprint [23]. Monosaccharides that can be 

found in biomass, glucose and fructose, can be used to produce liquid fuels – bioethanol and 

biodiesel. Recent efforts have been focused on converting the monosaccharides to one 

derivative of furan (5-hydroxymethylfurfural) since direct production of biofuels from C5- and 

C6-sugars is difficult. 5-HMF is a compound which has been found to be a key intermediate 

between biomass-based carbohydrates and desired products such as chemicals and biofuels. It 

has been found that 5-HMF can serve as a precursor to numerous products and chemical 

intermediates related to fuel, polymer, and pharmaceutical industries [24-28]. 

Renewable raw materials can contribute to the sustainability of chemical products in two 

ways:  

(i) By developing greener, biomass-derived products which replace existing oil-based 

products, e.g. a biodegradable plastic.  

(ii) Greener processes for the manufacture of existing chemicals from biomass instead 

of from fossil feedstocks. These conversion processes should, of course, be 

catalytic in order to maximize atom efficiencies and minimize waste (E factors). 

Recently, several solid catalysts known to express surface acidity have been tested in 

dehydration of monosaccharides; for example, sulphated alumina zirconia [29], sulphated 

zirconia [30], titania zirconia mixed oxide [31], and zirconium phosphate [32]. 
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1.3 Less hazardous/toxic chemicals 

The removal of NOx from engine exhaust gas is highly important due to its detrimental 

impact on the environment resulting in acid rains, ground-level ozone, as well as degradation 

of the visibility and human health (i.e.lung infections and respiratory allergies) [33,34]. As a 

result of the negative impact of NOx, the regulation of its emission is becoming stricter, 

regardless of the region, including Asia, Europe and USA [35]. The next NOx limits (Euro 6 

in Europe, see Fig. 1.3.1) will require the introduction of sophisticated after-treatment 

techniques from the diesel manufacturers [36]. 

The selective reduction of NOx to nitrogen (DeNOx) is a known technology for eliminating 

this pollutant from both stationary and mobile sources, but it is still a relevant target in 

catalysis research and an open problem to meet the future exhaust emission regulation, in 

particular, for emission from diesel engines.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1.3.1 NOx and PM (particulate matter) emission standards for diesel cars [37] 

 

A suitable active commercial catalyst is needed to achieve a good NOx conversion [38]; this 

catalyst should show good stability, activity and selectivity over a wide range of operation 

temperatures. The oxides such as Al2O3, SiO2-Al2O3, TiO2 and ZrO2 are active in this selective 

reduction [39-42]. The oxides of group III elements have received much attention recently as 

they have been tested in various catalytic reactions of environmental interests. Ga2O3 and 
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In2O3 supported on acidic supports (Al2O3 - TiO2 - SiO2/Al2O3) have been reported to present 

a remarkable de-NOx catalytic activity [43-45].  

 

To summarize, the objectives of my PhD work can be depicted as follows: 

 

(1) Characterization of the acidic and redox properties of four different commercial 

tungstated zirconia catalysts with W loadings of about 12–13 wt%. The samples were 

characterized in terms of their micro-structural and surface properties by BET, X-ray 

diffraction, temperature programmed reduction, elemental chemical analysis and adsorption 

microcalorimetry of NH3.  

(2) Design and preparation of two series of tungstated zirconia catalysts by 

coprecipitation and incipient wetness impregnation with various tungsten oxide loadings (1-

20) wt%; to investigate how both the preparation method and the WO3 content impact the 

acidic and redox properties. The obtained materials were thoroughly characterized by 

complementary physico-chemical techniques (BET, XRD, Raman, XPS, TGA, redox 

properties). NH3 and SO2 adsorption calorimetry and pyridine adsorption FTIR were used to 

investigate the acidic properties. The catalytic activity of tungstated zirconia prepared by 

coprecipitaion was tested in the hydrolysis of cellobiose disaccharide, while the series 

prepared by impregnation was tested in the reaction of fructose dehydration to 5-HMF. 

 (3) Mixed oxides of zirconia with boria, alumina, gallia, india and tungsta, were prepared 

by coprecipitation and impregnation methods. The central theme in this research was to 

understand how the different guest metal oxides could influence the acidic, redox and 

catalytic properties of these catalysts. The structural properties were characterized by BET, 

XRD, XPS. The redox properties were investigated by TPR, while the acid-base properties 

were studied by ammonia and sulphur dioxide adsorption calorimetry. The selective catalytic 

reduction of NOx by decane (C10H22-SCR) has been studied over these mixed oxides.  

(4) Two series of binary oxides WO3-Me2O3 (Me = Al, Ga and In) and ternary oxides 

WO3/(ZrO2-Me2O3) (Me = B, Al, Ga and In) were prepared by coprecipitation and 

impregnation methods and characterized in terms of their structural, textural, and surface 

properties, including the acid and redox features, by a variety of techniques (BET, XRD, TG, 

TPR) and microcalorimetry. The acid-base properties were estimated by the adsorption of 

NH3 and SO2 as probe molecules, respectively.  
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The aim of this work was to tune and predict catalyst acid-base properties by varying 

the composition of the mixed oxides. 

WO3 being an acidic component has been chosen as the main guest oxide to increase the 

acidity of amphoteric supports such as zirconia, alumina, gallia or india.  

 

Host oxide: amphoteric zirconia 

Guest oxide: acidic WO3 

Host

oxide

+

Guest

oxide

Host oxide: amphoteric zirconia 

Guest oxide: group III amphoteric oxides (compared to acidic WO3) 

Host oxide: group III amphoteric oxides 

Guest oxide: acidic WO3 

Host oxide: binary oxides of zirconia + group III oxide 

Guest oxide: acidic WO3 

 

The acidity of zirconia based binary oxides (mixed with group III oxides) was also tuned by 

adding tungsta. The acid-base  properties of these samples have been characterized mainly 

using adsorption microcalorimetry of ammonia and sulphur dioxide probes and their 

efficiency  was tested in “green chemistry” reactions such as carbohydrates conversion            

(dehydration of fructose and hydrolysis of cellobiose) and in the selelctive catalytic reduction 

of NOx by n-decane.  The scheme below summerizes the interconnection between the various 

steps which involve the complete study of WO3 based catalysts from synthesis to catalytic 

test. 

Preparation methods 

Acid-base 

mixed oxides
Structural properties  Surface acid-base properties

Catalytic tests  

Carbohydrates conversion  

 - Fructose dehydration 

 - Cellobiose hydrolysis 

NOx-SCR 
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2. Experimental Description 

 

The following chapter describes the preparation methods of catalysts and experimental 

techniques used in this work. 

 

2.1 Catalyst preparation 

2.1.1 Commercial tungsted zirconia catalysts and zirconium oxide

Four tungstated zirconia supported catalysts (labeled XZO- 1903-1, XZO-1903-2, 

XZO-1903-3, XZO-1251-01) and a Zr(OH)4 support (ZO), supplied by MEL-Chemicals, have 

been calcined at 700 °C under air flow for 4 h (see Table 1) . 

2.1.2 Tungsted zirconia catalysts prepared by various methods

Two different synthesis routes were followed for obtaining two series of catalysts with 

various tungsten oxide loadings (1-20 wt.%), each one composed of five samples.  

 

2.1.2.1 Preparation by coprecipitation 

 

An amount of ZrOCl2·8H2O was dissolved under stirring in distilled water. Then a 

solution containing concentrated NH4OH, distilled H2O, an amount of ammonium 

metatungstate hydrate [(NH4)6H2W12O40 ·nH2O, Fluka,  99.0% WO3] to have a WO3 loading 

ranging from (1-20) wt.%, was added dropwisely over a 30–45 min period. The pH of the 

final solution was adjusted to approximately 9 by the addition of concentrated ammonium 

hydroxide. This slurry was then put in polypropylene bottles and placed in a steambox (100 

°C) for 72 h. The product formed was recovered by filtration, washed with excess water, and 

dried overnight at 85 °C. The catalysts were calcined in flowing air for 4h, at 700 °C. The 

final WOx/ZrO2 catalysts were labelled as wt%-WO3/ZrO2-Cop (see Table 2). 
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2.1.2.2 Preparation by incipient wetness impregnation 

 

WO3/ZrO2 catalysts were prepared by wetness impregnation method. Zr(OH)4 was 

impregnated with an ammonium metatungstate hydrate solution, to have a WO3 loading 

ranging from 1 to 20 wt.%. The resulting materials were air dried overnight at 85 °C, then 

calcined in flowing air for 4 hours at 700 °C. This calcination temperature has been chosen on 

the basis of TG measurements, performed using Labsys-TG from Setaram. The crude samples 

( 50 mg) were heated from 25 to 900  °C with a heating rate of 5 °C min
-1

 in a flow of air, 

which was chosen as a soft oxidizing agent for calcination. The pure zirconia sample was also 

calcined at 700 °C (see Table 2). The prepared solids are denoted by m-WO3/ZrO2, where m 

indicates the percentage of WO3 wt%. 

 

2.1.3 Preparation of ZrO2-Me2O3 (Me: B, Al, Ga, In, W) and WO3/(Al2O3–ZrO2) catalysts by 

coprecipitation and incipient wetness impregnation 

Zirconia mixed oxides with Me2O3 (Me: B, Al, Ga, In, W) were prepared by 

coprecipitation. The compounds used as Me2O3 precursors were boric acid (H3BO3, Merck), 

the nitrates of aluminum, gallium, and indium: Al(NO3)3.9H2O ( 99%, Fluka), 

Ga(NO3)3.5H2O (99.9% Alfa Aesar), In(NO3)3.5H2O (99.9%, Aldrich) and ammonium 

metatungstate (NH4)6H2W12O40·nH2O  (  99.0% WO3 Fluka). The precursor for the zirconia 

phase was zirconium oxychloride ZrOCl2·8H2O (  99.5%, Sigma-Aldrich). The required 

quantities of the group III metal oxide and zirconia precursors were dissolved in deionized 

water at room temperature. The solutions were mixed with a continuous monitoring of pH. 

Concentrated ammonia (32% wt/wt) was added gradually dropwise to this mixture of two 

solutions with vigorous stirring, until the precipitation was achieved (pH 9).  

Pure zirconia was obtained by precipitation from a solution of ZrOCl2·8H2O by ammonia in 

the same way. All precipitates were filtrated, washed with water and dried overnight in an 

oven at 100 °C and calcined at 450 °C under air flow.  

WO3/(Al2O3–ZrO2) was prepared by incipient wetness impregnation on the uncalcined 

Al2O3–ZrO2 precursor prepared as reported just above, starting from aqueous solution of 

ammonium metatungstate.  After drying at 100°C for 24 h and calcination at 450 °C, the 

tungsten oxide loading was 16.7 wt.%.  

The calcination temperature of 450 °C was chosen on the basis of thermogravimetry (TG) 

measurements, performed with a Labsys-TG from Setaram. The crude samples ( 50 mg) were 
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heated from 25 to 900  °C with a heating rate of 5 °C min
-1

 in a flow of air, which was chosen 

as a soft oxidizing agent for calcination (see Table 3). 

 

2.1.4 Preparation of WO3-Me2O3 (Me = Al, Ga, In) and WO3/( Me2O3–ZrO2) (Me = B, Al, 

Ga, In) catalysts by coprecipitation and incipient wetness impregnation 

 

Pure hydroxides of zirconium, aluminum, gallium and indium were obtained by 

precipitation. The required quantities of the nitrates of aluminum, gallium, indium: 

Al(NO3)3·9H2O ( 99%, Fluka), Ga(NO3)3·5H2O (99.9% Alfa Aesar), In(NO3)3·5H2O (99.9%, 

Aldrich) and zirconium oxychloride ZrOCl2·8H2O (  99.5%, Sigma-Aldrich) were dissolved 

in deionized water at room temperature, except in the case of gallium nitrate which was 

dissolved at 60 °C with stirring. The pH of the solutions was monitored during the addition of 

concentrated ammonia (32% wt/wt). Ammonia was added gradually dropwise to the precursor 

solution of with vigorous stirring, until the precipitation was complete (pH 9). 

Zirconia hydroxide mixed with Me(OH)3 (Me: B, Al, Ga, In) were prepared by 

coprecipitation. The required quantities of the group III metal and zirconium hydroxides 

precursor were dissolved in deionized water at room temperature. The solutions were mixed 

with a continuous monitoring of pH. Concentrated ammonia (32% wt/wt) was added 

gradually dropwise to this mixture of two solutions with vigorous stirring, until the 

precipitation was complete (pH 9). All precipitates (hydroxides) were filtrated, washed with 

water and dried overnight in an oven at 100 °C.  

WO3/Me2O3 and WO3/(Me2O3–ZrO2) catalysts were prepared by incipient wetness 

impregnation on the uncalcined Me(OH)3 and Me(OH)3-Zr(OH)4 precursors prepared as 

reported in the previous paragraph, starting from aqueous solution of ammonium 

metatungstate.  After drying at 100°C for 24 h and calcination at 400 °C, the tungsten oxide 

loading was of ~ 6 wt.%.  

The calcination temperature of 400 °C was chosen on the basis of thermogravimetry (TG) 

measurements, performed using a Labsys-TG from Setaram. The crude samples ( 50 mg) 

were heated from 25 to 900°C with a heating rate of 5 °C min
-1

 in a flow of air, which was 

chosen as a soft oxidizing agent for calcination (see Table 4). 
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2.2 Catalyst characterization 

Different techniques were used to characterize the physico-chemical properties of the 

catalysts which are listed as the following: 

 

The thermogravimetric (TG) analyses were performed on a SETARAM Labsys 

instrument in the 30-900 °C temperature range, with a heating rate of 5 °C min
-1

, under air 

flow. 

Elemental analysis was performed using ICP optical emission spectroscopy (ICP-

OES) with an ACTIVA spectrometer from Horiba JOBIN YVON 

The surface areas, pore volumes and pore sizes were measured by nitrogen adsorption 

at -196 °C on a Micromeritics 2010 apparatus after heat pre-treatment under vacuum for 2 h at 

a temperature of 400 °C. Surface areas were determined by the BET method from the 

resulting isotherms. Pore volumes and pore sizes were determined by the BJH method.  

The X-ray diffraction (XRD) measurements were carried out on a Bruker D5005 

powder diffractometer scanning from 3° to 80° (2 ) at a rate of 0.02° s
-1

 using a Cu K  

radiation (  = 0.15418 nm) source. The applied voltage and current were 50 kV and 35 mA, 

respectively. 

The recording of transmission electron micrographs (TEM) was carried out using a 

JEOL 2010 LaB6 equipment operating at 200 kV with an energy dispersive X-ray 

spectrometer (EDS), (Link ISIS from Oxford Instruments). The samples were dispersed in 

ethanol using a sonicator and a drop of the suspension was dripped onto a carbon film 

supported on a copper grid and then ethanol was evaporated. EDS study was carried out using 

a probe size of 15 nm to analyze borders and centers of the particles and the small particles.  

The X-ray photoelectron spectra (XPS) were obtained on a KRATOS AXIS Ultra 

DLD spectrometer equipped with a hemispherical electron analyzer and an Al anode (Al K  = 

1486.6 eV) powered at 150 W, a pass energy of 20 eV, and a hybrid lens mode. The detection 

area analyzed was 700 m x 300 m. Charge neutralization was required for all samples. The 

peaks were referenced to the C–(C, H) components of the C 1s band at 284.6 eV. Shirley 

background subtraction and peak fitting to theoretical Gaussian–Lorentzian functions were 

performed using an XPS processing program (Vision 2.2.6 KRATOS). The residual pressure 

in the spectrometer chamber was 5 x 10
-9

 mbar during data acquisition. 
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Raman spectroscopy measurements were performed using a LabRAM HR (Jobin Yvon) 

spectrometer. The excitation was provided by the 514.5 nm line of an Ar
+
 ion laser (Spectra 

physics) employing a laser power of 100 W. The laser beam was focused through 

microscope objective lenses (100 x) down to a 1 m spot on the sample. For each solid, the 

spectra were recorded at several points of the sample to ascertain the homogeneity of the 

sample and the average of these spectra was plotted. 

Temperature programmed reduction and oxidation experiments were performed using 

a TPD/R/O-1100 instrument (Thermo). Redox cycles (TPR/TPO/TPR2) were realized 

carrying out sequentially a temperature programmed reduction (TPR1) on the oxidized sample 

followed by a temperature programmed oxidation (TPO) and then a second temperature 

programmed reduction (TPR2). The samples were initially pre-treated in O2/He flow (20 mL 

min
-1

) at 350 °C for 60 min. After cooling to room temperature, the H2/Ar (4.96% v/v) 

reducing mixture flowed through the sample at 20 mL min
-1

 with the temperature increasing 

from 40 to 700 °C at a rate of 10 °C/min. TPO run was carried out on the reduced sample 

cooled at 40 °C in H2/Ar flow. After Ar purge (10 mL min
-1

), the O2/He (0.99% v/v) 

oxidizing mixture flowed at 20 mL min
-1

 through the sample with similar experimental 

conditions, in terms of temperature increasing and range, to those used for TPR analysis. On 

the re-oxidized sample a second reduction (TPR2) was performed in the same conditions as 

TPR1 but increasing the temperature up to 1000 °C instead of 700 °C. 

Pyridine adsorption FTIR spectra were recorded at room temperature with a Bruker 

Vector 22 FTIR spectrophotometer (DTGS detector) operating in the 4000–400 cm
-1

 range, 

with a resolution of 2 cm
-1

 and 100 acquisition scans. In each pyridine adsorption FTIR 

measurement, the self-supporting wafer (50-60 mg, 18 mm diameter) was first activated in 

situ at a temperature of 350 °C in oxygen flow for 14 h, then evacuated at the same 

temperature for 2 h and then exposed to pyridine (Air Liquide, 99.8%, vapor pressure 3.3 kPa) 

at room temperature for 5 min. The desorption was carried out by evacuation for 30 min each 

at room temperature, 100, 200, 300, 400 °C respectively . The spectra were recorded at room 

temperature after adsorption and desorption at each temperature (see scheme Fig.2.2.1). 
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Fig.2.2.1 Scheme of the in-situ cell for adsorption FTIR (IRCELYON) 

 

Adsorption microcalorimetry measurements were performed at 80 °C in a heat flow 

calorimeter (C80 from Setaram) linked to a conventional volumetric apparatus equipped with 

a Barocel capacitance manometer for pressure measurements. The probes (ammonia and 

sulphur dioxide) used for measurements (Air Liquide, purity > 99.9%) were purified by 

successive freeze–pump–thaw cycles. About 100 mg of sample was pre-treated in the 

calorimetric quartz cell overnight at 400 °C, and then evacuated at the same temperature for 

1h prior to the measurements. The differential heats of adsorption were measured as a 

function of coverage by repeatedly introducing small doses of the adsorbate onto the catalyst, 

until an equilibrium pressure of about 66 Pa was reached. The sample was then outgassed for 

30 min at the same temperature, and a second adsorption was performed at 80 °C until an 

equilibrium pressure of about 27 Pa was attained in order to calculate the irreversibly 

chemisorbed amount of the probe molecules at this pressure (see scheme Fig.2.2.2).  

 

 

 

 

 

 

 

 

 

 

 

Fig.2.2.2. Scheme of adsorption microcalorimetry system (IRCELYON) 

13



 

2.3 Catalytic reactions

2.3.1 Cellobiose hydrolysis 

D-(+)-cellobiose (Fluka, 99.0% purity) was used as substrate. The kinetic tests of 

cellobiose catalytic dehydration to glucose were performed in water in a glass batch 

thermostated reactor at atmospheric pressure and at a constant temperature of 97 °C (reaction 

temperature ± 1°C) under strong magnetic stirring. The reactions were followed for a period 

of 32 h. 

A weighted amount of calcined catalyst sample of about 100 mg was crushed and 

sieved in 300 μm particle size and put into the reactor without any pre-treatment. Preliminary 

tests of WO3 leaching in hot water (50 °C) were performed on the 9.9-WO3/ZrO2 catalyst, 

chosen as representative sample. The tests indicated the absence of any amount of tungsten in 

the solution at this temperature.  

Aqueous cellobiose solution (total volume of 10 mL) of 0.1 g·mL
-1

 (corresponding to 

0.3 M) was prepared for each run. The reaction temperature was attained in approximately 15 

min. Starting from 30 min, amounts of solution (0.5 mL) were taken off from the reactor at 

fixed time on stream (TOS) (typically at 0.5, 8, 24, and 32 h). The sampling was filtered 

before analysis (0.45 m nylon filter).  

Analyses were performed in a liquid-chromatography apparatus (HPLC) consisting of 

an injector (Waters U6K), pump (Waters 510), and a refractive index detector (Waters 410). 

A Carbohydrate Analysis column (Waters) operating at room temperature and eluted with an 

acetonitrile:water 80:20 solution was used. Cellobiose and glucose were quantitatively 

determined from previous calibration measurements employing solutions of known 

concentration of both products.  

In parallel, some analyses were also repeated employing an enzymatic kit of analysis 

(D-Glucose / D-Fructose UV-method, Biopharm) for the determination of the glucose 

concentration by using a Beckman spectrophotometer (mod. DU 640). 

2.3.2 Fructose dehydration 

 The reaction of fructose dehydration was performed in a batch catalytic system. 

Experiments were performed in a 100 mL stainless steel autoclave at 130 °C. In a typical 

procedure 600 mg of fructose was dissolved in 60 mL of water and then 80 mg of solid 
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catalyst was added [46,47]. Water was chosen as a green and appropriate solvent for 

dehydration of fructose to 5-HMF. In the analysis, starting time of the reaction was taken 

when the reaction mixture reached 130 °C. Samples were withdrawn from the reaction 

mixture at 1 h intervals; the changes of fructose, 5-HMF, formic and levulinic acids 

concentration with time were followed by collecting 
1
H NMR spectra, using liquid NMR 

technique (Bruker AVANCE 250 spectrometer equipped with a multinuclear 10mm Probe). 

The concentration of the various species has been obtained by the integration of areas under 

the peaks after calibration (integration perfomed using Mnova 7 software).  

Reactant conversion (mol%), yield of 5-HMF (mol%), and product selectivity (%) were 

defined as follows: 

Conversion (mol%) = (moles of fructose that reacted)/(moles of fructose initial) × 100% (1) 

Yield (mol%) = (moles of X produced)/(moles of fructose initial) × 100% (2) 

Selectivity (%) = (moles of X produced)/(moles of fructose reacted) × 100%  (3) 

 

2.3.2 Selective catalytic reduction of NOx by n-decane (C10H22-SCR) 

 

The selective catalytic reduction of NOx by n-decane (C10H22-SCR) was carried out in a 

U-shaped quartz reactor with 0.2 g of catalyst. The reactor was heated and the temperature of 

the catalyst was monitored using a K-type thermocouple. The reaction mixture was composed 

of 400 ppm NO, 240 ppm C10H22 and 9 vol.% O2 in He as carrier gas in the presence of H2O 

(1.5 vol.%). The total flow rate was 120 mL.min
-1

, corresponding to a space velocity of about 

35,000 h
-1

. Reaction products were analyzed by micro-gaschromatography (μGC: TCD 

detector) for N2 (molecular sieve 5A), by gas chromatography (FID detector) for C10H22, and 

by IR-UV for CO2, NO, NO2 and N2O (see scheme Fig.2.2.3). After stabilization, the 

temperature-programmed reaction began at 100 °C by increasing the catalyst temperature at a 

rate of 2 °C min
-1

 until 500 °C was obtained. At the end of the ramp, the temperature was 

maintained 30 min at 500 °C and then decreased at a rate of 1 °C min
-1

 down to 100 °C. All 

the data presented in this paper were recorded during the cooling ramp. The N2, N2O, NO2, 

global NOx, total C10H22 yields, nitrogen balance were calculated by the following equations 

from (1) to (6): 

Equation (1): 
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Equation (7): SN2 = 2[N2] / 2[N2] + 2[N2O] + [NO2] 
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Fig.2.2.3. Scheme of the SCR reaction setup and analysis 

 

 

A substantial amount of NO2 was formed in homogeneous phase in the pipes of the apparatus; 

before and after the reactor, as previously observed for studies on selective catalytic reduction 

of NO by propene in the presence of oxygen performed in the same equipment [48]. Indeed, 

the thermodynamic equilibrium of the following reaction leads to the formation of NO2 at 

room temperature [49]: 

NO + 1/2O2  NO2                     

The quantity of NO2 formed in the pipes was subtracted from the total NO2 amount before the 

conversion of NOx into NO2 was calculated. 
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3. List of Catalysts

Table 1 WO3/ZrO2 commercial catalysts used in this work  

Catalyst Component Preparation method Precursors 
Calcination 

Temp
b
 /°C 

Publication 

ZrO2 (ZO) - 
Commercial, supplied 

by Mel-Chemicals 
- 700 °C I, II, III, IV 

W/ZrO2-1 (XZO- 1903-01) 15.40% WO3-ZrO2 
Commercial, supplied 

by Mel-Chemicals 
- 700 °C I, II 

W/ZrO2-2 (XZO- 1903-02) 15.90% WO3-ZrO2 
Commercial, supplied 

by Mel-Chemicals 
- 700 °C I, II 

W/ZrO2-3 (XZO- 1903-03) 15.50% WO3-ZrO2 
Commercial, supplied 

by Mel-Chemicals 
- 700 °C I, II 

W/ZrO2-4 (XZO- 1251-01) 16.60% WO3-ZrO2 
Commercial, supplied 

by Mel-Chemicals 
- 700 °C I, II 

b 
all catalysts were calcined in air  
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Table 2 WO3/ZrO2 prepared by coprecipitation and incipent wetness impregnation catalysts used in this work  

 

Catalysts Component Preparation method Precursors 
Calcination 

Temp
b
 /°C 

Publication 

0.9-WO3/ZrO2-Cop 0.90%  WO3-ZrO2 Coprecipitation (NH4)6H2W12O40·nH2O,  ZrOCl2·8H2O 700 °C III 

4.7-WO3/ZrO2-Cop 4.72%  WO3-ZrO2 Coprecipitation (NH4)6H2W12O40·nH2O,  ZrOCl2·8H2O 700 °C III 

9.9-WO3/ZrO2-Cop 9.97%  WO3-ZrO2 Coprecipitation (NH4)6H2W12O40·nH2O,  ZrOCl2·8H2O 700 °C III 

15.2-WO3/ZrO2-Cop 15.22%  WO3-ZrO2 Coprecipitation (NH4)6H2W12O40·nH2O,  ZrOCl2·8H2O 700 °C III 

19-WO3/ZrO2-Cop 19.00%  WO3-ZrO2 Coprecipitation (NH4)6H2W12O40·nH2O,  ZrOCl2·8H2O 700 °C III 

1.2-WO3/ZrO2 1.21%  WO3-ZrO2 
incipient wetness 

impregnation   
(NH4)6H2W12O40·nH2O,  Zr(OH)4 700 °C IV 

5.1-WO3/ZrO2 5.09%  WO3-ZrO2 
incipient wetness 

impregnation   
(NH4)6H2W12O40·nH2O,  Zr(OH)4 700 °C IV 

9.8-WO3/ZrO2 9.86%  WO3-ZrO2 
incipient wetness 

impregnation   
(NH4)6H2W12O40·nH2O,  Zr(OH)4 700 °C IV 

16.8-WO3/ZrO2 16.85%  WO3-ZrO2 
incipient wetness 

impregnation   
(NH4)6H2W12O40·nH2O,  Zr(OH)4 700 °C IV 

20.9-WO3/ZrO2 20.93%  WO3-ZrO2 
incipient wetness 

impregnation   
(NH4)6H2W12O40·nH2O,  Zr(OH)4 700 °C IV 

b 
all catalysts were calcined in air  
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Table 3 Me2O3-ZrO2 (Me = B, Al, Ga, In) prepared by coprecipitation, WO3/ZrO2 and WO3/(Al2O3-ZrO2) prepared by incipent wetness 

impregnation catalysts used in this work  

 

Catalyst Component
Preparation

method
Precursors 

Calcination 

Temp
b
 /°C 

Publication 

ZrO2 - Precipitation ZrOCl2·8H2O 450 °C V 

B2O3- ZrO2 30.21 %  B2O3- ZrO2 Coprecipitation H3BO3, ZrOCl2·8H2O 450 °C V 

Al2O3-ZrO2 34.80 %  Al2O3-ZrO2 Coprecipitation Al(NO3)3.9H2O, ZrOCl2·8H2O 450 °C V 

Ga2O3-ZrO2 21.32 %  Ga2O3-ZrO2 Coprecipitation Ga(NO3)3.5H2O, ZrOCl2·8H2O 450 °C V 

In2O3-ZrO2 27.00 %  In2O3-ZrO2 Coprecipitation In(NO3)3.5H2O, ZrOCl2·8H2O 450 °C V 

WO3/ZrO2 16.85 %  WO3-ZrO2 incipient wetness 

impregnation   
(NH4)6H2W12O40·nH2O,  Zr(OH)4 450 °C V 

WO3/(Al2O3-ZrO2) 16.70 %  WO3/(34.8 % Al2O3 - ZrO2) 

incipient wetness 

impregnation and  

coprecipitation 

(NH4)6H2W12O40·nH2O, 

Al(OH)3-Zr(OH)4 
450 °C V 

b 
all catalysts were calcined in air  
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Table 4 WO3/Me2O3 (Me = Al, Ga, In) prepared by coprecipitation and WO3/(Me2O3-ZrO2) (Me = B, Al, Ga, In) prepared by incipient wetness 

impregnation catalysts used in this work  

 

Catalyst Component
Preparation

method
Precursors 

Calcination 

Temp
b
 /°C 

Publication 

WO3/ZrO2 4.30 %  WO3-ZrO2 Coprecipitation (NH4)6H2W12O40·nH2O, ZrOCl2·8H2O 400 °C VI 

WO3/Al2O3 6.82 %  WO3-ZrO2 Coprecipitation (NH4)6H2W12O40·nH2O, Al(NO3)3.9H2O 400 °C VI 

WO3/Ga2O3 7.71 %  WO3-ZrO2 Coprecipitation (NH4)6H2W12O40·nH2O, Ga(NO3)3.5H2O 400 °C VI 

WO3/In2O3 9.32 %  WO3-ZrO2 Coprecipitation (NH4)6H2W12O40·nH2O, In(NO3)3.5H2O 400 °C VI 

WO3/(B2O3-ZrO2) 6.50 % WO3/(30.21 %  B2O3- ZrO2) 
incipient wetness 

impregnation and  

coprecipitation 

(NH4)6H2W12O40·nH2O,  B(OH)3-Zr(OH)4 400 °C VI 

WO3/(Al2O3-ZrO2) 4.80 % WO3/(34.80 %  Al2O3-ZrO2) 
incipient wetness 

impregnation and  

coprecipitation 

(NH4)6H2W12O40·nH2O,  Al(OH)3-Zr(OH)4 400 °C VI 

WO3/(Ga2O3-ZrO2) 5.93 % WO3/(21.32 %  Ga2O3-ZrO2) 
incipient wetness 

impregnation and  

coprecipitation 

(NH4)6H2W12O40·nH2O,  Ga(OH)3-Zr(OH)4 400 °C VI 

WO3/(In2O3-ZrO2) 6.13 % WO3/(27.00 %  In2O3-ZrO2) 
incipient wetness 

impregnation and  

coprecipitation   

(NH4)6H2W12O40·nH2O,  In(OH)3-Zr(OH)4 400 °C VI 

b 
all catalysts were calcined in air 

20



 

References 

 

[1] P. Anastas, J.C. Warner (Eds.), Green Chemistry: Theory and Practice, Oxford University 

Press, Oxford, 1998 

[2] P.T. Anastas, M.M. Kirchhoff, Acc. Chem. Res. 35 (2002) 686-693 

[3] P.T. Anastas, L.G. Heine, T.C. Williamson (Eds.), Green Chemical Syntheses and 

Processes, American Chemical Society, Washington DC, 2000 

[4] J.H. Clark, D.J. Macquarrie, Handbook of Green Chemistry and Technology, Blackwell, 

Abingdon, 2002 

[5] J.H. Clark (Ed.), The Chemistry of Waste Minimization, Blackie, London, 1995 

[6] R.A. Sheldon, C.R. Acad. Sci. Paris, IIc, Chimie/Chemistry 3 (2000) 541–551 

[7] D.G. Barton, M.Shtein, R.D. Wilson, S.L. Soled, E. Iglesia, J. Phys. Chem. B, 103 (1999) 

630-640 

[8] M. Hino, K.J. Arata, Chem. Soc. Chem. Commun. 18 (1988) 1259-1260 

[9] P. Afanasiev, C. Geantet, M. Breysse, G. Coudurier, J.C. Vedrine, J. Chem. Soc. Faraday 

Trans. 90 (1994) 193-202 

[10] G. Larsen, E. Lotero, L. M. Petkovic, D. S. Shobe, J. Catal. 169 (1997) 67-75 

[11] C.D. Baertsch, K.T. Komala, Y.H. Chua, E. Iglesia, J. Catal. 205 (2002) 44-57 

[12] E. Iglesia, D.G. Barton, S.L. Soled, S. Miseo, J.E. Baumgartner, W.E. Gates, G.A. 

Fuentes, G.D. Meitzner, Stud. Surf. Sci.Catal. 101(1996) 533-542 

[13] G. Larsen, E. Lotero, S. Raghavan, R.D. Parra, C.A. Querini, Appl. Catal. A 139 (1996) 

201-211 

[14] S.R. Vaudagna, S.A. Canavese, R.A. Comelli, N.S. Figoli, Appl. Catal. A 168 (1998) 93-

111 

[15] Y. Kintaichi, H. Hamada, M. Tabata, M. Sasaki, T. Ito, Catal. Lett. 6 (1990) 239-244 

[16] G. Delahay, B. Coq, E. Ensuque, F. Figueras, Catal. Lett. 39 (1996) 105-109 

[17] M. Sasaki, H. Hamada, Y. Kintaichi, T. Ito, Catal. Lett. 15 (1992) 297-304 

[18] R.T. Yang, W.B. Li, N. Chen, Appl. Catal. A 169 (1998) 215-225 

[19] P.T. Wierzchowski, L. Zatorski, Appl. Catal. B 44 (2003) 53-56 

[20] M. Haneda, E. Joubert, J.C. Menezo, D. Duprez, J. Barbier, N. Bion, M. Daturi, J. 

Saussey, J.L. Lavalley, H. Hamada, Phys. Chem. Chem. Phys. 3 (2001) 1366-1370 

[21] A.L. Petre, J.A. Perdigon-Melon, A. Gervasini, A. Auroux, Top. Catal. 19 (2002) 271-

281 

21



[22] D.H. Meadows, D.I. Meadows, J. Randers, W.W. Behrens, Limits to Growth, New 

American Library, New York, 1972 

[23] B. E. Dale, J. Chem. Technol. Biotechnol. 78 (2003) 1093-1103 

[24] P. Gupta, S.K. Singh, A. Pathak, B. Kundu, Tetrahedron. 58 (2002) 10469-10474 

[25] E.L. Kunkes, D.A. Simonetti, R.M. West, J.C. Serrano-Ruiz, C.A. Gartner, J.A. 

Dumesic, Science 322 (2008) 417-421 

[26] J. Lewkowski, Arkivoc 2 (2001) 17-54 

[27] B.F.M. Kuster, Starch 42 (1990) 314-321 

[28] Y. Roman-Leshkov, J.N. Chheda, J.A. Dumesic, Science 312 (2006) 1933-1937 

[29] Y. Yang, X. Xiang, D. Tong, C.W. Hu, M.M. Abu-Omar, Bioresource Technol. 116 

(2012) 302-306 

[30] X. Qi, M. Watanabe, T.M. Aida, R.L. Smith Jr., Green Chem. 11 (2009) 1327-1331 

[31] M. Watanabe, Y. Aizawa, T. Iida, R. Nishimura, H. Inomata, Appl. Catal. A. 295 (2005) 

150-156 

[32] F.S. Asghari, H. Yoshida, Carbohyd. Res. 341 (2006) 2379-2387 

[33] A. Fritz, V. Pitchon, Appl. Catal. B 13 (1997) 1–25 

[34] M.V. Twigg, Appl. Catal. B 70 (2007) 2–15 

[35] S. Fischer, K. Rusch, B. Amon, Asian vehicule Emission Control Conference, Beijing, 

China, 27-29 April, 2004 

[36] J. Rodriguez-Fernandez, A. Tsolakis, M. Ahmadinejad, S. Sitshebo, Energ. Fuel. 24 

(2010) 992-1000 

[37] http://en.wikipedia.org/wiki/European_emission_standards  

[38] R. Foo, N. Cortes Felix, Platinum Metals Rev. 53 (2009) 164-171 

[39] Y. Kintaichi, H. Hamada, M. Tabata, M. Sasaki, T. Ito, Catal. Lett. 6 (1990) 239-244 

[40] G. Delahay, B. Coq, E. Ensuque, F. Figueras, Catal. Lett. 39 (1996) 105-109 

[41] M. Sasaki, H. Hamada, Y. Kintaichi, T. Ito, Catal. Lett. 15 (1992) 297-304 

[42] R.T. Yang, W.B. Li, N. Chen, Appl. Catal. A 169 (1998) 215-225 

[43] P.T. Wierzchowski, L. Zatorski, Appl. Catal. B 44 (2003) 53-56 

[44] M. Haneda, E. Joubert, J.C. Menezo, D. Duprez, J. Barbier, N. Bion, M. Daturi, J. 

Saussey, J.L. Lavalley, H. Hamada, Phys. Chem. Chem. Phys. 3 (2001) 1366-1370 

[45] A.L. Petre, J.A. Perdigon-Melon, A. Gervasini, A. Auroux, Top. Catal. 19 (2002) 271-

281 

[46] T. Armaroli, G. Busca, C. Carlini, M. Guittari, A.M. Raspolli Galletti, G. Sbrana, J. Mol. 

Catal. A 151 (2000) 233-243  

22



 

[47] C. Carlini, M. Giuttari, A.M. Raspolli Galletti, G. Sbrana, T. Armaroli, G. Busca, Appl. 

Catal. A 183 (1999) 295-302 

[48] P. Denton, A. Giroir-Fendler, H. Praliaud, M. Primet, J. Catal. 189 (2000) 410-420  

[49] S. Benard, L. Retailleau, F. Gaillard, P. Vernoux, A. Giroir-Fendler, Appl. Catal. B 55 

(2005) 11-21 

 

 

 

23





4. Published Results

Publication I





Study of acidic commercial WO
x
/ZrO2 catalysts by adsorption

microcalorimetry and thermal analysis techniques

R. Kourieh Æ S. Bennici Æ A. Auroux

MEDICTA2009 Conference

� Akadémiai Kiadó, Budapest, Hungary 2009

Abstract In this work we report about the characteriza-

tion of the acidic and redox properties of four different

commercial tungstated zirconia catalysts with W loadings

of about 12–13 mass%. The samples have been charac-

terized in terms of their micro-structural and surface

properties by BET, X-ray diffraction, temperature pro-

grammed reduction, elemental chemical analysis and

adsorption microcalorimetry of NH3. Improved acidity has

been detected upon addition of WO3 to zirconia and dif-

ferences between the samples were pointed out thanks

to the results obtained by the complementary physico-

chemical techniques used in this study.

Keywords Tungsten oxide �

Zirconia supported catalysts � Surface acidity �

Adsorption microcalorimetry

Introduction

Tungstated zirconia (WOx/ZrO2) has received considerable

attention due to its potential catalytic application in

hydrocarbon conversion reactions in the petrochemical

industry [1–4].

The challenge to obtain solid acid catalysts with acid

sites of comparable strength to those in sulfuric acid is still

open in an attempt to eliminate environmentally concerns

caused by the use, regeneration, transportation and storage

of liquid acids [5]. Moreover, in the last years the growing

interest towards biodiesel, a clean fuel source which is

viewed as a viable alternative for dwindling petroleum-

based diesel resources, has led to renewed interest in acid

catalysts [6]. Better yet, if solid acid catalysts could replace

liquid acids, the corrosion and environmental problems

associated with them could be avoided and product puri-

fication protocols could be significantly reduced, simpli-

fying various hydrocarbons transformation reactions, and

thus reducing their costs. Moreover heterogeneous cata-

lysts are preferable because offering easy separation from

the reactants and products which are either liquids or gases.

It is known that catalytic activity of oxides can be

related to the cooperative action of an oxidizing function

and an acidic function. From this perspective, the deter-

mination of both redox and acidic properties of the cata-

lytic centers becomes of fundamental importance in the

present study.

Adsorption of a basic probe molecule (NH3) will be

used in adsorption calorimetry, one of the most powerful

techniques for the determination of the number, strength

and strength distribution of surface acid sites of catalysts

[7]. Besides the redox character will be determined using

thermoprogrammed reduction and oxidation experiments.

Experimental

Four tungstated zirconia supported catalysts (labeled XZO-

1903-1, XZO-1903-2, XZO-1903-3, XZO-1251-01) and a

Zr(OH)4 support (ZO), supplied by MEL-Chemicals, have

been calcined at 700 �C under air flow for 4 h.

Elemental analysis was performed using ICP atomic

emission spectroscopy (ICP-AES) with a flame Perkin-

Elmer M1100 spectrometer.
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The surface areas and pore sizes were measured by

nitrogen adsorption at -196 �C on a Micromeritics 2010

apparatus after heat pretreatment under vacuum for 2 h at a

temperature of 400 �C.

The X-ray diffraction (XRD) measurements were car-

ried out on a Bruker D5005 powder diffractometer scan-

ning from 3� to 80� (2h) at a rate of 0.02� s-1 using a Cu

Ka radiation (k = 0.15418 nm) source. The applied volt-

age and current were 50 kV and 35 mA, respectively.

The thermogravimetric (TG) analyses were performed

on a SETARAM Labsys instrument in the 303–1,073 K

temperature range, with a heating rate of 5 �C min-1,

under air flow.

Temperature programmed reduction and oxidation

experiments were performed using a TPD/R/O-1100

instrument (Thermo). Redox cycles (TPR/TPO/TPR2) were

realized carrying out sequentially a temperature pro-

grammed reduction (TPR1) on the oxidized sample fol-

lowed by a temperature programmed oxidation (TPO) and

then a second temperature programmed reduction (TPR2).

The samples were initially pre-treated in O2/He flow

(20 mL min-1) at 350 �C for 60 min. After cooling to room

temperature, the H2/Ar (4.96% v/v) reducing mixture flo-

wed through the sample at 20 mL min-1 with the temper-

ature increasing from 40 to 700 �C at a rate of 10 �C/min.

TPO run was carried out on the reduced sample cooled at

40 �C in H2/Ar flow. After Ar purge (10 mL min-1), the

O2/He (0.99% v/v) oxidizing mixture flowed at

20 mL min-1 through the sample with similar experimental

conditions, in terms of temperature increasing and range, to

those used for TPR analysis. On the re-oxidized sample a

second reduction (TPR2) was performed in the same con-

ditions as TPR1 but increasing the temperature up to

1,000 �C instead of 700 �C.

Ammonia (pKa = 9.24 and PA (proton affinity) =

857.7 kJ mol-1), dried on 3A zeolite spheres, was used as a

basic probe molecule to titrate the surface acid sites of the

samples. Calorimetric and volumetric gas–solid titrations

were carried out concomitantly in a volumetric line linked

to a heat-flow microcalorimeter (Tian-Calvet type, C80

from Setaram). The chosen adsorption temperature was

80 �C to limit physisorption. About 0.1 g of powder sample

previously calcined at 700 �C was pretreated under vacuum

at 400 �C overnight (about 12 h) and then evacuated at the

same temperature for 1 h prior to the measurements. Small

successive NH3 injections were sequentially sent onto the

sample, up to a final NH3 pressure of about 60 kPa. The

equilibrium pressure relevant to each adsorbed amount was

measured by means of a differential Barocel capacitance

manometer (Datametrics). At the end of the adsorption, a

second adsorption was performed after desorption (1 h at

80 �C) of the NH3 amount weakly retained on the surface.

The difference between the first and second isotherms at

27 kPa represented the strongly chemisorbed NH3 amount,

the so-called irreversible amount (Virr).

Results and discussion

More or less significant differences in the surface proper-

ties between the WO3 containing catalysts and the bare

ZrO2 support emerged from the various techniques used for

characterizing the samples.

The chemical analysis values (expressed as W mass%)

and the BET surface areas (in m2 g-1) of the zirconium-

tungsten mixed oxides as well as of the zirconia are pre-

sented in Table 1. The tungsten amount was always close

to 12–13 mass% which is slightly above the monolayer

coverage (10.7 mass%) [8] assuming a surface concentra-

tion of tungsten of 3.5 W-atom�nm-2 for the monolayer.

Even after calcination at 700 �C the catalysts maintained a

remarkable surface area (between 80 and 105 m2 g-1),

while the bare calcined zirconia decreased its surface down

to 37 m2 g-1.

The XRD patterns of the un-calcined samples as

received from Mel Chemicals (Fig. 1) show the same

amorphous phase (for this reason only one sample is

shown). The calcination of the catalysts at 700 �C resulted

in the appearance of the tetragonal ZrO2 phase only, as

shown by the X-ray diffractograms reported in Fig. 1. At

the same calcination temperature, the ZO support gave rise

to the well known segregation into a mixture of tetragonal

and monoclinic ZrO2 with the specific reflections of the

monoclinic phase at 28.3� and 31.6 2h [9–11]. It is known

that at a given W concentration, the BET surface area and

the tetragonal content in ZrO2 decrease with calcination

temperatures higher than 500 �C [12]. The presence of

WOx species in fact inhibits the sintering and the trans-

formation to monoclinic ZrO2 crystallites, as demonstrated

from the XRD and BET results of the four samples con-

taining W. Moreover, no specific diffraction peak of WO3

crystallites (2h = 23.2�, 23.7�, and 24.3�) has been

detected in any of the catalysts.

TG analyses were carried out to provide information

about any decomposition of the sample and also to help in

determining a more accurate calcination temperature of the

un-calcined samples.

Typical TG curves of the materials before calcination

are shown in Fig. 2. All samples showed basically one

event of mass loss that can be attributed to the releasing of

physisorbed and structural water molecules. The decom-

position of the precursor (mostly Zr(OH)4) occurred mainly

between 70–500 �C, with a mass loss which could attain up

to the 39% of the initial mass. The residue at 700 �C

corresponds essentially to WOx/ZrO2 oxides, as shown by

chemical analysis and XRD.
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The water loss due to the thermal treatment of the man-

ufactured samples caused several changes in the zirconia

which means decreasing surface area and formation of

crystallites. Upon analysing the TG curves the decision to

calcine all catalysts at 700 �C has been taken with the aim to

remove most of the OH groups physically or chemically

adsorbed on the surface, to decompose any precursor

eventually still present, and to facilitate the adhesion and

condensation of tungstate species on the ZrO2 surface [13].

To verify the existence of species capable to participate

in a red-ox cycle TPR/TPO/TPR2 analyses have been

performed (see Fig. 3a) as described in the experimental

section. A first reduction (TPR) has been carried out up to a

maximum temperature of 700 �C, corresponding to the

calcination temperature required to avoid structural chan-

ges in the catalyst structure before to achieve the red-ox

cycle. TPR1 analysis showed for all the catalysts a

reduction peak centered around 460 �C, that was com-

pletely re-oxidized during the TPO treatment and that

could be attributed to the reduction of WO3 crystallites, too

small to be revealed by XRD.

The WO3 species reduced at 460 �C can be re-oxidized

and again reduced as evidenced by the reduction peak

present in the TPR2 curve at the same temperature. In the

TPR2 analysis, presented in Fig. 3b, the temperature was

increased up to 1,000 �C. The TPR2 curves exhibited a

broad reduction peak with a maximum temperature centered

around 880 �C, which can be related to the reduction of

tetrahedrally coordinated species anchored to the zirconia

[14].

Because the XRD results did not indicate the presence of

WO3 crystalline structure, we can assume that the broad

peak detected at temperature higher than 700 �C is related

to the reduction of WOx species (amorphous and non-

stoichiometric oxides) strongly anchored to the support. No

quantitative evaluation of the amount of H2 consumed was

done due to the experimental conditions (TPR2 Tmax =

1,000�C) that did not allow to complete the high temper-

ature peak.

The amounts of NH3 adsorbed at 80 �C and the corre-

sponding interaction energies with the bare ZO sample and

the tungstated zirconia catalysts were determined by means

of a volumetry–calorimetry coupled technique.

The equilibrium isotherms and differential heats of

NH3 adsorption are reported in Fig. 4a and b, respectively.

Table 1 Physicochemical characteristics of pure zirconia and tungstated zirconia catalysts

Sample W content/

mass%

BET surface

area/m2 g-1
Acidity

Qinit/kJ mol-1
Vtot=lmolNH3

g�1 Virr=lmolNH3
g�1

XZO- 1903-01 12.2 88 180 234 147

XZO- 1903-02 12.6 101 158 291 199

XZO- 1903-03 12.3 111 175 321 214

XZO- 1251-01 13.2 105 170 285 173

ZO – 37 178 124 68

0

200

400

600

800

1000

1200

1400

1600

1800

2000

0 20 40 60 80 100

2θ

In
te

n
si

ty
/a

.u

XZO 1903-01

XZO 1903-02

XZO 1903-03

XZO 1251-01

not calcined catalyst

ZO 

Fig. 1 XRD of WOx/ZrO2 commercial catalysts calcined at 700 �C,

un-calcined, and of the bare ZrO2

55

65

75

85

95

0 200 400 600 800 1000

T/°C

M
as

s 
lo

ss
/%

XZO 1903-02

XZO 1903-01

ZO 

XZO 1251-01

XZO 1903-03

Mass loss% =18% 

 23% 

28% 

31% 

39%

Fig. 2 TG curves of the un-calcined catalysts and zirconiumhydroxide

Study of acidic commercial WOx/ZrO2 catalysts 851

123

26



The volumetric adsorption isotherms of the studied sam-

ples displayed in all cases an initial vertical section pro-

portional to the amount of strongly chemisorbed NH3 [15].

The heats of adsorption showed a decreasing trend upon

increasing coverage, as usually observed for heterogeneous

surfaces [7, 16, 17]. For WOx/ZrO2 catalysts the contri-

bution from Lewis acidity may be influenced by the nature

of the second oxide. The heterogeneity of the studied

materials is due to the presence of acidic sites of different

natures (i.e. Lewis acid sites from WOx and both Brönsted

and Lewis sites from zirconia) and presenting various

strengths [18]. The tungsten oxide catalysts showed a

higher capacity to adsorb NH3, if compared to pure ZrO2.

According to its adsorption properties towards NH3 and

CO2, tungsten oxide was classified as acidic oxide while

zirconia was assigned to the amphoteric group [19].

However, it was found that many oxides in the anphoteric

group adsorbed more NH3 and with a higher heat than

some of the ones in the acidic group. Also the ZrO2 sample

adsorbed NH3 with a heat of 150 kJ mol-1, comparable to

WO3 [19]. Depending in their preparative procedures zir-

conia samples can display very different adsorption heats

[20]. It should be noted that in the case of pure zirconia, the

smaller surface area associated to our sample suggests a

more complicated picture in ranking solid acids.

The slight increase in the total number of acid sites and

the small decrease in the initial heat when going from

sample XZO -1901-01 to sample 03 might be related to a

difference in history and aging as they are issuing from the

same initial batch.

Moreover our results are very comparable to those

obtained by Vartuli et al. [21] who reported a total acidity

of 308 lmolNH3
g�1, an initial heat of 155 kJ mol-1 and an

overall average integral heat of adsorption of 107 kJ mol-1

for a WOx/ZrO2 catalyst prepared by coprecipitation

(62 m2 g-1, 15.9 W mass%) and calcined at 700 �C.

Conclusions

Coupling WOx species with ZrO2 gives rise to improved

materials both in terms of surface acidity and structure

stability. The loss of surface area of pure zirconia is sig-

nificantly inhibited by the presence of WOx species. A

calcination at 700 �C has been shown to be high enough to

ensure the complete elimination of the synthesis precursor

as well as the physisorbed and structural water, and low

enough to avoid the sintering of the WOx crystallites.

The combination of different thermal, calorimetric and

structural analysis has permitted to deeply analyze samples

that can be potentially applied as acidic catalysts in dif-

ferent environmental friendly reactions such as biodiesel-

forming transesterifications.
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Abstract Various tungstated zirconia catalysts with a WO3 loading of about 16

wt% were characterized both in their acid and oxidation properties. The samples

have been characterized in their micro-structural and surface properties by BET,

X-ray diffraction, Raman spectroscopy, temperature programmed reduction, ele-

mental chemical analysis. The surface acidity was determined by the techniques

of NH3 adsorption microcalorimetry and pyridine infrared spectroscopy (FT-IR).

Improved acidity has been detected upon addition of WO3 to zirconia by both

techniques. The global acid strength and the total number of acid sites increased

greatly with the formation of WOx clusters on the zirconia support. This acidity

increase can be attributed to the creation of Brønsted acid sites generated by the well

dispersed WOx domains, as observed by FT-IR pyridine desorption.

Keywords Tungstated zirconia catalysts � Surface acidity � FT-IR spectroscopy �
Adsorption microcalorimetry

Introduction

Solid acids have numerous important industrial applications and supported metal

oxides are considered as an important class among them. Zirconia supported

WOx catalysts have received considerable attention due to their potential catalytic

application in hydrocarbon conversion reactions in the petrochemical industry

[1–4]. They present also interesting applications in the selective catalytic reduction

of NOx to N2 [5, 6]. Moreover, these catalysts represent an important model for the

acid catalytic material in general [7].
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The challenge to obtain solid acid catalysts with acid sites of comparable strength

to those in sulfuric acid is still open in an attempt to eliminate environmental

concerns caused by the use, regeneration, transportation and storage of liquid acids

[8]. Moreover, in the last years, the growing interest towards biodiesel, a clean fuel

source which is viewed as a viable alternative for dwindling petroleum-based diesel

resources, has led to renewed interest in acid catalysts [9]. Better yet, if solid acid

catalysts could replace liquid acids, the corrosion and environmental problems

associated with them could be avoided and product purification protocols could be

significantly reduced, simplifying various hydrocarbons transformation reactions,

and thus reducing their costs. Moreover, heterogeneous catalysts are preferable

because offering easy separation from the reactants and products which are either

liquids or gases.

It is known that catalytic activity of oxides can be related to the cooperative

action of an oxidizing function and an acidic function. From this perspective, the

determination of both redox and acidic properties of the catalytic centers becomes

of fundamental importance in the present study which concerns tungstated zirconia

samples with a high WOx surface density. In addition, adsorption microcalorimetry

and FT-IR desorption of basic probe molecules complete each other to supply the

necessary information to map the acid sites in terms of strength, number and type of

acid sites.

The acidity of solid catalysts is an important factor that determines their

application as industrial catalysts, and, consequently, many of their catalytic

properties can be directly related to their acidity. In the present work adsorption of

a basic probe molecule (NH3) was used in adsorption calorimetry, one of the most

powerful techniques for the determination of the number, strength and strength

distribution of the surface acid sites of catalysts [10]. IR spectroscopy of pyridine

adsorption was used to distinguish the nature of the different types of surface acid

sites [11]. Besides, the redox character was determined using temperature-

programmed reduction experiments. The acid–base properties of the samples have

been related to the presence of WOx clusters on the zirconia support [12].

Experimental

Materials

Four commercial hydrated tungstated zirconia powders and a pure Zr(OH)4 powder,

all supplied by MEL-Chemicals, have been calcined at 700 �C under air flow for

4 h. The calcined samples were labeled as W/ZrO2-1, W/ZrO2-2, W/ZrO2-3,

W/ZrO2-4 and ZrO2 respectively and characterized as explained below.

Characterization

Elemental analysis was performed using ICP optical emission spectroscopy (ICP-

OES) with an ACTIVA spectrometer from Horiba Jobin–Yvon.

102 R. Kourieh et al.
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The surface areas and pore sizes were measured by nitrogen adsorption at

-196 �C on a Micromeritics 2010 apparatus after heat treatment under vacuum for

2 h at a temperature of 400 �C.

The X-ray diffraction (XRD) measurements were carried out on a Bruker D5005

powder diffractometer scanning from 3� to 80� (2h) at a rate of 0.02�/s using Cu Ka

radiation (k = 0.15418 nm) source. The applied voltage and current were 50 kV

and 35 mA.

Raman spectroscopy measurements were performed using a LabRAM HR

(Jobin–Yvon) spectrometer. The excitation was provided by the 514.5 nm line of an

Ar? ion laser (Spectra physics) employing a laser power of 100 lW. The laser beam

was focused through microscope objective lenses (1009) down to a 1 lm spot on

the sample.

The thermogravimetric (TG) analyses were performed on a SETARAM Labsys

instrument in the 30–900 �C temperature range, with a heating rate of 5 �C min-1,

under air flow.

Temperature-programmed reduction (TPR) was performed using a TPD/R/O-

1100 instrument (ThermoFisher). Prior to the TPR run, the fresh sample was treated

in a stream of O2/He (0.998% v/v, flowing at 20 mL min-1), ramping the

temperature at 10 �C min-1 from 40 to 350 �C and maintaining it for 60 min, and

then cooled to RT. The TPR measurement was carried out using H2/Ar (4.98% v/v)

as reducing gas mixture, flowing at 20 mL min-1. The heating rate was 10 �C

min-1 from 40 to 1,000 �C. The sample mass was around 0.060 g in order to

maintain the characteristic K factor [13] around 60 s.

Acidity

The pyridine adsorption infrared spectra were recorded with a Bruker Vector 22

FT-IR spectrophotometer (DTGS detector), in the 4,000–400 cm-1 range, with a

resolution of 2 cm-1 and using 100 scans. The self-supporting wafer (50–60 mg,

18 mm diameter) was first activated in situ at 400 �C in oxygen flow for 14 h, then

evacuated at the same temperature for 2 h and then exposed to pyridine (Air

Liquide, 99.8%, vapor pressure 3.3 kPa) at room temperature for 5 min. The

desorption was carried out by evacuation for 30 min each at room temperature, 100,

200, and 300 �C. The spectra were recorded at room temperature after desorption at

each temperature.

Ammonia (pKa = 9.24 and PA (proton affinity) = 857.7 kJ mol-1), dried on 3A

zeolite spheres, was used as a basic probe molecule to titrate the surface acid sites

of the samples. Calorimetric and volumetric gas–solid titrations were carried out

concomitantly in a volumetric line linked to a heat-flow microcalorimeter (Tian-

Calvet type, C80 from Setaram). The chosen adsorption temperature was 80 �C

to limit physisorption. About 0.1 g of powder sample was pretreated at 400 �C

overnight (about 12 h) in air and then evacuated at the same temperature for 1 h

prior to the measurements. Small successive NH3 doses were sequentially sent onto

the sample, up to a final NH3 pressure of about 60 kPa. The equilibrium pressure

relevant to each adsorbed amount was measured by means of a differential Barocel

capacitance manometer (Datametrics). At the end of the adsorption, a second
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adsorption was performed after desorption (1 h at 80 �C) of the NH3 amount weakly

retained on the surface. The difference between the first and second isotherms at

27 kPa represents the strongly chemisorbed NH3 amount, the so-called irreversible

amount (Virr).

Results and discussion

Characterization

TG analyses (in Fig. 1) were carried out to help in determining the most accurate

calcination temperature of the commercial sample precursors necessary to ensure

a total removal of water while maintaining a high surface area and avoiding the

transformation of zirconia from tetragonal to monoclinic phase.

All the samples showed the same behavior, which is basically a single event of

weight loss that can be attributed to the releasing of physisorbed and structural water

molecules. The decomposition of the precursor (mostly Zr(OH)4) occurred mainly

between 70 and 500 �C, with a weight loss which could attain up to the 39% of the

initial weight. The weight loss can be associated to the release of physically bound

water and to dehydroxylation of hydroxyl bridges to form oxide nuclei in order to

obtain the final tungstated zirconia samples [14]. The resulting materials at 700 �C

correspond to WOx/ZrO2 oxides, as shown by chemical analysis and XRD.

The water loss due to the thermal treatment of the manufactured zirconia

precursor caused several changes which means decreasing surface area and

formation of crystallites. Table 1 shows the weight loss at 200, 400, 700, 900 �C

respectively. Analyzing the TGA results, a calcination temperature of 700 �C

confirms that most of the OH groups physically or chemically adsorbed on the

surface were removed and that this temperature is high enough to decompose any
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Fig. 1 TG and dTG curves of the commercial un-calcined sample precursor (W/ZrO2-3 reported as

example)
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precursor eventually still present, and facilitate the adhesion and condensation of

tungstated species on the ZrO2 surface [15].

More or less significant differences in the surface properties between the

tungstated zirconia samples and the bare ZrO2 support emerged from the various

techniques used for characterizing the samples.

The chemical analysis values (expressed as WO3 wt%) and the BET surface areas

(in m2 g-1) of the tungstated zirconia samples as well as of the pure zirconia are

presented in Table 2. The tungsta amount was always close to 15–16 wt% which is

close to the monolayer coverage (15.4 WO3 wt% for a 100 m2/g sample) assuming a

W surface concentration of about 4 W-atom�nm-2 for the monolayer [16]. Even

after calcination at 700 �C the catalysts maintained a remarkable surface area

(between 80 and 105 m2 g-1), while the bare calcined zirconia displayed a much

lower surface area (37 m2 g-1) at such high temperature.

The XRD patterns showed that the calcination of the catalysts at 700 �C resulted

in the appearance of the tetragonal ZrO2 phase only. At the same calcination

temperature, the ZrO2 sample gave rise to the well known segregation into a mixture

of tetragonal and monoclinic ZrO2 with the specific reflections of the monoclinic

phase at 28.3� and 31.6� 2h [17–19]. It is known that at a given W concentration, the

BET surface area and the tetragonal ZrO2 phase content decrease with calcination

temperatures higher than 500 �C [20]. The presence of WOx species in fact inhibits

Table 1 Samples weight loss

at 400, 700, and 900 �C upon

thermogravimetric (TG) analysis

Sample Weight loss %

200 �C 400 �C 700 �C 900 �C

ZrO2 21 26 28 28

W/ZrO2-1 26 30 31 31

W/ZrO2-2 33 37 39 39

W/ZrO2-3 11 16 17 18

W/ZrO2-4 15 20 22 23

Table 2 Physicochemical characteristics of pure zirconia and tungstated zirconia samples

Sample WO3

content/wt%

BET surface

area/m2 g-1
Acidity

Qint
a/

J g-1
Vtot

b/

lmolNH3 m
-2

Virr
c/

lmolNH3 m
-2

Virr
c/

lmolNH3 g
-1

ZrO2 – 37 13.1 3.35 1.82 68

W/ZrO2-1 15.4 88 26.5 2.65 1.67 147

W/ZrO2-2 15.9 101 29.5 2.88 1.97 199

W/ZrO2-3 15.5 111 34.3 2.89 1.92 214

W/ZrO2-4 16.6 105 30.1 2.71 1.64 173

a Total heat evolved at 27 Pa of NH3 equilibrium pressure upon NH3 adsorption
b Total amount of NH3 retained as determined at 27 Pa of equilibrium pressure
c Irreversibly adsorbed amount of NH3 as determined from the difference between the amounts adsorbed

in the first and second adsorptions at 27 Pa
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the sintering and the transformation of tetragonal zirconia to monoclinic ZrO2

crystallites, as demonstrated from the XRD and BET results of the four samples

containing W. Moreover, no specific diffraction peak of WO3 crystallites (2h =

23.2�, 23.7�, and 24.3�) has been detected in any of the catalysts.

The surface structure of tungsten oxide and zirconia species on the tungstated

zirconia samples was examined by Raman spectroscopy, from 1,600 to 200 cm-1,

as shown in Fig. 2. In agreement with the XRD results, the Raman spectra for the

series of samples show that the zirconia is predominantly present in its tetragonal

form [14, 21, 22]. We also observed a peak located around 181 cm-1 indicating the

presence of the monoclinic phase which was not revealed by the XRD technique.

A broad peak located at approximately 980 cm-1 was observed for the series of

catalysts; this peak can be attributed to terminal W=O bonds [23]. Besides W–O–W

linkages present in two-dimensional and three-dimensional extended WOx,

oligomers were observed at 807 cm-1 [12].

The reduction behavior of the catalysts was studied by TPR, in order to locate the

reduction features within the temperature range covered by the experiment (room

temperature to 1,000 �C). Reduction profiles reported in Fig. 3 show a reduction

peak centered around 480 �C which could be attributed to the first step of WO3

reduction, while the other broad reduction peak centered around 910 �C can be

related to the complete reduction of WO3 and to the reduction of tetrahedrally

coordinated WOx species (amorphous and non-stoichiometric oxides) strongly

anchored to the zirconia surface [24].

Acidity

The amounts of NH3 adsorbed at 80 �C and the corresponding interaction energies

with the bare ZrO2 sample and the tungstated zirconia catalysts were determined by

means of a volumetry–calorimetry coupled technique.
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The equilibrium isotherms (ammonia uptake in lmol m-2 vs. equilibrium

pressure) and differential heats of NH3 adsorption (heats in kJ mol-1 vs. ammonia

uptake in lmol g-1catalyst) are reported in Fig. 4A, B, respectively. The volumetric

adsorption isotherms of the studied samples displayed in all cases an initial vertical

section proportional to the amount of strongly chemisorbed NH3 [25]. The heats of

adsorption showed a decreasing trend upon increasing coverage, as usually observed

for heterogeneous surfaces [10, 26, 27]. For tungstated zirconia samples, the

contribution from Lewis or Brønsted acidity may be influenced by the nature of

the second oxide. The heterogeneity of the studied materials is due to the presence

of acidic sites of different nature and presenting various strengths [28]. Table 2

gives the total number of acid sites as well as the number of strong acid sites

(corresponding to the irreversibly adsorbed amount of NH3 expressed both in

lmol m-2 and in lmol g-1), together with the corresponding integral heats. The

tungstated zirconia samples showed a higher capacity to adsorb NH3 (see Table 2,

column 7) than pure zirconia.

According to its adsorption properties towards NH3 and CO2, tungsten oxide was

classified as acidic oxide while zirconia was assigned to the amphoteric group [29].

However, it was found that many oxides in the amphoteric group adsorbed more

NH3 and with a higher heat than some oxides located in the acidic group. The ZrO2

sample adsorbed NH3 with an initial heat of 178 kJ mol-1, comparable to bulk WO3

(around 175 kJ mol-1) as reported in the literature Ref. [29]. Depending on their

preparative procedures zirconia samples can display very different adsorption heats

[30].

Fig. 5 shows the acid site distributions of all the catalysts which means the

number of sites of a given strength. No specific trend was evidenced for the

population of sites with high strength (Qdiff[ 150 kJ mol-1) when compared to

pure zirconia. Besides a remarkable increase of the sites of medium and weak acid

strength (150[Qdiff[ 50 kJ mol-1) can be observed for all tungstated zirconia

samples. The difference in the acid sites population can be attributed to a difference

in history and aging as they are issuing from the same initial batch [31].
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Moreover our results are comparable to those obtained by Vartuli et al. [32] who

reported a total acidity of 308 lmolNH3 g
-1, an initial heat of 155 kJ mol-1 and an

overall average heat of adsorption of 107 kJ mol-1 for a tungstated zirconia catalyst

prepared by coprecipitation (62 m2 g-1, 15.9 W wt%) and calcined at 700 �C.

The study by FT-IR of pyridine desorption as a base probe molecule is one of

the most applied methods for characterizing the nature of the surface acid sites.

The band at 1,455–1,438 cm-1 is characteristic of Lewis acid sites, while the band

at around 1,540 cm-1 can be attributed to Brønsted acid sites [33–35].

Fig. 6A–B present the IR spectra of ZrO2 and W/ZrO2-3 sample (as examples),

after desorption of pyridine at different temperatures. On pure zirconia, pyridine

molecules bonded to Lewis acid sites correspond to the bands observed at 1,444,
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1,575 and 1,609 cm-1. These results are comparable to those obtained by Ouyang

et al. [36]. The W/ZrO2-3 sample showed the same bands of Lewis acid sites as pure

zirconia, but also displayed absorbance at 1,540 and 1,639 cm-1 which corresponds

to pyridinium ions bonded to Brønsted acid sites. The appearance of Brønsted acid

sites on the W/ZrO2 sample can be related to the presence of dispersed WOx

domains, composed of two-dimensional polytungstate allowing protons to remain

accessible at external surfaces [12]. The band present at 1,489 cm-1 for both

samples, is a combined band generated from pyridine bonded to both Brønsted

and Lewis sites [35]. A considerable decrease in intensity is observed for both Lewis

and Brønsted sites assigned bands, in both samples after desorption at 300 �C. It has

been reported in the literature [35] that pure zirconia presents a medium to weak

acidity corresponding to Lewis sites, while WO3 shows significant to very strong

Brønsted acidity.

Conclusion

Coupling WOx species with ZrO2 gave rise to improved materials both in terms of

surface acidity and structure stability. The loss of surface area of pure zirconia is

significantly inhibited by the presence of WOx species by stabilization of the

tetragonal phase. The ammonia adsorption microcalorimetry and FT-IR pyridine

desorption studies have shown an obvious difference of surface acidity between the

zirconia and the tungstated zirconia samples. The appearance of strong Brønsted

sites on all the tungstated zirconia samples studied in this work can be associated to

the presence of WOx clusters on the surface.
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The combination of various IR, calorimetric and structural analyses has permitted to

deeply characterize samples that can be potentially applied as acidic catalysts in

different environment-friendly reactions such as biodiesel-forming transesterifications.
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A series of WOx/ZrO2 with various tungsten oxide loadings (1–20) wt.% was prepared by co-precipitation. The

catalysts were characterized by XRD, BET, XPS, Raman spectroscopy, TPR, ammonia adsorption microcalorim-

etry and pyridine FT-IR spectroscopy. XRD and Raman results showed that the ZrO2 support is predominantly

present in the monoclinic phase when theWO3 loading was less than 5 wt.% and predominantly in the tetrag-

onal phase above 10 wt.%. No formation of bulk WO3 was detected for the catalysts calcined at 700 °C, which

is also the case for the highest loaded samples. TPR results revealed that isolated WO3 species are easier to

reduce than amorphousWOx. The ammonia adsorption microcalorimetric study evidenced acid sites with ad-

sorption heats in the range 90bQdiffb130 kJ.mol−1, in amounts which increase with increasing WO3 loading

until reaching the monolayer. Concerning the acid site nature, a progressive increase of the amount of

Brønsted sites with the WO3 loading was observed. The catalytic reaction of cellobiose disaccharide hydroly-

sis showed a better catalytic performance on the highest WO3 loaded catalysts, associated to the presence of

Zr-stabilized WOx clusters and a strong protonic acidity.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

In the last few years, a great deal of attention has been given to sup-

ported metal oxides for their interesting catalytic behavior depending

on the kind of support, the content of active component, and the prep-

aration method. The challenge to obtain solid acid catalysts with acid

sites of comparable strength to those present in sulphuric acid is still

open, in an attempt to eliminate environmental concerns caused by

the use, regeneration, transportation and storage of liquid acids [1,2].

Tungstated zirconia catalysts have a remarkable catalytic activity for

acid-catalyzed reactions in particular paraffin isomerization, cracking,

alkylation, liquid-phase Beckmann rearrangement of cyclohexanone

oxime and biodiesel synthesis (esterification and transesterification of

fatty acids) [3–6]. This catalytic activity is related to the surface acidic

functions and for such catalysts, new applications in emerging catalytic

fields like biomass exploitation, are desirable. Tungstated zirconia pos-

sesses advantages due to the formation of acid sites, which depends

strongly on the preparation conditions and calcination temperatures.

Higher calcination temperatures are required for the stabilization of

the zirconia tetragonal phase and the anchorage of WOx species on

the surface, thereby leading to the creation of strong acid sites [7].

From this perspective, the determination of the acidic properties of cat-

alytic centers becomes of fundamental interest.

A fundamental understanding of the WO3 dispersed phase evolu-

tion on zirconia has been presented in the literature by many authors

and recently reviewed by Iglesia [8] with particular attention to the

evaluation of the catalytic consequences of the size and structural

composition. Evolution of theW\O\W toW_O ratio affects the cat-

alytic activity in given reactions, such as isomerization reactions and

alcohol dehydration. The presence of oxygen-deficient domains at-

tributed to a very poor dispersion of WOx structures, contributes to

low Brønsted acid site densities, while higher Brønsted acidity was

observed on well dispersed WOx domains on oxygen-rich supports.

Many investigations have been done tomeasure the acid strength of

tungstated zirconia materials, and the direct measurement of the

strength of a solid acid is not as straightforward as in a liquid acid. Issues

such as heterogeneity of the surface and accessibility of acid sites, make

the determination of acid strength of solid acids difficult. In addition,

when the catalyst is used for liquid–solid heterogeneous reactions, the

solvating ability of protic and polar liquids, in particular, toward the

Lewis acid and highly polarized Brønsted sites, can modify the intrinsic

acidity of the surface, thus reducing the amount ormodifying the nature

of its acid sites [9]. This causes more difficulty in establishing valid

property-activity relationships.

In addition, it has been demonstrated that in the case of WOx/ZrO2

catalysts, the density of strong acid sites responsible for their remark-

able catalytic activity is extremely low, ~4 μmol H+/g catalyst [10].

This low density of sites causes difficulties in the characterization of

the sites relevant to catalysis. Typically, the acid strength of a solid

catalyst is measured from the interaction of the acid site with a base
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probe molecule such as NH3 in adsorption calorimetry or pyridine in

FT-IR adsorption spectroscopy, which are among the most powerful

techniques for the determination of the number, strength and

strength distribution of surface acid sites of catalysts [4,11]. In the

present work we have prepared tungstated zirconia catalysts by

coprecipitation and with various tungsten oxide loadings and fully

characterized them in their structural and surface acid/base properties.

To complete the study, the test reaction of cellobiose hydrolysis (the di-

saccharide obtained from cellulose hydrolysis) was studied to obtain

new information on the performance of WO3 surface acid properties

in reactions running in protic solvent, like water. Cellobiose is a disac-

charide derived from the condensation of two glucose molecules linked

by a β(1→4) bond. It can be obtained by enzymatic or acid inorganic

hydrolysis of cellulose and cellulose rich materials such as cotton, jute,

or paper. Its hydrolysis is not easy to perform due to strong inter- and

intra-molecular hydrogen bonds which are formed from the eight

free alcohol (COH) groups, and three ether linkages of the molecule.

Concerning the inorganic acids able to hydrolyze cellobiose, cationic

ion exchange resins and zeolites in particular conditions [12,13] are

reported in the literature. In any case, only catalysts with strong proton-

ic acidity (Brønsted sites) are good candidates for this task. Moreover,

when the heterogeneous catalytic reaction occurs in water, the catalyst

has tomaintain its acidity even in this protic and polar solvent, which is

known to quench the acidity of many good solid acids, such as zeolites.

Up to now, as very few solid acids are known to be effective for this

reaction [9,12–14], high temperatures (140–180 °C) are often needed

to observe appreciable glucose production from cellobiose hydrolysis.

Interesting results have been reported on sulphated zirconia modified

SBA-15 [15] for which a glucose yield of 60% was observed after

90 min of reaction at 160 °C. Layered transition metal oxides, such as

HNbMoO6 oxides have been successfully used as solid-acid catalysts

for glucose production from saccharides [16]. Cellobiose has been hy-

drolyzed on HNbMoO6 with a higher rate than Amberlyst-15 and

Nafion. This high catalytic activity has been attributed to the strong

acidity, water tolerance, and facile intercalation ability of saccharides

in this catalyticmaterial. Other promising catalyticmaterial is themeso-

porous Nb–Wmixed oxide [17], with activity in disaccharide hydrolysis

exceeding the maximum performance of any other catalytic materials

comparatively tested (ion-exchanged resins, niobic acid, zeolites). In

view of the importance of reactions of biomass exploitation, the discov-

ery of new acid catalysts working in mild conditions is thoroughly re-

quired for this kind of application. WOx/ZrO2 catalysts, well known for

their high acid surface chemistry, could potentially be good candidates

for this near-boiling water phase biomass reaction.

2. Experimental

2.1. Catalyst preparation

An amount of ZrOCl2·8H2O was dissolved under stirring in distilled

water. A solution containing concentrated NH4OH, distilled H2O, an

amount of ammoniummetatungstate hydrate [(NH4)6H2W12O40·nH2O,

Fluka, ≥99.0% WO3] to have a WO3 loading ranging from (1–20) wt.%,

was added dropwisely over a 30–45 min period. The pH of the final solu-

tion was adjusted to approximately 9 by the addition of concentrated

ammoniumhydroxide. This slurrywas then put in polypropylene bottles

and placed in a steambox (100 °C) for 72 h. The product formed was re-

covered by filtration, washed with excess water, and dried overnight at

85 °C. The catalysts were calcined in flowing air for 4 h, at 700 °C. The

final WOx/ZrO2 catalysts were labeled as wt.%-WO3/ZrO2-Cop.

2.2. Catalyst characterization

Elemental analysis was performed using ICP optical emission spec-

troscopy (ICP-OES) with an ACTIVA spectrometer from Horiba Jobin

Yvon.

The surface areas, pore volumes and pore sizes were measured by

nitrogen adsorption at −196 °C on a Micromeritics 2010 apparatus

after heat pretreatment under vacuum for 2 h at a temperature of

400 °C.

The X-ray diffraction (XRD) measurements were carried out on a

Bruker D5005 powder diffractometer scanning from 3° to 80° (2θ) at a

rate of 0.02°s−1 using a Cu Kα radiation (λ=0.15418 nm) source.

The applied voltage and current were 50 kV and 35 mA, respectively.

The X-ray photoelectron spectra (XPS) were obtained on a KRATOS

AXIS Ultra DLD spectrometer equipped with a hemispherical electron

analyzer and an Al anode (Al Kα=1486.6 eV) powered at 150W, a

pass energy of 20 eV, and a hybrid lens mode. The detection area ana-

lyzed was 700 μm×300 μm. Charge neutralization was required for all

samples. The peaks were referenced to the C\(C, H) components of

the C 1s band at 284.6 eV. Shirley background subtraction and peak fit-

ting to theoretical Gaussian–Lorentzian functions were performed

using an XPS processing program (Vision 2.2.6 KRATOS). The residual

pressure in the spectrometer chamber was 5×10−9 mbar during data

acquisition.

Raman spectroscopy measurements were performed using a Lab-

RAM HR (Jobin Yvon) spectrometer. The excitation was provided by

the 514.5 nm line of an Ar+ ion laser (Spectra physics) employing a

laser power of 100 μW. The laser beam was focused through micro-

scope objective lenses (100×) down to a 1 μm spot on the sample.

Temperature-programmed reduction (TPR) was performed using

a TPD/R/O-1100 instrument (ThermoFisher). Prior to the TPR run,

the fresh sample was treated in a stream of O2/He (0.998% v/v, flow-

ing at 20 mL min−1), ramping the temperature at 10 °C min−1 from

40 °C to 350 °C and maintaining it for 60 min, and then cooled to

RT. The TPR measurement was carried out using H2/Ar (4.98% v/v)

as reducing gas mixture, flowing at 20 mL min−1. The heating rate

was 10 °C min−1 from 40 °C to 1000 °C. Mass of catalyst samples

was varied from 0.050 to 0.065 g to have approximately the same

amount of WO3 moles for all the analyzed samples.

Adsorption microcalorimetry measurements were performed at

80 °C in a heat flow calorimeter (C80 from Setaram) linked to a conven-

tional volumetric apparatus equipped with a Barocel capacitance ma-

nometer for pressure measurements. The probe (ammonia) used for

measurements (Air Liquide, purity>99.9%) was purified by successive

freeze–pump–thaw cycles. About 100 mg of sample was pretreated in

the calorimetric quartz cell overnight at 400 °C, and then evacuated at

the same temperature for 1 h prior to the measurements. The differen-

tial heats of adsorption were measured as a function of coverage by re-

peatedly introducing small doses of the adsorbate onto the catalyst until

an equilibrium pressure of about 66 Pa was reached. The sample was

then outgassed for 30 min at the same temperature, and a second ad-

sorption was performed at 80 °C until an equilibrium pressure of

about 27 Pa was attained in order to calculate the irreversibly chemi-

sorbed amount of the probe molecule at this pressure.

The pyridine adsorption FTIR spectra were recorded at room tem-

perature with a Bruker Vector 22 FTIR spectrophotometer (DTGS de-

tector) operating in the 4000–400 cm−1 range, with a resolution of

2 cm−1 and 100 acquisition scans. In each pyridine adsorption FTIR

measurement, the self-supporting wafer (about 50 mg, 18 mm diam-

eter) was first activated in situ at 400 °C in oxygen flow for 14 h, then

evacuated at the same temperature for 2 h and then exposed to pyr-

idine (Air Liquide, 99.8%, vapor pressure 3.3 kPa) at room tempera-

ture for 5 min. The desorption was carried out by evacuation for

30 min each at room temperature, 100 °C, 200 °C, and 300 °C, respec-

tively. The spectra were recorded at room temperature after adsorp-

tion and desorption at each temperature.

2.3. Kinetic measurements of cellobiose hydrolysis

D-(+)-cellobiose (Fluka, ≥99.0% purity) was used as substrate.

The kinetic tests of cellobiose catalytic dehydration to glucose were
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performed in water in a glass batch thermostated reactor at atmo-

spheric pressure and at a constant temperature of 97 °C (reaction

temperature±1 °C) under strong magnetic stirring. The reactions

were followed for a period of 32 h.

A weighted amount of calcined catalyst sample of about 100 mg

was crushed and sieved in 300 μm particle size and put into the reac-

tor without any pre-treatment. Preliminary tests of WO3 leaching in

hot water (50 °C) were performed on the 9.9-WO3/ZrO2 catalyst, cho-

sen as representative sample. The tests indicated the absence of any

amount of tungsten in the solution at this temperature.

Aqueous cellobiose solution (total volume of 10 mL) of 0.1 g·mL−1

(corresponding to 0.3 M) was prepared for each run. The reaction tem-

perature was attained in approximately 15 min. Starting from 30 min,

amounts of solution (0.5 mL) were taken off from the reactor at fixed

time on stream (TOS) (typically at 0.5, 8, 24, and 32 h). The sampling

was filtered before analysis (0.45 m nylon filter).

Analyses were performed in a liquid-chromatography apparatus

(HPLC) consisting of an injector (Waters U6K), pump (Waters 510),

and a refractive index detector (Waters 410). A Carbohydrate Analy-

sis column (Waters) operating at room temperature and eluted with

an acetonitrile:water 80:20 solution was used. Cellobiose and glucose

were quantitatively determined from previous calibration measure-

ments employing solutions of known concentration of both products.

In parallel, some analyses were also repeated employing an enzy-

matic kit of analysis (D-Glucose/D-Fructose UV-method, Biopharm)

for the determination of the glucose concentration by using a Beck-

man spectrophotometer (mod. DU 640).

3. Results and discussion

3.1. Structural properties

The chemical analysis values (expressed as W and WO3 wt.%), the

BET surface areas (in m2 g−1) and theoretical W surface concentration

of the zirconium–tungsten mixed oxides are presented in Table 1.

Surface area values increased as the WO3 (wt.%) content in-

creased. The catalysts with WO3 loading higher than 10 wt.% main-

tained a surface area between 78 and 104 m2·g−1. It seems likely

that the interaction between tungsten oxide and ZrO2 reduced the

surface mobility of zirconia thanks to formation of WOx overlayer

[18,19]. Yet further increase in WO3 loading above 15 wt.% did not

lead to higher surface area. The maximum surface area

(104 m2.g−1) obtained at the given calcination temperature of

700 °C can be attributed to the surface stabilization of the ZrO2 sup-

port by direct interaction with the WOx surface species [20]. From

the measured surface area, the surface concentration of tungsten

was calculated as follows;

WO3 concentration W� atom⋅nm
−2

� �

¼
mWO3 � 10−2 � NA

MWO3
� SBET � 1018

where; mWO3 is the WO3 wt.% loading, MWO3=231.8 g·mol−1 is the

WO3 molecular weight, NA is the Avogadro number, 6.023×1023, SBET
is the surface area of the catalyst in m2·g−1.

Assuming a W surface concentration of (3.5–4)W-atom·nm−2 for

the monolayer [21,22], a maximum surface area is obtained for this

coverage.

The X-ray diffraction patterns of the m-WO3/ZrO2-Cop catalysts

are shown in Fig. 1. The XRD patterns of the catalysts with WO3 load-

ing lower than 10 wt.% showed diffraction peaks characteristic of te-

tragonal ZrO2 at 2θ=30.17°, 35.31°, 49.79°, and 60° [3,5], and

monoclinic ZrO2 was observed at 2θ=28.3° and 31.6° [3,23,24]. For

catalysts with WO3 loading higher than 10 wt.% the XRD patterns

show only the specific reflections of the tetragonal phase of zirconia.

The presence of WOx species at a certain WO3 concentration

(≥10 wt.%), in fact inhibits the sintering and the transformation to

monoclinic ZrO2 crystallites. No crystalline WO3 phase (2θ=23.2°,

23.7°, and 24.3°) appeared even for a WO3 content close to 20 wt.%,

thus indicating that tungsten oxide was present in a highly dispersed

manner. However, the presence of WO3 crystallites with size less than

4 nm, which is beyond the detection capacity of the powder XRD

technique, cannot be excluded.

The surface structure of tungsten oxide and zirconia species on the

m-WOx/ZrO2-Cop catalysts was examined by Raman spectroscopy,

from 1600 to 200 cm−1, as shown in Fig. 2. In agreement with the

XRD results, the Raman spectra for the series of catalysts shows that

the zirconia is predominantly present in the tetragonal form for the

catalysts with WO3 loading higher than 10 wt.% [5,25,26]. A broad

peak located at approximately 980 cm−1 is observed for the catalysts

with a WO3 loading ≥5 wt.%; this peak can be attributed to surface

W_O interaction species [27]. This Raman band shifts from 977 to

Table 1

Physico-chemical characteristics of WOx/ZrO2 samples prepared by co-precipitation method.

Sample WO3

content/wt.%

W

content/wt.%

BET surface

area/m2 g−1

W surface

density/

W-atom nm−2

Acidity

Qinit/
a kJ mol−1 Vtot/

b molNH3 g−1 Virr/
c molNH3 g−1

ZrO2 – – 37 – 178 124 68

0.9-WO3/ZrO2-Cop 0.90 0.71 50 0.5 176 162 98

4.7-WO3/ZrO2-Cop 4.72 3.74 56 2.1 162 173 107

9.9-WO3/ZrO2-Cop 9.97 7.91 78 3.3 175 240 156

15.2-WO3/ZrO2-Cop 15.22 12.08 104 3.8 193 296 185

19-WO3/ZrO2-Cop 19.00 15.06 104 4.7 174 278 180

a Heat evolved from the first NH3 dose.
b Total amount of NH3 retained as determined at 27 Pa of equilibrium pressure.
c Irreversibly adsorbed amount of NH3 as determined from the difference between the amounts adsorbed in the first and second adsorptions at 27 Pa.
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Fig. 1. XRD of WOx/ZrO2 catalysts prepared by co-precipitation and calcined at 700 °C.
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990 cm−1 with increasing surface WOx coverage reflecting the trans-

formation of surface monotungstate to polytungstate species. This

shift has been also observed by other authors [28,29]. Crystalline

WO3 species are present for sample with 9.97 WO3 wt.% or higher

surface density evidenced by Raman bands at 820 cm−1. WOx do-

mains grow with WOx surface density leading to these WO3 crystal-

lites. For samples with high W surface concentration the strong and

complex Raman spectrum of the zirconia makes the tungsten bands

with a position lower than 800 cm−1 almost undetectable.

Table 2 presents the binding energies (BE) of Zr 3d5/2 and W 4f7/2.

The BE of Zr 3d value was shifted to higher BE as the WO3 loading in-

creased and this indicates the flow of electron density from zirconia

phase into WOx phase through Zr\O\W linkages. These values are

close to the corresponding BE of Zr4+ in bulk zirconia (182.1 eV)

[30] while the BEs of the W 4f7/2 are close to the reported value of

W6+ (35.5 eV) [31]. The surface W/Zr ratio increases roughly linearly

as the loading of WO3 increases. Tungsten surface enrichment is ob-

served for all samples indicating that the activation treatment at

700 °C was effective in expelling tungsten from the bulk to the surface

of the co-precipitated m-WOx/ZrO2-Cop [32].

The reduction behavior of the catalysts was studied by TPR, in

order to locate the reduction features within the temperature range

covered by the experiment (room temperature to 1000 °C). Fig. 3

shows the reduction profiles for the co-precipitated catalysts in the

temperature range in which features due to tungsten reduction ap-

pear (>400 °C). As observed, a reduction peak centered around

480 °C could be attributed to first step of WO3 reduction. Another

broad reduction peak with a maximum temperature centered around

910 °C can be observed, which can be related to complete reduction

of WO3 and to the reduction of tetrahedrally coordinatedWOx species

anchored to the zirconia [33]. Moreover, the total H2 consumption

rises, and the maximum shifts toward lower temperature with in-

creased WO3 loading. These findings indicate that the larger and

more interconnected WOx clusters formed at increasing WO3 loading

are easier to reduce than the smaller and more isolated ones prevail-

ing at low WO3 loading [32].

3.2. Acidic properties

The acidity of the catalysts was determined by ammonia adsorp-

tion microcalorimetry [34]. The initial heats of adsorption (denoted

by Qinit) and the amount of ammonia adsorbed under an equilibrium

pressure of 27 Pa are presented in Table 1. Fig. 4 displays the ammo-

nia adsorption isotherms obtained in the first run of adsorption while

Fig. 5 displays the differential heats as a function of coverage for the

m-WOx/ZrO2-Cop catalysts. Moreover the re-adsorption isotherm

for sample 19-WO3/ZrO2 is also plotted in Fig. 4 as an example to ex-

plain the calculation of the irreversibly adsorbed volume which de-

termines the number of strong sites of chemisorption.

According to its adsorption properties toward NH3 and CO2, tung-

sten oxide was classified as acidic oxide while zirconia was assigned

to the amphoteric group [35]. However, it was observed that many

oxides in the amphoteric group adsorbedmore NH3 and with a higher

heat than some of those of the acidic group [36].

The volumetric adsorption isotherms of the studied samples dis-

played in all cases an initial vertical section at very low pressure cor-

responding to the amount of strongly chemisorbed NH3 [37]. The

heats of adsorption showed a decreasing trend upon increasing cov-

erage, as usually observed for heterogeneous surfaces [11,34,38].

The heterogeneity of the studied materials is due to the presence of

acidic sites of different natures (i.e. Lewis acid sites from zirconia

and both Brönsted and Lewis sites from WOx) and presenting various

strengths.

The initial heat values changed slightly as the WO3 content in-

creased. Additionally, the amount of irreversibly absorbed ammonia

(Virr), corresponding to strong chemisorption, increased with increas-

ing WO3 content up to 15 wt.%, which corresponds to the monolayer

coverage and maximum surface area. As observed from Table 1 there

is not much difference in the acidic properties of samples with WO3

contents of 15 and 19 wt.%.

Fig. 6 shows the acid site distribution of all the catalysts. For the

m-WO3/ZrO2-Cop samples, the population of medium strength acid

sites (90bQdiffb130 kJ.mol−1) and weak acid sites (50bQdiffb

90 kJ.mol−1) increased with increasing amount of WO3 up to

15 wt.%, while the amount of strong acid sites with Qdiff>

130 kJ.mol−1 reached a maximum for sample 9.9-WO3/ZrO2 and

started to decrease when the WO3 loading was higher than 10 wt.%.

Sites with Qdiff>130 kJ.mol−1 can be attributed to Lewis acid sites

while sites with 130>Qdiff>90 kJ.mol−1 can be assigned to mainly

Brønsted acidity [36].

Pyridine was the probe chosen for studying the nature of acid sites

by FT-IR analysis. Fig. 7 shows FT-IR spectra of pyridine adsorption in

the 1700–1400 cm−1 range on the 4.7-WO3/ZrO2-Cop, 15.2-WO3/

ZrO2-Cop, and 19-WO3/ZrO2-Cop catalysts.

The band around 1445 cm−1 was assigned to pyridine coordinat-

ed to surface Lewis acid sites, as well as the band at 1610 cm−1. The
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Table 2

Binding energy of WOx/ZrO2 samples prepared by co-precipitation method.

Sample Binding energy/eV Atomic ratio

Zr 3d5/2 W 4f7/2 W/Zr

0.9-WO3/ZrO2-Cop 181.9 35.1 0.008

4.7-WO3/ZrO2-Cop 182.0 35.4 0.05

9.9-WO3/ZrO2-Cop 182.2 35.5 0.09

15.2-WO3/ZrO2-Cop 182.7 35.9 0.13

19-WO3/ZrO2-Cop 182.5 35.7 0.16
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band at 1489 cm−1 was assigned to combination of pyridine on Lewis

and Brønsted acid sites, while the absorption around 1540 cm−1, ac-

companied by another peak in the 1640–1620 cm−1 region, was

assigned to pyridine adsorbed on Brønsted acid sites [39]. In this

spectral region, hydrogen bonded pyridine, which typically adsorbs

at 1440 and 1490 cm−1 can also show its contribution [40].

At RT, the bands at 1640 and 1540 cm−1 are clearly visible on the

15.2-WO3/ZrO2-Cop, and 19-WO3/ZrO2-Cop samples and not detect-

able on the sample containing only 4.7 wt.% of WO3. These two

peaks clearly identify the pyridinium ion, showing that the 15.2-

WO3/ZrO2-Cop, and 19-WO3/ZrO2-Cop catalysts possess Brønsted

acid sites strong enough to protonate adsorbed pyridine [39].

To complete this study, experiments were also performed after

outgassing the samples at increasing temperatures in the

100–300 °C range. Only 19-WO3/ZrO2-Cop sample displayed a shoul-

der at 1452 cm−1 which disappeared at temperature higher than

200 °C. For temperature higher than 200 °C only the band centered

at 1444 cm−1 (assigned to pyridine molecules adsorbed on Lewis

acid sites) was still present.

The adsorption bands at 1444 and 1609 cm−1 were observed for

all the samples outgassed at 25 °C, and were still present after outgas-

sing at 300 °C. These two bands can be assigned to the probemolecule

adsorbed as hydrogen-bonded pyridine [40].

3.3. Catalytic properties

Activity in the cellobiose hydrolysis over the WO3/ZrO2 catalysts

and also with the zirconia support in quite mild conditions: ca.

97 °C of reaction temperature and 1:10 for the catalyst to cellobiose

mass ratio were observed. Within the chosen conditions, the extent

of reaction was not higher than 10–12% at the longer reaction times

(differential conditions). Because only the first part of reaction was

studied, the decrease of cellobiose concentration with time on stream

(TOS) was linear (Fig. 8). Selectivity to glucose was total with absence

of any by-products detectable by HPLC analysis. It was observed that

glucose, too, linearly increased with TOS (Fig. 9). The mass balance in-

dicated a loss of 5–7% of carbon for the longest reaction times, ob-

served in particular for the most active catalysts. This could be due

to formation of oligosaccharides which deposited on the catalyst sur-

face which tended to become pale colored. No obvious deactivation

was observed during a reaction time of 30 h. It cannot be excluded

that at a longer reaction time the formation of oligosaccharides or

the poisoning of the surface by reaction products may cause some de-

activation of the catalyst surface [41,42].

Table 3 lists the obtained results in terms of average reaction rates

and first-order kinetic constants calculated from the slopes of the

straight lines plotted in Fig. 8. In the table, the calculated reaction
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rates have been reported both per unit catalyst mass and per unit cat-

alyst surface. The partial transformation from tetragonal to monoclin-

ic phase of the bare zirconia at 700 °C undergoes a much lower

specific surface area and renders any comparison between the pre-

dominantly monoclinic zirconia and the stabilized WO3/tetragonal

ZrO2 samples difficult.

Zirconia displayed good activity (high reaction rate and kinetic

constant), higher than that of catalysts loaded with 0.9 to 9.9 WO3

wt.%. For higher WO3 loadings, the hydrolysis activity of the catalysts

increased and overcame that of zirconia. The observed trend is

depicted in Fig. 10; the minimum of activity was observed over 4.7-

WO3/ZrO2. Clearly, the partial coverage of active zirconia surface by

monomeric WOx species led to a loss of activity. The amount of loaded

WO3 phase was not high enough to develop the typical WO3 structure

with protonic acid sites. Higher WO3 loadings gave rise to well active

catalysts thanks to the formation of interconnected WOx clusters

which possess strong acid sites [43]. These data are in agreement

with the results from the characterization study above described. As

observed by FT-IR of pyridine adsorption, the absence of Brønsted

acid sites on the 4.7-WO3/ZrO2-Cop sample, as well as the presence

of Brønsted acid sites (bands at 1540 and 1639 cm−1) on the 15.2-

WO3/ZrO2-Cop and 19-WO3/ZrO2-Cop catalysts is helpful to interpret

the catalytic results. The increasing rate of reaction with increasing

amount of WO3 in the samples, can be in fact related to the formation

(once the catalyst is put in aqueous solution) of hydroxyl groups able

to further enhance the Brønsted acidity [8,39]. It has to be pointed out

that the presence of water molecules could play an important role by

interacting with the WOx surface species thus causing prominent

changes in the Raman spectra, as already observed [29]. Moreover,

it has been shown that well dispersed structures become more reac-

tive in acid catalysis with increasing domain size [8].

It seems also that the population of very strong acid sites (mainly

Lewis acid sites with Qdiff>130 kJ.mol−1) plays a minor role in the re-

action. Only sites with strength around 100 kJ.mol−1 (that could be

assigned to Brønsted acidity) are responsible of an increase in activity

in cellobiose hydrolysis (see Fig. 6).

In the literature, some hypotheses on the heterogeneous catalysis

mechanism for cellobiose hydrolysis over protonic zeolites and phos-

phate salt catalysts are proposed [44,45]. In any case, the mechanism

involves disaccharide chemisorption and subsequent activation via

interactions with surface acid/base sites. The adsorption phenomena

are of fundamental importance leading to favorable interaction of ox-

ygen lone pairs of the sugar species with the electron-deficient sites

present on the solid surface; not only protonic species are involved

in the catalytic action but acid–base pairs seem to play an active

role. This could explain our observations concerning the activity of

the bare zirconia surface.

Concerning the catalyst stability in hot water, additional tests

were performed on 15.2-WO3/ZrO2-Cop sample to ascertain the ex-

clusive heterogeneous hydrolysis of cellobiose, with the absence of

any homogeneous metal-ion catalysis deriving from a WO3 leaching.

After catalyst separation at about 8 h of TOS, only light increase of cel-

lobiose conversion was observed in the filtrate. The reaction rate, in

terms of cellobiose disappearance, evaluated in the filtrate mixture

and measured after further 24 h of TOS was as low as 0.388 gCELL/

(gcat·L·h) (Table 3). Furthermore, the 15.2-WO3/ZrO2-Cop catalyst

after 32 h of use at 97 °C was filtered, dried and analyzed by ICP-

OES to check the remainingW-concentration. Results indicated a mod-

erate decrease of 3Wwt.%which is in agreement with the low reaction

rate of cellobiose observed above for the filtrate mixture.

4. Conclusion

Coupling WOx species with ZrO2 gives rise to improved materials

both in terms of surface acidity and structure stability. WOx species

inhibited zirconia crystallite sintering and stabilized tetragonal ZrO2

crystallites during high-temperature oxidative treatments. A calcina-

tion at 700 °C has been shown to be high enough to ensure the com-

plete elimination of the synthesis precursor as well as the

physisorbed and structural water, and low enough to avoid the for-

mation of WOx crystallites at higher surface densities near to mono-

layer coverage on ZrO2. The calorimetry results show that the

strength of the acid sites of the catalysts was rather heterogeneous.

The heterogeneity of the studied materials is proportional to increas-

ing WO3 (wt.%) loading, and is due to the presence of acidic sites of

different natures, Brønsted and Lewis acid sites, presenting various

strengths.

In the present work, thus is confirmed the importance of the pres-

ence of protonic species (Brønsted acidity) on the surface of tung-

stated solids. Samples with 15.2 and 19.0 wt.% of WO3 present a

lower amount of strong acid sites (with NH3 adsorption heats

>130 kJ.mol−1) and a higher amount of medium strength acid sites

(with 130>Qdiff>90 kJ.mol−1) than the samples with very low
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amounts of WO3 (see Fig. 6). The major difference between these two

categories of samples is to be ascribed to the presence of Brønsted

acid sites at high WO3 loading. From the NH3 isotherms it can be

roughly estimated that, at the completion of the monolayer, the pop-

ulation of Brønsted acid sites (expressed in molNH3.g
−1) is ca. 40%

more abundant than on the low loaded samples.

The WOx clusters of the tungstated surface which act as an entity

that prevails over the Lewis acid sites of the zirconia calcined at

700 °C enable the creation of a large number of Brønsted acid sites

in the immediate vicinity of the disaccharide reactant, thus favorizing

the adsorption of cellobiose and hydrolysis of the glycosidic bonds.
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Table 3

Kinetic results obtained from the catalytic hydrolysis of cellobiose over the WO3/ZrO2

catalysts at 97 °C.

Catalyst Average rate a Rate constant

gCELL/(gcat·L·h) gCELL/(m
2
cat·L·h) 103 k/(h−)1

0.9-WO3/ZrO2 0.897 0.0180 0.947±0.027

4.7-WO3/ZrO2 0.546 0.00975 0.464±0.033

9.9-WO3/ZrO2 0.946 0.0122 0.970±0.021

15.2-WO3/ZrO2 1.82 (0.388)b 0.0175 1.83±0.085

19-WO3/ZrO2 2.35 0.0226 2.43±0.035

a Average rate calculated at 8, 24, and 32 h of TOS.
b Reaction rate of the filtrated aqueous solution without solid catalysts (see text).
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Fig. 10. Reaction rates, expressed as gCELL/(m
2
cat·L·h), for the hydrolysis of cellobiose over

WO3/ZrO2 as a function of theWO3 concentration determined at different reaction times.
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Concomitantly it was confirmed that the origin of catalytic activity

of cellobiose hydrolysis from the WO3 phase is primarily associated

with the presence of Brønsted sites and a WO3 loading close to or

above the monolayer (catalysts with a WO3 loading of 15.2 and

19.0 wt.%).

The combination of different thermal, calorimetric, and structural

analyses and catalytic test has permitted to deeply analyze samples

that can be potentially applied as acidic catalysts in different environ-

mental friendly reactions such as biomass exploitation and sugar

transformations to valuable products, in agreement with the modern

biorefinery platform requirements.
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Catalytic dehydration of fructose and its conversion to 5-hydroxymethylfurfural was studied using tungstated

zirconia oxides, with various tungsten oxide loadings (1–20 wt.%). The samples were prepared by incipient wet-

ness impregnation and thoroughly characterized using a combination of different techniques: structural, thermal

and calorimetric analyses. Zirconia was predominantly present in the investigated samples in the tetragonal

phase when the WO3 loading was above 10 wt.%. The samples exhibited amphoteric characteristics, as they

adsorbed both ammonia and sulfur dioxide on their surface. The number of surface acid sites increased with in-

creasing WO3 content. Fructose dehydration tests evidenced the formation of 5-hydroxymethylfurfural and

by-products (formic and levulinic acids). The results show that the ratio of basic to acidic sites of the solid cata-

lysts is the key parameter for the selectivity in 5-HMF, while the global fructose conversionwasmainly related to

the presence of acid sites of a given strength with 150>Qdiff>100 kJ·molNH3

−1.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The demand for energy is increasing continuously at a high rate in

our global society which is rapidly evolving. Since petroleum is a

dwindling source of energy, and having in mind all environmental

considerations (defined, for example, by Kyoto protocol), there is a

strong worldwide desire to reduce dependence on crude oil. There-

fore, the need to search for renewable alternative energy systems

has been imposed. Some of the alternative sources (like: solar,

wind, hydroelectric, nuclear…) are carbon-free; however, their appli-

cation in the transportation sector appears not to be easily feasible.

Consequently, there is a need for carbon-based sustainable alterna-

tives to petroleum-derived fuels. As a result, there is a growing inter-

est to produce so-called biofuels from vegetable biomass, which is

abundant, renewable and distributed widely in nature [1,2].

Vegetable biomass is generated from carbon dioxide and water,

using sunlight as an energy source and producing oxygen as a

subproduct. As primary products, this process gives monosaccharides

(C5 and C6 sugars), while further transformations produce polymer-

ized molecules (cellulose and hemicellulose) and cross-linked poly-

mers (lignin). Evidently, biomass can be comprehended as a source

of carbohydrates that can be transformed into families of useful or po-

tentially useful substances. Hence, in recent years, there are numer-

ous literature reports that present biomass as a sustainable source

of carbon-based precursors and/or chemical intermediates, that can

give a variety of valuable chemicals and fine chemicals [1–4]. Besides,

main monosaccharides that can be found in biomass, glucose and

fructose, can be used to produce liquid fuels— bioethanol and biodie-

sel. In fact, since direct production of biofuels from C5- and C6-sugars

is difficult, recent efforts have been focused on converting them to

one derivative of furan (5-hydroxymethylfurfural, 5-HMF), a com-

pound which has been found to be a key intermediate between

biomass-based carbohydrates and desired products such as chemicals

and biofuels. It has been found that 5-HMF can serve as a precursor

to numerous products and chemical intermediates related to fuel,

polymer, and pharmaceutical industries [5–10]. As an illustration,

Dumesic et al. raised the challenge to use 5-HMF as an intermediate

to produce liquid-fuel, alkanes, and hydrogen from renewable bio-

mass resources [11–16].

It is well known that 5-HMF can be obtained by acid catalyzed de-

hydration of fructose, glucose, sucrose and even cellulose; these pro-

cesses are usually carried out in aqueous media with an added

mineral acid. In fact, current attempts to produce 5-HMF have mainly

focused on fructose as a starting material, in spite of its high cost. A

drawback of acid catalysis in aqueous media is production of various

side reactions, including further hydrolysis of 5-HMF to levulinic acid,

that lowers its yield and increases the cost of product purification

[17,18]. It is known that separation of 5-HMF from levulinic acid is

particularly difficult [18]. In order to facilitate the purification of

furan derivatives such as 5-HMF, the procedure of phase coupling

can be applied [3,19]. Recent works proved that high yields of

5-HMF can be achieved in a biphasic reactor, where one phase con-

tains aqueous solution of fructose and acid catalyst, while the other,

the extracting phase, contains low boiling partially miscible organic

solvent [19].
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Recently, many research groups have published high-yield con-

version of both glucose and fructose into HMF in ionic-liquid solvents,

among them Zhao et al. [18] and Yong et al. [20–22]. However, these

processes have disadvantages, such as a high cost due to several sep-

aration processes, expensive solvents, and materials corrosion. Con-

version of fructose to 5-HMF was probed also in highly polar

organic solvents, e.g. DMSO [17,23]. In addition, highly concentrated

melt systems consisting of choline chloride, carbohydrate and differ-

ent acidic catalysts have been reported as systems that express low

environmental impact, giving satisfactory yields of 5-HMF [24].

Apart from these attempts to perform dehydration of sugars in ho-

mogeneous systems, there is still a possibility to provide a source of

needed acidity using heterogeneous catalytic systems as an environ-

mentally benign alternative, which offers also the possibility of easy cat-

alyst separation, regeneration, and low cost procedure. Up to now,

several solid catalysts known to express surface acidity have been test-

ed in dehydration of monosaccharides. For example, sulphated alumina

zirconia has shown 56% yield of HMF from fructose at 150 °C [25] and

sulphated zirconia has shown 36% yield even at high reaction tempera-

ture [23], in comparison with about 20% yield of HMF found for TiO2/

ZrO2 at 200 °C [26], and the yield of 50% found in the case of zirconium

phosphate at 230 °C [27]. Promising yields (89% from fructose, 49%

from glucose, 54% from inulin and 65% from hydrolyzed juice of Jerusa-

lem artichoke) have been obtained using hydrated niobium pentoxide

as a catalyst [28]. Recently, sulfonated organic heterpolyacid salt has

also been reported as promising catalysts in fructose dehydration to

5-HMF [29]. From a brief insight into the reported results, it becomes

evident that the activity and selectivity of most solid acid catalysts

were found to give unsatisfactory results in water, even at high reaction

temperatures [23].

In the presentwork,we performed the dehydration of fructose using

solidWO3-based catalysts, known to possess highly acidic surface sites.

In order to tune the acidity, we have prepared a series of tungstated zir-

conia catalysts with various tungsten oxide loadings, using incipient

wetness impregnation. Importantly, it is already known that the acid

site strength of the tungsten/zirconia materials is similar or slightly

higher than that found in zeolites or sulfated zirconia and is comparable

to sulfuric acid [30]. WO3/ZrO2 catalysts are commonly used in a num-

ber of industrially important reactions, including hydration of carbohy-

drate, selective oxidation, paraffin isomerization, cracking, alkylation,

liquid-phase Beckmann rearrangement of cyclohexanone oxime and

for biodiesel synthesis through esterification and transesterification of

fatty acids [31–36]. For many of these catalytic applications, the acidity

of the supported tungsten oxide phase plays a crucial role in the overall

catalytic activity [37]. A fundamental understanding of the WO3 dis-

persed phase evolution on zirconia has been presented in the literature

by many authors and recently reviewed by Iglesia [38], with particular

attention to the influence of the sizes and structural compositions of

the active catalytic domains on the catalytic activity. It has been found

that the structure, electronic properties, and consequent catalytic func-

tion of small oxide domains depend sensitively on their surface densi-

ties (size and dimensionalities), on their composition, and on their

specific connectivity to less active oxides typically used as supports [38].

Solids prepared in this work were fully characterized in terms of

their structural and surface acid/base properties. The influence of sur-

face and acid/base properties on the performance of theseWO3-based

catalysts in fructose dehydration is discussed; in particular correla-

tions have been established between the number and strength of

acid/base sites and the 5-HMF selectivity and fructose conversion.

2. Experimental

2.1. Materials

WO3was purchased from Fluka (99.9%WO3). Zr(OH)4was supplied

by MEL-Chemicals (XZO 880/01), while ammonium metatungstate

hydrate (NH4)6H2W12O40·nH2O was purchased from Fluka (≥99.0%

WO3-based on calcined substance, gravimetric), 5-HMF and fructose

were purchased from SAFC (≥99% purity) and SIGMA (≥99% purity),

respectively. Deuterium oxide (heavy water) was purchased from

ALDRICH (99.9 atom % D).

2.2. Catalyst preparation

WO3/ZrO2 catalysts were prepared by wetness impregnation meth-

od. Zr(OH)4 was impregnated with an ammonium metatungstate hy-

drate solution, to have a WO3 loading ranging from 1 to 20 wt.%. The

prepared solids are denoted bym-WO3/ZrO2, wherem indicates the per-

centage ofWO3wt.%. The resulting materials were air dried overnight at

85 °C, then calcined in flowing air for 4 h at 700 °C. This calcination tem-

perature has been chosen on the basis of TG measurements, performed

using Labsys-TG from Setaram. The crude samples (~50 mg) were heat-

ed from 25 to 900 °C with a heating rate of 5 °C min−1 in a flow of air,

which was chosen as a soft oxidizing agent for calcination. The pure zir-

conia sample was also calcined at 700 °C.

2.3. Catalyst characterization

Elemental analysis was performed using ICP optical emission

spectroscopy (ICP-OES) with an ACTIVA spectrometer from Horiba

JOBIN YVON, after the samples were dissolved by appropriate solu-

tion of NaOH+KNO3.

The surface areas, pore volumes and pore sizes were measured by

nitrogen adsorption at −196 °C on a Micromeritics 2010 apparatus

after heat pre-treatment under vacuum for 2 h at a temperature of

400 °C. Surface areas were determined by the BET method from the

resulting isotherms. Pore volumes and pore sizes were determined

by the BJH method.

The X-ray diffraction (XRD) measurements were carried out on a

Bruker D5005 powder diffractometer scanning from 3° to 80° (2θ) at a

rate of 0.02°s−1 using a Cu Kα radiation (λ=0.15418 nm) source.

The applied voltage and current were 50 kV and 35 mA, respectively.

The recording of transmission electron micrographs (TEM) was

carried out using a JEOL 2010 LaB6 equipment operating at 200 kV

with an energy dispersive X-ray spectrometer (EDS), (Link ISIS from

Oxford Instruments). The samples were dispersed in ethanol using a

sonicator and a drop of the suspension was dripped onto a carbon

film supported on a copper grid and then ethanol was evaporated.

EDS study was carried out using a probe size of 15 nm to analyze bor-

ders and centers of the particles and the small particles.

The X-ray photoelectron spectra (XPS) were obtained on a

KRATOS AXIS Ultra DLD spectrometer equipped with a hemispherical

electron analyzer and an Al anode (Al Kα=1486.6 eV) powered at

150 W, a pass energy of 20 eV, and a hybrid lens mode. The detection

area analyzed was 700 μm×300 μm. Charge neutralization was re-

quired for all samples. The peaks were referenced to the C\(C, H)

components of the C 1s band at 284.6 eV. Shirley background subtrac-

tion and peak fitting to theoretical Gaussian–Lorentzian functions

were performed using an XPS processing program (Vision 2.2.6

KRATOS). The residual pressure in the spectrometer chamber was

5×10−9 mbar during data acquisition.

Raman spectroscopy measurements were performed using a

LabRAM HR (Jobin Yvon) spectrometer. The excitation was provided

by the 514.5 nm line of an Ar+ ion laser (Spectra physics) employing

a laser power of 100 μW. The laser beam was focused through micro-

scope objective lenses (100×) down to a 1 μm spot on the sample. For

each solid, the spectra were recorded at several points of the sample

to ascertain the homogeneity of the sample; the average of these

spectra was plotted and is discussed below.

Temperature-programmed reduction (TPR) was performed using

a TPD/R/O-1100 instrument (ThermoFisher). Prior to the TPR run,

the fresh sample was treated in a stream of O2/He (0.998% v/v,
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flowing at 20 ml min−1), ramping the temperature at 10 °C min−1

from 40 °C to 350 °C and maintaining it for 60 min, and then cooled

to RT. The TPR measurement was carried out using H2/Ar (4.98% v/v)

as reducing gas mixture, flowing at 20 ml min−1. The heating rate

was 10 °C min−1, the applied temperature range was from 40 °C to

1000 °C.

Adsorption microcalorimetry measurements were performed at

80 °C in a heat flow calorimeter (C80 from Setaram) linked to a conven-

tional volumetric apparatus equipped with a Barocel capacitance ma-

nometer for pressure measurements. The probes (ammonia and sulfur

dioxide) used for measurements (Air Liquide, purity>99.9%) were pu-

rified by successive freeze–pump–thaw cycles. About 100 mgof sample

was pre-treated in the calorimetric quartz cell overnight at 400 °C, and

then evacuated at the same temperature for 1 h prior to the measure-

ments. The differential heats of adsorptionweremeasured as a function

of coverage by repeatedly introducing small doses of the adsorbate onto

the catalyst, until an equilibrium pressure of about 66 Pa was reached.

The sample was then outgassed for 30 min at the same temperature,

and a second adsorption was performed at 80 °C until an equilibrium

pressure of about 27 Pa was attained in order to calculate the irrevers-

ibly chemisorbed amount of the probe molecules at this pressure.

2.4. Catalytic reaction

The reaction of fructose dehydration was performed in the batch

catalytic system. Experiments were performed in a 100 ml stainless

steel autoclave at 130 °C. In a typical procedure 600 mg of fructose

was dissolved in 60 ml of water and then 80 mg of solid catalyst was

added [39,40]. Water was chosen as a green and appropriate solvent

for dehydration of fructose to 5-HMF. In the analysis, starting time of

the reactionwas takenwhen the reactionmixture reached 130 °C. Sam-

ples were withdrawn from the reaction mixture at 1 h intervals; the

changes of fructose, 5-HMF, and formic and levulinic acid concentra-

tions with time were followed by collecting 1H NMR spectra, using liq-

uid NMR technique (Bruker AVANCE 250 spectrometer equippedwith a

multinuclear 10 mm Probe). The concentration of the various species

has been obtained by the integration of areas under the peaks after cal-

ibration (integration performed using Mnova 7 software).

Reactant conversion (mol%), yield of 5-HMF (mol%), and product

selectivity (%) were defined as follows:

Conversion mol%ð Þ ¼ moles of fructose that reactedð Þ

= moles of fructose initialð Þ � 100%

ð1Þ

Yield mol%ð Þ ¼ moles of X producedð Þ= moles of fructose initialð Þ
� 100% ð2Þ

Selectivity %ð Þ ¼ moles of X producedð Þ= moles of fructose reactedð Þ

�100% : ð3Þ

3. Results and discussion

3.1. Catalyst's structural properties

The results of chemical analysis (expressed as W and WO3 wt.%),

the BET surface areas (in m2·g−1) and theoretical surface concentra-

tions of tungsten in the zirconium–tungsten mixed oxides are sum-

marized in Table 1. It can be seen that surface area values increased

with tungsten oxide loading. The catalysts with WO3 loadings higher

than 10 wt.% maintained surface areas between 86 and 108 m2·g−1,

while further increases in WO3 loading above 15 wt.% did not lead to

increased surface area. The surface concentrations of tungsten were

calculated from measured surface areas using the following relation:

WO3concentration W� atom⋅nm
−2

� �

¼
mWO3 � 10−2 � NA

MWO3
� SBET � 1018

ð4Þ

wherem is the WO3 wt.% loading, MWO3
is the WO3 molecular weight

(231.8 g·mol−1), NA is the Avogadro's number, and SBET is the surface

area of the catalyst in m2·g−1. It is important to notice that maximum

surface area is obtained for the samples possessingW surface concen-

tration of 4.3 and 5 W-atom·nm−2; these values are close to those

theoretically found to correspond to the monolayer of WO3 loading

on ZrO2 [32,37,41,42].

The X-ray diffraction patterns and the Raman spectra of the

m-WO3/ZrO2 catalysts are shown in Figs. A and B in the Supporting

Information. Diffraction peak characteristics of tetragonal ZrO2 (at

2θ=30.17°, 35.31°, 49.79°, and 60°) [31,32], and monoclinic ZrO2

(at 2θ=28.3° and 31.6°) [31,43,44] are evident for the catalysts

with WO3 loading lower than 10 wt.%. For the samples with WO3

loading higher than 10 wt.%, the XRD patterns show only the specific

reflections of the tetragonal phase of zirconia. Evidently, the presence

of WOx species at a certain WO3 concentration (≥10 wt.%) inhibits

the sintering and the transformation to monoclinic ZrO2 crystallites.

It seems that the formation of WOx and interaction between tungsten

oxide and ZrO2 reduced the surface mobility of zirconia thus avoiding

the transformation of tetragonal to monoclinic ZrO2, which is in ac-

cordance with literature data [45–47]. No crystalline WO3 phase

(2θ=23.2°, 23.7°, and 24.3°) appeared on the investigated samples,

even those with WO3 contents close to 20 wt.%, thus indicating that

tungsten oxide was present in a highly dispersed manner. However,

as the presence of WO3 crystallites with sizes lower than 4 nm

(which is beyond the detection capacity of the powder XRD tech-

nique) cannot be excluded, the surface structure of tungsten oxide

and zirconia species on the samples was examined by Raman spec-

troscopy as a complementary technique. The results showed that no

characteristic bands of crystalline WO3 (at 275, 720, and 808 cm−1)

were detected for the samples except for a WO3 loading ≥20 wt.%.

This confirms our hypothesis of highly dispersed WO3 on the surface

of zirconium oxide. Moreover, these results have been also confirmed

by electron imaging (TEM) for the two samples 16.8-WO3/ZrO2 and

20.9-WO3/ZrO2 (Fig. 1): WO3 was homogeneously dispersed on the

zirconia surface and no aggregates nor crystallites have been detected

for the 16.8-WO3/ZrO2 sample. On the other hand very small crystal-

lites of WO3 (diameter lower than 5 nm) were visible on the

20.9-WO3/ZrO2 sample. The homogeneous dispersion of WO3 on the

support surface has been verified by EDS analysis performed on dif-

ferent zones of the sample surface. For the 16.8-WO3/ZrO2 sample

W local atomic concentration was found in the range of 9–11%,

while for the 20.9-WO3/ZrO2 sample it was in the 16–47% domain.

The surface structure of tungsten oxide and zirconia species on the

m-WO3/ZrO2 catalysts was examined by Raman spectroscopy. In

agreement with the XRD results, the Raman spectra (Fig. B in

Supporting Information) show that zirconia is predominantly present

in the monoclinic form for the catalysts with WO3 loading smaller

than 10 wt.% [32,48,49]. A broad peak located at approximately

980 cm−1 is observed for the catalysts with a WO3 loading

≥5 wt.%; this peak can be attributed to surfaceW_O interaction spe-

cies [50]. A shift in the Raman peak position of the W interaction spe-

cies that appeared with increasing W loading has already been

reported for catalysts characterized under ambient conditions and at-

tributed to a change in the nature of the W interaction species from

WO4
2− to polytungstates [51]. Spectral band characteristics for crys-

talline WO3 (at 275, 720, and 808 cm−1) are detected only for the

sample with a WO3 loading≥20 wt.%.

The binding energies (BE) of Zr 3d5/2 and W 4f7/2 are presented in

Table 1. The BE of Zr 3d value was shifted to higher values as the WO3

loading increased, which indicates a flow of electron density from zir-

conia phase into WOx phase through Zr–O–W linkages. Values found

in this work are close to the corresponding BE of Zr4+ in bulk zirconia

(182.1 eV) [52] while the BEs of the W 4f7/2 are close to the reported

value of W6+ (35.5 eV) [53]. The surfaceW/Zr ratio increases roughly

linearly as the loading of WO3 increases. Tungsten surface enrichment
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is observed for all samples, indicating that the thermal treatment

performed at 700 °C in order to activate the samples was effective

in expelling tungsten from the bulk to the surface of m-WO3/ZrO2 cat-

alysts, corresponding to the data reported in the literature [54].

In order to investigate the red–ox behavior of investigated solids,

TPR experiments have been performed in this work (see in the

Supporting Information Fig. C, the reduction profiles for pure WO3 and

the supported catalysts). As itmight be expected, in the temperature re-

gion of fructose dehydration, reduction processes were not observed.

In literature [55], pure WO3 exhibits three reduction peaks, name-

ly, a shoulder (only for experiments performed with large amounts of

sample,>50 mg) at 638 °C (WO3→W20O58), a sharp peak at 765 °C

(W20O58→WO2) and a peak at higher temperatures (WO2→W).

On our sample we have detect only two reduction peaks for pure

WO3 centered around 800 °C and 950 °C, respectively, which can be

attributed to the reduction of WO3 to WO2 and further to W.

In the temperature range in which features due to tungsten reduc-

tion appear (>400 °C), only the catalysts with loadings ≥5 wt.% are

concerned. A reduction peak centered around 480 °C can be observed,

which could be attributed to the first step of reduction WO3→WO2.9

[56,57], while the other broad reduction peakwith amaximum temper-

ature centered around 910 °C can be related to the complete reduction

of WO3 (at 700 °CWO2.9→WO2, at 800–900 °CWO2→W) [56] and at

higher temperature the reduction of tetrahedrally coordinated WOx

species (amorphous and non-stoichiometric oxides) strongly anchored

to the zirconia surface, as already reported in the literature [56–58].

The amount of hydrogen consumed for the first step of reduction

was determined by integrating the peak at 480 °C, corresponding to

3.5% of reduction, and thus confirming the assignment of this low

temperature peak to the WO3→WO2.9 partial reduction (theoretical

reduction of 3.3%).

Moreover, the total H2 consumption rises, and the peak maximum

temperature shifts towards lower temperatures with increasing WO3

loading. These findings indicate that the larger andmore interconnected

WOx clusters formed at increasingWO3 loading (W present inW–O–W

groups) can be reduced more easily than the smaller and more isolated

species prevailing at low WO3 loading (W present in W–O–Zr groups)

[44,53].

3.2. Acidic/basic properties

As already mentioned in the Experimental section, the acidity of

the catalysts was determined by ammonia adsorption microcalorime-

try. The initial heats of adsorption (denoted by Qinit) and the amount

of ammonia adsorbed under an equilibrium pressure of 27 Pa are

presented in Table 2. Fig. 2 displays the ammonia adsorption iso-

therms while Fig. 3 represents the differential heats as a function of

coverage for m-WO3/ZrO2 catalysts.

According to its adsorption properties towards NH3 and CO2

reported in the literature [59], tungsten oxidewas classified as an acidic

oxide, while zirconiawas assigned to the amphoteric group. However, it

was observed thatmany oxides in the amphoteric group adsorbedmore

16.8-WO3/ZrO2 20.9-WO3/ZrO2

Fig. 1. TEM images of 16.8-WO3/ZrO2 and 20.9-WO3/ZrO2 catalysts.

Table 1

Physicochemical characteristics and binding energies of m-WO3/ZrO2 samples prepared by incipient wetness impregnation.

Sample WO3 content/wt.% W content/wt.% BETa surface area/m2·g−1 W surface density/W-atom·nm−2 Binding energy/eV Atomic ratio

Zr 3d5/2 W 4f7/2 W/Zr

1.2-WO3/ZrO2 1.21 0.96 46 0.7 181.9 35.4 0.03

5.1-WO3/ZrO2 5.09 4.04 68 2.0 182.1 35.5 0.06

9.8-WO3/ZrO2 9.86 7.82 86 3.0 182.3 35.6 0.10

16.8-WO3/ZrO2 16.85 13.36 102 4.3 182.8 36 0.15

20.9-WO3/ZrO2 20.93 16.60 108 5.0 182.4 35.6 0.18

ZrO2 – 37 –

a Uncertainty: ±1 m2·g−1.
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NH3 and with a higher heat than some of those belonging to the acidic

group [60]. It has been found that as a result of ammonia adsorption

on ZrO2 a heat of 150 kJ·mol−1 was evolved, what is comparable to

the values found for WO3 [30,61].

The volumetric adsorption isotherms collected in this work

displayed in all cases an initial vertical section at very low pressure

corresponding to the amount of strongly chemisorbed NH3 [62]. The

heats of adsorption showed a decreasing trend upon increasing cov-

erage, as usually observed for heterogeneous surfaces [60,63,64].

The heterogeneity of the studied materials is due to the presence of

acidic sites of different natures (both Brønsted and Lewis sites) and

presenting various strengths.

The amount of irreversibly absorbed ammonia (Virr), corresponding

to strong chemisorption, increased greatlywith increasingWO3 content

up to the value which corresponds to the highest surface area.

Fig. 4 shows the acid site distributions of all investigated catalysts.

It can be seen that for all m-WO3/ZrO2 samples, the population of me-

dium strength acid sites (characterized by the values of differential

heats, Qdiff, between 100 and 150 kJ·mol−1) and weak acid sites

(50bQdiffb100 kJ·mol−1) increased with increasing amount of WO3

up to 16.8 wt.%; while the trend was less marked for the amount of

strong acid sites with Qdiff>150 kJ·mol−1.

The basic features of the m-WO3/ZrO2 catalysts were studied by

sulfur dioxide adsorption. Prior to the calorimetric measurements

the catalysts were subjected to the same activation procedure as for

ammonia adsorption. We report in Figs. 3 and 5 the differential

heats of sulfur dioxide adsorption as a function of coverage, and the

corresponding isotherms respectively. The initial heats of adsorption

(denoted by Qinit) and the amount of sulfur dioxide adsorbed under

an equilibrium pressure of 27 Pa are presented in Table 2. The dif-

ferential heats of SO2 adsorption on the surface of ZrO2 show the

presence of strong basic sites; this presence rapidly decreases with

the increase of WO3 content in the m-WO3/ZrO2 samples. These re-

sults are expected considering the acidic nature of tungsten oxide

species. Sulfur dioxide can be chemisorbed on basic oxygen anions

O2− and on basic hydroxyl groups. Such adsorption modes lead to the

formation of sulfites and hydrogenosulfites, respectively [65]. As sulfur

dioxide is not chemisorbed on bulkWO3, this probe can be used to esti-

mate the free surface area of zirconia that is not covered by WO3. As it

was mentioned before that the monolayer can be achieved at a surface

concentration of about 4 W-atom·nm−2, corresponding to 15.4 wt.% of

WO3 for a 100 m2·g−1 catalyst, it is expected that samples with aWO3

loading close to this value should not adsorb any SO2 irreversibly. In-

deed, the equilibrium isotherms and irreversibly adsorbed amounts

(see Table 2) show that the sampleswithWO3 loading>16 wt.% adsorb

very small amounts of SO2, corresponding to about 4% of uncovered zir-

conia surface. No significant differences were observed in the basic

properties of the samples containing 16.8 and 20.9 wt.% of WO3 thus

confirming that the monolayer coverage was attained.

3.3. Catalytic activity

As already explained in the Experimental section, the changes in

fructose and product concentrations were monitored by 1H liquid

NMR technique (the NMR peaks used for the quantitative determina-

tion are shown on Fig. D in the Supporting Information). The product

of major interest in fructose dehydration reaction is 5-HMF. However,

owing to the subsequent aldehyde degradation, some unwanted

chemicals, such as formic acid and levulinic acid, were also produced.

All investigated materials appear to be more or less active in dehy-

dration of fructose and in producing 5-HMF. Fig. 6(A) and (B) shows

the trend of fructose conversion as a function of reaction time and

W-surface density, respectively. After 4 h of reaction, maximum con-

version of fructose (66.7%) was found for 16.8-WO3/ZrO2, while the

lowest degree of conversion (11.1%) was found for 5.1-WO3/ZrO2

sample. Moreover, as already shown by Soultanidis et al. [47] in the

n-pentane isomerization reaction the maximum activity is reached for

a given W-surface density that was between 4.5 and 5.5 W·nm−2 in

their case and around 4.3 W·nm−2 on our catalysts in the fructose de-

hydration reaction.

It is well known that dehydration of hexoses is catalyzed by pro-

tonic acids as well as by Lewis acids [66,67], the same sites contribut-

ing to the formation of unwanted by-products, such as formic and

levulinic acids; while isomerization between glucose and fructose is

catalyzed by alkali [8]. In addition, it is known that oxidation of

5-HMF is catalyzed by alkali [8]. Hence it can be expected that sam-

ples possessing both basic and acidic sites would express different

catalytic behaviors compared to mainly acidic materials (such as, ac-

cordingly to calorimetric measurements performed here, samples

16.8-WO3/ZrO2 and 20.9-WO3/ZrO2).

The insight into the results obtained in this work gives evidence that

amphoteric zirconia displays activity higher than those expressed by

catalysts loaded with up to 9.8 WO3 wt.%. From the presented results

Table 2

Initial heats of adsorption (denoted by Qinit), total and irreversible amounts of ammonia and sulfur dioxide adsorbed under an equilibrium pressure of 27 Pa.

Sample Acidity/NH3 Basicity/SO2

Qinit/kJ·mol−1a Vtot/μmolNH3
g−1b Virr/μmolNH3

g−1c Qinit/kJ·mol−1a Vtot/μmolSO2
g−1b Virr/μmolSO2

g−1c

1.2-WO3/ZrO2 191 171 104 198 137 120

5.1-WO3/ZrO2 184 204 129 186 108 84

9.8-WO3/ZrO2 185 263 172 158 75 33

16.8-WO3/ZrO2 162 259 158 108 21 6

20.9-WO3/ZrO2 165 289 174 104 23 5

ZrO2 178 124 68 201 143 130

a Heat evolved from the first dose of NH3 or SO2 (±2 kJ·mol−1).
b Total amount of NH3 and SO2 retained as determined at 27 Pa of equilibrium pressure.
c Irreversibly adsorbed amount of NH3 and SO2 as determined from the difference between the amounts adsorbed in the first and second adsorptions at 27 Pa.
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it is evident that the partial coverage of active zirconia surface bymono-

meric WOx species led to a loss of catalytic activity; thus indicating the

importance of basic sites exposed on the surface of mixed tungstated

zirconia oxides.

For higher WO3 loadings, the potential of investigated solids to cat-

alyze fructose dehydration increased, and overcame that of zirconia. It is

known that an increased amount of WO3 favors the formation of

Brønsted acid sites, as proven by the interpretation of FTIR spectra of

adsorbed pyridine [68]. The increasing fructose conversion with in-

creasing WO3 amount in the samples can be related to the formation

(once the catalyst is put in aqueous solution) of hydroxyl groups able

to further enhance the Brønsted acidity [38,63]. As already noticed,

the maximum conversion of fructose was observed for the sample

16.8-WO3/ZrO2, which contains an amount ofWO3 close to that needed

for a monolayer. A further increase in WO3 loading (>16.8 wt.%) leads

to the formation ofWO3 crystallites which resulted in a decrease in cat-

alytic activity (decrease in fructose conversion extent).

As shown in Fig. 7, the selectivity to 5-HMF (calculated at 4 h re-

action time) is represented as a function of the ratio of basic to acidic

sites, as determined by adsorption calorimetry. The volcano shape

curve reaches a maximum value (40.1%) for the catalyst with

9.86 wt.% of WO3; beyond this value, it decreases with increasing

WO3 loading. This behavior could be expected, having in mind the

well known reactivity of 5-HMF, its further transformation into

levulinic and formic acid can be favored by the presence of very

strong acidic sites [69], provided here by the presence of a high

WO3 loading. The calorimetry results obtained in this work have

proved that the number of acid sites increases with the WO3 loading,
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which explains the decrease in selectivity to 5-HMF above a certain

coverage. Moreover, a too high concentration of acid sites may possi-

bly lead to the promotion of condensation reactions which could ex-

plain the decrease in selectivity above 9.8 WO3 wt.% [70]. The bare

ZrO2 sample is not included in the correlations, probably due to the

hydration of the zirconia surface that should completely change the

nature of the surface sites. It is suggested [71] that only the

dehydrated surface of zirconia has Lewis acidity, but the hydrated

surface, probably filled with ZrOH groups, has no or quite weak acid-

ity. Contrarily, the Lewis acidity generated on the loaded tungsta layer

is not diminished in presence of water.

Both Brønsted and Lewis acid sites are involved in the catalytic

process of fructose dehydration [66,67], and are both responsible of

the degradation for furfural to levulinic and formic acids.

However, it is important to notice that the formation of formic

acid is different for the various samples used in this work, and

seems also to depend on acidic/basic characteristics and morphology

of the investigated catalysts.

Moreover, the carbon mass balance is not attainted in any of the

performed experiments. This could be due to the formation of oligo-

saccharides, which deposited on the catalyst surface and tended to

become dark brown colored (as observed on the used catalysts)

[39,40].

In Fig. 8, yields of 5-HMF, are presented, together with those of

formic and levulinic acids. We have observed that the formation of

formic acid starts after the second hour of reaction when testing sam-

ples denoted as 9.8-WO3/ZrO2 and 20.9-WO3/ZrO2; while in the case

of pure zirconia and for samples with low WO3 contents (b10%) the

formation of formic acid is evident only after the 3rd hour of reaction.

Importantly, formic and levulinic acids were not formed using

1.2-WO3/ZrO2, which expresses moderate values of fructose conver-

sion compared to the samples investigated here. 1.2-WO3/ZrO2 pre-

sents the highest amount of strong basic sites, as shown in Table 2.
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conditions: 130 °C, 600 mg of fructose in 60 ml of water, and 80 mg of catalyst.
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We can see that the yields of formic acid are higher than those of

levulinic acid, which is common for the fructose dehydration reaction

performed in an autoclave [72,73]. The decomposition of L.A and F.A

into insoluble polymers [74] is the reason for not having equimolar

quantities of the two acids. The difference might be due to the pre-

ferred reaction of levulinic acid with the active sites of the catalyst,

with the levulinic acid molecule being larger than formic acid,

which allows for a longer residence time for secondary reactions [72].

The obtained results also indicate that the amphoteric character of

zirconia is important for its catalytic activity and that strong basic

sites might be responsible for changes in both fructose dehydration

and further 5-HMFs transformationmechanisms. However, a valuable

comparison between the catalytic activities of pure zirconia (mainly

present in the monoclinic phase) with tungstated zirconia samples

that are presenting a zirconia phase (mainly in the tetragonal form),

is difficult to establish.

It is important to point out that in acid catalysis, it is not only the

number of acid sites which plays a determining role, but also the

strength and nature of these sites. Fig. 9 represents the yield of

5-HMF as a function of the number of acid sites with strength be-

tween 100 and 150 kJ·molNH3

−1, corresponding roughly to Brønsted

sites [75]. This curve shows that the yield to 5-HMF is increasing

with the number of medium acid strength sites, while, as seen in

Fig. 7, the selectivity to 5-HMF is maximum for a ratio of basic to

acid sites of about 0.3. From Fig. 9, 5-HMF yield drastically increases

with the number of medium strength acid sites, reaching the maxi-

mum value for a W-surface density of 4.3 W-atom·nm−2.

4. Conclusion

Materials resulting from the coupling of tungsten and zirconium

oxides displayed stable structures and expressed specific acidic/

basic characteristics. A calcination temperature of 700 °C has been

shown to be high enough to ensure the complete elimination of the

synthesis precursor, as well as the physisorbed and structural water,

and low enough to avoid a predominant formation of WOx crystallites

at high surface densities (above monolayer coverage) on ZrO2. At this

high calcination temperature zirconia remained in the tetragonal

phase and did not transform to the monoclinic phase, stabilized by

the presence of WOx species.

The results obtained frommicrocalorimetric experiments reveal the

amphoteric characteristics of all the investigated samples with WO3

content below themonolayer, as they adsorbed both ammonia and sul-

fur dioxide on their surface. The number of surface acid sites increased

with WO3 content in the samples, while the strength of these acid

sites was rather heterogeneous. Besides, the basicity decreased with in-

creasing WO3 content until the zirconia surface was totally covered.

Catalytic activity for fructose dehydration is related to the pres-

ence of strong acid sites, especially for the catalysts with WO3 loading

≥10 wt.%, while the yield to 5-HMF is associated to the medium

strength acid sites. However, the influence of the amphoteric charac-

ter of the investigated catalysts on the reaction mechanism is evident,

and the presence of a small amount of basic sites seems to be impor-

tant for an improved selectivity to 5-HMF, thus avoiding the forma-

tion of by-products,

The combination of different thermal, calorimetric, structural

analyses and catalytic tests has made it possible to thoroughly ana-

lyze samples that can be potentially applied as acidic catalysts in

different environmentally friendly applications such as biomass ex-

ploitation and sugar transformation to valuable products, in agree-

ment with the requirements of modern biorefinery platforms. The

results obtained in this work give evidence for the importance of

the acid–base nature of active sites; further studies aimed at fine-

tuning these characteristics should lead to more effective solid cata-

lysts, that would allow higher selectivities and yield lower amounts

of by-products.
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Abstract The selective catalytic reduction of NOx by

decane (C10H22–SCR) has been studied over mixed oxides of

zirconia with boria, alumina, gallia, india and tungsta. The

samples were prepared by coprecipitation and thoroughly

characterized using a combination of different techniques to

determine their structural and surface properties. Moreover a

WO3-containing sample supported on Al2O3–ZrO2 sample

was prepared to verify the influence of the tungsta active

phase deposited by impregnation. The surface acidity and

basicity of the samples (measured by NH3 and SO2 adsorp-

tion microcalorimetry) varied in relation to the kind of

co-oxide added to zirconia. In particular, the number of surface

acid sites expressed in lmolNH3
g-1 increased in the fol-

lowing order WO3–ZrO2[Al2O3–ZrO2[Ga2O3–ZrO2[

In2O3–ZrO2[WO3/(Al2O3–ZrO2)[ZrO2[B2O3–ZrO2.

Correlations between the catalytic behaviour and the sam-

ples surface acidity were found and the results show that a

moderate acidity (i.e. for Ga2O3–ZrO2) is one of the key

parameter for high N2 selectivity and NOx conversion.

Keywords Zirconia based mixed oxides � Adsorption
microcalorimetry � Acidity � n-Decane � NOx � HC–SCR

1 Introduction

Nitrogen oxides (NOx) produced by internal combustion

engines are still an un-solved issue. NOx oxides are the

main cause for a lot of environmental problems; such as

ozone formation in the troposphere and production of

acidic rains [1]. These oxides are very toxic for human

health and they can provoke infections and allergies in the

respiratory system [2]. Long exposure of NOx with con-

centration above 0.05 ppm causes hazardous effects for

human health [3]. As a result of the negative impact of

NOx, the regulation of its emission is becoming stricter,

regardless of the region, including Asia, Europe and USA

[4]. The next NOx limits (Euro 6 in Europe) will require the

introduction of sophisticated after-treatment techniques

from the diesel manufacturers [5]. Among the different

technologies existing to reduce NOx emission from diesel

engines, the selective catalytic reduction by hydrocarbons

[6], HC–SCR, is a highly recommended technology, as it is

a practical method to use the unburned hydrocarbons that

already exist in the exhaust gas [7]. HC–SCR is more cost-

effective, simpler to apply, but still higher NOx conversion

is required to find a final application [5]. Various studies

have been performed using light hydrocarbons (C1–C4),

especially methane [8, 9], ethane [10] and propane

[11, 12]; however these light hydrocarbons are not usually

observed in diesel engine exhaust. Gasoline is a complex

mixture of different organic compounds and it is an

attractive reductant to use in the SCR process due to its

high reactivity and availability. Decane is one of the gas-

oline components and can be effectively used for selective

catalytic reduction of NOx by hydrocarbons (NOx–HC–

SCR) [13]. A suitable active commercial catalyst is needed

to achieve a good NOx conversion [14]; this catalyst should

show good stability, activity and selectivity over a wide

range of operation temperatures. Numerous researches

upon the selective reduction of NOx by hydrocarbons

were undertaken and subsequently reported in the litera-

ture. The active catalysts can be divided into three groups:
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ion-exchanged zeolites, noble metals and metallic oxides

[2]. Zeolites are not stable in presence of water vapor [15],

noble metals like platinum and rhodium are expensive.

Therefore, various supported mixed oxides catalysts have

been developed as potential candidates for the catalytic

removal of NOx. The oxides such as Al2O3, SiO2–Al2O3,

TiO2 and ZrO2 are active in this selective reduction

[16–19]. Despite the numerous catalysts studied for the

NOx–HC–SCR reaction, none has yet shown the required

properties in terms of thermal stability, tolerance to water

and high catalytic activity [20–23]. The oxides of group III

elements have received much attention recently as they

have been tested in various catalytic reactions of environ-

mental interests. Ga2O3 and In2O3 supported on acidic

supports (Al2O3–TiO2–SiO2/Al2O3) have been reported to

present a remarkable de-NOx catalytic activity [24–26].

In the present study, we investigated the effect of

addition of boria, alumina, gallia, india and tungsta on the

surface acidity of ZrO2 as determined by the chemisorption

of acidic and basic probe molecules (sulfur dioxide and

ammonia), with the aim of gaining insight into the surface

properties of the corresponding catalysts. Surface acidity

was measured by means of gas phase adsorption micro-

calorimetry, which gives access to the number, and

strength of the sites. The catalysts were tested in the

n-decane–SCR reaction in order to establish eventual cor-

relations between acid–base properties and catalytic

behavior. The discovery of appropriate indicators of

catalytic activity in C10H22–SCR of NOx by tuning the

acid–base properties of amphoteric mixed oxides being of

fundamental interest.

2 Experimental

2.1 Catalyst Preparation

In this work, zirconia mixed oxides with Me2O3 (Me: B,

Al, Ga, In, W) were prepared by coprecipitation. The

compounds used as Me2O3 precursors were boric acid

(H3BO3, Merck), the nitrates of aluminum, gallium, and

indium: Al(NO3)3�9H2O (C99 %, Fluka), Ga(NO3)3�5H2O

(99.9 %, Alfa Aesar), In(NO3)3�5H2O (99.9 %, Aldrich)

and ammonium metatungstate (NH4)6H2W12O40�nH2O

(C99.0 % WO3, Fluka). The precursor for the zirconia

phase was zirconium oxychloride ZrOCl2�8H2O (C99.5 %,

Sigma-Aldrich). The required quantities of the group III

metal oxide and zirconia precursors were dissolved in

deionized water at room temperature. The solutions were

mixed with a continuous monitoring of pH. Concentrated

ammonia (32 % wt/wt) was added gradually dropwise to

this mixture of two solutions with vigorous stirring, until

the precipitation was achieved (pH 9).

Pure zirconia was obtained by precipitation from a

solution of ZrOCl2�8H2O by ammonia in the same way. All

precipitates were filtrated, washed with water and dried

overnight in an oven at 100 �C and calcined at 450 �C

under air flow.

WO3/(Al2O3–ZrO2) was prepared by incipient wetness

impregnation on the uncalcined Al2O3–ZrO2 precursor

prepared as reported just above, starting from aqueous

solution of ammonium metatungstate. After drying at

100 �C for 24 h and calcination at 450 �C, the tungsten

oxide loading was 16.7 wt%.

The calcination temperature of 450 �C was chosen on

the basis of thermogravimetry (TG) measurements, per-

formed with a Labsys-TG from Setaram. The crude sam-

ples (*50 mg) were heated from 25 to 900 �C with a

heating rate of 5 �C min-1 in a flow of air, which was

chosen as a soft oxidizing agent for calcination.

2.2 Catalyst Characterization

The samples were dissolved by appropriate solution of

NaOH ? KNO3 and the elemental analysis was performed

using inductive coupled plasma optical emission spectros-

copy (ICP-OES) with an ACTIVA spectrometer from

Horiba Jobin–Yvon.

The surface areas, pore volumes and pore sizes were mea-

sured by nitrogen adsorption at -196 �C on a Micromeritics

2010 apparatus after heat pre-treatment under vacuum for 2 h

at a temperature of 400 �C. Surface areas were determined by

the BET method from the resulting isotherms.

The X-ray diffraction (XRD) measurements were car-

ried out on a Bruker D5005 powder diffractometer scan-

ning from 3� to 80� (2h) at a rate of 0.02� s-1 using a Cu

Ka radiation (k = 0.15418 nm) source. The applied volt-

age and current were 50 kV and 35 mA, respectively.

The X-ray photoelectron spectra (XPS) were obtained

on a KRATOS AXIS Ultra DLD spectrometer equipped

with a hemispherical electron analyzer and an Al anode

(Al Ka = 1486.6 eV) powered at 150 W, a pass energy of

20 eV, and a hybrid lens mode. The detection area ana-

lyzed was 700 9 300 lm. Charge neutralization was

required for all samples. The peaks were referenced to the

C–(C, H) components of the C 1s band at 284.6 eV. Shirley

background subtraction and peak fitting to theoretical

Gaussian–Lorentzian functions were performed using an

XPS processing program (Vision 2.2.6 KRATOS). The

residual pressure in the spectrometer chamber was

5 9 10-9 mbar during data acquisition.

The pyridine adsorption FTIR spectra were recorded at

room temperature with a Bruker Vector 22 FTIR spectropho-

tometer (DTGS detector) operating in the 4,000–400 cm-1

range, with a resolution of 2 cm-1 and 100 acquisition

scans. In each pyridine adsorption FTIR measurement, the
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self-supporting wafer (about 50 mg, 18 mm diameter) was

first activated in situ at 400 �C in oxygen flow for 14 h, then

evacuated at the same temperature for 2 h and then exposed to

pyridine (Air Liquide, 99.8 %, vapor pressure 3.3 kPa) at room

temperature for 5 min. The desorption was carried out by

evacuation for 30 min each at room temperature, 100, 200,

300 �C, respectively. The spectra were recorded at room

temperature after adsorption and desorption at each

temperature.

Adsorption microcalorimetry measurements were per-

formed at 80 �C in a heat flow calorimeter (C80 from

Setaram) linked to a conventional volumetric apparatus

equipped with a Barocel capacitance manometer for pres-

sure measurements. Ammonia used for measurements (Air

Liquide, purity [99.9 %) was purified by successive

freeze–pump–thaw cycles. About 100 mg of sample was

pre-treated in the calorimetric quartz cell overnight at

400 �C, and then evacuated at the same temperature for 1 h

prior to the measurements. The differential heats of

adsorption were measured as a function of coverage by

repeatedly introducing small doses of the adsorbate onto

the catalyst, until an equilibrium pressure of about 66 Pa

was reached. The sample was then outgassed for 30 min at

the same temperature, and a second adsorption was per-

formed at 80 �C until an equilibrium pressure of about

27 Pa was attained in order to calculate the irreversibly

chemisorbed amount of the probe molecules at this

pressure.

2.3 Selective Catalytic Reduction of NOx by n-Decane

(C10H22–SCR)

The selective catalytic reduction of NOx is a complicated

sequence of reactions, which consists of several competing

parallel reactions. NO2 and partially oxidized hydrocarbons

are important intermediates in oxidizing atmosphere [27],

and simplifying the global reaction equation can be written

as follow [28]:

HC þ NOx þ O2 ! intermediates

! N2 þ COx þ H2O

The selective catalytic reduction of NOx by n-decane

(C10H22–SCR) was carried out in a U-shaped quartz

reactor with 0.2 g of catalyst. The reactor was heated and

the temperature of the catalyst was monitored using a

K-type thermocouple. The reaction mixture was composed

of 400 ppm NO, 240 ppm C10H22 and 9 vol% O2 in He as

carrier gas in the presence of H2O (1.5 vol%). The total flow

rate was 120 mL min-1, corresponding to a space velocity

of about 35,000 h-1. Reaction products were analyzed by

micro-gas chromatography (lGC: TCD detector) for N2

(molecular sieve 5A), by gas chromatography (FID

detector) for C10H22, and by IR–UV for CO2, NO, NO2

and N2O. After stabilization, the temperature-programmed

reaction began at 100 �C by increasing the catalyst

temperature at a rate of 2 �C min-1 until 500 �C was

obtained. At the end of the ramp, the temperature was

maintained 30 min at 500 �C and then decreased at a rate of

1 �C min-1 down to 100 �C. All the data presented in this

paper were recorded during the cooling ramp. The N2, N2O,

NO2, global NOx, total C10H22 yields, nitrogen balance, and

selectivity to N2 were calculated by the following equations

from (1) to (7):

YNOx�N2
¼ 100�

2½N2�

½NO�0 þ ½NO2�0
ð1Þ

YNOx�N2O ¼ 100�
2½N2O�

½NO�0 þ ½NO2�0
ð2Þ

YNOx�NO2
¼ 100�

½NO2�

½NO�0 þ ½NO2�0
ð3Þ

YNOxglobal
¼ 100�

ð½NO�0 þ ½NO2�0Þ � ð½NO� þ ½NO2�Þ

½NO�0 þ ½NO2�0

� �

ð4Þ

YC10H22
¼ 100�

1
10
½CO2�

½C10H22�0

� �

ð5Þ

N balance : ½NO�0 þ ½NO2�0
¼ ½NO� þ ½NO2� þ 2½N2� þ 2½N2O� ð6Þ

SN2
¼ 2 N2½ � = 2 N2½ � þ 2 N2O½ � þ NO2½ � ð7Þ

A substantial amount of NO2 was formed in homogeneous

phase in the pipes of the apparatus, before and after the

reactor, as previously observed for studies on selective

catalytic reduction of NO by propene in the presence of

oxygen performed in the same equipment [29]. Indeed, the

thermodynamic equilibrium of the following reaction leads

to the formation of NO2 at room temperature [30]:

NO þ 1=2O2 ! NO2

The quantity of NO2 formed in the pipes was subtracted

from the total NO2 amount before the conversion of NOx

into NO2 was calculated.

3 Results and Discussion

3.1 Structural Properties

Table 1 presents the list of the samples synthesized in this

work, their chemical compositions, obtained by ICP, and

the values of BET surface areas. Higher surface areas were

observed for mixed oxides in comparison with that of pure

zirconia (77 m2 g-1) except for B2O3–ZrO2 (75 m2 g-1).

The increase in BET surface areas could be explained by
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the dispersion of two oxides that happens as a result of

mixed oxides forming by the coprecipitation method. The

values of BET surface areas reveal that they are related to

the type of guest oxide, and the highest surface area was

obtained for the WO3–ZrO2 sample.

The XRD patterns of various mixed oxides investigated

in this work are shown in Fig. 1 B2O3–ZrO2, Al2O3–ZrO2

and Ga2O3–ZrO2 samples are poorly crystallized and

contain amorphous phases, indicating that the maximum

calcination temperature of 450 �C in air for 4 h was well

chosen to avoid the formation of the crystalline phases of

the co-precipitated oxides. Differently, diffraction peaks

characteristic of tetragonal ZrO2 (at 2h = 30.17�, 35.31�,

49.79�, and 60�) [31, 32] were detected for ZrO2, In2O3–

ZrO2 and WO3–ZrO2 samples. The monoclinic phase is

observed only for pure zirconia (at 2h = 28.3� and 31.6�)

[31, 33, 34]. No characteristic diffraction lines due to

Al2O3 or ZrO2 were observed for the WO3/(Al2O3–ZrO2)

impregnated sample, which confirms that the ZrO2–Al2O3

phase is amorphous or poorly crystalline even when cal-

cined in presence of WO3. The lines at 2h = 22.9�, 23.5�,

24.1�, 33.0�, 33.6� and 34.3� can be assigned to ortho-

rhombic WO3 phase [35–37], and the group of small peaks

between 50� and 60� 2h belongs to the tetragonal phase of

WO3 [38].

XPS investigations were carried out in order to acquire

additional data about the nature of surface-active sites. It is

well-known that XPS gives information on the catalyst’s

surface composition and on the distribution and electronic/

oxidation state of the elements in the surface layer [39].

Table 1 presents the binding energies (BE) of Zr3d5/2, W4f7/

2, B1s, Al2p, Ga2p3/2, and In3d5/2. The BE values of Zr3d5/2
for the catalysts are almost similar and correspond to the

BE of Zr4? in bulk zirconia (182.1 eV) [40]. The BE value

of the W4f7/2 for WO3–ZrO2 sample is close to the reported

value for W6? (35.5 eV) in the bulk oxide [41]. The core-

level spectra of B1s (191.8 eV) in the case of B2O3–ZrO2

binary oxides showed a shift toward low-binding energies

(BE) in comparison with pure B2O3 (193.5 eV) [42] indi-

cating the interaction between the two oxides. Changes in

the BE of Al2p 74.2 eV and In3d2/5 444.3 eV [43], were

also observed for Al2O3–ZrO2 (73.9 eV), WO3/(Al2O3–

ZrO2) (73.9 eV), and In2O3–ZrO2 (444.7 eV) indicating

once again the intimate interaction between the couples of

co-precipitated oxides.

3.2 Acidic/Basic Properties

The surface acidity is an important feature of a solid sur-

face and can influence a broad range of different reactions.

The amount and strength of surface acid and basic sites of

the catalysts were determined respectively by ammonia and

sulphur dioxide adsorption microcalorimetry.

Table 2 summarizes the data obtained by NH3 and SO2

adsorption on zirconia based materials: the initial heats of

adsorption and the total (chemisorbed and physisorbed

amounts) and irreversibly adsorbed volumes (chemisorbed

amounts of gases) are reported.

According to its adsorption properties towards NH3 and

CO2, tungsten oxide was classified as acidic oxide while

zirconia and gallia were assigned to the amphoteric group

[44]. Alumina is also a typical amphoteric solid which is

characterized by the presence of both acidic and basic sites

on its surface and presents a broad distribution of sites

strength [45]. Indium oxide even if classified as amphoteric

Table 1 Physicochemical

characteristics of the catalysts
Sample calcined

at 450 �C

C.A (wt%) BET surface

area (m2 g-1)

Binding energy (eV)

Zr 3d5/2 –

ZrO2 – 77 182.2 –

B2O3–ZrO2 30.2 (B2O3) 75 182.2 B 1s: 191.8

Al2O3–ZrO2 34.8 (Al2O3) 181 182.2 Al 2p: 73.9

Ga2O3–ZrO2 21.3 (Ga2O3) 128 182.2 Ga 2p3/2: 1117.9

In2O3–ZrO2 27.0 (In2O3) 110 182.2 In 3d5/2: 444.4

WO3–ZrO2 16.7 (WO3) 218 182.8 W 4f7/2: 36.0

WO3/(Al2O3–ZrO2) 16.7 (WO3)

34.8 (Al2O3)

178 182.1 W 4f7/2: 36.0

Al 2p: 73.9
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can be considered as more basic than acidic [46], while

boria is considered as an acidic oxide [43].

It can be concluded from the results presented in

Table 2 that the group III metal oxide has a decisive role in

modulating the acidic and basic properties of the investi-

gated mixed oxides.

NH3 adsorption isotherms of ZrO2 based catalysts are

presented in Fig. 2 the volumetric adsorption isotherms

collected in this work displayed in all cases an initial

vertical section at very low pressure corresponding to the

amount of strongly chemisorbed NH3, whereas the hori-

zontal parts can be assigned to reversible adsorption [47].

As displayed in Table 2 and Fig. 2 the addition of alu-

mina, gallia, india and tungsta to zirconia led to an increase

in acid character, while the addition of acidic boria did not

increase the acidity of pure zirconia as expected; quite

contrarily the acidity of B2O3–ZrO2 was lower than that of

pure ZrO2. Boric acid was used as a precursor for boria in

order to prepare the mixed oxide of B2O3–ZrO2. The

transformation from boric acid to the acidic boron oxide

(boria) consists of complex phenomena (metastable equi-

librium) in which the intermediates can be in liquid state.

This transformation depends on the heating rate during

calcination: if the temperature is raised too quickly, the

melting of acidic boron oxide (mp = 450 �C) can take

place with the formation of a boron oxide glass of low

surface area [48] and low acidity. This formation of boron

oxide glass is most probably the reason of the low acidity

of the B2O3–ZrO2 mixed oxide.

As already mentioned, the B2O3–ZrO2 surprisingly did

not present the expected strong acidic properties (low NH3

adsorption, 79 lmolNH3
g-1 instead of 144 lmolNH3

g-1

for the pure zirconia), associated with a very low SO2

adsorption, nearly inexistent compared to that of pure

zirconia, confirming that boric acid neutralized the basic

sites of zirconia. All the other samples adsorbed significant
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Fig. 2 Isotherms obtained from NH3 adsorption microcalorimetry

experiments carried out at 80 �C
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amounts of both SO2 and NH3, which is a clear indication

of their amphoteric nature.

Figure 3 displays the differential heats of NH3 and SO2

adsorption as a function of surface coverage providing

information on the strength of the acid and basic sites,

respectively. Furthermore, the initial heats of adsorption

are characteristic of the strongest sites involved in

adsorption processes. All investigated samples exhibited

high initial differential heats for both ammonia and sulphur

dioxide adsorption (C150 kJ mol-1). It has to be noticed

that WO3–ZrO2 displays the highest initial differential heat

of NH3 adsorption (around 198 kJ mol-1), index of very

strong acid sites. In each case, the heats of adsorption

showed a decreasing trend upon increasing coverage, as

usually observed for heterogeneous surfaces [47, 49, 50].

B2O3–ZrO2 is the sample that displays the lowest acidity

and basicity, in agreement with the formation of boron

oxide glass, unable to adsorb any probe molecule.

Figure 4 displays the number of sites of a given strength for

the various samples. Indeed strong sites with Qdiff[

150 kJ mol-1 are in such greater amount forWO3–ZrO2 than

for the other samples. Concerning the sites of medium

strength, 100\Qdiff\ 150 kJ mol-1, their amount increa-

ses in the order of the figure from left to right hand side.Weak

sites are mainly related to physisorption process.

FT-IR pyridine adsorption was performed to identify the

type of acidic sites on the surface of catalysts. The tech-

nique of pyridine adsorption is one of the most applied

methods for characterizing the nature of the surface acid

sites. The band at (1,455–1,438) cm-1 is characteristic of

Lewis acid sites, while the band at around 1,540 cm-1 can

be attributed to Brønsted acid sites [51–53].

Figure 5 presents the IR spectra of pyridine desorption

on the catalysts, after outgassing at 100 �C. Pyridine

molecules bonded to Lewis acid sites and corresponding to

the bands observed at 1444, 1575 and 1609 cm-1 were

detected in all the catalysts. Only the WO3–ZrO2 sample

displayed peaks centered at 1,540 and 1,639 cm-1 which

correspond to pyridinium ions bonded to Brønsted acid

sites. The appearance of Brönsted acid sites on the WO3–

ZrO2 sample can be related to the presence of dispersed

WOx domains composed of two-dimensional polytungstate

allowing protons to remain accessible at external surfaces

[54]. The sample WO3/(Al2O3–ZrO2) did not present this

kind of Brønsted sites due to the aggregation of the WOx

clusters (source of Brønsted sites) to form WO3 crystallites,

as confirmed by the XRD results (Fig. 1). The formation of

WO3 is due to the weaker interaction between the W-phase

and the Al2O3–ZrO2 mixed oxide acting for this sample as

support.

The band at 1,489 cm-1, present for all samples, is

characteristic of pyridine bonded alternatively to Brønsted

and/or Lewis sites [53]. The acidity of the catalysts is

mainly related to the presence of Lewis sites, and only for

WO3–ZrO2 can be attributed also to strong Brønsted sur-

face sites.
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3.3 De-NOx Catalytic Activity

The catalytic activity of the catalysts was evaluated in the

selective reduction of NOx using n-decane as reducing

species, in oxidant atmosphere, and in presence of water.

Thanks to the analytical system employed to analyse the

gas stream entering and exiting from the reactor,

the C10H22 consumption, the NOx conversion into N2 and

the evolution of N2O and NO2 products can be followed all

over the experiment. To avoid any changes in the nature of

the zirconia surface acidity by hydration (since we are

working with ZrO2 based catalysts), the water concentra-

tion used in this study (1.5 vol%) was maintained lower

than that normally observed in diesel exhaust gas

(*10 vol%). A fully hydrated zirconia surface (filled with

ZrOH groups) presents in fact weaker acidity than dry

zirconia [55] and might false the correlation between

reactivity and acidity (measured by ammonia adsorption

calorimetry on the dry zirconia surface). Analyzing the

catalytic results, it has to be taken in account that the SCR

activity in presence of long chain alkanes increases in

presence of large concentrations of water due to the

decrease in the concentration of carbonaceous species

blocking the adsorption sites at the catalyst surface [56,

57], and that consequently the catalytic activity measured

in the reported experiments might be lower than that

measured in presence of higher concentration of water.

Asalreadymentioned in the experimental part, the catalytic

activity values reported in this study correspond to those

recorded during the decrease of temperature after stabilization

at 500 �C for 30 min. Following this procedure, the NOx and

C10H22 conversions can be correctly determined, as we assess

that no reactant can be pre-adsorbed at the catalyst surface at

such high temperature (500 �C). Each catalyst was activated

under the reaction mixture, regardless of the support, the

precursor, and the preparation procedure [29]. As previously

observed on zeolitic catalysts [58, 59] this activation step

increases the activity of the catalyst that otherwise, at low

temperature, would probably store the hydrocarbon [58] and

trap NOx [59]. In absence of noble metals (oxidizing metal)

[60] it has been observed that, analyzing the products in gas

stream at increasing temperature, the CO2mass balance at the

highest temperatures of reaction is not respected (being higher

than the expected value): at high temperatures the hydrocar-

bon species previously adsorbed at lower temperatures can

finally desorb and react to produce CO2.

In Fig. 6 are plotted the NOx conversion to N2 versus

n-decane conversion to CO2. Each temperature, in the

450–200 �C range, is defined by a different symbol what-

ever the sample. This representation can be considered as

an indication of the extent of reaction [61], being CO2

the common reaction product of both NOx reduction and

n-decane oxidation reactions.

We can observe two groups of catalysts, the most active

and selective catalysts, characterized by the curves with a

high slope (high NOx conversion for relatively low n-decane

consumption: Ga2O3–ZrO2, Al2O3–ZrO2, and In2O3–ZrO2,

ZrO2 and WO3/Al2O3–ZrO2), and the less active in the SCR

reaction that oxidize the hydrocarbons but do not reduce

NOx (WO3–ZrO2, B2O3–ZrO2).

Among the most active and selective catalysts, Ga2O3–

ZrO2 shows the best performances in all the range of inves-

tigated temperatures. At low temperature (200–250 �C),

In2O3–ZrO2 displays the same activity as Ga2O3–ZrO2, but

starting from 350 �C its selectivity towards NOx reduction

decreases, and the NOx to N2 conversion remains constant at

around 22 %.

Temperature is indeed an important factor to understand

the catalytic activity in HC–SCR. The NOx and C10H22

conversions started simultaneously around (200–250) �C

for all the catalysts, with exception only for the WO3–ZrO2

and B2O3–ZrO2 samples that started to convert at higher

temperature 300 and 350 �C, respectively.

In terms of shape the curves of Ga2O3–ZrO2, Al2O3–

ZrO2, and In2O3–ZrO2 show the same behaviour, with a

high slope at low temperatures and a plateau at the maxi-

mum NOx conversion values that are around 40, 32, and

22 % for Ga2O3–ZrO2, Al2O3–ZrO2, and In2O3–ZrO2

respectively. Differently, for the ZrO2 and WO3/Al2O3–

ZrO2 samples the related curves in Fig. 7 increase contin-

uously reaching the maximum values of 45 and 41 % at

450 �C for ZrO2 and WO3/Al2O3–ZrO2 respectively.

At 400 �C all the n-decane is oxidized to CO2 for WO3–

ZrO2, and a certain activity towards the reduction of NOx

to N2 only starts at 400 �C. For the B2O3–ZrO2 sample no

NOx reduction has been observed and even a not complete

oxidation of n-decane was detected (90 % at 450 �C),

showing the global inefficiency of this catalyst.
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Unfortunately, high n-decane consumption does not

directly correspond to higherNOx conversion toN2 (Table 3).

It is true that the catalyst surface extent plays a key role in

adsorbing higher quantities of decane, but it does not mean

that the adsorbed hydrocarbon is used as reducing agent for

the SCR of NOx, and not directly oxidized to CO2. On

certain kind of catalytic sites (typically the strongest acid

sites) the n-decane is oxidized to CO2, as shown on WO3–

ZrO2. For the same reason, the B2O3–ZrO2 sample that

possesses the lower surface area and the lowest acidity

(as measured by adsorption microcalorimetry) displays a

poor catalytic activity in both NOx reduction and n-decane

combustion reactions.

It is clear that the BET surface area is not the only

parameter to be considered since the two samplesWO3–ZrO2

and Al2O3–ZrO2 that show similar BET surface (218 and

181 m2 g-1, respectively) exhibit very different catalytic

behaviours. Surface acidity is here the key property able to

justify the catalytic behaviour in the HC–SCR of NOx.

Figure 7 represents the NOx to N2 conversion versus the

number of strong and medium acid sites, as given by the

irreversible volume of ammonia adsorbed (Virr, see Table 2).

The volcano shape curve indicates that the less active

samples are B2O3–ZrO2 and WO3–ZrO2. As said before

B2O3–ZrO2 sample is totally inactive due to a too higher

calcinations temperature, while WO3–ZrO2 sample pos-

sesses a high number of strong acid sites (see Fig. 4) to be

efficient except in combustion reaction of decane.

The conversion of n-decane to CO2 at 300 �C (reported

in Fig. 8) increases with the irreversible volume of NH3

adsorbed (corresponding to the acidity of the catalysts).

Only WO3/(Al2O3–ZrO2) does not follow the trend, prob-

ably due to its different preparation route (incipient wet-

ness impregnation (see Sect. 2.1): WO3 seems to cover part

of the acid sites of the Al2O3–ZrO2 support thus dimin-

ishing the overall acidity of the sample. The most active

samples at this temperature are WO3–ZrO2 and WO3/

(Al2O3–ZrO2) with a decane conversion of 40 % (see also

Table 3).

In particular, we can observe that the presence of a

certain amount of acid sites of medium strength

(100\Qdiff\ 150 kJ mol-1) ameliorates the conversion

of NOx to N2 (see Fig. 4). Even if for the active catalysts,

the NOx conversion to N2 slightly increases with the

number of medium strength acid sites, the only presence of

this kind of sites is not sufficient to guaranty an activity in

converting NOx; the WO3–ZrO2 sample, that posseses the

highest number of medium strength acid sites, in fact, is

completely inactive at 300 �C. As shown in Fig. 4, it dis-

plays a very high amount of very strong sites on which

n-decane is fast oxidized to CO2, not being able to further

act as NOx reducing agent.

The samples Ga2O3–ZrO2 and Al2O3–ZrO2 with mod-

erate acidity are the most selective towards N2 (Table 3),

indicating that a high surface area (allowing the adsorption

of the reactants on the catalyst surface), accompanied by

the presence of a certain amount of acid sites (to facilitate

reactant molecule bonds activation) and by the absence of

too strong acid sites (to minimize the hydrocarbon oxida-

tion) is the right balance for a well performing catalyst in

the C10H22–SCR of NOx.

This is in agreement with the statement that the SCR of

NOx by decane follows a bi-functional path in which the

limiting step is the acid-catalysed reaction at low acidity,

and the oxidation on the most acidic catalysts [62, 63]. In

this bi-functional mechanism a good activity and selec-

tivity prediction is linked to the number and strength of the

acid sites present on the catalyst surface. It has long been

accepted that the C–H bond activation of saturated

hydrocarbons can be catalyzed by solid acids, and in par-

ticular sulphate species sites [64, 65]. Strong acid sites are

probably responsible of the low selectivity of WO3–ZrO2,

since they participate in the C–H bond breaking and con-

sequent oxidation of decane.
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Table 3 Summary of the HC–SCR by C10H22 at 300 �C over the

different catalysts

Sample 300 �C conversion (%) N2

selectivity

(%)n-Decane

to CO2

NOx

to NO2

NOx

to N2O

NOx

to N2

ZrO2 15 30 11 26 59

B2O3–ZrO2 12 35 2 1 –

Al2O3–ZrO2 24 20 5 35 91

Ga2O3–ZrO2 19 25 4 42 89

In2O3–ZrO2 10 48 5 25 47

WO3–ZrO2 40 0 3 0 –

WO3/(Al2O3–

ZrO2)

40 20 11 30 68
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Samples with moderate acidity showed higher catalytic

activity for NOx reduction to N2. It seems that samples with

strong acidity and high number acid sites lead to carbon

deposition on the surface [60]. This deposition poisons the

surface active sites responsible of NOx conversion to N2.

The interest of a moderate acidity is to avoid the carbon

deposition and to have a good selectivity to N2.

Moreover, as seen in Table 2, all the mixed oxides

(except B2O3–ZrO2) present also a significant basicity.

These base properties have an important role in the

mechanism of the selective catalytic reduction of NOx. The

basic sites on the surface have a double role in the com-

plicated mechanism of reduction:

(i) In heterogeneous catalytic oxidation, heterolytic C–H

bond cleavage is considered on an acid–base pair

through one of the following mechanism: (1) abstrac-

tion of a proton on a basic oxygen and formation of a

carbanion on the acid metal cation. (2) or abstraction

of a hydride ion and formation of a carbocation with

the fragmented hydrocarbon. (3) or abstraction of a

H• atom and formation of a radical fragment [66].

(ii) The oxidation of NO to NO2 at the metal oxides,

followed by the reaction of NO2 with an adsorbed

hydrocarbon activated by the acid–base pair [67].

Looking at Fig. 9, showing the NO conversion to NO2 as a

function of the temperature, the WO3–ZrO2, low activity in

HC–SCR can be once again justified. Many authors in fact

claim the important role of NO2 reaction with the hydrocar-

bon to form a radical and further transformation into HONO,

playing the role of activated species [68–70]. On the

WO3–ZrO2 sample, oxygen is principally used to oxidize the

n-decane on the strongest acid sites and no presence of NO2

can be detected at temperature higher than 150 �C.

The presence of WO3 really seems to decrease the

activity of the catalysts in the NOx transformation to N2 or

NO2: the addition of WO3 on the Al2O3–ZrO2 sample in

fact results in poorer performances in the reactions

involving NO transformation if compared to the bare

Al2O3–ZrO2.

For all the other samples the conversion of NO to NO2

can be observed up to 300–350 �C, the NO2 production

being favoured at low temperatures.

Concerning the NO transformation to N2O, no differ-

ences could be detected among the catalysts and the con-

version values were always below 10 % (see Table 3 for

the catalytic data at 300 �C).

4 Conclusions

The combination of different surface and structural analy-

ses and catalytic tests has made possible to thoroughly

analyze samples that can be potentially applied as acidic

catalysts in C10H22–SCR. The results obtained in this work

give evidence of the importance of the acid nature of active

sites. The presence of a given number of acid sites of

moderate energy plays a decisive role on the activity and

selectivity in the reaction of reduction of nitrogen oxide by

n-decane performed in lean conditions.

The selective reduction of NOx by hydrocarbons was

studied over different catalytic systems consisting of zirconia

mixed oxides with boria, alumina, india, gallia and tungsta.

The acidity of the catalysts was increased by adding the

second component to zirconia, except with boria. A certain

degree of acidity seems to be favourable for NOx conversion

and selectivity towards N2, while too strong acid sites (as in

the case of WO3–ZrO2) favour the oxidation of the hydro-

carbons that cannot react anymore as reducing agent.
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The determination of the number and strength of acid

sites has shown to be an interesting tool able to address the

choice between different materials towards those poten-

tially active in HC–SCR.
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Abstract: 

 

Two series of samples were prepared by impregnation of Me (Me =Al, Ga, In) 

hydroxides and Zr-Me (Me = B, Al, Ga, In) mixed hydroxides with an ammonium 

metatungstate hydrate solution followed by calcination at 400 °C. The obtained WO3/Me2O3 

and WO3/(ZrO2-Me2O3) samples have been characterized in terms of their structural, textural, 

and surface properties, including acid and redox features, by a variety of techniques (BET, 

XRD, TG, TPR) and microcalorimetry. The acid-base properties were estimated by the 

adsorption of NH3 and SO2 as probe molecules, respectively. The prepared mixed oxide 

catalysts showed very different properties in terms of surface area and X-ray diffractograms. 

TPR results were strongly dependent on the bonding nature between the oxides. All obtained 

mixed oxides showed a specific acid-base character influenced by the relative amounts of 

each oxide, the most acidic samples being WO3/ZrO2 and WO3/Al2O3 for binary mixed oxides 

and WO3/(Al2O3-ZrO2) for ternary oxides.  
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1. Introduction  

 

 In the last few years, a great deal of attention has been given to solids possessing both 

acid and base properties due to their application as catalysts for various reactions, The role of 

these properties for catalytic activities and selectivities has been studied extensively [1]. 

Nowadays, acid-base solid catalysts are considered to be important from the economic and 

ecological points of view, since they can eliminate the concerns caused by the use, 

regeneration, transportation and storage of liquid acids and bases. Such is the case of 

zirconium oxide and the oxides from Group III (Al, Ga, In), which display both sites in 

similar amounts on their surface and can be called amphoteric. In this study the oxides of 

group III elements were chosen as guest oxides for tungsten oxide, having in mind their 

catalytic activities in various important reactions: boria-based catalysts can be effectively used 

in the selective oxidation of hydrocarbons such as ethane [2] and acidic cracking reactions [3]. 

Additionally, alumina is widely used as a catalyst in the petroleum industry [4] while gallium- 

or indium-supported oxides are promising catalysts for combustion reactions and the selective 

catalytic reduction of NOx by hydrocarbons [5-9]. It was reported in literature that WO3 

supported catalysts, in particular WO3/ZrO2, are an alternative material for acid catalyzed 

reactions requiring strong acidity [10,11]. The aim of this study was to tune the acid-base 

properties of various single oxide (group III oxides) and zirconia-based mixed oxides (with 

group III oxides) by adding tungsta on their surface.  

The surface properties of a solid catalyst are of primary importance in governing the 

energetics of the adsorption reaction and desorption steps, which represent the core of a 

catalytic process. These properties can be conveniently investigated by studying the 

adsorption of suitably chosen probe molecules on the solid. Adsorption occurs at the interface 

between a gas phase and a solid. The process is originated by the presence on the surface of 

coordinately unsaturated species able to interact with molecules from the gas phase, whose 

concentration at the interface results increased in comparison with that in the bulk gas phase.  

Microcalorimetry is one of the most reliable methods for studying the gas-solid interactions in 

order to characterize the acid–base features by adsorbing the corresponding probe molecule 

[12,13]. The acid–base features can vary with the preparation of the solid, and mixed oxides 

can display original features, non-linear to the bulk oxides they stem from [14].  

In this work, mixed binary and ternary oxides were prepared and their acid–base features were 

monitored by ammonia and sulphur dioxide adsorption microcalorimetry, repectively. The 
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total number of acidic and basic sites and their corresponding strengths was assigned in this 

study. Associated with characterization by XRD and XPS analyses it brought more 

understanding on the nature of these mixed oxides. Besides, their redox character was 

determined by TPR and allowed us to determine the bifunctionality of the samples. 

 

2. Experimental 

  

2.1 Catalyst preparation 

 In this work, pure hydroxides of zirconium, aluminum, gallium and indium were 

obtained by precipitation. The required quantities of the nitrates of aluminum, gallium, 

indium: Al(NO3)3·9H2O ( 99%, Fluka), Ga(NO3)3·5H2O (99.9% Alfa Aesar), In(NO3)3·5H2O 

(99.9%, Aldrich) and zirconium oxychloride ZrOCl2·8H2O (  99.5%, Sigma-Aldrich) were 

dissolved in deionized water at room temperature, except in the case of gallium nitrate which 

was dissolved at 60 °C with stirring. The pH of the solutions was monitored during the 

addition of concentrated ammonia (32% wt/wt). Ammonia was added gradually dropwise to 

the precursor solution of with vigorous stirring, until the precipitation was complete (pH 9). 

Zirconium hydroxide mixed with Me(OH)3 (Me: B, Al, Ga, In) were prepared by 

coprecipitation. The required quantities of the group III metal and zirconium hydroxides 

precursor were dissolved in deionized water at room temperature. The solutions were mixed 

with a continuous monitoring of pH. Concentrated ammonia (32% wt/wt) was added 

gradually dropwise to this mixture of two solutions with vigorous stirring, until the 

precipitation was complete (pH 9). All precipitates (hydroxides) were filtrated, washed with 

water and dried overnight in an oven at 100 °C.  

WO3/Me2O3 and WO3/(Me2O3–ZrO2) catalysts were prepared by incipient wetness 

impregnation on the uncalcined Me(OH)3 and Me(OH)3-Zr(OH)4 precursors prepared as 

reported in the previous paragraph, starting from aqueous solution of ammonium 

metatungstate.  After drying at 100°C for 24 h and calcination at 400 °C, the tungsten oxide 

loading was of ~ 6 wt.%. The preparation of WO3/B2O3 by impregnation of boron hydroxide 

with the tungsten precursor could not be achieved, the reason being the low melting point of 

the boron compound (170.9 °C). 

The calcination temperature of 400 °C was chosen on the basis of thermogravimetry (TG) 

measurements, performed using a Labsys-TG from Setaram. The crude samples ( 50 mg) 

were heated from 25 to 900°C with a heating rate of 5 °C min
-1

 in a flow of air, which was 

chosen as a soft oxidizing agent for calcination. 

69



2.2. Catalyst characterization  

 

Elemental analysis was performed using inductively coupled plasma optical emission 

spectroscopy (ICP-OES) with an ACTIVA spectrometer from Horiba Jobin Yvon. The 

content of W was analysed after the samples were dissolved in H2SO4, HNO3 and HF while 

the content of B, Al, Ga and In was analysed by dissolving the samples in H2SO4 and HNO3. 

The solution was evaporated, then NaOH was added. 

The surface area was measured by nitrogen adsorption at -196 °C on a Micromeritics 

2010 apparatus after pretreatment under vacuum for 2 hours, at 400 °C. 

The X-ray diffraction (XRD) measurements were carried out on a Bruker D5005 

powder diffractometer scanning from 3° to 80° (2 ) at a rate of 0.02° s
-1

 using a Cu K  

radiation (  = 0.15418 nm) source. The applied voltage and current were 50 kV and 35 mA, 

respectively. 

The X-ray photoelectron spectra (XPS) were obtained on a KRATOS AXIS Ultra 

DLD spectrometer equipped with a hemispherical electron analyzer and an Al anode (Al K  = 

1486.6 eV) powered at 150 W, a pass energy of 20 eV, and a hybrid lens mode. The detection 

area analyzed was 700 m x 300 m. Charge neutralization was required for all samples. The 

peaks were referenced to the C–(C,H) components of the C 1s band at 284.6 eV. Shirley 

background subtraction and peak fitting to theoretical Gaussian–Lorentzian functions were 

performed using an XPS processing program (Vision 2.2.6 KRATOS). The residual pressure 

in the spectrometer chamber was 5 x 10
-9

 mbar during data acquisition. 

Raman spectroscopy measurements were performed using a LabRAM HR (Jobin 

Yvon) spectrometer. The excitation was provided by the 514.5 nm line of an Ar
+
 ion laser 

(Spectra physics) employing a laser power of 100 W. The laser beam was focused through 

microscope objective lenses (100x) down to a 1 m spot on the sample. 

Temperature-programmed reduction (TPR) was performed using a TPD/R/O-1100 

instrument (ThermoFisher). Prior to the TPR run, the fresh sample was treated in a stream of 

O2/He (0.998% v/v, flowing at 20 mL min
-1

), ramping the temperature from 40 °C to 350 °C, 

at 10°C min
-1,

 and maintaining it for 60 min. Subsequently, the sample was cooled to RT. The 

TPR measurement was carried out using H2/Ar (4.98% v/v) as reducing gas mixture, flowing 

at 20 mL min
-1

. The heating rate was 10 °C min
-1

, the temperature range used was from 40 °C 

to 1000°C. The masses of investigated samples were varied from 0.050 to 0.065g, in order to 

have approximately the same amount of WO3 (in moles) for all the analysed samples. 
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Adsorption microcalorimetry measurements were performed at 80 °C in a heat flow 

calorimeter (C80 from Setaram) linked to a conventional volumetric apparatus equipped with 

a Barocel capacitance manometer for pressure measurements. The probe (ammonia) used for 

measurements (Air Liquide, purity > 99.9%) was purified by successive freeze–pump–thaw 

cycles. About 100 mg of sample was pretreated in the calorimetric quartz cell overnight at 

400 °C, and then evacuated at the same temperature for 1 hour prior to the measurements. The 

differential heats of adsorption were measured as a function of coverage by repeatedly 

introducing small doses of the adsorbate onto the catalyst until an equilibrium pressure of 

about 66 Pa was reached. The sample was then outgassed for 30 min at the same temperature, 

and a second adsorption was performed at 80°C until an equilibrium pressure of about 27 Pa 

was attained in order to calculate the irreversibly chemisorbed amount of the probe molecule 

at this pressure. 

In order to get additional information concerning the acidity of investigated catalysts, 

another probe was also used. The adsorption-desorption of pyridine was studied using FTIR 

spectroscopy. The spectra were recorded at room temperature with a Bruker Vector 22 FTIR 

spectrophotometer (DTGS detector) operating in the 4000-400 cm
-1

 range, with a resolution 

of 2 cm
-1

 and collecting 100 acquisitions. In each pyridine adsorption FTIR measurement, the 

self-supporting wafer (about 50 mg, 18 mm diameter) was first activated in situ at 400 °C in 

the flow of oxygen for 14 h, then evacuated at the same temperature for 2 h, and exposed to 

pyridine (Air Liquide, 99.8%, vapor pressure 3.3 kPa) subsequently, at room temperature for 

5 min. The desorption was carried out by evacuation for 30 min each at room temperature, 

100 °C, 200 °C, 300 °C, respectively. The spectra were recorded at room temperature after 

adsorption and desorption at each temperature. The WO3/(B2O3-ZrO2) self-supported wafer 

was very fragile  and did not endure the pretreatment conditions, while the wafers containing 

indium oxide (WO3/In2O3 and WO3/(In2O3-ZrO2)) became dark after the pretreatment. 

Therefore it was difficult to record the spectra corresponding to these three samples. 

 

3. Results and discussion 

 

 

3.1. Chemical composition, structure and morphology of the samples 

 

Table 1 presents the list of the samples synthesized in this work, their chemical 

composition, obtained by ICP, and the values of BET surface areas. Solid materials with high 
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specific surface areas are desirable for most catalytic applications. In general, low-

temperature pretreatment processes (calcination at low temperatures) are necessary to obtain 

oxides with high surface areas, poor crystallinity, and small particle sizes [15]. 

The values of BET surface areas reveal that they are dependent on the type of group III metal 

oxide. Highest surface areas (207 and 328 m
2
.g

-1
) were observed for alumina-containing 

mixed oxides WO3/(Al2O3-ZrO2) and WO3/Al2O3, respectively. The sample containing boria 

has the lowest BET surface area, which can be attributed to the miss transformation of boric 

acid into boron oxide. This step depends on the heating rate during calcination: if the 

temperature is raised too quickly, the melting of metaborates can take place with the 

formation of a boron oxide glass of low surface area [16]. 

The X-ray diffraction patterns of the WO3/ZrO2, WO3/Al2O3, WO3/Ga2O3 and WO3/In2O3 

mixed oxides are presented in Fig. 1 (a). Diffraction peaks characteristic of tetragonal ZrO2 

(at 2  =30.17°, 35.31°, 49.79°, and 60°) [17,18] and monoclinic ZrO2 (at 2  = 28.3° and 

31.6°) [17,19,20] were detected for the WO3/ZrO2 sample. The WO3/Al2O3 sample is 

amorphous, whereas the XRD diagram of WO3/Ga2O3 shows the lines characteristic for -

Ga2O3 (2  = 24.5°, 33.8°, 36.0°, 41.5°,  50.4°, 55.2°, 59.2°, 63.5°and 64.8°) [21,22]. Hence, 

just one phase was detected for gallia, although it is known that several phases: -, -, -, -, 

and -Ga2O3 can arise, depending upon the treatment conditions [23]. The WO3/In2O3 sample 

presents very well-developed crystalline phases, the diffraction peaks were identified as 

characteristic of the cubic structure of In2O3 [9] 

In Fig. 1 (b) we can see that the WO3/(B2O3-ZrO2), WO3/(Ga2O3-ZrO2) and WO3/(In2O3-

ZrO2) samples are poorly crystallized and contain amorphous phases, indicating that the 

calcination conditions (calcination temperature 400°C in air for 4 h) was well chosen to avoid 

the formation of the crystalline phases of the mixed oxides. The WO3/(Al2O3-ZrO2) sample 

does not show the diffraction lines of Al2O3 or ZrO2 which confirms that also the ZrO2–Al2O3 

phase is amorphous or poorly crystalline even when calcined in presence of WO3. According 

to literature data, the lines at 2  = 22.9°, 23.5°, 24.1°, 33.0°, 33.6° and 34.3° can be assigned 

to orthorhombic WO3 phase [24,25,26], while the group of low-intensity lines between 50° 

and  60° 2  originates from tetragonal phase of WO3 [27]. 

It is well-known that XPS gives information on the catalyst’s surface composition and on the 

distribution and electronic/oxidation state of the elements in the surface layer [28]. In XPS 

analysis, the peak assignment is critical for correct species identification. 

The C 1s peak at 284.6 eV was used as an internal standard for the calibration of binding 

energies. Table 1 presents the binding energies (BE) for W4f7/2, Zr3d5/2, B1s, Al2p, Ga2p3/2, and 
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In3d5/2. The BE value of the W4f7/2 for all samples is close to the reported value for W
6+

 (35.5 

eV) in the bulk oxide [29]. The BE values of Zr3d5/2 found for investigated catalysts are almost 

similar and shifted to higher BEs when compared to the BE of Zr
4+

 in bulk zirconia (182.1 

eV) [30], which indicates the flow of electron density from zirconia phase into Me2O3 phase 

through Zr-O-Me linkages.  

The core-level spectra of B1s (192.2 eV) in the case of WO3/(B2O3-ZrO2) ternary oxides 

showed a shift toward low-binding energies in comparison with the value published for pure 

B2O3 (193.5 eV) [31] indicating possible interaction among the three oxides.  

Changes in the BEs of Al2p 74.2 eV [32] were also observed for WO3/Al2O3 and WO3/(Al2O3-

ZrO2) 74.1eV and 74.6 eV, respectively. The same behaviour for BE values of In3d2/5 (444.3 

eV) [32] in the two samples WO3/In2O3 and WO3/(In2O3-ZrO2) (444.4 eV and 445.0 eV 

respectively) indicating once again the intimate interaction between the oxides. The changes 

of BEs of Ga2p3/2 1117.75 eV [33] were observed as well for WO3/Ga2O3 and WO3/(Ga2O3-

ZrO2). 

 The reduction behaviour of the catalysts was studied by TPR to locate the reduction 

features within the temperature range covered by the experiment (25-1000 °C). In the 

literature, pure WO3 exhibits three reduction peaks, namely, a shoulder at 540 °C (WO3  

W20O58), a sharp peak at 765 °C (W20O58  WO2) and a peak at higher temperatures (WO2 

W) [34]. Pure ZrO2, Al2O3 and Ga2O3 do not show any detectable TPR peak at temperature 

below 1000 °C. The reduction of bulk indium oxide is achieved completely at relatively low 

temperature and a single broad peak centered at 755 C, incompletely finished, is obtained 

[9]. 

Fig. 2 (a). shows the reduction profiles for the impregnated binary catalysts in the temperature 

range in which features due to tungsten reduction appear (> 400 °C) for the samples 

WO3/ZrO2, WO3/Al2O3 and WO3/Ga2O3. These features are attributed to the successive 

reduction of WO3 to W metallic as mentioned previously. The difference between the TPR 

profiles of the three samples could be attributed to the way of interaction between the WOx 

species and the different supports. The TPR profile of WO3/In2O3 shows two reduction 

features in the temperature range of 200 – 500 °C and 500 – 1000 °C; these peaks are 

attributed to the reduction of WO3 and the particles of In2O3 of different sizes, the smallest 

particles are reduced at low temperature [35]. 

The reduction profiles for the impregnated ternary catalysts are presented in Fig. 2 (b). As 

observed for WO3/(Al2O3-ZrO2), the reduction peaks attributed to the WO3 reduction as 

mentioned previously are well defined; the reason comes from the presence of WO3 
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crystallites as confirmed by the XRD analysis which is not the case for the other samples. The 

reduction peaks of WO3 and In2O3 presented in the profile of WO3/(In2O3-ZrO2) are 

overlapping as for WO3/In2O3.  

 

 

3.2. Acidic/basic properties 

 

The acid/base properties of the catalysts were determined by ammonia and sulphur 

dioxide adsorption microcalorimetry. The initial heats of adsorption (denoted by Qinit), total 

and irreversible amounts of sulphur dioxide and ammonia adsorbed under an equilibrium 

pressure of 27 Pa are presented in Table 2.  

According to its adsorption properties towards NH3 and CO2 reported in the literature [36],
 

tungsten oxide was classified as an acidic oxide; while zirconia was assigned to the 

amphoteric group. Alumina is also a typical amphoteric solid which is characterized by the 

presence of both acidic and basic sites on its surface and presents a broad distribution of sites 

strength [37]. Indium oxide even if classified as amphoteric can be considered more basic 

than acidic [9], while boria is considered as an acidic oxide [32]. However, it was observed 

that many oxides in the amphoteric group adsorbed more NH3 and with a higher heat than 

some of those belonging to the acidic group [12]. 

 Fig. 3. (a) and (b) displays the ammonia and sulphur dioxide adsorption isotherms, 

respectively of the WO3/Me2O3 binary oxides. The initial vertical section present in the 

collected volumetric adsorption isotherms at very low pressure is assigned to the amount of 

strongly chemisorbed probe molecule [13] while the more or less horizontal part is assigned 

to reversible adsorption.  

The addition of acidic tungsta on amphoteric supports such as zirconia, alumina, gallia and 

india created a series of binary mixed oxides with different acid-base properties. The 

WO3/ZrO2 and WO3/Al2O3 samples display a similar behaviour both in acidity and basicity, 

both catalysts presenting the highest number of acid-base sites. The two samples WO3/In2O3 

and WO3/Ga2O3 possess a similar number of acidic sites (see Table 2) lower than the two 

previous samples, while they show very different basic features. WO3/In2O3 sample is much 

more basic than WO3/Ga2O3 which means that the acidic WO3 neutralized most of the surface 

basic sites of amphoteric gallia. 

Fig. 4. (a) and (b)  show the adsorption isotherms of NH3 and SO2, respectively for the ternary 

mixed oxides. The order of the acidic properties of these ternary mixed oxides (WO3 
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supported on group III oxides mixed with zirconia) is similar to the behaviour of the previous 

binary mixed oxides, the most acidic being WO3/(Al2O3-ZrO2) followed by WO3/(Ga2O3-

ZrO2) and WO3/(In2O3-ZrO2)  with an almost similar number of acid sites (see Table 2) and 

then the less acidic WO3/(B2O3-ZrO2) but not so different from the last two samples. The 

WO3/(Al2O3-ZrO2) sample shows also the highest number of basic sites (see Table 2). The 

addition of zirconia to the sample WO3/In2O3 did not change significantly the basicity of 

WO3/(In2O3-ZrO2),  the two samples showing a similar number of basic sites, while the 

addition of zirconia to WO3/Ga2O3 increased remarkably the basicity of the WO3/(In2O3-

ZrO2) sample. Finally we can see that WO3/(B2O3-ZrO2) shows nearly no basic features.  

Comparing figs 3 and 4 show undoubtedly that the acidity and basicity of WO3/Al2O3 are 

enhanced by the addition of zirconia. The acidic properties of WO3/Ga2O3 and WO3/In2O3 are 

slightly increased by the presence of zirconia and remain similar while the basic features, 

weakly enhanced for the india containing sample, are greatly affected for the gallia containing 

sample which becomes three times more basic than its homologue without zirconia. 

Fig. 5 (a) and (b) presents the differential heats of adsorption of NH3 and SO2, respectively for 

the binary mixed oxides and fig. 6 (a) and (b) shows the same data for the ternary oxides. 

Differential heats of chemisorption usually fall with increasing volume adsorbed, This 

decrease is usually observed for heterogeneous surfaces [12,38,39]. The differential heats of 

SO2 adsorption on the surface of the catalysts show the presence of strong basic sites. Sulphur 

dioxide can be chemisorbed on basic oxygen anions O
2-

 and on basic hydroxyl groups, such 

adsorption modes leading to the formation of sulphites and hydrogenosulphites, respectively 

[40]. At low coverage the differential heats of ammonia adsorption are not markedly different 

for all samples (fig 5 (a) and fig 6 (a)). Differences are more prominent at higher coverage in 

particular for WO3/Me2O3 samples. The addition of zirconia (fig 6 (a)) seems to smooth partly 

the differences. Concerning the differential heats of SO2 adsorption, the curves are well 

separated for all WO3-Me2O3 samples in the whole coverage domain, the basicity of 

WO3/ZrO2 being prominent among the others. Besides, the ternary oxides present the 

occurrence of a plateau around 150 kJ.mol
-1 

and a very weak basicity for the boria containing 

sample. 

Using FTIR, the pyridine adsorption is one of the most applied methods for 

characterizing the nature of the surface acid sites. The band at (1455-1438) cm
-1

 is 

characteristic of Lewis acid sites, while the band at around 1540 cm
-1

 can be attributed to 

Brönsted acid sites [41-43]. The band centred at 1490 cm
-1 

is assigned to the hydrogen bonded 

pyridine to the catalyst’s surface [44]. 
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Fig. 7. presents the IR spectra of pyridine desorption in the 1700-1400 cm
-1

 range on the 

catalysts, after outgassing at 100 °C. The bands characteristic of pyridine adsorbed on Lewis 

acid sites at 1444, 1575 and 1609 cm
-1

 are observed for all samples. The position and 

multiplicity of the band centered at 1609 cm
-1

 of adsorbed pyridine is related to the strength 

and number of the different types of Lewis acid sites [45]. The doubled signal of this band in 

WO3/Al2O3 sample indicates the presence of two different types of acidic centers on the 

alumina support [9]. Only the WO3/Al2O3 sample displayed a broad peak centered around 

1540 cm
-1

 which corresponds to pyridinium ions bonded to Brönsted acid sites. The 

appearance of Brönsted acid sites on the WO3/Al2O3 sample can be related to the presence of 

dispersed WOx domains composed of two-dimensional polytungstate species allowing protons 

to remain accessible at external surfaces [46]. The sample WO3/(Al2O3-ZrO2) did not present 

this kind of Brønsted sites due to the aggregation of the WOx clusters (source of Brønsted 

sites) to form WO3 crystallites, as confirmed by the XRD results (fig. 1.). The formation of 

WO3 crystallites is due to the weaker interaction between the W-phase and the Al2O3-ZrO2 

mixed oxide acting for this sample as support. The acidity of the catalysts is mainly related to 

the presence of Lewis sites, and only for WO3/Al2O3 can be attributed also to strong Brønsted 

surface sites. 

 

 

4. Conclusion 

 

Coupling WOx species with ZrO2 and Me2O3 (Me=B, Al, Ga, In) gives rise to improved 

materials both in terms of surface acidity and structure stability. The ammonia and sulphur 

dioxide adsorption microcalorimetry confirmed the amphoteric character of the samples 

except for the boria containing sample, where we can see that the acidic features are more 

pronounced than the basic features. Pyridine adsorption FT-IR studies have shown that the 

surface acidity of the catalysts is due to the presence of Lewis acid sites and the appearance of 

strong Brønsted sites for tungstated alumina sample, which can be associated to the presence 

of WOx clusters on the surface. 

The combination of various IR, calorimetric and structural analyses has permitted to deeply 

characterize the binary and ternary oxides.  

The addition of acidic WO3 to the amphoteric group III permitted to obtain samples with 

enhanced acidity and a large panel of basic properties. The ternary zirconia containing oxides 

have shown a reinforced acidity, in particular in sites number, compared to their binary 
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homologues. The basicity is even more affected, showing the appearance of a plateau of heats 

at around 150 kJ.mol
-1 

and a wide range in the curves. By adding WO3 to single or mixed 

oxides it becomes possible to tune the acid-base properties of  solids aimed to catalyze a given 

category of reactions, in particular in the domain of biomass conversion. 
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Table 1. Physiochemical characterstic of the catalysts calcined at 400 °C.

C.A 

(wt.%) 
Binding Energy /eV Sample calcined         

at 400 °C 

BET surface 

area  

m
2
. g

-1
       WO3  

 
W 4f7/2 Zr 3d5/2  

WO3/ZrO2 158 4.3 - 35.5 182.3  

WO3/Al2O3 328 6.8 - 35.7 - Al 2p:  74.1 

WO3/Ga2O3 101 7.7 - 36.0 - Ga 2p3/2:  1118.3 

WO3/In2O3 103 9.3 - 35.4 - In 3d5/2:  444.4 

WO3/(B2O3-ZrO2) 99 6.5 30.2 %  (B2O3) 35.9 182.7 B 1s :  192.2 

WO3/(Al2O3-ZrO2) 207 4.8 34.8 %  (Al2O3) 36.1 182.9 Al 2p:  74.6 

WO3/(Ga2O3-ZrO2) 129 5.9 21.3 %  (Ga2O3) 35.8 182.5 Ga 2p3/2:  1118.0 

WO3/(In2O3-ZrO2) 95 6.1 27.0 %  (In2O3) 35.6 182.3 In 3d5/2:  445.0 
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Table 2. The initial heats of adsorption (denoted by Qinit), total and irreversible amount of ammonia and sulphur dioxide adsorbed under an 

equilibrium pressure of 27 Pa 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Basicity Acidity 

Sample  
Qinit

a
 / 

kJ.mol
-1

 

Vtot
b
 / 

μmolSO2.g
-1

 

Virr
c
 / 

μmolSO2.g
-1

 

Qinit
a
 / 

kJ.mol
-1

 

Vtot
b
 / 

μmolNH3.g
-1

 

Virr
c
 /  

μmolNH3.g
-1

 

WO3/ZrO2 208 328 296 158 425 264 

WO3/Al2O3 166 329 261 213 389 181 

WO3/Ga2O3 172 83 58 152 274 175 

WO3/In2O3 183 230 188 172 273 172 

WO3/(B2O3-ZrO2) 168 72 47 164 324 198 

WO3/(Al2O3-ZrO2) 201 416 378 177 532 342 

WO3/(Ga2O3-ZrO2) 193 353 308 197 353 214 

WO3/(In2O3-ZrO2) 158 247 75 171 361 235 

 

a Heat evolved from the first dose of  SO2 and NH3 
b Total amount of SO2 and NH3 retained as determined at 27 Pa of equilibrium pressure. 
c Irreversibly adsorbed amount of SO2 and NH3 as determined from the difference between the amounts adsorbed in the first and second adsorptions at 27 Pa. 
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Figure Captions 

 

Fig. 1 (a) and (b). XRD diagrams of the catalysts calcined at 400 °C. 

Fig. 2 (a) and (b). TPR profiles of the samples calcined at 400 °C and pretreated for 1 h at 350   

°C under flow of oxygen (5 % in He)   

Fig. 3 (a) and (b). Isotherms obtained from NH3 and SO2 adsorption microcalorimetry 

experiments carried out at 80 °C on the binary mixed oxides. 

Fig. 4 (a) and (b). Isotherms obtained from NH3 and SO2 adsorption microcalorimetry 

experiments carried out at 80 °C on the ternary mixed oxides. 

Fig. 5 (a) and (b). Differential heats of NH3 and SO2 adsorption versus coverage (NH3 and 

SO2 uptake in μmol.g
-1

) for the binary mixed oxides. 

Fig. 6 (a) and (b). Differential heats of NH3 and SO2 adsorption versus coverage (NH3 and 

SO2 uptake in μmol.g
-1

) for the ternary mixed oxides.   

Fig. 7. FTIR spectra of pyridine after adsorption at room temperature and evacuation at 100 

°C. 
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Fig. 2.
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Fig. 3.

0

100

200

300

400

500

600

0 10 20 30 40 50 60 70 80 90

P /Pa

N
H

3
 u

p
ta

k
e
 μ

m
o
l.

g
WO3/ZrO2WO3/ZrO2

WO3/Al2O3WO3/Al2O3

WO3/Ga2O3WO3/Ga2O3

a 

WO3/In2O3WO3/In2O3

-1

0

50

100

150

200

250

300

350

400

450

0 10 20 30 40 50 60 70 80 90 100

P /Pa

S
O

2
 u

p
ta

k
e 
μm

o
l.

g

WO3/ZrO2

-1

WO3/ZrO2

WO3/Al2O3WO3/Al2O3

WO3/Ga2O3WO3/Ga2O3

WO3/In2O3WO3/In2O3

87



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.
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Fig. 5.
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Fig. 6. 
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Conclusions





5. Conclusions 

This work is related to the application of three main principles of Green chemistry: the 

role of catalysts, the conversion of renewable raw materials (mainly carbohydrates) and the 

decrease of hazardous and toxic materials (selective catalytic reduction of NOx by 

hydrocarbons). 

 

In this work, four commercial tungstated zirconia provided by Mel-Chemicals, two 

series of tungstated zirconia catalysts prepared by two different methods within the range of 

(1-20) WO3 wt.% loading; binary zirconia-based oxides (WO3-ZrO2, B2O3-ZrO2, Al2O3-ZrO2, 

Ga2O3-ZrO2 and In2O3-ZrO2.); binary oxides WO3-Me2O3 (Me = Al, Ga and In) and ternary 

oxides WO3/(Me2O3-ZrO2) (Me = B, Al, Ga and In) were prepared, characterized and 

evaluated as catalysts in various catalytic tests. The catalysts were thoroughly characterized in 

terms of their acidic and redox properties in order to find correlations between the identified 

active sites and the catalytic properties. The structural and surface characteristics of all 

investigated systems have been acquired by means of XRD, BET, chemical analysis, XPS, 

Raman and FTIR. The acidity was characterized by ammonia adsorption microcalorimetry, 

adsorption-desorption of pyridine studied by FTIR, while reducibility and redox properties in 

general were achieved by TPR/TPO measurements. 

 

The following is a summary of the general conclusions: 

 

It has been proved by the results obtained in this work that the acidic properties of the 

prepared catalysts play a key role in the three catalytic tests chosen here (cellobiose 

hydrolysis, fructose dehydration and HC-SCR by n-decane). In general, we can conclude that 

the acidity of the catalyst (acidity represented by both Brønsted and Lewis acid sites on the 

catalyst’s surface) is an important factor to achieve a good catalytic activity. The most 

selective catalysts to 5-HMF in fructose dehydration and to N2 in NOx conversion are those 

with moderate acidity. 

Coupling WOx species with ZrO2 gave rise to improved materials both in terms of surface 

acidity and structure stability. In the three series of tungstated zirconia (the commercial 

samples, coprecipitated samples and impregnated samples) WOx species inhibited zirconia 

crystallite sintering and stabilized tetragonal ZrO2 crystallites during high-temperature 

oxidative treatments. The calcination at 700 °C has been shown to be high enough to ensure 
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the complete elimination of the synthesis precursor as well as the physisorbed and structural 

water, and low enough to avoid the formation of WOx crystallites at higher surface densities 

near to monolayer coverage on ZrO2. FT-IR pyridine desorption studies have shown an 

obvious difference of surface acidity between zirconia and tungstated zirconia samples. The 

appearance of strong Brønsted sites on all the tungstated zirconia samples studied in this work 

can be associated to the presence of WOx clusters on the surface. The calorimetry results show 

that the strength of the acid sites of the catalysts was rather heterogeneous. The acidity of the 

studied materials is proportional to increasing WO3 (wt.%) loading. 

 

Concerning the activity in the cellobiose hydrolysis over the WO3/ZrO2 catalysts 

prepared by coprecipitation, the extent of reaction was not higher than 10-12% at the longer 

reaction times. Selectivity to glucose was total with absence of any by-products. Zirconia 

displayed good activity (high reaction rate and kinetic constant), higher than that of catalysts 

loaded with 0.9 to 9.9 WO3 wt.%. For higher WO3 loadings, the hydrolysis activity of the 

catalysts increased and overcame that of zirconia. It was confirmed that the origin of catalytic 

activity of cellobiose hydrolysis from the WO3 phase is primarily associated with the presence 

of Brønsted sites and with a WO3 loading close to or above the monolayer (catalysts with a 

WO3 loading of 15.2 and 19.0 wt.%). The WOx clusters of the tungstated surface which act as 

an entity that prevails over the Lewis acid sites of the zirconia calcined at 700 °C enable the 

creation of a large number of Brønsted acid sites in the direct vicinity of the disaccharide 

reactant, thus encouraging the adsorption of cellobiose and hydrolysis of the glycosidic bonds. 

  

 Catalytic dehydration of fructose and its conversion to 5-HMF was studied using 

tungstated zirconia prepared by incipient wetness impregnation. The catalytic activity is 

related to the presence of strong acid sites, especially for the catalysts with WO3 loading  

10wt.%, while the yield to 5-HMF is associated with the medium strength acid sites. 

However, the influence of the amphoteric character of the investigated catalysts on the 

reaction mechanism is evident, and the presence of a small amount of basic sites seems to be 

important for an improved selectivity to 5-HMF, thus avoiding the formation of by-products. 

The results obtained in this work give evidence for the importance of the acid-base nature of 

active sites; further studies aimed at fine-tuning these characteristics should lead to more 

effective solid catalysts, which would allow higher selectivities and yield lower amounts of 

by-products. 
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 The selective reduction of NOx by hydrocarbons was studied over different catalytic 

systems consisting of zirconia mixed oxides with boria, alumina, india, gallia and tungsta. The 

samples were prepared by coprecipitation and a WO3-containing sample supported on Al2O3-

ZrO2 sample was prepared to verify the influence of the tungsten oxide active phase deposited 

by impregnation. The acidity of the catalysts was increased by adding the second component 

to zirconia, except with boria. A certain degree of acidity seems to be favourable for NOx 

conversion and selectivity towards N2, while too strong acid sites (as in the case of WO3-

ZrO2) favour the oxidation of the hydrocarbons that cannot react anymore as reducing agent. 

The determination of the number and strength of acid sites has proved to be an interesting tool 

to choose the active materials for HC-SCR. 

Binary mixed oxides WO3-Me2O3 (Me = Al, Ga, In) and ternary mixed oxides 

WO3/(ZrO2-Me2O3) (Me = B, Al, Ga, In) were prepared by coprecipitation and incipient 

wetness impregnation. Coupling WOx species with ZrO2 and Me2O3 (Me=B, Al, Ga, In) gave 

rise to improved materials both in terms of surface acidity and structure stability. The 

ammonia and sulphur dioxide adsorption microcalorimetry confirmed the amphoteric 

character of the samples except for the boria containing sample where we observed that the 

acidic features were more pronounced than the basic features. Pyridine adsorption FT-IR 

studies have shown that the surface acidity of the catalysts was due to the presence of Lewis 

acid sites and the appearance of strong Brønsted sites for tungstated alumina sample, which 

can be associated to the presence of WOx clusters on the surface. It has been shown that these 

samples can be potentially applied as acidic catalysts in different environmental friendly 

reactions such as the selective catalytic reduction of NOx by hydrocarbons, the best sample 

being Ga2O3-ZrO2.  

 

 The results obtained in this work give evidence of the importance of the acid-base nature 

of active sites; further studies aimed at fine-tuning these characteristics should lead to more 

effective solid catalysts. The combination of different thermal, calorimetric, structural 

analyses and catalytic tests has made it possible to thoroughly analyze the samples.  These 

materials can be applied as acidic catalysts in different environmentally friendly applications 

such as biomass exploitation, sugar transformation to valuable products and the selective 

reduction of NOx by hydrocarbons.  
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Abbreviations

XRD                X-ray diffraction 

BET                 Brunauer, Emmett, Teller 

XPS                 X-ray photoelectron spectroscopy 

ICP-OES         Inductively coupled plasma optical emission spectroscopy 

FTIR                Fourier transformed infrared spectroscopy 

TEM                Transmission electron microscopy 

SEM                Scanning electron microscopy 

TPR/O             Temperature-programmed reduction/oxidation 

TPD                 Temperature-programmed desorption 

5-HMF  5-hydroxymethylfurfural 

NOx-SCR         Selective catalytic reduction of NOx
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des oxydes binaires tels que WO3-Me2O3 (Me = B, Al, Ga et In) et finalement des oxydes 

ternaires WO3/(Me2O3-ZrO2) (Me = B, Al, Ga et In) ont été étudiés et préparés lors de cette 
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