
Applied Catalysis A, General 667 (2023) 119444

Available online 12 October 2023
0926-860X/© 2023 Elsevier B.V. All rights reserved.

Wet-impregnated niobosilicate catalysts for glycerol conversion 
into solketal 

Hussein Hussein a, Carmela Aprile b,*, Michel Devillers a,* 
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A B S T R A C T   

Novel mesoporous niobosilicate materials with a homogeneous dispersion of niobium species were synthesized 
via impregnation of (NH4)3[Nb(O2)2(edtaO2)]⋅H2O⋅H2O2 on different hydrophilic surfaces of porous siliceous 
supports: extra small silica nanoparticles (XS-SiO2) and silica nanotubes (NTs-SiO2) bearing three different Si/Nb 
molar ratios of 74, 37 and 18. The Nb-silica catalysts obtained were calcined at 600 ◦C and then fully charac
terized by different physico-chemical techniques. The niobium precursor was found to be successfully loaded on 
the two silica support surfaces without noticeable modification of the silicate structural integrity. The Nb- 
containing catalysts were applied as active and selective heterogeneous catalysts for acid-catalyzed condensa
tion of glycerol with acetone yielding solketal (2,2-dimethyl-1,3-dioxolane-4-methanol). The catalytic perfor
mance of these materials is ascribed to the enhanced accessibility of their active sites given by their morphology 
and to the suitable combination of acid sites. Moreover, no leaching of active sites was evidenced and the catalyst 
reusability studies indicated that the Nb-XS-74 and Nb-NTs-74 catalysts were successfully recyclable and highly 
stable in the acetalization of glycerol. The robustness and stability of the mesoporous Nb-silicate materials were 
also supported via characterization of the spent catalysts after the fifth recycling.   

1. Introduction 

In the context of green chemistry, the design of highly active and 
selective heterogeneous catalysts is one of the most compelling objec
tives of materials scientists. Heterogeneous solid catalysts that can 
generate sustainable fuels selectively and efficiently from renewable 
resources have recently received a considerable attention. Moreover, if 
the preparation of highly performing catalysts can be achieved through 
easy, time-saving and low energy consumption process, the overall 
sustainability of the process will increase drastically. 

Nowadays, scientific investigation has gathered momentum in the 
field of conversion of glycerol into useful compounds especially after the 
massive reliance on biodiesel as a sustainable form of energy. Several 
approaches to employ the surplus of glycerol in different reactions have 
been already reported. These processes include hydrogenolysis [1], 
esterification [2], polymerization [3], oxidation [4] and dehydration 
[5]. Among the various glycerol derivatives, the synthesis of solketal via 
glycerol acetalization with acetone has attracted worldwide reception 
since solketal is largely used as a fuel additive, solvent, plasticizer and in 
the pharmaceutical industry as a suspension agent [6]. Additionally, 

solketal improves the properties of biofuel in terms of octane boosting 
[7]. 

Traditionally, acetalization of glycerol was carried out over several 
homogeneous acid catalysts such as p-toluene sulphonic acid, sulfuric 
acid, Brønsted acid ionic liquids, methane sulfonic acid and FeCl3.6H2O 
[8,9]. However, most of the reported catalysts present environmental 
and technical limitations such as corrosion of the reactor, difficult 
catalyst separation, lower conversion, and high catalyst recovery cost. 
Heterogeneous solids as zeolites (zeolite beta) [10], resins (Amber
lyst-15) [11], layered α-zirconium phosphate (ZrP-200) [12], clay 
minerals (montmorillonite) [13] and mesoporous silica (hafnium and 
zirconium modified TUD-1) [14], have been studied extensively for 
glycerol acetalization as promising alternatives to homogeneous cata
lysts due to their advantages such as their easy separation from the re
action mixture, thermal stability and high reusability. Recently, Shen 
et al. [15] reported excellent catalytic performance in the acetalization 
of glycerol with acetone under solvent free conditions using highly or
dered WOx/mesoporous SnO2 catalyst with different WOx loading (5–20 
%wt). Also, Aguado-Deblas [16] and his group reported a sustainable, 
green and fast microwave assisted solketal synthesis over sulfonic 
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silica-based catalysts which showed excellent performance in terms of 
activity, selectivity and stability with no leaching of sulfonic groups 
after several cycles. In addition, Jiang et al. [17] produced solketal using 
microporous sulfate metal organic framework (UiO-SO3H-0.2) and 
exhibited prominent performance and stability compared with com
mercial solid acids. 

Different challenges can be linked to the formation of acetals and 
ketals from glycerol. The first hurdle can be defined in terms of the 
limited miscibility between acetone and glycerol, which in turn, can be 
overcome using an auxiliary solvent to enhance the miscibility of the 
reactants. Different heterogeneous catalysts offered a sustainable and 
economical solution to this issue. It was reported that acetalization of 
glycerol achieved 97 % of solketal product using heteropolyacid PW12 
catalyst [18,19] without the need of additional solvent, whereas blank 
reactions performed under same conditions but in absence of PW12 
catalyst showed no glycerol conversion. Further analysis revealed that in 
absence of catalyst, the mixture glycerol/acetone was immiscible at 
25 ◦C and a clear separation of two phases was observed. The results 
obtained in the presence of catalyst were explained by the fact that the 
catalyst increases the polarity of acetone resulting from the dissolution 
of PW12 and thus, favoring glycerol solubility. Same conclusion was 
drawn out by Chen et al. [20] where no glycerol conversion was 
recorded in blank tests at room temperature in absence of Cs2.5 catalyst. 
In addition to solubility problems, another drawback of glycerol ace
talization is the intrinsic production of water which slows down the 
reaction when excess water accumulates in the reaction mixture from 
one hand, and co-adsorbs close to the acid centers of the catalyst 
resulting in their partial deactivation from another hand [21]. To 
remove water from the catalytic sites, the use of a sufficiently hydro
phobic catalyst without using any hazardous solvent was studied. More 
recently, da Silva et al. [22] reported the use of zeolite Beta with a Si/Al 
ratio of 16 as a catalyst for the acetalization of glycerol. The hydro
phobic character of this zeolite due to high silicon content prevented the 
diffusion of the water into the pores, preserving the maximum activity of 
the acid sites and impairing the reverse reaction (hydrolysis of solketal). 
Another series of three-dimensional mesoporous silicate catalysts 
(Hf-TUD-1, Zr-TUD-1, Al-TUD-1, and Sn-MCM-41) were designed by Li 
et al. [14] and two of these catalysts (Hf-TUD-1 and Zr-TUD-1) showed 
excellent catalytic activities in solketal production, with about 65 % 
glycerol conversion obtained in both cases, at optimum reaction con
ditions. The main reasons for such a high activity were wide pores, large 
specific surface area, large pore size, amount of accessible acid sites, and 
most importantly a relatively hydrophobic surface of the catalysts. 
Based on what have preceded, it seems evident that a heterogeneous 
catalyst should be selected after careful tuning of structural and 
morphological features and should display proper acidity and 
hydrophilic-hydrophobic balance in order to favor optimum catalytic 
activity especially in acetalization of glycerol and other reactions 
yielding water as co-product such as condensation of aldehydes/ketones 
with alcohols [12,23–25], olefin epoxidation in the presence of H2O2 
[26] in addition to a wide range of esterification and transesterification 
reactions [27,28]. The higher activity and selectivity of catalysts 
employed in these chemical reactions is often claimed to be related to a 
higher surface hydrophobicity, since water will be repelled away from 
the active sites due to its weak adsorption and as a result, the catalysts 
stability will be maintained throughout the reaction. 

Among the different types of heterogeneous catalysts, mesoporous 
ordered silicas represented, among others, by: MCM-41 and SBA-15 
(both hexagonally arranged) or MCF are among the most commonly 
used supports for catalytic purposes due to their regular array of pores, 
high specific surface area, narrow pore size distribution, large pore 
volume, high content surface silanol groups and high thermal and 
chemical stability [29,30]. Besides, a different class of silica supports is 
represented by the mesoporous silica nanotubes, which are of special 
interest because of their hydrophilic nature, easy colloidal suspension, 
accessibility for both inner and outer walls [31] as well as good 

resistance to acid and bases along with stability at high temperatures in 
inert or reducing atmospheres. Despite these promising features of both 
supports, most of possible catalytic applications of unmodified 
silica-based solids are hindered by the lack of acidity. However, the acid 
properties of the silica-based materials in terms of nature and strength of 
the acid sites can be finely tuned via the isomorphic substitution of sil
icon with a different atom (e.g. Al, Ga, Sn, Ti, Hf, etc) as single site 
[32–34]. 

Niobium-based catalysts have received special attention because of 
their catalytic activity in several important chemical processes, consid
ering that they exhibit properties not revealed in catalysts containing 
neighboring transition metals such as V, Zr or Mo. Some of these prop
erties, such as stability and strong metal support interaction are of 
utmost importance [35]. Materials containing niobium have a broad 
relevance in heterogeneous catalysis in line, for instance, with the pro
moter effect of Nb in oxidation reactions [36], and as acid catalysts for 
the conversion of glycerol into diglycerol, ethers and ketones [37]. The 
introduction of niobium in the silicate structure can therefore be a 
strategy to enhance the acidity of materials to be further used as efficient 
catalysts in various reactions. The incorporation of niobium into 
MCM-41 framework materials was reported by the groups of Ziolek and 
Ying for the first time [38]. They synthesized Nb-MCM-41 with good 
structural ordering and proved that all niobium present in the solid was 
incorporated into the silica framework. Vetrivel and Pandurangan [39] 
showed that the Nb-MCM-41 obtained by post-synthesis niobium 
incorporation was active in the vapor phase oxidation of m-toluidine 
into m-aminobenzoic acid. To the best of the present authors knowledge, 
no works have been devoted to the incorporation of niobium species on 
silica nanotubes supports. However, recent studies were reported 
dealing with the incorporation of niobium species in mesoporous 
cellular foam (MCF) [40]. 

In the context of glycerol acetalization, we recently prepared meso
porous gallosilicate catalysts [41] by the impregnation of two 
non-conventional Ga(III) precursors of different polarities, the neutral 
gallium(III) lactate monohydrate Ga(C3H5O3)3⋅H2O and the ammonium 
salt of an anionic gallium(III) citrate complex (NH4)5[Ga 
(C6H4O7)2].2H2O, on a preformed porous silica nanoparticles. The cat
alysts showed high activity and selectivity in the conversion of glycerol 
to solketal due to a fully accessible and highly dispersed surface gallium 
species simulating a single-site. The enhanced catalytic activity was 
explained in terms of acidity and the hydrophilicity of the gallosilicate 
materials. In this regard, Rodrigues and his group reported the synthesis 
of niobium-aluminum-based mixed oxide prepared by sol-gel process as 
highly active catalysts in the acetalization reaction [42]. In addition, 
Ferreira et al. [6] prepared a series of faujasite zeolite-supported nio
bium-based catalysts (with Nb2O5 amounts of 5 and 15 wt%) by 
impregnation of NaY, HY and HUSY zeolites using niobium(V) ammo
nium oxalate complex with HUSY catalyst showing the best catalytic 
performance (60 % glycerol conversion and 98 % selectivity to solketal 
at 70 ◦C). Recently, Kao et al. [43] synthesized SiO2-supported niobium 
oxides which showed good catalytic activity in the conversion of glyc
erol to solketal. The conversion of glycerol was improved upon the in
crease of Nb loading from 5 % to 20 %wt, with Si15wt%Nb having the 
highest conversion (45.6 %) and yield. The high activity of Si15 %Nb 
was explained by the large number of acid sites being mostly Brønsted 
sites of strong strength, as revealed by different characterizations. Sta
wicka et al. [44] studied the synthesis of NbMCF materials containing 
exclusively Lewis acid sites and reported a glycerol conversion of 48 % 
under the selected optimum conditions. Also, Calvino-Casilda et al. [45] 
investigated the acetalization reaction over modified mesoporous 
cellular foams (MP-NbMCF). The catalytic materials showed the best 
selectivity of 99 % towards solketal even at room temperature and 
equimolar reactants. 

The Nb precursor selected in this work is a home-made ionic water- 
soluble and stoichiometrically well-defined peroxo-carboxylate com
pound of Nb(V), (NH4)3[Nb(O2)2(edtaO2)]⋅H2O⋅H2O2 [45]. For the first 
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time, this niobium precursor was impregnated on two different porous 
silica supports, extra small (< 100 nm) porous silica nanoparticles 
(XS-SiO2) and 1D- tubular silica nanotubes (NTs-SiO2) followed by 
argon/air calcination at 600 ◦C. The physicochemical properties of the 
investigated niobium impregnated catalysts were characterized by 
powder X-ray diffraction, N2 adsorption-desorption measurements, 
TEM, ICP-OES elemental analysis, FTIR, XPS, diffuse reflectance UV–Vis 
spectroscopy, TPD of ammonia and TGA analysis. The catalytic activity 
of all the niobosilicate catalysts was evaluated in the acetalization of 
acetone with glycerol to yield solketal under heterogeneous 
acid-catalyzed conditions. The catalytic results were correlated with the 
physico-chemical properties of the catalysts. The influence of experi
mental variables such as reaction time, catalyst amount, reaction tem
perature and acetone/glycerol molar ratio was investigated. 
Furthermore, the best catalysts did not suffer from leaching and were 
efficiently reused in successive catalytic cycles. These mesostructured 
materials with large and uniform pores, high surface area, and relatively 
suitable combination of acid sites represent an attractive alternative to 
the hazardous homogeneous acids with particular interest for the glyc
erol acetalization reaction. 

2. Experimental 

2.1. Synthesis of (NH4)3[Nb(O2)4] 

The homoleptic ammonium tetraperoxoniobate complex, (NH4)3[Nb 
(O2)4], was synthesized following a reported procedure [46]. A slurry of 
3 g of niobic acid Nb2O5⋅nH2O (supplied by CBMM) in distilled water 
(25 mL) was treated with a 35 wt% solution of H2O2 (25 mL) and 
ammonia (15 mL, 25 wt% solution). The cloudy solution was agitated 
for 5 h. When the solid is totally dissolved, addition of acetone (100 mL) 
yielded a white precipitate, which was filtered off, washed with acetone 
and air-dried. Yield: 62 %. 

2.2. Synthesis of (NH4)3[Nb(O2)2(edtaO2)]⋅H2O⋅H2O2 

This niobium precursor was synthesized as reported previously [47]. 
(NH4)3[Nb(O2)4] (0.501 g, 1.82 mmol) was dissolved in 40 mL of 
distilled water and 5 mL of a 35 wt% H2O2 solution. (0.531 g, 1.82 
mmol) of ethylenediaminetetraacetic acid H4edta (Fluka) was added 
gradually, reaching pH = 5–5.5. The pale yellow solution was then 
gently heated for 10 min (T = 60 ◦C) and the solvent was evaporated to a 
final volume of 20 mL under reduced pressure. The addition of ethanol 
(100 mL) yielded a white solid that was filtered off, washed with 
ethanol, and air-dried. Yield: 70 %. 

2.3. Synthesis of XS-SiO2 and NTs-SiO2 supports 

The general protocol for the synthesis of XS-SiO2 is inspired by a 
previously reported method [48]. 1.38 g of cetyltrimethylammonium 
bromide CTAB surfactant (TCI) was dissolved in propylene bottle in 
milli-Q water (628.98 g) under 800 rpm stirring at room temperature. A 
concentrated aqueous solution of ammonia (2 g) was added slowly to the 
mixture. After 30 min, tetraethyl orthosilicate TEOS (6 g) was added 
drop wise to the basic micellar solution under same conditions. The 
white solid was filtered and washed three times by milli-Q water and 
ethanol. The product was then dried overnight in an oven at 65 ◦C. 
Finally, the resulting solid was calcined in air to remove the organic 
template (5 h at 550 ◦C, heating rate of 3 ◦C min− 1). 

Silica nanotubes (NTs-SiO2) were prepared by a sol-gel method as 
previously described [49]. 1 g of Pluronic F127 EO106PO70EO106 (TCI) 
was transferred in a covered polypropylene container and dissolved in 2 
mol L− 1 HCl (60 mL) at 11 ◦C under stirring at 250 rpm for 1 h. Then, a 
solution of TEOS (0.013 mol, 2.8 g) and toluene (3 mL) was added 
dropwise at 11 ◦C. The reaction mixture was stirred at 250 rpm for 24 h 
at 11 ◦C. Then, it was treated hydrothermally for 24 h at 100 ◦C. The 

as-synthesized material (gel) was filtered, washed with milli-Q water 
(600 mL) and dried overnight at 65 ◦C in an oven. The resulting white 
powder was finally calcined at 550 ◦C under air for 5 h (heating rate 2 ◦C 
min− 1). 

2.4. Synthesis of Nb-XS and Nb-NTs catalysts 

Different niobium-containing mesoporous silica solids have been 
synthesized by using wet impregnation selecting three different Si/Nb 
atomic ratios of 74, 37, and 18. After impregnation, materials were dried 
under reduced pressure at 60 ◦C and calcined under argon/air at 600 ◦C 
(heating rate of 2 ◦C min− 1) then in air for 5 h. The materials were 
denoted after calcination as Nb-XS-x and Nb-NTs-x, where x represents 
the atomic ratio of Si/Nb. 

2.5. Niobium precursor and catalyst characterization 

The niobium precursor was characterized on the basis of elemental 
analysis, infrared, TGA, and 1H–13C liquid NMR spectroscopy. The 
amount of niobium was quantified by ICP-OES elemental analysis. C-H- 
N elemental analyses were carried out at the University College of 
London. IR spectra in the 4000–400 cm− 1 range were recorded on a FTS- 
135 Bio-RAD spectrometer, using KBr pellets containing ca. 1 wt% of the 
powder. TGA were performed in air at the heating rate of 10 ◦C min− 1 

using a Mettler Toledo TGA/SDTA851e analyzer. 1H and 13C NMR 
spectra were measured in D2O at 500 and 125 MHz, respectively, with a 
Bruker Avance 500 MHz spectrometer equipped with a broad-band in
verse probe. 

The silica-supported catalysts were characterized by X-ray diffrac
tion, nitrogen physisorption, transmission electron scanning, ICP-OES 
elemental analysis, X-ray photoelectron spectroscopy, diffuse reflec
tance UV–visible spectroscopy (DR UV–vis), Fourier transform infrared 
spectroscopy, ammonia temperature-programmed desorption and TGA 
analyses. 

Powder X-ray diffraction (XRD) patterns were measured on a PAN
alytical X′pert pro diffractometer with Cu Kα radiation (λ = 1.54178 Å). 

Specific surface area and porosity of the solids were determined from 
the nitrogen adsorption–desorption isotherms obtained at 77 K with a 
volumetric adsorption analyzer Micromeritics Tristar 3000. The samples 
were pretreated at 150 ◦C for 24 h under a reduced pressure of (0.1 
mbar). The Brunauer–Emmett–Teller (BET) method was used to calcu
late the specific surface areas in the p/p0 = 0.05–0.30 range. The pore 
size distributions were calculated from the adsorption branch of the 
isotherm using the Barrett–Joyner–Halenda (BJH) method with the 
Kruk-Jaroniec-Sayari (KJS) correction. 

Transmission electron microscopy (TEM) images were recorded on a 
Philips Tecnai 10 microscope operating at 80 kV. Samples were pre
pared by dispersion of a small quantity of material in absolute ethanol 
and deposited onto a copper grid. 

Fourier transform infrared spectroscopy was used in attenuated 
reflectance modes using an IFS55 Equinox spectrometer Bruker equip
ped with a DTGS detector. The spectra were obtained by recording 100 
scans in the range from 800 to 4000 cm− 1 with a 4 cm− 1 resolution. The 
spectra were analyzed using the software OPUS. 

Diffuse reflectance UV–vis spectra were measured in a spectral range 
from 200 to 550 nm using the Cary Win UV software package and a 
CARY 5000 Agilent spectrometer equipped with a Praying Mantis. 

The niobium loading was quantified by inductively coupled plasma 
optical emission spectrometry. 10 mg of each sample was dissolved in a 
mixture of 100 µL of aqua regia and 600 µL of aqueous HF. The obtained 
solutions were analyzed using an Optima 8000 ICP-OES Spectrometer. 

The XPS analyses were carried out with a SSX 100/206 photoelec
tron spectrometer from Surface Science Instruments (USA) equipped 
with a monochromatized micro focused Al X-ray source (1486.6 eV) and 
powered at 20 mA and 10 kV. The powdery samples were fixed with 
double-sided tape onto small brass troughs of 6 mm diameter that were 
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placed on a ceramic carousel. The pressure in the analysis chamber was 
around 10− 6 Pa. The angle between the surface normal and the axis of 
the analyzer lens was 55◦. The analyzed area was approximately 1.4 
mm2 and the pass energy was set at 150 eV. In these conditions, the full 
width measured at half maximum (FWHM) of the Au 4f7/2 peak for a 
clean gold standard sample was about 1.6 eV. A flood gun set at 8 eV and 
a Ni grid placed 3 mm above the sample surface were used for charge 
stabilization. The following sequence of spectra was recorded: survey 
spectrum, C 1 s, O 1 s, Si 2p, Nb 3d and C 1 s again to check the stability 
of charge compensation with time. The Si 2p peak was chosen as the best 
compromise for calibration by fixing its position at 103.5 eV. The Nb 3d 
doublet was decomposed by fixing the distance between Nb 3d5/2 and 
Nb 3d3/2 to 2.78 eV and by constraining their intensity ratio to the ex
pected theoretical value of 3:2. Data treatment was performed with the 
CasaXPS program (Casa Software Ltd, UK), some spectra were decom
posed with the least squares fitting routine provided by the software 
with a Gaussian/Lorentzian (85/15) product function and after sub
traction of a non-linear baseline. Molar fractions were calculated using 
peak areas normalized based on acquisition parameters and sensitivity 
factors provided by the manufacturer. 

Temperature-programmed desorption of ammonia (NH3-TPD) was 
carried out to evaluate the total acidity of the catalysts. Around 50 mg of 
sample was introduced in a quartz reactor on a Hiden Analytical Catlab- 
PCS apparatus. Prior to measurement, the sample was preheated in 
argon flow (30 mL min− 1) at 200 ◦C for 2 h. Subsequently, it was cooled 
down to 50 ◦C and then exposed to a gas mixture of 5 % NH3 in He (10 
mL min− 1) and Ar (20 mL min− 1) for 45 min. Physisorbed NH3 was 
removed by purging with Ar (30 mL min− 1) at 50 ◦C for 90 min. The TPD 
measurement was conducted by heating the sample from 50◦ to 650◦C 
with ramping rate of 5 ◦C min− 1. Desorbed NH3 was detected by a mass 
spectrometer (QGA model). 

Thermogravimetric analyses (TGA) were carried out under inert at
mosphere (nitrogen gas flow of 90 mL min− 1) using a Mettler Toledo 
TGA/SDTA851e analyser, with a heating rate of 10 ◦C min− 1 in the range 
25–900 ◦C. Following a previously reported procedure [50], all samples 
were pretreated for 72 h in a desiccator containing a saturated aqueous 
solution of NH4Cl to reach the maximum level of water adsorption. The 
hydrophilicity of the materials was estimated from the number of water 
molecules adsorbed on the surface of each sample, calculated from the 
mass loss between 25 and 200 ◦C measured by TGA, using the following 
equation: 

nH2O =
Δm
mi

×
NA

SBET × MH2O  

where nH2O is the number of adsorbed water molecules per nm2 of 
catalyst surface; Δm is the mass loss between 25 and 200 ◦C (g); mi is the 
initial mass of the sample at 25 ◦C (g); MH2O is the molar mass of water 
(18.0153 g mol− 1); SBET is the surface area calculated from the nitrogen 
adsorption-desorption isotherms (nm2 g− 1); NA is the Avogadro 
constant. 

2.6. Catalytic tests 

The liquid phase acetalization of glycerol was accomplished under 
solvent-free conditions in 10 mL round bottom flask under vigorous 
stirring (800 rpm) at 50 ◦C. In a typical catalytic test, 0.921 g of highly 
purified glycerol (purity 99 %, 0.01 mol), 2.32 g of acetone (0.04 mol) 
and 10 mg calcined of catalyst were weighed and the mixture was stirred 
for 6 h at the selected temperature. Then, the mixture was cooled down 
to room temperature and homogenized via the addition of 3 mL of ab
solute ethanol. Then, the catalyst was separated by centrifugation 
(4500 rpm, 10 min). 500 µL of the supernatant were taken from the 
filtrate and the solvent was evaporated under reduced pressure. Finally, 
600 µL of DMSO as a deuterated solvent were added for quantitative 1H 
NMR analysis. 2,2-dimethyl-1,3-dioxolane-4-methanol (solketal): 1H 

NMR (400 MHz, DMSO-d6): δ = 4.78 (1 H, t, –OH), 4.03 (1 H, m, –CH–), 
3.94 (1 H, dd, –CH2–CH–), 3.63 (1 H, –CH2–CH–), 3.42 (1 H, m, 
–CH2–OH), 3.35 (1 H, m, –CH2–OH), 1.30 (3 H, s, –CH3), 1.25 (3 H, s, 
–CH3). 

Recyclability tests were performed by centrifuging the sample ob
tained at the end of the catalytic test after which the solution was 
removed. Then, the catalyst was washed five times with absolute 
ethanol followed by centrifugation. Afterwards, the catalyst was 
calcined at 500 ◦C for 5 h (heating rate of 2 ◦C min− 1). The subsequent 
catalytic tests were carried out by repeating this procedure from the 
beginning (the quantities were adapted as a function of the mass of the 
recovered catalyst). 

Leaching tests were performed at 50 ◦C under 800 rpm stirring by 
dissolving glycerol (0.01 mol) in 0.7 mL of absolute ethanol with 2 min 
sonication followed by addition of 25 mg of calcined catalyst and 
acetone (0.04 mol). The catalyst was removed from the reaction mixture 
after 1 h by hot filtration using a plastic syringe equipped with a 25 mm 
syringe filter, with a pore size of 0.2 µm, then followed by centrifugation 
at the same temperature. The filtrate was allowed to react for another 
5 h. The reaction mixture was analyzed by 1H NMR after 1 h and at the 
end of the filtrate test (6 h). 

3. Results and discussion 

3.1. Characterization of the catalysts 

The water-soluble peroxo complex of niobium(V) with ethyl
enediaminetetraacetic acid (H4edta) corresponding to the formula 
(NH4)3[Nb(O2)2(edtaO2)].H2O.H2O2 has been prepared as reported 
previously by partially replacing peroxo groups of the tetraperox
oniobate anion [Nb(O2)4]3-. The synthesis was carried out in the pres
ence of an excess of hydrogen peroxide, which led to the direct 
formation of the bis(N-oxide) derivative of the PAC ligand. The complex 
was characterized via different techniques including combustion 
chemical analysis, IR and NMR (1H, 13C) spectroscopy and TGA. In 
addition, the Nb loading was quantified by ICP analysis. All the char
acterization data were in agreement with those reported previously by 
Bayot et al. [47] and allowed confirming the structure and purity of the 
complex. Then the Nb(V) precursor was impregnated onto two silica 
supports with different morphologies: XS-SiO2 and NTs-SiO2. These two 
catalytic supports were selected due to their well-defined structure, high 
specific surface area and controllable properties as morphology, narrow 
pore size distribution, small uniform size and good thermal stability. The 
synthesized peroxo Nb(V) precursor seems to be an adequate candidate 
because of its high solubility in water which makes it suitable for the 
preparation of supported-silica catalysts by wet impregnation in contrast 
to other commercial niobium precursors such as niobic acid, penta
chloride NbCl5 and some Nb alkoxides Nb(OR)5 [51]. After impregna
tion, the solvent was evaporated and the materials were submitted to 
controlled thermal treatment under argon followed by air at 600 ◦C to 
ensure the complete removal of the organic ligands. The initial presence 
of argon should favor the formation of stable Si–O–Nb bonds and well 
dispersed single site-like species, while decreasing the possibility of 
migration and sintering with generation of less active Nb2O5 aggregates. 
The calcination temperature was determined from the TGA profile of the 
Nb(V) precursor (Fig. S1). After dehydration, the complex undergoes a 
three-step degradation into Nb2O5 up to a final decomposition temper
ature of 620 ◦C. A temperature screening from 550 ◦C to 620 ◦C was 
performed in order to find the optimum calcination temperature. It was 
decided to heat the Nb-based catalysts at 600 ◦C in order to preserve 
their acidic properties, since calcination above this temperature could 
damage the silica structure, thus causing a loss in surface area and a 
decrease in number and strength of acid sites especially with Nb-NTs 
catalysts. Besides, a calcination temperature below 600 ◦C might not 
remove fully the organic ligands from the catalysts as inferred from the 
TGA profile of the Nb(V) precursor (Fig. S1). 
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Two series of mesoporous Nb-silicate materials were prepared: Nb- 
XS samples with extra-small (XS) nanoparticles morphology and Nb- 
NTs with tubular morphology. Three different Si/Nb atomic ratios of 
74, 37 and 18 were selected. Prior to the catalytic tests, the physico
chemical and structural features of the synthesized materials were 
investigated by various techniques mentioned above. 

N2 adsorption-desorption analysis was carried out to determine the 
specific surface area, pore volume and pore size distribution of all 
samples (Table 1). In both series, the Nb-loaded materials display lower 

specific surface areas and pore volumes than the pristine supports. This 
reduction in the specific surface area and pore volume at different Si/Nb 
ratios could be attributed to the uneven distribution of Nb-based species 
and the formation of small niobium oxide aggregates causing the partial 
obstruction of the pores. Similar decrease in surface area and pore vol
ume was also reported upon the loading of Nb on MCF support [40]. 
Noticeably, at low Nb content (Nb-XS-74 and Nb-NTs-74), the catalysts 
exhibit higher specific surface areas and pore volumes as well as slightly 
larger mesopores than the corresponding solids containing a higher 
amount of niobium (Nb-XS-37 and − 18; Nb-NTs-37 and − 18). The 
surface area, pore volumes and pore sizes reveal the mesoporous nature 
of both series of niobium containing silicates. As expected, all Nb-XS 
catalysts displayed a type IV isotherm which is the characteristic 
feature of mesoporous materials. A clear hysteresis loop at higher rela
tive pressure was clearly observed and attributed to disordered inter
particle cavities originated as consequences of the small particle size 
(Fig. 1a). The BJH pore size distribution of Nb-XS materials displayed a 
narrow peak centered at 2.3–2.6 nm for all catalysts along with a broad 
band between 15 and 50 nm due to the presence of interparticle voids 
(second type of porosity) (Fig. 2a). These finding are in agreement with 

Table 1 
Textural properties of the studied catalysts.  

Material BET surface area (m2/g) Pore size (nm) Pore volume (cm3/g) 

XS-SiO2  1310  2.6  2.27 
Nb-XS-74  1167  2.5  1.79 
Nb-XS-37  1020  2.4  1.56 
Nb-XS-18  925  2.3  1.41 
NTs-SiO2  753  15.2  2.14 
Nb-NTs-74  670  14.9  1.82 
Nb-NTs-37  620  14.7  1.73 
Nb-NTs-18  570  14.5  1.52  

Fig. 1. Nitrogen physisorption isotherms of (a) Nb-XS and (b) Nb-NTs catalysts.  

Fig. 2. Pore size distribution profiles determined by BJH method of (a) Nb-XS and (b) Nb-NTs catalysts.  
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our previous study concerning gallium mesoporous silicates [41]. Saini 
et al. [52] also reported the presence of modernite-based catalysts with 
mesopores in the range of 5–50 nm and many other heterogeneously 
distributed pores being attributed to the interparticle voids. In the case 
of Nb-NTs isotherms, the capillary condensation appearing at high 
relative pressure (around 0.9) indicated the presence of large meso
pores. The adsorption-desorption loop observed in all Nb-NTs can be 
considered as a combination of two different contributions due to 
presence of tubular structures as well to disordered cavities generated by 
the entangled nanotubes (Fig. 1b). More importantly, the narrow hys
teresis loop with the presence of a tail indicated that most pores were 
without any constrictions [49]. Due to the entangled nature of nano
tubes, the pore size distribution was estimated via the 
Barrett-Joyner-Halenda (BJH) using the Kruk-Jaroniec-Sayari (KJS) 
correction [53,54]. Two distinct porosities can be clearly distinguished, 
the first and better defined contribution centered at around 14 nm could 
be attributed to the internal void of the 1D structure, while the second 
broader band was ascribed to the irregular inter-tubular spaces (Fig. 2b). 
These observations are in line with previous studies reported for 
silica-based nanotubes subjected to hydrothermal treatment [34,49,55]. 

Low angle powder X-ray diffraction performed on Nb-XS samples 
exhibit a broad and intense diffraction peak, which can be attributed to 
the hexagonal structure of the mesoporous material and is assigned to 
the d100 diffraction (Fig. 3). The incorporation of Nb into the structures 
of XS-SiO2 and NTs-SiO2 supports by post-synthesis method revealed a 
diffraction pattern closely matching the parent materials, indicating that 
the mesoporous structure is preserved after impregnation with the 
niobium species and subsequent calcination at 600 ◦C. The diffraction 
pattern of the anhydrous Nb2O5 observed at 2θ = 22.4◦, 28.4◦, 36.7◦, 
46.1◦, 50.7◦ and 55.2◦ can be indexed to the orthorhombic (T) phase of 
niobium pentoxide [56]. More importantly, the presence of aggregates 
of Nb oxide or other Nb phases during the synthesis or the thermal 
treatment was not detected which agrees with previously reported 
studies [40]. All the calcined samples, even those at very high niobium 
content, are completely amorphous (Fig. S2). A careful analysis of the 
diffractogram allows excluding a possible phase separation since no 
defined XRD reflection attributable to crystalline Nb2O5 was observed. 
This result indicates that the Nb species are mainly inserted in an 
amorphous environment even if the existence of niobium oxide particles 
of very small size on the silica surfaces cannot be completely excluded. 
In addition, the high calcination temperature at 600 ◦C did not have a 
significant influence on the structural morphologies of both classes of 

materials. 
The morphological properties of the solids were determined with the 

help of transmission electron microscopy (TEM). TEM demonstrated 
that Nb-XS catalysts (Fig. 4a, b and c) consisted of nanosized spherical 
particles typical of mesoporous SiO2-like materials. TEM micrographs 
confirmed the presence of extra small mesoporous niobosilicates with 
well-organized hexagonal pores even at high Nb loading. Moreover, in 
all cases, some zones of condensation between the different particles are 
present. This observation is in agreement with the presence of the 
interparticle voids suggested by the N2-physisorption analysis. TEM 
performed on Nb-NTs mesoporous solids (Fig. 4d, e and f), revealed 
mainly the presence of well-defined tubes with clearly visible walls. 
Small fraction of nanospheres was observed, perhaps as a result of a 
budding process [57] that resulted in the fragmentation of the nano
tubes to nanospheres. The nanostructures exhibited an average diameter 
of about 20 nm with an inner porosity of ca 15 nm. After calcination, the 
appearance of nanostructures of reduced length was observed indicating 
that the thermal treatment resulted in a partial cleavage of some tubes 
into smaller fragments. For some nanotubes, round ends with somewhat 
higher diameter than the diameter along the tubes were observed, which 
is consistent with earlier experimental and theoretical studies of 
worm-like micelles [58]. From an in-depth TEM investigation, no 
noticeable differences emerged comparing the morphology of the three 
samples in both series. Therefore, raising the concentration of Nb, in the 
selected range, does not influence the final tubular morphology of the 
solids. In addition, TEM investigation allowed confirming the absence of 
large separate domains of niobium oxide species at the surface of the 
silica-based supports indicating a homogeneously dispersed Nb species 
into the mesoporous silica framework which is in agreement with the 
PXRD. Despite the fact that TEM investigation on NTs-based catalyst did 
not evidence the presence of small aggregates of Nb oxide species, the 
decrease of the specific surface area observed via N2 physisorption can 
be ascribed to the presence of small particles of niobium oxide probably 
too small to be detected via TEM analysis. 

The amount of niobium incorporated in the different solids was 

Fig. 3. PXRD pattern of Nb-XS catalysts.  

Fig. 4. TEM images of (a) Nb-XS-74, (b) Nb-XS-37, (c) Nb-XS-18, (d) Nb-NTs- 
74, (e) Nb-NTs-37 and (f) Nb-NTs-18. 
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quantified by inductively coupled plasma optical emission spectrometry 
(ICP-OES) and the resulting Si/Nb ratios (Table 2) in all the calcined 
mesoporous materials were in excellent agreement with the theoretical 
ratios. 

XPS analyses were conducted in order to investigate the surface 
composition and the quality of the Nb dispersion at the surface. The XPS 
data are summarized in Table 2. Due to some uncertainties with usual 
carbon referencing for the calibration of the energy scale, Si 2p peak was 
chosen as the best compromise for calibration by fixing its position at 
103.5 eV. This assumes that the BE of the Si 2p peak is not affected by 
some interaction with Nb, as most of Si is present as SiO2 with such a 
high Si/Nb proportion. The O1s region of anhydrous Nb2O5 calcined at 
600 ◦C (taken as a reference) displayed a peak at lower BE value 
(530.2 eV) than those of the Nb-silicate catalysts, which showed single 
and almost symmetric peaks in the BE range 532.7–532.8 eV, close to 
the value in SiO2 (533.0 eV) (Fig. S3). The Nb 3d XPS spectrum of Nb2O5 
(Fig. 5 g) consists of a clearly narrow and well resolved doublet 
composed of the Nb 3d5/2 and Nb 3d3/2 contributions, decomposed with 
the two constraints of an energy difference of 2.78 eV and a 1.5:1 in
tensity ratio. In the following, only the BE of the more intense Nb 3d5/2 
peak will be discussed. A single Nb 3d5/2 at 207.1 eV was obtained in 
Nb2O5 that differs from those observed in both series of synthesized 
materials, which showed broader and less resolved doublets, indicating 
that probably more than one Nb chemical state should be considered to 
properly decompose the spectra according to the doublet characteristic 
shape. Good fits were obtained with a series of two doublets (red and 
blue in Fig. 5). The lowest Nb 3d5/2 BE (red), close to 207 eV, is 
attributed to Nb2O5 while the other one, shifted to higher BE than 
208.0 eV, can be attributed to dispersed Nb species on the supports or 
related to the change in the Nb coordination upon formation of Nb-O-Si 
linkages [59,60]. The Nb 3d5/2 binding energy of 209.5 eV was reported 
for NbSBA-15 containing mostly isolated sites with tetrahedral coordi
nation [61], while for MCM-41-supported niobium oxide catalysts, the 
BE values were in the range of 207.5–208.0 eV [62]. Similar findings 
were reported for NbMCF catalysts where the high value of 3d5/2 BE 
(207.6 eV) confirmed the incorporation of Nb species in the mesoporous 
silica matrix [40]. Note that in these studies all binding energy (BE) 
measurements were corrected for charging effects with reference to the 
C 1s peak of the adventitious carbon (284.6 eV). Considering that the 
presence of Nb2O5 in all our samples was not detected previously by 
PXRD analysis, the Nb oxide species are assumed to be amorphous or as 
very small size particles. Table 2 shows the comparison between the 
surface Nb/Si atomic ratios determined by XPS and those corresponding 
to the bulk atomic ratio obtained from ICP-OES. In both series of cata
lysts with higher Nb loading (Si/Nb of 37 and 18), the surface Nb/Si 

atomic ratios are lower than the bulk ratios, which reveals no surface 
enrichment of Nb species. 

Diffuse reflectance (DR) UV–vis spectra of the niobosilicate catalysts 
are shown in Fig. S4. According to the literature, the DRS UV absorption 
band at 220–270 nm can be assigned to the charge-transfer transition 
between oxygen atoms and isolated Nb(V) centers, presumably, in 
tetrahedral coordination or penta-coordinated, both typical of niobium 
located in the silica matrix [40,63–65]. In our studied Nb-silicate cata
lysts, the presence of a non-resolved band in the region 220–270 nm 
could be tentatively ascribed to the presence of a combination of various 
Nb species in different coordination environments at the surface. 
Importantly, for all the niobosilicate materials, no absorptions were 
detected above 400 nm, indicating that no large Nb2O5 domains were 
present on the catalyst surface [60], suggesting a homogeneous 
dispersion of Nb species throughout the silica framework as previously 
inferred from PXRD. 

The FT-IR spectra of pure XS-SiO2 and NTs-SiO2 and the niobosilicate 
samples are shown in (Fig. 6a and b). All the samples exhibited IR bands 
in the region 3400–2400 cm− 1 due to surface –OH groups and a IR band 
at 1630 cm− 1 assigned to the bending mode of the water molecule [52]. 
In general, the typical siliceous materials exhibit IR bands in the range of 
400–2000 cm− 1. The IR spectra of the pure silica supports exhibited a 
main IR band at 1080 cm− 1 and a weaker band at 800 cm− 1 due to 
antisymmetric and symmetric stretching modes of the Si–O–Si bond. In 
addition, a strong IR band at 458 cm− 1 can be attributed to the rocking 
of the Si–O–Si bond. The IR spectra of all Nb-silicate samples showed the 
IR bands similar to that of the pure XS-SiO2 and NTs-SiO2. The band at 
960 cm− 1 is present in the pristine material (without Nb) as well as in 
the Nb-based catalysts in which it is visible as a shoulder because of a 
very high intensity of the band at 1080 cm− 1, revealing that it origins 
not only from Si–O–Metal linkage but also from Si–OH present in silica. 
Therefore it cannot be assigned only to Si–O–Nb species. As a result, IR 
spectra cannot exclusively evidence of the formation of Si-O-Nb bonds in 
the Nb-containing samples and the incorporation of Nb and the forma
tion of Si-O-Nb linkage in the silica matrix were mainly evidenced by the 
XPS measurements as inferred previously. 

The strength and amount of acid sites of all the synthesized catalysts 
were revealed by temperature-programmed desorption of ammonia 
(NH3-TPD) (Fig. 7 and Table 3). The peaks at lower temperature (less 
than 200 ◦C) are due to the weak acid sites, while those at moderate 
temperature (centered at 250 ◦C) refer to the release of ammonia from 
medium acid sites. As clearly seen, Nb-XS-74 and Nb-NTs-74 catalysts 
showed a greater desorption area for ammonia, revealing their higher 
concentration of acid sites whereas, Nb-XS-18 and Nb-NTs-18 had the 
lowest acid sites population. Besides, all XS-based catalysts have higher 
acidic population than their NTs-based analogues with the same Si/Nb 
molar ratio. The quantitative results calculated from the NH3-TPD 
(Table 3) indicate a relationship between the niobium loading and the 
population of acid sites. For both series of catalysts, the increase in the 
metal loading leads to a gradual decrease in the acid sites concentration. 
This may be due to the fact that as the Nb loading increases, some extra- 
framework niobium oxide species may form. These niobium oxide spe
cies should be in the form of very small particles or short oligomeric 
chains hence not visible in the XRD pattern. 

The incorporation of niobium is expected to favor the formation of 
both Brønsted (BAS) and Lewis acid sites. The generation of BAS is 
mainly related to the bridged Nb-OH-Si (with surface intra-framework 
niobium in a tetrahedral environment), but the contribution of Nb- 
OH-Nb species should be also considered. In addition, the niobium 
oxide evidenced by XPS in all the samples may be in the form of surface 
NbO4 tetrahedral sites or surface NbO6 octahedral sites associated to 
Lewis acid sites. 

To evaluate the hydrophilicity of the catalysts, thermogravimetric 
analysis (TGA) was performed. The number of adsorbed water molecules 
on the surface of each catalyst (nH2O/nm2) was calculated according to 
formula mentioned in the experimental section and results are listed in 

Table 2 
XPS data (binding energies and Nb/Si atomic ratio) of the studied catalysts.  

Catalysta O 1s 
(eV) 

Nb 3d5/2 (eV) Surface 
Si/Nbb 

Bulk 
Si/ 
Nbc 

Surface 
Nb/Sib 

Bulk 
Nb/ 
Sic 

Nb-XS- 
74  

532.8 207.1  208.9 91 80 0.010 0.012 

Nb-NTs- 
74  

532.7 207.0  208.2 95 82 0.010 0.012 

Nb-XS- 
37  

532.8 207.1  208.6 54 35 0.018 0.028 

Nb-NTs- 
37  

532.8 207.1  209.0 56 34 0.017 0.029 

Nb-XS- 
18  

532.7 207.2  208.7 29 20 0.034 0.050 

Nb-NTs- 
18  

532.7 207.1  208.9 32 21 0.031 0.047 

Nb2O5  530.2 -  207.1 - - - -  

a Nominal ratio employed during the synthesis is Si/Nb = 74, 37 and 18. 
b Determined by XPS. 
c Determined by ICP-OES. 
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Table S1. The data revealed that the hydrophobic character decreases in 
the following order: Nb-XS-74 > Nb-NTs-74 > Nb-XS-37 > Nb-NTs- 
37 > Nb-XS-18 > Nb-NTs-18. In line with the fact that pure XS-SiO2 
support is more hydrophobic than NTs-SiO2, all XS-based catalysts have 
a relatively more hydrophobic surface than NTs ones at a given Si/Nb 
molar ratio. Moreover, in both series of materials, the hydrophilicity 
increases with the Nb loading and is the highest for the sample with the 
Si/Nb molar ratio of 18. 

From the above characterizations, it emerged that these mesoporous 
niobosilicate catalysts present a favorable combination of catalytic 
features such as high surface area, highly accessible acid sites and 
insertion of well-dispersed niobium species simulating as single site in 
the silica framework. 

3.2. Glycerol acetalization to solketal 

Combining the results obtained from NH3-TPD and TGA, it can be 
evidenced that mesoporous niobosilicates (Nb-XS-74 and Nb-NTs-74) 
present the highest acidic population and a relatively hydrophobic 
surface compared to the other studied catalysts in addition to promising 
textural properties which are all expected to have a positive impact on 
the performance of the catalysts in the conversion of glycerol to solketal. 
A kinetic study was performed using Nb-XS-74 and Nb-NTs-74 as cata
lysts for the acetalization of acetone with glycerol at 50 ◦C with acetone/ 
glycerol molar ratio of 4/1 (Fig. 8). In both tested catalysts, the solketal 
yield tends to reach a plateau after 15 h when 10 mg of catalysts were 
used. To confirm this, two additional tests were performed with extra 
10 mg of fresh catalysts being added after 24 h of the reaction at 50 ◦C. 

Fig. 5. XPS spectra of the Nb 3d regions of (a) Nb-XS-74, (b) Nb-NTs-74, (c) Nb-XS-37, (d) Nb-NTs-37, (e) Nb-XS-18, (f) Nb-NTs-18 and (g) Nb2O5.  
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No further increase in the solketal yield was noticed following the 
addition of the catalysts. These observations are in agreement with other 
glycerol acetalization reactions reported similar conversion at plateau, 

when working under similar reaction conditions [66,67]. This kinetic 
study showed that, at any reaction time, the XS-Nb-74 catalyst is more 
active than Nb-NTs-74 in terms of glycerol conversion (Fig. 8a) and 
solketal yield (Fig. 8b). A maximum conversion of 55 % and 45 % was 
recorded upon using Nb-XS-74 and Nb-NTs-74 respectively. 

Based on the kinetic study, a time of 6 h was deduced to be an 
adequate reaction time to evaluate the catalytic activities of the solids. A 
catalytic screening of all Nb(V)-based catalysts has been carried under 
the following experimental conditions: reaction temperature of 50 ◦C 
and 10 mg of catalyst amount for 6 h of reaction. The catalytic results 
are reported in Table 4. The catalytic activity of our catalysts was 
expressed in terms of turnover number (TON) and turnover frequency 
(TOF) where TON (Turnover number) is expressed as moles of glycerol 
converted per mole of Nb atoms. TOF is the TON per unit time. The 
reproducibility was checked by performing the reaction three times 
under the optimized reaction conditions. Initially, blank experiments 
(XS-SiO2 and NTs-SiO2) carried out under the same reaction conditions 
(Table 4, entries 1 and 6) evidenced the absence of significant activity, 
thus showing that neither XS-SiO2 nor NTs-SiO2 exhibited catalytic sites 
able to promote the acetalization reaction. For all the catalysts tested at 
50 ◦C, the selectivity to solketal was extremely high at equilibrium 
conversions, and no significant amount of six-membered-ring (6MR) 
was observed even at lower conversions. The selectivity of 5-membered 
ring solketal is comparatively higher than that of the 6-membered 
acetal, due to the axial methyl groups in the chair conformation repul
sively interacting with the two hydrogen atoms in the other axial posi
tion of the 6-membered ring, leading the solketal to be 
thermodynamically more stable than the 6-membered acetal [68]. 
Nb-XS-74 and Nb-NTs-74 catalysts (Table 4, entries 2 and 7) appear to 
be substantially more active in the acetalization reaction, achieving up 
to 40 % and 30 % of solketal yield respectively, while the other catalysts 
markedly displayed lower catalytic performances. This is probably due 
to the better dispersion of Nb species on the support surface as a result of 
high acidic population and hydrophobic surface revealed by previous 
characterizations. For both series of catalysts (Nb-XS and Nb-NTs), the 
catalytic performance in terms of solketal yield, TON and TOF is higher 
in catalysts with Si/Nb ratio of 37 than those with Si/Nb ratio of 18 
although no large difference was noticed upon measuring the hydro
philicity of the mentioned catalysts (compare entry 3 with 4 and entry 8 
with 9 Table 4). This can be attributed to the number of acidic sites 
which are higher in Nb-37 catalysts (Table 3). This dominant factor, in 
addition to the higher surface area in catalysts having Si/Nb ratio of 37, 

Fig. 6. ATR-FTIR spectra of (a) Nb-XS and (b) Nb-NTs catalysts after calcination at 600 ◦C.  

Fig. 7. NH3-TPD profiles of the niobosilicate catalysts.  

Table 3 
Acid site properties of Nb-silicate catalysts.  

Material Weak acidity 
(mmol/g) 

Medium acidity 
(mmol/g) 

Total acidity 
(mmol/g) 

XS-SiO2  0.0  0.0  0.0 
Nb-XS-74  0.29  0.07  0.36 
Nb-XS-37  0.15  0.11  0.26 
Nb-XS-18  0.10  0.02  0.12 
NTs-SiO2  0.0  0.0  0.0 
Nb-NTs- 

74  
0.25  0.07  0.33 

Nb-NTs- 
37  

0.16  0.03  0.20 

Nb-NTs- 
18  

0.0  0.08  0.08  
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was responsible for the higher catalytic performance of these catalysts. 
When comparing catalysts of same Si/Nb ratio, Nb-XS catalysts 

showed higher catalytic performance in terms of YSK, TON and TOF than 
Nb-NTs catalysts. This can be explained by the fact that in general, pure 
XS-SiO2 support is more hydrophobic than NTs-SiO2. The clear effect of 
hydrophobicity in glycerol acetalization was also deduced by Stawicka 
group [45], where all the synthesized MCF-based catalysts exhibited a 
high selectivity towards solketal (97 %) due their hydrophobic nature. 

For the sake of comparison, two additional solids were prepared by 
impregnating XS-SiO2 and NTs-SiO2 materials with a suspension of pre- 
formed Nb2O5 particles using a Si/Nb ratio of 74 (entries 5 and 10). 
Negligible catalysts activity was reported in both cases suggesting that 
generation of finely dispersed Nb2O5 species at the surface of both 
supports was not achieved in contrast to high and stable dispersion of 
niobium species obtained during impregnation of peroxo-Nb(V) pre
cursors on different surfaces of siliceous supports. Also, extra-framework 
Nb was not active in our target reaction since no solketal formation was 
observed for Nb2O5 (entry 11). 

The catalytic activity of all the screened catalysts in terms of TON is 
in direct correlation with the acidity and hydrophilicity (Fig. 9) which 
proves that not only the presence of acid sites is required for catalyzing 
the acetalization reaction, but also a sufficient hydrophobicity (less 

hydrophilic surface) of the catalyst surface is necessary to achieve good 
catalytic activity. This is in total agreement with the conclusion deduced 
in a review paper [69] which states, after considering various studies 
summarized, that both the acidic and the hydrophobic character of the 
catalyst surface (enhanced in some cases by niobium species) as well as 
the presence of mesoporosity are important for the achievement of a 
very high catalytic performance in the glycerol acetalization reaction. 

Comparison of our synthesized niobosilicate materials to other Nb- 
based heterogeneous catalysts reported in the literature for the con
version of glycerol to solketal is not straightforward due to the different 
conditions used for the catalytic tests in different works [70]. In these 
studies, the catalysts are mostly prepared from niobium oxide as Nb 
source instead of a molecular Nb precursor from one hand, and different 
techniques [71] are applied during the synthesis such as microwave 
irradiation (Table S2). Interestingly, the conversion of glycerol using the 
metallosilicate NbMCF [44] achieved a glycerol conversion of 48 % and 
almost a total selectivity to solketal of 99 % with 2/1 acetone/glycerol 
molar ratio, 40 ◦C and 180 min which is higher than the results obtained 
using Nb-XS-74 and Nb-NTs-74 under same molar ratio but with higher 
temperature and reaction time. Such observation can be ascribed to the 
fact that the surface molar ratio Si/Nb of NbMCF catalyst is lower than 
Si/Nb ratio of our studied catalysts (Si/Nb is 91 and 95 for Nb-XS-74 and 
Nb-NTs-74 respectively), thus leading to better dispersion and more 
accessible Nb active sites for the reactants favoring a better catalytic 
performance. 

In an attempt to compare our catalysts with other metal-based sili
cates (other than Nb-based catalysts), additional experiments were 
performed employing t-butanol as a solvent (Fig. 10). The results 
gathered evidence a higher catalytic performance of our Nb-based cat
alysts compared to some previously reported metal-containing silicates. 
This behavior could be due to a favorable combination of features such 
as high surface area, accessible mesoporosity and insertion of niobium 
mainly as single sites in the silica architecture. 

The influence of the experimental variables such as catalysts amount, 
temperature and acetone/glycerol molar ratio were also studied. The 
influence of the catalyst amount was investigated at different tempera
tures 25 ◦C, 50 ◦C and 80 ◦C and the representative tests are reported in 
Fig. S5. The catalyst loading was varied from 5 to 25 mg while the other 
reaction parameters were kept constant. In absence of catalysts, no 
solketal formation was observed. The increase in the catalyst loading 
from 5 mg to 10 mg increases the number of active sites, causing a 
significant enhancement in the solketal yield. Whereas, the catalytic 
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Fig. 8. Effect of reaction time using Nb-XS-74 and Nb-NTs-74 catalysts on (a) glycerol conversion, (b) solketal yield. Reaction conditions: catalyst amount 10 mg, 
acetone/glycerol ratio 4/1, 50 ◦C. 

Table 4 
Catalytic activity of niobosilicates materials in the conversion of glycerol to 
solketal.  

Entry Catalyst YSK (%) TON TOF (h− 1) SSK (%)  

1 XS-SiO2  0  0  0  0  
2 Nb-XS-74  40  2054  342  95  
3 Nb-XS-37  32  754  124  92  
4 Nb-XS-18  23  315  52  91  
5 Nb2O5-XS-74  0  0  0  0  
6 NTs-SiO2  0  0  0  0  
7 Nb-NTs-74  30  1540  256  94  
8 Nb-NTs-37  22  513  86  92  
9 Nb-NTs-18  15  205  35  90  
10 Nb2O5-NTs-74  0  0  0  0  
11 Nb2O5  0  0  0  0 

Reaction conditions: catalyst amount 10 mg, acetone/glycerol molar ratio 4/1, 
50 ◦C, 6 h. 
TON (Turnover number) is expressed as moles of glycerol converted per mole of 
Nb atoms. TOF is the TON per unit time. 
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activity was not improved by a further increase of the catalyst loading to 
25 mg. This result can be ascribed to the fact that the reaction had 
already reached equilibrium with 10 mg catalyst loading. This is in line 
with Shen et al. [15] which showed that an excess of catalyst amount is 
not necessarily beneficial because an equilibrium conversion is already 
reached with 50 mg of catalyst. 

Low solketal yields were obtained at 25 ◦C. This decrease in the 
catalytic performance may be also ascribed to the intrinsic difficulties of 
the selected reaction conditions due to the high viscosity of glycerol 
which can be responsible for diffusion limitations [72]. A significant 
increase was obtained upon increasing the temperature to 50 ◦C and 
80 ◦C. 

Since glycerol acetalization with acetone is a reversible reaction, 
using higher molar ratio of one reactant will push the thermodynamic 
equilibrium towards the product and facilitate its chemisorption over 
the active centers of the catalysts, which is the first step of the catalytic 
cycle, thus justifying the rise in glycerol conversion levels. To evaluate 
this, the reaction was studied by varying the acetone to glycerol from 2/ 
1–9/1 (Fig. 11). It is reported that a higher acetone to glycerol molar 

ratio causes a significant enhancement in the yield of solketal [25]. As 
expected, the increase in acetone/glycerol molar ratio up to 4/1 molar 
ratio causes an enhanced yield in solketal. This can be explained by the 
fact that the viscosity of the reaction mixture decreases and the rate of 
mass transfer increases with increasing amount of acetone. The further 
increase in the molar ratio of acetone to glycerol did not show a sub
stantial improvement of the catalytic performances and a decrease in 
solketal yield was observed upon increasing the molar ratio to 9/1. The 
extensive quantity of acetone in the reaction mixture can cause a partial 
saturation of the active sites as well as an increasing of the total volume 
of the reaction mixture [73]. 

Fig. 9. Graphical correlation between TON and acidity/hydrophilicity of the 
studied catalysts. 
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Fig. 10. Comparison of the catalytic activity of Nb-XS-74 and Nb-NTs-74 with 
other metal-based catalysts reported in literature. Reaction conditions: 25 mg of 
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Fig. 11. Effect of acetone/glycerol molar ratio on the yield of solketal using 
Nb-XS-74 and Nb-NTs-74 catalysts. Reaction conditions: catalyst amount 
10 mg, 50 ◦C, 6 h. 
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3.3. Catalysts reusability 

In order to confirm the stability and heterogeneity of Nb-XS-74 and 
Nb-NTs-74 materials, recyclability tests were carried out using a thermal 
treatment at 500 ◦C (Fig. 12). In both cases, around 5 % of conversion 
was decreased in the first cycle probably due to the residual reactants or 
products being trapped within the pores or strongly adhered with the 
active sites of both catalysts. Nevertheless, after the first cycle, no sig
nificant change in the solketal yield was observed and the solketal 
selectivity was always found to be 94–95 % until the fifth cycle. This 
indicates that a thermal treatment at 500 ◦C is necessary to remove the 
reaction residues and fully reactivate the catalysts. Further, the spent 
catalysts were characterized by TEM and XRD. TEM images of the spent 
catalysts did not show any difference in the morphology (Fig. S6). 
Similarly, XRD pattern (Fig. S7) of the spent catalysts showed similar 
peak pattern as that of the fresh catalysts. Overall results obtained from 
the characterization of the spent catalysts reinforced the stable nature of 
the catalysts. 

In order to eliminate the influence of possible leaching of active sites, 
hot filtration experiments were performed after 1 h at 50 ◦C. Fig. S8 
shows that after removing catalysts from the reaction mixture, no 
additional conversion of glycerol was detected. This result proves that 
leaching of active sites is negligible. Further, inductively coupled 
plasma-optical emission spectrometry (ICP-OES) analysis of superna
tants after the reaction did not show any detectable amounts (< 1 ppm) 
indicating that no niobium was lost by leaching. This observation con
firms that the catalytic process is heterogeneous in nature. 

4. Conclusion 

Nb-incorporated mesoporous silicas (Nb-XS and Nb-NTs) were suc
cessfully synthesized by wet impregnation and applied as solid acid 
catalysts on the reaction of acetalization of acetone with glycerol 
yielding solketal. All the prepared Nb-based materials displayed acid 
sites that act as active sites for catalyzing the glycerol acetalization re
action. The catalytic activity of the niobosilicate materials can be 
explained based on the presence of accessible acid sites and required 
taking into account the hydrophilicity of the catalysts surface, with the 
more hydrophobic catalysts giving the best catalytic performance. 
Moreover, the Nb-XS-74 and Nb-NTs-74 catalysts are truly 

heterogeneous as no leaching of niobium species was detected as they 
retained their activity in successive catalytic cycles. The robustness of 
the Nb-silica materials was also supported via characterization of the 
solids after the 5th cycle. 
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