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Entrapment vs. immobilization of polyoxometalates into silica and titania 
aerogels: Application in heterogeneous oxidation catalysis 

Christina Jalkh , Christelle Ghazaly , Houssam El-Rassy * 

Department of Chemistry, American University of Beirut, P.O. Box 11-0236, Riad El-Solh, 1107 2020, Beirut, Lebanon   

H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

� Hybrid silica-polyoxometalate aerogels 
are obtained by entrapment of the 
catalyst. 
� Polyoxometalates are immobilized onto 

functionalized silica and titania 
aerogels. 
� Entrapping polyoxometalates in silica 

aerogels improves their catalytic 
activity. 
� The selectivity is shifted after immobi

lization and entrapment of 
polyoxometalates.  
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A B S T R A C T   

Silica and titania aerogels were successfully used as immobilization and entrapment media for phosphomolybdic 
and phosphotungstic acids. The hybrid materials were investigated in the heterogeneous oxidation catalysis of 
phenyl methyl sulfide. The characterization of the hybrid catalysts confirmed the immobilization and entrapment 
of the polyoxometalates (POM) and their dispersion onto the surface of the solid support. The entrapment of 
these clusters was found to affect less the surface properties of the inorganic network compared to the immo
bilization process, thus allowing smoother access to the active sites of the polyoxometalate molecules. The 
catalytic activity of the POM clusters was widely maintained after immobilization and incorporation, where the 
chemical nature of the surface functional groups was found to affect the behavior of the catalyst. The fastest 
oxidation of methyl phenyl sulfide was observed for the reactions catalyzed by POM-incorporated silica aerogels, 
coupled with a high selectivity towards the methyl phenyl sulfoxide.   

1. Introduction 

The early multi-transition metal oxides, known by Polyoxometalates 
(POMs), represent a category of polynuclear inorganic molecular clus
ters characterized by a structural variety resulting in different di
mensions, shape, charge density, surface reactivity, and in rich redox 
chemistry [1]. These clusters have various physical, chemical, and 

electronic properties responsible for their numerous applications in 
medicine [2,3], material science [4], and catalysis [5]. 

Although the application of POMs in homogeneous catalysis gained a 
wide interest over the years, these catalysts suffer mainly from being 
non-recyclable because of their solubility in the reaction medium. 
Moreover, the low specific surface area of these clusters [6] limits the 
accessibility of the reactant to the active sites of the catalyst thus 

* Corresponding author. 
E-mail address: Houssam.Rassy@aub.edu.lb (H. El-Rassy).  

Contents lists available at ScienceDirect 

Materials Chemistry and Physics 

journal homepage: www.elsevier.com/locate/matchemphys 

https://doi.org/10.1016/j.matchemphys.2020.123296 
Received 9 March 2020; Received in revised form 21 May 2020; Accepted 27 May 2020   

mailto:Houssam.Rassy@aub.edu.lb
www.sciencedirect.com/science/journal/02540584
https://www.elsevier.com/locate/matchemphys
https://doi.org/10.1016/j.matchemphys.2020.123296
https://doi.org/10.1016/j.matchemphys.2020.123296
https://doi.org/10.1016/j.matchemphys.2020.123296
http://crossmark.crossref.org/dialog/?doi=10.1016/j.matchemphys.2020.123296&domain=pdf


Materials Chemistry and Physics 252 (2020) 123296

2

reducing its catalytic activity. A very efficient solution to this limiting 
problem is to intercalate the POM molecular clusters inside layered 
double hydroxides [7] or to immobilize them onto the surface of various 
porous solid supports [8–12]. Among the porous materials used for this 
purpose are the highly porous silica aerogels prepared according to the 
sol-gel process [13] and dried under supercritical conditions. These 
materials are the most common type of aerogels known as one of the 
lightest solid materials on Earth, where almost 99% of their volume is 
occupied by air. Because of their high surface area and pore volume, 
silica aerogels have been used as immobilization support for metal 
colloids [14], enzymes [15–26], nanoparticles [27], nanowires [28], 
and polyoxometalates [6,29]. 

Immobilized molybdovanadophosphoric acids onto organically- 
modified silica aerogels have been successfully used in heterogeneous 
oxidation catalysis of anthracene [6]. The improvement of the catalytic 
activity upon immobilization is due to the high dispersion of POM 
molecules on the surface of the aerogel and a better exposure of the 
active sites. Besides, the immobilization was found to favor a shift in the 
selectivity of the reaction. In another study, the photodegradation of 
organic dyes under UV irradiation by immobilized phosphotungstic and 
silicotungstic acids onto silica aerogels showed excellent results [29]. 

Various silica-based materials were recently used for the immobili
zation of polyoxometalates, where the obtained hybrid materials have 
been mainly applied in heterogeneous catalysis. Morales et al. [30] 
compared the effect on catalysis of the impregnation versus the inclusion 
technique of POMs. Ordered mesoporous silica were among the widely 
investigated supports for POMs [31–36], in addition to silica-magnetite 
particles [37–39], hollow mesoporous spheres [40], and amorphous 
porous silica [41–43]. Polyoxometalates were also immobilized over 
titania-based materials for catalysis [44–46] and photocatalysis 
[47–49]. 

The current study reports a comparison between the immobilization 
and incorporation (entrapment) techniques of phosphomolybdic and 
phosphotungstic acids into silica and titania aerogels. The synthesized 
hybrid materials are tested in heterogeneous oxidation catalysis of 
methyl phenyl sulfide (also known by thioanisole) in the presence of 
hydrogen peroxide [50]. This reaction selected as model reaction leads 
to two products, namely methyl phenyl sulfoxide and methyl phenyl 
sulfone. The selective oxidation into sulfoxide is much more interesting 

Table 1 
Chemical composition of silica and titania aerogels used for the immobilization 
or entrapment of phosphomolybdic and phosphotungstic acids.  

Sample Chemical Composition Molar Ratios 

S1 TMOS/MeOH/H2O/NH3/NaF 1/25.8/17.9/7.2� 10� 2/2.1�
10� 3  

S2 TMOS/MeOH/H2O/APTES 1/25.8/17.9/9.7� 10� 2  

S3 (TMOS:MTMS)/MeOH/H2O/ 
APTES 

1/25.8/17.9/9.7� 10� 2  

S4 (TMOS:PhTMS)/MeOH/H2O/ 
APTES 

1/27.4/19.0/1.0� 10� 1  

T1 TIP/MeOH/HNO3/H2O 1/20.5/4.9 � 10� 2/4.3  

Table 2 
Chemical composition of POM-incorporated silica aerogels.  

Sample Chemical Composition Molar Ratios 

S2–I–Mo TMOS/MeOH/H2O/APTES/HPMo 1/25.8/17.9/9.7� 10� 2/1.5�
10� 2  

S2–I–W TMOS/MeOH/H2O/APTES/HPW 1/25.8/17.9/9.7� 10� 2/9.3�
10� 3  

S3–I–Mo (TMOS:MTMS)/MeOH/H2O/APTES/ 
HPMo 

1/25.8/17.9/9.7� 10� 2/1.5�
10� 2  

S4–I–Mo (TMOS:PhTMS)/MeOH/H2O/APTES/ 
HPMo 

1/27.4/19.0/1.0� 10� 1/1.6�
10� 2   

Fig. 1. FTIR spectra of (a) S1 and S1-derived aerogels; (b) S2 and S2-derived 
aerogels; (c) S3, S4, S3- derived and S4-derived aerogels. 
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than into sulfone since the former is an important intermediate in the 
production of pharmaceuticals, agrochemicals, and other valuable 
chemicals. 

2. Materials and methods 

2.1. Materials 

The chemicals were used in this study as received and without any 
further purification. Tetramethoxysilane (noted TMOS; Si(OCH3)4), 
Methyltrimethoxysilane (noted MTMS; CH3Si(OCH3)3), Phenyl
trimethoxysilane (noted PhTMS; C6H5Si(OCH3)3), and Methyl hepta
decanoate (noted MHD, CH3(CH2)15COOCH3) were provided by Fluka; 
Titanium (IV) isopropoxide (noted TIP; Ti(OCH(CH3)2)4) was from 
Aldrich; 3-Aminopropyltriethoxysilane (noted APTES; H2N(CH2)3Si 
(OC2H5)3), Methyl phenyl sulfoxide (noted MPSX, CH3SOC6H5), Methyl 
phenyl sulfone (noted MPSO, CH3SO2C6H5), Ammonium Hydroxide 
(NH4OH, 33%), methanol (CH3OH), and acetonitrile (noted ACN, 
C2H3N) were purchased from Sigma-Aldrich; Methyl phenyl sulfide 
(MPS, CH3SC6H5) was provided by SAFC; Hydrogen peroxide (H2O2) 
was provided by Reidel-de Ha€en; Acetone was purchased from Scharlau 
Chemie S.A.; Nitric acid (HNO3, 65%) and Hydrofluoric acid (HF, 37%) 
were from AnalaR NORMAPUR; Sulfuric acid (H2SO4) was provided by 
BDH; Toluene (CH3C6H5) was from Fisher Scientific; Phosphomolybdic 
acid hydrate (noted HPMo, H3[P(Mo3O10)4]⋅xH2O) and phosphotungstic 
acid hydrate (noted HPW, H3[P(W3O10)4]⋅xH2O) were provided by 
Acros Organics. Double distilled water was obtained in our laboratory. 

Fig. 2. FTIR spectra of T1 and T1-derived aerogels.  

Table 3 
POM content (in %) determined by AAS for the 
various immobilized and incorporated POM mole
cules in silica and titania aerogels.  

Sample POM Mass % 

T1-F-Mo 29 
T1-F-W 30 
S1–F–Mo 15 
S1–F–W 25 
S2–I–Mo 19 
S2–I–W 17 
S3–I–Mo 24 
S4–I–Mo 13  

Fig. 3. Nitrogen adsorption-desorption isotherms and their corresponding pore 
size distributions (insets) for (a) S1 and S1-derived aerogels; (b) S2 and S2- 
derived aerogels; (c) S3, S4, S3-derived and S4-derived aerogels. 
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2.2. Synthesis of silica aerogels 

Silica aerogels were prepared according to the one-pot sol-gel pro
cess where TMOS was either solely used to obtain non-functionalized 
silica aerogels or combined with MTMS or PhTMS to make surface- 
functionalized silica aerogels. 

Silicon precursors were mixed in propylene vials with methanol 
(3.24 mL; 80.0 mmol) and double distilled water (1.00 mL; 55.5 mmol) 
under magnetic stirring for 1 h at room temperature. Either APTES (70 μ 
L; 0.30 mmol) or NH4OH/NaF solution (13.36 μ L of a solution prepared 
by mixing 11.0 mL of 30–33% NH3 in H2O and 50.0 mL of 0.476 M NaF; 
0.223 mmol NH3/6.36 μmol NaF) was then added, and the mixture is left 
under stirring for 1 min. The sol is left for gelation and aging for 24 h at 
room temperature. The obtained gel is soaked in acetone for one day 
before replacing the acetone and making the gel infused in the fresh 
acetone for five days. Finally, the gel is dried in carbon dioxide under 
supercritical conditions (TC ¼ 31.1 �C, PC ¼ 72.9 atm) to lead to the so- 
called silica aerogels. 

The combinations of silicon precursors used in this study were as 
follows:  

(1) TMOS alone (468 μ L; 3.1 mmol)  
(2) TMOS (350 μ L; 2.3 mmol)/MTMS (120 μ L; 0.80 mmol)  

(3) TMOS (350 μ L; 2.3 mmol)/PhTMS (120 μ L; 0.62 mmol) 

Table 1 regroups the chemical composition of the various prepared 
aerogels. 

2.3. Synthesis of titania aerogels 

The preparation of titania aerogels takes place by mixing in pro
pylene vials under magnetic stirring TIP (1.19 mL; 3.90 mmol) with 
methanol (3.24 mL; 80.0 mmol), to which 65% nitric acid (13.36 μ L; 
0.19 mmol) is added. The mixture is kept under stirring for 30 min 
before adding the double-distilled water (290 μL; 16.8 mmol) and 
leaving the mixture at rest. The gelation is very fast and takes place 
within a few seconds. The gel is left to age for 24 h at room temperature 
before being soaked in acetone for one day. The acetone was then 
replaced, and the gel is soaked in fresh acetone for another day before 
being dried in carbon dioxide under supercritical conditions to lead to 
the so-called titania aerogel and labeled T1. The molar composition of 
T1 is listed in Table 1. 

2.4. Immobilization of POMs onto the surface of aerogels 

The immobilization of two commercially available polyoxometalates 
(HPMo and HPW) has been investigated. S1 silica and T1 titania aerogels 
were used for this purpose according to a method derived from Al- 
Oweini et al. [51]. The aerogels were first amino-functionalized, fol
lowed by an acidification and the immobilization of the POMs over the 
surface of the protonated amino-functionalized aerogels. 

The amino-functionalization of the aerogels has been performed by 
mixing in a round-bottom flask under reflux for 3 h 3.0 g of S1 or T1 
reduced to powder, 1.5 g of APTES (6.7 mmol), and 90 mL of toluene. 
The solid was collected by hot filtration, washed three times with 5 mL 
of toluene, and air-dried at room temperature for 24 h. The letter “F” 
next to the name of the aerogel indicates an amino-functionalized 
aerogel. 

The acidification step has been achieved by mixing 2.0 g of amino- 
functionalized aerogel with 15 mL of 1 mM H2SO4 solution under stir
ring for 24 h, after which the solids were filtered and kept for 24 h to dry 
at room temperature. This step aims to create NH3

þ surface groups that 
enhance the immobilization of the negatively-charged POMs [52]. 

The immobilization of POM molecules on the protonated amino- 
functionalized aerogels was performed by mixing under reflux for 3 h 
0.70 g of freshly-prepared acidified amino-functionalized aerogel, 0.25 g 
of either HPMo or HPW, and 50 mL of methanol. The mixture was then 
filtered while hot and the solid was kept for 24 h to dry at room 
temperature. 

The obtained POM-immobilized aerogels are labeled with “Mo” 
when HPMo was used and with “W” when HPW was used. The prepared 
materials are S1–F–Mo, S1–F–W, T1-F-Mo, and T1-F-W. 

2.5. Incorporation of POMs into the silica aerogels 

The entrapment of POMs into silica aerogels has been performed for 
S2, S3, and S4 aerogels (Table 2). The POM molecules (83 mg) were 
mixed for 1 h at room temperature under magnetic stirring with the 
silicon precursors in propylene vials with methanol (3.24 mL; 80.0 
mmol) and double distilled water (1.00 mL; 55.5 mmol). APTES (70 μ L; 
0.30 mmol) was then added and the mixture was left under stirring for 1 
min. The sol was left for gelation and aging for 24 h at room temperature 
before being soaked in acetone for one day. The acetone was then 
replaced, and the gel was soaked in fresh acetone for five days before 
being dried in carbon dioxide under supercritical conditions. The letter 
“I” next to the name of the aerogel refers to an aerogel where POM has 
been incorporated. 

Fig. 4. Nitrogen adsorption-desorption isotherms and their corresponding pore 
size distributions (insets) for T1 and T1-derived aerogels. 

Table 4 
Specific surface area (SSA), pore volume (Vp), and percentage of pore volume 
above the Kelvin limit (Vp,kel) calculated for the various silica and titania aer
ogels pre- and post-immobilization and entrapment of POM molecules.  

Sample SSA (m2 g� 1) Vp (cm3 g� 1) Vp,kel (%) 

T1 601 1.90 95 
T1-F 428 0.69 91 
T1-F-Mo 102 0.13 89 
T1-F-W 139 0.14 68 
S1 868 4.57 100 
S1–F 372 1.33 100 
S1–F–Mo 156 0.32 99 
S1–F–W 130 0.27 94 
S2 764 5.29 100 
S2–I–Mo 353 1.00 89 
S2–I–W 496 0.80 73 
S3 768 5.00 99 
S3–I–Mo 362 0.90 88 
S4 699 4.40 99 
S4–I–Mo 258 0.80 88  
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2.6. Characterization 

The catalysts have been characterized by Fourier Transform Infrared 
(FTIR) spectroscopy in the 4000-400 cm� 1 range using the transmission 
KBr pellet technique on a Thermo Nicolet 4700 Fourier Transform 
Infrared Spectrometer equipped with a Class 1 Laser. The elemental 
analysis of the catalysts has been performed by Atomic Absorption 

Spectroscopy (AAS) on a SOLAAR atomic absorption spectrophotometer 
equipped with ASX-510 autosampler and G95 graphite furnace. The 
porosity and surface properties of the aerogels were assessed by the 
nitrogen adsorption-desorption technique on a NOVA 2200e high-speed 
surface area and pore size analyzer from Quantachrome Instruments. 
The specific surface area (SSA) was measured according to the BET 
theory [53] and the pore size and pore volume (Vp) were calculated by 

Fig. 5. SEM micrographs of (a) T1; (b) T1-F; (c) T1-F-Mo; (d) T1-F-W; (e) S1; (f) S1–F; (g) S1–F–Mo; (h) S1–F–W aerogels.  
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the BJH method [54]. The samples were degassed for 3 h at 100 �C 
before the analysis. Scanning electron microscopy (SEM) was performed 
on a TESCAN MIRA3 LMU electron microscope at 30 kV equipped with 
an Oxford Instruments EDX detector for Energy Dispersive Spectroscopy 
(EDS). The samples were sputter-coated with a thin layer of platinum 
before analysis. The Thermogravimetric Analysis (TGA) of the aerogels 
has been performed on a NETZSCH TG 209 F1 Iris. Powder X-ray 
diffraction (PXRD) patterns were recorded on a Bruker D8 ADVANCE 
X-ray diffractometer equipped with a Cu-Kα radiation source. 

2.7. Catalytic tests 

The reactions were conducted in 40-mL glass reactors kept in a 
Julabo SW23 shaking water bath at controlled temperature (30 �C) 
under constant shaking speed (200 rpm) for 4 h. In a typical experiment, 
5.000 mL of a 4.00 g L� 1 (32.2 mmol L� 1) aqueous MPS solution were 
mixed with 2.725 mL of a 4.00 g L� 1 aqueous H2O2 solution and 2.275 
mL of ACN. Then, 30 mg equivalent of HPMo or HPW were added (free, 
immobilized, or entrapped POMs). The MPS concentration in the me
dium is 16.1 mmol L� 1. At predefined time intervals, 120 μL aliquots 
were taken from the reaction medium and then centrifuged at 13300 
rpm for 1 min in a Thermo Scientific Heraeus Pico 17 Microcentrifuge to 

separate the solid catalyst from the liquid phase. From this latter (su
pernatant) 90 μL were taken and placed in a glass GC vial that already 
contains 90 μL MHD (internal standard), 50 μL of methanol (quencher 
for the reaction), and 220 μL of ACN (solvent). The quantification was 
performed by gas chromatography on a Trace GC Ultra from Thermo 
Scientific equipped with a flame ionization detector on an HP-5 Agilent 
J&W GC column (30 m length, 0.32 mm ID, 0.25 μm film, 7-inch cage). 
The injection was splitless and the detector temperature was 300 �C. The 
oven temperature program was set as follows: 40 �C for 4 min followed 
by heating to 240 �C at 10 �C min� 1, 2 min at 240 �C and finally cooling. 
This method allows the resolution of the various chemicals present in the 
reaction medium where the retention times for MPS, MPSO, MPSX, and 
MHD were at around 12, 16, 17, and 21 min, respectively. 

Control reactions were performed in the absence of hydrogen 
peroxide to investigate the adsorption of MPS onto POM-containing 
aerogels and POM-free aerogels. Further control reactions were car
ried out without a catalyst to check if the chemicals undergo any reac
tion in the presence of H2O2 and in the absence of POM molecules. 

Fig. 6. SEM micrographs of (a) S2; (b) S2–I–Mo; (c) S2–I–W; (d) S3; (e) S3–I–Mo; (f) S4; (g) S4–I–Mo aerogels.  
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3. Results and discussion 

3.1. FTIR spectroscopy 

The FTIR spectra of the various silica-based aerogels are reported in 
Fig. 1. The broad band observed between 3500 and 3000 cm� 1 is 
attributed to OH stretching of hydrogen-bonded water molecules [13] 
and the peak at 1630 cm� 1 is due to the deformation vibrations of OH 
groups [55]. The presence of the N–H stretching bands appearing at 
around 3300 cm� 1 and between 1550 and 1440 cm� 1 [56] for S1–F, 
S1–F–Mo, S1–F–W, S2, S2–I–Mo, and S2–I–W confirm the functionali
zation of the silica network by the amine group from APTES, either 
post-synthesis (S1–F) or pre-condensation (S2), as well as after the 
immobilization or entrapment of POMs. The bands appearing at 2920 
and 2850 cm� 1 attributed to CH2 asymmetric and symmetric stretching 
respectively [57], confirm also the surface functionalization of the aer
ogels with aminopropyl moieties. The C–H bands appearing for S1 
within the same range and the weak peak at 1384 cm� 1 are due to re
sidual unhydrolyzed methoxy groups [58]. The very intense Si–O vi
brations appearing in the 1200-1000 cm� 1 range and attributed to the 
transversal optical (TO) and longitudinal optical (LO) modes of the 
Si–O–Si asymmetric stretching vibrations reveal the existence of a dense 
silica network with bridging oxygen between two silicon atoms [59]. 
This intense band overlaps with the P–O vibration that is expected to 
appear at 1064 cm� 1 [60] for the aerogels where POMs are either 
immobilized or entrapped. The Si–O in-plane stretching vibration of 
Si–OH groups appearing at 955 cm� 1 was found to shift to lower energy 
after functionalization (S1–F and Si–F-POM). The FTIR spectrum of 
S1–F–Mo exhibits a weak peak at 960 cm� 1 that corresponds to the 
stretching vibration of Mo–O coupled to a shoulder at 869 cm� 1 

attributed to Mo–O–Mo vibrations [60]. These two vibrations confirm 
the immobilization of HPMo on the surface of amino-functionalized 
silica aerogel. The same vibration peaks are seen for S2–I–Mo, 
S3–I–Mo, and S4–I–Mo confirming the entrapment of HPMo within the 
silica network, however, their intensity for the entrapped POMs is 
weaker than for the immobilized POMs. The attenuation of peak in
tensities for entrapped POMs is due to the limited ability of 
metal-oxygen bonds to vibrate due to their enclosure within the silica 
network, whereas the immobilized POMs have more freedom. S1–F–W 
and S2–I–W show peaks at 897 cm� 1 and 907 cm� 1, respectively, 
attributed to W–O–W stretching vibrations confirming the immobiliza
tion and entrapment of HPW [61]. The P–O and W–O–W vibration peaks 
expected to appear at 1080 and 803 cm� 1 respectively are hindered by 

Fig. 8. Powder X-ray diffractograms for free HPMo and HPW.  

Fig. 7. TGA curves recorded for (a) free POMs; (b) S1- and T1-derived aerogels; 
(c) S2-, S3-, and S4- derived aerogels. 
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the intense Si–O vibration peaks [58,61]. The FTIR spectra of S4 and 
S4–I–Mo show peaks at 1429 cm� 1, 738 cm� 1, 704 cm� 1, and 481 cm� 1 

attributed to C––C stretching vibration and C–H in-plane and out-plane 
deformation of phenyl groups [58,62]. 

The FTIR spectra of titania aerogels (Fig. 2) show broad peaks be
tween 3500 and 3000 cm� 1 attributed to the overlap between OH 
stretching of hydrogen-bonded water molecules and TiO–H stretching of 
hydrogen-bonded titanol groups [63]. The bands at 1630, 1380 and 599 
cm� 1 correspond to the deformation vibrations of OH groups, C–H 
symmetric deformation of unhydrolyzed Ti–O–CH3 surface groups, and 
Ti–O–Ti stretching vibrations, respectively. The success of 
amino-functionalization is confirmed by the presence of a shoulder at 
around 3250 cm� 1 as well as bands appearing between 1510 and 1460 
cm� 1 attributed to N–H stretching vibrations [56]. Besides, the band 
appearing at 1214 cm� 1 is attributed to C–N stretching vibration [64]. 
The bands appearing for T1-F-Mo and T1-F-W at 1065 cm� 1 correspond 
to O–P–O stretching vibrations of the PO4 core in HPMo and HPW [60]. 
This vibration, as well as W–O and Mo–O translation appearing at 970 
cm� 1 and M-O-M vibrations at 890 cm� 1 and around 800 cm� 1 [65], 
confirm the immobilization of POM molecules on the surface of titania 
aerogel. 

3.2. Atomic Absorption Spectroscopy 

The amount of POM molecules either immobilized onto or entrapped 
into the aerogels has been quantified by AAS after converting the solid 
samples into liquids using an ETHOS UP High-Performance Microwave 
Digestion System from Milestone. The digestion process was performed 
in different strong acids, namely HCl, H2SO4, and HF before the quan
tification of molybdenum and tungsten. The results regrouped in Table 3 
show that the best immobilization was over amino-functionalized titania 
aerogels where the immobilized POMs exceed 80% of the initially used 
amount. On the other hand, the incorporation of HPMo into the silica 
network was found to be improved when MTMS was used along with 
TMOS in the synthesis. This could be due to favored intermolecular 
forces between POM molecules and the surface methyl groups intro
duced by using the MTMS precursor. An opposite behavior has been 
observed for S4–I–Mo when PhTMS/TMOS were used as silicon pre
cursors. The decrease in POM incorporation for S4–I–Mo could be due to 
the bulkiness of the phenyl group that leaves less space for POM mole
cules inside the gel porosity. Conversely, the entrapment of HPW within 
the silica network was not as successful as its immobilization, either on 
silica or titania aerogels. The calculated POM mass percent from AAS 
analysis was used in the assessment of the catalytic activity of the 
catalyst, either immobilized or entrapped. 

3.3. Nitrogen sorption technique 

The nitrogen adsorption-desorption experiments have been carried 
out on silica and titania aerogels pre- and post-immobilization or 
incorporation of POM molecules. The results are regrouped in Figs. 3 
and 4, and in Table 4. 

The nitrogen sorption over S1, S1–F, S1–F–Mo, and S1–F–W revealed 
type IV isotherms with distinct hysteresis disclosing the mesoporous 
nature of the materials. The calculated SSA for the silica aerogel (868 
m2 g� 1) decreases by surface functionalization with aminopropyl groups 
(372 m2 g� 1) and even further after immobilization of POM molecules 
(156 m2 g� 1 for S1–F–Mo and 130 m2 g� 1 for S1–F–W). A similar trend 
has been observed for the pore volume that dropped from 4.57 cm3 g� 1 

for the silica aerogel to 1.33 cm3 g� 1 by amino-functionalization, and 
0.32 cm3 g� 1 and 0.27 cm3 g� 1 after immobilization of POM molecules. 
This behavior has been previously observed [51] and is due to the 
presence of 3-aminopropyl groups and POM molecules on the surface of 
the aerogel. Thus, the accessible surface area is lowered and the pore 
volume and the average pore size are reduced. The observed hysteresis 
loops correspond to an assembly of non-interconnected ink-bottle pores 
with random size distribution of cavities and necks [66]. Interestingly, 
S1 and S1–F aerogels are 100% mesoporous and their mesoporosity 
decreases slightly after the immobilization of POM molecules. 

The incorporation of POMs within the S2, S3, and S4 silica aerogels 
decreased the SSA and Vp, however, the decrease is not as important as 
for S1. This discrepancy is due to the technique of encapsulating POM 
molecules during the formation of the silica network which leaves the 
pores less crowded and accordingly having a larger volume. The specific 
surface areas of the POM-entrapped aerogels are consequently greater 
since the surface of the material is cluster-free and more accessible by 
small molecules. Besides, the mesoporosity of the aerogels also dropped 
due to the incorporation of POMs. 

The N2 adsorption experiments onto titania aerogels pre- and post- 
functionalization and POM immobilization revealed their mesoporous 
nature. The behavior of these materials was found to be similar to silica 
aerogels. SSA and Vp of the titania aerogels (601 m2 g� 1; 1.90 cm3 g� 1) 
decrease after amino-functionalization (428 m2 g� 1; 0.69 cm3 g� 1) and 
anchoring the POM molecules on their surface (T1-F-Mo: 102 m2 g� 1 

and 0.13 cm3 g� 1; T1-F-W: 139 m2 g� 1 and 0.14 cm3 g� 1). Same as for 
silica aerogels, the hysteresis loops for T1 and T1-F reveal an assembly of 
non-interconnected ink-bottle pores with random size distributions of 
cavities and necks. However, the shape of the hysteresis for T1-F-POMs 
correspond to a combination to interconnected and non-interconnected 
ink-bottle pores. 

3.4. Scanning electron microscopy 

The SEM micrographs for the silica aerogels (Figs. 5 and 6) reveal the 
granular porous aspect of these materials before and after amino- 
functionalization, immobilization of POMs, and incorporation of 
POMs. Maintaining the granular morphology of these materials pre- and 
post-treatment, and after the immobilization or incorporation of the 
POMs is mainly due to the high porosity of the silica aerogels. The POM 
molecules are able to reach the pore cavities without forming any ag
gregates on the external surface of the aerogels. Conversely, the SEM 
micrographs for titania aerogels (Fig. 5) exhibited a granular aspect only 
for the T1 aerogels, whereas this aspect does not appear for amino- 
functionalized surfaces and after POM immobilization. This 

Scheme 1. Methyl phenyl sulfide oxidation in the presence of H2O2.  
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Fig. 9. HPMo-catalyzed oxidation of MPS. (a) Relative decrease of the concentration of MPS; (b) MPSO formation kinetics; (c) MPSX formation kinetics over 4 h.  
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observation is due to the lower porosity of titania compared to silica, and 
this upholds the measured decrease in SSA and Vp where titania aerogels 
show the lowest pore volumes after POM-immobilization. 

3.5. Thermogravimetric analysis 

The weight loss by as a function of temperature has been followed 
between room temperature and 950 �C for the various silica and titania 
aerogels. The profiles show distinct losses that are attributed to the 
various components of the materials (Fig. 7). The loss between room 
temperature and 200 �C is attributed to adsorbed water and residual 
solvents from the sol-gel synthesis [67]. Unmodified silica and titania 
aerogels show a greater weight loss compared to amino-functionalized 
ones. This is due to the acquired surface hydrophobicity after func
tionalization with aminopropyl moiety. This latter has a lower affinity to 
humidity than silanol groups. The second weight loss seen between 200 
and 400 �C for titania aerogels and between 200 and 600 �C for silica 
aerogels corresponds to the oxidation of residual organic groups and 
surface aminopropyl groups [68]. The third weight loss taking place at 
higher temperatures is mainly due to the sintering of the inorganic 
network and the degradation of POM molecules. This shows that HPW is 
much more stable than HPMo at high temperatures. The weight loss of 
HPW is summed up to 26% whereas it is 85% for HPMo. Taking into 
account the POM weight % for each of the aerogels calculated by AAS, 
the % weight loss of each POM and the amino-functionalized aerogels 
used for immobilization or incorporation, we found that the immobili
zation or incorporation of POM molecules made the composite material 
POM-aerogel gain stability versus the POM and aerogel separately. 

3.6. Powder X-Ray diffraction 

The X-ray diffractograms of pure HPMo and HPW exhibit all char
acteristic peaks of body-centered cubic secondary structure of Keggin 
anions at 8.5, 11, 26, and 36� (Fig. 8). Interestingly, none of these peaks 
appear in the diffractograms of immobilized and entrapped POMs in 
silica and titania aerogels (data not shown) which reveal amorphous 
structures. The absence of the crystalline signature in X-ray is attributed 
to the fine dispersion of POM molecules within the material, either 
immobilized onto the inorganic network or entrapped inside it thus fa
voring the interaction with the reactants in any catalytic reaction. 

3.7. Catalytic oxidation of methyl phenyl sulfide 

The oxidation of methyl phenyl sulfide (MPS) in the presence of 
hydrogen peroxide and a catalyst leads to the formation of two products: 
methyl phenyl sulfoxide (MPSX) and methyl phenyl sulfone (MPSO). 
This reaction is presented in Scheme 1. 

Before conducting the chemical reactions catalyzed with either free 
POMs or immobilized or entrapped into aerogels, control reactions have 
been performed. The first series of control reactions were conducted by 

Table 5 
Initial rates and pseudo-second order rate constant (k2) calculated for MPS 
oxidation reactions catalyzed by HPMo- and HPW-containing silica and titania 
aerogels.  

Catalyst Initial Rate (mol L� 1 h� 1) k2 (L mol� 1 min� 1) 

S1–F–Mo 8.21 � 10� 2  6.74 
S2–I–Mo 1.09 � 10� 1  22.04 
S3–I–Mo 4.78 � 10� 2  10.47 
S4–I–Mo 1.62 � 10� 1  162.77 
T1-F-Mo 8.01 � 10� 2  6.31 
S1–F–W 3.45 � 10� 2  1.17 
S2–I–W 9.75 � 10� 2  9.47 
T1-F-W 3.07 � 10� 2  1.40  

Fig. 10. HPW-catalyzed oxidation of MPS. (a) Relative decrease of the con
centration of MPS; (b) MPSO formation kinetics; (c) MPSX formation kinetics 
over 4 h. 
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mixing all reactants except H2O2 with the POM-containing aerogels and 
POM-free aerogels. Since H2O2 is the oxidant responsible for converting 
MPS into MPSX and MPSO, no conversion of MPS is expected. Moni
toring the MPS over 4 h did not show any decrease in its concentration; 
this confirms that MPS does not react in the absence of H2O2. This also 
shows that the aerogels do not have any catalytic effect on the reaction 
and that MPS does not adsorb onto the aerogels when present. The 
second set of control reactions were conducted by mixing all reactants in 
the reaction medium in the presence of POM-free aerogels. No produc
tion of MPSX and MPSO was observed under these conditions; this 
confirms that the presence of POM molecules is essential for the reaction 
to take place. The control reactions confirmed that the oxidation of MPS 
into MPSX and MPSO does not take place in the absence of the oxidant 
(H2O2) and the catalyst (POM molecules). 

The catalytic reactions conducted with free HPMo molecules 
revealed the fastest reaction rates in addition to the largest conversion of 
MPS (Fig. 9). This is attributed to the availability of the active sites of 
HPMo molecules when dispersed freely in the reaction medium. The 
behavior of HPMo was also found to depend on the technique used to 
support the POM molecules. Entrapping HPMo inside the inorganic 

network revealed a faster conversion of MPS compared to the immobi
lized ones. Interestingly, the results do not show any noticeable differ
ence in the rate of conversion of MPS in the presence of immobilized 
HPMo onto amino-functionalized silica or titania aerogels. This can be 
explained by the presence of HPMo molecules in similar chemical en
vironments where the silica and titania surfaces were functionalized by 
aminopropyl groups before the anchoring of POM molecules. Besides, 
S1–F–Mo has higher SSA and Vp than T1-F-Mo whereas the latter 
revealed the presence of more immobilized POMs by AAS. The balance 
between these parameters made the two aerogels behave similarly in 
catalysis. 

The entrapment of HPMo in silica aerogels led to faster reaction rates 
than when immobilized. The reaction catalyzed by S4–I–Mo was found 
to be the fastest with no noticeable difference between S2–I–Mo and 
S3–I–Mo. The reason for the fast reaction catalyzed by S4–I–Mo is the 
presence of phenyl group on the surface of silica aerogel that favors the 
π � π stacking with the phenyl moieties of the reactant. Consequently, 
the reactant gets attracted faster by the silica network where the POM 
molecules are entrapped which leads to a fast oxidation of MPS. It is 
worth mentioning that the amount of HPMo present in S4–I–Mo is the 
lowest, though it shows the fastest reaction. 

The immobilization and entrapment of HPMo were also found to 
affect the selectivity of the reaction. Fig. 9b and 9c show that the for
mation of industrially-interesting MPSX is favored over MPSO when 
supported HPMo is used, whereas the opposite is seen for the reaction 
catalyzed by free HPMo. This may be related to the oxidative power of 
the catalyst, which, when incorporated or functionalized becomes less 
labile and leads to the stabilization of the intermediate MPSX rather than 
MPSO. By comparing the results obtained for the various reactions, we 
can see that the chemical nature of the supporting medium influences 
the selectivity of the reaction. For instance, the reactions catalyzed by 
T1-F-Mo and S1–F–Mo do not lead to the same selectivity although the 
MPS conversion rates are identical. Since MPSX is significantly more 
interesting than MPSO from an industrial point of view, we can conclude 
that the best HPMo-based catalyst is S3–I–Mo that reveals the highest 
selectivity towards MPSX, the lowest towards MPSO, and a reasonable 
reaction rate coupled with a complete conversion of MPS after 60 min of 
reaction. S4–I–Mo could be also considered industrially since the reac
tion reaches its end within the first 20 min, however, its selectivity to
wards MPSX is not as good as S3–I–Mo. 

The reactions catalyzed with either free or supported HPW show a 
different behavior from the ones catalyzed with HPMo (Fig. 10). 
Although the free HPW was very well-dispersed in the reaction medium, 
however, its catalytic efficiency was not as good as the incorporated 
HPW within the silica aerogel. Moreover, the reaction catalyzed with 
S2–I–W revealed the highest selectivity towards MPSX and the lowest 
towards MPSO. This upholds the previous conclusion that the incorpo
ration of POM molecules within silica aerogels maintains the catalytic 
activity of the catalyst and shifts its selectivity towards the formation of 
MPSX. 

Table 5 regroups the calculated initial rates of the various reactions 
catalyzed with immobilized and entrapped HPMo and HPW. Fitting the 
catalysis data for the various heterogeneous catalysts with various ki
netic models showed that the reactions follow pseudo-second order ki
netics (Fig. 11), as per the following equation: 

t
CMPS� converted

¼
t

CMPS� equilibrium
þ

1
k2C2

MPS� equilibrium  

Where CMPS-converted is the concentration of MPS in the reaction medium 
at a time t (mol L� 1), CMPS-equilibrium is the concentration of MPS 
remaining in the medium when the reaction reaches a plateau (mol L� 1), 
and k2 is the pseudo-second order rate constant (L mol� 1 min� 1). Table 5 
regroups the data retrieved from the linear fits of t/CMPS-converted vs. 
time. This model suggests that the catalytic reaction depends on the 
reactants and the hybrid POM-aerogel. 

Fig. 11. Plots of linear pseudo-second order kinetics for MPS oxidation re
actions catalyzed by (a) HPMoand (b) HPW-containing silica and titania aero
gels. The inset in plot (a) represents the pseudo-second order kinetics over the 
first 45 min. 
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4. Conclusion 

Hybrid materials obtained by immobilization and entrapment of 
phosphomolybdic and phosphotungstic acids into porous silica and 
titania aerogels showed a high catalytic efficiency for the oxidation of 
methyl phenyl sulfide. The anchoring and the entrapment of the POM 
molecules within the silica network has been confirmed using various 
characterization techniques. The immobilization technique and the 
chemical nature of the solid support were found to affect the POM 
loading, as well as the specific surface area and porosity of the catalyst. 
The surface treatment of the aerogels before POM immobilization led to 
the decrease of their surface area and pore volume, which decreased 
drastically post-immobilization. A different behavior of the aerogels has 
been observed when the POM molecules were entrapped within the 
silica network. The POM loading for both techniques was comparable, 
though the specific surface area and pore volume were higher for the 
entrapped POMs. Besides, the POM molecules were found to be well 
dispersed within the network. 

The chemical nature of the inorganic network and the surface 
functionalization were found to affect the catalytic activity of the POM 
molecules. The incorporation technique constantly led to faster oxida
tion reactions of methyl phenyl sulfide because of the easier access of the 
MPS to the active sites of POMs. The reactions were found to follow 
pseudo-second order kinetics. Moreover, the use of incorporated and 
immobilized POMs as catalysts favors the selective oxidation of MPS into 
the industrially interesting MPSX. 
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