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Abstract−− Heteropolyacids are used as catalysts 

in numerous reactions because they are inexpensive, 

nontoxic, have high acid strength and excellent redox 

properties. They have been used as acid catalyst in 

different ways, and numerous studies indicate that the 

incorporation of Nb into the structure of a solid gen-

erates an increase in the acidity of the sample, both at 

Lewis and Brönsted acid sites. Heteropolyacids have 

low surface area, which makes it necessary to include 

them in a support to increase the surface area and al-

low their use as heterogeneous catalysts in liquid 

phase reactions because they are very soluble in polar 

solvents. In this work, the synthesis of catalysts con-

taining a niobium-doped heteropolyacid (PMoNb) in-

cluded in silica at different concentrations is reported. 

The catalysts were characterized by ICP-MS, FT-IR, 

XRD, potentiometric titration, and their catalytic ac-

tivity was tested in the selective oxidation of diphenyl 

sulfide to diphenyl sulfoxide, showing excellent re-

sults. 

Keywords−− Keggin Heteropolyacid, Heterogene-

ous Catalysis, Oxidation, Diphenyl Sulfide, Green 

Conditions. 

I. INTRODUCTION 

Catalysis is a powerful tool in Green Chemistry, and new 

methodologies for materials production using catalysts 

are in continuous development. Their use instead of 

strong oxidants and toxic solvents results in a cheaper, 

more efficient, and ecofriendly process.  

Keggin heteropolyacids (HPAs), such as phosphomo-

lybdic acid (PMo, H3PMo12O40·12H2O), are inorganic 

compounds constituted by twelve MoO6 octahedra sur-

rounding a central tetrahedron PO4 (Jeannin, 1998; Ruiz, 

2014). HPAs present strong acidity and multielectron 

properties, which allow their use instead of organic and 

inorganic acid in many reactions in liquid phase (Palermo 

et al., 2011). 

To improve the catalytic performance of HPAs, one 

or more addenda atoms should be replaced by different 

metallic ions. In particular, in this work Nb is used as 

doping element in PMo. Numerous articles indicate that 

the incorporation of Nb in the structure of a solid in-

creases the acidity in both Lewis and Brönsted sites 

(Datka et al., 1992; Park et al. 2011; Méndez et al. 2020; 

Zhang et al., 2021). Moreover, Nb has been used as acid 

catalyst in different ways (Tanabe and Okazaki, 1995; 

Tanabe 2003; Mahendran et al., 2021; Ferreira David et 

al. 2021). 

Due to the high solubility of HPAs in polar solvents 

and their low specific surface area, they are supported on 

different frameworks such as silica, alumina, and titania 

in order to enhance their performance as heterogeneous 

catalysts and make the isolation and reuse easier (Roc-

chiccioli-Deltcheff et al., 1990; Popa et al., 2011; Micek-

Ilnicka et al., 2012; Trueba and Trasatti, 2005). 

In this article, silica is used as support of the HPA. 

The porosity of siliceous catalysts, compared with bulk 

HPAs, enhances the performance since the reactants are 

spread into the catalyst, which favors their meeting, and 

consequently, the reaction occurs easily (Atkins et al., 

2010; Weber et al., 2010; Deutschmann et al., 2009). Be-

sides, the interaction between the active phase (HPA) and 

the silanols generates new electron motions in the heter-

ogeneous catalysts, which are not present in the pure sil-

ica or in bulk HPA. This could improve the oxidative ca-

pacity of the HPA-silica catalysts. For this work, the new 

materials were prepared by sol-gel method (Palermo et 

al., 2015). 

Wu et al. (1996) explained that the plausible mecha-

nisms of interaction between the HPA and the support 

could be by the formation of an outer-sphere surface 

complex. Due to the great difference in the acid strength 

of HPA and the support, many active intermediates could 

be formed, with their own acid strength and support in-

teraction.   

These two aspects lead to a low activation energy for 

the transfer of electrons and for the creation of anionic 

vacancies, which can be used by the substrate to interact 

with the catalyst. Then, in oxidations catalyzed by Mo 

oxides, the substrate reacts with oxo ions of the catalytic 

network instead of reacting with the oxygen of the reac-

tion medium directly. Therefore, the structure of the net-

work is regenerated when the catalyst reacts with the ox-

ygen of the medium. Consequently, the metallic ions of 

the catalyst are involved in oxide-reduction reactions that 

lead to oxygen transfer (Mitchell, 1974). In relation to the 

use of this type of compound as catalysts in oxidation re- 
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Scheme 1: Possible sulfur oxidation mechanism using 

H2O2 as an oxidizing agent and HPA as catalyst 

actions, there are two aspects of the Mo chemistry that 

are relevant: Mo is easily converted between its oxidation 

states +5 and +6, and the change in the coordination num-

ber for Mo6+ is easy to achieve, Mo complexes with 4, 5, 

and 6 ligands being very common. 

The general oxidation mechanism using HPA as a 

catalyst (reversible oxidant) is of the electron transfer 

type. Hydrogen peroxide in the presence of HPA gener-

ates an electrophilic intermediate that suffers a nucleo-

philic attack by the S atom of the sulfide, giving rise to 

sulfoxide. Subsequently, sulfoxide is associated with 

HPA, through oxygen, and the S of the sulfoxide (now 

with electrophilic characteristics) suffers a nucleophilic 

attack by a new H2O2 molecule (Scheme 1) (Maciuca et 

al. 2008; Smith et al. 2006). By incorporating a less elec-

tronegative element than Mo (Nb in this case) into the 

structure of PMo, the catalytic activity is expected to in-

crease. 

II. METHODS 

A. Synthesis of niobium-doped phosphomolybdic acid 

(PMoNb)  

PMoNb (H3PMo12-xNbxO40·13H2O) was prepared from a 

mixture of MoO3 (14.40 g), Nb2O5 (1.33 g), and H3PO4 

85% w/v (0.58 mL) in distilled water (150 mL) by hydro-

thermal synthesis at 75 ºC (Colombo Migliorero et al., 

2021).   

B. Synthesis of silica (SiO2) 

The bare support was prepared by sol-gel method. First, 

in a nitrogen atmosphere, tetraethyl orthosilicate (TEOS, 

34 mL) and absolute ethanol (43.5 mL) were mixed at 

room temperature. Then, acetic acid (10 mL) and distilled 

water (10 mL) were added under atmospheric conditions 

and stirred for 2 h (Palermo et al., 2013). 

C. Synthesis of PMoNb included in silica (PMo 

Nb-Si-7.5, PMoNb-Si-15, and PMoNb-Si-30) 

Under nitrogen atmosphere TEOS (34 mL) and absolute 

ethanol (30 mL) were mixed. Then, in atmospheric con-

ditions, PMoNb (0.75, 1.5, or 3 g) dissolved in absolute 

ethanol (13.5 mL) and distilled water (10 mL) were 

added and stirred for 2 h, and finally dried at room tem-

perature and milled. 

D. Synthesis of PMo included in silica (PMo-Si-15) 

TEOS (34 mL) and absolute ethanol (30 mL) were mixed 

under nitrogen atmosphere. Then, under atmospheric 

conditions and magnetic stirring, PMo (1.5 g) dissolved 

in absolute ethanol (13.5 mL) and distilled water (10 mL) 

were added and stirred for 2 h, and finally dried at room 

temperature and milled. 

E. Catalyst characterization 

For inductively coupled plasma mass spectrometry (ICP-

MS) Perkin Elmer NexION 300X equipment was used. 

Fourier transform infrared spectra (FT-IR) were meas-

ured in Bruker Vertex 70v equipment. X-ray diffraction 

(XRD) patterns were acquired in PANalytical X’Pert Pro 

333/00 equipment using CuKα radiation and Ni filter. Po-

tentiometric titration was used to obtain the total acidity 

using n-butylamine in acetonitrile (0.025 N) and 794 

Basic Titrino device. SEM micrographs were obtained in 

Philips 505 equipment using a voltage of 25 eV support-

ing the samples on graphite and metallizing them with 

gold. The samples for obtaining TEM micrographs were 

prepared by suspending the material in water and subject-

ing it to an ultrasonic bath for 15 min to promote disper-

sion; subsequently, drops of this suspension were placed 

on a grid provided with a Formvar® film and allowed to 

dry for 30 min. TEM micrographs were obtained using 

JEOL equipment, model 100 CX, operated at 100 kV, 

and model 1200 EX II. 

F. Catalytic test   

The catalyst (0.266 g), diphenyl sulfide (DPS, 0.167 mL), 

ethanol (8 mL), and aqueous H2O2 35% (w/V) (0.15 mL) 

were mixed in a glass tube and magnetically stirred at 

room temperature. A sample (0.1 mL) was taken every 

hour from the reaction mixture and treated with 1 mL of 

dichloromethane:distilled water (1:1). The organic layer 

was removed and dried on anhydrous Na2SO4, filtered 

off, and analyzed by gas chromatography (Shimadzu 

2014 with a Supelco column and a flame ionization de-

tector). 

III. RESULTS AND DISCUSSION 

The most relevant periodic properties of Nb are similar 

to Mo properties (Table 1), and the incorporation of Nb 

as doping element does not cause steric or electronic 

modifications. Keggin heteropolyanions are able to ac-

cept a huge number of electrons, without structural 

changes. This is possible due to the d0 configuration, 

which means that in the higher oxidation level, the orbital 

is empty and available to accept electrons (Buckley and 

Clark, 1985).  

Niobium catalysts PMoNb-Si-7.5, PMoNb-Si-15, 

and PMoNb-Si-30 present a green color, with an intensity 

that enhances with the HPA loading. The amount of 

PMoNb incorporated into the silica matrix was corrobo-

rated with ICP-MS assays (Table 2). 

The FT-IR spectra (not shown) of all samples, SiO2 

and included HPA, present the characteristic bands of 

amorphous silica structure. The strongest band, at 1078 

cm-1, is associated with O-Si-O stretching, and the shoul-

der at 1178 cm-1 appears for the stretching and bending 

modes. Additional signals of O-Si-O are at 798 and 453 

cm-1. The signal at 957 cm-1 is associated with Si-OH 

stretching, while the band at 1643 cm-1 corresponds to 

SiO-H stretching, and the broad band at 3500 cm-1 to  
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Table 1. Periodic properties of Mo and Nb 

Property Mo Nb 

Atomic mass 95.94 92.91 

Atomic radius (Å) 1.39 1.46 

Pauling atomic radius (Å) 0.62 0.70 

Covalent radius (Å) 1.45 1.37 

Electronegativity 1.8 1.6 
 

Table 2. PMoNb load (%) in the silica matrix  

Catalyst Theoretical 

load 

Obtained load 
a 

PMoNb-Si-7.5 7.5 10.1 

PMoNb-Si-15 15 18.1 

PMoNb-Si-30 30 31.9 
a by ICP-MS 

 
Figure 1: XRD patterns of SiO2 and included HPA 

 

O-H stretching (Martinez and Ruiz, 2002). The band lo-

cated between 570 and 630 cm-1 can be attributed to cy-

clotetrasiloxane ring deformation (Araujo-Andrade et al., 

2000). On the other hand, the characteristic bands asso-

ciated  with  the  Keggin  structure of HPA (1064 cm-1 

(P–Oa), 962 cm-1 (Mo–Od), 871 cm-1 (Mo–Ob–Mo), and 

780 cm-1 (Mo–Oc–Mo)) are overlapped with silica bands, 

which is an indication of the good dispersion of active 

phase into the support (Palermo et al., 2015). 

The XRD patterns of SiO2 and included HPA (Fig. 1) 

show the typical broad band of amorphous silica (marked 

in the figure with vertical lines) at 15-35 2ϴ and the thin-

ner one at 5-10 2ϴ (Popa et al., 2010). In the FT-IR spec-

tra, the signals of HPA cannot be observed since they are 

masked by silica bands. However, in PMoNb-Si-30 pat-

terns, a peak at 7 2ϴ is observed, which is assigned to 

HPA clusters. 

The acidity of solids was analyzed by potentiometric 

titration (Fig. 2). It was found that the catalysts with the 

highest amount of active phase, PMoNo-Si-30, present 

the highest acid strength (547 mV), followed by 

PMo-Si-15 (377 mV) and PMoNb-Si-15 (358 mV). Fi-

nally, PMoNb-Si-7.5 has an acid strength slightly lower 

than pure silica (98 and 126 mV, respectively). The fact 

that PMoNb-Si-30 has a strong acidity is another indica-

tion of an HPA agglomeration in the support framework. 

 
Figure 2: Potentiometric titration curves of SiO2 and included 

HPA 

 
Figure 3: SEM micrographs obtained for: a) SiO2, 

b) PMo-Si-15, c) PMoNb-Si-15 

The results obtained by SEM on the morphology of 

the synthesized siliceous compounds are shown below. 

Fig. 3 shows the SEM micrographs of the pure silica and 

of the HPAs included in silica, where the sheet morphol-

ogy that is characteristic of this support can be seen. 

Figure 4 shows the TEM micrographs obtained for 

the materials in which PMoNb was included at different 

concentrations. It is observed that these particles have an 

irregular shape where the small nanoparticles agglomer-

ate on the surface of another larger particle and straight 

sections, giving rise to an agglomerate with a size that 

varies from 0.6 µm for PMoNb-Si-7.5, which contains 

the lowest percentage of active phase, to 1.2 µm for the 

PMoNb-Si-30 catalyst, which has the highest percentage 

of active phase. 

The catalytic activity of the synthesized solids was 

evaluated in the selective oxidation of DPS to diphenyl 

sulfoxide (DPSO) (Scheme 2). When pure SiO2 was used 

as catalyst, the DPS conversion was null after 24 h, indi-

cating that the support does not catalyze the reaction. 

PMoNb-Si-15 gave a conversion of 92.0% and a DPSO 

selectivity of 93.9% after 4 h of reaction. Compared to  
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Figure 4: TEM micrographs obtained for: a) PMoNb-Si-7.5,  

b) PMoNb-Si-15, c) PMoNb-Si-30 

 
Scheme 2: Sulfoxidation of diphenyl sulfide 

PMo-Si-15 (40.6% DPS conversion), the presence of Nb 

as doping element enhances the catalytic activity. 

With respect to the different HPA loads (Fig. 5), it 

was found that when 7.5% of PMoNb was included, the 

conversion achieved was only 10% after 7 h. Meanwhile, 

using 15% and 30% of active phase, a DPS conversion of 

92.0% was reached with both catalysts after 4 h. Also, it 

can be noticed that when PMoNb-Si-7.5 is used as cata-

lyst, after 24 h the conversion was high (90%) and this 

value was close to those obtained when PMoNb-Si-15 or 

PMoNb-Si-30 was used (100%). This behavior was in ac-

cordance to the low amount of active phase that is present 

in PMoNb-Si-7.5, so the same quantity of the reagent 

takes longer to convert, however, high conversion was 

achieved in a longer reaction time. 

The DPSO selectivity after 4 h was was 93.9% and 

96.1% for PMoNb-Si-15 and PMo-Si-30, respectively. 

At longer reaction times, the selectivity toward DPSO de-

creases due the further oxidation to diphenyl sulfone 

(Fig. 6).  

In order to compare the catalytic stability of 

PMoNb-Si-15 and PMoNb-Si-30, the reuse of these cat-

alysts was evaluated. For this, the catalysts were sepa-

rated from the reaction media, washed with fresh ethanol, 

dried and used in a new reaction cycle. Figures 7 and 8 

show the DPS conversion in successive cycles for 

PMoNb-Si-15 and PMoNb-Si-30, respectively. There 

was an important loss of catalytic activity with the cata-

lyst with higher HPA load, while PMoNb-Si-15 main-

tained its performance at least in four reaction cycles, in-

dicating that the latter is the catalyst with the optimal con-

centration of active phase. 

 
Figure 5: DPS conversion using SiO2 and included HPA 

 
Figure 6: DPSO selectivity using PMoNb-Si-15 and 

PMoNb-Si-30 

 
Figure 7: DPS conversion in PMoNb-Si-15 reuses 

IV. CONCLUSIONS 

According to the results obtained with the different char-

acterization techniques of the synthesized solids and their 

evaluation as catalysts in the sulfoxidation of DPS, we 

can conclude that 15% of active phase is the optimal load, 

since a lower concentration reduces the catalytic activity. 

However, if a huge amount of HPA is incorporated, clus-

ters of HPA are formed within the silica structure, favor- 
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Figure 8: DPS conversion in PMoNb-Si-30 reuses 

ing the leaching of active phase into the reaction medium, 

and the performance in the reuse decreases.  

The synthesized material PMoNb-Si-15 showed high 

catalytic activity in the studied reaction, both in conver-

sion and selectivity toward the desired product. The reac-

tion conditions used in the synthesis of the catalyst and 

in the oxidation of sulfide are in accordance with the prin-

ciples of Green Chemistry.  

Currently, we are testing the use of the catalyst for the 

selective oxidation of sulfides with different structures. 
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