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a b s t r a c t
In this study, the tungstophosphates structural-family series (PW9, P2W12, P2W15, P2W18, P4W24, P5W30, 
P6W18, and P8W48) were successfully immobilized onto silica aerogels (tetraethyl orthosilicate aerogel, 
TEOS) via a facile reaction method, under mild conditions. The chemical and structural properties 
of the prepared hybrid materials were assessed by various techniques such as Fourier transform 
infrared spectroscopy (FTIR), thermal gravimetric analysis, and X-ray diffraction. Additionally, 
FTIR, UV-visible (UV-Vis), Brunauer–Emmett–Teller, scanning electron microscopy, and ener-
gy-dispersive X-ray techniques eased our understanding for the loading of polyoxometalates (POMs) 
and their distributions onto the surface of silica aerogels. The most important analysis, in this study, 
is the nitrogen adsorption–desorption technique that showed a significant increase in the specific 
surface area and pore volume of the hybrid catalysts after the immobilization in comparison to the 
pristine POM counterparts, thus enhancing the probability of the surface-active sites. The photocat-
alytic activities of these photocatalysts were tested toward the cationic Methylene Blue dye model 
(MB) under ultra-violet light irradiation. The results obtained by UV-Vis and MS analyses confirmed 
that the MB can be removed by the prepared photocatalysts with maximum degradation efficiency 
of 75%–95% and 90%–98% in 120 min, for POMs and POM-TEOS hybrids, respectively.

Keywords:  Polyoxometalates; Silica aerogels; Immobilization; Hybrid catalysts; Methylene Blue; 
Photocatalytic degradation

1. Introduction

Organic dyes are widely used in various industrial 
fields such as in textile, leather tanning, food industries, 
and plastics, all of which may contaminate water, upon 
waste disposal, with serious environmental problems 
[1,2]. Also, such industries would cause carcinogenic prob-
lems to humans due to their toxicities generated from dye-
ing paper, paints, and silk textiles [3]. In addition, 15% of 
dyes are released from the effluent of textiles during the 

process of dyeing [4]. Accordingly, it is urgent to find an 
efficient solution for the organic dyes in wastewater before 
springing it back into nature. Methylene blue, an aromatic 
dye, is usually used as a model reaction in order to study 
the photocatalytic effects due to the apparent disappearance 
of its blue color during the photocatalytic degradation [5]. 
Alternatively, the most important part of photocatalysis is the 
detection of intermediate products and the different proposed 
degradation mechanism pathways [6–8]. The main and only 
controversy is about the degradation of the dye taking place 
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either at the central aromatic ring or at the methyl group on 
the benzene ring [9].

Polyoxometalates (POMs) are a family of discrete metal 
oxide frameworks characterized by controllable size and 
shape [10–17]. They possess various compelling properties 
that make them chemically attractive in redox reactions and 
especially in oxidation reactions for homogeneous and het-
erogeneous systems, as well as having strong acidity sur-
faces exhibiting oxo groups with highly negative charges 
[18]. Interestingly, POMs became the main focus of attention 
in recent chemical research due to their novel molecular and 
structural compositions making them more chemically reac-
tive and attractive [19–33].

Furthermore, POMs are highly soluble in water and as 
such are difficult to be separated from the solution mixture, 
as well as having low surface areas [34]. In order to overcome 
these barriers, the immobilization of POMs onto porous 
materials and solid supports like titania [35], silica [36], 
zirconia [37], and activated carbon [38], thus creates highly 
mesoporous hybrid composites, as insoluble and heteroge-
neous catalysts for environmental applications, exhibiting 
good adsorption activity [19–21].

We report herein the immobilization of phospho-
rus-based POMs family (Na9[α-PW9O34]·7H2O, PW9; K12[α-
H2P2W12O48]·24H2O, P2W12; Na12[α-P2W15O56]·24H2O, P2W15; 
K6[α-P2W18O62]·14H2O, P2W18; K16Li2[H6P4W24O94]·33H2O, P4W24; 
K12.5Na1.5[NaP5W3O110]·15H2O, P5W30; Na20[P6W18O79]·37.5H2O, 
P6W18; and K28Li5[H7P8W48O184]·92H2O, P8W48) onto silica 
aerogels (TEOS). The prepared materials were used as effi-
cient heterogeneous catalysts for the photodegradation of 
Methylene Blue (MB) in aqueous solutions under ultra-violet 
light irradiation. The prepared photocatalysts were charac-
terized by Fourier transform infrared spectroscopy (FTIR), 
UV-visible spectroscopy (UV-Vis), powder X-ray diffrac-
tion (XRD), scanning electron microscopy (SEM), energy- 
dispersive X-ray spectroscopy (EDX), nitrogen sorption 
Brunauer–Emmett–Teller studies (BET), atomic absorption 
spectroscopy (AAS), thermal gravimetric analysis (TGA), 
and mass spectrometry (MS). Based on our UV-Vis analyses 
and the obtained MS results, we report a proposed mecha-
nism for the photocatalyic degradation of MB.

2. Materials and methods

In this work, all reagents and solvents used for the syn-
theses of the hybrid materials were purchased from Merck 
(Germany), Sigma-Aldrich (Germany), Acros Organics 
(Belgium), Fluka (Germany), Alieh (Lebanon), Alpha Chemika 
(India), and Himedia (India). Specifically, methylene blue 
(C16H18ClN3S·3H2O) was supplied by Merck (Germany). 
All chemicals were used as received without further puri-
fication. In addition, double distilled water and deionized 
water were freshly prepared in the lab.

2.1. Preparation of heteropolytungstates and silica aerogels

Primarily, the the used heteropolytungstates (Fig. 1) were 
synthesized according to known methods in the literature 
[39,40]. On the other hand, silica aerogels were prepared 
according to our previous work [33,41,42]. Typically, the syn-
thesis of TEOS aerogels was carried out in two steps of a sol–gel  

process comprising of hydrolysis and condensation, followed 
by CO2 supercritical drying. The final and optimized molar 
ratios of reagents used were Si–(OC2H5)4 (1 M), methanol 
(12 M), H2O (6 M), HCl (3 × 10–3 M), and NH3 (6 × 10–3 M).

2.2. Immobalization of heteropolytungstates onto the surface of 
silica aerogels

The procedure of POM immobilization onto the surface 
of TEOS aerogels followed a typical method described by 
Al-Oweini et al. [33], where 0.25 g of each POM was added 
to 0.5 g of TEOS aerogels in 35 mL of methanol, the mixture 
was then kept under reflux for 3 h, which was later filtered 
and washed with methanol, and finally the desired product 
was dried under vacuum.

2.3. Characterization

2.3.1. Material properties

The characterization of the prepared hybrid photo-
catalysts were characterized by FTIR spectroscopy (Nicolet-
Avatar 370, United States) in the range 400–4,000 cm–1 to 
confirm purity of the prepared samples in comparison to 
literature data. XRD patterns were recorded on a BRUKER 
(Germany) D8 advance X-ray diffractometer, employing 
Cupper Kα radiation (λ = 1.5418 Å). TGA was obtained on a 
BRUKER (Germany) TGA-IR TENSOR 27 NETZSCH TG 209 
F1 LIBRA in order to confirm the chemical and structural 
properties of the catalysts. The elemental content of tung-
sten in the catalysts was performed using a SOLAAR atomic 
absorption spectrophotometer with ASX-510. Additionally, 
SEM images and EDX spectra were obtained on a MIRA3 
LMU equipped with an OXFORD (England) EDX detector 
by TESCAN (Czech Republic) to improve the morphology 

Fig. 1. Polyhedral representation of the used POMs. (A) PW9, 
(B) P2W12, (C) P2W15, (D) P2W18, (E) P4W24, (F) P5W30, (G) P6W18, 
and (H) P8W48. Color code, polyhedra: WO6 (red), PO4 (yellow).
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and the percentage by atoms of the elements present in the 
hybrid catalysts. The most important technique used was 
the Nitrogen adsorption–desorption studies, performed 
on a BET NOVA 2200 automated surface area and probe 
size analyzer with NOVA AWIN2 software, to assess the 
loading distribution of the POMs onto the surface of the 
TEOS aerogels, which provided additional infor mation 
like the surface area, pore size, and pore volume.

2.3.2. Photocatalytic activity

The photodegradation reactions were performed under 
ultraviolet irradiation (mercury lamp 100 W, 254 nm) in a 
photochemical reactor (ACE Glass). The aqueous solution 
of MB (50 mL, 2.975 × 10–5 M) was placed in a quartz tube 
inside the photoreactor and the hybrid materials (75 mg) 
were added with continuous stirring to ensure the uni-
form homogeneity of the solution. At a 15 min time inter-
val, 1 mL aliquot was collected and centrifuged in order 
to remove any precipitate. Then, the filtrate was analyzed 
using the UV-Vis spectroscopy where the variations at max-
imum wavelength (665 nm) were recorded. This process 
was repeated three times to test the reliability and repro-
ducibility of the measurements at the same conditions, 
and complete results are presented in Fig. S1 and Table S1.

3. Results and discussion

3.1. Physicochemical properties of POMs/TEOS hybrid materials

3.1.1. Infrared spectroscopy

The FTIR spectra in Figs. S2–S9 of the prepared catalysts 
revealed the existence of the characteristic bands at 1,080, 
982, 890, and 796 cm–1 assigned to P-Oa, W-Ot, P-(W-Ob-W), 
and (W-Oc-W) vibrations, respectively, that are relevant to 
the POMs [10–12]. Furthermore, the characteristic bands 
of the TEOS aerogel are similar to those in the literature 
(Table 1) [43]. A shift in the band position corresponding to 
Si–O–Si (LO and TO mode), υB (Si–O), υS (Si–O) in all TEOS-
POM hybrid catalysts are assigned at 1,230; 1,050; 960; and 
795 cm–1, respectively, thus confirming the immobilization 
of POMs as well as indicating a change in the chemical envi-
ronment due to the silica-POMs linkage [10–12,33,42,44].

3.1.2. Nitrogen adsorption–desorption study

The BET analysis in Fig. 2 shows the nitrogen adsorp-
tion–desorption isotherms for the obtained hybrid materials 
with hysteresis loops of type I and the isotherms of type IV. 
Moreover, the specific surface area varies between 250 and 
900 m2/g where the larger numbers lead to more efficient 
photocatalytic activity. Additionally, the pore size distribu-
tion was shown in Fig. 3 with a broad size distribution peak, 
and the total pore volume of materials fluctuates between 0.2 
and 0.7 cm3/g as summarized in Table 2. Also, the decrease in 
the specific surface area from free TEOS aerogels to hybrid 
TEOS-POMs as shown in Table 2 implies the successful 
immobilization and the pores’ occupation by heteropoly-
tungstates, where these results are in accordance with our 
previous work about the immobilization of POMs onto TEOS 
aerogels [33,41].

3.1.3. SEM and EDX spectroscopy

The SEM in Fig. 4 shows the shape and morphology of 
the heteropolytungstate particles with a fine nanostructure 
which are aggregated into clusters due to the small dimen-
sions of obtained particles. Furthermore, the SEM exposed 
the supported heteropolytungstates on the porous silica 

Table 1
Characteristic vibration frequencies (cm–1) in FTIR spectra of 
TEOS Aerogel and TEOS-POMs

Vibrations (cm–1)

TEOS Aerogel 1,230 1,050 960 795
TEOS-PW9 1,245 1,037 947 801
TEOS-P2W12 1,230 1,083 917 797
TEOS-P2W15 1,240 1,072 938 806
TEOS-P2W18 1,240 1,038 963 798
TEOS-P4W24 1,234 1,077 944 795
TEOS-P5W30 1,235 1,029 953 795
TEOS-P6W18 1,223 1,090 963 800
TEOS-P8W48 1,239 1,050 950 802

Table 2
Data points of specific surface area (m2/g), total pore volume (cm3/g), volume of mesopores (cm3/g), and volume of micropores (cm3/g) 
for TEOS Aerogel and TEOS-POMs

Specific surface 
area (m2/g)

Total pore 
volume (cm3/g)

Volume of 
mesopores (cm3/g)

Volume of 
micropores (cm3/g)

TEOS aerogel 925 0.77 0.43 0.34
TEOS-PW9 308 0.43 0.40 0.02
TEOS-P2W12 284 0.47 0.45 0.02
TEOS-P2W15 254 0.26 0.21 0.06
TEOS-P2W18 758 0.65 0.36 0.29
TEOS-P4W24 796 0.70 0.41 0.28
TEOS-P5W30 525 0.53 0.38 0.15
TEOS-P6W18 308 0.51 0.49 0.02
TEOS-P8W48 381 0.38 0.27 0.11
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aerogels at the nanometer scale (500 nm). It is clearly evi-
dent that the morphology of the particles is heterogeneous 
in all cases, thus confirming the uniform distribution of 
POMs onto the silica aerogel pores. The elemental analysis 
of the hybrid materials was carried out by EDX on the SEM 
as shown in Table 3, the results confirmed that the compo-
sition of the hybrid materials was in accordance with the 
initial elemental composition without any impurities.

3.2. Thermal gravimetric analysis

The thermogravimetric analyses in Fig. 5 indicate that 
some POMs and TEOS-POMs exhibit two main weight loss 

steps. The TGA curves show the thermal stability with stands 
up to 1,000°C. Initially, in the range of 125°C–225°C contrib-
utes to the weight loss of 6%–14%, attributed to the release 
of coordinated and interstitial (non-coordinated) water 
molecules. The second weight loss step evident for some 
samples at approximately 1% in the range of 460°C–500°C 
represents the decomposition of the remaining structures 
(organic molecules).

3.3. X-ray diffraction

The experimental XRD patterns show that the posi-
tions of peaks are in good agreement with each other, thus 
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showing similarity and phase purity. Also, the simulated 
XRD patterns of a pure TEOS aerogel, pure POMs, and the 
hybrid catalysts TEOS-POMs in Figs. S10–S17 show that 
some of the diffraction peaks indexed to POMs disappeared 
and the appearance of a broad peak around 2θ = 24° which 
is related to the amorphous silica aerogels in the case of 
TEOS-POM materials. All the variation in peaks revealed 
that a successful immobilization emerged in all TEOS-
POM hybrid catalysts.

3.4. UV-Vis analysis and photocatalytic activity

It is widely known in the literature that POMs can be 
used as green photocatalysts for the treatment of water 
from organic pollutants [19–21]. The UV light irradiation 
induces POMs and TEOS-POMs to produce oxygen by 
excitation of electrons from the highest occupied molecu-
lar orbital (HOMO) to the lowest unoccupied molecular 
orbital (LUMO). The HOMO needs one electron from 
water molecules which gets oxygenated to form OH rad-
icals in order to completely achieve the photocatalytic 
process [35,45,46].

Fig. 6 shows the spectra of MB solution during the 
photodegradation under UV light irradiation in the pres-
ence of 75 mg of POMs and TEOS-POM hybrid catalysts. 
The spectra confirm that the cationic MB molecules are  
preferentially adsorbed on TEOS-POMs and degraded on 
POMs. Moreover, the surface of the hybrid catalysts pos-
sessing a strongly negative charge absorbs the cationic MB 
molecules via electrostatic interactions.

Furthermore, the concentrations of MB (C/C0) as a func-
tion of irradiation time in minutes were plotted in Fig. 7, 
where C0 is the initial concentration of MB before the addi-
tion of catalysts. It is clearly seen that the absorbance of MB 
decreased obviously with time in all cases of catalysts with 
different photocatalytic efficiencies. An aliquot of the MB 
solution has been retrieved every 15 min for UV measure-
ments, which resulted in 75%–95% degradation of MB for 
POMs and 90%–98% for TEOS-POMs.

The degradation results demonstrate that all POMs and 
TEOS-POM hybrid catalysts are good candidates and effi-
cient photocatalysts for the degradation of MB. Additionally, 
the scrutinized experimental observations revealed that 
the color of MB changed from blue to light blue and then 
colorless after UV irradiation for 120 min, thus showing an 
almost complete degradation of MB. Moreover, the results 

indicate that the POMs and TEOS-POM hybrid catalysts 
have high selectivity towards MB degradation and are 
active in a relatively short period of time.

3.5. Intermediate products and mass spectra analysis of MB

The color of MB is dependent on two different factors, 
the chromophore group which is the conjugated system 
N–S at the central aromatic heterocycle, and the auxo-
chrome group pertaining to the N-containing groups with 
lone pair electrons at the benzene ring [47]. In addition, the 
removal of MB during the photocatalytic process involves 
the adsorption as well as the degradation using the POMs. 
Based on the differences in color at the end of the photo-
degradation, accordingly two possible mechanisms were 
proposed for MB degradation.

Many peaks of different intensities are shown in the 
MS spectra in addition to the peak of MB, which indicates 
the variation in concentration and the composition of the 
products during the degradation. The intermediate prod-
ucts formed during the photocatalytic degradation reac-
tion were detected and identified using MS equipped 
with an electrospray ionization at the positive ion mode. 
Various intermediate products were formed in all cases 
of POMs and TEOS-POMs as shown in Fig. 8 including 

Table 3
EDX elemental analysis of the TEOS-POMs

Weight % C O Si K Na P W

TEOS-PW9 9.82 37.76 20.68 – 2.40 1.25 28.09
TEOS-P2W12 10.44 37.50 22.97 3.78 – 1.15 29.31
TEOS-P2W15 19.68 42.13 17.59 – 0.90 0.63 19.08
TEOS-P2W18 24.82 38.59 30.06 0.17 – 1.21 5.17
TEOS-P4W24 11.77 41.79 15.02 2.50 – 0.72 28.20
TEOS-P5W30 32.13 40.30 8.06 – 0.33 4.05 15.13
TEOS-P6W18 5.76 48.94 28.35 – 2.80 0.94 13.20
TEOS-P8W48 9.40 49.28 29.50 0.77 – 0.44 10.61
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2-amino-5-(methyl amino)-hydroxybenzene sulfonic acid 
(m/z = 218), 2-amino-5-(N-methyl formamide) benzene 
sulfonic acid (m/z = 230), azure A (m/z = 270), and azure B 
(m/z = 256). Furthermore, azure A and azure B have been 
obtained by the demethylation cleavage as reported in the 
literature [48,49], the intermediate products are in agreement 
in terms of their masses with the eluted intermediates.

3.6. Effect of POM types

It was noticed in some cases, as shown in Fig. 9, that 
as the number of phosphorous atoms increase within the 

POMs and TEOS-POMs, hence the percentage of removal 
efficiency in MB also increases. Moreover, it is evident 
that the MB degradation increases in efficiency going from 
P2W15 and TEOS-P2W15, then P6W18 and TEOS-P6W18, and 
then P8W48 and TEOS-P8W48. This increase in efficiency is 
due to the higher reactivity as well as the ease of assem-
bly neutralized with counter cations similar to MB mol-
ecules in solution. Additionally, the primary structure 
leads to the formation of a secondary structure and then a 
tertiary structure thus acquiring more physical and chem-
ical properties like porosity, particle size, and surface  
area [50].
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4. Conclusion

In summary, the hybrid catalysts of TEOS-POMs have 
been successfully synthesized via a facile method, followed 
by full characterization using XRD, TGA, and IR to con-
firm purity as well as their chemical structure. The higher 

dispersion of immobilized POMs is confirmed by UV-Vis, 
BET, SEM, and EDX studies, which implies successful load-
ing of POMs onto the network of the silica aerogels. The 
photocatalytic investigations of the hybrid catalysts show 
excellent activity towards the degradation of MB molecules 

  

  

  

  

Fig. 8. Mass spectra of MB intermediates during photocatalytic degradation process.
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under ultraviolet irradiation. The highest removal effi-
ciency for MB was achieved between 75% and 98% in the 
first 15 min which readily remained constant after 120 min 
for POMs and POM-TEOS hybrids. Moreover, the formed 
intermediate products during the photocatalytic process 
were identified and confirmed by MS analyses.
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Fig. S1. Plot of removal efficiency percentage of MB of all POMs and TEOS-POMs at three cycles.
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Fig. S2. FTIR spectra of TEOS aerogel, TEOS-PW9, and PW9.
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Fig. S3. FTIR spectra of TEOS aerogel, TEOS-P2W12, and P2W12.
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Fig. S4. FTIR spectra of TEOS aerogel, TEOS-P2W15, and P2W15.
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Fig. S5. FTIR spectra of TEOS aerogel, TEOS-P2W18, and P2W18. 
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Fig. S7. FTIR spectra of TEOS aerogel, TEOS-P5W30, and P5W30.
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Fig. S10. XRD patterns of TEOS aerogel, PW9, and TEOS-PW9.
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Fig. S11. XRD patterns of TEOS aerogel, P2W12, and TEOS-P2W12.
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Fig. S9. FTIR spectra of TEOS aerogel, TEOS-P8W48, and P8W48.

4000 3500 3000 2500 2000 1500 1000 500

%
 T

ra
ns

m
itt

an
ce

 (a
.u

.)

Wavelength (cm-1)

 TEOS Aerogel
 TEOS-P8W48

 P8W48

Fig. S8. FTIR spectra of TEOS aerogel, TEOS-P6W18, and P6W18.
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Fig. S6. FTIR spectra of TEOS aerogel, TEOS-P4W24, and P4W24.
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Fig. S13. XRD patterns of TEOS aerogel, P2W18, and TEOS-P2W18.
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Fig. S16. XRD patterns of TEOS aerogel, P6W18, and TEOS-P6W18.
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Fig. S17. XRD patterns of TEOS aerogel, P8W48, and TEOS-P8W48.
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Fig. S14. XRD patterns of TEOS aerogel, P4W24, and TEOS-P4W24.
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Fig. S15. XRD patterns of TEOS aerogel, P5W30, and TEOS-P5W30.
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Fig. S12. XRD patterns of TEOS aerogel, P2W15, and TEOS-P2W15.
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Table S1
Removal efficiency percentage of POMs and TEOS-POMs at three cycles and their average

Cycle 1 (%) Cycle 2 (%) Cycle 3 (%) Average (%)

PW9 79 74 75 76
TEOS-PW9 92 90 88 90
P2W12 85 81. 88 85
TEOS-P2W12 99 96 99 98
P2W15 94 95 98 96
TEOS-P2W15 99 99 97 98
P2W18 72 76 74 74
TEOS-P2W18 95 99 99 98
P4W24 81 82 82 82
TEOS-P4W24 90 93 90 91
P5W30 81 81 83 82
TEOS-P5W30 94 98 100 97
P6W18 95 93 91 93
TEOS-P6W18 95 97 94 95
P8W48 95 92 97 95
TEOS-P8W48 99 99 96 98


