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Abstract
The present study provides a complete perspective of recyclable molybdovanadophosphoric acid immobilized on kao-
lin (MVPA/Kaolin), a hybrid material for catalytic degradation of the dye, Chromotrope 2R in water under mild reaction 
conditions. Novel MVPA/Kaolin was synthesized with an advanced impregnation method. The material was characterized 
with PXRD, FTIR, ICP-OES, SEM–EDX, TEM, TGA, surface area, porosity, and 31P NMR measurements. The material that can 
be classified as a Keggin type catalyst, could be used for hydrogen peroxide oxidation of aromatic azo (–N=N–) dyes 
with –OH and –SO3H functional groups. The degradation showed excellent conversion of 99.1% under optimum condi-
tions of normal pressure and 60 °C temperature. Products like malonic acid and oxalic acid have been identified as the 
final products with GC–MS analysis. The present work has demonstrated the application of a simple and effective catalyst 
for degradation of azo dyes and the catalyst had the reusability capacity of up to six cycles without loss in performance.
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Article Highlights

• The hybrid MVPA/Kaolin material presents a novel cata-
lyst for degradation of dyes in water.

• The characterization of the material yields useful 
insight into its functioning as a catalyst.

• MVPA/Kaolin has shown significant catalytic activity 
with durability and recyclability.
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1 Introduction

Heteropoly acids (HPA) with their superior redox char-
acteristics and unique Keggin structure, have played 
an important role in synthesis and applications. These 
materials contain mesoporous and microporous heter-
opoly materials and heteropoly anions with oxo-bridged 

multiple centers. The heteropoly acids have the advantage 
that they could be used to design new catalytic materi-
als. The only limitation in their utilization is the uncertain 
surface area and the lack of thermal stability. Many studies 
have revealed that supporting HPAs on acceptable carriers 
and impregnating them with appropriate chemical spe-
cies boost their functionality significantly [1–4]. The acid 
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and redox characteristics of metals inserted into the HPA 
framework could be altered to ensure their utilization for 
varied purposes [2]. For example, their selective oxidation 
properties could be exploited to create fine chemicals 
and pharmaceuticals. The vanadium-substituted molyb-
dophosphoric HPAs have shown a good potential for use 
as catalysts. It has been shown that incorporating vana-
dium (V) into the Keggin framework results in getting 
significantly advantageous redox catalysis [5–10]. Molyb-
dovanadophosphoric acid, supported on mesoporous 
material, MCM-41, nano silica ball (NSB), mesoporous 
carbon (MC), and SBA-15, could be utilized as catalysts in 
oxidation reactions using the harmless  H2O2 as the oxidiz-
ing agent [4, 11]. Traditional oxidation procedures employ 
expensive chemicals and operate at high temperatures 
with yields being very often limited [12]. This has led to a 
continuous search for better catalytic materials that could 
be used under mild reaction conditions for degrading haz-
ardous chemicals in water.

Dyes and pigments are routinely utilized in a large 
number of chemical industries including textiles, leather, 
food, paper, plastic and other industries. The effluents 
from these industries carry a high concentration of these 
chemicals, many of which are harmful to the environment 
[13]. The removal of dyes and associated chemicals from 
these wastewaters has long been a key industrial concern. 
The current study had the limited goal of degrading the 
dye, Chromotrope 2R (Acid Red 29) via oxidation in the 
presence of a catalyst. Chromotrope 2R is an azo dye with 
the azo group (N=N) as the chromophore and an aro-
matic structure with functional groups OH and –SO3H. In 
nature, azo dyes have been recognized as harmful as they 
are known to be carcinogenic with major environmen-
tal effects [14–16]. For treatment of such dye-containing 
wastewater, advanced oxidative degradation has always 
been considered as an effective, green and sustainable 
way to combat pollution. Simple Fenton type oxidation 
processes have been tried very often but have limited 
application potential. Photochemical oxidation processes 
such as those utilizing Gd2O3 (15%)–CdO nanocomposite 
as the catalyst have been tried for the catalytic degrada-
tion of Methylene blue [17]. Pure ZnO nanoparticles (NP) 
and mixed  Eu2O3 and ZnO have also been tried for the 
photocatalytic decomposition of methylene blue and the 
results showed that 5%  Eu2O3 and ZnO NPs showed the 
highest photocatalytic activity of 96.5% under 180 min of 
UV irradiation [18]. The degradation pathway of the dye 
under UV irradiation with synthesized α-Bi2O3 nanorods 
has also been investigated [19]. The present work on 
advanced oxidation was undertaken to investigate pho-
tocatalytic degradation/mineralization of an azo dye in 
water. It is to be noted that the photocatalytic process 
transforms the azo dye into numerous biodegradable 

intermediates or may completely destroy it, resulting in 
complete mineralization, yielding the ultimate products, 
 CO2,  H2O, and some inorganic salts, making it possible to 
discharge the final products safely into the environment. 
The final oxidation produces may include low molecular 
weight oxygenated molecules, like oxalic acid, acetic acid, 
propionic acid, ethanol, and others [12].

Adsorption, coagulation, oxidation, reduction, microbi-
ological oxidation, photo catalysis, and biodegradation are 
some of the well-known strategies for removing colors and 
pigments from wastewater [9, 18–20]. Banerjee and Chat-
topadhyaya (2017) have described the adsorption process 
as the effective process for removal of toxic dye like tar-
trazine (97%) using Agriculture by-product like saw dust 
[20]. Although these approaches are successful in entirely 
eliminating or destroying pollutants, there may be issues 
with incomplete removal, excessive chemical use, being 
highly expensive and kinetically sluggish to employ, and 
occasionally resulting in the formation of harmful second-
ary pollutants [21]. Modified titanium dioxide  (TiO2) has 
established itself as a key photocatalyst in these oxida-
tion processes. However, there are significant drawbacks to 
 TiO2-based photocatalysis that keep it from being widely 
used. There have been reports of (i) insufficient use of vis-
ible light, (ii) hydrophobic pollutants with limited adsorp-
tion potential, (iii) a high tendency for products to agglom-
erate, and (iv) problems with catalyst recovery and reuse 
in subsequent catalytic cycles [21]. Rafaqat et al. (2022) 
have well described about the recent progress in treat-
ment of dyes wastewater using microbial-electro-Fenton 
technology [22].

Biological oxidation techniques for decolorization 
of industrial effluents are efficient only at low pollutant 
concentration and cannot be employed for non-biode-
gradable, poisonous, or inhibiting contaminants. Alkalin-
ity and temperature of the effluents also influence these 
processes. Although researchers are working to solve the 
insufficiencies. Thanavel et al. (2018) have worked with 
Aeromonas hydrophila SK16 and AOPs-H2O2 (4%) were 
used to assess the effectiveness of a combined biologi-
cal and Advanced Oxidation Process (Bio-AOP) for the 
remediation of textile dyes. Reactive Red 180 (RR 180), 
Reactive Black 5 (RB 5) and Remazol Red (RR) all showed 
100% decolorization after Bio-AOP treatment, compared 
to 72% decolorization after separate treatments [23]. A 
wide spectrum of organic reactions could be catalyzed 
using molybdovanadophosphoric acid-based catalysts in 
the presence of hydrogen peroxide [4]. Hydrogen perox-
ide is not only an effective oxidant, but is also environ-
mentally beneficial, as its degradation products are solely 
 H2O and  O2. Advanced oxidation techniques based on 
the use of hydrogen peroxide as the low-cost, environ-
mentally benign, highly efficient oxidation agent with 
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an appropriate catalyst (chemical or photochemical oxi-
dation) have become popular in recent years for direct 
wastewater treatment.

A novel, eco-friendly method is presented here for 
synthesizing molybdovanadophosphoric acid (MVPA) 
with kaolin as the support (MVPA/Kaolin) to be used as a 
catalyst in Chromotrope 2R dye degradation in aqueous 
solution. The study is reported in several sections. Sec-
tion 2 describes the experimental sequences of materials, 
preparation and characterization of MVPA/Kaolin and the 
actual catalytic degradation process. Section 3 represents 
the detailed characterization of the catalyst and discusses 
the catalytic degradation reactions of the dye with process 
variables like the reaction time, the catalyst loading, etc., 
along with the suggestion of a dye-degradation mecha-
nism and the reusability of the catalyst. The last Sect. 4 
summarizes the findings of the study.

2  Materials and methods

2.1  Materials

Reagents such as,  MoO3 (Loba Chemie Pvt. Ltd., Mumbai, 
India; 99%),  V2O5 (Loba Chemie Pvt. Ltd., Mumbai, India; 
99%), phosphoric acid (Loba Chemie Pvt. Ltd., Mumbai, 
India; 90%) and Kaolin (Molychem, Mumbai, India; 95%), 
hydrogen peroxide (Loba Chemie Pvt. Ltd., Mumbai, India; 
30%) were used without further purification.

2.2  Characterization of the hybrid material

The hybrid composites were characterized for two dimen-
sional crystalline structure by means of Powder X-ray 
diffraction (PXRD; Philips X’pert MPD diffractometer in 
Almelo, the Netherlands; 2θ 1–10 and 10–80), Fourier 
Transform Infrared spectroscopy (FT-IR, Perkin–Elmer 
spectrometer) with pellets made in potassium bromide 
(KBr), Inductively coupled plasma optical emission spec-
troscopy (ICP–OES, JY Ultima 2CHR) to determine the 
metals entering kaolin,  N2 adsorption–desorption study 
at 77 K for BET surface area and pore volume measure-
ment (Micromeritics ASAP-2010, USA), thermogravimetric 
analysis (TGA, SDT600, TA instrument, USA) using platinum 
crucibles to quantify the temperature and microstructure 
of the samples over the range 30–800 °C at a heating rate 
of 10 °C  min−1 in an air atmosphere with a flow rate of 
60  cm3  min−1, Scanning electron microscopy-Energy dis-
persive X-ray (SEM-EDX, LEO–1430, VP, UK) and Transmis-
sion electron microscopy (TEM; JEM 2011, Jeol Corpora-
tion, Japan) to determine the surface morphology of the 

material, and 31P Nuclear Magnetic Resonance (31P NMR) 
for characteristic confirmation.

2.3  Synthesis of molybdovanadophosphoric acid 
supported on kaolin catalyst (MVPA/Kaolin)

The manufacture of molybdovanadophosphoric acid 
supported kaolin (MVPA/Kaolin) catalyst is schematically 
presented in Fig. 1. During the synthesis of MVPA, in a 
round bottom flask, 22.3 g  MoO3 (Loba Chemie, Mumbai, 
India) and 1.3 g  V2O5 (Loba Chemie, Mumbai, India) were 
combined with 350 ml distilled water. The mixture was 
then refluxed for 1 h before being added to the flask in 
three equal aliquots of 1.7 g phosphoric acid (Loba Che-
mie, Mumbai, India) and 150 ml distilled water. A brilliant 
orange tinted solution was generated after the mixture 
was refluxed continuously for 15 h. Then, a homogeneous 
mixture was made by constantly stirring an aqueous solu-
tion of MVPA (0.50 g in 50 ml distilled water) and 1.0 g of 
kaolin, followed by complete evaporation of the water at 
100 °C. The material was dried in an oven at 110 °C for 24 h 
before being calcined at 500 °C for 2 h. The yield was 3.3 g 
of MVPA/Kaolin. The elemental composition of the catalyst 
was determined using inductively coupled plasma-optical 
emission spectroscopy (ICP-OES). MVPA has a Mo/P ratio of 
11.0, indicating a relatively pure heteropoly acid phase [3]. 
The well-characterized FTIR (KBr) bands were MVPA/Kaolin: 

Fig. 1  Schematic diagram for synthesis of molybdovanado phos-
phoric acid/kaolin catalyst
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793, 869, 962, 1115, 1404, 1613, 3437  cm−1 and MVPA: 777, 
866, 960, 1062, 1615, 1932, 3390  cm−1 MVPA/Kaolin: 793, 
869, 962, 1115, 1404, 1613, 3437  cm−1.

2.4  Catalytic oxidation of Chromotrope 2R

The oxidation and subsequent degradation of Chromotrope 
2R were carried out in a glass reactor fitted with a condenser. 
The reaction mixture consisted of (a) 50 ml Chromotrope 
2R aqueous solution (2.0 ×  10–4 mol  L−1), (b) 50 mL  H2O2 
 (10–4 mol  L−1), and (c) 5 g  L−1 MVPA/Kaolin catalyst. Under nor-
mal atmospheric pressure, the mixture was stirred for 60 min 
at 180 rpm and 60 °C. The mixture was filtered after the reac-
tion was completed to separate the catalyst MVPA/Kaolin. The 
degradation of the dye was monitored at λmax = 508 nm in 
the filtrate with UV–Visible spectroscopy (UV-1800, Shimadzu 
corporation, Japan). The degradation of Chromotrope 2R in 
percentage was calculated according to the relation:

where  C0 and  Ct were the initial concentration and the 
concentration at any time (mol  L−1) after the reaction was 
run for t (min).

Gas chromatography-mass spectroscopy (GC–MS, Agi-
lent, US) measurements were used to identify the products 
in the reaction mixture. After each reaction, the products 
were extracted using equal quantities of chloroform and 
were sonicated for a period of time to separate the organic 
and aqueous layers. 0.6 µL of the chloroform layer was then 
injected into the GC–MS for analysis (initial temperature 
50 °C, kept for 5 min, increased to 180 °C at 10 °C  min−1, 
kept for 5 min, increased to 250 °C at 10 °C  min−1, and kept 
for 5 min at 250 °C).

3  Results and discussion

3.1  Characterization

3.1.1  Powder X‑ray diffraction (XRD)

The results of low angle and high angle mode of powder 
X-ray diffraction (PXRD) are presented in Fig. 2 showing 
the characteristic patterns of MVPA [5] and MVPA/Kaolin. 
The low angle XRD of MVPA revealed a strong XRD peak at 
2θ of 0.2° (Fig. 2), while MVPA/kaolin revealed additional 
peaks attributable to kaolin (0.1°) [3, 8]. Functionalization 
with kaolin had no effect on the principal reflections due to 
MVPA, as seen by the wide angle XRD (Fig. 2). XRD peaks at 
2θ of 18.1°, 20.3°, 22.6°, 26.9°, 29.1°, 31.6°, 38.0°, 54.3°, 59.9° 
indicate a significant degree of crystallinity in the MVPA. 
The MVPA/Kaolin had diffraction peaks at 2θ of 10.7°, 15.2°, 

Deagradation(%) = [(C0 − Ct)∕C0] × 100

18.6°, 24.1°, 30.7°, 32.6°, 36.1°, 39.4°, 43.9°, 48.1°, 55.7°, 
62.7°, 64.9° showing that the material remained crystalline 
at the atomic level giving rise to reflections at wide angle. 
Because all of the principal reflections caused by kaolin 
are also visible in MVPA/Kaolin, it may be resolved that the 
structural properties of the support material (kaolin) were 
preserved. This indicates that the crystalline structure of 
the heterogeneous hybrid material was retained, which 
would be beneficial in explaining its activity in the subse-
quent applications.

3.1.2  Scanning Electron Microscopy (SEM)

The SEM micrographs of MVPA and MVPA/Kaolin are 
shown in Fig.  3. The SEM of MVPA revealed the usual 
MVPA structural features. MVPA covered the well-ordered 
layered crystal structure due to kaolin (Fig. 3) with parti-
cle size 170 nm in the hybrid composite MVPA/Kaolin. The 
complex, multi-layered structure is unaltered. Even after 
incorporating MVPA, the fundamental morphology of the 
support material might be preserved in the hybrid com-
posite materials. Strong signals for vanadium in the kaolin 
base could be found in the EDX spectrum of MVPA/Kaolin 
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Fig. 2  X-ray diffraction pattern of MVPA and MVPA/Kaolin [a low-
angle and b wide-angle diffractions
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(Fig. 3d) The layered structure of the catalyst material was 
well-preserved and the well-organized morphology of the 
support material could be retained during the fabrication 
of the catalyst material as well as the subsequent catalytic 
oxidation of the dye.

3.1.3  Transmission Electron Microscopy (TEM)

The TEM images of MVPA showed well-arranged structure 
of the material (Fig. 4). The composite material MVPA/Kao-
lin provides characteristic well-ordered morphology which 
provide strong evidence that the shape of the support, 
Kaolin, is retained upon MVPA functionalization [5].

3.1.4  Thermogravimetric analysis (TGA)

The thermo gravimetric curves of the material showed 
modest weight losses of about 61.5 percent for MVPA in 
the temperature range 25 to 900 °C (Fig. 5.) The weight loss 
could be observed as 24.2 percent on loading of MVPA as a 
hybrid composite in MVPA/Kaolin. In accordance with the 
literature, ICP data for MVPA and MVPA/Kaolin revealed 

Mo/P ratios of 11.0 and 12.0 wt%, which are required to 
manufacture heteropoly acid composite materials [4].

3.1.5  Surface area and pore volume

MVPA and MVPA/Kaolin have BET surface areas of 2.7 and 
15.2  m2  g−1, respectively (Table 1). MVPA and MVPA/Kaolin 
have pore sizes of 85.1 and 162.2 (Å) respectively, and pore 
volumes of 0.006 and 0.089  cm3  g−1. The BET surface area 
of MVPA/Kaolin is determined by the support material’s 
basic structure, kaolin. The experimental results might be 
understood to mean that in the MVPA-modified mate-
rial, the internal pores and surface of kaolin are filled with 
MVPA, and the structure of the support is unchanged even 
after MVPA functionalization [4, 24, 25]. Figure 6 shows the 
 N2 adsorption–desorption isotherms of MVPA and MVPA/
Kaolin.

3.1.6  31P Nuclear Magnetic Resonance (31P NMR) spectra

31P MAS NMR spectra (Fig. 7) at 10 kHz for pure MVPA 
showed a sharp signal, recorded at − 3.28 ppm that could 

Fig. 3  SEM images of a MVPA, b, c: MVPA/Kaolin d SEM–EDX spectra of MVPA/Kaolin
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be assigned to P–OH groups associated with phosphomo-
lybdates in MVPA, supported by the existing literature [4, 
26].

3.2  Degradation study of Chromotrope 2R dye

3.2.1  Catalytic activity study

The catalytic oxidation of chromotrope 2R has been taken 
as the model application using synthesized hybrid MVPA/
Kaolin catalyst. UV–Vis spectra, showing degradation of 
Chromotrope 2R dye in the presence of MVPA/Kaolin are 
presented in Fig. 8.

The primary absorbance band at 508 nm is visible 
in Chromotrope 2R. The oxidation of Chromotrope 2R 

with  H2O2 occurs once the catalyst is introduced, and 
the absorbance band decreases, practically leveling out 
after 60 min (Fig. 8). As oxidation destroys the aromatic 
structure interacting with the azo group (N=N), OH, 
and –SO3H9 (GC–MS), the degradation of the dye leads 
to a few simpler active acid species. In approximately 
60 min, 99.1% of Chromotrope 2R was degraded in the 
presence of the catalyst, MVPA/Kaolin. These results are 
far superior to those obtained from Fenton degradation 
of the dye. The current dye degradation method is more 
straightforward and efficient, and the catalyst may be 
recovered and reused. When compared to traditional 
Fenton oxidation techniques, the degradation might be 
accomplished in a fraction of the time [27]. In this study, 
the oxidation proceeds with  H2O2 in the reactant feed, 
since the conversion is based on.OH radicals. The OH-
radicals originate from O on the catalytic system and H 
atom cleaved from the substrate (either water or C2R 
since the reactions were carried out in aqueous solu-
tion) as dissolved oxygen is not likely to take part in the 
oxidation process directly. Participation of dissolved 

Fig. 4  TEM images of a MVPA, b: MVPA/Kaolin
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Table 1  Important adsorption–desorption data for MVPA and 
MVPA/Kaolin

Sample BET Surface 
Area  (m2/g)

Total Pore Vol-
ume  (cm3/g)

BJH Pore 
Diameter 
(Å)

MVPA 2.7 0.006 85.1
MVPA/Kaolin 15.2 0.089 162.2
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oxygen can also be ruled out since the reaction does 
not slow down appreciably. The hydroxyl radicals play an 
important role in the degradation process. The electron 
acceptor, hydrogen peroxide, in the solution, enhances 
the formation of hydroxyl radicals and inhibits the elec-
tron/hole  (e–/H+) pair recombination. The mechanistic 
pathway for the degradation of the dye, chromotrope 
2R, along with the formation of probable intermediates 
is depicted in Fig. 9. The end products of dye degrada-
tion were identified by GC–MS as (i) malonic acid, and 
(ii) oxalic acid, based on measurements of the reaction 
products, and these compounds are likely to mineralize 
to  CO2 and  H2O.

Degradation of dye pollutants by catalytic process has 
been regarded as the most efficient green method for 
removal of organic dyes from contaminated water [15, 
17, 22, 23]. The improved toxicity and carcinogenicity of 
the components, released from industrial effluents, have 
always been considered as a significant environmental 
issue and the present work demonstrates one possible 
approach to control the same. As dyes are widely used in 
textile and paper industries, and exposure to them and 
their natural degradation products may lead to skin dis-
eases, eye irritations, etc., including serious carcinogenic-
ity, any process development to convert them to harmless 
products could be considered as a welcome development 
in environmental sustainability. The present work has 
developed a low-cost and easy-handling type catalyst, 
which has potential to be used for treatment of dyes in 
water.

A catalyst optimization study was carried out to deter-
mine the amount of catalyst, necessary for the degrada-
tion of Chromotrope 2R (Table 2). The degradation reac-
tion of Chromotrope 2R was catalyzed by using 1, 3, 5, 8, 
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10 g  L−1 MVPA/kaolin that took 80, 70, 60, 60, and 60 min 
for completion respectively. The optimum catalyst load 
was 5 g  L−1 resulting in maximum conversion of Chromo-
trope 2R in 60 min (Fig. 10).

3.2.2  Reusability of the catalyst

The possibility of recycling the catalyst, MVPA/Kaolin, 
after the initial degradation reaction of Chromotrope 
2R was investigated using a set of reaction parameters 
(50 mL Chromotrope 2R (2.0 ×  10–4 mol  L−1), 50 mL  H2O2 
 (10–4 mol  L−1), and 5 g  L−1 MVPA/Kaolin). This series of tests 
was also used to assess the stability of the catalyst in oxida-
tive degradation reactions, a prerequisite for utilizing the 
catalyst in real-world applications. The reaction mixture 
was filtered after the first cycle of the dye catalytic deg-
radation was completed to get the MVPA/Kaolin catalyst. 
The catalyst was properly rinsed with distilled water sev-
eral times and the MVPA/Kaolin residue was allowed to dry 
overnight, calcined at 500 °C for 2 h in a muffle furnace. 
The MVPA/Kaolin catalyst was recovered and employed 
as a catalyst in a subsequent run of the catalytic reaction. 

It was discovered that the reaction can be repeated in six 
cycles with the same catalyst without much performance 
loss (Fig. 11).

4  Conclusions

Novel and efficient Keggin type MVPA/Kaolin was suc-
cessfully synthesized with vanadium-substituted molyb-
dophosphoric heteropoly acids. Characterization studies 
confirmed the regular layered crystal structure of the 
hybrid catalyst with thermal stability, increased surface 
area, pore diameter and pore volume. The catalyst exhib-
ited a high catalytic activity for destroying up to 99.1% 
of Chromotrope 2R dye in aqueous media by oxidation 
with  H2O2 under optimum reaction conditions. The work 
has revealed that MVPA/Kaolin catalyst could bring about 
near complete degradation of the azo dye by converting it 
to smaller acidic components like malonic acid and oxalic 
acid, that could undergo further mineralization to  CO2 and 
water. The work establishes MVPA/Kaolin as a potential 
high-performance catalyst in environmental treatment 
processes. The recyclability of the eco-friendly catalyst 
is an additional advantage for its environmental use. The 
experiments carried out in the laboratory have yielded 
promising results. For extending the work to actual appli-
cation in the field, the processes have to be upscaled for 
use with large volumes of dye-containing wastewater. One 
area needing immediate attention would be to increase 
the yield of the catalyst as it will have to be frequently 
replaced and reused.

Table 2  Reaction time 
variation with different 
catalyst (MVPA/Kaolin) loads 
for oxidation/degradation 
of Chromotrope 2R in the 
presence of hydrogen peroxide

Catalyst 
load (g 
 L−1)

Chromotrope 2R
Reaction time (min)

1 80
3 70
5 60
8 60
10 60
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Fig. 10  UV–Vis absorption spectra for oxidative degradation of Chromotrope 2R with MVPA/Kaolin loads of 1 g  L−1 (a), 3 g  L−1(b), 5 g  L−1 (c), 
8 g  L−1 (d) and 10 g  L−1 (e)
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