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Abstract

A heterogeneous catalyst comprising Keggin type polyoxometalate, silicotungstic acid (SiW,), and MCM-22 was synthesized
using wet impregnation method and characterized by acidity measurement, BET, FT-IR, XRD, and SEM. Their catalytic activity
was evaluated for the degradation of cationic organic dyes like methylene blue (MB), crystal violet (CV), and an azo dye
Chryosidine Y (CY) in an aqueous solution. The experimental parameters such as catalyst amount, initial dye concentration,
and contact time were studied for the degradation of dyes, and it was found that the cationic dyes like methylene blue and crystal
violet show better activity as compared to azo dye Chryosidine Y. This may be attributed to better electrostatic interaction of these
cationic dyes with the residual negative surface charge of the catalyst, due to presence of SiW |, ion as it is rich in surface oxygens
and surface hydroxyl groups. The control experimental results showed that the presence of SiW,, at the surface of MCM-22
promoted the degradation reactions, and presence of multiple W—O bonds in polyoxometalate also played a key role in this

reaction. The catalyst exhibits recycling ability without any significant loss in activity up to four cycles.
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Introduction

Dyes are primarily used in paints, textiles, printing inks, paper,
and plastics that are majorly associated with textile industry
(Yaseen and Scholz 2019; Berradi et al. 2019). The natural
dyes were replaced by chemical dyes that can bind to the
fabric for longer time and retain colour throughout washing
and exposure. The chemical dyes are generally soluble and
organic in nature. They are classified as reactive, direct, basic,
and acidic dyes (Benkhaya et al. 2020). They exhibit high
solubility in water making it difficult to remove them by
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conventional methods. One of its properties is the ability to
impart colour to a given substrate, because of the presence of
chromophoric groups in its molecular structure (Gtirses et al.
2016). However, the property of fixing the colour to the ma-
terial is related to the polar auxotrophic groups that can bind to
polar groups of textile fibres. Exposure to dye-bearing waste-
water exhibits severe harmful effect causing an environmental
pollution, and it is also associated with health hazards as the
degradation products of dyes are carcinogenic in nature
(Tkaczyk et al. 2020; Lellis et al. 2019). Due to the adverse
effects of dye effluents on environment and health, legislation
on the limits of colour discharge by industrial activities has
become increasingly strict by the authorities, and treatment of
dye water is mandatory before submerging it with natural
water bodies (Asolekar et al. 2014).

There are mainly three ways to remove the dyes from pol-
luted water bodies: physical, chemical, and biological
methods (Hayat et al. 2015). Many techniques under these
categories like reverse osmosis (Wang et al. 2018), electro-
chemical coagulation (Aragaw 2020), nanofiltration
(Khumalo et al. 2019), adsorption (Kumari et al. 2020), oxi-
dation (Dadashi Firouzjaei et al. 2020), electrocatalysis (Singh
etal. 2013), and degradation by enzymes and microorganisms
(Vikrant et al. 2018) have been explored for the removal of
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Table 1 Textural properties and acidity measurement of support and
catalysts

Material Total acidity (mmol g'l) BET surface area (mz/ 2)
MCM-22 0.86 267

(SiW2);/MCM-22  0.99

(SiW ),/ MCM-22  1.11

(SiW2)s/ MCM-22  1.22 234

(SiW2)/MCM-22 1.3 230

dye from wastewater (Han et al. 2016). For the treatment of
dye wastewater, it is important to remove dyes and their deg-
radation by oxidation or by catalytic processes.
Polyoxometalate (POM)-based heterogeneous catalysts
(Narkhede et al. 2015; Patel and Pathan 2015) are gaining
interest in environmental remediation processes including
water treatment (Sivakumar et al. 2012; Herrmann et al.
2017). The reports suggest that POM-based materials are
coming up as emerging catalyst for dye degradation studies
for environmental remediation of dye contaminated water.
For example, in an earlier report on resin-supported POMs,
parent (PW{,040°7) and its lacunary derivative
(PW,,039"") were found to catalyse the degradation and
partial mineralization of cationic dye pollutants in the pres-
ence of H,O, using visible light irradiation (Lei and Chen
2005). In another report, the La®* and Ce** loaded
H3PW,,0, catalysts were explored for photodegradation
of methyl orange and rhodamin B under UV and visible
light irradiation (Li et al. 2014). With further alterations, an
immobilized phosphotungstic acid with zeolite (SBA-15)-
modified BiOBr composites was investigated for photocat-
alytic degradation of methyl orange (Wang et al. 2017).
Another catalyst comprising of H3;PMo,W (040 and
H3;PMo4W3Oy4p@ethylene diamin functionalized magnetic
graphene was reported for removal of methylene blue dye
(Fakhri et al. 2017). Recently, substituted Keggin type
polyoxometalate/hydrotalcites with Mn and Fe were

reported for degradation of multiple dyes (Wu et al.
2020). Along with such modifications, report on the utili-
zation of two inorganic-organic hybrid materials based on
octamolybdate for wet air oxidation of Bismarck brown
(BB), Azure II, Direct blue 71 (DB 71), methyl violet
(MV), and methylene blue (MB) showed efficient catalytic
degradation activity under mild conditions (Najafi et al.
2015). A new hybrid material comprising POM and metal
organic framework (MOFs) {[(Cuys4Cl)(CPT)4]-
(HSiW,040)-31H,0 was fabricated and tested for rhoda-
mine B degradation studies (Chen et al. 2018). Another
composite catalyst based on POM (K¢P,W ;304>
polyoxometalate) encapsulated into mesoporous UiO-66
metal organic framework was reported for degradation of
cationic dyes rhodamine B (RhB) and malachite green
(MG) and one anionic dye orange G (Zeng et al. 2018).
Apart from Keggin type, report on a study of a Dawson
heteropoly acid, chemically anchored to the amine-
functionalized nanosilica and its photocatalytic degrada-
tion efficiency, was explored for an aqueous solution of
malachite green (Bamoharram et al. 2014). Also, a nano-
POM composite consisting of saturated Dawson anions
(2P, W17C00¢;) was reported for degradation of azo dyes
(Grabsi et al. 2019). Likewise, another type of an organic-
inorganic hybrid Lindqvist-type polyoxometalate (POM)
anions, {W¢O;9}? ~, and cucurbituril based photocatalyst
was also found to be active for degradation of thodamine B
(Cao et al. 2017).

Above literature survey shows that no reports are avail-
able for the utilization of modified zeolites, especially
MCM-22, via Keggin type POM, i.e. SiW,, for the deg-
radation of cationic dyes. In present study, for first time,
we are reporting the synthesis of a new catalyst, compris-
ing MCM-22 and SiW, for the dye degradation study.
The synthesized catalyst was characterized by various
physicochemical techniques, and catalytic degradation
study was carried out for cationic dyes like methylene
blue (MB), crystal violet (CV), and an azo dye
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Fig.2 FT-IR spectra of (a) SiW;,, (b) MCM-22, and (¢) SiW,,/MCM-22

Chryosidine Y (CY). We have investigated various reac-
tion parameters like dye concentration, catalyst amount,
and reaction time for the same, and the results demon-
strated that the present catalyst could be used for the re-
moval of various dyes from water. The catalyst was
recycled up to four cycles of reaction, which indicates
the reusability and stability of the catalysts.

Materials and methods

Materials

All chemicals used were of A.R. grade. Silicotungstic acid
was used as received from Merck. MCM-22 was acquired
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Fig. 3 Powder XRD of support and catalyst

commercially from BEE CHEMS (Kanpur, UP). All the three
dyes, methylene blue, crystal violet, and an azo dye
Chryosidine Y, were received from Nice Chemicals Pvt. Ltd
(Bangalore).

Synthesis of the catalyst (SiW,, anchored to MCM-22)

A series of catalysts comprising 10-40% of SiW;, an-
chored to MCM-22 was synthesized by wet impregnation
method. Impregnation was carried out by adding 1 g of
MCM-22 into aqueous solution of SiW, (0.1 g/10 mL-
0.4 g/ 40 ml of distilled water), and the resulting suspen-
sion was dried at 100 °C for 10 h. The obtained catalysts
were designated as (SiW;,);/ MCM-22, (SiW;,),/MCM-
22, (SiW1;3)3/MCM-22, and (SiW,)4/MCM-22,
respectively.

Characterization

Determination of total acidity by n-butylamine titration
method

Total acidity of support and catalyst were determined by
performing n-butylamine titration. In 25 ml 0.025 N n-
butylamine solution (in toluene), 0.25 g of support/
catalyst was suspended and allowed to neutralize for 24
h. Total acidity of support/catalyst was obtained by titrat-
ing remaining base against 0.025 N trichloroacetic acid
solution in toluene using neutral red indicator.

Physicochemical techniques

BET surface area measurements were carried out in a
Micromeritics ASAP 2010 volumetric static adsorption instru-
ment using N, adsorption at 77 K and by BJH adsorption-
desorption method, and the pore size distributions were cal-
culated. FT-IR analysis was carried out by compelling the
solid samples into discs with dry KBr and recorded in the
range of 4000—400 cm™! (wave numbers) using Shimadzu
instrument (IRAffinity-1S). For X-ray powder diffraction
(XRD) patterns, samples were analysed in the 20 range of
5-90° (CuK o radiation A = 1.54056 A) using Philips X' pert
MPD system. Scanning electron microscope (SEM) images
were recorded with JSM-7100F scanning electron
microscope.

Catalytic activity test

The performance of SiW;,/MCM-22 was tested for the
degradation of multiple dyes like MB, CV, and CY at
room temperature, 28 °C. At regular time intervals, 2 ml
of the mixture was taken out from the reaction mixture
and filtrated by using a 0.22-um syringe filter in order to
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Fig. 4 SEM images of (a, b)
MCM-22 and (¢, d) SiW»/
MCM-22

completely remove catalyst particles. The dye concentra-
tion in the solution was measured by UV-visible spectro-
photometer (ShimadzuUV-1800) at the maximum adsorp-
tion wavelength of dye. For recyclability experiments, the
catalyst was centrifuged, washed with water, and dried at
60 °C. The following equation was used to calculate dye
degradation efficiency.

Degradation efficiency (%) = (Co—C)/Cy x 100%

where C, was the initial dye concentration and C was the
dye at certain concentration time ¢ during the reaction.

100

H [ 2]
o o o

degradation efficiency(%)
N
(=)

o

Siw,, MCM-22

SiW,,/MCM-22

Materials

Fig. 5 Control experiments, degradation efficiency of MCM-22, SiWy,,
and catalyst SiW;,/MCM-22. Reaction conditions: dye concentration,
100 ppm; amount of materials taken MCM-22 = 20 mg/mL, SiW,, 1
mg/ml; reaction time, 60 min
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Results and discussion
Characterization of catalyst

Textural properties of support and catalyst are shown in
Table 1. BET surface area of SiW;,/MCM-22 is lower as
compared to that of MCM-22, which is the first indication of
the incorporation of SiW, species inside the zeolitic pores of
MCM-22. From the values of total acidity of support as well
as catalysts (Table 1) obtained by n-butylamine titration, it is
observed that as the amount of SiW,, increases, acidity in-
creases due to the increase in Bronsted acidic sites. Substantial
increase in total acidity is observed from 10 to 30% loading of
SiW,,; however, further increase to 40% does not show any
significant effect in acidic sites. This was also supported
strongly from the surface area analysis that even though in-
creasing the amount of SiW, to 40%, the surface area almost
remains the same as that of 30%. Hence, from the combine
view point of surface area as well as acidity, 30% loading of
SiW, was considered to be appropriate for detailed charac-
terization and catalytic evaluation, and (SiW,);/MCM-22 is
recoded as SiW;,/MCM-22.

The N, adsorption-desorption isotherms and pore size dis-
tribution curve for MCM-22 and SiW,,/MCM-22 are shown
in Fig. 1 a and b, respectively. The obtained isotherms (Fig.
1a) are of type IV with H4 hysteresis loop, exhibiting a regular
trend of zeolites with the presence of micro as well as
mesopores in the framework, which is also supported by the
pore size distribution curve (Fig. 1b) (Thommes et al. 2015).
The adsorption starting at very low P/Po value and extending
up to higher relative pressure forms a virtually horizontal
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Fig. 6 (a) Effect of dye concentration (ppm); the concentration of MB, CV, and CY was varied from 10 to 100 ppm. (b) Effect of catalyst amount; the
amount of catalyst SiW;,/MCM-22 was varied from 0.5 to 2.5 mg/mL; dye concentration, 100 ppm; reaction time, 60 min

plateau which is in good agreement with characteristic zeolitic
nature of materials (Delitala et al. 2009). The isotherm curve
obtained for SiW,/MCM-22 is identical to that of MCM-22;
however, comparative narrow hysteresis loop was observed
which suggest the effective filling of SiW, into the pores of
MCM-22. This is also confirmed by the lower BET surface
area of catalyst as compared to support.

FT-IR spectra of SiW;,, MCM-22, and SiW;,/MCM-22 are
shown in Fig. 2. FT-IR of MCM-22 shows characteristic bands
at 3441 em’, 1635 em™’, 1226 em’, 817 em', and 455 em™.
Band at 3441 is due to the O—H stretching of hydroxyl group of
loosely bound water molecules. At 817 cm! and 1226 cm’!, the
bands are attributed to the symmetric and asymmetric stretching
of T-O-T bond, respectively, where T = Si or Al. Stretching
vibration corresponding to T-O, where the metal ion is bonded
to four oxygen atoms, is observed at 455 cm™ (Lonare et al.
2018). FT-IR of SiW»,/MCM-22 shows an additional band at
925 cm™, one of the characteristic bands for Keggin unit of
SiW, corresponding to asymmetric vibration of (Si—O,).
However, the other bands are not distinct due to their superim-
position with that of support. Presence of this fingerprint band
suggests that the primary of Keggin unit is intact even after
impregnation on the support.

The XRD patterns of MCM-22 and SiW;,/MCM-22 (Fig.
3) show well-resolved characteristic peaks of MWW zeolitic
structure in the range of 20 5-30° (Xing et al. 2015), suggest-
ing that the crystalline framework of support remains un-
changed even after the impregnation of SiW,,. However, less

Table 2 Recycling

results Cycles % Dye removal efficiency
MB cv CcY

1 99 92 81

2 98 92 81

3 97 91 80

4 96 91 79

intense peaks are observed for catalyst which can be attributed
to the inclusion of SiW, inside MCM-22. Also, absence of
the crystalline peaks of SiW,, indicates fine dispersion of
active species into the support.

SEM images of MCM-22 and SiW,/MCM-22 are shown
in Fig. 4. From the images, morphology of MCM-22 appears
to have very thin platelets which are interpenetrating each
other and forms a lamellar particle. It is noteworthy that even
after impregnation of SiW,, there is no alteration as well as
aggregation observed in the lamellar structure of MCM-22,
indicating the stable morphology of the catalyst.

Catalytic degradation of dyes (MB, CV, and CY)

In the process of catalytic degradation of organic dyes by
POMs, the dye chromophore can be damaged and broken
down into smaller fragments or molecules that are less haz-
ardous or non-polluting minor products (Ginimuge and Jyothi
2010). In the present work, the cationic dyes like MB, CV, and
an azo dye CY were chosen as representative dyes to evaluate
the degradation capability of the catalyst. The control experi-
ments were first conducted to check the activity of original
constituents of the catalysts, that is, only SiW, and MCM-22.
It is evident from Fig. 5 that the SiW;, as such shows the
degradation efficiency nearly 16, 12, and 10% for MB, CV,
and CY dyes, whereas MCM-22 shows much higher degra-
dation efficiency 48, 46, and 40% for MB, CV, and CY dyes,
respectively. The higher degradation efficiency of MCM-22
can be attributed to its high surface area (Table 1) as compared
to bare SiW,,. The SiW, exhibits surface area as low as < 10
m? g ! with very good solubility in aqueous solvents (Hayashi
and Moffat 1982) that makes it difficult to separate from re-
action mixture, whereas the catalyst SiW;,/MCM-22 exhibits
much better degradation efficiency. The large surface area of
catalyst as shown in Table 1 enhances the accessibility of
catalytic active sites that eventually explains the better dye
degradation efficiency of the catalyst. The large surface area
and pore diameter of the catalyst enable the greater adsorption
of the dye molecules on to the catalyst and accessibility to
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active cites and eventually desorption of degradation products.
This explains the better performance of SiW;,/MCM-22 as
compared to bare SiW, and MCM-22 in dye degradation.

The concentration of all the dyes MB, CV, and CY, were
varied from 10 to 100 ppm as depicted in Fig. 6a. Degradation
efficiency increases for all the dyes with increase in concen-
tration and then reaches saturation level which may be due to
maximum surface coverage of the catalyst by these dyes.
Hence all the experiments were carried out in 100 ppm dye
concentration. The amount of catalyst was varied from 0.5 to
2.5 mg/ml (Fig. 6b). As the amount of catalyst increases, the
degradation efficiency increases as expected. The maximum
degradation efficiency as achieved at 2.5 mg/ml catalyst for
multiple dyes.

The degradation efficacy of the catalyst was monitored at
different time points from 15 to 90 min, and the maximum
efficacy was achieved in 60 min itself (Fig. 7a). The trend was
similar for all the dyes. Hence, the optimized conditions for
multiple dye degradation are as follows: dye concentration,
100 ppm; amount of catalyst, 2 mg/ml; and reaction time 60
min. The catalyst was recycled for all the dye samples, and
there was no significant decrease in degradation efficiency up
to four cycles (Fig. 7b, Table 2). The recycling results depicts
that there is no significant loss in dye removal efficiency up to
four cycles with different dyes MB, CV, and CY. These

Fig. 8 Proposed mechanism of
dye degradation over SiW,,/
MCM-22 catalyst, electrostatic
interaction with negatively
charged surface of catalyst with
cationic dyes followed by
catalytic degradation of dyes by
SiWy,

@ Springer

results also indicate that the stability and activity of the cata-
lyst were not perturbed with subsequent recycles. For cationic
dyes MB and CV, catalyst shows better activity throughout all
the experiments, but for an azo dye CY, the efficacy observed
was slightly lower, as CY has residual negative charge at pH
7, and at this pH in water medium, all the experiments were
carried out. This is further explained in the mechanism of the
dye degradation in the following section.

Mechanism of dye degradation

The proposed oxidative degradation mechanism for multiple
dyes MB, CV, and CY with MCM-22-supported POM,
SiW,,, is schematically depicted in Fig. 8. Due to very high
negative charge on [SiW,040]*  anions, the adsorption
mechanism of dye molecules might be predominantly attrib-
uted to an electrostatic interaction between the cationic MB
and CV dyes with the negatively charged surface of SiW,/
MCM-22. Additionally, MCM-22 possesses quite large num-
ber of hydroxyl groups on the surface which also facilitates the
adsorption of more dye molecules through hydrogen bonding.
Once the dye molecules are adsorbed on the surface of the
catalyst follows the catalytic degradation of dye molecules
into smaller fragments due oxidation where in W in SiW,
has a role to play. The CY being a slightly negatively charged
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Fig. 9 (a) N, adsorption-desorption isotherms of fresh and regenerated catalyst and (b) FT-IR spectra of fresh and regenerated catalyst

dye molecule might experience slow adsorption on catalyst
surface. Specifically, the degradation of MB is well docu-
mented in literature (Rauf et al. 2010; He et al. 2018). The
oxidation of MB is initiated by demethylation resulting in
degradation products of mono-demethylation, di-demethyla-
tion, tri-demethylation, and complete demethylation of nitro-
gen followed by ring opening. The similar results were also
reported previously (Rauf et al. 2010, He et al. 2018).

Characterization of regenerated catalyst

To check sustainability of the synthesized catalyst, character-
ization for regenerated catalyst was performed by carrying out
BET surface area and FT-IR analysis. The BET surface area of
fresh and regenerated catalyst is 234 and 244 m*/g, respec-
tively, with parallel N, sorption isotherms curves (Fig. 9a),
indicating no difference in the structure and nature of catalyst
after the reaction. Also, the FT-IR spectra (Fig. 9b) of regen-
erated catalyst show the presence of all the characteristic
bands with no shifting of values. This further confirms that
there is no leaching as well as structural change of Keggin unit
in the regenerated catalyst. Nevertheless, observed increase in
the surface area as well as broadening of the band in FT-IR of
regenerated catalyst may be attributed to the adsorption phe-
nomenon that we explained in the mechanism section.

Conclusion

A catalyst, SiW,, anchored to MCM-22 was synthesized and
characterized by various techniques like BET, FT-IR, XRD, and
SEM. The lower BET surface area and pore volume of catalyst
SiW,/MCM-22, as compared to that of MCM-22, indicate the
incorporation of active species SiW,, inside the zeolitic pores
of MCM-22. The uniform dispersion of SiW;, on MCM-22
was confirmed by XRD and also the lamellar morphology of
MCM-22, and the catalyst was retained as observed in SEM.
The catalyst was reported for degradation of cationic and azo

dyes. The catalytic dye degradation of various organic dyes like
MB and CV and CY was carried out. The comparison between
the degradation efficiency of two dyes studies revealed that the
catalytic oxidation in the aqueous solutions of cationic dyes like
methylene blue (MB) and crystal violet (CV) could be carried
out under the same operating conditions. The maximum degra-
dation efficiency was found to be 95% and 90% for MB and
CV, respectively, in 60 min, whereas the azo dye Chryosidine Y
(CY) exhibits lower degradation efficiency in similar conditions
that can be improved at higher time scale. The Chryosidine Y
(CY) shows degradation efficiency of 84%. The catalyst was
recycled for four cycles, and no significant decrease in activity
was observed. Thus, the present material can be a promising
catalyst for the management of toxic organic dyes and other
pollutants in the coloured wastewater effluents.
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