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ABSTRACT

The hetero-Fenton catalyst Fe,(MoO,), was prepared by simple co-precipitation method and it was characterized using

X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR), UV-visible diffuse reflectance

spectroscopy (UV-vis-DRS) and field-emission scanning electron microscopy (FE-SEM) with energy dispersive X-ray
spectroscopy (EDX). Fe,(MoO,); was used for hetero-Fenton photocatalyst for the degradation of Rhodamine-B (Rh-B)
under solar light. The effect of various operational parameters like catalyst concentration, initial solution pH, H,O,

dosage, initial dye concentration reusability on photodegradation were investigated and the optimum conditions are

reported.
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1. INTRODUCTION

Discarding recalcitrant pollutants  from  industrial
effluents is the most non-trivial problem of the present
era. Classical environmental technologies, which
involves the separation of organic pollutants from
wastewater result in the formation of toxic residues
turns out to be a challenge. To circumvent this
difficulty, advanced oxidation technologies (AOTs)
were evolved which entwines the in situ generation of
highly potent chemical oxidant OH radical represent an
important class of environmental technologies [1-5].
Numerous techniques such as adsorption on activated
carbon [6, 7], ozonization [8], electrochemical
treatment [9], semiconductor photocatalysis [10, 11]
and Fenton [12] etc., have been arrived into picture.
Among the aforementioned technologies photo-Fenton
process remain elegant because it is economical and can
oxidatively degrade hydroxyl radical present in organic
pollutants. Despite of this, the formation of sludge and
usability in a narrow range of pH 2-3 stays as a
disadvantage of homogeneous-Fenton process. Later on,
heterogeneous-Fenton processes were adopted to furnish
wide pH range, no sludge formation and the possibility
to recycle the iron promoter. The efficiency of the
process can be enhanced by irradiation of visible light,

because the photoreduction of Fe’" promotes Fe’*

regeneration [13-16]. Diverse heterogeneous-Fenton

catalysts such as Fe,O, [17], Fe,O, [18], FFOOH [19] and

BiFeO, [20] have been already found in literature. In

order to increase the efficiency of hetero-Fenton process

various supports have been incorporated including

zeolite [21], nafion [22], layered clay [23, 24] and cation

exchange resin [25].

In the present work, we have adopted a metal molybdate
nanoparticle as a catalyst which shows some unique
properties and wide applicability in energy storage, gas
sensing and catalysis. Succinctly, Fe,(MoO,); has been
incorporated as hetero-Fenton catalyst for the
degradation of a well-known organic dye viz,
Rhodamine-B (Rh-B) under natural sunlight irradiation in
the presence of H,O,. The structural studies of the
catalyst have been accomplished using XRD, FT-IR, UV-
Vis-DRS and FE-SEM with EDX analysis. The effect of
catalysts loading, initial solution pH level, effect of H,O,
dosage, effect of initial dye concentration and effect of
reusability on the degradation of Rh-B were extensively
investigated. We had found that the replacement of OH
radicals takes place in a shorts time in the presence of

sunlight.
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2. EXPERIMENTAL

2.1.Material and methods

Double distilled water was used for all dilution and
sample preparation Rhodamine-B (C.I. 45170) was
obtained chemical,
heptamolybdate ((NH,),Mo,0,,-4H,0) (A.R), sodium
hydroxide (NaOH) from Merck, ethanol (C,H;OH) and
sulfuric acid (H,SO,) from Qualigens were used as

from Himedia ammonium

received. The pH of the solution was adjusted using
H,SO, or NaOH.

2.2.Synthesis of iron molybdate (Fe,(M0O,);)
About 0.025 M of ammonium heptamolybdate

((NH,);Mo,0,,4H,0) in 50 mL distilled water was
added drop wise into 0.05 M ferric chloride (FeCl;). The
above mixture was maintained at 80°C under continuous
stirring. A light green precipitate was formed by adding
sodium hydroxide solution to this mixture its pH
adjusted to 7-8 on further stirring for 4 h. The
precipitate was washed with distilled water and ethanol
for several times. The sample was filtered and dried in
oven at 80°C for 2 h. Then it was calcined in muffle
furnace at 550°C for 6 h. Iron molybdate (Fe,(M0O,);)

was obtained in the form of greenish powder.

2.3.Photocatalytic activity

For all the solar photo reacting experiment, 50 mL of dye
solution  containing appropriate quantity of the
Fe,(MoO,), suspension was used. The suspension was
stirred for 30 min in the dark and then irradiated. The
solution and dark dye was continuously aerated by a
pump to provide oxygen and for complete mixing of
reaction medium, sample for analysis were 2-3 mL
extracted through pipette every 10 min and centrifuged
immediately to separate the catalyst. The centrifugate (1
mL) was diluted to 10 mL and its absorbance was
measured at 553 nm using UV-Vis spectrophotometer to
From the

concentration of dye during the degradation process,

determine the concentration of dye.

percentage of dye remaining was determined.
Heterogeneous photocatalytic degradation of Rh-B on
iron immobilized catalyst was reported to follow pseudo-
first order kinetics. At low initial dye concentration, the
rate expression is given by d[C]/dt = K'[C] where k' is
the pseudo-first order rate constant. The dye was
adsorbed on the catalyst surface and adsorption-desorption
equilibrium was reached in 10 min after adsorption.

The equilibrium concentration of the solution was
determined and taken as the initial dye concentration (C,)
for kinetic analysis. At C = C;, t = 0, In (C,/C) = K't,
where C is the equilibrium concentration of dye and C is
the concentration at time t, pseudo-First order rate

constant k" was determined from the plot of In (C,/C)

versust.

2.4.Solar experiment

All solar photocatalytic experiments were carried out in a
open space on sunny days of summer under clear skies
between 11 a.m and 2 p.m. Solar light intensity was
measured for every 10 min and the average light intensity
over the duration of each experiment was calculated of
the sensor was always set at the position of maximum
intensity. The intensity of solar light was measured using
LT Lutron LX -10/A digital Lux meter. The intensity of

solar light (1250 x 100 Lux) was nearly constant during
the experiments.

2.5.Characterization of photocatalyst
X-Ray diffraction pattern was recorded on the Equinox-
1000 model X-ray diffractometer from analytical

instruments operated at a Voltage of 30 kV and a current

of 30 mA with CuKa. (1.54056 A) FT-IR spectrum was
recorded using Shimadzu IR Affinity-1 spectrometer in KBr
pellet. About 5 mg of sample was mixed with 50 mg of IR
grade KBr, ground and pressed using hydraulic press
under a pressure of 15 tons into wafer of 13 mm
diameter. This pellet was used to record the infrared
spectra in the range of 4000-400cm .

The spectrum was recorded as percentage transmittance
against wave number. The UV-DRS spectrum was
recorded by using the instrument Jasco (Model No. V-
670). FE-SEM images were taken using on Carl ziess-
Specification EVO18 scanning electron microscope.
Samples were mounted on a carbon platform placed in
the scanning electron microscope for taking images at
various magnifications. EDX (Bruker-X-Flash X130)
and elemental colour mapping were performed at
different points of the surface in order to minimize any
possible anomalies arising from the heterogeneous nature
of the analyzed surface. Most elements were detected with
the concentration in the order of 0.1%. Ultraviolet and
visible light absorbance spectra were measured over a
range of 200-700 nm with a Shimadzu UV-1650PC
recording spectrometer using a quartz cell with 10 mm

optical path length.
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3. RESULTS AND DISCUSSION

3.1.Powder XRD analysis

The powder X-ray diffraction pattern was obtained for
the prepared iron molybdate nanoparticles (Fig. 1). The
crystalline peaks were indexed and were found to be in
good agreement with the standard orthorhombic
structure of Fe,(MoO,); [26, 27] as per the standard
JCPDS Card No. 85-2287 [28]. Further, the average
crystalline size of the material was calculated by using the
Scherrer’s formula,

D = 0.9A/ cosO

Where, D is the average crystalline size of the material, B
is the full width at half maximum (FWHM) of the

crystalline peak of the particular plane, 0 is the angle at

which the crystal plane diffracts, and A is the wavelength
of the X-ray source used. Thus crystalline size was
calculated by the above said Scherrer’s equation and
found to be51.41 nm, Further the dislocation density is

calculated using the formula, & = 1/ D’ and thus

determined dislocation density was 3.7836x1 0+
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Fig. 1: XRD pattern of Fe,(MoO,),

3.2.FT-IR spectrum

The FT-IR analysis was used to investigate the surface
structure and make insights into chemical bond. The
recorded spectrum range was 4000-400 cm ' The FT-IR
spectrum of Fe,(MoO,); is shown in Fig. 2. The broad
band was observed in the range of 1000-400 cm . The
characteristic band observed at 3291 cm''
assigned to the stretching of O—H band due to the
surface hydroxyl group present in the nanoparticles.

can be

The vibrational Mo—O bond 543 cm™' non-equivalent
tetrahedral Mo, unit in Fe,(MoO,),and the bond located

is associated with the bridging Mo-O-Mo bond
[27,29]. Narrow peak at 960 cm ' was due to the
stretching vibration of bridge oxygen atom of Fe—O—
Mo. The absorption band around 600 cm ' was assigned
to Fe—O vibration [30].
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Fig. 2: FT-IR spectrum of Fe,(MoO,),.
3.3.UV-Vis-DRS

The UV-visible diffuse reflectance spectrum was taken to

elucidate the optical properties of the synthesized
material. The optical absorption was measured in the
UV-visible region and the spectrum is shown in Fig. 3.
The band absorption around 420-530 nm attributing to
the excitation of electrons from the valence band to

conduction band. By applying Kubelka-Munk function

[31], from the Tauc plot [F(R)hV]’Vs hv (eV), the direct
band gap energy of the specimen is estimated as 2.29 eV
(inset in Fig. 3).
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Fig. 3: UV-DRS absorbance spectrum of

FeZ(MoO4)3 (Tauc plotin inset).
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3.4.FE-SEM, EDX with Elemental Color Mapping

The surface morphology of the synthesized product was
identified by FE-SEM measurements. Figs. 4a and 4b show
the FE-SEM images of Fe,(MoO,); needle like structure.
The particles are uniformly distributed. Although the
sizes of the particles are in few hundred nm (Fig. 4b), and
some of the particle’s sizes are in the range from 30 to 50
nm (Fig. 4a). The elemental compositional analysis has
been characterized using EDX (Fig. 4c) and coupled with
color mapping (inset in Fig. 4c) manifests that the
presence of Fe, Mo and O in the bulk of Fe,(MoO,),

nanocomposites.

0 1 2 3 4 5 6 7 8
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Fig. 4: FE-SEM images of Fe,(MoO,);: a) scale bar

200 nm, b) scale bar 1 pm and c) EDX of
Fe,(Mo0O,);.
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Fig. 5: Structure of Rh-B and its absorption
spectrum. Absorbance maximum at 553 nm

3.5.Photocatalytic activity

The photocatalytic activities of Fe,(MoO,); on the
degradation of Rhodamine-B (Rh-B) under various
conditions have been discussed. Structure and UV
spectrum of the dye is given in Fig. 5.

3.6.Primary analysis

In the primary analysis, the degradation of Rh-B by the
Fe,(MoO,); catalyst under different conditions was
evaluated by a batch of experiments. In Fig. 6, curve (a)
represents dye is irradiated with solar light no small
change in concentration was observed. In the presence of
Fe,(MoO,); dye is irradiated with solar light by only 10% of
dye concentration decreased (curve b). Curve c is
heterogeneous-Fenton type reaction (dye/
Fe,(MoO,);/H,0,/solar), 99% degradation was observed
at the time of 60 min. Curve d and f are dye on adsorption
experiment in the presence of Fe,(MoO,), with H,O,. In
Curve e (dye/H,O,/solar) small percentage of dye
concentration was observed.
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Fig. 6: Primary analysis of Rh-B under solar light.
[Rh-B] = 5x107* M, catalyst suspended = 0.125 g
L™, H,0, = 10 mmol, airflow rate = 8.1 mLs™, pH
7,1, = 1250100 Lux

solar

3.7.Effect of catalyst loading

The catalyst loading on decolorization efficiency varied from
0.025 to 0.0150 ¢ L' (Fig. 7). The result indicates
decolorization of Rh-B was influenced by the catalyst
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loading. A large dye decolorization was observed
increasing catalyst from 0.025 to 0.125 ¢ L'. The rate
constant ranges from 0.0093 to 0.0454 min ' for
degradation (40 min irradiation). Further increase of
catalyst from 0.125 to 0.150 gLf1 shows decrease for
degradation efficiency for the reaction excess of
Fe’" with H,O, producing less reactive hydroxyl
[32,33].  Thus, 0.125 g L'
concentration was found to be the optimum

radical catalyst

concentration for maximum degradation efficiency.

Fe'+ H,0, s Fe* + HO! + H' (1)
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Fig. 7: Effect of catalyst loading. [Rh-B] = 5x10°* M,
H,0, = 20 mmol, airflow rate = 8.1 mL s, pH 7,

irradiation time = 40 min,I ;= 1250100 Lux
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Fig. 8: Effect of initial solution pH. [Rh-B] =
~ 5x107" M, catalyst suspended = 0.125 g L', H,0,
" = 20 mmol, airflow rate = 8.1 mL s, irradiation
time = 40 min,I_,__ = 1250100 Lux

solar

The solution of pH plays a key role in advanced
degradation process. Previous photocatalytic degradation
studies indicate that pH affect photocatalytic process. The
experiments were carried out at various pH values, ranging

from 3 to 9 with constant amount of dye i.e. 5 X 10* M
and catalyst 0.125 g L. The evolution of the degradation
efficiency with treatment of various pH 3, 5, 7 and 9 are
shown in Fig. 8. About 76, 73, 84, 77% of Rh-B was
degraded in 40 min for pH 3, 5, 7 and 9, respectively.
Maximum degradation efficiency was observed at neutral
pH. Hence, pH 7 was considered as optimum pH for
further studies. [34].

3.9.Effect of H,0, dosage

The initial concentration of H,O, is an important
parameter for the degradation of the dye in the
heterogeneous photo-Fenton reaction.
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Fig. 9: Effect of H,0, dosage. [Rh-B] = 5x107 M,
catalyst suspended = 0.125 g L, airflow rate = 8.1
mL s, pH 7 irradiation time = 40 min,I
1250%100 Lux

Fig. 9 illustrates decolourization of Rh-B at different
H,O, hydrogen peroxide concentrations. The photolysis
of Rh-B with Fe,(MoO,); at pH 7 different
concentrations of H,O, (5-25 mmol) increases pseudo-
first order rate constant from 0.0107 to 0.0454 min ' in
the degradation time of 40 min ', At low concentration
(5-10 mmol) H,O, generates hydroxyl radicals and the
decolourization efficiency was slow. The increase of
hydrogen peroxide (10-20 mmol) concentration would
lead to more hydroxyl radical introduced. Hence 20
mmol of H,O, is the optimal level for decolourization by

Journal of Advanced Scientific Research, 2020; 11 (2): May 2020



Balakrishnan et al., | Adv Sci Res, 2020; 11 (2): 93-100 98

addition of H,O, is due to increased production of

hydroxyl radical.
H,0, + e, —>"OH + OH ()
H,0,+ 0,"—>'0OH + OH™+ O, (3)

At concentration above 20 mmol, the removal rate
decreases due to production of hydroperoxyl radical

(HO,"). In the presence of excess (H,0,) and
hydroperoxy radical less reactive do not contribute to
oxidation addition [21, 35].

H,0, + *OH —-HO,"” + H,0 %
HO,’+ "OH —»H,0 + O, (5)

3.10. Effect of initial dye concentration
At a fixed weight of Fe,(MoO,), and pH, H,O, the effect

of initial dye concentration ranged 1to6x10* M on
of Rh-B dye

degradation under solar light. Increase of the initial dye

decolourization by  photo-Fenton
concentration rate constant from 40 min ' (Fig. 10) at

higher initial ~dye concentration but constant
concentration of “OH radicals, the relative concentration
of radical was lower. In photo-Fenton process at higher
dye concentration the penetration of photon entering
into solution also decrease, which led to decreased

decolorization efficiency [12, 36, 37].
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Fig. 10: Effect of initial dye concentration. Catalyst
suspended = 0.125 g L™, H,0, = 20 mmol, airflow
rate = 8.1 mL s, pH 7, irradiation time = 40
min,J_, = 1250100 Lux

solar

3.11.  Effect of long-term stability

The long-term stability of the heterogeneous photo-
Fenton catalyst was tested and the results are shown in
Fig. 11. About 89% dye removal takes place at 60 min in
the first run. The same catalyst was separated, dried and
used again. In the second run 89% of dye was removed at
60 min. Third run gave 88% of dye removal. After third
run the catalyst was stable and no significant change was
observed in efficiency. It indicates the catalyst is reused
without loss of activity.
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Fig. 11: Effect of long-term stability. [Rh-B] =
5x107* M, catalyst suspended = 0.125 g L', H,0,=
20 mmol, airflow rate = 8.1 mL s™, pH 7, I,
1250x100 Lux

3.12. Mechanism

The mechanism involves the formation of molybdenum
(Mo) peroxo complex, such as MoO,(0,)*, MoO,(0O,),’
, MoO(0O,)," or Mo(0,),” (eqn. 6), which is a strong
oxidant and can oxidize the organic compounds by the
direct oxygen transfer (eqn. 7) [38] or by the singlet
oxygen ('O,) generated from the peroxo complex (eqns.
8 and 9) [39].

MoO,” + 2H,0,— Mo00,(0,),” + 2H,0 (6)
MoO,(0,),” + organic compounds — oxidized products
+ MoO4’ (7)
MoO,(0,),” = MoO,” +'0, (8)
'0,+ organic compounds — oxidized products 9)
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It is popularly believed that the mechanism of the
Fe’'/H,0, system involves the reduction of Fe’" to Fe’*
(eqn. 10). The formed Fe’" then reacts with H,0, to

generate 'OH radicals (eqn. 11), which are ready to
degrade the organic compounds (eqn. 12) [40].

=Fe’" + H,0,—> =Fe’" + *OOH + H" (10)
=Fe’" + H,0,—> =F¢’" + *OH + OH" (11)
‘OH +organic compounds —> oxidized products (12)

In order to clarify if Fe'" and MOO427 in Fe,(MoO,), inde-
pendently activated H,O, or there is any synergistically
catalytic effect between them, we carried out comparable
experiments using various Fenton-like catalysts. It sug-
gests that there is a synergistically catalytic effect
between Fe’” and MoO,” in the compound.

4. CONCLUSION

Degradation of Rhodamine-B (Rh-B) was studied in detail
using solid acid Fe,(MoO,); as a heterogeneous Fenton-
like catalyst. The results showed that Fe,(MoO,), can
effectively activate H,O, to degrade Rh-B and the
efficiency is slightly affected by pH of the solution in the
range of 3, 5, 7 and 9. Hence, Fe,(MoO,); show high
catalytic activity towards degradation of Rh-B. The role of
molybdenum in Fe,(MoO,), mainly includes two aspects:
i) MoO,” itself can activate H,O, to degrade Rh-B by the
direct oxygen transfer or by the singlet oxygen ('0,)
pathway. Moreover, Fe,(MoO,); exhibited low iron
leaching, good structural stability and no loss of
performance after five recycle times. These experimental
results present a new clue to develop highly active

heterogeneous Fenton-like catalysts at neutral pH.
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