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Abstract

To eradicate the aquatic pollution caused by dyes, trendily the global researchers provide dedication to dye degradation using
nanostructured photocatalyst. This research work is dedicated to explore an advanced, facile, bio-compact green fabricated
nanostructure for water refinement. In this regard, plant-mediated syntheses of pure CeO, and Mn-decorated CeO, nano-
powders have been inspected using seed extract of Cassia angustifolia. Investigations through UV-diffuse reflectance spectros-
copy explored the significantly tuned band gap of Mn:CeO,. FT-IR spectroscopy shows the existing functional groups of high-
potential phenolic compounds, proteins, and amino acids in Cassia angustifolia act as reducing and capping agents involved in
the green fabricated nanostructured samples. X-ray diffraction pattern has been exposed to crystalline cubic fluorite morphology
in a single phase and it leads to a regulated optimized amount of Mn on CeO, nanostructure. The FESEM analysis predicts the
morphology of CeO, in spherical and Mn:CeO, in flower-like structure. The HRTEM analysis has portrayed particle size of
CeO; is 11 nm and tuned Mn:CeO, nanostructure is 9 nm. The HRTEM images revealed the average particle size in the range
10-12 nm in CeO, and 8-9 nm in 5 mol% Mn:CeO, nanoparticles. It showed a decrease in average particle size with an increase
in Mn concentration and the reduction in size may be due to the replacement of Ce(IV) with Mn(Il) ions. The elemental
composition in nanostructure was predicted using energy-dispersive X-ray analysis. The rapid photocatalytic degradation effi-
ciency of malachite green was effectually performed and compared with the kinetics model of Mn:CeO, and pure CeO,
nanostructures. From the augmented results, tuned Mn:CeO, was found to act as the finest green fabricated photocatalyst in
the amputation of lethal and carcinogenic dye.
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Introduction

In the modern ecosystem, water pollution by organic dyes is
one of the firmest methods to be compensated by eco-friendly
purification techniques using nano-photocatalyst (Wang et al.
2012; Higashimoto et al. 2013). Nano-photocatalyst synthe-
sized by a novel green method using plants produces better
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results due to virtuous physical and chemical properties capa-
ble of degrading the dye without generating the least inferior
pollutant (Nagajyothi et al. 2019). The cationic triphenyl-
methane dye—malachite green (MG)—was assets for its
obstinate highly toxic, mutagenic, and carcinogenic nature.
They rampantly bid in numerous trades and productions like
textile, food, paper, leather, ceramics, and agronomic indus-
try by acting as a blushing agent (Mohamed et al. 2019).
Consequently, photodegradation was fascinated to eradicate
toxic dye in the aquatic physique amid different methods to
shield the environment from dye pollutants (Feizpoor et al.
2019). The unique rich properties of semiconducting
cerium(IV) oxide CeO, with 3.2 eV band gap were widely
reviewed due to their probable applications and strong antiox-
idant properties subsequent to the photocatalytic absorber ca-
pability of titanium oxide and zinc oxide (Herrling et al. 2013).
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Inspected nanomaterial CeO, was used for ecological wa-
ter pollutant prohibition and photocatalytic progression due to
its stability and non-hazardous nature. Nanocomposites and
metal-doped CeO, take initiate tenders in different extents
such as optical devices (Goubin et al. 2004), UV absorbents
and filters (Li et al. 2002; Truffault et al. 2010), gas sensors
(Van Dao et al. 2019), and photocatalysis (Gnanam and
Rajendran 2018; Li et al. 2012). To improve the photocatalyt-
ic activity of CeO,, surface defect was apprise to rush the
electrons and avert the recombination of electron and holes
and act as a spot for adsorbing dye molecules. Based on the
literature survey, the physical properties of CeO, were altered
by tapering the band gap of CeO, nanoparticles which impart
with metal ions like Mn (Prabaharan et al. 2018),
heterostructure-based semiconducting material such as TiO,/
CeO, (Lu et al. 2016; Pavasupree et al. 2005), and nonmetal
N-doped CeO, (Mao et al. 2008; Zhou et al. 2005) nanopar-
ticles by chemical approach quantifying the photocatalytic
action of CeO,.

Recently, decorating the surface of metal oxide nanoparti-
cles with metal nanoparticles has arisen to alter the properties
and surface behavior of metal oxide nanoparticles by electrons
incline with amazing photocatalytic potential. The surface
decoration CeO, by Mn was inspired as an effective method
to hinder the recombination of photogenerated CeO,, where
3d transition metal Mn occurs in the bivalence oxidation state
and takes the extremely potent in letting substantial optical
absorption by primer transitional bands inside the forbidden
gap (Murugan et al. 2005; Pavan Kumar et al. 2014). In this
work, the catalytic nature of green nano-CeO, was compelled
with Mn metal ions due to the accessible energy dropping
level of empty d orbitals compared to 4 f orbitals which can
easily allocate the oxygen species generated by the electrons
of adsorbed molecules (Yue and Zhang 2009; Montini et al.
2016).

In modern research, to stun the hazardous chemical synthe-
sis, dye removal was done using plant-mediated nanoparticles
(Bodaiah et al. 2018; Sijo Sijo et al. 2017; Tanur and
Ahmaruzzaman 2015; Behrouz et al. 2019). Concerning these
literature reports, the green nano-CeO, and Mn:CeO,
photocatalysts were prepared for the first time in the green
approach using Cassia angustifolia seed whose gum acts as
an effective natural coagulant for eradicating dyes, which can
be the best ancillary for using chemicals in wastewater treat-
ment (Rashmi Rashmi et al. 2002). The seed extracts rich in
carbohydrates, proteins, and fatty acids which act as natural
surfactants give high stable nanoparticles (Manjoosha et al.
2010; Shabina et al. 2016) and have an ability to reduce the
metal ion to high stable nanoparticles (Dhivya et al. 2020).

Facile green synthesized nano-CeO, and nano-Mn-
decorated CeO, photocatalysts were characterized with a min-
imum nanosized flower-like morphology and compared with
Cassia seed and conventional synthesized CeO,, Mn:CeO,
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nanoparticles. The photocatalytic activity of green synthesized
nano-CeQO, and nano-Mn-decorated CeO, (Mn:CeQO»)
photocatalysts was carried out in dark, visible, and UV sun-
light and among them, UV radiation results were good on
cationic malachite green dye solution and the kinetics study
was predicted. To explore the potential of a photocatalyst, the
dye degradation efficiency was compared with green fabricat-
ed CeO, and tuned Mn:CeO2 nano-powders. This study
aimed to synthesize effective green nano-photocatalyst which
shows highly efficient decoloration in a short duration.

Experimental details
Needed materials

Ammonium ceric sulfate dihydrate (NHy4); Ce (SO4)4 2H,0,
99%), manganese sulfate monohydrate (MnSO4 H,O, 99%),
malachite green (molecular formula: Cs,Hs4N4O1,, molecular
weight: 927.02 g/mol, A\, = 620 nm), and ethanol were pur-
chased from LOBA Chemie, India. The needed solutions for
experimental work were prepared using double-distilled de-
ionized water. Fresh dried seeds of Cassia angustifolia were
collected from the cultivated area of Katambur situated in the
zone of Tuticorin, Tamil Nadu, India.

Preparation of seed extract

The impurities present in the collected seed materials were
purified by washing and drying in shade. In a beaker,
100 ml of double-distilled water with 5 g of fine powdered
Cassia angustifolia seed was assorted and simmered for
10 min in the heating mantle at 70 °C. Then, the mixture
was chilled and sieved using Whatman No. 1. The clear sterile
filtrate was stored and used for the facile green synthesis.

Fabrication of CeO, nano-powders

In a conical flask, 70 ml of 0.1 M ammonium ceric sulfate
dihydrate was prepared and placed on the magnetic stirrer
with a hot plate at 70 °C. To the aqueous cerium salt solution,
30 ml of Cassia angustifolia seed extract was added and uni-
formly stirred for an hour to attain a yellow colloidal solution.
Then, the solid product was obtained by centrifuging at
2000 rpm for 10 min and cleaned with distilled water and
ethanol to eradicate the impurities. The powdered CeO, NPs
were attained by heating the precipitate in a microwave oven
at 2.45 GHz for 15 min.

Fabrication of Mn-decorated CeO, nano-powders

To prepare Mn-decorated CeO, nano-powders, initially, CeO,
was synthesized thrice using the abovementioned process
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Fig. 1 a UV-DRS absorbance spectra of CeO,, CM1, CM2, and CM3. b Reflectance spectra of CeO,, CM1, CM2, and CM3. ¢ The plot of (F(r) hv)2

against hv

with slight variation in Ce precursor up to the formation of
yellow colloidal suspension, and different Mn contents CM1
(2.5 mol%), CM2 (5.0 mol%), and CM3 (7.5 mol%) were
added by the deposition process. The resultant mixture
Mn:CeO, was continuously stirred for an hour and the colloi-
dal solution was centrifuged and washed with distilled water
and ethanol to get rid of the impurities. The powdered
Mn:CeO, NPs were attained by heating the precipitate in a
microwave oven at 2.45 GHz for 15 min.

Required characterization

The properties of green fabricated CeO, and Mn:CeO, nano-
powders were examined by analytical techniques. The optical
properties were monitored by UV-visible diffuse reflectance
spectra JASCO V-600 spectrophotometer. The functional
groups on the surfaces of the nano-powders like secondary
metabolites in plant source and decorated metal can be pre-
dicted by Nicolet iS5 model Fourier transform infrared spec-
trometer (FT-IR) with KBr technique in the 400—4000 cm !
range. The phase and crystalline nature of particles were noted

using X-ray powder diffraction (PANalytical X pert PRO
model) CuK (\ = 1.5406 A) radiation. To ration the stability,
particle distribution pattern and zeta potential were calculated
by scattering and sonicating the samples in Milli-Q water
using Nanopartica SZ-100, Horiba Scientific. Field emission
scanning electron microscope with energy-dispersive X-ray
(EDAX) (JEOL-JSM-6700F) instrument operated at 5 kV
for CeO,, scanning electron microscopy (FEI Quannta
FEG200), and HRTEM with EDAX (TEM-2100 plus
electron microscope) shows the morphologies and size of
the synthesized samples.

Determination of malachite green degradation

The photodegradation of the organic cation dye malachite
green (MQG) bluish-green color in water exhibits peak at
620 nm. The photocatalytic activity of green fabricated
Ce0, and Mn:CeO, (CM2) nano-powders optimizes the deg-
radation parameters for Malachite green. The photocatalytic
reactions were carried out in different radiation by exposing
the reaction chamber in visible, UV, and direct sunlight. A
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Fig. 2 a XRD spectra of CeO,, CM1, CM2, and CM3. b FT-IR of plant, CeO,, and CM2. ¢ Zeta potential of CeO, and CM2

stock solution of MG was made by liquefying the 0.1 g of MG
into a 1-1 volume of deionized water. The chosen concentra-
tions of dye solutions required for the degradation process
were diluted from the stock solution of MG. The amputation
of' malachite green from solution was determined by capturing
visible, UV sunlight. The radiation was regulated by using a
normal LED lamp with 7 W for visible radiation, a UV bulb
with 30 W for UV radiation, and direct sunlight. During the
radiation time, the dye solution with the required
photocatalyst was positioned with the nearest contact. The
durable color of the solution was calibrated to get the
decoloration efficiency to fix the light source. In the extant
situation, aqueous Cassia angustifolia seed extract, CeO,, and
the dopant Mn ions on CeO, nanomaterials prime to degrade
the dye solution. Since the coagulant nature of Cassia
angustifolia seed gum acts as a substituent of chemical coag-
ulant, the dye removing efficiency was carried out by using
seed extract. To sign the degrading efficiency, seed was ap-
plied in varied percentages (1%, 3%, 5%, 7%, and 9%) to
reduce the malachite green dye solution of 100 ml quantity
at 10 ppm and the effective decoloration is taken as a control.
The degrading rate of malachite green endures with the pres-
ence of high polysaccharides and low protein content in the
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applied concentration of plant sources. Initially, from lower to
5% concentration of plant, the decoloration percentage raises
and lowers at higher concentration due to the onset coloration
of yellowish seed extract.

The photodegradation test was conducted by transferring
the essential quantity of CeO, and Mn:CeO, nano-powders
into a 50-ml beaker holding 30 ml of dye solution. To exam-
ine the photocatalytic activity, the experiments were steered
for 60 min in UV light source, by effectively varying dye
concentration (10-50 ppm), photocatalyst dosage (0.005—
0.025 g), and pH of the dye solution (4—12). Initially, the
combination of catalyst and dye solutions was stirred in the
dark condition for 30 min to attain the whole adsorption
equilibrium of the organic dyes by the catalyst. The blend
solution was centrifuged to remove the catalyst and then
5 ml aliquots were exposed to light for every 10 min. After
irradiation, the solution was shifted to the cuvette and the
decolorization efficiency was intended from the diminution
of absorbance noted in a spectrophotometer using wave-
length 617 as a filter. To predict the dye elimination at high
efficiency, the parameter like the amount of photocatalyst,
concentration of dye, and pH of the solution was optimized.
The efficient removal of malachite green has resulted in the
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Fig. 3 a, b FESEM images of
CeO;. ¢, d FESEM images of
Mn:CeO, (CM2).
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Mn:CeO; due to its condensed band gap compared with
CeO, and it simplifies the formation of charge carriers by
the UV radiation source. The kinetics work was determined
by using the optimized parameter for CeO, and Mn:CeO,
nano-powders. This practice was triplicated for each
photocatalysis trials and the percentage degradation of MG
was assessed using the following equation:

%Dye degradation=(C,—C;)/C, x 100

Result and discussion
Mechanism of green synthesis

The formation of CeO, NPs revealed the occurrence of a
schematic reaction by ammonium ceric sulfate with aque-
ous Cassia angustifolia seed extract. The yellow-colored
phyto-mediated Ce** complex solution was designed by
the contact of phytochemicals in seed extract with cerium
ions resulting in a harmonious effect. After washing the
impurities, the sample was dried in a domestic micro-oven
and the complexed sample suffered slow and generated
stable pure CeO, nanoparticles. To prepare Mn:CeO,,

the substitution tactic was used along with seed extract.
The lower oxidation state metal ion (Mn**) was supple-
mented on the nano-cerium oxide structure through accu-
mulating dissimilar concentration of Mn contents and
coded as CM1 (2.5 mol% ratio =0.62% of Mn precursor
in 99.38% Ce precursor), CM2 (5.0 mol% ratio = 1.387%
of Mn precursor in 98.613% Ce precursor), and CM3
(7.5 mol% ratio=1.98% of Mn precursor in 98.02% Ce
precursor). The mixtures were momentously boosted by
stirring and the precipitated complex was washed, and
well dried in a micro-oven. The coloration of resultant
samples gets varied on unlike attentiveness of Mn ions
decorated on CeO, and the characterization gives the
wide-ranging optical properties, crystalline morphology,
and size. The oxygen vacancies in the samples (CM1,
CM2, CM3) get regulated and the dye-degrading nature
significantly improved the catalytic activities of CeO,
(Slostowski et al. 2013).

UV-visible diffuse reflectance spectroscopy
The UV—vis DRS was used to investigate the optical proper-
ties and their results were shown in Fig. 1. Some disorders

may appear in the CeO, due to higher oxygen vacancies due
to calcination and it was not preferred in all the samples. The
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energy band plays a vital role in defining the photocatalytic
activities of the semiconductor (Adepu et al. 2017). Figure 1a
displays the UV—vis absorption spectrum of all samples, in the
range of 200—800 nm and the samples exhibit strong absorp-
tion peaks in 365, 368, 378, and 367 nm. Figure 1b shows the
percentage of reflectance of all the samples.

The optical absorption regularly obeys the Kubelka-Munk
equation: (F(r) W) =A (v — E,), where A is a constant, hv
is the photon energy, E, is the band gap, and F(r) is the ab-
sorption coefficient. Figure lc portrays a Tauc plot from
which the band gap energy (£,) was determined for all the
samples. The E, value is assessed at zero absorption as the
intersection of the extrapolating linear portion with the x
axis. The E, value of the prepared samples was found to
be 3.96 eV. This value is higher than those reported pre-
viously by Ramadoss and Kim (2012) and Truffault et al.
(2010). Band gap for pure CeO, is 3.401 eV, 2.5 mol%
(CM1) is 3.369 eV, 5 mol% (CM2) is 3.279 eV, and
7.5 mol% (CM3) is 3.375 eV. CM2 shows the highest
absorption coefficient and then decreases on increasing
the Mn concentration due to extra electronic energy levels
inside the band gap, which will effectively narrow the
band gap and increase the crystalline size (Yue and
Zhang 2009; Atif et al. 2019).
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XRD pattern

In Fig. 2 a, all the observed peaks for pure CeO, were well
indexed to cerium oxide (CeO,) with a cubic fluorite structure
(JCPDS card no. 34-0394). The observed peaks of Mn:CeO,
(CM1, CM2, CM3) were found to be in the cubic fluorite
structure. For CeQy, the peak is narrow and becomes broad
with low intensity due to the presence of decorated material
Mn on CeO,. XRD pattern confirmed that the decorated Mn
has occupied the lattice positions in the crystal structure of
CeO; nanoparticles.

On further increase in Mn concentration, Mn ions lose the
capacity to enter the lattice site of CeO, and so it reduces the
risk of increasing crystallite size (Khade et al. 2016). To pre-
dict the crystallite size, the strongest diffraction peak (111) is
chosen for all the samples and the outcome of different mole
percent of Mn on CeO, was assessed by Scherrer’s equation,
D = K\ (3cos), where K is the constant (liable to half altitude
width of nominated diffraction peak—0.9), X is the wave-
length of X-ray (0.15418 nm), (3 is the half-height width,
and 6 is the Bragg angle. The crystal size was starting to vary
with different Mn concentrations which were fixed by broad-
ening of the peaks. The crystalline size of pure CeO, is
14.17 nm and Mn:CeO, is (CM1) 12.06 nm, (CM2)
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Fig. 5 a, b EDAX of CeO, and i ]
CM2. Tnset column predict the Weight% Atomic%
weight and atomic percent.
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9.69 nm, and (CM3) 15.08 nm with (111) peak positioning at
20 which were 28.03, 26.21, 26.4, and 26.36 and peak broad-
ening 5=0.58, 0.67, 0.88, and 0.82. By fluctuating the Mn
concentration more in 2.5 mol% and 5 mol%, the crystallite
size gets shrink and secure by an expansion of the peaks.
When the Mn concentration is greater than 5 mol%, the for-
mation of clusters might occur largely which leads to size
increment. Hence, in our work, we selected 5% Mn loading
as an extreme concentration, to lean towards size lessening for
defect formation in the CeO, lattice owed to Mn ions. So, it
can be inferred that the decrease in crystallite size with
2.5 mol% and 5 mol% results in high firmness in the crystal
lattice strain (Saranya et al. 2014). So, it is evident that the
decrease in crystallite size with an increase in Mn concentra-
tion and the surface area of the samples can change the phys-
ical property, reactivity, and photochemical efficiency
(Kumar et al. 2012). Further, increment of Mn content favored
sintering and loss of intra-particle porosity, which was detri-
mental to the photocatalytic efficiency. The tuned band gap
and smallest crystalline size of 5 mol% Mn-decorated CeO,
were chosen for further characterization and photocatalytic
degradation to compare with pure CeO,.

FT-IR analysis

Figure 2b displays the FTIR spectrum of plant, CeO,, and
Mn:CeO, (CM2) NPs. The functional group existing in the
biomolecules of Cassia angustifolia seed extract display
peaks at 878.42 cm ' (C—H), 1034.61 cm ' (C-0),
1403.93 cm ™! (C=C), 1563.91 cm ' (N-H), and 3281 cm™"
(O—H). For pure CeO,, the absorption band located at
539.971 cm ! is assigned to the stretching vibration of the
Ce—O bond (Athawale et al. 2009). The band positioned in
1044.26 cm ™' is ascribed to C—O stretching vibration
(Murugana et al. 2018) in CeO,. The band placed at
1629.55 and 1428.99 cm ' is attributed to N-H and C—
H bending vibration (Prabaharan et al. 2016) present in
CeO,. The weak band detected at 2106.85 cm ' is allotted
to C—H stretching vibration, and this indicates the pres-
ence of organic compounds gets adsorbed onto the surface
of pure CeO, (Athawale et al. 2009). The broad bands
sited at 3223.43 and 1052.94 cm ' are credited to
stretching and bending vibrations of the O—H group at-
tached to nano-CeO,. For Mn:CeO,, the appearance of
broad bands around 593.97 and 481.153 cm™ ' is allotted
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Fig.6 a, b Decoloration percentage of MG at different light sources for CeO, and Mn:CeO, (CM2). ¢, d Decoloration percentage of MG at different dye

concentrations for CeO, and Mn:CeO, (CM2).

to the Ce—O—-Ce and Ce—O-Mn vibrational symmetrical
stretching frequencies (Ho et al. 2005). The band is ob-
served at 1044 cm ' owing to the alteration of longer
Ce=0 group in the nanostructure (Binet et al. 1994).
Mostly, the addition of Mn ion in CeO, outcomes in a
descending swing of photosensitive mode and peak
changes to higher frequency 3241.75 cm™' (O-H),
1631.48 cm™' (N-H), and 2280.41 cm™' (C—H) stretching,
when interrelated to pure CeO,. The shift in the peak of
Mn:CeO, and changes in the length of oxygen bond in
CeO, were due to the implementation of Mn ions in the
CeO, lattice.

Investigation on stability

Zeta potential was predicted with charges based on the
potential difference and discrete solvent has an opposite
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charge on the surface of the nanoparticles. Figure 2¢ dis-
plays the zeta potential value of synthesized CeO, and
Mn:CeO, as —43.1 mV and —33.2 mV with particle size
27.9 nm and 25.4 nm SD. Mostly, zeta potential with
higher negative value specifies extra disgust among the
particles which diminishes aggregation for high stable
NPs (Nezhad et al. 2020). The exceeded negative charge
retorts the stability and proves the surface of nanoparticles
was adorned with phyto molecules of Cassia angustifolia
seed.

FESEM, HRTEM, and EDAX analysis

The morphology of green fabricated pure CeO, and
Mn:CeO,(CM2) surfaces was investigated using a field emis-
sion scanning electron microscope (FESEM) and the results
were shown in Fig. 3a, b, ¢, and d. The surface morphology of
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Fig. 7 a, b Decoloration percentage of MG at different amount of photocatalyst loaded for CeO, and Mn:CeO, (CM2). ¢, d Decoloration percentage of

MG at different pH for CeO, and Mn:CeO, (CM2).

pure CeO, was measured in 1 um and 200 nm scales and
Mn:CeO, measured in 1 pm and 500 nm scales which is
agglomerated as uneven particles due to highly stable and
permitting crystal growth (Choi et al. 2016). The micro and
nano-morphology of pure CeO, gather like spherical. On
Mn:CeO,, extreme transformation in shape was detected as
flower-like morphology due to augmentations of metal nucle-
ation cores and favored positioning peak deviations in the X-
ray diffraction pattern (Yanan et al. 2013).

The HRTEM images, histogram, and SAED image of
pure CeO, and Mn:CeO, (CM2) are shown in Fig. 4. In
HRTEM, the size of the CeO, and Mn:CeO, (CM2) nano-
particle was calculated using the Digimizer Image
Analysis software as 10—12 nm and 8-9 nm. The
HRTEM images revealed that the average particle size
11 nm for pure CeO, and 9 nm for CM2 was given in
Fig. 4(a, d) and the inset figure shows its lower magnifi-
cation. The inset figure of CeO, and Mn:CeO, explains

the variation occurs in the inter-planer distance.
Histogram explains the size distribution for a different
count of particles exhibits maximum in the range 10—
12 nm for pure CeO, and 89 nm for CM2 which was
shown in Fig. 4(b, e). The consequences elucidate the
reduction in average particle size Ce(IV) by additional
optimized concentration of Mn(Il) ions at CM2 (Saranya
et al. 2014) and also due to the replacement of Ce(IV)
with Mn(II) ions (Kumar et al. 2012). Fig. 4 ¢ and f
predict the SAED patterns attained by converging the
beam on the CeO, and Mn:CeO, demonstrates the cubic
single phase and purity.

The energy-dispersive X-ray spectra give qualitative and
quantitative presence elements in pure CeO, and Mn:CeO,
(CM2). Fig. 5 a and b show the spectra of protruding peaks
with dissimilar intensities corresponding to Ce and O for pure
Ce0, and Mn, Ce, and O for Mn:CeO,. Inset images predict
the clear appearance of weight and atomic percentage.
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CeO, and C-Mn:Ce0,), and green synthesis (CeO, and Mn:CeO,)

Photocatalytic activity of CeO, and Mn:CeO,
(CM2)

Setting optimum parameters in photodegradation

The high-efficient photodegradation was analyzed in CeO,
and Mn:CeO, by varying light radiation, dye concentration,
catalyst loading, and pH. The rate and efficiency of dye deg-
radation vary with the respective time and the radiation of
light. By capturing visible and UV sunlight, the valence elec-
tron in the catalyst moves to the excited state and it leads to the
formation of photoelectron. In dark conditions, the same
photocatalyst was applied on the dye and it is compared with
the radiation condition. In Fig. 6(a, b), the results of dark and
dissimilar light sources for CeO, and Mn:CeO, are compared
and concluded in which UV light source holds good for the
degradation process with respective reaction time. If the inten-
sity of UV radiation is more than an hour, the active sites of
the catalyst will get accumulated and create photocatalyst de-
activation (Li et al. 2008). Though degradation increases with
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an increase in time, we preferred effective degradation in a
short time (within 60 min). The optimized UV light radiation
was emitted for 60 min by loading 0.02 g CeO, and Mn:CeO,
catalyst to 30 ml of different concentrations of dye solutions
(10 ppm, 20 ppm, 30 ppm, 40 ppm, and 50 ppm) with its
pH 5.3. Fig. 6 ¢ and d show the degradation efficiency of dyes
at 30 ppm for CeO,, and 40 ppm for Mn:CeO,. The excess
concentration of dye reduces the e—/h + recombination rate on
formation of free oxygen O, radicals and hydroxyl radical
OH’ will never adsorb on the surface of the catalyst but stabi-
lize intermediate radicals that is accountable for the minerali-
zation of the dye molecule and it leads the way to pollute water
(Fujishima et al. 2008).

The consequences of CeO, and Mn:CeO, photocatalyst
were loaded in varying amounts (0.005 g, 0.01 g, 0.015 g,
0.02 g, and 0.025 g) on 30 ml of 30 ppm dye solution by
irradiation time of 60 min at its pH 5.3. Fig. 7 a and b show
the extreme degradation of 0.02 g for CeO, and 0.01 g for
Mn:CeO,, and a further increase in photocatalyst decreases
the degradation rate. When the photocatalyst amount is more
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than an optimum level, the OH radical counts get more to
cause dense solution which affects the activation of the cata-
lyst by light, so the degradation rate is reduced (Sun et al.
2008). The adjustment of malachite green to different pH gets
changed by adding a trace solution of diluted hydrochloric
acid or sodium hydroxide to normal pH 5.3. The pH impacts
on the surface state of the catalyst and ionization state of
ionizable dye molecules. The amount of photodegradation
gets affected by pH, it alters the charges on the surface of
the catalyst, and it leads to protonation or deprotonation, and
also it depends on the nature of the dye (Wang et al. 2012).
The active *OH at high pH acts as the best oxidant and creates
electrostatic attractive properties among the catalyst and the
functioning dye molecules (Daneshvar et al. 2003). For dis-
tinct pH from 4 to 12, the decoloration efficiency was shown
in Fig. 7(c, d) with 0.02 g of CeO, and Mn:CeO,
photocatalysts applied in 30 ppm dye solutions. The
decoloration efficiency confirms the pH value ascribed for

Ce0, is 8 and Mn:CeO, is 10. On applying the optimized
parameters, the decoloration efficiency was noted for CeO,
and Mn:CeO,.

Just to compare the decoloration efficiency of green syn-
thesized nanoparticles CeO, and Mn:CeO,, we synthesized
CeO, and Mn:CeO, conventional method using NaOH re-
placing the Cassia angustifolia seed extract. For the conven-
tional synthesized samples, the band gap is noted from the
UV-DRS wavelength and coded as C-CeO, and C-Mn:CeO,
as shown in Fig. 8 b. The conventional nanomaterials were
applied in malachite green with optimized parameters as used
for the green synthesis decoloration part. Figure 8c displays
the comparable resulted values of malachite green degradation
with green synthesized and conventional nanoparticles. From
the display, we can be able to note some extent progressive
degradation consequence for green synthesized materials. The
advanced result may arise owing to the small band gap and
nano-textured size.
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Kinetics study of malachite green degradation

Experiments were made by using an optimized amount of dye
concentration, CeO,, and Mn:CeO, (CM2) photocatalyst
loading, required pH, and light source for the 1-h time dura-
tion, and its decoloration efficiency was shown in Fig. 9a
along with Cassia angustifolia seed. The result describes that
the Mn-decorated CeO, at 5 mol% (CM2) is 3.279 eV which
shows better results equated with pure CeO, 3.401 eV
photocatalyst. The optimized conditions for decolorizing
MG are analyzed with Cassia angustifolia seed, CeO,, and
Mn:CeO,. The kinetics rate was planned only for efficient
degradation with green synthesized CeO, and Mn:CeO,.
The degradation kinetics was predicted by the equation (—In
(C/Cy) = kt) where k is the rate constant, and C; and C are the
concentrations of final time and initial time respectively
(Behrouz et al. 2019).

The kinetics study in photocatalytic decoloration of mala-
chite green by CeO, and Mn:CeO, and their plots of —In (Cy/
Cy) versus irradiation time gives straight line which were
shown in Fig. 9c. Probably, kinetics depends on the dye
charge and sensitive surface of synthesized nanoparticles. In
the green nano-ZnO photocatalyst, degradation of Congo Red
and Rose Bengal dye tracks a comparable kinetics model
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(Vidya et al. 2016, 2017). The first-order rate constants are
given by the slope 0.0245 and 0.0327 min~' for CeO, and
Mn:CeO, respectively. Hence, we suggest from our results
that the surface of Mn:CeO, is more reactive in adsorption
of dye molecules compared with CeO, due to the finest size
and aggregation of flower-like morphology. We conclude that
the probable Mn:CeO, photocatalyst appears to be hopeful in
the degradation of contaminated dyes in water within a short
time.

Probable photocatalysis mechanism

Figure 10 explains the mechanism of decoloration using
Cassia seed, green synthesized CeO,, and Mn:CeO,. The
principle of photocatalysis was redox reaction which gets ini-
tiated by the interaction of drift charge carriers generated on
the surface of the photocatalyst to adsorb the dye molecules
(Tachikawa et al. 2007).

Dye removal undergoes numerous oxidative paths depend-
ing on the size and surface of the photocatalyst as follows:

* Formation of oxidizing hydroxyl free radicals (*OH) by
holes (+) in the valence band (VB) intermingles with H,O
and OH group on the surface of the catalyst.
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* Development of superoxide ion (O,") by electrons (—) in
the conduction band (CB) with oxygen molecules exists
on the nano-catalyst surface.

* Abundant rise of surface hydroxyl radical in Mn:CeO,
was due to the presence of accurate Mn ion on CeO,
lattice, ability to capture the light-induced electron and
transfer to oxygen present on the surface of CeO,.

» All these radicals combine to give effective decoloration
of MG.

Conclusion

In swift, facile green nanofabrication of CeO, and Mn:CeO,
was prepared using phytochemicals of Cassia angustifolia
seed extract. The green synthesis predicts smaller nanoparti-
cles and it was noted through HRTEM. Since the weak base
occurs in Cassia angustifolia seed extract, the formation of
nanoparticles takes place for a longer duration with low tem-
perature. Thus, the resultant nanoparticle holds good stability
and capped with phyto molecules. The FT-IR of nano-CeO,
exhibits the presence of Cassia angustifolia phyto groups (—
OH, —CH, -NH) on its surface. In XRD, less intense peak was
obtained compared with chemical synthesis, but no extra peak
was detected. From our result, the green synthesized CeO,
exists in a pure and stable form. Similar to pure CeO,, the
green nano-Mn:CeO, also exists in stable form, on character-
izing and applying the synthesized samples along with Cassia
angustifolia seed and conventionally prepared C-CeO, and C-
Mn:CeO, nanomaterials. Among all decoloration efficiency,
green synthesized pure nano-CeO, and Mn:CeO, (CM2) un-
der the optimal conditions were attained by changing radiation
including dark, concentration of MG, catalyst dosage, and pH
of dye solution. The reaction kinetics was effectively super-
vised by spectrophotometer readings, and the kinetics process
was well projected to the first-order model. The extreme effi-
ciency of MG degradation was achieved in short duration by
Mn:CeO, (CM2) photocatalyst under UV radiation to degrade
universal water pollutant malachite green.
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