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of SrO nanoparticles using leaf
extract of Albizia julibrissin and its recyclable
photocatalytic activity: an eco-friendly approach
for treatment of industrial wastewater

Annin K. Shimi,a C. Parvathiraj,a Suman Kumari,b Jasvir Dalal, *b Vipan Kumar,c

Saikh M. Wabaidurd and Zeid A. Alothman d

The present work unveils the reusable photocatalytic action of strontium oxide (SrO) nanoparticles

synthesized using Albizia julibrissin plant extract via the co-precipitation method. The material and its

synthesis reveal an eco-friendly approach that provides new insight into synthesizing the photocatalyst.

The plant extract controls the parameters such as particle size, morphology, structure and other

characteristic features of the synthesized material which are important aspects of a photocatalyst. The

microscopy images of the as-synthesized SrO nanoparticles show that the particles exhibit spherical

morphology with a rough surface and agglomeration of particles was also observed. The spherical

morphology of SrO nanoparticles leads to a higher aspect ratio and assists in higher adsorption of

pollutant dye. Using a Tauc plot, an energy bandgap of 2.64 eV is estimated for SrO nanoparticles, which

is favorable for absorption of visible light. The synergic effect of structural and morphology parameters

leads to an enhanced photo-degradation/pollutant removal efficiency of 87.4% for cationic methylene

blue dye under visible light irradiation. In addition, the reusability of the SrO photocatalyst over four

cycles is tested, and the results indicate that SrO can be proven to be an effective eco-friendly

photocatalyst.
Environmental signicance

In the last decade, the world has achieved a new height of success in the development of various nanotechnology areas such as sensors, biomedicines, food
technology, electrochemistry, cosmetics, pharmaceuticals, catalysis, etc. However, these developments happen at the cost of environmental pollution, and still
continue. It is either the synthesis of nano-materials using traditional methods or industrial development that generates huge amounts of gas/liquid/solid
waste. Traditional methods produce unwanted and harmful by-products. To circumvent such issues, we reported the green synthesis of a SrO nanomaterial
and tested it as a photocatalyst for the degradation of environmental pollutants under visible light. Thus, the work is environmentally friendly with no negative
implications on the surrounding.
Introduction

In the last decade, the world has achieved a new height of
success in the development of various nanotechnology areas
such as sensors, biomedicine, food technology, electrochem-
istry, cosmetics, pharmaceuticals, catalysis, etc. However, these
developments happen at the cost of environmental pollution,1,2
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and still continue. It is either the synthesis of nano-materials
using traditional methods or industrial development that
generates a huge amount of gas/liquid/solid waste. The tradi-
tional synthesis methods produce unwanted and harmful by-
products. To circumvent such issues, green synthesis has
attracted great attention owing to its reliable, economical,
sustainable, and eco-friendly nature for processing various
types of materials in this modern era of technology. Green
synthesis plays a crucial role in the conservation of the envi-
ronment by reducing the harmful effects of traditional
synthesis methods employed in labs and industries such as
paint, tannery, textiles, plastics, rubber, cosmetics, etc.3–6 These
industries use huge quantities of dyes, about 1.6 million tons
yearly, which in turn results in the discharge of vast amounts of
dye-laden effluent as sewage waste.7 Industrial waste is a major
factor of water pollution, wherein produced wastewater
Environ. Sci.: Adv., 2022, 1, 849–861 | 849
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contains various hazardous dyes such as rhodamine B, methyl-
orange, methylene blue, etc. or contains heavy metal ions like
Pb2+, Hg2+, Cr6+, etc. whose highly toxic and poisonous nature
causes serious diseases such as skin irritation, respiratory
diseases, contact dermatitis, cancer, etc. in living beings that
live on earth as well as in aquatic life.8,9 Among the above-
mentioned pollutant dyes, methylene blue is frequently used.
Due to its heterocyclic chemical structure, the dye can sustain
for a long time in the environment which causes harmful effects
on human beings.10 Thus, the elimination of by-products of
traditional nanomaterials synthesis methods and removal of
toxic pollutants from wastewater is the biggest challenge for
humanity. Therefore, there is an urgent need for the estab-
lishment of a green synthesis method for nanomaterials and
catalysts for the treatment of polluted water.

The treatment of polluted water can be performed via
different ways such as adsorption, biodegradation, chlorina-
tion, ozonation, sedimentation, and chemical precipitation.11–13

But these methods need an enormous amount of energy and
chemicals. In recent years, semiconducting material-based
photocatalysts have been introduced as a crucial green tech-
nology to eliminate environmental pollution problems.14,15 The
irradiation of semiconductors causes the generation of electron
and hole (e–h) pairs which exhibit oxidation and reduction
capabilities. The photo-generated charge carriers act directly or
create other active radical species in the pollutant which
decomposes it into organic/inorganic molecules via oxidation/
reduction reaction.16–18 For the technological purpose of pho-
tocatalysts, the dominant factors include higher photocatalytic
efficiency, lower degradation time, quantity of catalyst, reus-
ability, reproducibility of results, type of light, cost, etc.
However, most photocatalysts failed to meet the above-
mentioned criteria.19–21

Metal oxide nanoparticles such as CuO, MgO, CeO2, SnO2,
TiO2, ZnO and WO3 are broadly used for photocatalysis, which
is due to their high stability, appropriate energy bandgap, ion
production, free radical generation and enhanced e–h pair
lifetime properties.22–26 Their non-toxic nature in water, abun-
dance, cost-effectiveness and sustainability in various environ-
mental elds make metal oxides suitable candidates for
photocatalysts.27 Among the metal oxides, SrO can be used for
biomedical, cancer therapy, sensor, supercapacitor and catalyst
applications. It is also applicable in dentistry, bone tissue
treatment and biodiesel production. Recently, SrO has proven
suitable for photocatalysis owing to its higher exibility,
chemical stability, suitable energy bandgap, crystal structure,
etc.28 The green synthesis route can control the structural and
morphological features of materials. It is also reported that the
materials synthesized via the green synthesis method have
higher reactivity and aspect ratio than thematerials synthesized
via the traditional chemical method.29

Plant extracts are preferred over other synthetic chemicals
because they are readily available and safe to handle, and have
a wide range of metabolites. Albizia julibrissin belongs to the
family Fabaceae and is also known as the silk tree, powder-puff
tree, or mimosa. It is found in Africa, Asia, Australia, and
tropical and subtropical regions of the Americas. It contains
850 | Environ. Sci.: Adv., 2022, 1, 849–861
a wide range of phytoconstituents including avonoids, glyco-
sides, saponins, lignans, furans and fatty acids, and tri-
acylglycerol has been identied in this plant.30,31 These
phytochemicals can act as reducing agents as well as capping
agents. Nevertheless, little literature is available on the green
synthesis of SrO nanoparticles, using extracts from plants
including Ocimum sanctum, Vintis vinifera and Elodea
Canadensis.29,32,33

The present work emphasizes the importance of the green
synthesis method using Albizia julibrissin plant extract and the
photocatalytic activity of plant extract mediated SrO nano-
particles. The plant extract acts as a capping and stabilizing agent
that controls the characteristics of SrO nanoparticles, as analyzed
using various techniques. The photocatalytic response of SrO
nanoparticles is examined for the degradation of water pollutant
methylene blue dye under irradiation with visible light. This work
provides a signicant understanding of the unique properties of
SrO nanoparticles synthesized via the greenmethod coupled with
photocatalytic technological application.
Experimental details
Materials used and synthesis of SrO nanoparticles

Analytical grade strontium nitrate hexahydrate (Sr(NO3)2-
$6H2O), sodium hydroxide (NaOH), hydrochloric acid (HCl),
and natural extract of Albizia julibrissin were used for the
synthesis of SrO samples.

Albizia julibrissin plants have a wide range of biomolecules
and metabolites, including vitamins, proteins, coenzyme-based
intermediates, avonoids, phenols, and carbohydrates.30,31

Carbonyl, hydroxyl, and amino functional groups in such plant
compounds interact with metal ions to reduce their particle size
to the nanoscale. Flavonoids include a variety of functional
groups, but the –OH group is thought to be the most important
for changing metal ions to NPs.34 These compounds also play
a critical role in the capping of nanoparticles, which is critical
for stability and biocompatibility.35 It is reported that avonoids
and phenolic chemicals found in the extract are expected to be
responsible for the conversion of metal ions to metal oxide
nanoparticles.36

For the preparation of the extract, clean Albizia julibrissin
leaves were boiled in 100 mL double distilled water for 10 min,
and ltered using Whatman lter paper. The extract was stored
in a refrigerator at 4 °C. For the synthesis of SrO nanoparticles,
0.1 M Sr(NO3)2$6H2O was mixed into 10 mL of plant extract
solution using a magnetic stirrer for 1 hour at 60 °C and the
color of the solution turned to a greenish color. Aerward, the
solution was centrifuged, washed and dried in a hot air oven at
90 °C. Finally, the dried sample was collected and crushed into
powder for further analysis. Scheme 1 shows the schematic
illustration of the preparation process for SrO nanoparticles
(SrO NPs).
Characterization techniques

The bio-synthesized SrO nanoparticles were characterized to
investigate their structural, elemental and morphological
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2va00018k


Scheme 1 Schematic illustration of the green synthesis procedure for SrO nanoparticles.
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properties. The structural conguration of SrO NPs was iden-
tied using a Malvern Panalytical X-ray diffractometer (XRD)
operated at 25 mA and 40 kV (Cu Ka radiation with l = 1.5406
Å). The morphological properties were investigated using a Carl
Zeiss Field Emission Scanning Electron Microscope (FESEM)
with Energy Dispersive X-ray (EDX) spectroscopy at an acceler-
ating voltage of 15 kV and a Philips CM200 Transmission
Electron Microscope (TEM) at an accelerating voltage of 200 kV.
The binding energies between the nanoparticles were examined
using X-ray Photoelectron Spectroscopy (XPS, PHI 5000 Versa
Probe III, Physical Electronics, USA). The functional groups and
chemical bonds of the samples were studied with a Fourier
Transform Infrared (FTIR) PerkinElmer instrument (4000–
400 cm−1) using KBr pellets. The UV-diffuse reection spectra
(UV-DRS) of the as-prepared samples were recorded on a UV-
2600 Shimadzu spectrometer.
Photocatalytic activity

The photocatalytic activity of Albizia julibrissin facilitated SrO
nanoparticles was tested against methylene blue (MB) dye
Fig. 1 (a) X-ray diffraction pattern of biosynthesized SrO NPs. (b) FTIR s

© 2022 The Author(s). Published by the Royal Society of Chemistry
under visible light irradiation. For this purpose, the SrO catalyst
was added to a polluted water sample (containing 10 ppm MB
molecules) and placed under dark conditions for 20 min to
reach the adsorption–desorption equilibrium. Aer that, the
dark-conditioned samples were taken out and kept directly
under a visible light source (xenon lamp; power = 150 W & l =

400 nm). The solution was irradiated for 80 min, and during
this process at regular time intervals of 20 min, a test sample
was collected from the solution. The collected samples were
centrifuged to remove the SrO catalyst from the solution. The
degradation efficiency was calculated from the UV-Vis spectra
using eqn (1):

Dye degradation efficiency ð%Þ ¼ C0 � Ct

C0

� 100 (1)

where C0 is the initial concentration of the MB dye solution
without irradiation with light and Ct is the concentration of the
dye solution at different time intervals upon irradiation with
visible light. To ensure the accuracy of degradation efficiency,
the experiment was repeated three times under similar
conditions.
pectra of Albizia julibrissin extract and SrO NPs.

Environ. Sci.: Adv., 2022, 1, 849–861 | 851
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Results and discussion
XRD analysis

The crystal structure and phase of the prepared sample have
been analyzed using XRD analysis. The XRD pattern of the
sample is shown in Fig. 1a. The peaks observed in the as-
prepared sample are positioned at 2q values of 28.8, 33.3, 47.9
Fig. 2 (a and b) FE-SEM images of bio-synthesized SrO NPs, (c) TEM im
Mapping images of synthesized SrO NPs.

852 | Environ. Sci.: Adv., 2022, 1, 849–861
and 56.6° assigned to the planes (100), (110), (200) and (220)
respectively. The obtained results impeccably match the stan-
dard face-centered cubic structure of SrO (JCPDS 48-1477). The
formation of strong & sharp peaks and the absence of other
peaks are indicative of the phase purity and crystalline prop-
erties of the synthesized material. Thus, the crystalline phase is
indicative of a network of metal atoms and oxygen atoms. These
age of bio-synthesized SrO NPs, (d) EDX spectrum of SrO NPs. (e–g)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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parameters also reveal that the natural extract of Albizia juli-
brissin acts as a good stabilizing and capping agent. The average
crystallite size (D) is calculated using the Debye–Scherrer
equation as

D ¼ Kl

b cos q
(2)

where b is the full width at half maximum (FWHM), K = 0.94
(shape factor), l = 1.5405 Å and q is the diffraction angle. The
average crystallite size of the sample is calculated at around
34 nm. It has been observed that a smaller crystallite size of the
catalyst may be benecial for the catalytic activity as compared
to the bulk catalyst.22

FTIR analysis

FTIR spectroscopy is an advantageous technique to examine the
chemical structure and functional group vibrations in the SrO
sample and plant extract as depicted in Fig. 1b. The FTIR
spectrum of the plant extract shows absorption bands at 3293,
1651, 1484, 1178, and 570 cm−1. The broad peak at 3293 cm−1

indicates O–H stretching vibrations corresponding to water
molecules.37 The peak at 1651 cm−1 indicates the vibration of
the C]O bond of the amide group.38 The presence of a nitrile
group, i.e. the C–N stretching vibration, is observed at
1484 cm−1.39 The peak observed at 1178 cm−1 can be attributed
to C–C stretching and –OH distortion of primary alcohols and
carboxylic acids.36,40 The band centered at 570 cm−1 may be due
to bending vibrations of aromatic compounds.

The absorption bands for Albizia julibrissin treated SrO NPs
are observed at 1435, 1344, 814, and 736 cm−1. The intense
Fig. 3 XPS spectra of biosynthesized SrO NPs: (a) wide spectrum, (b) Sr

© 2022 The Author(s). Published by the Royal Society of Chemistry
peaks located at 814 cm−1 and 736 cm−1 indicate the bending
vibrations of the metal–oxygen bond which shows the forma-
tion of Sr–O.41 A band at 1400–1000 cm−1 corresponds to
methylene groups of proteins present in plant extract.36 The
bands positioned at 1435 and 1344 cm−1 reveal the presence of
the metabolites and biomolecules of the Albizia julibrissin plant
extract. It is reported that the free NH2 and carbonyl groups
from proteins have a tendency to form a layer over the particles
that in turn stabilizes the nanoparticles.36 Thus, the spectrum
reveals that protein molecules, as well as avonoids and their
functional groups, assist the formation of strontium oxide and
stabilize it via the capping of nanoparticles. As result, these
elements play a vital role in the morphology and dispersity of
nanoparticles.
Morphological and elemental analysis

The morphology and elemental details of Albizia julibrissin
plant extract treated SrO nanoparticles have been examined
using FESEM, TEM and EDX as presented in Fig. 2. FESEM is
one of the best techniques to investigate the morphology of
materials. The FESEM images show globular structures of
different sizes (average size is ∼5 mm) and with a rough surface
as shown in Fig. 2a and b. The globular structure shows the
agglomeration of SrO NPs. The accumulation of SrO NPsmay be
due to higher surface area and higher surface energy of the
nanoparticles. From the TEM image (Fig. 2c), it has been
observed that the particles appear to be of spherical shape and
are distributed non-uniformly. The size of SrO nanoparticles is
found to vary in the range of 20–30 nm; this obtained particle
-3d, (c) O-1s, and (d) core level Sr-2p & C-1s.

Environ. Sci.: Adv., 2022, 1, 849–861 | 853
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size is in close agreement with the crystallite size calculated
from the XRD analysis. The particles have a spherical geometry
which leads to higher surface area than other geometries, i.e.
the particles’ higher aspect ratio plays a crucial role in catalytic
activity. Thus, these properties such as lower particle size, and
spherical shapes with rough surfaces assist the adsorption of
the dye molecule on the surface of SrO nanoparticles and the
adsorption of dye is another vital parameter for enhanced
photocatalytic activity.

Moreover, the formation of SrO NPs has been investigated
through elemental analysis using energy-dispersive X-ray spec-
troscopy as shown in Fig. 2d–g. The presence of oxygen and
strontium elements is visible at 0.52 and 1.86 keV respectively.42

The contribution by weight of strontium and oxygen in the total
particle weight is found to be 67.2% and 32.8% respectively. The
elemental color mapping of the sample is depicted in Fig. 2e–g,
and conrms that both elements, i.e. strontium and oxygen
elements, are present in the biosynthesized SrO NPs. And no
other impurity has been observed from the gures. Thus, the
results conrmed the formation of SrO NPs of good quality and
conrmed that the present biosynthesis process using plant
extract has wide scope to synthesize other such materials via an
eco-friendly route. This will be useful for environmental safety
as well as the synthesis of high quality materials.
Evaluation of binding energy

The chemical nature of the elements existing in the as-
synthesized sample can be investigated using a quantitative X-
ray photoelectron spectroscopy technique (XPS). The spectra
can be obtained by measuring electron number and kinetic
energy simultaneously during irradiation of the material with
an X-ray beam.43 The composition of the sample has also been
analyzed from a detailed investigation of the XPS spectra of Sr-
3d, Sr-2p, O-1s, and C-1s as depicted in Fig. 3. As observed from
the gure, peaks corresponding to binding energies 133.7 and
136.2 eV are assigned to Sr-3d5/2 and Sr-3d3/2 respectively due to
spin–orbit coupling with separation of 2.5 eV.44 In addition, the
Fig. 4 (a) UV-DRS spectrum of biosynthesized SrO NPs and (b) Tauc plo

854 | Environ. Sci.: Adv., 2022, 1, 849–861
Sr-3p state is also split into two levels, Sr-2p3/2 and Sr-2p1/2
corresponding to binding energies 268.6 and 279 eV respec-
tively, with the core spin–orbit coupling separation of 10.4 eV.45

It is reported that these specic values of binding energy can be
ascribed to the Sr2+ ionic state in the as-prepared SrO sample.42

In addition, the intense peak at 531 eV (Fig. 3c) indicates the
existence of the O-1s orbital level and is assigned to lattice
oxygen with an O2− oxidation state.46 In the C-1s spectrum,
three specic peaks associated with C–C/C]C, C–O and C]O
are centered at 284.7, 286.9 and 292.5 eV respectively.46 The
peak corresponding to C–C bonds indicates that the plant
extract is dispersed on the surface of nanoparticles. Thus, the
plant extract acts as a capping agent on the surface of SrO, due
to which the morphology of the nanoparticles may be spherical,
and controls the dispersion as observed in the TEM micro-
graph. The plant phytochemicals such as avonoids, saponins
and tannins may be the main active species that give rise to the
formation of SrO nanoparticles in a controlled manner. The
obtained results for the synthesized SrO nanoparticles sup-
ported the FTIR ndings that the plant metabolites are
responsible for the formation and stabilization of the
nanoparticles.
UV-DRS analysis

The optical properties have an important role in the investiga-
tion of the photocatalytic activity of a material. As per the theory
of UV spectroscopy, the valence electrons of atoms are excited to
a higher energy level via absorbing radiation energy. As a result
of optical adsorption, a spectrum is obtained and from the
analysis of the spectrum, the energy band-gap of the material
can be assessed. This method is authenticated for obtaining
a precise value of the energy band-gap which depends upon the
delocalization of orbitals. The UV-DRS spectrum of the SrO
nanoparticles is shown in Fig. 4a. The spectrum shows a broad
absorption band positioned at around 300 nm. From the
maximum absorption band, the energy band gap of the SrO
nanoparticles has been calculated using Tauc’s equation as:47
t of SrO NPs.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Schematic illustration of the photocatalytic mechanism.
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(ahv)n = A(hv − Eg) (3)

where a, n, A, Eg, and hv are the absorption coefficient, power
factor (its value is 2 for direct allowed transitions), intrinsic
constant, band-gap of the catalyst and photon energy respec-
tively. A plot of (ahv)2 versus hv was drawn and the linear t was
extrapolated to the x-axis as shown in Fig. 4b. From the
extrapolated curve, the energy band-gap of SrO nanoparticles is
found to be 2.64 eV which is higher than the energy band-gap of
bulk SrO (1.8 eV).48 According to the quantum connement
effect, a decrease in particle size is directly proportional to an
increase in energy band-gap. The band-gap plays a vital role in
dye degradation activity by producing free radicals that enhance
catalytic activity.
Fig. 5 (a) UV-DRS spectra of the test reaction (with SrO NPs) at differen
irradiation time.

© 2022 The Author(s). Published by the Royal Society of Chemistry
Photocatalytic activity

For ease of understanding the obtained results, a potential
photocatalytic mechanism for the degradation of MB dye under
visible-light irradiation has been proposed as:

SrO + hn / SrO(e− & h+) (formation of EHPs) (4)

e− + O2 / O2c
− (formation of superoxide anionic radical) (5)

h+ + H2O / OHc + H+ (formation of hydroxyl radical) (6)

O2c
− + 2H+ + e− / H2O2 (formation of hydrogen peroxide) (7)

(H2O2 + O2c
− + OHc) + C16H18ClN3S (MB) / CO2 + H2O +

NO3
− + NH4

+ + Cl− (8)
t time intervals of visible light irradiation, and (b) variation in Ct/C0 with

Environ. Sci.: Adv., 2022, 1, 849–861 | 855
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The SrO nanoparticles absorb visible light during the irra-
diation time span, resulting in the generation of electron–hole
pairs (EHPs) inside the nanoparticles. Then some of the
generated charge carriers are compensated through recombi-
nation and some of them migrate to the surface of the nano-
particles, where the electrons and holes contribute to the
initiation of reduction and oxidation reactions respectively. The
electrons involved in the reduction reaction with oxygen mole-
cules result in the creation of superoxide anionic radicals and,
furthermore, the superoxide anion produces the hydrogen
peroxide species. The holes create hydroxyl radicals by oxidizing
water molecules. The superoxide anion, hydrogen peroxide, and
hydroxyl radicals are highly active species having the tendency
to break the carbon–hydrogen bonds along with the carbon–
carbon bonds of MBmolecules that are adsorbed on the surface
of the catalyst.22 The reaction between active species and MB
molecules results in the degradation of MB molecules into CO2,
H2O, and some inorganic molecules such as NO3

−, NH4
+ and

Cl− as byproducts of the photo-catalytic reaction. The photo-
catalytic process is shown schematically in Scheme 2.

The SrO photocatalyst synthesized using the green synthesis
approach has been tested for the degradation of methylene blue
dye. MB dye is a virulent organic pollutant that is a major threat
to the environment because of its huge use in industrial
production. Therefore, MB has been chosen as an organic
pollutant to assess the photocatalytic activity of as-synthesized
SrO under visible light irradiation. The absorption intensity of
MB aqueous solution in the presence of SrO nanoparticles at
different time intervals on irradiation is shown in Fig. 5a. The
characteristic absorption peak in the UV-DRS spectrum is found
at 662 nm which was chosen for the measurement of the pho-
tocatalytic efficiency of the SrO nanoparticles by correlating the
relative intensity of the peak with time. Fig. 5b shows the vari-
ation of the relative dye concentration (Ct/C0) of MB dye in the
aqueous solution as a function of time in the presence and
absence of the photocatalyst. The decrease in the intensity of
the peak as well as a decrease in the relative dye concentration
of MB dye with time is due to damage of the chromophoric
groups present in MB.49,50 From the gure it appears that SrO
Fig. 6 (a) Kinetics of the degradation reaction for MB dye in the pres
degradation of MB in the presence of SrO (irradiation time 80 min). Erro

856 | Environ. Sci.: Adv., 2022, 1, 849–861
exhibits an enhanced photocatalytic response with time,
showing higher efficiency at a higher irradiation time. This is
because a higher irradiation time generates a greater number of
EHPs which produce a greater population of active species
which enhances the degradation efficacy of the photocatalyst.
The degradation of MB dye with the SrO photocatalyst reached
87.4% in 80 minutes, whereas, without the photocatalyst, the
degradation was 4% in the same time interval.

Further, the photocatalytic response of the sample has been
investigated quantitatively and more precisely through exami-
nation of the degradation kinetics of pollutant MB dye. The
curves representing degradation in the relative concentration of
MB dye versus irradiation time (Fig. 5b) are found to t (R2 =

0.97 (without catalyst) & 0.91 (with SrO catalyst)) an exponential
decay curve well, indicating that the nature of the photocatalytic
kinetics is consistent with a pseudo-rst-order reaction as
shown in Fig. 6a. The degradation rate constant of the pollutant
dye has been calculated using eqn (9)51

�ln Ct

C0

¼ kt (9)

where k is the pseudo-rst-order rate constant for the degra-
dation of MB dye and t is the irradiation time. The rate constant
has been calculated by assessing the slope of the−ln Ct/C0 curve
plotted versus irradiation time (min).

The rate constant for the degradation of MB dye in the
presence and absence of SrO nanoparticles has been calculated
as 0.23 min−1 and 3 × 10−4 min−1, respectively. The rate
constant in the presence of SrO nanoparticles is much higher
than that of the photolytic degradation reaction (without pho-
tocatalyst), which is consistent with the activity trends as
observed in Fig. 5.
Effect of pH on the degradation of MB dye

The pH is a vital parameter in photocatalysis that can slow-
down/speed up the degradation reaction, by controlling the
surface charge properties of the catalyst resulting in an alter-
ation in the adsorption efficiency of pollutants on the surface of
the catalyst.52,53 Therefore, the effect of pH on the degradation of
ence and absence of SrO nanoparticles and (b) effect of pH on the
r bars indicate the % error in the repeated experiments.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) Dye degradation efficiency in the presence of scavengers and (b) reusability of the SrO sample under visible-light irradiation (irradiation
time 80 min).

Table 1 Photocatalytic activity of metal oxides used for the photo-degradation of MB dye

Sr. No. Metal oxide Source of light
Power of source
(W)

Degradation
time (min)

Degradation
(%) References

1 SnO2 NPs UV-Vis 9 180 79 56
2 ZnO NPs Visible light 20–40 180 82.1 57
3 ZnO nanoowers UV-Vis 300 60 83 58
4 ZnO NPs UV-Vis — 90 83.45 59
5 MgO NPs UV-Vis 10 250 81 60
6 CuO NPs Sunlight — 300 80.71 61
7 ZnO NPs UV-Vis — 180 74 62
8 SnO2 nanorods UV-Vis 900 100 85 63
9 MgO UV-Vis 160 150 64 64
10 SrO Visible light 150 80 87.4 Present work

Paper Environmental Science: Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
 1

40
1.

 D
ow

nl
oa

de
d 

on
 2

5/
05

/1
40

3 
08

:4
2:

45
 ..

 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
MB dye has been studied/optimized in the presence of the SrO
photocatalyst in the range of 5–12. The pH level was controlled
using hydrochloric acid and sodium hydroxide solution. The pH
value of the solution was xed once at the onset of irradiation of
the solution; it was not measured during the reaction. Fig. 6b
depicts the photodegradation efficiency (%) of the SrO sample
at different pH values for MB dye.

It is observed from the gure that the degradation efficiency
is increased with an increase in the pH value of the sample up to
pH 11; a further increase in pH leads to a decrease in the effi-
ciency. The maximum efficiency at pH 11 is due to a balance of
electrostatic attraction forces between the positively charged
MB dye molecules and negatively charged catalyst which in turn
enhanced the adsorption of MB pollutant molecules on the
catalyst surface.47 As the pH value is lowered from 11, the less-
ening of the photocatalytic response of SrO nanoparticles may
be due to the weakening of electrostatic forces or may be due to
the formation of a salt via the reaction with acid. In the case of
cationic dyes, several authors have also reported a higher
degradation efficiency of metal oxide nanoparticles in basic
medium.54,55
© 2022 The Author(s). Published by the Royal Society of Chemistry
Radical scavenging

A radical scavenging experiment has been performed to
understand the photocatalytic mechanism in more detail by
identifying the most responsible radicals among the active
species for the degradation of the pollutant dye. The OHc and
O2c

− radicals are the two main possible species in the photo-
degradation of the pollutant dye. Iso-propanol and benzoqui-
none have been used as OHc and O2c

− radical scavengers
respectively. With the addition of these chemicals, the photo-
degradation efficiency decreased as shown in Fig. 7. In the
presence of iso-propanol, i.e. the OHc radical scavenger, the
degradation efficiency decreases to 78.8%, indicating that the
OHc radicals have a small contribution to the photocatalytic
process. Moreover, the experiment was repeated in the presence
of benzoquinone which is the most efficient electron acceptor
due to its higher redox potential. Benzoquinone accepts elec-
trons generated in SrO during the irradiation so that the O2c

−

radicals do not form. As a result, it has been found that the
degradation efficiency signicantly reduced to 34.2%. Thus, the
results reveal that the photocatalytic activities are strongly
dependent on the O2c

− radical which plays a crucial role in the
decomposition of MB pollutant dye.
Environ. Sci.: Adv., 2022, 1, 849–861 | 857
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For optimization of the photocatalyst, the reproducibility of
the results aer reuse is an important parameter. The reus-
ability of SrO has been tested for the decomposition of MB dye
by repeating the experiment four times under irradiation with
visible light. Aer each cycle of the experiment the SrO catalyst
was separated from the solution through centrifugation and at
the initiation of every experiment the concentration of dye was
set to its initial value. The values of the obtained degradation
efficiency are 87.4, 82.73, 73.25, and 68.1% corresponding to the
four cycles, suggesting that the synthesized sample can be
reused for photocatalysis. The slight loss of photo-degradation
efficiency observed aer each cycle of the experiment may be
due to mechanical or experimental loss of SrO nanoparticles
during the photocatalytic process. In addition, due to the
bonding affinity between the SrO catalyst and dye molecules,
a certain quantity of dye resides on the catalyst surface aer
each catalytic cycle. The dye residue may cause a lessening of
the adsorption of dye in the next cycle which causes a loss in
photo-degradation efficiency.

Many research groups have reported the photocatalytic
activity of various metal oxide nanoparticles.45–53 The present
work has been compared with the literature to measure the
advantages of this work as shown in Table 1. It is observed from
the table that Albizia julibrissin mediated SrO nanoparticles
achieved an enhanced efficiency for the degradation of MB dye
molecules under exposure to visible light irradiation compared
with other metal oxides.

Conclusions

An additive-free SrO nanomaterial has been synthesized using
plant extract as an effective resource for the synthesis of the
material. The method is more accessible and environmentally
friendly in comparison to other traditional methods. The plant
extract has been found to be an efficient capping and stabilizing
agent that is responsible for controlling particle size,
morphology, structure and other characteristic features of the
synthesized material. XRD results conrmed the structure of
SrO nanoparticles, whereas FESEM and TEM studies revealed
the spherical morphology of the synthesized SrO nanoparticles
and their diameter was observed to be in the range of 20–30 nm.
EDX analysis and mapping substantiate the higher amount of
Sr than O element, with weight percentages of 67.2 and 32.8% of
the total weight, respectively. The results of FTIR and XPS are
analogous to each other and showed the presence of phyto-
constituents which assist the formation of SrO NPs. The energy
bandgap is an important parameter for the photocatalytic
activity and has been estimated (2.64 eV) from the UV-DRS
spectrum through a Tauc plot. The photocatalytic response of
SrO nanoparticles has been tested against the degradation of
MB dye under visible light irradiation. The photo-degradation
efficiency of 87.4% and pseudo-rst-order reaction rate
constant of 0.23 min−1 indicate that the SrO nanoparticles act
as an efficient and active photocatalyst. The photo-degradation
efficiency is found to be mainly contributed by O2c

− radicals, as
shown by scavenging experiments. Aer the 4th cycle of the
experiment with the same SrO photocatalyst, the efficiency is
858 | Environ. Sci.: Adv., 2022, 1, 849–861
68.1%, showing its capacity for reuse and potential for
commercial use.

From this study, we recommend an eco-friendly Albizia juli-
brissin mediated SrO photocatalyst prepared via a green
synthesis method with enhanced photocatalytic activity under
eco-friendly conditions, i.e. under visible light irradiation. From
the results, it is observed that SrO can be used to treat cationic
dye pollutants dissolved in water.
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