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Abstract The present study describes the green synthesis
of ZnO nano-sized spherical particles (ZnO-NPs) using
aqueous fruits extract of Terminalia chebula. The Struc-
tural, morphological and optical properties of green-syn-
thesized ZnO-NPs are characterized by X-ray diffraction,
Fourier transform infrared, field emission-scanning elec-
tron microscope, ultraviolet—visible and photolumines-
cence spectroscopy techniques. The results show that the
synthesized nanoparticles have stable hexagonal wurtzite
structure, and roughly spherical in shape. To explore the
photocatalytic activity of the ZnO-NPs the photocatalytic
degradation of rhodamine B (RhB) dye is investigated. The
results reveal that ZnO-NPs prepared through green syn-
thesis route are found to be efficient in the degradation of
RhB dye.

Keywords Green synthesis - Nanoparticles -
Photocatalytic activity

Introduction

Nanostructures have attracted the attention of researchers
because of their variety of anticipated future in the tech-
nology. Such type of structures involves advantage of size-
induced changes in electronic, mechanical, chemical as
well as optical properties from their bulk counterpart [1-6].

Zinc oxide (ZnO) has gained the substantial interest of
physicist, chemist and scientist because of its direct wide
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band gap of 3.3 eV at room temperature. ZnO particles
with dimension in nano-range have shown their role in
important application as solar cells, displays, sensors,
photocatalysts, pharmaceutical, antimicrobial and cosmetic
industries. These nanostructures can be prepared by phys-
ical, chemical and green synthesis routes [7-9]. The green
synthesis route is the design of chemical products and
processes which does not use and generate hazardous
substances. It uses the biological materials which are easily
extractable, eco-friendly and economical.

In green synthesis approach, a broad variety of biolog-
ical materials has been explored, which acts as both
reducing and stabilizing agents [10—13]. Ramesh et al. [14]
have synthesized ZnO-NPs using an aqueous extract of
Cassia Auriculata flower. Bhuyan et al. [15] have reported
green synthesis of ZnO-NPs by utilizing the biocompatible
leaves extract of Azadirachta indica of an average size of
9.6-25.5 nm. As per our knowledge till date, we have not
found any report available on the use of Terminalia che-
bula for the synthesis of ZnO-NPs.

Terminalia chebula (T. chebula) belongs to the family of
Combretaceae [16]. It has been extensively used in ayur-
vedic medicine for its cardioprotective, antimicrobial,
antioxidant, antidiabetic, gastrointestinal motility and
wound healing activities. These activities are due to the
presence of its various types of phytoconstituents such as
polyphenols as hydrolysable tannin, phenolic acid, antho-
cyanins, terpenes, flavonoids, glycosides, etc., [16, 17].
Removal of toxic dye effluents from industrial wastewater
is an important issue of environmental concern. In this
regard, nanostructured semiconductor photocatalysts have
attracted a great deal of interest for the decomposition of
dye effluents to solve environmental problems [18-20].
ZnO-NPs have been widely studied due to its biocompat-
ible, biodegradable, nontoxic, photosensitive, and highly
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stable properties. The easy tuning to various surface mor-
phology and high structural defects also help ZnO nanos-
tructure for ideal photocatalytic applications [21-25].

In the present investigation, we have described the
synthesis of ZnO-NPs by green synthesis method using the
fruit extract of 7. chebula. The photocatalytic activity of
the green-synthesized ZnO-NPs is systematically studied
by observing the degradation of rhodamine B (RhB) dye.

Experimental
Materials used

The fresh T. chebula fruits are collected from the fallow
land around National Institute of Technology, Hamirpur-
177 005 (H.P.), India. The harvested fruits are washed
thoroughly several times with deionised water, whipped
with tissue paper and subsequently incised into small pie-
ces. 10 g of it is added in 100 ml of deionised water and
boiled at 80 °C under continuous stirring. An aqueous
extract is obtained after refluxing it for 2 h. It is filtered
through Whatman No. 1 filter paper and kept at 4 °C for
further use. Zinc nitrate hexahydrate [Zn (NO;),-6H,O—
purity 99 %] is obtained from Merck-India. Methanol is
purchased from Sigma-Aldrich (purity > 99 %). RhB dye
is obtained from Fisher scientific (purity 99+ %). Deion-
ized water used in preparation has a resistivity of 18.2 MQ
and obtained from Lab Pure Andel BIO-AGE. All chemi-
cals are used without further purification.

Preparation of ZnO-NPs

A solution of (Zn (NOj3),-6H,0O (0.1 M) is prepared in
100 ml of deionised water and refluxed at about 70 °C for
5 min under magnetic stirring to get a homogeneous
solution. 30 mL of aqueous extract is added dropwise to it.
The mixture is refluxed at 70 °C under continuous stirring
for 2 h. The reacted solution is allowed to dry in the hot air
oven to yield pale white precipitates. Precipitates are
washed with methanol and water to get rid of any unreacted
materials and dried in air. Finally, it is annealed at 400 °C
for 1 h in the furnace and used for further characterization.

Characterization

The crystal structure of the synthesized sample is investi-
gated using X-ray diffraction (XRD, X’Pert Pro, Philips)
with Cu-K,, radiation (4 = 1.5406 A). The morphology
and elemental investigation are carried out using Field
emission-scanning electron microscope (FE-SEM, SIGMA
HV—Carl Zeiss) equipped with energy dispersive X-rays
analysis (EDX) Bruker machine. Photoluminescence (PL)
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study is performed with an InVia Raman spectropho-
tometer (Renishaw) using He—Cd laser with excitation
wavelength at 325 nm. The Fourier transform infrared
(FTIR) spectrum is recorded using Perkin Elmer IR
Spectrophotometer with KBr pellets over the range 400-
4000 cm™'. The optical properties are analyzed using
Ultraviolet—Visible (UV—Vis) spectrometer (PerkinElmer,
model LAMBDA 750). The photocatalytic degradation of
RhB in water solution is performed with green-synthesized
ZnO-NPs at room temperature. ZnO-NPs provide an active
reaction sites for the photocatalytic reaction. ZnO-NPs
powder (1 g L™") is suspended to RhB solution (5, 10, 20
and 30 ppm) and stirred in dark for 30 min to establish the
adsorption—desorption equilibrium between the powder and
the RhB dye molecules and then exposed to 30 W UV
light. At regular irradiation time intervals, a series of
samples are taken out and centrifuged to remove the sus-
pended ZnO-NPs and analyzed by a UV-Vis spectropho-
tometer to obtain the absorbance of the RhB solutions. The
degradation efficiency X (%) is calculated from absorption
spectra using the following relation:

(Ao — Ay)
0

X (%) = x 100, (1)
where Ay and A, represent the initial absorbance and the
absorbance at certain time ¢, respectively.

Results and discussion
The X-ray diffraction analysis

Figure 1 shows the XRD patterns of as-prepared ZnO-NPs.
All diffraction peaks positioned at 31.8°, 34.5°, 36.3°,
47.6°, 56.6°, 62.9°, 66.4°, 68.1°, 69.2°, 72.6° and 77.2° can
be indexed to the (100), (002), (101), (102), (110), (103),
(200), (112), (201), (004) and (202) planes of a ZnO
hexagonal wurtzite structure. All peaks are in good
agreement with standard diffraction data (JCPDS Card no.:
36-1451). This clearly confirms that ZnO-NP has been
successfully synthesized by green synthesis route. In
addition, the strong intensity of diffraction peaks indicates
that the formed ZnO-NPs are well crystallized at 400 °C.

The broadening of the diffraction peaks clearly indicates
the presence of nanoparticles in the sample. The average
crystalline size of the green-synthesized ZnO-NPs is cal-
culated using Debye—Scherrer’s formula [26]:

0.94
~ PcosO’ @)

where D is the crystallite size, 4 is the wavelength of X-ray
radiation, f is the full width at half maximum of the
diffraction peak (in radian), 6 is the diffraction angle. The
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Fig. 1 XRD pattern of green- 1100
synthesized ZnO-NPs
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calculated value of the average crystallite size is 12 nm.
For hexagonal structure, the lattice constants a and ¢ are
obtained using equation:

I 4 <h+hk+k2) I?

- _ s 3

d, 3 a? + c?’ (3)
where (hkl) are the Miller indices, and dj, is inter-planar
spacing. The calculated values of the lattice constants of

ZnO-NPs are a = 3.2473 A and ¢ = 5.1917 A.
Fourier transform infrared studies

FT-IR spectroscopy measurements are carried out to con-
firm the presence/formation of Zn—O band and to identify
the phytoconstituents that are capped on ZnO-NPs surface.
FT-IR spectrum of green-synthesized ZnO-NPs is shown in
Fig. 2.

The wide absorption band that appeared at 3446 cm™
is characteristic of the O-H vibrations. It indicates the
presence of phenolic hydroxyl group, which is the major
phytoconstituents of T. chebula. The band ~ 1631 cm™'
is due to the carbonyl group (C=0) which reveals the
existence of phenolic acids and tannins. The presence of
the band at 1400 cm™' belongs to aromatic C=C
stretching vibrations. In addition, the band observed at
1048 cm™' reflects C—O group, which is associated with
carboxylic acid and esters. The sharp band positioned at
460 cm ™' represents the bonding between Zn and O.
Hence, FT-IR study reveals that the phytoconstituents of
T. chebula protect the ZnO-NPs from aggregation by

1

L
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stabilizing the surface of nanoparticles during the syn-
thesis process.

Ultraviolet—visible spectroscopy

The optical band gap (E,) of the ZnO-NPs sample is esti-
mated using the Tauc’s equation which demonstrates a
relationship between absorption coefficient () and the
incident photon energy (hv) as follows [27]:

ahv = B(hv — E,)", (4)

where the exponent n is Y2, 3/2, 2, 3 (for allowed direct,
forbidden direct, allowed indirect and forbidden indirect
transitions, respectively). Therefore, in case of direct band
gap the allowed transitions are given using the Eq. (4) as:

ahv = B(hv — Eg)l/z, (5)

Figure 3 shows the (ahv)* versus hv plot using the data
from optical absorbance spectra. An extrapolation of the
linear portion of the plot to the x-axis ((odzv)2 = 0) gives
the value of the E,. The obtained value of optical band gap
is 3.22 eV.

Photoluminescence studies

Figure 4 depicts the PL spectra of ZnO-NPs. The inset in
Fig. 4 shows that the spectrum has a low intensity near
band emission peak at 396 nm. It originated from the
annihilation of excitons [28, 29]. Figure 4 shows a broad as
well as prominent emission peak in the visible region. The
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Fig. 2 FT-IR spectrum of
green-synthesized ZnO-NPs 65 L
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Fig. 3 Tauc’s plot of green-
synthesized ZnO-NPs. The inset
shows UV-Vis absorption
spectrum of ZnO-NPs
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Gaussian fit to the peak in visible region gives three
emission peaks centered at 575, 657 and 719 nm. It has
been shown that the presence of emission peaks in the PL
spectra in the visible region is due to the presence of defect
levels below the conduction band. The native defects in the
Zn0O wideband gap semiconductor materials result gener-
ation of deep levels within the forbidden band gap. These
defects are assigned to zinc interstitials, zinc vacancies,
oxygen interstitial and oxygen vacancies [30, 31]. More-
over, these defects act as active sites for photogenerated

’r @ Springer
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electrons and holes. These photogenerated electron and
holes avoid recombination by occupying sites at the ZnO
surface and are remain available to degrade pollutant by
generating highly oxidative radical to show photocatalytic
characteristics. Zhan et al. [32-35] examine the PL spectra
of ZnO films and found emission in the ultraviolet and the
visible regions. Near band edge is interpreted due to the
exciton recombination and the deep level visible light
emission is due to various point defects. A similar PL
spectrum has also been observed for fern-like ZnO
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Fig. 4 Photoluminescence
spectra of green-synthesized 18000¢ 600 396nm
ZnO-NPs
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Fig. 5 a FE-SEM images and b EDX spectrum of green-synthesized ZnO-NPs

nanoleaves by Ma et al. [36]. It is confirmed from EDX
spectrum that there is no contamination in the prepared
samples. Hence, the emission in visible region is due to the
presence of defects only.

Morphological and elemental analysis

FE-SEM images of the biosynthesized ZnO-NPs are shown
in Fig. 5a. It is observed that the morphology of ZnO-NPs
is almost spherical in nature. The size of ZnO-NPs
observed in the FE-SEM images is consistent with the

XRD results. The Fig. 5b shows the EDX spectrum of
ZnO-NPs. It clearly confirms the presence of zinc and
oxygen elements in the sample. No peaks belonging to any
other element is found in the spectrum, which confirms that
the prepared sample is free from impurity.

Photocatalytic activity
Figure 6a illustrates the temporal evolution of optical

absorption spectra of the 5 ppm RhB dye aqueous solutions
with ZnO-NPs (1 g L™") photocatalyst. It is observed that

* @ Springer
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the intensity of the absorption peak at ~553 nm decreases
with the increase of irradiation time. It indicates the
degradation of RhB dye molecules with ZnO-NPs photo-
catalytic activity. It also shows that the ZnO-NPs can
degrade the pollutant drastically in the 5 h. It reflects that
these nanoparticles are stable for photocatalytic applica-
tions. The underlying mechanism of the photocatalytic
degradation of RhB by the ZnO-NPs under irradiation can
be explained on the basis of photogeneration of electron—
hole pairs (excitons) in ZnO-NP. These photogenerated
charge carriers then move freely to the surface of the ZnO-
NPs and initiate redox reactions water (H,O) and oxygen
(O,) molecules. The holes in the valence band can act as
the site for strong oxidation. They can oxidize H,O
molecules and hydroxyl (OH™) groups to generate highly
reactive hydroxyl (OH’) radical and H* ion. O, molecules
adsorbed on the surface will be reduced by the electrons in
the conduction band to form superoxide anion (O5") radi-
cals, which react with H" to generate hydrogen peroxide
(HO5) radicals. These HO5 radicals react with electrons
and H' ions to produce molecules of H,O,. In addition,
oxygen vacancies in the semiconductor crystals act as
electron donors. The additional electrons induced by these
vacancies will promote the reactions to further yield OH
radicals. These highly reactive OH radicals and H,O,
molecules have the strong oxidative potential for partial or
complete decomposition of various organic, inorganic and
microbial contaminants adsorbed on the photocatalyst
surface [37—-40].
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The effect of initial RhB concentration on the photo-
catalytic degradation is studied by varying the concentra-
tion from 5 to 30 ppm against fixed ZnO nanoparticle load
of 1 g L™'. The photodegradation of RhB decreases with
the increase in the initial RhB concentration as shown in
Fig. 6b. After 5 h of photocatalytic reaction, the extent of
dye degradation is 70, 60, 15 and 5 % for initial dye
concentration of 5, 10, 20 and 30 ppm, respectively, as
shown in Fig. 7b. The kinetics of the photocatalytic
degradation reaction of RhB could be described by pseudo-
first-order kinetics [32]:

(6)

where Cj is the initial dye concentration and C; is the
concentration of dye at different time intervals, k is the
first-order rate constant. As Ay/A, corresponds to Cy/C,, the
slope of the straight line from In(A¢/A,) versus ¢ plot gives
the value of the rate constants (Fig. 7a).

The rate constants for 5, 10, 20 and 30 ppm of RhB dye
concentrations are estimated to be 0.228, 0.183, 0.033 and
0.009 h™', respectively. The decrease in the value of rate
constant with the increase in RhB concentration is due to
the decrease in the availability of active reaction sites for
the photocatalytic reaction. Also with the increase in the
number of dye molecules, the path length of photons
entering the solution decreases and fewer photons reach the
catalyst surface, which results in the decrease in the gen-
eration reactive hydroxyl and superoxide radicals.

AJA,

Irradiation time (h)

Fig. 6 a The temporal evolution of the absorption spectra of 5 ppm RhB aqueous solution in the presence of ZnO nanoparticles. b The
photodegradation time profile of A/A, for different initial dye concentration treated with ZnO-NPs (1 g LN photocatalyst
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Fig. 7 a The first-order kinetic model fit for different dye concentration and the inset table shows the corresponding slope and adj. R-square.
b Extent of degradation of RhB dye for different dye concentrations after 5 h of irradiation

Conclusion

In this study, we have successfully synthesized ZnO-NPs
via green synthesis route using aqueous fruits extract of 7.
chebula. The formation of ZnO-NPs is confirmed by XRD,
FE-SEM, EDX, FT-IR, UV-Vis spectra and PL measure-
ments. The photocatalytic study shows an effective pho-
todegradation of RhB dye by the green-synthesized ZnO-
NPs. Thus, the eco-friendly and non-toxic green-synthe-
sized ZnO-NPs can be employed as a potential semicon-
ductor photocatalyst for practical applications in
wastewater treatment.
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