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ABSTRACT

This study consists of a reliable process for synthesizing ZnO NPs by green method. Here, Apium
graveolens L. leaf extract is utilized as an efficient chelating and capping agent. The plant ingre-
dients, structure, morphology, thermal behavior, chemical composition, and optical properties of
ZnO nanoparticles were investigated using several characterization techniques, namely X-ray dif-
fraction (XRD), field emission scanning electron microscopy, energy-dispersive X-ray spectroscopy,
high-resolution transmission electron microscope (HRTEM), differential scanning calorimetry
(DSC) analysis, Fourier transform infrared (FTIR) analysis, and UV-visible (UV-Vis) spectroscopy.
The UV-Vis and FTIR analysis of A. graveolens L. leaf extract verified that this extract is a promising
candidate for biosynthesizing ZnO NPs. The XRD spectrum, HRTEM, and the scanning electron
microscope images confirmed the crystallinity and the spherical-shape of the ZnO NPs with an aver-
age size between 30 and 35 nm. The band-gap of the ZnO were measured to be around 3.132 eV.
DSC analysis exhibits two endothermic peaks related to the water evaporation absorbed by the NPs
and modification of zinc complex to zinc hydroxide, with a single exothermic peak related to the
crystallization of ZnO NPs and degradation of organic materials. The ZnO NPs was employed for
removing organic pollutants, that is, methyl orange (MO) from water using UV-Vis spectroscopy.
Nearly an entire degradation of MO was achieved within 3 min of UV light radiation.

Keywords: Biosynthesis method of NPs; ZnO NPs, Apium graveolens L.; MO degradation; Water

treatment

1. Introduction

Nanoparticles display new characteristics which vary
considerably from those shown by their bulk material
equivalents due to their extremely tiny sizes, that is, order
of 10° m. Their tiny dimensions provide them extraordi-
nary surface-to-volume ratios which permit them to con-
fine electron motions inside boundaries associated with
improving the optical properties. This makes them partic-
ularly desirable in various areas such as medicine [1], drug
delivery [2], water purification [3], agriculture [4], food [5],
solar cells [6], cosmetics [7], textiles [8], and electronics [9].

* Corresponding authors.

Metals and metal oxides nanomaterial exhibit import-
ant physicochemical properties which include higher con-
ductivity, catalytic activity; unusual optical properties and
pyro-mechanical properties. They also have antimicro-
bial activity against pathogenic microorganisms [10-13].
Concerning the biological activity of nanoparticles, it has
been shown that silver (Ag NPs) and zinc oxide (ZnO NPs)
have an inhibitory effect on the growth of bacterial and
fungal strains, when used in concentrations comparable to
those used in antibiotics to treat infectious diseases [14,15].

It has been proven that metal nanoparticles, despite
offering antimicrobial activity, could exhibit cytotoxic effects
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on healthy and carcinogenic cell lines, depending on the con-
centration used [16,17]. In addition, it has been indicated that
the stability of nanoparticles is endangered in physiological
conditions since the presence of biological compounds such
as enzymes can delay the effective action of nanoparticles at
the site of infection.

Nowadays, various physical, chemical, biological, and
hybrid approaches are applied effectively in the produc-
tion of different types of inorganic NPs, nevertheless they
are pricey and need the usage of damaging chemical sub-
stances. Therefore, our environment is suffering from harm
and an enormous quantity of unwanted materials [18]. For
the time being, we need to discover the paradoxes that may
exist in nature for alternative plans. In this manner, we will
be able to deal with environmentally friendly and repairable
materials, and completely away from using toxic materials.
These novel spotless skills can extremely decrease ecologi-
cal pollution and decline the danger to human healthiness
as a result of utilizing harmful chemicals and solvents [19].
On the other hand, producing nanoparticles from physical
and chemical approaches, with various dimensions and
shapes, require stabilizing agents since in most cases they
are unsteady [20].

Biosynthesized NPs from plant extracts are, usually, pre-
pared from biological part of plants. Plant parts, for instance
leaf, root, stem, and seed, are widely utilized for synthe-
sizing metal-based NPs. Moreover, plant extracts contain
bioactive polyphenols, alkaloids, proteins, sugars, phenolic
acids, terpenoids, etc., they play a significant role in reduc-
ing the metallic ions and later stabilizing them [21].

In order to solve the difficulties involved in the use of
nanoparticles as antimicrobial agents, encapsulation of
metal nanoparticles has been proposed as a strategy that
would reduce the possible cytotoxic effect, improve stability
and increase bioavailability. Thus, the degradation would
be avoided, and therefore the circulation time would be
increased allowing a controlled release of the active agent.
Fig. 1 displays the grouping of dissimilar NP production
methods.

The biosynthesis of plant mediated nanoparticles can be
classified into three phases: reduction phase, growth phase,
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and stabilization phase [22]. The reduction phase is the
most important phase wherein the metal ions are recovered
from their salt forerunners over the interaction of plant
metabolites; biomolecules that possess reduction capacities.
The metal ions are transferred from their mono/divalent
oxidation statuses to zero valent statuses, then nucleation
of the reduced metal atoms occurs [23]. Then the growth
phase comes wherein the separated metal atoms merge to
form metal nanoparticles, however, additional biological
reduction of metal ions happens. The growth phase increases
in enhanced thermodynamic steadiness of nanoparticles
while the widespread nucleation might cause aggregation
of produced nanoparticles, changing their morphologies.
The final phase in biosynthesis of nanoparticles is the stabi-
lization phase. The nanoparticles eventually get their most
intensely favorable and steady morphology when capped
through plant metabolites. The effective mechanism of
green synthesis using plants is shown in Fig. 2.

In fact, several characteristics of the solution combination
such as; the concentration of metal salt, plant extract concen-
tration, pH of the reaction solution, etc., and extra reaction
circumstances such as reaction period and temperature have
wide-ranging effects on the size, shape, and quality of the
biosynthesized nanoparticles [24,25].

This study purposely focused on zinc oxide (ZnO) since
ZnO is one of the most in-depth research semiconductor
type metal oxides [26]. Among the semiconductor materi-
als, ZnO possesses a wide band-gap of about 3.37 eV as well
as an exciton binding energy of 60 meV [27] and Wurtzite
structure (Fig. 3). Besides the semiconductor characteris-
tic, ZnO possesses fascinating piezoelectric, [28] oxidiz-
ing, [29] antibacterial, and photo-catalytic characteristics
[30]. Researchers utilize photo-catalytic characteristics by
means of cannabinus fibers, nanohydrogel, nanocomposite
hydrogel were used for effective adsorption of crystal vio-
let dye, removing other dyes, and highly toxic metal ions
from aqueous system [31-36]. Investigation of available
studies on metallic and metal oxide NPs proposes that oxy-
gen is normally an essential element for producing reactive
oxygen species (ROS). Also, illumination is required for
ROS production for metal oxide NPs [37-39].

Nanoparticle fabrication techniques
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Fig. 1. Grouping of dissimilar nanoparticles production procedures.
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Fig. 2. Biosynthesis mechanism for producing metal NPs.

Fig. 3. Wurtzite structure of zinc oxide (ZnO).

As a photo-catalyst, ZnO and its nano-composites exhibit
outstanding aptitude in the direction of the degradation of
organic pollutants in water under the ultra-violet radiation
[40]. Organic impurities experience degradation on the ZnO
surface over the redox, that is, reduction and oxidation, pro-
cedures set by the electronic-excitation among valence and
conduction bands. Similarly, ZnO possesses the capacity to
produce reactive-oxygen species, namely ROS, under the
ultra-violet radiation, which can degrade organic pollutants
and deactivate or prevent microorganisms in water. Thus,
as ZnO exhibits excellent photo-catalytic action, it could be
utilized as an effective and feasible photo-catalyst for the
degradation of organic pollutants in water. Nevertheless,
the photo-catalytic action of ZnO is achieved when the par-
ticles are in the nano-size range (1-100 nm) contrary to the
macroscopic or bulk size.

ZnO NPs showed a significant range of anti-coagulant
activity [41-43] as well as numerous industrialized requests
as a photo-catalyst for degradation of organic pollutants in
addition to in solar energy adaptation equipment due to its
effective photo activity, high steadiness, cheap price, and
comparative harmlessness toward human beings and the
surroundings [44]. Amongst ecological pollutants, azo dyes
containing methyl orange (MO), in general, make up an
important element of organic pollutants [45]. Azo dyes simi-
lar to methyl orange possess numerous undesirable concerns
on ecological unit plagued by them [46]. Abundant research
has been done on studying the decomposition of azo dyes
utilizing TiO, NPs and countless development has been
made since the 1980s [47]. The significance of this study is
ZnO NPs has been synthesized through an easy method that
avoids toxic chemicals and difficult experimental processes.

Growth |

Metal atoms

Metal NPs capped by
plant metabolites

Then the biosynthesized ZnO NPs from Apium graveolens
L. leaf extract is utilized for photocatalytic activity, that is,
removing the organic pollutants in water with interpretation
the mechanism of degradation in detail.

2. Materials and methods

Zinc acetate dehydrate, Zn(CH,-COO),2H,O Molecular
weight 219.50 g/mol and purity >98.0%, sodium hydrox-
ide pellets, NaOH Molecular weight 40 g/mol, and Methyl
Orange (MO) (C,,H,,N,O,S Molecular weight 327.33 g/mol
and purity >98.0%) were purchased from Sigma-Aldrich
(Germany) and utilized as received-commercially with
unpolluted specialized status. Fisher Scientific Company
(USA) 11-600—49sh Isotemp Analog Hot Plate Stirrer was
utilized as the heating source for the production of ZnO
NPs. During the course of the ZnO NPs synthesis period,
the hot plate was heated and the hot plate surface tempera-
ture was chosen to be around 80°C. UV-visible (UV-Vis)
double beam was used for the photo-catalytic degradation
of MO. X-ray diffraction (XRD) measurements were carried
out using a PAN analytical (United Kingdom) X’ Pert PRO
(Cu Ko = 1.5406 A). The scanning rate was 1 min™ in the 26
range from 20° to 80°. UV-Vis spectral analysis was recorded
on a double-beam spectrophotometer (Super Aquarius
spectrophotometer) to ensure the formation of ZnO NPs.
Morphology and particle dispersion was investigated by
field emission scanning electron microscopy (FESEM)
(Quanta 4500). The chemical composition of the prepared
nanostructures was measured by EDX (energy-dispersive
X-ray spectroscopy) performed in FESEM. FTIR analysis
was carried out using a Perkin Elmer (USA). FTIR spectro-
photometer with a resolution of 4 cm™ was used for inves-
tigation of the functional groups in the leaf extract and the
NPs. The shape and size of ZnO NPs were characterized by
high-resolution transmission electron microscope (HRTEM)
utilizing a Philips (USA) EM208 microscope functioning
at an accelerating voltage of 90 kV. Differential scanning
calorimetry (DSC) type (TA Instruments USA, DSC Q10) in
the range 50°C-600°C was utilized for the DSC curve.

2.1. Preparation of plant extract

A. graveolens L. belongs to Apiaceae carrot family and
its chemical composition contains choline ascorbate and
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enzyme inositol trisphosphate [48]. Apium was collected in
Rashken (Latitude 36°11'58.0"N and Longitude 43°56'54.7"E)
in Erbil city, Iraqi Kurdistan Region in spring season (April
2019). Fresh leaves of A. graveolens L. were washed several
times with Distilled water, and then dehydrated to remove
the remaining dust particles and moisture. Later, the leaves
were converted to small pieces by cutting them. About 20 g
of the small pieces of leaves and 5 mL of distilled water were
put into a mortar and pastel and crushed into paste. Six
grams of this paste was mixed with 100 mL of distilled water
in a beaker, after that, 2 M of NaOH solution was added
dropwise to regulate the pH of the mixture, observed by a
pH meter, to pH 8. The pH was not selected arbitrarily, since
according to the literatures, in general, smaller sized NPs
produced at higher pH [49].

Then the mixture was stirred almost continuously
for 1 h producing a cloudy precipitous of zinc hydroxide,
Zn(OH),, which was then centrifuged at 5,000 rpm for 1 h
and dried in an oven set to 60°C. After that the mixture
cooled to room temperature (Fig. 4).

2.2. Synthesis of zinc oxide nanoparticles

ZnO NPs were prepared utilizing green synthesis
method by means of A. graveolens L. extract. After prepa-
ration of the plant extract as described previously, 30 mL
of this extract was put into a beaker and heated gradually.
When the temperature reached 60°C, 3 g of zinc acetate
were added to this extract. After that the mixture was con-
tinuously stirred, maintaining the temperature at 60°C, until
the mixture converted into a yellowish paste after 1 h. It is
obvious that, the temperature of reaction played import-
ant role in producing NPs, the optimal yield of NPs were
achieved at 60°C. Afterward the paste was blazed in a fur-
nace at 400°C for about 2 h then the residual was washed by
ethanol and distilled water several times. The powder was
then heated at 100°C to dry. Then zinc oxide nanoparticles
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were obtained and they were ready for characterization.
The middle of Fig. 4 shows the procedure of synthesizing
zinc oxide nanoparticles using A. graveolens L. leaves extract
and zinc acetate as a precursor.

2.3. Photocatalytic degradation of Methyl Orange

Photocatalytic degradation of Methyl Orange (MO) was
first conducted in a Pyrex beaker with 150 mL volume. MO
solutions possessing the concentration of 3 ppm (mg/L)
were utilized for the photocatalytic tests. In the photo deg-
radation experimentations, 25 mg of the biosynthesized
ZnO NPs was evenly spread in 25 mL of MO solution using
3 min of bath sonication in dark-place. The bath sonica-
tion enabled the uniform spreading of the ZnO NPs along
with assisting in the formation of the adsorption-desorp-
tion symmetry amongst the ZnO NPs as well as the dye.
Then, 1 mL of the amalgamation sample was reserved and
strained through a syringe-filter for UV-Vis spectroscopic
investigation. The specific absorption maximum levels
of MO located at 485 nm was utilized for calculating the
degradation percentage. For the cyclical steadiness tests,
the ZnO NPs were used in the first round was centrifuged
and utilized in a similar way for the following sequences
for the MO degradation. The sample was occupied from
the centrifuged (4,000 rpm, 5 min) floating over with the
intention of minimizing the loss of the ZnO NPs.

3. Results and discussion
3.1. Characterization of Apium graveolens L. leaf extract

Nowadays, in order to control the size and morphol-
ogy of nanoparticles, investigators are using the individual
plant phytochemicals for biosynthesizing nanoparticles.
The phytochemicals presence in the plant extract reduces
metal ion to metal nanoparticles. Therefore, plant extract,
at the same time, acts as a reducing, and stabilizing agent.

+

Zinc
acelate

Fig. 4. Schematic representation of ZnO NPs synthesis using the leaf extract of Apium graveolens L. and zinc acetate dehydrate.
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UV-Vis spectroscopy monitors this reaction progress.
Spectra of UV-Vis spectroscopy displayed a peak absorp-
tion correlated with the surface plasmon resonance (SPR),
and collects conduction band electrons oscillations in react-
ing with electromagnetic waves, representing metal ion
reduction and nanoparticle formation. A. graveolens L. leaf
extract contains flavonoid, polyphenols, carotenoid, lipid,
polysaccharides, tannin, free organic acids, and essential
oils (Fig. 5) which are considered as possible bio-reducing
and stabilizing agents, due to the availability of OH groups,
for nanoparticles synthesis [50,51]. These phytochemi-
cals, being antioxidant and free from toxic chemicals, are
extremely capable of reducing metal ions and stabiliz-
ing them in nanoscale dimension. They can also provide
nanoparticles of different shapes and dimensions [52].

The OH groups form a complex of Zn(OH), with
the zinc ions. The mechanisms of the phase transforma-
tion from Zn(OH), to ZnO takes place in three ways, that
is, dissolution-reprecipitation, in situ crystallization and
solid-solid phase transformation. The loss of water from
the lattice throughout the solid-solid phase transformation
has also been suggested by Wang et al. [53].

Fig. 6 shows the UV-Vis spectra of A. graveolens L. leaf
extract. We deduced that the maximum peaks, at 264 and
325 nm, might be associated with phenolic components
and flavonoid existing in A. graveolens L. leaf extract. The
functional organic-molecules such as Apiin, phenol, ascor-
bic acid exists in the A. graveolens L. leaf extract [54]. Liu et
al. [55] stated that these peaks related to Apiin, C, H,O,,
a natural flavonoid found in A. graveolens L. leaf extract.
Makarov et al. [56] claims that flavonoids, in general,
through their OH group switched from the enol-mold to
the keto-mold [57], donating a responsive hydrogen atom
which reduces the metallic ion into nanoparticles. Among
those functional organic-molecules the phenolic combina-
tions existing in the extract more likely had great empathies
on the metals [58], that reduced Zn?*" to Zn° [59]. Throughout
air-drying, the produced Zn° were oxidized to produce
ZnO NPs [60].

Flavonoid Polyphenols
HO
Ho
oy
OH'OH 0 HO o)
HO
OH”OH o% o
OH oH 4
oH "% Ho
OH
Polysaccharides Tannin

Fig. 5. Available phytochemicals in Apium graveolens L. leaf extract.

The Fourier transform infrared (FTIR), spectra of the
plant extract and ZnO NPs were examined to figure out
if the functional groups related to these reductive biomol-
ecules exists and specifying the functional groups that
contributed to reduction of the ZnO into nanoparticles.
The FTIR spectrum of A. graveolens L. leaf extract (Fig. 7)
contains numerous clear peaks through the whole range.
In general, an FTIR spectra has two regions, that is, the
functional group region (1,800-4,000 cm™) as well as the
fingerprint region (0-1,500 cm™). The bands at 1,645 and
3,383 cm™ point toward C=0 stretching of tertiary-amides
and O-H stretching of phenol group, correspondingly [61].
A band at 1,079 cm™ pointed toward the C-N stretching
vibration of amines while a separate band at 1,562 cm™ indi-
cates the bending of C-H bonds existing in hydrocarbons
[62] that stick to the surface during ZnO NPs synthesis.
The bands detected at 1,422 and 667 cm™ could be associ-
ated to C-H bending of alkanes and stretching vibrations of
halo-alkanes in that order [63].
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Fig. 6. UV-Vis spectra of Apium graveolens L. leaf extract.
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Fig. 7. FTIR spectra of Apium graveolens L. leaf extract.

3.2. Characterization of ZnO NPs

In this study, numerous techniques were utilized to
describe the structure, morphology, optical, thermal, and
photocatalic properties of ZnO NPs.

3.2.1. UV-Vis analysis

UV-Vis spectroscopy (Fig. 8) revealed a peak at 370 nm,
which was typical of ZnO NPs. This was owing to the
SPR, and the sharpened peak confirmed the construction
of mono-dispersed ZnO NPs [64]. As a rule of thumb, the
absorption peak maximum for ZnO NPs ranges between 300
and 380 nm [65]. The assessed value is lower than that of bulk
ZnO given as 380 nm [66] and display a blue shift in exciton-
ic-absorption which specifies a tiny quantum confinement
consequence [67].

The straightforward band-gap energy (E ) for the ZnO
NPs is characterized through fitting the reflection data to
the straight transform formula ahv = A(hv - E )", where a is
the optical-absorption parameter, hv is the energy of photon,
E  is the straight band-gap, A is a constant, and the power n
is influenced by the type of optical-transition that predom-
inates. Precisely, with n = 1/2, an optimum straightness has
been perceived for the straight permitted transition, the best
choice in the method considered here. The specific amount
of the band-gap is described through the extrapolation of
the rectilinear part of (ahv)? vs. hv to the x-axis. The straight
band-gap is equals to 3.132 eV for ZnO NPs which is shown
in Fig. 8. A decrease in the band-gap is expected as a result
of using plant extract, since some plant extract component
covers/modifies the surface and reduce the band-gap of the
nanoparticles [68]. This consequence does not conflict with
the quantum confinement effects especially for the green
synthesized nanoparticles. In general, the biosynthesized
nanoparticles are more reactive than the equivalent nanopar-
ticles prepared from the other methods [69]. Therefore, the
overall high reactivity of particles in the quantum regime can
also be attributed to increase in electron populations at the
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Fig. 8. UV-Vis spectrum of ZnO nanoparticles prepared by
Apium graveolens L. leaf extract and zinc acetate dehydrate, inset:
Tauc plot of the same UV-Vis spectrum.

lower energy bands, due to decreased separation of energy
states [70]. Metal NPs possess sizes which are much smaller
than the wavelength of visible light. They make interaction
with light and they can absorb or scatter light. Metal oxides
in their bulk status possess a wide band-gap and fewer abil-
ity to interact [71] but once their dimensions are decreased,
they become supplementary responsive and their aptitude
to interact can be inferred from their reflectivity and absor-
bance capabilities. The absorption peak for ~40 nm ZnO NPs
has been described by Singh et al. [72] at 361 nm (3.44 eV)
and 3.44 eV for the chemical synthesis of ZnO NPs [73],
respectively.

3.2.2. FTIR spectroscopy analysis

The FTIR spectrum (Fig. 9), utilized to inspect the pure-
ness and composition of biosynthesized ZnO NPs, reveals
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Fig. 9. FTIR spectra of biosynthesized ZnO nanoparticles.

no distinct peak in the monitoring range intimating pure-
ness of the ZnO nanoparticles produced by the green
process. The broad band at 667 cm™ vanished in the syn-
thesized ZnO nanoparticles. Another peak was formed at
458 cm™ as a result of the formation of ZnO nanoparticles,
precisely zinc and oxygen bonding vibrations [74,75]. The
band at 1,338 cm™ correlated to the C-O stretching of the
carboxylic acid group. Numerous bands found between
1,400 and 1,600 cm™ related to the —C=C- stretching of the
aromatic compounds [76]. The robust and relatively wide
band at 3,396 cm™ could be allocated to the O-H stretching
of phenolic compounds [77].

3.2.3. XRD analysis

XRD analysis (Fig. 10) revealed the 20 characteristic
peaks of ZnO at 31.60°, 34.22°, 36.11°, 47.35°, 56.45°, 62.69°,
66.11°, 67.84°, 68.87°, 71.70°, and 76.64° for (100), (002),
(101), (102), (110), (103), (200), (112), (201), (004), and (202)
planes of the crystal lattice, correspondingly. These peaks
were agreeable with the regular JCPDS card No. 89-0510
and proposed the existence of hexagonal Wurtzite form
of ZnO NPs. The narrow and robust diffraction peaks
point toward the optimum crystalline structure of ZnO
NPs. The average crystallite sizes of ZnO NPs were cal-
culated using Debye-Scherrer’s equation, that is, D = kA/
BcosO, where D is crystal size, A is the wavelength of the
X-ray radiation (A = 0.15406 nm) for Cu K, k is shape
factor typically taken as 0.89, 3 is the full width at high
maximum (FWHM), and 0 is the diffraction angle [78].

According to Debye-Scherrer’s equation the aver-
age crystallite size for ZnO NPs was 28 nm confirmed the
nano-size of the ZnO NPs (Table 1). Similar outcomes were
found for the biosynthesized ZnO NPs utilizing Peltophorum
pterocarpum leaf extract [64], Adhatoda vasica leaf extract [79],
and Arabic gum [80].

XRD analysis confirmed the existence of even tinier
nanoparticles than the SEM inspection. The larger ZnO
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Fig. 10. XRD patterns of ZnO NPs prepared by the biosynthesis
method.

nanoparticles in the sample caused by the agglomeration
of smaller nanoparticles, whose existence is indicated by
XRD. The XRD method allowed for the identifying smaller
dimensions of nanoparticles.

3.2.4. SEM analysis

The surface morphology of the biosynthesized ZnO NPs
was principally characterized using FESEM analysis and the
resulting images are displayed in Fig. 11. It can be noticed
that most of the ZnO NPs are in nanometer scale and are
vastly semi-spherical particles with the average diameter of
35 nm. Remarkably, the greatest amount of the ZnO NPs are
identical in dimension together with an insufficient large
particles (Fig. 11). In addition, the ZnO NPs are slightly
agglomerated which is typical with the green synthesis
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The ZnO NPs particle size calculation using Debye-Scherrer’s equation and data from Fig. 8

No. of peaks Planes Pos. [°2 Th.] FWHM [°2 Th.] Size (nm)
1 100 31.6341 0.2755 29.97068
2 002 34.2867 0.2558 32.50064
3 101 36.0837 0.2362 35.37301
4 102 47.4023 0.3542 24.49485
5 110 56.46 0.3149 28.63379
6 103 62.753 0.3542 26.27051
7 200 66.2729 0.3149 30.12759
8 112 67.8717 0.2362 40.53903
9 201 69.1166 0.3936 24.50814
10 004 72.3986 0.9446 10.422
11 202 76.8586 0.3936 25.76498
Average size 28.05502

Fig. 11. FESEM of ZnO NPs synthesized from Apium graveolens L. leaf extract.

nanoparticles. This is due to the fact that biosynthesis NPs
possess higher surface area and the durable affinity amongst
them cause aggregation or agglomeration [81]. It can be
stated that, the ecological factors highly influence the stabil-
ity of NPs and agglomeration. Thus, throughout the process
of nanoparticles formation the NPs stick to each other and
impulsively form asymmetrical clusters [82].

Production procedure of ZnO NPs relies upon sev-
eral growth parameters, comprising concentration of plant
extract or biomass, concentration of salt, growth or reac-
tion time, temperature, and pH of the solution. Therefore,
calibration of these growth elements is essential in gain-
ing the required size and shape of NPs for their maximum
manipulation and request.

3.2.5. EDX analysis

In order to expand supplementary vision into the topog-
raphies of ZnO NPs, the exploration of the sample was

investigated by means of EDX analysis. The EDX spectra of
the samples taken from the SEM investigation displaying that
the sample produced through the above method has clean
ZnO phase [83]. The EDX analysis (Fig. 12) of the ZnO NPs
indicates that our sample contains zinc, oxygen, and gold as
essential elements. The EDX spectra displayed two robust
peaks for zinc around 1 and 8.7 keV, correspondingly and a
singular peak for oxygen at ~0.5 keV, which are typical for
ZnO NPs [84]. The presence of gold is as a result of the sam-
ple coating throughout FESEM imaging. The high-intensity of
zinc and oxygen peaks show that the sample is mostly ZnO.

3.2.6. HRTEM analysis

Fig. 13a shows the HRTEM image of the ZnO nanoparti-
cles. It can be seen that, the ZnO NPs possess a semi-spherical
morphology as confirmed by FESEM previously with almost
a uniform size. The magnification in Fig. 13a shows sin-
gle ZnO particles with a diameter between 30 and 40 nm.
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Fig. 12. EDX profile of ZnO NPs biosynthesized from Apium graveolens L. leaf extract.
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Fig. 13. (a) HRTEM image of ZnO NPs from biosynthesis method and (b) high-resolution of a plane of the Wurtzite type structure.

This magnification, Fig. 13b, also displays that the particle
is crystalline, as the lattice planes are recognizable and it
has hexagonal Wurtzite shape. There are no lattice defects,
such as dislocations, which confirm the high crystallinity as
indicated by XRD pattern before.

3.2.7. DSC analysis

DSC can validate an alteration in melting temperatures
depending on grain size. Generally, the melting tempera-
ture of nanoparticles can be —263.15 to —173.15°C beneath
the bulk material due to a greater value of surface/volume
ratio [85]. DSC analysis was utilized to describe the decom-
position and thermal stability of nanoparticles measured
from 50°C to 600°C at the heating rate of 10°C/min. It can be
seen, from Fig. 14, that the DSC curve of the biosynthesized

(b)

ZnO NPs exhibits two endothermic peaks with one exother-
mic peak centered at about 111.35°C, 223°C, 271.95°C, and
365.11°C, respectively. A tiny endothermic peak recorded
near 111.35°C, initiated at 100°C is assigned to the vaporiza-
tion of the absorbed water by ZnO NPs. This tiny displace-
ment from 100°C to 111.35°C might be ascribed to the loss
of unstable wetting agent molecules adsorbed on the surface
of ZnO NPs throughout synthesizing process [86]. While,
the exothermic peak that appeared at 365.11°C is, perhaps,
owing to the formation of ZnO NPs and degradation of
organic materials. This is a good indicator that, despite the
crystallinity of the ZnO NPs which has been verified by XRD
analysis (Fig. 10), the ZnO NPs need further annealing until
around 365°C in order to be more purified. Lastly, the peak
nearby 271.95°C is, most likely, allocated to the alteration of
zinc complex to zinc hydroxide (Zn(OH),) [87].
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Fig. 14. Differential scanning calorimetry curve of the biosynthe-
sized ZnO NPs.

3.3. Degradation of Methyl Orange

The mechanism of photocatalysis reactions has been mas-
sively studied by several authors [88-91]. In the beginning,
UV-Vis radiation interacts with the nanoparticles, causing
the formation of an electron-hole pair. This pair migrates to
the semiconductor surface and may recombine at any time.
When the pair reaches the surface, the electron is transferred
to an acceptor molecule, while an electron of a donor mol-
ecule is transferred to the gap. Since electron-gap recombi-
nation occurs in microseconds, there is a need for a smaller
semiconductor particle size, nanoparticles, so that more
migrations and reactions occur before recombination of the
electron-gap pair, optimizing the production of radicals OH*
relative to the number of absorbed photons [92].

In general, electron donor and receptor molecules
determine which photochemical process will occur. Fig. 15
shows a scheme that clarifies the photocatalysis mechanism.
The following equations explain the possible photocatalysis

UV light Conduction Band

e —>

Band gap

h*—>

Valance Band

Zn0 Nanoparticle

mechanism of pollutant degradation by the radical OH".
After the generation of the electron-gap pair (e, + h!))
through the energy absorption (hv) in the ZnO NPs, a water
molecule interacts with the gap (?,) and undergoes the oxi-
dation state to generate the radical OH*. Similarly, an oxy-
gen molecule interacts with the electron (¢, ) and is reduced
to the formation of the radical O;~. This radical O} can be
reduced by attacking water to form H,O,, which is more
reduced to form a radical OH* and an OH- ion. Moreover,
this ion may be oxidized to form another radical OH".
Explicitly, the radicals OH* and O, are responsible for the
degradation of the pollutant under UV-light radiation.

ZnONPs+hv —e_, +h), )
H,O0+h], - OH" +H" 2
0, +e_, »0O; (3)
O, +2H,0 - 2H,0, 4)
H,0, +e, »OH +OH" )
OH™ +h;, — OH" (6)

It can be stated that, methyl orange is classified among
illustrative AZO type of dyes, which are particularly sig-
nificant type of artificial organic-dyes utilized in the tex-
tiles sector and are similarly regular manufacturing con-
taminants [93]. The photocatalytic degradation degree was
investigated through the absorbance lowering of the solu-
tion. Fig. 16 displays a characteristic UV-Vis spectrum of the
methyl orange degradation as a function of time.

The absorption peaks consistent with methyl orange
dye vanished after 3 min photo-irradiation. The swift van-
ishing of the absorption peaks in Fig. 16 proposes that the
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Fig. 15. Mechanism for degradation of methyl orange using biosynthesized NPs.
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functional-group are liable for the typical color of the methyl
orange dye. Even with very low UV power, the biosynthe-
sized ZnO NPs can degrade existing methyl orange in water
effectively. This is due the fact that the photocatalytic action
of ZnO NPs strongly relies upon the growing orientation of
the crystal plane. For instance, the radical OH"*, a non-selec-
tive, and influential oxidant is intended to attack one of the
aromatic-rings of the methyl orange (C ,H,,N,NaO,S) and
causes the degradation. The radicals adsorbing on catalytic
surface or existing freely in the solution can lead to the photo
degradation of methyl orange dye which is adsorbed on the
catalytic surface or existent freely in the solution [94]. Indeed,
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Fig. 16. Time-dependent UV-Vis absorption measurement of
methyl orange degradation using ZnO NPs.
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Fig. 17. XRD patterns before and after degradation of MO in
water using ZnO NPs for six runs.

the nature of by-products designed relies on the diverse
replacement locations of OH* in methyl orange fraction.
Degradation path are connected mainly with hydroxylation
and demethylation procedures causing the creation of unbal-
anced semi-processes which can effortlessly experience ring
opening procedure [95].

Fig. 17 shows the reusability of ZnO NPs for the degra-
dation of MO over six cycles. After photocatalytic investiga-
tion, the catalyst was segregated from the reaction mixture
through centrifugation and washed with distilled water and
ethanol till a clear supernatant was acquired. The washed
catalyst was dried at 80°C for 1 h and reused again for the
degradation of a newly prepared MO dye solution where
the concentration of the dye solution was fixed to its original
value. Besides, the XRD pattern was recorded to compare
crystalline structures of ZnO NPs before and after recycling
process. According to Fig. 17, the crystalline phase and struc-
ture of the ZnO NPs after six cycles precisely overlapped
with those of the sample before the reaction. This can give
sensible clarification to the fact why the ZnO NPs photocat-
alyst display a very good photostability. Our results indicate
that the ZnO NPs from A. graveolens L. leaf extract exhibited
high photo-catalytic activity, explicitly can cleanse the water
from methyl orange dye in a very short time and the ZnO
NPs are reusable for several times.

4. Conclusions

Biosynthesis of ZnO NPs with the use of plant extract has
improved remarkably due to their heterogeneous requests.
This study involved, a quick and economic biosynthesis of
ZnO NPs from zinc acetate using aqueous leaf extract of
A. graveolens L. and their catalytic degradation of methyl
orange (MO) dye. The effective ingredients existent in
A. graveolens L. leaf extract are behaving as a reducing agent
along with the capping and stabilizing agents for the produc-
tion of ZnO nanoparticles.

Several techniques, namely UV-Vis spectroscopy, FTIR
analysis, XRD, SEM, TEM, EDX, and DSC have been uti-
lized in this investigation to analyze both the property and
quality of the biosynthesized ZnO NPs. These techniques
showed that the property of the biosynthesized ZnO NPs is
comparable with the standard NPs prepared from different
methods.

Removing the organic pollutants in water was our target
application of biosynthesized ZnO NPs. The charge transfer
procedure among methyl orange molecules and ZnO NPs
was investigated utilizing UV-Vis spectrometer. The ZnO
NPs can directly decompose methyl orange dye deprived
of the support of radicals. Methyl orange can be degraded
by electrons and holes in ZnO NPs. In waste water treat-
ment by ZnO NPs, the competition between the holes of
ZnO and the OH"* radicals towards decomposing methyl
orange relies upon the concentration of methyl orange.
The consequences of this study indicated that the biosyn-
thesized ZnO NPs displayed high photocatalytic activ-
ity, that is, can purify the water in a very short time and
reproducible for several times. Thus, ZnO NPs prepared
by the green method could be the best candidate for water
purification, through photo-catalysis, in addition to other
ecological requests.
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