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1. Introduction

Green synthesis is an innovative method of nanomaterial synthesis,
using living organisms, such as plants and microorganisms [1]. The
use of extracts from these sources can replace the reducing and capping
agents from hazardous materials [2] to minimize the toxic effects of
chemicals in the metal oxide synthesis process [3]. This method offers
several advantages, including biocompatibility [4], cost-effectiveness,
simplicity in execution, time efficiency [5-7], and environmental
friendliness [8,9]. Among various types of metal oxide often synthesized
through green synthesis method is zinc oxide nanoparticles (nano-
Zn0), which are particularly used in photo-catalysis [10,11]. Numerous
methods have been used for green synthesis of nano-ZnO, including
plant-mediated [12,13], green hydrothermal [14], precipitation, and
co-precipitation [15].

Water pollution is a significant environmental problem, with
organic dyes from the textile industry serving as major pollutants
[16]. To remove these pollutants, recent research has used BWOV/
CN/CF fabrics for industrial-scale contaminant purification [17].
Another method often used is photocatalysis, which applies metal
oxides as oxidizers to degrade organic pollutants. ZnO nanoparticles
are metal oxides playing an essential role in photocatalytic degradation
and environmental remediation through photocatalysis [18,19],
capable of mineralizing harmful organic pollutants from wastewater
[20,21]. Nano-ZnO catalyst produced from green synthesis has
Methylene Blue (MB) degradation efficiency of approximately 95%
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This research aimed to synthesize nano-ZnO from chaya (Cnidoscolus aconitifolius) and mango
leaves extract (Mangifera indica) as environmentally friendly photocatalysts. Nano-ZnO was synthesized
using green synthesis, with leaves extracts as reducing agents and nanoparticle size stabilizers. The samples
were prepared using two methods, namely nano-ZnO-1 and nano-ZnO-2. The results of Fourier transform
infrared spectroscopy (FTIR) analysis showed the contribution of metabolite compounds in nano-ZnO
synthesis. X-ray diffraction (XRD) and transmission electron microscopy (TEM) showed the crystal size
in nano range, with spherical nanorod morphology observed. Ultraviolet-visible diffuse reflectance
spectroscopy (UV-Vis DRS) determined the band gap energy of 2.97 eV and 3.17 eV. Furthermore,
photocatalytic activity test showed that photocatalyst performance after 90 min was 68.86% (nano-
ZnO-1) and 96.46% (nano-ZnO-2).

[22], reaching 98% [23]. These reports show the exceptional ability
of nano-ZnO from plant extract-assisted biosynthesis in degrading
organic pollutants. Furthermore, plant extracts containing active
compounds function as natural capping and size stabilizers of nano-
particles [24].

Green synthesis has been widely used to obtain nano-ZnO with
various nanometer scales through leaves extract. Various plant sources
include Hibiscus sabdariffa [25), Scadoxus multiflorus [26], Mangifera
indica [27], Aloe vera [28], Sesame indicum [29], Becium grandiflorum
[30]. This method includes hydrothermal, sol-gel, coprecipitation, and
plant-mediated synthesis [31], which require less time consumption,
affordable precursors, high product purity, and easy handling procedures
with cost-effective equipment [31].

Other plant sources include chaya leaves, which are widely
recognized as tree spinach, with numerous health benefits [32,33].
In 100 g chaya leaves, there is abundant phytochemical content
including flavonoids (260 mg), saponins (225 mg), carotenoids
(190.6 mg), alkaloids (108.3 mg), and phenolics (25.5 GAE) [33,34],
serving as a reference for green synthesis of nano-ZnO. The abundance
of these metabolites supports the potential of chaya leaves extract
as a reducing and capping agent in the green synthesis of nano-ZnO,
which has not been carried out. However, the use of mango leaves
[27,35], characterized by high phenolic acids, xanthones, benzophenones,
tannins, terpenoids, and flavonoids [36] content has been investigated.
The application of nano-ZnO synthesized using mango leaves extract
[27] in the medical field provides antioxidant activity that is comparable
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to standard Vitamin C, although the application in photocatalysis
has been reported.

Based on the background above, this research aimed to synthesize
nano-ZnO using green synthesis method from chaya (Cnidoscolus
aconitifolius) and mango leaves extract (Mangifera indica) as chelating
agents. By using these natural ingredients, zinc nitrate precursor
material is anticipated to be effectively modified and functionalized,
addressing aggregation issues in nano-ZnO. Furthermore, photocatalytic
of nano-ZnO material in degrading MB dye shows effectiveness in
reducing organic pollutant molecules.

2. Experimental

2.1 Materials

Materials used included chaya and mango leaves, ethanol (C;HsOH)
(97%, Merck), sodium hydroxide (NaOH) (75%, Merck), zinc nitrate
hexahydrates (Zn(NO3)2.6H20) (95%, Merck), and deionized water.
All materials were used without further purification, while ethanol
and deionized water were applied for solution neutralization and as
the solvent, respectively.

2.2 Methods
2.2.1 Preparation and synthesis of nano-ZnO

Approximately 5 g of both chaya and mango leaves were washed,
dried, blended, and added with 100 mL distilled water, followed by
heating at 80°C. After 1 hour of heating, extract was cooled, filtered,
and stored for further use, and nano-ZnO was obtained using
a precipitation method. For this purpose, three solutions were prepared
to synthesize nano-ZnO through green synthesis method [35] using
chaya and mango leaves extract with the material composition, as
shown in Table 1.

Synthesis was carried out in a sequential order, where L1 was added
L2 while stirring with a magnetic stirrer for 1 h. This was followed
by the addition of L3 dropwise and stirred continuously for 3 h until
a dark yellow color formed, indicating the formation of nano-ZnO.
Subsequently, the solution was stirred for 20 min at 4000 rpm to
obtain the precipitate of nano-ZnO, which was washed alternately
using ethanol and distilled water with centrifugation. The precipitate
was dried at 80°C for 2 h and the product obtained was crushed using
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an agate mortar. Each product was named nano-ZnO-1 (LE chaya)
and nano-ZnO-2 (LE mango).

2.2.2 Photocatalytic activity

Regarding photocatalytic applications, samples were tested for
degradation on MB dyes. Photocatalytic activity was tested using
Shimadzu Cary 100 Spectrophotometer with a 200 nm to 800 nm
wavelength range. The experiment was carried out using MB
concentration of 10 ppm (~100 mL), added with photocatalyst (3.5 g),
and irradiated using solar light for 90 min at an interval of 30 min.
Exposure time was approximately 11.00 AM to 01.00 PM in July
2023, located at Bandar Lampung (-5.36668°N, 105.24403°W).

Photocatalytic recycling research were carried out for 5 cycles,
where the sample was exposed to sunlight for 90 min. Subsequently,
the reaction was stopped and the solution was centrifuged for catalyst
separation. The catalyst was reused in the next run and the same
procedure was repeated 5 times.

2.3 Characterization

A total of two nano-ZnO samples were evaluated for chemical,
physical, optical properties, and photocatalytic potential in degrading
MB. The functional groups of nano-ZnO were observed using Fourier
transform infrared spectroscopy (FTIR) from Agilent/FTIR CARY 630.
Subsequently, ZnO structure was analyzed by X-ray diffraction
(XRD) using a Panalytical XPert Pro diffractometer, operating at
30 kV and 50 mA with CuKo radiation (A=1.5406 A) at a step size
0f 0.02°. Data were recorded in the 26 = 20° to 80° range with rotation
goniometry and the morphology nano-ZnO was analyzed by TEM,
using FEI-Tecnai G2 20 S-Twin. Uv-Vis DRS spectrum analysis was
carried out using a CARY 100 Shimadzu Spectrophotometer.
Characterization of the specific surface area of ZnO NPs based on
N2 absorption at 77K was recorded using Quantachrome Instruments
version 11.0. Before characterization, the samples were degassed at
300°C for 4 h.

3. Results and discussion

3.1 Analysis by using FTIR

FTIR spectra of nano-ZnO are shown in Figure 1.
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Figure 1. FTIR spectra for: (a) nano-ZnO-1 and LE chaya, (b) nano-ZnO-2 and LE mango.
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Table 1. The composition of the solution prepared for chaya and mango samples.

Samples L1 L2 L3
Zn(NOs);:.6H,0 (M) Deionized water (mL) NaOH (M) Deionized water (mL) Leaves extract, LE (mL)

(nano-ZnO-1) 1 50 0.7 20 25

(nano-ZnO-2) 0.2 50 0.1 20 25

Table 2. Particle size and structural parameters of the green synthesized nano-ZnO based on Equation (1).

Sample 20 (°) B (FWHM) (rad) Particle size (nm)
nano-ZnO-1 36.288 0.0071 20.4
nano-ZnO-2 36.303 0.0066 22.1
The presence of peaks at 410 through 533 cm™ in all samples
.- . . T g +, zinc oxide
showed the characteristics of vibrational of Zn-O bond, indicating v, zine phosphide
zinc oxide [37,38]. Other peaks represented vibration of C=H [10], . 0, C,H,0,
C-N [37, 39,40], C=O [41], C=C/amine-NH [42,43], and O-H 4, graphite (C)
stretching of alcohols and phenols [37,42,43]. According to previous E. - .
research [43], vibrations of O-H, N-H, and C-O or RCOO were found ; * A .
in LE, associated with alkaloids, flavonoids, and phenolic compounds. g ) w<’> A l J \‘ JJ\Q .
This identification showed the presence of flavonoids derivatives in = | AN0-Zn0-2
chaya and mango leaves extract. The formation of nano-ZnO could be \ . +
. . . ) : x N ol
explained by the linkage of zinc ions (Zn*") with the functional groups - nam
of phyto-chemical compounds, to form a complex Zn(OH)4>~ and ‘ ]
grows in strong alkaline solution by adding NaOH. Subsequently, ) ‘ ‘ PD\P ‘(n-nz‘w-nim

the complex ions were hydrolyzed to form zinc hydroxides, Zn(OH)a,
which were altered to Zn® by heating or calcining. This process showed
the role of chemical compounds in reducing zinc ions [9,44]. FTIR
analysis explained the role of organic molecules in LE (chaya and
mango) to stabilize the synthesized nano-ZnO. Similarly, nano-ZnO
formation occurred due to the interaction of oxygen in the functional
groups in LE with zinc molecules in the precursor.

3.2 Analysis of nano-ZnO structure based on XRD patterns

Figure 2 shows XRD diffractogram of nano-ZnO synthesized
through green synthesis method from LE, namely Cnidoscolus
aconitifolius (nano-ZnO-1) and Mangifera indica (nano-ZnO-2).
The diffraction peaks are positioned with the formation of the
hexagonal structure, space group P63MC (186), shown by peak at 26
corresponding to the standard ZnO database (PDF 01-089-0510).
Based on the results, the peaks show various diffraction angles 31.8°,
34.5°,36.3°,47.6° 56.6°, 62.9°, 66.5°, 67.9°, 69.1°, 72.5°, and 77.08°,
with the respective Miller’s planes (100), (002), (101), (102), (110),
(103), (200), (112), (201), (004), and (202). These peaks show ZnO
crystalline phase, which is highly intense and narrow, corresponding
to the standard database with ZnO samples without impurities. In
Figure 2, there is a zinc phosphide phase (PDF 00-053-0591) in
nano-ZnO-1. This phase occurs due to a reaction between zinc nitrate
precursor and phosphorus content (39 mg/100 g) in chaya leaves [45].
Meanwhile, nano-ZnO-2 has a squaric acid phase (PDF 00-032-1653)
and a graphite phase (PDF 01-075-2078). These phases were identified
through qualitative analysis by matching experimental data with
COD in HighScore Plus software version 3.0.5 using the search
match method.

20 30 40 50 60 70 80
20(°)
Figure 2. XRD pattern of zinc nanoparticles synthesized from leaves extract

of Cnidoscolus aconitifolius (nano-ZnO-1) and Mangifera indica (nano-
7Zn0-2). A = 1.5406A.

The crystallinity level of nano-ZnO-2 is higher compared to
nano-ZnO-1. The smaller concentrations of zinc nitrate and sodium
hydroxide in nano-ZnO-2 are not very significant in the growth and
formation of ZnO crystals. This phenomenon is attributed to the
effect of mango leaves extract, containing richer phytochemical
compounds than chaya leaves [35]. The particle size and volume of
the hexagonal structure can be calculated using the Scherrer Equation
(Equation (1)) [46]:

092

D= Bcos O (1)

where D: particle size (nm), A: X-ray wavelength (1.5406 A), B:
FWHM (rad), & diffraction angle (°). By using the data of the highest
peak of XRD, the average particle size value for the two ZnO samples
is shown in Table 2.

Cell parameters were calculated and analyzed quantitatively
using the Rietveld method with Reatica software. The model data
used for ZnO (PDF 01-089-0510) was based on data reported by
Sawada et al. [47] added with a database model from the qualitative
analysis. The results presented in Figure 3 showed that the output file
had a typical profile for XRD data fitting. The suitability of model
data with XRD generally uses a least squares approach, characterized
by decreasing the Rp factor and Goodness of Fit (GoF) [48]. In this
research, the acceptable Rp suitable parameters and fit goodness
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were <1.5 and <1.8, respectively. Based on quantitative analysis, it is
known that the molar percentage of nano-ZnO-1 is 97.74%, while

nano-ZnO-2 is 98.49%. The refinement results show the zincite lattice
parameters in nano-ZnO-1: a = b # ¢ with values a = b = 3.2209 A
and ¢ =5.2194 A. In nano-ZnO-2, the values of a=b = 3.2240 A and
¢=15.2003 A. The parameter values a = 8 # ¥ for both nano-ZnO are
90° and 120°.

3.3 TEM micrograph analysis

The morphology of nano-ZnO-1 and nano-ZnO-2 was observed
through micrograph images (TEM) with a scale bar of 50 nm, as shown
in Figure 4. The formed structure morphology was predominantly
nano-spherical with non-uniform size distribution (Figure 4(a)) and
appeared as nanorods (Figure 4(b)) with irregular arrangements. This
figure showed dispersed nano-ZnO in a semi-spherical shape, while
nanorod appeared to cluster, forming black zones due to overlapping and
intersection [49], as also reported by Gowthambabu ez al. [50].

In addition to the overlap between particles, the presence of
black zones confirmed Zn with different stoichiometric ratios [51].
TEM images showed average diameter distribution values of 17 nm
(nano-ZnO-1) and 21 nm (nano-ZnO-2), which were very close to
the calculated XRD data and values obtained by previous research
[35]. Selected area electron diffraction (SAED) patterns showed the
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higher crystallinity of nano-ZnO-2 compared to nano-ZnO-1,
confirming the polycrystalline nature of both nano-ZnO.

3.4 The specific surface area of nano-ZnO

Brunauer-Emmett—Teller (BET) analysis of the N2 adsorption-
desorption isotherm in Figure 5 was used to determine the total surface
area of both ZnO. Based on the results, nano-ZnO-1 (33.09 m>g™)
showed higher total surface area than nano-ZnO-2 (20.81 m*g™")
due to low crystal density. The mass of each sample is 0.0475 (nano-
ZnO-1) and 0.08029 (nano-ZnO-2). Based on this value, the total
specific surface area for the two nano-ZnO is 696.74 m?-g~! and
259.49 m*g'. The hysteresis loop in Figure 5 shows the characteristics
of type IV adsorption which explains the capillarity phenomenon in
mesopores.

3.5 Characterization optical spectra

The optical properties of nano-ZnO-1 and nano-ZnO-2 were
observed. The data from the reflectance spectrum were used to
estimate the energy bandgap value through the relationship statedby
the Tauc plot [52], which was represented as Equation (2):
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Figure 3. XRD plot for sample: nano-ZnO-1 (a) and nano-ZnO-2 (b). The crossed lines and solid lines indicate the measured and calculated patterns,

respectively. A = 1.5406 A.
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Figure 4. TEM micrographs of nano-ZnO synthesized using Green synthesis method: (a) nano-ZnO-1, and (b) nano-ZnO-2. Bar scale=50 nm.
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where £, 4, v, Eq, are Plank's constant (J s), proportionality constant
(J), frequency (Hz), and gap energy (eV), respectively. UV-Visible
absorption spectrum was recorded at a wavelength range of 200 nm
to 800 nm. Figure 6 shows the optical band gap (Eg) of the synthesized
nano-ZnO, which was obtained from Equation (2).

The result shows that peak excitonic values of nano-ZnO-1 and
nano-Zn0-2 in UV-Vis DRS are 330 nm. This value is smaller compared
to excitonic wavelength of bulk ZnO at 388 nm. Absorption peak
determines the width of the electron transition between the conduction
and the valence band. Generally, absorption peak detected at a particular
value can be associated with the reduction of the crystallite structure
to nano-size and a quantum confinement effect in the synthesized
nano-ZnO [53]. Small peaks between 330 nm to 380 nm and a back-like
peak at >400 nm are shown by impurities in the green synthesized
nano-ZnO-1. This impurity was detected through XRD diffractogram,
as shown in Figure 2, in the presence of zinc phosphide phase. A similar
spectrum was also found in previous research [45,54], where the
influence of impurity on the appearance of absorption peak was
approximately 350 nm to 380 nm.

Based on Equation (2) and Tauc plotting, the band energy gap (£g)
was determined to be 2.97 ¢V (nano-ZnO-1) and 3.17 eV (nano-ZnO-1).
This band gap energy showed the wavelength of light effectively
absorbed by photocatalyst material. Moreover, a smaller wavelength

spectrum width corresponds to a higher energy of photons carried
by the radiation. This energy is required to break chemical bonds
and initiate photocatalytic reactions. Regarding light absorption,
Eg=3.17 eV (nano-ZnO-2) will be more efficient in absorbing UV light
because it has enough energy to absorb UV light and break specific
chemical bonds. However, £g=2.97 eV (nano-ZnO-1) is less effective
in absorbing UV light but more effective in transferring electrons from
the conduction band to the valence band due to the relatively small
energy required for electron transfer. Previous research also showed
that the width of Eg is influenced by crystallite size, morphology, and
synthesis method of nano-ZnO [49,55]. The observed bandgap energies
showed that nano-ZnO-1 and nano-ZnO-2 were suitable as photo-
catalytic materials primarily for absorption of UV light [56-58].

3.6 Photocatalytic activity of nano-ZnO

Testing of photodegradation activity was carried out using MB
solution, where the spectrum of blank MB showed peak at 663 nm.
Generally, the removal of solution color by photocatalyst usually occurs
through photoexcitation process on ZnO surface, leading to the formation
of electron-hole pairs on the catalyst surface [59]. Figure 7 shows
photodegradation activity of MB dyes (10 ppm) by nano-ZnO-1 and
nano-ZnO-2 photocatalysts.
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Figure 5. N2 adsorption-desorption isotherm and SBET (insert), (a) nano-ZnO-1 and (b) nano-ZnO-2.
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Figure 6. UV-Vis DRS absorption spectra versus wavelength, and Tauc plots (insert) for nano-ZnO-1 (a) and nano-ZnO-2 (b).
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Figure 7. (a) The reaction kinetics, and (b) efficiency of degradation MB color by nano-ZnO-1 and nano-ZnO-2 catalysts.

Photocatalyst activity is interpreted through analysis of photo-
catalytic data, particularly on the reaction kinetics calculated using
pseudo-first-order kinetic equation (Equation (3)). The efficiency of
the degradation of MB molecule is calculated by Equation (4) [60]:

c _ —

g = -kt 3)

% Degradation = (“22) x 100% @)
0

where C, Co, k, t, Ao, and A4, represent MB concentration after
adsorption, initial MB concentration, reaction rate constant, exposure
time, initial adsorption without photocatalyst, and photocatalyst
adsorption, respectively.

Based on Equation (3), the reaction rate of nano-ZnO-1 is calculated
to be 0.0008 ppm-min~!, which is smaller than nano-ZnO-2 at 0.0954
ppm'min~!, showing a slower degradation of MB color by nano-
ZnO-1. In addition to the band gap width, the particle size affects
photocatalytic efficiency. Specifically, Dnano-ZnO-1 < Dnano-ZnO-2
influences the surface area of nano-ZnO-1 to be smaller than nano-
Zn0-2, which reduces the number of active sites available to adsorb
substrate molecules. This phenomenon shows that MB dye degradation
is slowed due to the limited number of simultaneous reactions.
Previous research [61,62] stated that surface profile influenced
photoactivity of photocatalytic materials. Furthermore, reduction and
oxidation reactions on nano-ZnO surface produce electrons and holes,
which interact with oxygen (Oz2) and water molecules to form superoxide
radicals (O?") and hydroxyl (OH*) [23]. These reactive ions facilitate
the process of deactivating and breaking down contaminants or other
organic compounds into small molecules through photocatalyst,
induced by light/photons [60].

The efficiency of reducing MB dye concentration, as calculated
using Equation (4), is 68.86% and 96.49% for nano-ZnO-1 and nano-
Zn0-2, respectively. This shows that nano-ZnO-2 is very effective
in reducing MB dyes, which is 27.81% faster than nano-ZnO-1.
As shown in Figure 2, the high crystallinity of nano-ZnO-2 is attributed
to MB degradation performance [63]. The recycling of photocatalyst is
presented in Figure 8, showing a decrease in photocatalytic efficiency

J. Met. Mater. Miner. 34(1). 2024

with each reuse. In this research, photocatalyst was recycled five times,
with an efficiency reduction of 8.6% (nano-ZnO-2) and 10.65%
(nano-ZnO-1) due to the accumulation of pollutant particles on
photocatalyst surface.

The green synthesis carried out by Narath ez a/. [23] and Algarni
et al. [64] using LE of Cinnamomum tamala and LE of Rosmarinus
officinalis degraded MB by 98.07% (90 min) and 96.7% (90 min).
Compared to this research, chaya and mango leaves extract as
chelating agents of green synthesis of nanoZnO-1 and nano-ZnO-2
successfully degraded MB, although with degradation efficiencies
of 68.86 and 96.49% for 90 min. Specifically for mango leaves
extract, the efficiency of the resulting photocatalyst (nano-ZnO-2)
is close to Cinnamommum tamala leaves extract [23]. This result
showed that the calcination temperature after green synthesis process
from 500°C to 700°C was a crucial factor contributing to the high
MB degradation efficiency of nano-ZnO. However, green synthesis
carried out using LE chaya and LE mango obtained efficiency of
approximately 68.86% (90 min) and 96.49% (90 min). The synthesis
process used a temperature of approximately 80°C for sample drying
without calcination. Although the temperature was relatively low,
green synthesis method used successfully obtained nano-ZnO with
performance as photocatalyst.

nano-ZnQ-2
nano-Zn0O-1
1004 -
[*] I —
=
2 80
=1
= Ep
2 60 ] —
=
2
= 40
-]
- 20
X
0
1 2 3 4 5
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Figure 8. Recycling test for photocatalyst reusability.
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4. Conclusion

In conclusion, this research successfully synthesized nano-ZnO
using leaves extract of Cnidoscolus aconitifolius (nano-ZnO-1) and
Mangifera indica (nano-ZnO-2) at 80°C. The results of FTIR spectra
showed the presence of metabolite compounds included in the
formation of nanoparticles. TEM and XRD analyses confirmed the
spherical and rod-like morphology as well as the hexagonal wurtzite
structure of the synthesized nano-ZnO. The strong absorption peak
was detected at 330 nm by UV-Vis DRS. Furthermore, photocatalytic
tests showed that nano-ZnO-2 was more efficient in photodegradation
of MB dye compared to nano-ZnO-1. Based on kinetic research, the
method of photodegradation followed pseudo-first-order kinetics and
was dependent on dye concentration. The crystal structure of nano-
ZnO, such as particle size and bandgap energies, showed potential
effect on photocatalytic activity of nano-ZnO synthesized. This research
also showed that particle size and crystallinity played an essential
role, indicating high MB degradation efficiency of nano-ZnO-2.
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