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ABSTRACT

GREEN SYNTHESIS AND CHARACTERIZATION OF COPPER OXIDE
AND ZINC OXIDE NANOPARTICLES DERIVED FROM AQUEOUS
MANGOSTEEN (GARCINIA MANGOSTANA) LEAF EXTRACT FOR

PALM OIL MILL EFFLUENT (POME) TREATMENT

Chan Yu Bin

Green synthesis of nanomaterials using plant extracts offers a sustainable
and eco-friendly alternative to conventional methods. In this study, copper oxide
(Cu0), zinc oxide (ZnO), and zinc oxide-copper oxide (ZnO-CuO) nanomaterials
were successfully synthesized using mangosteen (Garcinia mangostana) leaf
extract (MLE). The synthesis process was optimized based on key parameters such
as MLE concentration, calcination temperature, and the Zn-to-Cu ratio. The
synthesized nanomaterials were characterized using a range of analytical tools to
assess their physicochemical properties.

The optimized CuO, ZnO and ZnO-CuO nanomaterials were chosen in
inhibiting selected bacteria using Broth macrodilution assay and treating palm oil
mill effluent (POME) at different conditions under light-emitting diode (LED). In
preliminary in vitro antibacterial study, MLE-mediated synthesized CuO
nanoparticles (NPs) and ZnO NPs calcinated at 500°C and 0.05 g/mL MLE-
mediated synthesized 70Zn0O-30CuO nanocomposites (NCs) calcinated at 500°C

were chosen due to their small crystalline size. The average particle sizes of the



synthesized nanomaterials were 14.31 nm + 5.368, 29.61 nm £ 12.573 and 23.09
nm = 10.656 and mostly spherical structure.

The ZnO NPs demonstrated the highest antibacterial efficacy with
minimum inhibitory concentrations (MIC) of 15.63 pg/mL (Staphylococcus aureus,
Bacillus subtilis), 62.50 pg/mL (Escherichia coli), and 125.00 pg/mL (Klebsiella
pneumoniae). ZnO-CuO NCs ranked second, with MICs of 62.50 pg/mL, 62.50
pg/mL, 250.00 pg/mL, and 125.00 pg/mL, respectively. CuO NPs were the least
effective, showing higher MICs of 250.00 pg/mL, 125.00 pg/mL, 125.00 pg/mL,
and 500.00 pg/mL. For POME treatment, ZnO NPs calcinated at 400°C achieved
the best performance with COD and AN removal efficiencies at 54.05% = 0.03 and
38.72% = 0.00, respectively, using 50 mg of NPs under 120 min of blue LED
exposure. In contrast, 150 mg of CuO NPs and ZnO-CuO NCs were required for
optimal photodegradation under blue LED for 150 min, achieving COD and AN
removal efficiencies of 58.58% * 0.02 and 38.86% = 0.01 (CuO NPs) and 59.72%
+ 0.02 and 27.80% = 0.01 (ZnO-CuO NCs), respectively.

In conclusion, this study demonstrates the potential of MLE-mediated green
synthesis of nanomaterials as a sustainable approach for producing effective
photocatalyst and antibacterial agents. ZnO NPs, in particular, exhibit high promise
for environmental and biomedical applications. This study introduced a sustainable
and environmentally friendly approach to MLE-based nanomaterial synthesis.
Additionally, it offered a viable alternative method of bacterial inhibition and a
treatment for POME. Moreover, the use of treated POME shown good agricultural

development. This study proposed breakthroughs in scientific knowledge of



nanomaterial synthesis, antibacterial and photocatalysis mechanisms. This work
has a significant contribution to science and society as the results have far-reaching
implications for sustainable development, public health and environmental
protection — all of which are parallel to the sixth and twelfth sustainable

development goals.
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(@) 100 mg of CuO NPs of 200 mL of POME, (b) 50 mg of
ZnO NPs at 300 mL of POME and (c) 100 mg of 70ZnO-
30CuO NCs in 200 mL of POME at varying concentrations
under blue LED for 2 h. Note that “*” represent significant
difference at p < 0.05

The removal efficiency of COD and AN was evaluated using
(@) 100 mg of CuO NPs of 200 mL of POME, (b) 50 mg of
ZnO NPs at 300 mL of POME and (c) 100 mg of 70ZnO-
30CuO NCs at 200 mL of POME diluted to 3.1 x diluted under
blue LED for 3 h. Note that “*” represent significant
difference at p < 0.05

The C¢/Ci of COD and AN was evaluated using (a) 100 mg of
CuO NPs of 200 mL of POME, (b) 50 mg of ZnO NPs at 300
mL of POME and (c) 100 mg of 70Zn0O-30CuO NCs at 200
mL of POME diluted to 3.1 x under blue LED for 3 h. Note
that “*” represent significant difference at p < 0.05

Germination rate of mung bean seeds in untreated and 12.5 x
diluted POME-treated conditions after seven days. Note that
“*” represent significant difference at p < 0.05

Mean shoot length of mung bean seeds in untreated and 12.5
x diluted POME-treated conditions after seven days

Growth of mung bean seeds was evaluated in (a) tap water
(positive control), (b) untreated 12.5 x diluted POME, (c)
CuO NPs treated 12.5 x diluted POME, (d) ZnO NPs treated
12,5 x diluted POME, (e) ZnO-CuO NCs treated 12.5 x
diluted POME and (f) measurement of shoot length
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Figures

5.1

5.2

5.3

Hypothesized  mechanisms in  green  synthesizing
nanomaterials using MLE via bio-reduction. R was
representing 1,  6-dihydroxy-3-methoxy-2-(3-methyl-2-
buthenyl) xanthone (xanthone found in mangosteen leaves) in
demonstrating the hypothesized mechanisms in green
synthesizing nanomaterials. The Zn?" and Cu?* were released
upon precursors added to the MLE. During the calcination
process, the MOs nanomaterials were formed instantly by
reacting with oxygen from atmosphere or the breakdown from
phytochemicals. Subsequently, the MOs nanomaterials were
also aggregated and stabilized by the presence of remaining
phytochemicals in bio-reduction mechanism. Also, the MOs
nanomaterials were stabilized and became bigger due to the
occurrence of Ostwald ripening. For the formation of ZnO-
CuO NCs, the coordinate covalent bond are further formed
using the oxygen atoms lone pair in the nano-sized ZnO and
CuO to bond themselves resulted in NCs

Proposed antibacterial mechanisms which include direct
contact of bacteria cell membrane, generation of ROS and
release of free metal ion from ZnO NPs and CuO NPs. The
antibacterial mechanism of ZnO-CuO NCs was suggested is
the combination of the above-mentioned mechanism in the
scheme (Chan et al., 2024)

Possible mechanism involved in degrading pollutants in
POME by using MO NPs. The e/h* pair was formed at VB
and CB when light irradiated on the MO NPs surface. The
*OH and <Oy were then generated by redox reaction by
involving water and oxygen in CB and VB, respectively. For
organic compounds, carbon dioxide and water were finally
produced with the pollutants intermediates after degraded by
*OH. Meanwhile, nitrogenous compounds were degraded into
nitrogen, nitrate ions, nitrite ions and intermediates after
reacted with «OH
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Figures

5.4

Proposed photo-degradation mechanism of ZnO-CuO NCs.
Under exposure of LEDs, the holes were migrated to ZnO,
while electrons migrated to CuO due to their band alignments
in thermodynamically favored in generating ROS («OH and
*02). In ZnO, the water or OH" was oxidized at VB, while
oxygen was reduced at CB, to produce *OH and <Oy,
respectively. The organic pollutants in POME reacted with
produced ROS and eventually degraded into carbon dioxide,
water and intermediates. Meanwhile, nitrogenous compounds
were degraded into nitrogen, nitrate ions, nitrite ions and
intermediates. Bottom conduction band energy, top valance
band energy and energy bandgap of the synthesized ZnO-CuO
NCs were represented by Ecg, Evs and Eg, respectively, in the
figure
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CHAPTER 1

INTRODUCTION

1.1  Background Study

The rapidly developing field of nanotechnology is widely applied in the
fields of optics, electronics, biomedicine, nano-electronics, and material sciences
(Balakrishnan et al., 2020; Hoseinpour and Ghaemi, 2018; Vladimirovna Zaitseva
and Alexandrovna Zemlyanova, 2020). By having an atomic size or molecular
aggregates smaller than 100 nm (Abbes et al., 2021; Ammulu et al., 2021; Hassan
et al., 2021; Sajjad et al., 2021; Sana et al., 2020), nanomaterials are regarded as a
distinct and intermediate matter state between their individual atoms and bulk
material (Dawadi et al., 2020). These nanomaterials are modified from the
fundamental elements by changing both their atomic and molecular properties
(Sabir et al.,, 2014). Researchers are becoming increasingly interested in
nanomaterials because of its unusual physicochemical features and high surface
area to volume ratio (Abbes et al., 2021; Ammulu et al., 2021; Greene et al., 2020;
Hassan et al., 2021; Rajendran et al., 2021; Sobanska et al., 2021). The production
of nanomaterials has been reported by using conventional method, such as
hydrothermal method, sol-gel synthesis, laser ablation, microwave assistance,

precipitation, spray pyrolysis, sputter deposition, and solvothermal (Basit et al.,



2023; Droepenu et al., 2022; Khatoon et al., 2023; Mallikarjunaswamy et al., 2020;
Narath et al., 2021; Nguyen et al., 2023; Shaba et al., 2021). Although the
nanomaterials synthesized by physical or chemical methods have a specific size
and shape (Sajjad et al., 2021), these methods are costly (Aminuzzaman et al., 2018;
Aminuzzaman et al., 2019; Aminuzzaman et al., 2021; Georgia et al., 2023;
Rajendran et al., 2021), time-consuming (Georgia et al., 2023), technically complex
(Aminuzzaman et al., 2018; Fawcett et al., 2017), low materials conversion and
reaction rates (Ammulu et al., 2021; Fawcett et al., 2017), high energy requirements
(Abbes et al., 2021; Fawcett et al., 2017; Khan et al., 2020), hazardous chemicals
used (Abbes et al., 2021; Aminuzzaman et al., 2021; Khan et al., 2020; A. Khan et
al., 2021; Ammulu et al., 2021) and toxic byproducts produced (Georgia et al., 2023;
Ogunyemi et al., 2020; Prasanth et al., 2019). Therefore, public is becoming more
concerned about the development of high-yielding, economical (Abbes et al., 2021;
Ammulu et al., 2021; Hassan et al., 2021; A. Khan et al., 2021; Sharma et al., 2021)
and environmentally friendly (Abbes et al., 2021; Aminuzzaman et al., 2019;
Ogunyemi et al., 2020; Prasanth et al., 2019; Sharma et al., 2021) approaches for
synthesizing nanomaterials.

The discovery of antibiotics in the middle of the 20th century has had a
significant impact on medicine (Shabatina et al., 2022; Singh et al., 2020). Bacteria,
on the other hand, are resistant to almost all antibiotics due to the overuse and abuse
of these drugs (Amaro et al., 2021; Nifio-Martinez et al., 2019; Shabatina et al.,
2022; Singh et al., 2020). Despite the constant introduction of novel antibiotics to

the market, the rate of manufacture cannot keep up with the rate at which bacteria



resistant to multiple drugs are emerging (Shabatina et al., 2022). As a result, it has
become a public health concern of the 21st on a worldwide scale for the outbreaks
of multiple antibiotics resistance pathogenic bacteria (Hoseinzadeh et al., 2016).
The WHO has confirmed that bacterial infections cause millions of deaths globally
each year (Gajic et al., 2022; Khameneh et al., 2019; Singh et al., 2020). Although
new antibiotics are continuously introduce to market, the rate of production is
insufficient to address the rate of emergence of bacteria (Shabatina et al., 2022).
Consequently, the pathogenic bacteria outbreaks due to the development of
resistance to general antibiotics becomes the alarming public health issue of 21st
century at global level (Hoseinzadeh et al., 2016). It has now a challenging problem
for human health and all living organisms (Vindhya and Kavitha, 2023). It has
become a worldwide problem in treating infectious diseases (Salayové et al., 2021),
whereby costly treatment is needed and mortality might increase if treated without
correct antibiotics (Helba et al., 2013). It is also expensive and time-consuming in
combating bacteria and leads to patient dissatisfaction (Alavi et al., 2019). Hence,
research has turned to nanomaterials as an alternative solution (Nifio-Martinez et
al., 2019) due to nanoparticles (NPs) has different mode of action in inhibiting
bacteria by direct contacting with bacteria cell wall without the need of cell
penetration (Wang et al., 2017) and alter the biochemical pathways via the
organelles destruction, eventually leads to bacteria cell death (Singh et al., 2020).
Clean water scarcity has become the major issue in worldwide and it is
needed to maintain the healthy living things (Akpomie et al., 2023; Mahmod et al.,

2023). The dissolved contaminants are easily transported in water and poses direct



serious long-term toxic threat (Zelekew et al., 2023), eco-toxicity and
environmental toxicity (Nguyen et al., 2023). Thus, it is important to have an
effective and proper water treatment (Sidik et al., 2023). Also, reuse and recycle of
waste- and polluted water has become a needs for utilizing of water in all around
of world to meet the clean water demand (Amirian et al., 2017). Conventional
methods, such as physical (floatation and membrane filtration), chemical (Fenton
oxidation and ozonation), biological treatment (aerobic and anaerobic bioreactors,
enzymatic removal, phytoremediation and bioremediation), physiochemical
(coagulation-flocculation and ultrasonication), recirculation and evaporation
methods has been used for reclaiming clean water from waste- and polluted water
(Cheng et al., 2021; Mahmod et al., 2021; Ng et al., 2019; Obayomi et al., 2023;
Saputera, Amri, Mukti, et al., 2021; Saputera, Amri, Daiyan, et al., 2021; Mojiri et
al., 2020; Mrabet et al., 2021; Pavithra et al., 2020; Shadi et al., 2020; Singh et al.,
2021; Vaidh et al., 2022; Zandsalimi et al., 2019). However, several drawbacks
from conventional methods were reported, which including long operation period,
high energy consumption, costly and generation of sludge which requires
secondary treatment. Moreover, the organic pollutants has complex organic
molecular configuration, poor biodegradability and high noxiousness which makes
conventional methods not effective in treating wastewater (Obayomi et al., 2023;
Puasa et al., 2021; Saputera, Amri, Mukti, et al., 2021; Saputera, Amri, Daiyan, et
al., 2021; Sidik et al., 2023; Azadi et al., 2020). In response to this situation, the

water purification method has switched to by using nanomaterials as they are being



reported to have excellent adsorptive and photocatalytic properties (Nguyen et al.,

2023).

1.2 Problem Statements

The traditional synthesis of nanomaterials often depends on hazardous
chemicals, posing significant risks to both the environment and public health. The
increasing awareness of these dangers has led researchers to explore greener
alternatives for nanomaterial production. One promising approach is the use of
plant extracts, which offer a safer, eco-friendly option for synthesizing
nanomaterials. However, while these green synthesis methods reduce the reliance
on toxic chemicals, they present a new set of challenges. Achieving the desired
physicochemical properties such as size, shape, stability, and functionality is
critical for the effective application of nanomaterials in various fields. These
properties can be highly dependent on the specific nature of the plant extracts
employed, complicating efforts to optimize synthesis protocols.

The treatment of bacterial infections remains a major concern for human
and environmental health. Traditional antimicrobial therapies are often expensive,
have extended recovery periods, and exhibit diminishing efficacy, leading to patient
dissatisfaction. Nanomaterials offer a promising alternative due to their
multifunctional antibacterial mechanisms, such as the physical disruption of
bacterial cell membranes, the generation of reactive oxygen species (ROS), and the

interference with bacterial metabolic pathways. These properties make



nanomaterials a strong candidate for overcoming bacterial resistance, providing a
potentially more robust and sustainable solution for infection control.

In Malaysia, the palm oil industry commonly uses open ponding systems to
treat palm oil mill effluent (POME), a process that is both cost-effective and widely
adopted. However, this method often fails to fully degrade the effluent, leading to
severe environmental contamination and ecological degradation. Recently,
nanomaterials have gained attention for their photocatalytic capabilities under UV
and visible light, offering an innovative approach to purify POME. Despite this
potential, research on the effectiveness of these nanomaterials in degrading toxic
compounds has vyielded inconsistent results, largely due to variations in
nanomaterial composition and different experimental conditions. Addressing these
discrepancies is critical for advancing the practical application of nanotechnology

in environmental remediation.

1.3 Objectives

The objectives of this study were stated as below:

1. To synthesize copper oxide nanoparticles (CuO NPs) zinc oxide
nanoparticles (ZnO NPs) and zinc oxide-copper oxide nanocomposites
(ZnO-CuO NCs) using an eco-friendly approach with mangosteen
(Garcinia mangostana) leaf extract (MLE) as the reducing and stabilizing

agent.



2. To determine the optimal conditions for the synthesis of CuO, ZnO and
ZnO-CuO nanomaterials mediated by MLE, and to comprehensively
characterize their physicochemical properties with various analytical
techniques [such as ultraviolet-visible (UV-Vis) spectrophotometry,
Fourier  transform infrared (FT-IR) spectrophotometry, X-ray
diffractometer, field emission scanning electron microscopy (FE-SEM)
with energy dispersive X-ray (EDX) analysis, high-resolution transmission
electron microscopy (HR-TEM), and X-ray photoelectron spectroscopy
(XPS)].

3. To assess the preliminary in vitro antibacterial effectiveness of the
optimized nanomaterials against Gram-positive and Gram-negative bacteria,
providing quantitative data on their efficacy.

4. To optimize the photodegradation of chemical oxygen demand (COD) and
ammoniacal nitrogen (AN) in POME using the synthesized CuO, ZnO and

Zn0O-CuO nanomaterials.

1.4 Significance of Study

Various parts of the mangosteen plant, such as the stem, seed, peel, bark,
rind, and pericarp, have been widely used as natural reducing, capping, and
stabilizing agents in the green synthesis of metal and metal oxide (MO) NPs,
including silver (Ag), gold (Au), and ZnO. However, there is a notable gap in the

literature regarding the use of mangosteen leaves in the green synthesis of ZnO NPs.



Additionally, no studies have reported for the green synthesis of CuO NPs or ZnO-
CuO NCs using mangosteen leaves or other plant components. This study will
address this gap by exploring the use of MLE in the green synthesis of these
nanomaterials.

Nanomaterials synthesized from various parts of the mangosteen plant have
demonstrated antimicrobial, dye photodegradation, and antioxidant activities.
However, their potential for treating POME has not yet been investigated. This
study will evaluate the effectiveness of these green-synthesized nanomaterials in
degrading harmful substances in POME, offering a new application for
mangosteen-derived nanomaterials in environmental remediation.

In terms of antibacterial activity, the disk diffusion assay is commonly used
to assess the preliminary antimicrobial efficacy of nanomaterials qualitatively.
However, there is limited literature reporting quantitative results for the
antibacterial activity of green-synthesized nanomaterials. This study will fill that
gap by providing quantitative data on the antibacterial effectiveness of the
synthesized CuO, ZnO, and ZnO-CuO nanomaterials.

Lastly, while polychromatic light sources such as UV and visible light are
commonly used in POME treatment, their effectiveness in reducing COD has
shown inconsistent results (Chai et al., 2019; Kanakaraju et al., 2017; Lam et al.,
2018; Phang et al., 2021; Puasa et al., 2021; Sidik et al., 2023). This study will
explore the use of blue light-emitting diode (LED) as an alternative. LEDs are more
economical due to their longer lifespan (up to 50,000 hours compared to 9,000

hours for UV lamps) and higher photon energy, particularly in the blue light



spectrum. The use of blue LED in this study may offer a more efficient and cost-

effective solution for photodegrading harmful substances in POME.

1.5  Scope of Study

In this study, CuO, ZnO and ZnO-CuO nanomaterials were green
synthesized using MLE. The synthesis process was optimized in a stepwise manner
by varying the MLE concentration, calcination temperature, and salt precursor
ratios. The synthesized nanomaterials were characterized using a range of analytical
techniques, including UV-Vis spectrophotometry, FT-IR spectrophotometry, X-ray
diffractometer, FE-SEM with EDX analysis, HR-TEM and XPS. The
physicochemical properties of the nanomaterials, including optical properties,
functional groups, crystalline structure, morphology, elemental composition, and
surface oxidation, were thoroughly examined.

Following characterization, the preliminary antibacterial activity of the
optimized CuO, ZnO and ZnO-CuO nanomaterials was assessed using a macro-
dilution assay to determine their minimum inhibition concentration (MIC) against
Gram-positive bacteria (Staphylococcus aureus ATCC BAA-1026 and Bacillus
subtilis ATCC 6633) and Gram-negative bacteria (Escherichia coli ATCC 25922
and Klebsiella pneumoniae ATCC 13883).

Finally, the efficacy of the optimized nanomaterials in treating POME was
evaluated. The treatment parameters were systematically optimized, including the

use of mono- and polychromatic LEDs, nanomaterial loading, POME volume,



POME concentration, and photo-degradation duration. The quality of the treated

POME was assessed by measuring COD, AN and phytotoxicity.

10



CHAPTER 2

LITERATURE REVIEW

2.1 Nanomaterials

Nanomaterials properties are first described scientifically by Michael
Faraday and it can date back to 9th century when Ag and Au of NPs were used in
Mesopotamia age (Patra and Baek, 2014). The small size of nanomaterials are
highly reactive with prominent physical properties with the presence of a large
number constituting atoms can be found around on the surface of the particles
(Vaseem et al., 2010). Different from their bulk form, nanomaterials are able to
provide a new and promising solution due to its unique features (Greene et al., 2020;
Imani and Safaei, 2019; Sobanska et al., 2021) in light scattering properties,
including surface plasmon resonance (SPR), surface-enhanced Rayleigh scattering
and surface-enhanced Raman (Dauthal and Mukhopadhyay, 2016). By having
distinct physicochemical and morphological properties (Khatoon et al., 2023),
nanomaterials are commonly utilized in photocatalysis, environmental remediation
and energy storage (Nistico, 2023). Moreover, with similar size to biomolecules
(Vaseem et al., 2010) and having great dispersity, stability, solubility and bio-
efficiency under metabolic condition (Jameel et al., 2020; You et al., 2021),

nanomaterials are reported to be low in toxicity (Jameel et al., 2020). Therefore,
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nanomaterials can be useful in biomedical field and human health care (Fredericks
et al., 2020; Imani and Safaei, 2019; Khan et al., 2020; Lee et al., 2020; Nistico,
2023; Sobanska et al., 2021) including in drug delivery, antibacterial, cell imaging
and bio-sensing (Nguyen et al., 2023; Sana et al., 2020; H. Wang et al., 2021; You
et al., 2021). Additionally, nanomaterials are widely applied in pharmaceuticals as
disinfectants, fillers and drugs to tackle against bacteria (Takele et al., 2023).
Besides, some of the nanomaterials, such as ZnO, has recognized as non-toxic and
contain some important mineral elements which are beneficial to human body
(Siddiqi et al., 2018). The properties and applications of CuO NPs, ZnO NPs and

ZnO-CuO NCs is summarized in Table 2.1.
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Table 2.1: Summarization of CuO NPs, ZnO NPs and ZnO-CuO NCs properties with their applications.

Nanomaterials CuO NPs ZnO NPs Zn0O-CuO NCs
Semiconductor
p n p-n
type
Non toxic Less toxic o Effective in electron-hole (e/h*)
Commonly found in nature High stability pair separation
Outstanding in electrical and Simple to prepare e Improve structural,
optical properties with unique Environmentally friendly morphological, and surface
selective catalytic activity Growth in various structure properties
Good in magnetic phase, Outstanding optical, semiconducting, e Evenly size distribution,
Properties
antioxidant, and antimicrobial and piezoelectric capabilities. e Non-dispersive and non-

characteristics

aggregative
Superior  loading  separation
efficiency
Can extend the light response to

visible light range
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Continue

Nanomaterials CuO NPs ZnO NPs ZnO-CuO NCs

Electrical, electronic,  photoctalysts, Electrical, electronic, skin protection and Electrical, electronic, photoctalysts and
Applications biomedical and sensor technologies hygiene, photoctalysts, biomedical and sensor sensor technologies

technologies
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211 CuO

Research in both basic and applied sciences has focused on CuO compounds
in the copper-oxygen planes in high-temperature superconductors (Habibi and
Karimi, 2014; Nithya et al., 2014). It is a p-type semiconductor with unique
electrical, magnetic, and optical characteristics, and a small bandgap between 1.20
eV and 2.00 eV (Basit et al., 2023; Dien et al., 2023; Li et al., 2023; Mubeen et al.,
2023; Nguyen et al., 2023; Oudah et al., 2020; Phang et al., 2021; Takele et al.,
2023; Verma and Khan, 2019; Vindhya and Kavitha, 2023; Waris et al., 2020;
Bandekar et al., 2020). Copper NPs can be easily oxidized into CuO with excellent
robustness, chemical stability, and charge separation and their shelf life is longer
compared to other organic antimicrobial agents (Amin et al., 2021; Li et al., 2023).
As a result, it is widely used in catalytic processes, photovoltaic applications, and
photo-degradation reactions (Basit et al., 2023; Dien et al., 2023; Li et al., 2023;
Slobodchikov et al., 2023). However, CuQ's fast e/h™ pair recombination, results
in low photocatalytic efficiency (Dien et al., 2023).

The CuO NPs have gained a lot of attention lately (Cuong et al., 2022). The
production of CuO NPs is one of the more promising MO NPs because it is less
expensive than other Nobel metals (Amin et al., 2021; Ruda et al., 2019) and its
stability makes it easy to combine with polymers (Siddigi and Husen, 2020). These
multifunctional members of the copper compound family have special properties
(Nithya et al., 2014; Selvanathan et al., 2021; Waris et al., 2020), including non-

toxicity, high natural abundance (Oudah et al., 2020), high-
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temperature superconductivity, electron correlation effects, spin dynamics and
unique selective catalytic activity (Saravanan and Sivasankar, 2016). In light of this,
CuO NPs have outstanding electrical and optical, magnetic phase, antioxidant and
antimicrobial characteristics (Sharma et al., 2021; Siddigi and Husen, 2020; Waris
et al., 2020) which is useful in, anti-cancer, biomedical imaging, drug and cellular
deliveries, wound healing, disease treatment and act as the heterogeneous catalysis
(Amin et al., 2021; Hamid et al., 2021; Siddiqui, Ansari, Chauhan, et al., 2021,
Waris et al., 2020). Additionally, a wide range of fields has the potential to benefit
from the use of CuO NPs, including energy storage devices, supercapacitors,
magnetic  storage media, gas  sensors, gas  sensors, high-
temperature semiconductors, catalytic processes, nano-fluid, environmental
remediation, batteries, biosensors, photo-catalysis, and magneto-resistant materials
(Cuong et al., 2022; Slobodchikov et al., 2023; Vindhya and Kavitha, 2023; Waris

et al., 2020).

212 ZnO

ZnO is an n-type semiconductor (Basit et al., 2023; Dien et al., 2023; Hitkari
et al., 2022; Mansoor Al-Saeedi et al., 2022; Mubeen et al., 2023; Nguyen et al.,
2023; Sakib et al., 2019; Takele et al., 2023; Vibitha et al., 2020) that appears as an
insoluble white powder in water which is seldom found in nature (Naseer et al.,
2020; Shaba et al., 2021). ZnO has a band gap energy of 3.30 —3.37 eV at room

temperature, a high exciton binding energy (60 meV), strong bonds (Abbes et al.,
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2021; Dien et al., 2023; Hitkari et al., 2022; Kaningini et al., 2022; Mansoor Al-
Saeedi et al., 2022; Mubeen et al., 2023; Nguyen et al., 2023; Puasa et al., 2021;
Rajendran et al., 2021; Sajjad et al., 2021; Siddiqui, Ansari, Ansari, et al., 2021;
Vibitha et al., 2020), and good chemical, photo- and thermal stability
(Aminuzzaman et al., 2019). ZnO also has excellent chemical immovability,
resistivity control, piezoelectric and pyroelectric capabilities, strong quantum field,
flexible morphologies, exceptional electrical and optical properties, and a great
isoelectric point of 9.3 — 9.8 (Lei et al., 2017; Basavalingiah et al., 2019;
Mallikarjunaswamy et al., 2020; Ng et al., 2019). ZnO also shows significant green
emission after thermal treatment under reducing atmosphere and considered as a
phosphorescence exhibiting materials (Mallikarjunaswamy et al., 2020).
Furthermore, the United States Food and Drug Administration (FDA) has classified
ZnO as a chemical that is "generally recognized as safe" (GRAS) (Naseer et al.,
2020; Nguyen et al., 2023; Sana et al., 2020; Shaba et al., 2021; You et al., 2021).
It is advised that individuals consume 10 mg of ZnO per day (Nguyen et al., 2023).
ZnO's aforementioned properties make it a popular choice for use in biomedical,
biological, catalyst, sensor, energy storage, optoelectronic devices (Droepenu et al.,
2022; Kaningini et al., 2022; Mubeen et al., 2023; Naseer et al., 2020; Ng et al.,
2019; Sana et al., 2020), antibacterial (Kumar et al., 2020; Mubeen et al., 2023;
Velsankar et al., 2020; H. Wang et al., 2021), anti-fungal, UV radiation blocking
(Abbes et al., 2021; Kumar et al., 2020; Naseer et al., 2020; Sajjad et al., 2021;
Velsankar et al., 2020), anti-inflammatory, wound healing and anti-cancerous

(Kumar et al., 2020). Although ZnO is safe for environmental application (Ng et
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al., 2019), its broad energy bandgap and high rate of recombination of photo-
generated charge carriers requires UV light to carry out photodegradation.
Moreover, high potential in photo-corrosion, low capacity for visible light
absorption high, short lifetime (due to photo-catalyst leaching and dissolution
during irradiation) and mild electrostatic repulsion force in water restricts its
photocatalytic activity (Dien et al., 2023; Li et al., 2023; Mubeen et al., 2023; Puasa
etal., 2021; Zelekew et al., 2023).

The rubber industry was the first to use nano-sized ZnO (Saravanan and
Sivasankar, 2016). It has been widely researched to enhance the polymer
performance of rubber composites by increasing rubber toughness and intensity,
antiaging, and other properties (Ogunyemi et al., 2020; Sajjad et al., 2021,
Saravanan and Sivasankar, 2016). It is affordable, simple to make, environmentally
beneficial and very stable (Takele et al., 2023). The ZnO NPs may grow into a
variety of nanostructures, including nanowires, nano-rods, nanotubes, nano-belts
and other complex morphologies (Aminuzzaman et al., 2018). Their sizes, shapes,
and orientations can also regulate their distinctive optical, semiconducting, and
piezoelectric capabilities (Jaithon et al., 2024; Sivakumar et al., 2018).
The ZnO NPs is essential MO NPs that have distinct physicochemical properties
(Jiang et al., 2018). They are widely used in a variety of applications, including
solar cells, photocatalysis, photoluminescence, varistors, photodetectors, and
sensors (Jaithon et al., 2024; Naseer et al., 2020), as well as in the food processing,
cosmetics, textile (Jaithon et al., 2024; Jindaruk et al., 2023) and agriculture

(Jaithon et al., 2024) industries. Furthermore, ZnO NPs may show the desirable
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properties of resistance to UV and light, deodorant (Jiang et al., 2018; Velsankar et
al.,, 2020), and antibacterial (Jaithon et al., 2024; Jindaruk et al., 2023;
Mallikarjunaswamy et al., 2020; Ogunyemi et al., 2020; Sajjad et al., 2021;
Rajendran et al., 2021). In contrast to other metal particles like Ag and Au, ZnO
NPs can actively remain under intracellular conditions, changing insulin resistance
and further regulating lipid, carbohydrate, protein and chronic inflammation
through enzymatic oxidative stress (You et al., 2021). Also, it has been observed
that ZnO NPs are relatively cheap, less poisonous (Cao et al., 2019; Jiang et al.,
2018; Sana et al., 2020; Senthilkumar et al., 2017a; You et al., 2021), readily
absorbed by the body (Jiang et al., 2018; Sivakumar et al., 2018), bio-safe and
biocompatible (Jindaruk et al., 2023; Senthilkumar et al., 2017a; Sivakumar et al.,
2018). Therefore, ZnO NPs can provide superior alternatives for a range of
biological applications (Vaseem et al., 2010), drug delivery (Mallikarjunaswamy et
al., 2020; Rajendran et al., 2021; Senthilkumar et al., 2017a), bio-imaging, cancer
curing (Jindaruk et al., 2023; Mallikarjunaswamy et al., 2020) and biomedical
applications (Jiang et al., 2018; Jindaruk et al., 2023; Naseer et al., 2020; Sana et

al., 2020; Senthilkumar et al., 2017a).

2.1.3 ZnO-CuO

In the design and modelling of low energy bandgap heterojunction
nanomaterials, the addition of impurities to individual semiconductors is crucial (Li

etal., 2023). The produced heterojunction semiconductors favorable feasibility and
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effectiveness in e/h™ pair separation can enhance photo-catalysis (Li et al., 2023;
Mrabet et al., 2023). In comparison to single semiconductor MO NPs, such as ZnO
and CuO, mixing has drawn much more interest due to its superior applicability in
electrical, electronic and sensor technologies. Combining semiconductor metal
oxides is essential in many real-world applications because of their improved and
customizable structural, morphological, and surface properties (Basit et al., 2023;
Nguyen et al., 2023). The p-n heterojunction nanocomposites (NCs) exhibit a
homogeneous size distribution, non-dispersive, non-aggregative and non-
agglomerative characteristics (Bandekar et al., 2020), superior loading separation
efficiency, increased surface area (Basit et al., 2023) and is able to extend the light
response to visible light range (Dien et al., 2023). These properties enhance their
optical and electronic properties, thereby expanding their applications, particularly
in environmental remediation (Basit et al., 2023; Dien et al., 2023). Among the p-
n type heterojunction semiconductors, researchers have emphasis on ZnO-CuO
NCs because copper can readily overlap d-electrons with the valence bond of ZnO
(Das and Srivastava, 2017; Khan et al., 2017) once their interfaces contact with
each other (Mubeen et al., 2023). Moreover, CuO is good in separating and
transferring photo-excited electrons from the higher conduction band to the lower
valance band, makes it an ideal metal oxide to form NCs with ZnO. Thus, ZnO-
CuO NCs is reported having great performance as photo-catalyst with its large

surface area and simple synthesis methods (Dien et al., 2023; Mubeen et al., 2023).
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2.2 Nanomaterials Synthesis Techniques

When synthesizing nanomaterials, the synthesized particles must have a
consistent size and shape using a simple method. The primary problem in the
absence of a stabilizer is the agglomeration of small particles that precipitate in the
solution due to the high surface-to-volume ratio of nanomaterials. As a result, it's
important to get ready the stable colloids for nanomaterials growth (Vaseem et al.,
2010). However, process parameters (Singh et al., 2018), the kinetics of the process
between metal ion precursors and reducing agents, and the adsorption Kinetics
between stabilizing agents and nanomaterials (Shah et al., 2015) all have an impact
on the size, shape stability and physicochemical attributes of nanomaterials.

Nanomaterials can be prepared using physical, chemical or green syntheses
(Abbes et al., 2021; Basit et al., 2023; Cuong et al., 2022; Droepenu et al., 2022;
Hassan et al., 2021; Salayova et al., 2021). The two primary categories of
nanomaterials synthesis methods are top-down and bottom-up, as illustrated in
Figure 2.1. While molecules are formed into nanomaterials in the bottom-up
technique, bulk materials are broken down into nanomaterials in the top-down
approach (Ammulu et al., 2021; Cuong et al., 2022; Dawadi et al., 2020; Lee et al.,
2020; Waris et al., 2020). Nevertheless, the top-down method is rarely employed
because of its high cost, surface structure imperfections and potential for serious
crystallographic damage to nanomaterials (Dawadi et al., 2020; Lee et al., 2020).
However, when internal stress is imposed in a bottom-up manner, surface flaws and

contaminations may arise even though the products' chemical composition is more
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consistent. If not well regulated, these constraints will eventually have an impact
on the uses of the nanomaterials synthesized and have a significant impact on their

physicochemical characteristics (Lee et al., 2020).

Physical
synthesis

Top-down
approach

Nanomaterials
synthesis

Bottom-up
approach

Chemical Green
synthesis synthesis

Figure 2.1: Synthesis of nanomaterials methods with different approaches
(Ammulu et al., 2021; Cuong et al., 2022; Dawadi et al., 2020; Lee et al., 2020;
Waris et al., 2020).

2.2.1 Physical and Chemical Syntheses

Physical synthesis, which includes lithography, machining and milling, uses

mechanical forces to break down bulk particles or atom beams to create ultra-thin

and very pure nanomaterials. Conversely, in the process of producing
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nanomaterials, chemical synthesis includes the creation of ions through chemical
processes. Common techniques for chemically synthesizing nanoparticles include
chemical vapor deposition, liquid phase approach, sol-gel method, colloidal method
and electrodeposition (Droepenu et al., 2022; Hassan et al., 2021; Jameel et al.,
2020). Both approaches are the most often used (Vaseem et al., 2010) and chemical
synthesis allows for the quick production of huge quantities of NPs (Ingale and
Chaudhari, 2013). Therefore, the chemically and physically synthesized
nanomaterials are not appropriate for use in catalytic (Basit et al., 2023) or

medicinal (Takele et al., 2023) applications.

2.2.2 Green Synthesis

According to International Union of Pure and Applied Chemistry (IUPAC)
green chemistry is defined as the preparation of chemical products without utilizing
or generating harmful substances to living things and the environment. The center
of green chemistry is surrounded by 12 principles (Figure 2.2) in describing the
correct way of a chemical should be produced and applied in a green approach to
achieve reduction in materials usage and environment pollution (Mutlu and Barner,

2022).
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Principles  Prevent waste

of Maximize atom economy
green Design less hazardous chemical syntheses
chemistry  Design safer chemicals and products
Use safer solvents and reaction conditions
Increase energy efficiency
Use renewable feedstocks
Avoid chemcial derivaties
Use catalysts, not stoichiometic reagents
Design chemicals andproducts to degrade after use
Analyze in real time to prevent pollution
Minimize the potential for accidents

Figure 2.2: The 12 principles of green chemistry as stated in United States
Environmental Protection Agency (Mutlu and Barner, 2022).

The public's concern about the development of economical and
environmentally friendly methods for synthesizing nanomaterials is growing these
days (Aminuzzaman et al., 2019; Hassan et al., 2021; A. Khan et al., 2021; Abbes
et al., 2021; Ogunyemi et al., 2020; Sharma et al., 2021; Ammulu et al., 2021,
Prasanth et al., 2019). When it comes to synthesizing nanomaterials, green
synthesis is a straightforward process (Basit et al., 2023; Jameel et al., 2020; A.
Khan et al., 2021; Prasanth et al., 2019; Septiningrum et al., 2024; Siddiqgi and
Husen, 2020) that requires less energy to start the reaction and uses fewer chemicals
than conventional approaches (Hassan et al., 2021; Jameel et al., 2020; Sana et al.,
2020), resulted in producing the less harmful byproducts (Abbes et al., 2021; Ahn
etal., 2022; Basit et al., 2023; Georgia et al., 2023; Septiningrum et al., 2024). Also,

green synthesis is feasible to carry out at physiological pH, temperature,
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and pressure and decreases the cost of synthesizing nanomaterials. Thus, it is
convenient in scaling up to prepare nanomaterials with regulated toxicity (Jameel
et al., 2020; Sana et al., 2020; Basavalingiah et al., 2019; Siddigi and Husen, 2020;
Souri et al., 2019). The main challenges to synthesizing nanomaterials through
green synthesis are related to morphology, composition, structure, size, and the
presence of a capping agent, as these aspects determine how nanomaterials are used
in industrial and biological applications (Hoseinpour and Ghaemi, 2018; Jameel et
al., 2020). Figure 2.3 outlines the benefits of synthesizing nanomaterials by

adopting green synthesis.

Advantages
] o Environmentally Low Canbe Convenient in
Simple Fast oy energy conducted in Y
friendly o ; 3 scaling up
require physiological

conditions

Figure 2.3: Summarization of advantages in synthesizing nanomaterials by using
green synthesis.

2.3  Plant Extract Mediated Green Synthesis

In general, microbes, plant extracts, viruses, fungi, yeasts, microalgae and
macro-algae can all be used to carry out the green synthesis of nanomaterials
(Khalafi et al., 2019; Koopi and Buazar, 2018; Sepahvand et al., 2020; Abbes et al.,
2021; Ammulu et al.,, 2021; Hassan et al., 2021; Rajendran et al., 2021;

Septiningrum et al., 2024; Sharma et al., 2021). Among the aforementioned
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biological entities, plant extracts are more dependable, straightforward and
environmental friendly than other biological entities when it comes to
green synthesis of nanomaterials (Vijayaraghavan and Ashokkumar, 2017
Haneefa et al., 2017; Khan et al., 2020). Because plants are non-pathogenic and
their phytochemicals are highly controlled assembly, they offer a superior platform
for the production of nanomaterials (Kumar et al., 2019). Plant-mediated green
synthesis also presents several benefits over other biological materials for the
synthesis of nanomaterials. These include the ability for one-pot synthesizing NPs,
as well as robustness, eco-friendliness, natural capping and reducing agents, ease
of availability, safety, cost-effectiveness, suitable for large scale synthesis without
requiring cell cultures (Ahn et al., 2022; Khan et al., 2020; A. Khan et al., 2021;
Phang et al., 2021; Aminuzzaman et al., 2021; Kureshi et al., 2021; Waris et al.,
2020).

Plants can be used either in their live form or dead/inactive form in green
synthesizing nanomaterials (Dauthal and Mukhopadhyay, 2016; Prasanth et al.,
2019; Vijayaraghavan and Ashokkumar, 2017). When green synthesizing
nanomaterials, plant components such flowers, leaves, stems, roots, and seeds are
often used (Efenberger-Szmechtyk et al., 2020; Shammout and Awwad, 2021,
Vijayaraghavan and Ashokkumar, 2017). With the presence of primary and
secondary metabolites in plants (Ahn et al., 2022), such as amino acids, phenols,
aldehydes, ketones, carboxylic acids, nitrogenous compounds (Jameel et al., 2020),
flavonoids, alkaloids, terpenoids, (Kureshi et al., 2021) and pigments (Kumar et al.,

2020), metals are accumulated and subsequently capped, stabilized or reduced into
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nanomaterials intracellularly (Ahn et al., 2022; Jameel et al., 2020; Singh et al.,
2018; Vijayaraghavan and Ashokkumar, 2017). Plant-based nanomaterials
synthesis is a simple process that may be accomplished in a few minutes to several
hours by adding the plant extracts with metal salt solution (Ammulu et al., 2021)
or by using less or non-harmful chemicals (Kumar et al., 2017) at room temperature.
The green synthesis employing plant extracts have been reported as the simple and
alternative way to synthesize nanomaterials (Haneefa et al., 2017; Khan et al.,
2020). Hence, it has been reported in wide range of applications, which including

agriculture, food industry and medicine (Naseer et al., 2020).

2.3.1 CuO NPs

Calcination temperature applied in green synthesizing plant extract-
mediated CuO NPs reported was in between 100°C and 900°C, whereas 500°C and
600°C were the common calcination temperature applied (Table 2.2). Although
most of the article reported the green-synthesized CuO NPs were in spherical shape,
CuO NPs green synthesized using Muntingia calabura leaf (Selvanathan et al.,
2021) and Momordica charantia fruit (Qamar et al., 2020) extracts were reported
in rod shape. Moreover, Cedrus deodara leaf extract-mediated synthesized CuO
NPs was in irregular shape reported in Ramzan et al. study (2021) (Ramzan et al.,
2021). Furthermore, calcination temperature applied significantly altered the plant
extract-mediated synthesized CuO NPs. In Hamid et al. study (2021), Fumaria

indica extract-mediated synthesized CuO NPs changed from cluster at low
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calcination temperature (100°C and 300°C) to flake at high calcination temperature
(600°C and 900°C) (Hamid et al., 2021). Structural changes in CuO NPs also
observed in Verma and Khan study as Prunus amygdalus pericarp extract-mediated
synthesized CuO NPs was in flake form when calcinated at 400°C and 500°C, while
it was in spherical form when calcinated at 600°C (Verma and Khan, 2019). The
particle size of plant extract-mediated synthesized CuO NPs varied in different
studies with the smallest CuO NPs obtained through the green synthesized Punica
granatum peel extract at 12 nm (Siddiqui, Ansari, Chauhan, et al., 2021).
Meanwhile, biggest CuO NPs was reported by black tea powder and coffee powder
extracts at 35 — 65 nm (Fardood and Ramazani, 2018) and 20 — 60 mm (Fardood
and Ramazani, 2016), respectively. Indeed, calcination temperature utilized in
green synthesis affected the CuO NPs particles size. In Hamid et al. study (2021),
particle size of CuO NPs green synthesized using F. indica plant extract increased
41.67% from 24 mm to 58 mm when they increased the calcination temperature

applied from 100°C to 900°C (Hamid et al., 2021).
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Table 2.2: CuO NPs synthesized by different plant extracts with their calcination temperature applied, structural properties and

applications.
Calcination
Particles sizes
Plant extracts  temperatures  Morphologies Applications References
(nm)

(°C)
Coriandrum

350 Spherical 25 Photocatalytic activity (Basit et al., 2023)
sativum leaf
Annona glabra Antibacterial, photocatalytic and

500 Quasi-spherical 14 - 27 (Nguyen et al., 2023)

leaf
Zingiber
officinale
rhizome
Annona

muricata leaf

500

Spherical

antioxidant activities

- Antibacterial activity (Takele et al., 2023)

Antibacterial, photocatalytic, (Vindhya and
30
antioxidant, antifungal activities Kavitha, 2023)
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Continue

Calcination
Particles sizes
Plant extracts  temperatures  Morphologies Applications References
(nm)

(°C)
Dovyalis caffra Antioxidant  and anticancer

400 Spherical - (Adeyemi et al., 2022)
leaf activities
Bougainvillea (Shammout and

- Spherical 5-20 Antifungal activity
flower Awwad, 2021)
Aloe
barbadensis - Spherical - - (Sharma et al., 2021)
flower
Length =79 —90 (Selvanathan et al.,

M. calabura leaf 400 Rod -

Thickness = 23

2021)
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Continue

Calcination
Particles sizes
Plant extracts  temperatures  Morphologies Applications References
(nm)
(°C)
Stachys.
lavandulifolia - Spherical 20-35 Catalytic activity (Veisi etal., 2021)
flower
100 24
Cluster
300 33 Antibacterial and  antioxidant
F. indica plant (Hamid et al., 2021)
600 41 activities
Flake
900 58
Length = 400 —
M.  charantia Antibacterial,  antifungal and
- Rod 500 (Qamar et al., 2020)
fruit antiviral activities

Thickness = 61
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Continue

Calcination
Particles sizes
Plant extracts  temperatures  Morphologies Applications References
(nm)
(°C)
C. deodara leaf 500 Irregular - Antibacterial activity (Ramzan et al., 2021)
P. granatum (Siddiqui, Ansari,
300 Spherical 12 Antibacterial activity
peel Chauhan, et al., 2021)
400
P. amygdalus Flake (Verma and Kbhan,
500 - -
pericarp 2019)
600 Spherical
Black tea (Fardood and
600 Spherical 35-65 -
powder Ramazani, 2018)
(Fardood and
Coffee powder 600 Spherical 20-60 -

Ramazani, 2016)
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From the literature review, the articles reported on the utilization of plant
extract-mediated synthesized CuO NPs in photocatalytic activity are quite limited.
A 50 mL of methylene blue dye solution did not decolourize effectively under
sunlight for 110 min using 5 mg of C. sativum leaf extract-mediated synthesized
ZnO NPs in Basit et al. study (2023) (Basit et al., 2023). Similar result was observed
in Nguyen et al. study (2023) as only 13.37% degradation efficiency in 50 mL of
10 ppm methylene blue dye solution under sunlight for 2.5 h using A. glabra leaf
extract-mediated synthesized CuO NPs (Nguyen et al., 2023). In contrast, although
degradation efficiency of A. muricata leaf extract-mediated synthesized CuO NPs
was not mentioned in the study, Vindhya and Kavitha reported that their CuO NPs
was able to decolourized 100 mL of 100 ppm methylene blue dye solution under
sunlight for 2 h (Vindhya and Kavitha, 2023).

On the other hand, antibacterial activity of the CuO NPs green synthesized
by plant extract was determined in 47.06% among the recent published articles
(Hamid et al., 2021; Nguyen et al., 2023; Qamar et al., 2020; Ramzan et al., 2021;
Siddiqui, Ansari, Chauhan, et al., 2021; Takele et al., 2023; Vindhya and Kavitha,
2023). In Vindhya and Kavitha study, A. muricata leaf extract-mediated
synthesized CuO NPs has better bactericidal effect against Pseudomonas
aeruginosa compared to S. aureus. The zone of inhibition (ZOI) of P. aeruginosa
was 11.0 mm and 16.0 mm, while S. aureus was not detected and 11.0 mm, at 500
Mg and 1000 pg, respectively (Vindhya and Kavitha, 2023). In another work by
Hamid et al. using F. indica plant extract-mediated synthesized CuO NPs at 100,

300, 600 and 900°C have better bactericidal effect against Gram-negative bacteria
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(E. coli and K. pneumonia) compared to Gram-positive bacteria (S. aureus and
Staphylococcus epidermidis). Among the tested bacteria, K. pneumonia has the
largest ZOl at 0.0 — 5.0 mm, followed by E. coli (ZOl at 2.0 — 4.3 mm), S. aureus
(2Ol at 1.1 — 4.5 mm) and the smallest ZOI was recorded for S. epidermidis at 0.0
— 4.0 mm. In their study, it was also shown that nanomaterial’s bactericidal effect
was affected by its particle size. A smaller CuO NPs has better bactericidal effect
compared to those with larger size (Hamid et al., 2021). Furthermore, at 150.00
pg/mL of C. deodara leaf extract-mediated synthesized CuO NPs, highest ZOl was
recorded for E. coli for 29.0 mm, whereas ZOlI recorded for S. aureus, Salmonella
enterica (Gram-negative bacteria) and Listeria monocytogenes (Gram-positive
bacteria) were lower than 25.0 mm in Ramzan et al. study (2021) using disc
diffusion assay (Ramzan et al., 2021). Same antibacterial assay mentioned in
Ramzan et al. study (2021), Siddiqui et al. study (2021) shown similar result
whereby 20.0 mm of ZOI was recorded against E. coli using P. granatum peel
extract-mediated synthesized CuO NPs (Siddiqui, Ansari, Chauhan, et al., 2021).
As for Gram-positive bacteria (S. aureus, Streptococcus mutans,
Streptococcus pyogenes, Streptococcus viridians, S. epidermidis, Corynebacterium
xerosis and Bacillus. cereus), it was well inhibited by M. charantia fruit extract-
mediated synthesized CuO NPs with ZOlI recorded at 23.0 — 31.7 mm. For Gram-
negative bacteria (E. coli, K. pneumonia, P. aeruginosa and Proteus vulgaris), it
has the ZOl at 24.7 — 26.3 mm (Qamar et al., 2020). On the other hand, A. glabra
leaf extract-mediated synthesized CuO NPs in Nguyen et al. study (2023) shown

comparable bactericidal effect against tested Gram-positive bacteria (B. cereus and
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S. aureus) and Gram-negative bacteria (P. aeruginosa and E. coli), with the ZOl
recorded at 18.7 — 19.7 mm, respectively (Nguyen et al., 2023). Similarly, Z.
officinale rhizome extract-mediated synthesized CuO NPs has comparable
bactericidal effect against E. coli and S. aureus as their minimal concentration in
inhibiting were 12.50 mg/mL using MIC assay using disc diffusion method in

Takele et al. study (2023) (Takele et al., 2023).

2.3.2 ZnO NPs

ZnO NPs green synthesized using different plant extracts with their
calcination temperature applied, structural properties and applications were
tabulated in Table 2.3. Generally, calcination temperature applied in green
synthesizing ZnO NPs by plant extract reported was in between 200°C and 900°C.
Most of the articles reported that the green-synthesized ZnO NPs using different
plant extracts were in spherical, partially spherical or spheroid shape. There were
also some articles reported that the synthesized NPs in irregular cube, hexagonal,
rod or mixture of several shapes. The particle size of green-synthesized ZnO NPs
was vary with different authors. In Naseer et al. study (2020), Melia azedarach leaf
extract-mediated ZnO NPs was as small as in 3 nm (Naseer et al., 2020), while
Mazli et al. study (2020) reported Aloe vera leaf extract-mediated synthesized ZnO
NPs was in 100 — 900 nm (Mazli et al., 2020). Particle size of plant extract-mediated
synthesized ZnO NPs increased when higher calcination temperature was applied.

In Yusoff et al. study (2020), around two fold of increment in particle size was
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obtained when black tea powder extract-mediated ZnO NPs was calcinated from
500°C to 900°C (Yusoff et al., 2020). Moreover, in Akbarian et al study, the particle
size distribution of Camellia sinensis L. leaf extract-mediated synthesized ZnO NPs
also affected by the calcination temperature applied. Wider particle size distribution
was observed at 550°C (13 — 28 mm) compared to 400°C (17 — 25 mm) (Akbarian

etal., 2019).
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Table 2.3: ZnO NPs synthesized by different plant extracts with their calcination temperature applied, structural properties and

applications.
Calcination
Particles sizes
Plant extracts temperatures  Morphologies Applications References
(nm)
(°C)
C. sativum leaf 350 Irregular 55 Photocatalytic activity (Basit et al., 2023)
Mixture of
Antibacterial,  photocatalytic
A. glabra leaf 500 spherical and 13-24 (Nguyen et al., 2023)
and antioxidant activities
rectangular
Z. officinale
- - - Antibacterial activity (Takele et al., 2023)
rhizome
Hexagonal Antioxidant and anticancer
D. caffra leaf 400 - (Adeyemi et al., 2022)
rod activities
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Continue

Calcination
Particles sizes
Plant extracts temperatures  Morphologies Applications References
(nm)

(°C)
Verbascum Photocatalytic and catalytic

500 Spherical - (Bekru et al., 2022)
sinaiticum leaf reduction activities

Quasi-
A. muricata L. leaf 450 20-50 Antibacterial activity (Selvanathan et al., 2022)
spherical

Mulberry fruit 600 Spherical 252 Antioxidant activity (Abbes et al., 2021)
Cinnamomum

500 Polygonal 35 Photocatalytic activity (Narath et al., 2021)
tamala leaf
Rubus

- Spherical 1-100 Antibacterial activity (Rajendran et al., 2021)

fairholmianus root
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Continue

Calcination
Particles sizes
Plant extracts temperatures  Morphologies Applications References
(nm)
(°C)
Dendropanax
- Spheroid 146 Anti-obesity activity (You et al., 2021)
morbifera
Mixture of
Lippia adoensis leaf 400 spherical and 19 Antibacterial activity (Demissie et al., 2020)
hexagonal
Aegle marmelos Antibacterial,  photocatalytic (Mallikarjunaswamy et
500 Hexagonal 20
pulp and antioxidant activities al., 2020)
A. vera leaf 900 Cube 100 - 900 Electrochemical performance  (Mazli et al., 2020)
Ocimum. 250
Spherical - - (Mfon et al., 2020)
gratissimum leaf 400
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Continue

Calcination
Particles sizes
Plant extracts temperatures  Morphologies Applications References
(nm)
(°C)
Cassia fistula leaf - Spherical 68 Antibacterial activity
(Naseer et al., 2020)
M. azedarach leaf - Spherical 3 Antibacterial activity
Crotalaria Antibacterial and anticancer
400 Hexagonal 16 - 38 (Sana et al., 2020)
verrucosa leaf activities
500 80 —430
Black tea powder 700 Irregular 90-570 Electrochemical performance  (Yusoff et al., 2020)
900 150 — 880
400 17-25 Antibacterial, anticancer,
C. sinensis L. leaf Spherical antioxidant and hemolytic (Akbarian et al., 2019)
550 13-28

activities
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Continue

Calcination
Particles sizes
Plant extracts temperatures  Morphologies Applications References
(nm)
(°C)
Hylocereus (Aminuzzaman et al,,
450 Spherical 5-100 Photocatalytic activity
polyrhizus peel 2019)
(Nithya and
Cardiospermum
- Hexagonal 48 — 55 Antibacterial activity Kalyanasundharam,
halicacabum leaf
2019)
Hibiscus sabdariffa
400 Spherical 5-40 Photocatalytic activity (Soto-Robles et al., 2019)
flower
Vaccinium
(Mohammadi-Aloucheh
arctostaphylos L. - Spherical 23 Antibacterial activity
etal., 2018a)
fruit
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Continue

Calcination
Particles sizes
Plant extracts temperatures  Morphologies Applications References
(nm)
(°C)
Mentha longifolia (Mohammadi-Aloucheh
- Spherical 24 Antibacterial activity
leaf etal., 2018b)
Antibacterial, photocatalytic,
Abutilon  indicum
200 Spheroid - anticancer, antioxidant, (Khan et al., 2017)
leaf
antifungal activities
Antibacterial, antioxidant,
Tectona grandis L. Partially (Senthilkumar et al.,
400 54 anticancer and anti-arthritic
leaf spherical 2017a)
activities
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Among the articles, 80.00% of authors applied green-synthesized ZnO NPs
in photocatalytic and/or in vitro antibacterial activities. In Basit et al. study (2023),
5 mg of C. sativum leaf extract-mediated synthesized ZnO NPs did not decolourize
significantly 50 mL of 0.000015 M methylene blue dye solution under sunlight for
110 min (Basit et al., 2023). A degradation efficiency of 95.02% was achieved
using A. glabra leaf extract-mediated synthesized ZnO NPs in 50 mL of 10 ppm
methylene blue dye solution under sunlight for 180 min in Nguyen et al. study
(2023) (Nguyen et al., 2023). The degradation efficiency of 5 mg C. tamala leaf
extract-mediated synthesized ZnO NPs has 87.45% on the 50 mL of 0.1 M
methylene blue dye solution under direct sunlight for 90 min in Narath et al. study
(2021) (Narath et al., 2021). In Aminuzzaman et al. study (2019), 95.00% of
degradation efficiency was recorded using 50 mg of H. polyrhizus peel extract-
mediated synthesized ZnO NPs on 20 ppm of 50 mL methylene blue dye solution
under sunlight exposure for 120 min (Aminuzzaman et al., 2019). Full degradation
on 5 ppm of 100 mL methylene blue dye solution was observed after 60 min of
visible light irradiation in Mallikarjunaswamy et al. study (2020) using 30 mg of
ZnO NPs green synthesized from A. marmelos pulp extract (Mallikarjunaswamy et
al., 2020). According to Soto-Rables et al. study (2019), more concentrated H.
sabdariffa flower extract (1%, 4% and 8%) in green synthesizing ZnO NPs was
able to improve photocatalytic performance on 15 ppm of 200 mL methylene blue
dye solution from 87.00% to 95.00% under UV lamp exposure for 90 min (Soto-
Robles et al., 2019). Although degradation efficiency on acid black 234 dye

solution was not mentioned in Khan et al. study (2017), A. indicum leaf extract-
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mediated synthesized ZnO NPs was significant decolourized dye solution under
sunlight exposure for 100 min (Khan et al., 2017). In contrast, only 24.00% of 120
mL of 10 ppm methylene blue dye solution was degraded using 20 mg of V.
sinaiticum leaf extract-mediated synthesized ZnO NPs under halogen lamp for 105
min in Bekru et al. study (2022) (Bekru et al., 2022).

Disc and well diffusion assays are popularly applied in determining in vitro
antibacterial activity of green-synthesized ZnO NPs. A simple in vitro antibacterial
study was done by Rajendran et al. study (2021) and the MIC assay result shown
that their R. fairholmianus root extract-mediated synthesized ZnO NPs was at
337.86 pg/mL (Rajendran et al., 2021). The 150 mg/mL of Annona muricata L.
leaf extract-mediated synthesized ZnO NPs dissolved in dimethyl sulfoxide
(DMSO) reported by Selvanathan et al. study (2022) effectively inhibit the growth
of B. subtilis, S. aureus, K. pneumoniae and P. aeruginosa (Gram-negative
bacteria). The ZOI recorded for the tested bacteria were 16.7 mm, 11.7 mm, 12.0
mm and 17.0 mm, respectively (Selvanathan et al., 2022). Similarly, T. grandis L.
leaf extract-mediated ZnO NPs bactericidal effect was comparable in Gram-
positive bacteria (S. aureus and B. subtilis) and Gram-negative bacteria (E. coli and
Salmonella paratyphi) in Senthilkumar et al. study (2017a). The difference of ZOl
between tested bacteria was less than 4.00 mm (Senthilkumar et al., 2017a).
Moreover, this phenomena also similarly observed in Mallikarjunaswamy et al.
study (2020) in using A. marmelos pulp extract-mediated synthesized ZnO NPs
against the tested bacteria (Mallikarjunaswamy et al., 2020). Furthermore, 128

pg/mL of V. arctostaphylos L. fruit extract-mediated synthesized ZnO NPs has
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similar comparable bactericidal effect against E. coli (32.10%) and S. aureus
(34.40%) in Mohammadi-Aloucheh et al. study (2018a) (Mohammadi-Aloucheh et
al., 20184a).

In Demissie et al. study (2020), concentration of L. adoensis (Koseret) leaf
extract in green synthesis did not affect the bactericidal effect of ZnO NPs.
Although their ZnO NPs was effective in inhibiting the growth of S. aureus (ZOI
in between 7.0 — 9.0 mm), ZOI of Enterococcus faecalis (Gram-positive bacteria),
E. coli and K. pneumonia were comparable with each other in between 6.0 mm and
8.0 mm (Demissie et al., 2020). However, concentration of C. halicacabum leaf
extract in green synthesizing ZnO NPs significantly affected the ZOI observed in
B. subtilis, S. aureus, E. coli and P. aeruginosa in Nithya and Kalyanasndharam
study. In their study, 0.6% C. halicacabum leaf extract-mediated ZnO NPs has
largest ZOIl (19.0 — 21.0 mm), followed by 0.4% C. halicacabum leaf extract-
mediated synthesized ZnO NPs (16.0 — 19.0 mm) and the least was 0.2% C.
halicacabum leaf extract-mediated synthesized ZnO NPs (13.0 — 16.0 mm) (Nithya
et al., 2014). In Sana et al. study (2020), C. verrucosa leaf extract-mediated
synthesized ZnO NPs has less bactericidal effect against E. coli (ZOI in between
9.0 mm and 15.0 mm) compared to P. vulgaris (Gram-negative bacteria, ZOlI in
between 11.0 mm and 17.0 mm), K. pneumoniae (ZOI in between 10.0 mm and
17.0 mm) and S. aureus (ZOI in between 11.0 mm and 18.0 mm) at 25, 50 and 100
pg/mL, respectively (Sana et al., 2020). Similar results were observed in Khan et
al. study (2017), as the ZOI on E. coli was the smallest (6.0 mm) compared to S.

aureus (10.0 mm), Klebsiella (13.00 mm) and B. subtilis (15.0 mm). Their ZOI
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results were supported by MIC results due to A. indicum leaf extract-mediated
synthesized ZnO NPs was less sensitive to E. coli (1.01 mg/mL) compared to S.
aureus (0.99 mg/mL), Klebsiella (0.10 mg/mL) and B. subtilis (0.06 mg/mL) (Khan
etal., 2017).

MIC assay using disc diffusion method was applied and their result shown
that lower concentration of Z. officinale rhizome extract-mediated synthesized ZnO
NPs was needed to inhibit E. coli (12.50 mg/mL) compared to S. aureus (15.00
mg/mL) in Takele et al. study (2023) (Takele et al., 2023). In Naseer et al. study
(2020), ZnO NPs green synthesized using C. fistula leaf and M. azedarach leaf
extracts were more effective in inhibiting Gram-negative bacteria (E. coli) than
Gram-positive bacteria (S. aureus). In both ZnO NPs concentration at 10 pL and
200 pL, the earlier has the ZOl in between 20.00 mm and 44.00 mm, while the later
ZOI was in between 14.0 mm and 38.0 mm, respectively (Naseer et al., 2020).
Furthermore, less healthy E. coli (26.13%) was found in Mohammadi-Aloucheh et
al. study (2018b) compared to S. aureus (34.10%) using 128 pg/mL of M. longifolia
leaf extract-mediated synthesized ZnO NPs (Mohammadi-Aloucheh et al., 2018b).
However, B. cereus (Gram-positive bacteria) has the best bactericidal effect using
A. glabra leaf extract-mediated synthesized ZnO NPs (ZOl at 21.8 mm) compared
to P. aeruginosa (ZOI at 14.9 mm), E. coli (ZOI at 20.1 mm) and S. aureus (ZOlI
at 19.8 mm) in Nguyen et al. study (2023) (Nguyen et al., 2023). Moreover, 0.50,
1.00 and 2.00 mg/mL of ZnO NPs green synthesized using C. sinensis L. leaf
extract did not inhibit the growth of Gram-negative bacteria (E. coli and K.

pneumonia) as no ZOI were observed. On the other hand, ZOI in between 0.0 mm

46



and 15.0 mm were recorded in Gram-positive bacteria (S. aureus and B. subtilis)
using 0.50, 1.00 and 2.00 mg/mL of C. sinensis L. extract mediated-ZnO NPs.
Interestingly, ZnO NPs calcinated at high temperature (550°C) was more effective
in inhibiting tested Gram-positive bacteria (3.0 — 15.0 mm) compared to it low

temperature (400°C) calcinated one (0.0 — 13.0 mm) (Akbarian et al., 2019).

2.3.3 ZnO-CuO NCs

Calcination temperature and Zn-to-Cu ratio applied, structural properties
and applications of different plant extract-mediated ZnO-CuO NCs were tabulated
in Table 2.4. Calcination temperature applied in green synthesizing ZnO-CuO NCs
by plant extract reported was in small range, between 350°C and 500°C. Moreover,
spherical shape of plant extract-mediated ZnO-CuO NCs was commonly reported
in articles (50.00%), while others reported in irregular or plate shape. The smallest
particle size of ZnO-CuO NCs was reported to be 11 nm in Basit et al. study (2023)
using C. sativum leaf extract (Basit et al., 2023), whereas largest Sambucus nigra
L. shoot extract-mediated synthesized ZnO-CuO NCs in Cao et al. study (2021) in

the range of 30 — 130 nm (Cao et al., 2021).
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Table 2.4: ZnO-CuO NCs synthesized by different plant extracts with their calcination temperature and Zn-to-Cu ratio applied, structural

properties and applications.

Calcination
Zn-to-Cu Particles sizes
Plant extracts temperatures Morphologies Applications References
ratio (nm)
(°C)
(Basit et al.,
C. sativum leaf 350 60:40 Irregular 11 Photocatalytic activity
2023)
30:70 Antibacterial,
(Nguyen et
A. glabra leaf 500 50:50 Spherical 16-35 photocatalytic and
al., 2023)
70:30 antioxidant activities
80:20 (Takele et
Z. officinale rhizome - - - Antibacterial activity
90:10 al., 2023)
Antioxidant and (Adeyemi et
D. caffra leaf 400 80:20 Spherical 20 - 32
anticancer activities al., 2022)
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Continue

Calcination
Zn-to-Cu Particles sizes
Plant extracts temperatures Morphologies Applications References
ratio (nm)
(°C)
50:50 Photocatalytic and
(Bekruetal.,
V. sinaiticum leaf 500 70:30 Plate - catalytic reduction
2022)
90:10 activities
(Cao et al.,
S. nigra L. shoot 400 65:35 Spherical 30-130 Anticancer activity
2021)
(Govindasa
Calotropis gigantea leaf 300 75:25 - - Antibacterial activity my et al,
2020)
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Continue

Calcination
Zn-to-Cu Particles sizes
Plant extracts temperatures Morphologies Applications References
ratio (nm)
(°C)
(Rajith
Antibacterial and
C. gigantea leaf 500 50:50 Irregular 10-40 Kumaretal.,
photocatalytic activities
2020)
(Vibitha et
A. barbadensis leaf 350 50:50 Spherical - Photocatalytic activity
al., 2020)
90:10 (Mohamma
V. arctostaphylos L. fruit - - - Antibacterial activity di-Aloucheh
95:5
etal., 2018a)
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Calcination
Zn-to-Cu Particles sizes
Plant extracts temperatures Morphologies Applications References
ratio (nm)
(°C)
(Mohamma
90:10
di-Aloucheh
M. longifolia leaf - Spherical - Antibacterial activity
et al.,
95:5
2018b)
(Yulizar et
Theobroma cacao bark 400 75:25 Spherical 20-50 -
al., 2018)
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A 75.00% of the studies discussed the use of synthesized ZnO-CuO NCs
mediated by plant extracts for photocatalytic and/or antibacterial purposes. In the
Basit et al. research, 5 mg of C. sativum leaf extract-mediated synthesized 60ZnO-
40CuO NCs successfully decolored 50 mL of 0.000015 M methylene blue dye
solution under sunshine for 110 min, in contrast to its pure ZnO NPs and CuO NPs
(Basit et al., 2023). Furthermore, 50 mg of C. gigantea leaf extract-mediated
synthesized 50ZnO-50CuO NCs decolorized 97.93% of 100 mL 5 ppm of
methylene blue dye solution, according to a research by Rajith Kumar et al. study
(Rajith Kumar et al., 2020). But according to Nguyen et al.'s work, only 70ZnO-
30CuO NCs mediated using A. glabra leaf extract degraded as well as its ZnO NPs
(95.02%) in 50 mL of a 10 ppm methylene blue dye solution after 180 min under
sunlight irradiation. In contrast, 30ZnO-70CuO and 50Zn0O-50CuO NCs had a
lower degradation efficiency in methylene blue dye solution than pure ZnO NPs,
with respective values of 21.49% and 77.64%. On the other hand, the methylene
blue dye solution degradation efficiency of all their synthesized ZnO-CuO NCs
mediated by A. glabra leaf extract is greater than that of their pure CuO NPs
(13.37%) (Nguyen et al., 2023). In Vibitha et al. study (2020), a 60 mg of 50ZnO-
50CuO NCs green synthesized using A. barbadensis leaf extract was only able to
degrade 100 mL of 0.00001 M methyl orange dye solution to 44.90% under 60 min
exposure of UV light (Vibitha et al., 2020).

According to a research by Nguyen et al. (2023), 50ZnO-50CuO NCs
synthesized using A. glabra leaf extract had a greater bactericidal impact on Gram-

positive bacteria (B. cereus and S. aureus) than Gram-negative bacteria (P.
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aeruginosa and E. coli). For B. cereus, S. aureus, P. aeruginosa and E. coli, the
corresponding ZOI values were 21.0, 19.2, 13.4, and 17.3 mm. In comparison to its
pure ZnO NPs and CuO NPs, 50ZnO-50CuO NCs had a lower bactericidal activity
against tested bacteria (Nguyen et al., 2023). However, in the study by
Govindasamy et al., the synthesized 75Zn0O-25CuO NCs mediated by C. gigantea
leaf extract were most sensitive to P. aeruginosa (0.16 mg/mL), followed by S.
aureus, E. coli and K. pneumonia. The MIC for all of the microorganisms that were
later tested was 0.63 mg/mL (Govindasamy et al., 2020). Furthermore, the Ranjith
Kumar et al. study (2015) found that C. gigantea leaf extract-mediated synthesized
50Zn0-50CuO NCs were more efficient in suppressing E. coli (7.7 mm and 9.1
mm) than S. aureus (6.7 mm and 8.3 mm) at increasing NCs concentration from
500 pg/mL to 1000 pg/mL (Ranjith Kumar et al., 2015).

The bactericidal action of ZnO-CuO NCs synthesized using Z. officinale
rhizome extract is superior to that of pure ZnO NPs and CuO NPs. ZnO-CuO NCs
inhibited S. aureus and E. coli more effectively than its pure NPs at varying NCs
concentrations (6.25 — 50.00 mg/mL). In particular, when tested against bacteria,
80Zn0-20CuO NCs have a higher ZOI than 90ZnO-10CuO NCs. The earlier ZOl
in S. aureus was observed between 0.0 mm and 20.0 mm, whereas the latter one
was recorded between 0.0 mm and 15.5 mm. In contrast, ZOl measured in E. coli
employing NCs with more Zn ranged from 0.0 — 16.0 mm, whereas NCs with lesser
Zn ranged from 0.0 — 14.5 mm (Takele et al., 2023). Similarly, the bactericidal
effect of 128 pg/mL of ZnO-CuO NCs green synthesized utilizing fruit extract from

V. arctostaphylos L. was superior to that of the same dose of pure ZnO NPs. The
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vitality of S. aureus and E. coli against ZnO-CuO NCs and pure ZnO NPs was
14.90 — 18.20%, 12.10 — 15.70% and 34.40%, respectively. ZnO-CuO NCs
inhibited S aureus more effectively than E. coli in their investigation. In particular,
compared to 90Zn0O-10CuO NCs, 95ZnO-5CuO NCs are less viable against tested
bacteria. E. coli and S. aureus. The earlier were 18.20% and 15.70%, while the
latter one were 14.90% and 12.10%, respectively (Mohammadi-Aloucheh et al.,
2018a). Similar result and observation was reported by the previous authors using
128 pg/mL of M. longifolia leaf extract-mediated synthesized ZnO-CuO NCs. The
viability of E. coli and S aureus for the 95ZnO-5CuO NCs were 21.80% and
13.76%, while the 90Zn0O-10CuO NCs were 17.10% and 10.16%, respectively

(Mohammadi-Aloucheh et al., 2018b).

2.4  Garcinia mangostana L.

Mangosteen, also known as Garcinia mangostana L., is a kind of
indigenous evergreen tree that is native to tropical regions like Thailand, Indonesia
and Malaysia (Ahn et al., 2022; Hiew et al., 2021; Huang et al., 2021; Jaithon et al.,
2024; Mohd Basri et al., 2021; Mulyono et al., 2021; Syahputra et al., 2021). Itis a
member of the Clusiacae family, is known as the "fruit queen" because of its
unsurpassed flavor and fragrance (Aizat et al., 2019; de Jesus Matos Viégas et al.,
2018; Hiew et al., 2021; Syahputra et al., 2021). In 2017, the global production of
mangosteen was close to 700,000 tones (Aizat et al., 2019), where it is most widely

and economically eaten in Southeast Asia (Aminuzzaman et al., 2018).
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Although it has a brownish-white taproot (Andani et al., 2021), mangosteen
plant has an inadequate root structure leads it to absorb nutrients and water more
slowly. Mangosteen plants also have modest rates of cell cutting in shoot meristems
and photosynthesis. The mangosteen plant has a protracted juvenile stage and
grows slowly (Syahputra et al., 2021). It matures slowly and produces its first fruit
between the ages of 9 — 20 (Abdumutalovna and Urmanovna, 2021). The height of
a mature mangosteen tree can vary from 6 — 25 m. The green, thick and cylindrical
stalk mangosteen leaf has an oval form and a tapering tip, with it is around 20 — 25
cm in length and 6 — 9 cm in breadth. The mangosteen plant, which has a solitary
blossom and is androgynous, has 1 — 2 cm long axillae. Mangosteen fruit has a
spherical, 6 — 8 cm diameter, purplish-brown hue (Aminuzzaman et al., 2018;
Andani et al., 2021; Mohd Basri et al., 2021; Mulyono et al., 2021). In fact, the fruit
size and weight are not directly proportional (Mulyono et al., 2021). The fruit is
white and soft with slightly sour taste (Aminuzzaman et al., 2018). Within each
mangosteen fruit, there are five to seven seeds, each yellowish-spherical, 2 cm in
diameter (Andani et al., 2021). The seeds of the mangosteen are apomictically.
Their development is asexual, resulting in little genetic variety, and they inherit
features from their female parents genetically (Syahputra et al., 2021).

Terpene, xanthones, anthocyanins, flavonoids, polyphenols and tannins are
among the many phytochemicals found in mangosteen (Ahn et al., 2022; Aizat et
al., 2019; Andani et al., 2021; Diniatik and Anggraeni, 2021; Huang et al., 2021;
Jassim et al., 2021; Mohd Basri et al., 2021; Septiningrum et al., 2024). Xanthone

is the phytochemicals with the highest degree of antioxidant activity (Ahn et al.,
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2022; Diniatik and Anggraeni, 2021; Septiningrum et al., 2024), particularly in the
rind of mangosteen (Hiew et al., 2021; Huang et al., 2021; Septiningrum et al.,
2024). These primary and secondary bioactive compounds are reported act as
reducing agents in forming NPs (Septiningrum et al., 2024). The identified
xanthone fraction contains both a- and y-mangostin as major components. The
majority of studies concentrate on the structure and extraction of xanthones from
the heartwood, stem, seed, and hull or pericarp of mangosteen fruits (Obolskiy et
al., 2009). Both 1,5,8-trihydroxy-3-methoxy-2-(3-methylbut-2-enyl) xanthone and
1,6-dihydroxy-3-methoxy-2-(3-methyl-2-buthenyl) xanthone (Figure 2.4) are the

xanthones reported found in mangosteen leaves (Obolskiy et al., 2009).

(b) o OoH CH,
‘ Q 4 CH,
CH
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Figure 2.4: Chemical structure of (a) 1,5,8-trihydroxy-3-methoxy-2-(3-methylbut-
2-enyl) xanthone and (b) 1,6-dihydroxy-3-methoxy-2-(3-methyl-2-buthenyl)
xanthone.

Mangosteen is reported with various different medical benefits, such as
anti-HIV, anti-ulcer (Ahn et al., 2022), cardioprotective, anti-carcinogenic
(Georgiacetal., 2023), anti-allergic, anti-convulsants (Mohd Basri et al., 2021), anti-

leukemic activity (de Jesus Matos Viégas et al., 2018), anti-tumor, anti-diabetic,
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anti-plasmodial, immunity increment, hepatoprotective function, antioxidant,
antimicrobial, anti-inflammatory (Abdumutalovna and Urmanovna, 2021; Ahn et
al., 2022; Andani et al., 2021; de Jesus Matos Viégas et al., 2018; Diniatik and
Anggraeni, 2021; Georgiaet al., 2023; Hiew et al., 2021; Huang et al., 2021; Jassim
et al., 2021; Mohd Basri et al., 2021) properties. Mangosteen has also been shown
to be helpful in treating of hypertension and arthritis, and the improvement of
lymphatic system strength (Huang et al.,, 2021; Syahputra et al., 2021,
Abdumutalovna and Urmanovna, 2021). Additionally, the mangosteen shell is
reported being utilized in treating skin infections, wounds, inflammation (Jaithon

et al., 2024), cancer, diabetes and diarrhea (Georgia et al., 2023).

2.4.1 Green Synthesized of Nanomaterials Using Mangosteen Plant Parts

Nanomaterials green synthesized using mangosteen plant parts with their
structural properties and applications were tabulated in Table 2.5. Among the
articles, more than half the authors (54.84%) reported the used of mangosteen plant
in green synthesizing Ag NPs, followed by Au NPs with 22.58% reported by
authors, ZnO NPs (12.90%) and other nanomaterials (9.68%). Biological activities
(antibacterial, antifungal, antioxidant and anticancer activities) were the most
discussed by different authors (64.52%), while the remaining applications were
related to catalytic activities (35.48%). Although numerous applications were

applied by the mangosteen derived nanomaterials, author were only focusing on
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photocatalytic and in vitro antibacterial activities as both applications were related
to the current study.

Particularly, mangosteen extract-mediated (peel and pericarp) ZnO NPs
was reported spherical shape with particle size in between 5 nm and 321 nm. On
the other hand, flower-shaped ZnO NPs green synthesized from mangosteen peel
and seed extracts was also obtained with large particle size in between 92 nm and
334 nm. Most of the ZnO NPs was applied in photocatalytic activity. In Kuruppu
et al. study (2020), 5 mg of mangosteen seed extract-mediated synthesized ZnO
NPs has better degradation efficiency (92.00%) than 5 mg of ZnO NPs green
synthesized using mangosteen peel extract (85.00%) in 25 mL of 5 ppm methylene
blue dye solution concentration at pH 4 under sunlight for 150 min (Kuruppu et al.,
2020). Moreover, 99.00% of 50 mL of malachite green dye solution at 10 ppm was
reported in Aminuzzaman et al. study (2018) by 50 mg of ZnO NPs under sunlight
for 180 min (Aminuzzaman et al., 2018). Only Jaithon et al. study (2024) reported
antibacterial activity of ethanolic mangosteen peel extract-mediated synthesized
ZnO NPs using MIC assay. In their study, ZnO NPs was more effective in inhibiting
plant pathogen bacteria (Ralstonia solanacearum and Xanthomonas axonopodis pv.
citri) than human pathogen bacteria (S. aureus and methicillin-S. aureus). This is
due to half-maximal inhibitory concentration for the earlier was smaller (2.09
mg/mL and 2.12 mg/mL) than the later (5.21 mg/mL and 5.43 mg/mL) as shown in

their study (Jaithon et al., 2024).
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Table 2.5: Nanomaterials green synthesized by different mangosteen extracts with their structural properties and applications.

Mangosteen Particles
Nanomaterials Morphologies Applications References
extracts sizes (hm)
Detection of mercury (I11) ions, catalytic, antioxidant, (Jamila et al.,
Pericarp Spherical 69
antibacterial and anticancer activities 2021)
(Le et al,
Pericarp Spherical 5-23  Antifungal activity
2021)
(Manju et al.,
Ag NPs Rind - - Antibacterial activity
2021)
(Trang et al.,
Peel Spherical 20-30  Detection of iron (I1I) ions
2021)
(Alkhuriji et
Peel - - Antibacterial activity
al., 2020)
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Continue

Mangosteen Particles
Nanomaterials Morphologies Applications References
extracts sizes (nm)
(Perera et al.,
Peel Spherical 62 -94  Fluorescence quenching and photocatalytic activities
2020)
(Perera et al.,
Seed Spherical 47 - 291 Fluorescence quenching and photocatalytic activities
2020)
(Lee et al.,
Ag NPs Peel Spherical 25-50  Anticancer activity
2019)
(Nishanthi et
Rind Spherical 23 Antibacterial activity
al., 2019)
(Rajakannu et
Rind Spherical 30-50  Antibacterial and antioxidant activities

al., 2015)
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Mangosteen Particles
Nanomaterials Morphologies Applications References
extracts sizes (nm)
(Karthiga et
Rind Spherical 20-50 Antibacterial and antifungal activities
al., 2012)
(Gupta et al.,
Leaf Spherical 25 Antibacterial activity
2015)
(Karthiga,
Ag NPs Stem - 15-20 Antibacterial activity
2018)
(Karthiga et
Bark Spherical 65 Antibacterial and larvicidal activities
al., 2018)
(Zhang and
Bark Spherical 12 -15 Anticancer activity
Xiao, 2018)
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Mangosteen Particles
Nanomaterials Morphologies Applications References
extracts sizes (nm)
(J. S. Park et
Pericarp Dumbbell 129 — 248 Anticancer activity
al., 2017)
Ag NPs
(Veerasamy et
Leaf Spherical 6-57  Antibacterial activity
al., 2011)
Antibacterial, antioxidant, anti-inflammatory and (Jassim et al.,
Peel - 15-125
wound healing activities 2021)
(Sivakavinesan
Au NPs Peel Spherical 75-130 Dye fixing
etal., 2021)
(Nishanthi et
Rind Spherical 20—-40  Antibacterial activity

al., 2019)
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Mangosteen Particles
Nanomaterials Morphologies Applications References
extracts sizes (nm)
(Lee et al.,
Peel Spherical 47 -
2017)
(J. S. Park et
Pericarp Spherical 54 — 132 Anticancer activity
al., 2017)
Au NPs
(Lee et al.,
Peel Spherical 32 -
2016)
(Nishanthi and
Rind Spherical 25-60  Antibacterial activity

Palani, 2016)
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Mangosteen Particles
Nanomaterials Morphologies Applications References
extracts sizes (nm)
(Jaithon et al.,
Peel Spherical 321 Antibacterial activity and rice growth promotion
2024)!
Phytofabrication, photocatalytic, fluorescence
Peel Flower 92 — 247
quenching and photoluminescence activities (Kuruppu et
Zn0O NPs
Phytofabrication, photocatalytic, fluorescence al., 2020)
Seed Flower 233-334
quenching and photoluminescence activities
(Aminuzzaman
Pericarp Spherical 5-45  Photocatalytic activity

etal., 2018)

1Ethanolic extract.
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Mangosteen Particles
Nanomaterials Morphologies Applications References
extracts sizes (nm)
Silver/titanium
(Septiningrum
dioxide Pericarp Spherical 19 Photocatalytic activity
etal., 2024)
(Ag/TIO2)
Selenium (Benitha et al.,
Pericarp - - Antibacterial, antifungal and antioxidant activities
(Se) 2021)
Platinium (Nishanthi et
Rind Spherical 20-25  Antibacterial activity
(P) al., 2019)
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25 Bacteria

Bacteria are microscopic, single-celled organisms that have evolved a
sophisticated and complex cell envelope to enable them to transmit nutrients via
their outer membrane and expel waste from their interiors while surviving in harsh
environments. Christian Gramme developed a staining technique in 1884 that
enabled him to categorize bacteria into two categories: Gram-positive and Gram-
negative bacteria (Silhavy et al., 2010). Table 2.6 provides an overview of the
structural variations in cell membranes between Gram-positive and Gram-negative

bacteria.

Table 2.6: Structural differences in cell membrane between Gram-positive and
Gram-negative bacteria (Panawala, 2017; Slavin et al., 2017; Steward, 2019).
Cell membrane structure ~ Gram-positive bacteria  Gram-negative bacteria

Outer membrane Present Absent
Peptidoglycan layer Thick Thin
Periplasmic space Absent Present
Cell wall thickness 20 - 80 nm 5-10nm
Cell wall smoothness Smooth Waxy

Lipopolysaccharide

Absent Present
content
Outer lipid membrane Absent Present
O-specific side chains Absent Present
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Cell membrane structure ~ Gram-positive bacteria ~ Gram-negative bacteria

Teichoic acid Present Absent
Lipoteichoic acid Present Absent
S. aureus and B. E. coli and K.
Example
subtilis pneumoniae

As discussed in previous subchapter, disc and well diffusion assays were
commonly applied in testing bactericidal effect of green synthesized nanomaterials
against Gram-positive and Gram-negative bacteria. Although in different studies
there are difference in the effectiveness against Gram-positive and Gram-negative
bacteria, the information about minimum concentration of green synthesized
nanomaterial required to inhibit the growth of bacteria was seldom reported.
Without repeating the aforementioned study detailed, bactericidal effect of
nanomaterials (ZnO NPs, CuO NPs and ZnO-CuO NCs) green synthesized using
the extract of R. fairholmianus root (Rajendran et al., 2021), A. indicum leaf (Khan
et al., 2017), Z. officinale rhizome (Takele et al., 2023) and C. gigantea leaf

(Govindasamy et al., 2020) were tested by MIC assay.

26 POME

POME refers to the wastewater that is released from the palm oil production

mill's final stage and cannot be readily or quickly treated again before being
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dumped into the mill's internal drain system (Igwe and Onyegbado, 2007). The
POME is composed of various liquids, dirties, residual oil, and suspended particles.
It has an acidic pH of 3.5 — 4.2, is dark, viscous and smells bad (Agustina et al.,
2021; Charles and Chin, 2018; Mahmod et al., 2023; Puasa et al., 2021; Ratnasari
etal., 2021; Saputera, Amri, Daiyan, et al., 2021; Sidik et al., 2023; Sin et al., 2019).
The high concentration of phenolic chemicals, pectin, tannin, carotene and lignin
in POME is responsible for its brownish color. Additionally, it has substantial
concentrations of inorganic minerals, free organic acids, carbohydrates, and amino
acids (Akhbari et al., 2020; Chai et al., 2019; Mahmod et al., 2021; Mahmod et al.,
2023; Obayomi et al., 2023). In Malaysia, the POME composition mainly included
water (95.00%), oil (1.00%), suspended solids (2.00%) and dissolved solids
(2.00%). The untreated POME is a very high-strength waste with high organic load,
resulting in high biological oxygen demand (BOD) and COD in the range of 8200
to 43750 mg/L and 15000 to 100000 mg/L (Agustina et al., 2021; Ghazali et al.,
2019; Mahmod et al., 2021; Ng et al., 2019; Obayomi et al., 2023; Puasa et al.,
2021; Osman et al., 2020; Ratnasari et al., 2021; Saputera, Amri, Mukti, et al., 2021;
Saputera, Amri, Daiyan, et al., 2021), respectively. Therefore, direct discharge of
POME to the water bodies is inhabitable for aquatic life as the water oxygen content
rapidly depletes with the presence of organic and nutritional elements (Akhbari et
al., 2020; Cheng et al., 2021; Mahmod et al., 2023; Obayomi et al., 2023; Puasa et
al., 2021; Saputera, Amri, Daiyan, et al., 2021; Sidik et al., 2023). Moreover, the
discharged POME reduces the clarity of rivers which impacts the permeability of

sunlight which in turn adversely affects the fragile aquatic ecosystem (Charles and
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Chin, 2018). In addition, POME contains significant amount of nitrogenous matter
520 mg/L of total nitrogen and 613 mg/L of ammoniacal nitrogen, respectively
(Ratnasari et al., 2021). The disadvantages of the traditional methods for recovering
clean water from POME have been discussed in Section 1.2. As a result, scientists
are developing alternative methods for treating POME effectively (Obayomi et al.,
2023; Puasa et al., 2021; Saputera, Amri, Mukti, et al., 2021; Saputera, Amri,
Daiyan, et al., 2021; Sidik et al., 2023).

Malaysia produces a significant amount of POME per year (Osman et al.,
2020). An estimated 0.5 — 0.8 tons of POME may be produced from one ton of
palm fruit bunches with an organic matter concentration of 5 kg/t (Akhbari et al.,
2020; Phang et al., 2021). According to different research, every ton of crude palm
oil produces 2.5 — 3.5 tons of POME (Mahmod et al., 2021; Osman et al., 2020).
This resulted in Malaysia's 2017 POME discharge of 74 million metric tons
(Charles and Chin, 2018). POME treatment is costly and challenging (Osman et al.,
2020), particularly for large-scale manufacturing of oil palm industry (Osaigbovo
et al., 2007). The simplest and least expensive method of handling POME is to
release the wastewater into a neighboring area or river (Osman et al., 2020;
Osaigbovo et al., 2007). In Malaysia, the traditional approach of treating POME is
an open ponding system. However, it takes a lot of time and space and cannot clean
extremely contaminated water (Agilah Mohd Razali et al., 2020). Furthermore, the
treated POME in the Madaki and Seng study is still capable of having negative

environmental impacts (Osman et al., 2020). As a result, a more stringent discharge
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limits is set by Department of Environment in 2015 must be followed by palm oil

mills, as shown in Table 2.7 (Zainal et al., 2017).

Table 2.7: Discharge limits of POME based on Malaysia Department of
Environment (Zainal et al., 2017).

Current standard Future standard
Physicochemical
discharge limit discharge limit
characteristics
(DOE, 1982) (DOE, 2015)
pH 5.0-9.0 50-9.0
BOD 100.00 mg/L 20.00 mg/L
COD 100.00 mg/L -

2.6.1 Photocatalyst

Photocatalysis is often used in degrading organic pollutants due to its
effectiveness and low cost. Harmful pollutants are degraded into harmless
byproducts (particularly carbon dioxide and water) when photo-catalyst is exposed
under UV or visible light during wastewater remediation (Septiningrum et al.,
2024). Photocatalyst is a non-toxic, cheap and reliable material which offers
excellent performance in photo-degradation, especially metal oxides heterogeneous
photocatalysts. The metal oxides heterogeneous photo-catalysts, such as ZnO, CuO,
titanium dioxide (TiOz), nickel oxide (NiO) and tin oxide (SnO), are potentially

applied in removing organic pollutants during wastewater treatment (Dien et al.,
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2023; Mrabet et al., 2023). Homogeneous and heterogeneous catalysis have their
own advantages and disadvantages. High activity and selectivity are exhibited by
homogenous catalysts, but purification is needed to regain them from products. On
the other hand, heterogeneous catalysts are stable and easy to recover, however they
have low catalytic activity and require long reaction duration. According to reports,
the NPs demonstrated the facile separability and longevity of heterogeneous
catalysts in addition to having the activity and selectivity of homogeneous catalysts

(Parapat et al., 2022).

2.6.2 COD Determination

COD is an important parameter in determining the organic load in the water
sample by measuring the amount of oxygen required chemically to decompose
organic matter in the collected water sample (Amouei et al., 2021; Kolb et al., 2017,
Li et al., 2017; Wiyantoko et al., 2020). Comparing to BOD, COD is superior
representative of organic matter because COD requires short duration (2 h) and is
able to provide oxidation state of the organic matters. Therefore, COD
determination is more famous than BOD (Li et al., 2017). According to ISO 6060
and 1SO 15705, when an oxidant is applied to a water or sludge sample under
specific conditions, the mass concentration of oxygen that results is equal to the
quantity of dichromate ions (Cr,07%) ingested by dissolved and suspended
materials (Geerdink et al., 2017; Li et al., 2017). The former method (reflux

digestion and titration) is commonly applied for a wide range of samples using
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excess of potassium dichromate (K2Cr207) titrated against ferrous ammonium
sulfate with the presence of ferroin as an indicator. Meanwhile, latter method (seal
digestion and spectrometry) is measuring the absorbance of trivalent chromium ion
(Cr®") after the samples are oxidized by KCr.Oy7 (Li et al., 2017).

The earliest COD testing method were developed approximately 150 years
ago by observing the colour changes of permanganate solution after adding to water
samples. In 1925 — 1930, dichromate was started to be used as oxidant in oxidizing
organic matter although the results were not promising. In 1949, dichromate
procedure was applied by Moore et al. in analyzing the wastewater by refluxing the
sample for 2 h using Cr.07* in 50% sulphuric acid (H2S04) solution at 145 — 150°C.
It resulted in around 90% of the organic matter and most of the chloride ions (CI°)
were oxidized. Later in 1951, Moore et al. applied small amount of silver sulfate
(Ag2SOs4) to the water sample to catalyze the oxidation and resulted in nearly
qualitative results even with the presence of inert compounds, such as carboxylic
acids and aliphatic alcohols. The addition of mercuric sulphate (HgSOg) to the
mixture of H2SO4 and Cr.07* reagent demonstrated by Dobbs et al. in 1963 was
able to reduce CI- oxidation during the COD digestion, which meant separate ClI
determination was no longer required (Geerdink et al., 2017). In 1970, the use of
K2Cr207 in oxidizing organic matter in the water sample was internationally applied
as standard method (Kolb et al., 2017).

Conventionally, COD can be determined using K>Cr.O7 or potassium
permanganate. The earlier method is mainly used in accessing moderate or heavy

polluted water bodies (such as sewage and wastewater), while the latter method is
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used in determining low-leveled COD values water bodies (such as surface water
and river water) (Li et al., 2017). During the COD testing, K-Cr2O~ is used as strong
oxidizer under acidic (H2SO4) and hot conditions with Ag>SO4 as catalyst to
decompose all the organic materials in the water sample for 2 h. The potassium
hydrogen phthalate (KHP, KCgHs04) is commonly used to represent the organic
matters in testing the procedure. During the 2 h of COD digestion, the organic
matters are oxidized by Cr,O7* at 148°C, while CI- are oxidized into chlorine. The
ClI interference is mitigated by the addition of HgSO4 (Geerdink et al., 2017; Kolb
etal., 2017; Lietal., 2017; Wiyantoko et al., 2020). At the end of the COD testing,
the organic matters are decomposed into carbon dioxide and water, while the
nitrogenous compounds are converted into ammonia before forming nitrite and
nitrate (Amouei et al., 2021). Equations 1 — 3 represent the chemical reactions
involved during the COD determination (Geerdink et al., 2017; Li et al., 2017).

2KCgHs04 + 10K2Cr207 + 41H2S04 = 16CO2 + 46H20 + 10Cr2(SO4)3 +

1)

11K52S0O4
Cr07% + 6CI" + 14H* = 3Cl, + 2Cr®* + 7H,0 2
Hg?* + 2CI- = HgCl: 3

2.6.3 AN Determination

Nitrogen is an essential compound for all living and present as organic
nitrogen, nitrate, nitride and ammonia in natural water. On the other hand, nitrogen

is present in the form of organic nitrogen and ammonium in raw wastewater. High
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concentration of ammonium in water will lead to algal bloom resulting in oxygen
depletion, subsequently threatening the aquatic life (Jeong et al., 2013; Varghese et
al., 2023). The harmful contaminant ammonia which may directly kill individuals
and disturb the balance of water ecological systems is measured as AN. Oxygen
demand level is often determined in conventional treatment. Therefore, AN has
received special attention in the biological wastewater treatment. AN can be
conventionally removed using biological, physical, chemical or combination of
these methods. In particular, auto oxidation process (AOP) involving photocatalytic
processes are reported to be utilized in industrial wastewater treatment (Patil et al.,
2021).

Nessler’s methods is the common colorimeter in determining ammonium
concentration. Nessler’s method was first developed in 1856 and is able to apply in
analyzing water with low concentration of ammonium (0.025 — 5.0 mg/L). In
Nessler’s method, yellow-brownish compound is formed when potassium, mercury
and iodine reacted with ammonium through Nesslerization (Equation 4) in alkaline
medium. At the end of the reaction, the yellow colour intensity of the mixture is
measured using spectrophotometer at the wavelength in the range of 410 — 425 nm,
whereby the intensity of the colour is proportional to the concentration of
ammonium in the sample (Jeong et al., 2013; Utomo et al., 2023; Varghese et al.,
2023).

2[Hgla]> + NHs + 30H" = Hg2ONH2l + 2H,0 + 7I (4)
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2.6.4 POME Treatment Using Nanomaterials

POME treatment using nanomaterials are seldom reported in literature
review. In Table 2.8, UV lamp was commonly used as light source in
photodegrading harmful substances in POME and removal efficiency of COD was
the only parameter reported in different articles. Although some articles reported
COD removal efficiency was able to achieve more than 90.00%, the mode of photo-
catalytic performance of nanomaterials was 60.59%. Meanwhile, 30.00% articles
reported COD removal efficiency were below 50.00%. This shown that
optimization process is needed in utilizing nanomaterials in treating POME to
achieve optimized harmful substances’ removal efficiency.

Phang et al. study (2021) demonstrated 0.5 g/L of Carica papaya L. peel
extract-mediated synthesized CuO NPs in 300 mL of POME under UV light for 3
h shown 66.00% of COD removal efficiency was achieved (Phang et al., 2021). On
the other hand, 0.3 g/L of Cymbopogon citratus plant extract-mediated synthesized
ZnO NPs recorded highest COD removal efficiency in POME (75.40%) under UV
light for 60 min, followed by 0.1 g/L of ZnO NPs (71.80%) and 0.5 g/L of ZnO
NPs (70.86%) in Sidik et al. study (2023) (Sidik et al., 2023). However, as
compared to 0.5 g/L of polyethylene glycol coated ZnO NPs, lower COD removal
efficiency in POME was observed using 0.5 g/L of C. citratus plant extract-
mediated synthesized ZnO NPs (60.67%) under UV light for 15 min in Puasa et al.
study (2021). The earlier ZnO NPs recorded COD removal efficiency for 68.31%

(Puasa et al., 2021). On the other hand, COD removal efficiency in POME was
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optimized using different ZnO NPs loading in Kanakaraju et al. study (2017). They
found that highest COD removal efficiency was recorded using 2.0 g/L of ZnO NPs
(60.50%), followed by 1.0 g/L of ZnO NPs (~ 45.00%), 4.0 g/L of ZnO NPs
(36.60%) and 0.5 g/L of ZnO NPs (26.30%). Their POME degradation study was
carried out under sunlight irradiation for 300 min (Kanakaraju et al., 2017). A,
82.00% of COD removal efficiency was achieved by 1.0 g/L of Hibiscus
rosasinensis leaf extract-mediated synthesized ZnO NPs in 400 mL of POME under
UV light for 240 min reported by Chai et al. study (2019) (Chai et al., 2019). Better
COD removal efficiency was observed at 96.00% in Lam et al. study (2018) when
they used 1.0 g/L of flower-shape ZnO NPs to photodegrade POME under UV light

for just 120 min (Lam et al., 2018).
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Table 2.8: Photocatalytic performance of nanomaterials in POME treatment under different conditions.

Conditions
COD removal
Nanomaterials Light Nanomaterials  POME volume Duration References
efficiency (%)
sources loading (g/L) (mL) (min)
CuO NPs UV light 0.50 300 180 66.00 (Phang et al., 2021)
0.10 71.80
UV light 0.30 - 60 75.40 (Sidik et al., 2023)
0.50 70.86
ZnO NPs 168.31
UV light 0.50 - 15 (Puasa et al., 2021)
60.67
UV light 1.00 400 240 82.00 (Chai et al., 2019)
UV light 1.00 400 120 96.00 (Lam et al., 2018)

Polyethylene glycol coated ZnO NPs.
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Continue

Conditions
COD removal
Nanomaterials Light Nanomaterials POME volume Duration References
efficiency (%)
sources loading (g/L) (mL) (min)
0.50 26.30
1.00 ~45.00
ZnO NPs Sunlight 150 300
2.00 60.50
4.00 36.60 (Kanakaraju et al.,
0.02 54.30 2017)
~0.06 ~75.00
TiO2 NPs Sunlight 150 300
0.10 88.50
0.20 40.00
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Continue

Conditions
COD removal
Nanomaterials Light Nanomaterials POME volume Duration References
efficiency (%)
sources loading (g/L) (mL) (min)
2.50 23.00
TiO2 NPs UV light 5.00 250 240 43.00 (Tan et al., 2014)
10.00 26.00
TiO»-biosilica NPs ~ Xenon lamp 1.00 500 240 47.00 (Putri et al., 2022)
WO3-ZnO NCs UV light 1.00 500 240 68.30
(Sin et al., 2019)
Nb20s-ZnO NCs UV light 1.00 500 240 91.70
(Ghazali et al,
La-Ca NPs UV light 3.00 200 300 55.46

2019)
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CHAPTER 3

MATERIALS AND METHODS

3.1 Layout of The Study

The mangosteen leaf aqueous extract was prepared for green synthesizing
nanomaterials. Only calcination temperature was optimized in green synthesizing
ZnO NPs and CuO NPs as both nanomaterials are commonly green synthesized by
researchers and frequently reported in literature review. For ZnO-CuO NCs, the
conditions in green synthesizing nanomaterials were optimized by altering
mangosteen leaf aqueous concentration (1 — 5 g/mL), calcination temperature (200
— 600°C) and precursor loading ratio [zinc (Zn) salt:copper (Cu) salt; 3.2:0.8 —
2.0:2.0]. The physicochemical properties of green-synthesized nanomaterials were
characterized using UV-Vis spectrophotometer, FT-IR spectrophotometer, X-ray
diffractometer and FE-SEM with EDX analyzer. Meanwhile, HR-TEM and XPS
spectrometer were only used to characterize the selected green-synthesized
nanomaterials of ZnO, CuO and ZnO-CuO based on the physicochemical
properties determined by aforementioned analytical tools. Next, macro-dilution
assay was used in accessing the antibacterial activity of the ideal green-synthesized
Zn0O, CuO and ZnO-CuO nanomaterials by using Gram-positive (S. aureus ATCC

BAA-1026 and B. subtilis ATCC 6633) and Gram-negative (E. coli ATCC 25922
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and K. pneumo