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Abstract: The treatment of palm oil mill effluent (POME) poses a significant challenge for Malaysia’s
palm oil industry, necessitating compliance with the Department of Environment (DOE) regulations
prior to discharge. This study introduces an eco-friendly synthesis method utilizing mangosteen
(Garcinia mangostana L.)-leaf aqueous extract to fabricate copper oxide (CuO), zinc oxide (ZnO)
nanoparticles (NPs), and their nanocomposite (CuO-ZnO NCs). The physicochemical properties
of these nanomaterials were characterized using various analytical tools and their effectiveness in
reducing the chemical oxygen demand (COD) of palm oil mill effluent (POME) was assessed under
the illumination of two types of light sources: monochromatic blue- and polychromatic white-light
emitting diodes (LEDs). CuO-ZnO NCs demonstrated superior performance, with the lowest energy
bandgap (1.61 eV), and achieved a COD removal efficiency of 63.27% =+ 0.010 under blue LED
illumination, surpassing the DOE'’s discharge limit of 100 mg/L. This study offers a cost-effective
and environmentally friendly method for synthesizing heterojunction materials, which show great
potential as photocatalysts in reducing POME COD to permissible levels for discharge.

Keywords: green synthesis; nanomaterials; wastewater treatment; palm oil mill effluent (POME);
photodegradation; chemical oxygen demand (COD)

1. Introduction

Palm oil mill effluent (POME), the wastewater generated during the final stage of
palm oil production, presents a significant environmental challenge [1]. Characterized
by its dark, viscous nature, unpleasant odor, acidic pH (3.5-4.2) and brown color due to
a mix of liquids, residual oils and suspended solids, POME is a complex mixture [2,3].
Its brownish hue results from a high concentration of phenolic compounds, pectin, tannin,
carotene, and lignin, alongside substantial amounts of inorganic minerals, organic acids,
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carbohydrates and amino acids. Comprising approximately 95% water, with the remainder
being oil, suspended solids, and dissolved solids, untreated POME is a potent pollutant
with a chemical oxygen demand (COD) ranging from 15,000 to 100,000 mg/L [4-9]. Conse-
quently, direct discharge of POME into aquatic ecosystems severely depletes oxygen levels,
rendering them inhospitable to aquatic life [2,3,10].

Traditionally, the open ponding system has been employed in Malaysia for POME
treatment. However, this method is laborious, space-intensive, and inadequately mineral-
izes highly polluted water [11]. Moreover, even treated POME may still adversely affect
the environment. Consequently, there is an urgent need for innovative solutions to degrade
POME more effectively, such as the utilization of photocatalysts [12].

Photocatalysts, particularly metal oxide heterogeneous photocatalysts, offer a promis-
ing avenue for organic pollutant removal during wastewater treatment [13-15]. Advanced
oxidative processes (AOPs), employing photocatalysts, have emerged as efficient, practical,
and environmentally friendly methods for mineralizing organic compounds [10]. Notably,
hydroxyl radicals (HOe) generated during AOPs facilitate the redox conversion of organic
molecules into simpler compounds, including carbon dioxide and water, within a few
hours, without generating secondary waste products [9,15,16]. While various chemical-
based materials, including metal oxides, have been utilized for pollutant removal [10], the
wide energy bandgap of individual semiconductors limits their efficacy as photocatalysts
in wastewater treatment [15].

Copper oxide (CuO) and zinc oxide (ZnO) stand out as notable semiconductors in this
context. CuO, a non-toxic p-type semiconductor, possesses a low bandgap (1.20-2.00 eV)
and distinctive electrical, magnetic, and optical properties [14,17-23]. Meanwhile, ZnO, an
n-type semiconductor, boasts a wide bandgap energy (3.30-3.37 eV), high exciton binding
energy (60 meV), and excellent chemical, photo-, and thermal stability [14,20,21]. Despite
their individual merits, CuO suffers from rapid electron-hole (¢~ /h*) pair recombina-
tion [14], while ZnO’s broad bandgap necessitates UV light for photo-degradation, limiting
its efficiency under visible light. Additionally, ZnO is prone to photo-corrosion and ex-
hibits a low capacity for visible light absorption, necessitating modification to enhance its
photo-responsiveness [6,14,19,20,24].

In designing low-energy bandgap heterojunction nanomaterials, impurity addition to
individual semiconductors is crucial [19], as it facilitates favorable e~ /h* pair separation,
thereby enhancing photo-catalysis [15,19]. Compared to single semiconductor metal oxide
nanoparticles (NPs), the mixing of semiconductors offers superior properties, making them
highly applicable in various technologies [18,21]. Notably, p-n heterojunction nanocom-
posites (NCs) exhibit homogeneous size distribution [17], increased surface area [18], and
enhanced light response at visible light range [14], making them ideal for environmental re-
mediation. Among p-n type heterojunction semiconductors, CuO-ZnO NCs have garnered
significant attention due to the effective electron transfer between CuO and ZnO, resulting
in improved photocatalytic activity [14,20].

While many studies have investigated conventional methods for synthesizing nanoma-
terials for POME treatment under polychromatic light sources, the focus on COD removal
efficiency under different spectral regions remains limited. Monochromatic blue light,
with photon energy suitable for nanomaterial excitation, presents an intriguing avenue for
enhancing photo-degradation efficiency. In this study, we synthesized pure CuO NPs, pure
ZnO NPs, and CuO-ZnO NCs using a green approach involving mangosteen-leaf aqueous
extract. We characterized their physicochemical properties and evaluated their efficacy
in POME photodegradation under blue and white LEDs, representing mono- and poly-
chromatic visible light sources, respectively. Finally, we elucidated the photo-degradation
mechanism of CuO-ZnO NCs p-n heterojunction.

By bridging the gap in understanding the influence of spectral regions on COD re-
moval efficiency and elucidating the mechanisms underlying CuO-ZnO NCs’ photocatalytic
activity, this study contributes to the development of efficient and sustainable approaches
for POME treatment.
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2. Results

The physicochemical properties of CuO NPs, ZnO NPs and CuO-ZnO NCs synthe-
sized by mangosteen-leaf aqueous extract are compared in Table 1. The comparison with
the physicochemical properties of green-synthesized CuO-ZnO NCs from other studies
is summarized in Table 2. Meanwhile, Table 3 shows the COD removal efficiency by
the synthesized CuO NPs, ZnO NPs and CuO-ZnO NCs under blue and white LEDs,
respectively.

Table 1. Physicochemical properties of mangosteen-leaf aqueous extract-mediated CuO NPs, ZnO
NPs and CuO-ZnO NCs.

FT'P} XRD FE-SEM UV-Vis
(em™)
Niz\%i‘\zstleﬁfls Average Dislocation Micro Average Energy
v(O-H) v(C=C) v(-CH3) 0(C-0-C) o(M-0)*  Crystalline Density Strain Particle Morphology Bandgap
Size (nm)  (X10%cem™Y) (x107%) Size (nm) (eV)
CuO NPs 3393 1636 1383 1094 537 24.42 16.77 1.46 116.27 Spherical 3.23
ZnO NPs 3458 1634 1383 1113 514 22.66 19.47 1.56 54.95 Spherical 2.52
CuO-ZnO NCs 3466 1633 1384 1098 540 29.04 11.86 1.25 82.32 Spherical 1.61

* Metal oxide band vibration.

Table 2. Comparison of physicochemical properties of CuO-ZnO NCs synthesized using various
plant extracts in other studies.

Calcination Energy Average Average
Plants T o Bandgap Crystalline Size Particle Size Morphology References
emperature (°C)
(eV) (nm) (nm)

Coriandrum sativum (leaf) 350 - 11.30 11.00 Irregular [18]
Annona glabra (leaf) 500 1.32-3.06 22.46-27.21 16.13-35.19 Spherical [21]
Zingiber officinale (thizome) - 2.58-2.76 18.41-20.50 - - [22]
Dovyalis caffra (leaf) 400 - 23.21 20.00-32.00 Spherical [25]
Verbascum sinaiticum (leaf) 500 2.74 18.00 - Plate [26]

G. mangostana (leaf) 600 1.61 29.04 82.32 Spherical Current study

Table 3. COD removal efficiency in POME using mangosteen-leaf aqueous extract-mediated CuO
NPs, ZnO NPs and CuO-ZnO NCs under blue and white LEDs, respectively.

COD Removal Efficiency

Synthesized Nanomaterials LEDs (Means %+ SD)
Blue 39.81 + 0.016

CuO NPs White 40.14 + 0.025

Blue 43.85 +0.010!

ZnO NPs White 44.02 4 0.0171

Blue 63.27 4 0.010

CuO-ZnO NPs White 35.77 + 0.017

! Significant at p < 0.05.

2.1. Physicochemical Properties

In Figure 1, 3393-3466 cm ™! and 1633-1636 cm ™! correspond to v(O-H) stretching
and v(C=C) stretching, respectively. In addition, 1383-1384 cm ! and 1094-1113 cm ™!
correspond to v(C-Hjs) bending and v(C-O-C) stretching, respectively. On the other hand,
the stretching mode of v(M-O) in synthesized nanomaterials was located at 514-540 cm ™.
The v(M-0) of CuO-ZnO NCs was located at a higher frequency (540 cm 1) than CuO NPs
(537 cm~ 1) and ZnO NPs (514 cm ™). The calculated v(M-O) detected in synthesized CuO
NPs (Figure 1a) and ZnO NPs (Figure 1b) were 814 and 813 cm~l, respectively, higher than
the corresponding experimental values of 537 and 514 cm™~!. Similarly, v(M-O) frequency
in CuO-ZnO NCs was 814 cm ! higher than the experimental band location at 540 cm ™!
(Figure 1c).
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Figure 1. FT—IR spectra of mangosteen-leaf aqueous extract-mediated synthesized (a) CuO NPs,
(b) ZnO NPs and (¢) CuO-ZnO NCs.

The synthesized CuO NPs were in good agreement with the monoclinic-tenorite
phase, with the C,,. space group matched with ICDD 00-045-0937 having the 26 values
of 32.40°, 35.41°, 38.62°, 48.64°, 61.44°, 66.13° and 68.00°, and indexed as (—1 1 0), (00 2),
(111),(-=202),(—113),(022)and (-2 2 0), respectively (Figure 2a), with a purity of
93.5%. In Figure 2b, the hexagonal-zincite phase with a Pg3,,c space group of ZnO NPs was
synthesized has the diffraction peaks at 26 values of 31.77°, 34.40°, 36.26°, 47.50°, 56.60°,
62.88°, 67.88° and 69.08°, indexed as (100),(002),(101),(102),(110),(103),(112)
and (2 0 1), respectively, matched with ICDD 01-079-9878, with a purity of 95.5%. The
synthesized CuO-ZnO NCs (Figure 2c) are composed of monoclinic-tenorite (61.2%) and
hexagonal-zincite (32.9%) phases. The synthesized CuO-ZnO NCs have the CuO Miller
indexes at the 26 values of 32.47°, 35.40°, 38.63°, 48.54°, 61.41°, 66.00° and 67.78°, and the
ZnO Miller indexes at the 26 values of 31.46°, 34.30°, 36.11°, 47.34°, 56.46°, 62.68°, 66.00°
and 68.97°, respectively. The average crystalline size of synthesized CuO-ZnO NCs was
found to be the largest (29.04 nm), compared to synthesized CuO NPs (24.42 nm) and ZnO
NPs (22.66 nm). In contrast, the dislocation density and micro strain of the synthesized
nanomaterials were inversely related to the average crystalline size obtained. The disloca-
tion density of synthesized ZnO NPs was 19.47 x 10'* em~!, followed by synthesized CuO
NPs (16.77 x 10" cm~!) and CuO-ZnO NCs (11.86 x 10'* cm~1). Likewise, the greatest
micro strain was synthesized ZnO NPs (1.56 x 10~%), followed by synthesized CuO NPs
(1.46 x 10™%), and the smallest was CuO-ZnO NCs 1.25 x 1074,
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Figure 2. XRD patterns of mangosteen-leaf aqueous extract-mediated synthesized (a) CuO NPs,
(b) ZnO NPs and (¢) CuO-ZnO NCs. Note that ‘e’ denotes ZnO and “*' denotes for CuO in
CuO-ZnO NCs.

80

The average particle size of synthesized CuO NPs, ZnO NPs and CuO-ZnO NCs
(Table 1) was 116.27, 54.95 and 82.32 nm, respectively, with shown great difference shown
between XRD and FE-SEM measurements. FE-SEM micrographs (Figure 3) confirmed that
the synthesized nanomaterial existed in a spherical shape in aggregation, with smooth and
clear boundaries. Interestingly, the porous formation was observed in the synthesized ZnO
NPs. In HR-TEM images (Figure 4), CuO-ZnO NCs were mostly spherical in shape, with a
mean particle size of 45.44 nm + 15.839.

(b) (o)

Figure 3. FE-SEM micrographs of mangosteen-leaf aqueous extract-mediated synthesized (a) CuO
NPs, (b) ZnO NPs and (¢) CuO-ZnO NCs.

EDX spectra of synthesized nanomaterials (Figure 5) show the appearance of a carbon
weak signal located at 0.25 keV. As shown in Table 1, the weight percentages of carbon,
oxygen, and copper in the synthesized CuO NPs were 33.14, 31.45, and 35.41%, respectively.
Meanwhile, the synthesized ZnO NPs had the largest weight percentage of carbon, 46.24%,
followed by oxygen (29.93%) and zinc (23.83%). Conversely, the weight percentage of
the copper-to-zinc ratio found in the synthesized CuO-ZnO NCs was 1.40, which was
comparable to the Cu(NOj3),-3H,0 and Zn(NO3),-6H,O added during the green synthesis.
The weight percentages of carbon and oxygen were 28.96 and 38.69%, respectively.

Figure 6 shows the UV-Vis spectra and energy bandgap of mangosteen-leaf aqueous
extract-mediated synthesized CuO NPs, ZnO NPs and CuO-ZnO NCs. The absorption
peak of synthesized CuO NPs, ZnO NPs and CuO-ZnO NCs was detected at 398, 368 and
362 nm, respectively. The synthesized nanomaterials” energy bandgaps were best fitted
with direct transition [(cthv)? versus ho]. From this study, the energy bandgap was found to
be largest in CuO NPs (3.23 eV), followed by ZnO NPs (2.52 eV), and the smallest was in
CuO-ZnO NCs (1.61 eV).
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Figure 4. HR-TEM micrographs of mangosteen-leaf aqueous extract-mediated synthesized CuO-
ZnO NCs under (a) 15,000 magnification, (b) 30,000 magnification, (c) 200,000 magnification, and
(d) 800,000 magnification (the atoms of the CuO-ZnO NCs are represented by the small dots in the
particle). (e) Histogram of particle size distribution.

Intensity (cps)
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Figure 5. EDX spectra of mangosteen-leaf aqueous extract-mediated synthesized (a) CuO NPs,

(b) ZnO NPs and (c¢) CuO-ZnO NCs.
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Figure 6. UV-Vis spectra and energy bandgap (using Tauc’s plot approach) of mangosteen-leaf
aqueous extract-mediated synthesized (a) CuO NPs, (b) ZnO NPs and (c) CuO-ZnO NCs.
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2.2. COD Remouval Efficiency

Under monochromatic blue LED (Figure 7), the synthesized CuO-ZnO NCs exhibited
the highest COD removal efficiency (63.27% =+ 0.010) and the treated POME’s COD value
(75.67 mg/L £ 2.517) was below the limit set by the Department of Environment in
Malaysia, at 100.00 mg/L [27]. The COD removal efficiency of synthesized CuO NPs and
ZnO NPs was 39.81% =+ 0.016 and 43.85% =+ 0.010, respectively. A comparatively low
COD removal efficiency was recorded using synthesized CuO-ZnO NCs, CuO NPs and
ZnO NPs under polychromatic white LED, recording 35.77% =+ 0.017, 40.14% =+ 0.025 and
44.02% =+ 0.017, respectively (Figure 7). Interestingly, a similar COD removal efficiency
of synthesized CuO NPs and ZnO NPs was recorded under monochromatic blue and
polychromatic white LEDs.

70

D [
() S
! I
T T
*
*

S
o
I
T

EBlue LED
0O White LED

(V%)
(=)
I
T

COD removal efficiency (%)
[3®)
S

—
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o

CuO NPs ZnO NPs CuO-ZnO NCs
Synthesized nanomaterials

Figure 7. COD removal efficiency of mangosteen-leaf aqueous extract-mediated synthesized CuO
NPs, ZnO NPs and CuO-ZnO NCs under blue (monochromatic) and white (polychromatic) LEDs.
Note that * is significant at p < 0.05.

3. Discussion

The functional groups on the surface of synthesized nanomaterials were determined
by FT-IR spectroscopy [22]. The detected functional groups on synthesized nanomaterials’
surface came from mangosteen-leaf aqueous extract’s phytochemicals, such as xanthones,
flavonoids and terpene [13,28-31]. The phytochemicals play a vital role during the green
synthesis of nanomaterials as capping, stabilizing and reducing agents [30,32,33]. The
v(M-0) location of synthesized nanomaterials was supported by other studies [18,21,22].
Generally, the metal oxide bands were located at the fingerprint region (below 1000 cm™1),
caused by interatomic vibrations [21]. Despite having a larger molecular mass than pure
nanomaterials, CuO-ZnO NCs may have a density comparable to pure CuO NPs and which
is less dense than pure ZnO NPs. The experimental values were different from calculated
frequencies, due to the presence of resonance, hybridization [34], electron correlation effects
and basis set deficiencies [35] in nanomaterials. In Figure 1b, the sharp v(M-O) indicated a
strong wurtzite single phase of synthesized ZnO NPs [36]. Overall, the slight shifting of
peaks in synthesized CuO-ZnO NCs (Figure 1c) was due to structural changes after the
incorporation of ZnO within CuO [37].

Despite the exact route(s) of synthesis nanomaterials being based on phytochemicals,
it is hypothesized that nanomaterials are green-synthesized via bio-reduction. Three stages
are involved in green synthesizing nanomaterials through bio-reduction: (1) activation,
(2) growth and (3) the termination phase. During the activation step, Cu?* and Zn?* are
released from their own precursors when dissolved in mangosteen-leaf aqueous extract.
The metal divalent ions form metal complexes with the phytochemicals [38,39] through
hydrogen bonding and electrostatic attraction forces [13]. Consequently, the metal divalent
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ions decrease to metallic form, indicated by the rapid color change in mangosteen leaf
extract after the addition of precursors. They would be instantly oxidized to metal oxide
nanomaterials during the calcination process by the oxygen from the atmosphere or the
breakdown of phytochemicals which attach themselves to the metals by electrostatic attrac-
tion, resulting in nanomaterials before the development and stabilization phase because of
the increased chemical reactivity of the exposed nanoscale metal surface. Throughout the
growth and termination stages, the remaining phytochemicals in mangosteen-leaf aqueous
extract would cause the metal oxide nanomaterials to aggregate and stabilize [38,40]. The
literature also reported that the smaller nearby particles adhere to low-energy faces and
crystallize to produce bigger, thermodynamically stable nanomaterials, due to the occur-
rence of Ostwald ripening. The adsorbed phytochemicals interact with the metal complex
crystals’ facets to produce certain crystal facets that have reduced surface tension and
interfacial energy. As a result, the adsorbed phytochemicals alter the surface characteristics
of the crystal facets, resulting in an orientation change and the assembly of the following
growth. Thus, the crystal grows in the planes of preference, and the frequent morphologies
from the green-synthesized nanomaterials are wires, cubes, hexagons, pentagons, rods,
spheres and triangles [41-46]. In the synthesis of CuO-ZnO NCs, there is no conclusion
drawn for the formation of NCs. After the formation of metal oxides synthesized through
the aforementioned mechanisms, it is hypothesized that coordinate covalent bonds are
formed in between CuO and ZnO, using the lone-pair electron from their own oxygen
atom to bond the metal oxides together in forming CuO-ZnO NCs [38]. The proposed
mechanism is shown in Figure 8.

Bigger and stabilized Formation of

nanomaterials ZnO-CuO NCs

(o) Formation of 7 0

Metal divalent ions 7~ cgordinate bonds 7n \
released from their own Zn Cy ——™
precursors O/ _ Cu
R o e}
7n? Ostwald ripening,
Cu?
(0] Stabilization
+ Zn ¢ ~©
Bio-reduction Calcination Zn Aggregation and
o oH CH, | — frectitish
s Metal divalent ions reduced /( u Oxygen from the Cu “a:’c‘xl,“ﬁ:,(;;by R
pZ to zero-valent state of atmosphere or the e chieinizals
'CH, copper and zinc o breakdown of O phytochemicals I R
phytochemicals Growth and |
_CHy 4 (o)
HO" 0 0 R termination Ve Formation of /O
7n coordinate bonds
1, 6-dihydroxy-3-methoxy-2-(3- R
methyl-2-buthenyl)-xanthone Zine and copper complexes Formation of ZnO NPs Cu ’
(representing xanthones) with phytochemicals and CuO NPs e \ Cu
o) -~

I T
Aggregated and Formation of
stabilized nanomaterials ZnO-CuO NCs

Figure 8. Hypothesized mechanisms in green-synthesizing nanomaterials using mangosteen-leaf
aqueous extract via bio-reduction. R represents 1, 6-dihydroxy-3-methoxy-2-(3-methyl-2-buthenyl)-
xanthone (the xanthone found in mangosteen leaves), demonstrating the hypothesized mechanisms
in green-synthesizing nanomaterials. The Cu?* and Zn?* were released upon precursors being added
to the mangosteen-leaf aqueous extract. During the calcination process, the metal oxide nanomaterials
are formed instantly by reacting with oxygen from atmosphere or the breakdown of phytochemicals.
Subsequently, the metal oxide nanomaterials are also aggregated and stabilized by the presence of
the remaining phytochemicals in the bio-reduction mechanism. Also, the metal oxide nanomaterials
are stabilized and became bigger, due to the occurrence of Ostwald ripening. For the formation of
CuO-ZnO NCs, the coordinate covalent bonds are further formed using the oxygen atom lone pairs
in the nano-sized CuO and ZnO to bond with each other, resulting in NCs.

The XRD patterns were well-defined, intense and narrow diffraction peaks, which
demonstrated the good crystalline nature of the synthesized nanomaterials [21,32,47-49]
due to the removal of organic materials during calcination, boosting their crystallinities [50].
The strong intensities at the (0 0 2) and (1 1 1) peaks showed that they were preferential
crystal planes of synthesized CuO NPs [51]. Similarly, the synthesized ZnO NPs were pref-
erential crystal planes at (1 0 0), (0 02) and (1 0 1) peaks, as those intensities of peaks were
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stronger than other peaks [52]. In particular, the strong intensity of (0 0 2) suggested the
synthesized ZnO NPs was grown along the c-axis [15]. The detection of monoclinic-tenorite
and hexagonal-zincite phases in the CuO-ZnO NCs indicated the successful synthesiz-
ing of the heterojunction semiconductor [20]. The CuO-indexed peaks were higher than
in ZnO, indicating the contribution of copper in the formation of heterojunction nano-
material [26,53,54] and reflecting its high weight percentage in synthesizing CuO-ZnO
NCs [55,56]. The larger crystalline size in CuO-ZnO NCs, compared to the pure metal oxide
nanomaterials, might be due to the cooperation of ZnO and CuO during the synthesis,
resulted in the forming of a greater crystalline size than in pure nanomaterials. This shown
that the crystalline size of heterojunction nanomaterial was affected by the addition of
a precursor [36]. Moreover, the strain resulting from non-uniform lattice distortion and
crystal-phase dislocation widened and caused a slight shifting of the peaks in the synthe-
sized CuO-ZnO NCs because of the rearrangement of CuO and ZnO crystalline phases in
the heterojunction nanomaterial [15,54,57]. As a result, the great number of interfaces in
each volume led to a small crystalline size [58], with the increase in micro-strain level [57].
The unidentified peaks in the XRD patterns were contributed to by the impurities due
to the soot remaining after the burning of attached phytochemicals on the synthesized
nanomaterials” surface during the calcination process [58].

The great difference between XRD and FE-SEM measurements was due to FE-SEM
providing visualization of shape and morphology, while XRD offers a measurement of the
nanomaterial’s crystalline region diffracted coherently by X-ray [15]. The high viscosity
of plant extract [49], surface physicochemical characteristics [48,59-61], strong force of
attraction [33,62], metal oxide nanomaterial oxidation [63] and the occurrence of isotropic
aggregation at the isoelectric point [15,61], kept the synthesized nanomaterials firmly bound
together to form a nanostructure that was almost spherical [36]. The green-synthesized
nanomaterial aggregation was potentially caused by the nucleation of copper and zinc ions
during the reduction of salt precursors by the phytochemicals from the mangosteen-leaf
aqueous extract [37]. This proved the capping and reducing properties and the ability of
phytochemicals during the green synthesis of CuO NPs, ZnO NPs and CuO-ZnO NCs.
Additionally, the aggregation of synthesized nanomaterials might be caused by the excess
hydrogen cations from the moisture surface of the nanomaterials. The monodispersed
and smoother surface was observed for CuO NPs and ZnO NPs, due to the fact that only
the single phase was synthesized in pure NPs [64]. The formation of a porous structure
in ZnO NPs could be caused by gas escaping at high temperature during the calcination
process [65]. A similar observation also occurred in the green synthesizing of ZnO NPs by
using Ocimum gratissimum leaf extract [66].

The appearance of carbon weak signal was due to the application of carbon tape for
attaching the synthesized nanomaterials during the analysis [15] and the leftover soot,
the impurities caused by the burning of organic materials during the calcination [67].
Since it only showed up as a minor element and had minor minimal interaction with the
synthesized nanomaterials, this was not a problem [68]. The detection of copper and zinc
in heterojunction NCs revealed the incorporation of ZnO within CuO [69] and successfully
synthesized NCs in the desired ratio. The presence of an oxygen signal in EDX spectra
revealed that the synthesized nanomaterials were in oxidized form [25].

The formation of nanomaterials was confirmed by the cooler changes of the extract [70]
of mangosteen leaf. After adding Cu(NOj3),-3H,0 and/or Zn(NOj3),-6H,O to mangosteen-
leaf aqueous extract, the light-brown plant extract immediately changed to russet, greenish
brown and brown, revealing the production of Cu® and Zn® after the Cu?* and Zn?* re-
duction by the presence of phytochemicals in the plant extract. Later, the Cu’ and Zn°
were oxidized into CuO, ZnO and CuO-ZnO, respectively. The synthesized nanomate-
rials” absorption peaks were detected by the occurrence of surface plasmon resonance
(SPR) phenomena at a specific wavelength [18,22,70] when the incident-light wavelength
was larger than the size of the particle. The SPR absorption of nanomaterials was re-
lated to the collective oscillation of electromagnetically induced free conduction-band
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electrons [18]. Therefore, the differences in crystallinity, crystalline size, morphology and
presence of defects explained the absorption behavior of the synthesized nanomateri-
als [15]. A bathochromic shift in UV-Vis spectra was observed, indicating a reduction in
the CuO-ZnO NCs energy bandgap, resulting from the simplified electron transition in
heterojunction NCs when compared with CuO NPs and ZnO NPs [58].

The synthesized nanomaterials’ energy bandgaps were best fitted with direct transition,
as they have an occupied d-shell in respective cations and high electronegativity in the
anion [71]. The larger energy bandgap in synthesized CuO NPs compared to their bulk
is due to the occurrence of the quantum confinement effect when the crystalline size is
smaller than excited e~ /i* pair Bohr radius, resulting in an energy bandgap increase when
particle size decreases [15]. The ZnO NPs energy bandgap was smaller than that of CuO
NPs, due to its larger oxygen deficiency, higher lattice strain, smaller grain size and rougher
surface [32]. The synthesized CuO-ZnO NCs have the lowest energy bandgap, which could
be caused by the pure metal oxide nanomaterials having nearer band edges due to the high
ionicity between the cation and anion, which causes a high energy bandgap and an increase
in the splitting of dangling-bond orbitals. In contrast, in heterojunction NCs, the additional
of impurities resulted in secondary bonding—antibonding interaction and the removal
of dangling bonds, giving rise to the extra interactions with occupied or unoccupied
orbitals [72]. The electrons transferred from the occupied valence band to the defects’
energy level rather than from the transition of the electron from the occupied valence band
to the empty conduction band [15]. Additionally, it was widely known that the splitting of
each level to sub-levels equal to the number of interacting atoms could cause band overlap
in hetero-structured NCs. Therefore, in accordance with the energy bandgap theory, the
NCs’ energy bandgap ought to rise or fall [73]. Consequently, low-energy states and low
ionization energies in synthesized CuO-ZnO NCs are caused by strong interfaces between
CuO and ZnO. The interactions between band electrons in the NCs and electrons in the
localized d-orbital of copper ions, which replace the zinc ions, could potentially be another
reason for the significantly small energy bandgap in synthesized CuO-ZnO NCs [37]. This
makes the synthesized CuO-ZnO NCs with the narrowest energy bandgap able to absorb
visible light [14], and this works well for photocatalytic applications, as the electrons can
be transferred easily from the valance band to the conduction band [15,21,26,32].

The highest COD removal efficiency was recorded using CuO-ZnO NCs under
monochromatic blue LED, and could be explained by the attribution of the narrow energy
bandgap and existence of oxygen vacancies found in heterojunction NCs. The combination
of a wide energy bandgap of CuO in synthesized CuO-ZnO NCs prevented the recombi-
nation of the e~ /h* pair. Thus, the p-CuO and n-ZnO in the heterojunction NCs improved
the e~ /i" pair separation by charge-transfer mechanism and intercalation, resulting in
improved organic pollutant degradation [14,15,18,19,21] in POME under monochromatic
blue LED irradiation. Additionally, the packed structure in synthesized CuO-ZnO NCs
sped up the electron flow between the surface and prevented the recombination with
holes [14,18]. Generally, to create most white-light diodes, an LED that emits light at a
short wavelength is combined with a wavelength converter to create a longer-wavelength
secondary emission [74]. As a result, the monochromatic blue LED provided higher photon
energy than the polychromatic white LED. On the other hand, there was similar COD
removal efficiency of synthesized CuO NPs and ZnO NPs under monochromatic-blue and
polychromatic-white LEDs, due to the fact that the direct bandgap semiconductors have
better in e~ /h* pair separation and recombination, compared to indirect materials [15].
Moreover, the magnetic stirring during the photo-degradation might have contributed to
removing the organic pollutant [19].

The band alignment in heterojunctions influences the photocatalytic activity. The
bottom conduction-band energy (Ecp) and top valance-band energy (Eyg) of synthesized
CuO-ZnO NCs against the normal hydrogen electrode (NHE) is shown in Figure 9. The
conduction- and valance-band locations of CuO NPs was —0.32 and 2.96 eV, while that
for ZnO NPs was 0.03 and 2.55 eV. Considering the redox potential of hydroxyl radicals
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(HOe, 2.59 V) and superoxide radicals (O, o, —0.16 eV) [21], it could be concluded that
the generation of radicals was thermodynamically favored toward CuO NPs as its Ec,
and that Eyp met the energy requirements, and vice versa for ZnO NPs. The inner electric
field at the CuO NP and ZnO NP interface is the reason for the charge separation and
transferring [14,15,19]. As for exposing synthesized CuO-ZnO NCs under LEDs, the
electrons in the conduction band (e-p) of CuO NPs with high energy migrated to the
ZnO NP conduction band. The electrons reacted with the absorbed oxygen to form O, e.
The generation of oxygen vacancies played a roles in trapping electrons and active sites,
to enhance photocatalytic activity by improving e~ /h* pair separation. Likewise, the
formation of holes at the valence band (h\J;B) of CuO NPs migrated to the ZnO NPs valance
band and reacted with water to produce HOe. Eventually, the highly reactive HOe and
O, e radicals degraded the organic components in the POME into carbon dioxide and
water. The oxidation and reduction process occurred at the ZnO NP conduction and
valance bands in synthesized CuO-ZnO NCs in the Nguyen et al. study, as their ZnO
NPs were more thermodynamically favorable for radical generation [21]. The details of
proposed mechanisms for the degradation of POME using CuO-ZnO NCs are outlined in
Equations (1)—(11) and depicted in Figure 9.

LEDs
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Figure 9. Proposed photodegradation mechanism of CuO-ZnO NCs. Under exposure to LEDs, the
e~ and h* migrated to ZnO, due to the fact that CuO was thermodynamically favored in generating
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reactive radicals (HOe and O, e radicals). In ZnO, the oxygen was reduced at the conduction band,
while the water or hydroxyl ions were oxidized at the valence band, to produce HOe radicals. The
organic pollutants in the POME reacted with the produced HOe radicals and eventually degraded
these into harmless products, such as carbon dioxide, water and intermediate products. The bottom
conduction-band energy, top valance-band energy and the energy bandgap of the synthesized CuO-
ZnO NCs are represented by Ecp, Eyp and Eg, respectively, in the figure.

The table below shows the effectiveness in reducing COD from POME in various
studies using different nanomaterials (Table 4).

Table 4. Comparison of COD removal efficiency from POME, under different photodegradation
conditions, with other studies.

Conditions
N terials N ial POME COD Removal References

anoma Light Sources Loaarcli(i)::;t?;i) Volume (mL) Duration (min)  Efficiency (%)

CuO UV light 0.50 300 180 66.00 [48]

TiO, UV light 5.00 250 240 43.00 [75]

TiO, Sunlight 0.02 150 300 54.30 [76]

ZnO Sunlight 0.20 150 300 40.00

ZnO UV light 1.00 400 240 82.00 [77]

ZnO UV light 1.00 400 120 96.00 [78]
CuO-ZnO Blue LED 0.75 200 150 63.27 Current study

4. Materials and Methods

The mangosteen leaves were gathered from the Kampar neighborhoods, Malaysia.
Without further purification, copper(Il) nitrate trihydrate [Cu(NO3),-3H,O] and zinc(II)
nitrate hexahydrate [Zn(NOj3),;-6H,O] were utilized after being acquired from HmbG
(Hamburg, Germany) and HiMedia Laboratories Pvt. Ltd. (Nashik, India), respectively.
The POME sample was obtained from Selangor and was kept in an airtight container to
prevent deterioration during shipping. The low-range COD (LR-COD, 3.00-150.00 mg/L)
digestion vials were bought from HACH (Bangkok, Thailand) for COD analysis.

4.1. Preparation of Mangosteen-Leaf Aqueous Extract

Mangosteen (Garcinia mangostana)-leaf aqueous extract preparation was adapted from
Chan et al.’s work [58]. The leaves were thoroughly rinsed with tap water to eliminate the
dust and dried in an oven for two days before being put into a vacuum oven for another
eight hours. The dried leaves were ground through a grinder to obtain a fine powder. After
that, 3.0 g of powder was added with, 100 mL of deionized water, and heated with stirring
for 20 min at 70-80 °C to create 0.03 g/mL of leaf aqueous extract. The leaf aqueous extract
was vacuum-filtered and the reddish-brown filtrate was obtained for CuO NPs, ZnO NPs
and CuO-ZnO NCs synthesis.

4.2. Synthesis of CuO NPs, ZnO NPs and CuO-ZnO NCs

The green synthesis of CuO NPs, ZnO NPs, and CuO-ZnO NCs was adapted from the
methods described by Chan et al. [38,58,79]. Initially, a 30 mL 0.03 g/mL aqueous extract of
mangosteen leaf was heated and stirred at 70-80 °C. Subsequently, 2.0 g of Cu(NO3),-3H,0O
was added, and the heating and stirring at 70-80 °C were continued until a dark-brown
paste was formed. The dark-brown paste was transferred to a ceramic crucible and calcined
at 600 °C for 2 h in a muffle furnace to obtain the black CuO powder.

The ZnO NPs and CuO-ZnO NCs were synthesized using the above-mentioned
method. The ZnO NPs were synthesized using 1.5 g of Zn(NO3),-6H0O, and a fine white
powder was obtained. Meanwhile, 2.0 g of Cu(NO3),-3H,0 and 1.5 g of Zn(NO3),-6H,0O
were used in synthesizing the dark-brown CuO-ZnO NCs powder.
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4.3. Characterization of CuO NPs, ZnO NPs and CuO-ZnO NCs

The Fourier-transform infrared spectroscopy (FI-IR, Perkin Elmer RX1 spectropho-
tometer, Waltham, MA, USA) study was carried out at room temperature in the range
of 4000-400 cm ™! with resolution of 4 cm !, by using potassium bromide pellets. The
calculated v(M—-O) band of synthesized nanomaterials using Hooke’s Law expression [34]
where

is shown in Equation (12).
v = 4.12\/E (12)
K

v = Frequency (cm™1);

K = Force constant (5 x 10° dynes/cm);

u = Masses of atoms (g).

X-ray powder diffraction (XRD) patterns were obtained by an X-ray diffractometer (Shi-
madzu XRD 6000, Kyoto, Japan) operating in continuous scanning mode at 40 kV /30 mA
and for 0.02 min~—! with Cu Ka radiation (A = 1.5406 A) in the 20 range from 10 to 80°. By
using the XRD data obtained, the synthesized nanomaterials’ average crystalline size, dislo-

cation density and micro strain was calculated based on the Debye-Scherrer’s, Williamson—
Smallman’s and micro-strain relation formulae [38,54] below, respectively.

0.94A

- Bcos (13)

1
6= o (14)
e P CZSG (15)

where

D = Crystalline size (nm);

6 = Dislocation density (x 10 em™1);

¢ = Micro strain (x10™%);

A = Wavelength of X-ray;

B = Full width at half maximum (FWHM) of peak;

f = Bragg angle.

A field-emission scanning electron microscope (FE-SEM, JEOL JSM-6710F, Kyoto,
Japan) with an energy-dispersive X-ray (EDX) analyzer (X-max, 150 Oxford Instruments,
Oxford, UK) was used to examine the morphology and elemental composition of CuO
NPs, ZnO NPs hand CuO-ZnO NCs. A high-resolution transmission electron microscope
(HR-TEM, JEOL JEM-2100F, Nagoya-shi, Japan) at 200 kV was applied for viewing in depth
the CuO-ZnO NCs morphology. A Thermo Scientific (Waltham, MA, USA) GENESYS 105
UV-Vis spectrophotometer was used to detect the CuO NPs, ZnO NPs and CuO-ZnO NCs
absorption spectra. The energy bandgap of the synthesized nanomaterials was plotted and
best-fitted, using («hv)n versus hv from the Tauc approach [20], as in Equation (16).

ohv = A(hv — Eg)" (16)

where
o = Absorption coefficient;
A = Constant;
E¢ = Energy bandgap (eV);
h = Planck’s constant (6.626 x 10734 Js);
n = Exponential factor of electronic transition;
(n = Y%, for indirect transition; n = 2, for direct transition).
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The positions of the bottom conduction-band energy and top valence-band energy
were predicted against the NHE, based on the Mulliken electronegativity theory [20,21], in
Equations (17) and (18), respectively.

Ecp = X — Ee — 0.5E, (17)

Evp = X — Ee + 0.5, (18)

where
Ecp = Bottom conduction-band energy (eV);
Eyp = Top valence-band energy (eV);
X = Absolute electronegativity of semiconductor (CuO = 5.81, ZnO = 5.79);
E¢ = Free electron energy in the hydrogen scale (4.50 eV).

4.4. Photocatalytic Performance

The photocatalytic performance of green-synthesized nanomaterials was determined
by the COD removal efficiency in the POME treatment, with slight modification, based
on the study by Phang et al. [48]. The 200 mL of POME was diluted with distilled water
to achieve a COD value in the range of 200.00-210.00 mg/L, ensuring adequate light
penetration for degradation. The diluted POME was stirred in the dark for 50 min to achieve
adsorption—desorption equilibrium between the POME and 150 mg of nanomaterials. Then,
the suspension was exposed to blue and white LEDs (4 W in power and voltage in 220 V and
50 Hz), respectively, for 2.5 h. Next, 2 mL of untreated and treated POME were withdrawn
for COD value determination. The withdrawn solutions were added to LR-COD vials
and digested at 150 °C for 2 h using a HACH DRB 200 COD digital reactor (HACH
Company, Berlin, Germany). The COD values were then measured using a DR3900 digital
reactor without RFID (HACH Company, Germany) with program 430. The COD removal
efficiency (in percentage) for CuO NPs, ZnO NPs, and CuO-ZnO NCs was determined
using Equation (19).

COD; — COD;

COD removal (%) = o))
f

x 100% (19)

where
i = Initial value of COD in mg/L;
f = Final value of COD after photo-degradation in mg/L.

4.5. Statistical Analysis

The removal efficiency of COD (in percentage) by synthesized CuO NPs, ZnO NPs and
CuO-ZnO NCs were presented as mean =+ standard deviation (SD). A two-way ANOVA
analysis and Tukey’s test were performed to compare the COD removal efficiency by differ-
ent synthesized nanomaterials from mangosteen-leaf aqueous extract and mono- and poly-
chromatic visible lights, respectively, using Microsoft Excel 2013, by setting p-value < 0.05
as a significant criterion.

5. Conclusions

This study has demonstrated the green synthesis of CuO NPs, ZnO NP, and CuO-
ZnO nanomaterials utilizing mangosteen-leaf aqueous extract. Among the synthesized
nanomaterials, the CuO-ZnO NCs, with an average crystalline size of 29.04 nm and particle
size of 82.32 nm, exhibited a spherical shape and the lowest energy bandgap of 1.61 eV.
These attributes contributed to their superior performance in COD removal from POME,
particularly under blue LED irradiation. The application of CuO-ZnO NCs resulted in a
COD removal efficiency of 63.27% =+ 0.010, reducing the COD value to 75.67 mg/L £ 2.517,
which is notably below the discharge limit mandated by the Department of Environment
in Malaysia (100.00 mg/L). Under white-LED irradiation, the COD removal efficiency
was observed at 35.77% =+ 0.017. Through the lens of environmental sustainability and
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technological innovation, this research highlights the effectiveness of green-synthesized
heterojunction materials as a viable photocatalyst. They not only significantly reduce
the COD in POME to meet regulatory standards, but they also offer a cost-effective and
environmentally friendly solution to a pressing industrial challenge. Future work should
aim to optimize these photocatalytic processes and explore the scalability of this green-
synthesis approach for broader environmental applications.
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