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Biosynthesis of Copper Nanoparticles Using Hylocereus costaricensis Peel
Extract and their Photocatalytic Properties

Abstract

A green chemistry method was used for the first time to synthesize copper nanoparticles (Cu-NPs) using
CuS04 as a precursor and red dragon fruit (Hylocereus costaricensis) peel wasted extract as a bio-
reductor. Cu-NPs produced were then used as a photocatalysts for acid orange 7 (AO7) dyes degradation.
The results showed that the smallest average crystallite size of the products ranged from 8.84 - 8.86 nm,
and the FCC crystal structure had a surface area of 244.38-278.85 m2g-1. Furthermore, the optimum
degradation of AO7 dye occurred at a ratio of 1:3 with a percentage of 81.07% for four cycles. These
findings indicated that Cu-NPs can be used for the treatment of textile wastewater under sunlight in the
future.
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Abstract

A green chemistry method was used for the first time to synthesize copper nanoparticles (Cu-NPs) using CuSO;, as a
precursor and red dragon fruit (Hylocereus costaricensis) peel wasted extract as a bio-reductor. Cu-NPs produced were
then used as a photocatalysts for acid orange 7 (AO7) dyes degradation. The results showed that the smallest average
crystallite size of the products ranged from 8.84 to 8.86 nm with the FCC crystal structure and surface area of
244.38—278.85 m°g’". Furthermore, the optimum degradation of AO7 dye occurred at a ratio of 1:3 with a percentage of
81.07% for four cycles. These findings indicated that Cu-NPs can be used for the treatment of textile wastewater under

sunlight in the future.

Keywords: Copper nanoparticles, Bioreduction, Red dragon fruit, Acid orange

1. Introduction
N anotechnology is a new scientific revolution
with enormous potential in several industries.
Furthermore, copper nanoparticles (Cu-NPs) are
one of the metallic nanomaterials that have received
considerable attention. This is due to their unique
physical and chemical properties [1], such as the
large surface area to volume ratio and size-depen-
dent reactivity, which make them usable as adsor-
bents and catalysts. In further studies, the
application of these materials has been intensively
discussed, such as antioxidant, anticoagulant, anti-
bacterial and antimicrobial agents has been inten-
sively discussed [2,3]. Several studies also reported

various methods to synthesizing Cu-NPs, including
wet chemical reduction [4], thermal decomposition
[5], microemulsion [6], solvothermal [7], sono-
chemical [8], and chemical reduction [7—11]. How-
ever, these methods have several disadvantages,
such as the use of toxic chemicals, high costs, time-
consuming process, and emission of hazardous by-
products. The green synthesis method has become
one of the most popular methods to produce
nanoparticles in recent years and has several
advantages, such as cost efficiency, biocompatibility,
ease of use, usage of less toxic materials, and eco-
friendly processes [9—11]. In recent years, there has
been growing interest in the use of the green syn-
thesis method, which utilizes natural resources,
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such as plant extracts, fungi, bacteria, and algae to
synthesize nanoparticles without producing any
harmful by-products [12].

Several reports have been published based on the
application of this method using extracts from
plants, such as orange, lemon, and tangerine peel
[13], Ixoro coccinea leaf [14], Calotropis gigantea [15],
Caccinia macranthera [3,16], and Lantana camara [17].
These extracts were used as reducing agents to
synthesis of nanoparticles due to the presence of
metabolic compounds involved in bio-reduction
process [18]. Reference [19] successfully synthesized
CuO nanoparticles with a particle size of 20—35 nm
using herbal tea (Stachys Lavandulifolia) flowers as a
bio-reductor. The results showed that the tea con-
tains polyphenolic compounds, which were
believed to act as a reducing agent and have a high
effect on C-heteroatoms coupling reaction catalyst.

Indonesia has actively enhanced the production of
dragon fruit (Hylocereus costaricensis) with more than
370 tons/hal/year, which was consumed by the
community and causes many peels to be wasted.
Previous studies showed that the peel of red dragon
fruit contains abundant reducing agents such as
high levels of polyphenols, flavonoids, tannins, al-
kaloids, steroids, and saponins [20—22]. The utili-
zation of red dragon fruit pulp extract has been
successfully used previously as a bio-reductor for
gold nanoparticle synthesis [23]. Therefore, its peel
can be considered as a potential bio-reductor pre-
cursor for green synthesis of Cu-NPs.

Stabilizers play an important role to prevent the
aggregation of nanoparticles. Polyvinyl alcohol (PVA)
is a transparent polymer that can act as a stabilizer
due to its ability to prevent agglomeration and un-
desirable oxidation processes [24]. El-Sayed [25] re-
ported that the structure, optical, and electrical
properties of Cu nanoparticles can be controlled by
adjusting the PVA concentration.

The application of Cu-NPs as photocatalysts for
photodegradation has gained a lot of attention,
specifically as an isolated noble metal photocatalyst,
namely Cu in the form of CuO. This form can act as
light absorbers, catalytically active sites, and direct
plasmonic photocatalysts [26]. However, CuO can
be used as photocatalysts, which are associated with
some limitations, such as low band gap and photo
corrosion [27]. The application of nanoparticles as
photocatalyst has been studied previously. Previous
study reported the use of CeO nanoparticles in the
photodegradation of methyl orange, rhodamine B,
and methylene blue dyes in the presence of UVA
light source [12]. The results demonstrated the
satisfying photocatalytic activity for dyes water
pollutants.

Nanoparticles possess exceptional quantum and
surface properties, which enable them to improve
their electrical, magnetic, and optical properties,
and serve as effective photocatalyst [28]. Further-
more, one of the key factors that contribute to their
catalytic ability is the increment in band gap (Eg).
The value of Eg is very important for excitation of
electrons from valence band (VB) to the conduction
band (CB), thereby leaving holes (h™). The e-h™
pairs formed generated hydroxyl (OH*) and super-
oxide anions (O*) radicals, which react with dye
molecules and ultimately degrade them [29].

Based on findings, there are no studies on the
application of Cu-NPs in the photodegradation
process, which were synthesized using red dragon
peel extract. Therefore, this study aims to determine
the effect of bio-reductors and precursor (CuSOy)
ratio on the characteristics of Cu-NPs and their ef-
ficiency as a photocatalyst in the AO7 dyes degra-
dation process.

2. Materials and methods
2.1. Materials

The materials used in this study were 2 kg of red
dragon fruit peel waste, 0.1 M CuSO,; (Emsure
Merck), PVA, ethanol (Emsure Merck), deionized
(DI) water (Waterone), and AO7 dyes (Cy6H;1N>
NaO,S, CAS Number: 5850-86-2).

2.2. Preparation of plant extract

Red dragon fruit peel was used as the source of
bio-reducing agent, which were extracted using a
method developed in a previous study [23]. Fresh
samples were purchased from a local market, thor-
oughly washed with DI water to remove surface
impurities, and then finely crushed. Subsequently,
40 g of fine dragon fruit peel was added to DI water
for extraction and boiled at 65 °C for 15 min, and the
extract was separated with the filtration method.

2.3. Synthesis and characterization of Cu-NPs

Extract of dragon fruit peel and CuSO4 solution
were mixed at a ratio of 1:1, 1:2, 1:3, and 1:4 (v/v). A
total of 60 mL PVA 1% (v/v) was added to the
mixture and stirred for 2 h, followed by resting for
1 h until a precipitate was formed. Subsequently,
the precipitate was separated and dried at 100 °C
and 250 °C for 45 min to obtain a shiny black pow-
der. The samples were labeled as Cu-NPs (x), where
x referred to the ratio of the mixtures. To examine
the effect of PVA, Cu-NPs (1:1) without PVA were
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also prepared. The synthesis procedure of Cu-NPs
using dragon fruit peel extract is illustrated in Fig. 1.

FTIR (IR Prestige-21 Shimadzu) with the trans-
mittance method (used KBr pellet) was employed to
identify the possible bioactive molecules in the red
dragon fruit peel extract and Cu-NPs. Furthermore,
the spectrum was recorded at wavelength intervals of
4000 to 500 cm . The crystallinity of Cu-NPs was
evaluated using a powder X-Ray diffractometer
(XRD, Shimadzu 7000) with CuKoa radiation
A = 1.5405 A) operated at a scanning range of 20—80
configuration. The crystallite domain size was calcu-
lated using the Debye—Scherrer equation. Surface
textural properties were then determined through
nitrogen adsorption using a surface area analyzer
(SAA, type Quantachrome Nova 4200e) at a temper-
ature of 273 K and the pretreatment was carried out at
temperature of 250 °C with outgas time of 3 h. Bru-
nauer-Emmet-Teller (BET) was used to calculate the
surface area and pore volume. The t-Plot approach
was used to calculate the total adsorbed gas at relative
pressure P/P, = 0.99 which represent the total pore
volume. The surface morphology of Cu-NPs powder
was captured using the scanning electron microscope
(JEOL JSM 6063LA) operated at an accelerated
voltage of 130 kV.

extraction

red dragon fruit
peel wasted

S
S
&
8

&

2.4. Photocatalytic properties of Cu-NPs

Photocatalytic properties of Cu-NPs were evalu-
ated with the degradation of AO7 dyes in an
aqueous solution. The process was carried out by
adding 0.05 g of Cu-NPs into 50 mg L' AO7 solu-
tion with a pH of 9 [30]. It was then irradiated with a
UV lamp (Philips TUV 15W/G15 T8 - A 280 nm) on
the photocatalytic reactor system, as shown in Fig. 2.
Furthermore, 5 mL of solution was removed every
30 min to measure the absorbance using a Shi-
madzu UV-Vis spectrophotometer. The percentage
of photodegradation (%D) was calculated based on
Equation (1) [16,31].

G —C

0

%D =

x100% (1)

Where %D is the percentage of photodegradation,
Cy is the initial concentration, and C is the concen-
tration after photodegradation at time t.

The reuse test of Cu-NPs was conducted by
recycling the materials and utilized them for
several cycle. The recycling procedure was per-
formed by washing Cu-NPs in methanol with
stirring for 1 h and dried at 100 °C for 12 h.

flltratlon
ﬁ

red dragon fruit
peel extract

added PVA 1% B ' J

separated
ﬁ ﬁ
y

extract ~ CUSOy4
precursor
Cu-NPs

Fig. 1. The illustration of biosynthesis Cu-NPs using red dragon fruit peel extract.
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Fig. 2. The schematic diagram of the photocatalytic reactor system.

Subsequently, the Cu-NPs that were used for the
degradation of AO7 dyes was tested at the same
experimental conditions.

3. Results and discussions

A fresh red dragon fruit peel were used as a
bio-reductor for Cu-NPs synthesis without drying
process because it can damage certain chemical
agents.

compounds, which act as reducing

a e

Subsequently, the extract was mixed with Cu-pre-
cursor (CuSO,) as a source of Cu®". The changing
color of solutions are shown in Fig. 3. After the
extract of red dragon fruit peel (Fig. 3a) was mixed
with CuSO,, the color changed from light red to
dark red as shown in Fig. 3b. Furthermore, the so-
lution then changed to green after 2 h of reaction.
These changes occurred due to the reduction of
Cu®* ions to Cu’ by the OH functional group in red
dragon fruit peel extract, as indicated by the FTIR

Fig. 3. (a) Bio-reductor of red dragon fruit peel extract, (b) solution of CuSO, and bio-reductor (1:1), (c) solution of CuSOy and bio-reductor after 2 h,

(d) Cu-NPs powder (d).
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analysis. A shiny black color of Cu-NPs was ob-
tained after centrifugation and drying, as shown in
Fig. 3d.

3.1. FTIR analysis

FTIR spectroscopy was employed to study the
interactions between different species and changes
in the chemical compositions of the mixture during
biosynthesis [32]. Furthermore, FTIR analysis of the
red dragon fruit peel extract and Cu-NPs was car-
ried out to identify the possible biomolecules that
are responsible for the reduction, capping, and
efficient stabilization of the bio-reduced Cu-NPs.
Fig. 4a shows IR spectra of red dragon fruit peel
extract, where a broad and strong band at
3451.92 cm ! represents —OH stretching vibration.
The C—H stretching vibration of the methyl ester in
galacturonic acid was attributed to the absorption
bands in the vicinity of 2950 cm ' [33]. The sharp
peak at 1638.38 cm ' corresponded to C=C groups,
while the weak variant at 1165.22 c¢cm™ ' corre-
sponded to C—O alcohol. The peaks showed the
presence of the phenolic or alcoholic groups, and it
supported that red dragon fruit peel extract contains
several polyphenolics, flavonoids, and alkaloids
(reductor), which play an important role in the bio-
reduction process.

The spectrum of Cu-NPs with and without PVA
(Fig. 4b and c) showed prominent wavenumbers at
~3424.35 ocm™', ~2954-2850 cm ', ~1730 cm ',
~1630 cm', ~1430 cm ', ~1110 cm !, and
~763 cm™!, which are assigned as —OH, —CHj;,
—C=0, —C=C, C—H vinyl, and C—O groups,
respectively [34]. Furthermore, a strong band in the

a -C=C
'
!
|
CH, !
-OH . i
i 1 -CuO|
@ i i i )
g ! . -C=0, C-0 -Cu,-0 |
T \
8 ! 1 7y ‘cem | -OH i
= b ! | E i i | i W
= ' ! P (O ]
g ' i Vinyl |~ !
7 / ! N 7 YA A
= N i o bae 4 ; v A
= d i v/ VoA [ Y 1
& \ g Wil F N/ |
\ 1 ,/ ! H; 1 \l/ 1
2 i W
S o/ ' !
I

T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 4. FTIR spectra of (a) red dragon fruit peel extract, (b) Cu-NPs (1:1)
with PVA addition, (c) Cu-NPs (1:1) without PVA addition.

region of 1000—1300 cm ' indicated a C-O
stretching in the phenolic or alcoholic group [35].
The spectrum of Cu-NPs with and without PVA
generally showed a similar spectrum, indicating that
the presence of PVA does not have a significant ef-
fect on the functional group of copper nanoparticles.
The sharp peak at ~1110 cm ™" in Fig. 4b indicated
the strong interaction of -C-O due to the presence of
PVA. The peaks at ~614 cm™ ' and ~476 cm™' cor-
responded to Cu,O and CuO, respectively [13,14].
These results indicated that phenolic/alcoholic
group in red dragon peel extract can reduce CuSO,
to form Cu® on nanometer scale.

The possible mechanism proposed for the reduc-
tion of Cu*" to Cu-NPs involved the ability of
copper ions to form intermediate complexes with
phenolic —OH groups in flavonoid, which subse-
quently oxidized to form quinone and Cu*" is
reduced to Cu’. The mechanism of the ion reduction
reaction with flavonoid is presented in Fig. 5.

3.2. UV-Vis analysis

UV-Vis absorption spectroscopy has become a
very useful technique to study the stability of metal
nanoparticles owing to the peak positions and
shapes are sensitive to particle size. Furthermore,
PVA was used to maintain the stability of the
nanoparticles in this study. The effect of PVA on
Cu-NPs is shown in Fig. 6. The UV-Vis results
revealed that with absence of PVA, the maximum
wavelength changed significantly with increasing
time. This indicated that the size of Cu-NPs was
agglomerated to form a larger particle size, leading
to the decrease of peak at 570 nm. The peak of Cu-
NPs with addition of PVA shifted to 500 nm region
and broadened at short wavelengths, indicating the
presence of smaller separated Cu-NPs. This is in
line with the results from previous studies utilizing
ascorbic acid as a stabilizer [36]. However, Cu-NPs
without PVA showed a peak around 570 nm. Based
on the results, the presence of PVA increased the
effective capping capacity, and this leads to the
production of smaller copper nanoparticles [37].
This phenomenon will be discussed in more detail
in the section on morphological analysis using
SEM.

3.3. XRD analysis

The XRD spectra (Fig. 7) shows three distinct
diffraction peaks at 43.3°, 50.4°, and 74.1° with index
Miller of (111), (200), and (220), respectively, and this
confirmed the face-centered cubic (FCC) Cu-NPs.
Subsequently, the obtained data were matched
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Cuso, —» Cu* + SO7

Fig. 5. The possible mechanism of formation Cu-NPs by —OH functional group from red dragon fruit peel extract.

with the Joint Committee on Powder Diffraction Cu’ to CuO or Cu,O with a monoclinic structure
Standards (JCPDS) file number: 04—0836. Similar  [24,39].
observations have also been reported by previous The average crystallite size of Cu-NPs was calcu-
studies [9,32,38]. The presence of peaks around lated using Debye Scherrer's, as shown in Equation
20 = 37°, 39°, 62°, 64° indicates the oxidation from (2) [40].

(a) B N ——30 minutes | (b) =30 minutes
3.0 - . e 60) minUteS gl e 30 m}nutcs
Y e 90 minutes 90, minktes
\ % w210 minutes
25 \ s 210 minutes Lidavi
= g X 1 days e 2 day
% ) ) ays
% \ e 2 days 064 3 days
2 20 N e 3 datys §
2 =
- -
- o
e 2
£ 154 2 54l
< z U
1.0
0.24
0.5
0.0 T T T 0.0 T T T T T T
400 500 600 700 800 100 200 300 400 500 600 700 800
‘Wavelength (nm) Wavelength (nm)

Fig. 6. The UV-Vis absorption spectra of Cu-NPs (1:1) with PVA addition (a) and without PVA addition (b).
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Fig. 7. The XRD pattern of Cu-NPs.
0.981
D= (2)
B cos @

Where 0.98 was a constant value known as a shape
factor, A is the wavelength of the X-rays and taken as
1.54, 3 is FWHM (full Width at half maximum) of the
diffraction peaks and 6 is the diffraction angle.
Based on the results in Table 1, Cu-NPs with a ratio
of 1:2 had the smallest average crystallite size of
8.65 nm. Furthermore, the particle size of Cu-NPs
(1:1) with PVA (9.74 nm) was smaller than without
PVA (12.44 nm). This result indicated that the bio-
reductor ratio had no influence on the crystallite size
of Cu-NPs, but the presence of PVA can hinder the
agglomeration of Cu® particles, leading to smaller
sizes.

Table 1. The XRD analysis of Cu-NPs.

3.4. SEM analysis

The SEM images of Cu-NPS revealed that all
samples had a spherical shape, as shown in Fig. 8.
Cu-NPs tended to aggregate due to their high sur-
face free energy, but individual nanoparticles can
also be detected, as shown in Fig. 8. Furthermore,
the SEM images of Cu-NPs synthesized using PVA
revealed that each of the materials has a consistent
shape, indicating a crystalline structure. The ho-
mogenous nucleation process caused by the reduc-
tion of Cu®*" to Cu’ was responsible for the
production of Cu-NPs structure. It is also led the
formation of the initial mono-crystalline nano-sized
clusters of Cu-NPs [41].

The particle size of Cu-NPs and its structure can
be controlled by the presence of PVA, yet the par-
ticle size without PVA became larger, causing a
tendency to be clustered, as shown in Fig. 8e. The
occurrence of agglomeration in nanoparticles indi-
cated the role of PVA as a stabilizing agent for
nanoparticle size. This finding was supported by the
UV-Vis analysis spectra (Fig. 6), which showed a
decrease in absorbance with increasing storage
time.

The diameter distribution of Cu-NPs is presented
in Fig. 9, which the size ranged from 10 nm to 80 nm.
Furthermore, the size larger along the amount of
precursor CuSO,4 and Cu-NPs without PVA became
larger. The diameter obtained in this study was
larger compared to Cu-NPs synthesized using
Celastrus paniculatus extract [42]. The average size of
the products showed a trend toward growth due to
the addition of PVA. This critical discovery showed
the crucial role of the additive in regulating particle
size. The Cu-NPs’ diameter distribution in this

Samples hkl 2-Theta (°) Crystallite size (D) (nm) Average of crystallite size (nm)

Cu-NPs (1:1) 111 43.65 9.94 9.74
200 50.75 9.43
220 74.33 9.86

Cu-NPs (1:2) 111 43.36 5.16 8.65
200 50.59 11.49
220 73.94 9.31

Cu-NPs (1:3) 111 43.80 8.86 8.85
220 73.81 8.84

Cu-NPs (1:4) 111 43.34 11.31 11.22
200 50.43 10.03
220 74.06 12.32

Cu-NPs (1:1) without PVA 111 43.31 13.35 12.44
200 50.43 10.52
202 74.07 13.45
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Fig. 8. SEM image of Cu-NPs with ratio of bio-reductor and precursor CuSOy (a) 1:1, (b) 1:2, (c) 1:3, (d) 1:4, (e) 1:1 without PVA.

study was larger compared to those produced using
surfactants Tween-80 [41].

The EDS analysis confirmed the quantitative
composition and stability of the Cu-NPs, as shown
in Fig. 10a. The purity levels of the particles were
evaluated, and the results showed that red dragon
fruit peel extract-mediated Cu-NPs had 99.05%
mass of Cu, and some weak signals of C, N, Ca, and
O. Furthermore, these weak signals were respon-
sible for the presence of macromolecules in the ex-
tracts, such as flavonoids, phenolic, polysaccharides,
glycosides, steroids, and tannins, and emitting X-
rays [42]. The homogenous distribution of Cu on the
surface of the sample is depicted in Fig. 10b.

3.5. Surface area analysis

To investigate the surface area of Cu-NPs N,
adsorption—desorption was tailored. The results
showed that the shape of the adsorption—desorption
was the same for all samples, as shown in Fig. 11 and
Table 2. According to the Brunnauer-Deming-Teller
classification, the adsorption isotherm for all samples
was close to Type IV. Furthermore, this was charac-
terized by a hysteresis loop at higher partial pressures
and a little amount of adsorption occurring at low
levels. This type of isotherm was assigned in several
mesoporous solids materials. Monolayer-multilayer

adsorption was responsible for the Type IV iso-
therm's first portion, while capillary condensation
occurred in mesopores causes the isotherm's hyster-
esis loop [43,44].

Based on Table 2, the ratio of bio-reductors and
CuSO,4 had no effect on the pore volume, which
was around 0.20 cc g~ '. However, it had a signifi-
cant effect on the surface area, which increased
from 250 m*g™ (1:1) to 278.85 m®g™ (1:3) and then
decreased to 244.38 ng'l (1:4). Furthermore, the
volume of micropore is ranged from 0.12 to 0.14 cc
g ! while mesopore volume is constant (0.08 cc
g™ !). This phenomenon can be attributed to the
sample average crystal size from the results of XRD
analysis, where the larger the crystal size, the lower
surface of Cu-NPs [45]. This trend was supported
by the diameter distribution (Fig. 9), where higher
surface area was associated with smaller diameter
distribution of Cu-NPs. Furthermore, this has
important implication for photocatalytic activity as
a higher surface area can improve the efficiency of
photogenerated charge separation and overall
performance [46]. The surface area produced in this
study was larger compared to that of Cu-NPs pro-
duced using the chemical reduction method [47].
Based on these characteristics, the Cu-NPs ob-
tained can be used as photocatalytic for dye
degradation.
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Fig. 9. Plot of the diameter distribution of Cu-NPs.

3.6. Photocatalytic properties

The photocatalytic degradation of AO7 was
examined to explain the properties of Cu-NPs. The
absorption spectra were employed to investigate the
energy band and the kind of electronic transitions,
as shown in Fig. 12a. Furthermore, the spectra of
Cu-NPs showed a prominent absorption edge of
approximately 410 nm, which was caused by an
indirect transition of electrons [48].

The bandgap (Eg) in this study was calculated
using Tauc's plot, which is the relationship between

the absorption coefficient (o) and incident photon
energy (ahv), as shown in Equation (3) [12].

ahv=A(hv — Eg)" (3)

where h is Planck's constant (6626 x 10—>*J s), v is
the frequency of light, c is the velocity (3 x 108 ms™ 1),
and n is 2 for indirect semiconductors. Fig. 12b
shows the Eg of Cu-NPs for all samples by extrap-
olating the linear portion to the photon energy axis.
The calculated direct Eg value for all samples in this
study was 2.49—2.74 eV. This value was similar to
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Fig. 10. The EDS (a) and Mapping elemental (b) of Cu-NPs (1:1).

that of Cu-NPs synthesized using Moringa Oleifera
leaf extract [49], but was lower compared to those
produced with the electrodeposition method [50].
This findings is consistent with a previous study,
which reported an increase in the Eg of bio-syn-
thesized nanoparticles compared to those chemi-
cally synthesized [3]. The increase in Eg was caused
by the existence of intragap states and the quantum
confinement effect.

Fig. 12¢ depicts the variation of the absorption co-
efficient in Cu-NPs as a function of photon energy.
Furthermore, the graphic unequivocally demon-
strates that as wavelength increase, the absorption
coefficient tended to decrease exponentially. This

behavior is common in several semiconductors and
can be induced by various factors, including internal
electric fields within the inelastic scattering of charge
carriers by phonons and the lattice deformation
caused by strain from imperfections [48,51].

Based on the Eg value, Cu-NPs have the potential
to be used as a photocatalyst in the AO7 dye
degradation process. The photocatalytic degrada-
tion efficiency was determined with a spectropho-
tometer at 580 nm, as shown in Fig. 13. At a basic pH
of 9 and the presence of Cu-NPs, photodegradation
was dramatically accelerated. The anionic dye
molecule of AO7 was negatively charged and it is
adsorbed on the photocatalyst surface, and this
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Cu-NPs (1:3)
130 { —#— Cu-NPs (1:4)
a
2 120
®
]
s
£
<110
z
=
<
=
© 100
90 -
T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Relative pressure (P/Po)

Fig. 11. N, adsorption and desorption isotherms of Cu-NPs.
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Table 2. Surface area analysis of Cu-NPs (correspond from Fig. 9).

Samples Surface Area (ng’l) Volume @STP (cc g’l)
“BET "Micro “‘Meso Total “Micro Meso

Cu-NPs (1:1) 250.00 220.48 29.52 0.20 0.12 0.08
Cu-NPs (1:2) 277.07 247.55 29.52 0.22 0.14 0.08
Cu-NPs (1:3) 278.85 249.33 29.52 0.22 0.14 0.08
Cu-NPs (1:4) 244.38 214.86 29.52 0.20 0.12 0.08
Cu-NPs (1:1) without PVA 227.75 198.23 29.52 0.19 0.12 0.07
8Pore distribution based on BJH analysis.

* BET surface area.

P Micropore surface area evaluated by -plot method.

¢ Mesopore surface area calculated using Sggr-Smicro-

4 Total pore volume at P/Po ~ 0.99.

¢ Micropore volume calculated by #-plot method.

f Mesopore volume calculated using Viota-Vmicro-
altered the surface charge characteristics of the conditions. There was no degradation process of

catalyst under basic conditions [42].

The degradation efficiency of different catalyst
was calculated based on Equation (1) and plotted in
Fig. 14, which demonstrated the effectiveness of Cu-
NPs in degrading AO7 under UV and non-UV

AO7 in the absence of Cu-NPs and in dark condi-
tions without UV. However, under UV light the
degradation percentage reached 18.16%. This low
efficiency can be attributed to water photolysis re-
actions, in which H,O molecules were decomposed

b 380
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Fig. 13. The photocatalytic degradation of AO7 as a function of irradiation time using Cu-NPs.

after absorbing photons to produce *OH and H™.
The degradation efficiency almost similar to the use
of Cu-NPs without UV, suggesting that process was
driven by the absorption of AO7 onto the surface of
the nanoparticles. This was supported by Table 2
showing that Cu-NPs produced have high surface
are and pore volume.

The use of Cu-NPs (1:3) under UV light led to an
excellent degradation efficiency of 81.07%. This can
be attributed to several factors, including the low
Eg, the high porosity, and the large surface area.
These properties facilitated the formation of OH-
radicals under UV light. Furthermore, the increased
specific surface area and porosity of Cu-NPs pro-
vided numerous reactive sites and promoted

electron separation from holes, thereby accelerating
photocatalytic activity [46]. Another important factor
is the alkaline conditions in which the photo-
degradation process occurred, leading to high
concentration of OH™ ions on the catalyst surface.
The abundance of OH- ions may promote the
abundance OH- radicals and accelerate the photo-
degradation process [52]. Furthermore, the small
particle size, low Eg, and large surface area act
optimally to ensure that the electrons were effec-
tively excited to the surface of the catalyst leading to
the enhancement the efficiency of degradation. The
results confirmed from previous study which re-
ported that the photocatalytic effect depended on
the size and surface of particles [53].
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Fig. 14. The photocatalytic degradation efficiency of AO7 using Cu-NPs.

A pseudo-first-order reaction was used to char-
acterize the kinetics of the photocatalyzed process
for AO7 dye, based on Equation (4).

G

Ingt=—kt (4)

where Cj is the initial concentration, C; is the AO7
concentration at the irradiation time (t), and k is the
rate constant (min~'). Based on the values of the
correlation coefficient (R > 95), the linear relation-
ship between In(C;/Cy) and irradiation time (t) was
well correlated, as shown in Fig. 15. The slope of the
linear fitting line showed that the reaction's rate
constant (k) ranged from 0.0027 to 0.0089 min ..
Based on these findings, the AO7 dye degraded over
a period of 180 min, with pseudo-first-order ki-
netics. Furthermore, a rate constant of 0.0089 min !
was obtained for Cu-NPs (1:3), which has a high
degradation efficiency.

Reusability is an important parameter for photo-
catalytic applications, hence, Cu-NPs (1:3) was
chosen to evaluated the reusability of Cu-NPs due
to it performed the highest degradation efficiency
and it displayed in Fig. 16a. The result shows that
the photocatalytic activity decreases from 81.07% to
55.01% after four cycles. The results also revealed
that there was no photo corrosion during the
photooxidation of AO7. Furthermore, the minor

reduction observed was caused by the permanent
attachment of dye or other intermediates molecule
on the surface of Cu-NPs hindering the adsorption
of photon and AO7 molecules, hence, this leads to
loss its ability to perform photocatalytic in many
cycle or reuse [54]. The low number of cycles of the
degradation process in Cu-NPs samples is also
caused by the powder form of the nanoparticles,
which catalyst leaching is easily taken place [31].
However, the number of cycles produced was
greater compared to previous study using TiO,
nanoparticles [55].

The mineralization process of AO7 compounds
was carried out to confirm the occurrence of
degradation by measuring TOC removal for each
cycle, as shown in Fig. 16b. Based on previous
study [56] the Cu-NPs species, which are an electron
scavenger, causes the semiconductor—metal
Schottky barrier to form at the contact region,
assisting in charge separation and improving pho-
toactivity performances. The results explained the
increase in TOC removal from each cycle up to
39.14% in the fourth cycle. This is consistent with the
results of previous studies, where an increase in
percent removal indicated the progress of mineral-
ization. This process was caused by the conversion
of aromatic compounds into aliphatic compounds
through ring—opening reactions [57].
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Fig. 15. Kinetic data for the degradation of aqueous AO7 using Cu-NPs.

Furthermore, the possible degradation mecha-
nism provided in this study is presented in Fig. 17.
In this mechanism, H,O molecules reacted with
the holes (h™) in VB to produce OH- radicals, while
O, interacted with the electrons in CB to produce
O.. The active radicals can sequentially chain-react
to destroy the AO7 dye [16]. The ability of radicals

to transform organic molecules into CO,, H,O,
NOs;, and a variety of ions as by-products deter-
mined the effectiveness of this approach for
breaking down AO7 dye [58]. A comparison of
the photocatalytic reduction of AO7 utilizing
various nanoparticles for the latest study is shown
in Table 3.
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Table 3. Comparison of degradation efficiency with other nanoparticles.
Nanoparticles ~ Dyes Dosage (mg) Initial concentration of dyes (mg L™")  Degradation efficiency (%)  Ref.
CuO Methyl orange 0.015 30 97.18 [39]
CeO, Acid orange 0.01 10 95.4 [54]
Cu Methylene blue 10 10 90 [42]
Mn0, Methyl orange 20 920 98.37 [59]
TiO, Methyl orange 6 50 93.97 [60]
Cu Acid orange 0.05 50 81.07 present

4. Conclusion

The green synthesis process of Cu-NPs using red
dragon fruit peel wasted extract and its photo-
catalytic properties for the AO7 degradation process
have been studied. Based on the FTIR analysis, it
shows the presence of the phenolic or alcoholic

groups in the extract, which plays an important role
in the bio-reduction process. Furthermore, the
characterization studies confirmed that the crystal
structure of Cu-NPs was face-centered cubic (FCC)
with an average crystallite size of 8.65—12.4 nm for
all samples. The morphological parameter using
SEM revealed that all samples have a spherical
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shape and their monodispersed diameter size
ranged from 10 to 80 nm. The green Cu-NPs pro-
duced a large surface area of 244.38—278.85 m’°g™
and the calculated direct Eg value using Tauc's plot
was 2.49—2.74 eV. These results indicated that the
synthesized Cu-NPs have good properties as a
photocatalyst on dye degradation of AO7. Under UV
light, the product was used as a photocatalyst, and it
showed a high degradation efficiency of 81.07% on
organic dye AO7 with a reusability of 3—4 cycles.
These results also revealed that there was a 20%
decrease in degradation efficiency. The overall
study showed that Cu-NPs were successfully syn-
thesized using the green method and applied as a
photocatalysts for AO7 dyes.
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