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ABSTRACT

This study describes the synthesis of a reduced graphene oxide/zinc oxide (RGO/ZnO) hybrid
nanocomposite using the green process of Prunus x yedoensis leaf extract and nanocomposites for the
removal of phosphate from aqueous solutions. This leaf extract was a reducing agent and was calcined
at 500°C for 1 h. The RGO/ZnO nanocomposites’ surface morphology and crystal structure were char-
acterized by high-resolution transmission electron microscopy, scanning electron microscopy-energy
dispersive spectroscopy, and X-ray powder diffraction. The functional groups were confirmed by
Fourier transform infrared spectroscopy and Raman spectroscopy. The surface adsorption character-
istics of nanocomposites for the degradation of phosphates were assessed at varying time intervals;
phosphate removal via RGO/ZnO nanocomposites was also investigated.
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1. Introduction

The large-scale production of graphene at low cost
is of great interest due to its mechanical strength — the
two-dimensional carbon layer offers a high surface area
and conductivity as well as excellent electron mobility [1].
Because of these characteristics, graphene has been applied
to electronics and optoelectronic devices and circuits [2,3].
Graphene oxide (GO) has similar properties to graphene in
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surface structures including a series of reactive oxygen func-
tional groups on the sheet surface with chemical and car-
boxyl groups (carboxylic acid, hydroxyl, and epoxide). These
similarities enable the preparation of reduced graphene
oxide (RGO) containing nanocomposites [2,3].

The chemical conversion of graphite is typically
obtained via oxidation of graphite oxide powder via the
modified Hummer and Staudenmeier methods [4,5]. The
green syntheses of graphene oxide [6-10] and zinc oxide
nanoparticles [11-16] use various natural materials. Several
chemical reducing agents can reduce graphene oxide sheets:
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hydrazine [17-19], sodium borohydrate [20,21], hydroqui-
none [22], gaseous hydrogen [23], and alkaline solutions
[24]. Thermal treatment also reduces graphene oxide when
it removes functional groups such as oxides from the sur-
face [25,26]. Currently, nanosized materials can be fabricated
using green eco-friendly methods. The extracts are prepared
from plants or fruits and used as stabilizers and capping
agents to control crystal growth [27]. Previously, graphene
nanosheets were successfully synthesized from GO with
pomegranate juice [28]. Here, Prunus x yedoensis leaf extracts
were used for the fabrication of RGO/ZnO nanocomposites.
Prunus x yedoensis leaf extracts are cost effective because
they are very common in South Korea. Plant leaf extracts play
a vital role as reducing and capping agents in the synthesis of
nanocomposites. Previously, Velmurugan et al. [29,30] used
Prunus x yedoensis leaf extracts to produce silver and zinc
oxide nanoparticles and examine their antibacterial activity.
Here, for the first time, Prunus x yedoensis leaf extract was
used as a reducing agent for synthesized graphene oxide/
zinc oxide (RGO/ZnO) nanocomposites and then deployed
this material to remove phosphate from aqueous solutions.

2. Materials and methods
2.1. Chemicals

Graphite powder (Sigma, Kawasaki, Japan), KMnO,
(>99%, Sigma), NaNO, (>99%, Sigma), H,SO, (reagent grade),
H,O, (30%, VWR Chemicals, South Korea), Zn(NO,), (>98%,
Sigma), Na,HPO, (>99%, Sigma), and methanol (DaeJung
Chemicals Reagent Co. Ltd., South Korea) were used without
purification. Milli-Q water (18 uQ/m conductivity and <3 ppb
total organic carbon; Barnstead, Waltham, MA, USA) was
used as the solvent.

2.2. Prunus x yedoensis leaf extract

The matured leaves of Prunus x yedoensis were collected
from Miryang City, South Korea. The leaves (100 g) were
washed with distilled water and cut into small pieces. The
leaves were then boiled in 250 mL of sterile nanopure water
for 30 min; this was done in a heating mantle with a round
bottom flask to capture the extract. The leaf extract was
filtered with Whatman No. 42 filter paper; the extract was
collected in a 250-mL Erlenmeyer flask and stored at 4°C
until further use.

2.3. Synthesis of GO

GO was fabricated as described by the modified Hummer's
method through oxidation and exfoliation of commercially
available graphite [28,31,32]. Graphite flake (1 or 2 g) and
sodium nitrate were mixed in an Erlenmeyer flask kept in an
ice bath. 96 mL of concentrated H,5O, was gradually added
to the reaction mixture with vigorous stirring at 0°C-15°C for
1 h. Next, 6 g of KMnO, was slowly added (20°C must be
maintained) and stirred it again for 1 h. The reaction mix-
ture temperature was then raised to 35°C and stirred for 2 h.
Then, 150 mL of 70°C distilled water was added and stirred
for 15 min followed by 10 mL H,O, and 55 mL of water
to reduce the residual permanganate to soluble manga-
nese ions. The resulting suspension was filtered and washed

by centrifugation with 5% HCI (2,500 rpm, 10 min, four
times) and then water (2,500 rpm, 10 min, four times); the
product was finally dried at 60°C for 24 h to obtain graphite
oxide powder.

2.4. Reduction of graphene oxide

To prepare RGO, an approximate volume of 500 mL of
Prunus x yedoensis leaf extract (PYLE) was taken to mix with
the GO dispersion (1 g) with stirring for 24 h at 80°C using a
magnetic stirrer. Next, the dispersed solution was sonicated for
30 min and centrifuged at 12,000 rpm. It was then washed sev-
eral times with nanopure water and dried at 100°C for 24 h [33].

2.5. Synthesis of RGO/ZnO nanocomposites

The resulting RGO powder (0.5 g) was prepared with a
green method using aqueous PYLE extract added to 300 mL;
the reaction mixture was constantly stirred for 1 h. The mix-
ture was ultra-sonicated for 1 h and then treated with 100 mL
of 0.1 M Zn(NQ,), using a peristaltic pump (0.5 mL/h) at
80°C with a magnetic stirrer. Later, the RGO/ZnO-Ellagate
complex was centrifuged at 12,000 rpm and washed several
times with methanol:water (1:1) several times to remove
organic residues. The resulting product was calcined at
500°C for 1 h to produce a fine powder that was carefully
characterized and investigated for catalysis.

2.6. Characterization of RGO/ZnO nanocomposites

The RGO/ZnO nanocomposites were characterized using
high-resolution transmission electron microscopy (HR-TEM
model, JEOL-2010, Akishima, Tokyo, Japan); selected area
electron diffraction (SAED) patterns assessed the surface
morphology, size, and crystalline structure of the RGO/ZnO
nanocomposite. PYLE-fabricated RGO/ZnO nanocompos-
ite surface structures including their texture and elements
were examined with a scanning electron microscopy-energy
dispersive spectroscopy (SEM-EDS; JSM-6400 JEOL; Japan
Electron Optics Ltd., Tokyo, Japan). X-ray powder diffraction
of the nanocomposite was obtained with an X-ray diffraction
system (Rigaku X-ray Diffractometer, Tokyo, Japan) work-
ing from the 20-range of 20°-80° with a step size of 0.02°.
A Fourier transform infrared spectroscope (Perkin-Elmer
FTIR spectrophotometer, Norwalk, CT, USA) was used to
study the phytoconstituents and RGO/ZnO nanocomposites
from 4,000 to 400 cm™ to analyze the nanocomposites’” func-
tional groups in diffuse reflectance mode at a resolution of
four particles per centimeter in KBr pellets. Raman spectra
were recorded using the Xplora spectrometer from Horiba
Scientific (Edison, NJ, USA) with a wavelength of 532 nm.
The RGO/ZnO nanocomposites were obtained from PYLE at
ambient temperature and were used to remove phosphate.
The UV-visible (UV-Vis) absorption measurements were
taken with a UV-Vis spectrum diode-array spectrophotom-
eter (UV-1800, Shimadzu, Kyoto, Japan) from 300 to 800 nm
using a glass cuvette with a cm™ optical path.

2.7. Photocatalytic activity

The catalytic activity of the RGO/ZnO nanocomposite
adsorbent was estimated by measuring the photodegradation
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of phosphate aqueous solution under sunlight radiation with
a UV-Vis spectrophotometer [34]. All reactions were carried
out at a natural pH at room temperature (25°C). The reaction
suspensions were prepared by adding 10 mg of RGO/ZnO
nanocomposite catalyst in 100 mL of aqueous phosphate
solution at an initial concentration of 10 ppm/L; these were
added to the vessels and the solution mixture and kept in
the sunlight for photodegradation. After a defined irradia-
tion time, the suspension was monitored for color removal
at 5-min intervals (0, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55,
and 60 min). All experiments occurred between 11:00 am
and 2:00 pm under direct sunlight radiation. The phosphate
aqueous solution was removed, centrifuged, and filtered to
estimate the available concentration using a UV-Vis spec-
trophotometer at 690 nm [35]. The percentage of phosphate
degradation was calculated via the following formula:

C -C
Percentage of degradation = UC £ x100

0

where C, is the initial concentration of phosphate aqueous
solutions (mg/L) and C, is the concentration of aqueous
solutions at selected time intervals from irradiation (mg/L).

3. Results and discussion
3.1. Fabrication and characterization of RGO/ZnO nanocomposite

This study is an eco-friendly approach to the green syn-
thesis of RGO/ZnO nanocomposites using Prunus x yedoensis
leaf extract. Fig. 1(a) diagrams the experimental procedure.
Graphite powder was first modified with Hummer’s method
[20], that is, graphite was oxidized into GO by exfoliation.
The GO was then reduced into RGO under mild conditions
using PYLE as a natural reducing agent [28]. It was prepared
by directly boiling the matured leaves of Prunus x yedoensis

with nanopure water [36]. The RGO was then slowly added
to the PYLE and sonicated for 30 min to get a homogenous
suspension of RGO followed by a mixture of Zn(NO,), with a
peristaltic pump. The solution was centrifuged and washed
five times with methanol and nanopure water to remove
organic residues. This purified composite product was trans-
ferred to a ceramic crucible for calcination at 500°C for 2 h to
merge with the RGO/ZnO nanocomposite. Our results coin-
cide with previous reports on the fabrication of RGO/ZnO
nanocomposites with pomegranate juice [28], carrot root
aqueous extract [37], and clove extract [33].

Figs. 2(a)—~(d) show HR-TEM images and the SAED pat-
tern of RGO/ZnO nanocomposites prepared with a green
material and calcination. Fig. 2 shows the HR-TEM images
of RGO/ZnO adsorbents at various magnifications (Figs. 2(a)
100 nm; 2(b) 50 nm; 2(c) 20 nm). This demonstrates its high
surface area that actively and readily adsorbs phosphate
molecules. The SAED pattern shows that the particles have a
narrow size distribution with good crystallinity in the RGO
nanosheet on Zn nanoparticles (Fig. 2(d)).

The EDS spectra (Fig. 3(c)) confirmed the preparation
and purity of RGO/ZnO nanocomposites via the absence of
peaks other than RGO/ZnO peaks. The SEM-EDS images of
Zn nanoparticles illustrate that Zn and O predominated; the
C peak indicates coating of the RGO sample. Figs. 3(a) and
(b) represent SEM micrographs of RGO/ZnO nanocompos-
ites via different morphological structures and sizes includ-
ing the elemental composition of Zn and O [32].

The XRD pattern (Fig. 4(a)) shows that the synthesis of
the RGO/ZnO nanocomposite depends on the production
method and calcination temperature. The diffraction peaks
at 20 values of 25.0° and 43.0° correspond to the (101) and
(110) planes, respectively [38,39]. The peaks show the forma-
tion of the crystal phase of the RGO/ZnO nanocomposite; the
functional groups in the green PYLE-mediated and reduced
RGO/ZnO nanocomposite were determined via Fourier
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Fig. 1. RGO/ZnO nanocomposite synthesis and their utility in photodegradation.
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Fig. 3. Characterization of RGO/ZnO nanocomposites: (a) and (b) SEM images; (c) EDS.
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Fig. 4. Characterization of RGO/ZnO nanocomposites: (a) XRD, (b) FTIR, and (c) Raman spectra.

transform infrared spectroscopy (Fig. 4(b)). The RGO charac-
teristic bands at 3,369, 2,920, 1,623, 1,378, 1,240, 1,151, 1,025,
780, 528, and 468 cm™ became RGO/ZnO nanocomposite
bands at 1,713, 1,569, 1,211, 3,369, and 1,019 cm™. These are
attributed to N-H, C-H, C=0O, and C-OH stretching vibra-
tions, respectively [30]. Fig. 4(c) shows Raman spectroscopy
results of pure RGO and RGO/ZnO nanocomposites as well
as characteristic peaks centered at 1,300 cm™ (D, the breathing
mode of k-point photons of A g symmetry) and 1,620 cm™ (G,
E,, phonon of sp2 carbon atoms), respectively [32,39].

3.2. Photocatalytic experiments of RGO/ZnO nanocomposite

The catalytic activity of RGO/ZnO nanocomposite adsor-
bent was examined via the removal of phosphate as a key
pollutant. Fig. 5 shows the removal capacity of the RGO/
ZnO nanocomposite via the efficient adsorption of the
green-fabricated samples. Our results confirm that this is
the most efficient treatment time for the removal of phos-
phate via PYLE synthesis of RGO/ZnO nanocomposites
(10 mg/50 mL/10 ppm) (Fig. 5(a)). The adsorption study was
standardized for phosphate removal in the first 5 min. It

gradually increased to equilibrium at 60 min; this required
less contact time to reach equilibrium and showed a higher
adsorption rate.

The RGO/ZnO nanocomposite was prepared via green
chemistry (plant extracts and calcination). The phosphate
concentration (C/C)) versus time under sunlight irradia-
tion was plotted for RGO, ZnO, and RGO/ZnO photocata-
lysts. Here, C, is the concentration after different times and
C, is the original concentration of phosphate (Fig. 5(b)).
These results show that the RGO/ZnO composite has more
degradation efficiency than RGO and ZnO. The phosphate
absorption decreased after degradation using the RGO/ZnO
nanocomposite catalyst. Concurrently, the gradual color
change suggests that the phosphate molecules underwent
oxidation (Fig. 5(c)). The adsorption study was standardized
for phosphate removal using an initial time period of 5 min
— this gradually increased to an equilibrium time of 60 min.
The RGO/ZnO nanocomposite required less contact time to
reach equilibrium, and it showed a higher adsorption rate.

One issue for phosphate ion degradation is selectivity.
There is likely competition between phosphate ions and other
coexisting anions. The RGO can absorb more phosphate
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Fig. 5. UV-Vis absorption spectra of aqueous phosphate solution
in the presence of RGO/ZnO nanocomposites at different time
intervals.

molecules on its surface, and the introduction of RGO
enlarges the light adsorption scope to enhance the efficiency
of simulated sunlight. Due to its 2D m-conjugation structure,
RGO can act as a photo-electron acceptor allowing the excited
electrons of ZnO in the composites to be rapidly transferred
from the transmission band of ZnO to the RGO.

3.3. Mechanism of phosphate degradation by RGO/ZnO
nanocomposites

The proposed mechanisms behind the photocatalytic
efficiency of the green synthesized RGO-ZnO composites
and ZnO or RGO particles alone for the photodegradation of
phosphate are described below. Phosphate solutions under
irradiation without any photocatalysts serve as the blank.
The RGO-ZnO composites show the most superior photo-
catalytic performance among RGO-ZnO nanocrystals — this
might be due to their crystallinity and synergistic effects with
RGO. The enriched photocatalytic activity of RGO/ZnO nano-
composites was attributed to the more effective separation of
e/h* pairs [40]. This occurs due to high crystallinity of the
composite, which enhances the generation of electron-hole
pairs and reduces the number of defects to prevent electron—
hole pairs from recombining. However, the improvements
in crystallinity are often accompanied by increasing particle
sizes and stacks of layered RGO. This is not conductive to the
formation of many active sites. The initial photo-excitation
occurs in an adsorbate molecule that then interacts with the

Phosphate

—¢—0—%—0H
OH

r

Fig. 6. Photocatalytic mechanism of RGO/ZnO nanocomposites for the degradation of phosphate.
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ground state catalyst substrate. In a catalyzed photoreaction,
an electronic transmission is forbidden by the separation
between the molecule and the catalyst substrate [41].

The enriched photocatalytic activity of RGO/ZnO nano-
composites was attributed to the more effective separation of
e /h* pairs [40]. This occurs for wavelengths of light that are
equal to or greater than the bandgap of RGO/ZnO. Previously,
Atchudan et al. [40] reported that the electrons receive energy
and transfer electrons from the valence band (VB) to the con-
duction band (CB). This forms a hole (h*) in the VB and an
electron (e”) in the CB. The photo-excited hole (h*) can lead to
direct oxidative degradation of adsorbed phosphate, or these
excitons can oxidize adsorbed molecules to form a reactive
*OH radical that oxidizes organic pollutants. The photogene-
rated electrons react with the absorbed O, on the edge of car-
bon textiles to produce OH" [42]. These hydroxyl radicals are
very reactive oxidative species that react with the organic or
water pollutants and can be degraded to CO, and H,O. In
addition, the remaining holes in the VB of RGO/ZnO nano-
composites can take part in the redox reaction to generate
OH*, which is further used to remove phosphate under sun-
light irradiation. The degradation pathway of phosphate can
be given via the following equations (Egs. (1)-(5)):

RGO/ZnO +hv — RGO/ZnO (hy; ) + RGO/ZnO (e, ) 1)

Here, RGO/ZnO (h:,B) is the positive hole in the VB, and
RGO/ZnO (egB) is the photo-excited electron in the CB.

RGO/ZnO(hy,)+H,0,, >RGO/ ZnO + OH + H' @)
*OH + Phosphate ions — CO, + H,O 3)
RGO/ZnO (e, )+ O,,4, = RGO/Zno + Oy, 4)
O;" +Phosphate ions — CO, + H,0 (5)

The efficient adsorption of target pollutants to RGO/
ZnO results in complete photodegradation under sunlight.
A proposed photocatalytic reaction mechanism is represented
in the schematic diagram shown in Fig. 6.

4. Conclusion

This study used RGO/ZnO nanocomposites from the green
reduction of Prunus x yedoensis leaf extract for removal of aque-
ous phosphate. The presence of phytochemicals in the leaf
extract helps in the synthesis of metal oxide nanoparticles by
inducing oxidation and reduction. The amines and alkanes on
the phytochemicals induce nanoparticle synthesis and are com-
mon in secondary metabolites such as terpenoids, flavonoids,
and alkaloids. The nanocomposites are efficient at removing
phosphates from aqueous solutions. This study illustrates the
efficiency of this common plant for waste remediation.
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