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INTRODUCTION

Nanomaterials not only have a high surface-volume ratio
when compared to bulk materials, but they also have unique
physico-chemical and biological properties [1]. Due to the
numerous drawbacks, including the formation of toxic bypro-
ducts, high energy usage, usage of corrosive chemicals, high
production costs, etc., researchers have taken a strong interest
in the green synthesis of nanomaterials [2]. The green synthesis
methods also referenced as the biological methods that are
environmental friendly and cost-effective [3]. The biological
materials such as algae, fungi, bacteria and plant extracts were
used as reduction and capping agent in the green synthesis of
nanomaterials [4].
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Bimetallic nanoparticles exhibit advantageous catalytic, optical and electrical properties and among the various methods of synthesis of
nanoparticles, green synthesis gained great attention due to its simplicity, cost effective, ecofriendly and versatility. In view of this, the
present work intended to synthesize the ZnO-CuO bimetallic nanoparticles using aqueous root extract of Suaeda maritima (L.) Dumort.
The bimetallic nanoparticles synthesized were observed to be spherical in shape with particle size in the range of 20-45 nm and the
particles were distributed with less aggregation. The synthesized nanoparticles have 41% of zinc element and 33% copper with hexagonal
phase crystalline structure of zinc oxide and monoclinic copper oxide phase. The synthesized ZnO-CuO bimetallic nanoparticles were
used for the hydro-dechlorination of 1,2-dichlorobenzene and 3-chlorophenol. The results indicated that rapid dechlorination was observed
during the initial time of study. The percentage dechlorination of 19.37 ± 0.243 and 15.52 ± 0.193% was observed within 5 min of the
study for 1,2-dichlorobenzene and 3-chlorophenol, respectively. The high % dechlorination was achieved within 25 min wherein the %
dechlorination was observed to be 93.35 ± 0.103 and 89.75 ± 0.091 for 1,2-dichlorobenzene and 3-chlorophenol, respectively. This study
reports the cost-effective and eco-friendly method for synthesizing ZnO-CuO bimetallic nanoparticles that can utilize for the dechlorination
of various polychlorinated aromatic compounds in natural samples.
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The nanoparticle that consists of two different metals in
its composition was known as the bimetallic nanoparticles.
The bimetallic nanoparticles have gained remarkable attention
due to its distinctive properties than the monometallic nanopar-
ticles that shows significant applications in optical, magnetic,
catalytic and other applications [5]. These bimetallic nanopar-
ticles have more reactive sites, enhanced efficiency with high
stability [6]. The simple and convenient methodology for the
synthesis of bimetallic nanoparticles involves the addition
of two different metal aqueous solutions with a eco-friendly
reducing agent such as plant extract. The nanoparticles formed
as a consequence of the reduction of metal ions by the bioactive
chemicals in the plant extract [7,8].
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Metal oxide nanoparticles such as copper oxide (CuO),
zinc oxide (ZnO), etc. have been shown to have a wide range
of applications. The CuO nanoparticles were utilized as anti-
microbial agents, photocatalytic agent for degradation of the
pollutants, anticancer agent and also used in the formation of
biofilms [9-11]. The ZnO nanoparticles have various activities
such as anti-inflammatory, wound healing, optic, UV filtering
and high catalytic activity [12]. They have significant UV filtering
activity and hence are widely used in preparing various cosmetics
such as sunscreen lotions for protecting skin from UV light [13].
The studies presented proved that these nanoparticles having
various applications as potential antibacterial agents, manuf-
acturing rubber, paints, removal of sulfur and arsenic from
water, adsorption of protein and dental applications, etc. [14].

The bimetallic nanoparticle made of two distinct metals
that exhibits the properties of both metals as well as the synergy
between the metals. The ZnO-CuO nanocomposite shows
significantly enhanced activities than the individual nanoparti-
cles due to its synergistic effects [15]. The ZnO-CuO bimetallic
nanoparticles were proved to be having various activities such
as photocatalytic degradation, gas sensor, solar cell, hydrogen
generation, humidity sensor, optoelectronic, pharmacological
and agricultural applications [16].

Suaeda maritima (L.) Dumort is the mangrove herb locally
called as Elakura that belongs to Amaranthaceae family. It
was widely distributed and grown in tidal wetlands and coastal
salt flats near the sea. Previous findings proved that the aqueous
leaf extract of S. maritima shows the efficient activity for the
formation of nanoparticles using copper [17] and nickel [18]
metals and nanoparticles shows enhanced pharmacological as
well as photocatalytic activity. In view of this, the present work
was aimed to synthesize and characterization of ZnO-CuO
bimetallic nanoparticles using aqueous root extract of S. maritima.
Further, the synthesized nanoparticles studied for its efficiency
on hydro-dechlorination of 3-chlorophenol and 1,2-dichloro-
benzene.

EXPERIMENTAL

The chemicals such as sodium hypochlorite, zinc acetate
and copper sulphate, sodium hydroxide, 3-chlorophenol and
1,2-dichlorobenzene were purchased from Sigma-Aldrich and
Merck, India. The gas chromatography analysis of 3-chloro-
phenol and 1,2-dichlorobenzene was carried using Shimadzu
(QP 2010, Japan) GC instrument equipped with AOC-20i auto-
sampler, DB-5 fused silica capillary column (30 m × 0.25 mm;
0.25 µm id) and flame ionized detector.

Plant material: The fresh roots of S. maritime (L.) Dumort
were collected from the mangrove forest located at Gilakaladindi,
Machilipatnam, India. The root sample was collected in accor-
dance with the institutional rules and necessary permissions
have taken from local legislation. It was verified and authenti-
cated by Dr. Ch. Srinivasa Reddy, Department of Botany, SRR
& CVR Government Degree College (A) Vijayawada, India
whose voucher specimen number SRR-CVR/2022/PI/05 was
deposited at Department of Botany. The collected roots were
surface cleaned to remove the sand and dirt on it using sterile
cotton followed by distilled water. The water droplets on the

cleaned material were then removed with tissue paper and the
root material was cut into small pieces before being dried under
shade and stored in an Amber coloured bottle [19].

Preparation of aqueous root extract: An accurately
weighed about 10 g of root powder was taken in 500 mL conical
flask containing 100 mL of sterile distilled water and boiled
for 10 min at 80 ºC. Then the solution was cooled and filtered
through Whatman’s no. 42 filter paper and the filtrate was
used for the synthesis of nanoparticles [20].

Synthesis of ZnO-CuO nanoparticles: The zinc acetate
and copper sulphate were selected as metal precursors in the
synthesis of ZnO-CuO bimetallic nanoparticles. An accurately
weighed 1.6 g of zinc acetate was added to 250 mL beaker
containing 100 mL of aqueous root extract. The content was
heater at 80 ºC to dissolve zinc acetate completely in aqueous
extract. Then 0.8 g of copper sulphate was added and the pH
of the solution was adjusted to 8 using 1 M NaOH solution.
The reaction mixture was sterilized for 3 h at 70 ºC. The ZnO-
CuO bimetallic nanoparticles formed in the reaction mixture
was separated by centrifugation and purified by washing the
nanoparticles multiple times with distilled water. The obtained
nanoparticles were dried in an air oven for 3 h at 70 ºC and
then calcined for 6 h at 400 ºC.

Characterization: The functional groups present in the
plant extract involved in the formation of nanoparticles were
evaluated by FT-IR-Bruker, USA in the range of 4000 to
500 cm–1. The field emission scanning electron microscope
(FE-SEM Nova, Nanosem-450, USA) coupled with energy-
dispersive X-ray spectroscopy (EDX-RONTEC’s, QuanTax 200,
Germany) analysis was performed to evaluate the surface morp-
hology, size and the elemental composition of the synthesized
bimetallic nanoparticles. The expected crystal structure of the
bimetallic nanoparticles was confirmed by performing X-ray
diffractometer (XRD Rigaku Corporation, Japan) and the
analysis was conducted in the diffraction angle (2θ) scan range
of 20 to 80º with scan speed of 2º/min. Dynamic light scattering
(DLS Malvern Zetasizer Nano ZS90, UK) analysis was per-
formed to evaluate the zeta potential and the particle size distri-
bution of the synthesized nanoparticles.

Catalytic applications: The synthesized bimetallic ZnO-
CuO nanoparticles were applied for its ability to hydrodechlori-
nate two organic pollutants viz. 1,2-dichlorobenzene (1,2-DCP)
and 3-chlorophenol (3-CP). The dechlorination study was con-
ducted using synthesized ZnO-CuO nanoparticles as catalyst
and 3-CP and 1,2-DCP in methanol as substrate separately. In
25 mL multi reactor, 0.5 mg of catalysts, 20 mL of 3-CP and
1,2-DCP in 3 mM in methanol were taken separately. In both
the multi-reactor flasks, 5 mL of methanol and 3 mL of 5%
NaOH solution was added and then the reaction mixture was
kept at room temperature in an orbital shaker at 100 rpm [21].
The dechlorination ability was assessed by analyzing the
reaction mixture for every 5 min time interval using gas chrom-
atography.

RESULTS AND DISCUSSION

The significance of trace elements in various applications
made the metal and metal oxide nanomaterials promising
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candidates for exploring its novel applications. Hence in
present study, the bimetallic ZnO-CuO nanoparticles were
successfully synthesized in one-step using aqueous root extract
of S. maritima. Therefore, we showed the promising potentials
of this plant extract for the cost-effective, green and eco-friendly
fabrication of bimetallic ZnO-CuO nanoparticles. The preli-
minary confirmation of the reduction of metal ions was con-
firmed by observing the colour change in the reaction mixture.
The colour of the reaction mixture was changed from light green
colour to the dark brownish-green colour confirms the formation
of nanoparticles. The formed nanoparticles were centrifuged,
purified and calcinated. The obtained bimetallic ZnO-CuO
nanoparticles were characterized and further applications was
studied. The synthesized bimetallic nanoparticles were chara-
cterized using different characterization techniques such as
XRD, SEM, EDX, TEM and FT-IR.

XRD studies: The obtained XRD spectrum (Fig. 1) clearly
shows the prominent peak at 2θ of 32.6º, 34.9º, 37.1º, 47.2º,
56.8º, 6.70º and 69.1º proved that hexagonal phase crystalline
structure of ZnO nanoparticles and the crystal structure was
in correlation with the standard JCPDS card no. 01-080-0075.
The CuO nanoparticles crystal structure was confirmed by
identifying intense peaks at 2θ of 35.8º, 39.6º, 49.2º, 66.1º
and 68.9º corresponds to monoclinic copper oxide phase which
is in correlation with the standard JCPDS card no. 01-080-
1917 [22].
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Fig. 1. XRD spectrum of the bimetallic ZnO-CuO nanoparticles

The XRD spectrum also confirms that the diffraction peak
intensity of ZnO nanoparticles was observed to be very high
than the diffraction peaks identified for CuO nanoparticles.
This proved that the CuO nanoparticles were observed to be
less percentage in the zinc-copper bimetallic nanoparticles
mixture and hence have low crystallinity. The low crystallinity
of CuO nanopartilces may be due to the coating of CuO nano-
particles with the ZnO nanoparticles. The findings observed
in the study were in good argument with the findings reported
in literature [23]. In the XRD patterns, no additional peaks
were identified, which proved that the bimetallic nanoparticles
obtained in the study having high degree of purity.

Morphological studies: The SEM image and EDX results
of the synthesized bimetallic ZnO-CuO nanoparticles are shown
in Fig. 2. The SEM image (Fig. 2a) clearly indicate that the
bimetallic nanoparticles were spherical in shape and the particles
were isometric in nature with size range of 20-45 nm with a
average particle size of 31 nm. The SEM analysis also confirms
that the bimetallic nanoparticles were clearly separated and
very less aggregation was identified. The quantitative elemental
analysis of the synthesized bimetallic nanoparticles was also
evaluated using EDX analysis. The EDX spectrum (Fig. 2b)
shows the characteristic signal corresponds to zinc and copper
was detected at 8.63 (Kα) and 1.07 (Lα) for zinc and 8.02 (Kα)
and 0.95 (Lα) for copper. The characteristic signal correspon-
ding to oxygen was also detected in the EDX spectra confirmed
the oxide form of synthesized bimetallic nanoparticles. The
% composition was observed to be 41%, 33% and 12% for
zinc, copper and oxygen, respectively. Based on the EDX results,
it was confirmed that the composition of zinc was observed to
be higher than copper. There is no additional elements detected
in the EDX spectra proves the high purity of bimetallic nano-
particles and the results were in good agreement with the results
observed in the XRD analysis.

The crystalline structure and surface morphology of the
synthesized nanoparticles was further confirmed by TEM anal-
ysis and the TEM bright-feld image observed in the study is
shown in Fig. 3a. Based on the results, it was confirmed that
the nanoparticles were isometric in size and shape with less
tended to form agglomerates and exhibited narrow particle
size distribution. The nanoparticles obtained in the study were
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Fig. 2. SEM (a) and EDX spectra (b) of the ZnO-CuO nanoparticles
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(a) (b)

Fig. 3. TEM analysis (a) Bright-feld image and (b) SAED difraction pattern

 observed to circular in shape with irregular/rough surfaces.
The average particles size was confirmed as 31 nm. The TEM
selected area electron diffraction (SAED) diffractogram as
shown in Fig. 3b exhibited the quite low diffraction intensities.
This is due to the deposition of small particles on carbon film
and the nanoparticle diffractions were hidden in amorphous
carbon background.

FT-IR studies: The FT-IR analysis of the synthesized
bimetallic nanoparticles was carried for the evaluation of
possible biomolecules responsible for capping and efficient
stabilization of the nanoparticles synthesized by aqueous root
extract of S. maritima. The FT-IR spectrum (Fig. 4) shows a
strong bond at 3353 cm–1 corresponds to the N-H stretching in
aliphatic primary amines. The band at 2987 cm–1 represents
O-H stretch-ing and at 2948 cm–1 is due to C-H stretching in
alkanes. Weak bonds were identified at 2833 cm–1 and 2177
cm–1, which were due to the O-H stretching and C-C stretching
in alkynes, respec-tively. The FT-IR spectra also shows the
peaks at 1721 cm–1 corresponds to C=O stretching in aliphatic
ketone, 1640 and 1284 cm–1 was due to the C-H bending and
C-O stretching in aromatic compounds. The FT-IR spectra of
the synthesized bimetallic nanoparticles doesn’t shows any
peak corresponds to the H-C-H asymmetric and symmetric
bands, S=O and N–H bends may be due to the utilization of
these functional groups in the process of reduction of zinc
and copper metals [24]. From these studies, the phytochemical
constituents present in the aqueous root extract of S. maritima
were actively involved in the reduction of metals and formation
of bimetallic nanoparticles.

Catalytic studies: The synthesized bimetallic nano-
particles was studied for its dechlorination ability towards the
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Fig. 4. FTIR spectrum of nanoparticles

environmental pollutant of soil and water sources such as
3-chlorophenol and 1,2-dichlorobenzene.

Catalytic dechlorination of 1,2-dichlorobenzene: The
dechlorination efficiency of the synthesized ZnO-CuO bimet-
allic nanoparticles was evaluated on 1,2-dichlorobenzene. The
% degradation was studied in every 5 min time intervals and
the experiment was completed within less time of 40 min.
The % degradation was calculated using gas chromatography
analysis using the pure compound as standard. The peak response
and peak area values of 1,2-dichlorobenzene (1,2-DCP) were
decreased during the dechlorination research, while the peak
response and peak area values of benzene were increased, con-
firming that the dechlorination of 1,2-DCP resulted in benzene
as the final product. The chromatograms observed in the GC
analysis of 1,2-DCP dechlorination study using the synthesized
ZnO-CuO nanoparticles is shown in Fig. 5.

The dechlorination efficiency of bimetallic nanoparticles
was observed to be very high in the initial time of dechlorina-
tion study. At a very less time of 5 min, the 19.37 ± 0.243% of
dechlorination was observed. The % dechlorination of 1,2-DCP
was increased to 41.58 ± 0.304%, 73.60 ± 0.355% and 86.26
± 0.051% for 10 min, 15 min and 20 min of dechlorination
process, respectively. This confirms that maximum 86%
dechlorination was completed with in less time of 20 min,
whereas the studied high time of 40 min, the dechlorination
was observed to be 96.37 ± 0.429%. The dechlorination study
results obtained in the study was shown in Fig. 6a.

To determine quantitatively, the dechlorination efficiency
of ZnO-CuO bimetallic nanoparticles, the kinetic rate constants
in dechlorination reaction were calculated by adopting pseudo-
first-order correlation i.e. Kt = –ln (Ct/C0), where K is the rate
constant, C0 and Ct are 1,2-DCP strength at initial and at time
t respectively. The plot of ln (Ct/C0) as a function of reaction
time for the dechlorination reaction of 1,2-dichlorobenzene
by synthesized nanoparticles shows a linear correlation (Fig.
6b). The rate constants were calculated as 0.095 and hence it
can be confirmed that the nanoparticles shows highest catalytic
efficiency.

Catalytic dechlorination of 3-chlorophenol (3-CP): The
synthesized ZnO-CuO bimetallic nanoparticles were further
evaluated for its dechlorination efficiency of 3-chlorophenol.
The study was conducted within less time of 40 min and the
efficiency was assessed in every 5 min of time interval. The
gas chromatography analysis was carried for the evaluation
of the degradation of 3-chlorophenol by ZnO-CuO bimetallic
nanoparticles. In the process of dechlorination study, the peak
response and the peak area values of 3-chlorophenol was decre-
ased and the peak response and the peak area values phenol
was increased confirms that the dechlorination of CP results
in the formation of phenol as final product (Fig. 7).

The dechlorination efficiency of synthesized bimetallic
nanoparticles was observed as 15.52 ± 0.193% within the time
of 5 min of the study. The % dechlorination of 3-chlorophenol
was increased to 36.79 ± 0.191%, 59.38 ± 0.260%, 76.72 ±
0.231% and 89.75 ± 0.091% for 10 min, 15 min, 20 min and
25 min of dechlorination process, respectively. This confirms
that maximum 89% dechlorination was completed with in less
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time of 25 min, whereas the studied high time of 40 min, the
dechlorination was observed to be 94.05 ± 0.059%. The dechl-
orination results obtained in the study is shown in Fig. 8a. The
pseudo-first-order correlation was utilized for the calculation
of the rate constant and the rate constant was calculated as 0.084
and linear relation was followed in the dechlorination study
(Fig. 8b).

Conclusion

In summary, a simple and inexpensive method is established
for the green and eco-friendly synthesis of nanoscale bimetallic
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Fig. 5. GC chromatograms observed during the dechlorination study of synthesized nanoparticles on 1,2-dichlorobenzene; (a) Blank run
chromatogram, (b) Solvent chromatogram, (c) dechlorination chromatogram at time 0 min, (d) dechlorination chromatogram at time
30 h
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of ZnO-CuO nanoparticles; (b) ln(A0/A) graph obtained in the study

ZnO-CuO particles using aqueous root extract of S. maritime
as a reducing and stabilizing agent. The high purity of these
bimetallic nanoparticles with spherical shape having an average
particle size of 31 nm with monoclinic and hexagonal crystalline
structures of ZnO-CuO nanoparticles were confirmed by SEM,
TEM/SAED and XRD studies. The synthesized bimetallic
ZnO-CuO nanoparticles were investigated for the degradation
of 3-chlorophenol and 1,2-dichlorobenzene. The synthesized
bimetallic nanoparticles can effectively degrade 3-chloro-
phenol and 1,2-dichlorobenzene by dechlorination mechanism
and the degradation completed within very less time. Hence, it
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can be concluded that the rapid dechlorination of 3-chloro-
phenol and 1,2-dichlorobenzene suggests that the ZnO-CuO
bimetallic nanoparticles can be used in the purification treat-
ment of polychlorinated aromatic compounds present in the
environment.
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