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Abstract: In this work, green synthesized cobalt monometallic and cobalt–zinc bimetallic NPs were
prepared by bioreduction of metallic salts with Cymbopogan citratus plant extract. Biosynthesized
cobalt nanoparticles (NPs) and cobalt–zinc bimetallic NPs were characterized using diverse tech-
niques such as FTIR, UV-Visible spectroscopy, SEM, XRD, and EDX analyses. UV-visible spectra for
green-synthesized cobalt monometallic and cobalt–zinc bimetallic NPs were in the range between 300
to 350 nm, which confirmed the formation of stable monometallic and bimetallic NPs. The average
particle size of CoNPs calculated by XRD analysis was found to be 22.77 nm and that of Co-Zn
BMNPs was 14.8 nm. Different functional groups in the Cymbopogan citratus plant extract, which
served as a reducing and stabilizing agent for NPs, were identified by FTIR spectra. Cobalt NPs and
cobalt–zinc bimetallic NPs were used in the evaluation of antioxidant, anti-inflammatory, and dye
degradation activity. Green-synthesized cobalt monometallic NPs and cobalt–zinc bimetallic NPs
exhibited excellent antioxidant activity with the scavenging of DPPH free radicals. Green synthesized
cobalt NPs and cobalt–zinc bimetallic NPs were utilized for the removal of methylene blue (MB)
dye. Different parameters such as the effect of temperature, pH, and dye concentration on adsorbent
doses were analyzed and optimized. The best dye removal percentage was obtained with Co-Zn
BMNPs compared with CoNPs. Cobalt NPs and cobalt–zinc bimetallic NPs did not display good
anti-inflammatory activity because of the presence of secondary metabolites which inhibited them to
react with proteins.

Keywords: biogenic; leaf extract; dye removal; bimetallic NPs; green synthesis

1. Introduction

Nanotechnology has many applications in the field of science and technology that are
used for the synthesis of nanomaterials. Green nanotechnology is the branch of green chem-
istry that works on the twelve principles of green chemistry and is an effective substitution
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for manmade nano-chemistry. Green nanotechnology required nontoxic chemicals, low
temperature, benign solvents, and innocuous waste production with safe and clean meth-
ods for the synthesis of eco-friendly nanoproducts [1–7]. Now, synthetic nanotechnology is
avoided due to different side effects such as harmful chemicals being used, resulting in the
production of adverse byproducts that are not eco-friendly. Green nano-chemistry replaces
synthetic nano-chemistry due to the usage and production of these deadly chemicals that
are toxic to human health [8–12].

There are three different methods used to synthesize NPs. In the chemical method,
chemical reagents are required for proper functioning with special temperature and pres-
sure maintenance. This method also produces toxic by-products. Therefore, it is not an
eco-friendly method. In the physical method, solvent pollution does not occur, but it also
requires very high temperature and pressure for the maintenance and working of the
furnace. Therefore, this method is also not good as it pollutes the surrounding environ-
ment [13–16]. The biological method is best for the preparation of NPs. In this method,
metal ions are converted into metal atoms by the reduction of the metal ion with plant
extract. Biomolecules present in plant extract act as the capping agent as well as reducing
agents simultaneously. This method is quite simple and carried at normal temperature and
pressure. Fungi are also used to produce metallic NPs and their stabilization is done by the
proteins. Different types of algae are also used for the reduction of metal ions concentration
into metal atoms having rod-like shapes. The maintenance of a culture medium for both
fungi and algae is difficult. Therefore, the preferred method for the production of metal
NPs is done by the use of metal ions with plant extract [17–19].

The particles having submicron scale entities made up of pure metals such as platinum,
gold, zinc, silver, iron, manganese, aluminum, cobalt, nickel, and other such metals, etc. are
generally termed metallic NPs. Metals having dimensions (length, breadth, and thickness)
between 1 and 100 nm are referred to as metallic NPs. In a reaction between a metal salt
solution and a plant extract, the phytochemicals in the plant extract primarily serve as a
capping agent, reducing the metal to a nanoparticle size range [20–23]

Cobalt NPs are formed by following the method in which metal salt solution is reacted
with plant extract. Polyphenols present in plants can intricate oxidation and reduction
reactions. These polyphenols mainly act as the capping agent that maintains the size and
morphology of NPs and as oxygen quenchers. The more the phenolic compounds, the
more easily the reduction and capping phenomenon of metal ions occurs. These cobalt NPs
have many applications, especially in treating wastewater, helping to degrade dyes present
in polluted water, and as antibacterial, anti-inflammatory, and anti-microbial agents. It also
possesses magnetic properties, which leads to applications in imaging, sensors, and many
other areas [24].

Bimetallic NPs have shown more pronounced properties than monometallic NPs in
different fields of optics, magnetic and electric. The green method is also used to prepare
bimetallic NPs that are eco-friendly and benign. Plant extract is used to react with the
solutions of metal salt solutions of equimolar ratios at ambient temperature. Phytochemicals
present in plant extract act as a capping agent to control the size of bimetallic NPs [25].

Cymbopogan citratus belongs to the Poaceae family and consists of 500 species. It
is commonly called lemon grass because having the aroma of lemon. Cymbopogan is a
genus comprised of 30 species of grasses. The word Cymbopogan is Greek and means
“flower spike arrangement”, and citratus is an ancient word that means “lemony fragrance
foliage”. Lemon grass is a perennial plant having thin, long and scented leaves [26–28].
It is an aromatic herb, and its aerial parts can be used as medicine in the treatment of
flu, fever, malaria, illness, and inflammation. Flavonoids and phenolic compounds are
present in lemon grass that show antioxidant and anti-inflammatory properties. Its essential
component is its oil which can be extracted through a steam distillation process [29,30].

The essential oil contains many complex vital ingredients mainly terpenes i.e., limonene,
elemol, citral, citronellol, geraniol, and oxygenated derivatives. It is mostly used as dried
leaves in making herbal tea, and as a masala herb in curries and soups that adds an in-
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triguing taste and aroma to it. It is native to Pakistan, Sri Lanka, and India and is widely
cultivated throughout the world. It is used as a medicinal herb. It gives a soothing effect
to the brain. Lemon grass can act as an antifungal, antibacterial, antidiarrheal, and anti-
inflammatory agent [31–34]. It is a good substitute for conventional medicines. It is also
used to treat toothache and stomachache etc. [35].

Lemon grass contains many nutritional components such as fats, carbohydrates, pro-
teins, minerals, and many bioactive components. Bioactive components include alkaloids,
terpenoids, flavonoids, saponins, tannins, and phenol. β-citronellol is present in lemongrass
which shows weight loss activity. Citronella oil is also crucial as it exhibits anti-cancerous
and anti-fungal properties [36,37].

In the present study, cobalt monometallic and cobalt zinc bimetallic nanoparticles are
synthesized by using plant extract of Cymbopogan citratus (lemon grass), which is potentially
active for dye removal, having antioxidant and other biochemical activities. This work
reflects green synthesis as it is a plant-mediated synthesis with benign and sustainable
metal nanoparticles with effective properties.

2. Material and Methods
2.1. Chemicals and Reagents

Cymbopogon citratus leaves were collected from south Punjab, Pakistan. The plant
was identified by the botanist of the Botany Department, GCWUS, and voucher specimen
number GCWUS-Bot-346 was given to the plant. The chemicals used, cobalt chloride, zinc
chloride, 2,2-diphenyl-1-picrylhydrazyl radical (DPPH), BHT, sodium carbonate, Folin-
Ciocalteu’s phenol reagent (FCR), ammonium molybdate, sulphuric acid, NaOH, butylated
hydroxytoluene and MB dye were taken from Sigma-Aldrich (Taufkirchen, Germany).

2.2. Preparation of Plant Extract

Cymbopogon citratus leaves were collected, washed properly with distilled H2O, and
then dried under the shade. The dried leaves were ground into a fine powder form by
an electronic blender. In the first step, 10 g of plant powder was dissolved in 100 mL of
distilled water, and the resulting liquid was constantly swirled for an hour at 70 ◦C using
a magnetic stirring device on a hot plate. The mixture was then allowed to cool at room
temperature. The filter paper was used for the filtration of the solution and the solvent
was separated. Then, the solution of Cymbopogon citratus was kept in the freezer so that it
could use for the synthesis of metallic NPs. The same procedure was repeated to prepare
the plant extract used during the work [28].

2.3. Synthesis of Cobalt Monometallic NPs

For the synthesis of cobalt NPs, a 0.5 M solution of cobalt chloride was prepared. Then,
50 mL of Cymbopogon citratus filtrate was taken with the help of a pipette. This filtrate was
added dropwise to a 50 mL solution of 0.5 M cobalt chloride hexahydrate (CoCl2·6H2O).
The mixture was heated and stirred continuously by a magnetic stirrer at 60 ◦C for 3 h. After
that, the color change was observed. Then spectral analysis was done by using UV-visible
spectroscopy for the confirmation of cobalt NPs. After that, the solution was centrifuged
and filtered [18].

2.4. Synthesis of Cobalt–Zinc Bimetallic NPs

For the bimetallic synthesis of NPs, cobalt chloride hexahydrate (CoCl2·6H2O) and
zinc chloride (ZnCl2) salts were used. For this purpose, an equimolar solution of both salts
was prepared. 30 mL of plant extract was heated at about 60 ◦C. Then 35 mL solution of
0.5 M cobalt chloride hexahydrate was added dropwise by continuous stirring. After 5 min,
35 mL of 0.5 M zinc chloride solution was added. For 2 hours, the mixture was heated to
60 ◦C and continually swirled with a magnetic stirrer on a hot plate. The hue changed while
the reduction took place. When Co-Zn bimetallic NPs were confirmed, spectral analysis
was conducted using UV-visible spectroscopy. After the confirmation of biosynthesized
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NPs, the solution was centrifuged and filtered. Then it was refined with distilled water
three times and again centrifuged. The solid material was dried and obtained finally in
powder form [15]

2.5. Characterization of Synthesized NPs

NPs were studied using a variety of methods, including energy-dispersive X-ray spec-
troscopy, scanning electron microscopy, Fourier transfer infrared spectroscopy, UV-visible
spectroscopy, and X-ray diffraction. Through UV-Visible spectroscopic analysis emission
and scattering, phenomena can be measured [35]. FTIR was mainly used to analyze the
functional groups that are involved in the bio-reduction of metal ions into a metal atom [27].
The structure and morphology of monometallic and bimetallic NPs were assessed with a
scanning electron microscope. Crystalline phases and particle size was determined by the
X-ray diffraction technique [37]. The elemental composition of synthesized green NPs was
ascertained by energy-dispersive X-ray spectroscopic analysis [4].

2.6. Antioxidant Potential

Three methods were followed for the evaluation of the antioxidant potential of
monometallic cobalt and bimetallic cobalt–zinc NPs i.e., 2,2-diphenyl-1-picrylhydrazyl
radical (DPPH), total phenolic contents, and total antioxidant activity.

2.7. DPPH Free Radical Scavenging Activity

The antioxidant potential of both monometallic and bimetallic NPs was evaluated by
using 2,2-diphenyl-1-picrylhydrazyl radical (DPPH). This method was reported by Lee
and Shibamoto [16]. In this method, different concentrations (1000 µg, 500 µg, and 250 µg)
of monometallic and bimetallic were taken and reacted with DPPH methanolic solution.
(0.1 mM) DPPH methanolic solution was added to all test tubes. After that, these test tubes
were placed in the dark for 30 min at room temperature so that reaction can proceed. After
that, the solutions were centrifuged for 5 min at 5000 rpm. Then the supernatant was used
to note absorbance on a UV-Visible spectrophotometer at 517 nm wavelength. Methanol
was used as a blank [14]. The formula used for the calculation of % scavenging of DPPH
free radical is given below:

% Scavenging = Acontrol − Asample/Acontrol × 100

where Acontrol was the absorbance of the control reaction and Asample was the absorbance
of the sample.

2.8. Total Phenolic Contents

Using Folin–Ciocalteu phenol reagent (Sigma-Aldrich, Taufkirchen, Germany), the
total phenolic contents of green-produced monometallic and bimetallic NPs were assessed.
0.1 mL of 2 N Folin–Ciocalteu’s phenol reagent was allowed to react with 2.8 mL of
10% Na2CO3. Then 0.5 mg of monometallic and bimetallic NPs were taken in different test
tubes and reacted with the mixture. After that, the mixture was shaken and placed in the
dark for 40 min. UV-visible spectrophotometer was used to note the values of absorbance
at 725 nm. By constructing a graph of various gallic acid concentrations, the total phenolic
contents were calculated as milligrams of gallic acid equivalent per gram of material [17]

2.9. Total Antioxidant Activity

The phosphomolybdenum complex reagent (Sigma-Aldrich, Taufkirchen, Germany),
technique was used to calculate the overall antioxidant activity of green-produced monometallic
and bimetallic NPs. 4 mM ammonium hexamolybdate, 28 mM sodium phosphate, and
0.6 M sulfuric acid were combined to create the reagent combination. Following this, 500 g
of monometallic and bimetallic nanoparticles were collected and placed in various test
tubes. The reagent mixture was then poured into these test tubes at a volume of 4 mL.
To allow for reaction and prevent impurities from entering the solution, test tubes were
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covered with aluminum foil. It was kept at a temperature of 90 ◦C in a water bath. It
was then filled with test tubes. After that, the reaction mixture cooled to a temperature of
around 25 ◦C. UV-visible spectrophotometer was used to note the values of absorbance at
695 nm by using a 4 mL reagent mixture as blank. BHT was taken as standard [25]

2.10. Adsorption of MB Dye

Green synthesized monometallic cobalt and bimetallic cobalt–zinc NPs were used for
the removal of MB dye from water. MB dye is basic and cationic. 1000 ppm stock solution
of MB dye was prepared. For this purpose, 0.1 g of MB dye was dissolved in a 1000 mL
solution of distilled water [6]. Then, using the following dilution formula, solutions of
various concentrations (5 ppm, 10 ppm, 15 ppm, 20 ppm, and 25 ppm) were created from
the stock solution:

Dilution Formula = C(ppm) × 100 mL/Cs(ppm)

C(ppm) = Solution of required conc. in parts per million

Cs(ppm) = Concentration of stock solution in parts per million

Different factors were studied for the percentage removal of dye from water: tempera-
ture, pH, different concentrations of dye, contact time, and NPs dosage. The adsorption
process was examined using various graphical and statistical analyses.

2.11. Evaluation of Anti-Inflammatory Activity

The anti-inflammatory activity of green synthesized NPs was assessed to prevent
protein denaturation. 50 µL of varying concentrations of NPs were taken. Then, 5 mL
of bovine serum albumin (0.2 percent w/v) was added. For five minutes, the reaction
mixture was heated to 72 ◦C. The mixture was then allowed to cool for 10 min. Water was
added to 5 mL of a 0.2 percent w/v bovine serum albumin solution as a control. 100 g/mL
of diclofenac sodium solution received 5 mL of bovine serum albumin at a 0.2 percent
weight-to-volume ratio. Absorbance was measured on a UV-visible spectrophotometer at
276 nm wavelength [27].

3. Results and Discussion
3.1. Synthesis of NPs

The plant extract was prepared by dissolving plant powder in distilled water. The
extract was added to a metal salt solution. Upon continuously heating and stirring the
solution color was changed. Dried CoNPs were brownish while Co-Zn bimetallic NPs
were blackish.

3.2. Characterization of Synthesized NPs

The characterization of synthesized cobalt monometallic and cobalt–zinc bimetallic
NPs was carried out by different techniques. UV-Visible spectra of plant extract, CoNPs,
and Co-Zn bimetallic NPs were obtained to assess the formation of NPs. The UV-visible
spectrum of plant extract is shown in Figure 1, while the spectra of monometallic and
bimetallic NPs are displayed in Figure 2. The formation of biosynthesized NPs was
confirmed by the absorption spectrum peak of CoNP and Co-Zn BMNPs between 300 and
350 nm wavelength. After the reduction of monometallic and bimetallic NPs, the reaction
mixture color also changed, which indicated the confirmation of the synthesis of NPs [21].
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Fourier transform infrared (FTIR) spectroscopic analysis was performed for leaf ex-
tracts of Cymbopogon citratus to identify the functional groups participating in the re-
duction of cobalt and zinc ions. The spectrum showed two peaks at 3279.80 cm−1 and
1031.33 cm−1 for OH stretching and bending vibrations respectively which indicated the
presence of alcoholic or phenolic biomolecules in leave’s extract of Cymbopogon citratus [8].
Peaks at 2917.56 cm−1 and 2849.31 cm−1 for sp3 C-H stretching indicated the presence
of sp3 carbon-containing biomolecules. The peak at 1732.77 cm−1 indicated the presence
of biomolecules containing carbonyl (C=O) functional groups such as carboxylic acids.
The peak at 1605.55 cm−1 indicated the presence of an aromatic ring (C=C) containing
biomolecules [1]. The peak at 1373.56 cm−1 indicated the bending vibration of the methyl
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group (CH3) group as shown in Figure 3. In the FTIR spectrum of cobalt monometallic NPs
and Co-Zn bimetallic NPs, the peak at 2849.31 cm−1 disappeared which showed a reduction
of metal by plant extract. The peak at 1373.56 cm−1 for bending vibration of methyl group
(CH3) group also disappeared which indicated the reduction of metal by plant extract. FTIR
spectrum of cobalt monometallic NPs showed two peaks at 3289.49 cm−1 and 1015.15 cm−1

and the spectrum of cobalt–zinc bimetallic NPs also showed two peaks at 3501.64 cm−1

and 1020.87 cm−1 for OH stretching and bending vibrations respectively which indicated
the presence of alcoholic or phenolic biomolecules. The peak in the range of 1500 cm−1

indicated the presence of the carbonyl (C=O) group for spectra of Co monometallic and
Co-Zn bimetallic NPs. Spectra for Co monometallic and Co-Zn BMNPs showed a peak at
1412.09 cm−1 indicating the presence of an aromatic ring (C=C) containing biomolecules.
According to changes in peak positions, intensities, and shapes between the biosynthe-
sized NPs and the plant extract’s FTIR spectrum, as shown in Figure 3, the plant extract’s
functional groups played a role in stabilizing and decreasing the NPs’ production.
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The spectra of green synthesized monometallic and bimetallic NPs revealed that the
shape was spherical and almost irregular in cluster form. This cluster or agglomerated
form is because of the polymeric nature of nanoparticles [2]. SEM images of monometallic
and bimetallic NPs are shown in Figure 4a,b.
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Energy-dispersive X-ray spectroscopic analysis (EDX) was mainly used to determine
the elemental composition of NPs. It analyzed all the fundamental elements present in the
synthesized material. The formation of monometallic and bimetallic NPs was confirmed
by EDX spectra. EDX spectrum analysis was carried out from 0 keV to 20 keV. Peaks of
cobalt and zinc were displayed in the spectra. In Figure 5a, prominent peaks of cobalt were
obtained. Elemental analysis of the prepared sample indicated that no other elements were
observed except cobalt. Two prominent peaks of cobalt NPs were displayed in spectra at
0 keV and 6–7 keV. EDX spectra confirmed that 100% Co was reduced and changed to NPs.
In Figure 5b, prominent peaks of cobalt were obtained at 0 keV and 6.5 to 7 keV. While zinc
peaks were obtained at 0.8 keV and 8.5 to 9.5 keV. EDX results showed that cobalt and zinc
concentrations were about 69.94% and 30.06%, respectively. EDX analysis of bimetallic NPs
confirmed that the sample was enriched with cobalt as compared to zinc [3].
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The average diameter of green synthesized Co and Co-Zn bimetallic NPs was calcu-
lated by XRD. The resultant spectrum of cobalt NPs prepared by green synthesis is shown
in Figure 6a.

The XRD spectrum displayed noticeable peaks at 2θ values 30.143◦, 35.53◦, 43◦,
57.116◦, and 62.71◦. Debye–Scherrer’s formula was used to calculate the average size
(Tables 1 and 2) of the particle:

D =
Kλ

βcosθ

D = Average diameter of the particle in nm
λ = Wavelength of the X-ray (0.15406 nm)
β = FWHM of the peaks shown at 2θ
K = Scherrer constant (0.9–1)
θ = (θ = 2θ/2) called Bragg angle
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Table 1. The average size of synthetic CoNPs is calculated.

Sr. FWHM B θ D = Kλ/β cosθ
Average
D (nm)

1. 0.29 0.0051 15.07 25.59

22.77

2. 0.31 0.0054 17.76 23.67

3. 0.29 0.0051 21.59 24.37

4. 0.32 0.0057 28.55 20.78

5. 0.34 0.0059 31.35 19.44
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Table 2. Calculations of the average size of synthesized Co-Zn BMNPs.

Sr. FWHM B 2θ θ D = Kλ/β cosθ
Average
D (nm)

1. 0.49 0.0086 29.99 14.99 15.49

14.87

2. 0.56 0.0098 35.95 17.97 13.37

3. 0.39 0.0069 43.96 21.98 18.54

4. 0.52 0.0091 58.12 29.06 13.30

5. 0.49 0.0087 62.22 31.11 13.64

The average diameter of cobalt monometallic NPs was found to be 22.77 nm.
The spectrum of Co-Zn bimetallic NPs is shown in Figure 6b.
The spectrum showed a pattern of 4 prominent peaks appeared at 2θ values 29.99◦,

35.95◦, 43.96◦, 58.12◦ and 62.22◦. Co-Zn Bimetallic nanoparticles have a crystallite size
of 14.98 nm, while the average diameter of cobalt monometallic NPs was found to be
22.77 nm.

3.3. Antioxidant Potential
DPPH Free Radical Scavenging Activity

The antioxidant potential of CoNPs and Co-Zn BMNPs produced from Cymbopogan
citratus plant extract was assessed using the free radical DPPH scavenging technique
(Table 3). Antioxidant activity is mainly based on electron transfer and the solution’s color
also changed from purple to yellow. A Stable molecule of DPPH was formed by gaining
hydrogen or electrons from CoNPs and Co-Zn BMNPs. Three different concentrations
(1000 µg/mL, 500 µg/mL and 250 µg/mL) of CoNPs and Co-Zn BMNPs were analyzed,
and it was noted that as the concentrations of CoNPs and Co-Zn BMNPs increased, the
percentage scavenging of the DPPH free radical also increased. NPs reacted with DPPH
and donated electrons so the absorbance decreased and color changes occur from purple to
pink. In Figure 7, results suggested that at a concentration of 1000 µg/mL both CoNPs and
Co-Zn BMNPs exhibited good free radical inhibition capacity. The highest percentage of
scavenging of DPPH free radical for CoNPs and Co-Zn BMNPs was found to be 75.85% and
70.02% respectively at 1000 µg/mL. Bimetallic NPs gave a better percentage of scavenging
of DPPH free radicals than monometallic NPs [14].

Table 3. % Scavenging of DPPH free radicals.

Sr. No. Sample Concentration in the Assay (µg/mL) % Scavenging of DPPH Radical ± S.E.M

1000 70.02 ± 0.54

1. Co NPs 500 59.19 ± 0.43

250 38.01 ± 0.78

1000 75.85 ± 1.18

2. Co-Zn Bimetallic NPs 500 64.41 ± 1.30

250 39.5 ± 0.19

60 94 ± 0.13

3. BHT 30 73 ± 0.07

15 49 ± 0.06
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Figure 7. % Scavenging of DPPH radical by CoNPs and Co-Zn BMNPs.

3.4. Total Phenolic Contents

The plant extract of Cymbopogon citratus contains a large number of polyphenols and
flavonoids. Using the Folin–Ciocalteu reagent, the total phenolic content was calculated.
The standard was gallic acid. Phenols and reducing species may cause a reaction with
Folin’s reagent. Polyphenols have more ability to capture free radicals and prevent the
oxidation process. In this method total phenolic contents were measured by the reaction
of the Folin–Ciocalteu reagent with monometallic and bimetallic NPs [32]. A prominent
change in color confirmed that the reaction occurs between the Folin–Ciocalteu reagent and
CoNPs and Co-Zn BMNPs. In Table 4 total phenolic contents for CoNPs and Co-Zn BMNPs
were shown as Gallic acid equivalents (GAE). Results showed more phenolic contents were
found in bimetallic NPs as compared to monometallic NPs. Higher antioxidant properties
are directly related to higher phenolic contents. CoNPs and Co-Zn BMNPs exhibited
excellent antioxidant capacity as the phenolic content scavenged the free radical. The mean
value of total phenolic contents determined for CoNPs and Co-Zn BMNPs was found to be
70.25 mg/g GAE and 82.4 mg/g GAE respectively which was found good as compared
with a blank (4.8 mg/g).

Table 4. IC50, Total phenolic contents and total antioxidant activity.

Sample DPPH-Radical Scavenging Activity
(IC50; µg/mL) ± S.E.M

TPC (GAE mg/g of Sample)
± S.E.M

Total Antioxidant
Activity ± S.E.M

Co NPs 64.165 ± 0.79 70.25 ± 2 0.11 ± 0.02

Co-Zn Bimetallic NPs 361.97 ± 0.233 82.4 ± 0.07 0.32 ± 0.007

BHT 12.1 ± 0.91 - 0.70 ± 0.06

Blank - 4.8 ± 0.09 -

3.5. Total Antioxidant Activity

The total antioxidant activity of monometallic and bimetallic NPs was evaluated by
the phosphomolybdenum complex formation process. With this method, antioxidants such
as polyphenols, terpenes, and flavonoids were confirmed. The oxidation of antioxidants
occurs that give electrons to molybdenum and change its oxidation state from molybdenum
(VI) to molybdenum (V) [30]. CoNPs and Co-Zn BMNPs showed good antioxidant activity.
The total antioxidant activity of CoNPs and Co-Zn BMNPs was found to be 0.11 and
0.32 respectively. BHT was used as a standard having a value of 0.70. Co-Zn BMNPs
exhibited moderate antioxidant capacity when compared to standard (BHT). The results of
the antioxidant activity are displayed in Table 4.
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3.6. Adsorption of Dyes
3.6.1. Adsorption of MB Dye

The following explanations describe the effects of temperature, pH, dye concentration,
contact duration, and NPs dose on the % clearance of MB dye.

3.6.2. Effect of Temperature

Different temperature ranges (25 ◦C to 95 ◦C) were used to study the impact of
temperature on dye degradation. The adsorbent dose was 25 mg. It was added in an MB
dye solution having a 5 mg/L concentration. The results have been shown in Figure 8a
of percentage dye removal at different temperatures for CoNPs and Co-Zn BMNPs. As
an increase in 15 ◦C temperature, the process of adsorption increased which showed that
adsorption was an endothermic process. With the increase in active sites on CoNPs and
Co-Zn BMNPs, more dye molecules adhere to the surface of NPs and maximum removal
occurred at 95 ◦C temperature [23]. The results demonstrated that both CoNPs and Co-Zn
BMNPs exhibited excellent percentage removal of dyes at 95 ◦C temperature. The highest
percentage removal of MB dye was 88.98% found at 95 ◦C for Co-Zn BMNPs.

3.7. Effect of pH

The influence of pH on the removal of dye is also considered an important factor. It
was analyzed at different pH values from 2 to 10 as shown in Figure 8b. The adsorbent
concentration was 25 mg in a dye solution having a fixed concentration of 5 mg/L as
MB dye is cationic. By increasing the pH of the solution, deprotonation of the functional
group of CoNPs and Co-Zn BMNPs occurred, due to which OH−1 ions adsorbed on the
active surface of CoNPs, and Co-Zn BMNPs and become negatively charged. So adhesion
between NPs and cationic dye occurs more strongly. Thus, better removal efficiency was
achieved by increasing pH [7]. The findings of the % MB dye removal at various pHs of
CoNPs and Co-Zn BMNPs are shown in Figure 8b. The highest percentage of MB dye
removal for both CoNPs and Co-Zn BMNPs occurred at pH 10 according to the findings.
Co-Zn BMNPs had the greatest clearance rate of MB dye, at 92.19%.
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3.8. Effect of Contact Time on Adsorbent Doses

To analyze the removal of dye, different quantities of monometallic and bimetallic NPs
were taken as 5 mg, 10 mg, 15 mg, 20 mg, and 25 mg. These adsorbent doses were mixed
with the specific concentration of dye (5 mg/L). Contact time also varied from 15 to 150 min.
As the contact time increased more removal of MB dye occurred. The maximum percentage
removal of dye was observed by giving maximum contact time and at a high adsorbent
dosage. As the concentration of adsorbent increased, more interaction of MB dye occurred
with the active sites of CoNPs and Co-Zn BMNPs. Maximum degradation was obtained by
giving maximum contact time at a high adsorbent dosage [22]. The results suggested that a
concentration of 25 mg of both CoNPs and Co-Zn BMNPs exhibited excellent percentage
removal of MB dye. The highest percentage removal of dye was 75.9% and 91.9% for
CoNPs and Co-Zn BMNPs respectively as shown in Figure 8c,d.

3.9. Effect of Dye Concentration

By using various concentrations of MB dye (5 ppm, 25 ppm, 50 ppm, 75 ppm, and
100 ppm), the effect of dye concentration on the % elimination of dye was examined. The
dose of NPs was 25 mg. Because the dye interacts more with the active sites of CoNPs and
Co-Zn BMNPs, the highest % removal of MB dye was found to be attained at lower dye
concentrations [36]. Figure 8e shows the results of the % removal of MB dye at various
dye concentrations with a given quantity of CoNPs and Co-Zn BMNPs. It was determined
that BMNPs demonstrated excellent percentage elimination of MB dye at concentrations of
5 ppm for both CoNPs and Co-Zn. The Co-Zn BMNPs showed the greatest percentage of
dye removal, 95.26 percent, at a dye concentration of 5 ppm. The Mechanism of Adsorption
of Dye is shown in Figure 9.
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3.10. Evaluation of Anti-Inflammatory Activity

NPs were used to measure the anti-inflammatory effect. Inflammation occurs when the
proteins are denatured. In response to denatured proteins, self-antigens can produce that
cause inflammation. So monometallic and bimetallic NPs were used to inhibit inflammation.
In this method, the denaturation of protein, albumin. NPs obstructed inflammation of
protein compared with the reference drug. The standard drug was diclofenac sodium
salt [27]. The results shown in Table 5 indicate very low anti-inflammatory activity. In
CoNPs and Co-Zn BMNPs, there are secondary metabolites that inhibited them from
reacting with proteins and caused denaturation, and for this reason, they did not show
anti-inflammatory activity.

Table 5. Anti-inflammatory activity of CoNPs and Co-Zn BMNPs.

Treatments Absorbance Positive Control
(Diclofenac)

% Inhibition of Protein
Denaturation

% Anti-Inflammatory
Activity

Co NPs 0.24 0.31 20 1.5
Co-Zn Bimetallic NPs 0.23 0.31 25 18.32

4. Conclusions

Cobalt monometallic and cobalt–zinc bimetallic NPs were efficiently synthesized
via the green route, which was an eco-friendly, cost-effective and non-toxic method.
Cymbopogan citratus plant extract was used along with metal salt solutions for the biore-
duction of NPs. The Cymbopogan citratus plant extract included many phytochemicals
that served as reducing and capping agents for the stability and reduction of metallic
NPs. NPs were characterized by UV-Vis, FTIR, SEM, XRD, and EDX. CoNPs and Co-Zn
BMNPs both exhibited excellent antioxidant potential, but these NPs were found to be
less successful anti-inflammatory agents as secondary metabolites were present that in-
hibit their interaction with proteins. IC50 values also calculated for cobalt monometallic
nanoparticles that were 64.165 ± 0.79 µg/mL and for cobalt–zinc bimetallic nanoparticles
was 361.71 ± 0.233 µg/mL. CoNPs and Co-Zn BMNPs showed good percentage removal
of MB dye. Different factors such as temperature, pH, adsorbent dosage, and dye concen-
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tration were studied for the removal of dye by using synthesized NPs. Although both the
CoNPs and Co-Zn BMNPs were found efficient Co-Zn BMNPs were found to be more effec-
tive for dye removal and also showed better antioxidant activity than cobalt monometallic
NPs. It was concluded that green synthesized CoNPs and Co-Zn BMNPs were prepared
easily by the effective method. They were handled easily and had good capacity to remove
the dyes with minimum production of toxic waste.
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