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In this research, Co3Os NPs were produced by combining the leaf extracts of Averrhoa carambola and Psidium guajava with CoClz-6H20
as a source of cobalt. The obtained product was calcined at 550 °C and the synthesised nanoparticles were analysed by various techniques
such as Fourier transform infrared (FT-IR), X-ray diffraction (XRD), transmission electron microscope (TEM) and ultraviolet visible
(UV-Vis) spectroscopy. According to XRD, the nanoparticles generated from two types of leaf extract were found to have a size in the
nano range of 19.58 and 9.03 nm, respectively which also confirms the face-cantered cubic spinel structure of synthesised Co304 NPs.
Besides, the FT-IR analysis confirms the functional group present in the CosO4 NPs. TEM provided surface morphological studies of
Co304 NPs formed in quasi-spherical shapes and irregular shaped having both spherical and square shape, respectively. From TEM, the
average particle size was determined to be 26.29 and 28.90 nm using the image J program. Scanning area electron diffraction (SAED)
pattern of the nanoparticle showed bright spotted ring like image which represents polycrystalline particle, which further supports the
results of XRD and TEM. The diameter of SAED rings were measured using Image J Software Version 2022 and then the d-spacing of
the crystal planes and Miller indices (hkl) were estimated using excel sheet which were excellent correlation with XRD data. The
photocatalytic activity of the synthesised nanoparticles was evaluated by degrading methyl blue (MB) dye and a degradation of 89.81%
and 90.64% were achieved (dye conc. 50 mg/L) using 5 mg/20 mL Co3Os NPs for 15 min irradiation time. Maximum degradation
efficiency was sought by examining the impact of change in catalyst concentration and dye concentration. The kinetics of
photodegradation are consistent with a first-order model. The current study found that A. carambola and P. guajava might be employed
to synthesize Co3O4 NPs for photo-catalytic applications, due to their eco-friendly and low-cost characteristics.

Keywords: Green synthesis, CosO4 NPs, Dye degradation, Photocatalytic activity, Averrhoa carambola, Psidium guajava.

INTRODUCTION

Nanotechnology encompasses the design and engineering
of materials at dimensions typically below 100 nm, where
unique physico-chemical properties arise due to quantum con-
finement, high surface-to-volume ratios and altered electronic
behaviour [1-3]. At this scale, materials exhibit distinct optical,
catalytic, mechanical and biological characteristics that differ
significantly from their bulk counterparts. Nanoparticles (NPs),
which serve as the fundamental units of nanostructured systems,
play a crucial role in tailoring these properties for specific
applications [4,5]. The distinct magnetic, mechanical thermal,

optical and chemical characteristics of NPs from their bulk
counterparts have attracted a lot of research during the last
three decades. Industrial applications of metal oxide (MOy)
NPs can be found in many areas of applied nanotechnology
including batteries, gas sensors, solar cells, magnetic storage
media, catalysis, rectifiers, electronics and optoelectronics
[6-8].

Nanoparticles (NPs) are materials with at least one dimen-
sion below 100 nm and may exist in 0D-3D forms depending
on their structure. Their small size and high surface area result
in unique properties such as enhanced reactivity and tunable
electronic behaviour compared to bulk materials. Transition
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metal oxides (MOy) exhibit diverse oxidation states and high
surface activity, making them useful in catalysis, gas sensing,
energy storage and magnetic applications [5,9,10]. Their large
surface area also supports efficient adsorption of heavy metals
and organic pollutants, while controlled synthesis allows tuning
of their properties for specific applications.

Plant-mediated synthesis has emerged as a preferred route
for the preparation of cobalt and cobalt oxide nanoparticles
(Co304 NPs), owing to its simplicity, safety and efficiency
compared to microbial methods. Phytochemicals present in
the plant extracts act as both reducing and stabilising agents,
enabling controlled nanoparticle formation. Various plant parts
such as leaves, roots, stems, fruits and peels have been utili-
sed, with leaf extracts being particularly effective due to their
high metabolite content [11-15]. This green approach offers
arapid, cost-effective and environmentally benign alternative
to conventional synthesis methods, which often involve the
hazardous reagents and energy-intensive conditions [16].

Cobalt-based nanoparticles exhibit diverse structural and
functional properties due to the variable oxidation states of
transition metals. The growing demand for efficient environ-
mental remediation strategies has intensified interest in Co304
NPs, particularly as semiconductor photocatalysts. Their high
surface area, chemical stability and p-type semiconducting
nature enhance the adsorption and degradation of organic
pollutants, including toxic and non-biodegradable dyes from
industrial effluents [17-19].

Several studies have demonstrated the green synthesis of
Co304 NPs using plant extracts such as Aspalathus linearis
[20], Citrus limon [21], Azadirachta indica [22], Calotropis
gigantea [23], Euphorbia heterophylla L. [24], Curcuma
longa [25], Helianthus annuus [26], Moringa oleifera [27],
and Colocasia esculenta [28]. In present study, we report for
the first time a simple and efficient green synthesis of Co304
NPs using leaf extracts of Averrhoa carambola and Psidium
guajava. The plant extracts act as natural reducing and stabi-
lising agents, enabling an eco-friendly and controlled synthesis
process. The prepared nanoparticles were further evaluated for
their photocatalytic efficiency in the degradation of methylene
blue (MB) dye. Furthermore, compared to the conventional
chemical methods, this approach avoids toxic reagents, operates
under mild conditions and cost-effective, making it a sustain-
able alternative. The combined advantages of green synthesis
and effective photocatalytic performance highlight the potential
of this method for the large-scale environmental applications,
particularly in the treatment of dye-contaminated wastewater.

5 g of leaf of each type was mixed with 100 mL of deionised
water and the mixture was heated about 1 h at 60 °C under
continuous stirring and finally filtered to obtain leaf extract.

Synthesis of Co304 NPs using leaf extract: CozO4 NPs
were synthesised by green method using A. carambola and
P. guajava leaf extract. In both cases, same procedure was
maintained where a 0.1 M, 100 mL CoCl,-6H,0 solution was
prepared. Then 10 mL of leaf extract was added in 0.1 M, 100
mL CoCl; solution under continuous stirring at 60 °C. The
mixture was stirred about 2 h at 60 °C. The colour change was
noted from light brown to deep red brown during the stirring.
After cooling, the solution was maintained at pH 12 by add-
ing NaOH solution to stabilize the nanoparticles. Then the
solution was centrifuged followed by drying the centrifuged
particle in oven at 120 °C for 2 h. Finally, the obtained nano-
particles were calcined at 550 °C for 3 h in a muffle furnace
to yield phase-pure CozO4 NPs, which appeared as a black solid.

Characterisation: The ultraviolet-visible spectrum was
recorded using Shimadzu UV-VIS 1800 spectrometer at 200-
800 nm using deionised water as a reference. FT-IR spectrum
of the Cos04 was recorded at the region 4000-400 cm™ on
Perkin-Elmer FT-IR spectrometer using KBr pellets. The sample
was placed under pressure for 30 sec and a translucent pellet
was formed. The IR spectrum was recorded and the crystal
structure was analysed using a GNR X-ray diffractometer
explorer with Cu-Ko4 radiation (A = 1.5406 A). The samples
were dried, crushed and placed in a PXRD sample container.
The X-ray source was unfiltered CuKa radiation (A = 1.5418
A) and the surface morphology was studied using transmission
electron microscope spectroscopy. To prepare the nanopar-
ticles, 1-2 mg of the synthesised nanoparticle was taken in a
glass vial and 5 mL of 70% ethanol was added. The mixture
was dispersed in a water bath for 2 h.

Photocatalytic degradation of methylene blue (MB)
dye: The calibration curve was prepared by plotting the absor-
bance of known MB concentration (1-45 ppm) prepared from
stock solution of 50 ppm MB dye solution. A CAMAG UV
lamp was used to conduct the photocatalytic process under
UV light irradiation at a wavelength of 254 nm and a power
frequency of 50-60 Hz. In this investigation, 20 mL of 50
ppm MB dye solution was mixed with 5 mg in 20 mL C0304
NPs and stirred in dark for 5 min. After the completion of
adsorption, UV light was applied to the suspension for 15 min.
Due to the presence of Co3O4 NPs, MB dye was degraded and
turns into a colourless solution. The absorbance of MB dye
solution was monitored at predetermined intervals.

EXPERIMENTAL

RESULTS AND DISCUSSION

The leaves of Averrhoa carambola and Psidium guajava
were collected from local area of Cumilla city of Bangladesh
and authenticated by the Botanist. Analytical grade of cobalt
dichloride hexahydrate (CoCl,-6H,0), NaOH and methyl blue
(MB) dye were purchased from Merck, Germany. Through-
out the experimental works, deionised water was used.

Preparation of leaf extract: The collected leaves were
washed through fresh tap water followed by deionised water
to remove impurities. The leaves dried under air at room temp-
erature and mechanically grinded to obtain powder form. Then

The formation of Co304 NPs was initially indicated by a
distinct colour change from light brown to deep reddish-brown,
suggesting successful reduction and nucleation mediated by
the leaf extract. This preliminary observation was further vali-
dated through comprehensive characterisation using FT-IR,
XRD, UV-Vis spectroscopy and TEM analyses, confirming
the successful synthesis of the desired CosO4 NPs.

FT-IR spectral studies: FT-IR spectra of Coz04 NPs syn-
thesised from A. carambola and P. guajava leaf extract are
shown in Fig. la-b. The synthesised Co3z0. NPs from A.
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Fig. 1. FT-IR spectra of Co3O4 NPs synthesised using Averrhoa carambola (a) and Psidium guajava (b) leaf extracts

carambola displayed a significant absorption peak at 562 and where D is the particle size, B is the full width at half maxi-
664 cm . The formation of spinel Co304 NPs was confirmed  mum of diffraction angle in radian (FWHM); 6 is the scatter-

by the absorption band at 664 cm™, which corresponded to  jng angle; A is the X-ray wavelength of radiation with 1.54 A
ABO;3 type and represented the Co?* ions in the tetrahedral and k is the correction factor (0.9).

positions. The band at 562 cm™* was imposed to Co-O vibra- The lattice parameter (a,) determined according to the
tions in octahedral sites of OB3 type, where B represents Co**  re|ation a, = dna(h? + k2 + 1912 and a, of Cos0s NPs was
ions in the octahedral site. The absence of any other peak indi-  calculated as 8.101 A from the major (311) plane for 36.895°

cates that only pure NPs were formed [29-31]. However,  (iffraction peak. The average crystallite size was found to be
Co304 NPs from P. guajava leaf extract exhibited a significant  around 19.58 nm [32,34]. In Fig. 2b, the XRD pattern disclosed
absorption peak at 564 and 664 cm . The absorption band at  ejght diffraction peaks at the 20 values of 19.040° (111),
564 cm* was assigned to Co-O stretching vibration mode and 31.399° (220), 36.924° (311), 38.422° (222), 45.049° (400),
the band at 664 cm corresponded to the bridging vibration 55.853° (422), 59.645° (511) and 65.341° (440). The average
0-Co-O bond [32,33]. crystallite size of Co30O, NPs was determined using Scherrer
XRD studies: The synthesised CosO4 NPs were charact-  relation and it was found to be around 19.58 nm and 9.03 nm,
erised by X-ray diffraction (XRD) system. The XRD datawas  respectively.
analysed by Origin Pro Graphing and Analysis 2018 software TEM and SAED analysis: TEM image in Fig. 3a showed
for getting the crystallite size and the final product obtained by that the synthesised product possesses polycrystalline morp-
green synthesis as shown in Fig. 2a-b, respectively. For CosOs  hology. The large-area TEM picture reveals that just a small
NPs synthesised from A. carambola, the peak positions were  fraction of the NPs has clumped together. It can be seen that
19.174° (111), 31.267° (220), 36.895° (311), 38.464° (222),  mpost of the NPs are quasi-spherical shaped and size estimated
44.869° (400), 55.758° (422), 59.420° (511), 65.306° (440)  from the TEM images lies in the range of about 12.00-51.20
and relative intensities obtained match with the JCPDS card nm with average size 26.29 nm [29] Crysta”ite size was

no. 00-042-1467 file, identifying itas Co304 NPs with a cubic estimated from XRD data by ana|ysing the broadening of

structure. No obvious peaks indicative of impurities was dete-  Bragg diffraction peaks. However, since a single particle may
cted. The average crystallite size was determined using Debye-  consist of multiple crystallites, XRD often provides a lower
Scherrer’s formula of the following: estimate compared to actual particle size. TEM image from
_k 1 P. guajava leaf extract (Fig. 3b) revealed that the Cos04 NPs
- BcosO @) are predominantly irregular in morphology, comprising both
7000 7000
3 6000 (a) et ICPDS: 000421467 | T g00| () JCPDS: 00-042-1467
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Fig. 2. XRD spectra of Cos04 NPs synthesised from Averrhoa carambola (a) and Psidium guajava (b) leaf extracts



1336 Shahadat et al.

Asian J. Chem.

o~ e e I
i af" A

ot
&

N [ Y
N
A

G
aely

Fig. 3. TEM images of synthesised Co304 NPs using Averrhoa carambola (a) and Psidium guajava (b) leaf extracts. SAED patterns of
synthesised Co304 NPs using Averrhoa carambola (c) and Psidium guajava (d) leaf extracts

spherical and quasi-square shapes, with sizes ranging from
15.15 to 46.25 nm and an average particle size of 28.90 nm
[29]. The SAED pattern exhibited distinct bright concentric rings,
indicative of the polycrystalline nature of the nanoparticles. This
observation is in good agreement with the XRD and TEM results
(Fig. 3c-d), confirming the crystalline structure of the synthe-
sised nanoparticles.

UV-Vis studies: The UV-Vis spectra of Coz0s4 NPs
synthesised using A. carambola (Fig. 4a) and P. guajava (Fig.
4b) leaf extracts exhibited characteristic absorption bands. For
A. carambola, two prominent peaks were observed at ~340
nm and ~620 nm, whereas P. guajava-mediated Co3O4 NPs
showed bands at ~340, ~580 and ~620 nm.

The absorption in the UV region (~340 nm) is attributed
to O> — Co?* charge transfer transitions, while the bands in
the visible region (~580-620 nm) correspond to O* — Co®*
charge transfer processes. These transitions confirm the
formation of spinel CosO. and its p-type semiconducting
nature [35].

Band gap analysis: Fig. 5 illustrates the optical band gap
analysis of Co304 NPs synthesised using leaf extracts from
A. carambola and P. guajava, utilizing the Tauc’s plot method.
The band gap energies were determined from the linear region
of the Tauc plot, specifically (ahv)? versus photon energy,
yielding values of 2.48 eV for sample (a) and 2.49 eV for
sample (b). This linear extrapolation confirms the presence
of a direct allowed transition in both samples. These results
indicate consistent optical properties and support the semi-
conducting nature of the synthesised CosO4 NPs [36].

Photocatalytic degradation of methylene blue (MB)
dye: The photocatalytic performance of the synthesised Co3O.
NPs was evaluated through the degradation of methylene
blue (MB) dye under UV irradiation (Fig. 6a-b). The pristine
MB solution exhibited a characteristic absorption maximum
at ~590 nm. Upon UV exposure in the absence of catalyst, no
significant degradation of MB was observed. In contrast, the
presence of Co3O4 NPs (5 mg/20 mL of 50 mg/L MB solution)
resulted in rapid and efficient dye degradation within 15 min.
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Fig. 5. Optical band gap analysis of Co304 NPs synthesised using leaf extracts from (a) Psidium guajava and (b) Averrhoa carambola
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Fig. 6. UV-Vis spectra of MB dye before and after the treatment using Co3sO4 NPs as a photocatalyst synthesised from Averrhoa carambola
leaf extract (a) and Psidium guajava leaf extract (b)
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Approximately 89.81% degradation was achieved using
Coz04 NPs using A. carambola, while P. guajava-mediated
Co304 NPs showed slightly higher efficiency (90.64%). The
degradation process was monitored by recording the decrease
in absorbance at regular intervals using a calibration curve of
methylene blue. A gradual decline in absorption intensity with
increasing irradiation time confirmed the progressive break-
down of the dye molecules. The reduction in peak intensity at
the maximum wavelength indicates effective decolourisation
and degradation under the applied conditions. After 15 min
of UV irradiation, the dye was nearly completely degraded.
The photocatalytic process is expected to yield mineralisation
products such as COz, H20, NH4*/NOs~, SO4> and CI-.

The degradation efficiency and corresponding absorb-
ance values are summarised in Table-1, while the compara-
tive analysis with previously reported green-synthesised Coz0a
NPs is presented in Table-2, highlighting the effectiveness of
the present system.

The degradation efficiency (in terms of %) has been
calculated as:

- C
Efficiency (%) = (1_C_]X1OO 2
where C, is the starting concentration of dye and C is the final
concentration after irradiation.

Effect of concentration on photodegradation of MB
dye: The study investigates the photocatalytic degradation of
MB dye in agueous suspension of CozO4 NPs at varying concen-
trations of 10 to 70 mg/L for 15 min (Fig. 7a). The results
indicate that the percentage degradation decreases with incre-

asing dye concentration. At higher concentrations, more dye
molecules compete for limited active sites on the catalyst surf-
ace, while the generation of reactive species becomes insuffi-
cient to effectively degrade all dye molecules. Also, increased
dye concentration leads to greater absorption of UV light by
the dye itself, thereby reducing the light available for catal-
ytic activation and lowering overall efficiency [37,38].

The effect of photocatalyst loading on MB degradation
revealed that the degradation rate increases with increasing
Co304 NPs concentration from 5 to 10 mg, primarily due to
the availability of more active surface sites. However, beyond
this optimum level, no significant improvement in degrada-
tion was observed. This is attributed to reduced light penetra-
tion caused by increased turbidity of the suspension, which
limits photon absorption and consequently decreases photo-
catalytic efficiency [38,39].

Kinetic study: According to the results of the kinetics
of photocatalytic degradation of MB under ideal conditions,
the photodegradation of an aqueous solution of MB dye in
the presence of Co30. NPs under UV light can be explained
by a first-order kinetic model:

In [&) =kt
C

where C is the concentration at time t and C, is the initial
concentration.

The logarithmic plot of concentration data vs. time
provides a straight line. The fitted line shows a correlation
constant (R?) of 0.9999 for the synthesised Co304 NPs. The
rate constant was calculated to be 0.1752 min~* [38].

®)

TABLE-1
ABSORPTION AND DEGRADATION DATA OF METHYLENE BLUE DYE IN THE PRESENCE OF C0304 NPs
SYNTHESISED USING Averrhoa carambola and Psidium guajava PLANT EXTRACTS

Tamelavin) Averrhoa carambola plant extract Psidium guajava plant extract
Absorbance Degradation (%) Absorbance Degradation (%)
Initial 1.133 — 1.133 —
5 0.460 57.42 0.400 62.96
10 0.200 81.48 0.199 81.58
15 0.110 89.81 0.101 90.6
TABLE-2

COMPARATIVE EVALUATION OF PHOTOCATALYTIC DYE DEGRADATION OF METHYLENE BLUE
DYE USING BIOGENIC C0304 NPs SYNTHESISED FROM DIFFERENT BIOLOGICAL SOURCES

Plant Dose Light source Degradation Ref

Catalysis Dye g Time (min) % '

Euphorbia heterophylla 3 mg 25 mL of MB Visible light 180 63.105 [24]

L. leaves (2% 105 M)

Curcuma longa leaf 10 mg 100 mL of UV light (Xenon lamp wavelength = 40 90 [25]

extract MB (10 mg/L) 400 nm)

Helianthus annuus leaf 10 mg 50 mL of methyl A 100 W incandescent light bulb 120 53 [26]

extract orange (100 mg/L)

Moringa oleifera Leaves - MB Visible light 120 91 [27]

Extract

Colocasia esculent leaf 5¢g MB (20 mg/L) UV light 300 W Xe lamp 90 86.40 [28]

extract (120 pW/icm?)

Averrhoa carambola 5mg 20 mL of MB CAMAG UV lamp with a wavelength 15 89.81 and Present

and Psidium guajava (50 mg/L) of 254 nm and a power frequency of 90.64 study

plant extract 50/60 Hz




Vol. 38, No. 5 (2026) A. carambola & P. guajava Plant Extracts-Mediated Synthesis of CosO4 NPs for Photocatalytic Dye Removal 1339

100 120
(a) (b)
90 - 100 —
el 10 mg/L

= 80 £ 80
= el 30mg/lL. ¢
s (<]
2 70 g 60
L ~fr= 50mglL 3 a5 /20 ML
S 604 [ =]
8 60 e 7() mg/L 8 40 - 10 mg/20 mL

- 20— gl 20 mg/20 mL

40 T T 0 T T 1

5 10 15 S 19 L
Time (min) Time (min)

Fig. 7. Effect of methylene blue dye concentration at optimum catalyst concentration (a) and catalyst concentration at constant dye concentration (b)

Mechanism for the degradation of dye: Upon light
irradiation, electrons in CosO4 NPs are excited from the valence
band to the conduction band, generating electron—hole pairs.
The photogenerated electrons react with adsorbed oxygen to
form superoxide radical anions (O:*"), while the holes
interact with water or surface hydroxyl groups to produce
hydroxyl radicals (*OH). These highly reactive species attack
methylene blue (MB) molecules, leading to their oxidative
degradation into simpler, less harmful products. The proposed
mechanism for dye degradation is outlined as follows:

C0304+hv —> h* +e” (Step-1)
O,+e — 0 (Step-I1)

h* + H,O — H* + OH* (Step-11)
Oz +e +2H" — H0; (Step-I11)
H.O0,+e — OH + OH* (Step-1V)

OH*® + MYB* — Degradation products (Step-V)

Conclusion

Co304 NPs were successfully synthesised by eco-friendly
green synthesis using A. carambola and P. guajava plant
extract. The FT-IR study confirmed Cos04 NPs formation with
the presence of strong M-O peaks at 562, 664 and 564, 664
cm?, respectively for CozO4 (A. carambola) and CosO4 (P.
guajava) NPs. Co304 (A. carambola) and Co304 (P. guajava)
NPs showed excellent absorption peaks at 340, 620 and 340,
580, 620 nm wavelength ranges, respectively. The XRD
pattern was consistent with JCPDS card no. 00-042-1467
which confirms the cubic spinel structure of Co304 NPs. The
average crystallite size of synthesised NPs was 19.58 and
9.03 nm, respectively. The average particle size was found to
be 26.29 and 28.90 nm, respectively from the TEM image
estimated by image J software. The SAED patterns of the
Co304 NPs displayed bright spotted ring like image which
correspond that the synthesised nanoparticle is a polycrystalline.
Co304 NPs, synthesised using leaf extracts from P. guajava
and A. carambola, exhibit direct band gaps of 2.48 eV and
2.49 eV, respectively. CozO4 NPs showed effective degrad-
ation efficiency for MB dye under UV-light. The synthesised
Co304 (A. carambola) and Co304 (P. guajava) NPs catalyst
allowed 89.81% and 90.64% dye removal within 15 min under
UV-light irradiation. The effect of experimental parameters
such as catalyst concentration, dye concentration was studied

in order to achieve maximum degradation efficiency. The photo-
degradation of aqueous solution of MB dye in the presence
of Co304 NPs under UV-light follow first-order kinetic model.
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