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Abstract

Industrial dye contamination remains a critical environmental challenge, necessitating the development of
efficient, sustainable, and cost-effective wastewater treatment technologies. In this study, green-synthesized cobalt oxide
nanoparticles (Cos04 NPs) prepared from Teucrium oliverianum, Thymus vulgaris (thyme), and Cercis siliquastrum leaf
extracts were investigated as photocatalysts for the degradation of methylene blue under UV irradiation through a photo-
contact electrification mechanism. Their performance was systematically compared with chemically synthesized CosO4
nanoparticles and catalyst-free photolysis. The synthesized nanoparticles were comprehensively characterized using UV—
Vis spectroscopy, FTIR, XRD, FE-SEM, and TEM. The green-synthesized CosO4 NPs exhibited markedly enhanced
photocatalytic activity, achieving dye degradation efficiencies of 98.99%, 95.42%, and 95.30% for C. siliquastrum,
thyme, and T. oliverianum, respectively, compared with 89.64% for chemically synthesized CosO4 NPs and 25.98% for
UV treatment alone. The superior performance of the biosynthesized nanoparticles is attributed to their smaller particle
size, improved morphology, and the presence of phytochemical-derived capping agents that promote charge separation
and increase the availability of active catalytic sites. These findings demonstrate that plant-mediated CosO4 nanoparticles
represent an environmentally benign and highly effective photocatalyst for dye degradation, offering a promising strategy

for the sustainable treatment of dye-contaminated wastewater.
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1. Introduction

Rapid industrialization, urbanization, and population growth have significantly increased global water pollution,
posing serious threats to ecosystems and public health. According to the World Health Organization (WHO),
approximately 2.3 million deaths annually are associated with waterborne diseases caused by contaminated water [1][2].
Among the major pollutants, synthetic dyes released from textile, paper, leather, and printing industries are particularly
concerning because of their persistence, toxicity, and resistance to biodegradation [3][4][5][6]. Methylene blue (MB), a
widely used cationic dye, reduces light penetration, inhibits photosynthesis, and adversely affects aquatic organisms even

at low concentrations, making its efficient removal from wastewater an important environmental challenge [7][8][9][10].

Various physical, chemical, and biological methods have been developed for dye removal; however, photocatalytic
degradation has emerged as one of the most effective and environmentally sustainable approaches [11][12][13][14]. Upon
light irradiation, semiconductor photocatalysts generate electron—hole pairs that produce reactive oxygen species (ROS),
such as hydroxyl and superoxide radicals, which mineralize organic pollutants into harmless products, including CO: and
H2O [15][16][17]. Among photocatalysts, cobalt oxide (CosO4) nanoparticles have attracted considerable attention
because of their excellent light absorption, catalytic activity, chemical stability, and visible-light responsiveness

[18][19][20][21].

Green synthesis using plant extracts offers a simple, cost-effective, and environmentally friendly alternative to
conventional chemical methods. Plant phytochemicals, including flavonoids and polyphenols, act as natural reducing and
stabilizing agents, producing nanoparticles with improved stability and tailored physicochemical properties
[22][23][24][25][26]. Nevertheless, comparative studies evaluating the influence of different plant extracts on the

characteristics and photocatalytic performance of CosO4 nanoparticles remain limited.

In this study, CosOs nanoparticles were green synthesized using leaf extracts of Teucrium oliverianum, Cercis

siliguastrum, and Thymus vulgaris (thyme), and compared with chemically synthesized CosOs nanoparticles. The
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nanoparticles were characterized by UV-Vis, FTIR, XRD, FE-SEM, EDX, and TEM, and their photocatalytic activity
toward methylene blue degradation under UV irradiation was evaluated. This study highlights the potential of plant-

mediated synthesis to produce efficient and environmentally friendly CosOa4 photocatalysts for wastewater treatment.

2. Materials and Methods
2.1.  Materials

The precursor materials utilized in this study included cobalt chloride hexahydrate (CoCl,.6H,O, 98 %),
ammonia aqueous (NH4OH, 28 %). All these chemicals were sourced from Sigma-Aldrich. Deionized water (DI) was
used as solvents, and ethanol (C,HsOH, ~ 96 %) was utilized as purification of nanoparticles. Methylene blue

(Ci6H1sCIN3S) was supplied by Sigma-Aldrich Company (Germany) without additional purification.

2.2. Preparation of leaf extracts

Fresh leafs of Thyme, Teucrium oliverianum and Cercis siliquastrum were collected from the Salahaddin
University campus and thoroughly washed with sterile water to remove impurities. Following a series of cleansing to
eliminate any lingering moisture or unwanted contaminants like dirt, dust, pesticides and others, they were then shade-
dried for 15 days to eliminate any last traces of moisture [34]. Separately, 30 grams of powdered dried of each leaves
were placed in a 500 milliliter glass flask. After adding 200 milliliter of double distilled water (DDW), Subsequently, the
paste was heated at 80 °C for one hours to extract the active compounds. Once cooled to room temperature, the mixture

was filtered utilizing Whatman filter paper. The filtrate was eventually utilized to synthesis the necessary Co3O4 NPs.

2.3.  Preparation of Cobalt oxide nanoparticles (Co304 NPs)

By applying the plant-mediated "green synthesis" technique, which uses various active groups found in plants
as reducing ends to create nanoparticles, biogenic Co3O4 NPs were created show in the Figure 1 (a). 0.1 mole of cobalt
chloride hexahydrate (CoCl,.6H>0, 98 %) solution was prepared by adding 50 ml of demineralized water. Then, 30 ml
of each one aqueous leaf extracts were added to it drop by drop. After 30 minutes of placing it on a magnetic stirrer, the
colour shift was noticed. In this reaction, the ammonium hydroxide (NH4OH, 28 %) solution was added to maintain the
required pH (8.11). Later the solution was stirred for 6 hours. To get rid of contaminants, the resulting precipitate was
cleaned with ethanol and deionized water before being put into a china plate. A hot air oven was used to dry the precipitates
for 12 hours at 80 °C. Beyond drying, the precursor was ground into a fine powder and calcined for five hours at 500 °C
[27]. The synthesized nanoparticles were then analyzed utilizing UV—vis spectroscopy. Figure 1 (b) show the chemical
synthesis of Co304 NPs, a 0.1 mole of cobalt chloride solution was prepared by adding 50 ml of demineralized water
(solution A). Then, 20 ml of ammonium hydroxide (~28 % NH3 base, Sigma-Aldrich) solution was added to 30 ml of
dematerialized water (solution B). The solutions A and B were mixed and stirred for 30 minutes. In this reaction, the
ammonia (NH4OH) solution was added to maintain the required pH (8.11). The final solution was stirred for 6h. The
obtained precipitate was washed utilizing ethanol and deionized water consequently. Then, the washed material was dried
at 80 °C for 12 h in a hot air oven. It was calcined at 500 °C for 5 h [27]. The synthesized nanoparticles were then

analyzed utilizing UV—vis spectroscopy.

2.4.  Photocatalytic Tests

To measure the MB degradation, a spectrophotometer was used at a maximum wavelength of 664 nm. The

degradation (D) for each experiment was calculated utilizing the following formula Eq.1.
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Dye removal = %X 100 a)

o

Where C, represents the initial MB concentration (mg/L), whereas C; denotes its concentration at time ‘t’ (mg/L). The
phytosynthesized and chemically Co3O4 NPs were utilized for degradation of methylene blue (MB) dye. Seven hundred
milliliters of 50 mg/L methylene blue (MB) aqueous solution was utilized for the photocatalytic experiment. 0.75g of the
Co0304 NPs were adding to MB aqueous solution and stirred with a magnetic agitator in the darkness for thirty minutes to
create adsorption—desorption balance in the mixture of the solution and catalyst before being exposed to 50 W, CHX-FL-
A-50W (A <400 nm) radiation. The UV light was turned on, and After a certain amount of time (30, 60, 90, 120, 150,
180, 210, and 240 minutes), the samples were filtered utilizing centrifugation to settle down the suspended catalyst and
then analyzed by Ultraviolet-visible spectrophotometer in the range of 300—800 nm. The extent of MB degradation in the
aqueous solution at around 665 nm wavelength was assessed by the absorbance measurements. All the aqueous sample
were at natural pH, and all experiments were conducted at 323K, as temperatures around 323 K are commonly
encountered in natural environments during summer, especially in regions with high solar exposure. The photocatalytic
experiments were carried out in a custom-designed black-box photoreactor equipped with a UV light source positioned
20 cm above the blue solution. A hotplate was placed inside the box to maintain the desired 323 K temperature with

stirring 400 rpm. During each experiment, the box was fully sealed to ensure that UV light was evenly distributed across

a)

the solution, providing homogeneous irradiation throughout the reaction show in Figure 1(c).
(xh Dl 1 O,(b
> T

1t /\ %\,
Plants o O o e
(‘ C02+ -+ O | _OXidation &—/ .I’ Capping %
: ELI (;Qm
Flavonoid I

. Co;0,4 NPs Flavonoid capped &
7 Stable Co,0, NPs

CoCl,.6H,0

Green synthesis

b) Ii
CoCl,.6H,0 . ..

. + NH,OH —

. +NH.OH Oxidation .
4 AITIlﬂUl]iUIT.I
hydroxide

CoCl, Co;0, NPs
solution

Chemical synthesis



()
N’
%
5573 b

$ 0: H,0, CO,
Green Co;0,4 NPs e 0y
—_— elele

| Electron Decompose

—_— \ Hole

\ [ ‘OH
MB \ 3
Photocatalyst| h*  Organic compound
Chemical Co,0, NPs

H,0

Figure 1. Schematic diagram of green (a), chemical synthesis of Co3;04 NPs (b), and (¢) degradation of methylene blue
under UV light (50 W).

2.5. Characterization

The synthesized CosO4 nanoparticles (Cos:Os NPs) were comprehensively characterized to evaluate their optical,
structural, morphological, and chemical properties. Biosynthesized CosOs NPs prepared using Thymus vulgaris, Thymus
oliverianus, and Cercis siliquastrum extracts, together with chemically synthesized CosO4 NPs, were analyzed by UV—
Vis spectroscopy (Shimadzu UV-1900i). Functional groups were identified by FTIR spectroscopy (IRTracer-100,
Shimadzu) over the range of 4000—400 cm ™. The crystalline structure was examined by X-ray diffraction (XRD; Rigaku
D/MAX 2500V/PC) using Cu Ko radiation (A = 0.15406 nm) over a 20 range of 10—-70°. Surface morphology and
elemental composition were investigated using FE-SEM (Hitachi S-4800) coupled with EDX, while particle size and
internal morphology were analyzed by TEM (JEOL TEM-3010). Co*" ion leaching was quantified using ICP-OES
(Thermo Scientific iCAP 7600 Duo) to assess catalyst stability.

2.6.  Statistical Analysis

All experiments were conducted in triplicate. One-way analysis of variance (ANOVA) was performed using IBM
SPSS version 27. The results are reported as mean + standard deviation (SD). Reproducibility was assessed utilizing the
relative standard deviation (RSD %). Data visualization and graph generation were carried out utilizing Origin 2021

software.

3. Results and Discussion

3.1. Spectroscopic Analysis
3.1.1. UV-Vis Spectra and Optical Bandgap

UV-Vis spectroscopy (Figure 2) confirmed the successful synthesis of Co3O4nanoparticles (NPs) by both green
and chemical methods. The green-synthesized Co3O4 NPs exhibited characteristic absorption peak at 506-514 nm, while
the chemically synthesized NPs showed peaks at 495-514 nm. respectively. Among the green synthesized samples in
Figure 2(a), T. oliverianum extract produced the highest absorbance intensity, indicating a higher nanoparticle yield and
improved crystallinity [28]. This enhanced absorbance is attributed to bioactive phytochemicals, such as flavonoids and

polyphenols, which act as reducing and capping agents, promoting efficient nucleation and growth of the nanoparticles.

In contrast, the chemically synthesized Co3O4 NPs in Figure 2(b) displayed slightly shifted absorption peaks

and lower absorbance intensity, likely owing to differences in particle size, crystallinity, and surface defects resulting
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from the absence of natural capping agents [27]. Two absorption bands at approximately 514 nm and 762 nm were
observed for samples synthesized at pH 8, corresponding to O*—Co?" and O*—Co*" charge transfer transition in the
Co304 nanomaterials, respectively. An additional peak at 276 nm was assigned to the n— n* electronic transition between
cobalt and oxygen atoms [29]. The calculated optical band gaps were 1.75,2.43, and 2.05 eV for the Co3O4 NPs prepared
utilizing 7. oliverianum, C. siliquastrum, and Thyme extracts, respectively Figure 3. These band-gap values are
associated with oxygen-to-cobalt charge-transfer transitions and are higher than that of chemically synthesized Co3;04

(1.52 eV), likely owing to crystal size effects in the nanoparticles [30][31][32][33].
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Figure 2. UV-visible spectrum of green synthesized Co3;O4 NP using T. oliverianum (black line), Thyme (blue line) and
C. siliquastrum (pink line) (a), chemically Co3O4 NPs (b).
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Figure 3. Optical band gap of green Co304 NPs (a) T. oliverianum, (b) C. siliquastrum, (¢) Thyme, and (d) chemically
CO304 NPs.

3.1.2. FTIR Analysis

FTIR analysis was performed to identify the functional groups involved in the interaction between biomolecules
and metal oxide nanoparticles in both green and chemically synthesized Co304 NPs [34]. The FTIR spectrum of green-
synthesized Co304 NPs utilizing Thyme, 7. oliverianum and C. siliquastrum leaf extracts (Figure 4a) illustrated a broad
band at 3430-3600 cm’!, corresponding to O—H stretching vibrations hydroxyl groups from H,O molecules and plant
phytochemicals [35]. This broad peak may also include N-H stretching vibrations, suggesting the involvement of amine-

! were attributed to C=C stretching

containing biomolecules in nanoparticles stabilization. Bands at 1600-1650 cm™
vibrations of aromatic compounds such as flavonoids, tannins, which may contribute to nanoparticle capping and
stabilization. The peak near 1380 cm™' corresponds to C-H bending vibrations, indicating the presence of organic residues
[36]. Absorption bands at 1164 cm™! were assigned to C-O-C stretching vibrations, while bands between 850-1150 cm™
were associated with O—-C=0 and C-O stretching vibrations [37][38]. Characteristic peaks below 800 cm™!, particularly
at 665 cm™ and 578 cm!, were assigned to C—O stretching vibrations, confirming the formation of Co304 nanoparticles

[39].

In contrast, the FTIR spectrum of chemically synthesized Co0304NPs (Figure 4b) exhibited two sharp bands at
584 cm™ and 666 cm™!, corresponding to Co-O and O-Co-O stretching vibrations, respectively [40] [41]. A broad band
around 3300 cm™! was attributed to O-H stretching, while weak bands at 1652 and 1619 cm™! were assigned to H-O-H

bending vibrations resulting from adsorbed moisture on the sample surface.
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Figure 4. FTIR spectrum of Thyme, T. oliverianum and C. siliquastrum Co304NPs (a), chemical Co3O4 NPs (b).

3.1.3. XRD Analysis

X-ray diffraction (XRD) analysis was conducted to investigate the phase composition, crystallinity, and purity of the
green-and chemically synthesized Co3O4 NPs. As shown in Figure 5a, eight characteristic diffraction peaks were
observed at 20 values of 19.22°, 31.52°, 37.12°, 38.84°, 45.11°, 56.00°, 59.71°, and 65.61°, corresponding to the (111),
(220), (311), (222), (400), (511), (440), and (442) planes, respectively. These peaks match the face-centered cubic spinel
structure of Co304 (JCPDS file no. 76—1802), confirming the successful formation of phase-pure nanoparticles [42].
Although all samples exhibited the characteristic Co3O4 pattern, differences in peak intensity and crystallographic
orientation were observed. Chemically synthesized Co3;Os NPs showed higher peak intensities, indicating greater
crystallinity, however, the (111) reflection was absent, whereas it was present in all green-synthesized samples. This
suggests that chemical synthesis may favor specific crystal growth orientations due to rapid and controlled nucleation,
while phytochemical-mediated synthesis promotes a more complete crystal structure. The crystallite size was estimated

utilizing the Debye Scherrer Eq.2.

0.91
- B cos(26) (2)

Where D is the crystalline size of nanoparticles (nm), X is the X-ray wavelength (1.5406 A), B is the full-width at half
maximum (FWHM) in radians, and 0 is the Bragg angle. Based on the (311) diffraction peak, the average crystallite sizes
of Co304 NPs synthesized utilizing C. siliquastrum, Thyme, and T. oliverianum extracts were 18.20, 19.74, and 23.39
nm, respectively, compared with 26.82 nm for chemically synthesized Co3O4 NPs (Table 1). The smaller crystallite sizes
of the green-synthesized samples are attributed to peak broadening of the (311) reflection. Additionally, slight shifts in
diffraction peak positions were observed among the plant-extract-mediated samples (Figure 5b), likely due to variations

in the type and concentration of phytochemicals, like flavonoids, phenolic, and tannins [43].
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Figure 5. X-ray diffraction and peak diffraction for green and chemically Co3O4 NPs. (a) Ray diffraction (XRD) pattern
and (b) diffraction peak.

Table 1. The peak positions of X-ray Diffraction of green and chemically synthesized Co3O4 NPs.

Samples I’I;:l?;;l;}ll) FWHM B Crystallite  Dislocation Microstrain Crystallinity
P Position (Degree) Size (nm) Density () (e) Index (CI)




Chemical Co304 NPs 37.010 0.312 26.82 0.001390 0.00408 1.183325
c. S"’iq”‘;fflf‘s”” C0304 37.241 0.461 18.19 0.003023 0.00597 1.096839
T Oliverﬁ’l’)bs‘m €030 37.068 0.358 23.39 0.001828 0.00467 1.094162

Thyme Co;04 NPs 37.200 0.420 19.74 0.002566 0.00544 1.030747

Abbreviation: FWHM—Full-Width Half Maximum.

3.2.  Morphological Analysis
3.2.1. FESEM analysis

The manufactured products are examined utilizing FESEM to investigate the size and morphological
characteristics of Co304 NPs synthesized via both green and chemical methods. FESEM analysis demonstrated that the
synthesis route significantly influenced the morphology and particle-size distribution of Co3O4 NPs. The Co3;O4 NPs
synthesized utilizing C. siliquastrum leaf extract Figure 6 (a and b) exhibited densely distributed quasi-spherical to
slightly polyhedral particles with moderate agglomeration and a narrow particle-size distribution, showing an average
size of 19.95 nm, indicating effective nucleation and growth control by plant phytochemicals acting as reducing and
capping agents. Similarly, Thyme extract-mediated Co3O4 NPs Figure 6 (¢ and d)displayed semi-spherical and irregularly
faceted particles with relatively higher aggregation and broader size distribution (20.35 nm), suggesting variations in
stabilization efficiency associated with the phytochemical composition of the extract. In contrast, T. oliverianum-mediated
nanoparticles Figure 6 (e, f) showed irregular morphology, pronounced agglomeration, and a wider particle-size
distribution with a larger average diameter (25.59 nm), indicating reduced control over crystal growth and particle
stabilization. The chemically synthesized Co3O4 NPs Figure 6 (g, h) exhibited well-defined faceted/polyhedral crystalline
morphology and the largest average particle size (31.74 nm), reflecting unrestricted crystal growth in the absence of
bioactive capping molecules. Overall, the FESEM results confirm that green synthesis effectively reduced particle size
and improved morphological control compared with chemical synthesis. The crystallite size estimated from XRD analysis
is notably smaller than the size determined from FESEM images for the corresponding Co3;O4 NPs samples. This
discrepancy arises from the fundamental differences between the two techniques. XRD analysis, based on Debye-
Scherrer’s equation, provides an estimate of the size of individual crystallographic domains within the sample. In contrast,
FESEM analysis measures the overall size of nanoparticles, including their surface morphology and distribution. The
larger particle dimensions observed in FESEM images likely indicate that the nanoparticles are composed of multiple

crystallographic domains rather than a single domain [44].
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Figure 6. FESEM image of Co3O4 NPs preparing utilizing (a, b) C. siliquastrum leaf extract (¢, d) Thyme extract (e, f)

T. oliverianum leaf extract, and (g, h) chemically Co3O4 NPs.

3.2.2. Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy (TEM) characterization demonstrated noticeable differences in both
morphology and particle size between green and chemically synthesized Co3O4 nanoparticles. The green synthesis
approach produced considerably smaller nanoparticles than the conventional chemical method. As illustrated in Figure 7
(a-e), the nanoparticles generally exhibited a spherical to near-spherical morphology, with minor agglomeration observed
in certain regions. The particle size distribution varied according to the type of plant extract employed during synthesis.
the inset histograms associated with each TEM image indicate that nanoparticles synthesized utilizing C. siliquastrum
leaf extract possessed the smallest average particle size (20 nm), suggesting the presence of highly effective capping and
stabilizing compounds. In comparison, nanoparticles prepared with Thyme and 7. oliverianum extracts displayed average

sizes of 21.42 nm and 24.1 nm, respectively. Conversely, the chemically synthesized Co3O4 NPs exhibited a significantly
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larger mean particle size of approximately 32 nm, as presented in Figure 7 (g, h). The decrease in particle size observed
for the green-synthesized nanoparticles can be attributed to the phytochemical constituents present in the plant extracts,
which function as both reducing and capping agents. These bioactive compounds regulate the nucleation and growth

stages of nanoparticles formation, resulting in smaller, more uniformly distributed particles with improved monodisperse

nanoparticles [45].
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Figure 7. TEM images and histogram size distribution for (a-b) T. oliverianum Co304 NPs, (c-d) C. siliquastrum
C0304 NPs, (e-f) Thyme Co304 NPs, and (g-h) Chemically Co3O4 NPs.

3.3.  Dynamic Light Scattering (DLS)

Complementing the FESEM and TEM findings, we analyze the hydrodynamic size of synthesized Co304 NPs in
aqueous solution using dynamic light scattering (DLS) to gain insights into their colloidal characteristics. It has been
noticed that the hydrodynamic size distribution of Co3O4 NPs possesses a mean diameter of 75.5 nm, 55.2 nm, 50.2 nm
for green and 80.5 nm for the chemical method (Figure 8). These hydrodynamic diameters are larger than those observed
by FESEM, aligning with observations reported in earlier studies. To assess the surface charge and colloidal stability of
the synthesized Co3;04 NPs, zeta potential measurements were performed utilizing DLS (see Figure 8). The analysis
reveals zeta potential values of -35.7 mV, -55 mV, -60 mV for green-synthesized Co30s NPs and-30 mV for chemically
synthesized Co304 NPs. Previous studies suggest that nanoparticles with high zeta potential values (with an absolute value
greater than 30 mV) generally exhibit high colloidal stability [54]. Accordingly, the observed negative zeta potential
values, particularly the more pronounced value for green Co3;04 NPs, indicate superior stability of these nanoparticles.
This enhanced stability aligns with the smaller hydrodynamic size observed for green-synthesized Co3O4 NPs, as particles
with less negative zeta potential values are more susceptible to aggregation because of stronger interparticle interactions

[46].
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Figure 8. Hydrodynamic size distribution and zeta potential measurement of green and chemically synthesized Co304
NPs by Dynamic Light Scattering (DLS). (a) Chemically (b) 7. oliverianum leaf extract (¢) Thyme extract and (d) C.

siliguastrum leaf extract.

3.4.  Effect of Co304 NPs on methylene blue (MB) dye degradation

Previous studies have demonstrated that Co3O4 NPs exhibit significant photocatalytic activity for the degradation
of methylene blue (MB) dye under both UV and visible light irradiation [23][37][28]. In the present work, we investigated
the photocatalytic performance of the both green and chemically synthesized Co30s NPs for the degradation of MB
solution under UV light. Figure 9 presents the UV—vis absorption spectra of aqueous MB solution exposed to UV light
(<400 nm) in the presence of Co304 NPs synthesized utilizing Thyme, 7. oliverianum and C. siliquastrum leaf extracts,
as well as chemically synthesized counterpart. For each test, (0.25 - 1.0 g) of Co304 NPs were add to 20 ml of MB solution
(initial concentration: 50 ppm), and the mixture was maintained at 323 K with a stirring speed of 400 rpm for 60 minutes.
Initially, we followed the standard protocol by stirring the methylene blue (MB) solution with 0.75g of the Co3O4 NPs in
the dark for 30 minutes to establish adsorption—desorption equilibrium between the solution and catalyst before irradiation
from the 50 W of the UV light. UV-Vis measurements were conducted immediately after the 30 min dark period, these
measurements showed only a very minimal decrease in MB concentration, indicating negligible adsorption onto the
catalyst surface during this equilibrium step. This confirms that the observed MB degradation during UV exposure is

primarily owing to the photocatalytic activity of the synthesized Co3O4 NPs, rather than physical adsorption, show in

Figure 9 (a).

Our results (Figure 9 b) reveal that both types Co3O4 NPs of significantly enhance degradation of methylene
blue (MB) dye compared to the MB without NPs (control) at the 0.75 gram. At this concentration, green C. siliquastrum
Co0304 NPs achieve a degradation percentage of 55.1 %, Thyme Co3Os NPs achieve percentage 52.81 %, and T.
oliverianum Co304 NPs 49.76 %, significantly higher than the 46.98 % observed with chemically synthesized Co3;04 NPs
and the 10.98 % of the control. Based on these findings, 0.75g is determined to be the optimal Co3O4 NPs concentration.
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Figure 9. (a) Standard protocol of the MB with catalyst in the dark for 30 min, (b) effect of green and chemically
synthesized Co304 NPs on percentage of removal of methylene blue in water. Data are mean = SD from three independent

experiments.

3.5. Effect of time on degradation of the methylene blue (MB) dye

For each experimental run, 0.75 g of Co304 NPs was dispersed in 20 mL of MB solution with an initial
concentration of 50 ppm. The suspension was stirred at 400 rpm and maintained at 323 K for different reaction times
ranging from 30 to 240 minutes (30, 60, 90, 120, 150, 180, 210 and 240 min). As illustrated in Figure 10, the characteristic
absorption peak of MB progressively decreased with increasing irradiation time in the presence of both green-synthesized
and chemically synthesize Co304 NPs, demonstrating their photocatalytic activity relative to the control sample containing
only MB solution. A visible reduction in dye color was observed after 30 minutes of UV exposure, while extensive
degradation occurred after 240 minutes. According to Figure 11, all Co304 NPs samples significantly improved MB
degradation compared with the control after 240 minutes. The highest degradation efficiency was achieved by Co3;O4 NPs
synthesized C. siliquastrum extract, reaching 98.99 %. Nanoparticles prepared from Thyme and 7. oliverianum extracts
showed degradation efficiencies of 95.42 % and 95.30 %, respectively. In contrast, chemically synthesized Co3O4 NPs
achieved 89.64 % degradation, whereas the control sample exhibited only 25.98 % degradation.

The enhanced photocatalytic performance of the green-synthesized nanoparticles can be attributed to their
smaller particle size and the presence of natural phytochemical capping agents derived from C. siliqguastrum, Thyme, and
T. oliverianum leaf extracts [47][48]. These characteristics likely increase the surface reactivity of the nanoparticles
toward MB molecules, resulting in more efficient dye degradation. the results indicate that green-synthesized Co3O4 NPs
are promising photocatalysts for the removal of methylene blue from waste water, 0.75 g green Co304 NPs at 240 min,

though field validation remains essential to confirm these controlled-environment results.
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Figure 11. Percent removal of 50 ppm MB dye at different times utilizing green and chemically Co3O4 NPs. Data are

mean + SD from three independent experiments.

From Figure 11, Cleary shows that the optimal removal efficiency of MB pigment occurred within 240 minutes
of contact time. With balance being reached after 240 minutes, beyond this point, no noticeable change in the colour was
detected. through (750 mg) of T. oliverianum, Thyme, C. siliquastrum, and chemically Co3O4 NPs as an adsorbent, at
constant 50 ppm concentration for each four cobalt oxide nanoparticles, 98.99 % MB dye removal was accomplished
with C. siliquastrum Co3Osnanoparticles, 95.42 % with Thyme Co304NPs, 95.30 % with T. oliverianum Co304NPs, and
89.64 % with chemically Co3O4NPs. The nearly complete disappearance of the peaks at the final stages confirms the
successful degradation of MB, making this process a promising approach for wastewater treatment application. After
photocatalytic degradation of methylene blue dye under UV light, the concentration of cobalt ions (Co?") leached into the

solution was analyzed by ICP-OES for each catalyst. The results are summarized in Table 2.

Table 2. The result summarized the concentration Co?" ion leaching into solution each catalyst.

ICP-OES
Samples
Co?" leaching (mg/L) Observation Reproducibility
Moderate leaching; large particle
Chemical Co304 NPs 1.21
size
C.siliquastrum Co0304 NPs 0.32 Low leaching; stable structure <1%
T.oliverianum Co304 NPs 0.78 Acceptable leaching; relatively
Thyme Co3O04 NPs 0.41 Low leaching; good stability
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When UV light initiates is a chemical process in which an organic compound splits into simpler, harmless
molecules and Co3O4 NPs degrade photocatalytically. The decomposition of the chromophoric group and transformation
of the dye into low molecular-weight products are associated with this process [49][50]. When exposed to radiation, the
catalyst surface produces electrons and holes (e & h*), which is the primary cause of the dye degradation [51]. The water
molecule joins the hole created by the dye degradation and transforms it into an OH radical, while the O scavenges the
electron and transforms it into OH via the intermediates of HOO and H,O». Strong oxidizing agents like OH break down
dyes non-selectively into water, carbon dioxide, and inorganic ions [52]. Following their reaction with organic molecules,
such as pollutants or toxins, these reactive oxygen species can decompose them into smaller, less dangerous substances
like H,O and carbon dioxide. The results demonstrate that the MB dye adsorption mechanism relies on simple adsorbed

through the photocatalytic activity of Co3O4 under Ultraviolet light in Figure 12.

o
R34
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Figure 12. Mechanism of photocatalytic degradation methylene blue (MB) under Ultraviolet light.

4. Conclusion

This study demonstrated the successful green synthesis of cobalt oxide nanoparticles (CosO4 NPs) using leaf extracts
of Teucrium oliverianum, Thymus vulgaris (thyme), and Cercis siliquastrum. The synthesized nanoparticles were
characterized using UV-Vis spectroscopy, FTIR, XRD, FE-SEM, EDX, and TEM, confirming the formation of
crystalline CosO4 nanoparticles with favorable structural and morphological properties. Compared with the conventional
chemical method, the green synthesis approach produced smaller and more uniformly distributed nanoparticles,
highlighting the important role of plant-derived phytochemicals as natural reducing and stabilizing agents.The
photocatalytic performance of the synthesized nanoparticles was evaluated through the degradation of methylene blue
under UV irradiation. The green-synthesized CosO4 nanoparticles exhibited superior photocatalytic activity compared
with chemically synthesized nanoparticles and the catalyst-free system, demonstrating the effectiveness of plant-mediated
synthesis in enhancing photocatalytic efficiency. Among the investigated plant extracts, Cercis siliquastrum produced the
most effective photocatalyst, indicating that the phytochemical composition of the extract plays an important role in
determining nanoparticle properties and catalytic performance.Overall, this work highlights green synthesis as a simple,

sustainable, and environmentally friendly strategy for producing efficient CosO4 photocatalysts for wastewater treatment.
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The excellent photocatalytic activity, combined with the low cost and eco-friendly nature of the synthesis process,
suggests considerable potential for treating dye-contaminated industrial wastewater. Future studies should focus on
catalyst reusability, long-term stability, large-scale applications, and environmental safety to facilitate practical

implementation.
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