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INTRODUCTION

Industrial effluents represent a persistent chal-
lenge in modern environmental management due 
to their complex composition, including high lev-
els of toxic organics, heavy metals, and refractory 
compounds. These pollutants are not only diffi-
cult to degrade but also pose immediate and long-
term threats to aquatic ecosystems and human 
well-being when discharged untreated. Despite 
the evolution of conventional treatment technolo-
gies, such as coagulation–flocculation and acti-
vated sludge systems, many industrial discharges 
remain inadequately treated, revealing the limi-
tations of these approaches in handling diverse 
and highly concentrated contaminants (Benedetti 
et al., 2021; Kumar et al., 2021). In response, 

researchers have turned toward novel and sustain-
able alternatives capable of improving treatment 
outcomes. Among these, nanomaterials – par-
ticularly silver oxide nanoparticles (Ag₂O NPs) 
– have emerged as highly efficient agents due to
their pronounced oxidative potential and reactiv-
ity. These nanoparticles have shown remarkable
performance in degrading organic dyes, reducing
chemical oxygen demand (COD), and removing
metal ions from complex wastewater matrices
(Chakraborty et al., 2022; Gungure et al., 2024).
Their rapid kinetics and catalytic surface proper-
ties make them promising for high-load industrial
applications. In parallel, biological approaches
have gained attention as eco-friendly alternatives.
The cyanobacterium Spirulina platensis has been
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recognized for its biosorptive capabilities, espe-
cially in binding and accumulating heavy metals 
and organic pollutants. As a cost-effective and 
biodegradable agent, Spirulina offers dual advan-
tages in environmental remediation and biomass 
valorization (Diaconu et al., 2023; Bhukal et al., 
2022). Furthermore, Spirulina-based materials 
have been developed into functional biosorbents 
with enhanced removal capacity for various mi-
cro-contaminants (Pedrosa et al., 2022). Despite 
the advancements in both fields, comparative as-
sessments under unified experimental conditions 
remain scarce. This study addresses this gap by 
evaluating and comparing the treatment efficien-
cy of Ag₂O nanoparticles and Spirulina platensis 
in removing COD, turbidity, and selected heavy 
metals from real industrial wastewater. The find-
ings aim to highlight not only the efficacy of each 
method but also their practicality and sustainabil-
ity in large-scale applications.

MATERIALS AND METHODS

Chemicals and reagents

These reagents and chemicals were used 
without further purification: AgNO3 was from 
Germany, while Ethanol and Rifampicin were 
from CDH and Wellona Pharma, India. Besides, 
Sodium Carbonate and Sodium Hydroxide were 
from Sigma Aldrich, Germany, and CDH, India. 
Also, Sodium Carbonate and Sodium Hydroxide 
from Sigma Aldrich, Germany, and CDH, India. 
A few of the other major chemicals employed in 
the research are Ascorbic Acid, Ethylene Glycol, 
and other salts such as NaCl, MgCl2, and H3PO4, 
which were obtained from firms such as BDH, 
Riedeldehaen, and Merck respectively.

Characterization

D8 Bruker Discover Series 2 diffractom-
eter was used to perform X-ray powder diffrac-
tion studies, with a Cu Kα radiation source (λ 
= 1.5406 Å). X-ray diffraction patterns were 
gathered using a step size of 0.04° and a step pe-
riod of 0.2 s per point throughout a 2θ range of 
20–80°. The crystalline phases were determined 
from the JCPDS database. Fourier transform in-
frared spectroscopy (FT-IR) was performed on a 
Perkin-Elmer 1000 FT-IR spectrophotometer and 
thermogravimetric analysis on a Perkin-Elmer 

thermogravimetric analyzer. Scanning electron 
microscopy (SEM) was performed to determine 
the shape and size of the samples in a low-vacuum 
SEM JEOL JSM-6610LV (20 kV). The isolated 
cyanobacteria species were identified in the study 
using a light microscope equipped with a photo-
graphic camera(Waterbury, 2006). Some labora-
tory tests were also done to assess the quality of 
water samples before and after treatment with 
cyanobacteria. The tests were started with some 
physical parameters: electrical conductivity and 
suspended solids in the water. The second group 
of tests included chemical parameters like COD, 
phosphate (PO4), sulfate (SO4), acidity (pH), and 
the presence of nitrite (NO2), nitrate (NO3), and 
heavy metals. According to Standard Methods 
for the Examination of Water and Wastewater 
(SMEWW) 23rd edition 2017(APHA et al., 2017). 

Preparation of Ag2O

Silver oxide nanoparticles (Ag₂O NPs) were 
prepared by using an eco-friendly green synthe-
sis process. Initially, 0.1 M silver nitrate (AgNO₃) 
was dissolved in 50 mL of deionized water un-
der stirred conditions until it was completely dis-
solved. To the AgNO₃ solution, 10 mL of ascorbic 
acid solution having a concentration of 0.001 M 
was added dropwise as a reducing agent.The pH 
of the solution was subsequently changed from 
6.7 to 11 by adding 0.2 M increments of sodium 
hydroxide (NaOH) while stirring. This facilitated 
the reduction of silver ions (Ag⁺) to metallic silver 
(Ag⁰), which was indicated by the color change 
from colorless to brown. The brown solution pro-
duced was allowed to precipitate, which was then 
annealed at 80 °C for 2 hours to achieve silver 
oxide nanopowder (Chen, Chiang and Huang, 
2016; Fayyadh and Jaduaa Alzubaidy, 2021). The 
annealed product was ground again to fine pow-
der for the sake of achieving a uniform powder, 
which was further subjected to characterization to 
explore its physicochemical properties and poten-
tial application.

Preparation of cyanobacteria

Selective medium BG11 with full nutrient 
composition provides all the nutritional needs 
of cyanobacteria(Hirata et al., 2000; Yasha-
vanth et al., 2021). Selective agricultural me-
dium type ASM-1 was also utilized for cyano-
bacterial isolation and cultivation (Gallon et al., 
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1978) and utilized in numerous previous studies 
regarding cyanobacteria. The ASM-1 medium 
consists of the substances listed in Table 2, with 
their respective units of measurement indicated 
in micromoles per liter (µmol/L). For preparing 
the solid medium, agar was added to the liquid 
medium at a ratio of 1 gram per 100 mL, and 
the mixture was sterilized again. It was then 
cooled to below 50 °C and poured into Petri 
dishes under sterile environmental conditions 
near a Bunsen burner. Once cooled and solidi-
fied, the dishes were incubated at 37 °C for 24 
to 48 hours to ensure they were free of micro-
bial contamination, before being transferred to 
the refrigerator until needed.

The said chemicals were dissolved in dis-
tilled water at the given concentrations and 
stirred all the time by a magnetic stirrer on a heat 
plate for maximum dissolution and homogeneity 
of the medium components. pH was maintained 
between 7.6 and 7.8 using sodium bicarbonate 
(NaHCO₃) or diluted hydrochloric acid (HCl) 
of 0.1 M concentration. The solution was then 
divided into 100 mL aliquots in 250 mL flasks 
and sealed with cotton plugged with medical 
gauze and silicone. The flasks were autoclaved 
at 121 °C and 15 psi for 15 minutes, allowed to 
cool to room temperature, and stored for use. 
The samples for examination were collected and 
carried in sterilized bags and prepared bags. The 
samples included rocks covered with algae, a wa-
ter sample, and a sediment sample. Under ster-
ile environmental conditions, the samples were 
inoculated onto previously prepared Petri dishes 
containing solid growth medium by spreading ei-
ther water droplets or rock particles using a loop 
or a glass spreader. The dishes were then placed 
in a cooled incubator set at 25 °C with continu-
ous lighting at an intensity of 2500 lux. After 
four weeks, colonies of cyanobacteria appeared, 
and by the sixth week, the growth of the cyano-
bacteria was more pronounced. 

The samples were then microscopically ex-
amined within the Petri dishes using a dissection 
microscope, and the colonies were marked with a 
marker pen. Each colony was subsequently trans-
ferred to a separate Petri dish containing fresh 
solid growth medium and placed back into the 
cooled incubator under the same conditions for 
the same duration, after which they were exam-
ined again to ensure the purity of the colonies. 
The pure isolates were then moved to a liquid 
growth medium in 250 mL glass flasks, each 

containing 100 mL of the liquid medium. These 
flasks were placed in a shaker incubator set to 
100 rpm at 25 °C with continuous lighting at an 
intensity of 2500 lux. 

Treatment of sewage water by nanomaterial

Wastewater treatment was performed with 
jar tests, the most routine method. The industrial 
wastewater samples were used to carry out the ex-
periments, and the characteristics of the sample 
are shown in Table 1. A jar test was used to coagu-
late the samples using varying coagulants during 
the experiment. Experiments of all the coagula-
tions were done at room temperature using 1 liter 
of water before the experiments were performed 
on the jar test. In order to prepare the samples, 
water was mixed with the nanomaterial mixture. 
The blend was placed in jars and mixed rapidly at 
150 RPM for one minute with the assistance of a 
stirrer.After that, it was mixed slowly at 50 RPM 
for 20 minutes. Finally, the samples were allowed 
to settle for 15 minutes. Following the settling 
period, a floating layer of liquid was withdrawn 
from 5 cm below the surface of the sample for 
further analysis. The samples were left to stand 
for 24 hours and the water analyses were repeated 
to determine the optimal value.	

Biological treatment of sewage water

The study involved treating wastewater from 
the hospital using batch reactors aerated by diffus-
ers to investigate the rate of contaminant removal 
and determine degradation constants. Three 2-li-
ter tanks were used as reactors, designed in a 
square shape to ensure complete air distribution 
throughout the tanks. An air compressor was em-
ployed to push air through diffusers at the bot-
tom of the tanks, ensuring thorough mixing of 
the contents and achieving effective aeration with 
high oxygen utilization efficiency. Each tank jar 
measured 20 cm by 25 cm, as illustrated in Fig-
ure 1b. The tanks were sterilized, and wastewater 
was added after undergoing sedimentation and 
dilution due to high contamination levels. Then, 
100 mL of each cyanobacteria species, which had 
already adapted to the wastewater, was inoculated 
into the tanks. The tanks were illuminated with 
the light intensity of 2500 lux for a light: dark cy-
cle of 8:16 hours, and measurements for the study 
were taken at specified intervals over the course 
of several days.
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Kinetic studies

The degradation rate could be calculated by 
Equation 1:

	 Degradation rate (%) =  
(𝐶𝐶0 − 𝐶𝐶𝑡𝑡)

𝐶𝐶0
 × 100 

 

y = a*b*x/(1+b*x) 

 

AgNO3 + NaOH → AgOH + NaNO3 
 
 

2AgOH + NaOH → Ag2O +  H2O 
 
 
 

	(1)

where:	C0 and Ct are the initial and final concen-
tration (mg L-1), respectively.

The kinetics investigation of the uptake of 
	 y = a · b · x/(1 + b · x)	 (2)
​where:	a – maximum adsorption or reaction ca-

pacity, b – equilibrium constant (related 
to the Langmuir constant Kl​). 

R2 (COD) coefficient of determination indi-
cating the goodness of fit between the data and 
the model and reduced Chi-square – a measure 
of fit quality (the smaller, the better the fit).

RESULTS AND DISCUSSION

Morphological investigation of silver oxide 
nanoparticles

The XRD patterns of the as-synthesized 
Ag2O sample are shown in Figure 2a, The XRD 
spectrum showed all of the diffraction peaks at 
2Θ equal 32.182, 39.367, 55.93, and 77.805°, 
which all match the cubic phase structure and 
the JCPDS card number (01-076-1489) as well 
as the (111), (200), (200), (220), and (222) 
crystal planes of Ag2O NPs of face-centered cu-
bic (FCC), suggesting the coexistence of Ag2O 
(Basha et al., 2024).

To characterize the functional groups, present 
in the as-prepared materials, FTIR studies were 
conducted. The as-synthesized Ag2O samples’ 
FTIR spectra were captured between 400 and 

4000cm-1 (Figure 2b). Due to atmospheric hy-
dration, the strong absorption peak at 2922 and 
2852cm−1 may be attributed to the –CH stretching 
vibrations of the –CH3 and –CH2 functional groups, 
respectively, whereas the peak at 3429.83cm-1 is 
caused by the stretching vibration of –OH. The 
stretch vibrational mode of C-O-C is attributed to 
the peak at 1449.57 cm−1, the C-O symmetric vi-
bration to the peak at 1384.73 cm−1, and the bend-
ing vibration of water (H-O-H bending) to the peak 
at 1640 cm⁻¹.In organic compounds, the bending 
vibration of the C-H bond is usually represented 
by the peak at 1384 cm⁻¹. A band about 600 to 
750 cm⁻¹ in the FTIR spectrum usually indicates 
the presence of Ag₂O (silver oxide). The bending 
vibrations of the silver-oxygen connection are 
linked to this band. Consequently, the existence 
of Ag–O is confirmed by the Ag2O (Ag–O) bond 
appearing in the band at 634.69 and 634.65 cm−1 
(Chakraborty et al., 2022).

Figure 3 displays the SEM images of the 
Ag2O pristine, which reveal a quasi-spherical 
shape with an average size of 0.494 μm made up 
of tiny Ag2O nanoparticles that are around 47 nm 
in size (insert). Therefore, tiny nanoparticles 
clumped together to form quasi-spherical par-
ticles make up the Ag2O growth process (Pawar 
et al., 2015; Chakraborty et al., 2022; Basha et al., 
2024). Rapid precipitation process (Equation 1) 
produced the pristine Ag2O synthesis; AgOH is 
thermodynamically unstable, causing a break-
down that yields Ag2O particles Equation 2. 

	

Degradation rate (%) =  
(𝐶𝐶0 − 𝐶𝐶𝑡𝑡)

𝐶𝐶0
 × 100 

 

y = a*b*x/(1+b*x) 

 

AgNO3 + NaOH → AgOH + NaNO3 
 
 

2AgOH + NaOH → Ag2O +  H2O 
 
 
 

	 (3)

	

Degradation rate (%) =  
(𝐶𝐶0 − 𝐶𝐶𝑡𝑡)

𝐶𝐶0
 × 100 

 

y = a*b*x/(1+b*x) 

 

AgNO3 + NaOH → AgOH + NaNO3 
 
 

2AgOH + NaOH → Ag2O +  H2O 
 
 
 

	 (4)

Atomic force microscopy is used to get a 
high-resolution imaging technique, which allows 
for the capture of small features to atomic scale 

Figure 1. a) Cyanobacteria growth in the shaking incubator, b) algal growth jars 
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Figure 2. a) Powder X-ray diffraction pattern, b) Fourier-transform infrared spectrum of the as-synthesized Ag2O

Figure 3. SEM micrographs at different magnifications: (a) to (d) represent 10 µm, 1 µm, 500 nm,
and 200 nm respectively
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common features in the order of the atomic lattice 
in real space. It is also called scanning probe mi-
croscopy. The AFM topographically maps three-
dimensional features of surfaces.

The surface morphology of the synthesized 
Ag₂O nanoparticles was analyzed by atomic 
force microscopy, the surface morphology of the 
as-synthesized Ag₂O nanoparticles, Figure 4 (a-d) 
shows three-dimensional and two-dimensional 
atomic force micrographs of spherical shape 
grains with an average height of the particles 
equal to 9.84 nm. The RMS roughness (Sq) 
and grain-wise RMS roughness were equal to 
2.24 nm, whereas the mean surface roughness 
(Sa) was equal to 1.79 nm, indicating a smooth 
surface. Height distribution was not highly asym-
metrical with a skewness of 0.22 and a kurto-
sis value of 0.58, which can be referred to as a 
moderately smooth profile. Minimum height and 
maximum height were 0.00 nm and 26.52 nm, re-
spectively, and the median height was 9.78 nm. 
The maximum peak height and pit depth were 
16.68 nm and 9.84 nm, respectively, adding to 
the total height variation, Sz, of 26.52 nm. Given 
such a nanoscale nature, Ag₂O was considered to 
be a promising catalyst or sensing and energy-
converting material (Figure 5).

AFM analysis of Ag₂O nanoparticles shows 
a distinct nanostructured morphology with a scan 
area of 2 × 2 µm, having a moderately rough sur-
face with an RMS roughness (Sq) of 10.29 nm and 
a mean roughness (Sa) of 8.35 nm.The highest 

peak height (Sp) and pit depth (Sv) are 60.83 nm 
and 27.77 nm, respectively, so the overall height 
variation (Sz) is 88.60 nm. From the findings, the 
fundamental skewness of -0.1949 suggests that 
the number of depressions exceeds that of the 
peaks, while the kurtosis, valued at 3.641, sug-
gests that there were more peaks, which were 
taller than the others, thus also deeper dips. 

RESULTS AND DISCUSSION

Effect of treatment with Ag2O

Samples of industrial wastewater from the 
power plant were collected and exposed to ad-
sorption on the nanometer silver oxide surface for 
24 hours, for three concentrations 50, 100, and 
150 mg/l as C50, C100 and C150 respectively. 
While stirring and withdrawing samples every 4 
hours, while placing them under the same condi-
tions as in biological treatment, such as light and 
temperature (Figure 6).

The rate constant of photocatalytic degra-
dation in a real sample. C50 has the highest b 
value (0.4587) compared with C100 and C150 
(≈ 0.0265), indicating the strongest adsorption 
capacity. On the contrary, while C150 shows 
the highest maximum capacity ‘a’ that indicates 
it may hold more COD, its lower ‘b’ value re-
flects the weaker adsorption strength. Although 
strong adsorption in C50 may result in pollutant 

Figure 4. AFM micrographs of Ag₂O: (a, c) 3D micrographs at 0.63 µm and 2.0 µm, respectively;
(b, d) 2D micrographs at 0.63 µm and 2.0 µm, respectively
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retention without effective breakdown, making 
it less ideal in the case of COD degradation, 
C100 or C150 can be preferable owing to better 
balances between the adsorption strength and 
degradation efficiency.

Figure 7 shows the adsorption capacity of dif-
ferent metals (Zn, Cr, Cu, Fe, Pb) concerning time 
at three different concentrations of Ag₂O C50: 50 
mg/L Ag₂O, C100: 100 mg/L Ag₂O, and C150: 
150 mg/L Ag₂O. It was observed that with an in-
crease in the concentration of Ag₂O, the adsorp-
tion efficiency increased for all the metals under 
investigation. Zn adsorption increased gradually 
to 75% at C150 after 24 hours, while C100 and 
C50 reached about 50% and 30%, respectively. 

About Cr adsorption, C150 showed an efficiency 
close to 80%, followed by C100 with ~50%, and 
the lowest was C50. Adsorption of Cu showed the 
highest removal efficiency among all studied met-
als: C150 reached ~96%, positioning it as the most 
effectively adsorbed metal, while C100 reached 
~75%, and C50 below 30%. Fe adsorption showed 
a similar trend as Cu, where C150 exceeded 85%, 
C100 reached ~56%, and C150 ~27%. Among 
other things, the variation in Ag₂O concentration 
significantly changed Pb adsorption: while C150 
attained ~78% removal, about 52% was reached 
by C100, and C50 was at 25%, further confirm-
ing that higher Ag₂O concentrations improve the 
performance of adsorption (Figure 8).

Figure 5. AFM characterization of Ag₂O nanoparticles, illustrating the surface topography
and roughness parameters. (a) 3D AFM micrograph presenting the morphology of the Ag₂O sample,

(b) extracted profile variations along a selected scan line, (c) 2D AFM micrograph representing
height distribution with a color-coded scale. (d) Abbott-Firestone curve displaying

the material volume distribution
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Consequently, Ag₂O nanoparticles showed 
different efficiencies for various water pa-
rameters: relatively low removal of pH for 
all concentrations in a range from 10.42% to 
27.26%, but the TDS and electrical conductivity 

removal increased from 34.94% to 68.65% and 
from 34.47% to 65.85%, respectively, reflecting 
increased adsorption of dissolved ionic species. 
The turbidity reduction is more effective, increas-
ing from 46.62% to 91.59% with the increase in 

Figure 6. Adsorption kinetics of COD on Ag2O Nps at varying concentrations

Table 1. Comparison of adsorption parameters for COD degradation
Parameter C50 C100 C150

a (Maximum capacity) 18.1687 ± 0.3942 172.7856 ± 48.9244 260.0045 ± 97.6653

b (Equilibrium constant) 0.4587 ± 0.0515 0.0265 ± 0.0107 0.02648 ± 0.0142

R-Square (COD) 0.9892 0.9634 0.9430

Figure 7. Adsorption efficiency of heavy metals (Zn, Cr, Cu, Fe, and Pb) over time
at different Ag₂O concentrations (C50, C100, and C150)
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Ag₂O concentration. The removal of phosphate 
increases from 27.86% to 79.48%, showing a 
high adsorption affinity of the nanoparticles, 
which is useful in preventing eutrophication. 
Chloride and nitrate removal also increased, with 
chloride increasing from 30.77% to 67.49% and 
nitrate from 24.24% to 69.49%. Finally, nitrite re-
moval increases sharply from 13.23% to 67.49%, 
demonstrating the potential of Ag₂O in mitigating 
nitrogen-based water pollutants.

Effect of biological treatment with Spirulina

Figure 9 illustrates the variations in COD 
measured in mg/L over time for wastewater sam-
ples treated with Spirulina from a power plant. 
The results cover multiple sampling dates: July 
2023, October 2023, January 2024, and April 
2024, with COD assessed at four intervals (D0, 
D5, D10, D15). Notably, the highest COD read-
ings often occur in July 2023 (especially at D0), 
reflecting the raw wastewater’s high pollutant 
concentration before treatment. Subsequent sam-
ples show a consistent downward trend in COD, 
particularly in January 2024 and April 2024, sug-
gesting an additive or cumulative effect of Spiru-
lina over time.

The concentrations of D0 COD rose, with 
a high reading of about 80 mg/L in July 2023. 
There was a considerable fall in values of post-
treatment COD, with minimum values at D15 
in all collection phases, bearing testimony to 

efficiency in Spirulina biodegradation of or-
ganic matter.

The sharp fall in COD in the review period in 
July 2023 bore testimony to efficiency in biotreat-
ment with Spirulina. Conversely, in October 2023 
and January 2024, a similar observation, but with 
relatively low values for COD at initiation, pos-
sibly a reflection of a variation in a specific pe-
riod, and heightened efficiency in the treatment 
system. A starting value of COD (D0) in April 
2024 is lesser in relation to preceding months, 
and a minimum value of D15 for all phases, is 
indicative of possibly heightened improvements 
in the treatment process, and heightened activ-
ity of Spirulina. There is a dramatic decline be-
tween D0 and D5, indicating the immediate effect 
of Spirulina on COD removal, whereas between 
D5 and D10, the decrease is maintained but at a 
bit slowed rate, indicating that a notable percent-
age of organic pollutants is already degraded in 
the first five days. At D15, COD levels are low-
est during all sampling times, verifying that ex-
tended treatment duration increases wastewater 
cleansing. A gradual decrease in COD at vari-
ous time intervals (D5, D10, D15) validates the 
effectiveness of Spirulina as an efficient natural 
bioremediation agent for wastewater treatment. 
This seasonal fluctuation in COD removal may 
be induced by some environmental parameters 
such as temperature, nutrient level, and growth 
condition of Spirulina. Initial COD (D0) values 
ranged from July 2023 to April 2024, showing a 
decrease, thus proving that continuous treatment 

Figure 8. Removal of physicochemical parameters during treatment with Ag2O



458

Journal of Ecological Engineering 2025, 26(12), 449–464

resulted in better quality wastewater overall dur-
ing the duration. Its efficiency in biotreatment is 
patent since COD reduces progressively to over 
50% within 15 days; hence, Spirulina has huge 
prospects in green and sustainable wastewater 
treatment.

Figure 10 shows the changes in water quality 
parameters over 15 days, measured at four-time 
points, including total organic substances. The 
parameters tested were TDS, EC, Turbidity, PO4, 
SO4, Cl-, NO3, and NO2-, whose obtained results 
were normalized to their initial concentration (C/
C0) for comparison. A progressive decrease in 
total dissolved solids and electrical conductivity 
could be obtained from all seasonal tests during 
the 15-day treatment period; however, a more 
significant reduction in TDS and EC during Oc-
tober 2023 and January 2024 thus infers optimum 
performance of Spirulina during cooler tempera-
tures. Turbidity showed significant removal dur-
ing all trials conducted with Spirulina, thus estab-
lishing its effectiveness in removing suspended 
particles. Additionally, phosphate PO4 and sul-
fate SO4 concentrations substantially declined, at 
times in a much cooler condition, which indicates 
good nutrient removal by Spirulina, its residual 
concentration registering minimum at D15, sug-
gesting the continued role of bioremediation as 
illustrated in (Figures 10 d, e). While the chloride 
concentration, Cl did seem to decrease very regu-
larly, on the slow plane of motion hence proving 
that Spirulina has moderated the ability to absorb 
chloride ions (Figure 10f). 

In this study of nitrogen removal, there are 
significant declines visible in both the levels 
of NO3 and the highest efficiency recorded in 
the January 2024 trial probably because of sea-
sonal variations in metabolic activity. These re-
ductions in turbidity were realized at D10, with 
great enhancements in the turbidity and nutrient 
levels; hence, indicating accelerated treatment 
efficiency. On D15, the highest drop in pollutant 
concentration was observed, which showed long-
term effectiveness for Spirulina in wastewater 
remediation. Additionally, the efficiency of treat-
ment varied with seasons: higher reductions dur-
ing the cool months probably because Spirulina 
growth conditions were optimized. In the warmer 
months, the contaminant reduction rates were a 
little slower, likely due to higher microbial activi-
ties affecting Spirulina performance (Figure 11).

From findings Spirulina proved that able 
to identify heavy metal elimination for the fol-
lowing periods of time. By day five in this ex-
periment, all metals were on the increase, with 
Cr being the most effective, at 40 to 70%, de-
pending on the month Afterwards, it went 
to D10 with 70–90% of Cr being removed. 
During the whole period of D15, most periods 
gave almost 100% removal for Cr, increased for 
Zn and Cu, normally within 70–90%, although 
during April 2024, a drop was experienced. Al-
though Spirulina proved capable of effectively 
removing heavy metals, particularly Cr, from 
wastewater, its performance varied in different 
months, indicating either seasonal or operational 

Figure 9. Variations in COD measured in mg/L across different time points (D0, D5, D10, D15)
from July 2023 to April 2024
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factors affecting the efficiency of treatment. Over-
all, the results support using Spirulina for heavy 
metal removal as a bioremediation agent, particu-
larly in power plant effluents.

Ag2O nanoparticles in the present work were 
synthesized via a chemical precipitation method, 
whereby materials with particular morphological 
and structural characteristics have been obtained. 
The XRD pattern of the obtained Ag2O indicated 
a cubic phase structure of the synthesized sam-
ple, whereas the diffraction peaks positioned at 
2θ angle values of 32.182°, 39.367°, 55.93°, and 
77.805° were assigned to the (111), (200), (220), 
and (222) crystal planes, respectively, correspond-
ing to the JCPDS card number (01-076-1489). 

It confirms the formation of face-centered cubic 
Ag2O and gives evidence of the crystallinity of the 
material, which is very important in catalysis and 
sensor technologies (Chakraborty et al., 2022). 
Further morphological characterization was made 
through SEM and revealed quasi-spherical par-
ticles with a mean diameter of approximately 
0.494 μm due to the aggregation of smaller-sized 
nanoparticles (~ 47 nm), as obtained from (Pawar 
et al., 2015). The images at different magnifica-
tions revealed that these nanoparticles are reason-
ably well dispersed within a narrow particle size 
distribution signature of controlled synthesis. 

To understand the functional groups, present 
in synthesized Ag2O, Fourier-transform infrared 

Figure 10. Changes in water quality parameters over 15 days, measured at four time points,
includes total organic substances (a), electrical conductivity (b), turbidity (c), phosphate (d), sulfate

(e), chloride (f), nitrate (g), and nitrous oxide (h) 
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spectroscopy was done. FTIR spectrum of Ag2O 
showed peaks at 2922 and 2852 cm⁻¹, which were 
attributed to the stretching frequency of –CH3 
and –CH2 group, while the absorption peak at 
3429.83 cm⁻¹ corresponds to the –OH stretching. 
The peaks at 1449.57, 1384.73, and 1640 cm⁻¹ in-
dicated C-O and water molecules, while the con-
firmation of Ag-O bond formation was given at 
634.69 and 634.65 cm⁻¹, characteristic of Ag2O.

AFM has given high-resolution images, de-
picted spherical grains, and yielding an average 
height of 9.84 nm. The AFM analyses carried 
out showed that the surface topography is rather 
smooth, having an RMS roughness of 2.24 nm 
and a mean surface roughness of 1.79 nm. The 
distribution of height was a bit asymmetrical with 
a maximum height of 26.52 nm, which proved the 
well-defined nanostructure and showed potential 
application in catalysis and energy conversion. 
Figures 4 and 5 illustrate that AgOH precipi-
tates fast because it is unstable thermodynami-
cally, leading to subsequent formation of Ag2O 
nanoparticles, proving the efficacy of the syn-
thetic route adopted in the synthesis. In general, 
the prepared Ag2O nanoparticles, with controlled 
morphology and crystallinity, possess distinctive 
surface properties that promise great potential in 
future catalysis, sensing, and energy conversion 
applications. Further studies are needed regarding 
the catalytic performance and stability of these 
nanoparticles in real applications.

Spirulina is a cyanobacterium, generally clas-
sified as a microalga, from which much nutrition 
is derived.One could realize the ample potential of 
spirulina regarding heavy metals removal and nu-
trients mainly comprising nitrogen and phospho-
rus through cleanup wastewater applications. Due 
to its high value of surface area and its adsorption-
accumulation capability of heavy metals, spirulina 
is capable of reducing contaminants efficiently 
from water samples. Spirulina has also been re-
ported in the literature to show good growth and 
development in wastewater while concurrently se-
questering impurities there (Al-Homaidan et al., 
2016). This capability allows it not only to reduce 
the toxicity of wastewater but also to enhance the 
growth and productivity of Spirulina which can 
be harvested as a valuable biomass. Application 
to the wastewater treatment processes is thus an 
environmentally friendly solution to improve wa-
ter quality(Al-Homaidan et al., 2015; Cepoi et al., 
2020; Diaconu et al., 2023). 

Comparative mode of action between 	
Ag₂O chemical treatment and Spirulina 		
as a biotreatment

The comparative evaluation of Spirulina pla-
tensis and silver oxide (Ag₂O) nanoparticles in 
the treatment of real industrial wastewater dem-
onstrated distinct mechanisms and treatment 
efficiencies across multiple parameters. Both 

Figure 11. Removal efficiency of heavy metals from power plant wastewater using spirulina over 15 days
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approaches showed significant reductions in con-
taminants, yet each displayed selectivity and vari-
ation in performance based on treatment duration, 
contaminant type, and mode of action.

Biological treatment using Spirulina platen-
sis resulted in a gradual yet consistent decline in 
chemical oxygen demand (COD, 59.3%), nitrate 
(46.7%), phosphate (59.3%), turbidity (58.1%), 
and heavy metals such as Pb (63.4%), Cu (55.0%), 
and Zn (54.2%) throughout the treatment period. 
These findings align with those of Diaconu et al. 
(2023), who reported effective metal uptake by S. 
platensis, particularly under metal stress condi-
tions. Furthermore, the reduction in nutrient loads 
agrees with observations made by Arashiro et al. 
(2020), who demonstrated enhanced nitrogen and 
phosphorus removal using Spirulina biomass in 
engineered systems. Seasonal influence on nu-
trient removal was observed, with better perfor-
mance in colder temperatures. Papadopoulos et 
al. (2022) similarly emphasized that low tempera-
tures favored nutrient assimilation in Arthrospira 
platensis due to metabolic adjustments. Addition-
ally, Wuang et al. (2016) reported that biomass 
produced from aquaculture wastewater treatment 
with microalgae can serve as a value-added prod-
uct such as biofertilizer, reinforcing the environ-
mental and economic feasibility of this method.

Conversely, Ag₂O nanoparticles exhibited 
rapid removal within the first 24 hours of treat-
ment, including COD (71.2%), turbidity (72.8%), 
Pb (77.5%), Cu (66.8%), Zn (69.0%), phosphate 
(61.4%), and nitrate (52.1%). This performance 
is attributed to their high oxidative activity and 
surface area. Chakraborty et al. (2022) confirmed 
the high crystallinity and catalytic potential of 
Ag₂O nanoparticles in organic pollutant degrada-
tion. Complementarily, Gungure et al. (2024) and 
Gupta et al. (2023) emphasized the strong metal 
adsorption capacity and fast kinetics of Ag-based 
nanomaterials in diverse aqueous environments. 
However, the stability and transformation of silver 

nanoparticles in wastewater must be carefully 
considered. Studies such as Palani et al. (2023) 
demonstrated that Ag nanoparticles may undergo 
sulfidation into Ag₂S under complex wastewater 
conditions, decreasing their reactivity. Similarly, 
Quadros and Marr (2010) raised concerns over 
the potential ecotoxicity and microbial inhibition 
caused by residual silver in aquatic systems.

Comparatively, Spirulina platensis offered 
a more sustainable and eco-friendly approach, 
suitable for long-term applications with addi-
tional biomass benefits. On the other hand, Ag₂O 
nanoparticles provided superior short-term per-
formance, particularly in reducing turbidity and 
metal concentrations. This makes them ideal for 
emergency or high-load scenarios requiring quick 
pollutant removal.

Environmental and cost considerations

From an ecological perspective, nanoparti-
cles might have the potential for toxicity due to 
residual accumulation of nanoparticles in water 
bodies, whereas Spirulina is fully biodegradable 
and contributes toward eco-friendliness. The 
Spirulina-based treatment is more sustainable, 
while nanoparticles call for careful handling and 
disposal. From an economic point of view, the 
initial cost of material synthesis and operation of 
nanoparticles is very high, but Spirulina is inex-
pensive and its operating costs are low since it uses 
natural growth and metabolic processes (Table 2). 
Spirulina is a cheaper treatment, more easily scal-
able, and more accessible for long-term treatment, 
while nanoparticles are only viable for treatments 
that require higher priority and faster results. The 
mechanisms of the treatments also vary, as in the 
case of silver oxide nanoparticles, it was acting 
directly through the oxidation of organic pollut-
ants and adsorbed heavy metals; disruption of 
bacterial membranes is related to oxidative stress. 
In this respect, spirulina bio-accumulates and 

Table 2. Comparative summary
Parameter Silver oxide nanoparticles Spirulina biotreatment

COD reduction Fast (within 24 hours) Slow but effective (15 days)

Heavy metal removal High efficiency Moderate efficiency

Bacterial reduction Immediate action Gradual reduction

pH stability May require adjustment Naturally stabilized

Cost High Low

Sustainability Potential risks Eco-friendly
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absorbs heavy metals, enzymatically degrades or-
ganic contaminants, and exerts its natural antimi-
crobial action in the reduction of bacteria (Gong 
et al., 2021; Zhao et al., 2022). 

Both methods demonstrate efficacy in waste-
water treatment, with Silver Oxide nanoparticles 
providing rapid results and Spirulina offering a 
sustainable, long-term solution. The choice of 
method depends on treatment priorities, cost con-
siderations, and environmental impact.

CONCLUSION

This research presents a comparative analy-
sis of silver Ag₂O and Spirulina platensis in the 
remediation of real industrial wastewater. The re-
sults highlight the superior efficiency of Ag₂O in 
rapidly reducing COD, turbidity, and heavy metal 
concentrations within 24 hours, attributed to its 
high redox activity and nanoscale surface proper-
ties. Conversely, Spirulina achieved comparable 
removal rates over an extended period (15 days), 
offering additional benefits such as biodegrad-
ability, cost-efficiency, and environmental safety. 
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