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Zinc oxide (ZnO) nanoparticles are among the most widely used nanoparticles as ingredients in various products. These 
nanoparticles often enter the water bodies through industrial discharge and other means. Once they reach into the water, they 
remain there for longer time and show toxicity to aquatic flora, fauna and even human beings upon exposure. Despite their 
potential hazards, the removal of nanoparticles from the environment has not been extensively studied, making it a pressing 
issue for both human health and the environment. Driven by this need, the present study has undertaken to develop a 
biosorption method using immobilized Scenedesmus regularis green microalgae to remove ZnO nanoparticles. In this 
research, environmentally isolated microalgae were characterized using 18S rRNA gene sequencing. The ZnO nanoparticles 
were chemically synthesized and characterized through Fourier transform infrared spectroscopy (FTIR), transmission 
electron microscopy (TEM), and X-ray diffraction (XRD). Batch sorption experiments were conducted to demonstrate the 
efficiency of Scenedesmus regularis in absorbing ZnO nanoparticles under various conditions. Statistical analysis using one-
way ANOVA was conducted to compare conditions before and after biosorption. The 18S rRNA gene sequencing 
confirmed that the isolated species was Scenedesmus regularis. ICPMS results showed that the immobilized Scenedesmus 
regularis microalgal biomass, encapsulated in sodium alginate beads, effectively removed 82.53% of ZnO nanoparticles at 
an initial concentration of 80 mg/L within 3 h. FTIR analysis revealed that carboxyl, amine, hydroxyl, sulfate, and sulfonate 
functional groups on the Scenedesmus regularis cell wall played a significant role in binding ZnO nanoparticles. 
Additionally, SEM-EDX imaging confirmed the attachment of ZnO nanoparticles to the surface of Scenedesmus regularis 
cells. The results of the adsorption/desorption studies showed that the Scenedesmus regularis biosorbent could be 
regenerated many times with no extensive reduction in ZnO nanoparticles' adsorption percentage. Present study exposed to 
provide an alternative to conventional wastewater treatment techniques. This research focuses that Scenedesmus regularis as 
a biosorbents appeared to be more efficient to uptake of ZnO nanoparticles and has a potential to be reused for multiple 
cycles of nanoparticles uptake. The study aims to eliminate toxic nanoparticles from aqueous environments through 
microalgae biosorption. This method is efficient, natural, safe, eco-friendly, and more economical. 
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Rapid industrialization near water bodies poses severe 
health implications in aquatic ecosystem1. Various 
industries, such as those involved in construction, 
electrical equipment, plumbing, roofing, industrial 
machinery (including mining and heat exchangers), 
pharmaceuticals, wood production, metal production, 
and phosphate fertilizer production, discharge 
substantial amounts of chemical pollutants in nearby 
rivers2,3. Industries utilizing nanoparticles are 
especially hazardous as these particles are non-
biodegradable and soluble in aquatic environments4. 
Nowadays, metal oxide nanoparticles have found 
increasing applications in numerous commercial and 
industrial products. ZnO nanoparticles are widely 

used in cosmetics, consumer goods, and modern 
sunscreens due to their strong ultraviolet absorption 
properties5. Research has highlighted the large-scale 
production of ZnO nanoparticles, ranging from 100 to 
1,000 times more than other nanomaterials, which are 
likely to enter water bodies through industrial 
sewage6. This unintentional exposure affects both 
humans and the environment, negatively impacting 
the survival and growth of organisms7. These 
nanoparticles are readily absorbed by vegetables and 
marine species due to their high solubility in water. 
The toxicity of nanoparticles arises from their ability 
to internalize into cells, causing cytotoxicity and 
genotoxicity. Therefore, preventing the dispersal of 
toxic nanomaterials into water bodies and food chains 
and removing them from effluents before disposal is 
crucial for environmental health, management, and 
economics. 
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Reducing nanoparticles toxicity remains a 
significant challenge for developing countries. The 
high costs of waste management often lead industries 
to increase the discharge of toxic nanoparticles into 
the environment8. 

Biosorption is a physicochemical process that uses 
biological materials. This technology is designed to 
bind and remove toxic metals from aqueous solutions, 
soil and air. Biosorption is an emerging, innovative, 
economical, and eco-friendly technology. Generally, 
the mechanism of biosorption is based on physico-
chemical interactions between functional groups and 
metal ions present on the surface of biosorbent. 
Biosorption of metals has been attributed to the 
presence of various functional groups on the 
microalgal cell wall such as proteins, lipids and 
polysaccharides. They contain amino, carboxyl, 
imidazole, phosphoryl, sulfydryl, sulfate, phenol, 
thioether, carbonyl, amide hydroxyl moieties, 
depending on the biosorbents nature9. Biosorption 
offers several advantages over conventional methods: 
low cost, high efficiency, minimal chemical or 
biological sludge disposal, the ability to regenerate 
biosorbents, high competence in detoxifying effluents, 
and no nutrient requirements. Microalgae can uptake, 
accumulate, and concentrate nanoparticles and 
hazardous components from aqueous solutions in 
significant amounts10,11. While many studies have 
explored the uptake of heavy metals by plants and 
algae, their efficiency remains limited12. Few studies 
have investigated nanoparticles uptake by plants, with 
insignificant results13. Notably, there are no reports on 
nanoparticles uptake by algae. 

Present study exposed to provide an alternative to 
conventional wastewater treatment techniques. This 
research focuses that Scenedesmus regularis as a 
biosorbents appeared to be more efficient to uptake of 
ZnO nanoparticles and has a potential to be reused for 
multiple cycles of nanoparticles uptake. The study 
aims to eliminate toxic nanoparticles from aqueous 
environments through microalgae biosorption. This 
method is efficient, natural, safe, eco-friendly, and 
more economical. 

Materials and Methods  
Collection of samples and growth condition 

Eutrophic water samples were collected from Baija 
Taal in Gwalior, Madhya Pradesh, India (26.2082° N, 
78.1711° E) where the temperature ranged from 33°C 
to 35°C. To isolate the Scenedesmus regularis, 
enrichment was done by inoculating 100 mL of the 

sterilized fresh BG-11 broth medium, having pH of 
7.4. The standard protocol for the isolation and 
purification of Scenedesmus sp. was followed14. 
Isolated microalgae were cultured in batch mode for 
24 days under optimized laboratory conditions. The 
maximum absorbance was recorded at 682 nm15. 
Scenedesmus is a non-motile colonial alga composed 
of 2, 4, or 8 elongated cells that are grouped together. 
Through multiple purification experiments, axenic 
cultures were confirmed by examining them under an 
inverted microscope at 40 × magnification. All pure 
cultures were maintained in BG-11 broth medium as 
well as on BG-11 agar plates at 27.0 ± 2.0°C 
temperatures with a 16:8-h light-dark cycle under 
fluorescent light16. After accomplishing significant 
growth, obtained dry weight (g/L) was 1.38 g/L for 
biosorption studies. 

Physical and molecular characterization 
Microscopically identified isolates were further 

reconfirmed using a reference strain as a positive 
control. To achieve molecular-based authentication of 
the isolated Scenedesmus regularis samples, PCR, 
targeting18S rRNA gene followed by sequencing 
were performed. Morphologically confirmed samples 
of green microalgae were sent for PCR and 18S rRNA 
gene sequencing to Barcode Biosciences, Bengaluru, 
Karnataka and result was obtained via Sanger 
sequencing. Universal eukaryotic primers NS1 (5’-
GTAGTCATATGCTTGTCTC-3’) and NS4 (5’-
CTTCCGTCAATTCCTTTAAG-3’) were used. 

Synthesis of zinc oxide nanoparticles 
Zinc oxide nanoparticles were synthesized using the 

direct precipitation method with 0.2 M zinc nitrate 
(Zn(NO3)2·6H2O) and 0.4 M potassium hydroxide 
(KOH) as precursors. Potassium hydroxide added drop 
wise to the zinc nitrate solution at room temperature 
with constant stirring on a magnetic stirrer for 3 h. 
Upon completion of the reaction, a white precipitate 
was formed17. This precipitate was washed 4-5 times 
with ethanol to remove impurities and then dried at 
approximately 80°C for 24 h (Fig. 1) 18. 

Characterization of zinc oxide nanoparticles 
The presence of functional groups in the zinc oxide 

nanoparticles was determined using Fourier transform 
infrared spectroscopy (FTIR) (Perkin Elmer, 
Spectrum Two), with spectra recorded in the range of 
450-4000 cm⁻ ¹. The UV-Vis absorption spectrum of
the zinc oxide nanoparticles was recorded over the
wavelength range of 200-600 nm to confirm the
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presence of nanoparticles19. To categorize the crystal 
phases and determine the crystallite size of each 
phase, powdered x-ray diffraction (XRD) analysis 
was utilized. Transmission electron microscopy 
(TEM) (JEOL, JEM-1230) was conducted to confirm 
the actual size of the particles, distribution of the 
growth pattern, and crystallites, operating at an 
acceleration voltage of 120 kV. 

Preparation of biosorbent  
The wet biomass of the microalgal cell suspension 

was collected by centrifugation for 15 min at 5000 
rpm20. The resulting pellets were washed 2-3 times 
with distilled water to remove impurities, and the 
biomass was then dried for 12 h at 80°C in an oven. 
After drying, the algae were crushed to a particle size 
range of 100-500 µm using a mortar and pestle21. 

Immobilization of Scenedesmus regularis biomass 
The biosorption capacity of Scenedesmus regularis 

biomass for zinc oxide nanoparticles uptake from 
aqueous solution was assessed using immobilized 
Scenedesmus regularis biomass in sodium alginate 
beads. A 4% sodium alginate solution was prepared 
by dissolving 4 g of sodium alginate into 100 mL of 
distilled water, followed by continuous stirring for 30 
min at 60°C for better dissolution and sterilization. 
After cooling, five different nominal concentrations 
(0.5, 1, 1.5, 2, and 3 g/L) of dried Scenedesmus 
regularis biomass powder were added while stirring 
at room temperature for 5 min. Spherical beads were 
formed by dropping the alginate-algal mixture 
through a 3 mL syringe into a cold, sterile 2% CaCl2 
solution in distilled water at room temperature under 
sterile conditions and gentle stirring. The resulting 
beads were washed several times with autoclaved 
distilled water to remove any unreacted CaCl2 from 
their surfaces and then stored overnight at 4°C in 
autoclaved distilled water to stabilize and harden the 

beads. Sodium alginate beads without the 
incorporation of Scenedesmus regularis biomass were 
also prepared using the same procedure and served as 
control22. 

Bath sorption procedures 
Biosorption experiments were proficient to study 

the adsorption of zinc oxide nanoparticles (ZnO 
NPs) using a batch system. This study aimed to 
investigate the effects of various parameters on the 
sorption process, including initial pH, biosorbent 
dosage, contact time, and temperature. The initial 
concentration of ZnO NPs in the aqueous solution, 
ranging from 20 to 100 mg/L, was adjusted by 
dilution with deionized water (Rankem). The 
experiments were carried out under varying 
conditions of pH (4, 5, 6.5, 7.5, 9), contact time 
(30, 60, 90, 120, and 180 min), and bead biomass 
concentration (0.5, 1, 1.5, 2, and 3 g/L). Control 
experiments were performed using sodium alginate 
beads without Scenedesmus regularis biomass in 
the ZnO NPs solution23. To determine the 
adsorption equilibrium time, kinetic experiments 
were performed by collecting 0.5 mL samples at 
specific intervals and analyzing their concentrations 
using ICP-MS after appropriate dilution. 
Adsorption equilibrium tests were conducted in a 
shaking incubator, in which a predetermined 
amount of biomass was mixed with the ZnO NPs 
solution and agitated at 160 rpm for the established 
equilibrium time. These tests were repeated at 
different temperatures to assess the effect of 
temperature on adsorption. The initial pH of the 
solution was adjusted using NaOH and HCl. 
Following the adsorption process, the solution was 
filtered using Whatman filter paper before 
concentration analysis by ICP-MS to ensure 
accurate measurements of the remaining ZnO NPs 
in solution.  

Fig. 1 — (A) Chemical synthesis of ZnO nanoparticles; (B&C) Dried nanoparticles 
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Removal	efϐiciency = Ci − CfCi × 100 

[Where, Ci is the initial metal ion conc. (mg/L), 
Cf is the final (residual) metal ion conc. (mg/L)] 

Characterization of biosorbent (biomass) before and after 
biosorption 

The characterization of Scenedesmus regularis 
biomass before and after the biosorption experiment 
was performed using FTIR spectroscopy (Perkin 
Elmer, Spectrum Two) and SEM-EDX (Scanning 
Electron Microscope coupled with Energy Dispersive 
X-ray Detector) analyses. FTIR spectroscopy was
performed to analyze the Scenedesmus regularis
biomass samples before and after ZnO NPs
biosorption24. This analysis aimed to detect any
differences in functional groups on the Scenedesmus
regularis biomass due to the interaction with ZnO
NPs during the biosorption process. SEM was
employed to verify topographical differences between
the Scenedesmus regularis biomass before and after
biosorption of ZnO NPs. This technique provides
visual evidence of surface morphology changes. EDX
analysis was conducted to identify the types of
elements present in the sample and confirm the
presence of ZnO NPs attached to the cell surface of
Scenedesmus regularis biomass. This analysis offers
elemental composition information, confirming the
presence of zinc and oxygen atoms characteristic of
ZnO nanoparticles.

Statistical analysis 
The experimental data set for the biosorption of 

ZnO nanoparticles onto immobilized Scenedesmus 
regularis biomass was presented as the mean ± 
standard deviation (SD) from three replicates. 
Differences between the concentrations of ZnO 
nanoparticles before and after biosorption were 
analyzed using a single factor (one-way) analysis of 

variance (ANOVA) method, with three repetitions in 
each treatment. Results were considered statistically 
significant at P < 0.05 (α = 0.05). 

Results 

Morphological & Molecular Characterization 
The isolated Scenedesmus sp. exhibits oval cells 

and lacks thorn structures. These cells are organized 
into colonies of four or eight cells (Fig. 2)25. Each cell 
within these colonies falls in the range of 3.73-4.64 µm 
(Fig. 1 & 2). Morphological identification confirms 
that these isolates are closely related to the genus 
Scenedesmus. Positive confirmation of the presence 
of the Scenedesmus regularis microalgal species was 
achieved using the reference strain Scenedesmus sp. 
NCIM-5712 as a positive control. 

Physical characteristics may vary in relation to the 
time and culture condition of microalgae present in all 
nearby ground ecosystems so molecular study is very 
significant to authentication microalgal species. The 
isolated sample was confirmed as Scenedesmus 
regularis by PCR followed by sequencing of 
amplified gene product (1061 bp) of 18S rRNA 
(Fig. 3). 

Characterization of zinc oxide nanoparticles 
UV-Vis results of zinc oxide nanoparticles  

The UV-visible absorbance spectra of the synthesized 
ZnO nanoparticles are depicted in Fig. 4. The 
absorbance within the wavelength range of 200-600 nm 
was observed using UV-vis spectroscopy. A broad 
absorption peak of zinc oxide nanoparticles exhibited 
surface plasmon resonance spectra around 352 nm, 
confirming the successful synthesis of ZnO NPs. 

FTIR spectrum of zinc oxide nanoparticles 
The FTIR spectrum of zinc oxide NPs were 

obtained in the range of 4000-450 cm-1 using direct 
method at room temperature. Characteristic peaks of 

Fig. 2 — (A) Cells and colonies of Scenedesmus regularis isolates as observed under inverted microscope at 40× magnification;
(B) Reference strain of Scenedesmus sp. NCIM-5712 and Cells of Scenedesmus regularis NCIM-5712 observed under inverted
microscope at 40× magnification
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ZnO showed at 3574.68, 3471.14, 1637.25, 1368.65, 
1014.04, 885.38, 838.36 and 463.04 cm-1. The FTIR 
spectra 3574.68 cm-1 exhibited a sharp peak in higher 
energy region due to O-H stretching presence of 
alcohols. The N-H stretching shows the presence of 
primary amine, the vibration bond arises at 3471.14 
cm-1. The FTIR spectra exhibited the strong, medium
peak region at 1637.25, 885.38, 838.36 cm-1. They
represent C=C stretching alkene. The S=O stretching
depicts the presence of sulfonamide, the vibration
bond at 1368.65cm-1. The C-F stretching showed the
presence of fluoro compound, and the vibration bond
arose at 1014.04 cm-1 26. The sharp peak positioned at
463.04 cm-1 is attributed to the presence of Zn-O
stretching bonds27. All peaks are shown in Fig. 5 and
also summarized in Table 1.

XRD analysis of zinc oxide nanoparticles 
The powder X-ray diffraction pattern (XRD) 

obtained by zinc oxide nanoparticles is shown in 
Fig. 6. The characteristic XRD peaks with 2 theta 
values of 31.67, 34.32, 36.11, 47.40, 56.41, 
62.75, 67.79, and 76.82 correspond to the Miller 
Indices (hkl) values (crystal plans) (100), (002), 
(101), (102), (110), (103), (112), and (202) showing 
resemblance with the reference JCPDS file No. 75-
059221. The average crystallite size of ZnO NPs was 

evaluated by using the “Debye-Scherrer′s equation”. 
The calculated average particle size is approximately 
29.97 nm. 

TEM analysis of zinc oxide nanoparticles 
Transmission electron microscopy (TEM) analysis 

was conducted to determine the exact size and 
morphology of the synthesized zinc oxide nanoparticles 
(ZnO NPs). Fig. 7A illustrates that the size of the ZnO 
NPs ranged from 20 to 30 nm, as observed from TEM 
imaging. Fig. 7B presents the selected area diffraction 
pattern (SAED) of the ZnO nanoparticles, confirming 
that the particles are well crystallized. 

Immobilization of Scenedesmus regularis microalgal 
biosorbent (biomass)  

Sodium alginate beads (4%) were prepared with 
optimized biosorbent concentrations of dried 
Scenedesmus regularis microalgal biomass and 
prepared control beads of sodium alginate without 
incorporation of the Scenedesmus regularis 
microalgal biomass (Fig. 8) 

Batch sorption study 
Influence of pH  

The pH of the solution containing ZnO 
nanoparticles (NPs) varied between 4.0 and 9.0, while 
the values of other experimental parameters were kept 
constant. It was observed that as the pH increased 
from 4 to 6.5, the biosorption capacity also 
increased28 (Fig. 9). However, when the pH was 
further increased to 9.0, the percentage of ZnO NPs 
removal by the immobilized Scenedesmus regularis 
biomass did not change significantly. At lower pH 
levels, the solubility and mobility of metal ions 
increase. Zinc is predominantly present in the solution 
in cationic forms at pH 6.0. Therefore, the pH of the 
water in the present experiment was adjusted to 6.5 
before contact with the immobilized Scenedesmus  

Fig. 4 — UV-Visible spectra of ZnO nanoparticles 

Fig. 3 — (A) Polymerase Chain Reaction (PCR; (B) Sequencing result image of Scenedesmus regularis
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Fig. 5 — FTIR spectrum of chemically synthesized ZnO NPs showing functional groups 

Fig. 6 — X-ray diffraction patterns of zinc oxide nanoparticles 

Table 1 — Possible assignments of FTIR spectra for ZnO Nanoparticles 

Frequency (cm-1) 
ZnO NPs 

Bond type Bond Origin Possible functional group 

3574.68 Sharp O-H Stretching Alcohol (free) 
3471.14 Strong, Medium N-H Stretching Alcohol (Intermolecular), Primary amine 
1637.25 
885.38 
838.36 

Medium, Strong 
C=C Stretching, N-H Bending, C=C 
Stretching,  
C-H Bending

Conjugated alkane, Amine, Alkene, 1,2,4- 
trisubstituted 

1368.65
Medium, Strong 

C-H Bending, O-H Bending, O-H Bending,
S=O Stretching Alkene, Alcohol, Phenol, Sulfonate, Sulfonamide 

1014.04 Strong, Medium C-F Stretching, C-O Stretching,
C-N Bending

Fluoro compound, Alkyl aryl ether, Amine, 
Vinylether 

463.04 Strong Zn-O Stretching

regularis. This slight acidification may enhance the 
solubility of ZnO NPs and their bioavailability to the 
Scenedesmus regularis beads. However, at pH above 
7.0, the solubility of zinc decreases, and the presence 
of cationic forms drastically diminishes. 

Consequently, the uptake of zinc oxide NPs was not 
high under these conditions. The removal efficiency 
of ZnO nanoparticles increased significantly from 
12.2% to 82.53% when using 2 g/L immobilized 
Scenedesmus regularis biosorbents, indicating that the 
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optimum pH for ZnO nanoparticles was 6.029. 
However, the biosorption process decreased with any 
further increase in pH (> 6.5). This suggests that pH 
6.0 is the most favorable condition for the biosorption 
of ZnO nanoparticles by immobilized Scenedesmus 
regularis, and deviations from this pH level result in 
decreased efficiency. 

Influence of biosorbent dose 
Batch experiments were conducted using different 

biosorbent doses (0.5, 1, 1.5, 2, and 3 g/L of test 

solution) to assess their effect on the uptake of ZnO 
nanoparticles. Fig. 10 illustrates that the uptake 
efficiency of ZnO nanoparticles increased from 37.8% 
to 82.53% as the biosorbent dosage of Scenedesmus 
regularis increased from 0.5 g/L to 2 g/L. The 
maximum biosorption efficiency of 82.53% was 
achieved with a Scenedesmus regularis biosorbent 
concentration of 2 g/L, indicating its effectiveness in 
removing ZnO nanoparticles from aqueous solutions. 

Influence of contact time 
The maximum uptake of ZnO nanoparticles occurred 

during 180 min of contact, recording 82.53% for 
immobilized Scenedesmus regularis beads 
(Table 2). As the exposure time was increased to 240 
min, the percentage of ZnO NPs uptake gradually 
decreased until equilibrium was established between the 
percentage of ZnO NPs removal by immobilized 
Scenedesmus regularis cells and the concentration of the 
ZnO NPs in the external solution. After attaining 
equilibrium at 180 min, the available binding sites on the 
cell surface were occupied completely and no further 
uptake was observed30. Non-adsorbed free Zn ions 
formed compounds that decreased the efficiency of 
biosorption, as they cannot be associated with the amine 
group of the biomass. As a result, H+ gets released into 
the solution and pH is reduced31. Due to the smaller size 

Fig. 7 — (A) TEM Micrograph; (B) SAED Pattern of synthesised
ZnO nanoparticles 

Fig. 8 — (A) Immobilization of dried Scenedesmus regularis
microalgal biomass in alginate beads and its application in
ZnO NPs removal from aqueous solution; (B) Sodium alginate
beads without incorporation of the Scenedesmus regularis
microalgal biomass 

Fig. 9 — Effect of pH on removal of ZnO NPs from aqueous
solution using 2g/L immobilized Scenedesmus regularis at 180
min contact time. 

Fig. 10 — Effect of biosorbent dosage on percentage removal of 
ZnO NPs with immobilized Scenedesmus regularis biosorbents at 
pH 6.0 with 180 min contact time 

Table 2 — Removal capacity (mg g-1) and Removal efficiency 
(%) of immobilized Scenedesmus regularis beads for  

ZnO NPs removal at different times 

Contact time (min) ZnO nanoparticles removal 
RC (mg g-1 ) RE (%)

30 22.0 53.01
60 28.5 68.67
120 33.5 80.72
180 38.5 82.53
240 29.5 71.08

[RC-Removal capacity; RE-Removal Efficiency] 
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of the released H+ than Zn ions, their competition could 
be a reason of the desorption that occurs after time 
longer than the equilibrium value (180 min)31. 

Influence of nanoparticles concentration 
The biosorption of ZnO nanoparticles had increased 

with the increasing concentration of ZnO NPs from 
0.5 mg/L to 2 mg/L in the presence of immobilized 
Scenedesmus regularis microalgal beads. They removed 
the maximum percentage of 82.53% at 1.66 mg/L 
concentration. It indicated that biosorption was even 
favorable for the higher initial NPs concentration. Metal 
ions concentration plays vital role on biosorption. Omar 
et al. confirmed that zinc uptake by microalgae 
increased with increasing concentration of metal ions32.  

ICP-MS 
Using the optimized conditions, experiments were 

conducted to investigate the abilities of immobilized 
Scenedesmus regularis microalgal biomass in sodium 
alginate beads to remove ZnO NPs in aqueous medium. 
The analysis was performed using ICP-MS, and the 

experimental data were subjected to a single factor/one-
way analysis of variance (ANOVA) method with three 
repetitions in each treatment. Results were considered 
significant at P < 0.05. Mean and standard deviation 
were calculated from the data obtained from ICP-MS 
analysis to obtain a representative average. Laboratory 
scale conditions of for the immobilization of ZnO 
nanoparticles using Scenedesmus regularis microalgal 
biomass in sodium alginate beads were optimized. The 
results indicated that immobilized Scenedesmus 
regularis microalgal biomass in sodium alginate beads 
was effective in removing 82.53% of ZnO NPs at an 
initial concentration of 1.66 mg/L for 3 h.  

Characterization results of Scenedesmus regularis microalgal 
biosorbent (biomass) before and after biosorption 
FTIR (Fourier transform infrared) 

The FTIR spectrum for the microalgal biomass 
sample treated with ZnO NPs showed several changes 
in the characteristic absorption peaks, indicating that 
these functional groups are involved in biosorption 
(Fig. 11 & Table 3). The control spectrum of 

Fig. 11 — FTIR spectrum of Scenedesmus regularis biomass (A) before ZnO NPs biosorption; (B) after ZnO NPs biosorption from
aqueous solution 
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uninteracted biomass (not treated with ZnO NPs) 
displayed a peak at 3276.06 cm⁻ ¹, representing the 
presence of hydrogen-bonded O-H stretch. Peaks at 
1354.71 cm⁻ ¹ and 1028.59 cm⁻ ¹ were attributed to 
the nucleic acid P=O stretching of phosphodiesters 
and C-O-C carbohydrates, respectively. The peak at 
833.82 cm⁻ ¹ indicated the presence of a phosphine 
group, and the peak at 550.23 cm⁻ ¹ represented the 
Si-OH group33. In contrast, the treated biomass with 
ZnO NPs exhibited a peak at 3282.1 cm⁻ ¹, 
representing the hydrogen-bonded O-H stretch. A 
peak at 2918.5 cm⁻ ¹ indicated the presence of a C-H 
stretch. The peak at 1640.8 cm⁻ ¹ showed the 
vibration of N-H from a primary amine. The peaks at 
1302.32 cm⁻ ¹ and 1021.56 cm⁻ ¹ were due to the 
stretching vibrations of P=O and C-O-C, respectively. 
Additionally, a peak at 462.4 cm⁻ ¹ was associated 
with the stretching vibration of ZnO34. These changes 
in the wave number and their intensity were a result 
of the interaction between the functional groups on 
the Scenedesmus biomass and ZnO NPs during the 
biosorption process. 

SEM (Scanning electron microscopy) 
SEM was used to verify the morphological 

differences between the Scenedesmus regularis 
microalgal biomass before and after biosorption of ZnO 
nanoparticles. Fig. 12 presents SEM micrographs of 
Scenedesmus regularis biomass before and after the 
adsorption of ZnO NPs. The SEM images confirmed the 
presence of ZnO-NPs on the Scenedesmus regularis 
microalgae cell surface (Fig. 12C). The SEM images in 
Fig. 12A & 12B illustrated typical untreated cells with 
intact and rigid cell walls. The size of this microalga 
was in the range of 3.73 µm to 4.64 µm. After ZnO-
NPs biosorption, the cell wall of the biomass was 
distorted, exhibiting an irregular surface with the 
appearance of bright spots due to the accumulation of 
ZnO NPs (Fig. 12C & 12D). The red arrows indicated 
the attachment of ZnO nanoparticles onto the algal 
cell wall of Scenedesmus regularis after biosorption 
(Fig. 12C & 12D). 

EDX (Energy dispersive X-Ray) 
Energy-dispersive X-ray spectroscopy (EDX) is a 

useful tool for chemical characterization and 

Table 3 — FTIR spectra of Scenedesmus regularis microalgal biomass before and after ZnO NPs biosorption 

Wave number 
range (cm-1) 

Before ZnO NPs biosorption After ZnO NPs biosorption Difference 

Wave number 
(cm-1) 

Bond Origin Wave number (cm-1) Bond Origin 

3029-3639 3276.06 O-H stretching,

N-H stretching(Amide)

3282.1 O-H stretching

N-H stretching(Amide)

-6.04

2809-3012 2922.3 Lipid-carbohydrate

C-H stretch

2918.5 Lipid-carbohydrate

C-H stretch

3.8 

1583-1709 1644.2 N-H band

C=O stretching 

1640.8 N-H band

C=O stretching 

3.4 

1191-1356 1354.71 Nucleic acid

P=O stretching 

1352.32 Nucleic acid

P=O stretching 

-2.39

980-1072 1028.59 C-O-C polysaccharides 

Carbohydrate

1021.58 C-O-C polysaccharides

Carbohydrate

-7.01

821.-708 834.82 Si-OH group - - -

484-559 550.23 PH Phosphine group 462.4 Zn-O - 

Fig. 12 — SEM micrograph of Scenedesmus regularis biomass (A&B) before and (C&D) after ZnO NPs biosorption from aqueous 
solution 
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elemental analysis of biomass. In the present study, 
EDX analysis was performed to determine the types 
of elements present in the sample and to confirm the 
presence of ZnO nanoparticles attached to the cell 
surface of Scenedesmus regularis microalgal biomass. 
In Fig. 13, the EDX spectra revealed the elemental 
composition of Scenedesmus regularis biomass before 
and after the biosorption of ZnO nanoparticles. 
According to the spectra, the untreated biomass 
contained elements such as oxygen (O), sodium (Na), 
phosphorus (P), chlorine (Cl), and potassium (K). 
After the biosorption process, the EDX analysis 
results indicated a significant increase in the 
percentage of oxygen, rising from 48.43 wt% to 82.32 
wt% of the total weight. This increase in oxygen 
content is consistent with the presence of ZnO 
nanoparticles, which contribute additional oxygen 
atoms to the biomass. Distinct peaks corresponding to 
the zinc (Zn) atoms were also observed, confirming 
the presence of ZnO nanoparticles. The elemental 
profile showed a strong peak at 1 KeV, characteristic 
of Zn, and an oxygen peak centered at 0.5 KeV. These 
peaks are indicative of ZnO and align with the 
expected energy levels for these elements35,36. The 
results from the EDX analysis clearly demonstrated 
the presence of ZnO nanoparticles in the Scenedesmus 
regularis biomass after biosorption, compared to the 
control sample which did not contain ZnO 
nanoparticles. This confirms that the biosorption 
process was effective in incorporating ZnO 
nanoparticles into the microalgal biomass. 

Discussion  
The present study focuses on the uptake of zinc 

oxide (ZnO) nanoparticles using immobilized 
Scenedesmus regularis green microalgae. Isolated 
green microalgal samples showed similarity to the 
genus Scenedesmus based on morphological 
characterization37. Species-level identification was 
achieved through PCR and 18S rRNA gene 
sequencing, with nucleotide sequences obtained from 
Barcode Biosciences, Bengaluru, Karnataka38. The 

synthesis of ZnO nanoparticles was confirmed by the 
colour change from colourless zinc nitrate to white 
precipitate, indicating that a reaction had occurred and 
particles had formed17. The FTIR spectrum of zinc 
oxide (ZnO) nanoparticles showed high stretching of 
alcohols, primary amine, strong medium stretching of 
alkene, stretching of sulfonamide, and stretching of 
fluoro compounds. Similar findings were reported 
by Sunajadevi & Sugunan, Nithya & 
Kalyanasundharamb, and Shanmugapriya et al.26,27. 
The UV-Vis spectra around 352 nm confirmed the 
successful synthesis of ZnO nanoparticles. Previous 
studies support these UV-Vis results, indicating a 
characteristic peak near 352 nm corresponding to the 
intrinsic band-gap absorption of ZnO. X-ray 
diffraction (XRD) results showed a crystal lattice 
peak at (002), confirming that the ZnO nanoparticles 
formed are pure ZnO with a wurtzite hexagonal 
structure, as compared with data from the JCPDS-
ICDD card: 75-059226. The average crystallite size of 
ZnO nanoparticles was evaluated using the Debye-
Scherrer equation, with a calculated average particle 
size of approximately 29.97 nm. Transmission 
electron microscopy (TEM) techniques further proved 
that all particles had a crystallographic structure 
within the nano-range. 

Biosorption optimization results showed that 
biosorption of nanoparticles by microalgal biomass is 
dependent on pH. pH influences the functional groups 
on the cell surface and metal ions form in the solution. 
The microalgae cell wall contains alginate that 
facilitates absorption properties due to presence of 
carboxyl and hydroxyl groups10. Farooq et al. have 
explained that decreased biosorption of metal ions at 
higher pH may be due to the precipitation of metals in 
the metal hydroxide form. Alternatively, when pH 
value is low, the H+ concentration is high, that will 
competitively exchange cations on the algal surface39. 
In contrast, many researchers found in previous 
studies that the uptake efficiency was strongly related 
to the biosorbent dosage like pH. pH plays a crucial 
role in biosorption as it influences the surface charge 

Fig. 13 — EDX analysis for Scenedesmus regularis microalgal biomass (A) before and (B) after ZnO NPs biosorption from aqueous
solution 
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of the biosorbent. The zero point charge (ZPC) refers 
to the pH at which the surface charge of the material 
is neutral (neither positive nor negative). If the pH is 
greater than the ZPC, the surface becomes negatively 
charged, as the biosorbent will have more 
deprotonated functional groups (such as carboxyl or 
hydroxyl groups). If the pH is lower than the ZPC, the 
surface becomes positively charged, as more 
protonation of functional groups occurs, making the 
surface attract anions (e.g., ZnO nanoparticles) more 
effectively. In general, it can be accomplished that a 
higher dose of biosorbent significantly increases the 
uptake percentage because more functional groups 
and surfaces were available on the biosorbent with 
which the metals could interact easily. Electrostatic 
interactions between algal cells may function as a 
momentous factor in association between biomass 
dosage and metal biosorption30,40. The metal ion 
concentration also plays a vital role in biosorption. 
The algal cell wall shows the highest adsorption 
efficiency at lower concentrations, and increases in 
the metal ion concentrations lead to decreased 
adsorption efficiency due to saturation of adsorbent 
sites on microalgal cell wall. Mingzhong et al. 
reported, an aqueous solution with a higher metal 
concentration contains additional metal ions around 
the biosorbent active sites where metal ions would be 
adsorbed more adequately41. The kinetic rate of 
biosorption depends on the assurance of contact time. 
The biosorbent gets to be saturated with the 
nanoparticles. As contact time increases the 
desorption process may also start. The biosorption 
and desorption rates reach an equilibrium point. The 
biosorbent will not bind to the biomass after the 
biosorption process accomplishes equilibrium 
condition42.   

Batch sorption studies confirmed that the 
maximum biosorption of ZnO nanoparticles (ZnO 
NPs) was 82.53% using immobilized Scenedesmus 
regularis biomass in sodium alginate beads. This 
maximum biosorption was achieved under the 
following optimum operating conditions: an initial 
ZnO concentration of 1.66 mg/L, a temperature of 
37°C, a pH of 6.0, a biomass concentration of 
Scenedesmus regularis at 2 g/L, and a contact time of 
180 min. The binding mechanisms between ZnO 
nanoparticles (ZnO NPs) and the Scenedesmus 
regularis green microalgae surface can be inferred 
from the shifts and changes in the FTIR peaks 
observed before and after adsorption. The adsorption 

process is likely driven by a combination of 
electrostatic interactions, hydrogen bonding, and 
coordination between Zn ions and functional groups 
(such as hydroxyl, carboxyl, amine, and sulfonate) 
present on the algal cell wall. These interactions 
facilitate the attachment of ZnONPs onto the 
microalgal surface. O-H/N-H Stretch (3276.06 cm⁻ ¹ 
to 3282.1 cm⁻ ¹): The shift in the broad peak indicates 
the involvement of hydroxyl (-OH) and amine (-NH) 
groups in the binding process. These functional 
groups likely form hydrogen bonds or coordinate with 
ZnO NPs; C-H Stretch (2922.3 cm⁻ ¹ to 2918.5 
cm⁻ ¹): The slight shift in the C-H stretching vibration 
suggests weak interactions, such as Van der Waals 
forces, between the algal surface and ZnO NPs; C=O 
Stretch in Amides (1644.2 cm⁻ ¹ to 1640.8 cm⁻ ¹): 
The shift in the carbonyl peak implies the 
participation of amide or carboxyl groups in binding 
ZnO NPs, possibly through coordination with zinc 
ions; C-N and O-H Bending (1354.71 cm⁻ ¹ to 
1352.32 cm⁻ ¹): The shift suggests that amine or 
hydroxyl groups are involved in the adsorption, likely 
through electrostatic or covalent interactions with 
ZnO NPs; C-O Stretch (1028.59 cm⁻ ¹ to 
1021.58 cm⁻ ¹): The shift in this region indicates the 
involvement of hydroxyl and possibly sulfonate or 
sulfate groups in the biosorption process, forming 
bonds with ZnO NPs; Disappearance of peak at 
834.82 cm⁻ ¹ and emergence at 462.4 cm⁻ ¹: The 
disappearance of the peak at 834.82 cm⁻ ¹, related to 
Zn-O bonding, and the new peak at 462.4 cm⁻ ¹, 
possibly indicating new Zn-O bonds, suggests that 
ZnONPs formed direct interactions with the algal cell 
wall. 

The high content of lipids, nucleic acids, and 
carbohydrates provides the major biosorption sites for 
ZnO binding. SEM images confirmed the attachment 
of ZnO nanoparticles to the Scenedesmus regularis 
cell surface. The SEM images showed untreated cells 
with intact and rigid cell walls, while treated cells 
exhibited distorted cell walls with irregular surfaces 
and bright spots due to ZnO NP accumulation. EDX 
analysis further confirmed the presence of Zn 
elements in the sample, indicating successful 
attachment of ZnO NPs to the Scenedesmus regularis 
biomass. The elemental profile showed a strong peak 
at 1 KeV characteristic of Zn and an oxygen peak 
centered at 0.5 KeV. 

Based on these results, the immobilized 
Scenedesmus regularis microalgal biomass in sodium 
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alginate beads was effective in removing ZnO 
nanoparticles. Additionally, this biosorbent has the 
potential to be reused for multiple cycles of 
nanoparticles uptake, demonstrating its efficiency and 
sustainability in ZnO NPs removal from aqueous 
solutions. 

Conclusion 
The outcomes of this study demonstrate that 

immobilized Scenedesmus regularis in sodium 
alginate beads is effective in the removal of ZnO 
nanoparticles and has the potential to be reused for 
multiple cycles of nanoparticles uptake. The removal 
efficiency was 82.53%. Data suggests that 
Scenedesmus regularis green microalgae could be 
used as a promising, efficient, cheap, and 
biodegradable biomass for ZnO nanoparticles 
removal. This research can be valuable to industries 
searching for efficient, simple, and green alternatives 
for nanoparticles treatment methods.  
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