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enhancement of cadmium
biosorption from industrial wastewater through
Chlorella sorokiniana HMYA based thin-film

Heba M. Youssef,a Fatma Mohamed, bc Mohamed S. Abd Elhameeda

and Khaled N. M. Elsayed *ad

Cadmium (Cd2+) is a non-essential and highly toxic heavy metal released from industrial and agricultural

activities such as electroplating, dyeing, battery manufacturing, fertilizer application, fuel combustion,

and cigarette smoke. Its environmental persistence leads to bioaccumulation and food chain transfer,

posing severe teratogenic, carcinogenic, and neurotoxic risks to ecosystems and human health,

necessitating the development of sustainable remediation strategies. We present a novel biosorption

system for industrial wastewater using Chlorella sorokiniana HMYA-C based thin film, demonstrating

high biosorption efficiency with strong potential for large-scale applications. This novel thin film

outperformed both wet biomass and traditional immobilized beads under optimal conditions (pH 7, 25 °

C, 2.3 g biomass/16 ml alginate/50 ml metal solution). The algal thin film successfully removed 100%,

80%, 70%, and 64% of Cd2+ from aqueous solutions at an initial concentration of 10, 20, 50, and

80 ppm. Furthermore, it remarkably eliminated all of the cadmium from real industrial wastewater which

containing 0.4 and 2.4 ppm of Cd2+ concentration, highlighting its potential for immediate deployment

as a biotechnological tool. After biosorption, the Cd-loaded Chlorella sorokiniana HMYA-C thin film can

be safely using mild acidic or chelating agents or converted into biofuels under regulated conditions,

while advancing circular bioeconomy principles. Material characterization (FTIR, EDX, SEM, XRD, zeta

potential) indicated a porous, heterogeneous surface capable of multilayer adsorption compatible with

pseudo-second-order kinetics and Freundlich isotherms. Overall, this innovative microalgae based thin

film platform shows great promise for industrial scalability, addressing major economic and

environmental concerns while meeting pressing global demands.
1 Introduction

Water is a key resource that is critical to human life and envi-
ronmental stability.1 Rapid industrialization, population
growth, and severe implications of climate change resulted in
an extreme water issues.2 According to United Nations forecasts,
by 2025, approximately 1.8 billion people will be living in
regions with absolute water scarcity.3 Continuous discharge of
untreated or inadequately treated industrial wastewater into
natural water systems exacerbates the issue.4 Among the diverse
contaminants in wastewater, heavy metals are particularly
concerning due to their severe toxicity, environmental
ty of Science, Beni-Suef University, 62511,

ulty of Science, Beni-Suef University, Beni-

emistry Department, Faculty of Science,

and Arts, Sohar University, Sohar 311,

50378
persistence, and resistance to degrade naturally.5–9 Cadmium is
regarded as one of the most dangerous heavy metals due to its
higher mobility, prolonged biological half-life, and substantial
effects at extremely low doses.10–14 The World Health Organi-
zation restricts cadmium levels in drinking water to 3 mg L−1.15,16

Conventional physicochemical treatment technologies, such as
chemical precipitation, ion exchange, membrane ltration, and
electrochemical methods are widely employed for removing
cadmium from wastewater.17–19 However, these technologies are
typically associated with high operational expenses, signicant
energy consumption, lack the selectivity and complex
procedures.20–24 These restrictions prompted researchers to look
into alternative eco-friendly remediation solutions, with bio-
logical techniques appearing particularly promising.25,26 Among
biological remediation techniques, phycoremediation, or the
use of microalgae to remove toxins, is gaining appeal in bio-
logical systems because of its remarkable adaptability, photo-
synthetic efficiency, rapid development, and metabolic
plasticity.27–35 The presence of functional groups (such as
carboxyl, hydroxyl, sulfate, and phosphate) in microalgal cell
walls promotes metal biosorption detoxication and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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bioaccumulation; the effectiveness of these processes varies
depending on the species, environmental factors, and type of
metal.36–39 In particular, carboxyl and hydroxyl groups were
primarily involved in ion-exchange and electrostatic interac-
tions, whereas amine and phosphate groups contributed
mainly through coordination complexation with Cd2+ ions.
Furthermore, their dual role in pollution removal and biomass
valorization into high value products strengthens its scalability
within circular bioeconomy frameworks.40–43 Despite their
potential, traditional harvesting methods (such as centrifuga-
tion, ltration, and occulation) are energy intensive and
costly.44 Immobilization techniques offer a scalable alternative
that enhances microalgal stability, recyclability, and ease of
separation. This study employed sodium alginate and calcium
chloride to produce immobilized beads and thin lms of the
selected microalgae. Table 1 compares different microalgal
designs employed in heavy metal bioremediation, highlighting
variations in biosorption efficiency arising from differences in
the physical structure of the biosorbent. The comparison clearly
indicates that the immobilized Chlorella sorokiniana HMY-C
thin lm developed in this study achieved the highest cadmium
removal efficiency (100%), signicantly outperforming conven-
tional microalgal designs. This demonstrates the critical role of
immobilized thin lm structure in enhancing surface area,
functional group accessibility, and biosorption performance.

Alginate, a biodegradable and non-toxic polysaccharide
generated from brown seaweed, acts as a protective matrix,
enhancing nutrient and light penetration, decreasing cell
aggregation, and improving bio-sorption efficiency.56–60 Calcium
chloride (CaCl2) is a crosslinking agent that promotes fast
gelation by increasing ionic contacts between divalent Ca2+ ions
Table 1 Shows the comparison between the microalgal designs utilized
efficacy

Microalgal strain Technique

Chlorella sorokiniana HMY-C Immobilized thin lm
C. pyrenoidosa Wet biomass
Scenedesmus acutus
Desmodesmus sp. Wet biomass

Chlorella sp. Immobilized beads
Chlorella vulgaris Wet biomass

Chlorophyceae spp. Wet biomass
Chlorella sorokiniana Immobilized beads

Tetradesmus obliquus Immobilized beads
Dunaliella salina Wet biomass

Chlorella vulgaris Immobilized beads

Turbinaria ornata Dry biomass
Immobilized beads

Chlorella sorokiniana Dry biomass

Scenedesmus sp. Dry biomass

© 2025 The Author(s). Published by the Royal Society of Chemistry
and alginate chains' carboxylate groups, so it acts as a hard-
ening agent for the different shapes of immobilized alginate.61,62

Thin lms, in particular, have demonstrated more effective bi-
osorption kinetics and metal absorption efficiency than
conventional wet biomass and bead based systems, due to their
higher surfaces, long-term stability, better mass transfer, and
greater functional group interactions with cadmium ions.
Furthermore, they shown increased hydrogen generating
capabilities.63 This dual functionality emphasizes the potential
of algal thin lms as a sustainable platform that enables effi-
cient wastewater remediation while simultaneously generating
biomass for biofuels, pharmaceuticals, fertilizers, cosmetics,
and other valuable products, Fig. 1.

Although Chlorella sorokiniana HMY-C thin lms demon-
strated promising cadmium removal capabilities ready-to-
deploy potential, a comparison with both conventional and
emerging technologies is still necessary, as shown in Table 2.
Even with their effectiveness, emerging techniques like nano-
materials and genetically modied microorganisms have
drawbacks in terms of cost, scalability, and safety issues.64–68

Despite growing interest in algal-based remediation, the
potential of microalgae thin-lm biosorption systems remains
unexplored. Conventional microalgal bioremediation employs
large open ponds containing suspended cells, exhibit low
recyclability, and pose concerns of microbial leakage into
natural ecosystems. Immobilized thin-lm systems, on the
other hand, provide a restricted yet metabolically active envi-
ronment that boosts biosorption efficiency, operational
stability, and reusability. This study lls a signicant gap by
assessing the biosorptive capacity, scalability, and real-world
feasibility of Chlorella sorokiniana HMYA-C thin lms for
in heavy metal bioremediation, highlighting differences in biosorption

Heavy metal Removal efficiency % Ref.

Cd2+ 100% This study
Cd2+ 45.45% 45

57.14%
Cu2+ 95% 46
Ni2+ 90%
Pb2+ > 90% 47
Zn2+ 99.4% 48
Cu2+ 91.9%
As 88%
Cu2+ 97.10% 49
Cd2+ 64.61%
Cd2+ 99.85% 50
Pb2+ 87.2% 51
Cd2+ 72.9%
Cu2+ 88.9%
Cd2+ 100% 52
Pb2+ 100%
Cd2+ 94.34% 53

98.65%
Cu2+ 90.7% 54
Zn2+ 87.1%
Pb2+ 85% 55
Cd2+ 83%
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Fig. 1 An illustration of the microalgae benefits in both environmental remediation and sustainable resource management. This emphasizes the
phycoremediation process, which employs algae to remove heavymetals from untreated water. Highlighting crucial processes such extracellular
precipitation, covalent bonding, ion exchange, and bioaccumulation. The treated water is safe to reuse, and the algal biomass generated may be
utilized to manufacture biofuels, medications, biofertilizers, cosmetics, and other products.
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sustainable cadmium removal from industrial wastewater. This
study aimed to isolate and purify native green microalgae from
Beni-Suef Zoo in Egypt and assess the potential of promised
strain for cadmium phycoremediation. A comparative evalua-
tion of wet biomass, immobilized beads, and algal thin lm was
carried out. The cadmium removal efficiency using algal thin
lm from real industrial wastewater which containing 0.4 and
2.4 ppm of Cd2+ concentration was determined. The perfor-
mance and mechanisms of Cd(II) removal from aqueous solu-
tions were examined using batch experiments and
sophisticated characterization techniques, such as SEM, EDX,
FTIR and zeta potential with isotherm and kinetic modeling.
2 Materials and methods
2.1 Materials

Wuxal media (universal fertilizer, WilhelmHaug GmbH and Co.
KG, Germany) and deionized water (Botany lab, Beni-Suef
university, Egypt). Sodium alginate (MW = 380.000 g mol−1,
0.1 M, Sigma-Aldrich). Cadmium sulfate (3CdSO4$8H2O, 99%,
Oxford Laboratory Reagent, INDIA). Calcium chloride (CaCl2,
MW = 110.984 g mol−1, 96%, 0.18 M, Piochem). Taq buffer
(Ferments, Germany). DNA gel extraction kit from (Sigma-
Aldrich, Germany).
2.2 Puried microalgal strains preparation

2.2.1 Sample collection. Soil and water samples were
collected from Beni-Suef Zoo, Beni-Suef governorate, Egypt,
located at latitude: 28° 530 37.98100 N and longitude: 31° 260
50348 | RSC Adv., 2025, 15, 50346–50378
44.224 E, using different sampling techniques include inverted
Petri dishes, scraping, brushing, and syringe sampling in sterile
equipment like 50-ml tubes and Petri dishes. All collected
samples were maintained under refrigerated conditions during
their transport to the phycology laboratory at the Faculty of
Science, Beni-Suef University, Egypt.

2.2.2 Pre-isolation techniques. Collected water samples
were treated with nutritional medium in a laboratory environ-
ment, to enhance microalgae growth before isolation.116 The
microalgal biomass was concentrated by centrifugation at
3000 rpm for 5 minutes, allowing microalgal cells to be isolated
from the bulk medium via gravity.117 Pre-isolation techniques
were applied to enhance microalgal growth and concentrate
biomass, facilitating successful isolation of strains with strong
cadmium biosorption potential.

2.2.3 Isolation and purication of microalgae. Pure
Unialgal strains were isolated by repeated dilution and streak
plate methods. A tenfold serial dilution was performed by
mixing 1ml of homogenized samples with 9ml of sterile culture
material in six sterile test tubes. Each dilution step was properly
mixed, and the tubes were cultivated for 14 days at 25 °C.118

Aliquots of each dilution were plated onto sterile Petri plates
containing 20 ml of solidied nutritional agar in an aseptic
laminar ow hood using standard streaking and zigzag inocu-
lation techniques. Frequent streaking was performed to ensure
the isolation of pure strains.119 The isolation and purication
steps ensure that only pure, viable microalgal strains are
selected, which is essential for accurate assessment of bi-
osorption capabilities.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.2.4 Assessment of isolated strains purity. To assess the
purity of the isolated unialgal strains, 100 mL of each culture was
placed on nutrient agar plates (NA), a typical medium for
bacterial growth. Plates were incubated at 37 °C for 48 hours
and examined for the presence of bacterial colonies. The purity
of the algal cultures was veried by the absence of bacterial
contamination. Furthermore, a microscopic examination was
conducted to ensure the absence of non-algal contaminants.
Conrming the absence of contaminants guarantees that bi-
osorption analyses reect the properties of the microalgae
alone, supporting reliable results.

2.2.5 Molecular identication of microalgae
2.2.5.1 Genomic DNA extraction. Genomic DNA was isolated

from pure unialgal cultures using the DNeasy Plant Mini Kit
(Qiagen, Germany) according to the manufacturer's directions.
DNA content and purity were measured spectrophotometrically
at 260 and 280 nm. The extracted DNA's integrity was conrmed
using electrophoresis on a 1% agarose gel stained with
ethidium bromide. DNA bands were visible during UV trans-
illumination, conrming the existence of intact genetic
material.

2.2.5.2 PCR amplication of the 18S gene. PCR amplication
of the 18S gene was carried out with species-specic primers:
DSs (50-GCAGGAGAGCTAATAGGA-30) and DPs (50-GTA-
GAGGGTAGGAGAAGT-30). The reactionmixture (25 mL) includes
0.2 mL Taq DNA polymerase, 1 mL genomic DNA (∼10 ng), 2.5 mL
dNTPs, 2.5 mL of each primer (10 pmol mL−1), 5 mL of 10× Taq
buffer, and nuclease-free water to the nal volume.120 The PCR
cycling conditions were as follows: 4 minutes of initial dena-
turation at 94 °C, 35 denaturation cycles lasting 50 seconds
each, 60 seconds of annealing at 58 °C, 1 minute of extension at
72 °C, and 7 minutes of nal extension. Agarose gel electro-
phoresis was used to resolve the amplied products, which were
subsequently puried using a commercial DNA gel extraction
kit for future use.

2.2.5.3 DNA sequence. Puried PCR products were
sequenced bidirectionally using the BigDye® Terminator v3.1
Cycle Sequencing Kit (Applied Biosystems, USA), according to
the manufacturer's instructions. Macrogen Inc. (Seoul, South
Korea) used an ABI Prism 310 Genetic Analyzer from Applied
Biosystems to execute sequencing procedure. The raw sequence
data was examined for quality, and any ambiguous base calls
were manually curated using Chromas soware (Technelysium
Pty Ltd).

2.2.5.4 Phylogenetic analysis. The obtained 18S rRNA gene
sequences were compared to existing entries in the NCBI Gen-
Bank database using the Basic Local Alignment Search Tool
(BLAST) to determine their closest taxonomic relatives.121

Multiple sequence alignments were carried out with MUSCLE,
which is part of the MEGA 11 soware suite. To assess branch
support, phylogenetic trees were built using the Maximum
Likelihood method and 1000 bootstrap replications. All anal-
yses were carried out using MEGA11 soware (Molecular
Evolutionary Genetics Analysis version 11).122 Representative
sequences were uploaded to GenBank and assigned accession
numbers.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.2.6 Cultivating pure unialgal strain. Pure unialgal strains
were cultivated in BG11 and Wuxal medium in a controlled
laboratory environment. Cultures were maintained at
a temperature of 25 ± 2 °C and pH 7.0 under continuous illu-
mination with cool white, uorescent light 24: 0 h light/dark
cycle at an intensity of ∼60 mmol photons m−2 s−1. Micro-
algae were cultured in sterile 250-ml Erlenmeyer asks with
100 ml of media, aerated with sterile air pumps for effective gas
exchange and nutrient distribution. The growth cycle continued
until the stationary phase, which is typical aer 21 days. To
maintain the culture, the depleted medium was replaced
aseptically with fresh media.123

2.2.7 Harvesting of microalgae. Microalgal cultures were
harvested during the exponential growth phase, typically
between days 14 and 16 of incubation, when the optical density
at 680 nm (OD680) reached approximately 1.6. Harvesting at this
stage assured that the biomass was metabolically active and
ready for further analysis. Algal cells were isolated from the
culture media by initial gravity sedimentation, followed by
centrifugation at 7000 rpm for 15 minutes at room tempera-
ture.124 The harvested biomass was either utilized directly or
stored at 4 °C for subsequent use.

2.2.8 Promised strain selection. Strain exhibiting the
highest growth rate was selected utilizing three complementary
methods: optical density (OD) measurements at 680 nm, direct
cell counts (cells per mL) using a Neubauer-improved hemocy-
tometer under a light microscope at 400× total magnication,
and gravimetric analysis for dry biomass.125–127 For biomass
quantication, 20 ml of culture was taken and placed in pre-
weighed glass tubes. The Samples were centrifuged at 4000 rpm
for 15 minutes to separate the biomass. The supernatant was
collected, and the pellet containing tubes were dried in a hot air
oven set to 105 °C for 24 hours. The tubes were subsequently
reweighed to establish their dry weight. The biomass concen-
tration was estimated by subtracting the end and beginning
tube weights. Measurements were taken in triplicate and nd-
ings were presented as mean ± SD.128,129 Selecting the highest
growth rate strain allows focusing on microalgae with maximal
biomass and biosorption potential, directly supporting the
research objectives.

2.3 Preparation of cadmium solutions

A primary stock solution of cadmium (1000 mg L−1) was
prepared by accurately dissolving cadmium sulfate octahydrate
(CdSO4$8H2O(in ultrapure deionized water. A series of working
solutions at concentrations of 10, 20, 50, and 80 mg L−1 were
prepared before each experimental run.

2.4 Collection of natural industrial wastewater samples

Real industrial wastewater samples were collected from two
different manufacturing plants in the Kom Abu Rady Industrial
Zone, Beni Suef Governorate, Egypt. The sampling area's
geographic coordinates are latitude 28°450 to 29°250 N and
longitude 30°450 to 31°150E. All samples were collected in sterile
containers, transported on ice, and maintained at 4 °C until
further testing to ensure their physicochemical integrity.
© 2025 The Author(s). Published by the Royal Society of Chemistry
2.5 Preparation of biosorbent using different
immobilization techniques

2.5.1 Preparation of control alginate beads without
microalgae. Sodium alginate gel was prepared by dissolving 2 g
sodium alginate powder in 100 ml of distilled water and gently
spin it overnight, to achieve complete dissolution and homo-
geneity. To make uniform spherical beads, a viscous solution
was transferred to a peristaltic pump and extruded dropwise (1
drop per sec) from a height of 2.5 cm into a gently agitated 2%
(w/v) CaCl2 solution. Each milliliter of gel solution yielded
around 40 beads with an average diameter of around 4.0 mm.
To complete crosslinking, the beads were gently spun in CaCl2
solution for a further hour. The beads were then carefully
washed with distilled water to eliminate any remaining calcium
ions and kept in a sterile condition at 4 °C until use.130

2.5.2 Preparation of algal beads. Following two weeks of
culture, microalgal biomass in the exponential growth phase
(approximately 2.5 × 108 cells per mL and OD680 = 1.6) was
harvested using centrifugation at 3000 rpm for 10 minutes. The
supernatant was discarded, and the algal pellet was thoroughly
washed with deionized water before being centrifuged onemore
time to remove any remaining medium components.131,132 To
achieve homogeneous cell dispersion, mix 2.3 g of concentrated
wet algal biomass with 16 ml of 2% (w/v) sodium alginate
solution and spin for 15minutes. The algal alginate mixture was
extruded dropwise into a 2% (w/v) CaCl2 solution using a peri-
staltic pump, resulting in homogenous beads with an average
diameter of∼4.0 mm by ionic gelation. The algal beads were le
to harden for an hour at 4 °C before being thoroughly washed
with distilled water. The prepared microalgal beads were
refrigerated before usage.133

2.5.3 Preparation of alginate thin lm (without micro-
algae) as a control. To prepare the alginate thin lm, lter paper
soaked in 5% CaCl2 solution was placed in 2 Petri dish (8 ml). A
xed circle of (8 ml of 2% (w/v) alginate gel) was poured over the
lter paper and covered with another lter paper pre-wetted
with 5% CaCl2. The assembly was incubated at 4 °C for 15
minutes to solidify. The produced thin lm was then trans-
ferred to a Petri plate with 5% CaCl2 and allowed for another 15
minutes. Finally, the alginate thin lm was rinsed with bi-
distilled water. The control lms were cut into homogeneous
cubes (4 mm × 4 mm × 1 mm) and stored at 4 °C for future
use. This approach was implemented and modied in line with
Shaaban et al.134

2.5.4 Preparation of algal thin lm. Aer two weeks of
cultivation, microalgal biomass in the exponential growth
phase (about 2.5 × 108 cells per mL and OD680 = 1.6) was har-
vested using centrifugation at 3000 rpm for 10 minutes. The
supernatant was discarded, and the algal pellet was carefully
rinsed in deionized water before being centrifuged again to
eliminate any leover medium components. To obtain
homogenous cell dispersion, combine (1.15 g of concentrated
wet algal biomass) with (8 ml of 2% (w/v) sodium alginate gel)
and spin for 15 minutes. Filter paper Soaked with 5% CaCl2 was
placed on (Petri-dish 8 ml). The alginate algal gel was poured on
lter paper with a xed circle, then covered with another wetted
RSC Adv., 2025, 15, 50346–50378 | 50351
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lter paper with 5% CaCl2. The setup was kept at 4 °C for 15
minutes to facilitate crosslinking and thin lm algal formation.
The agal thin lm was moved to a second Petri dish with 5%
CaCl2 for additional 15 minutes to nish the gelation process.
The algal thin lm was rinsed with bi-distilled water. The algal
thin lms were cut into homogeneous cubes (4 mm × 4 mm ×

1 mm) and stored at 4 °C for future use. The method was
modied from the methodology provided by.134 Adjustments
were implemented for gel volume, CaCl2 concentration, lm
size, and crosslinking conditions to enhance lm integrity and
consistent biomass incorporation.
2.6 The comparative between different techniques of
biosorbent on Cd(II) biosorption

The experiment was carried out by utilizing different biosorbent
techniques: wet biomass, alginate immobilized algal beads and
novel alginate algal thin lm), all different forms of biosorbent
contain the same microalgal dose (2.3 gm) in (16 ml) of sodium
alginate gel (0.1 M)/50 ml of (10 ppm) concentration of Cd
concentration at (25 °C) and (pH 7). Sodium alginate beads and
sodium alginate thin lms without microalgae strain were
employed as controls.
2.7 Evaluation of factors affecting Cd(II) biosorption using
algal thin lms

2.7.1 Effect of pH on Cd(II) biosorption using algal thin
lms. The experiment was employed (2.3 gm) microalgal dose
in (16ml) of sodium alginate gel (0.1 M)/(10 ppm) concentration
of Cd solution at (25 °C), with varying pH from 3 to 9. Adjusting
pH with (1N) HCl, or (1N) NaOH as needed.

2.7.2 Effect of temperature on Cd(II) biosorption using
algal thin lms. We utilized (2.3 gm) of microalgal dose in (16
ml) of sodium alginate gel (0.1 M)/(50 ml) of (10 ppm) concen-
tration of Cd solution at (pH 7) with varying temperature levels
(25, 30, 40, and 60 °C).

2.7.3 Effect of microalgal dose on Cd(II) biosorption using
algal thin lms. We employed different microalgal doses (2.3
gm, 1.5gm, 0.75gm and 0.30gm) in (16 ml) of sodium alginate
gel (0.1 M)/50 ml of (10 ppm) concentration of Cd solution at (25
°C) and (pH 7).

2.7.4 Effect of initial cadmium(II) concentration on its bi-
osorption using algal thin lms. The study was conducted at
different concentration of Cd solution (10, 20, 50, 80) ppm,
using (2.3 gm) of microalgal dose in 16 ml of sodium alginate
gel (0.1 M)/50 ml of Cd solution at 25 °C and pH 7.

2.7.5 Effect of contact time on Cd(II) biosorption using
algal thin lms. The experiment was conducted at different
time contact (3 h, 6 h, 12 h, 18 h, 24 h), using (2.3 gmmicroalgal
dose in (16 ml) of sodium alginate gel (0.1 M)/(50 ml) of (10
ppm) concentration of Cd solution at (25 °C) and (pH 7).

2.8 Evaluation of Cd2+ removal efficiency by alginate, algal
thin lms and their controls in real industrial wastewater. The
experiment was carried out by using (2.3 gm) microalgal dose in
(16 ml) of sodium alginate gel (0.1 M)/(50 ml) of wastewater
sample had 0.4 ppm and wastewater sample had 2.4 ppm
50352 | RSC Adv., 2025, 15, 50346–50378
concentration of Cd ions at (25 °C) and (pH 7). Alginate thin
lms were used as controls for this experiment.
2.9 Determination of cadmium removal efficiency (R%)

The determination of Cd concentrations in aqueous solution
and in real industrial wastewater before and aer the bi-
otreatment was measured by using (the Agilent 4200 MP-AES) at
Institute of Global Health and Human Ecology, School of
Sciences and Engineering, The American University in Cairo.
Natural wastewater samples didn't need digestion because they
were ltered and diluted 10 times. Calibration was done with
standard solution of Cd element and was prepared in 2% nitric
acid. The Cd(II) removal percent (R%) was calculated from the
eqn (1).

(R%) = (Cb − Ca)/Cb × 100 (1)

where: Cb: concentration of Cd before treatment Ca: concen-
tration of Cd aer treatment.
2.10 Statistical analysis

All experimental measurements were performed in triplicate,
and the results are reported as means ± standard error (SE).
Statistical signicance was assessed using one-way analyses of
variance135 and determined signicant differences among
means at a condence level of p < 0.05. All statistical compu-
tations and graphical representations were conducted using
GraphPad Prism soware (version 8.0.2, GraphPad Soware
Inc., USA).
2.11 Characterization of thin lms (hydrogels)

2.11.1 Fourier-transform infrared analysis (FTIR). Fourier-
transform infrared spectroscopy was employed to investigate
the functional groups present in dry alginate and Chlorella
sorokiniana HMY-C thin lms (before and aer cadmium bi-
osorption) with a VERTEX 70v FT-IR spectrometer (Bruker,
Germany) at National Center for Radiation Research and
Technology, Egyptian Atomic Energy Authority, Cairo, Egypt.

2.11.2 X-ray diffraction analysis (XRD) analysis. Chlorella
sorokiniana HMY-C thin lms following cadmium biosorption
were investigated using XRD using (SHIMADZU XRD 6000 X-
RAY DIFFRACTOMETER (XRD)) at the National Center for
Radiation Research and Technology, Egyptian Atomic Energy
Authority, Cairo, Egypt.

2.11.3 The zeta potential determination. The surface
charge characteristics of algal thin lms before biosorption of
cadmium were determined by conducting zeta potential
measurements across a pH 6 by using (ZEISS-EVO 15-UK) at
National Center for Radiation Research and Technology, Egyp-
tian Atomic Energy Authority, Cairo, Egypt.

2.11.4 Scanning electron microscope and energy-
dispersive X-ray analysis (EDX) Studies. The examination of
dry Chlorella sorokiniana HMY-C thin lms, before and aer
cadmium biosorption, was examined utilizing SEM (ZEISS-EVO
15-UK) and EDX analysis (ZEISS Smart EDX) attached to SEM at
© 2025 The Author(s). Published by the Royal Society of Chemistry
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the National Center for Radiation Research and Technology,
Egyptian Atomic Energy Authority in Cairo, Egypt.
2.12 Essential analysis of the biosorption mechanism study

2.12.1 Kinetic study. Three distinct models were employed
to characterize the sorption kinetics of Cadmium biosorption
by Chlorella sorokiniana HMY-C thin lms.

(A) The pseudo-rst-order model, eqn (2):

Log(qe − qt) = log qe − k × t/2.303 (qt) (2)

Representing the amount adsorbed at time (t),22 as the
amount adsorbed at equilibrium (mg g−1), and (k1) as the rate
constant for pseudo-rst-order adsorption hour−1).134

(B) The pseudo-second-order model, eqn (3):

t/qt = 1/(k2 qe
2) + (1/qe) × t (3)

where (ref. 22) and (qt) represent the adsorption capacities at
equilibrium and time (t) (mg g−1), respectively, while (k2) is the
rate constant of the pseudo-second-order sorption (g mg−1

hour). When plotting (t/qt) versus (t), a linear plot is obtained.134

The values of the adsorption parameters qe and k2 can be
determined from the slope and intercept of the plot,
respectively.

(C) The intraparticle diffusion model, eqn (4):

qt = kit
(0.5) + 1 (4)

It is utilized to understand the mechanism and rate-
controlling steps within the kinetics of biosorption. It offers
essential information regarding the process.136 Where (ki) is the
intraparticle diffusion rate constant and (I) is the intercept, the
value of ki is determined from the slope of the plot qt vs. t

0.5.
2.12.2 Adsorption isotherms. Numerous models are avail-

able in scientic literature to represent adsorption isotherms.137

This study specically focused on four frequently utilized
models, were examined to assess the efficiency of Chlorella
sorokiniana HMY-C thin lms in biosorption of Cd ions through
the application of Langmuir, Freundlich, Sips and Dubinin–
Radushkevich models.

(A) The Langmuir isotherm:
It characterizes even adsorption without the movement of

adsorbate across a surface with a limited number of adsorption
sites, which are for monolayer adsorption. To achieve equilib-
rium, the linear version of the Langmuir isotherm model was
used to analyze the experimental data as, eqn (5).

Ce/qe = (1/(b × qm)) + (Ce/qm) (5)

The adsorbate concentration at equilibrium is denoted as
(Ce) in units of mg L−1, while the maximum adsorption capacity
is represented by (qm) in units of mg g−1, and the Langmuir
constant is denoted as (b)138 eqn (6).

RL = (1/(1 + b × Ci)) (6)
© 2025 The Author(s). Published by the Royal Society of Chemistry
The initial solute concentration is denoted by (Ci), and (b)
represents Langmuir's adsorption constant (L mg−1). The (RL)
value indicates whether the adsorption is unfavorable (RL > 1),
linear (RL= 1), favorable (0 < RL < 1), or irreversible (RL= 0).139,140

(B) Freundlich isotherm model, eqn (7):

Ln qe = lnKF + (1/n) × lnCe (7)

The Freundlich isotherm serves as an empirical model for
heavy metal ion adsorption. Where (ref. 22) is the amount of
metal ion adsorbed onto the surface of algal biomass at equi-
librium (mg g−1) and (Ce) is the equilibrium concentration of
the adsorbate (mg L−1).141,142 The adsorption constant (KF)
signies the adsorption capacity, while (1/n) represents the
adsorption intensity, with (n) being dependent on the adsorbate
and adsorbent. Any value of (n) is above one favors the
adsorption process.

(C) Sips model, eqn (8):

qe ¼ q*max

�
K*

sCens

��
1þ �

K*
sCens

���
(8)

where (ref. 22) is the amount of metal ion adsorbed onto the
surface of algal biomass at equilibrium (mg g−1) and (Ce) is the
equilibrium concentration of the adsorbate (mg L−1), The
maximum amount of cadmium sorbed by the microalgae is
represented by (qmax) (mg g−1). The adsorption constant KDR
signies the adsorption capacity.143

(D) Dubinin–Radushkevich model, eqn (9):

qe ¼ q*maxe
�
KDR

*32
�

(9)

The maximum amount of cadmium sorbed by the micro-
algae is represented by (qmax) (mg g−1), while (Ce) (mg L−1)
stands for the cadmium concentration at equilibrium. The
constant related to the isotherm model is denoted as (KDR) with
R representing the kinetic gas constant (8.314 J mol−1 K−1and T
(K) indicating the temperature of the system.144,145

Linear form of D. R model, eqn (10):

Ln qe = ln qm − b 32 (10)

where, (b) (mol2 kJ−2) related to constant of adsorption energy,
(3) is the Polanyi potential could be determined from, eqn (11).

3 = RT × ln(1 + (1/Ce)) (11)

The mean free energy (kJ mol−1) could be calculated using,
eqn (12):

E = 1/O2b (12)

The (E) value indicates whether the nature of biosorption
process is physical adsorption or chemisorption process.
3 Results and discussion
3.1 Characterization of isolated microalgal strains

3.1.1 Purication. To reduce microbial effects, a pre-
isolation technique using enrichment and density-based
RSC Adv., 2025, 15, 50346–50378 | 50353
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Fig. 2 (a) Gel electrophoresis of PCR products of 18S gene on 1.5% agarose gel of four samples: M: DNA marker, B (sample 1), C (sample 2), D
(sample 3), and W (sample 4). (b) Microscopy image ×40 for Parachlorella kessleri (c) Microscopy image ×40 for Chlorella sorokiniana, (d)
Microscopy image ×40 for Scenedesmus vacuolatus, (e) Microscopy image ×40 for Auxenochlorella pyrenoidosa.
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centrifugation was developed. The samples were centrifuged at
4000×g for 10 minutes to separate microalgal cells due to their
density.146–148 The lighter bacterial cells stayed in the superna-
tant and were discarded. Four distinct green microalgal strains
were successfully isolated and puried using aseptic techniques
as shown in Fig. 2. To test purity, aliquots of each culture were
inoculated in nutrient agar plates and incubated for 48 hours at
28 °C. There were no bacterial colonies detected under these
conditions, indicating that heterotrophic contaminants had
been eradicated. The rigorous purication technique assured
that any future research, whether on growth dynamics,
pollutant absorption, or metabolic prole, could be ascribed
only to the physiological activity of the microalgal strains. This
methodological soundness improves the dataset's repeatability,
interpretability, and scientic integrity.149,150

3.1.2 Molecular identication. Molecular identication of
the puried green microalgal strains was achieved using PCR
amplication of the 18S rRNA gene with species conserved
primers (DSs and DPs). To conrm effective amplication, the
Table 3 The four pure green unialgal strains registered in GenBank (acc

Sample Submission Accession number Strain identic

B SUB14206830 Seq1 PP273965 Parachlorella k
C SUB14206830 Seq2 PP273966 Chlorella sorok
D SUB14206830 Seq3 PP273967 Scenedesmus va
W SUB14206830 Seq4 PP273968 Auxenochlorella

a SUB: refers to the GenBank submission number; Seq: refers to the se
GenBank database.

50354 | RSC Adv., 2025, 15, 50346–50378
amplied products were run on a 1.5% agarose gel, Fig. 2. The
puried PCR products were sequenced and evaluated using the
NCBI Basic Local Alignment Search Tool (BLAST). The BLAST
ndings showed high sequence similarity ($99%) to recognized
microalgal species, assisting precise species identication. The
strains were subsequently submitted into the GenBank data-
base and assigned accession numbers as shown in Table 3.

To validate the molecular identication, phylogenetic anal-
ysis was performed using MEGA11 soware (Molecular Evolu-
tionary Genetics Analysis version 11) and the Maximum
Likelihood technique with 1000 bootstrap replicates.121 Phylo-
genetic trees demonstrated the evolutionary relationships of the
isolated strains with their closest known relatives, Fig. 3.

3.1.3 Growth assessment and promising strain selection.
Four microalgal strains were cultivated under standardized
conditions using two distinct growth media: BG-11 and Wuxal.
The cultures were maintained under continuous white light
(24 : 0 h light/dark photoperiod) at a controlled pH of 7 and
temperature of 25 ± 2 °C, Fig. 4. Suboptimal temperatures
essions and link)a

ation

essleri HMYA-B (https://www.ncbi.nlm.nih.gov/nuccore/PP273965)
iniana HMYA-C (https://www.ncbi.nlm.nih.gov/nuccore/PP273966)
cuolatus HMYA-D (https://www.ncbi.nlm.nih.gov/nuccore/PP273967)
pyrenoidosa HMYA-W (https://www.ncbi.nlm.nih.gov/nuccore/PP273968)

quence code. Accession numbers are officially registered in the NCBI

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) The phylogenetic tree of B strain depicted the evolutionary relationship between the isolated strain (B) and similar microalgal species,
proving its taxonomic identification, constructed using the powerful NCBI Blast tool based on The 18S rRNA sequence. (b) The phylogenetic tree
of C strain depicted the evolutionary relationship between the isolated strain (d) and similar microalgal species, proving its taxonomic identi-
fication, constructed using the powerful NCBI Blast tool based on The 18S rRNA sequence. (c) The phylogenetic tree of D strain depicted the
evolutionary relationship between the isolated strain (D) and similar microalgal species, proving its taxonomic identification, constructed using
the powerful NCBI Blast tool based on The 18S rRNA sequence. (d) The phylogenetic tree of W strain depicted the evolutionary relationship
between the isolated strain (W) and similar microalgal species, proving its taxonomic identification, constructed using the powerful NCBI Blast
tool based on The 18S rRNA sequence.
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(below 16 °C) might inhibit algal growth, whereas temperatures
above 35 °C can be lethal to numerous algal species.119 pH plays
a pivotal role in metabolic activity and nutritional availability in
culture.151–153 Among environmental parameters, light intensity
is the most important predictor of microalgal development and
biomass accumulation. Continuous white light was shown to
stimulate the growth of Haematococcus lacustris more than
intermittent blue or red light (12 : 12 h cycle).154 Furthermore,
spectral quality and light exposure duration have a signicant
inuence on the biochemical prole of algal biomass due to
their impact photosynthetic efficiency.155 BG-11 medium, also
referred to as Blue green 11 medium, is a widely adopted
synthetic medium for a broad range of species and is particu-
larly effective for freshwater strains. It is also frequently
employed in lipid synthesis studies due to its well-balanced
nutritional prole.156 In comparison, Wuxal is a widely avail-
able, broad-spectrum liquid fertilizer (N 8%, P2O5 8%, K2O 6%,
Mn 0.012%, Fe 0.02%, B 0.01%, Cu 0.004%, Zn 0.004%) that was
used in this work as a cost-effective and simplied nutritional
medium.157 All algal strains demonstrated high growth rate on
Blue green 11 than Wuxal medium.

Microalgae species demonstrated rapid growth and high
nutrient absorption efficiency, indicating their potential for
efficient wastewater treatment.158 In this investigation, the
development of four algal strains was observed under
© 2025 The Author(s). Published by the Royal Society of Chemistry
controlled settings for 18 days. Measurements were taken every
two days, in triplicate, using three complementary analytical
methods: cell density enumeration using a hemocytometer,
based on direct microscopic counting;127 optical density (OD)
measurements at 680 nm to estimate chlorophyll-containing
biomass;159 and (3) quantication of dry biomass concentra-
tion, determined by gravimetric analysis of dried algal biomass
per liter of culture, Fig. 5,.160 Cell density measurements were
shown to be the most reliable of these approaches, providing
a direct and quantitative indication of viable cell populations.161

In contrast, OD measurements may be inuenced by the pres-
ence of dissolved or suspended compounds in the culture
media, resulting in an overestimation or underestimating of
biomass.162 Similarly, dry weight measurements are subject to
inaccuracies caused by poor biomass recovery or cell lysis
during the harvesting process, especially if the approach is not
fully optimized. Among the four microalgal strains, Chlorella
sorokiniana HMYA-C exhibited superior growth rate, achieving
the maximum cell density, optical density, and dry biomass
concentration on day 18, as shown in Fig. 5. Unicellular green
microalga Chlorella sorokiniana HMYA-C excellent growth
performance in nutrient-rich environments shows a higher
physiological capability for nutrient absorption, positioning it
as a strong candidate for advanced wastewater treatment.
RSC Adv., 2025, 15, 50346–50378 | 50355
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Fig. 4 The workflow form samples collection to promising strain selection. Samples of environmental water and soil were obtained, and
enrichment was performed. Microalgal strains were isolated and purified using serial dilution and streaking procedures, with culture purity
verified under the microscope. DNA extraction, PCR amplification, sequencing, and the creation of a phylogenetic tree were all used to
corroborate taxonomic positioning. Cultivation was optimized in BG-11 medium (pH 7), with continuous illumination (24 : 0 light/dark cycle) at
25 ± 2 °C for 20 days. After comparing growth rates, Chlorella sorokiniana HMYA-C was identified as the most promising strain.
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3.2 The comparative between the Cd biosorption efficiency
of different form of biosorbent

Chlorella sorokiniana HMYA-C biosorbent was employed in three
different conguration (suspended wet biomass, an immobi-
lized beads and a novel immobilized thin lm (hydrogel)) for
removal of cadmium from aqueous solution with the same
condition pH 7, temperature 25 °C, (2.3 gm live concentrated
harvested algal biomass)/16 ml sodium alginate gel (0.1 M)/
50 ml of 10 ppm cd concentration). Algal biosorbents in the
form of thin lm)rectangular sheets(outperform typical spher-
ical alginate beads and wet biomass in Cadmium removal effi-
ciency, as shown in Fig. 6a. The physical structure of the
biosorbent has a considerable impact on both the biosorption
process and efficiency.163 Thin lms have more active sites for
cadmium adsorption than beads with the same biomass
content because of their longer, planar shape, which enhances
their effective surface area. Furthermore, the thin lm
morphology shows rougher and more porous, producing many
diffusion paths, promoting deeper cadmium trapping in the
matrix and accelerating intraparticle diffusion. The nding is
consistent with previous research that has established a direct
association between surface roughness, specic surface area.164

In contrast, the immobilized thin lm structure utilized in this
study signicantly increases biosorption efficiency. A one-way
50356 | RSC Adv., 2025, 15, 50346–50378
ANOVA (F(4, 10) = 2072, p < 0.0001, R2 = 0.9988) show that
the treatment groups accounted for virtually all variation in the
response. These ndings indicate the algal thin-lm system's
superior efficacy, highlighting its improved functionality and
tremendous potential as an effective and sustainable bi-
osorbent for cadmium removal. Compared to suspended-cell
cultures, the immobilized design showed signicantly better
metal uptake, owing to its higher surface roughness, bigger
specic surface area, and increased stability. Conventional free-
cell systems frequently face issues such as difficult harvesting,
decreased metabolic activity under metal stress, and environ-
mental concerns due to potential release into natural ecosys-
tems particularly when genetically modied strains are
used.165,166 In contrast, immobilization within a polymeric
matrix provides a strong, recyclable platform that sustains cell
viability and activity by allowing for nutrition and gas exchange
while shielding cells from harsh environmental variations.135

This arrangement reduces biomass washout, improves toler-
ance to hazardous metals, and reduces contamination hazards.
Among immobilized systems, the thin-lm design out-
performed bead-based matrices by removing internal diffusion
constraints, enabling more effective exploitation of active sites,
and facilitating improved mass transfer. Furthermore, its
planar construction supports even light dispersion and efficient
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) The growth curve of microalgae strains cultivated in BG11 medium, measured as cell density (cells per mL) over time under optimized
conditions: pH 7, continuous illumination (24 : 0 light: dark cycle), and a temperature of 25± 2 °C for 20 days. (b) The growth curve of microalgae
strains cultivated in Wuxal medium, measured as cell density (cells per mL) over time under optimized conditions: pH 7, continuous illumination
(24 : 0 light: dark cycle), and a temperature of 25 ± 2 °C for 20 days. (c) The growth curve of microalgae strains cultivated in BG11 medium
monitored as optical density (680 nm) over time under optimized conditions: pH 7, continuous illumination (24 : 0 light: dark cycle), and
a temperature of 25± 2 °C for 20 days. (d) The growth curve of microalgae strains cultivated in Wuxal medium,monitored as optical density (680
nm) over time under optimized conditions: pH 7, continuous illumination (24 : 0 light: dark cycle), and a temperature of 25 ± 2 °C for 20 days. (e)
The growth curve of microalgae strains cultivated in BG11 medium expressed as dry weight (g L−1) over time under optimized conditions: pH 7,
continuous illumination (24 : 0 light: dark cycle), and a temperature of 25± 2 °C for 20 days. (f) The growth curve of microalgae strains cultivated
in Wuxal medium, expressed as dry weight (g L−1) over time under optimized conditions: pH 7, continuous illumination (24 : 0 light: dark cycle),
and a temperature of 25 ± 2 °C for 20 days.
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gas exchange, hence maintaining photosynthetic performance
and total biosorption efficiency.167 These features emphasize
the thin-lm immobilization system as a technically advanced,
scalable, and safe solution for ongoing industrial bioremedia-
tion of heavy metals like cadmium. Recent studies have high-
lighted the superior performance of thin-lm hydrogels as
advanced platforms for bioremediation, owing to their high
surface-to-volume ratio, enhanced mass transfer, and improved
structural stability. For example, immobilization in a thin lm
shape was signicantly more effective than immobilization in
beads for Co(II) elimination in bacteria and fungus.134 Collec-
tively, these ndings highlight the critical signicance of thin-
lm hydrogel systems as next-generation bioremediation
materials. Their unique combination of mechanical stability,
reusability, and improved mass transfer makes them an envi-
ronmentally safe, cost-effective, and highly efficient solution for
the continuous removal of hazardous metals from wastewater.
3.3 Factors affecting cadmium biosorption

Following characterization and selection of the promising
microalgal strain, we evaluated the effects of various opera-
tional factors on its cadmium biosorption performance.
© 2025 The Author(s). Published by the Royal Society of Chemistry
3.3.1 The inuence of initial pH on the biosorption
behavior of Cd(II) using Chlorella sorokiniana HMYA-C thin
lms. The pH of the solution is critical to the biosorption
process because it affects metal ion solubility, speciation,
toxicity, and the ionization state of functional groups on the
surface.168 In this study, The inuence of initial pH on Cd(II)
removal efficiency was examined throughout a pH range of 3 to
9, with three replicates per condition. As shown in Fig. 6b, the
removal efficiency increased progressively from 25% at pH 3 to
100% at pH 7. This spike is caused by enhanced deprotonation
of functional groups on the algal surface, which increases the
availability of negatively charged sites capable of binding posi-
tively charged Cd(II) ions.169 These ndings are consistent with
previous study, which identied pH 7 as the best value for heavy
metal biosorption using algal biomass.39 In acidic conditions
(pH = 3), H+ ions compete with Cd2+ for binding sites on the
biosorbent surface. This proton saturation interferes with the
coordination of acidic functional groups (e.g., carboxyl, phos-
phate) with metal ions, interrupting the biosorption process
and reducing efficiency.164 Above pH 7, removal efficacy
decreases due to the production of insoluble Cd(OH)2 precipi-
tates, limiting the availability of free Cd2+ in solution.170 A one-
RSC Adv., 2025, 15, 50346–50378 | 50357
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Fig. 6 (a) Differentiation between the biosorption efficiency of different techniques of Chlorella sorokiniana biosorbent for removal of cadmium
from aqueous solution with the same condition, (pH 7, temperature 25 °C, 2.3 g/16 ml sodium alginate gel/50 ml of 10 ppm cd concentration),
demonstrated that the microalgae in the form of thin film)rectangular sheets(outperform typical spherical alginate beads and wet biomass in
cadmium removal efficiency. (b) Impact of pH on (Cd(II) biosorption using (2.3 gm) of microalgal dose in (16 ml) of sodium alginate gel/(50 ml) of
(10 ppm) concentration of Cd solution at (25 °C), with varying pH from 3 to 9, revealing that pH 7 is the optimal pH for Cd(II) removal utilizing
Chlorella sorokiniana thin film. (c) The Impact of Temperature on the biosorption of Cd(II) utilizing (2.3 gm) biomass in (16 ml) of sodium alginate
gel/(50 ml) of (10 ppm) concentration of Cd solution at (pH 7) with varying temperature levels (25, 30, 40, and 60 °C, indicating that the
temperature at 25 °C producing the greatest mean removal% of all temperatures examined. (d) The impact of the biosorbent dose on Cd removal
efficiency using different microalgal dose (2.3gm, 1.5gm, 0.75gm and 0.30gm) in (16 ml) of sodium alginate gel/50 ml of (10 ppm) concentration
of Cd solution at (25 °C) and (pH 7). (e) The impact of the initial metal concentration on the biosorption of Cd(II) using different concentration of
Cd solution (10, 20, 50, 80) ppm, (2.3 gm) biomass in (16 ml) of sodium alginate gel/50 ml of Cd solution at (25 °C) and (pH 7). (f) The impact of
contact time on the biosorption of Cd(II) at different contact times (3, 6, 12, 18, 24) h, (2.3 gm) biomass in (16 ml) of sodium alginate gel/50 ml of
Cd solution at (25 °C) and (pH 7). (g) Cadmium(II) removal efficiency % utilizing algal thin films (hydrogel) and their controls in natural industrial
wastewater indicating that 100% removal efficiency of cadmium in two different samples of real industrial wastewater (0.4 ppmCd) and (2.4 ppm
Cd).
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way ANOVA revealed signicant pH differences (F(1.305, 6.526)
= 27.98, P = 0.0010, R2 = 0.8484). This indicates that pH uc-
tuations contribute to 84.84% of the difference in removal
efficiency, highlighting the role of pH in controlling metal ion
bioavailability and surface charge interaction between the bi-
osorbent and metal ions.

3.3.2 The inuence of temperature on the biosorption
behavior of Cd(II) using Chlorella sorokiniana HMYA-C thin
lms. The impact of temperature on the biosorption efficacy of
Cd(II) by algal thin lm was systematically investigated at
temperatures of (25 °C, 30 °C, 40 °C, and 60 °C). The results in
Fig. 6c indicated that the greatest biosorption efficiency of 100%
was consistently achieved at 25 °C, this agreement with.171

Efficiency decreased gradually at both low and high tempera-
tures, with the lowest value obtained at 60 °C. At 25 °C, the
biosorption process benets favorable thermodynamic and
kinetic conditions, which optimize the interaction of Cd(II) ions
with the functional groups on the biosorbent surface. Higher
temperatures may promote denaturation or instability of the
biosorbent's active binding sites, resulting in lower biosorption
effectiveness. This is consistent with prior research, which
indicates that greater temperatures promote enhanced
50358 | RSC Adv., 2025, 15, 50346–50378
solubility of metal ions, decreasing the ion–adsorbent interac-
tion.172 The inuence of temperature on algal thin lm was
found to be consistent with insights from other microalgal
systems, where living cells demonstrate variations in metal
uptake as a function of temperature, but dead cells respond
little to no to temperature swing.173 The inuence of tempera-
ture on metal absorption has also been demonstrated to be
strain-dependent.174 Temperature had a signicant inuence on
the biosorption efficiency of Cd(II) utilizing algal thin lm, with
25 °C producing the greatest removal% of all temperatures
examined. Although the differences did not reach statistical
signicance using A one-way ANOVA (F(1.001, 4.004) = 2.549, p
= 0.1856), the high coefficient of determination (R2 = 0.918)
indicates a strong trend toward enhanced removal efficiency at
25 °C. This might suggest that 25 °C provides the optimal
kinetic or binding conditions for Cd(II) absorption. The lack of
statistical signicance might be attributed to a limited sample
size or slight differences between groups. Further research into
larger replicas is necessary to validate this observation for
enhancing heavy metal biosorption procedures.

3.3.3 The inuence of contact time on the Cd(II) bi-
osorption behavior using Chlorella sorokiniana HMYA-C thin
© 2025 The Author(s). Published by the Royal Society of Chemistry
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lms. The study systematically investigated the effect of contact
time on the biosorption effectiveness of cadmium using algal
thin lm, with the objective of determining the best period for
maximal removal. Biosorption was assessed at ve times (3, 6,
12, 18, and 24 hours), as shown in Fig. 6d. The ndings showed
a quick initial biosorption phase with around 80% elimination
efficacy in the rst three hours, followed by a continuous
increase to 100% efficiency aer 24 hours. This pattern corre-
sponds to the typical three phase biosorption mechanism: an
initial phase characterized by physical adsorption onto avail-
able binding sites and a large surface area, a slower, diffusion-
controlled phase as surface sites are occupied, and nal phase
indicating equilibrium. A one-way ANOVA analysis (F(1.201,
4.805) = 1906, p < 0.0001, R2 = 0.9979), revealed that contact
time signicantly affects Cd(II) removal effectiveness with
different contact time treatments accounting for 99.7% of the
variance in removal efficacy.

3.3.4 The inuence of algal dose on the Cd(II) biosorption
behavior using Chlorella sorokiniana HMYA-C thin lms. The
study investigated how different biosorbent doses affected the
removal of cadmium from water solutions. Four different doses
were tested: 2.3 g, 1.5 g, 0.75 g, and 0.30 g. As demonstrated in
Fig. 6e, the maximum dosage of 2.3 g per 50 ml of Cd solution,
along with 16 ml of sodium alginate gel, resulted in the highest
removal efficiency. This increase in efficiency is attributed to the
increased availability of binding sites, which signicantly
accelerates the biosorption process, consistent with previous
studies.175 However, at extremely high biomass levels, removal
effectiveness decreased, which might be attributed to bi-
osorbent aggregation. This aggregation may diminish effective
surface area and impede access to binding sites by reducing
inter-site distances. A one-way ANOVA (F(3, 12) = 23.54, p <
0.0001, R2 = 0.8547) revealed that algal dosage signicantly
impacts Cd(II) removal efficiency which accounting for almost
85% of the variation in removal efficiency.

3.3.5 The inuence of Cd(II) concentration on the bi-
osorption behavior using Chlorella sorokiniana HMYA-C thin
lms. A series of controlled batch tests were performed to
determine the optimal Cd(II) concentration for maximal bi-
osorption effectiveness, with values ranging from 10 to 80 ppm.
As shown in Fig. 6f, the elimination effectiveness was 100% at
10 ppm and then decreased to 64% at 80 ppm. This pattern is
related to the number of active binding sites at lower metal ion
concentrations, which allows for full biosorption; but, at higher
concentrations, site saturation inhibits further adsorption,
despite increased biosorption capabilities. A one-way ANOVA
analysis (F(3, 8) = 472.0, p < 0.0001, R2 = 0.9944) revealed that
variations in Cd(II) concentration explained over 99% of the
variance in removal efficiency. These ndings show that the
initial metal concentration is signicant in determining bi-
osorption potential, most likely because higher concentrations
offer a stronger driving force for mass transfer.176

3.3.6 Biosorption of Cd(II) from real industrial wastewater
using Chlorella sorokiniana thin lms. Prior to biosorption
investigation, real industrial wastewater samples from a textile
facility were tested to conrm the presence of different
© 2025 The Author(s). Published by the Royal Society of Chemistry
inorganic elements, including calcium, copper (Cu), manga-
nese (Mn), phosphorus (P), and cadmium (Cd). The control
studies, which used Ca-alginate thin lms without microalgae,
yielded signicantly lower cadmium removal efficiency, indi-
cating Chlorella sorokiniana's critical participation in the bi-
osorption process. A one-way ANOVA (F(3,8) = 974.8, p < 0.0001,
R2 = 0.9973) conrmed the superiority of the immobilized algal
thin lm system over the control. Despite the presence of
multiple competing ions and organic components in real
industrial wastewater, the immobilized C. sorokiniana thin lms
achieved 100% Cd(II) removal efficiency in two different waste-
water samples with initial cadmium concentrations of 0.4 ppm
and 2.4 ppm, as shown in Fig. 6g. This outstanding removal
performance in complicated effluents demonstrates the algal
thin-lm matrix's selectivity and high metal-binding affinity. In
addition, achieving such high biosorption effectiveness in real
industrial wastewater rather than synthetic laboratory media
demonstrates the system's practicality. Several previous studies
have yielded encouraging results under ideal laboratory
circumstances; nevertheless, the presence of various ions,
colors, and organic compounds in real wastewater frequently
restricts metal absorption. The C. sorokiniana thin-lm system
is resilient, adaptable, and stable under actual environmental
conditions, as evidenced by the constant and complete removal
observed here. Furthermore, the immobilization of algae cells
within the alginate matrix improves biosorption stability while
also providing an inherent biosafety advantage. Although the
study did not focus on changes in microbial community struc-
ture during biosorption, the immobilized Chlorella sorokiniana
HMYA-C thin-lm design was specically intended to limit
microalgal leakage into the surrounding environment. This
thin lm reduces the possibility of disturbing native microbial
communities while also ensuring that biosorption occurs
without altering the treated water's natural biological balance.
Such design issues are especially important in large-scale or
continuous-ow systems, where uncontrolled algal release
could result in ecological imbalance or secondary contamina-
tion. Thus, the system offers an excellent integration of high
removal efficiency, operational stability, and environmental
safety as a vital combination for long-term and practical
wastewater treatment applications. Overall, these ndings
represent a signicant breakthrough toward scalable, environ-
mentally friendly, and sustainable heavy metal removal tech-
nology. The C. sorokiniana thin-lm system's exhibited power to
maintain remarkable performance in challenging industrial
effluents highlights its promise as a resilient and selective bi-
osorbent for large-scale wastewater treatment. Future research
intends to explain the system's performance in multi-
contaminant environments and enhance the operational
parameters to maximize the long-term biosorption efficiency
and environmental compatibility.
3.4 Characterization of thin lms (hydrogels)

The thin lm was generated by the unicellular green microalga
Chlorella sorokiniana HMYA-C, which forms a photosynthetic
and self-sustaining matrix suitable for metal biosorption.
RSC Adv., 2025, 15, 50346–50378 | 50359
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Fig. 7 (a) The FTIR spectrum of calcium alginate thin films before Cd(II) biosorption demonstrating the functional groups on the film surface. (b)
The FTIR spectrum of calcium alginate thin films following Cd(II) biosorption was conducted at 80 ppm Cd2+ aqueous solution. Indicating the
changes in the functional groups on the film surface. (c) The FTIR spectrum of Chlorella sorokiniana thin films prior to Cd(II) biosorption
highlighting the functional groups detected on the algal surface. (d) The FTIR spectra of Chlorella sorokiniana thin films following Cd(II) bi-
osorption was conducted at 80 ppm Cd2+ aqueous solution shows changes in functional group vibrations due to metal binding.
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3.4.1 Fourier-transform infrared analysis (FTIR). FTIR
spectroscopy was utilized to analyze the functional groups of
alginate and algal thin lms (before and aer Cd2+ biosorption
(conducted at 80 ppm Cd2+ aqueous solution)), as shown in
Fig. 7,Prior to biosorption, the FTIR spectra of algal thin lms
exhibited distinct absorption bands at 3720–3584 cm−1 and
3550–3200 cm−1, indicating the O–H stretching vibrations of
free and hydrogen-bonded alcohol groups, respectively.
Proteins and lipids may be present on the algal surface, as
shown by a broad band between 3000-2800 cm−1 attributed to
N–H stretching and aliphatic C–H vibrations. The algal thin lm
exhibited chemical complexity, with discrete bands for amine
bending (1650–1580 cm−1), cyclic alkene C]C stretching
(1650–1566 cm−1), sulfone groups (1350–1300 cm−1), and
amine C–N stretching (1250–1020 cm−1) as shown in Table 4.
The algal thin lm FTIR spectra inuenced signicantly aer
Cd2+ biosorption, showing active binding of several functional
groups. The O–H stretching band migrated to lower wave-
numbers (3696.34 cm−1), while a new peak appeared at
3459.21 cm−1, indicating the participation of hydroxyl and
50360 | RSC Adv., 2025, 15, 50346–50378
amine groups inmetal complexation. New bands at 2376.25 and
2309.74 cm−1, ascribed to C^C and O]C]O stretching
modes, respectively, reveal the production of unique chemical
bonds via interactions between Cd2+ ions and surface-bound
thiocyanate and phosphodiester groups. The ester carbonyl
(C]O) band at 1773.00 cm−1 vanished following biosorption,
highlighting the importance of carbonyl functionalities in
cadmium coordination. Shis in amide-related regions (1325–
1202 cm−1) and phosphate-related peaks (about 1020 cm−1)
reveal the role of amide nitrogen and phosphate oxygen in
metal binding. Spectral discrepancies between the sulfonyl (S]
O) stretching region (1350–1300 cm−1) and C–N stretching
vibrations suggest a multidentate binding mechanism. Chem-
isorption of Cd2+ onto C. sorokiniana thin lms mostly occurs
via hydroxyl, amine, carbonyl, phosphate, and sulfonyl groups,
resulting in spectrum alterations and band emergence/
disappearance. Specically, carboxyl and hydroxyl groups
mainly participated through ion exchange and electrostatic
interactions, while amine and phosphate groups contributed to
coordination complexation with Cd2+ ions. The substantial, and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Functional groups of the calcium alginate thin films and Chlorella sorokiniana thin films before and after biosorption of cadmiuma

G.F Before biosorption
l (cm−1)

G.F Aer biosorption
l (cm−1)

C.F Before biosorption
l (cm−1)

C.F Aer biosorption
l (cm−1)

Bands indicating
functional groups

— — 3720.84 3696.34 (O–H alcohol), polyphenols or
polysaccharides177,1783622.39

3368.32 3363.07 — 3459.21 (O–H/N–H) carbohydrates, proteins, and
lipids179

— 3022.82 3023.59 3020.11 (N–H) stretching180

— 2941.39 2948.32 2932.36 Aliphatic (C–H/N–H) presence of
lipids,.181,1822844.81 2829.09 2850.68

— 2341.88 — 2376.25 (C^C/O]C]O/–S–C^N) stretching
thiocyanate183,184— — — 2309.74

2170.19 — 2125.83 —
2018.74 — — 2066.65 (N]C]S/C]C/P]O) isothiocyanate,

phytochemicals phosphodiester185,186— 1991.56 — 1994.79
— — 1773.00 — (C]O) esters187

— — — 1596.6 (–C]C/HC = O/R2 C]O/N–H), cyclic
alkene, carbonyl, amines, amides, and
some proteins188,189

1602.08 1629.65 1611.02 —

1427.87 1430.66 1436.78 1423.34 C]O/C–H bending190

1310.86 1324.1 1332.25 1325.18 (–S]O/C–N–C/N–H), sulfone, stretching
of amides from proteins191–193

— 1211.03 1211.04 1202.4 (C–N/ –SO3/P]O) aromatic compounds,
phosphodiester, polysaccharides)194,195

1075.97 — — — (P]O bonds in (PO4)3/C–O–C/C]C
bending, –C–O (alcohol)) polysaccharides
(The carbohydrate band spectra)196–198

1015.42 1016.12 1014.80 1020.58

934.83 917.61 922.25 904.62 (C]O]P/O–H out-of-plane) (the a-(1,4)
glycoside bond, polysaccharides)199,200

815.94 — 792.75 776.12 C–H bending/Si–H bending (the
carbohydrate band spectra)201,202

628.9 648.49 — 660.68 H2PO4
−/PO4–/N–C]O/Si–O (C–Cl halo

compound) (polysaccharides)203–205— 608.95 — 614.22
586.36 535.27 588.06 594.05
— — 510.2 —

a l (cm−1) represents the wavenumber of FTIR absorption bands indicating the presence of functional groups involved in cadmium biosorption.
G.F: Alginate thin lm C.F: Chlorella sorokiniana thin lms.
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most likely irreversible, chemical interactions between algae
functional groups and cadmium ions highlight C. sorokiniana
HMY-C thin lm superior biosorption efficiency and intriguing
potential as an environmentally benign biosorbent for heavy
metal removal.

3.4.2 Energy-dispersive X-ray analysis (EDX) studies. EDX
was employed to verify the elemental composition of immobi-
lized Chlorella sorokiniana thin lms before and aer Cd2+ bi-
osorption, Fig. 8a and b. Prior to exposure, the EDX spectrum
showed signicant signals for Ca, K, Mg, Na, Cl, and P, indi-
cating a mineral rich algal surface. Notably, no cadmium signal
was discovered, showing that the biomass is pure. Aer bi-
osorption, a distinct Cd signal developed in the spectrum, and
the atomic percentage of calcium decreased signicantly from
10.03% to 2.23%, showing ion exchange between Cd2+ and
endogenous Ca2+ ions on the cell wall. This observation
suggests a displacement mechanism in which Cd2+ replaces
lighter metal cations at active sites. Reductions in Na+ and Mg2+

peaks indicate multivalent cation exchange. These changes,
along with the persistent presence of oxygen and carbon rich
functional groups, support the involvement of surface bound
© 2025 The Author(s). Published by the Royal Society of Chemistry
carboxyl, hydroxyl, and phosphate groups in the biosorption
process. The spectroscopic and elemental results indicate that
Cd2+ is removed by complexation with functional groups and
cation exchange at the algal surface.

3.4.3 X-ray diffraction spectrometry (XRD) structural anal-
ysis. The X-ray diffraction (XRD) characterization of the Chlor-
ella sorokiniana thin lms following Cd adsorption (conducted
at 80 ppm Cd2+ aqueous solution), revealed an amorphous
prole with no recognizable crystalline peaks, as shown in
Fig. 8c. The smooth baseline and lack of diffraction peaks
indicate that no crystalline cadmium phases, such Cd(OH)2 or
CdCO3, were formed during the biosorption process. This study
demonstrated that cadmium ions persisted inside the biomass
matrix rather than constructing long range crystalline struc-
tures, due to the emergence of nanoscale, amorphous
complexes with functional groups on the algal surface. The bi-
omass's amorphous shape maintains aer adsorption, lending
condence to the mechanism of strong chemical binding rather
than physical precipitation of cadmium. Non crystalline
immobilization of Cd2+ enables chemical desorption with mild
acidic or chelating agents, resulting in cadmium recovery and
RSC Adv., 2025, 15, 50346–50378 | 50361
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Fig. 8 (a) illustrates the EDX spectrumofChlorella sorokiniana thin film before Cd2+ biosorption. The spectrum shows the presence of important
endogenous elements such as Ca, K, Na, Mg, Cl, P, and S, but no detectable Cd signal, demonstrating the absence of cadmium before exposure.
(b) The EDX spectrum of Chlorella sorokiniana thin film following Cd2+ biosorption, was (conducted at 80 ppm Cd2+ aqueous solution). The
presence of Cd peaks and decreased Ca, Na, and Mg intensities suggest a cation exchange process where Cd2+ displaces lighter cations on the
algal surface. (c) The X-ray diffraction (XRD) characterization of the Chlorella sorokiniana thin films following Cd2+ biosorption (conducted at
80 ppmCd2+ aqueous solution), revealed an amorphous profile with no recognizable crystalline peaks. (d)Chlorella sorokiniana thin film showed
a mean zeta potential of −6.6 mV at pH 6, demonstrated high colloidal stability and low electrostatic repulsion.
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biosorbent recycling. This process prevails in recovering
signicant heavy metals such as cadmium from different
wastewater sources, contributing to environmental sustain-
ability by providing both metal recovery and biosorbent regen-
eration for further use.

3.4.4 Functional implications of a moderate zeta potential
(−6.6 mV) in cadmium biosorption. The zeta potential is a key
physicochemical indicator of surface charge and colloidal
behavior, having direct consequences for particle stability and
adsorption kinetics. The Chlorella sorokiniana thin lm
demonstrated a mean zeta potential of −6.6 mV at pH 6,
showing high colloidal stability and low electrostatic repulsion,
Fig. 8d. Despite The optimal zeta potential range for removing
cations from wastewater is typically −10 mV to −30 mV, with
slightly negative to moderately negative charges resulting in
effective cation aggregation, occulation, and adsorption.206

However, the precise range depends on the adsorbent material,
the kind of cation being removed the system, successfully
eliminated cadmium. This study highlights the signicance of
50362 | RSC Adv., 2025, 15, 50346–50378
non-electrostatic systems that collaborate to control bi-
osorption efficiency. Supporting this, EDX elemental analysis
revealed substantial reductions in endogenous Ca2+, Na+, and
Mg2+ levels, as well as a prominent post adsorption cadmium
signal compared to pretreatment samples. The observed alter-
ations suggest that Cd2+ displaces lighter cations from func-
tionalized regions on the algal matrix via ion exchange. The
persistent occurrence of oxygen and phosphorus rich functional
groups such as carboxyl, hydroxyl, and phosphate moieties
point to ligand specic complexation and hydrogen bonding as
adsorption processes. Environmental conditions played a rein-
forcing impact: Operating at pH 6 maintained cadmium's
reactive divalent state (Cd2+), while a low ionic the background
minimized competition for active sites. Furthermore, the
immobilized thin lm mechanical robustness ensured that
binding sites were accessible throughout the adsorption
process. Overall, our ndings indicate that, even at moderate
surface charge, biosorption systems exhibit high metal affinity
when supported by structurally accessible functional groups,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a and b) SEMmicrographs ofChlorella sorokiniana thin films before biosorption demonstrated that algal thin films exhibited an extremely
varied surface, with high roughness, many protrusions, porous structures and irregular microcracks. These features lead to greater surface area
and active sites, which explain why heavy metal adsorption is more effective. The image (a) was acquired at 2.00 KX magnification with a 10 mm
scale bar, and a working distance of 9.07 mm. The image (b) was acquired at 3.50 KX magnification with a 5 mm scale bar, and a working distance
of 9.35 mm. (c and d) SEM micrographs of Chlorella sorokiniana thin films after biosorption, were conducted at 80 ppm Cd2+ aqueous solution,
revealed a smoother, denser, and more compact algal film surface, indicating the accumulation of metal ions in the algal matrix. The image (c)
was acquired at a 5 mm scale bar, 3.50 KX, 22.00 kV EHT, and a 9.12 mmworking distance. The image (d) was acquired at a 10 mm scale bar, 2.00
KX, 22.00 kV EHT, and 8.91 mm working distance.
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favorable solution chemistry, and multi-modal sorption
pathways.

3.4.5 Scanning electron microscopy analysis. The SEM
examination revealed essential information about the
morphological characteristics of Chlorella sorokiniana thin lms
before and aer cadmium biosorption (conducted at 80 ppm
Cd2+ aqueous solution). Chlorella sorokiniana thin lms before
treatment had an extremely varied surface, with deep longitu-
dinal pores, high roughness, porosity, and irregular micro-
cracks, as shown in Fig. 9. These surface characteristics
dramatically boosted the specic surface area and number of
active binding sites, increasing the likelihood of cadmium ion
Table 5 Kinetic parameters of Cd2+ biosorption fitted to three different

Kinetic model Parameter

Pseudo-rst order k1 (h
−1) = 0.0013

Pseudo-second order k2 (g (mmol−1 h−1)) = 0.212
Intraparticle diffusion ki (mmol (g−1 h 0.5)) = 0.14

a k1: rate constant of the pseudo-rst-order model; k2: rate constant of the pse
R2: correlation coefficient.

© 2025 The Author(s). Published by the Royal Society of Chemistry
contact and entrapment. Surface roughness promotes micro-
scale turbulence at the solid–liquid interface, resulting in more
cadmium ion collisions and improved adsorption via diffusion
and electrostatic interaction. Branching and linked pores
facilitate capillary driven transport of Cd2+ into deeper lm
layers, creating a multidimensional diffusion pathway and
boosting access to interior active regions. Microcracks and
Cavities: These functioned as micro reservoirs, lengthening the
residence time of cadmium ions at adsorption sites and
increasing local concentration gradients, resulting in more
surface contacts. Following cadmium biosorption (conducted at
80 ppm Cd2+ aqueous solution). SEM images revealed
kinetic modelsa

qe (exp.) = 1.139 qe (calc.) = 0.593 R2 = 0.0001
qe (exp.) = 1.139 qe (calc.) = 1.28 R2 = 0.984

R2 = 0.980

udo-second-ordermodel; qe: equilibrium adsorption capacity (mmol g−1);

RSC Adv., 2025, 15, 50346–50378 | 50363
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a smoother, denser, and more compact lm surface, the
observed microstructural alterations, such as densely aggre-
gated spherical particles and decreased surface porosity,
pointing to the accumulation of metal ions in the biomass
matrix, as shown in Fig. 9. The morphological alterations
indicate that Cd2+ substituted native cations, causing metal
induced crosslinking with carboxyl, hydroxyl, and phosphate
groups on algal cell walls. Cadmium was detected on the post
treatment surfaces by SEM-EDX elemental mapping, validating
the metal absorption efficiency of immobilized C. sorokiniana
lms. These ndings suggest a biosorption process including
physical trapping, chemical complexation, and ion exchange,
resulting in a structurally reinforced biosorbent with high
removal capability.

3.5 Biosorption kinetics and isotherm modeling

3.5.1 Biosorption kinetics and statistical evaluation.
Kinetic modeling was used to investigate the biosorption of
Cd(II) on immobilized Chlorella sorokiniana thin lm. The
analysis of the biosorption mechanism involved the application
of three kinetic models: the pseudo-rst-order kinetics, pseudo-
second-order kinetics and intraparticle diffusion models
through the tting of experimental data. The data for kinetic
parameters acquired at an initial concentration of 80 ppm at
80 ppm Cd2+ to challenge the biosorbent under high load
conditions and to evaluate its maximum removal capacity, was
presented in Table 5.

The pseudo-rst-order model has a low correlation (R2 =

0.0001), resulting in a signicant difference between calculated
(qe,calc. = 0.593 mg g−1) and experimental uptake (qe,exp. =

1.139 mg g−1), Fig. 10. The regression analysis indicated a non
signicant slope (p = 0.8369) and too broad condence ranges
(−0.191 to 0.213), indicating that this model does not accurately
represent the kinetics of Cd(II) biosorption under the experi-
mental conditions. The pseudo-second-order model accurately
predicted experimental data, with a high coefficient of
Fig. 10 (a) Pseudo-first-order kinetic plots for Cd(II) biosorption onto alga
20, 50, and 80 ppm; pH = 7; temperature = 25 °C; biosorbent dose = 2
order plot for biosorption of Cd ions on to algal thin films under controlle
7; temperature= 25 °C; biosorbent dose= 2.3 g L−1; contact times= 3, 6
Cd ions on to algal thin films under controlled conditions: initial concen
biosorbent dose = 2.3 g L−1; contact times = 3, 6, 12, 18, and 24 hours.

50364 | RSC Adv., 2025, 15, 50346–50378
determination (R2 = 0.984) and low standard error (±0.801).
The model produced a calculated equilibrium uptake (qe,calc. =
1.28 mg g−1) that was nearly identical to the experimental
nding (qe,exp. = 1.139 mg g−1), demonstrating model consis-
tency, as shown Fig. 10. The statistical analysis revealed
a signicant slope (p = 0.0067) with a narrow 95% condence
range (0.464–0.978) and an intercept p-value at the signicance
level (p = 0.058), implying that chemisorption is the dominant
rate limiting mechanism in the biosorption process. This
nding is corroborated by FTIR studies that show distinct
interactions between cadmium ions and functional groups such
as –OH, –COOH, and –NH. SEM-EDX and XRD imaging
demonstrated that cadmium had been effectively deposited on
the algal thin lm surface. Overall, these data support the idea
that the biosorption process involves valence forces or ion
exchange, which is consistent with the pseudo-second-order
model assumptions. The intraparticle diffusion model is
strongly correlated with experimental data (R2 = 0.980), with
a corrected R2 value of 0.957 and a low standard error of±0.035,
Fig. 10. The model's slope coefficient was statistically signi-
cant (p = 0.0144) with a narrow 95% condence range (0.074–
0.237), indicating that intraparticle diffusion plays a substantial
role in the overall biosorption process. The intercept (C= 0.392)
was also statistically signicant (p = 0.0328), demonstrating
that, the biosorption process encompasses many phases,
including surface adsorption and internal diffusion. The results
of all kinetic models suggest that Cd(II) biosorption onto
immobilized algal lms is primarily regulated by chemisorption
(as depicted by the pseudo-second-order model), with intra-
particle diffusion playing a role in a multistage process. The
statistical analysis veries these ndings, emphasizing the
importance of understanding both surface and interior diffu-
sion mechanisms in biosorption.

3.5.2 Adsorption isotherm modeling and statistical evalu-
ation. Four isotherm models were used: Langmuir, Freundlich,
Sips, and Dubinin–Radushkevich, to study the equilibrium
l thin films under controlled conditions: initial concentrations (Ci)= 10,
.3 g L−1; contact times = 3, 6, 12, 18, and 24 hours. (b) Pseudo-second
d conditions: initial concentrations (Ci) = 10, 20, 50, and 80 ppm; pH=
, 12, 18, and 24 hours. (c) Intraparticle diffusionmodel for biosorption of
trations (Ci) = 10, 20, 50, and 80 ppm; pH = 7; temperature = 25 °C;

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Adsorption isotherm constants and parameters for Cd2+ biosorptiona

Adsorption isotherm Parameters

Langmuir qm (mg g−1) = 1.38 b (L mg−1) = 0.13 R2 = 0.80
RL = 0.085

Freundlich kf (mg g−1) = 0.37 1/n = 0.75 R2 = 0.970
Dubinin–Radushkevich qm (mg g−1) = 1.02 B = 4 × 10−6 R2 = 0.90

E = 354
Sips ks = 0.20 1/n = 0.53 R2 = 0.70

a qm: maximum adsorption capacity (mg g−1); b: Langmuir constant related to binding energy (L mg−1); RL: separation factor; Kf and n: Freundlich
constants; b: Dubinin–Radushkevich constant (mol2 kJ−2); E: mean adsorption energy (kJ mol−1); Ks and n: Sips model constants; R2: correlation
coefficient.
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behavior of cadmium biosorption on immobilized Chlorella
sorokiniana thin lm. The data for isotherm parameters was
presented in Table 6.

The Freundlich isotherm accurately described the experi-
mental data, with the greatest correlation coefficient (R2 =

0.970), as shown in Fig. 11. This provides a viable multilayer
adsorption approach for various surfaces, conrmed by the
multilayer structure visible in SEM images. The statistical
regression analysis veried this, with a low standard error for
the intercept (±0.04), a narrow 95% condence interval (0.80–
Fig. 11 (a) Langmuir isotherm plot for biosorption of Cd ions on to algal
80 ppm; pH = 7; temperature = 25 °C; biosorbent dose = 2.3 g L−1; con
biosorption of Cd ions on to algal thin films under controlled conditions:
biosorbent dose = 2.3 g L−1; contact times = 3, 6, 12, 18, and 24 hours. (c
algal thin films under controlled conditions: initial concentrations (Ci) = 1
contact times= 3, 6, 12, 18, and 24 hours. (d) Sips isotherm plot for biosor
concentrations (Ci) = 10–80 ppm; pH = 7; temperature = 25 °C; biosor

© 2025 The Author(s). Published by the Royal Society of Chemistry
1.82), and a statistically signicant p-value (p = 0.0197). The
slope has a standard error of ±1.51 with a 95% condence
interval of −0.35 to 3.36, indicating that the model is robust in
predicting adsorption intensity (1/n = 0.75). The Langmuir
model accurately predicted qm = 1.38 mg g−1 and b = 0.13 L
mg−1, with a R2 value of 0.80, as shown in Fig. 11. However,
statistical analysis found wide condence ranges for the slope
(−1.84 to 2.75), intercept (−28.24 to 49.70), and non-signicant
p-values. These results indicate that the Langmuir model has
limited credibility under current conditions, conrming the
thin films under controlled conditions: initial concentrations (Ci) = 10–
tact times = 3, 6, 12, 18, and 24 hours. (b) Freundlich isotherm plot for
initial concentrations (Ci) = 10–80 ppm; pH = 7; temperature = 25 °C;
) Dubinin–Radushkevich isotherm plot for biosorption of Cd ions on to
0–80 ppm; pH = 7; temperature = 25 °C; biosorbent dose = 2.3 g L−1;
ption of Cd ions on to algal thin films under controlled conditions: initial
bent dose = 2.3 g L−1; contact times = 3, 6, 12, 18, and 24 hours.
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premise that cadmium biosorption does not occur in mono-
layers on a homogenous surface. The Dubinin–Radushkevich
model has a R2 of 0.90, a theoretical maximum capacity (qm) of
1.02 mg g−1, b = 4 × 10−6 mol2 kJ−2, Fig. 11. The mean free
energy (E) value estimated from the model was 354 kJ mol−1,
which based on theoretical thresholds, indicated that the bi-
osorption process is driven by particle diffusion and strong
chemical interactions,.53,207 The slope had a large standard error
(±0.26), a wide condence interval (−2.97–3.50), and a non-
signicant p-value (p = 0.492). Even though the Dubinin–
Radushkevich (D–R) model showed a non-signicant p-value, it
was included for internal comparison with other isotherm
models and to be consistent with previous microalgal bi-
osorption research, where the D–R model has frequently shown
good t and interpretive value.208–212 Including it here enables
comparison with prior studies and indicates how the current
system may behave differently in terms of sorption energetics.
Also, the Dubinin–Radushkevich (D–R) isotherm model
emphasizes the energy aspect of the adsorption process and is
commonly used to differentiate between physical and chemical
adsorption.213 The Sips model shows a poor correlation
(R2 = 0.70), Fig. 11, and large 95% condence intervals for
intercept (−19.42 to 12.83) and slope (−4.82 to 7.79).
Non-signicant p-values indicate insufficient dependability in
characterizing the experimental data. The obtained constants
(Ks = 0.20, 1/n= 0.53) show heterogeneous adsorption, however
with less statistical support than the Freundlich model.
3.6 Mechanistic perspectives on cadmium biosorption

To gain insight into the underlying mechanisms of cadmium
removal, the biosorption process was analyzed in terms of
interactions between functional groups and Cd(II) ions, sup-
ported by characterization data and modeling results. This
nding of cadmium (Cd2+) biosorption by Chlorella sorokiniana
HMY-C thin lms represent a signicant advancement in metal
recovery technology. This study uses different analysis such as
kinetic modeling, equilibrium isotherms, Fourier-transform
infrared spectroscopy (FTIR), scanning electron microscopy-
energy dispersive X-ray spectroscopy (SEM-EDX), X-ray diffrac-
tion (XRD), and zeta potential measurements to explore the
complexities of the biosorption process. In the initial phase,
rapid physical adsorption predominated, as demonstrated by
a considerable increase in removal efficiency throughout the
rst three hours. This phase was differentiated by the algal thin
lm enormous surface area, roughness, and abundance of
active binding sites, which allowed cadmium ions to collide and
combine via electrostatic interactions. The accessibility of
surface regions dominated the rst physical adsorption
process. As the contact time increased, the biosorption process
became slower and more diffusion controlled. The SEM study
revealed microcracks and branching holes in the algal lms,
indicating the emergence of multidimensional diffusion chan-
nels. Subsequently, the primary mechanism shied to chemical
binding. Equilibrium data tting indicated that the Freundlich
isotherm, which depicts a heterogeneous surface with multi-
layer adsorption, was the best model for cadmium biosorption.
50366 | RSC Adv., 2025, 15, 50346–50378
A kinetic examination conrmed these results, with a pseudo-
second-order model indicating that chemisorption, aided by
strong chemical interactions, took predominance in the late
phases of biosorption. FTIR spectroscopy shows that cadmium
biosorption involves interactions between Cd2+ ions and func-
tional groups on algal thin lm surfaces. Signicant spectrum
alterations and the creation of new bands revealed the presence
of stable coordination complexes containing hydroxyl, amine,
carbonyl, phosphate, and sulfonyl groups. The absence of ester
carbonyl bands and the presence of thiocyanate and phospho-
diester signals indicate complexation and multi-coordination
bonding between Cd2+ ions and the algal thin lms surface.
XRD examination demonstrated that cadmium was kept inside
the structure of the algae without the production of crystalline
phases, highlighting the biosorption process's effectiveness in
preventing the formation of precipitated cadmium phases.
Overall, the results show that cadmium biosorption on Chlorella
sorokiniana thin lms involves multi-step process, including
physical adsorption, intraparticle diffusion, cation exchange
with Ca2+, and signicant chemisorption through surface
functional groups (e.g., –COOH, –OH), Fig. 12. This synergistic,
multi-mechanistic technique increases cadmium removal
effectiveness, conrming algal thin lms viability as a long-term
potential for complex heavy metal remediation applications.
Finally, the proposed mechanism is therefore strongly sup-
ported by the combined evidence obtained from kinetic,
isotherm, spectroscopic, microscopic, and electrokinetic
analyses.

4 Environmental implications and
future perspectives

Based on the obtained results, the potential environmental
applications and sustainability of the selected microalgal strain
for heavy metal remediation are discussed, along with recom-
mendations for future research.

4.1 Potential for multi-metal removal

In this study, based on FTIR spectroscopy, the SEM study and
the isothermal study, the heterogeneity of the algal thin lm
surface, which is composed of various functional groups such
as carboxyl, hydroxyl, phosphate, and amine groups, provides
an excellent platform for binding a wide range of heavy metal
ions. The present system's performance with Cd2+ demonstrates
potential for large applications. Future research should look at
competing adsorption characteristics and compare the selec-
tivity and efficiency of C. sorokiniana thin lms to different
metal ions. Understanding these interactions will allow for the
development of biosorbents that can resist extremely effluent
conditions.

4.2 Regeneration and reuse of immobilized thin lms

Based on the biosorption experiments conducted in this study,
cadmium binding is mostly mediated by chemical interactions
rather than precipitation, which allows for fast desorption and
several reuses of the biosorbent. Immobilized C. sorokiniana
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Mechanism of cadmium biosorption by Chlorella sorokiniana thin films is a multi-step process that includes early physical adsorption,
intraparticle diffusion, cation exchange and strong chemisorption via functional group interactions, all without the formation of crystalline
precipitates. (This illustration proposed based on this current study).
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thin lms may be regenerated with simple desorbing agents,
retaining their high biosorption capacity across several cycles.
More study is required to assess the long term mechanical
integrity and adsorption performance aer several regenera-
tions. This contributes to estimating the operating life of lms
in continuous treatment systems.
4.3 Post-use management and environmental safety

Considering the structural and functional properties observed
in the present study, although the Chlorella sorokiniana HMY-C
thin lm is naturally biodegradable, post-use biosorbents
contaminated with cadmium must be carefully controlled to
avoid subsequent environmental contamination. Chemical
desorption using mild acidic or chelating chemicals is the
preferred method of eliminating bonded cadmium since the
biosorbent may be reused. Following metal removal, the le-
over biomass, which is still rich in energy-dense organic mate-
rial, may be converted into biofuels under controlled
conditions. This dual approach enables the safe disposal of
hazardous waste while also conforming to circular bioeconomy
principles by converting depleted biosorbents into renewable
energy resources. To properly explore ecological compromises
and scalability, future research should include life cycle
assessment (LCA) and investigate the integration of biosorption
bioenergy systems into industrial wastewater treatment
facilities.
4.4 Broader implications for wastewater treatment

This research makes a substantial contribution to the devel-
opment of sustainable, bio-based industrial wastewater treat-
ment systems. It provides a strong scientic foundation for the
use of immobilized algal lms by combining kinetic, mecha-
nistic, and surface level research. The system's great efficiency,
reusability, and exibility demonstrate its potential as a prac-
tical solution to real world environmental problems.
© 2025 The Author(s). Published by the Royal Society of Chemistry
4.5 Scalability and industrial relevance

While the system has shown effective at eliminating cadmium
in controlled laboratory settings, commercial use requires
validation under dynamic ow and real effluent circumstances.
A pilot-scale test with actual industrial effluent containing
complicatedmetal combinations will be required. Furthermore,
incorporating these thin lms into current modular wastewater
treatment frameworks might be a cost-effective and straight-
forward solution for businesses coping with heavy metal
contamination. Furthermore, we propose incorporating this
technology into modular treatment units driven by solar energy,
which might boost its viability in scattered industrial settings,
particularly in rural or resource-constrained locations with
limited traditional infrastructure.

4.6 Limitations and durability challenges

Despite their promise, immobilized thin lms may have limi-
tations owing to biofouling, mechanical deterioration, and
structural weaknesses. To address these issues, techniques such
as surface modication with antimicrobial nanoparticles and
alginate matrix strengthening with crosslinking agents are
suggested to improve the lms' mechanical and biological
durability. Future research should focus on developing bi-
osorption systems that can remove multiple metals at once,
incorporating immobilized thin lms into existing modular
wastewater treatment plants, and improving the mechanical
robustness and antifouling properties of biosorbent lms to
ensure long-term operation in dynamic, real-world
environments.

4.7 Economic and environmental aspects of algal thin lm
biosorption

Based on the superior Cd removal efficiency established by the
designed Chlorella sorokiniana thin-lm system, this approach
offers signicant environmental and nancial advantages for
RSC Adv., 2025, 15, 50346–50378 | 50367
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sustainable treatment of wastewater. The production cost of
Chlorella sp. In dry wild type is ($ 2.3 to 2.5 kg−1); however,
prices can be reduced by (30–40%) by supplementing nutrients
with wastewater effluents. In previous study, the growth of
microalgae on synthetic media for potential wastewater treat-
ment applications, highlighting the economic and ecological
advantages. The utilizing residential wastewater to alter
macronutrient levels in the growth environment allowed for the
production of biomass with a high protein content (45–57% dry
weight).214 Chlorella sorokiniana biomass included 53.25%
proteins, 27.95% lipids, 14.25% carbohydrates, and 2.66%
pigments, indicating its benets as a feedstock to produce
a variety of bioproducts.215 Microalgae biotechnology as
a crucial aspect in achieving sustainable development goals
Additionally, treated wastewater has been shown to meet FAO
and WHO requirements for agricultural reuse, providing addi-
tional economic and environmental advantages.216 Moreover,
the thin-lm system's treatment cost (USD 0.80–1.11 per m3) is
comparable to traditional and emerging technologies like acti-
vated carbon (USD 5–200 m−3,98 as cited in 99), chemical
precipitation (USD 4 m−3,77 and nanotechnology) USD 6.35
m−3,101 highlighting its economic viability and potential for
scalable application. These ndings demonstrate the nancial
and ecological benets of employing Chlorella sorokiniana
based on thin lms. In addition to conserving nance, this
study promotes the principles of the circular bioeconomy.
Future studies should focus on standardized techno-economic
modeling, long term eld scale validation, and regulatory
integration for wastewater reuse in the industrial and agricul-
tural sectors.

5 Conclusion

This study was designed to develop and evaluate a sustainable,
highly effective biosorption system for removing cadmium from
both synthetic and real industrial effluent using Chlorella sor-
okiniana thin lms. All research objectives were achieved, con-
rming the technology's robustness and potential for scalable
wastewater treatment. Under optimal operating conditions, the
algal thin lm removed 100% of cadmium at low concentra-
tions and maintained high performance up to 80 ppm,
exceeding traditional immobilized beads and suspended bi-
osorbents. Kinetic and isotherm modeling revealed a multilay-
ered and heterogeneous biosorption process that corresponded
to the pseudo-second-order and Freundlich models. Mecha-
nistic insights conrmed that cadmium uptake occurs in
a sequence of physical adsorption, intraparticle diffusion,
cation exchange, and strong chemisorption via functional
group interactions, with additional structural trapping
conrmed by FTIR, SEM-EDX, XRD, and zeta potential analyses
all without the formation of crystalline precipitates. The bi-
osorption efficacy of C. sorokiniana thin lm was veried under
actual industrial wastewater conditions (0.4, 2.4 ppm Cd2+),
achieving full removal despite the presence of competing ions.
This illustrates the system's remarkable selectivity and adapt-
ability, which is unusual for laboratory-prepared synthetic
systems. Demonstrating full-scale efficiency under real-world
50368 | RSC Adv., 2025, 15, 50346–50378
wastewater circumstances is a signicant advance toward
industrial implementation since it provides strong evidence of
practical viability and environmental signicance. Further-
more, immobilizing algal cells within the alginate matrix
increased biosorption stability while simultaneously ensuring
biosafety. Although changes in microbial community structure
were not particularly studied, the immobilized C. sorokiniana
HMYA-C thin lm system was purposefully intended to limit
algal leakage into the surrounding environment. This contain-
ment reduces ecological disturbance and guarantees that bi-
osorption occurs without disrupting the natural microbial
balance of the treated water. From a sustainability perspective,
the suggested thin-lm system combines high efficiency, low
production costs, and environmental friendliness, making it
a suitable platform for large-scale applications. With a focus on
long-term performance, regeneration cycles, and sensitivity to
several contaminants. Looking forward, shiing from batch to
continuous-ow congurations is critical for assessing opera-
tional stability and industrial scalability. Additionally, inte-
grating hybrid functionalized biopolymers or nanocomposite
matrices may improve lm durability, adsorption selectivity,
and long-term stability. The use of gene-edited microalgae with
high metal binding affinities could be a next-generation
approach to precision-engineered biosorbents. Additionally,
integrating life-cycle assessment and techno-economic studies
is crucial for evaluating this system against standard treatment
technologies and assuring its environmental and economic
feasibility. Subsequently, this study proposes a comprehensive
biosorption technique that not only achieves high cadmium
removal efficiency but also respects to circular bioeconomy
principles. The closed-loop approach, in which treated biomass
is reused for biofuel or biopolymer production, encourages
clean water availability, resource recovery, renewable energy
generation, and carbon footprint reduction. Overall, these
ndings highlight Chlorella sorokiniana thin lms as a next-
generation, environmentally friendly, and economically
sustainable biosorbent for real-world wastewater treatment.
This work lays a strong platform for enhanced biosorption
technologies that combine scientic innovation, practical scal-
ability, and environmental responsibility, thereby accelerating
the worldwide transition to a sustainable and circular bi-
oeconomy. This study bridges the gap between laboratory-scale
biosorption research and real-world industrial wastewater
treatment by developing a scalable, safe, and sustainable algal-
based system that challenges the practical limits of bioreme-
diation. Paving way for a cleaner, greener, andmore sustainable
future.
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