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Abstract

The removal of cadmium from contaminated water remains a critical challenge due to its
high toxicity, persistence, and limited treatability at low concentrations. In this study, we
propose a novel algal–nanoparticle system that integrates cadmium adsorption by Chlorella
vulgaris with zinc ferrite (ZnFe2O4) nanoparticle-assisted sedimentation, with the aim of
addressing a significant operational challenge in algal remediation. The microalgal biomass
demonstrated the capacity to remove cadmium with efficiencies exceeding 90%, facilitated
by adsorption through surface functional groups. The incorporation of ZnFe2O4 nanoparti-
cles promoted the formation of dense, magnetically responsive aggregates, significantly
accelerating biomass settling without the necessity for additional chemical flocculants.
The strategy’s efficacy is evidenced by its enhancement of metal removal and solid–liquid
separation processes, which renders it a potentially scalable and environmentally sus-
tainable approach for the treatment of cadmium-contaminated wastewater. The strategy
holds relevance for effluents derived from mining, electroplating, fertilizer production and
battery manufacturing.

Keywords: Chlorella vulgaris; zinc ferrite; cadmium adsorption; magnetic separation

1. Introduction
Water contamination by heavy metals is one of the most significant environmental

challenges of the modern era [1,2]. The continuous discharge of toxic pollutants into
aquatic ecosystems has been attributed to several factors, including rapid industrialization,
urban expansion, and intensified agricultural practices [1,2]. Among these contaminants,
cadmium (Cd2+) has attracted particular attention due to its elemental persistence, high
toxicity, and propensity for bioaccumulation in food webs [3–6]. Cadmium contamination
of natural waters can originate from multiple industrial and agricultural activities, including
mining and smelting, often as a by-product of Zn/Pb/Cu processing, electroplating, and
the manufacture of cadmium-containing products [3,6,7]. In the context of agriculture,
the utilization of phosphate fertilizers has been demonstrated to result in the introduction
of cadmium (Cd) into the soil matrix. This Cd can subsequently mobilize within the soil
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profile, disseminating into surface waters and groundwater [3,5]. Additional contributions
arise from cadmium use in pigments, plastic stabilizers, and nickel–cadmium batteries,
as well as from electronic waste streams and recycling activities that disseminate Cd into
the surrounding environments [6–8]. It is well-documented that exposure to cadmium
poses significant risks to human health. These include renal toxicity, skeletal damage and
carcinogenic effects. Furthermore, exposure to cadmium can also impair aquatic biota
and destabilize ecosystem functioning [4,5]. Consequently, the removal of cadmium from
wastewater streams remains an urgent priority in the fields of environmental science and
engineering [1,2].

The efficacy of conventional wastewater treatment methodologies, encompassing
chemical precipitation, ion exchange, membrane-based separations (e.g., reverse osmosis),
and electrochemical approaches, has exhibited inconsistency in the context of cadmium
remediation. Nevertheless, these methodologies frequently necessitate substantial opera-
tional expenses, result in sludge generation or the generation of secondary waste streams,
demand intricate infrastructure, and/or exhibit diminished efficiency at low contaminant
concentrations [1,2]. In response to these challenges, there has been an increasing focus
on strategies that draw inspiration from biological systems and utilize nanotechnology to
enhance both the efficiency and sustainability of these processes [1,2]. One such approach
involves the coupling of microalgal adsorption with magnetically assisted separation, uti-
lizing zinc ferrite (ZnFe2O4) nanoparticles to expedite the harvesting of cadmium-adsorbed
algal biomass [9–14].

This combined strategy offers complementary advantages. Chlorella vulgaris, a green
microalga, has been found to exhibit a remarkable capacity to adsorb cadmium through its
cell surface functional groups, achieving up to 95% removal efficiency under optimized
conditions [10,11]. Concurrently, the application of zinc ferrite nanoparticles expedites
the sedimentation process, thereby circumventing a pivotal operational impediment in
microalgal wastewater treatment, namely the protracted and energy-intensive harvesting of
microalgal biomass [12]. The integration of adsorption and magnetic nanoparticle-assisted
settling in this method ensures the expeditious separation of contaminated biomass from
treated water. Furthermore, it facilitates the potential recovery and recycling of both metals
and biological material [13,14]. Zinc ferrite has been the focus of investigation as a mag-
netically responsive material compatible with aqueous environmental applications. It has
been demonstrated as a magnetic flocculant for microalgae harvesting when appropriately
functionalized [14,15]. In a broader sense, the principles of magnetic harvesting have been
demonstrated to support process intensification and may therefore enable downstream
options for the recovery of resources. Such options include the reuse of nanoparticles and
the safer handling of biomasses that are enriched with metals [13,15]. Beyond biomass
harvesting, ZnFe2O4-based materials have also been widely explored in environmental
remediation as photocatalysts and adsorbents for the removal of dyes, antibiotics, phos-
phate, and heavy metals from water [16–20]. Magnetically recoverable ZnFe2O4@g-C3N4

heterostructures have been applied to visible light-driven methylene blue degradation [16],
while ZnFe2O4 systems have also been reported for the photocatalytic removal of tetracy-
cline and ciprofloxacin from aqueous media [17,18]. In addition, hierarchical ZnO/ZnFe2O4

yolk shell adsorbents have been proposed for phosphate recovery and adsorption of organic
pollutants from simulated wastewater, and Mg-doped ZnFe2O4 powders have shown rapid
simultaneous uptake of Pb2+, Cu2+, and Cd2+ ions [19,20].

From an application perspective, cadmium-bearing effluents are recurrent in sec-
tors such as mining and metallurgy, electroplating, pigment and polymer manufacturing
(via cadmium pigments and stabilizers), and battery-related industries. Furthermore,
the generation and recycling of electronic waste has the potential to disseminate Cd into
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compartments that are relevant to water systems [3,6–8]. Consequently, the utilization
of ZnFe2O4 nanoparticle-assisted separation of Cd2+-adsorbed Chlorella biomass emerges
as a promising technology for scalable remediation, aligning with current priorities in
sustainable water management and green nanotechnology [1,2,11,12,15]. The novelty of
the present work lies in the application of ZnFe2O4 nanoparticles for the magnetic recovery
of Cd2+-adsorbed Chlorella biomass in a water treatment context, together with the pH-
dependent electrokinetic interpretation of nanoparticle–cell interactions. Moreover, the
ZnFe2O4 exhibits significant photocatalytic activity, which can be utilized for the degrada-
tion of microalgal cell walls to facilitate intracellular oil extraction, as demonstrated by Seo
et al. [14]. For the downstream processing of cadmium-laden algae, photocatalytic cell lysis
mediated by zinc ferrite offers a promising route for biomass valorization. Consequently,
in this system, zinc ferrite serves not only as a magnetic agent for harvesting but also as a
potential photocatalyst for subsequent biorefinery steps.

2. Materials and Methods
2.1. Materials

Zinc ferrite (ZnFe2O4) magnetic nanoparticles were synthesized from Zn(NO3)2·6H2O,
MW:297.47 g/mol (Thermo Fisher GmbH, D-76870 Kandel, Germany) and iron(III) nitrate
nonahydrate, Fe(NO3)3·9H2O (VWR International, B-3001 Leuven, Belgium). Ethylene glycol,
HOCH2CH2OH (VWR Int. Ltd., F-94126 Fontenay-sous-Bois, France), was used as solvent.
Monoethanolamine (MEA), NH2CH2OH (Merck KGaA, D-64271 Darmstadt, Germany) and
sodium acetate, CH3COONa (ThermoFisher GmbH, D-76870 Kandel, Germany) were ap-
plied for coprecipitation of the nanoparticles. Potassium nitrate, KNO3, magnesium sulfate
heptahydrate, MgSO4·7H2O, potassium dihydrogen phosphate, KH2PO4, iron(II) sulfate hep-
tahydrate, FeSO4·7H2O, calcium chloride dihydrate, CaCl2·2H2O, ethylenediaminetetraacetic
acid disodium salt, boric acid, H3BO3, zinc sulfate heptahydrate ZnSO4·7H2O, manganese(II)
chloride tetrahydrate, MnCl2·4H2O, sodium molybdate dihydrate, Na2MoO4·2H2O, cop-
per(II) sulfate pentahydrate CuSO4·5H2O and citric acid (Merck KGaA, D-64271 Darmstadt,
Germany) were used for microalgal cultivation.

2.2. Synthesis of the Zinc Ferrite Nanoparticles

Two types of synthesis methods were used to prepare amine-functionalized zinc
ferrite in order to produce magnetic nanoparticles with different morphologies and size
distributions. The synthesis methods for the ZnFe2O4 ST. and ZnFe2O4 Refl. samples differ
primarily in the pressure applied during the process. The ZnFe2O4 ST. sample was prepared
under solvothermal conditions in an autoclave at 200 ◦C under autogenous pressure. In
contrast, the ZnFe2O4 Refl. sample was synthesized at atmospheric pressure, also at 200 ◦C,
in a round-bottom flask under constant stirring and reflux. In both synthesis procedures,
identical precursors and reactants were used in the same quantities.

The synthesis of ZnFe2O4 ST. sample under pressure was carried out in Teflon lined
autoclave (volume: 150 mL), at 200 ◦C, 12 h. In the first step, zinc(II) nitrate hexahydrate
(18 mmol) and iron(III) nitrate nonahydrate (36 mmol) were solved in 100 mL ethylene
glycol (EG). Sodium acetate (90 mmol) was solved in the solution of the metal precursors
and stirred at room temperature until dissolution, followed by the addition of 60 mL
(0.9921 mol) monoethanol amine. The solution was transferred to an autoclave, and after it
was heated at 200 ◦C, 12 h. After the synthesis, the solid phase was separated by magnet
from the ethylene glycol phase, and it was washed by distilled water. The magnetic zinc
ferrite (ZnFe2O4 ST.) was dried at 90 ◦C overnight.

The ZnFe2O4 Refl. sample was prepared at atmospheric pressure by refluxing and
heating for 12 h. The amounts of reactants, the reaction temperature and the synthesis time
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were the same as for solvothermal synthesis. The difference was that the synthesis was
carried out in a round-bottom flask under reflux with continuous stirring. After synthesis,
the sample was washed and dried as described above.

2.3. Cadmium Adsorption Tests
2.3.1. Microalgal Strain, Maintenance, and Cultivation

Chlorella vulgaris CCAP 211/109 (non-axenic isolate) was obtained from the Collection
of Algae and Protozoa (CCAP; SAMS Limited, Dunbeg, Oban PA37 1QA, Scotland, UK).
Stock cultures were maintained in liquid medium and subcultured every 2–3 months.
Between transfers, cultures were stored at 4 ◦C to preserve viability.

Microalgal cultivation was performed using a modified Endo medium, previously re-
ported for heterotrophic growth of Chlorella vulgaris with the aim of achieving high biomass
concentrations [21]. The medium composition was as follows (per liter): KNO3, 3.0 g;
KH2PO4, 1.2 g; MgSO4·7H2O, 1.2 g; citric acid, 0.3 g; FeSO4·7H2O, 0.016 g; CaCl2·2H2O,
0.105 g. After dissolution of the macronutrients, 1 mL L−1 of a trace element stock solution
was added. The trace element solution contained (per liter): EDTA-Na2, 2.1 g; H3BO3, 2.86 g;
ZnSO4·7H2O, 0.222 g; MnCl2·4H2O, 1.81 g; Na2MoO4·2H2O, 0.021 g; and CuSO4·5H2O,
0.07 g. The pH of the culture medium was adjusted to 6.5 ± 0.2 prior to inoculation.

Cultivation experiments were conducted in an airlift photobioreactor system consisting
of twelve cylindrical glass reactors (nominal volume: 500 mL), supplied by a Hailea V20
diaphragm air compressor and illuminated by four Sylvania LED lamps. Each reactor was
operated with a working volume of 400 mL to prevent foaming during aeration. The LED
light sources provided an individual luminous flux of approximately 3000 lumens.

Aeration was supplied continuously at a total airflow rate of 20 L min−1, correspond-
ing to a specific aeration rate of 4.16 L min−1 L−1 of culture volume. Uniform aeration
among reactors was ensured by symmetric distribution of the airflow, with identical tubing
lengths and an equal number of branch points between the compressor and each reactor.

Cultures were inoculated at 2% (v/v) using an actively growing inoculum with an
initial cell density of approximately 1 × 109 cells mL−1. Cultivation was carried out under
continuous aeration and illumination (24 h d−1). The pH of the cultures was monitored
at least once every 24 h using a VOLTCRAFT PHT-700 pH meter (Conrad Electronic SE,
D-92242 Hirschau, Germany). Microalgal growth was followed by measuring optical
density at 680 nm using a UV-6300 double-beam spectrophotometer (VWR International,
Radnor, PA 19087, USA).

2.3.2. Cadmium Exposure Experiments and Analytical Determination

Cadmium exposure experiments were initiated by the direct addition of a cadmium
stock solution to the bioreactors immediately prior to inoculation. Final nominal cad-
mium concentrations in the cultures were adjusted to 8.6, 20.9, and 45.6 mg L−1. Each
concentration was investigated in triplicate independent reactors.

Samples were collected at defined time points following cadmium addition (0.5, 16,
24, 48, 72, 120, and 148 h). At each sampling point, culture samples were divided into two
aliquots. One aliquot was used for the determination of optical density at 680 nm (OD680)
to estimate cell density. The second aliquot was centrifuged at 9000× g for 5 min to obtain
cell-free supernatants for dissolved cadmium analysis.

For elemental analysis, 1.0 mL of the cell-free supernatant was transferred into a
15 mL polypropylene centrifuge tube (Falcon type, Corning Life Sciences, Durham, NC
27712, USA). Subsequently, 1.0 mL of concentrated hydrochloric acid was added for sample
acidification, and the volume was adjusted to 10 mL with deionized water. Prepared
samples were stored at ambient temperature until analysis.
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Dissolved cadmium concentrations were determined using an inductively coupled
plasma optical emission spectrometer (ICP-OES)

2.4. Magnetic Separation Tests of the Cadmium Bonded Algae

The experiments measured the time and efficiency of magnetic separation of cadmium-
adsorbed algal biomass at different concentrations of algae. A concentrated Chlorella
culture containing 4.2 g L−1 of dry biomass was diluted. Different concentrations of
algal suspension were used, 3.6 g L−1 (=2.0 ± 0.1 OD680), 2.7 g L−1 (=1.5 ± 0.1 OD680),
1.8 g L−1 (=1.0 ± 0.1 OD680), 0.9 g L−1 (=0.5 ± 0.1 OD680), while the concentration of
magnetic nanoparticles was fixed at 0.511 g L−1. A 100 cm3 algal suspension of different
concentrations was mixed with a cadmium solution of 45 mg L−1 and air bubbling for
30 min. The algal biomass was treated with amine (-NH2)-functionalized zinc ferrite
nanoparticles (0.511 g L−1) (either ZnFe2O4 Refl. or ZnFe2O4 ST.) at the same concentration
for 10 min using the air bubbling compressor. Accordingly, the nanoparticle-to-biomass
mass ratios were 0.142:1, 0.189:1, 0.284:1, and 0.568:1. The pH was adjusted to 6.5 using
phosphate buffer, and the temperature was maintained at 24 ◦C.

To ascertain the efficiency with which nanoparticles bind to the surface of cadmium-
adsorbed algal cells, the sedimentation rate of the cells was measured in a magnetic
field. Four milliliters of the algal suspension was measured into a special cuvette with a
10 × 10 × 3 mm N45 neodymium magnet affixed to the bottom. The cuvette containing
the magnet was then placed within the spectrophotometer cuvette holder, and the sed-
imentation rate was measured by the change in optical density over time. The change
in optical density was monitored by measuring at 680 nm using a UV/VIS double-beam
spectrophotometer (VWR International, Avantor, Radnor, PA, USA; model PV4).

The harvesting efficiency (HE%) of the process was calculated from the following
equation:

HE% =
OD0 − OD1

OD0
× 100

OD0 is the initial absorbance of microalgae cultivation at a wavelength of 680 nm.
OD1 is the absorbance at the same wavelength of the supernatant liquid that separates

from the microalgae-particles flocs after the application of the magnetic field.

2.5. Characterization Technics

Characterization of the particles size and morphology of the zinc ferrite nanoparticles
was carried by high-resolution transmission electron microscopy (HRTEM), Talos F200X
G2 electron microscope (Thermo Fisher Scientific, Eindhoven, 5651 GZ, The Netherlands)
with field emission electron gun, X-FEG; accelerating voltage of 20–200 kV was used. The
imaging and selected area electron diffraction (SAED) measurements were carried out with
SmartCam digital search camera (Ceta 16 Mpixel, 4k × 4k CMOS camera) and a high-angle
annular dark-field (HAADF) detector (Thermo Fisher Scientific, Eindhoven, 5651 GZ, The
Netherlands). For HRTEM examination, the aqueous dispersion of zinc ferrite particles
was dropped onto 300 mesh copper grids (Ted Pella Inc., 4595 Redding, CA 96003, USA).

The specific surface area (SSA) measurements of the samples were carried out by
nitrogen adsorption–desorption method at 77 K. For this, the Micromeritics ASAP 2020
(Micromeritics Instrument Corp., Norcross, GA 30093, USA) equipment was used, and the
evaluation was carried based on the Brunauer–Emmett–Teller (BET) method.

X-ray diffraction measurements (XRD) were carried out by Bruker D8 diffractometer
(Cu-Kα source) in parallel beam geometry (Göbel mirror) with Vantec detector (Bruker AXS
GmbH, Karlsruhe, D-76187, Germany) due the phase analysis of the zinc ferrite samples.
Average crystallite size of the zinc ferrite crystallites was determined by the mean column
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length calibrated method using the full width at half maximum (FWHM) and the width of
the Lorentzian component of the fitted profiles.

Bruker Vertex 70 infrared spectroscope (FTIR) (Bruker AXS GmbH, Karlsruhe, D-76187,
Germany) was used for identification of the functional groups of the magnetic nanoparticles.
For the measurements, 10 mg zinc ferrite was pelletized with 250 mg potassium bromide;
spectra were recorded in transmission mode.

The hydrodynamic diameter of the zinc ferrite particles was measured in an aqueous
phase at a pH of 6. This measurement was conducted using a Litesizer 500 equipment
manufactured by Anton Paar, a company based in Hamburg, Germany. The dynamic
light scattering (DLS) measurements were conducted at room temperature (25 ◦C) in
automatic mode (for backscatter detector fixed at 175◦) using a 633 nm He-Ne laser. Samples
were measured in polystyrene disposable cuvettes. These cuvettes were manufactured by
Anton Paar, a company based in Hamburg, Germany. Zeta potential measurements were
carried out based on electrophoretic mobility measurements by applying laser Doppler
electrophoresis with a Litesizer 500 equipment (Anton Paar GmbH, A-8054 Graz, Austria).
The calculation of zeta potential was carried out by using Smoluchowski equation. The
measurements were conducted within an Omega Zeta cell (Mat.No. 225288, Anton Paar
GmbH, A-8054 Graz, Austria).

The magnetic behavior of the zinc ferrite samples was studied with self-developed
vibrating-sample magnetometer (VSM) system based on a water-cooled Weiss-type elec-
tromagnet. For the VSM tests, 20 mg of the sample was pelletized and its magnetization
(M) was measured as a function of magnetic field (H) up to 10,000 Oe field strength at
room temperature.

The pH of algae cultures was monitored using a VOLTCRAFT PHT-700 pH meter.
Microalgal growth was followed by measuring optical density at 680 nm using a UV-6300
double-beam spectrophotometer (VWR International). During the magnetic separation
measurements, the change in optical density of the algae dispersion was followed by
measuring at 680 nm by UV/VIS double-beam spectrophotometer (VWR International,
Avantor, Radnor, PA, USA; model PV4).

Dissolved cadmium concentrations were analyzed using a Varian 720-ES ICP-AES
spectrometer operating at 1050 W RF power. Measurements were performed using axial
plasma observation. The measurements were performed in triplicate (threefold reading)
with an integration time of 10 s. A Sturman-Masters spray chamber and a V-groove
nebulizer were utilized for sample introduction. The sample uptake rate was maintained at
2.1 cm3 min−1. Single-element standards (Merck, Certipur, c: 1000 mg L−1) were used for
measurement of Cd. The limit of detection (LOD) was 0.05 mg L−1.

3. Results and Discussion
3.1. Formation Mechanism of the Amine-Functionalized Zinc Ferrite Nanoparticles

The proposed formation mechanism of the zinc ferrite particles is assisted by the trans-
formation of MEA, because the presence of zinc(II) ions reduces the thermal decomposition
temperature of MEA, releasing ammonia [22]. Furthermore, Rochell has shown that the
presence of Fe(III) ions promotes the oxidative degradation of MEA. During this process,
an aminium radical is formed, which is deprotonated to an imine radical that is further
degraded to ammonia and aldehyde (hydroxyacetaldehyde) via imine [23]. The alkaline
conditions due to the released ammonia lead to the formation of Fe(OH)3 and Zn(OH)2,
which can be transformed into ZnFe2O4 through dehydration.

NH2CH2CH2OH Fe3+and−H+

→ H2N∗= CH − CH2 − OH + H2O Fe3+and−H+

→ HOCH2CHO + NH3
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NH3 + H2O → NH+
4 + OH−

Fe3+ + 3 OH− → Fe(OH)3

Zn2+ + 2 OH− → Zn(OH)2

Zn(OH)2 + 2 Fe(OH)3 → ZnFe2O4 + 4 H2O

3.2. Characterization of the Zinc Ferrite Samples

The specific surface area of the two zinc ferrite samples was measured using the
BET method; values of 54 m2 g−1 for the ZnFe2O4 ST. sample and 37.5 m2 g−1 for the
ZnFe2O4 Refl. sample were obtained. High resolution transmission electron microscopic
(HRTEM) measurements were carried out for characterization of particle size distribution
and the morphology of the two zinc ferrite samples. On the HRTEM images, spherical
amine-functionalized zinc ferrite particles are visible with different particle sizes; the
ZnFe2O4 Refl. particles are smaller (d: 47 ± 14 nm) than the particles of the ZnFe2O4 ST.
(317 ± 48 nm) (Figure 1A,B,D,E). It is expected that the significant difference in particle
size between the two ferrite samples will cause a significant shift in the magnetization
properties as well as in the magnetic separation rate.

Figure 1. TEM picture, size distribution histogram and EDS spectrum of the ZnFe2O4 Refl. (A–C) and
ZnFe2O4 ST. (D–F) sample.

On the EDS spectrum are found those elements which make up zinc ferrite, which
are zinc, iron and oxygen (Figure 1C,F). The presence of carbon can be explained by the
presence of organic compounds adsorbed on the surface of the particles left over from
the synthesis (MEA and EG). The carbon peak may come from the material of the grid in
TEM studies and is also the cause of the presence of copper (Ted Pella copper grid with
carbon layer). The elemental analysis results are presented in Table 1; by comparing the
iron-to-zinc ratio, it can be concluded that the ferrites formed during the reaction did not
possess a stoichiometric composition. Similar deviations from stoichiometry have been
widely reported in the literature for coprecipitated ferrite nanoparticles [24–26].
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Table 1. Elemental composition of zinc ferrite samples.

Sample ID Element Atomic
Fraction (%)

Atomic
Error (%)

Mass
Fraction

(%)

Mass
Error (%)

ZnFe2O4
Refl.

Fe 72.98 2.91 69.75 3.12

Zn 27.02 2.91 30.25 3.12

O 67.49 4.92 36.67 5.2

ZnFe2O4 ST.
Fe 77.12 2.61 74.21 2.83

Zn 22.88 2.61 25.79 2.83

O 61.02 5.35 30.77 4.80

Selected area electron diffraction (SAED) method was applied to identify the individual
particles during the TEM examination (Figure 2A,B,D,E). Correlation was found between
d-spacing values of the zinc ferrite spinel and the ring SAED patterns after the evaluation of
the SAED images. The lattice plane spacings were determined for zinc ferrite based on an
X-ray database (PDF card no. 79-1499). Moreover, XRD measurements were carried out to
confirm that no other crystalline phases (iron oxide or zinc oxide) next to zinc ferrite were
present in the sample (Figure 2C,F). Only reflections characteristic of zinc ferrite spinel were
identified on the XRD diffractograms in the case of two samples. The XRD patterns of the
two samples revealed peaks of only ZnFe2O4, located at (2Th/hkl) 18.1◦/(111), 30.0◦/(220),
35.2◦/(311), 42.8◦/(400), 53.1◦/(422), 56.6◦/(511) and 62.3◦/(440) (PDF card no. 79–1499).
Other phases as residue were not detected in the two samples; therefore, it can be stated
that the two synthesis methods are usable for the preparation of pure spinel phase ZnFe2O4

nanoparticles.

Figure 2. TEM picture, SAED image with the Miller indices and XRD pattern of the ZnFe2O4 Refl.
(A–C) and ZnFe2O4 ST. (D–F) samples.

In the high-angle annular dark-field (HAADF) pictures of the two ferrite samples,
the ZnFe2O4 particles are visible in sharp contrast (Figure 3A,B). Elemental maps were
made in the case of two zinc ferrite samples, to see how the different types of elements are
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positioned in relation to each other (Figure 3A,B). This suggests that zinc, iron and oxygen
are present in the zinc ferrite phase in the sample. Based on this, it can be concluded that the
particles in the sample are found as zinc ferrite and that no other oxides (e.g., maghemite,
hematite, magnetite or zinc oxide) were formed. XRD and SAED studies were also carried
out to provide credible evidence for this (Figure 2B–E).

 

Figure 3. HAADF pictures and element maps of the ZnFe2O4 Refl. (A) and ZnFe2O4 ST. (B) samples.

In the synthesis of zinc ferrite, monoethanol was used, which leads to the formation
of -NH2 functional groups on the surface of the nanoparticles, and FTIR measurements
were performed to investigate their presence. Two characteristic bands were found at
wavenumbers of 428 cm−1 and 577 cm−1 in the FTIR spectra of the two ZnFe2O4 samples;
these bands were assigned to the intrinsic stretching vibration modes of the metal–oxygen
bonds at the octahedral and tetrahedral sites in the spinel structure [26]. Additionally,
a band at 897 cm−1 was identified as the rocking vibration mode of the -CH2 groups,
originating from the adsorbed ethylene glycol and monoethanolamine molecules on the
surface of the ferrites [27]. The stretching vibration modes of the C-O and C-N bonds show
absorption in the wavenumber range 1000 to 1100 cm−1; these belong to the hydroxyl
and amine functional groups. Two other absorption bands are identified at 1382 cm−1

and 1585 cm−1, which are characteristic of the bending vibration mode of -OH functional
groups and the νC=C vibration of the adsorbed EG and MEA molecules. The band at
1629 cm−1 indicated the presence of -NH2 on the surface of zinc ferrite nanoparticles (from
the MEA molecules). In convolution with the C=C band is the absorption band of the -OH
bending vibration from adsorbed water, which is found at 1650 cm−1 [28]. The bands of
symmetric and asymmetric stretching vibration of the C-H bonds are shown at 2859 cm−1

and 2919 cm−1, which belong to the adsorbed EG and MEA on the surface of ZnFe2O4. The
stretching vibration band of the N–H bonds is convoluted with the vibration band of -OH
groups in a broad band in the 3000–3750 cm−1 region.

In the case of zeta potential, a significant difference was measured, because the electroki-
netic potential of the ZnFe2O4 Refl. sample was −13.3 ± 0.6 mV, which is more negative
than that of the ZnFe2O4 ST. sample, where + 8.5 ± 0.7 mV was obtained (Figure 4B). The
zeta potential of the C. vulgaris algae is −29.0 ± 0.3 mV at pH 6, and thus we can expect that
ZnFe2O4 nanoparticles with positive surface charge will bind more strongly to the algal wing
due to electrostatic interaction.
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Figure 4. FTIR spectra (A) and zeta potential distribution (B) of the two zinc ferrite samples.

The magnetization curves of the two ZnFe2O4 samples were made at 298 K using a
vibrating-sample magnetometer (VSM) (Figure 5). In the magnetic saturation (Ms) values
of the two samples, significant difference was showed, because in the case of ZnFe2O4 ST.
nanoparticles the Ms value was 43 Am2kg−1 (at 8 × 105 Am−1), which is a multiple of
the value measured for the ZnFe2O4 Refl. sample (Ms: 10 Am2kg−1). As we know, the
saturation magnetization value decreases with decreasing particle size due to the spin
disorder at the surface of the nanoparticles, which leads to the momentous change in the
Ms values at small dimensions [29]. This explains the significant difference in Ms values
measured for two zinc ferrite samples, for which there are significant differences in particle
sizes (47 ± 14 nm and 317 ± 48 nm). The magnetization curves of the ZnFe2O4 Refl. sample
do not exhibit a hysteresis loop, and in this sense the values of the remanent magnetization
(Mr) and coercivity (Hc) were approximately zero. It can be stated that the nanoparticles
of the ZnFe2O4 Refl. sample exhibit superparamagnetic behavior at room temperature.
In contrast, the VSM curve of the ZnFe2O4 ST. sample shows hysteresis, the values of Hc
(5.3 × 103 Am−1) and Mr (3.7 Am2kg−1) confirming a ferromagnetic property.

Figure 5. VSM curve of the ZnFe2O4 ST. (blue line) and ZnFe2O4 Refl. (red line).

Several synthesis methods are found in the international literature which resulted
in zinc ferrite nanoparticles with similar morphology as the experimental conditions we
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used [30–34]. Magnetic properties are varied; it is possible to produce both superparamag-
netic and soft ferromagnetic nanoparticles using this method, with saturation magnetization
ranging from 43 to 81 Am2kg−1, residual magnetization from 0 to 8 Am2kg−1 and coercivity
varying within the range 0–8000 Am−1, depending on the reaction conditions (Table 2).
Based on the literature data, spherical aggregates range from 10 to 345 nm, whereas the
average sizes of the particles we synthesized are 47 ± 17 and 317 ± 78 nm (Table 2).

Table 2. Comparison table for magnetic properties and particle size of zinc ferrite nanoparticles
synthesized by solvothermal methods.

Synthesis
Method Ms (Am2 kg−1) Mr (Am2 kg−1) Hc (Am−1) d (nm) Ref.

Solvothermal

10 0 0 47 ± 17
This work43 3.7 5300 317 ± 48

60.4 0.83 788 150 ± 25

[30]
60.3 0.18 16 130 ± 30
52 1.31 1751 120 ± 30

43.2 0.35 167 300 ± 50

66.71 0.42 292 345.2
[31]58.46 0.30 251 340.8

66.52 0.38 280 312.8

66.71 0 0 345.2
[32]81.34 5.2 2753 150.6

76.65 7.5 4078 110.6

Solvothermal
(reflux) 50.4 0 0 10 [33]

Hydrothermal 10 2 7958 n.d. [34]

To confirm the presence of magnetic nanoparticles on the surface of the algae, electron
microscopy was used (Figure 6A). The high-angle annular dark-field (HAADF) images show
the zinc ferrite particles with a brighter contrast on the surface of the algae (Figure 6B,C).
The elemental maps show the position of zinc, iron and oxygen, indicating the positions of
the ZnFe2O4 nanoparticles (Figure 6D). Furthermore, the zinc ferrite particles were also well
bound on the surface of the algae, and therefore, by applying a magnetic field, the algae could
be effectively recovered from the purified water sample.

 

Figure 6. TEM (A), HAADF pictures (B,C), element maps (D) of the zinc ferrite nanoparticles-treated
algae after magnetic separation.
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3.3. Results of the Cadmium Adsorption Tests by Using Chlorella vulgaris

To evaluate the interplay between metal toxicity and biological metal uptake, a com-
bined growth inhibition and removal kinetic assay was performed. Unlike static adsorption
studies using constant adsorbent masses, this experiment employed actively growing C.
vulgaris cultures to monitor how cadmium exposure simultaneously affects microalgal
proliferation and how the developing biomass contributes to the dynamic depletion of
dissolved metal ions over time.

The effect of cadmium on the growth of Chlorella vulgaris was evaluated by monitoring
changes in optical density at 680 nm (OD680) over time under control conditions and in the
presence of 8.6, 20.9, and 45.6 mg L−1 dissolved cadmium (Figure 7A).

Figure 7. Effect of Cd2+ ions on C. vulgaris growth (OD680) (A) and cadmium removal efficiency vs.
contact time (B) at 8.6, 20.9, and 45.6 mg L−1 cadmium concentrations.

In control cultures, C. vulgaris exhibited sustained growth following a short adaptation
phase, with OD680 increasing markedly after 72 h and reaching values of approximately 8.0
at 168 h. In contrast, cadmium exposure resulted in pronounced growth inhibition at all
tested concentrations. Compared to the control, OD680 values in cadmium-treated cultures
remained substantially lower throughout the experimental period.

At 168 h, growth inhibition relative to the control culture exceeded 60% at 8.6 mg L−1

Cd and reached approximately 75% and 70% at 20.9 and 45.6 mg L−1 Cd, respectively,
based on OD680 values. Notably, growth suppression was already evident during the early
cultivation phase and persisted throughout the experiment.

Within the applied cadmium concentration range, no clear dose-dependent trend in
growth inhibition was observed. All tested cadmium levels caused severe suppression
of microalgal growth, resulting in similarly low OD680 values, particularly at later time
points. This indicates that even the lowest applied cadmium concentration was sufficient
to strongly inhibit C. vulgaris proliferation under experimental conditions.

The temporal evolution of dissolved cadmium concentrations in Chlorella vulgaris
cultures exposed to nominal cadmium levels of 8.6, 20.9, and 45.6 mg L−1 is shown
in Figure 7B. Initial dissolved cadmium concentrations were determined immediately
after cadmium addition and prior to inoculation (0 h), providing the reference levels for
subsequent removal.

Following inoculation, a rapid decrease in dissolved cadmium concentration was
observed for all treatments. Already at the first post-inoculation sampling point (0.5 h), dis-
solved cadmium concentrations were lower than the corresponding initial values, indicating
fast removal from the aqueous phase. This initial decrease was evident across all cadmium
levels and was most pronounced at the highest nominal concentration (45.6 mg L−1).

Between 0.5 and 24 h, dissolved cadmium concentrations continued to decline sub-
stantially, reflecting an intense early removal phase. The rate of cadmium decreases during
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this period exhibited a clear concentration dependence, with higher initial cadmium levels
showing larger absolute reductions.

From 24 to 72 h, further decreases in dissolved cadmium concentration were observed
for all treatments; however, the rate of decline was markedly lower compared to the
initial phase. After 72 h of cultivation, dissolved cadmium concentrations approached low
residual levels and showed only minor temporal changes up to the end of the experiment
at 148 h.

At later time points (≥72 h), dissolved cadmium concentrations converged toward
similarly low values regardless of the initial cadmium level, suggesting stabilization of
the aqueous cadmium fraction. Variability among parallel cultures remained limited
throughout the experiment, as indicated by the relatively small standard deviations.

Summarizing the above results, it can be concluded that the investigated algal system
is highly effective for cadmium removal across a broad concentration range. A significant
decrease in cadmium content was observed after only half an hour. After 72 h, values of
1.1 ± 0.06 mg L−1, 1.3 ± 0.01 mg L−1 and 1.1 ± 0.02 mg L−1 were measured for all three
initial cadmium concentrations, which showed no further significant decrease even after
168 h. The cadmium removal efficiencies calculated for the three initial concentrations were
89.0% (10 mg L−1), 93.5% (20 mg L−1), and 97.6% (45 mg L−1).

The key finding of our research is the analysis of the impact of cadmium on the viabil-
ity of Chlorella vulgaris. Our results demonstrate that Cd exposure induces a pronounced,
non-dose-dependent inhibition of microalgal growth, even at minimal concentrations. This
toxicity is attributed to multiple mechanisms, including the disruption of redox homeosta-
sis, oxidative stress induction, and the inactivation of essential enzymes through sulfhydryl
group binding. Despite severe suppression of biomass accumulation, Cd removal from
the aqueous phase remained highly efficient. This indicates a significant decoupling of
metal remediation from algal proliferation. The high removal efficiency is driven by rapid,
growth-independent mechanisms: surface-associated adsorption (via carboxyl, phosphate,
and hydroxyl groups) and energy-intensive intracellular sequestra-tion mediated by phy-
tochelatins and metallothioneins. These findings challenge the pre-vailing paradigm that
high biomass productivity is a prerequisite for effective heavy metal removal, suggest-
ing that C. vulgaris remains a viable candidate for the treatment of highly contaminated
wastewater, where metal toxicity limits growth.

3.4. Results of Magnetic Separation of Cadmium-Adsorbed Chlorella vulgaris

After Cd2+ adsorption, amine-functionalized zinc ferrite nanoparticles were added to
the algal biomass, and then the algae were separated from the suspension using a magnetic
field. At low pH values, both types of zinc ferrite nanoparticle exhibited a strong association
with Cd2+-adsorbed algal cells, resulting in efficient magnetic separation. At the same time,
the number of separated algae increased systematically with increasing initial biomass
concentration, indicating a gradual decrease in separation efficiency at higher cell densities.
For the highest-concentration Cd2+-adsorbed algal suspension, OD680 decreased from 2.0
to 0.622 with ZnFe2O4 Refl. and to 0.752 with ZnFe2O4 ST., corresponding to harvesting
efficiencies of 68.9% and 62.4%, respectively. For the lowest-concentration suspension,
OD680 decreased from 0.5 to 0.042 with ZnFe2O4 Refl. and to 0.074 with ZnFe2O4 ST.,
resulting in harvesting efficiencies of 91.6% and 85.2%, respectively (Figure 8A,B). The
decline in HE% observed to be concentration-dependent is consistent with a lower effective
nanoparticle to cell ratio and higher solids volume fraction at elevated biomass loadings.
This decline can be attributed to a reduction in available adsorption sites, suppression of
particle–cell encounter and attachment rates via steric and hydrodynamic hindrance, and a
decrease in the magnetophoretic mobility of nanoparticle–cell heteroaggregates. The persis-
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tent performance discrepancy between the two zinc ferrite nanoparticle variants suggests
disparities in interfacial affinity and heteroaggregation or flocculation propensity, resulting
in more readily magnetically recoverable aggregates for ZnFe2O4 Refl., particularly under
increased biomass loading conditions.

Figure 8. Magnetic separation of Cd2+-adsorbed Chlorella vulgaris using ZnFe2O4 nanoparticles.
Optical density (OD680) of the algal suspensions before magnetization and after magnetic separation
in the presence of ZnFe2O4 Refl. or ZnFe2O4 ST. at different initial algae concentrations (A). Har-
vesting efficiency (HE%) achieved with ZnFe2O4 Refl. and ZnFe2O4 ST. as a function of initial algae
concentration (B).

The pH-dependent zeta potential measurements of the ZnFe2O4 nanoparticle suspen-
sions indicate that both materials carry a positive surface charge under acidic conditions
(pH 2–4), attributable to the protonation of surface amine functionalities in this pH range
(Figure 9A). These pH values correspond to the initial pH values to which the algal suspen-
sions were adjusted prior to ZnFe2O4 addition in the magnetic harvesting experiments. As
demonstrated in the relevant literature, the zeta potential of Chlorella vulgaris suspensions
is reported to be negative at pH values above approximately 2. This finding indicates
that deprotonated surface functional groups, primarily carboxylate and phosphate groups,
predominate over the net electrokinetic charge of the cell wall. Consequently, positively
charged ZnFe2O4 nanoparticles can interact strongly with the overall negatively charged
algal surface via electrostatic attraction within this pH range. In this context, the positive
ζ-potential of ZnFe2O4 nanoparticles at pH 2–4 (~+15 to +20 mV) is expected to reduce
the electrostatic energy barrier to contact and encourage nanoparticle to cell heteroaggre-
gation and floc formation, resulting in compact, magnetically recoverable aggregates and
explaining the observed high recovery under strongly acidic conditions (Figure 9B).

Figure 9. Zeta potential (mV, right axis) measured across the investigated pH range ZnFe2O4 Refl.
and ZnFe2O4 ST. particles (A) and the algal biomass magnetization before and after (B).
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4. Conclusions
This study investigates the toxicological impact and sequestration potential of cad-

mium (Cd) in Chlorella vulgaris cultures, combined with the removal of cadmium-bound
biomass via magnetic separation. Using the polyol method, amine-functionalized zinc
ferrite nanoparticles were synthesized under two different conditions. The solvothermal
(ZnFe2O4 ST) and atmospheric pressure (ZnFe2O4 Refl.) synthesis routes significantly influ-
enced the size, morphology, surface charge, and magnetic properties of the nanoparticles.
The zeta potential of the ZnFe2O4 Refl. sample exhibited a much stronger pH dependence
compared to its solvothermal counterpart. Consequently, the ZnFe2O4 Refl. sample proved
more effective in the removal of algae through magnetic separation. The integration of
zinc ferrite nanoparticles allows for the rapid recovery of Cd-adsorbed algal biomass via
magnetic separation. The most effective separation was observed under acidic conditions,
where there was a strong association between both nanoparticle types and Cd2+-loaded
cells. As the biomass concentration increased, the harvesting efficiency decreased. At
an initial OD680 of 2.0, the OD680 fell to HE% values of 68.9% and 62.4%, respectively,
whereas at an initial OD680 of 0.5, higher HE% values of 91.6% and 85.2% were recorded.
This concentration-dependent decline is consistent with a reduced effective nanoparticle
to cell ratio and higher solids volume fraction, which can suppress nanoparticle and cell
interactions, limit the available binding sites, and reduce the magnetophoretic mobility
of nanoparticle–cell heteroaggregates. Across all loadings, ZnFe2O4 Refl. consistently
achieved lower residual OD680 and higher HE% than ZnFe2O4 ST, indicating stronger
interfacial affinity and/or greater flocculation propensity. Zeta potential data demonstrate
that both zinc ferrite suspensions possess a positive charge at pH 2–4 (~+15 to +20 mV).
Conversely, C. vulgaris is reported to exhibit a negative charge above approximately pH 2,
attributable to deprotonated carboxylate and phosphate groups. This supports the hypoth-
esis that electrostatically driven heteroaggregation is the primary mechanism for efficient
magnetic recovery at a low pH.

The integration of Chlorella vulgaris adsorption with amine-functionalized zinc ferrite
nanoparticles led to the creation of a highly efficient, synergistically acting system for
cadmium remediation. While previous studies have examined zinc ferrite as a direct
adsorbent for heavy metals or used other magnetic nanoparticles (such as magnetite) for
microalgal harvesting, this study demonstrates for the first time that synthesized ZnFe2O4

nanoparticles can effectively aggregate and separate cadmium-laden algal biomass without
the need for additional chemical flocculants. Furthermore, we provided that the surface
charge interactions between the amine-functionalized nanoparticles and the algal cell wall
are sufficient to achieve over 90% algae-harvesting efficiency even under significant heavy
metal stress.
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Abbreviations
The following abbreviations are used in this manuscript:

HRTM High-Resolution Transmission Electron Microscopy
FTIR Fourier Transform Infrared Spectroscopy
SEM Scanning Electron Microscopy
VSM Vibrating-Sample Magnetometry
PDDA Poly diallyldimethylammonium chloride
PEI Polyethylenimine
APTES 3-aminopropyl triethoxysilane
SAED Selected Area Electron Diffraction
HAADF High-Angle Annular Dark-Field
ICP-AES Inductively Coupled Plasma Atomic Emission Spectrometry
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