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Abstract: The increasing global production and utilization of zirconium (Zr) compounds, including
zirconium chloride (ZrCl4) and zirconium oxide nanoparticles (NPs-ZrO2), raises concerns about
their potential environmental impact. This study investigated the toxicity mechanisms of ZrCl4 and
NPs-ZrO2 on the aquatic plant Lemna minor. The physicochemical properties of NPs-ZrO2 in the test
medium were characterized, revealing concentration-dependent changes in the hydrodynamic diam-
eter, zeta potential, and solubility over time. The analysis of Zr speciation showed the predominance
of Zr(OH)4(aq) species from ZrCl4. Plants of L. minor exposed to ZrCl4 and NPs-ZrO2 exhibited
differential Zr bioaccumulation, growth inhibition, oxidative stress, and antioxidant responses. ZrCl4
induced a higher toxicity than NPs-ZrO2, with bioaccumulation strongly correlating with adverse
effects. The differential toxicity impact between these two Zr-compounds was also determined by
the lowest observed-effect doses for growth and biochemical parameters. The scanning electron
microscopy coupled with energy-dispersive X-ray spectroscopy confirmed internalization of NPs-
ZrO2 and Zr uptake in the L. minor plant. Therefore, these findings highlighted the importance
of chemical speciation, environmental transformations, and biological responses in assessing the
ecological impact of Zr-compounds for effective risk assessment and management strategies for
protecting aquatic ecosystems.

Keywords: zirconium chloride; zirconium oxide nanoparticles; physicochemical properties;
bioavailability; toxicity; biological responses; Lemna minor

1. Introduction

Global Zirconium (Zr) production, primarily sourced from the mineral zircon (ZrSiO4),
has reached an estimated 1.4 thousand metric tons (gross weight) in 2022, which is at-
tributed to the escalating demand for zirconium in diverse chemical forms, driven by its
applications across various industries [1]. Projections based on the substantial reserves of
Zr minerals indicate a further increase in production in the coming years. ZrO2 accounts for
97% of Zr utilization and is primarily employed in the production of ceramics, chemicals,
and synthesized nanomaterials. The metallic form of Zr constitutes about 3% of consump-
tion, with two-thirds dedicated to the nuclear industry for alloy and superalloy production,
and one-third allocated to the aeronautics, electronics, electricity, and chemical sectors [2–4].
As it is resistant to corrosion, radiation, and high temperatures, Zr plays a crucial role in
the nuclear industry in the manufacturing of fuel grains for uranium oxide pellets, and
the addition of pure Zr to alloying elements can enhance the mechanical properties of fuel
grains in nuclear reactors [3,4]. As the nuclear industry expands, the importance of Zr in
ceramics is growing, and we can anticipate an increased demand in the foreseeable future.
However, information on the specific environmental impacts of Zr production and use is
limited at the user level, and the secure storage of nuclear waste, including spent fuel and
compacted grains, presents significant challenges in assessing long-term contamination
risks [5].
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Zirconium (IV) chloride, also known as zirconium tetrachloride (ZrCl4), is a precursor
to various other Zr-compounds that play a crucial role in the conversion of minerals from
zirconium-to-zirconium metals through the Kroll process [6]. In laboratories of organic
synthesis, ZrCl4 acts as a weak Lewis acid, finding applications in the Friedel–Crafts
reaction, the Diels–Alder reaction, and intramolecular cyclization reactions [7]. Despite
its utility, it is known that ZrCl4 exhibits a low toxicity, with median lethal dose values
(LD50) of 440 mg/kg and 1688 mg/kg reported in mice and rats, respectively [8,9]. This low
toxicity profile allows for the use of ZrCl4 as a Lewis acid in various organic transformations,
aligning with the principles of green chemistry [8]. Notably, it serves as a safer alternative
to traditional Lewis acids that are harmful to mammals, such as aluminum chloride (AlCl3)
and boron trifluoride (BF3). Previous studies on soil–plant systems (e.g., Hordeum vulgare,
Triticum aestivum) had reported Zr sequestration in roots and Zr-induced toxicity in plant
cells, indicated by a marked decrease in total phenol content of plant tissues and alterations
in enzyme activities (peroxidase, ascorbate peroxidase and glutathione reductase), which
were associated with the plant response to different stress conditions [10]. These studies
highlighted the importance of understanding Zr behavior in soil–plant systems, along
with its potential mobility and impact on ecosystems. A recent study by Madany et al.
(2023) [11] conducted on oat plants (Avena sativa) demonstrated that Zr contamination
caused a significant diminution of plant biomass and photosynthetic efficiency by triggering
oxidative damage. The authors showed that elevated levels of CO2 mitigated the adverse
effects of Zr on plant growth and redox homeostasis. In an aquatic environment, Zr salts
can exhibit potential coagulant properties, enhancing purification efficiency and forming
bioinert Zr-oxyhydroxide precipitates [12]. ZrCl4, due to its high affinity for phosphorus,
has been identified as a significant player in water treatment, surpassing other metals
like aluminum in the removal of phosphorus, suspended solids, and turbidity. However,
Zr-phosphates were formed during the water purification processes, which persisted and
bioaccumulated in aquatic organisms [12]. Moreover, Caroline et al. (2019) [13] showed
that exposure to environmental concentrations of Zr affected the micromeiofauna structure
of biofilms and modified the autotrophic biofilm structure by increasing the proportion of
green algae and decreasing the abundance of cyanobacteria and brown algae, indicating a
toxic effect of Zr on rotifers and potential indirect effects on micromeiofauna community
structures. The study also found that rotifers and the ciliate Aspidisca cicada appeared
to be the most sensitive organisms to Zr exposure, indicating potential impacts on the
biodiversity of aquatic ecosystems. However, the information is limited specifically on the
toxicity mechanisms of ZrCl4 with respect to aquatic organisms, and further research is
needed to provide a comprehensive understanding of its toxicological properties.

Various synthesis methods, including sol-gel and forced hydrolysis, are employed in
the production of zirconium oxide nanoparticles (NPs-ZrO2). These methods offer the ad-
vantage of controlling physicochemical properties such as nanoparticle size, structure, and
composition [14,15]. Due to its antimicrobial properties, NPs-ZrO2 are extensively utilized
in various nanoactivated products, including ceramics, pharmaceuticals, medical devices,
and oxygen sensors [16]. Additionally, ZrO2 serves as an effective thermal insulator in
gas turbine manufacturing, safeguarding metal parts by limiting heat transfer [17]. In the
field of electronics, ZrO2 acts as an excellent electrical insulator, finding applications in the
production of transistors and storage memories [18,19]. In the field of medicine, ZrO2 is
widely employed in the fabrication of ceramic dental prostheses, owing to its commendable
mechanical properties, biocompatibility, and durability [20]. The increasing industrializa-
tion and global market demand are expected to drive a surge in production of NPs-ZrO2,
inevitably leading to the emission of these nanoparticles into the environment [21]. Sim-
ilarly to other metal oxide nanoparticles, ZrO2 has demonstrated antimicrobial activity
on the biofilm formation of Streptococcus mutans, Staphylococcus aureus, and Klebsiella pneu-
monia [22,23]. In the case of soil invertebrates, in vitro studies using Enchytraeus crypticus
demonstrated absorption of NPs-ZrO2 by cells, without notable changes in antioxidant
stress levels or cell viability [24]. In vitro studies on HepG2 cell lines have indicated the
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genotoxic and cytotoxic effects of NPs-ZrO2, although conflicting results have been reported
for MDA-MB-231 cell lines, where no cytotoxicity was observed [23,24]. In vivo analysis
data from mice exposed to an intravenous injection of 20 mg/kg of NPs-ZrO2 showed
an accumulation in the body, with minimal reproductive effects [24]. A recent study on
freshwater alga Scenedesmus obliquus exposed to NPs-ZrO2 (1 mg/L) reported a significant
increase in lipid peroxidation products, antioxidant small molecule metabolites, and the
enzyme activity of Superoxide Dismutase [25]. The toxicity of NPs-ZrO2 was found in
aquatic crustaceans, where it caused their immobilization and altering enzymatic activities.
Furthermore, chronic tests with protozoans showed that NPs-ZrO2 had a harmful effect,
with a significant impact on growth and reproduction [26]. These few studies indicated the
potential accumulation and toxicity risk of NPs-ZrO2 on different organisms, but further
research is needed to fully understand their toxicological effects. It is essential for proper
Zr-containing waste management practices to prevent the impact of the continuous release
of Zr into terrestrial and aquatic compartments.

The potential ecological impacts of Zr contamination are still an area of concern, which
may have implications at higher trophic levels. The toxicity mechanisms of Zr-compounds
represent an important subject of investigation, since the chemical composition and specific
form of Zr (ionic vs. particulate) will determine its environmental impact. Here, we
studied the mechanisms of Zr toxicity associated with ZrCl4 and NPs-ZrO2, utilizing the
aquatic plant Lemna minor as a convenient model organism for bioassay toxicity testing. The
biological responses of this plant to trace metals exposure can imply several biomarkers,
which can be used for toxicity assessment and phytoremediation [27–29], highlighting the
importance of using Lemna plants in environmental monitoring and risk assessment [30–32].
To compare ZrCl4 and NPs-ZrO2, we characterized their physicochemical properties in
the tested aqueous medium and assessed their accumulation within the plant biomass.
Growth and biochemical biomarkers were employed to characterize their toxic effects on
plant physiology, providing a comprehensive understanding of the impact of ZrCl4 and
NPs-ZrO2 on the plant. The environmental significance of the studied Zr-compounds will
be discussed with respect to their potential ecological impacts.

2. Materials and Methods
2.1. Physicochemical Characterizations of Zirconium Oxide Nanoparticles

The NPs-ZrO2 were characterized using Transmission Electron Microscopy (TEM) and
Energy Dispersive X-ray Spectroscopy (EDS) (Figure S1), confirming the ZrO2 composition,
showing the nanoparticles spherical morphology and size range (approximately 10–20 nm
in diameter), and the dispersion and agglomeration state of nanoparticles in the medium.
These characterizations informed about the nanoparticles before and after dissolution in
the medium, suggesting potential interactions or surface modifications of the nanoparticles.
The X-ray diffraction (XRD) analysis of NPs-ZrO2 was done to provide information about
the sample crystallite size and structural properties (Figure S2). The XRD pattern provided
the crystalline nature of the NPs-ZrO2, indicating the presence of both monoclinic and
tetragonal phases. The Raman spectrum of NPs-ZrO2 was determined, showing distinct
peaks corresponding to the vibrational modes of both monoclinic and tetragonal phases
of zirconium dioxide (Figure S3). The presence of multiple Bg and Ag modes indicated a
mixture of these phases, with the specific peak positions and intensities providing detailed
information about the crystalline structure and phase composition of the nanoparticles.
The FT-IR (Fourier Transform Infrared) spectrum of NPs-ZrO2 (Figure S4), revealed the
presence of surface hydroxyl groups, the adsorbed water molecules, and the characteristic
Zr-O bonds.

2.2. Preparation of ZrCl4 and Stock Solutions of NPs-ZrO2

The ZrCl4 utilized in this study, having a purity of 99.9%, was procured from Sigma-
Aldrich (Product No.357405, CAS No.10026-11-6, Saint Louis, MO, USA) and a stock
solution with a concentration of 20 mg/mL was prepared in Nanopure-purified water. The
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resultant stock solution underwent 30 min of sonication at room temperature and was
subsequently stored at 4 ◦C for later use [15]. The powder of NPs-ZrO2 was acquired from
Sigma-Aldrich (Product No.544760, CAS No.1314-23-4, Saint Louis, MO, USA), and the size
distribution of particles was less than or equal to 100 nm with a surface area of 25 m2/g or
more. The stock suspension of these nanoparticles was created by dispersing the powder
in Nanopure-purified water. Nanopure-purified water was provided using a Milli-Q water
purification system (Merck KGaA, Darmstadt, Germany) with the following specifications:
resistivity of 18.2 MΩ·cm and total organic carbon ≤ 5 ppb. Following 30 min of sonication
in a sonication bath at room temperature, the suspensions underwent an additional 10 min
of ultrasonication using a probe before being stored at 4 ◦C for future use [15,23].

2.3. Hydrodynamic Diameter and Zeta Potential Analysis of Nanoparticle Suspensions

Hydrodynamic diameter analysis of suspensions of NPs-ZrO2 at concentrations of 1,
50, 100, 150, and 200 mg/L in the Swedish Standard (SIS) culture medium was conducted
on days 0 and 7 using a Zetasizer (Nano ZS90, Malvern Instruments Ltd., Worcestershire,
UK). Triplicate measurements were performed for each condition, and each experiment
was independently repeated three times. The Zeta potential of NPs-ZrO2 at various con-
centrations in the SIS medium was determined using a ZetaPlus instrument (Brookhaven
Instruments Corp., Nashua, NH, USA), with data acquisition performed using the Zeta
potential analyzer Ver.5.68 software.

2.4. Lemna Minor Plant Growth Conditions

The cultivation of Lemna minor plants was conducted using the growing medium
established by the Swedish Standard (SIS), following the guidelines outlined in the OECD
(Organization for Economic Co-operation and Development) Guidance #221 (2006) [33].
The SIS growth medium comprises various nutrients in mg/L: NaNO 85; KH2PO2 13.4;
MgSO2·7H2O 75; CaCl2·2H2O 36; Na2CO3 20; H3BO3 1; MnCl2·4H2O 0.2; Na2MoO4·2H2O
0.01; ZnSO4·7H2O 0.05; CuSO4·5H2O 0.005; Co(NO3)2·6H2O 0.01; FeCl3·6H2O 0.84; Na2-
EDTA·2H2O 1.4; and MOPS 490. Chemicals were acquired from Sigma-Aldrich (Saint
Louis, MO, USA). The pH of the medium was adjusted to 6.5 ± 0.2. Following this, the
medium underwent sterilization via filtration through a 0.2 µm filter. The cultures were
maintained at a temperature of 24 ± 2 ◦C, with a photoperiod of 16 h of illumination at a
light intensity of 110 ± 25 µmol photons/m2/s, followed by 8 h of darkness. For future
use in experiments, a stock culture was regularly maintained for the availability of healthy,
young, and growing individual plants of L. minor without any lesions or chlorosis.

2.5. Bioassay Toxicity Testing of ZrCl4 and Concentrations of NPs-ZrO2

Three individual plants, having two fronds, were exposed during 7 days to increasing
nominal concentrations of ZrCl4 and NPs-ZrO2 (0, 1, 50, 100, 150, and 200 mg/L), prepared
in Erlenmeyer flasks (250 mL) containing 100 mL of axenic SIS culture medium, follow-
ing OECD recommendations 2006 #221 [33]. This setup permitted the plant roots to be
immersed at a depth of 2 cm in the medium and the leaves to have enough air space for
gas exchange. The reproducibility of exposure experiments was ensured. All experimen-
tal conditions were maintained under the same light and temperature conditions as the
stock culture of L. minor. Prior to the initiation of the experiment, the different treatment
concentrations were thoroughly homogenized and sonicated to prevent precipitation re-
sulting from a high concentration of dissolved metal [15]. All bioanalytical analyses were
performed at the day 7 of exposure period.

2.6. Speciation Analysis

To assess the various chemical forms of Zr within the test medium, the speciation
was estimated at a temperature of 25 ◦C utilizing Visual MINTEQ 3.1 chemical equilib-
rium software (Department of Land and Water Resources Engineering, Royal Institute
of Technology KTH). This software tool is designed to model chemical equilibrium in
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aqueous systems to predict the behavior of dissolved substances, including speciation,
solubility, and interactions between various chemical species. Visual MINTEQ constructs
mass balance equations for each element present in the system and includes a wide range
of equilibrium reactions such as complexation, precipitation/dissolution, and ion pairing.
It also relies on extensive thermodynamic databases that provide necessary parameters
like stability constants, solubility products, and activity coefficients. This analysis aimed to
identify the distribution of different Zr chemical species in the SIS growth medium.

2.7. Assessment of Lemna Minor Growth

The average specific population growth rate based on the dry weight of the plants
was calculated for each test condition, following the formula recommended by OECD
guidelines 2006 #221 [33]:

µi−j = [ln(Nj) − ln(Ni)]/7 (1)

In this formula, µi−j represents the average specific growth rate from i to j, where N is
the measure of the variable for each condition at time i (day 0) and j (day 7), and t is the
elapsed time from i to j (7 days).

Additionally, the growth inhibition rate (Ir) was calculated as a percentage using the
following formula:

Ir = [(µC − µT)/µC] × 100 (2)

The variables µC and µT represent the specific growth rate for the control and treat-
ment conditions, respectively. These calculations enable the assessment of the impact of
different experimental conditions on the growth rate and the estimation of the degree of
growth inhibition compared to the control.

2.8. Zirconium Content in Plant Biomass

The determination of Zr content in plant biomass for all experimental conditions
involved several steps. After harvesting, the plants underwent a thorough wash with EDTA
to eliminate any traces of metal and nanoparticles from the plant surface. Subsequently, the
plants were dehydrated in an oven at 60 ◦C for 15 h, and the dry weight was measured (at
weight constant USP731). The samples were then homogenized in the dark using a mortar
and pestle, along with 2 mL of Nanopure-purified water and Ottawa sand. For biomass
digestion, the homogenates were digested in 2 mL of 70% HNO3 in a sand bath at 90 ◦C
for 6 h, until the acid completely evaporated. The residues obtained were solubilized with
5 mL of 5% HNO3 for 16 h, before the analysis by optical plasma emission spectrometry
(ICP-OES 5100, Agilent Technologies Canada Inc., Mississauga, ON, Canada). The obtained
values were normalized per mass unit as µg of Zr/mg of dry mass (DM).

2.9. Quantifying Glutathione Levels in Plant

The cellular level of reduced glutathione (GSH) was assessed using the violet Thiol
Tracker fluorescent probe (Product no.T10095, ThermoFisher Scientific, Waltham, MA,
USA), as previously described [34]. The Thiol Tracker solution was prepared by dissolving
the violet Thiol Tracker in DMSO and then diluting it in saline phosphate buffer (PBS) to
achieve a concentration of 20 µM. Following the treatments, the entire plants (fronds and
roots) were arranged in a 96-well plate and incubated with 100 µL of the Thiol Tracker
solution for 10 min. Measurements were conducted using a microplate reader, model Tecan
Infinite M200, with an excitation wavelength of 405 nm and an emission wavelength of
526 nm.

2.10. Evaluating Reactive Oxygen Species Levels

The level of reactive oxygen species (ROS) was quantified using the green fluorescent
probe CellROX (Product no.C10444, ThermoFisher Scientific, Waltham, MA, USA), which
binds to DNA after oxidation in the nucleus and mitochondria. Additionally, the orange
fluorescent probe CellROX (Product no.C10443, ThermoFisher Scientific, Waltham, MA,
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USA) was employed, binding to DNA in the cytoplasm. For each treatment condition, the
plants were harvested and incubated for 30 min at 37 ◦C with 5 µM of these fluorescent
reagents. Then, the plants underwent three washes with saline phosphate buffer (PBS) at
room temperature. Measurements were conducted using the Tecan Infinite M200 microplate
reader (Woburn, MA, USA), with excitation and emission wavelengths of 545/565 nm for
the orange CellROX, while excitation and emission wavelengths of 485/520 nm for the
green CellROX.

2.11. Microscopic Analysis of Incorporation of Nanoparticles

The analysis of the surface structure and ultrastructure of plants exposed to NPs-ZrO2
was conducted at the Centre for Materials Characterization (CM2) of École Polytechnique
de Montréal. This characterization was performed using a JEOL brand field emission
scanning electron microscope (JSM-7600TFF, JEOL Canada Inc., Saint-Hubert, QC, Canada)
equipped with an X-Max detector (OXFORD Instruments NanoAnalysis, Concord, MA,
USA), featuring a resolution of the order of a micrometer, and coupled to an energy-
dispersive X-ray spectrometer (EDS). Before the analysis, the plants underwent drying
and fixation on a layer of carbon and were subsequently subjected to maximum vacuum.
Deposits were made for 7 min using a coating technique with a Quorum Q150T Plus device
(Laughton, East Sussex, UK). This approach enabled the acquisition of high-quality images
and the analysis of the chemical composition of the samples at the nanoscale.

2.12. Statistical Analysis

The means and standard deviations were determined for n = 6 for all testing con-
ditions. A one-way ANOVA analysis of variance test was performed using GraphPad
Prism software version 8.0.2 (Boston, MA, USA). Subsequently, the post-hoc Tukey HSD
(Honestly Significant Difference) test was applied to identify significant differences be-
tween treatment conditions. In the figures, distinct lowercase letters are utilized to indicate
significant differences between conditions, with a significance level set at p < 0.05.

3. Results and Discussion
3.1. Properties of Zr-Compounds: Zr Speciation, Bioavailability, Agglomeration, Reactivity,
and Stability

The physicochemical properties of NPs-ZrO2 can affect the hydrodynamic size, ag-
glomeration state, surface reactivity, and solubility of the nanoparticles in SIS medium.
The presence of hydroxyl groups and adsorbed water found at the nanoparticles’ surface
(FT-IR spectrum, Figure S4) could increase their hydrodynamic size by forming a hydration
layer around the nanoparticles, which can lead to hydrogen bonding between particles,
promoting agglomeration. The Raman spectrum of the NPs-ZrO2 (Figure S3) confirmed
the presence of both monoclinic and tetragonal phases, which can have different surface
energies contributing to agglomeration. In addition, the surface reactivity of the NPs-ZrO2
is significantly influenced by the presence of surface hydroxyl groups by participating in
various chemical reactions. The FT-IR spectrum suggests that water molecules are adsorbed
on the surface, which can enhance solubility by forming a hydration layer. Therefore, the
presence of surface hydroxyl groups and adsorbed water molecules could increase the
hydrodynamic size and surface reactivity, while also enhancing solubility. However, the
potential for agglomeration existed due to hydrogen bonding and surface interactions.

The speciation of Zr ions in the presence of other chemical species in the SIS culture
medium was investigated using Visual MINTEQ software (Table 1). The speciation of
free Zr in the SIS medium showed limited availability, as Zr predominantly forms the
chemical species Zr(OH)4(aq) through complexation with hydroxyl (OH) groups. The
results revealed that Zr ions predominantly form Zr(OH)4(aq), which is the main species
compared to Zr(OH)5

−. This indicates that Zr ions tend to hydrolyze rather than remain
in their free ionic form. Consequently, the majority of the Zr that was bioavailable for the
plants was in the form of Zr(OH)4(aq), and this observation aligned with the accumulation
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of Zr in the plant biomass observed after a 7-day incubation with ZrCl4 at concentrations
ranging from 1 to 200 mg/L. In addition, the limited presence of the Zr-EDTA(aq) complex
was observed in the SIS medium, which was correlated with the nominal concentrations of
ZrCl4. This suggested that while EDTA played a role in buffering the metal ions, its complex
with Zr was not the predominant form. When metal ions were absorbed by the plants in
small amounts, the Zr-EDTA complex released them to maintain their free concentration
in the medium. From this speciation study, the concentrations of Zr chemical species
formed were primarily dependent on the dissolved ZrCl4 concentration, emphasizing the
predominance of Zr(OH)4(aq) and the limited role of Zr-EDTA(aq) in the SIS medium.

Table 1. The soluble fraction of Zirconium (sol. Zr) determined by ICP-OES from the nominal
concentrations of ZrCl4 in SIS medium after 24 h. The reported values in mg/L are expressed
as averages ± standard deviation (n = 6). For each condition, the estimated chemical species are
expressed in % from the total Zr in the soluble fraction.

[ZrCl4] mg/L 1 50 100 150 200
[Sol. Zr] mg/L 0.41 ± 0.00 19.60 ± 0.02 39.82 ± 0.34 58.69 ± 0.12 76.52 ± 0.28

Zr4+ % 0 0 0 0 0
Zr(OH)5− % 0 0.1 0.1 0.09 0.08

Zr(OH)4 (aq) % 97.6 99.5 99.6 99.7 99.78
ZrEDTA (aq) % 2.4 0.4 0.3 0.21 0.14

The characterization results revealed a concentration-dependent increase in the av-
erage hydrodynamic diameter (HD) of the NPs-ZrO2, ranging from 115 nm to 785 nm at
day 0 (D0) (Table 2). This increase indicated the formation of larger aggregates at higher
concentrations. The large standard deviations in the HD measurements of the suspension
of NPs-ZrO2 are primarily due to the high particle size heterogeneity of the NPs-ZrO2
powder and the nanoparticle irregular shapes or non-uniform aggregation, resulting in
a wide range of particle sizes. The zeta potential (ZP) measurements on D0 showed that
the nanoparticles had a moderately negative surface charge, which became slightly more
negative with increasing concentrations, ranging from −26.39 mV to −32.52 mV. This also
suggested both initial instability and potential aggregation of the nanoparticles. By day
7 (D7), the HD of the suspended NPs-ZrO2 decreased significantly, ranging from 144 nm
to 188 nm, suggesting the sedimentation of larger aggregates and stabilization of the re-
maining suspended nanoparticles. The ZP values at D7 become more negative, ranging
from −34.24 mV to −36.39 mV, suggesting increased electrostatic repulsion and improved
dispersion stability over time.

Table 2. The average hydrodynamic diameter (HD) and the Zeta potential (ZP) of the NPs-ZrO2 as a
function of the nominal concentration in SIS medium at a pH of 6.5 during incubation at day 0 (D0)
and day 7 (D7).

[NPs-ZrO2] mg/L
D0 D7

HD (nm) ZP (mV) HD (nm) ZP (mV)

1 115 ± 22 −32.52 ± 1.00 168 ± 39 −36.39 ± 1.31
50 255 ± 177 −27.17 ± 0.63 144 ± 68 −34.24 ± 1.74
100 421 ± 358 −26.39 ± 0.91 188 ± 97 −36.29 ± 0.86
150 339 ± 323 −26.93 ± 0.70 151 ± 35 −35.98 ± 2.71
200 785 ± 372 −26.92 ± 0.78 148 ± 59 −35.38 ± 1.75

Note: The reported values are expressed as averages ± standard deviation (n = 6).

In addition, the solubility data in Table 3 showed that the soluble fraction of Zirconium
(sol. Zr) from the NPs-ZrO2 decreased over the 7-day incubation period. Initially, at D0, the
sol. Zr ranged from 0.05 mg/L at 1 mg/L NPs-ZrO2 to 2.75 mg/L at 100 mg/L NPs-ZrO2.
Higher initial concentrations lead to more aggregates in suspension, increasing the initial
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solubility due to a larger surface area. However, by D7, the sol. Zr had significantly
decreased across all concentrations, with values ranging from 0.02 mg/L to 0.49 mg/L.
Over time, the sedimentation of larger aggregates and stabilization of smaller particles
in suspension could explain the reduced hydrodynamic diameter and solubility. Also,
the increase in the negative zeta potential over time (Table 2) enhanced the stability of
nanoparticles in suspension. This low sol. Zr from the NPs-ZrO2 would exhibit a speciation
behavior like free Zr from ZrCl4 (Table 1). Therefore, the results of Tables 2 and 3 highlights
the dynamic behavior of the NPs-ZrO2 in terms of their hydrodynamic diameter, zeta
potential, and solubility over time.

Table 3. The soluble fraction of Zirconium (sol. Zr) in mg/L from samples of the NPs-ZrO2 incubated
in SIS medium at day 0 (D0) and day 7 (D7).

[NPs-ZrO2] mg/L
[sol. Zr] mg/L

D0 D7

1 0.05 ± 0.00 0.02 ± 0.00
50 1.38 ± 0.06 0.25 ± 0.01

100 2.75 ± 0.07 0.22 ± 0.01
150 0.91 ± 0.01 0.49 ± 0.01
200 1.05 ± 0.01 0.06 ± 0.01

Note: The reported values are expressed as averages ± standard deviation (n = 6).

These data are essential for toxicological assessments as they provide detailed infor-
mation on the complex relationships between particles agglomeration, surface charge, and
solubility, for understanding the behavior of NPs-ZrO2 in SIS medium. These characteris-
tics directly influence the bioavailability and potential toxicity of nanoparticles, making
them crucial for accurate and comprehensive toxicological evaluations. Previous studies
have shown that physicochemical properties such as the stability, size, shape, and charge of
metal oxide nanoparticles greatly influence their bioavailability and toxicity in aquatic envi-
ronments [35–38]. Therefore, investigating the conditions of the culture medium is crucial
for toxicological evaluations to determine whether changes in the physicochemical proper-
ties of NPs-ZrO2 can influence the mechanisms of toxicity of nanoparticles suspended in
aqueous solution. Understanding these parameters helps in predicting the interactions of
nanoparticles with biological systems, thereby aiding in effective risk assessment strategies.

3.2. Toxicity of Zirconium Accumulation in Lemna Minor: Insights from Exposure Studies with
ZrCl4 and NPs-ZrO2

The impact of ZrCl4 and NPs-ZrO2 on various biological parameters in Lemna minor
provides valuable insights into their toxic effects on this aquatic plant. Analyzing the
growth rate, antioxidant defense mechanisms, reactive oxygen species (ROS) levels, and
chlorophyll pigments revealed the plant stress physiological responses. The results are
presented in the Table 4, demonstrating that both ZrCl4 and NPs-ZrO2 adversely affected
L. minor plants. The bioaccumulation increased with increasing ZrCl4 concentrations but
remained low for the NPs-ZrO2, and ZrCl4 exposure led to significantly higher Zr bioaccu-
mulation compared to the NPs-ZrO2 at all concentrations. Both ZrCl4 and NPs-ZrO2 caused
concentration-dependent decreases in the biomass and specific growth rate. Exposure to
ZrCl4 had a more pronounced effect, causing significant growth inhibition at ≥50 mg/L,
while the NPs-ZrO2 only caused significant inhibition at ≥100 mg/L. Cytoplasmic and
organelle ROS levels increased with increasing concentrations of both ZrCl4 and NPs-ZrO2,
indicating the induction of oxidative stress. The results showed that ZrCl4 generally in-
duced higher ROS levels than the NPs-ZrO2 at the same concentrations. As an antioxidant
response, the total thiol levels increased with increasing concentrations of both ZrCl4 and
the NPs-ZrO2, but exposure to the NPs-ZrO2 led to a more pronounced increase in the total
thiols compared to ZrCl4. Overall, ZrCl4 exposure resulted in a higher bioaccumulation of
Zr in plants, with a stronger oxidative stress, and a more severe effect on plant growth.
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Table 4. Change in biological parameters of Lemna minor plants after 7 days of exposure to different
nominal concentrations of ZrCl4 and NPs-ZrO2.

Concentration
mg/L

ZrCl4 Control 1 50 100 150 200NPs-ZrO2

Bioaccumulation
µg Zr/mg DW

ZrCl4 0.00 ± 0.00 a 0.11 ± 0.05 a 2.86 ± 0.68 a 6.50 ± 0.77 b 13.63 ± 1.79 c 14.89 ± 0.40 d

NPs-ZrO2 0.00 ± 0.00 a 0.01 ± 10−4 a 0.03 ± 10−3 a 0.01 ± 10−4 a 0.02 ± 10−4 a 0.04 ± 10−4 a

Biomass
mg DW

ZrCl4 11.07 ± 0.03 a 10.99 ± 0.09 a 10.54 ± 0.09 a 6.15 ± 0.40 b 4.10 ± 0.10 c 3.41 ± 0.11 d

NPs-ZrO2 11.07 ± 0.03 a 10.85 ± 0.03 a 10.67 ± 0.11 a 9.79 ± 0.20 a 8.33 ± 0.16 b 6.79 ± 0.09 c

Specific growth
rate d−1

ZrCl4 0.28 ± 10−4 a 0.28 ± 10−3 a 0.28 ± 10−3 a 0.20 ± 10−3 b 0.14 ± 10−3 c 0.11 ± 10−3 d

NPs-ZrO2 0.28 ± 10−4 a 0.28 ± 10−4 a 0.28 ± 10−3 a 0.27 ± 10−3 a 0.25 ± 10−3 b 0.21 ± 10−3 c

Growth
inhibition %

ZrCl4 0 ± 0 a 0.4 ± 0.2 a 2.4 ± 1.5 b 29.8 ± 2.6 c 50.1 ± 1.6 d 59 ± 3.3 d

NPs-ZrO2 0 ± 0 a 0.9 ± 1 a 1.7 ± 1.6 a 6.1 ± 2.1 b 10.8 ± 1.1 c 24.7 ± 1.8 d

Cyt-ROS level
% of control

ZrCl4 100 ± 0 a 104 ± 1 b 106 ± 4 b 139 ± 4 c 126 ± 3 d 136 ± 6 c

NPs-ZrO2 100 ± 0 a 104 ± 3 a 105 ± 5 a 115 ± 6 b 115 ± 8 b 125 ± 15 c

Org-ROS level
% of control

ZrCl4 100 ± 0 a 108 ± 1 b 142 ± 1 c 157 ± 3 d 163 ± 1 e 171 ± 3 f

NPs-ZrO2 100 ± 0 a 105 ± 2 b 107 ± 4 b 114 ± 7 b 122 ± 14 c 128 ± 20 c

Total thiols
µmol/g DW

ZrCl4 12.65 ± 0.99 a 13.51 ± 0.45 a 16.75 ± 2.45 b 18.34 ± 1.66 b 19.47 ± 2.02 c 19.17 ± 1.50 c

NPs-ZrO2 12.39 ± 1.30 a 17.20 ± 1.71 b 23.89 ± 1.72 c 29.83 ± 3.53 d 31.92 ± 1.49 d 31.85 ± 2.68 d

DW: dry weight; Cyt: cytoplasmic; Org: organites. The data represents the means of 3 replicates with 2 experi-
mental sets (n = 6) for each parameter. Different letters are used to indicate significant differences between the
control and the treatment concentrations at a significance level of p < 0.05.

Based on the results presented in Table 4, there are clear differences in how ZrCl4
and NPs-ZrO2 affect the biological parameters of L. minor plants in relation to Zr bioaccu-
mulation. ZrCl4 exposure led to significantly higher Zr bioaccumulation compared to the
NPs-ZrO2 at all concentrations tested. The bioaccumulation increased in a concentration-
dependent manner for ZrCl4, reaching 14.89 µg Zr/mg DW at 200 mg/L. In contrast, the
bioaccumulation remained low for the NPs-ZrO2, with a maximum of 0.04 µg Zr/mg DW
at 200 mg/L. When L. minor plants were exposed to increasing concentrations of ZrCl4
and the NPs-ZrO2 for 7 days, the results revealed a proportional increase in plant growth
inhibition with the bioaccumulation of Zr in the biomass. The bioaccumulation of Zr at
a concentration of 13.63 µg/mg DW led to a growth inhibition of 50.1%, accompanied by
a decrease in biomass. At low Zr concentrations (0.11 to 2.86 µg/mg DW), no significant
variation in growth was noted. However, at higher concentrations (6.50 to 14.89 µg/mg
DW), substantial growth inhibition occurred, ranging from 29.8% to 59.0%. This suggests
that Zr ions have the potential to be highly toxic to the plant and accumulate in various
organelles. Therefore, exposure to ZrCl4 caused significant reductions in plant biomass
and growth at nominal concentrations ≥ 50 mg/L, while exposure to the NPs-ZrO2 only
caused significant effects at ≥100 mg/L.

The effective concentration inhibiting half of the plant growth (EC50) could only be
determined for growth parameters (biomass, specific growth rate, and growth inhibition)
in L. minor exposed to ZrCl4. The EC50 for these parameters was 58.69 mg/L of ZrCl4,
corresponding to a Zr bioaccumulation of 13.63 µg/mg DW. In comparison, the NPs-ZrO2
exhibited a growth inhibition of 24.7% at the highest concentration tested, thus the EC50
values for growth parameters were higher than 200 mg/L. In addition, the data provided
was insufficient to determine the EC50 values for oxidative stress markers (cytoplasmic and
organelle ROS levels) and antioxidant responses (total thiols) for both ZrCl4 and NPs-ZrO2.
However, these parameters were considered sensitive biomarkers for assessing the toxicity
of ZrCl4 and NPs-ZrO2 in L. minor plants under the tested concentrations.

It is well known that oxidative stress plays a major role in the toxicity of metals and
nanoparticles to plants, and the production of a high level of ROS can damage cellular
components (proteins, lipids, and nucleic acids) contributing to the deterioration of the
cellular physiology and plant growth [10,16,27,28,39,40]. Both cytoplasmic and organelle
reactive oxygen species (ROS) levels increased with increasing concentrations of ZrCl4
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and the NPs-ZrO2, indicating an oxidative stress effect in L. minor plants. However,
exposure to ZrCl4 generally induced higher ROS levels than the NPs-ZrO2 under the same
concentrations, which aligned with the higher bioaccumulation observed for ZrCl4. To
counteract oxidative stress, plants have evolved efficient defense mechanisms, including
antioxidant enzymes and low molecular weight antioxidants like glutathione (GSH) [41,42].
In this study, the total thiol levels, an indicator of GSH content, exhibited a concentration-
dependent increase in response to both ZrCl4 and NPs-ZrO2. Interestingly, despite the
lower bioaccumulation and oxidative stress induced by the NPs-ZrO2, they led to a more
pronounced increase in total thiols compared to ZrCl4. This could explain the lower
inhibition in plant growth caused by the NPs-ZrO2 when compared to ZrCl4, suggesting
that the NPs-ZrO2 triggered a stronger antioxidant response in L. minor plants.

Several toxicological endpoints correlated with Zr toxicity have been determined in
previous studies on different species of microalgae and plants, highlighting the potential
ecological impact on aquatic ecosystems: 1. Significant changes in antioxidant enzyme ac-
tivities, chlorophyll content, and biomass growth were observed for different plant species
in Zr-contaminated soil [10,11]; 2. Zr-contaminated culture medium in aquaria caused
a reduction in the biofilm biomass of different periphyton microorganism species [13];
3. Nano-zirconium oxide (nZrO2) affected the growth, mitochondria-generated ROS lev-
els, and cellular membrane permeability of the freshwater alga Chlorella pyrenoidosa [16];
4. In the unicellular freshwater alga Scenedesmus obliquus exposed to NPs-ZrO2, several
biological parameters were significantly altered, including ROS level, chlorophyll content,
mitochondrial membrane potential, cellular membrane permeability, and antioxidant en-
zyme activity [25]; 5. The nZrO2 was found to inhibit the growth of the microalga Chlorella
sp. [43]. These findings demonstrate the need for further research to better understand the
mechanisms of Zr toxicity in aquatic ecosystems, particularly its impact on primary pro-
ducers such as microalgae and plants, which form the foundation of aquatic food webs. In
our study, we determined that the correlations between Zr concentration, bioaccumulation,
and toxic effects on L. minor plants were dependent on the chemical nature and properties
of the Zr-compound. The obtained results show that the higher Zr bioaccumulation in
plants exposed to ZrCl4 was correlated with more severe effects on growth parameters and
oxidative stress markers compared to exposure to NPs-ZrO2. However, NPs-ZrO2 induced
a stronger antioxidant response despite lower bioaccumulation, emphasizing the complex
interactions between this Zr-compound and the biological system of L. minor. This investi-
gation demonstrated the importance of growth biomarkers and oxidative stress indicators
in assessing the toxicity of ZrCl4 and NPs-ZrO2. Therefore, these findings contribute to a
comprehensive understanding of the toxicity mechanisms and potential ecological impacts
of these Zr-compounds.

Moreover, we identified the lowest nominal exposure concentration and the lowest
observed effect dose (LOED) for both Zr-compounds causing a statistically significant
effect on the toxicity biomarker compared to the control (Table 5). Based on these results,
the most sensitive responses to the lowest nominal exposure concentration of ZrCl4 were
the Cyt-ROS and the Org-ROS, having the lowest LOED when compared to the other
biological parameters. On the other hand, the most sensitive responses to the lowest
nominal exposure concentration of the NPs-ZrO2 were the Total thiols and the Org-ROS,
although LOEDs were similar for all biological parameters. Therefore, the oxidative stress
markers (cytoplasmic and organelle ROS) were among the most sensitive parameters for
both Zr-compounds.
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Table 5. The nominal exposure concentration (mg/L) and the lowest observed-effect dose (LOED) of
ZrCl4 and NPs-ZrO2 for each biological parameter in Lemna minor. The LOED is expressed in µg/mg
dry weight (DW).

Biological
Parameter

[ZrCl4]
mg/L

ZrCl4 LOED
µg Zr/mg DW

[NPs-ZrO2]
mg/L

NPs-ZrO2
LOED

µg Zr/mg DW

Growth Inhibition 50 2.86 100 0.01
Cyt-ROS 1 0.11 100 0.01
Org-ROS 1 0.11 1 0.01

Total Thiols 50 2.86 1 0.01
DW: dry weight; Cyt: cytoplasmic; Org: organites.

3.3. Impact of NPs-ZrO2 on Plant Fronds and Roots

In this study, we investigated the impact of NPs-ZrO2 on both the fronds and roots
of the aquatic plant Lemna minor. Our scanning electron microscopy (SEM) observations
revealed the adherence of NPs-ZrO2 to the ultrastructures of the fronds and roots after
7 days of exposure (Figure 1). The unexposed control fronds and roots displayed a smooth,
intact surface with no visible damage, featuring well-arranged and closely spaced cells. In
contrast, the fronds and roots exposed to the NPs-ZrO2 exhibited ultrastructural defects,
including deep cracks and agglomerated NPs-ZrO2 on the outer surface (Figure 1). These
nanoparticle aggregates varied in size, ranging from small particles of 60 nm to larger
particles of 1.05 µm. Therefore, these results clearly showed the detrimental effects of
NPs-ZrO2 exposure on L. minor fronds and roots compared to the healthy control plants.
The nanoparticles caused visible damage to the frond surface and edges, while inhibiting
root growth, and altering root morphology. Furthermore, the SEM observations coupled
with energy dispersive X-ray spectroscopy (EDS) confirmed the presence of free Zr ions
after the dissolution of the NPs-ZrO2, and this could explain the decrease in Zr content
in the observed aggregates. The presence of Zr peaks in the EDS spectra of the exposed
tissues, which are absent in the control, confirmed the internalization of the nanoparticles
by the plant (Figure 2). This indicated the adhesion of the NPs-ZrO2 to the ultrastructure of
the fronds and roots of the L. minor plant and the subsequent Zr uptake. The uptake of Zr
ions by the roots was evident, with aggregates containing high Zr concentrations detected
on the root cell wall. This suggests that the released NPs-ZrO2 and Zr ions can be absorbed
by root cells and translocated to the fronds. Similar aggregates were observed at the frond
level, with a Zr content of approximately 10–12% (Figure 2). The lower proportion of Zr in
the fronds compared to the roots indicates that roots have a higher affinity for absorbing
NPs-ZrO2 and free Zr ions. The dissolution of the NPs-ZrO2 during processing and the
uptake of free Zr ions by the plant through the roots could explain the decrease in Zr
content in the observed aggregates. A previous study provided a similar explanation for
the toxicity of cerium oxide nanoparticles (NPs-CeO2) in Lemna minor [44]. The authors
revealed by SEM analysis that the frond stomata morphology was altered and that the root
was responsible for Ce uptake. By using X-ray absorption near-edge structure (XANES)
spectroscopy, their results confirmed the transformation of Ce from Ce(IV) to Ce(III) in
duckweed treated with NPs-CeO2, suggesting that the toxicity of nanoparticles was mainly
from the release of Ce ions. Therefore, our investigation provided valuable insights on
the uptake mechanism of NPs-ZrO2, in addition to their incorporation and toxicity on the
L. minor plant system.
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structures, under different conditions: (A–C), Control; (D–G), 7-day exposure to NPs-ZrO2 under 
effective concentration for growth (100 mg/L). The images show the change in the plant frond and 
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Figure 1. Scanning electron microscopy (SEM) images of Lemna minor, including the frond and root
structures, under different conditions: (A–C), Control; (D–G), 7-day exposure to NPs-ZrO2 under
effective concentration for growth (100 mg/L). The images show the change in the plant frond and
root structures under treatment with NPs-ZrO2 when compared to the control: Image (A) shows
a healthy frond with a smooth surface and no visible damage; Image (B) provides a closer view
of the frond edge, which appears intact; In image (C), the root structure looks normal with fine
root hairs extending from the main root; Image (D) depicts a frond with visible surface damage
and abnormalities compared to the control, and the frond edges appear crumpled and irregular; A
magnified view of the damaged frond edge is seen in image (E), showing a rough, uneven surface
likely due to the effect of NPs-ZrO2; In images (F,G), the root structures after NPs-ZrO2 appear
thicker and shorter with fewer fine root hairs compared to the control condition, suggesting that
NPs-ZrO2 negatively impact root growth and development. Frames (E′,G′) provide detailed views
at a higher resolution of specific areas highlighted in images (E′,G′), respectively. These magnified
sections indicate that NPs-ZrO2 have deposited on the surface.
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Figure 2. Energy-dispersive X-ray spectroscopy (EDS) coupled with scanning electron microscopy
(SEM) images of Lemna minor plants: (A), control fronds; (B), 7-day exposed fronds to 100 mg/L of
NPs-ZrO2; (C), 7-day exposed roots. The images (A′′,B′,C′) show the elemental analysis of the plant
tissues. In images (A,A′), the EDS spectrum of the control frond likely displays peaks for elements
typically found in plant tissues, such as carbon, oxygen, and trace minerals (no Zr peak is expected in
the control spectrum, since the plant was not exposed to NPs-ZrO2); In image (B), when compared to
the control, the EDS spectrum of the exposed frond shows an additional peak for Zr, indicating the
uptake and accumulation of NPs-ZrO2 in the frond tissues during the exposure period; In image (C),
the EDS spectrum of the exposed root displays a Zr peak, confirming the presence of NPs-ZrO2 in
the root tissues. The intensity of the Zr peak in the root may differ from that in the frond, suggesting
differential accumulation of NPs-ZrO2 in various plant parts.
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3.4. Ecological Implications of Zirconium Contamination in Aquatic Ecosystems

In this study, we showed the importance of considering the chemical speciation and
transformation of Zr-compounds in aquatic environments. The formation of Zr(OH)4(aq)
from ZrCl4 and the dynamic behavior of NPs-ZrO2 highlighted the necessity for compre-
hensive environmental fate and transport studies to predict the bioavailability and potential
toxicity impacts of Zr-compounds under varying environmental conditions. Such infor-
mation is crucial for regulatory agencies and policymakers when establishing guidelines
for permissible Zr levels in water bodies. In addition, this study explored the differential
toxicity mechanisms and potential ecological impacts of both ZrCl4 and NPs-ZrO2 on the
aquatic plant Lemna minor, serving as a bioindicator species. Our findings indicated that
these Zr-compounds exhibited distinct toxicity mechanisms due to their unique physico-
chemical properties. ZrCl4 demonstrated higher toxicity, with its impact largely dependent
on its concentration and bioavailability. In contrast, the NPs-ZrO2 exhibited moderate
toxicity, primarily due to its low solubility and sedimentation in aquatic environments,
limiting its availability to plants. Additionally, the obtained results demonstrated the role of
ROS levels and total thiols in the plant response to Zr toxicity, which significantly affected
the health status of L. minor.

From an ecological standpoint, the differential bioaccumulation and toxicity of ZrCl4
and NPs-ZrO2 to L. minor have significant implications for aquatic ecosystems. As a
primary producer, the aquatic plant L. minor plays a crucial role in nutrient cycling, food
web dynamics, and habitat provision in freshwater environments. Disruption of L. minor
growth and physiology due to Zr-compounds exposure can cascade through the ecosystem,
affecting the functioning of the overall ecosystem. The bioaccumulation of Zr-compounds
in aquatic plants such as L. minor raises concerns about trophic transfer and potential
biomagnification in aquatic food chains. Zr that has accumulated in plant tissues may be
consumed by herbivores and transferred to higher trophic levels, posing a risk to the entire
ecosystem. This emphasizes the need for monitoring and management strategies to address
the transfer of Zr contaminants from aquatic plants to higher trophic levels. On the other
hand, the ability of L. minor to bioaccumulate Zr could be leveraged in phytoremediation
efforts to mitigate water pollution and prevent the impact of toxicity on aquatic ecosystems.

In summary, our findings emphasize the importance of considering the physicochem-
ical properties and toxicity of ZrCl4 and NPs-ZrO2 when assessing their environmental
impact. Future studies should examine the effects of environmental parameters (e.g., pH,
temperature, chemical interaction) on the physicochemical properties and toxicity of Zr-
species for a more comprehensive understanding. In addition, future research should focus
on investigating the long-term effects, trophic transfer, and ecosystem-level impacts of Zr-
compounds to develop effective risk assessment and management strategies for protecting
aquatic ecosystems.
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