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Iron-based nanoparticles (Fe-NPs) have wide environmental applications in various areas due to their ex-
cellent physicochemical properties, and these processes also increase their release into the water environ-
ment. However, the existing literature on environmental behavior fate (e.g., sorption and transformation)
and potential ecotoxicity of Fe-NPs remains limited, which is vital for understanding the Fe-NPs environ-
mental behavior and application as a multifunctional product. In this review, the green synthesis, char-
acterization, and environmental application of Fe-NPs are summarized. We systematically examined the
impacts of Fe-NPs physicochemical properties on its adsorption, transformation (e.g., aggregation disper-
sion, dissolution, oxidation), and biodegradation behavior in aqueous ecosystems. Moreover, we highlight
the potential ecological toxicity of Fe-NPs to aquatic organisms. Upon exposure in water environments,
Fe-NPs have potential ecological toxicity on aquatic organisms (e.g., microorganisms, plants, zooplankton,
and fish). The common mechanisms of Fe-NPs ecotoxicity (e.g., bioaccumulation, oxidation stress, and
DNA damage) at the cellular level are presented and the remaining unclear points on nano-toxic mecha-
nisms (e.g., metabolic disturbance, genotoxicity) are discussed. Given the unresolved issues, the substan-
tial gaps and the environmental risk assessment of Fe-NPs require further attention in the future. This
paper will provide useful information for assessing the fate and potential ecological risks associated with

Fe-NPs in aquatic environments.
© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Iron-based nanoparticles (Fe-NPs) encompass a diverse group
of materials, including modified or uncoated pure iron (e.g., nano-
zero-valent iron, nZVI), iron alloys, and iron oxide nanoparticles
(e.g., afy-Fe,03, a/y-Fe304, Fe(OH)3, and y-FeOOH) [1,2]. With
the rapid advancement of nanotechnology, Fe-NPs have emerged
as a promising class of green and intelligent materials due to their
unique advantages over other nanoparticles, such as exceptional
catalytic activity, mechanical strength, and magnetic properties [3-
5]. To date, a wide array of synthesis methods, including sol-gel or
hydrothermal synthesis, thermal decomposition, chemical copre-
cipitation, and microemulsion polymerization, have been rapidly
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developed to produce Fe-NPs [6,7]. However, with the escalating
production and environmental applications of Fe-NPs in consumer
products, the potential for their release into aquatic environments
and subsequent exposure to aquatic organisms has become a grow-
ing concern. This underscores the critical need to elucidate the en-
vironmental fate and assess the potential ecological risks associ-
ated with Fe-NPs in aquatic systems [8,9].

Over the past few decades, the occurrence and characteriza-
tion of naturally occurring environmental Fe-NPs have been ex-
tensively investigated [10-12]. However, research on the environ-
mental behavior and fate of artificially synthesized Fe-NPs, partic-
ularly their sorption, transformation, and potential ecotoxicity, re-
mains relatively limited. Notably, Fe-NPs can directly interact with
various pollutants, such as inorganic and organic contaminants, in
contaminated water, leading to modifications in their surface prop-
erties [13,14]. These interactions can significantly influence a range
of physicochemical processes (e.g., dissolution and oxidation) and
biological processes (e.g., biodegradation) of Fe-NPs, thereby alter-
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Fig. 1. (A) Schematic illustration of the “heat-up” method for the synthesis of uniformly sized iron oxide nanoparticles. Copied with permission [28]. Copyright 2015,
American Chemical Society. (B) Evolution of nanoscale zero-valent iron (nZVI) in water. Copied with permission [35]. Copyright 2015, Elsevier B.V. (C) Preparation scheme of
magnetite (Fe304) nanoparticle via co-precipitation method. Copied with permission [26]. Copyright 2021, Elsevier B.V. (D) Processing steps of Fe304, a-Fe,0s3, and y-Fe,03
nanoparticles. Copied with permission [26]. Copyright 2021, Elsevier B.V. (E) The co-precipitation method was used for the synthesis of iron oxide nanoparticles by using
green and chemical-based materials. Copied with permission [38]. Copyright 2018, Springer Science Business Media.

ing their interactions with environmental sorbates, stability, and
the fate of both nutrient elements and hazardous chemicals in
aquatic ecosystems [15-17]. Additionally, the potential ecological
toxicity of Fe-NPs to aquatic organisms, including microorganisms
[18], plants [19], zooplankton [20], and fish [21], represents a crit-
ical concern that must be addressed before their large-scale envi-
ronmental application in various fields. Despite this, few reviews
have systematically explored the relationship between the evolu-
tion of modified Fe-NPs’ properties and their adsorption, transfor-
mation, and biodegradation behaviors, as well as their associated
ecological risks [22,23]. Furthermore, most existing studies lack in-
depth mechanistic insights, particularly at the cellular level, into
the effects of Fe-NPs on aquatic organisms. Such mechanistic un-
derstanding is essential for accurately assessing and controlling the
environmental risks of Fe-NPs as multifunctional products.
Therefore, this paper presents a comprehensive review of
the adsorption, transformation, biodegradation, and potential eco-
logical toxicity of Fe-NPs in aquatic environments. Given the
widespread environmental applications of Fe-NPs, this review aims
to: (1) Summarize the physical, chemical, and biological synthe-
sis methods, characterization techniques, and environmental appli-
cations of Fe-NPs; (2) discuss the adsorption of various environ-
mental contaminants (e.g., heavy metals and organic pollutants)
onto Fe-NPs and analyze the underlying adsorption mechanisms
in aqueous media; (3) elucidate the transformation behaviors (e.g.,
aggregation, dispersion, dissolution, and oxidation) and biodegra-
dation processes (e.g., bio-oxidation and bio-reduction) of Fe-NPs
in aquatic systems; and (4) provide a comprehensive assessment of
the ecological risks posed by Fe-NPs by examining their toxicity to
different aquatic organisms, such as microorganisms, plants, zoo-
plankton, and fish. This includes a detailed exploration of cytotoxic
mechanisms (e.g., bioaccumulation, oxidative stress, and DNA dam-
age) at the cellular level, as well as a brief discussion of the factors
influencing this toxicity. By addressing these aspects, this review
aims to enhance the understanding of the environmental fate and
ecotoxicological assessment of Fe-NPs in aquatic systems, thereby

contributing to the safe and sustainable application of these nano-
materials.

2. Synthesis, characterization, and environmental application
of Fe-NPs

2.1. Synthesis of Fe-NPs

2.1.1. Physical method

Evaporation-condensation, ultrasound shot peening, and high-
energy ball milling are the most important physical approaches
[24,25]. There are numerous reports that physical ball milling
or laser ablation can generate large, surface structure-limited, or
defect-limited Fe-NPs for environmental applications [26]. Com-
pared with the chemical method, the uniformity distribution and
the absence of solvent contamination of nanoparticles are the ad-
vantages of physical synthesis methods [26]. However, this high
energy consumption, and uncontrollable surface structure method
has limited usefulness in practical environmental applications,
which usually require a green low cost of nanomaterials [27].

2.1.2. Chemical method

In contrast, chemical synthesis offers an excellent approach for
preparing NPs with various functional groups, highly uniform mor-
phology, and narrow size distribution. As shown in Fig. 1A, a va-
riety of chemical methods have been reported for the synthesis
of Fe-NPs, notable examples including microemulsion, thermal de-
composition, co-precipitation, and liquid-phase reduction [28]. For
example, nZVI can be commonly synthesized by the reduction of
ferrous or ferric ions in aqueous solutions using reducing agents
(e.g., sodium borohydride, polyphenolic compounds, and sorghum
bran extracts) under inert conditions per reactions [29-31]. More-
over, nZVI is also synthesized through the aqueous-phase boro-
hydride reduction approach [32], micro-emulsion-based methods
[33], and sol-gel methods [34], etc. For Fe-NPs (Figs. 1B-E), co-
precipitation is by far the most common synthesis for magnetic Fe-



Y. Gao, X. Wei, J. Sun et al.

NPs as cheap and environmentally friendly precursors and simple
experimental procedures [26,35]. In a recent study, a multistage
flow reactor was invented to synthesize and stabilize stable Fe-NPs
continuously with a residence time of <5min by adding the ap-
propriate quantity of a citric acid solution which yielded within
minutes colloidally stable Fe-NPs solutions around a neutral pH
value [36]. Other typical chemical methods (Fig. 1E) of Fe-NPs in-
cluded green synthesis, thermal decomposition, sol-gel, solvother-
mal, and aqueous-phase synthesis [37,38]. Notably, non-stabilized
Fe-NPs have been found more reactive and easier to aggregate
in a lipid/solid environment than stabilized Fe-NPs, thus various
surface modification or stabilization techniques have been investi-
gated. During the agglomeration of metal nanoparticles, the inter-
particle forces may include van der Waals forces, magnetic dipolar
interactions, and electric dipolar interactions [39]. Currently, vari-
ous stabilizers, including thiols, carboxylic acids, silica, surfactants,
and polymers, have been found effective in stabilizing Fe-NPs [40].
However, the surface-bound organic solvents or surfactants on Fe-
NPs need to be removed due to toxicity concerns and technical re-
quirements in certain environmental applications.

2.1.3. Biological method

Biogenic processes are important and green methods in the for-
mation of nanoparticles generally known as biomineralization. Es-
pecially, microbial cells, including Fe(Ill)-reducing bacteria, magne-
totactic bacteria, and sulfate-reducing bacteria play a key role in
the biosynthesis of Fe-NPs [27]. Biosynthesis of Fe-NPs using the
natural abundance of functional groups in plant biomolecules also
has aroused wide concern in pollution remediation as adsorbents
[41]. Nowadays, biosynthesis of Fe-NPs has recently received po-
tential application prospects due to its reliable eco-friendly and
low cost, pressures, and neutral pH, which can be used in envi-
ronmental remediation.

2.2. Characterization of Fe-NPs

Various intrinsic factors of Fe-NPs can affect their environmen-
tal fate and subsequent ecological health effects. Given the variety
of available Fe-NPs, a description of the physicochemical properties
must be provided in all environmental behavioral and toxicologi-
cal studies. Thus, we provided an overview of selected techniques
grouped by spectroscopic, spectrometric, microscopic, thermal, and
labeling categories for Fe-NPs measurements (Fig. S1 in Supporting
information) [28,35,38,42-45]. The morphology (Figs. S1A and B),
dimensions (Figs. S1C and D), structural (Figs. S1E and F), chemical
group (Fig. S1G), and component of the Fe-NPs are commonly char-
acterized by spectrum, chromatography, and mass spectrum tech-
niques [26]. For magnetic properties of the Fe-NPs. For the deter-
mination of the particle—particle and model surface interactions of
superparamagnetic IONPs, time-resolved dynamic light scattering
(DLS), zeta (¢) potential, and real-time quartz crystal microbalance
with dissipation monitoring (QCM-D) measurements (surface de-
position and release) were performed [46].

2.3. Environmental application of Fe-NPs in aquatic environment

Global pollution of soil and water is a serious challenge for
which environmental remediation is urgently needed. For chal-
lenging environmental applications, Fe-NPs have great vitality for
environmental restoration as high-performance, green and multi-
functional nanomaterials due to their interesting magnetic prop-
erties, biocompatibility, easy availability, and low cost. Moreover,
Fe-NPs also to be an ideal material for the removal of pollutants
(e.g., organic molecules and heavy ions) from contaminated wa-
ter with excellent recyclability, sorption capability, and recyclability
[24,27]. Generally, the environmental applications of Fe-NPs can be
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grouped into four aspects, namely the adsorption, transformation,
detection, and recycling of environmental pollutants. Furthermore,
iron oxides frequently play a passive role in the composites for en-
vironmental applications. They assembled the nanocomposite with
a property to be magnetically separable once pollutants (e.g., or-
ganic or inorganic component) were adsorbed on the surface pro-
vided by the other nanoparticle counterparts (e.g., graphene and
carbon nanotubes) [7]. If not magnetically functionalized, pollu-
tants were difficult to separate from the aquatic environment, thus
this was highly desirable in the case of magnetic nanocomposites
acted as adsorbents for the removal of pollutants or toxic chemi-
cals from water, due to their huge surface area, high reactivity, and
strong ferromagnetism. Although there have been some reviews
exist for the environmental applications (catalyst material, adsor-
bent, pigment) of Fe-NPs, we noted that a comprehensive overview
of the application of Fe-NPs for environmental fate and ecologi-
cal health risk assessment is still absent [24,26,27]. Fe-NPs were
highly stable in aquatic environments, and could direct contact
with aquatic organisms such as algae, plants, and fish. Most im-
portantly, several studies have shown that iron nanoparticles could
enter the cells, and cause damage to plants, animals, and humans
once released into the environment [47]. This review summarized
the environmental fate and behaviors of Fe-NPs and would focus
mainly on the toxicity and mechanism of Fe-NPs to aquatic organ-
isms.

3. Fate and environmental behavior of Fe-NPs in the aquatic
environment

3.1. Adsorption behavior of Fe-NPs in aquatic system

Adsorption is a critical physiochemical process for environmen-
tal applications of Fe-NPs as adsorbents due to their large surface-
active properties. Moreover, adsorption plays an important role
in the environmental applications for pollutants water treatment.
During this process, the environmental fate and behavior of pollu-
tants (e.g., organic molecule compounds, heavy metals) and Fe-NPs
could be influenced. Moreover, the surface characteristics of Fe-NPs
would be changed through the pollutant’s coating or modification.
Adsorption mechanism identification is one of the most significant
fundamental principles necessary to bridge the gap between ad-
sorption investigations and environmental application security de-
sign. In Fig. 2, we outlined major interaction mechanisms reported
in the current literature and discussed their generality under the
structural properties of both Fe-NPs and pollutants [44,48-50].

3.1.1. Organic molecule adsorption

Eltaweil et al. synthesized an efficient nZVI-loaded nano ben-
tonite intercalated carboxymethyl chitosan, which exhibited excel-
lent reusability and adsorption performance, and applied in the re-
moval of anionic and cationic dyes from wastewater successfully
[44]. Liu et al. invent a new strategy to promote remediation of soil
contaminated by pentachlorophenol and safe crop production in
contaminated soil using nZVI [51]. Magnetic adsorption has great
attention because of its high-adsorption capacity and recyclabil-
ity, the superparamagnetic Fe30,4 provides an excellent surface for
binding phosphonic acid and carboxylic acid to remove glyphosate
and its major metabolite from water [52]. Subsequent removal
of nanoparticles from wastewater can be strongly enhanced by
using particles the core of which is magnetic Fe-NPs, providing
their separation by sedimentation or filtration [53]. Recent re-
search has focused on the surface modification of NPs, where dif-
ferent functional groups are modified by surface active agents, to
enhance their performance. Functional NPs have great potential
to improve the adsorption performance, as shown by Mahmood
et al, where NPs are coated with octadecyl amine and dodecyl
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Fig. 2. (A) Removal mechanism of Congo red dye and crystal violet onto the nZVI@nBent-CMC composite. Copied with permission [44]. Copyright 2021, American Chemical
Society. (B) Schematic of heavy metal removal using nZVI. Copied with permission [48]. Copyright 2016, Elsevier B.V. (C) Possible schematic mechanisms and reaction process
of heavy metal ion removal by NZVI/rGOs and ZVI/ZVAI. Copied with permission [49]. Copyright 2016, American Chemical Society. (D) Proposed mechanisms of pollutant

removal by IONPs. Copied with permission [50]. Copyright 2023, Elsevier B.V.

amine and exhibit high efficiency in the collection of oil spills [54].
Besides, magnetic nanoparticles are embedded into various ma-
terials, such as polymers, silica, and carbon, as high-performance
nanocomposites to remove pollutants. Palchoudhury et al. sepa-
rated MC252 oil from oil-water mixtures using PVP-coated Fe-NPs
and achieved approximately 100 % oil removal under optimum con-
ditions [55]. Wang et al. modified Fe;04 with tetraethyl orthosili-
cate and successfully synthesized Fe304@SiO, nanospheres, which
can efficiently remove Congo red from wastewater under labora-
tory conditions [45]. Moreover, FeOOH coated with g-C3N4 in the
presence of H,0, and visible light irradiation exhibits high per-
formance in degrading antibiotic contaminants as heterogeneous
Fenton-like catalysts [56]. As shown in Fig. 2A, Eltaweil et al. fab-
ricated nZVI-loaded nanobentonite intercalated carboxymethyl chi-
tosan for efficient removal of Congo red and cationic crystal vio-
let [44]. Fe-nanocatalyst composed of oxide as a shell and carbide
as a core was synthesized to accomplish catalytic dehydrogenation
of feedstock chemicals as a kind of cheap and available catalyst
[57].

3.1.2. Heavy ion adsorption

As shown in Figs. 2B and C, Fe-NPs (especially nZVI) have been
widely investigated for the water treatment of heavy metal ions
and received prosperous and tremendous potential environmen-
tal in situ and aggregation remediation of heavy metal ions in
aquatic systems [48,49]. nZVI could be applied as a green and
cost-effective adsorbent for removing heavy metal ions (e.g., Cu2,
Zn2*, Ni2t, and As>t) from wastewater due to the strong chem-

ical reduction and sorption-precipitation [48]. Batch experiments
results showed nZVI had extraordinarily high removal capacities
(>96% after 60min) and the maximum theoretical adsorption ca-
pacity of nZVI could reach 245mg and 226mg/g for As°*t and
Cu?+, respectively [48]. Besides, nZVI was also potentially used
as an adsorbent for the removal of other toxic heavy metal ions
such as Hg2*t(226 mg/g), Pb2*+ (226 mg/g), Cd2* (226 mg/g), Zn2t
(226 mg/g), Co%*(226 mg/g) [49]. Moreover, the heavy metal ions
uptake capacity of pristine nZVI was lower than those of various
surface modified (e.g., epoxide, hydroxyl, and carboxyl) nZVI, which
could form strong complexes with heavy metal ions, and acted as
adsorbents for heavy metal ion preconcentration and elimination
[49].

The point of zero charge (PZC) of Fe-NPs (e.g., hematite and
magnetite) was generally reached at pH around 8 [58]. Fe-NPs
could hence be negatively or positively charged at naturally rele-
vant pH. Since heavy metal ions are positively charged, only the
negatively charged Fe-NPs were available for adsorption. Many
studies have demonstrated that Fe-NPs also showed great perfor-
mance in treatment by transforming heavy metals [49]. The ad-
sorption capacity is one of the main factors driving the increas-
ing application of Fe-NPs in various technologies, mainly obtained
from the commonly used isotherm models (e.g., Langmuir and DA
models) [59]. Notably, magnetic iron-based composite had recently
received much attention for heavy ion removal in magnetic-based
separation due to its specific surface area and high magnetism.
For example, carbon-coated iron nanoparticles exhibit excellent re-
moval efficiencies (>90%) for Cr, Ni, Cd, Pb, Co, and Mn in a pH
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range of 8-10, which was much higher than that of activated car-
bons [59].

3.1.3. Adsorption mechanisms

Adsorption mechanism identification is one of the most signif-
icant fundamental principles necessary to bridge the gap between
adsorption investigations and environmental application security
design. The mechanism of the interactions between nZVI and ad-
sorbed heavy metal ions is summarized in Fig. 2D There have been
great reports indicating remediation mechanisms depend on the
adsorptive and reductive properties of the nZVI nanoparticles and
the nature of the pollutants [60]. In general, the degradation of
nZVI to heavy metal ions always contains two steps: first, the tar-
get pollutants will be adsorbed onto the nZVI's surface, and sec-
ond, relative reactions will occur to degrade those compounds to
less harmful products [61]. Bare Fe-NPs were deemed poor per-
formance in organic pollutants treatment because of their weak
reactivity, but with some useful modifications and coatings such
as TiO,, humic acid, and SiO,, environmental remediation could
be achieved via the degradation of pollutants [62]. However, it
was confirmed maghemite, magnetite, and their hybrid compos-
ites remove heavy metal pollutants mostly by adsorption. For in-
stance, some researchers concluded that Cr(VI) could be adsorbed
onto maghemite NPs by electrostatic interaction and ion exchange
[63] and hematite was capable of binding tightly to Sb(Ill) via
inner-sphere complexation [64]. The single and combined use of
X-ray absorption fine structure (XAFS) and density functional the-
ory (DFT) could be more efficient in detecting and quantifying the
interaction between nZVI and heavy metal ions rather than other
traditional characterization techniques [65]. XAFS spectra were col-
lected for the analysis of Fe/Cr species and Cr coordination infor-
mation. DFT calculation was conducted for the coordination pat-
tern of phosphate and chromium, and charge-density difference.

3.2. Transformation behavior of Fe-NPs in aquatic system

3.2.1. Aggregation dispersion

The adsorption kinetic process of as on bare hematite nanopar-
ticles was investigated with regard to the aggregation of the
nanoparticles [66]. It was probed that aggregation and sedimen-
tation of hematite nanoparticles appear during the adsorption pro-
cess, especially in the period of rapid arsenic adsorption. To study
the effect of particle concentration, pH, and natural organic matter
(NOM) on Fe-NPs, Baalousha et al. observed purified nanoparticle
behavior in various factors [67]. This study shows that disaggrega-
tion is as important as the aggregation process and confirms that
NOM might play a key role in the aggregation and disaggregation
of NPs, and consequently, in controlling their fate and behavior
in aquatic environments. Kelly compared nZVI, Fe,0s3, and Fe304
in different aquatic systems and concluded the effect of the high
ionic strength was more helpful than the effect of the organic mat-
ter on nanoparticles sediment, which contributes to a better dis-
persion efficiency [68]. A conceptual model of agglomeration (Fig.
3A) of modified nanoscale iron particles followed by deposition of
clusters was used to explain the particle agglomeration and sub-
sequent deposition in porous media [69]. In aquatic environments
(Fig. 3B), the stability and transport of magnetic Fe-NPs are influ-
enced by a combination of electrostatic and magnetic interactions
[70,71].

3.2.2. Dissolution

Most of the Fe-NPs are unlikely to persist in natural systems
because they have higher surface reactivity than their regular-
sized materials. As a result, most of them will go through chem-
ical/biological transformation. Wang et al. tested the phytotoxic-
ity of zero-valent iron nanoparticles in soil cultivated with Oryza
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sativa and concluded the “aging” nZVI exhibited lower toxicity
compared with the fresh [72]. In the paper, it was shown the sur-
face oxidation of the aged nZVI may have prevented full oxidation
to maintain a higher toxicity than the control. Lei et al., investi-
gated the potential transformations of Fe-NPs in the environment,
modified with polymeric entrapment, such as the alginate, CMC,
and PVA-alginate, which can effectively prevent Fe-NPs aging and
passivation [71]. Similarly, Semerad et al. summarized the sulfida-
tion nZVI particles were more stable than the bare particles, and
exhibited higher toxicity owing to the increasing content of sul-
fur along with the aging of nanoparticles [73]. After entering the
aquatic system, Wang et al., described the dissolution, adsorption,
and hydrolysis in iron-based nanoparticles suspensions (Fig. 3C)
[72], according to the reactions in Supplementary material.

3.2.3. Oxidation

As the above shows, upon contacting water and air, the sur-
face of NZVI will be oxidized to iron oxides/iron hydroxide, which
form a “shell-core” structure. Likely, nZVI can maintain its struc-
ture well under anoxic conditions but quickly corrode to y-FeOOH
under oxic conditions [35]. In the water environment (Fig. 3D), Fe-
NPs undergo physical, chemical, and/or biological transformations
as influenced by environmental factors such as pH, ions, dissolved
oxygen, NOM, and biotas [71]. It was observed aging of nZVI was
inhibited in the presence of microplastics. NOM may decrease the
rates of Fe-NPs transformation and affect the composition and dis-
tribution of organic matter at the mineral-water interfaces. Oxida-
tions of nZVI under aerobic and anaerobic conditions were simu-
lated, and their influences on aggregation behaviors of nZVI were
investigated and shown in Fig. 3E [74]. In a natural water system, a
preliminary exposure to heterogeneous suspensions will accelerate
the magnetic sedimentation of Fe-NPs [53].

3.3. Biodegradation behavior of Fe-NPs in aquatic system

3.3.1. Bio-oxidation and bio-reduction

Iron-oxidizing bacteria can utilize iron as an electron donor un-
der both oxic and anoxic conditions, which can even successfully
compete with abiotic Fe2t oxidation in redox interfacial environ-
ments with low concentrations but high fluxes of both Fe?* and
oxygen [75]. Besides, In the existence of iron-oxidizing bacteria,
nZVI corrosion will be enhanced by converting Fe?* to Fe3*, which
may shorten the age of the NPs. Similarly, iron-reducing bacteria
can use organic carbon compounds or hydrogen as electron donors
for Fe3* reduction under anaerobic conditions. Some works found
the dissolution of IONPs or transformation into solid-phase ferrous
particles and mixed valence Fe?*/Fe3+ particles also resulted from
the activity of iron-reducing bacteria [76].

3.3.2. Biodegradation

Generally, degradation of Fe-NPs, especially nZVI and Fe3Qy, is
a key process accompanied by the dissolution of Fe?*/Fe3+. Wang
et al. summarized that NOM has a great influence on the disso-
lution and transformation of the form of metal oxide and zero-
valent nanoparticles [77]. For instance, hydrolysis of Fe2t and Fe3*
would be inhibited and thus transformed into IONPs because of
the existence of humic acid and fulvic acid [78]. How to en-
hance the biodegradability of nanoparticles has gotten more and
more attention. Bannerman invented a kind of polymeric Fe-NPs,
which could be degraded over time [79]. Lenaic et al. applied
high-resolution transmission electron microscopy to monitor the
structural degradation of individual nanocubes with two differ-
ent surface coatings (amphiphilic polymer shell and polyethylene
glycol ligand molecules) [80]. Intracellular transformation was ob-
served the polymer coating controls surface reactivity and access
of chelating agents to the crystal surface governs the degradation
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Fig. 3. (A) Conceptual model of agglomeration of modified nanoscale iron particles followed by deposition of clusters. Copied with permission [69]. Copyright 2009, Amer-
ican Chemical Society. (B) Illustration of the aggregation behavior of iron-based nanoparticles. Copied with permission [71]. Copyright 2018, Elsevier Ltd. (C) Dissolution,
adsorption, and hydrolysis in iron-based nanoparticles suspensions [72]. (D) Potential transformations of iron-based nanoparticles in the environment. Copied with permis-
sion [71]. Copyright 2018, Elsevier Ltd. (E) Oxidation of nanoscale zero-valent iron under sufficient and limited dissolved oxygen. Copied with permission [74]. Copyright

2015, Elsevier Ltd.

rate. What is more, Ligand biodegradation of coated Fe-NPs will
also alter the toxicity along with surface reconstruction [81].

4. Ecological toxicities of Fe-NPs to aquatic organisms
4.1. Toxicity to different aquatic organisms

4.1.1. Microorganisms

Microorganisms are more susceptible to nanomaterials than
plants [82]. The study of Krittanut et al. indicated that the level
of bacterial cells inactivation corresponded to the concentration of
nZVI and it was more resistant to nZVI in the lag and stationary
phases compared to the exponential and decline phases [83]. To
assess the ecotoxic potential of a new nZVI produced for the re-
moval of chlorinated pollutants, Andreas et al. calculated that the
obtained ECsq values of nZVI to crustaceans and fish were 163 mg/L
and 458 mg/L respectively [84]. In the recent study done by Wang
et al., the effects of Fe;03/nZVI NPs on microorganism community
shift in anaerobic granular sludge was investigated. It was observed
low concentrations of nZVI and Fe,03 NPs promoted the growth
of microbes (Bacteria and Archaea) and activities of key enzymes
[85]. The negligible effect of y-Fe,03 on Bacillus subtilis was inves-
tigated in natural river water samples compared to ZnO nanoparti-
cles [86].

4.1.2. Algae and plant

Fe-NPs were also relatively considered highly toxic to algae. It
was confirmed different kinds of algae were proven to possess dif-
ferent levels of sensitivity to Fe-NPs. Adeyemi et al. stated the coat-
ing of sulfide/silica-modified nZVI by algal exudates that strongly

influence the toxicity of the nanoparticles [87]. Jara’s work showed
a toxic response consisting of a decrease in metabolic activity,
increased oxidative stress, and alterations in the mitochondrial
membrane potential, which was caused by the microalga Chlamy-
domonas reinhardtii upon exposure to superparamagnetic IONPs
[19]. Zdenka et al. surveyed the ECsy values of Fe-NPs produced
by green tea extract cyanobacterium (Synechococcus nidulans), alga
(Pseudokirchneriella subcapitata), and even invertebrate organisms
(Daphnia magna) are 6.1+0.5 (72h), 74+1.6 (72h), and 21.9+4.3
(24h) mg/L, respectively [88]. Besides cyanobacteria were reported
to be much more sensitive to nZVI than algae, and the type and
dose of Fe-NPs have a great effect on their toxicity [89,90].

4.1.3. Zooplankton

Zooplankton regulates the mechanism through which pollutants
and energy are transferred to the higher trophic level. The zoo-
plankton community comprises organisms of different body sizes,
taxonomy, and ecological roles. As the size of the microparticles
decreased, the weight proportions of phosphorus, sulfur, and chlo-
rine increased and thus altered the zooplankton functional di-
versity of drainage system reservoirs at an open-pit mine [91].
Edardo et al. assessed the effect of y-Fe,03 coated with meso-
2,3-dimercaptosuccinic acid (DMSA) stabilizer on the survival of
aquatic snail Biomphalaria glabrata, and found that there is neither
influence on fertility nor accumulation after 30 days exposure in
clean water [92]. Although commonly, Fe,05 were regarded as a
kind of low-toxicity materials in a natural environment, Ji et al. in-
vestigated its bioaccumulation under natural conditions and com-
pound toxicity with as using Ceriodaphnia dubia as the model or-
ganism [93]. It was concluded in the research the maximum ac-
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cumulation was observed after 6h of exposure and the toxicity of
Fe,03 would enhance due to its uptake.

4.14. Fish

In an aquatic ecosystem, fish are the top consumers in the
food chain. The toxicity of Fe-NPs is different in the growth stage
and tissues of types of fish. For instance, Pereira et al. showed
that the early developmental toxicity of y-Fe,03 in zebrafish de-
pends on the exposure system [94]. Nemi et al. assessed Fe3O4
exposure in adult zebrafish, and concluded that bare Fe304 ex-
posure at high concentrations of 10 ppm may induce significant
changes in aggressiveness, speed, and locomotion behavior in the
zebrafish brains [95]. To assess the toxic effects of Fe-NPs on the
fish, Chen et al. choose larvae of medaka fish (Oryzias latipes)
as a model organism, carboxymethyl cellulose (CMC)-stabilized
nZVI, aged nanoscale iron oxides or ferrous ion as representative
nanoparticles [96]. In this study, it is confirmed the highest mor-
tality in medaka larvae exposed to CMC-nZVI was caused by solu-
tion due to the combined effect of hypoxia, Fe* toxicity, and ROS-
mediated oxidative damage. Madhubala et al. synthesized «-Fe,03
nanoparticles by hydrothermal method and assessed their toxicity
in zebrafish embryos [97]. The changes in hatching rate, survival
percentage, heartbeat count, and body length of zebrafish were an-
alyzed to study the effects of Hematite. It was summarized there
was low toxicity at lower concentrations but some malformations
at higher concentrations. Mohammad et al. assessed the toxicity of
Fe-NPs and iron salts exposed to blackfish (Capoeta fusca). Accord-
ing to the Organization for Economic Co-operation and Develop-
ment guidelines No. 203, Fe;04 showed a higher level of uptake
and lower acute toxicity compared with iron salts [21].

4.1.5. Animals in the sediment

In addition to microorganisms, fish, plankton plants, and ani-
mals, other aquatic organisms have also been studied to analyze
the toxicity of Fe-NPs. Xu et al’s study presented a detailed inves-
tigation on the effects of Fe,03/Fe30, nanomaterials on bacterial
community and function analysis. The results demonstrated that
iron oxides promoted 4-nonylphenol degradation and enzyme ac-
tivities in sediments and enhanced expressions of iron-regulated
proteins [98]. In the presence of the Fe(Ill) mineral nano-goethite,
anoxic conditions were sustained in sediment systems via micro-
bial processes including Fe(Ill)-reduction and thus changed the
sediment microbial community [99]. It was observed that Fe-NPs
could stimulate tetrabromobisphenol A in situ anaerobic biodegra-
dation in sediment and largely promoted the ecological abundance
of Fe(Ill) reducing and aromatics degrading bacteria [100]. Besides,
Fe-NPs can influence the elements of sediment so that the change
of sediment organisms. For example, it was reported that iron-
based materials exhibit high efficiency for phosphorus immobiliza-
tion due to their strong affinity with Phosphorus in water and sed-
iment [101].

4.2. Toxic mechanism induces by Fe-NPs

4.2.1. Uptake and bioaccumulation

As shown in Fig. 4A, it was found that many nanoparticles can
be adsorbed onto or reacted with cell membranes and then dis-
rupt them [102]. As depicted in Fig. 4B, most nFexOy particles can
be engulfed by larvae and then endocytosed by cells [8]. The small
size of Fe-NPs results in good permeability to biological cell mem-
branes and facilitates accumulation in organisms. Li et al. revealed
uptake and translocation in different tissues of y-Fe,03 have re-
spective concentrations and thus resulted in diverse toxicity level
[103]. Cheng et al. tested the toxicity of sulfide-modified nZVI to
Escherichia coli in aqueous solutions, in this work it was confirmed
the membranes were destructed by Fe/S nanoparticles, which were
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observed in E. coli surface and cytoplasm by TEM images [104].
Risk assessment of Fe-NPs in an aquatic ecosystem has also been
investigated by Caseta et al. [105]. It was reported that chronic ex-
posure to Fe-NPs increased the behavioral impairments of snails
and mortality and reduced fertility were observed only after the
exposure to Fe-NPs at 15.6 mg/L compared to the control. Bioaccu-
mulation is the increase in the level of contaminants in the body of
an organism. Waterborne and food chains are two ways by which
any pollutant enters the body [106]. It was found that average bio-
concentration factors in the nematode exposed to waterborne and
food-borne nZVI were ~50 and ~5 x 103, respectively, which was
recognized as an important factor in fertility, locomotion, and de-
velopment of organisms [107].

4.2.2. lons dissolution

The ions release of the metal oxide NPs in aquatic environ-
ment was complex, and correlated to both the dissolution and ad-
sorption processes of the metal oxide NPs. Some studies showed
that the toxicity of the nanoparticles originates from the dissolved
iron ions rather than the particles themselves [108]. Likely, it was
found oxidative stress induced by cells exposed to nanoparticles
was equivalent to the cells exposed to Fe2t[109]. According to re-
cent research, the aquatic toxicity of Fe,03 was dominantly caused
by itself [72]. The release of redox-active Fe**, which resulted in
the generation of reactive species, has been found to contribute to
the cell inactivation of nZVI [110]. In oxygenated water, the iron
dissolution generates OH radical via the Fenton reaction and Fe?*
by nzVI, which will enter the cells and induce oxidative stress
[111]. Free radicals may initiate a way to damage the cell nucleus
such as a sort of proapoptotic signals.

4.2.3. Oxidation stress and lipid peroxidization

According to the recent literature (Fig. 4C), reactive oxygen
species (ROS) production has been reported to be the main mech-
anism of cell toxicity induced by Fe-NPs [112]. Increasing produc-
tion of ROS has been investigated to result from the Fenton reac-
tion decreased activity of antioxidant enzymes/inhibition of apop-
totic mechanisms [113-115]. Currently, research on the toxicity of
Fe-NPs shows potential risks associated with exposure, including
inflammation, fibrosis, genotoxicity, and extra-pulmonary effects,
all of which have been attributed to increased oxidative stress fol-
lowing exposure [116]. Released to the aquatic environment, the
surface of Fe-NPs produces lots of hydroxyl radicals and the up-
take of NPs will be unitized by organelles, including mitochondria,
where the oxidize stress may be caused [117]. Shen et al. developed
a microfluidic magnetophoretic device and accomplished the pre-
cise separation of cells into subpopulations according to their mag-
netic nanoparticle loading to assess the toxicity of Fe-NPs. It was
found cells loaded with more iron might have higher ROS levels
[118]. Zhu et al. investigated the potential toxicity of «-Fe,03 us-
ing a unicellular eukaryote model, it was concluded that «-Fe,03
were rapidly internalized in S. cerevisiae and induced mitochondrial
impairment and oxidative stress resulted in cell apoptosis [119].
It was also confirmed iron oxide nanoparticles would inhibit the
immune function of human T lymphocytes through mitochondrial
damage and ROS production [120].

Lipid peroxidation, which could be monitored by secondary per-
oxidation products such as malondialdehyde (MDA), can lead to
membrane leakage and integrity damage. Exposed to two kinds of
coated-nZVI, the cell membrane damage was shown along with
the increased MDA level at all kinetic time intervals [121]. Se-
merdd et al. developed an assay that enables the direct determi-
nation of volatile oxidative damage products (aldehydes) of lipids
and proteins in microbial cultures after exposure to commercial
types of nZVI. It was confirmed that nZVI also caused oxidative
damage to proteins in addition to lipids as a result of the pres-
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Fig. 4. (A) Possible toxic mechanisms for iron-based nanoparticles. Copied with permission [71]. Copyright 2018, Elsevier Ltd. (B) Scheme of iron overload triggering ferrop-
tosis. Copied with permission [8]. Copyright 2023, Elsevier B.V. (C) Interaction and toxicity mechanisms of iron-based nanoparticles to green alga. Copied with permission
[112]. Copyright 2022, Elsevier B.V. (D) The damage mechanism of iron oxide nanoparticles to the neural tissue. Copied with permission [124]. Copyright 2017, Zahra Yarjanli
et al. (E) Proposed toxicity mechanisms of IONPs with soil organisms at the cellular level. Copied with permission [50]. Copyright 2023, Elsevier B.V.

ence of methional in all exposed organisms [122]. According to the
toxicity test of Fe,O3 nanoparticles to mice, Fe,03 administration
increased the reactive oxygen species, lipid peroxidation, protein
carbonyl content, glutathione peroxidase activity, and nitric oxide
levels with a concomitant decrease in the levels of antioxidants-
superoxide dismutase, catalase, glutathione, and vitamin C [123].

4.2.4. DNA damage

Fig. 4D shows the damage mechanism of iron oxide nanoparti-
cles to the neural tissue [124]. Mazuel et al. suggest that Fe-NPs
uptake and grade in tissue, along with expression of genes encod-
ing ferritin light chains (iron loading) and iron transporters (iron
exporting) [125]. Proposed toxicity mechanisms of Fe-NPs with soil
organisms at the cellular level are shown in Fig. 4E [50]. DNA dam-
age, which appeared correlated to the concentration of Fe in tissue,
was observed and may reveal the toxicity mechanisms of nZVI to
Eisenia fetida [126]. What is more, it was found that Fe-NPs may
generate ROS by using DNA as an electron donor which might
greatly enhance the oxidative stress to cells and even apoptosis
[127]. As reported by Chrysa et al. on the toxicity assessment and
comparison between two types of Fe-NPs in mussels, the increased
ROS induced by nanoparticles, at all days of exposure, is positively
correlated to DNA damage, lipid peroxidation, and protein carbony-
lation [128]. Similarly, exposed to Fe-NPs, DNA damage is caused in
a vertebrate model such as zebrafish [129].

4.2.5. Other toxic molecular mechanisms

Fe-NPs are available for organisms, and their uptake can cause
the change in metabolism and thus modulate the expression of
relative genes. Renen et al. observed a significant effect on organ-
isms’ metabolism though classical immobility or lethality parame-
ters were not significant in acute experiments [130]. When Fe,04
nanoparticles were uptake into the leaf, excessive hydroxyl radical

generated via the Fenton-like reaction mediated by NPs in plants
will cause the degradation of chlorophyll and inhabitation of pho-
tosynthesis, which will cause a decrease in biomass production
[131]. Gao et al. identified the time-course metabolism of Fe-NPs
in cells by using X-ray absorption near edge structure spectroscopy
[132]. It was shown iron oxide transformed into ferritin and lipid
peroxide began to accumulate when exposed to nanoparticles. Su
et al. observed that the effect of Fe304 on vascular endothelial
cells, including the Fe-NPs at high concentrations (>20mg/kg in
vivo) inhibited cell growth in vitro and damaged the endothelium
in vivo, which was mediated by caveolin-1 and endothelial nitric
oxide synthase [133].

The transcriptomic study identified differentially expressed
genes exposed to Fe-NPs using nematode C. elegans as the model
organisms [18]. Exposed to Fe-NPs may significantly promote Fer-
ric reductase activity and reduce the chlorophyll leaf content of
plants [134]. The effects of NPs can change in biological systems
due to the effects of proteins and other compounds, which is called
‘protein corona’, a nontoxicity effect. The protein corona can re-
duce the influence of nanoparticles as a protective shield [135]. Al-
terations in iron metabolism are recognized as a main factor via
inflammatory or oxidized stress [136]. Transcriptome sequencing
analyses are applied in studying the toxicity mechanism of adult
zebrafish exposed to iron sulfides nanoparticles. It was reported
that exposure of iron sulfide NPs caused significant expression al-
terations in genes related to immune and inflammatory responses,
detoxification, oxidative stress, and DNA damage/repair [137].

4.3. Factors of toxicity

Released to the natural environment, there are complex interac-
tions between the properties of nanomaterials and the structures
and functions of organisms [138]. Cheng et al. determined the ef-
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fects of particle size by investigating toxicities of nZVI of differ-
ent sizes to a green alga (Chlorella pyrenoidosa) [95]. According to
Chen et al’s paper, nZVI inhibited the higher toxicity compared
with Fe304 by increasing hypoxia and ROS in medaka fish [139].
To reveal the interactions between the redox state of Fe-NPs and
its cytotoxicity to E. coli, Auffan et al. compared their toxic ef-
fects on bacterium [140]. According to this paper, it was shown
that nZVI has more significant toxicity than maghemite and mag-
netite. The response generated by the iron nanoparticles entirely
depends upon its properties and that of the nearby surroundings.
A great deal of evidence demonstrated that surface modification
has a great influence on the toxicity of nZVI to organisms [141].

Nowadays, biologically synthesized Fe-NPs have been widely
accepted in various applications. Many studies confirm the bio-
compatible property of bio-synthesized Fe-NPs. Pavla et al. con-
cluded in their comparative study that iron and Fe-NPs syn-
thesized with green tea extract all tested organisms, including
bacteria, cyanobacteria, algae, plants, and crustaceans [142]. Two
types of nZVI modified by sodium alginate and bentonite con-
tain lower toxicities to E. coli and higher mobility compared with
the bare [143]. The effect of functional Fe-NPs was observed on
the growth of chlorella. After being coated with PrgOy; and SiO,,
Prg041/Si0,@Fe304 can promote the growth of chlorella and re-
duce the mortality and malformation rates of zebrafish embryos
compared with the uncoated [144]. Zhang et al. contrasted the tox-
icity of dimercaptosuccinate-coated Fe304 with the bare nanopar-
ticles towards aquatic organisms, including green algae (Raphido-
celis subcapitata), duckweed (Lemna minor) and water fleas (Daph-
nia magna). According to the test, ECsy values of DMSA-Fe30, are
higher than bare nanoparticles in algae, and significant toxicity was
found when Daphnia was exposed to uncoated-NPs [145]. While
nZVI was modified with the surface coatings, carboxymethyl cellu-
lose (CMC), it was observed CMC could inhibit the toxicity of nZVI
to E. coli largely compared with bare nanoparticles [47].

As the above said, many factors (such as NOM, pH, and back-
ground ions) in the environment can change the surface proper-
ties of Fe-NPs and thus affect the toxicity of NPs. The state of iron
nanoparticles in an aqueous environment is different from the di-
versity in pH. lonic strength and pH were proved to have a great
influence on the hetero-agglomeration of oxide NPs, thereby help-
ing to explain the cytotoxicity of NPs [146]. Ca%t was reported to
have two different influences on the toxicity of nZVI [47]. On the
one hand, Ca%t can promote the adhesion of nZVI to the bacte-
ria and thus enhance its toxicity. On the other hand, Ca?* may
cause the aggregation and sedimentation of nZVI to lower its tox-
icity. Upon an aquatic environment, nanoparticles may be coated
with NOM and thus alter their fate and toxicity [147]. In this case,
NOM may serve as a kind of barrier to hinder the contact of NPs
with organisms and as a result, the toxicity of NPs is decreased
[148]. Similarly, Gonzalez-Moragas et al. investigated the influence
of interaction between «-Fe,03 nanoparticles and dissolved fulvic
acid on the physiological responses of Synechococcus sp. PCC7942.
It was observed fulvic acid bound with «o-Fe;03 NPs through car-
boxyl groups to decrease the binding sites of a-Fe,03 NPs, which
resulted in the decrease of oxidize stress and lower of NPs toxic-
ity [18]. Furthermore, ROS generated by Fe-NPs may be eliminated
by NOM in the natural environment and result in the decrease of
Fe-NPs [87].

5. Conclusion and future work

This article reviews the adsorption, transformation, biodegrada-
tion, and potential ecological toxicity of iron-based nanoparticles
(Fe-NPs) in aquatic environments. Fe-NPs exhibit significant poten-
tial for the adsorption of heavy metal ions and organic molecules
due to their high specific surface area, but their environmental
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behavior and ecological risks still require in-depth research. Cur-
rently, there are three major challenges:

First, different synthesis methods (physical, chemical, biologi-
cal) result in varied physicochemical properties (morphology, size,
structure, chemical groups, and composition) of Fe-NPs, which in
turn affect their environmental behavior (adsorption, transforma-
tion, degradation) and toxicity (impact on microorganisms, plants,
and animals). Therefore, further research is needed to understand
the relationship between the physicochemical properties of Fe-NPs
and their environmental behavior and toxicity.

Second, machine learning offers a new perspective for under-
standing the behavior and fate of Fe-NPs in aquatic environments.
It can enhance the prediction of adsorption capacity through lit-
erature analysis and provide data support for the assessment
of environmental behavior and fate, accelerating related research
progress.

Third, most existing studies are based on single laboratory con-
ditions, lacking effective assessment of the environmental risks of
Fe-NPs in real water bodies. Future research needs to focus on how
to reduce the toxicity of Fe-NPs through synthesis and modifica-
tion, and pay attention to their forms of existence (types, concen-
trations, distribution) in natural environments and the biological
effects of long-term low-dose exposure, in order to bridge the gap
between laboratory research and actual environmental conditions.
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