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Abstract

Environmental contamination by toxic metals—such as Pb?", Cr3", and Hg?—and
organometallic species like monomethylmercury (MeHg) presents one of the most persistent
global challenges due to their bioaccumulation, long-term toxicity, and resistance to
degradation. This thesis addresses this critical issue through a multidisciplinary approach
combining nanotechnology, environmental chemistry, biosensor engineering, and
sustainable materials science.

The first part of this work investigates the synthesis and functionalization of
nanostructured adsorbents for efficient toxic metal removal. Amino-functionalized SiOa
nanoparticles and y-Fe:Os@QNH2 magnetic nanoparticles were developed and evaluated for
their metal ion adsorption efficiency under varying environmental conditions. These
materials demonstrated excellent performance in removing Pb2?*, Cr3", and Hg?", with
enhanced selectivity, regeneration capability, and recyclability—paving the way for
practical use in decentralized water treatment systems.

Building on this, superparamagnetic spinel ferrite nanomaterials were engineered for
dual-functionality: remediation of Hg?* and recovery of valuable rare earth elements
(REEs) such as Dy?* and Th?*. Characterized by sol-gel auto-combustion synthesis, these
nano-adsorbents offered high adsorption capacity, Langmuir-type isotherm behavior, and
environmental safety validated through ecotoxicity testing. This supports a circular
economy framework in pollutant management.

The second core of the thesis centers on the development of a highly sensitive and
selective biosensor for the detection of MeHg, a compound known for its neurotoxic and
teratogenic effects, even at femtogram levels. As part of the H2020-MSCA-ITN GMOS-
Train project, MerB (organomercurial lyase), a bacterial enzyme evolved for MeHg
detoxification, was cloned, expressed, and immobilized on gold nanoparticle-modified
screen-printed electrodes using Ni?*-chelating linker chemistry. The resulting biosensor
demonstrated unprecedented sensitivity—capable of detecting MeHg at 3 femtograms—
with high selectivity and no interference from inorganic Hg?".

Electrochemical techniques including cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) confirmed the redox activity and conformational changes of
MerB upon MeHg binding, establishing real-time quantitative readout capabilities. The
biosensor proved portable, cost-effective, and user-friendly, with successful trials in
environmental and fish tissue matrices—offering a transformative alternative to labor-
intensive techniques like CVAFS and ICP-MS.

Overall, this thesis delivers a unified platform of smart nanomaterials and biosensors
for comprehensive toxic metals and MeHg management. It bridges molecular biology with
advanced materials and electrochemical engineering, contributing significantly to
sustainable development goals, public health protection, and global mercury monitoring in
alignment with the Minamata Convention.
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Povzetek

Okoljsko onesnazenje s strupenimi kovinami — kot so Pb2?", Cr3" in Hg?" — ter
organskokovinskimi spojinami, kot je monometilzivo srebro (MeHg), predstavlja enega
najbolj trdovratnih globalnih izzivov zaradi njihove bioakumulacije, dolgotrajne toksi¢nosti
in odpornosti proti razgradnji. Ta disertacija obravnava to klju¢no problematiko z
multidisciplinarnim pristopom, ki zdruzuje nanotehnologijo, okoljsko kemijo, inzZeniring
biosenzorjev ter znanost o trajnostnih materialih.

V prvem delu raziskave je predstavljena sinteza in funkcionalizacija nanostrukturiranih
adsorbentov za ucinkovito odstranjevanje strupenih kovin. Razviti in ovrednoteni so bili
amino-funkcionalizirani SiO2 nanodelci in magnetni nanodelci y-Fe:Os@QNHa, katerih
sposobnost adsorpcije kovinskih ionov je bila testirana v razlicnih okoljskih pogojih. Ti
materiali so izkazali izjemno ucinkovitost pri odstranjevanju Pb?*, Cr3* in Hg?*, z izboljsano
selektivnostjo, moznostjo regeneracije in veckratne uporabe — kar odpira moznosti za
njihovo prakti¢no uporabo v decentraliziranih sistemih za ¢iS¢enje vode.

Nadalje so bili razviti superparamagnetni spinele feritni nanomateriali z dvojno
funkcionalnostjo: za odstranjevanje Hg?* in hkrati za pridobivanje dragocenih elementov
redkih zemelj (REE), kot sta Dy?" in Tb3". Ti nano-adsorbenti, pripravljeni s sol-gel
samovzigovno sintezo, so pokazali visoko adsorpcijsko kapaciteto, Langmuirjevo izotermno
obnasanje in okoljsko varnost, potrjeno z ekotoksikoloskimi testi — kar podpira okvir
kroznega gospodarstva pri obvladovanju onesnazeval.

Drugo jedro disertacije se osredotoca na razvoj visoko obcutljivega in selektivnega
biosenzorja za zaznavanje MeHg, spojine, znane po svojih nevrotoksi¢nih in teratogenih
ucinkih ze pri femtogramskih koncentracijah. V okviru projekta H2020-MSCA-ITN GMOS-
Train je bila bakterijska encimska beljakovina MerB (organomerkurialna liaza), ki sodeluje
pri razstrupljanju MeHg, klonirana, izrazena in imobilizirana na z zlatimi nanodelci
modificiranih elektrodah s pomocjo Ni?*-kelatne vezave. Nastali biosenzor je pokazal
izjemno obcutljivost — sposoben zaznave MeHg pri 3 femtogramih — z visoko selektivnostjo
in brez motenj zaradi anorganskega Hg?".

Elektrokemijske tehnike, kot sta ciklicna voltametrija (CV) in elektrokemijska
impedancéna spektroskopija (EIS), so potrdile redoks aktivnost in konformacijske
spremembe MerB ob vezavi MeHg, kar omogoca kvantitativno sprotno zaznavanje.
Biosenzor je mobilen, cenovno ugoden in uporabniku prijazen, uspesno pa je bil preizkusen
v okoljskih vzorcih in tkivih rib — kar ponuja prebojno alternativo zahtevnim tehnikam,
kot sta CVAFS in ICP-MS.

Skupno ta disertacija predstavlja celostno platformo pametnih nanomaterialov in
biosenzorjev za ucinkovito upravljanje s strupenimi kovinami in MeHg. Zdruzuje
molekularno biologijo z naprednimi materiali in elektrokemijskim inzeniringom, s ¢imer
pomembno prispeva k ciljem trajnostnega razvoja, varovanju javnega zdravja in
globalnemu spremljanju zivega srebra v skladu z Minamatsko konvencijo.
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Chapter 1

Introduction

1.1 The Silent Poison: How Toxic Metals Have Shaped
Civilizations and Still Threaten Our Future

Throughout history, humans have been both beneficiaries and victims of the metals
that surround us. Metals like lead, mercury, cadmium, and arsenic have played crucial
roles in technological advancement, economic power, and cultural development. Yet,
hidden beneath their utility lies a darker legacy: toxicity that can quietly but devastatingly
impact human health and the environment. These toxic metals, often imperceptible to the
naked eye, continue to infiltrate water, food, and air, turning our progress into potential
peril. These narrative traces the journey of toxic metals from their early uses in ancient
civilizations to their insidious presence in today’s ecosystems.

1.1.1 Ancient Civilizations and the Rise of Metal Use

Metals like lead and mercury were among the first to be manipulated by ancient
societies. The Romans, for instance, extensively used lead for plumbing, hence the term
'"plumbing" from the Latin plumbum. Lead-lined aqueducts and pipes were engineering
marvels of their time, but modern analysis suggests chronic lead poisoning may have
contributed to the decline of Roman society (Gilfillan S.C, 1965). Lead was also added to
cosmetics, wine, and cooking utensils, further increasing the exposure levels among both
elites and commoners.

Similarly, mercury was used in ancient China and India for medicinal purposes, often
seen as a magical or spiritual substance. Alchemists believed it could grant immortality, a
tragic irony given its neurotoxic effects. In medieval Europe, mercury was also used to
treat syphilis, a practice that often resulted in poisoning rather than a cure. These early
applications reflect humanity’s long-standing fascination with metals, often coupled with a
profound misunderstanding of their biological consequences.

The Minamata disaster in 20th-century Japan, where industrial mercury discharge
caused widespread neurological disease, echoes these early misuses and misbeliefs (Harada,
1995). Victims exhibited symptoms of severe brain damage, including loss of motor control,
hearing and speech impairments, and in extreme cases, death. The event remains a stark
reminder of the dangers of unregulated metal use.

1.1.2 Industrial Revolution and Environmental Consequences

The Industrial Revolution exponentially increased the extraction and use of metals.
Coal combustion released arsenic, mercury, and cadmium into the atmosphere. Industrial
runoff and mining wastes contaminated rivers and soils, and the establishment of smelting
industries accelerated the spread of these contaminants.
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These metals do not degrade over time; instead, they bioaccumulate in plants, animals,
and humans, entering the food chain with devastating results. For instance,
methylmercury, a highly toxic form of mercury, biomagnifies through aquatic food webs.
By the time it reaches top predators, including humans, its concentration may be millions
of times higher than in the surrounding water (Mabes Raj et al., 2025).

Lead gasoline, introduced in the 1920s, marked another dark chapter. It improved
engine performance but at the cost of public health. Children exposed to leaded gasoline
showed reduced 1Qs and cognitive function well into adulthood(Needleman et al., 1990).
Though leaded gasoline has now been phased out globally, its legacy lingers in urban dust
and soils. In many developing cities, dust and paint from old buildings still contribute to
chronic low-level lead exposure.

1.1.3 Sources of Toxic Metals in the Environment

Toxic metals enter the environment through both natural and anthropogenic sources.
Natural processes, such as volcanic eruptions, forest fires, and the weathering of rocks,
release metals like mercury and arsenic into the environment. However, human activities
have significantly amplified the presence of these metals in various ecosystems.

Industrial Activities: Mining, smelting, and the manufacturing of products like batteries
and electronics are major contributors to metal pollution. For instance, lead and mercury
are often released from industrial plants and can be found in the surrounding soils and
waterways (Moghimi Dehkordi et al., 2024).

Urbanization and Waste Disposal: Industrial waste, improper disposal of electronic
waste, and lead-based paints in old buildings contribute to metal pollution in urban areas.
Contaminated landfills, as well as the burning of fossil fuels, release toxic metals into the
atmosphere and surrounding environments (Caravanos et al., 2011).

Toxic metals enter the environment through both natural and anthropogenic sources.
Natural processes, such as volcanic eruptions, forest fires, and the weathering of rocks,
release metals like mercury and arsenic into the environment. However, human activities
have significantly amplified the presence of these metals in various ecosystems.

Agricultural Practices: The use of pesticides, fertilizers, and herbicides that contain
toxic metals, such as cadmium, further exacerbates contamination. These metals
accumulate in soils and enter food chains through agricultural products (Kabata-Pendias,
2010).

1.1.4 Modern-Day Exposure and Health Impacts

Today, toxic metal exposure is more insidious than ever. Mercury from artisanal gold
mining and coal combustion still contaminates water bodies. Arsenic in groundwater
affects millions across South Asia, particularly in Bangladesh, where natural arsenic
leaches into shallow tube wells. Chronic arsenic poisoning, known as arsenicosis, leads to
skin lesions, organ damage, and cancer.

Cadmium, often found in batteries and phosphate fertilizers, accumulates in crops such
as rice. In Japan, cadmium poisoning caused Itai-Itai disease, a painful condition marked
by brittle bones and kidney dysfunction. These examples illustrate how metals, once
released into the environment, become almost impossible to eliminate.

Currently active mining operations remain significant sources of toxic metal
contamination globally. Regions with intensive mining activities—such as the Peruvian
Andes (gold and silver mining), the Democratic Republic of Congo (cobalt and copper),
China (rare earths and lead), India (bauxite and chromium), and South Africa (gold and
platinum group metals)—frequently report elevated levels of metals like mercury, lead,
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cadmium, arsenic, and chromium in surrounding ecosystems (Chirinos-Peinado et al., 2025;
Hou et al., 2023).

These metals interfere with cellular metabolism, disrupt enzyme functions, and damage
DNA. Chronic exposure, even at low levels, is linked to cancers, cardiovascular diseases,
kidney damage, and neurodegenerative disorders (L Jérup et al., 1998).The most vulnerable
are children and pregnant women, who suffer lifelong consequences from early exposure.
Even prenatal exposure to metals like mercury and lead has been linked to developmental
delays, attention disorders, and learning disabilities.

Table 1: Toxic metals and human health risks.

TOXIC PRIMARY HUMAN KEY
METAL EXPOSURE HEALTH REFERENCE
SOURCES RISKS S
Mercury (Hg) Contaminated fish, Neurotoxicity, (Mabes Raj et
industrial emissions, developmental al., 2025)
artisanal gold mining delays, kidney
damage
Lead (Pb) Lead-based paints, Neurodevelopment (Lanphear et al.,
contaminated soil and al disorders in 2005)
water, battery children,
manufacturing hypertension,
kidney damage
Cadmium Industrial discharge, Kidney damage, (L Jarup et al.,
(Cd) phosphate  fertilizers, bone 1998)
cigarette smoke demineralization,

respiratory issues

Arsenic (As) Contaminated Skin lesions, cancer (Quansah et al.,
groundwater, mining, (lung, bladder, 2015)
pesticides skin),
cardiovascular
disease
CHROMIU INDUSTRIAL LUNG (HOSSINI ET
M (CR%) PROCESSES, CANCER, AL. 2022)
ELECTROPLATIN NASAL AND
G, TANNERIES SKIN
IRRITATION,
KIDNEY AND
LIVER
DAMAGE

Beyond individual health, toxic metal contamination threatens food security,
biodiversity, and clean water access. Contaminated irrigation water can impair crop yield
and introduce toxins into the food supply, while aquatic organisms suffer from reduced
reproduction and altered growth rates is depicted in Figure 1.



4 Chapter 1. Introduction

e

Agricultural activities Volcanic explosion  Mining activities Industrial activities

& L 2

Sn| AL | Cu | Co Fe

Wastewater
(Leathering, textile,
HM release sewage sludge. etc.)

Impact of HM on water resources and soil

m——

Rocks weathering

Impact of HM on fish, aquatic
and terrestrial animals

M

Food chain

Impact of HM on plants

A& ﬁ Heart Food chain

Nervous system - =

4
y
y
=
<
o
=
! { 3
= R 4
h
|

Endocrine system

&
=

CeIIs

Impact of HM on human health

Figure 1: Impact of toxic metals on human health.

Reproduced from (Abd Elnabi et al., 2023), with permission from MDPI, under the
terms of the Creative Commons Attribution License, CC BY 4.0.

1.1.5 The Global Response and Remaining Challenges

Global treaties like the Minamata Convention on Mercury aim to curb mercury
emissions. Signed by over 120 countries, the treaty mandates a phase-out of mercury-
containing products, stricter emission controls, and public health strategies. Efforts to
replace toxic metals in consumer products and industrial processes are underway.

Yet enforcement is uneven, and monitoring is still insufficient in many regions. In parts
of Africa, Latin America, and Southeast Asia, informal e-waste recycling, battery smelting,
and illegal gold mining continue to release toxic metals into the environment. Often, these
practices are driven by poverty and lack of education, making regulation difficult.
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Furthermore, the lack of real-time detection technologies and rapid-response systems
hampers mitigation. Often, contamination is only detected after significant exposure has
already occurred.

1.1.6 The Future: Innovations and Hope

Emerging technologies offer a glimmer of hope. Nanoengineered adsorbents and
biosensors are being developed to detect and remove trace metals from water with high
specificity and sensitivity. Nanomaterials such as metal-organic frameworks (MOFs),
carbon nanotubes, and functionalized magnetic nanoparticles have shown promise in
removing arsenic, lead, and mercury.

Phytoremediation, using plants to extract metals from soil, and mycoremediation,
utilizing fungi, are cost-effective and environmentally friendly methods gaining traction.
Researchers are also working on synthetic biology approaches to engineer microbes capable
of selectively binding or transforming toxic metals.

Public awareness, combined with rigorous policy and innovation, can drive meaningful
change. Community-level initiatives in India and Bangladesh have introduced arsenic filters
and promoted deeper tube wells, dramatically reducing exposure. In the EU and North
America, regulatory frameworks have driven industries to innovate and reduce metal
emissions.

Efforts to combat toxic metal contamination include both technological solutions and
policy initiatives. The development of cleaner industrial technologies, the enforcement of
environmental regulations, and the promotion of sustainable agricultural practices are
essential to reducing metal pollution.
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1.2 When Old Tools Fail: Why Traditional Methods Can’t
Keep Up with the Modern Metal Menace

For centuries, humankind has faced the challenge of purifying water and soil from
natural and anthropogenic contaminants. Among these, toxic metals such as lead (Pb),
cadmium (Cd), arsenic (As), and mercury (Hg) have posed persistent threats to human
health and ecosystems. While conventional adsorption techniques have long been employed
to mitigate this threat, given traditional methods are inadequate in coping with today’s
complex contamination scenarios.

1.2.1 Historical Background and Development of Adsorption
Techniques

Adsorption as a water purification method has deep historical roots. Ancient Egyptian
and Indian civilizations used sand, charcoal, and gravel to purify water—a practice
mentioned in early Sanskrit texts and Egyptian papyri (Smith, 2017). During the 18th and
19th centuries, the understanding of physical adsorption improved significantly with the
study of gases on charcoal, eventually giving rise to activated carbon filtration systems. By
the mid-20th century, activated carbon, alumina, and zeolites became the cornerstones of
metal ion removal in industrial and municipal wastewater treatment systems (Y. Huang et
al., 2019).

Despite their longevity, these traditional materials primarily rely on mnon-specific
physical adsorption, which lacks selectivity for particular ions and exhibits poor
regeneration capacity under complex environmental conditions.

1.2.2 Limitations of Conventional Adsorbents

Several limitations challenge the efficacy of traditional adsorbents in handling modern
contamination profiles:

Low Selectivity: Activated carbon and similar porous materials are non-specific and
bind multiple species without discrimination. This results in competitive adsorption,
reducing the uptake of target toxic metals when other ions are present (Liu et al., 2019).

Limited Adsorption Capacity: Traditional materials often reach saturation quickly,
especially in high-metal-load scenarios such as mine tailings, electroplating wastewater, or
electronic waste leachate. Regeneration is often incomplete, further reducing efficiency over
time (Gkika et al., 2025).

Incompatibility with Low Concentration and Complex Matrices: Many modern
contaminants are present at trace levels in complex matrices containing organic matter
and multiple interfering species. Conventional adsorbents struggle to capture metals at
parts-per-billion (ppb) levels without pre-treatment steps (Y. Huang et al., 2024).

Environmental and Economic Costs: The large volume of waste generated during
regeneration and the energy-intensive processes required for material recovery further
complicate the sustainability of conventional adsorbents.

1.2.3 The Turning Point: Demand for High-Efficiency Adsorbents

By the late 20th and early 21st centuries, the proliferation of toxic metal pollution—
especially from electronics, battery disposal, and artisanal gold mining—revealed the
insufficiencies of conventional methods. A demand emerged for “smart” materials capable
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of targeting metals with high specificity, operating under environmentally relevant
conditions, and regenerating efficiently.

This demand, coupled with advances in material science, led to the exploration of
functionalized adsorbents, particularly nanoengineered materials, which offered higher
surface area, enhanced reactivity, and tunable surface chemistry.

1.2.4 Toward the Future: Innovations in Adsorption Technology

Nanoengineered Adsorbents: Nanomaterials such as metal-organic frameworks (MOFs),
carbon nanotubes (CNTs), graphene oxide (GO), and magnetic nanoparticles have
revolutionized adsorption. Their high surface area-to-volume ratio and modifiable surfaces
enable selective adsorption of metal ions (Sheoran et al., 2022).

Functionalization with Chelating Groups: Advanced adsorbents are now functionalized
with thiol (-SH), amine (-NHz), or carboxyl (-COOH) groups to mimic natural metal-
binding sites, significantly improving metal specificity. These modifications allow selective
uptake even in multicomponent systems (Liu et al., 2021).

Hybrid Adsorbents: Composites integrating natural materials (e.g., biochar, clays) with
nanomaterials provide a balance between affordability and performance. These hybrid
systems improve mechanical strength, adsorption kinetics, and regeneration efficiency (L.
Wang et al., 2022)

Biopolymer-Based Adsorbents: Chitosan, alginate, and cellulose-based materials
functionalized with nanoparticles are gaining interest for their biodegradability and
efficiency in binding metal ions. Their biocompatibility makes them attractive for water
purification applications in low-resource settings (Doyo et al., 2023). Various Materials
used in Adsorption Technology and different adsorption mechanisms are depicted in Figure
2
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Figure 2: Schematic of different adsorption mechanisms.

Reproduced from (Rezania et al., 2024), with permission from MDPI, under the terms
of the Creative Commons Attribution License (CC BY 4.0).



8 Chapter 1. Introduction

1.2.5 Challenges in Adsorbent Regeneration

One of the main limitations of conventional adsorption techniques is the difficulty in
regenerating adsorbents for repeated use. Activated carbon, while highly effective, suffers
from a limited adsorption capacity, especially when dealing with large volumes of
contaminants. Once saturated, the adsorbent needs to be regenerated to restore its
functionality.

Regeneration Process: The regeneration of adsorbents typically involves thermal
treatment, chemical desorption, or solvent washing. However, these processes are not
always efficient. Thermal regeneration can be energy-intensive, leading to increased
operational costs, while chemical regeneration might result in secondary waste and
environmental concerns (Mourao et al., 2008). Furthermore, the regeneration process may
not always fully restore the adsorbent's original capacity, leading to the need for more
frequent replacement.

Limitations in Regeneration: Many adsorbents, especially activated carbon, lose their
effectiveness after multiple regeneration cycles. This results in the need for continuous
replenishment of adsorbent materials, contributing to increased operational costs and waste
generation (Lan et al., 2023). In addition, the high energy demand for thermal regeneration
exacerbates the sustainability challenges of this process.

Limited Adsorption Capacity: Another key challenge of conventional adsorption
techniques is the limited adsorption capacity of the adsorbents. While materials like
activated carbon have high surface areas, their capacity to adsorb pollutants is finite and
is often reached quickly, especially when dealing with complex mixtures or high
concentrations of contaminants.

Saturation of Adsorbents: Adsorbent saturation occurs when all available active sites
on the adsorbent surface are occupied by the pollutant molecules. This leads to a decrease
in the efficiency of the adsorption process. For instance, in the case of activated carbon,
the adsorption capacity can be influenced by factors such as temperature, pH, and the
nature of the pollutants (Santos et al., 2022).

Competitive Adsorption: In many real-world applications, adsorbents are exposed to
complex mixtures of pollutants. This can result in competitive adsorption, where the
presence of multiple pollutants reduces the overall adsorption efficiency. For example, when
removing toxic metals from water, different metals may compete for the same adsorption
sites, limiting the efficiency of the process (Fouda-Mbanga et al., 2024).

High Operational Costs: Conventional adsorption techniques can be costly due to
several factors, including the purchase and regeneration of adsorbents, the energy required
for regeneration processes, and the disposal of spent adsorbents. The high operational costs
often limit the widespread application of adsorption in large-scale industrial processes.

Cost of Adsorbents: Activated carbon is expensive to produce and purchase, and its
high cost is one of the primary obstacles to its large-scale application. While alternatives
such as natural adsorbents (e.g., clay or biosorbents) are being explored, they often come
with limitations in terms of adsorption capacity and efficiency (Dabioch et al., 2013).

Energy Consumption: The regeneration of adsorbents, particularly through thermal
methods, requires significant energy inputs. This not only increases the operational costs
but also raises environmental concerns due to the increased carbon footprint associated
with high-energy processes.

Disposal Costs: After the adsorbent is saturated with pollutants, it must be disposed of
or treated. The disposal of spent adsorbents, particularly those that contain hazardous
materials, adds an additional layer of cost and environmental impact (Fouda-Mbanga et
al., 2024).

Environmental Concerns: Although adsorption techniques are often considered
environmentally friendly, they are not without their own environmental concerns. The
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disposal of spent adsorbents and the use of chemicals during the regeneration process can
lead to pollution if not managed properly.

Secondary Pollution: In some cases, the regeneration process generates secondary
pollutants. For example, thermal regeneration of activated carbon can release harmful
gases, and chemical regeneration may leave behind toxic residues that need to be treated.

Waste Generation: The use of conventional adsorbents can also generate large amounts
of waste, particularly if the adsorbent cannot be effectively regenerated. This waste must
be managed carefully to avoid contributing to environmental contamination.

1.2.6 Emerging Solutions and Alternatives

Several strategies are being explored to address the challenges of conventional
adsorption techniques. These include the development of more efficient adsorbent
materials, innovations in the regeneration process, and the use of alternative adsorption
methods.

Emerging Adsorbents: New materials such as nanomaterials, graphene-based
adsorbents, and bioadsorbents are being investigated for their superior adsorption
capacities and lower environmental impact (Y. Huang et al., 2024). These materials have
shown promise in terms of higher adsorption efficiency and the ability to target specific
pollutants.

Advanced Regeneration Methods: Research is ongoing into more energy-efficient and
environmentally friendly regeneration techniques. For example, microwave-assisted
regeneration has been shown to reduce energy consumption and regeneration time
compared to conventional thermal methods (Jang et al., 2023).

Integration with Other Treatment Methods: Combining adsorption with other
techniques, such as filtration or photocatalysis, can improve overall treatment efficiency.
Hybrid systems may help overcome the limitations of adsorption alone by providing more
comprehensive pollution removal (X. Zhang et al., 2022).
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1.3 Nanoengineering for Metal Adsorption

Nanoparticles: The last ten years have been an era for the use of various nanomaterials/
NPs / nanotechnology for the fabrication of NPs based absorbents. Selectivity, specificity,
detection time and lower assay costs are rapidly enhanced by the employment of NPs
(Sapountzi et al., 2017). Nanostructures of varied sizes (1 to 100 nm) can be used for the
betterment of absorbents, which brings in portability, stability and analytical technologies.
NPs can be used for catalytic characteristics, amplification of the electrochemical signal
and surface area improvisation.

1.3.1 Gold Nanoparticles (AulNPs)

Gold nanoparticles (AuNPs) are predominantly used NPs in MeHg adsorbtion/sensing
and various other environmental toxins due to their stability against oxidation and non-
toxicity effects(Vigneshvar et al., 2016). AuNPs have unique features such as simple one-
pot synthesis, easy functionalization, electronic and optical ownership, special interaction
with biological compounds and excellent conductivity. AuNPs develop different colors
based on their shape, size and aggregation state in the colloidal solution. When employing
techniques such as SPR, the incident of a light beam with a wavelength larger than the
AuNPs but the oscillating electrons cannot move through the surface of the particles;
additionally, the electrons cloud will be accumulated at one side of the AuNPs, opposite
direction of the incident light beam. The above-mentioned strategy was demonstrated by
Mie’s theory (Mulvaney, 1996) and it governs dimension, morphology and the surrounding
dielectric constant. Consequently, this set-up is favorable for the sensing analyte depending
on interaction with the AuNPs that will cause changes in the electron’s oscillation followed
by color change used NPs. Several AuNPs integrated biosensors have been developed with
SPR sensing properties (Yuan et al., 2018; Zeng et al., 2013). AuNPs can offer an excellent
matrix for the transfer of electrons from biological molecules towards electrodes for some
redox reaction between host molecule and guest analyte. When employing bulk materials
in electrochemical sensors, there is a huge loss of redox species when transferring to the
surface of the electrode; employing AuNPs can accelerate the transfer of electrons which
increases the electrochemical sensing by several orders of magnitude.

1.3.2 Quantum Dots (QDs)

Quantum dots (QDs) are semiconducting nanocrystal that has remarkable luminous
properties in nanoscale dimension. QDs nanocrystal narrow band gap is associated with
the emission spectral from binary electron-hole relaxation. In the last decade, various
optical sensing advancements have been using QDs after finding the potential in various
spectral emissions from its varied size, which makes it an incredible matrix. Recently facile
immobilization of various biological molecules has been achieved in QDs, which does not
interfere with the emission properties; this also reduces the toxicity of the QDs to a great
extent.

1.3.3 Magnetic Nanoparticles (MNPs)

There are many magnetic NPs (MNPs) used for absorbtion, but particularly
ferromagnetic materials such as Iron-oxide and cobalt ferrite have been predominantly
used. The main advantage of using MNPs is the ability to manipulate the MNPs using an
external magnet in various solutions; for example, the aggregation of MNPs can be done
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in the first step after functionalization of the biomolecules such as DNA, protein or any
other functionalization.

1.3.4 Carbon Nanotubes (CNTSs)

Carbon nanotubes (CNTs) can be attributed to various recent electronic and
electrochemical transducer-based biosensing platforms and absorbents platform due to their
excellent thermal, mechanical and electronic properties (Holzinger et al., 2014; Le Goff et
al., 2011), nanowire morphology, unique bio-species interaction and large electron
transition properties. The above properties of CNT can be used to wire the output from
immobilized functional group onto the bulk material of the electrode. The surface area
porous network facilitated by the CNTs can be used for absorbing various analyte host
interactions with high specificity.

1.3.5 Nanofibers (NFs)

Nanofibers (NFs) is a polymeric material that is fabricated using the electrospinning
technique (applied on a solution using high electric difference) with a fibre-like structure
with a submicron dimension. NFs are economical, easy operational, and contain high
porosity and high surface area, which enables its utilization in energy storage and
conversion (Sun et al., 2016), electronics, tissue engineering and targeted drug delivery
(Luzio et al., 2014), protein purification (Quirds et al., 2016) and development of various
sensors (Amaly et al., 2018; El-Moghazy et al., 2016).

The NFs can be secondary collected on plate rotating disc, rotating drum electrode for
various bio-sensing applications. The most useful application of NFs is its grafting into
MNPs (Zhu et al., 2013) , CNTs (Manesh et al., 2008), AuNPs (Abd-Elhamid et al., 2019)
or construction of another layer of conducting polymer (Cetin M.Z., 2018).

1.3.6 Carbon-Based Nanomaterials

Carbon-based nanomaterials have been extensively studied for their high adsorption
efficiency and surface modifiability. Among them, graphene oxide (GO), carbon nanotubes
(CNTs), and activated carbon are widely researched due to their large surface area,
structural robustness, and surface functionalities.

Graphene sheet (GS): 2D carbon lattice with Sp2 hybridization C-atoms makes a
Graphene sheet (GS). Various graphene architectures of adsorption applications are
depicted below, among which GS forms a hexagonal pattern of the honeycomb structure.
GS as a 2-D material serves as a good interacting matrix enabled by carbon atoms in
different positions. Electronic properties such as easy electron-donating or electron-
accepting of GS makes it the best skeletal structure for adsorbtion (Atta, 2015).

Graphene oxide is known for its oxygen-containing groups such as hydroxyl, epoxy, and
carboxyl, which facilitate the adsorption of metal ions through electrostatic interactions
and complexation. The two-dimensional structure of GO allows for enhanced exposure of
functional sites and thus improved adsorption capacities. In parallel, CNTs—especially
multi-walled and single-walled varieties—demonstrate excellent potential in metal
adsorption. Their m-conjugated systems and ability to undergo surface modifications
further boost their effectiveness in binding with metals such as Pb?* and Cd?" (Cao et al.,
2019). For instance, functionalizing CNTs with carboxyl or amine groups enhances their
metal-binding selectivity and capacity.

Sustainable sources of carbon materials, such as those derived from agricultural waste,
have also shown promise in recent studies. These bio-inspired carbon nanomaterials not
only reduce production costs but also offer eco-friendly alternatives to conventional
adsorbents (X. Zhao et al., 2018).
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1.3.7 Metal Oxide Nanoparticles

Metal oxides such as iron oxides (FesOs and Fe20s), titanium dioxide (TiO:), and zinc
oxide (ZnO) are widely recognized for their adsorption performance due to their surface
charge characteristics, high reactivity, and redox behavior. Iron oxide nanoparticles, in
particular, are efficient adsorbents for arsenic and chromium due to their strong affinity
for oxyanion species.

A notable advantage of FesOas nanoparticles is their magnetic property, which allows
for easy separation from treated water using external magnets, enhancing reusability and
minimizing environmental risks. Titanium dioxide nanoparticles not only adsorb metal ions
but also demonstrate photocatalytic activity under UV light, enabling degradation of
certain organic-metal complexes. The development of composite materials, such as TiO»-
GO hybrids, has further improved the dual capability of metal adsorption and
photocatalysis.

Zinc oxide nanoparticles are amphoteric, meaning they function effectively in both
acidic and alkaline environments, which broadens their applicability for diverse water
systems. Their relatively simple synthesis and cost-effectiveness make ZnO a viable option
for large-scale water treatment (K. Li et al. 2020).

1.3.8 Polymeric and Composite Nanomaterials

Polymeric nanomaterials offer great versatility and stability for metal adsorption
applications. Chitosan-based nanocomposites, are particularly attractive due to their
biodegradability, non-toxicity, and abundance of functional groups capable of chelating
metal ions. When functionalized with thiol or amine groups, chitosan-based materials show
enhanced selectivity toward specific toxic metals (Hsu et al. 2024).

Recent studies have introduced polymer-metal oxide hybrids, which merge the sorption
power of metal oxides with the mechanical flexibility of polymers. For instance, chitosan-
FesOs nanocomposites not only offer high sorption efficiency but also enable magnetic
recovery. Other materials like polyaniline and polyacrylamide have also shown strong
binding affinities for various metal cations due to their polar groups and porous structures.

Hybrid nanocomposites: The combination of different nanomaterials—such as carbon
with metal oxides—has created synergies that improve adsorption kinetics and extend
material lifespans.

Magnetic nanomaterials: These materials allow for simplified post-treatment recovery
processes, reducing the cost and complexity of water purification systems.

Green synthesis: Biosynthetic routes using plant extracts, bacteria, fungi, or
agricultural waste offer eco-friendly alternatives to chemical synthesis. These approaches
minimize toxic by-products and promote sustainability (Diez-Pascual, 2022).

Furthermore, artificial intelligence (AI) and machine learning (ML) tools are now being
integrated into material design. These technologies assist in predicting adsorption behavior,
optimizing synthesis routes, and modeling adsorption processes in real time. Such
interdisciplinary approaches are expected to accelerate the transition of lab-scale
innovations to full-scale applications
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1.4 Synthesis and Characterization of Nanoengineered
Adsorbents

The synthesis of nanoengineered adsorbents involves the creation of nanomaterials with
engineered structures, chemical compositions, and functional groups that are optimized for
specific adsorption processes. These materials can be synthesized using various methods,
such as sol-gel processes, hydrothermal synthesis, electrospinning, and chemical vapor
deposition, to create nanomaterials with high surface-to-volume ratios, porosity, and
functional group density. Moreover, the size, shape, and surface chemistry of nanomaterials
can be precisely controlled during the synthesis process to enhance their adsorption
capacity and selectivity for specific pollutants, such as toxic metals, organic compounds,
and dyes (Thekkudan et al., 2017). The Schematic representation on Synthesis of Magnetic
Nanoparticles (MNPs) is depicted in Figure 3.
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Figure 3: Schematic representation of the experimental procedure.

Synthesis of Magnetic Nanoparticles (MNPs). Reproduced from (Allwin Mabes Raj et
al.; 2023), with permission from MDPI, under the terms of the Creative Commons
Attribution License (CC BY 4.0).

1.4.1 Methods of Synthesis of Nanoengineered Adsorbents

The synthesis of nanoengineered adsorbents involves the creation of nanomaterials with
properties that maximize their adsorption efficiency. Various methods are employed to
synthesize these nanomaterials, each providing different advantages depending on the
desired properties of the final product. The most commonly used synthesis methods include
sol-gel processes, hydrothermal synthesis, electrospinning, and chemical vapor deposition
(CVD).

Sol-Gel Process: The sol-gel method is a widely used technique for the synthesis of
nanoengineered adsorbents, particularly for the creation of porous nanomaterials such as
silica, titanium oxide (TiO2), and alumina-based adsorbents. This process involves the
formation of a colloidal solution (sol) followed by the gelation of the sol into a solid
material. The sol-gel process allows for the control of particle size, porosity, and surface
chemistry, making it ideal for producing adsorbents with high surface areas and tunable
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properties. The sol-gel method has been used to synthesize materials for toxic metal
adsorption, dye removal, and water purification (Sakka, 2013).

Hydrothermal Synthesis: Hydrothermal synthesis is another common method used to
create nanoengineered adsorbents. This technique involves the use of high-pressure and
high-temperature conditions to promote the crystallization of nanomaterials from aqueous
solutions. Hydrothermal synthesis is often used to produce nanostructured materials such
as metal oxide nanoparticles, carbon-based materials, and metal-organic frameworks
(MOFs), which are then used for adsorption applications (Byrappa & Adschiri, 2007). The
ability to precisely control the size and morphology of nanoparticles makes hydrothermal
synthesis ideal for producing adsorbents with optimized adsorption properties.

Electrospinning: Electrospinning is a method used to produce nanofibers, which are
then utilized as adsorbents in various environmental applications. In electrospinning, a
polymer solution is subjected to a high-voltage electric field, causing the formation of fine
fibers that can be collected on a substrate. Electrospun nanofibers exhibit high surface area
and porosity, which make them ideal for applications such as toxic metal adsorption, air
filtration, and water purification. Additionally, the surface of electrospun nanofibers can
be functionalized with various chemical groups to enhance their adsorption capacity for
specific contaminants.

Chemical Vapor Deposition (CVD): CVD is a process that involves the deposition of
thin films or nanostructures onto a substrate through chemical reactions occurring in the
vapor phase. This method is often used for the synthesis of carbon nanotubes (CNTs) and
graphene, which are known for their high surface area and conductivity. CVD allows for
the creation of nanoengineered adsorbents with excellent adsorption properties for the
removal of metals, organic pollutants, and gases (Manawi et al., 2018).

1.4.2 Surface Modification of Nanoengineered Adsorbents

Surface modification is a critical step in the synthesis of nanoengineered adsorbents, as
it enhances their ability to interact with specific contaminants. By introducing functional
groups on the surface of nanoparticles, the adsorption capacity and selectivity of these
materials can be improved. Common surface modification techniques include chemical
functionalization, polymer grafting, and biomolecular immobilization.

Chemical Functionalization: Chemical functionalization involves the introduction of
specific chemical groups on the surface of nanomaterials to enhance their adsorption
properties. For example, thiol groups (-SH) are often introduced on the surface of
nanoparticles to create strong coordination bonds with metal ions, such as mercury, lead,
and cadmium. Similarly, carboxyl (-COOH) and amino (-NH2) groups are commonly
introduced to enhance the adsorption of organic pollutants and toxic metals.

Polymer Grafting: Polymer grafting is a technique in which polymer chains are attached
to the surface of nanoparticles, providing functional groups for adsorption. This method is
often used to create composite adsorbents that combine the properties of both the polymer
and the nanoparticle. The polymer matrix can be designed to interact with specific
contaminants, such as dyes or metals, while the nanoparticles provide structural support
and enhance the overall adsorption capacity (Wieszczycka et al., 2021).

Biomolecular Immobilization: Biomolecular immobilization involves attaching
biological molecules, such as enzymes, antibodies, or aptamers, to the surface of
nanomaterials. This technique enhances the selectivity of the adsorbent for specific
pollutants. For example, the use of aptamers, which are short, single-stranded DNA or
RNA molecules that bind specifically to target analytes, has shown promise in the
development of adsorbents for toxic metal removal (Shukla et al., 2020).
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1.4.3 Adsorption Mechanisms of Nanoengineered Adsorbents

The adsorption mechanisms of nanoengineered adsorbents are influenced by their
surface properties, size, and morphology. These mechanisms can include physical
adsorption, chemical adsorption, ion exchange, and complexation (Khan et al., 2023).
Adsorption and desorption of Toxic metal ions is depicted in Figure 4.
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Figure 4: Adsorption and desorption of toxic metal ions.

from aqueous solutions. Reproduced from (Allwin Mabes Raj et al., 2022), with
permission from MDPI, under the terms of the Creative Commons Attribution License
(CC BY 4.0).

1.4.4 Characterization of Adsorbents

The efficiency of adsorbents in removing these contaminants is largely dependent on
their structural, chemical, and physical properties. Characterizing the adsorbents
thoroughly is, therefore, essential to optimize their performance and design more effective
materials for environmental remediation applications.

The adsorption capacity, selectivity, stability, and reusability of adsorbents are some
of the most critical aspects that must be assessed. These characteristics depend on the
surface area, morphology, pore structure, and functional groups on the adsorbent.
Understanding these properties allows researchers to design adsorbents that are not only
efficient but also cost-effective and sustainable for long-term use. For instance, adsorbents
with high surface areas and a large number of active sites can interact more efficiently with
contaminants, improving the overall adsorption capacity (Alkhaldi et al., 2024).

The characterization of adsorbents involves the use of various analytical techniques,
which can be broadly categorized into physical techniques and chemical techniques.
Physical characterization methods provide information about the structural and
morphological features of adsorbents, such as surface area, pore size distribution, and
particle size. Common techniques in this category include Brunauer-Emmett-Teller (BET)
surface area analysis, scanning electron microscopy (SEM), transmission -electron
microscopy (TEM), and X-ray diffraction (XRD). These techniques help in understanding
the structural integrity of adsorbents, as well as the arrangement of their atoms and the
size and distribution of their pores (Pellenz et al., 2023).
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On the other hand, chemical characterization methods focus on identifying the chemical
composition and functional groups present on the adsorbent's surface. Techniques such as
Fourier-transform infrared spectroscopy (FTIR) and X-ray photoelectron spectroscopy
(XPS) provide detailed information on the chemical bonds, surface functional groups, and
elemental composition of adsorbents, which are critical in understanding how adsorbents
interact with contaminants. FTIR helps to identify the specific functional groups, such as
carboxyl, amine, or hydroxyl groups, which play a crucial role in the adsorption process by
forming strong bonds with metal ions (Hu et al., 2022).

1.4.5 Physical Characterization of Adsorbents

The physical characterization of adsorbents is essential for understanding their
structure and properties, which directly affect their performance in adsorbing
contaminants. Several physical techniques are commonly used to analyze adsorbents,
including BET surface area analysis, SEM, TEM, and XRD.

Brunauer-Emmett-Teller (BET) Surface Area Analysis: The BET method is widely
used to determine the specific surface area of adsorbents. This technique involves the
adsorption of nitrogen gas onto the surface of the adsorbent, and the amount of nitrogen
adsorbed is measured at different pressures. The surface area is calculated based on the
adsorption isotherms. A higher surface area typically corresponds to a greater number of
adsorption sites, which enhances the material's efficiency in pollutant removal. The BET
surface area is especially crucial for adsorbents like activated carbon, carbon nanotubes
(CNTs), and graphene-based materials, which exhibit large surface areas and are widely
used for the adsorption of toxic metals and organic pollutants (Sinha et al., 2019).

Scanning Electron Microscopy (SEM): SEM is a widely used technique to study the
surface morphology and topography of adsorbents at high magnification. SEM provides
detailed images of the adsorbent surface, showing the distribution of pores, particle size,
and surface roughness. These structural features play a significant role in the adsorbent's
interaction with pollutants. For example, adsorbents with a rough surface or high porosity
often have more accessible active sites for metal ion adsorption (Abegunde et al., 2020).
SEM has been extensively used to investigate the surface morphology of adsorbents like
silica, activated carbon, and nanoengineered materials.

Transmission Electron Microscopy (TEM): TEM offers even higher magnification than
SEM and is used to analyze the internal structure and particle size of adsorbents at the
nanoscale. TEM 1is particularly useful for examining the structural integrity of
nanoengineered adsorbents, such as metal-organic frameworks (MOFSs), carbon-based
nanomaterials, and other nanocomposites. The size and shape of nanoparticles significantly
influence their adsorption capacity, with smaller particles typically exhibiting a higher
surface area and enhanced adsorption properties (Zheng et al., 2023).

X-ray Diffraction (XRD): XRD is a technique used to determine the crystallinity and
phase composition of adsorbents. By analyzing the diffraction pattern produced when X-
rays are scattered by the adsorbent material, researchers can identify the crystal structure
and assess the degree of crystallinity. XRD is particularly useful for materials like metal
oxides and MOFs, where the crystallinity can influence the material's adsorption behavior.
Crystalline materials often exhibit more stable and predictable adsorption properties
compared to amorphous materials.

1.4.6 Chemical Characterization of Adsorbents

Chemical characterization techniques are crucial for understanding the chemical
composition, surface functional groups, and bonding interactions of adsorbents, which
directly impact their adsorption capacity and selectivity.
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Fourier-transform Infrared Spectroscopy (FTIR): FTIR is a widely used technique for
identifying the functional groups present on the surface of adsorbents. By measuring the
absorption of infrared light at specific wavelengths, FTIR provides information on the
molecular vibrations of functional groups such as hydroxyl (-OH), carboxyl (-COOH), and
amine (-NH2) groups. These functional groups play a critical role in the adsorption process
by interacting with metal ions through coordination, electrostatic attraction, or hydrogen
bonding. FTIR is particularly useful for characterizing bioadsorbents like chitosan and
other polysaccharides, as well as synthetic adsorbents like metal oxide nanoparticles and
activated carbon.

X-ray Photoelectron Spectroscopy (XPS): XPS is a surface-sensitive technique used to
analyze the elemental composition and chemical state of the elements present on the
adsorbent's surface. XPS provides valuable information about the oxidation state of metal
ions, the functionalization of nanomaterials, and the bonding interactions between
adsorbents and pollutants. This technique has been widely used to study the surface
chemistry of adsorbents such as graphene oxide, carbon nanotubes, and metal-organic
frameworks (MOFs), which often exhibit complex surface chemistry that influences their
interaction with contaminants.

Energy-dispersive X-ray Spectroscopy (EDX): EDX is often used in conjunction with
SEM or TEM to provide elemental analysis of the adsorbent surface. EDX detects the
characteristic X-rays emitted by elements when they are bombarded with electrons,
allowing for the identification and quantification of elements on the adsorbent. This
technique is particularly useful for understanding the adsorption of metal ions onto
adsorbents and confirming the removal of target contaminants from aqueous solutions
(Ahsan et al., 2019).

1.4.7 Adsorption Capacity and Selectivity

The effectiveness of an adsorbent in removing pollutants depends on several factors,
including its surface area, pore size distribution, and chemical composition. The adsorption
capacity refers to the amount of contaminant that can be removed per unit mass of
adsorbent, while selectivity refers to the adsorbent's ability to preferentially bind specific
pollutants in the presence of other contaminants.

Surface Area and Pore Size Distribution: A high surface area provides more adsorption
sites, which can increase the adsorbent's capacity for pollutant removal. Additionally, the
pore size distribution plays a critical role in determining the adsorbent's selectivity, as
materials with smaller pores may selectively adsorb smaller molecules, while larger pores
may accommodate larger molecules or metal ions.

Surface Functionalization: Surface functionalization is often used to enhance the
selectivity of adsorbents for specific contaminants. Functional groups such as amines,
thiols, and carboxyls can be introduced to the surface of adsorbents to selectively interact
with metal ions or organic pollutants. The presence of these functional groups can
significantly enhance the adsorption capacity and selectivity for specific contaminants, such
as mercury, lead, or dyes (Xie et al., 2017).

1.4.8 Applications of Characterized Adsorbents

Characterized adsorbents have been widely applied in environmental remediation,
particularly in the removal of toxic metals and organic pollutants from wastewater. The
characterization of adsorbents ensures that the materials can be optimized for specific
application
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1.5 Adsorption Mechanisms and Kinetics

Adsorption is a surface-based phenomenon in which molecules or ions from a liquid or
gas phase adhere to the surface of an adsorbent. It is a critical process in environmental
remediation, particularly for removing toxic substances such as toxic metals, dyes, and
organic pollutants from water, air, and soil. The efficiency of adsorption depends on various
factors, including the adsorbent's surface area, functional groups, and the chemical
properties of the adsorbate (Raji et al., 2023). Understanding the mechanisms and kinetics
of adsorption is essential to optimize materials for specific applications and to improve the
performance of adsorption-based systems for environmental cleanup.

Adsorption mechanisms can be classified into physical adsorption (physisorption) and
chemical adsorption (chemisorption). Physisorption occurs due to weak van der Waals
forces or electrostatic interactions between the adsorbent and adsorbate, whereas
chemisorption involves the formation of stronger covalent or ionic bonds between the
adsorbent and the adsorbate. The nature of the adsorption mechanism plays a crucial role
in determining the adsorption capacity, selectivity, and reversibility of the process.
Furthermore, the efficiency of adsorption is influenced by the properties of the adsorbent,
such as surface area, pore structure, and functional groups, as well as external conditions
like temperature, pH, and the concentration of the adsorbate.

Understanding the kinetics of adsorption is equally important for predicting the time
required for an adsorbent to reach equilibrium and for evaluating the efficiency of different
adsorbents under varying operational conditions. The adsorption process is typically
governed by several kinetic models that describe the rate at which adsorbate molecules are
bound to the adsorbent surface. Common models include the pseudo-first-order and pseudo-
second-order kinetic models, which provide insight into the dynamics of the adsorption
process. Additionally, the Langmuir and Freundlich isotherms describe the relationship
between the concentration of adsorbate and the amount adsorbed at equilibrium, helping
to assess the capacity and nature of adsorption (Hamidi et al., 2024).

The study of adsorption kinetics and mechanisms is fundamental to developing more
efficient adsorbents for various applications, including wastewater treatment, air
purification, and the recovery of valuable metals from industrial effluents. In the context
of environmental remediation, optimizing adsorption systems involves not only selecting
the right adsorbent material but also understanding how the adsorbate interacts with the
adsorbent under different conditions. Moreover, understanding adsorption kinetics can also
help design continuous flow adsorption systems and predict breakthrough times in dynamic
adsorption columns. The mechanisms, kinetics, and applications of various adsorbents for
the removal of toxic metals from an effluent are depicted in Figure 5.
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Figure 5: The mechanisms, kinetics, and applications of various adsorbents.

for the removal of toxic metals from an effluent. Reproduced from (Raji et al., 2023),
with permission from MDPI, under the terms of the Creative Commons Attribution License
(CC BY 4.0).

1.5.1 Adsorption Mechanisms

The mechanisms of adsorption can be broadly classified into physical adsorption
(physisorption) and chemical adsorption (chemisorption). The type of interaction between
the adsorbent and the adsorbate determines the nature of the adsorption process.

Physisorption: Physisorption is characterized by weak interactions, such as van der
Waals forces, between the adsorbate molecules and the adsorbent surface. This type of
adsorption typically occurs at low temperatures and high pressures, where the adsorbate
molecules are weakly bound to the adsorbent. Physisorption is usually reversible, and the
amount of adsorbate adsorbed is proportional to the surface area of the adsorbent.
Adsorbents like activated carbon, silica, and polymeric materials often exhibit
physisorption, making them suitable for the removal of non-polar molecules like
hydrocarbons, gases, and volatile organic compounds.

Chemisorption: Chemisorption, on the other hand, involves the formation of stronger
chemical bonds, such as covalent or ionic bonds, between the adsorbate and the adsorbent
surface. This type of adsorption is typically more selective and occurs at higher
temperatures compared to physisorption. Chemisorption often leads to irreversible
adsorption and results in a higher adsorption capacity. Adsorbents like metal oxides,
functionalized carbon materials, and bioadsorbents often exhibit chemisorption, making
them effective for removing toxic metals, dyes, and other polar contaminants (Hamidi et
al., 2024). The presence of functional groups such as hydroxyl, carboxyl, and amino groups
on the adsorbent surface plays a significant role in chemisorption by facilitating the
formation of strong bonds with metal ions or organic molecules.

Ion Exchange: In addition to physisorption and chemisorption, ion exchange is another
important mechanism of adsorption, especially for the removal of metal ions. Ion exchange
occurs when ions from the adsorbent surface are replaced by ions from the adsorbate,
typically in aqueous solutions. This process is commonly observed in materials like zeolites,
chitosan, and resins, which contain exchangeable ions that can adsorb metal ions like lead,
cadmium, and mercury (Y.-K. Yang et al., 2009) (X. Yang et al., 2019).

1.5.2 Adsorption Kinetics

The study of adsorption kinetics is crucial for understanding the dynamics of the
adsorption process, including how quickly the adsorbate molecules are adsorbed onto the
adsorbent surface and how long it takes to reach equilibrium. The rate of adsorption
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depends on several factors, such as the adsorbent surface area, the concentration of
adsorbate, temperature, and the nature of the adsorbent and adsorbate.

d[in(qe — qt)] /dt = k1 (1)

Pseudo-First-Order Kinetic Model: The pseudo-first-order kinetic model is one of the
most commonly used models to describe the adsorption rate. It is based on the assumption
that the rate of adsorption is proportional to the difference between the equilibrium
concentration and the concentration of the adsorbate at any given time. The equation for
the pseudo-first-order model is expressed in (1).

where qe is the equilibrium adsorption capacity, qt is the adsorption capacity at time
t, and k1 is the rate constant. This model is often applied to adsorption processes where
the adsorption rate decreases as the adsorption sites are occupied.

d(ge — qo)/dt = kz(qe — qo)° (2)

Pseudo-Second-Order Kinetic Model: The pseudo-second-order kinetic model assumes

that the rate of adsorption is proportional to the square of the difference between the
equilibrium adsorption capacity and the current adsorption capacity. This model is often
more suitable for systems where the adsorption rate is not dependent on the concentration
of adsorbate at higher concentrations and when chemisorption is the dominant mechanism.
The equation for the pseudo-second-order model is presented in Eq. (2), where k2 is the
rate constant. The pseudo-second-order model is often used to describe the adsorption of
metal ions onto adsorbents like chitosan, activated carbon, and metal oxide nanoparticles.

Intraparticle Diffusion Model: The intraparticle diffusion model is used to describe the
diffusion of adsorbate molecules within the pores of the adsorbent. According to this model,
the rate of adsorption is controlled by the diffusion of the adsorbate molecules into the
adsorbent particles.

qt = k, t /2 (3)

where kp is the intraparticle diffusion rate constant, and t is the time. Eq.(3) presented
the equation for intraparticle diffusion. This model is used to evaluate whether the
adsorption process is controlled by particle diffusion or by surface interaction (J. Wang &
Guo, 2022)



1.5 Adsorption Mechanisms and Kinetics 21

1.5.3 Adsorption Isotherms

Adsorption isotherms describe the relationship between the amount of adsorbate and
its concentration in the solution at equilibrium. Several models are used to describe
adsorption isotherms, including the Langmuir, Freundlich, and Temkin models.

Langmuir Isotherm: The Langmuir isotherm model assumes that adsorption occurs on
a surface with a finite number of identical sites, each capable of adsorbing one molecule.
The model describes a monolayer adsorption process with no interaction between adsorbed
molecules.

1/qe = 1/(qu1) + (1/Qm) ’ (1/Ce)

where qge is the equilibrium adsorption capacity, qm is the maximum adsorption
capacity, KL is the Langmuir constant, and Ce is the equilibrium concentration of
adsorbate in solution. The equation for the Langmuir isotherm in Eq.(4)

Freundlich Isotherm: The Freundlich isotherm model is an empirical model that
describes adsorption on heterogeneous surfaces with different adsorption energies. It is
suitable for systems where adsorption sites are not identical (Babatunde et al., 2022).

qe = KfCc"{1/n}

where Kf is the Freundlich constant and n is the heterogeneity factor. This model is
often used for systems exhibiting non-ideal adsorption behavior. The equation for the
Freundlich isotherm in Eq.(5)

1.5.4 Applications of Adsorption Mechanisms and Kinetics

Understanding adsorption mechanisms and kinetics is critical for optimizing the design
and operation of adsorption systems used in environmental remediation, such as water
treatment and air purification. Adsorbents are widely used to remove pollutants such as
toxic metals, organic dyes, pesticides, and pharmaceuticals from wastewater. By tailoring
the adsorbent's properties based on the adsorption mechanisms and kinetics, it is possible
to enhance the efficiency of the adsorption process and achieve better removal of pollutants
at lower costs.
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1.6 Biorecognition Strategies in Metal Adsorption

1.6.1 Biorecognition Mechanisms in Metal Adsorption

Biorecognition involves the specific interaction between biological entities and target
molecules. In the case of metal ion removal, the biological materials—such as
microorganisms, proteins, or peptides—use their functional groups (thiols, amines,
carboxyls, etc.) to bind metal ions selectively. The mechanisms of biorecognition can be
broadly classified into coordination bonding, complexation, electrostatic interactions, and
ionic exchange (Fu et al., 2024).

Coordination Bonding: One of the primary mechanisms for metal ion removal is the
formation of coordination bonds between metal ions and the functional groups on biological
surfaces. Metallothioneins, for example, are small, cysteine-rich proteins that can form
stable complexes with toxic metals such as mercury, cadmium, and copper. These proteins
contain thiol groups (-SH) that bind strongly to metal ions, providing a selective and
effective method for their removal from aqueous solutions. Similarly, other metal-binding
proteins like ferritin and phytochelatins can interact with metal ions through similar
coordination bonds, enhancing the adsorption process.

Electrostatic Interactions: Many microorganisms and biomolecules involved in metal
adsorption rely on electrostatic interactions to bind metal ions. The cell walls of bacteria
and algae, for example, are negatively charged, allowing them to attract and adsorb
positively charged metal ions. The electrostatic attraction between the adsorbent and metal
ions is a critical factor in the adsorption process, especially when dealing with metals such
as lead (Pb), copper (Cu), and zinc (Zn) (Chugh et al., 2022).

Complexation: In addition to coordination bonding and electrostatic interactions,
complexation is a significant mechanism in biorecognition-based metal adsorption.
Complexation occurs when metal ions form stable chemical complexes with the functional
groups on the biological material. This mechanism is commonly observed in adsorbents like
chitosan, which contains amino and hydroxyl groups that can bind with metal ions through
complexation.

1.6.2 Biorecognition Agents: Microorganisms and Biomolecules

Microorganisms, such as bacteria, fungi, and algae, have been identified as effective
agents for biorecognition in metal adsorption due to their ability to adapt to various
environmental conditions and their natural affinity for metal ions. Different target
biomarkers, bioreceptor molecules, and transducing nanomaterials integrated platform is
depicted in Figure 6.

Bacteria: Bacteria, particularly those in the genus Pseudomonas and Escherichia, have
shown a remarkable ability to adsorb metal ions from water through surface interactions.
These microorganisms possess functional groups, including carboxyl and phosphate groups,
that can interact with metal ions, facilitating their uptake and removal from solution.
Bacteria such as Pseudomonas fluorescens and Bacillus subtilis have been shown to
effectively remove metals like cadmium (Cd), copper (Cu), and arsenic (As). The ability
of these bacteria to regenerate and adapt to various metal concentrations makes them ideal
candidates for large-scale remediation (Yan et al., 2024).

Fungi: Fungal species such as Aspergillus and Penicillium have also been identified as
effective biorecognition agents for metal adsorption. Fungi possess complex cell wall
structures rich in polysaccharides and proteins that can bind metal ions through
complexation and electrostatic interactions. Aspergillus niger, in particular, has been shown
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to efficiently remove metals like lead, cadmium, and copper from contaminated water,
offering a promising bioremediation strategy.

Algae: Algae, including species like Chlorella vulgaris and Spirulina platensis, have been
extensively studied for their ability to remove toxic metals from aqueous solutions. The
cell walls of algae contain polysaccharides, proteins, and lipids that can adsorb metal ions
through electrostatic interactions and complexation. Algae offer an advantage in
biorecognition due to their rapid growth rates and ability to survive in diverse
environmental conditions, making them an attractive option for large-scale environmental
remediation.

Biomolecules: In addition to microorganisms, biomolecules such as proteins, enzymes,
and aptamers are highly effective for metal adsorption due to their specific binding sites
and high selectivity. Aptamers, which are short single-stranded DNA or RNA molecules,
can be engineered to selectively bind metal ions with high affinity Metallothioneins and
phytochelatins, naturally occurring proteins in plants, are particularly useful for removing
toxic metals like cadmium and mercury through their metal-binding capacities (Xu et al.,
2023).
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Figure 6: Schematic representation of different target biomarkers.

bioreceptor molecules, and transducing nanomaterials integrated platform. Reproduced
from (Karuppaiah et al., 2023), ScienceDirect (Elsevier), Open Access, Licensed under CC
BY-NC-ND 4.0.

1.6.3 Integration of Biorecognition with Nanotechnology

The integration of biorecognition strategies with mnanotechnology has provided
significant improvements in the removal of toxic metals from contaminated water.
Nanomaterials such as carbon nanotubes (CNTs), graphene, and metal-organic frameworks
(MOFs) have large surface areas and can be functionalized with biomolecules to enhance
their adsorption capabilities. Nanobiosorbents that combine biological recognition elements
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with nanoparticles have shown enhanced selectivity and efficiency for metal ion removal
(Zuo et al., 2024).

Figure 7 shows the main components of Biosensor with analyte, biorecognition element
and transducer which produces a detectable signal. The integration of biorecognition with
nanotechnology has further enhanced the efficiency and selectivity of these strategies.
Nanoparticles, with their large surface areas and high reactivity, can be functionalized with
biological recognition elements, such as enzymes, antibodies, or peptides, to create
nanobiosorbents. These hybrid materials combine the selectivity of biological systems with
the high surface area and tunable properties of nanomaterials, thereby improving the
adsorption capacity and selectivity for metal ions. The combination of nanotechnology and
biorecognition offers a powerful tool for the efficient and targeted removal of toxic metals

from contaminated water (X. Wang et al., 2024).
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Figure 7: Main components of biosensor.

Reproduced from (Sande et al., 2021), with permission from MDPI, under the terms of
the Creative Commons Attribution License, CC BY 4.0.

Despite the numerous advantages of biorecognition strategies, several challenges still
remain in their practical application. The efficiency of biorecognition processes can be
influenced by factors such as pH, temperature, and the concentration of competing ions in
solution. The long-term stability and regeneration of biological adsorbents are also key
concerns that need to be addressed for large-scale applications. Additionally, scaling up
laboratory-scale biorecognition processes to industrial levels requires overcoming both
technical and economic challenges. These challenges are significant but not insurmountable,
and ongoing research is focused on improving the efficiency, scalability, and sustainability
of biorecognition-based metal removal strategies.
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1.7 Functionalization with Biomolecules

1.7.1 Proteins and Peptides in Functionalization

Proteins, particularly those with metal-binding domains, are widely used for
functionalizing materials due to their ability to form stable complexes with metal ions.
Metallothioneins (MTs), a class of small, cysteine-rich proteins, have been extensively
studied for their high affinity for metal ions such as zinc (Zn), copper (Cu), and cadmium
(Cd). MTs are known to coordinate with metal ions through the sulfur atoms of cysteine
residues, forming stable metal-protein complexes. Due to their high selectivity for certain
metals, MTs have been employed to functionalize adsorbents like carbon nanotubes and
nanoparticles for the removal of toxic metals from water (Peris-Diaz et al., 2021).

Peptides, which are shorter chains of amino acids, also show promise in metal ion
adsorption. Certain peptides with metal-binding motifs, such as cysteine-rich peptides or
histidine-rich peptides, have been synthesized for toxic metal removal. These peptides can
be tailored to exhibit high specificity and affinity for particular metals, making them ideal
candidates for functionalizing adsorbents for targeted metal removal. For instance, peptides
containing thiol groups have been shown to effectively remove metals like mercury (Hg)
and lead (Pb) from contaminated water through complexation (Luo et al., 2024).

1.7.2 Enzymes and Other Bioactive Molecules

In addition to proteins and peptides, enzymes have also been explored for
functionalization due to their ability to interact with metal ions through specific binding
sites. Different bioreceptors as key components for biosensing and Single electron transfer-
based peptide/protein bioconjugations driven by biocompatible energy input-Recent
bioconjugation strategies is depicted in Figure 8 & Figure 9 respectively. Enzymes such
as laccases and peroxidases, which are involved in sulfur and nitrogen metabolic pathways,
have been used to functionalize materials for the selective removal of metal ions. These
enzymes can form stable complexes with metals like copper (Cu), zinc (Zn), and chromium
(Cr), enhancing the efficiency of metal removal from aqueous solutions (Akbarian et al.,
2022).

Other bioactive molecules, including nucleic acids and polysaccharides, have also been
investigated for their ability to adsorb metals. Nucleic acids, particularly aptamers, are
single-stranded DNA or RNA molecules that can be engineered to bind with high specificity
to metal ions. These molecules are useful for functionalizing materials to selectively remove
metal ions from complex mixtures. Polysaccharides like chitosan, which contain amino and
hydroxyl groups, have been widely used for the functionalization of adsorbents due to their
ability to bind metal ions like lead (Pb), cadmium (Cd), and copper (Cu) (C. Zhao et al.,
2023).

1.7.3 Polysaccharides in Functionalization

Polysaccharides are natural biopolymers that have gained popularity for use in metal
ion removal due to their biodegradability, non-toxicity, and ability to interact with metal
ions. Chitosan, derived from chitin, is one of the most widely studied polysaccharides for
metal adsorption. The amino groups present on chitosan allow it to form chelates with
metal ions, such as copper, cadmium, and lead, making it an efficient adsorbent for metal
removal. Functionalizing chitosan with metal-binding biomolecules, such as peptides or
proteins, can further enhance its adsorption capacity and selectivity for specific metals.



26 Chapter 1. Introduction

Chitosan-based adsorbents functionalized with biomolecules have been shown to exhibit
high adsorption efficiency for various metals, including toxic metals like arsenic (As),
mercury (Hg), and chromium (Cr). These functionalized adsorbents offer the advantage of
high selectivity, enabling the removal of specific metals from contaminated water or soil,
even in the presence of other contaminants (D. Huang et al., 2020).

1.7.4 Mechanisms of Metal-Biomolecule Interactions

The interaction between metal ions and biomolecules on functionalized adsorbents is
primarily governed by several mechanisms, including ion exchange, electrostatic
interactions, complexation, and coordination bonding. These mechanisms allow
biomolecule-functionalized adsorbents to selectively bind and remove metal ions from
contaminated solutions (Zhu et al., 2023).

1.7.5 Applications of Biomolecule-Functionalized Adsorbents in
Metal Removal

Recovery of Valuable Metals: In addition to removing toxic metals, biomolecule-
functionalized adsorbents have been used for the recovery of valuable metals, such as gold,
silver, and platinum, from electronic waste and industrial effluents. These adsorbents
provide a selective and efficient means of recovering metals from complex mixtures
(Gonzélez Fernandez et al., 2025).
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Figure 8: Bioreceptors as the key components.

Adapted from (X. Wang et al., 2024), Cell Rep. Phys. Sci. (2024), Licensed under CC BY
4.0.
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(Weng et al., 2020).
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1.8 Bioinspired and Biomimetic Adsorbents

1.8.1 Bioinspired Adsorbents: Design and Mechanisms

Bioinspired adsorbents are materials designed by mimicking the structures, surfaces,
and mechanisms of biological organisms that efficiently capture or filter pollutants from
their environment. Nature has evolved highly specialized systems for contaminant removal,
which can be applied to environmental remediation through bioinspired materials. One of
the most famous examples is the lotus leaf, which exhibits superhydrophobic properties
due to its unique micro- and nano-structured surface, allowing it to repel water and dirt
effectively. The design of bioinspired adsorbents involves incorporating similar structures
or features that enhance their interaction with contaminants, particularly pollutants like
toxic metals (X. Zhang et al., 2022).

The fundamental principle behind bioinspired adsorption is to replicate natural affinity
for contaminants, such as metals and organic pollutants. For instance, bacterial cell walls
contain a variety of functional groups that can adsorb metals like cadmium (Cd), lead
(Pb), and copper (Cu). Chitosan, a natural polymer derived from the shells of crustaceans,
has also been studied as a bioinspired material due to its amine groups, which readily bind
with metal ions. The inherent biological interactions, such as chelation, complexation, and
electrostatic interactions, are key mechanisms that drive the adsorption of metals onto
bioinspired adsorbents.

Bioinspired materials can also involve mimicking specific biological features that
enhance the binding of contaminants. Algae, for example, can adsorb a wide range of metals
through the secretion of extracellular polymeric substances (EPS), which contain functional
groups that form strong complexes with metal ions. By mimicking the EPS-producing
mechanism of algae, synthetic adsorbents can be designed with specific functional groups
to enhance metal ion binding. These materials also provide additional benefits such as high
biodegradability and sustainability, which are important features for long-term
environmental remediation strategies (Alkhaldi et al., 2024).

1.8.2 Biomimetic Adsorbents: Integration of Biological and
Synthetic Components

Biomimetic adsorbents extend the concept of bioinspired materials by integrating
synthetic elements with biological components to improve the overall performance of the
adsorbent. These materials often combine the high surface area and tunability of
nanomaterials with the selective functionality of biomolecules. By designing adsorbents
that mimic biological processes while incorporating the advantages of synthetic chemistry,
biomimetic adsorbents can be fine-tuned for specific applications, such as selective metal
ion removal or organic pollutant degradation (Gu et al., 2024)

Another approach to biomimetic adsorption involves the integration of biomolecules
with synthetic adsorbents to mimic the specific interactions between biological entities and
pollutants. Aptamers, which are short, single-stranded DNA or RNA molecules, can be
engineered to bind with high affinity and specificity to target metal ions, such as arsenic
(As) and lead (Pb) (Z. Chen et al., 2018). These biomolecules, when incorporated into
synthetic adsorbent systems, create highly selective adsorbents that outperform
conventional materials by selectively targeting specific contaminants while leaving other
substances unaffected.
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1.8.3 Functionalization of Nanomaterials for Enhanced Adsorption

The functionalization of nanomaterials is a critical strategy for improving the
performance of bioinspired and biomimetic adsorbents. Nanoparticles possess several
advantages over bulk materials, including increased surface area, enhanced reactivity, and
tunable surface properties. Functionalizing nanomaterials with specific biological molecules
or chemical groups enhances their adsorption capacity and selectivity for toxic metals,
organic contaminants, or dyes (Tian et al., 2025).
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1.9 Nanobiosensors for MeHg Detection

1.9.1 Bio Inspired Nanobiosensors for MeHg Detection

Mercury exists in various chemical forms including Elemental Mercury (Hg®), Mercuric
Ion (Hg?"), Methylmercury (MeHg), Dimethylmercury (CHsHgCHs), Mercury Sulfide
(HgS) and Ethylmercury (C.HsHg"). Among these, MeHg is the most toxic, posing a
significant risk to both the environment and human health, even at concentrations as low
as nanomolar (nM) levels. This concentration threshold is remarkably minuscule, diverging
by two orders of magnitude from any other mercury species. Despite its minute presence,
MeHg has the tendency for biomagnification within the food chain, thereby accumulating
in organisms and resulting in neurological disorders, exemplified by Minamata disease (L.
Chen, Li, and Chen 2014). Wild piscivorous fish, mammals, and birds, animals at the
highest trophic level, are at risk for elevated dietary methylmercury intake and toxicity
due to biomagnification through the food chain. Its neurotoxic effects are especially harmful
to developing fetuses and young children, making precise quantification in food samples
critical for public health. Monitoring MeHg levels in fish is essential for assessing exposure
risks and ensuring food safety standards. Regulatory agencies rely on accurate MeHg
detection to guide consumption advisories and protect vulnerable populations.
Consequently, the demand for meticulous, sensitive methodologies to detect MeHg with
precision has surged, especially in the context of evaluating water pollution dynamics.
Biosensors for detecting methylmercury (MeHg) in food samples offer several advantages,
including rapid detection and high sensitivity, making them effective at trace-level
detection. These devices enable real-time monitoring, providing immediate feedback on
MeHg levels, essential for ensuring food safety in vulnerable populations like pregnant
women and fetuses. Their cost-effectiveness and potential for on-site application, especially
in industries such as aquaculture and agriculture, make them suitable for widespread use.
Additionally, integration with smartphone technology allows for automation and ease of
use, improving overall food safety protocols (Anchidin-Norocel et al., 2024; Mandal et al.,
2024; Scheuhammer et al., 2007).

Current conventional methods for MeHg detection employ techniques such as atomic
fluorescence spectrometry (AFS) with gold traps and automated systems based on cold
vapour atomic fluorescence spectrometry (CVAFS). The CVAFS mechanism involves the
conversion of MeHg into volatile ethylmercury through the use of sodium tetraethyl borate.
After this conversion, alkyl forms of mercury are purged using nitrogen gas and captured
on Tenax columns. After desorption at an elevated temperature, gas chromatography is
employed to identify alkyl mercury compounds post-pyrolysis (Leermakers et al., 2005;
Leopold et al., 2009; Segade & Tyson, 2007). This method currently stands as the most
sensitive for MeHg, with an impressively low limit of detection (LOD) at 0.004 ng/L.
However, it necessitates the laborious task of sample collection from sites and transport to
laboratories, which can be time-consuming and resource-intensive. In addition to sample
collection challenges, laboratory-based MeHg measurement entails the extraction of MeHg
from complex matrices, including organisms and cells. Specific sample preparation steps
are crucial, and tailored to the physicochemical properties of each matrix. Even seemingly
simple samples like water require meticulous processing, involving pH adjustment to 4.5
before the addition of sodium tetraethyl borate and overnight derivatization into volatile
ethylmercury.

Although the necessary steps to obtain MeHg from biota or naturally occurring
complexes cannot be omitted, the specific preparation of samples in laboratories might be
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simplified, resulting in rapid usage, fewer experts and decreased costs, if sensors can be
used instead of using expensive laboratory equipment. Therefore, sensors that can enable
measurement of MeHg in the environment are of high priority to increase the amount of
data that will precisely map the routes of MeHg for thwarting toxicity reaching the global
nutrient cycle and to enable us to determine contaminated food. This will yield biologically
relevant information about the biomagnification and bioaccumulation of MeHg under real
environmental conditions. Since the processes of methylation and demethylation are
continuous, the onsite measurement will give us dense time points, resulting in time and
spatially dependant distribution when followed by the precise sampling locations, since
laboratory measurements can give results only for a limited number of samples.

Among the several developed platforms, biosensors for detecting methylmercury
(MeHg) in food samples offer several advantages, including rapid detection and high
sensitivity, making them effective at trace-level detection. These devices enable real-time
monitoring, providing immediate feedback on MeHg levels, essential for ensuring food
safety in vulnerable populations like pregnant women and fetuses. Their cost-effectiveness
and potential for on-site application, especially in industries such as aquaculture and
agriculture, make them suitable for widespread use. Additionally, integration with
smartphone technology allows for automation and ease of use, improving overall food safety
protocols. Microfluidic devices offer high sensitivity and accuracy but may require technical
expertise. Lateral flow assays and paper-based assays provide moderate to high sensitivity
with ease of use but less accuracy in quantification. Smartphone-based sensors,
electrochemical sensors, and optical biosensors achieve high sensitivity and accuracy, with
the latter two being highly precise and user-friendly for real-time monitoring.

Although sensors for measuring inorganic mercury (Hg*") or Total Mercury (THg) have
been developed, most MeHg sensors remain at the proof-of-concept stage (L. Chen, Li, and
Chen 2014). To advance the development of MeHg sensors we categorized existing sensors
into six major types: Whole-cell biosensors (WCB), Immunostrip sensors, small molecule
probe-based (SMP) sensors, Metal-Organic Framework (MOF) sensors, Nanoparticle
(NPs)-based sensors, and Nanoarchitectonics sensors. This comprehensive overview
provides insights and strategies for advancing MeHg sensors by integrating biological,
chemical, and nanotechnological approaches. A critical bottleneck in the development of
MeHg sensors is the need for a well-integrated system that includes a receptor with high
specificity for MeHg, efficient signal transduction, low noise amplifier, and reporters
capable of showing realtime high quality data. Addressing these challenges is essential for
creating effective and reliable MeHg sensing solutions.

Electrochemical transducers, for example, enable precise quantification of MeHg
concentrations across diverse environmental matrices (T. Zhang T., Zhou, Y., &. Han,
2021). In enzymatic sensors, electrochemical transduction is commonly employed,
capitalizing on the enzymatic conversion of MeHg into electroactive species (Y. Chen et al.
, 2019). Immunosensors, on the other hand, utilize antibodies or aptamers as receptors and
often integrate surface plasmon resonance (SPR) transducers to enable real-time detection
(Rantala et al., 2011).

For efficient MeHg sensors, prioritise the development of advanced materials and
biorecognition elements with high specificity for MeHg, such as novel nanomaterials and
selective aptamers/ antibodies. Optimize signal processing using advanced technologies to
improve accuracy and interpret complex data effectively. Implement real-time calibration
and adaptive systems to maintain sensor performance under varying environmental
conditions. Focus on increasing sensitivity to detect lower concentrations of MeHg and
reducing response times for rapid, reliable measurements. Ensure the sensor’s usability,
cost-effectiveness, and scalability, and validate its performance through extensive field
testing and adherence to regulatory standards.
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From a biological point of view, MeHg detection is particularly challenging: Even at
extremely low concentrations, MeHg can cause biological amplification due to time-
dependent or chronic exposure. This makes even current gold-standard laboratory methods
not sensitive enough, as MeHg concentrations are often below the limit of detection (LOD).
In contrast to the Hg?" where biological responses tend to show concentration-dependent
effects in living cells, the biological impact of MeHg is usually only evident in multicellular
organisms at higher trophic levels, which is then separating the concentration levels in
environmental matrices from the concentrations in organisms, for example ocean waters
and fish, respectively, by more than five orders of magnitude.

Future developments will focus on refining these sensors to improve their integration
into real-world monitoring systems, further enhancing public health safety and
environmental protection efforts against mercury contamination Figure 10.
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Figure 10: Illustrates a range of detection techniques employed in MeHg sensors.

including small molecule probes, whole-cell biosensors (WCB), immunostrip assays, metal-
organic frameworks (MOFs), and nanoarchitectonics-based sensors. The central diagram
highlights the core components of currently known MeHg sensors, emphasizing the
interaction between the analyte and the recognition element, followed by signal
transduction. These diverse approaches showcase the integration of biological components
with advanced materials, significantly enhancing the performance of MeHg detection
technologies. Adapted from Adapted from (Mabes Raj et al., 2025)

1.9.2 Whole-cell Biosensors (WCB)

This type of sensor is especially important in determining the ecologically relevant
bioavailable fraction of mercury. However, the bioavailable fraction is dependent on the
type of the cell and environmental conditions and therefore it is hard to clearly differentiate
real bioavailable fraction from the low sensitivity. Based on the current synthetic biology
tools the repertoire of the hosts for introducing genetically engineered genes is expanded
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and should be the concept of bioavailability tackled by combining and comparing (i)
chemical laboratory based tools with (ii) the outcome in the environment, e.g.
bioaccumulation and (iii) results of using a battery of different WCB environmentally
relevant hosts, similar as it was shown by using native marine and freshwater WCB hosts,
but it should be utilized many different hosts relevant for particular either geochemical
cycle or foodchain transformations.

Moreover, the WCB can determine the level of MeHg in the environment in contrast
to the standardized approaches therefore minimal disturbance of the environment can be
much easier achieved Figure 11, but still in most cases the samples are tested in laboratory
conditions since there are not many attempts to use WCB directly in the field. Therefore,
it should be further developed as self-sustainable WCB platform bearing alive cells and
should be biologically safe not deploying genetically modified strains in the environment.
The miniaturisation and portable platforms are set to make on-site analysis more desirable
but this is facing many challenges such as preserving low fluxes of nutrients and samples
such as in microreactors since small designs are prone to clogging, preserving suspended or
immobilized cells for monthly operations as well as appropriate calibration. Perhaps
advances in cell encapsulation, microfluidics and multi-cell systems are expected to
enhance, on one hand the stability and reproducibility and on the other hand the extension
of the environmentally relevant information. In this regards the key organisms in the
environment must be first identified using state-of-the-art metagenomic approaches, then
utilizing advanced culturomics to be able to obtain strains that can be then at the end
available for introducing genetic components by using genetic engineering tools and
transforming them into WCB.

The WCB often might have lower genetic stability which hampers the performance
over time and calls for either approach to replenish the cells using lyophilized cultures or
monitoring sensitivities by appropriate on-site calibration.

Although various factors such as complexation with cysteine would increase the uptake
of MeHg and the addition of humic acid can reduce the MeHg uptake within the cells, we
do not know the precise mechanisms that are aiding in MeHg uptake and WCB can serve
us not only as a sensor platform but also to determine key environmentally relevant aspects
of MeHg bioavailability. Therefore, further advances need to be carried out in research that
clarifies the meaning and applicability of the use of WCB in ecological and human health
risk assessment. WCB are best in conditions similar to their natural environment and the
temperature, incubation time, medium type, pH, and reagents can all have effects on the
performance of the biosensors that can only be understood with further research and
testing. Employing advanced cell encapsulation techniques to enhance stability, and
optimizing growth conditions to ensure cell functionality will prolong the WCB
performance.

Since WCB are also prone to the high background noise that is affecting LOD it would
be very important to incorporate the currently developed advanced Al tools or
autocorrelative mathematical models to better distinguish signal from the cellular, genetic
or environmentally introduced noises resulting in updated sensing platform. By addressing
these factors, WCBs can become more reliable, sensitive, and effective for accurate MeHg



34 Chapter 1. Introduction

detection, standing out as the only type of sensor capable of providing environmentally
relevant data.
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Figure 11: a) Illustration for genetically engineering bacterial sensing modules.

into surrogate hosts for the development of a synthetic receptor platform that can be
used for multiple application. b) Diagram of the modification of Prb28 by inserting the
merB gene.

1.9.3 Immunostrip Based MeHg Detection

Immunostrips colourimetric detection platforms for MeHg often suffer sensitive
limitations, especially for trace levels. They also encounter non-specific bindings or cross-
reactivity with other metal ions that can affect the accuracy. The strips can degrade over
time, affecting the stability of immobilized biomolecules (antibodies, aptamers, and
enzymes). Though the platforms bring advantages such as simplicity, speed and cost-
effectiveness, making them suitable for on-field detection platforms, they often encounter
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lower sensitivity compared with other methods are susceptible to matrix interference and
limited ability to distinguish from other mercury species. Principle illustration of the
immunochromatographic strip assay for MeHg detection is depicted in Figure 12.

Employing MeHg-specific antibodies in conjunction with an improved reporter system
could provide enhanced solutions for future MeHg sensors. Integrating antibodies against
MeHg with mesoporous materials or AuNPs could significantly improve sensitivity.
Additionally, leveraging advanced techniques such as Surface Plasmon Resonance (SPR)
or Surface-Enhanced Raman Spectroscopy (SERS) could enable sensors with detection
limits several orders of magnitude lower.

The sensitivity of immunostrips can be enhanced by incorporating nanomaterials into
the conjugate pads and selecting biomolecules with high affinity for MeHg. A further
approach to improve platform sensitivity involves integrating a reflectometer to enhance
pixel detection of gold nanoparticle test lines, facilitating more precise intra-sample
comparison. Since this platform is useful in semi-quantitative analysis and can be used for
rapid onsite “yes” and “No” type detection of MeHg.
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Figure 12: Illustration of the immunochromatographic strip assay for MeHg detection.

Adapted from (Mabes Raj et al., 2025).

1.9.4 Small Molecule Probe (SMP) Detection Platforms

SMP are extensively utilized in various sensing platforms due to their ability to
selectively interact with the specific analyte through chemical and physical changes. Most
of the SMP utilize fluorescence probes which exhibit lower detection limits compared to
more sophisticated platforms like immunoassay or nanoparticle-based systems. The
platforms also have limited stability with probes, potential interference from other Hg
species and metal ions, and difficulty in achieving real-time detection in complex matrices.
Though the SMP is designed for selective analysis, cross-reactivity with structurally similar
molecules or ions can occur. The probes often degrade over time, particularly under harsh
environmental conditions (eg. UV light, and temperature extremes). SMPs are usually
tailored for single analyte detection, making them less suitable for multiplex detection of
target analytes. SMPs often require precise environmental control or additional
instrumentation for effective detection, such as fluorescence readers or spectrophotometers.
Some SMPs may involve the use of organic solvents or chemicals that are less
environmentally friendly. A chemodosimeter was developed and demonstrated potential for
mercury detection; however, it is limited to single-use applications due to its reliance on
an irreversible reaction mechanism.

Among the fluorescent SMP, near-infrared (NIR, 650-900 nm) probes have several
advantages over other probes, such as reducing photo-bleaching due to the lower energy of
excitation required. As described by Denk et al., 1990, the use of two-photon (TP)
excitation has been predominantly used in NIR fluorescent probes. Over the last few
decades, there have been tremendous improvements in the SMP in the realm of biological
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sensing and bio-imaging. As described in Chapter 4 and Table 2, most of the SMPs utilize
turn-on probe strategy for dual mode detection of mercury species and the major advantage
was a shorter detection time (1-5 min), compared with available analytical methods. No
SMP can measure MeHg in the seawater matrix and using FRET, ICT, PeT, ESIPT, AIE,
and probes combining these modalities can be developed in the future for MeHg onsite
detection in seawater. Combinatorial fluorescence techniques have to be used to overcome
the issue of interference and sensitivity for MeHg detection. Several boundaries have to be
dismantled to push forward the development of enhanced SMP for MeHg detection in
seawater or other environmental matrices beyond the current state-of-the-art.General
scheme for recent advances in SMP is shown in Figure 13.

Future direction in the line of SMPs functionalizing with nanomaterials and integrating
into a hybrid platform combined with biological elements (eg aptamers and antibodies)
would be an option to increase the sensitivity and stability. Development of SMPs with
improved environmental stability and reduced cross-reactivity through advanced chemical
synthesis techniques. Enhancing the chemical specificity of the probes and integrating
advanced signal processing methods can also improve accuracy and reliability, making
SMPs biosensors more effective for MeHg detection in diverse applications.
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Figure 13: General scheme for recent advances in SMP.

b) Reaction mechanism of probe 1 for mercury species with the help of H202. ¢) A
schematic representation of the sensing process of probe 1 towards Hg2+ and CH3Hg+ by
turn-on type AIE. d) Flurescent molecular probe Adapted from (Mabes Raj et al., 2025).
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1.9.5 Metal Organic Framework (MOF)

MOFs can suffer from non-specific adsorption, leading to interference from other metal
ions and compounds which restricts its limited selectivity. This is because of the porous
structure which allows non-target analytes to occupy binding sites, reducing specificity for
MeHg detection. Moreover, they encounter challenges including potential instability and
degradation under varying environmental conditions, complex and costly synthesis and
functionalization processes, and susceptibility to interference from complex sample
matrices. The lack of sensitivity is a general barrier when using MOF's for the detection of
MeHg as well as other analytes. MOFs often degrade under harsh conditions because of
their metal-ligand bonds which are prone to hydrolysis or photodegradation. A complex
and time-consuming synthesis process might hinder scalability and widespread use because
controlled pore size, structure and functionality is required for selective MeHg sensing.
Scheme for the preparation of a MOF is depicted in Figure 14.

Most of the MOF's developed in the past are made for gas sensing applications because
of their excellent adsorption capacities. Very limited structures of MOFs have been
explored to date such as MOF-5,1 HKUST-1,2 MIL-101,3 and classical ZIF-8. As detailed
in Chapted 5, MOFs have been used in different layers as selective applications. Although
the MOFs offers sensitivity for the detection of MeHg (1 aM), then complicated and
sophisticated nanoparticle thin films often limit its scalability and practicality for
commercialization. The research should focus on developing more stable MOF materials
with improved chemical and mechanical durability, refining synthesis and functionalization
protocols to ensure reproducibility and efficiency, and integrating sample pre-treatment
techniques to reduce matrix effects. MOFs can be engineered with specific ligands,
functional groups, or structural modifications to enhance selectivity for MeHg. Combining
MOFs with advanced nanomaterials such as graphene, fullerenes, carbon nitrides, and
MXene along with signal amplification strategies, enables the use of different transducers
and facilitates optical and electrochemical detection methods, thereby enhancing
performance through improved sensitivity and selectivity. MOFs can be engineered with
specific ligands, functional groups and should aim at creating portable, cost-effective
sensors with improved stability and versatility for diverse environmental and industrial
applications, thus expanding their practical use in precise MeHg detection.

Functionalized MOFs with specific sensing molecules might be the most suitable to
target MeHg and would help reach lower sensitivity for MeHg detection. To the best of
our knowledge there are no reports on using analyte-specific aptamers that can be used to
link MOFs to build architectures that can specifically coordinate with MeHg. This
approach and integration of MOF hybrid aptamer on microfluidic devices allow the high-
performance biosensing and the controlled synthesis of MOFs. Develop robust MOF's using
hydrophobic linkers, metal clusters, or post-synthetic modifications to withstand harsh
environmental conditions. Integrate MOFs with nanomaterials (e.g., gold nanoparticles,
carbon dots) or employ advanced detection techniques like SERS or SPR to amplify
detection signals. Focus on cost-effective, scalable synthesis methods, such as microwave-
assisted or mechanochemical approaches, to promote widespread use. Combine MOF's with
other materials, such as polymers or biodegradable membranes, to create hybrid systems
that improve selectivity, durability, and detection range in future MeHg based detection
platforms.



38 Chapter 1. Introduction

Metal ions or clusters Organic linkers Metal-organic framework
Figure 14: Scheme for the preparation of a MOF.

Different metal ions or clusters are mixed together with organic linkers using a
convenient solvent. Over the past few decades, over 100,000 structures have been reported
in the “MOF subset” Adapted from (Mabes Raj et al., 2025).

1.9.6 Nanoparticles (NPs)

Nanoparticles such as AuNPs, carbon dots, silver nanoparticles, QDs, Magnetic
Nanoparticles (MNPs), Carbon Nanotubes (CNTs), graphene, and nanofibres have been
put forth for miniaturizing biosensing platforms to the nanoscale to improve the
understanding of various properties like optical, electronic, and magnetic characteristics,
which would pave the way for their use in bio-sensing systems (Mabes Raj et al., 2025).
However, some drawbacks such as cross-reactivity with non-targeted metal ions or
compounds, reducing their specificity towards MeHg detection should be the main future
focus since these are the main factors limiting their selectivity. These drawbacks are
probably the result of unspecific binding to functional groups or surface ligands which
interact with a range of analytes leading to false positive results. NPs are being used in
various research fields and their potential release into the environment can pose ecological
harm and health risks, especially metal-based ones, which are not biodegradable and can
accumulate in organisms. NPs possess low stability and often tend to aggregate or degrade
in complex matrices like biological fluids or wastewater affecting their performance. This
is mainly because of changes in pH, ionic strength or the presence of organic matter. Cost
and scalability are the biggest challenges for the synthesis and functionalization of NPs
which can be expensive in maintaining the precise size, shape and surface chemistry for
effective detection.

NPs integrated with fluorescence, colorimetry, SERS, SPR, and electrochemistry
improve the sensitivity of MeHg detection. NPs (AuNPs and AgNP) functionalized with
DDTC, Lysozyme, thymine, HEPPSO and DAOC display enhanced selectivity and
sensitivity towards MeHg. This is mainly because of the selection of functional groups
which interact with MeHg to form a special complex. However, though the methods are
promising and can able to detect MeHg at a trace level, they often lack challenges such as
large-scale synthesis, complex functionalization process and stability in relevant natural
conditions. Attention has been made towards the development of aptamers-based
conjugated NPs sensing platforms for the selective detection of MeHg. This type of
approach is time-consuming and laborious in the production of aptamer specific towards
MeHg is depicted in Figure 15. Adapted from (Mabes Raj et al., 2025).

To the best of our knowledge, bioconjugated NPs with highly specific biomolecules such
as aptamers, antibodies or molecularly imprinted polymers (MIPs) very well minimise cross
reactivity, but should be further evaluated in real samples or determining applicability.
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More research in the direction of the stability of NPs by modifying their surfaces with
polymers such as PEG or hydrophobic coating to prevent aggregation and degradation in
complex matric are required to be developed in future engineering approaches.
Biodegradable NPs with less toxic formulations will mitigate the environmental and health
risks. Research directions in the field of QDs, nanofibers and CNTs would remarkably
increase the transduction sensitivity and detection capabilities. Cost-effective synthesis
based on a greener approach (plant based or biomimetric routes) will reduce the production
costs of the NPs for the detection of MeHg. Signal amplification might be better achieved
by the integrating NPs with SERS platforms. Combining NPs with MOF's and 2D materials
will enhance the performance of the sensors and add multifunctionality and specificity due
to the filtration effects of MOFs or higher surface area for attaching sensing part that
introduce more higher signal-to-noise ratio (Mabes Raj et al., 2025).
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Figure 15: Commonly used nanomaterials in various kinds of sensors.

fabrication with their sizes. L: length; D: Diameter. b) Illustrations of AuNP-Based
colorimetric sensing strategy for Hg Species and Hg— DDTC complex attached to the
surface of AuNPsc) MeHg sensing mechanism. ¢) MeHg sensing mechanisim. d) Schematic
representation of the mechanism involved in the fluorescence quenching caused by the
presence of MeHg. e) Schematic illustration for fluorescent detection of MeHg based upon
a dye-labeled T-rich DNA (FAM-DNA). Formation of AgNPs or Ag/Hg amalgams on
FAM-DNA template quenches the FAM fluorescence emission; the presence of MeHg
suppresses formation of the metal nanostructures, revealing fluorescence enhancement. f)
Schematic illustration of the experimental principle for the colorimetric detection of MeHg
and C2H5Hg. Adapted from (Mabes Raj et al., 2025)

1.9.7 Nanoarchitectonics

Nanoarchitectonics involves designing, fabrication and assembling nanoscale structures
in a controlled and purposeful manner to achieve special function and properties.
Nanoarchitectonic structures enhance the sensitivity and selectivity of biosensors and
chemical sensors. For MeHg detection, nanoarchitectonics helps create hybrid structures,
such as combining metal nanoparticles with porous frameworks or functionalized surfaces.
These tailored architectures enhance sensitivity, selectivity, and stability, providing
effective platforms. The complex and intricate design can be time-consuming and
expensive, due to nanoscale interactions and self-assembly processes, requiring advanced
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techniques and resources. Very few studies have been reported on the detection of mercury
ions with high sensitivity using thymine interactions and ligands-striped monolayers. These
sensors failed to distinguish between inorganic and organic mercury which limited its
applicability and reduced selectivity of the sensors when exposed to mixtures of cations.
Basic concept, and detection methods of nanoarchitectonics are depicted in Figure 16.
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Figure 16: Basic concept of nanoarchitectonics.

Copyright (2019) Beilstein Journal of Nanotechnology. b) Schematic illustration of the
nanoarchitectonics of BNA and dTn coassembly as well as the corresponding molecular
structures. ¢) Chiroptical sensing of Hg?". Schematic representation of Hg** induced
displacement of BNA from the BNAn-dTn 2D assembly via formation of a metallo-DNA
duplex [dT-Hg-dT] n and self-assembled BNA 1D tapes. d) Conductometric sensing of
MeHg. Schematic representation of MeHg detection device structure. BNA10-dT10 device
response before and after the addition of different MeHg concentrations (0.1 nM and 0.5
mM). Adapted from (Mabes Raj et al., 2025).

The large-scale production of nanoarchitectonic-based sensors with consistent quality
remains challenging. This is mainly because small deviations in synthesis or assembly
processes can lead to significant variations in performance. Simplified fabrication methods
will scale up the production such as microwave assistant synthesis or templating to
streamline the sensor production. One of the main disadvantages of nanoarchitectonics is
the structural stability, which can be enhanced by modifying using graphene derivatives,
MOF's and polymer coating. Plasmonic signals of MOFs can be enhanced by integrating
plasmonic nanostructures (e.g., gold or silver) to amplify localized electromagnetic fields,
boosting optical detection sensitivity. Their porous structure supports high-density
functionalization with selective agents like aptamers or thiols, minimizing cross-reactivity.
MOF pre-concentration of analytes and reduced interference improve signal clarity, while
their scaffolding enables multi-step signal amplification for superior detection performance.



1.9 Nanobiosensors for MeHg Detection 41

For efficient MeHg sensors, prioritise the development of advanced materials and
biorecognition elements with high specificity for MeHg, such as novel nanomaterials and
selective aptamers/antibodies. Optimize signal processing using advanced technologies to
improve accuracy and interpret complex data effectively. Implement real-time calibration
and adaptive systems to maintain sensor performance under varying environmental
conditions. Focus on increasing sensitivity to detect lower concentrations of MeHg and
reducing response times for rapid, reliable measurements. Ensure the sensor's usability,
cost-effectiveness, and scalability, and validate its performance through extensive field
testing and adherence to regulatory standards.

Based on literature-gained knowledge and on our experiences, we have identified five
key steps that should be specifically followed when developing an effective MeHg sensor.

Interdisciplinarity: Developing a sensor requires collaboration between analytical
chemists, material scientists, physicists, and experts in biology (e.g., biochemists, molecular
biologists). A bottom-up approach is needed, beginning with an understanding of
interactions of the MeHg with the selected sensing component at the molecular level.

Matrix Consideration: The sensor development must begin by selecting the matrix (e.g.,
fish tissue, ocean water), as this determines the required sample pre-treatment, potential
interferences (e.g., co-contaminants, extraction chemicals), expected concentration ranges,
and physicochemical conditions such as ionic strength, pH, and temperature.

Relevance: Sensor relevance must be evaluated not just by concentration levels but also
by the intended application —whether ecological (e.g., bioavailability), health-related,
research-orientated, or commercial. The sensor's design should reflect its intended use.

Detection Modalities: The sensor should be able to measure concentration
(quantitatively or semi-quantitatively), temporal changes, accumulation, or microspatial
information (e.g., intracellular accumulation). The specific modality should align with the
sensor's intended purpose.

Coupling Sensing Element with Transducer: The choice of transducer (electromagnetic,
electrical, etc.) must be considered along with noise-to-signal ratio, signal range, and signal
linearity. These factors impact signal amplification, filtration, correlation, and other signal-
processing steps.

The recent surge in artificial intelligence (AI) has led to substantial advancement across
various research domains. To date, most of the currently known MeHg sensing parts are
designed based either on the known properties of selected sensing components or materials
that preferentially interact with various Hg species, or by trial-and-error experiments.
Currently, artificial intelligence tools offer new approaches in material design, discovery,
and manufacturing, which can accelerate the development of sensors with improved
sensitivity and especially increased selectivity towards MeHg. Furthermore, based on our
experiences working on WCBs and detecting very low levels of analytes, this process is
often prone to a high noise-to-signal ratio. However, adopting machine learning approaches
could help refine detection, possibly not for quantitative measurements, but more
appropriately for qualitative information. This could be crucial for filtering out
contaminated samples, ensuring reliable detection even in complex samples affected by
matrix effects.

In conclusion, given the complexities discussed above, creating a universal sensor that
functions across all matrices while providing relevant data would be extremely challenging.
Therefore, work focused on matrix-specific sensors is necessary to achieve accurate and
meaningful MeHg detection.
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Chapter 2

Aim and Hypothesis

2.1 Aim

This research aspires to contribute not only to fundamental scientific understanding
but also to real-world applications in environmental monitoring, public health, and
regulatory policy. The outcomes support the transition toward a circular and sustainable
future by enabling closed-loop metal recovery and safer environmental diagnostics.

Specific aims:

1. To synthesize and characterize a library of functional nanomaterials (SiOa,
NH-@SiO2, y-Fe20s@QNHz, y-Fe:0:@Si0--NHa, and CoFe:04@Si0O.-NH:) tailored for
selective adsorption of toxic and strategic metals.

2. To evaluate the adsorption capacity and selectivity of these nanomaterials for
various metal ions, including Hg2?", Pb?*, Cr3", Dy3", and Tb?', under environmentally
relevant conditions.

3. To optimize the desorption process for efficient recovery and reusability of the
nanomaterials and adsorbed metals, ensuring long-term performance and cost-effectiveness.

4. To assess the cytotoxicity and nanotoxicity of the developed materials using in
vitro cell-based assays (human and murine lines) and in vivo zebrafish embryo tests.

5. To engineer a biosensor system integrating MerB enzyme and gold nanoparticles
for the specific and ultra-sensitive electrochemical detection of MeHg in food and
environmental samples.

6. To enhance the biosensor's performance through optimized immobilization
strategies (MPA, NTA, His-tag linkers) and to evaluate detection limits, selectivity, and
stability.
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2.2 Hypothesis

In natural systems, toxic metals are often sequestered via coordination with electron-
rich amino and thiol groups. Metalloproteins (e.g., metallothioneins), enzymes (e.g.,
carbonic anhydrase), and low-molecular-weight ligands (e.g., glutathione, phytochelatins)
utilize nitrogen and sulfur donor atoms to regulate and detoxify metal ions. Similarly,
microbial cell walls rich in amino-containing polymers act as biosorbents for toxic metals.
Inspired by these evolved biological mechanisms, this research hypothesizes that
nanoparticles functionalized with amino groups can act as synthetic analogs of natural
metal-binding systems, exhibiting high selectivity and affinity for soft and borderline metal
ions.

The increasing burden of toxic metal pollution, driven by industrialization and
urbanization, calls for advanced remediation technologies that are both efficient and
environmentally safe. This dissertation hypothesizes that amino-functionalized
nanomaterials, particularly those based on silica and iron oxide, can mimic biological
detoxification strategies to selectively and efficiently adsorb toxic metal ions—such as Hg?*,
Pb?*, Cr3*, Dy3*, and Th3—from aqueous solutions.

This affinity can be explained by Lewis’s acid-base theory and the Hard and Soft Acids
and Bases (HSAB) theory, where soft metal ions (e.g., Hg?*, Pb?*) act as Lewis’s acids and
preferentially bind to soft Lewis bases like —NHz2 or —SH groups. Functionalized
nanoparticles such as NH.@QSiO:. and y-Fe:0:@QNH: are expected to form stable
coordination complexes through chelation, enabled by the nucleophilicity of amino groups
and the high surface reactivity and porosity of the nanomaterial scaffold.

Additionally, nanotoxicity and environmental safety are central to this hypothesis.
While functionalization is expected to improve selectivity and reduce toxicity, certain
uncoated or reactive nanomaterials may still induce cytotoxicity by disrupting membranes
or generating toxic ions. Therefore, a dual approach will be taken: (i) assessment of metal-
binding efficacy, and (ii) toxicological profiling in vitro (human-derived and murine cells)
and in vivo (zebrafish embryos), to determine biocompatibility and safe operational limits.

Finally, the use of magnetically separable nanomaterials will be explored to enhance
recovery and reuse, aligning the remediation approach with circular economy principles.
Through bioinspired functionalization, controlled nanostructuring, and thorough toxicity
evaluation, this study hypothesizes that amino-functionalized nanoparticles can offer a
sustainable, selective, and reusable platform for removing toxic metals from contaminated
waters.

In a parallel approach, this research extends its hypothesis to the development of an
enzyme-based biorecognition system targeting MeHg, a particularly hazardous form of
mercury due to its strong neurotoxicity and biomagnification in aquatic food chains.
Despite its low concentrations in environmental matrices, MeHg poses disproportionate
risks, especially to pregnant women and young children. Conventional detection methods
like CVAFS and GC-AFS, while highly sensitive, are time-consuming, resource-intensive,
and unsuitable for on-site monitoring. There is an urgent need for portable, cost-effective
sensors capable of rapid and selective MeHg detection.

This dissertation posits that MerB, an organomercurial lyase evolved in mercury-
resistant bacteria, can serve as a highly specific biorecognition element for MeHg. MerB
binds MeHg via conserved cysteine residues (Cys-96 and Cys-159), cleaving the carbon—
mercury bond and forming a reactive mercuric ion complex. The cleaved Hg?' is
subsequently transferred to MerA for reduction, demonstrating a natural detoxification
mechanism that can be mimicked in a biosensing platform. The hypothesis suggests that
immobilizing MerB on gold screen-printed electrodes—using linkers like nitrilotriacetic acid
(NTA) or 3-mercaptopropionic acid—will allow the development of a biosensor with
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femtogram-level detection limits, high specificity for MeHg over Hg?*, and potential for
reuse through magnetic nanoparticle incorporation.

Furthermore, it is hypothesized that such a bioengineered sensor system will outperform
conventional methods in terms of portability, speed, and field applicability. Integration
with electrochemical transducers and smartphone-based interfaces is anticipated to
facilitate real-time environmental monitoring, particularly in regions where laboratory
infrastructure is lacking. Ultimately, this research hypothesizes that the combined
application of functionalized nanomaterials and enzyme-based recognition systems will lead
to advanced tools for both remediation and detection of toxic metals, particularly MeHg.
These innovations are expected to significantly enhance environmental monitoring, reduce
health risks, and provide a foundation for sustainable pollution control technology.
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Chapter 3

Publications and Patent

3.1 Publications 1

Summary of Publication 1: With the continued rise of industrialization, contamination
of water resources by toxic metals such as lead (Pb?), chromium (Cr?%), and mercury
(Hg?") has become a pressing global concern. These metals, due to their toxicity, non-
biodegradability, and tendency to accumulate in living organisms, pose serious risks to
both ecosystems and human health. Developing affordable, scalable, and environmentally
friendly adsorbent materials for the selective removal of these toxic ions is therefore a top
priority in the field of water treatment. This article presents a focused study on the design,
synthesis, and application of SiO: (silica) particles and amino-functionalized SiO. particles
for the removal of Pb?*, Cr3*, and Hg?* ions from aqueous solutions.

At the core of the research is the use of the sol-gel method, a well-established technique
for fabricating silica-based materials with controlled porosity, morphology, and surface
chemistry. The authors successfully synthesize both bare SiO. particles and Amino-SiOa
particles, the latter being surface-modified with aminopropyltriethoxysilane (APTES) to
introduce functional -NHz groups. This modification is designed to improve the binding
affinity toward metal ions through enhanced electrostatic interactions, hydrogen bonding,
and potential chelation mechanisms.

Comprehensive material characterization is carried out using techniques such as Fourier
Transform Infrared Spectroscopy (FTIR) to confirm surface functionalization, Scanning
Electron Microscopy (SEM) to analyze particle morphology, Brunauer-Emmett—Teller
(BET) analysis for surface area determination, and Zeta potential measurements to
evaluate colloidal stability and surface charge behavior. These analyses confirm that the
amino-functionalization increases both the surface reactivity and the potential for metal
ion capture.

The article's strength lies in its comparative adsorption studies. Batch experiments are
conducted to assess the adsorption performance of both unmodified and modified silica
particles under varying conditions of pH, contact time, initial metal ion concentration, and
temperature. The results show that the Amino-SiO: particles significantly outperform bare
Si02, particularly in removing Pb?" and Hg?", which show stronger interactions with the
amine groups. Optimal adsorption occurs at slightly acidic to neutral pH ranges, aligning
with the chemistry of the metal-ligand interactions.

Kinetic modeling reveals that the adsorption process follows a pseudo-second-order
model, suggesting chemisorption as the dominant mechanism. Isotherm studies
demonstrate that the adsorption behavior aligns best with the Langmuir isotherm,
indicating monolayer adsorption on a homogeneous surface. Thermodynamic analyses
further support the spontaneity and feasibility of the adsorption process, with negative
Gibbs free energy values observed across the board.
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Importantly, the study addresses regeneration and reusability, showing that the Amino-
Si02 particles maintain a high percentage of their adsorption capacity over several cycles
of desorption and re-adsorption, which is critical for sustainable and cost-effective
application.

From an application standpoint, this work makes a compelling case for the use of
functionalized silica nanoparticles in environmental remediation, offering a practical,
efficient, and scalable approach to remove harmful metal ions from contaminated waters.
The ease of synthesis, tunable surface chemistry, and strong performance metrics make
Amino-SiO: particles attractive candidates for real-world wastewater treatment systems.

In conclusion, this article adds meaningful insight into the field of nanostructured
adsorbents by demonstrating how surface modification of silica can significantly enhance
metal ion uptake. It bridges material science with environmental engineering, offering a
powerful platform for mitigating toxic metal pollution through smart, selective, and
recyclable sorbent materials.



Chapter 3.1. Publication 1

Journal of Soi-Gel Sciene and Tedwnology (2022) 103:290-308
hitpedoiong/ 101 007 /5109710220583 0-2

oot ®
or

Removal of Pb?*, Cr** and Hg*" ions from aqueous solutions using
Si0; and amino-functionalized SiO; particles

A. F. P. Allwin Mabes Raj'? - Sara Krajnc' - Maja Bauman' - Marijana Laki¢' - Andreja Gutmaher! -
Aleksandra Lobnik™® - Aljoia Kogak'?

Received 30 Nowember 2021 / Accepied 26 April 2022 / Published online 21 May 2022
@ The Authonis), under exchsive icene o Springer Sdence+Busines Media, LLC, pan of Spénger Namwre 2022

Abstract

Herein we present silica ($i0)) and amino-functionalized Si0, particles (NH @510 hased on the Siber method mvolving the
raction of hydmlysiE and condensation of alkoxide preqmrsors tersethocysilane (TEOQS), 3-  (mmethoxysilylpropyl)
diethylenetriamine (DETA) and (3-ammopropyl) timethoxy dlane (AFTMS) for specific and selective removal of heavy metal
ions such as Lead (P ), Chromium (Cr' ) and Mercury (Hg' ). The prepared 5i0; and NH, @ S0, particles wer: chameterized
by Fowder Infraeed Spectmscopy (FIIR) spoctmscopy, thermogravimetric analysis (TGA), speafic surface area (BET),
ranamission electron microscopy (TEM), zeta poential (L) measurements and poential Station measurements, We studied the
adsorption efficiency toward heavy metal ions (Ph*', Cr'' mnd Hg®') in model salt solutions, The adsorption process was
evaluaied in terms of adsorption efficiency, adsorption capacity, adsorption BEothams, kinetics and thermodynamic parameters
and desorption efficiency based on the result of the atvmic absarption spectoscopy (AAS) measurements for Ph™ and CF' jons
and inductively coupled plasma optical emission spectmmeter (BCP-0ES) measurments for Hg™ . The results showed the highest
adsorption efficiency and capacity for heavy metal ions (PR, Cr* and Hg™ ') by NH, @ 560, using APTMS. Furthermore, the
adsorption efficiency was 993 % for Pb**, 98.4 % in the case of Cr' ' jons and 8% for Hg™ . The adsorption process for P,
Cr'* and Hg'' ions using non-functionalized $i0z and NH:@ 510 particles follows pseudo-second-order kinetics and is best
described by the Langmuir adsorption model. The desorption results showed potential for reusng MH, @5}, particles with more
than 91 § % desorbed Pb™' jons using 0.1 M HCl and 100% desorbed Hg™" ions using 1.5 M CgHz0y.

Graphical abstract

Three alkoxide precumoms (tetracthoxysilme (TEQS), 3-(trimethoxysilylpropyl), diethylenetromine (DETA) and (3-
aminopropyl) trimethoxysilane (AFTMS)) were used in the one-pot synthesis of silica (5104 and ammno-functionalized Si0,
(NH,@5i10y) particles. The prepared adsorbent materials wene chamcterized and used for adsorption tests and desorption
toward heavy metals jons (Ph*°, Cf'" and Hg"* ). Adsorption efficiency, adsorption capacity, adsorption isotherms, kinetics
mnd thermodynamic pammeters were determined. Desorption efficiency was tested using 0.1 M HCL or 1.5M CyHe Oy
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Highlights

AFIMS precumsor showed maximal adsorption efficiency .

1 Introduction

One of the greaest challenges wordwide, as desaribed in the
Eumpean Union (EL) Water Framework Dimective (Direc-
tive 2000/60VEC) [1], is to ensure suitable water/wastewater
quality due to its majpor impact on all aspects of human life,
including heatth, food, energy and economy 2, 3] The EU
Waer Fmmework Directive ( Directive 2000060/BC) aims to
draw the assessment of ecological status for surface waters,
defines water quality standands and specific pollutants,
including heavy metals, such as memury (Hg™*), cadmium
(Cd), lead (Pb""), arsenic (As) and chromium (Cr''), to
improve water'wastewater quality [4, 5]. Although the
implementation of the Dimctive varies from country to
country, the national legislations are usually sricer |6).
According to the Slovenian legislation (Dhrective 201339/
EU}—amending Directives 200006VEC and 2008/ 105/EC
a5 regands prionty substances in the field of water policy
[7. &), limit values for PE** varies from 10pg/L in Rules on
drinking water [9] and (0.5 mg/L. in Decree on the discharge
and treatment of urhan wastewater | 10], while for CF* from
S0pgl in Rules on drinking water [9] and (.5 mg/L in
Decree on the discharge and treatment of whan wastewatker
[10]. ‘The limit for Hg™* and its compounds is 0.07 pg/L in
Rules on drinking water [11].

e o their toxicities, inability to biodegmde and ten-
dency o bioaccumul ate, heavy metals must be detected and
efficiently removed from wastewater [12, 13). Different
techniques, such as liquid-liquid extmction [14], crystal-
lation [15], ion exchange [16], membmne processes [17]
and adsorption | 18], are used for the emoval of heavy metal
ions from agueous medium. Most of these techniques are
lmited by the solubility of metals, high-pressure opemtion,
expensive analytical instuments and mquirements for
qualified personnel [19]. Among these methods, adsomption
prevails by using different adsorbents, such as activated
carbon, chitosan [20], zeolites [21], polymerc materials,
clays and synthesized particles [22].

In order to improve different adsorption materials for
environmental applications |23], new materials, such as
functionalized 5i0); paticles [24] or magnetic particles
[25] with increased affinity, capacity and selectivity for

Silica ($10;) particles and amino-functionalized 5104 (NH; @ Si0:) particles were synthesized and chamcterzed.

Adsorption efficiency for Pb*°, O and Hg™' were 99.3%, 98 4%, and 88%, respectively.
Langmuir's adsomption model desaribes the knetics of psendo-second-order for the adsorption process.
Desorption of 91.8% and 100% were achieved for PP and Hg™* ions, respectively.

removal of specific pollutants wen: being developed [26].
Among those, 5104 (nano) patticles have dmwn attention
due to their high specific surface area, non-toxicity and
possibility of surface modification [27]. In the last decade,
the means of improving physical-chemical properties and
size, shape and porosity of 510, particles were imensively
studied [25-30).

Dvifferent ways have been adopted to develop S, par-
ticles, such as meverse micmemukion [31], flame synthesis
[32] and sol-gel method [33]. Synthesis via sol-gel is pre-
dominantly used becase of its simplicity, flexibility, low
costs, energy efficiency and ability to control the synthesis
conditions [34]. By varying meaction conditions, Stiber
synthesis can lead to the formation of a three-dimensional
gel network, or, in most cases, to monodisperse functional
510 particles with the potential to bind heavy metal ions
[35]. By wsing alkoxyde precursom, which differ in the
number of alkoxyde groups, the length of the aliphatic chain
and the types of functional groups (phenol, carbonyl,
hydmoxyl, amine, and ether), effident functionalization is
possible [36]. Precumors with the long aliphatic hydmo-
phobic chains with amino (-MNH;) functional groups at the
end have proven © be an effident matenial for heavy metal
ions hinding [37-39],

We performed a thomugh litermture meview on varous
adsorbent matedals for companng memoval efficiency and
adsorption capacity. Kofak et al performed adsorption
using mercaptopmopyl functionalized silica (5i(}k) nano-
particles towands different heavy metal jons (Zn°°, Pb*,
Hgl'. cdt*y [35]. Interestingly, they were many natural
adsorbents such as eggshells [40] md Moringa oleifera,
opis julifiora and peamt shell [41] for Ph"*, Peanut shell
[42] and iron (II-impregnated sorbent prepared from
sugarcane bagasse for Cr'' jons [43]. Su ot al. used acti-
vaed carbon modified with micro-sied goethite to study
the adsorption in Cr** ions [44). Also, a varety of adsor-
bents were tested for their mmoval effidency towands Hg™
paim shell [45], Gold nanoparticle-coated silica [46] and
activated carbon [47]. Surprsingly there ar not many
existing works of litemtun: on desomption studies.

S0 far, to our knowledge, no research using DETA and
APTMS precursor for functionalization of Si(}, patticles for
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Fig 1 Smudwal fommuls of precursor etraethoxysbme (TEOS) @), 3-

{irmethax ysilypropyl) disthylenetrnamme (DETA) (b)) and (3-2ami-
napropyl) mimahoxysilme (APTMS) ()

the specific mmoval of Ph™*, Cr'* and Hg™® ions from
aqueous solutions have been reporied. The DET A precursor
contins two additional secondary amino (-NH) groups and
the primary amino group (-MH;) at the end of the aliphatic
chain compared to the APTMS precursor, which contains
only -MH; (Fig. 1).

This mescarch focused on synthesising  Si(),  and
NH28 5i(); adsorbent material wsing TEOS, DETA and
APTMS precursors. Prepared particles were chamaterized
using transmission electron micmscopy (TEM), Fourier
Infrared Spectroscopy (FTIR), themmogmavimetric analysis
(TGA), Specific Surface Arca Analysis (BET) and zota
potential () measurements in order to determine their sur-
face and morphological properties. Additonally, interac-
tions of the prepared paricles with Pb™, Cr'" and Hg™"
heavy metal ions were evaluated using Langmuir and
Freundlich adsorption isotherm models. Adsorption kinetics
using pscudo-first and pseudo-second kinetic models wem
studied, and thermodynamic pamameters of the adsorption
wene determined. Finally, the desomption efficiency was
imvestigated in order to evaluate the adsorbent reusability.

2 Materials and methods

For the preparation of the sol-gel partickes, tetracthoxysilane
(98%, TEOS, Sigma-Aldrich), 3+ mimethoxysilylpropyll die-
thylenetriamine (Y7 %, DETA, Sigma-Aldnich) and (3-amino-
propyl) mmethoxysilane (97%, APTMS, Sigma-Aldrich) as
akoxyde precursors wene used. Iso-propanol (99 8%, Sigma-
Aldrich) and ethanol (99.8%, Sigma-Aldrich) served as alco-
holic medium and  ammonium hydmoxide soluion  (25%
NH40H, Sigma-Aldrich) as an alkaline catalyst. The adsorp-
tion of heavy metal ions was tested using aqueous solutions of
lead () nitmie (%9%, b (NOy), Sigma-Aldrich) and chro-
mium ([} nitae nonahydrate (9%, CriNOyy - YH20,
Sigma-Aldrich), Meroury(Il nitrmie (99%), HgiNOy ) ( Sigma-
Aldrich). The desorpion efficiency of the bound ions was
tested using hydrochloric acid (37%, HCL, Sigma-Aldrich) and

&) Springer

citric acid (Y%, CgHg()y, Sigma-Aldrich). The solitions wene
prepared with ultrapure watker. All the chemicaks reagents wene
used as reocived.

2.1 Synthesis and surface functionalization of 5i0;
particles

The amorphous silica (Si()) particles wene  prepared
according to the Stéber method [36], based on the hydmo-
lysis and condensation of a TEQS precursor in the presence
of ammonia within an alcoholic solution. Synthesis of Si;
particles (non-functionalized and functionalized) was car-
ried out under the conditions presented in Table 1. In the
synthesis, Z-propanol distilled water and 2Z53% agqueous
ammonia solution as a catalyst was mixed in the reaction
vessel up to the pH value of 10. After that, an appropriate
amount of tetmethoxysilane (TEOS) and (3-aminopropyl)
trimethoxysilane { AFTMS) precursors were simultaneous by
admixed to the reaction mixture in order o obtain a constant
water-to-TEQS molar ratio (R) 325, and variable TEOS-to-
APTMS molar mtios {P) (Fig. ZA). The maction was kept
stiming for 3h a room temperatune (BT) and 30 °C,
respectively. Afterwards, the white colloidal suspension
was mepeatedly centrifuged at 75300 rpm for 5min, washed
with distilled water and ethanol and fimally dried at 120 *C.
In the case of 5i0); particles synthesis using 2-(trimethox-
ysilylpropyl) dicthylenctiamine (DETA) precursor pH
value was lowered from pH 10 to pH 7 with 3 M HCI after
adding TEQS precursor (Fig. 2B) in omder to prevent the
formation of gel as discovered in previous research [37].

2.2 Characterization techniques

The formation of dried Sk particles was confirmed with
Fourier infrared spectroscopy (FTIR: Ferkin Elmer). The
thermal stability of the dried Si() particles was analysed using
thermogravimetric analysis (PerkinElmer, Themmog ravimetric
Amnalyzer TGA 4000); the specific surface arca of the dried
samples was measured by BET (Tristar 3020, Micromeritics).
The Zeta potential () of the prepared particles in colloidal
solution was determined with Laser-Doppler Zetasizer {Nano
5 Analyzer, Malvem). A doubleburstie amomatic Giraior
{T70, Metter Toledo ) combined with a glss electode (InLab
Routine-L., Mettler Toledo) was used for the dynamic addition
of the tirants‘reagents for poentiometric tiration measune-
ments. The morphology of obfained material redispersed in
ethanol was investigned with the tansmission elscon
micrascope (TEM, JTEM-Z10X, TEOL).

2.3 Adsorption of heavy metal ions

The adsorption capacity of 35i() and functionalized
{MH&5i(); ) particles was tested using lead (11, chromium
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Table Rescfion condiions i o e Sample*  Molar ratio B [HLO) Mular ratio P [TEOS)Y T pH1
the synthesis and surface [TECS] | S ['C] ]
functionalestion of 510k I
pamicls TEOS TS 525 = 25 10 3
TS0 S0
TEQS: DETA  TIM2S5 525 1 25 7 24
TS0 S0
TD22S 2 25
TD2/50 S0
TDE25 4 25
TS0 S0
TEOS: APTMS TAL2S 525 1 25 10 3
TALSD S0
TAIS25 L5 25
TASS) S0
TA225 2 25
TA2/50 S0
TAD2525 .25 25
TAD25/50 S0
TAAZS 4 25
TAASD S0
"T=TEDS; TD =TEDS: DETA; TA =TED5: APTMS
“pecursor DETA o AFTMS
Fig 2 Schematic presentaion of A NHOH sokation M::ﬂm'm:“ munummwwm
ity surface-madified paricles HYDROUISIS 3y 2o e
using precursors TEOS/APTMS BPrOHHH, D M‘w - ard £ + WHITE = CHARACTERIZATION
(A) and TEQS/DETA (B) COMDENSATION [PRECIPITATE
TEQS
AFTIS
L —— dging ke g, dgrgediedinng  Centribaguion wd drping
Nty i oontirsnay e S
p) WITROUTRE oy poe phy WDROURE podChD% g JATTBA
B b e r WHIE 175 wed i = CHURACTERRATION
CMDERSATION FRECFITATE CTDRSATION bl
e UER
(O and mercury (1) nitate aqueous salt solutions.  was calculated using below equation:
Adsorption solutions were prepared by dissolving 100mg P
of Ph{MNOsk, CriMO:k - 9H20, Hg (NOa ) sakt in a 1-lite adsorption efficiency (%) = u = L 100 (1)

flask with distilled water. The solution’s pH wene adjusted
to pH four by adding 0.1 M HCL In the next step, 45 mg of
the dried adsorbent material was added to the 20mL of
Fb (I}, Cr (Il and Hg (M) salt solutions. After specific
adsorption time, the obtained suspensions were centrifuged
at 7300 rpm for 3 min in order to separate the paticles from
the supematant. The concentration of heavy metal ions in
the supernatant was determined by Atomic Absorption
Spectmscopy (AAS, Perkin Elmer) for Po (D), Cr (Il and
inductively coupled plasma optical emission spectrometer
(HCP-0ES, SPECTR(O Analytical Instruments) measure-
ments for Hg (1) measurements. Adsorption efficiency (%)

where Co (mg/L) and C; {mg/L) are the initial and residual
concenrations of metal ions & different times, while
adsorption capacity (gt) was calculated using below equation:

g =o=Cu=¥ (2)

m
whene Cyp (mg/L) and C; img/L) are the initial and residual
concentrations of metal ions at different times, ¥V (L) is the
volume of the adsorption solutions, and m {g) is the mass of
adsorhent material used.
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To determine the imteractions between the adsorbent
material and heavy metal ions, the obwined resuls wemn
modeled using isothermal adsorption models. Linear forms
of adsorption models, Langmuir (Eq. (2)) and Freundlich
(Eg. (41}, were used o obtain the isothermal curves and to
determine adsorption parameters that are characteristic for
each mode] [48, 49]

e (3)
4 aBL g

1
logg, = log Ky +;]°E e (4]

where C, {mg/L) is the equilibrium concentration of metal
ioms, q. (mgfe ) is adsorption capacity at equilibrium, qt (mg/g)
is adsorption capacity at the time, KL (L/mg) is Langrmir
equilibrium  adsorption constant relaed to the affinity of
binding sites, KF (img) is Freundlich constant related to the
adsorption capacity of the adsorbent and n is the constant
related to the adsorption intensity of the adsorbent.

Lincar forms of kinetic models of the pseudo-first
(Eqg. (3)) and pseudo-second (Eg. (6)) ander were used to
determine the adeorption dynamic behavior [30]

Inig, —q,] = Ing, — k;t (5)
_ . L 6
g kg q o

where q. (mgig) is adsorption capacity at equilibrium,
q; {mgfg) is adsorpion capacity at time, k; {Lémin) is
constant of psewdo-first-onder and k; (g/mgmin) i the rate
constant of pseudo-second-order.

Thermodynamic parameters that gave additional infor-
mation on energy changes associated with the adsorption
pmcess were determined. The most common equations that
connect thermodynamic pammeters were used: Gibbs free
energy (AGP), enthalpy (AH% and entopy (AS%). The
spontancity of the adsorption proocss was deermined based
on the sign of Gibbs free energy (Eq. (7)) and the change in
enthalpy (AH®, and change in entropy (AS®) (Eg. (8)) [51]

AG? = —RThK (7]

AR = AH? —TAs? %)

where R is the universal gas constant {83143 NmaolK),
T (K) is emperature, and K is the equilibium constant for
adsorption and desorption.

2.4 Desorption of heavy metal ions

In this study, two different desorption solutions, ie., 0.1 M
HCl and 15 M CHz(y, were tested for the desorption of

&) Springer

Fb'*, Cr° and Hg™ ions from the functionalized
{NH;&'5i0);) particles with APTMS precursor. After com-
pleting the adsorption process, 20ml of desorption solu-
tions wene added & dried adsorbent material and stirred at
room emperature for one hour. The obtained suspensions
were centrifuged at 7300rpm for Smin to separate the
particles from the supernatant

3 Results and discussion

The chamaterization of adsorption materials, Si(); particles
in comparison to functonalized (NH,8 Si();) partices and
its adsorption and desorption efficiency for Pb™7, Cr** and
Hg™* ions are presented and discussed,

3.1 Characterization of adsorption materials
3.1.1 Morphological properties

Maomphological chamacteristics of the prepared samples were
determined using TEM. Among all e prepared samples
(Table 1), T/25; TS50, TDV25, TDH2S, TADS/LS, and
TA4/25 have been selected for TEM analysis.

In the case of the nonfunctionalized particles, whene
only TEQS precursor was used (sampl T/23) and the
synthesis temperature was 25 °C, relatively spherical Si0),
particles with an avemge particle size of 100 nm wen
formed (Fig. 2A). With the increase of synthesis tempera-
ture to 3 °C {zample T30), the Si(); paticles size
decreased to 60nm (Fig. 3B). The particles had a melatively
spherical shape and a higher level of agglomeration com-
pared to the particles synthesized at 25°C. RAgure 20, E
show amino-functionalized particles uwsing DETA  pre-
cursor, prepared at 25 %0 for TEOS-to- DETA molar ratio
(P} 1 and 4, respectively. Babalou a al. [52] attributed this
effect 0 the increased nucleation mate due to the nsing
reaction temperature. The second offered explanation is
decreased saturation concentration of ammonia catalyst at
higher temperatures, msulting in the lower dissolution of
TEQS precursor. Reduction and hydrolysis reaction rates
are aso lower, and ultimately the panticles size decreases.

Figure 3, E shows amino-funcionalized silica particles
using DETA precursor. It is evident that the 5i(): particles
functionalized at 25 °C (TD/25) consist of two phases.
Larger 5i}; particles of approximately 140 nm in size
were coated with smaller, 10-20 nm-sized DETA particles.
The occumrence of smaller particles can be attnbuted to the
homocondensation of the DETA preaimsor. DETA fune-
ticnalized 5i(); particles (TD/25) reached the avemge
particle size of about 150-160 nm, as shown in Bg. 3C.
Despite the fact that the reaction temperature gemerally
affects the pantick sies, we did not observe significant

93



54

Journal of SolGel Scence and Technology (2022) 103:290-308

Chapter 3. Publications and Patent

295

Fig 3 TEM images of Si0,
samples: A T/25 and (B) TS0
DETA functionalized Si10:
samples: C TDI2S and (D)
TD150, E TDY25; APTMS
functionalized Si0; Jes:

F TAY2S and (g) TADS25

deviations in particle sizes, and morphologies with any
increases in the reaction temperature from 25 o S0°C for
DETA functionalized Si0, samples (Fig. 3D). At a higher
synthesis temperature (30 °C), the TEM image confirms the
existence of large SiO; particles that are closely surounded
by a large number of tiny DETA particles that appeared to
be wmking part in a strong aggregation process, as shown in

Fig. 3D. The average size of larger SiOz particles for the
sampk TD1/50 did notexceed 150 nm while the small ones
of DETA retained a particle size of about 10-20nm.

At higher molar ratios, TEOS-to-DETA (P = 4), for the
sample TD4/25 one could expect the formation of larger
particles with increasing TEOS concentrations, but the
average particle size was found to remain about
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Fig 4 BET spedlic surface area and panticle size (D) for the pre-
pared samples
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120-130 nm (Fig. 3E) with uniformity in terms of their
morphology.  Although many authos  reported on
increasing the particle size with increasing TEOQS, con-
centration we did not motice any effect of TEOS con-
centration on the final particle size in this step of the
research [53]. From Fig. 3F, it is evident that the AFTMS
functionalized Si0); patticles {sample TA42Z35) were
formed with broad size distribution and an avemge size of
about 300 nm. As the molar mtio P decreases {sample
TAQ5/25), the wide particle size distribution becomes
even more pronounced, and a high degree of paricle
agglomeration is observed (Fig. 33). Such mechanism of
particle formation is based on LaMer’s and Ddnegar's
[4, 35] assumption that particle uniformity results from a
shont mucleation period followed by particle growth with
controll ed diffusion of molecules from the solution to the
nucleus surface. Nowadays, it is well kmown that the
nuclzation period often continues into the particle growth
penod leading to the emergence of a wide distribution of
particle sizes [36].

3.1.2 Specific surface area (BET) analysis

The specific surface area was measured for all the prepared
samples (Table 1). As seen on TEM micmgraphs (Fig. 3],
the particles were spherical in shape: thus, the avemge
particle size (Dggr) was calculaed using (Eq. (9)) [37, 58]
Dger = 5 9]
p = BET '
where p (2.2g/an’) is the theoretical density of Silk
particles [39], and BET (mig) is messured for specific
surface arca. In Fg. 4. the results indicated moreasing
specific surface area (BET) with the rise of the madion
temperature from 25 to 3070 for all prepared samples,

&) Springer

Table 2 Specilic surface area BET {m/g) and particle size Dyger fnm)
fowr the prepared amples

Sample Temperasture  Molar ratio, P Specific Paricle
FCl (ITECQS) surfao ares, @ve, Dy
[premmsart]y  BET [mig] |nm]

T25 25 - A2 138+ 14
TIM25 23 1 18 %2 15317
TS0 S0 13 %1 211+ 16
TD22S5 25 2 14 %1 1964+ 14
TD2S0 S0 14 %1 1964+ 14
TDE25 25 4 1932 145+ 15
TDa/50 S0 253 110+9

TADNZS2S 25 025 253 JLE R

TAD2550 50 28 +2 a7+ 6

TADS2S 25 05 14 %2 195+ 24
TADLSS) 5D 18 %2 152+ 15
TALZS 5 1 12 %2 27+32
TALSD S0 13 =2 210+ 28
TA225 25 2 14 =3 1954+ 34
TA2S0 S0 13 =3 210+ 39
TA4Z5 25 4 11 =1 248+ 2]
TALS0 S0 17 =2 160+ 17

except for sample TIDN/ZS due to the thickness of the
surface layer. The maximum specific surface area value was
obtained with the samples synthesized at a molar ratio P =
41 or when the addition of TEOS precursor was the
highest. The =zame effect can be noticed when using
precursor AFTMS  (Fig. 4). Calculated Dyggr  values
corresponded to the TEM micrographs. The obtained values
decreased with increased meaction emperature, and the
exceptions were in the case of the samples TD1 and TAZ.

Specific surtace arca values (BET) measured for the
prepared samples and their particle size (Dgger) calculated
according to Eq. (9) are presented in Fig. 4 and Table 2. As
can be seen, the specific surface arca of non-fundionalized
silica particles prepared at mom temperature (T25) was
about 0 ml.'g and the calkulated average particle size
{ Diggr) was about 138 nm. Results revealed that the specific
surface ama of amino-functionalized silica particles (TA
and TDY) prepared at different temperatures (25 °C and
30 7C) and molar mtios P (025, 0.5, 1, 2, 4) reduced on
average and the panticle size increased, compared to mon-
functionalized =ilica particles.

As can be seen from Table 2, the reaction emperaturne is
an important parameter that significantly affects changing
the specific surface area The results showed that the spe-
cific surface area of the silica samples amino-functicnalized
with DETA precursor at constant TEOS-to-DETA maolar
ratios (F), incrcased with increasing meaction emperatune
from 25 o 50 °C, which was meflected in decreasing their
particle size. Specific surface ara for the samples prepared
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at molar mtio P = 2 and the maction temperatures 25 °C
(TDEZ5) and 30 °C (TDXAS)) remained constant at abouwt
14m%/g with the average paricle size of 196 nm. For the
samples TDMZS and TDE/H), the specific surface area
increased from about 19m%g to 25 m/g and their average
particle size decreased from 145nm o 110 nm, nespec-
tively. An exception is the TDN/25 sample in which the
specific surface area decreased from abowt 18 m¥g to
13 mig with increasing temperature from 25 to 50 °C and
its average particle size increased from 133 to 211 nm,
respectively. This can be most probably atributed o the
imcreased agglomeration of the prepared particles. The
formation of smaller agglomerated particles was also con-
firmed by TEM images of the momphology of particles
prepared at 50 °C (Fig. 3).

Similar findings could be obtained in the case of amino-
functionalized silica samples prepared at different tem-
peratunes (25 °C and 30 °C) and maolar mtios P (0.25, 0.5, 1,
2, 4). The msults, in that case, also confirmed that the
specific surface ama of the silica samples  amino-
functionalized with AFTMS precursor at constant TEQS-
to-APFTMS molar matios (F), increased on average with
imcTeasing reaction emperature from 25 to S09C, which
was consequently reflecied in decreasing their particle size,
as shown in Table 2. It was also found that the specific
surface arca of silica samples amino-functionalized with
APTMS precursor, prepared at a constant reaction tem-
perature of 25 *C decreased in general from 25 to 11 mig
with increasing molar ratio P from 025 to 4, while it was
decreasad from 28 @ 17 m¥/g with increasing maolar mtic P
from (.25 to 4 for the samples prepared at a constant
reaction temperature of 3)°C. We assume that the reason
for such behavior can be found in the increasing con-
centration of TEQS procursor relative i AFTMS precursor in
the reaction system and tus poor coverage of the surtace of
the zilica particlas with the APTMS maolscules, along with
increasing the molar mtio P, which reflects in decreasing the
specific surtace area and increasing the particle aze. In con-
tragt, e pronounced sturation of the siica surface with the
APTMS silane moleaules at P =0.25 due to the lower TEOS
concentration relatve to the increasing APFTMS concentration
im the reaction system reflects in higher specific surface area
and thus smaller particle size [60].

OUmn the contrary, this does not scem to be the case for
silica samples amino-functionalized with DETA where the
values of specific surfaces are not a5 armanged as in the case
of silica sampless amino-functionalized with AFTMS. In
that case, we ane dealing with long-chain silane molecules
that include amine groups in their stucture (Fig. 1). We
hypothesize that such long chains of molecules can atach
to the silica surface im a variaty of (and more likely ) ways,
such as loops, trains, and tails, and thus hinder surface
interactions between amino-silane maolecules and silica

surface [61]. In addition, there can exist certain interactions
between the adjacent amine groups in the amino-silane
chains (via hydrogen bond). All of this can significantly
affect the change in specific surface area and consequently
the particle size [62].

3.1.3 FTIR analysis

FTIR specira of all prepared and dried Si() and NH, & 510,
particles, as listed in Table 1, wene comparncd to FTIR
spectm of pure TEOS, DETA and APTMS chemicals.
Partickes prepared at different molar ratios P and synthesis
temperature showed similar results: therefone, only samples
prepared at molar ratio P = 1 and temperature 25 *C (T/25,
TDN25 and TALZ2S samples) are presemted (Fg. 31 The
peak at 2975 cm™" was prescent at all precursor spectra as a
result of stretching vibrations in ester (-5i00;Hg) groups,
while the peak at 957cm ™" was ascribed to the bending
deformation of the ester groups [24]. In the case of punc
precursors, the peaks were clearly visible, whereas in the
synthesized nonfunctonalized and functionalized 5i0;
particles peak at 2975 am™ completely disappeared and was
slightly meduced at 958 am ', This difference indicates the
complate hydmolysis of fie precursors or the change in ester
silanolzata groups [37). The intensc peak at 1070 an " inall
precursors and prepared samples corresponded to the Si-0O-
5i bond due to long 5i-0-5i chains in the silane [39]. The
structune of SiC); particles with 5+0-5i bindings occurs duc
to the complete hydmly sis of the silanes with a high mumber
of Si0H gmoups available for binding. The chamcteristic
amino (MN-H) groups in the precursors DETA and APTMS
were at about 333 am! and 1610em™" [51, 50, 63].

T+ T+ T T T T T
3000 2500 2000 1500 1000

Wavenumbers (cm™)

—T—
3500

4000

Fig. 5 FTIR specira of TEQS, DETA and APTMS precursors and T/
25, TDN2S5 and TAV2S samples
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The same peaks can be observed at the spectra of all pre-
parad amino-functionalized samples, which confimmed the
successful functionalization of particles.

3.1.4 Thermal stability

The thermal stability of the Si(}; and NH, @ 5i(), particles
has been established by thermogmvimetric  analysis
(TGA). Figure 6 shows the TGA analysis of unmodified
silica (T23) and amino-coated silica samples (TD223 and
TAD.325). TGA curves clearly showed that the organic
amino-silane coating completely degraded within 900 =C.
As can be seen, the decomposition profile for the amino-
coated silica (TDX25 and TAD.525) samples is very
similar, showing two main degradation sieps. The first step,
with a gradual weight loss of 3 wt% on the heating from room
temperawre up to 1530°C, could be mainly attribuied to the
loss of physically adsorbed water within the silica particles and
evaporation of ethanol residue, a5 a consaquence of a previows
condensation of the alkoxyslane groups [64] The soond
degradation siepat temperatures bebween 250 and 900 °C with
a gradual weight loss of 10wit% for TDZ25 and 20 wi% for
TADSZS, s associaied with the Joss of the surface amino-
functional layers, presnrmably due to the oxidation of the CH;
and NHz units in the strocture of APTMS and DETA mole-
cules [65, &6], resulting in the formation of C0,, NO, and
Ho () and cleavage of individual pans of sirface-anchoned
APTMS and DETA molecules, while 5i-0-5i bonds among
silicon atoms in the strsctune of siicon dioxide remain stable.
Thie samnplas left a residue of about 65wt for TAOQ 525 and
85 wit%® for TDE25, respectively. That incnease in weight boss
for TAD 25 can be atributed to the higher APTMS con-
centration in the sample, in contrast to the TDNS2S5 sample at
which the DETA concentration was lower. Comparing these
rezsults with the thermogravimetric behavior of the pure silica

Wizghil Joss (%)
=
i—
1

754

M T2§
— Thes . |
54 —— TARLS2S

all

] 2{Hy AlHl Mk BIHk 1{HH}
Teiwprran e (57}

Fig 6 TOA curves for T25, TD225 and TA (2525 samples
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samiple T23), it is clear that the weight loss of the second sep
is mchied to the degmdation of the organic amino-silane
coating segments. The thermal stbility of the prepared sam-
ples analyzed is also in accordance with previous nesults
shown in the liemwre for other functionalized silica nano-
materials [67-T0].

3.15 Electrokinetic potential

In order & obtain surface chargefisoclectric point, the
samples T/25, TDN/25 and TAL2Z5 were me-dispersed in
distilled water. In the case of 5i(}, particles (T/25 sample),
the isoclectric point at a pH value of 2.5 was determined.
The measured zeta potential (2 indicated the formation of
8il), particles with positively charged —OH™" groups and
negatively charged -0 groups in the Si0: suface layer at
the pH values below 2.5 and above 235, respectively. For
the NH, @51}, panticles (TD1/25 and TA1/25 samples), the
isoclectric point moved from the acdic pH 235 to the
slightly hasic pH at 7.5 in the case of TDI25 sample and
the pH 935 in the case of TA1/Z5 sample, as a consequence
of the deprotonation of amino groups in the surface layer of
Sil); particles. The positive zota potential (Z) was the mesult
of the protonation of the amino groups in the acidic medium
{pH <) [17, 37].

—NH; < —NHS < —NH-
acidic medium  newiral medium  basic medium

The pH-potentiometric tittations wene used for the total
charge determination of samples T/25, TD2/25 and TAQ.Y
25 (Fig. 7). They werne carned owt in the forward (with
potassiom hydroxide) and backwand  direction  (with
hydrochloric acid) within the pH egion 2.5 < pH < 11.0. A
detailed description for calculating the pH-titration iso-
thems can be found elsewhere [56, T1].

The titration curve of the T/25 sample showed that dis-
sodation/protonation of e functional groups occurned
the pH range between § < pH < 11. The tmansition in the
titration curve is the result of the decomposition of 5,
particles in water. In the case of TD2/25 and TAON
25 samples, two sepamte steps of protonation were
observed. The first occumred in the pH mnge of 4.5 < pH <
6.5 and the second in the same arca a5 in the case of the T/
25 sample (8 < pH < 11). The obtained separate protonation
steps were in accordance with the theory where the primary
amines (-NHz) protonate at the pH-9 and the sccondary
amines (-MNH-) at the pH~4.5 [T2]. The quantity of charge or
functional groups were caloulated from the curve platcaus.
The quantities of functional groups were similar in the case
of T/25 and TIVA25 samples (.95 mmol/g and 0.97 mmol/
g, mspectively), while the highest value was determined in
the case of tie TADS2S5 sample (6.04 mmol/g).
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Fig 7 Poentomerc traton resulls for the 50, particks (T/25 sam-
pleh and NH: @5#)k pertides (TD225 and TADLS2S samples)

3.2 Adsorption studies

Adsorption efficiency tests were performed for all prepared
samples (Table 1) using the Po™*, Cr'* and Hg™* model salt
solutions, SiCk (T/25 samplk) and funciionalized Si(k
particles (TDX25 and TADS5/25 samples) indicated the
highest affinity towards cach heavy metal jon (PR, O
and Hg™*) and were further tested to determine optimal
adsorption pammeters. By calculating the adsorption effi-
ciency (Eg. (1)) and adsorpion capacity (Eg. (2)), the
fastest ions binding time onto the surface of the synthesized
sample was determined (Fig. 8.

Table 3 depicts the comparison of removal efficiency and
desorption efficiency with other adsorbent materials in the
existing literature, Different heavy metal ions Zn®, P,
Hg*, Cd™) were adsorbed using memaptopropyl functio-
nalized silica {5i()) nanoparticles prepared by Kofak et al.
The maxirmum removal efficiency for Ph™* was found to he
33.9% and adsorption capacity is 10.42 mg/g [33]. When
studying the removal of P jons from agueous solution
using vanous adsorbent materials, surprisingly, there are not
many desorption experiments done in other works, Pandey
etal. demonstmaied removal efficiency of 805 and 4.33mg/g
of adsorption capacity towards Ph* using eggshells in an
aqueous phase [40]. Removal of Pb* using natural adsor-
bents such as Moringa oleifera, opis juliflora and peanut
shell by Gautam o al. in textile wastewater displayed 86%
adsorption efficiency and 5.6 mg'g of adsorption capacity
[41]. To facilitate better adsorption of Cr'* jons from the
aqueous phase, Liyas et al. used Peanut shell, which yielded
61.5-80% removal efficiency with 4.22 mg'p of adsomption
capacity [42]. Zhu et al. analyzed the influence of iron (I
impregnated sorbent prepared from sugarcane hagasse on
the adsorption of o' from aqueous  solutions  and
demonstrated 93% of mmoval efficiency and 13.37 mg'g of
adsorption capacity [43]. Activaed carbon modified with

micro-sized goethite was used by Su et al to demonstrate
85 4% removal efficiency of O, but unfortunately, a very
low desorption efficiency of 16.9% was obtained [44]. The
maximum removal efficiency for [-Igl’ was 20300, and
adsorption capacity was 7.13mg/g by Kushwaha o al,
using palm shell[45]. Solis et al. wsed Gold nanoparticle-
coated silica to demonstrate Y6% removal efficiency and
0.1 mg/g of adsorption capacity of Hgl' i0ns in an agueous
medium [46]. According to Faulconer of al., using activated
carbon yielded a removal efficiency of 845, but they did
not perform any desorption experiments [47].

Adsorption efficiency (%) and adsorpticn capacity q;
(mg/g) of PH", Cr'" and Hgl' ions as a function of
contact time (Fig. §) were studied using 5i0); particles
(Tr25 =mample) and NH&5i0), particles (TD2/25 and
TADNZS samples). Obtained results have shown that the
adsorption efficiency and adsorption capacity increased
expomentially by prolonging the adsorption time from
2min up to 16 h The equilibrium adsorption time was
found to be less than ane hour for all tested samples. The
adsorption cfficiency and adsorption capacity for heavy
metal ions (Pb™, CF° and Hg'") removal were the
highest using functionalized 5i(); particles with APTMS
precursor, Adsorption efficiency of 99.3% of Ph™ ions,
98.4% of Cr't ions and B8% of Hg™* ions removed from
agueous solution when using NH,&5i(); particles with
APTMS precursor.

Validating our results, the adsorption capacity using
TADS5/25 sample was 34.13 mgfg in the case of Pb*" ions
and 29.16 mg/g in the case of Cr'* ions and 144 mg/g in
the case of Hg™*, Contrary to predictions, Si(l; (T/25 sam-
ple) and functionalized Si0); particles (TD2/25) displayed
mo adsorption on Hg™. Based on the results of poiential
titmtion measurements, which showed the highest quantity
of functional groups in the case of the TADS/2Z5 sample
(6.0 mmaolig), the obtained results of adsorption capacity
were expected. The number of functional groups was
similar in the case of T/23 and TIXA25 samples {095 mmaol/
g and 097mmol'g, respectively): Themfore, similar
adsorption  capacitiss were observed. Comparison  of
adsorption capacity of MHz@5i0: particles with other
similar adsorbents for removal of PR, CF' " and Hg' ™ ion
showed similar resulis (Table 2).

3.2.1 Adsorption Isotherms

The obtamed msults were modeled using  Langruir
(Eq. {3)) and Freundlich (Eg. i4)) adsomption models o
determine the adsorbent and adsorbate interactions and the
adsorbent surface properties. The characteristic parameters
of adsorption isotherms of Pb*" and Cr'* ions for T/25,
TDZ/25 and TAD. Y25 samples and adsomption isotherms of
Hg** ions for TADS5/25 samples were determined.
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The Langmuir isotherm is used to describe the balance
between adsorbate and adsorbent, assuming that adsorption
is monomolecular, all surface sites are encrgetically
cquivalent, and the surface itself is homogencous, whereas
Fraundlich isotherm considers heterogencous surfaces by
multlayer adsorption [73, 74] All the values for the pam-
meters and the comelation coefficients (R”) of the Langmuir
and Freundlich models are listed in Table 4. The companison
of comelation coefficients (R?) showed that the Langmuir

€ springer

Time (min)

Adsarption efficiency and capecity of Hg** jons (e, 1) s 2 function of
comact ame for TADS2S samples

isotherm fittied well within the experimental data for Pb™",
Cr**, and Hg™. As shown, all the values of R? for Langmuir
were ranged much higher (R” in the range 0.90-0.98) than
those estimated from the Freundlich model, which wasin the
range R? 0.51-095. This indicates the adequacy of the
Langmuir isotherm model for describing the adsorption
processes and confirming monolayer adsorption.

All the isotherms in Fig. 8 showed charactenstic Type |
isotherm shape according to IUPAC classification [75] with
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Table 3 Comparison of adsompion efficiency (%), abkorption capacity (mg'e) and desorption (%) of 510k and NH.@5i0, paricles with other

adsorhents for remeval of PHY, Or' and th

Hezvy Agdsnrhent Remsval Adsarption Desoaprtiom Reference
medal ims efficiency % capadty (mglg) efficency %
Pht Mercapio-madilied slica particles 559 1ik42 - 135])
Egg Shells 1] 43 - |40
Natural adsorhenits 56 5.6 - |41]
58 panticles 378 205 - Present work
NH: @500 partcles {DETA) 56.3 37 - Present work
NH, @530 particles (APTMS) 99.3 54 918 (L1 M HY Present work
ot Natural aclsorhent 61.5-80 432 - 142]
Irem {IT-impremmatel sorhent 3 1337 - 143]
Activated carbon modified with micro- 85.4 45 169 |44]
simed goethie
NH, @510}, partcles {DETA) L1 211 - Present work
5, panticles 735 17.7 - Present work
NH, @50, particles (APTMS) 984 291 =2 Present work
(k1M HCD
Hg™ Palm shell 29.39 713 = |45]
Gokd menoparticle-coated silica 06 irl - |4&]
Activaied cahon B4 Mot given - 147]
NH, @530 particles (APTMS) 18 144 M 1.5 M CHD5h Present work
=) Desorplion were md perirmed in literstue for such lsheling
;r]j:; :m’:‘*;:?:::d‘:;m‘ Heavy metal ions  Sample Lam groair Freunctich
parameters of PP+ md O+ e Ko Re R Kg n R
imms for TF25, TDA2S and |mge] [Vmg)
TADSZS samples and
adsorpion isothemns (Langmuir Pt TS 1829 LI12 (LN08 09M2  336E-24 025 (LB
:‘;F::’:JI‘:I:‘HEE”‘ ol TDIES  253E1 006 0K 00539 LIZE-04 0S8 (E08S
= ) ) TADS2S 98 Q5] 0023 09084 714332 2681 07687
or't TS 1737 092 [LTOE S 09739 34608195 185 (L9855
TD225 25010 D 0131 07045 HERE-(3 073 053
TALSS 7T @ 0163 06871 12337 175 (L5573
Hg** TADS2S 37 03 01063 (9888 4758 —140) (9583

a sharp initial slope for the Ph*°, Hg® and O metal
specics, that indicates high adsorbent efficiency at low
metal concentrations, with a typical equilibrium plateau
when the metal concentration increases.

The adsorption of the Pb** and Cr'* by the amino-
coated  silica adsorbents (TADS25) was naoticeably
enhanced with respedt to the Hg™" at whom the lowest
adsorption capacity (3.75 mg/g) was obtained. This can
could be interpreted using Peamson’s Theory of hard and
soft acids and bases (HSAB). Based on the Lewis defini-
tion of acids a5 elecron accepiors and bases as electron
donors, this concept states that a soft acid prefers to
coomdinate and form stronger bonds and mome stable
complexes with soft bases, and vice versa, a hard acid
preters to coondinate and form stonger bonds and mone

stable complexes with hard bases. Relatively smaller metal
ions of low polanzabilitics and high electronegativity, such
az Or'", am classified as hard acids, and amino groups
{-MH;) amre a hard hase. Thus Cr* has a much higher
affinity for amino groups than Hg**, which iz soft acid,
whereas borderine acids such as Ph™ exhibit slightly
lower preferences for amino ligands [35].

As can be seen, the affinity of surface nonfunctional
silica adserbent {T25) to Pb™ and O does not differ
significantly, 1829 mg/g for Pb™ and 17 37 mg/g for Cr'.
This can be clarified as the increased activity of surface -0OH
groups for PB** and Cr'* adsorption [76]. Hydroxyl {-0H)
groups on the particle surface genemlly act as adsorption
sites for binding heavy metal ions. According to the HSAB
concept, -OH groups are classified as hard bases and

4] springer



Chapter 3.1. Publication 1

302

Journal of Sol-Gel Science and Technobogy (2022) 103290308

therefone prefer stronger bonds with hand or borderdine
acids, like Cr'* and P, respectively.

OUm the other hand, the results for TADSZ2S5 adsorbent
revealed that the Ph'* (9.89 mg/g) was not emoved as
efficiently as the Cr'* (277.01mg/g), most probably
because of its weaker hinding strength to the amino groups
{-NH;). This can be explaned by the use of an abzolute
hardness pammeter. Pam et al. [77] stated that the abzolute
hardness parameter of the amino groups (-MNH,) as a hard
base is 5.3, while the parameters of Ph™ and CF'F ame £.5
and 3.05, mspectively. Although P is classified as a
borderline acid, the value of its absolute sofiness, which is
defined as the reciprocal value of hardness (a value of zero
denotes maximum softness), indicated the slightly softer
nature of Pb** as compared with the Cr'* [35]. Therefor, a
higher affinity of the amino groups (-NHz) for the hander
Cr'" and a lower affinity for the softer Pb*" iz expected,
This is in good agrecment with the obtained nesults. In
conirast, the results for TD2/25 adsorbent showed much
higher adsomption capacity for the Pb*" (25381 mgigl in
comparison to Cr'* (25.10mg/g).

Such differences in the adsorption of PE°, Cr'° and
Hg"' ions by amino-functionalized silica particles {TAD.5/
25, TDA50) can be atiributed to the uneven reactivity of
different types of amine groups on the silica surface due to
the many different ways that the pnmary amines can
interact with its envimnment [78]. Particulary, the weakly
basic amino groups {(-NH;) can interact with the weakly
acidic silanol groups { 5i-0H) at the silica surface, the amine
sites can also interact with adjacent amine groups via a
hydrogen bond, or they can be mutually non-interacting it
the amino groups are isolated from each other [62]. All of
that distinctly hinder the chemical interactions of heavy
metal ions with the active amino groups and affects the
adsorption efficiency and capacity. We can also conclude
that the adsorption of heavy metal ions on the amino (-NH)
tunctionalized silica surface depends so on the concentra-
tion of the amino-functional groups at the surface of the
adsorbent and the number of N-donor groups in the ligand
structune; however, many studies stale that adsorption
capacity s not always proportional to the number of amino
{-MH;) functional groups of the adeorbent [62, TE—83].

Graphically, this can be illustrated by an eguilibium
phican, where no adsorption is possible once a molecule
takes place [B4].

The By, value, characteristic tor the Langmuir adsorption
model, shows that the adsorption process is favorable i
By =1, is lincar if By =1 and is irmeversible if By =0 [B5].

As shown in Table 4, the Ry values for the adsorption of
Pb**, Cr** and Hg™ wemr found to be in the range 0 <
By <1, which & consistent with the requirement for a
favomble adsorpion process umder the condiions used
during this study Fig. 9.

) Springer

3.232 Adsorption kinetics

Figure 10 shows the pesewdo-second-order kimetics for
adsorption of Pb™", Cr'" and Hg™* ions from model salt
solutions with 50, (TV25 sample) and NH, @510, particles
(TD¥25 and TAOS/25 samples). From the slope and seg-
ment on the ordinate axiz, the walue of the cadtion e
constants (k, and k;) and equilibrium adsorpticn capacities
{g.) were determined [3)]. Cakulated values of kinetic
parameciers and cocfficients of hnear regression cormelations
{R% are sunmarized in Table 5. Comparison of the corme-
lation coefficients (R?) for cach sample and heavy metal jon
showed the adsomption process of P‘I:-l'_ and Cr' jons on
samples T/25, TDX2S and TADS2S and the adsorption
process of Hg™ jons on samples TAD 525 follows a pseudo-
second-order. The adsorption mechanism of Pb™, Cr' and
Hgl' ions include the activation and chemisorption processes
of srong chelation between PR, Or'* and Hg™* ions and
OH- groups and free-clectron pairs present on the surface of
the adsorbent material. Moreover, the adsomption process will
likely ocour by moving the metal ions from the agqueous
phase to the adsorbent surface [B6-88].

3.23 Themmodynamics

For insight into the adsorption pmocess, it & necessary io
consider the thermodynamic activation parameters. These
adsorption process pammeters ane activaion enthalpy (AH),
activation entropy (AS) and free energy of activation (AG)
[§9]. Taking into account the wvalue of the equilibrium
constant (K], the value of (Gibb's free energy (Ad5) at a
specific temperature (298.15; 32315 and 348.15 K) was
calculated. Based on the caloulaed walues, the value of
enthalpy {(AH) and entropy (AS) wene graphically deter-
mined [%]]. The values of the individual thermod ynamic
parameiers for the adsorption of PE** and O jons from
mode]l =alt solutions onto the TV25, TIXAZS and TADS
25 samples and Hgl' ions from model salt solutions onio
the TAQ.325 samples are listed in Table 6.

For significant adsorption to ocour, Gibbs free energy
change must be negative [91, 92]. As shown in Table 6,
Gibb's free energy change (AG) values were found to be
negative at 298,15 K for adsorption of Hgl‘ ions with
TADS/25 sample and O jons with IS sample, at
32315 and 323.15K with TIXA25 sample and at all tem-
peraiune with TAD 5/25 sample, which shows the feasibility
and spontaneity of the adsorption process. In other cases,
the A values wem positive, which indicates that the
energy for the activation of the adsorption process should be
conveyad from the surmundings [91].

Asis evident from Tabke 6, inthe case of the adsorption of
Pb** and (r'* ions with the T/25 sample and Pb** jons
adsorption with the TDX25 zample, Hg™* ions with the
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TADNZS samples, the vale of AG significantly increased
with the increasing emperature, which implies that lower
temnperatune makes the adsorption easier. On the contrary, a
decrease of the AG value with an increase in temperatumne in
the case of adsorption of Pb* " ions with the TAD.5/25 sample
and Or** jons with the TD2/25 sample indicates that the
adsorption process is more favorable at higher temperatures.
This could be explained by the increased mobility of Pt
and Cr'" jons in the solution with increasing temperature.
The enthalpy change (AH) was negative in cases of
adsorption of Hg'* ions with the TA(.525 samples, Pb™™
ions on T/25, and TDR2/25 samples and in cases of binding
Cr'* jons on T/25 and TAD.525 samples, which implics
that the adsorption phenomenon is exothermic [Y3]. In an
expthermmic process, the total energy absorbed in bond
breaking is lower than the total energy meleased in the bond
making between Pb*", O md Hgl' ions and samples”
surface, resulting in the release of exim thermal energy. In
the case of adsorption PR ions on TAQ5/25 sample and
Cr'* ions on TD2/25 sample, a positive AH value implics
that the adsorption process is endothermic [*4]. The
adsorption process of the heavy metal ions on the solid
surface (solid-liguid system) is a combinaton of two

processes: {a) the desomption of the solvent {water) mole-
cules previously adsorbed, and (b) the adsomption of the
heavy metal ions. In an endothermic process, the heavy
metal ions have to displace more than one water molecule
for their adsorption, msultng in the endothermicity of the
adsorption process. The magnitude of AH may also give an
idea about the type of somption. The heat that develops
dunng the physical adsorption is of the same extent as the
heat formed during the condensation and has the value of
2.1-209 kI mol”. The heat generated during the chemi-
sorption process is generally in a range of 80200k mal
[92]. Therefore, in given conditions, te adsorption of PH**
and Cr'* ions from sakt solutions with T/25, TD2/25 and
TADS5/Z5 samples and the adsorption of Hgl' ioms from salt
sphitions with TADS/2Z5 samples can be atiibuted to a
physicochemical adsorption process (Table 6.

A positive value of AS of the TV25, TDX25 and TAQLY
25 samples meflects the affinity of the functional groups
towards the PR and Cr'* jons. In addition, the positive
value of AS suggests increased mandomness at the solid!
sohition inerface with some structural changes in the sample
and the Pb** and Cr** ions [92]. The value of A% was
negative in the case of adsorption of Cr'* and Hg® ions
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Table 5 Kmaics parameters of

Poit el O doms far TS, Heawvy metal ions Sample Paeudo-lirs order Paeudor-second order
TD2/25 and TADS2S samples q k B2 9. ks R=
and kinetics parameters of Hg** [y P#mim) |mgfg]  [gfmgmin]]
immns for TADRSZS smples
Pt T25 .96 L {LE351 20067 LS ] L9956
TO225 280 HHEG L1191 3R 32 L9999
TALS25 929 MHET ik 1740 54.67 (1016 L9993
ot T25 937 (LHNKE L1309 1871 ({281 k9999
TO225 1594 (T L2263 17.74 (KB ik 90
TALS25 951 (R L3663 2929 (005 L9997
Hg™* TAS25 1.75 (WK 1 (LET4&4 1362 {1755 L9956

with TDXY25 sample and TA0S5/25 samples, respectively,
suggesting that the adsorption process is enthalpy driven. A
negative vale of entropy change (AS) also indicates a
reduced disorder at the solidfliquid interface throughout the
adsorption process resulting in the escape of Cr** jons from
the solid phase to the liquid phase [50].

3.3 Desorption studies

In order to synthesis an ideal adsorbent material, tao key
pammeters must be evaluated, adsorption and desormption

) Springer

efficiency. Adsorbent materials that show higher adsorp-
tion cfficiency and posscsses batter desorption propenty
can considerably reduce the cost of the recycling process.
In this study, the desorption of Pb**, Or'* and Hg™* ions
from NHzE0 50 particles {TAD. 325 sample) was tested
using two different acids (0.1 M HCl and 1.5M CgHgO5).
It was thought that if metal ions were adsorbed on the
adsorbent material by electmstatic interactions, then acid
solutions, such as HCI and CgHg Oy, would regenerate the
mectal-adsorbed materials due to increased concentration
of H", giving place to ion exchange with the adsorbed
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Tabde & Thermadynamic perameters aof Pb™ and Or' ions for T925,
TD225 and TADS2S sxmples and thermodynamic parameters of
Hg*t ions for TALS2S smples

Heavy Sample T(K) AG AH AS
metal jons Elimal)  (klmoll &Vmal)
Pt TNS 29515 1.9 =327 k19
e N LI Y
34815 293
TO2ZS 29815 100 =1021 [Tk ]
375 272
34815 293
TADSZS 2915 9M 2613 [T
e I LI v
34815 A
or TS 29815 -0 —21%2 071
32305 09
34815 284
TORAS 29815 L4 693 -4
3NS5 -138
34805 -146
TALSZS 29815 —1106  —li86 [T
32315 -9
34815 —11.02
Hg™t TADSZS 29815 -1.17 2204  —(0OW0
3705 058

34815 253

metals. The results showed that 0.1 M HCl and 1.5 M
CeHy()y was suitable for very high recovery (91.8% and
39.4%, respectively) of Pb** from the TAD.5/25 sample.
1.5M CeHgOq and 0.1M HCI showed 100% and 16%
recovery, spectively, for Hg™ from the TADLS/25 sam-
ple. However, low recovery (>2%) of Cr't from the
TA05/25 sample suggested that Cr'* jons form morme
stable chemical bonds (i.c., copmdinated covalent bonds)
with a synthesized adsotbent material. The irreversibility
of the Cr'" adsorption process onto different adsorption
materials using various acid solutions was also reported
by Flomes-Cano et al. [95], Tyttak et al. [96] and Bernardo
et al. [97]

4 Conclusions

In this study, silica (5i0:) and amino-functionalized S
particles {NH; @ 5i0;) were synthesized according to the
Stbber method and wsed as the adsorbent material for
heavy metal ions removal (PR, Cr't and Hg™) from
aqueous solutions. Adsorbent materials were prepared
using precursors  tetracthoxysilane (TEOS),  3-(imi-
methoxysilylpropyl)  diethylenctriamine (DETA)  and

(Z-aminopropyl) trimethoxysilane (APTMS) with differ-
ent molar mtios (P) at room and elevated temperatune at
vanous pH values. The formation and functionalization of
relatively spherical Si(}, particles were confirmed by
Fourier Infrared (FTIR) Spectroscopy, Thermogravi-
meiric  analysis  (TGA) and  Transmission  Electron
Micmscopy (TEM). The isoelectric point obtained by zeta
potential {2) measurements were in the pH mnge > 2.5 for
Si0); particles, while the functionalized MH 8 5i() par-
ticles was around pH 7.

The results showed that the adsorption efficiency and
adsorption capacity for sudied heavy metal ions (Fh™,
Cr't and HEL] removal were the highest when using
APTMS precursor to functionalize 5i0); particles. Fur-
thermore, adsorption capacity using NH, @ 510 particles
with APTMS precursor was 34.13mglg in the case of
Pb*", 20.16 mgig in the case of Cr' " ions and 14.4 mgig
fior Hgl‘. The adsorption efficiency was 99.3%, 98 4% and
B8% of Ph'", Cr''and Hg'" ions respectively removed
from aqueous solution.

The comparison of cormelation coefficients (R;) of
Langmuir and Freundlich isotherms showed that the
adsorption of PE*, Cr'" and Hg™* with all tested samples
best describes the Langmuir adsorption model. Compar-
ison of cormclation coefficients for each adsorbent and
adsorbate showed that the adsorption pmocess targeted
heavy metal ions followed pseudo-second-order Kinetics.
The results suggested that 0.1 M hydrochloric acid (HCl)
was suitable for very high recovery (91.8%) of Pb™* and
15 M citric acid { CgHg05) was ideal for 100% recovery of
Hg** from adsomption material. However, further investi-
gation will be focused on the desorption studies of ot
from adsorption materials and regeneration of as-prepared
particles for muse purposes. The binding efficiency of
other heavy metal ions such as cadmium, zinc, etc., will
alzo be studied.

Acknowledgements The result presented 15 performed with finam-
cial suppont from the GMOS-Train Program Ewropean Union
Horizon AR20} research and innovation programme under the Marie
Sklodowska-Cune grant agreement no. 560497, The work is oo-
funded by the project HMRecycle from the Burostars-2 joint pro-
gramme. We express our gratiude 1o the national funding or g2mi-
sation Slovenizan Minsay of Education, Science and Spon (www.
s gov sifken) for additional co-financing of this work. The resuls
were created within the Research program Design of new proper-
ties of (nano) maerak & applications, Mo, P2-0424 and authors
acknowledge the linancal suppon from the Skvenizn Research
Agency.

Compliance with ethical standards
Conflict of interest The authars declare no competing ineneas.

Publishers notée Sponger Mawre mmains neurzl with regand w
Jurisdictional claims in published maps and manuemal Afilstons.

) springer



Chapter 3.1. Publication 1

306

Journal of Sol-Gel Science and Technabogy (2022) 103290308

References

12

. Euwropean Commumity (200F Directive ANMGVEC of the Euwr-

opean Parlizment and of the Council of 23 Octoher 200K} estsh-
lizhing a framewark for Commumity aiion m the fiekl of waler
palicy. Official Joumal of the Ewropean Parlizment vol. 1327, no.
Seplember 199 pp. 1 =82, haps ol org 1IR3 2p %85 42 1K %6
Cupta A, Singh MR [2M7) Water Pollution-Sources E fTects and
Contral [Omline]. Availshle: hipsyfwww reserchgste na fpublica
tim 32 12H9637

. Endeden U, Enderlein RE, Willizms W (1997 Water (huzhity

Requirements, Water Polluton Contral - A Guide 1o the Use of
Water CQuality Management Principles. p 29. hipssiidoi orgf 10,
43249734 TT 540

. Vema R, Dwivedi P (201 3) Heawy metal water pollution- A cxe

study, Recent Res. S5c Techmol, wal. 5, no. 5, pp 9899,
[Omline]. Available: hifpfrecent-acience. aym’

. Gorito AM, Ribeiro AR, Almeids CMR, Silva AMT (2017) A

review om the application of constrocied wetlands for the remova
aof priomty sub e amd o of emergmg concemn his-
tal in mcendy bunchal EU legislation. Emvion  Polle
227428443 haps Ndod.org L0164, envpal 2007 6 K6l
Escrhang Francds GG, Quevauviller P, San Martin Gonedler E,
WVamas Amelin E (217) Climate change policy and water
resources. in the EU md Span A cloier ook imo the Water
Framewark Directive. Bnviron Sa Palicy §93:1-12 hips:fdovorg/
TERTOR . ey s 200D 6.1 200K

. The Boropesn Partbsment and the Comndl of the Bompean Union,

(A3 ) Dimctives of 12 Angust 200 3 amending Direct ves 20000607
EC mned 2008105/EC 25 regands prionity subsdances in the fiekl of
water palicy. (Mficial Joumal of the Buropean Unin. pp. 1=17,
23, eurde ewropaeufep -contentEN T TP un=celex: 32013
Lin3g

Kix Durjava M, Kolar B, Balk F, Peijnenburg W (20013 ) Water
framework directive and specilic polluanis in suface waters i
Slowvemia Acta Hydrosechnics 455 1-69

Minisry of the Environment and Spatial Plnning, “Rules on
drinking water,” Slovenia, 3} 7. [[Dnline]. Avadlable: b fhwww.
pism siPis webipregledPred pisa Tkl =PRAV3T1 3

Miniary of the Enviromment and 5 potial Planning (2007 ) Decres
on the discharge and resiment of urhen wasewater. Slovenia
e 1-34

. OMficial Joumnal of the Ewopean Union (213 ) {Legislative acis)

Directives, XN3GWEL OF THE Europesn Parlinment e OF the
Cowncl of 12 August X3 amending Directives ANMGIFEC and
2008 MSED 2 regands priority substances in the fiekl of water
palicy. hips: feanr-lex sumpa. eo/Lex UnServiLexUnServ do fun=
D120 32260010017 EN:PDF

Anmakumers KKIU, ZFhang X (2007) Heavy metal hioacoumn-
lation amd toxicity with special reference fo microal gee 1 Ocean
Univ China Wna. 1360-64. hitps: Fdod ong! 1001007 5.1 1802 -(ME-
-y

. Dz 5, MaminQonzaler A, Guiderrer 1O (2004) Evalustion of

heanvy mestal aoule toxicity and hioscoumulaton i sodl cilised
proneoa Envinm Int 33na 637 11=-717. htps:Fdodorg/ 101016
Joemvin 20006 015 (W

. Mohamed K, Morad L, Al-blewi Faweia F, Nadjet R, Reda AM,

Mesabi M, Rachid T (216) Liquid-liquid extraction of metd
ims, OFT and TD-DFT amlyss of some 1.2, & tnxcale Schiff
Basies with high selectivity for Ph{ll) and Fe{ll). J Mol Smua
T113:99=107. hapsdodorg /100100 6. ol stroc 200 .02 046

e Lom MDG, Bellindes LM, Asse RM, Lo MO (25

Removal amd recowvery of lead i 2 Huidiced-hed reacior by
arytlliztion process.  Hydmmetasllurgy 1556-12. hips Sidoi.
a1 1016 hychromet 2015 3. (04

£ Springer

16

15

20

2L

22

23

24,

25

26

e

28

29,

kLI

3L

Bobo BA, Pawipwski L {1957T) Waite Water Trestment by lon
Exclemge. Mew York: Chapman and Hall

. Baumen M, Kofsk A Loboidk A Pernid [, Laxhacher T (2413}

Mamolilration membranes maodilied with alboxysibmes: Surface
characteration using oetz-potental Collodds Surfaces & Phys-
cochem Bng Asp 422:1 101 17. hiips Sdodorg/1 L1164, ool surfa
200 30005

Da'ma E (2017) Adsorption of heavy metalk on functonalized-
mesaporous silica: A review. Microporous Mesoparous Mater.
247:145-157. hotps:fcdoi orgd 1010 & i cromesa. 200 7 063,
5l

O X, Alvarex P11, Li Q) {2013} Applications of nanotechnolgy
in  waler and wadewaler irestment Wakr Res  4T(no.
120393 1 =396, haps ol om0, 1006 watres. A012 (9058
Mende M, Schware [, Steinbach O, Bald B, Schwane 5 (20146)
Simubanesws sdsorpion of heavy metal imns and amons Fom
apems  solhtims o chittkan—Investigted by specino-
photometry and SEM-EDX anabsi Colloik Surfaces A Physi-
cochem. Eng Asp 510kI75-252. hops Sdod.ong/1 L1016, ool surfa
200 6048.033

Salem Attia TM, Hu XL, Yin DO (AF13) Synthesiosd magnetic
namoperticls ooated yeolie for the adsompion of pharmoce tical
oompounds from aqueows soluion using baich and column sm-
dies. Chemasphere 93(no. 90:2006-20E5. hitpa: VdodorgTILT &
jochemsyaphere 200 3.07 046

Buskeva AE, Galmma EV, Buskovas IV, KEuchenowas AE,
Agarwalb 5, Tlacheva AQG, Gups VE (2005 Adsorpton of
havy metlk on comventionzl and nanosmuctured materials for
was Ewaler nestment purposes: A review. Ecooxiool Emviron Sal
188:702-7 12, heps:Fedod org /L1 & ecomn v 200 7. 11 1134

Smith L, Tho-Mohsmmed T, Koh SC1L, Reaney IM (2018) Life
cycle axemmen and envinnmental profile evalutions of high
volumetric effidency capacitors. Appl Energy 220k&896-513.
hips: Feked. arg /10010 &) apenergy 2008 03.067

Yong WYD, Zleng Z Crigobal (0, Chin WS (2004) One-po
synthess of sudace fimctionalized gphericd alica pariicles. Noids
Surfaces A Physicochemn Eng Asp 460k151-157. hips:fdoiorg’
TUL1EK 6. col b, 2014 03039

Vikumik B, Lobmk A, Kofsk A (21 5) The mmova of Hell) ioe
Imm mjueous solutions by wing thiol-hmcionalizal ohal feme
magmetic namopartides. ] Sol(Gel 50 Tecnol, 7481)0:199-207.
s o org/ 100 WK 1047 3 18- 3 596-x

Amin MT, Alavha AA, Mamooor U (200140 A review of removal of
polluamis from water/wadewater wing different types of nano-
meteriak. vol. X4, haps Sdod ong/100] 155200 LR35 10
Bogush GH, Tragy MA, Zukeld CF (1988) Peparation of
memadigpene slica paticles: Contral of sixe and mes foction. 1
MNom Crya Solids 10dno. 1095-106. hipsSdodorg T &
(2 2-309 3 B R RN BT -1

Singh LP, Bletcheryya SE, Ahabowat 8, Kumor R, Mishra 0,
Shama U, Smg G (20014 Sal-Gel processng of alica nana-
particles and dtheirr applications. Adv. Colloid Inerface Soi.
214:17=37.. haps: Fdod.org /100100 6. cis. 0014, 1IMWR

Ezngo 5, Kalia 5, Celli A, Mjuguna 1, Hehibi Y, Kumer R (213)
Surface madilication of inorgmic icles for devel

of argmic-inorgmic nanooomposites - A review. Prog. Polym.
Sci 38na. R 1232-126]. haps Sido om0 10164 progpoty meci.
200 302,003

Milea CA, Bogatu O (2011) The influence of parameters in silica
srl-gel process. Baoll Tramilv Univ Besov Eng Sa dino. 13:59-66
Liu%, Han MY {201 () Silice-oosted mets] nenoperticles. Chem - An
Asiam J Sine. 15 36-45. hepeafichodong? 1001 (02 Secia 200002 28
Vanzmi BF, Van Der Voori P, Vrancken KC {1995) Characier-
teation and chemical madilication of the dlica sudface. Vol 93
Hsevier, Amsterchm. [SBN (4445 19282

65



66

Jowrnal of SolGel Sdence and Technology |2022) 103290308

Chapter 3. Publications and Patent

7

33

34,

35

36

3

35

39

4k

41.

42

43

44,

45.

46,

47.

48,

Brinker C, Scherer (GW ({1990 Solgel science: the physics and
chemisgry of solgel pocesmmng. 15t BEdion Acadermic Press.
Landon. ISBN 978008057 1034

Brands F (201 1) The sol-gel moute o mnocomposies. Adv
Namocompesites- Synth Cheractenissiion Ind Appl. 14:323-340.
hips Wik org/1 L5772/ 5454

Enfk A, Lobnik A, Bawnen M (2015) Adsompton of merauny {1,
leak{ 1Ty, cochmiumdll) amd aomclll) fom ajueous soldimns wsng
mexapo-medified sbica peticles. Im J Appl Cenm Technol 123no.
2] =472 bt el orgf10L11 11 ijac. 12 180

Witncla GL {1993 ) A slene primer: chemisdny and apphcations of
alkoxy silanes. ). Coatings Technol 65(no. 822357601 haps
cloni o100 11 248 el 100 2E 459

Bauman M, Kofsk A Lobnik A, Petrinid L Laxhacher T (XM 3)
Namolihmtion membranes modified with alkoxysibmes: Surface
chamcteristion wing etepolential. Collodds and Sorfaces A:
Physicochemical ancd Engineering Aspects, £22:110-117. haps
cloni g 100 10164 ool surfa 201 301005

Li X, 5hi B, Wang ¥, Li M, Lin Y, Gao LL Mao L (215
Preparation of memadisg d n silica particles and
their applications in adsomtion of Au™" and Hg' afier mercapio-
functionalized tregment. Miooporous  Mesoporowms  Mater
214:15-22. https o arg /T 6. moncromsesa. 215 (4033
Heidari A, Younesi H, Mehrahan Z (2009 Remaoval of Mi{ll},
Cd{II), and Fh(Il} from a temary agueous solution by amino
funciimale d mesoporous and nano mesaporous silica. Chem
Eng J 153mne. 1=-3n70=79. haps o org100 10 6 o] 209,
5016

Pandey &, Singh N, Shukls 5§, Tiwari M (200 7) Remewal of Lead
and Copper from Textle Wastewater Lsing Egg Shells. Immian
{Iramica) J Enemgy Environ 53 3:202-209. hops:Fdodong/10.58297
e 200 7,08 05 04

Cautan K, Markandeya Singh NB, Shukl 5P, Mahan D (20200
Leal remaoval effidency of vamiom mioral adshents (Monnga
aleifera, Prsopss juliflora, peamut shell) fom textle wadewater.
Springer Naure Switzerland AG 2288, hops:dod. ong/T0L10TS
4245 200 A5 -}

Iyas M, Ahmod A, Saeed M (135 Renoval of Or (W fom
auenn solutions using peanul shell & adsorbent. ). Chem., Soc.
Pak. 35(3:THd-T68

Zhu Y, Zhang H, Zeng H, Limg M, Lu R {22 Adsorpion of
chmmium (V1) from agueows soluion by the mom (I -impeg-
naied sorhent preponed from sgarcane bagesse. Int ] Bnvinmn Sai
Technol %463-472 higps Filoi org! W NN A 13262000 2-0043-9
Su M, Fang ¥, Li B, Yin W, Gu J, Liang H, Li P, Wa l (XN
Enhanced heavadent chromium remova by actvated carbon
madified with micro-sined goethie wing a facle imgremation
methad.  Sci. Environ, 647:47-56.  hapsSSoi ongf10 100645,
scieny. B 07372

Ewhwala 8, Sadaye 5, Padmejs P (ANE) Equilibrium, kinetics
and ermadynamic sudies for adsapton of Hg (1) on palm shell
powiler. Wirld Acad 56 Bng Techmal 19:597-603

Solis KL, Nam Go-Un, Hong Y (20016) Effectivenes of gold
namqet cle-coated 1995licain the remsval of norganic meroury
in apueons sysiems: equilibrium and netic @udies. Envinon Eng
Res 21 ina. 1e99-100. Crosgel. haps Sddol ong/100849] feer 200 5.
126, "Karean Society of Environmental Engineering,

Faukoner EK, von Reitengein NVH Maxyck DW (2012)
Optimtestion of magnetic powdered sctivated carbon for agueous
Hg (I} removal amd mapnetic recovery. J. Homnd, Mater.
199=-200-9-14

Yusmania A, Puwanio EA, Pan, Rosyidsh D200 7T) Adsaption
af PH{Il) using silica gd composite from nce husk ash maodilied
J-aminoprogy inethoxysibme  (APTES pactivaled carbon  fom
coomul shell AIP Conf. Proc. 1823:n0. L hitpsidolongf 10
106314978107

49,

Sik

Sl

52

53

54

55,

Sh.

a7

S8

549,

&al.

[

a3,

5.

il

Semging 5, Chulearw T, Pengpemich 5, Pomchud B (25
Adzorption of Micke] and Chromium kns by Amane-Functonalbized
Silica Aempel MATEC Web Conf. 156:48-7. haps:fdodon/10.
1R et emcon P 815605004
Salani RDC, Ehomamshali G5, Khatee AR, Jori 5 (X014)
Silica namopowderdalginate composite for adsoaption of lexd (1)
i in apemns solions ] Txwan bst Chem Eng 45(no.
3r973-980. hips:Vdoiorg 10,1 &7 jtce 200 304000 4
Zhzo ), Niu Y, Ren B, Chen H, Zhang 5, Jin 1, Zhang Y (2/E)
Synthesiz of Schiff hese (mcionalinzed supepEramMEmetic
Feddcomposiies for effedive remova of Phill) and O Fom
auems solution Chem Eng 1 347:574-584. haps S&loi om0,
1K &fj.osj 20180415 1. no. March
Lai X, Sun D, Hou Y, Zuo Y, Li Y, Zhang L (2018) Amdno-
Functiomalized Multilayer Core—Shell Mesoporows Omanaeilica
Manespheres for On(VI) Removal Adv. Mater. Interfaces, val. 5,
ma 18, higpsiodorg 10 T sche. 20 1R I063 0
Bagush GH, Etzukoski CF (1991) Studies of the kinetics of the
pecipiation of uniform glica panicles through e hydrol ysis and
omdemation of alicm alkoxides. ] Colloid Inerface Sa 142:1
La Mer VK {1952) Nuckation in phase transitions. Ind Eng Chem
44:1270=1277. hpsiloi org! 10,1021 AeS05110027
Look JL, Bagush GH, Zukesld CF (1990 Colkids] intemsction
during the precipitation of wmifomn  submigometre particles.
Farasdbry Discuss. Chem. Soc. 40345
Tahatshasi 5, Shulohix A, Aghehshacodeh B, Midhahibi A (200
Experimentl stxly of the symhesis and chamceraton of shbca
: via the zol-gel methad. ] Phys Confesnce Series 26
ime 1337 1=-374, hapacdod ong” 10010887 42-6.596.26. 10410
Hoang H, Wang Y, Zhang ¥, Mo Z, Li X {20201 Aming-
fmctmnalized graphene oxde for OnWI), CoflT), Phill) amd Cd
(I remewal from mdusnal wesewser. Open Chem.  18{no.
197 =107, haps S&loi org10 15 155hem- 200N
Dghronwski A (2NN ) Adsorpion — from theory o practice. Ady
Colloid Interfaee Sa. Bino. 10135224, hipsfdodorg/ T &
K] -BERO{ MM -B
Debhaghian MA, Babdoo AA, Hadi P, Jammasdoua E (2010 A
Parametric Siudy of the Sy 1% of Silica N icles via Sal-
(el Precipitation Methad, Inemationa]l Joumal of Nmoscence
and Nannechnology @(no 21 0kd=113
Hadels A (22 Novel reusshle hmcionalized magnaik cohah
femite mnoparticles & il adsorbent Adsor 5 Technol O
(R 1=23. haps ol org/100 11 TTA2636 1742082201 4
Drew Myers, {1999 “Surfaces, Interfaces, and Colloids: Princi-
ples and Applications™, Second Elition. John Wiley & Sons, Inc.,
LEBNs: (147 1-3 304
Michael W, McKnmck (ANB) Toward singlesite Rincionsl
maerial preparation of amine-functionzl ioed surfaces exhibitng
site-isnltal behavior. Chem Mater 15:1132-1139
Manyangade M, Chkwowse NMH, Naraish TH, Chaloa OS5,
Charis (4, Danha G, Mamvara TA (2020) Adsoption of lead jons
frewm waserwater using nano silica spheres synthesized on @lcom
carhomate emplees Heliyon &no 1 1eel5 309, hops kol om0,
1K & e yon, 202005 309
Relondker A, Inuga L, Fermimder-Berrici M (20000 Characterics-
tim of silamzel polyiether-urethane) hybrd sysiems usng ther-
megravimetic amalysis {TGL 1 Them  Anal Cdonm
1M :331 =337 hops:Vdod org D007 1097300 (MM 74-3
Eulkarm 5A, Opale 5B, Vijpyamchamen KP (2AME) Tuning the
hydmphohic propertes of silica panticles by swrface silanizaton
using mixed self-amembled monolayers. Colloid Inmerfae S
31837
Chan OCP, Chaudhury MR, Majewski P (200 1) Fatricaion and
characiersation of self-asembled mombyes of Ne|3(imb-
methax y=al vl yropy ljdiethy lenetnamine on silica pertcles. Col-
koids Surf: Physicochem Eng Aspects 3772027

&) springer



Chapter 3.1. Publication 1

308

Journal of Soi-Gel Science and Technology (20232) 103:290-308

67, Pérez-Quintnills D, del Hierro I, Fajardo M, Sierma [ (205
Mesoparows. silica  mctionalized wih  2-mercapiogyrcine:
synthesiz, characteriztion and employment for Hg (1) adsomption.
Miooporous Mesoporous  Mater B9:58-68. hipsafilon org/ 10
1K &j e cromeesa 20605 10,012

68, Pérez-{uintnills 1, del Hierro I, Fajardo M, Sierma [ (2
2-Macapinthirohne maodified mesoporows sibica for menoury
remewal from =pess media ] Hoord Master 1340300
P 245-256. hups:dodong! 10106 jheoereen NN05.1 1004

69, Pérez-(uintmills 1, del Hiemro I, Fajardo M, Siema I (20065
Preparation of 2-mercapohemmothizrole-derivaioed mesoponms
silica and removal of Hg (1) fmom apems soloton. ] BEnvinon
Momit §:214=-222. haps Sdodorg T 1IBYB50798 30

Tik Lizng B, Zou H (20205 Remerval of aquecus Hg (1) by thiol
Tunctomakized o silica muicrosp prepared by one-
step sol-pel methad. REC Adv 131185341 8542, hatpsSidoi.
argf T I el 27 59

TL IUPAC {1962) Reponing physisorption deta for gasfsolid s ysems.
Pure Appl Chem 5d(no. 1151-18. hapsSdoiog/10.1351pa
cl 9855 M Maa03

72 Zendjitl. F, Cakara D, Michselis M, Heinze T, Kleimdhek KS
(2001} Prsonation behavier of Gdeoxy-6-(2-aminoethy Deming
cellulese: a polent i timatiomn stcy. Cellulose  15{no.
133343, hips:Sdodorg 10T 105 M- 9467 -x

73, Exlem E, Karapinar N, Dot B (2004) The remeowal of heavy
metal cations by natural ceolies. ). Colloid herface 5o, 280
(2 300=-3 14, hps:Vdodong! 10106 jois 200408 (28, 1553 3402

T4, Jiamg Y, Pang H, Lizo B {ANE) Remaoval of copper {11 ions from
sjuecas soluion by modified bapsse. ] Hoord Mater 164
{1 1=9. hpea: Mdodorg? 10,1018 jhecomet 200807, 107, 187940586

75 Sing KSW (1985) Reporting physisomuion dat for gasfaolid
sysiems with special reference i the determination of surface ares
and ponkily (Reommendations  1984). Poe  Appl. Chem
ST:603-619

Th Yong lee Suh (201 5) Role of chemical hagness in the adsopton
of hexavalent chromium species anio metal oxile nanoparticles.
Chem Eng J 27 3:401-405

77, Par R{, Persom RG (1983) Alsole lexines: compaion pam-
meter i shsoluie dacronegativity. 1. Am Cham. Soc. 105:7512

TR Yokai T, Yoshitale H, Tasumi T (2004) Symhesis of amino-
functiomalized MOM-4] via dimcl co-cmdensation amd pesit-
synthesiz grafiing methods wsng memoe-, di- and w-amno-
orgnoalkoxysibmes. ] Mater Chem 14:95]1-957

79, Manu V, Haresh MM, Bajaj HC, lsra RY (20080 Adsapton of
Cu™t on amine nctimalipal silica gel with di ferent koaling. Incd
Eng Chem Res 45:8954-89460

Bk Lee ], Kim JH, Ched K, Kim HG, Park JA, Cha SH, Hong 5W,
Lee JH, Lee JH, Lee 5, La= 5Y, Chod TW (20 8) Investigation of
the mechmim of dromium emoval @ (3-amonopropyTin-
methaxy s bme funcional tred mesoporous sbea. 5a Rep 8:1 2078,
higps Fdod.org/TL1D3E 58] 59801 8-29679-x

Bl Gamodn WV, Arencihiz A, Amumsga IM (20019 Agquaosus heavy
metals Emoval by removal on e fumotionalized mesopomoas
silica”™. Dealimtion Water Trestment 186:2 10226

82 Fheng L, Yo C, Zhao W, Hua Z, Chen H, Li L, Shi J (2T
Preparation of muli-amine-gmfed mesoporows silicas and hedr
application 0 heavy metal ions adsomption. 1 Non-Crys Solids
353405 5-4041

Hi.

B4

LS

B,

.

HE.

B9,

a1

92

93,

95,

a7,

Dhnclar MH, Yafian MR, Restsmmia 5 (200 5) Potential of func-
tamalized S5BA-15 mesopomus materials for decontmination of
waler sodutions from On(WIL As(V) and Hg(Il) ions. J Envirmn
Chan Eng 3989495

Faa KY, Hameed BH (2000 Imsights into the modeling of
akorption Botherm sysiems. Chem Emg 1 15&na 13:2-10
hipe: Vo g TTL 1M &, com 20080 0E100 13

Langmair  Fremndlich Temdan AOQD, Dubinin-Raxbshlkevich
(2A2) Bosherms Smdies of Bquilibrium Somption of Zn 2+ Lne
Phesphoric Acid Modified Rice Hok. 1035E J Appl Chem 3ino.
1 38-45. hups:Fdodorg 109757 36-05 13845

Gogai 5, Chalosbonty 5, Sailda MD (20018) Sudace maodified
pineapple crown leafl for adsomption of (V1) and Co{lI) dons
from auemus sohution. J Environ Chem Eng &na. 2 2492-2501.
hipe: ko o ML 1M 67, jece 200 BG40k

Enthabowals N, Blite IP, Gun'ko VM, Jaroniec M, Orabicls B,
Semeniuc BF (2013) Postsynthesis sudace-modified sibcs
asorbents for heavy metal don contaminants CdfIly, Cofll), Or
(I, amed Soll) in squeous solutons. J Collodd Interface Sci 392
(me. 10:57=64. haps Odod.arg /101K 64, jeis 200 2. 100037
Zhuavlev LT (AW The arface chemiiory of amorphous sibica.
Fhuravlev mudd. Colloick Sorf A Physianchem Eng Aspeds 173
(na 1=371=38. higps Vol o]0 1016 5092 - TI5 NN INISS 6-2
Lae L (AME) Chemical thermaodynamics. Venmus Publishing Agps.
ISBM 978-87-7681-497-7

. Saha P, Chowdhury 5§ (2001) Insight into adsorption  therma-

dynamics. Thermaodynamics hitpaidoiorg/ 1005772/ 3474

Al Ehan AS (202 Evdwtion of themmodynamic paramaes of
cadmium sdkomon on nd from Tembin alsomton sotherm.
Tudkish ) Chem. 3no. 3e437-043. higes oion/10 39060Em-
1108-34

Iekris SAM (2015 ) Ackoption, kinetic md thermod ynamic sudies
for menganese exdraction from aquemns mediom usng mesopor-
o silica, Joumal of Colloil and Imedace Science 48005490,
hopes: koo 1O UKL, i 200 4, 10022

Eushwaha AK, Gupia N, Chagopachyaya MC (2017 ) Adsorption
hehavior of lexd omo 2 new ches of functiomliced slica gel.
Arzhizn Jourmal of Chemistry 10:581-589. hapsS&loi o/,
1M & zerabie 200 2.06.000

. Hayati B, Malkki A, Najali F, Dorsei H, Gharibd F, Mday G

(ANT) Adsarption of Po**, Ni*t, Cu', Co® * metal ions. fom
aquems soluion by PPISH2 2 mew high performance adsor-
hent Preparation, characerietion, isotherm, kinaic, themao-
dymamic swlies

Flowres-Cama IV, Leyva-Rames B, Carasco-Marin F, Amgdn-Piiia
A, Salamr-Rahape 11, Leyva-Ramos 5 (2016) Adsorption
mechanism of Chromium{IIT) from water solibon on bane char:
effect of operating anditons. Adsopion 2({no. 3eX7-308.
hipe: Fcdod o TR TN T 51 D 5 (k00169771 -3

Tydak A, Olksecmk P, Dobrowalski B {2015) Sapton and
desarption of Cr{VI) soms from wader by biochars m different
emvironments]l conditions. Envirn. 54, Pollot Res. 22(no.
B 5985-5994. hips: Vdodorg! 10 10T 135 6:0014-37 52-4
Bemardo Carcis-ReyesRefugio, Rene Ranpel-Mendexbose, Cata-
lima A lzro-Deldlomeha (2009 Chromium (1) upake by agro-
wanie hinsorhents: Chemial characienimation, sonpton-desompton
Audies, and mechmism. J Haoand Maer 170na. 2-3:0845-854.
hipe: Ko o L 1M 66, jhagomes. 2004, 05 (46

67



68 Chapter 3. Publications and Patent

3.2 Publications 2

Summary of Publication 2: As global concerns over water pollution intensify, the
demand for innovative, sustainable technologies to remediate toxic toxic metals (HMs)
from aquatic environments has become more pressing than ever. Lead (Pb?"), trivalent
chromium (CrT), and mercury (Hg?") are among the most hazardous toxic metal pollutants
due to their bicaccumulation potential, long-term environmental persistence, and severe
health impacts. This article addresses this challenge through a circular economy approach,
focusing on the use of amino-functionalized magnetic nanoparticles (y-Fe2Os@NH. NPs)
for the efficient removal of Pb?*, Cr'T, and Hg?" from aqueous solutions. By integrating
functional surface chemistry with magnetic separation capabilities, the study contributes
to the development of sustainable nanomaterials for water treatment applications.

At the core of this work is the design and synthesis of superparamagnetic iron oxide
nanoparticles, chemically stabilized and functionalized with amino groups. These surface
modifications enhance the adsorption performance by introducing active sites for metal ion
binding while maintaining magnetic responsiveness for facile recovery. The nanoparticles
are synthesized via a controlled co-precipitation process, yielding stable nanomaterials with
tunable surface chemistry optimized for environmental remediation.

To evaluate their performance, the study conducts a comprehensive set of batch
adsorption experiments under two pH conditions (pH 4 and 7), simulating acidic and
neutral aqueous environments. The nanoparticles show markedly enhanced adsorption
capacities at pH 7, attributable to the deprotonation of surface amino groups that favor
electrostatic interactions with metal cations. Among the three metal ions tested, CrT
exhibits the highest adsorption efficiency, followed by Hg?" and Pb?", suggesting a strong
affinity of the functionalized surface toward chromium species. This ion-specific
performance underscores the importance of surface chemistry tuning in adsorption-based
separation technologies.

The study employs a suite of physicochemical characterization techniques—Fourier-
transform infrared spectroscopy (FTIR), zeta potential analysis, and atomic absorption
spectroscopy (AAS)—to investigate surface functionality, nanoparticle charge behavior,
and adsorption capacity. The findings confirm the successful functionalization of the y-
Fe20s surface with amino groups and highlight the role of nanoparticle charge in mediating
adsorption under different pH conditions. The materials maintain good dispersion in water
and exhibit sufficient stability, which are critical traits for real-world implementation.

A notable strength of this research lies in its focus on reusability and environmental
compatibility. Post-adsorption, the magnetic nanoparticles are easily recovered from
solution using external magnets, washed, and reused for multiple cycles. The regeneration
studies reveal minimal loss in adsorption efficiency over repeated uses, highlighting the
recyclability and cost-effectiveness of the material. Moreover, the use of a green synthesis
method and mild processing conditions aligns the work with sustainable chemistry
principles.

From an application standpoint, the dual functionality of these nanomaterials—in
removing highly toxic metals and allowing magnetic separation—offers significant promise
for decentralized water treatment systems and industrial effluent management. The low
toxicity of the nanoparticles and their potential for regeneration bolster their candidacy
for integration into circular water purification frameworks. Importantly, the study
demonstrates that smart surface engineering combined with magnetic properties can lead
to selective and effective metal ion removal technologies.
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Abstract In this paper, a circular economy approach with the adsorption and desorption of heavy
metal (HM) ions—ie, lead (Fe*), chromium (CrT), and mercurny (Hg?* —from aquecus solutions
was shudied. Specific and selective binding of HM ions was performed on stabilized and amine-
functionalized iron oxide magnetic nanoparticles (y-FeaOa@NH; NPs) from an aqueous solation at
pH 4 and 7. For this purpose, y-Fe; O5@8NH; NPs wen characterized by thermogravimetric analysis
{TGA), Fourier-transform inframed spectroscopy (FTIR), specific surface area (BET), transmnission
electron microscopy (TEM), EDXS, and zeta potential measumenents (L), The effects of different
adsorbent amounts (i, = 20/ 45,90 myg) and the type of anions (NOy—, Cl-, 50, ) on adsorption
efficiency wene also ested. The desorption was performed with (L1 M HNO,. The mesults showed
improvement of adsorption efficiency for CrT, Pb*, and Hg?* ions at PH 7 by 45 mg of g-Fa; O58NH;
NPs, and the sequence was as follows CrT > Hg™ = PE™, with adsorption capacities of 904 mg/ g,
256 ﬂ'lla;,-"g, and 3.6 mg.-"g, mbped:ime l:.r. The d.em.'nrptiufl results shinwead the 'PL'HH:I]:!IJJ'.‘_\I’ for the peuse
of y-Fex Ox@NH; NFPs with HNO,, as the desarption efficiency was 100% for Hg,-h o, W67 Y for
CrT, and %1.3% for Pe?*.

Keywords: superparamagnetic nanoparticles; iron-oxide; maghemite; functionalization; aminopropy-
ltrimethosy silane; adsorption; desorption; kead; chromium; mercury; circular economy

1. Introduction

Today, Europe is facing limited stocks of raw materials (RMs), such as heavy metal
ions (HM ions) and rare-earth elements (REEs) [1-4], Even more obviously, in the context
of the COVID-19 pandemic, Europe’s economy is facing an even larger lack of EMs and
HM ions. Momeover, the European Union (EUY's industry is dependent on imports of large
arnourits of EMs from the Asian market [1-3]. Theretor, the EUJ Commission was forced
to prepare a list of critical raw materials (CRMs) [2,3,5,6], with sustainable strategies to
foresee a circular economy based on recycling and reuse of critical REEs [2].

Lead (Pb**), chromium {total chromium (CrT)), and mercury (Hg®) ions are listed
among the top 20 most hazardous substances [7,8] (accessed on 30 August 2022), since
large amounts of HM ions are released into the environment due to agriculture and specific
industries, such as the automotive, textile, mining, dye, and electroplating industries,
among others [5,%-11]. HM ions dissolved in water are already toxic in small quantities
and non-biodegradable, and some are cardnogenic and bicaccumulative, so they need to
be treated as priority pollutants and efficiently deaned [10-12].

Among these HMs, mercury has taken the spotlight because it is a global
pollutant [13-16]. Mercury exists in various forms in the natural environment, such as mer-
curous (Hga*2), and mercuric (Hg?*), along with organic mercury-containing methy | and
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ethyl groups. It is pertinent that the highly notoriows form of methylmeroury is caused by
the methy lation of inorganic [15] and elemental mercury [17] that is present in the aquatic
environment by sulfate-reducing bacteria such as Desulfombrio desulfuricans. Methy lmer-
cury can bicaccumulate and biomagnify in the oceanic food chain to reach 10° times the
concentrations that have caused several tragedies in the past, such as the Minamata tragedy
in Japan [15] Negative toodc effects of versatile and highly mobile stable forms of dhromium
{Cr' and Cr®*) ame a constant threat to humans and the environment. Depending on the
pH, they can be present in acidic media (pH 0-4) in the form of soluble complexes (Cr,
[Cr (Ha00g**]), while near neutral (pH 6-9) inert precipitates (Cr (OHz) (s)) can easily be
adsorbed on solid media [15].

HM ions are present in different concentrations (trace and shock concentrations) and
forms [19,20], in combined industrial and municipal wastewater streams. sposal of
treated wastew ater into the environment neessitates adjusting its pH to neutral. Especially
for recycling of HM ions and water reuse [19,21], this nweans raising costs and increases
the complexity of the pretreatment process, as well as increasing the addition of excessive
amounts of chemicals [19,21].

Therefore, it is necessary to act sustainably and environmentally consciously by me-
moving HMs from the highly polluted wastewaters using technology / methods that allow
the removal/ recycling of HM ions [4].

Currently, different conventional methods ane used to remove HM fons from wa-
ter/ industrial wastewater [5,11], such as precipitation [22], electrochemical removal [23],
ion exchange [24], membrane filtration [25,26], coagulation [27], flocculation [28], and
sorption on natural materials [29]. Although these methods are effident in emoving HM
ions, they do not allow the recycling and reuse of HM ions. Some aleady well-established
methods for the removal of HM ions produce toxic coproducts and large amounts of waste
shadge [30], e, membrane filtration and coagulation/ flocculation [31]. Moreover, these
methods are often costly and energy-ine ffident [30].

Om the other hand, the adsorption method is well known, effident, and used for the
removal of HM ions due to its low adsorbent and operational costs and simple princi-
ple [5,11,12]. Adsorption can be performed with various natural materials [29] and other
hybrid materials based on silica and iron mcide NPs (y-FeaOy, FesOy), as well as their
functiomalized forms [32-36]. The most commonly used adsorbent of HM ions from in-
dustrial and leachate wastew aters is activated carbon [31] Activated carbon is effident in
the removal of HM ions from wastewaters, due to its high spedific surface area, microporne
volume, and pore volume [31,33,37-41]. At the same time, limitations of its use include
noreselectivity and high material price. Furthermone, activated carbon does not enable the
recycling and regeneration of HM ions and the adsorbent itself, and for now it does mot
enable the circular economy approach [31,33].

e to the increased need for recycling of munidpal and industrial wasew aters [42]
research in nanotechnology is investing in the preparation and testing of functionalized
(nanojmaterials that can improve the recycling of spedfic HM ions [34,36,43,44].

Maghemite (y-Fea(4) is a member of the family of iron oxides. It has a cubic spinel
ferrite structure, and it is ferrimagretic When reduced to particle dimensions smaller
than a certain domain—ie., becoming a single domain—emimagnetic materials exhibit
superparamagnetic behavior, which means that when an external magnetic field is applied,
they magnetize, but when the magnetic field is removed, they no longer exhibit either
mesidual magnetism or coercivity

Such superparamagnetic nanoparticles, if they ame surface- functionalized, provide
promising applications in the adsorption of heavy metals from aqueous media, as they
enable more efficient separation and recovery of heavy metals from the contaminated agque-
ous medium using an eximal magnetic field [45]. On the other hand, surface modification
of superparamagnetic y-FeyOs nanoparticles with TEOS and APTMS precursors improves
their stability, prevents them from agglomerating, and increases their surface functionality
by increasing the number of adsorption sites (-MHz), facilitating and accelerating diffusion
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pathways for heavy metal pollutants [46,47]. Despite all of the advantages of superparam:-
agretic y-FeyOs nanocomposites for use in environmental technologies, the policy debate
on their satety should not be ignored. Their toxicity is still an open question, even though
much research has recently been carried out on this topic [48,49].

Surface functionalization of yFea(y nanoparticles was performed via a sol-gel method
irv obeing base-catalyzed hydrobysis and co-condensation of tetra-coordinated alkoxysilanes
in an aleohol medium Tetra-coordinated silanes can be described by the general chemical
formula B 5i{0R )y, 0= x < 3, where OR is the hydrolyzable part (e.g., methooy, etho,
etc.) and R’ is the non-hydrolyzable part of the structure with functional substituents (e.g.,
amino, mercapto, carboxy, etc. ).

Ideally, itwould beexpected that the 3-aminopropy ltrime thoooysilane (AFTMS, (CHy O)s-
Si-{CHa)a-NHa)) molecules on the surface of the yFea0y particles would polymerize into
a highly homogeneous crosslinked 5i0h coating with functional amino (-NH;) groups
present However, the presence of a non-hydrolyzable fraction in the AMPTS structure
((CHaO)a-5i-(CHz jp-NHa)) causes steric hindrance, and the ebectron density on the silicon
(5i) atom increases due to the inductive (+[) effect, which decreases the rate of hydrolysis
and condensation of the AFTMS and increases its tendency for homocondensation. The
chemical reactivity is thus slowed down, leading to an undesied heterogeneous distribu-
tion of functional amino (-MHz) groups with an insufficent surface coverage of the yFea(Oy
nanoparticles [50-52).

In contrast to AFTMS, under base-catalyzed conditions, the reactivity of etreethmoysi-
lane (TEOS, S(0CHCH4)y) is enhanced due to the number and nature of the alkoexdde (ie.,
ethooy) groups, which have a key influence on the crosslinking rate. This higher reactivity
of TECS can be attributed to the inductive stabilization of positively charged intermediates
and transition states in the hydrolysis and condensation reactions by the ethoocy growps [53]
Therefore, TEOS was used as a crosslinker and APTMS ((CH3O)-5i-({CHy)s-NH; )) was
used as a supplier of the -MH; functional groups.

In this way; it was possible to create uniform spherical yPesOy @505 NHa core—shell
structures with the presence of amino (-WH3z) functional groups on the surface of the
nanoparticles, which are requined for the subsequent binding of heavy metal ions from
water [54].

The adsorption process of heavy metal ions for an adsorbent is highly dependent on
the initial pH of the solution, owing to its emarkable effect on the speciation of metal
fons [3].

Ifwe take a closer ook at the speciation of Cr, Ph, and Hg, we can find that at an
acidic pH value, the predominant Cr{V1) species consist of HyCry", HCHO, ™, Ty,
and Crx042™ [5,55] while Cr{lll) remains mlatively stable in acidic media and is more
likely to be axidized to chromate in alkaline media [56]. For Pb{Il} in the pH range from
2 to &, the dominant form is positively charged Pb?* species, while when the pH values
increase above 7, other Pb{ll) spedes—including Pe{OH), PoiCOH)E, and Poi—are usually
present [57].

Mercury has two common cations in aqueous solutions a di-ion, Hga™, composed
of two singly charged ions; and a doubly charged ng". Diagrams of Eh-pH indicate that
Hg(l) is stable only within a narrow band of Eh values in acidic solutions, while HgII)
is the dominant form of the Hg spedes in most aqueous solutions [58]. The hydrobysis
mactions of Hg(Il) are significant at pH = 1, and different hydrolyzed forms can be formed
depending on the aqueous mercury concentration [59] At low aqueous mercury concen-
trations, the dominant hydrolysis species formed are HgOH™ and Hg{OH)j.), while at
higher mercury concentrations the formation of [—IEZ[CI'H:Q:"" and I—Ig{D[—IJg‘ at pH = 13 has
been reported [60].

Insoluble metal spedes will usually not form at pH = 7.2 as long as their concentration
is below the solubility mit [61-63]. Therefore, at acidic pH values, the removal of positive
heavy metal ions is mainly accomplished by adsorption. In contrast, at higher solution pH
values, the precipitation of metal hydroxides or even axides (eg., Pi{OH),, Pp0, Gy,
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etc.) can ooour as a consequende of the low solubility of metal ions [57]. Therefore, at higher
pH values, precipitation of insoluble species may take place at the same time alongside
adsorption in the process of heavy metal emoval, negatively affecting the adsorption
effidency [64].

Many studies have shown that metal ions start to precipitate as hydroxides or coides
when the solution pH is abowe 7.2. To avoid predpitation of the metal ions, all adsorption
experiments should be conducted at a pH below 7.2 [56,61-63].

Momeover, the adsorption capacity of heavy metal ions deceases with increasing pH
values. Specifically, it was shown that the maximum adsorption capacity of CriV1) is
observed at a pH of 2 [5]. Moreover, the optimal pH for adsorbing Po(ll) was shown to be
around 5.5 [65], whereas itwas about & for Fea () @85i0:-NH; magnetic nanoparticles [54,61].

Furthermore, it is generally known that iron ceddes (yFeaOy, FesOy, etc.) suffer from a
tendency to aggregate and decompose in add-negenerated solutions; thus, to aveid the risk
of potential dissolution of iron cxide cores at low pH, in this study, we instead used them
in adsorption processes at pH > 3, despite silica shell protection (yFepOs@Si00-NHz) [61].

Iron oxide nanoparticles—ie., goethite (e-FelOOH), hematite (ax-Fes(Oy), magnetite
(FesOy), maghemite (y-FexO4) [66-70], —show moderate affinity towards HM ions on their
surface. They appear more applicable if the surface is stabilized [71-73], and enlarged by
coating with silica NPs {-5i0k ), whereby agglomeration is prevented [74]. Additionally, by
using different functional groups [71-731—e. g, amino (-NH;) [34,66-68,7576], mercapto
(-5H) [77,78), carbeeoy (-COOH) [79}—the adsorption efficiency and adsorption capacity of
HM ions can be improved [33,34,71].

Adsorption studies of HM ions from model water by various magnetic nanoparti-
cles (MNFs) and functionalized magnetic nanopartickes (F-MINFs) show that the maxi-
mum adsorption capacity of specific HM ions—ie., for lead [44,61], mercury [80], and
chromium [5,51}—can be obtained in less acidic pH.

In Tables 1-3, the adsorption capacity and desorption efficiency are compared for the
tested MMNPs and amino-functionalized MNP at the optimal model solution pH values for
adsorbing individual HM ions {e.g, Pe®*, CrT/Cr**/ Cr®, and Hg™),

Table 1 shows comparison of the adsorption capacities and desorption efficiency
for Pb®* ions by non-functionalized and functionalized MNPs. [t can be seen that the
adsorption of Pb™ jons was tested mostly at acidic pH, and that the adsorption capacity is
higher for the cases of functionalized magnetic nanomaterials. Ahmadi et al. (2014) [35]
prepared y-Fes(ly NPs via the wet chemical method and tested adsorption at pH 7.5,
while Nicola et al. (2020 [82] synthesized PeyOg@5i05 NPs and found that the adsorption
capadty on non-functionalized MNPs was relatively low at pH &0 (10.55 mg/ g) but a
shade higher (149 mg/ g} for 5i0y-stabilized magnetic nanomaterials [82]. Nicola et al.
(2020 [82] also tested the desorption efficiency of Pb?* ions with 5% HCL, and the final
desorption efficiency was evaluated as 95.7% [82]. Cian et al (2019) [36] stated that the
adsorption capacity of materials functionalized with chitosan and with an amino group
(NHg-functionalized FesOy /chitosan NPs) at pH 5.0 was not significantly better compared
to NHa-functionalized Fey(y materials. Higher adsorption capadity with FeyOy NPs coated
with activated carbon was achieved at pH £.0 [83], while Huang et al (2020) [5] reached
53.9 mg,/ g with amino-functionalized graphene adde at pH 5.0. Wang et al. (2010 [43] and
Tang et al {2013) [34] stated that even higher adsorption capacity at pH 6.2 (76.66 mg/g)
can be achieved by pre-stabilization with 510 and amino-functionalization of magnetic
materials (PeyOy@Si0y-NH; NPs). Tang et al. (2013) [34] achieved 8229 mg /g with amino-
functionalized FeyOy@mesoporous 50 core-shell composite microspheres at pH 5.5. In
polyethy lenimine (PEI}-functionalized FeaOy magnetic nanoparticles (MNPs) (pH 5.0,
adsorption capacity of 60.98 mg/ g for Pb2* jons was reported [54]. A maximum adsorpton
capadty of 60 mg/g at pH 5.0 was achieved using composite beads of Zer mays rachis
(ZME) and sodium alginate (AL) as adsorbents [85]. Luo et al. (2021} [85] reported the
adsorption of 287 mg/ g by carbon-doped Ti0: (C-Ti0y) at pH 6.5 for the adsorption of
Pb™. The comparison of adsorption capacities showed that the adsorption capacity of Pb™
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ions depends on the pH of the medium, stabilization, and, to a large ectent, the presence of
-WNH; groups.

Table 1. Comparison of adsorption capacity and desorption efficsency for tested MNPs and amine-
functionalized MMNFs at the optimal model sobution pH for adsorbing Pb** jons.

Tested Adsorption Desarption

Adsorbent HM lons pH Capacity Efficiency Reference
y-Fez( NPs 75 1055 mg/g - [25]
Fey Oy @50, NPs ) l49mgig 9% &3]
NH -functionalized Pe, (0 chitosan NPs 5.0 I246mgiy - [24]
MHr-funchionalized Fers NPs 50 330mglg - [24]
Magnetic composite of activated carbon and supetparamagnetic Feq(y i
MP's (FiesCg@C magnetic rompesite) G0 417 mgdg =TT [&3]
MHr functionalized y-Fea (s NPs (y-Fex0y @MNHz NPs) an Eismg'g WL This work
Aminc-functionalized graphene axide (GO-NH, ) S 50 S8 mgdy - 141
L3 mmmal
FeyOy@S0:—NH; MNPs 6.2 ?ﬁﬁmﬁ-"ﬁﬁ: - 143]
Amnino-functionalimed ]-"4:|D.|,ﬁi:n=:npmum S0y com-shell cn:u:rrpnn'lz ig 8220 mg/s ~ 23]
microsphees
MHr functionalized y-Fea 0y NPs (y-Fe 0, @MNH; NPs) 70 Blemg'g % This work
Pol lenimine (PEI-functionalized Fe304 bic icles
e thylenimine e Tmagnehic nanopartc pHEO  s0ssmg/g [54]
Composite beads. of Z ez meys rachis (ZME) and sodium alginaee (AL) pH 54 Brmgds |&5]
Carbor-doped Til: (C-Ti:) pH &S 287 mglg [es]

* calculated.

From the literature, it can be observed that higher adsorption of Cr* /0% CrT ions
was achieved using amino (-NHz - functionalized MMNPs (Table 2). The highest adsorption
of Cr¥* jons by bare MNPs was reported in the literature [72,57,88]. Zhang et al {2020 [11]
used bare magnetic magretite NPs (FeaOy) for the adsorption of Cr?* ions at pH 4.0 and
achieved an adsorption capacity of 867 mg/g. Additionally, in acidic media (pH 2.5),
Gallo-Cordova et al. (2019) [72] performed adsorption of Cr* ions using bare iron meide
magnetic NPs and eported an adsorption capacity of 15.0 mg/ g, while Hu et al. {2005) [17]
achieved a very low adsorption capacity of 19.2 mg/ g using maghemite MPs (y-FexOa).
Zhang et al (2020) [11], Gallo-Cordowva et al. (2019) [72], and Hu et al ({2005) [17] also
performed desorption with NaOH, achieving desorption efficiency of »75%, Z100%, and
B77 %, respectively. Other studies used amino-functionalized MNPs and adhieved higher
adsorption capacity in acidic media (pH 2.0 to 3.0). Adsorption of Cr** ions at pH 3.0
was performed using amino-functionalized magnetite NPs (NHa-FeaOy) [89]. Baghani
etal (2016) [8%] achieved an adsorption capacity of 2435 mg/ g and desorption effidency
of 98.02%. Even better adsorption (ie., 35.0 mg/ g) was reported by Gallo-Cordova et al.
(2019) [72] using APTESE@TEOSEMMNP at pH 2.5, and the desorption efficdency was also
high (=100%). Zhao et al. (3010) [44] prepared NHy-functionalized nanomagnetic polymer
adsorbents. Functionalization was performed with different precursors (e, EDA-, DETA-,
TETA-, TEPA-). A maximum adsorption capacity of 38.5 mg/ g at pH 2.5 was achieved
using TETA-functionalized nanomagnetic polymer adsorbents. In another study, 400 mg/ g
of Cr** ions was adsorbed at pH 2.0 by TEPA-functionalized nanomagnetic polymer
adsorbents [64). Huanget al. (2020 [5] reported the adsorption properties of functionalized
nor-magnetic materials at pH 2.0, Using amino-functionalized graphene oxide (GO-NH;z),
Huang et al (2020) [5] achieved 90.4 mg/ g, which is the same adsorption capacity that
we achieved with MHz-functionalized y-Fea(Os NPs {y-Fe:Oa@8NH2 NPs), but at alkaline
pH 7.0). The maximum adsorption capacity for chromium(VI) ions was 76.92 mg/ g
at pH 3.0 when adsorbent carbon-encapsulated hematite nanocubes (aFeyOy8C) were
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used [20]. Puszkarewice and Kaleta (2019) [91] used activated carbom as an adsorbent, and
the maximum adsorption capacity for chromium(¥ ) ions was 4.35 mg/ g at pH 2 [91].

Table 2 Comparison of adsorption capacity and desorption efficiency for tested MNPs and amino-
functicnalized MMNPs at optimal model sobution pH for adsorbing CrT A0 SO /CrVI) ions.

Tested  Adsorption Desarption

Adsorbent HM Ions pH Capacity Efficiency Reference
Magnetic magnetite NPs (Fealy) 40 L& my/ g =75% [&7]
Iron aide magnetic NPs (MNPs) 15 150 mg/ g =10r% [F2]
Maghemate NPs {yFe,Og) 1] 192 mg/ g 7% [8£]
MHz-functionalized yFe: 0y NPs (y-Fe O8N H: KPs) 40 M0 mgg - This waork
Amino-functonalived magne tite WNPs (WH;-Fe,0y) a0 M mg'g SE02% [85]
APTESSTEOSSMNE 15 Bomg g =106 2]
WH-functonalinesd nan b mer adsorbents .
: o a3 mamgs - e
T /O™ (O OV
MH-functionalied nan ot mer adsarbents |
pirsur 215 Timgg - [44]
Nﬂﬂmmhzsd.nmmnﬁmbcpab- mer adsarbents | -
(TETA-NMPs) 1] BEmg/ g [44]
WH-~functonalied nan b mer adsorbents .,
¥ mm]‘”'y 20 a0 me g - [44]
Amine-functiomaline d graphene ocide (GO-NH,;) 10 WA myg g - [4]
MHz-functionalized yFex0y NPs (y-Fe 00 8NH: KPs) 7.0 A4 mglg Be7% This waork
Carbonrencapsulated hematite nanocubes [oke 20568C) FH3 7692 mg’ g [20]
Activated carbons FH2Z 1¥mg'g [#1]

The maximum adsorption capacity for Hg®* (Table 3) was 32,88 mg/ g at pH 5.0 using
carboeyl-ferminated hyperbranched poly (amidoamine) dendrimers grafted onto superpara-
magretic NPs (CT-HPMNPs) as adsorbents, and the madimum desorption effidency was
5% (using HNOy acid) [92]. Wang et al. (2013) [93] used thodamine-hydrazide-modified
Fes()y as an adsorbent, and the maximum adsorption capacity for Hgl" was 7.4 mg/ g at
pH 7.5 [93]. Bolivar et al (2018) [80] performed a study of Hg™ ion adsorption, in which
FesOy nanoparticles coated with amine organic ligands and yam peel biomass displayed a
maximum Hg?* adsorption capacity of 80 mg/g at pH 7.0 [94]. The maximurn adsorption
capadity for Hg?* was 50 mg/ g at pH 7.0 when an adsorbent nanocomposite based on
Fe;Oy nanoparticles, chitosan nanoparticles, and polythiophene was used [95]. Dun Chen
etal. (2016) [96] studied the adsorption of ng* using magnetic adsorbents (Fes Oy @50
NH-HCGs; HCG = py (2-pyridinyl); pyd (3-pyridaziny)) formed by grafting of different
he e rocyclic groups onto amino groups via substitution reaction. The maximum adsorption
capacity for FeyOy@50y-NH-HCG- (pyd) and FeyOy@50y-NH-HCG- (py) was 77 mg/ g
and 56 mg/ g at pH 7.0 [96], espectively  For both adsorption materials, HCl was used
as the desorption eluent, and the stated desorption efficiency was 95% [96]. Hao et al.
{2021) [97] performed a study of Hg?* ion adsorption with Armeniaca sibirica shell acti-
vated carbon (AS5A C) magnetized by nanoparticles (FesOy / ASSAC), showing a maxinmum
adsorption capacity of 97.1 mg/ g at pH 2. At pH 5.5, Zhang et al. (2016) [98] studied the
adsorption of Hg?* ions with activated carbon (XLAC) derived from Xanf hoceras sorbifolin
Bunge hull as an adscrbent, showing a maximum adsorption capacity of 235 6mg-g 1. A
maximum adsorption capacity of 162 mg ! for Hg®* ions at pH 5.0 was achieved using
cadmium sulfide nanoparticles doped in a nanoadsorbent fabricated from polycaprolactam
{nylon 6) nanofibers (CdS, Me) [99].
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Table 3. Comparison of adserption capacity and desorption efficiency for tested MNPs and amino-
functionalized MNPs at optimal model solution pH for adsorbing Heg™ ions.

Adsarbent HM lons T'P’;d "‘g";‘"‘u!it;“ ':’;;F::; Reference

NH functionalized y-FeaOs NPs (p-FezOn@8NH; NPsp a0 162 mgg % This wark
CT-HPMNPs &0 DEmyg 5% 2]
Rodamine-y Grazide-modifed FexOf 75 TAmE g B 23]

Nmn-cmpu:ibe based on Fey(y nanoparticles, chitosan

mnu'pa.rl:i:l::-,.md po]yﬂ'l.inpim o Somg/g h [#5]
ey Oy @S0 NH-HOG- (py) 0 BEmgl g oF% [26]
Fey{(}y nanoparticle coated with amino organic ligands and ~ ’
yam peel biomass o Bamg! g [#4]
Fes@S0-NH-HCG- (pyd) Hg 0 Tmgl g oF% [96]
MHrfunctionalived y-Fe: 0 MPs (y-Fez 0, @NH: NPs} 70 855 mg'g 1% This work
Armeniscs siirica shell activated carbon (ASSAC) magne tized .
by nanaparticles (Fey 0/ ASSAC) pH2 S 1mplg [£]
Activated carbon (XLAC) derived from Xaf B i
ated © XLAC) mem i aceras soribflie pHES G 58]
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Adsorption has predominantly been investigated using -NHa [36], -5i0; [82], and
-5H [94]-functionalized FesOy or y-FeyOy NPs [67] prepared by different approaches, in
model water media of various pH values [34,66], from pH 2.0 to 0.

There are not many previous studies [32,66] on esting adsorption by y-FeaOy NPs func
tionalized with an amino (-WHz) group—specifically, by (3-aminopropylftrimethoeoysilane
(APTMS) precursors—and to the best of our knowledge, far less research has been con-
ducted on desorption approaches to date.

Although iron ccide and hybrid iron oxide NPs can be mmoved from aqueous solu-
tions with an outer magret, their recycling and regeneration possibilities after adsorption
have not been sufficiently explored to fill gaps in the diroular economy [32,47,57].

e to these facts, our challenge was to synthesize and investigate the potential of
amino-functionalized y-Fea(Os MNPs (y-FeaOu8NHs NPs), which would allow efficient
adsorption and recycling of HM ions at the shock load concentrations present in the model
water, preferably at neutral pH, without pretreatment. To comypare adsorption efficiencies
and capacities, we tested significant concentrations of Pb®, CrT, and Hg™ ions using
different amounts {mys, = 20/45/90 mg) of the - Fep0a@NHz adsorbent NPs at two
different pH values of the initial aqueous solution, ie., atpH= 7.0, as well as at pH = 4.0.
Furthermore, before the performance of adsorption tests, -NHy-functionalized y-FeaOy
MNPs were characterized with different methods, such as FTIR, BET, TEM, and TGA. Zeta
potential changes in y-Fe;O4@8NH: NPs were analyzed to understand the mechanisms
taking place during the adsorption and desorption process of Fb* jons. Moreover, to
evaluate the adsorbent regeneration, desorption with 0.1 M HNO, was tested, which is
of great importance for the reuse of adsorption materials and recycling of heavy metals,
The prepared y-Fea(y and functionalized y-FesOs@MNH; MNPs were also characterized by
X-ray pow der diffractometry (XED).

2. Results and Discussion
21. Properties of the Prepared y-FezOzalNHz NFPs

This section explains the characterization of the synthesized, stabilized, and function-
alized MNPs (y-Fey Oy@MHz NPs). In addition, the adsorption mechanisms and the results
of batch adsorption and desorption experiments are also discussed.
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2.1.1. Crystallographic Properties

The prepared y-Fe;O; and functionalized y-Fe,O03@NH; MNPs were characterized
by X-ray pow der diffractometry (XRD) (Figure 1). In the X-ray powder diffraction pattern
in Figure 1, the presence of diffraction peaks at 28 of 30.2°, 355", 43.2°, 53.6°, 57.2°, and
62.9°—which correspond to the cubic crystal planes of (220), (311), (400), (422), (511), and
(440), respectively—are characteristic of the spinel crystal structure (JPCD Card 39-1346).
The spinel crystal structure is evident for both samples—y-Fe; 05 and functionalized y-
Fe,03@NH; MNPs—while the presence of a broad amorphous diffraction peak for the
functionalized y-Fe;O4@NH; MNPs, which appears at a low diffraction angle 26 of 20°,
is due to the presence of the amorphous SiO2 surface layer, indicating that the crystalline
cubic spinel y-Fe;(y magnetic cores were surface-modified [78). The average size of the
y-Fe;O crystalline magnetic cores was estimated to be 13 nm, using the Debye-Scherrer
equation [100,101].

— — ‘chzO!@N H2
4 —Fe,0,
=
<t
=
-
S
= |
o =
= o
3 8
=
von!
ad 1 & Ll 5 L s Ll $ 1
20 30 40 50 60 70
26(°)
Figure L X-ray diffraction pattems (XRD) for the samples y-Fe;0; and y-Fe,03@NH,.
2.1.2. Thermogravimetric Properties

The thermal stability of y-Fe;O4@NH; NPs was determined via thermogravimetric
analysis (TGA). The results of mass loss during the TGA analysis indicate the possible
presence of -NH; functional groups on the surface of the F-MNPs. Upon heating up to
180 °C, the measured mass loss corresponds to the evaporation of absorbed moisture and
NH;OH residue. Further weight loss at heating up to 700 “C is due to the removal of
aminopropyl (NHy(CH3)s-) groups from the nanoparticles” surfaces and the consequence
of cracking of the remaining siloxane groups (Si-0-5i) [75]. The TCA curve (Figure 2) shows
that the synthesized, stabilized, and functionalized MNPs have good thermal stability. The
weight loss during the TGA analysis was 10.3%.

The thermal stability of the particle samples analyzed was in accordance with previous
results in the literature for other functionalized NPs [102-105].
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Figmme 2. TGA analysis for 4 Fa O @NH; NP

2.1.3 FTIR Spectroscopy

An FTIR analysis of y-Fey (% and y-FesOy@NH2 NPs was performed comparatively to
identify the presence of characteristic functional groups related to the amino-silane coating
of the v Fey( surfaces. The FTIR spectra of y-FeyOy and v-FeaOy@8NH; NPs, aswell as
those of pure TEOS and APTMS precursors, are shown in Figure 3a.

The functional amino-silane-coated y-Fea Oy nanoparticles weme derived during the sol-
gel process from the mixture of TEOS and APTMS precursors according to the experimental
details described in Section 4. In contrast to the TEOS precursor (S1(0CH:CHa)yg), the
APTMS precursor ((CHyOs5i(CH;)wNHz) included a short aliphatic chain (-(CHa)s-) and a
terminal amino -NHz) group in its structure. Thus, the main difference in the FTIR spectra
of the TEOS and APTMS precursors is the presence of primary amino (N-H) vibrations in
the range of 3400-3300 an 1 of the APTMS spectra, while both spectra ame identical to the
occurrence of C-H vibrations in the range of 3000-2800 cm ! and 5i-0-5i vibrations in the
range of 1100-1000 cm ¥, which are common characteristics of alkoxysilanes.

As shown in Figure Za, the formation of the y-Fes(y structure is closely related to
the occurrence of Fe-0 bending and stretching vibrations in the range of £50-550 an ",
The broad band at 3406 am ! chserved for the 1-Fey(0y NPs in the wavenumber mgion
3550-3200 cmn ! can be assigned to inermolecular OLH stretching (Figure 3a).

As opposed to y-FeyOy MNPs, asymmetric stretching vibrations of 530451 bonds at
1050 e~ ! indicate the formation of a silica (Si0y) shell in the y-FeO48NH; samples.
Moreover, two weak bands can be observed for the y-FegOs@8MNH; samples in Figure 3a,
characteristic of primary amines, due to the asymmetric and symmetric N-H vibrations in
the range of 3400-3300 an~'—mome precisely, at 3356 cm " and 3281 em Y, mespectively
These primary amino peaks in the source spectra of y-FeaOa@NH:2 NPs we re not sufficiently
visible, but enlarged individual peak areas confirmed their presence (Fgure 3b). Specifically,
the primary amine (NH;z) vibrations oocurmed in the same wavenumber region as the
intermolecular O-H stretching [106]. Because the polarity of the W-H bonds in amines is
weaker than that of the O-H bonds, the absorption band of M-H is not as intense as that of
(O-H, which usually shows stronger and broader absorption bands that are much easier to
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identify. Primary amines have also a medium-to-strong absorption band in the wavenumber
region 1650-1580 em ), which was identified at 1598 cm ! for the y-FeyOy@NH, NPs [107).
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(b)

Figure 3. (a) FTIR spectra of y-Fe;O5 NPs, y-Fe,O3@NH; NPs, pure AMPTS precursor, and pure
TEOS precursor, and (b) enlanged ama corresponding to vibrations of amino (-NH;) groups.
2.1.4. Specific Surface Area

The specific surface area of the prepared y-FeaOy and y-FepyO,@NH; MNPs was
measured by the Brunaver-Emmett-Teller (BET) method. The obtained BET curves are
shown in Figure 4.
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Figure 4 (a) BET isotherms and (b) pore size distribution for y-Fe;05 and y-Fe;O;@NH; NPs.

The BET analysis showed a specific surface area of 99.9 m?/g for y-Fe;O4 and
41.3 m?/g for y-Fe20:@NH). According to the Barrett-Joyner-Halenda (BJH) adsorp-
tion method, the average pore size was found to be 6.4 nm for the y-Fe; 03 NPs, with a total
pore volume of 0.378037 am?/ g, while for the BJH desorption the average pore size for the
y-Fey03 NPs increased to 67 nm, with a total pore volume of 0.407662 cm®/ g, suggesting a
mesoporous structure of the y-Fe;(O04 sample, with a typical type IV experimental N; gas
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isotherm according to the IUPAC classification [108], as shown in Figure 4. In contrast to
y-Fe20, the y-Fes04@NH; sample showed a BET isotherm with a narrower hy steresis,
indicating a decrease in the porosity of the as-prepared y-Fe;O; sample, most likely due
to the presence of the homogeneous silicate coating. For BJH adsorption, the average
pore size was found to be 5.8 nm for the y-Fe;0:@NH; NPs, with a total pore volume of
0.090762 cm*/ g, while for the BJH desorption the average pore size for the y-Fe,0,@NH;
NPs increased to 6.0 nm, with a total pore volume of 0.0900311 an®/ g,

According to the specific surface area (BET) at a relative pressure (p/p”) of 0.3, the
calculated average particle size was 11.6 nm for y-Fey0, and 27.9 nm for y-Fe;03@NH,
NPs [109,110)

2.1.5. Morphological Properties

The results of the TEM analysis (Figure 5a) represent the relatively spherical morphol-
ogy of the y-Fe;03 MNPs, with a particle size distribution of 13 + 1 nm, while the particle
size distribution of the functionalized y-FeyO3@NH; MNPs was 17 & 1 nm (magnetic core
13 £ 1 nm and surface coating 4 = 1 nm). The electron diffraction pattern of the y-Fe;04
MNPs inset in Figure 5b indicates the crystalline nature of the as-prepared powders, with
concentric diffraction rings characteristic of a cubic spinel crystal structure.

Figure 5 Transmission electron micrographs (TEM) of (a) y-Fe203 NPs with inset diffraction pattern
and (b) y-Fe20,@NHz: NPs.



Chapter 3.2. Publication 2

Int. [ Mol Sa.2022, 23, 16186

130f28

S0

nox

0 ox

The EDXS spectra of the y-Fe;04 and y-Fe;04@NH; MNPs are shown in Figure 6ab,
respectively. Strong peaks for iron (Fe) and oxygen (O) can be seen in the EDXS spectrum in
Figure 6a, indicating the formation of the y-Fe;O3 MNPs. In contrast, the EDXS spectrum
of the y-Fe20a@NH2 MNPs shows that they contain significant amounts of silicon (5i),
alongside iron (Fe) and oxygen (0), suggesting the success of the surface functionalization
of y-Fe;O3 MNPs with APTMS precursor molecules and, thus, the formation of the y-
Fe,04@NH; MNPs. The lack of a nitrogen (N) peak is expected, due to its low Z-number
and overlapping with the K-alpha C and O peaks. The larger peaks towards the right in both
EDXS spectra are the copper (Cu) signals sourced from the TEM copper-grid-supported
transparent carbon foil.

o 7R

Figure 6 EDXS spectra of (a) y-Fe;05 NPs and (b) y-Fe;05@NH; NPs.
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2.1.6. Feta Potential

The zeta potential was measumed for bare MNPs (y-Fey(y) and amino-functionalized
MNPs (yFeyO0y@NHa), as depicted in Figure 7. For bame, stabilized MNPs, the zeta
potential is positive at low pH due to the presence of COH2™. As the pH of the solution
increases, the potential decreases and approaches megative potential at high pI—L due to
the presence of 0. The measuned isoelectric point of the bare MMNPs was 876 (measured
potential —0.743 mV ). At this value, the concentration of protonated and deprotonated
amino groups is the same. Meamw hile, the measured isoelectric point for functionalized
MNPs was at pH 121 {measured potential +0.161 mV) =, indicating successful MNP
functionalization. This difference in the isoelectric point is due to the presence of amino
groups on MMNPs, resulting in a functionalized magnetic nanomaterial with a negative
charge above pH =121,

L] TFE]U; L] YFTJU]@N"J
s' Pl
B
.1:?« 10
E a0
E [ ] 2 Ifa
E. — 10
g
]
— 4
pH value

Figuare 7. The zeta potential of bare y-Fez0h and y-FezO5@NHz NFs.

11 Adsorption Mechanizms

The soluticn pH is a key parameter of the effectiveness of HM ions” adsorption. HM
ions have specitic forms at different pH values; momover, the adsorbent surface charge
and protonation degree of the adsorbent surface coating (Le., amino groups) are dependent
on the pH [111,112]. In general, HM ions’ adsorption on y-FeyOy@NH; NPs includes
three sorption mechanisms, ie, ion exchange, surface complexation, and electrostatic
attraction [5); the specific adsorption mechanism predominantly depends on the solution's
pH walue [5].

We tested the adsorption of Pb®, CrT, and Hg?* ions at different pH values, ie, pH 4
and 7. At different pH values, adsorption takes place by a different mechanism for each
metal ion [5].

The adsorption of Pb** fons is entirely dependent on the pH value [70]. The adsorbent
surface is negatively charged at alkaline pH, which indicates the deprotonated form of
-NH; functional groups. The behavior of -WH; groups on the adsorbent material according
to the pH is shown by Equations (1) and (2) [111]:

—NH; + Hs0F — —N'Hg' +H,0 {1y
—NH; +0H™ — —NH™ + H0 (2

AtpH7, -NH; groups are deprotonated, causing a negatively charged adsorbent sur-
face, while lead ions are mosthy in Pb (OH)" form, which causes high electrostatic attraction
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between Pb** ions and the negatively charged material surface and, consequently, high
adsorption effidency [£2,111]. On the other hand, addic conditions cause the transforma-
tion of -NH; groups inte -NHy* form, resulting in fewer available active sites for Pe®*
ions, Because of that, the adsorption efficiency of Pb®* jons drops under acidic conditions
(pH <7 [5.111]

The solution pH value is also a key factor in the adsorption efficency of CrT ions.
Adsorption efficiency gererally decreases with increasing pH values [5]. In addic condi-
tions, CrT ions are mainly present as HaCr(y", HCrDy ~, and Cro(y species [6872,81,113],
while -MH; is present in protonated form, ie, -WH3™ form (Equation (3)). Consequently,
the y-Fe;Oy@MNH: NPs' surfaces are positively charged [5,81,114]. Strong electrostatic
attraction occurs in such cases, and chromium species can be easily captured on the aminc-
functionalized adsorbent surface [72,81].

R—NH:+H' = R —NH] i3)
~NH! + HCrD, — -NH! — HCrD; i4)
—NHJ +Cr202™ — —NH{ — Cro02~ (5)

Om the other hand, at alkaline pH, negatively charged chromate ions (Criy ) are
the predominant form [81,67,113]. At pH = 7, y-Fe; Oy @NHy NPs" surfaces are also neg-
atively charged [5] due to the deprotonated form of the amino functional groups. A
double-negative charge of the adsorbent surface and chromate decreases the adsorption
effidency [72].

In our study, zeta potential played an important role in the adsorption mechanism.
The zeta potential of our -Fe; 03@MNH; NPs was 8.76; at lower pH, amino groups on the
material’s surface were mainly present in protonated form (-MHa™).

We tested the adsorption of CrT jons at pH 4 and 7. At pH 4, the functional groups
were mainly in -NHsy* form, while at pH 7 the amino groups were still in protonated form.
Consequently, many active sites weme present on the surface of the y-Fe;Oy@NH; NPs, so
their adsorption capacity was very high. The adsorption effidency at pH 4 was low due to
the instability of y-FeyOy@NHy NPs in acidic conditions—the adsorbent material is soluble
in acidic media, ie, atpH< 4.

Hg** madily reacts with OH~ to form Hga(OH); precipitates under alkaline condi-
tions. The adsorption of Hg ions is predominantly influenced by the concentration of
hydronium ions in aqueous solutions. The change in adsorption at varying pH levels
is because the coneentration of surface charges governs the adsorbent particles and the
degree of ionization of the ions to be removed [111,115,116]. There is a varety of literature
suggesting that the adsorption of Hg2t ions favors neutral and basic pH. The rationale
for more adsorption of Hg* jons using amino groups at reutral and basic pH is that the
amino group obtains a net positive charge at acidic pH and the Hg!" ions are also positive;
hence, the adsorption is made unfavorable by the repulsive force. The above rationale
for mercury species in aqueous solution was theore tically determined as a function of pH
by modeling chemical equilibrium using MINEQL+ software (Environmental Research
Software, Hallowell, ME, USA) [80,117].

13 Effects of pH

Batch adsorption experiments of Pb*, CrT, and Hg™* ions for different adsorption
times wene performed at two pH values, ie, pH 4 and 7 (Figumes 811). The results show
that the adsorption of b and ng* ions is mone efficient at pH 7. Such results were
expected, due to the opposite charges of the Pb? jons and the surface of the adsorption
material. The opposite surface charges caused strong electrostatic interactions and high
material uptake.
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Figure 9. Adsorption efficency (%) of Pb?*, CrT, and Hg?* ions at pH =7.
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Figure 10. Adsorption capacity (mg/g) of Pb?*, CrT, and Hg?* ions at pH= 4.
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Figure 11. Adsorption capacity (mg/g) of Pb®*, CrT, and Hg?* ions at pH=7.

The adsorption capacity at pH 4 and 7 slowly increased with longer spedific adsorption
times. At pH 4, the maximal adsorption capacity of Pb2* jons was 53.5 mg/ g, which was
detected after 30 h. At pH 7, the maximal adsorption capacity of 83.6 mg/g was achieved
already after 12 h. At both tested pH values, the adsorption of Pb** ions slowly increased
with a longer adsorption time. This indicates that the adsorption of Pb?* jons is a slow
process but, more importantly, the process is efficient—especially at pH 7.
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Adsorption of CrT ions was much faster and very efficient at the same time. At pH 4,
the adsorption efficiency was lower than 30%, and the maximal adsorption capacity was
24.0 mg/ g y-FeOy@NH; NPs were less stable in acidic conditions, which was the main
teason for the lower material uptake. At pH 7, we achieved 99.9% adsorption efficiency
already after 1 min. When the adsorption time was extended, the effidency stayed high,
and the maximal adsorption capacity (90.4 mg/g) was achieved after 12 h.

For Hg™ ions, the maximal adsorption efficiency of 84.3% displayed a cormesponding

tion capacity of 85.6 mg /g, which was reached after 30 min of adsorption time. At pH
4, Hg*" ions showed a low adsorption effidency of 17%, with a cormesponding adsorption
capacity of 16.2 mg/g at 30 h. As demonstrated in various studies [80,111,115-117], the
increase in pH from 4 to 7 also facilitated the maximal adsorption efficency.

24 Effect of Adsorbemt Mass

The adsorption of CrT ions on 45 myg of y-FegOy@NHa NPs showed excellent results
(gt after 1 min was 1.4 mg/g). To determine the optimal adsorbent mass, we tested
different amounts of y-FeaOy&MNH; NPs. In adsorption experiments, 20, 45, and 90 mg
of y-FeaOu@NH2 NPs were investigated under optimal adsorption conditions (pH =7,
< =200 mg CrT/ L and ET). Adsorption tests were performed only for 1, 4,8, 24, and 30 b, as
we expected that longer specific adsorption times would be requined with smaller amounts
of y-FeaOy@NH; NPs.

The results of CrT fons” adsorption showed excellent adsorption effidency (=99.2%) for
all tested amounts of y-FepOw@MH; NPs at all tested specific adsorption times (Figume 12).
The only exception was the test using 20 mg of y-FeaOs@MNH; NPs afier 1 b The adsorption
efficiency on 20 mg of y-FeaOy@8NH; NPs was only 35.3%, indicating insufficient adsorbent
mass. Mevertheless, the adsorption efficiency mached 99.9% after 24 h, showing that the
adsorption of CrT ions with a smaller amount of y-Fe;Oy@MNH; NPs required a longer
adsorption time. Mearw hile, the adsorption of CrT ions on 45 and 90 mg was equal; thus,
based on the results of adsorption on 20,45 /90 mg of y-FexOs@NHz NPs, we concluded
that 45 mg was the optimal mass of adsorbent.
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Figare 12 Adsorption efciency of (%) CrT jons o iy, = 20/45 /90 mg pH =7.
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2.5, Effects of Anians (NO3~, CI~, SO4%7)

The adsorption of CrT ions showed high adsorption efficiency (99.9%) after 1 min. For
these reasons, we also tested the impacts of different anions (ie, NO;~, CI7, and SO )on
the adsorption efficiency of CrT ions. Experiments were performed under further optimal
determined conditions (pH =7, m_;_ = 45mg, ¢ = 200 mg CrT/L), and only for 1, 5, 10, 15,
30, 45, and 60 min at RT.

The results showed no effects of different anions; furthermore, the adsorption of CrT
ions remained quick, and after 1 min the adsorption efficiency rate was 99.9% for all tested

Adsorption efficiency [%)]
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B

S

-~
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anions (Figure 13).
gk
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Figure 13. Effects of anions (NO5—, Cl-, and SO%-) on the adsorption efficiency (%) of CrT ions
pH=7

2.6 Desorption

To verify the possibility of recycling HM ions and reusing adsorption materials, des-
orption of Pb%*, CrT, and Hg?* ions was performed. Due to the higher adsorption capacity
of metal ions at 1140 and 1800 min, adsorption was tested for longer specific adsorption
times. Desorption was performed in one cycle because of material loss during the des-
orption process. The results of desorption showed that the y-Fe;O3@NH; NPs enabled
high desorption efficiency for the samples on the surface of which the HM ions” adsorption
was performed at pH 7. This result indicates the electrostatic binding of HM ions on the
adsorption material’s surface. Electrostatic binding of HM ions is weaker than covalent
interactions, which probably appear at lower pH, ie, pH 4. For this reason, only desorp-
tion results of samples after adsorption was performed at pH 7 are reported in this work
(Figure 14).

The first desorption cycle performed with 0.1 M HNO; was more efficient for Hg?*,
CrT, and Pb®* ions. For Pb%* ions, the desorption efficiency was 91.3%; for CrT ions it
was 96.7%; and for Hg?* ions it was 100%. From the obtained results, it was possible to
determine that higher desorption efficiency was achieved for all tested HM ions with a
longer specific adsorption time (ie., 30 h).

The desorption efficiency of ng' ions showed that the y-Fe,03;@NH; NPs enabled
high desorption efficiency (100%) for all samples, with the adsorption process being carried
outatpH4and 7.
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Figure 14. Desorption efficiency of Pb**, CrT, and Hg™ ions (after specific adsorption times at
pH = 7). Desorption was performed with 0.1 M HMNOy, for 60 min.

3. Methods and Materials
3.1. Materals

For the lab-scale synthesis, stabilization, and functionalization of y-FeaOy MNPs,
iron(Il) sulfate heptahydrate (FeS0y 7H20, 99.5%, 801 g/ mol, CAS 7782-63-0, Honey-
well International Inc., Charlotte, NC, USA), iron{Ill) sulfate hydrate (Fea(S0y) xHa0,

tetraethy] orthosilicate TEOS (CgHapOy54, 99%, 208.33 g/mol, CAS 78-10-4, Sigma- Aldrich,
Merck Group KGaA, Darmstadt, Germany), (3aminopropylitrimethoecysilane APTMS
(CeHp NOSE, 97 %, 179,29 g /mol, CAS 13822-56-5, Sigma-Aldrich, Merck Group KGa,
Darmstadt, Germany), ammonium hydrocide (NHgOH, 25%, 35.05 g/ mol, CAS 1336-21-6,
GramMol, Zagreb, Croatia), ethanol (CyHsOH, 96%, 46.07 g/mol, CAS 64-17-5, GramMol,
Zagreb, Croatia), and Z-propanol (C3HzOH, 99.9%, 60,10 g/ mol, CAS 67-63-0, GramMol,
Zagmweb, Croatia) were used. For the batch adsorption experiments, aqueous solutions
were prepared from lead(Il) nitrate (Pb{NOy)p, 99.9%, 331.21 g/mol, CAS 100890-74-8,
Sigma- Aldrich, Merck Group KGaA, Darmstadt, Germany ), chromium{II) ritrate nonaby-
drate (Cr{NOs )y 9Hy 0, 99%, 40015 g/mol, CAS 7780-02-8, Sigma-Aldrich, Merck Group
KGaA, Darmstadt, Germany ), mercury(I) nitrate monohydrate (Hg(NOs) HyO, 209.00%,
M2 62 g/mol, CAS7783-34-8, Sigma- Aldrich, Merck Group KGaA, Darmstadt, Germany),
chromium(IIT) chloride hexahy drate (CrCly 6Ha0, >08%, 266.45 g/ mol, CAS 10060-12-5,
Sigma-Aldrich, Merck Group KGad, Darmstadt, Germany), and chromium(I1l) sulfate hy-
drate (Cry (50 ) xHy O, 99%, 30217 g/mol, CAS 15244 38-9, Sigma- Aldrich, Merck Group
KCGad, Darmstadt, Germany ). Chemicals were used as purchased. For the preparation of
suspensions and solutions, deionized water (dHy () was used.

3.1 Synthesis of MNPs

The synthesis of the maghemite (y-FeaOq) MNPs was carried out as described in our
previous studies [32]. First, 30 mL of NHyOH was added to a 100 mL glass flask and heated
up to 90 “C in an cil bath, under constant stirring at 220 rpm. Afterward, 50 mL of an
aqueous solution prepared at a stoichiometric ratio of 1:2 using FeS0y THyO and Fea(S0y)
xHy O salts was added to the reaction flask. Synthesis then proceeded in alkaline conditions
at pH 10 for 1 h at 90 °C. After the reaction was finished, the suspension was cooled down
to room ternperature (BT}, and the magnetic sediment was settled out for 30 min using an
external permanent magnet After magnetic separation, the supernatant was decanted and
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discarded. The colloid was rinsed several times with dH»(, entrifuged at 3500 rpm for
15 min and, finally, separated and allowed to settle on the external magnet overnight.

3.1 Stabilization of MNPs

The rinsed y-Fea(Oy MNPs were suspended in 100 mL of NHgOH overnight at KT
under constant stirring (330 rpm) for the stabilization process. After 16 b, the stabilized
maghemite MNPs were separated into two phases overnight on an external magnet. The
upper phase was decanted, and the colloid was prepared for further functionalization.

34 Functionalization of MNFPs

Amino-functionalization of the y-PepOy MNPs was carried out with tetraethyl orthosil-
icate (TEOS) and (3-aminopropyjtrime thoeoysilane (APTMS) precursors, with a water-to-
TEOS molar ratio B = 203 and TEOS-to-APTMS molar ratio P = 1:2. After the stabilization
phase, 4 mL of y-Fea(y colloidal solution was added to the mix ture of 21.6 mol 2-propanol,
2.2 mol¥ NHOH, 15.1 mol® dH; O, 0.25 mel® TEOS, and 0036 mol® APTMS, and then
mixed vigorously for 5 min. A fter 24 h of reaction (at BT under constant stitring at 220 rpm),
the colloidal solution was intensively washed with ethanol and dH; O and centrifuged at
3500 rpm for 5 min to emove agglomerates of non-functionalized - Fey Oy MMNPs.

35 Characterization of Amine-Functionalzed p-Fez03 MNFs

Characterization of the lab-scale amino-functionalized y-Fes0Oy MNPs (y-FeaOy&NH,
NPs) was performed using the appropriate method after each preparation phase (Le., syn-
thesis, stabilization, functicnalization). For characterization purposes, the y-Fe; Oy @NH:
MMNPs wemne dried at 90 “C overnight, and the mass of the obtained dried particles was
determined. The prepared y-Fe;Oy and functionalized v-FeaO3@8NH; MNPs were char-
acterized by X-ray powder diffractometry (XE) (Bruker D4 Endeavor, Bruker, Billerica,
Ma, USA). The thermogray imetric properties were analyzed with a 4000 TGA PerkinElmer
analyzer (PerbkinElmer, Waltharn, MA, USA), FTIR spectra were recorded with a Spectrum
Two (PerkinElmer, Waltham, Ma, USA), and specific surface area (BET) was measured
with a TriStar II 3020 (Micromeritics Instrument Corporation, Morcross, GA, USA) The
morphology of the synthesized - FeyOs@NHy MINPs was investigated using a transmis-
sion electron microscope (JEM 2100 JEOL, JEOL Lid, Musashino Akishima, Tokyo, Japan)
equipped with an energy-dispersive X-ray spectroscopy (EDXS) unit and a CCD camera to
capture images.

3.6 Adsorption of Henry Metal lons in Aqueons Solutions

Batch adsorption tests of Pb®*, CrT, and Hg™" ions were performed. The initial
concentration of 200 mg/ L of HM ions in the model water solutions was prepaned by
dissolving Pb (NOs)z, Cr (NO4)s 9Hz20, and Hg (NOs)a HaO'in a 1 L flask The adsorption
efficiency (R %) and adsorption capadity (q; mg/g) at different pH of the model solution and
adsorption at the defined time weme calculated using Equations (6) and (7). Additionally,
the effect of different adsorbent mass (3, = 20, 45, 90 mg) was tested, and the impact of
various anions (e.g., NOy ~, C1~, and S0, ) on the adsorption of CrT fons was investigated.
For Pb®* and Hg™ ions, only adsorption at different pH values was tested.

The initial pH values of the sclutions were measured and set to pH 4 with 0.1 M and
1M HNOy to simulate an acidic enwironment, which does not affect the y-Fe; Oy @8NH; NPs,
while 1 M N2OH was used to adjust the pH to 7 to simulate actual wastewater conditions.
Adsorption was conducted in 50 ml plastic centrifuges into which 20, 45, or 90 mg of
the lab-scale y-FeaOw@MNHz MPs weme weighed. Then, 20 mL of the prepared model salt
solution was added to the y-FexOw@MNHz NPs for selected specific adsorption times (1, 5,
10, 15, 30, 60, 240, 480,720, 1140, and 1800 min). All tests wene carried out at KT, To separate
the y-FeaOy@MH> NPs from the supematant after adsorption, a centrifuge (4500 rpm,
15 min) (UNIVERSAL 320, Andreas Hettich GmbH & Co. KG, Tuttlingen, Germany) and
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an external magnet were used. The supematant was decanted into a glass vial; meanwhile,
the - Fes Oy @NH,; NPs weme washed two times with 10 ml of dH.O

The concentration of the HM ions in the supematant was measured via atomic ad-
sorption spectroscopy (AAS PerkinElmer, PerkinElmer, Waltham, MA, USA) and induc-
tively coupled plasma optical emission spectrometry (ICP-OES, SPECTRO CITROS VI
SION, SPECTRO Analytical Instruments GmbH, Kieve, Germany) for Hgl'*. For both
analyses, the supematants were acidified with HNOy (0.5 mL of acid to 10 mL of the
supernatant sample).

The adsorption efficency (%) was calculated using Equation (6) [87]:

(€-C)
R_C—“KIIIII

&)

where R (%) is the adsorption effidency; Oy img/L) is the initial concentration of HM ions,
and Cy (mg/ L) is the residual conentration of HM ions.
The adsorption capacity was caloulated using Equation (7) [57]:

4 = (Co-C)x = ?)

where q; (mg/ g) is the adsorption capacity, Cy (mg/ L) is the initial concentration of HM
ioms, Cy (mg/ L) is the residual concentration of HM ions, ¥V (ml) is the solution volume,
and m (mg) is the adsorption material mass.

37, Desorption of HM lons and Regeneration Experiments

The desorption experiments for P, CrT, and [-[51"' ions were conducted toevaluate
the recyclability of y-FepOy@MNHz NPs. Desorption tests were performed immediately afer
spedfic adsorption times—ie., 1, 1140, and 1800 min—and after rinsing twice with 10 ml
of distilled water. Desorption was performed at T with 20 mL of 0.1 M HNOy added
to 45 mg of adsorbent material Desorption was in contrast to adsorption performed in
dynamic mode with an [KA MS3 digital shaker (IKA-Werke GmbH & Co. KG, Staufen,

Cermany) at minimal rpm. The desorption efficency was evaluated with AAS for Pe*
and CrT, and with ICP-OES for Hg?* ions.

4. Conclusions

In this study, stabilized and amino-functionalized magnetic nanoparticles
{v-FesOu@MNH; WNPs) with a diameter of 17 + 1 nm were synthesized, characterized, and
used as adsorbents for Pb2*, OrT, and Hgl ions. Adsorbent characterization showed that
y-FerOs@MNHz NPs have good thermal stability. The particles were successfully stabilized,
and amino-functionalization was confirmed with FTIR spectroscopy.

The adsorption prooess was carried out in aqueous solutions at pH 4 and 7. The
adsorption results showed the highest adsorption effidency and capacity at pH 7 for all
investigated heavy metal (HM) ions, ie, P, CrT, and HE‘H The adsorption efficiency
was the highest and quickest for CrT > Hg®* = Pb® jons. The maximal adsorption capacity
for Hg®* ions was achieved in 30 min, at 85.6 mg/ g for CrT and Pb® ions, the maximal
adsorption capacities were achieved after 12 h and were 9004 myg/ g and 83.6 mg/ g, respec
tively. Experiments with different amounts of y-FeyOs@MNHz NPs (20/45/ 90 mg) showed
that the optimal mass of adsorbent was 45 mg. Momeover, under optimal adsorption condi-
tions (pH = 7, myg, = 45 mg, c= 200 mg OrT/L, and ET), different anions—ie, NOy~, CI7,
and 504%~—showed no effect on the adsorption efficiency of CrT jons.

A study of the desorption process with 0.1 M HNOy, for 1 h showed the possibility
of reusing - FeOy@8MNH; NPs. Desorption was effective only for y-FesOy8NH; NPs after
the adsorption process was performed at neutral pH. We observed excellent desorption
effidency for Hg®* (100%), CrT (96.7%), and Pp®* (91.3%) fons.

The adsorption—desorption results showed that y-Fe; O3 @NHz NPs have great ability
and potential for specific and selective binding of HM ions and show excellent potential
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for real application in the droular economy. For this reason, further imvestigation of the
circular adsorption—desorption process for different HM ions (such as copper, iron, and
cadmium) in a single or binary system should be carried out in the near future

The use of functionalized magnetic nancmaterials as adsorbents in this study showed
that they combine the advantages of magnetic properties—which allow the removal of
pollutants from water using an external magnetic field—with the properties of other
functicnal materials, improving their adsorption, separation, and regeneration properties.
Such adsorption materials are capable of removing the main components of inorganic
pollutants, such as heavy metal ions, under different concentrations and pH conditions,
due to their chemical and physical stability.

At the same time, this study showed that such functional magnetic nanoparticles,
in conjunction with existing treatment technologies, can offer temendous potential for
the effective treatment of water and wastewater Due to their unique properties related
to magnetism and their surface and structural properties, these adsorption materials
offer many alternative applications in many other fields. Their use has been growing
in mecent years, particularly in the recycling of critical materials—including rare-earth
elements, which are now used in all high-tech products and are almost impossible to
replace because their properties are unique or “rare”, which is why they are so highly
valued, and their extraction and production pose major problems in terms of environmental
pollution. In addition, such functionalized magnetic nanoparticles could also be effectively
used to remove organic and biological pollutants such as organic dyes, fluoridated and
chlorinated organic compounds, pesticides, biactive compounds, etc, which awe often
found in groundwater, drinking water, and wastewater.

Despite the vast potential shown by functionalized magnetic nanomaterials as adsor-
bents, most of them ane still at the laboratory research stage. The lack of kegislation and
regulation and the issue of toxicity of nanomaterials, which should also not be ignomed,
mrepresent the major obstacles encountered in the remediation of water and wastewater with
namomaterials, while many other obstackes associated with their use are only temporary,
such as high costs and technical handling.

Although many studies have been carried out on the adsorption of heavy metal
ions, the mechanism of their interaction with adsorbents is, in many cases, not fully
understood. Themefore, more research on the inferactions between funcionalized magnetic
nanomaterials and pollutants is expected in the future, as they are of key importance for
the design and improvement of the properties of adsorbents, but the lack of know ledge
on their environmental and human impacts has to be taken into account in order to move
towards a justification of their use in real environments.
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3.3 Publications 3

Summary of Publication 3: As global industrial activities surge, the demand for
sustainable solutions to remediate toxic toxic metals and recover valuable rare earth
elements (REEs) has become increasingly urgent. Mercury (Hg?"), with its notorious
toxicity and bioaccumulative nature, continues to pose grave environmental and public
health challenges. Meanwhile, rare earth elements like dysprosium (Dy3*) and terbium
(Tb3)—critical for high-tech applications in electronics, magnets, and clean energy
technologies—face supply instability, driving the need for efficient recycling techniques.
This dual challenge—removing harmful metals while reclaiming valuable resources—has
inspired a wave of innovation in material science. This article contributes significantly to
that effort, focusing on the design and evaluation of superparamagnetic spinel-ferrite nano-
adsorbents for both removal and recovery of Hg?", Dy3" and Tb3" ions from aqueous
environments.

At the heart of this study is the synthesis of multi-component spinel ferrite
nanoparticles, engineered through a sol-gel auto-combustion technique, which allows
precise control over chemical composition and crystallinity. These nanomaterials are
specifically tailored to possess superparamagnetic properties, enabling easy separation from
solution using external magnetic fields—an essential trait for real-world wastewater
remediation. Through systematic variation of the cationic content (e.g., Co?", Mn?*, Zn?",
Ni?*), the study demonstrates how material properties such as surface charge, adsorption
affinity, and magnetic responsiveness can be finely tuned.

The article presents a thorough characterization of the nano-adsorbents, employing an
array of physicochemical techniques such as X-ray diffraction (XRD), scanning electron
microscopy (SEM), transmission electron microscopy (TEM), Brunauer-Emmett—Teller
(BET) surface area analysis, and vibrating sample magnetometry (VSM). These tools help
to elucidate the crystalline structure, surface morphology, porosity, and magnetic behavior
of the materials, all of which play crucial roles in determining their adsorption performance.

A key strength of this work lies in its comparative adsorption analysis for the target
ions. The authors conduct batch adsorption experiments to evaluate the efficiency,
selectivity, kinetics, and reusability of the nanomaterials. The results are promising: the
optimized spinel ferrites exhibit high adsorption capacities for Hg?*, Dy3*, and Tb3*,
governed by pseudo-second-order kinetics and Langmuir-type isotherms, indicative of
monolayer chemisorption on a homogeneous surface. Importantly, these materials show
excellent regeneration potential over multiple adsorption—desorption cycles, making them
practical candidates for both remediation and resource recovery.

The article also makes a significant contribution by addressing the biosafety of the
nano-adsorbents. Recognizing the potential ecological risks associated with nanoparticle
release, the study includes a toxicological assessment using Artemia salina (brine shrimp)
bioassays. The findings reveal low toxicity of the synthesized nanoparticles, suggesting that
these materials are environmentally benign under realistic exposure conditions.

From an application perspective, the dual functionality of these nano-adsorbents—in
detoxifying water systems from mercury while selectively capturing valuable REEs—marks
a noteworthy step toward circular economy principles in environmental nanotechnology.
The research aligns well with emerging goals in sustainable development, environmental
health, and resource recovery.
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In conclusion, this article offers a robust, multidisciplinary approach combining
materials engineering, environmental chemistry, and ecotoxicology to develop smart,
magnetic nano-adsorbents for critical environmental applications. The findings pave the
way for scalable implementation in water purification technologies, especially in contexts
where toxic metal contamination and REE recovery converge.
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Abstrack In the present work, superparamagne tic adsorbents based on 3-aninopropylteime thoosy
silane (AFTMS)coated maghemite (yBe;0y@505-NH;) and cobalt ferrite (CoFeaOy@5i0,—-NH;)
nanoparticles wene poepared and characterized using transmission-electron microscopy (TEM/
HETEM/ EDIXS), Fourser-transform infraned spectroscopy (FTIR), specific surface-anca meagune-
ments (BET), zela potential {{) measurements, the rmogravimetric analysis (TGA), and magnetome bry
(VSM). The adsorption of ™, T, and Hg™ ions onto adsorbent surfaces in model salt solu-
tons was tested. The adsorplion was evaluated in terms of adsorption efficency (%), adsorption
capacity (mg/ g), and desorption efficiency (%) based on the sesulls of induwctively coupled plasma
optical e missien spectrometry (ICP-OES). Both adeorbents, yFea 058510, —MH; and CoFey Oy @50,
MNHa, showed high adsorption efficiency toward Dy, Tb™, and Hg®* ions, ranging from 83%
to 8%, while the adsorption capacity reached the following values of Dy*, Tb**, and Hg™, in
descending order: Th (47 mg/g) > Dy (40 mg/g) > Hg (21 mg/ g) for yFe; 03850, NH;; and
Th 6.2 mg/g) = Dy (47 mg/g) > Hg (L2 mg/g) for CoBeyOy@5i0;-NH;. The resulls of the des-
orption with 100% of the desorbed Dy™, Tb™, and Hg™ ions in an acidic medium indicated the
reusability of both adsorbents. A cytoloxicily assessment of the adsorbents on human-skeletal-muscle
derived cells (SKMDCs), human fbroblasts, murine macrophage cells (RAW264.7), and human-
umbilical-vemn endothelial cells (HUVECs) was conducted. The survival, mortality, and hatching
penentages of zebrafish embryos wene momtosed. All the nanoparbcles showed no toaaty m the
zebrafish embryos until 9% hpf, even at a high concentration of 500 mg/'L.

Keywords nanomaterials; iron oxides; maghemile; cobalt Berrike; adsorplion; transibion metals;
oy tetooaaty; lerbaum; dysprosiwm; mercury

1L Introduction

Transition metals {TM) and internal transition metals (ITM), often referred to as d- and
f-block elements, respectively, are key raw materials for the European economy, forming
a strong industrial base that produces a wide range of products and applications used in
everyday life and modem technologies Many of these metals are considered to be highly
toxic and have negative environmental and human health effects due to anthropogenic
factors (e.g., mercury, kead, chromium, etc. ). Furthermore, both groups alse include strategic
metals, such as rare-earth metals (e.g., dysprosium, ferbium, samarium, neodymium, etc.],
which are in increasing demand and subject to supply risks. Therefore, reliable and
unhindered access to these raw materials is a growing concern in the EU and globally [1-5].

Int. J. Mol 5ci 2003, 24, 72 https:/ / doiorg,/ 10,3390/ fims241210072
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Of these metals, mercury (Hg) is particularly noteworthy. It can be found in mamy
common deviees, from thermometers, barometers, thermostats, and pressure gauges to
fluorescent lamps, etc., and it is considered to be the most toxic heavy metal in the envi-
ronment, particularly due to its high bioaccumulation and biomagnification capacity [6].
This is because spilled elemental mercury {Hg") is converted by microbial processes in the
environment, particularly in water, into an organic form called methylmercury (MeHg),
which is the most toxic form of mercury. Methylmercury is then transferred to fish and
other wildlife and, eventually, it can be ingested, causing adverse health effects [6,7]

The removal of toxic metals, such as mercury, from the environment plays a significant
role in minimizing their environmental and human health effects, while the recycling of
essential and precious transition metals, such as platinum, palladium, gold, silver, rhodium,
iridium, ruthenium, cobalt, niohium, tungsten, etc, and rare-earth metals, such as terbium,
dysprosium, necdymium, lanthanum, samarium, cerium, etc,, from e-waste and other raw
waste materials, is of major importance to increase the availability of secondary resources,
as well as improving the knowledge base that provides prerequisites for a circular economy
on a larger scale than today [1,6,8-10]. Generally, current proessing,/ removal technolo-
gies include, but are not limited to, hydrometallurgy (solvent extraction, ion exchange,
precipitation, and crystallization), pyrometallurgy, electrometallurgy (electrorefining, and
electrowinning), and aeriometallurgy (supercritical fluid extraction) [11,12].

All these technelogies have many disadvantages. Pyrometallurgy is energy-inensive
and generates greenhouse gas (GHG) emissions, while hydrometallurgy relies on large
volumes of adds and organic solvents, thus generating hazardous wastes [13-15]. The
primary disadvantage of aeriometallurgy is that the extraction must be operated at the
high pressure (1000-5000 psi) required to maintain the solvent in a supercritical state using
supercritical CO4 [16]. In electrometallurgy, an inert atmosphere is usually required for
recycling melated to operational and maintenance drawbacks, while the recycling of raw
metals can generate a small volume of waste, which is not yet developed, qualified, certified,
or accepted. However, the electrometallurgy process also features the drawbacks of huge
energy consumption for heating and electrolytic eduction and potential chlorine-gas
emission [17,158].

An attractive alternative to these technologies is the solid-phase extraction (SPE) of
metal ions from the solution using nanostructured materials as adsorbents, characterized
by surface functionality, high surface-to-volume ratio, and for porosity [19,20]. The use of
SPE involves the adsorption of the target-metal ions from the solution onto the adsorbent
surface followed by the subsequent recycling of the metals and the regeneration of the
adsorbents [21,22]. The advantages of SPE include its low solvent consumption, ease of use,
efficient removal of metal ions, even at low concentrations, and automation capabilities.

In the last decade, ferrimagnetic iron-oxide nanoparticles (MFPs) have received special
attention in the field of adsorbents, as reported in many meviews [23-26] Magnetite
(Feay) and maghemite (yFe203) are the main types of ferrimagnetic NF, and so far, they
have received considerable attention due to their nontoxicity and biocompatibility [27-29],
as well as their ability to be easily dispersed and collected using an external magnetic
field [30-32]. These ferrimagnetic materials, when reduced to particle dimensions smaller
than a certain domain, exhibit superparamagnetic behavior, which means that when an
external magnetic field is applied, they magnetize to saturation magnetization (rs), but
when the magnetic field is emoved, they no longer exhibit either residual magnetism (M)
or coercivity (H_) [32]. Hence, superparamagnetic iron-oxide NPz can be easily guided
in the magnetic field [25,27,34,35]. One prominent example is the introduction of cobalt
{Co**) ions into an iron-oxide spinel crystal lattice. Cobalt-doped iron oxides, also known
as cobalt ferrites (CoFe;(y), arouse interest in adsorption applications as their magneto-
crystalline anisotropy, which affects the magnetization, coercivity, reversal, and relaxation
of nanoparticles, can be tuned by the substitution of cobalt for iron [36-40].

[Due to the increasing use of iron-oxide NPs as adsorbents in the recycling of strategic
transition metals, theme is a high likelihood that these NPs may ultimately enter aquatic
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ecosystems through effluent discharge and leaching during or after recycling activities,
thereby affecting the environment and human health. Unfortunately, there is a serious lack
of accurate and sufficient information on their toxic effects. Therefone, toxicity assessment
has become increasingly important to understand the impact of these NPs on human health
and the ervironment [41].

In many studies, it was found that uncoated NPs usually tend to be more toxic than
coated particles; therefore, the surface modification of uncoated NPs can significantly reduce
their toicity [41-44]. Other studies revealed significant cytotoxic effects of these MPs, such as
inflammation, the formation of apoptotic bodies, impaired mitochondrial fundtion (MTT), the
leakage of membrane lactate dehydrogenase (LDH assay), the generation of reactive oxygen
species (ROS), increases in the number of micronuclei as indicators of gross chromosomal
damage (a measure of genotoxicity), and chromosome condensation [44,48,50-54].

Furthermore, little is known about the toxicity of the metal dopants of iron-oxide
NPs such as cobalt (Co®). The potential toxicity of cobalt-doped iron oxide (CoFezOy) is
therefore the subject of many debates concerning environmental, health, and safety issues,
particularly their use in the envircnment and their effects on human health [25,44,55-62].

Ome of the simplest ways to modify the surfaces of NFs is to use alkovysilanes,
which are considered among the preferred coating materials due to their chemical stability,
biocompatibility [63-65], and versatility, to achieve the functionality [65,66] required in the
end-use applications of NPs.

To ensume the functionality of iron-oxide NPs, various alkoxysilane ligands can be
grafted directly to their surfaces in one step, avoiding an intermediate multistage reaction
mechanism. The grafting principle of alkoxy silanes is based on the sol-gel hy drolysis of
alkoxide groups in the structures of alkoxysilane precursors, producing silanol groups
15+0H), which undergo condensation reactions to form siloxane bonds (5i-0-5i) on the
surface of the iron oxide, resulting in the formation of a protective silica surface layer (50).
Many alkoxysilanes may contain various functional groups in their aliphatic chains, such as
hydroeeyl (<OH), amine (-NHa), mercapto (-5H), carboxylic (-COOH), sulphonic (-S05H),
phosphonate (-PO{OH)2), phosphate (-POw(0OH])g), ete, which contain electron-donor
atoms (0, N, P, 5) and allow the formation of relatively strong complexes with the target
transition-metal ions to be recycled [31,41,42,45,67-71]

Although many studies report that alkoxysilanes are non-tooxde [18-20,71-73], their
toicity im terms of neactivity, stability, and degradation effects has not yet been thoroughhy
investigated [74-77].

In the present work, we attemnpted to fabricate efficient superparamagnetic adsorbents
based on two different spinel-type iron oxides, both maghemite (yFea0O4s) and cobalt ferrite
(CoFeay ), which were surface- functionalized using a (3-aminopropy ljtrimethoxy silane
(APTMS) precursor. The functionalized superparamagnetic adsorbents wene characterized
to test their adsorption efficiency and adsorption capacity towards IZ'D_',lj'"J Tb*, and [—Igi"'
ions in aqueous solutions and their desorption efficiency when an acidic medium was
used. The assessment of the oytotoxicty of both types of NP with and without an amino-
propyl (—{CHz)sNH3) surface coating was conducted on four different types of healthy cell:
human-skeletal-muscle-derived cells, human fibroblasts, murine macrophages cells, and
human-umbilical-vein endothelial cells. Further, their toxic effects on zebrafish embryos
were also evaluated by recording the survival, mortality, and hatching percentages during
embryo development.

2 Results and Discussion
21. Symthesis and Characterization of MNPs

The magnetic yFeaOly and CoFeyOy NFs prepamed by the coprecipitation method were
characterized using XED (Figure 1). All the diffraction peaks of the prepamed samples were
consistent with the cubic spinel crystal structure (JCPDS Card 35%-1346). It can be seen from
the XRD pattern that the presence of diffraction lines at 28 of 30.57, 35.57, 43.2°, 53.67, 57.17,
and 624 for both samples cormesponded to the cubic crystal planes of (220), (311), (400),



Chapter 3.3. Publication 3 101

bit. J. Mal. S 2023, 24,72 4of35

(422), (511), and (440), respectively. The particle sizes of the yFe;O3 and CoFe;Oy were
calculated from the broadening of the most intensive diffraction peak corresponding to
the (311) crystal plane using the Deby—Scherrer equation [78,79]. The calculated average
particle sizes of the yFe205 and CoFe;04 were 10.2 nm and 11.5 nm, respectively, and the
crystalline-lattice parameters corresponding to the cubic spinel crystal structure obtained
based on Bragg's law were (.8358 nm and 0.8345 nm, respectively. The presence of broad
amorphous diffraction peaks for the functionalized yFe;(03@Si0,-NH; and CoFe;04@Si0»—
NH; NPs, which appeared at a low diffraction angle 28 of 20°, was due to the presence of
the amorphous Si0; surface layer, indicating that the crystalline cubic spinel y-Fe;O3 and
CoFe;O4 NPs were successfully surface-functionalized with APTMS [80].

TFe, 0,
400 - —— CoFe 0,
TFC:O_x@S iO:'N H 2
(311) — CoFe 0 @SiO_-NH,
g = (440)
:O; (511)
O 220) |
= (220) i (400) (422) .
£ 2001 |
E '
=
100 1
0 T T T T ’ ¥ ) } '
20 30 40 > %0 n

26 ()
Figure 1. XRD pattems of yFe; 05 and CoFe,0Og NPs.

The positions of the diffraction peaks for the yFe;04@Si0,-NH; and CoFe0@Si0o-
NH; NPs were at the same positions 28 as those of the yFe;03 and CoFe;0y, indicating
that the crystalline cubic spinel structures remained unchanged after their functionalization
with APTMS.

The transmission-electron micrographs in Figure 2 represent the morphological prop-
erties of the as-prepared yFe;(03 and CoFe;04 NPs and functionalized Fe;03@5i0,-NH;
and CoFe;04@Si0;-NH; core@shell nanostructures. It can be seen that the obtained
vyFe20;5 and CoFeyOy NPs were relatively spherical in shape, with average particle sizes of
(9.9 = 0.9) nm and (11.5 = 1.0) nm, respectively, while the particle-size distributions of the
functionalized yFe;0:@5i0-NH; and CoFey04@5i0,-NH; NPswere (14.5 + 1.1) nm and
(17.7 = 1.2) nm, respectively. The electron-diffraction patterns of the yFe;03 and CoFeyOy
NPs indicated the crystalline nature of the prepared powders, with each of the concentric

diffraction rings belonging to the spinel crystal structure.
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Figure 2. TEM micrographs of (a) yFe; 05, (b) CoFeyOy, (€) yFe202@5:0,-NH,, (d) CoFe,0,@510,-
NH,, (e) high-resolution image (HRTEM), and (f) electron-diffraction pattern of spinel yFe,O5 and
CoFe,0g NPs.

The EDXS patterns of the yFe203 and CoFe204 NPs in Figure 3a,b confirm the presence
of Co, Fe, and O elements, indicating the formation of yFe;03 and CoFe; Oy nanostruc-
tures, while on the EDXS spectrum of the yFe;05@Si0,-NH; and CoFe;0@Si0-NH;
in Figure 3¢,d, respectively, the presence of C, O(N), Co, Fe, and Si confirmed the success
of the surface functionalization of the yFe; (0 and CoFe;O4 NPs with APTMS and, thus,
the formation of the core@shell nanostructures. Small proportions of Cu and C elements
belong to the TEM copper-grid supported transparent carbon foil.
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Figure 3. EDXS spectra of () yFe;Os, (b) CoFe;0y, (€) yFez05@Si05-NH,, and (d) CoFe,04@5i0,-
NH; NP«

The Brunauer—Emmet-Teller (BET) analysis showed specific surface areas of 94.9 m?/ g
for the yFe,04 and 62.5 m? /g for the CoFe,0. According to the BET-specific surface area at
a relative pressure of (1.3, average particle sizes () of 15.1 nm and 18.5 nm were calculated
for the yFeyO3 and CoFe;Oy, respectively, assuming the sphericity of the NPs using the
equation Spe = 6/(@pet-p), where p is a theoretical density of 4.9 g/«:rn3 for yFe;O; [81] and
52g/ em? for CoFe0y [82]. The average size calculated from the surface area was a little
higher than that determined using the XRD, most probably due to the agglomeration of
the particles [83]. For the Barrett-Joyner-Halenda (BJH) adsorption, the average pore size
was 7.0 nm, with a total pore volume of 0.2335 cms/‘g, for the yFe; O3 NPs, and 5.8 nm,
with a total pore volume of 0.1275 em3/ g, for the CoFe,O4 NPs. Furthermore, for the BJH
desorption, the average pore size was 8.4 nm, with a total pore volume of 0.3152 cm®/ g, for
the yFe;03, and 6.1 nm, with a total pore volume of 0.1353 cm?/ g for the CoFeyOy NPs.

Due to the surface functionalization of the yFe;03; and CoFe; Oy NPs with APTMS,
the obtained specific surface area decreased to 40.5 m?/ g for the yFe;0,@Si0-NH;
and 4.7 m?/g for the CoFe;04@Si0,-NH,. It is known that the larger the surface
area, the smaller the particle size, and a smaller BET surface area means a larger particle
size. According to the specific surface areas, the average particle sizes of the prepared
YFe;04@5i0,-NH; and CoFe;04@Si0,-NH; samples were calculated as 30.2 nm and
25.8 nm, respectively.

A FTIR analysis (Figure 4) was performed to obtain additional information on the
coverage of the NPs with the APTMS.
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Figure 4. (a) FTIR spectra of as-prepared yFe;,05@5i0,-NH; and CoFe;04@5i10,-NH; NPs and
pune alkoxide precursors TEOS and APTMS, and (b) enlarged anea corresponding to vibrations of

AMING groups.

In the FTIR spectra (Figure 4a), the two peaks near 3400 cm ! and 1630 cm ™! were
assigned to the hydroxyl group OH for all the synthesized NPs. The functionalization
process of the yFe; 05 and CoFe;Oy NPs with alkoxysilanes was verified by the asymmetric
stretching vibrations of the Si-O-Si bonds at 1050 cm ™! and the bending of the Si-H bonds
at796 cm ! and at 988 cm !, indicating the formation of silica (Si0;) shells.
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The presence of amine-propyl groups in the yFeaOs@5i00-NH; and CoFe Oy @5i0,—
NH; samples was confirmed by the peaks at 2934 eam”!, 1615 cm™ L, 133 cm !, and
781 em ™!, which were assigned to the stretching vibrations of the -CHy-NH; bonds, the
bending of M-H and NHa, the wagging and twisting of -CHz-NHj, and the wagging and
twisting of primary amine groups (-NH:), espectively. These peaks in the source spectra
were not sufficiently visible, butenlarged individual peak areas confirmed their presence
(Figure 4b).

A thermogravimetric analysis (Figure 51) was used to defermine the thermal stability
and the percentage of amino-propyl ligands grafted onto the surface of the magnetic
¥Fey(y and CoFey(y NPs. According to the literature, the estimation of mass-loss values
of 1.1% and 1.3% (not shown in Figure 5) while heating as-prepared magnetic yFexOs
and CoFea(y NPs up to 200 °C usually corresponds to the evaporation of physically and
chemically absorbed moisture. Further heating of the yFey(Oy and CoFes 0y magnetic NFs
up to 900 °C, respectively, resulted in additional mass losses of 2.7% and 3.4%, respectively,
which were most likely due to phase and surface changes, the reduction in porosity, and
the degradation of the remaining surface species.

100

yFed, o CoFey, © yFe0@si0,
yFe 0, @Si0,-NH, ® o CoFe, 0 @S0 -NH,

pH 2.6 N, pH 6.6 '
pH 89 pH9.2

Electrokinetic potential, £ (m'V)
=

Figure 5. The electrokinetic () potential of the prepaned NPs.

The mass losses of the prepared yFeOw@5i0,-NH; and CoFeyOy@Si0,-NH; samples
of 3.1% and 1.8%., respectively (not shown in Figure 51), began at the initial 30 *C mark
and continued evolving up to 150 “C. These changes were mlated to the evaporation of the
absorbed moisture from their structures. Further heating of the yFexOy@5i0,-NH; and
CoFeyOy@5i0y—NH: samples up to %00 °C caused more remarkable mass losses of 21.5%
and 201%, respectively, which corresponded to the decomposition of the 5i0; shell and
the remow al of amino-propyl groups from the NP surfaces, followed by the reduction in
the porosity and the cracking of the residual siloxane spedies, Si-0-5i.

To establish the stability of the prepared yFe; 0y, CoFeaOy yFeyOy@5i0—NH;, and
CoFez@S5i0-NHz NPs in an agquecus medium and to determine their surface potential
and isoelectric points (IEP), the electrokinetic (£} potential as a function of pH media was
measured (Figure 5). The pH values of the IEPs for the yFe; 04 and CoFe;(y NPs were
about 6.3 and 6.6, respectively, while the silica-coated WPs showed pH dependencies similar
to that of pure silica, i.e, at pH 2-3 [649,84].
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The values of the &-potential for the yFe;O4 and CoFez0y NPs were higher than
+30mV at pH = 5.2 and lower than —30mV at pH = 7.9, which means that the yFeaOy and
CoFey(y NPswere stable in the aqueous media at pH smaller than 5.2 and higher than 7.4,
In that pH range, the electrostatic repulsions between the NPs dispersed in an aqueous
medium ame stronger than the random thermal Brownian motion and, thEIEfcrI\EI, prevent
them from accidental collision and agglomeration and, subsequently, from settling out.

The observed IEP at pH 2.4 for the vFeyOu@5i0: NPs confirmed that the silica-coating
process of the yFex0y NPs was effective, since the charged surface properties were close to
those of pure silica (ie., at pH 2-3) [84]. The silica shell at the maghemite cores caused an
increase in their chemical stability at pH values = 4.1, wherme the surface potential was lower
than —30mV, thus rendering their performance suitable for environmental applications.
Muoreover, the silica coating prevented the dissolution of the yFe;Os and CoFey(0y NPs and,
thus the leaching of potentially toxic Co®* ions from the spinel crystalline structure and the
Fe®* /Fe™ oxidation, which otherwise occurs in an acidic medium at values of pH = 3.

It can be seen that an AFTMS precursor may be employed to functionalize yFexOly and
CoFe;0y NPs to form functional yFe; 03 85i0,-NH; and CoFe;0y@5i0,-NH; core@shell
nanostructures. The presence of an amine layer on the surface of the yFeyOw@5i10—NH;
and CoFe;Oy@Si0—NH; NPs makes them positive in a broad range of pH due to the
protonation and deprotonation of the amine groups, which depend on the solution’s
pH values.

The zeta () poential measurement of the yFex Os@5i0:—MNH; and CoFesOy@Si0y—
MH3 MPsin an aqueous solution showed an iscelectric point at about pH 9.0 and stability of
the NI's at pH = 6.6 for the vPey 05850 NH; and at pH = 7.9 for the CoFe; 0y @50, NH;,
where the (-potential was higher than +30 mV, and at pH > 10.6, where the {-potential
was lower than —30 mV.

We used pH potentiometric titrations for the determination of the total charge of the
aqueous colloidal dispersions of the yFe;Os@5i0,-NH; and CoFeOy@Si0—MNH; NPs,

The results of the potentiometric titration isotherms for the yFeyOs@5i0,—NH; and
CoFe;Og@85i0:—MNH; MPs are presented in Figune 52 The data exhibited protonation and
deprotenation progress for both samples at an alkaline pH of around 10, exhibiting a pKa
value of 10.1 for the yFeyOy@5i0:—NH:> with a maximum charge of (L0485 mmol/g and a
pkavalue of 4.9 for the CoFe,Oy@5i0:-NH; with a maximum charge of (L0155 mmol/ g
This can be attributed to the contribution of the total primary amine groups, which is
in agreement with data published elsewhere [85,56], and indicates the successful surface
functionalization of the MMNPs with APTMS.

Figure fia shows the hydrodynamic size distribution of the aqueous colloidal yFey(ly,
CoFeyOy, vFeyOy@S5i0—NH;, and CoFey(y@5ilh—NH; NPs at 21 "C, according to the
intensity-distribution pattern, showing a narrow distribution with homogeneous sizes. The
vFea0y and CoPey(y NPs, which were an average diameters of 9.9 nm and 11.5 nm by
the TEM, in fact exhibited slightly larger hydrodynamic sizes of approximately 11.7 nm
and approximately 14.5 nm, respectively (Figure 6a). On the other hand, after the surface
functionalization with the APTMS, the yFe:O3@85i05-NH: and CoFeyOy@Si0s-NH; NPs
showed larger hydrodynamic sizes, of about 16,6 nm and about 19.1 nm, respectively
(Figure fa), compared to the previous primary particle sizes of the same nanoparticles
observed by TEM.

It is worth noting that these hy drodynamic sizes were maintained over the applied
time range of 1 h (Figure 6a), indicating that both the uncoated yFeaO: and CoFexOy
and the surface-functionalized vFe, Oy @Si0—-NH; and CoPe 0y @5i0,-NH; NI's retained
colloidal stability
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Figure 6. (a} Hydrodynamie particle-size distribution for yFRe;05, Cobe, 0y, yhe05@8505-NH;, and
CobeyOy@5:0;-NHz NFs, and (b) the tme-dependent hydroedynamic diameters of uncoated yFea04
and CoFes(Oy, and coated yFe Ox@5i0:-NH; and CoFepOy@5S0--NH; NP,

The time-dependent hy drodynamic diameters of uncoated yFex(3 and CoFez(y, and
coated yFeyO4@8510:-NH; and CoFey0y@5i0,—MNH; NPs, are shown in Figure 6b.
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Figure 6b shows the samples showed a trend towards colloidal stability. The hydrody-
namic diameter of the colloidal CoFe;O4 NPs did not change significantly with time. The
average hydrodynamic size of the colloidal CoFe;0y NPs was maintained at approximately
(11.7 + 1.1) nm over the entire time range. The colloidal yFe;O3 NPs also had a similar
behavioral pattern in terms of hydrodynamic size, with a slightly larger fluctuation in the
values around the average diameter of the NPs of (14.8 £ 1.5) nm. Although the overall
maximum average hydrodynamic sizes of the yFe;0s and CoFe;Og NPs increased with re-
spect to the particle-size values estimated from the XRD and TEM images, no agglomeration
or aggregation of NPs was observed.

After the surface functionalization of the yFe;0; and CoFe;Og NPs by the APTMS,
a fluctuation and an increase in the hydrodynamic diameters of the yFe;O3@S5i0,-NH;
and CoFe;04@SiO,-NH; NPs by about 42% and 30%, respectively, were observed in
relation to the uncoated yFe; Oy and CoFe;04 NPs. The final hydrodynamic sizes of the
YFe;03@5i0,-NH; and CoFe;04@Si0)-NH; NPs were 16.6 = 1.5 nm and 19.1 + 2.0 nm,
respectively, compared to the particle-size values estimated from the XRD and TEM images.
Despite the fluctuation and increase in the total maximum hydrodynamic sizes of the
YFe,04@Si0,-NH; and CoFe;0,@Si0,-NH; NPs, no agglomeration or aggregation of
NPs was observed. The samples showed a trend toward colloidal stability.

It is obvious that the average particle sizes measured by the DLS technique were
slightly larger than the average particle sizes estimated on the basis of the XRD and TEM.
It is known that the hydrodynamic sizes of particles dispersed in liquids are usually
larger than the primary particle sizes, as reported by many other studies [57-90]. The
hydrodynamic sizes of particles measured by DLS depend on many factors, particularly the
concentration of the dispersion, temperature, pH, etc,, due to which dispersed nanoparticles
may tend to aggregate; therefore, the measured hydrodynamic diameters in such cases are
usually much larger than the actual sizes [88,90].

Figure 7 shows the comparison of the magnetic properties of the uncoated yFe;O4
and CoFe;Oy NPs and the functionalized yFe;03@5i0,-NH; and CoFe;03@Si0-NH;
NPs, which were carried out using VSM analysis.
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Figure 7. Cont.
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Figure 7. M-H curves of the prepared samples of (a) y-Fe;O5 and y-Fep O;@500,-NH; NP, and
(b) CoFe;0y and CoFe,Oy@5Si0.-NH; NPs.

At the maximum magnetic field (H) strength in the magnetization phase, the spe-
cific mass magnetization (M.} of the samples yFe;04 and CoFe;(y reached values of
54.98 emu/ g and 52.67 emu /g respectively. The remanent magnetization (Mr) and coerciv-
ity (H) values for the samples yFex05 and CoFe;(y can be determined from the shape of
the hysteresis curves in the vicinity of the zero-magnetic-field strength. We determined that
the 'emanent magnetization and coercivity of the vFexOy sample were 1.17 emu/ g and
12.55 Oe, respectively, and that the remanent magnetization and coercivity of the CoFe; 0y
sample wemre 6.27 emu/ g and 163.76 Oe, respectively.

As can be seen, the yFea Oy NPs showed very low coercivity due to the small particle
sizes. In this case, the yFex(Oy NPs exhibited a superparamagnetic character; in other words,
they were monodomain In contrast, when the iron in the spinel crystal structure of the
maghemite (yFe:03) replaced the cobalt (CoFe;0y), the coercivity was non-zero, and the
samples did not show superparamagnetic behavior.

A comparison of the magnetic characteristics of these two samples showed that with
the integration of the cobalt into the yFeyOy spinel crystal structure, the coercivity increased
by thirteen times, and the emanent magnetization increased by almost five times, while
the specific mass magnetization did not change significantly.

The increase in coercivity was the cause of the increase in the magnetocrystalline
anisotropy due to the cobalt substitution [34]. Magnetocrystalline anisotropy is a key
factor that determines the superparamagnetic behavior of nanocrystalline particles and
serves as an energy barrier to block spin relaxation, which changes the magnetic state from
ferrimagnetic to superparamagnetic [37, 38].

The average particle sizes of samples yFe;05 and CoFe; Oy were approximately similar
(10.2 nm for yFeyOy and 11.5 nm for CoFea(y), so the loss of superparamagnetic properties
when replacing the iron with the cobalt in the yFes(Oy spinel crystal structure may have
been due to an increase in the magnetocrystalline anisotropy of the CoFeaOy [37].

In the magnetization step, under the maximum magnetic field strength (Hz), the
spedific mass magnetization (M,) of the synthesized yFeaOy@5i0,-NH; decreased from
54.98 emu /g for the yFeaOs NPs to 39.32 emu/ g, and from 5267 emu/ g for the CoFey(Oy
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MNPs to 33.24 emu/g for the CoPe;Og@85i0—NHy NPs. This was due to the presence
of a non-magnetic SiCh-MHa coating on the surfaces of the yFey(y and CoFey Oy comes,
which, due to its diamagnetic quality, contributed to the reduction in the net-specific
magnetization of the yFeyO4@5i0,—NH; and CoFeyOy@Si0x—MNH; NFPs. After the surface
functionalization of the samples yFex(Oy and ColFes;(y, a pronounced decrease in the
remanence (Mr) and coercivity (Hz) of the samples was noticed because of the increase in
the average particle size at the expense of the 5i0x-NH; surface coating The remanence
(M) thus decreased from 1.17 emu/ g for the sample vFea Oy to 0.77 emu/ g for the sample
yFeaO0y@5i0.-NH;, and from 6.2 emu/g for the sample CoFey(y to 443 emu/ g for
the sample CoFeaOy@5i0,-NH3, while the coercivity of the sample vFe;Oy@SiO—NHa
decreased to 11.32 Oe from 1255 Oe for the yFea (s, and for the sample CoFey Oy @50,
MH3 m it decreased to 122.02 Oe from 163.76 Oe for the ColbeyOy NPs. The decrease in
saturation magnetization (M,). coercivity (Hs). and remanent magnetization (M) in the
¥FexOy@5i0:-NH; and CoFeyOy@5i0,-NH; MPs compared to the yFey(y and CoFea(Oy
MPs was expected due to the larger NP sizes, coresponding to the 50y shell and the
functionalization with amine (-WH3) groups.

2.2 Adsorption and Desorption Tests

To evaluate the performances and basic adsorption affinity of the v-FeaOs@Si0,—
NH; and CoFeyOy@Si0:—NH; adsorbents toward Dy, Th**, and Hg™* ions in aquecus
solutions, batch adsorption experiments at pH 4.5 and with a contact time of 2 h were
performed. The graphical representations of the adsorption efficiency and adsorption
capadity of the prepared samples are depicted in Figure 8 The numerical results are
presented in Table 1.
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Figure 8. {a) Adsorption efficiency (%) and (b) adsorption capacity (mg/ g} of yFezO:85i10:-NHz
and CoFeyOy@Si0:-NH; NPs toward Dy, Tb*, and Hg® ions.

Table 1. Results of the adsorption and desorption tests for Dy, Tb™, and Hg™ iona.

Adsorption Efficiency guu, s (%) Adsorption Capacity §u, (mgg) Descrption Efficiency g, (%)
s Dy Tb* Hg™ Dy Th** Hg™ s T T Hg™
yFes0n@5i0—NH; Bal 893 o3 40 ir 21 100 100 100
CoPe, 0@, -NH, wo 954 921 17 62 12 100 100 100

The adsorption results of the D}r}", Tb*, and [—Igl" ions ame presented only for the
functionalized NPs, both yFe, (88510, —NH; and CoFe,0y@5i0:—MNH;, as adsorption by
functionalized NPs is usually much more efficient than adsorption by non-functionalized
MNPs [46].

The adsorption results showed that both the yPe;O.@8Si0—MNH; and the
CoFey0y@Si0,—NH; samples had high adsorption affinity towards Dy* and Tb* ions,
with relatively high adsorption efficiencies of 83.1% and 89.3%., respectively, but low ad-
sorption capacities of 4.0 mg/g and 4.7 mg/ g, respectively.

The adsorption affinity of the yvFeyOu@5i0,—MNH: and CoFesOy@Si0u—NH; towand
the v, Tb*, and Hg®* ions in the aqueous medium can be explained by Pearson’s
hard-and-soft acid-base (HSAB) theory [41]. This concept is based on Lewis” definition of
acids as electron acceptors and bases as electron donors, and it states that soft acids prefer
to coordinate and form stronger bonds and more stable complexes with soft bases, whereas
hard acids prefer to coordinate and form stronger bonds and more stable complexes with
hard bases.

According to the HSAB concept, Dy** and Tb™ ions are classified as hard Lew is acids,
and functional amino (-NHz) groups are classified as hard Lewis bases, so D}rg'* and Tb*
ions have a high affinity for NH; groups. On the other hand, as a soft Lewis acid, Hgi"'
is a relatively large (1.02 A) and polarizable atom, which, in practice, prefers to associate
with soft bases. Since Hg2* is larger than T (0,923 A) and Dy¥ (0,912 A) and, thus, more
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polarised, it has a weaker preference for interactions with hard NH: groups. This resulted
in its significantly lower adsorption capacity of 21 mg/g for the yFe,Oy@5i0—MNH; and
1.2 mg/ g for the CoFeyOy@Si0-NH; MNPs.

The lower adsorption capacity of Hg?* compared to Tb** and Dy **, in the context of
the HSAB concept, can be explained by the use of the absolute-hardness parameter (§:).
Parret al. [92] defined the absolute-hardness parameter as ifs = (Ip — As)/2, where Ip (V)
is the ionization potential and A, (eV) is the electron affinity. Pearson, in a 1988 paper [93],
conveniently provided cumulative experimental values for ionization potential and electron
affinity; referring to earlier work by Moore [54]. From these values, it is possible to calculate
the absolute-hardness parameter ()f,) values, which for Hg**, Tb*, and Dy™ are 5.4 &V
11 eV, and 3.1 eV, mespectively. Pearson [93] also defined softness (7;) as the inverse
of hardness, 0: = 1/s, with zero as the maximum sofiness. The values of the sofiness
parameter for Hg™*, Tb™, and Dy are thus 019, 0.32, and (.32, mspectively, indicating
the softer nature of Hg®* compared to Tb* and Dy**. Therefom, in this case, a higher
complexation affinity of the hard WH; ps for the hard Tb* and Dy™* ions and a lower
complexation affinity for the softer H is expected, which also agreed with the results of
our waork.

A possible explanation for the low adsorption capacity of Hg** is its unusual chemical
properties and its character as a soft Lewis acid. The soft nature of Hg™* is related to its
ground-state electronic configuration ([Xe]4f45d %657} with filled electron subshells up
to 6s, which, due to its stability, strongly resists electron removal, resulting in the very
high ionization potential (I 10.434 V) and moderately high electronegativity (xp 2.00 by
Pauling) [45,96] of Hg, which is reflected in its low chemical reactivity [57].

Because all the main energy levels of the Hg atom are filled, and because of the
unusually stable 6s? electron pair, Hg can form only very weak hard—soft chemical bonds
with amino groups, with a covalent character [%6]. Therefore, the interactions of soft Hg
with the hard electron-donating M-atom in the NHz group, which is a small (0.16 Ay,
low-polarizable atom with high electronegativity (1p 3.04 Pauling) and high ionization
potential l:IP 14.534 V), are not favored [95,95].

In contrast, Th** and ]:'_r,.rg", which are hard Lewis acids, according to the HSAB concept,
tend to have chemical interactions with the electron-donor N-atoms in the NHz groups,
which have the character of hard Lewis bases. This is due to differences in the stability of
their electron configurations and electron-density distributions. Compared to Hg, which
has a stable electron configuration, Tb {[Xe]6s™4") and Dy ([Xe]6s™4f") have stabilized 4f
electrons that do not contribute to the formation of chemical bonds, and their chemical
behavior is dictated by the 6 =s valence electrons [97]. Despite the presence of 6s® electrons in
addition to the 4f and [Xe] nuclei in Tb and Ity their most stable oxidation state in aqueous
media is +3, which makes them more reactive than divalent Hg. Their chemical mactivity
gradually decreases from terbium towards mercury in the sequence of Tb = Dy > Hg [97],
which is also reflected in their higher affinity for the formation of complexes with NHy
groups of AFTMS compared to Hg. This is consistent with our finding, in this study, that the
adsorption capacities of Tb™, Dy, and Hg** decrease in the order of To™ = Dy = Hg".

On the other hand, the unexpectedly low adsorption capacity of Tb* and D}rg"' ions,
which have the character of hard Lewis acids, is probably also due to the strong hydration
of these cations in aqueous solutions and the formation of aqua complexes ([LnfiOH, ja ¥,
Ln = Th, Dy}, which is also reflected in their high hydration-enthalpy values for Th**
mH’wﬂr — 3540 keal fmol) and D}r}* {,E.Hwt —3570 kecal/mol) [49-101]. Such aqua com-
plexes are easily formed because of excess water, and they are prone to substitution re-
actions, in which water molecules are successively replaced by amino ligands and vice
versa [102].

Bjerrum [103] determined that a metal complex in an aqueous solution is formed by
the exchange of a coordinated water molecule directly bound to the central lanthanide ion
{Ln*) with other ligands, provided that the ligand has a sufficiently strong affinity for the
lanthanide ion to compete with the affinity of the coordinated water Such exchanges result
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in the formation of strong complexes with inner hydration shells [104]. When the ligand
replaces the water molecule of the aqua-complex ion, a new metal complex is formed and
equilibrium is established. It is assumed that this formation does not take place in one step,
but in several sieps, involving the following: (i) the joint diffusion of the hydrated cation
and anion, (i) the partial loss of solvent to form the ion pair, (iii) the loss of water from the
first coordination sphere of the cation, and (iv) the formation of the complex species. The
rate-determining step is the loss of the water molecule from the coordination sphere of the
Ln* ion and, thus, depends only on the hydration properties of the Ln™ ion [105,106].

In general, a maximum number of water molecules are distributed around Ln** ions
during the hydration process, depending on the size of the Ln®* ion and its electronic
properties. It is known that the ionic radii of Ln™ ions in the Ln species decrease as the
atomic number increases due to lanthanide contraction, which is a consequence of the
incomplete mutual protection of the valence f~orbitals.

According to the ratio of the radii of the Ln™ ions to the radii of the moygen atoms
{1.34 A} in coordinated water molecules (Fign /o), all the hydrated Ln**-ions in aquecus
solutions occupy the configuration of a tricapped trigonal prismatic [107] geometry with
six nearly identical water molecules at the vertices of the trigonal prism and the remaining
three water molecules capping the prism faces [108].

Hydrates of the lighter Ln* ions {La**-Nd**) have a regular tricapped trigonal pris-
matic configuration, with slightly longer bond distances from the Ln* ion to the capping
water molecules (Ln-(3) than to the water molecules forming the prism. The decrease in
the radii of the Lr**-ions with the increase in the atomic number of the Lrespecies starting
from Nd** does nat, in principle, affect the structure of the prism, but has a strong effect
on the mome weakly bound capping positions of the water molecules in the prismatic
structure, resulting in a partial loss of the water molecules in the capping positions for the
heaviest Ln**-ions (Ho™*-Lu™). In fact, studies have shown that the bond strength of the
three-capping water molecules is strong at the beginning of the Ln series for nonahydrates
{e.g, La**-5m™ ), while in the Ln series starting from {Sm™*-Lu**), the Ln-0 capping bonds
become weaker and shorter at the same time. The Ln—O change in the [LofOH )] for
Ln**-ions le.g., La*, Sm?, Tb**, I::Iﬁ.rg"'J Ho*, and Lu**) occurs in the followin, sequenoe:
La-0{252 A) > Sm-0 (246 A) = Th-0 {239 A) = Dy-0 (237 A) = Ho-O (236 A) » Lu-D
{2.31 A) [109]. Consequently, in the lanthanide series starting from Sm* onward, the three
water molecules in the structure are not equally strongly bound and one of the water
molecules is at a shorter distance from the Ln-center than the other two. In the series
from Ho™ to Lu™, the water deficit and the differences between the strongly bound water
molecules and the more weakly-bound molecules are even greater [108,109].

Therefore, since Lo~ bonds are more easily broken, in the whole Ln series, the lighter
lanthanide Lo -ions (La**-Nd*) form stable nonahydrates, while the heavier Ln*-ions
{Ho**-Lu*") form octahydrates. Intermediate Ln**-ions {Smj’*—D}rg’*] favor the formation
of complex forms of nona- and octahy drates with non-integer coordination numbers (TN}
between 8 and 9. Therefore, the CN of these intermediate lanthanides should be average
with respect to the ratio of nona- to octahydrate forms [110,111].

Such Ln-O bond behavior determines the hydration behavior of Ln* ions and explains
their very unusual and complex ligand exchange kinetics throughout the Ln series [110,111].
The peculiarity is that the exchange rate of water molecules between the first hydration
shell and the bulk solvent increases in the direction from La* to Gd**, reaches its maximum
in the central region of the Ln series (T, D_r,.rg"], and then decreases up to Lu® [112,113].
The physical reasons for these phenomena are still not well understood and are the subject
of many investigations [110,111].

On the other hand, H>( is also known to be a hard base [114], which, in accordance
with the HSAB concept and the above values of absolute hardness, associates with hard
ligands rather than soft ligands, because, in this case, hard-hard inferactions are more
favorable. Since the amino (-MHz) group is a hard Lewis base, the substitution of the
amino ligand and HaO is relatively favorable from this point of view [100,114], which
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makes lanthanide-ion complexes of Lo (Ln=Th, D) extremely labile [115]). In contrast,
for transition metals, the lability of complexes generally varies with their electronic con-
figuration. Some mrn]ghxes are labile, while others are kinetically very inert, such as d4?
species and low-spin d° spedes, with high stabilities and high activation energies for ligand
substitution [115].

The formation of amine complexes is largely related to the availability of active sites
on the adsorbent surfaces and the coordination mumber. The two key factors influencing
the coordination number and complex formation, aswell as their chemical stability, areas
follows: (i) the influence of the donor M-atoms in the immediate vicinity of the metal ion
(T, D_','s", ng*}, which, due to interatomic tension, prevent more M-atoms from making
contact with the metal ion; and (ii) the steric repulsions between the larger substituent
groups in the APTMS, which are bonded to the donor N-atom (e, HaMN(CHaJs-), which
determine how much of the ligand can be surrounded by the metal ion [115]. The lack
of available active sites thus reduces the ability to form complexes, resulting in a lower
adsorption capacity.

The electron-donating M-atoms of the amino groups of AFTMS in the surface coating
of the adsorbent possess a free-electron pair that can be donated to form a coordination
bond with the Tb¥*, D}rg*, and I-Igz"' metal ions in the aqueous medium. Depending on
the coordination number, which is % for Tb™ and Dy [98,116] and 6 for Hg™* [117,115],
these metal ions can coordinate linearly with one or two amino groups, with the remaining
coordination sites occupied by water molecules. Thus, the coordination mechanism of TB3*,
Dy*, and Hg with the amino groups of APTMS on the surfaces of yFey 0 @510 NH,
and CoFe;OyE5i0:—NH; adsorbents can be represented as [101,119,120]:

RNH; + Ln™ < [Lo(RNHz)(HzO)s]** (Ln = Th, Dy) (1)

RNH; + Hg?* & [Hg(RNH,)(HO)s 2

After the adsorption of Tb*, Dy?*, and Hg?*, the possibility of mcovering both
adsorbents, yFe;Ow@Si0u—NH; and CoFey Oy @5i0y—NH;, for the reuse and recy cling of
T, Dj.rg"', and I-Igl" ions were verified by a desorption process. The choice of agent for
desorption is based on the type of adsorbate-adsorbent system [121] and depends mainky
on the compatibility between adsorbate and adsorbent, the pH and ionic strength of the
medium, the complexation ability, the desorption-agent content, and the exposure time, as
these variables can modify the desorption behavior or destroy the adsorbent structure [121].
In addition, desorption phenomena are related to a series of surface interactions and
diffusion into micropores or the intraparticle spaces of the adsorbents [59].

In our previous research [122,123], we studied some desorption conditions and the use
of different acidic desorption agents, such as hydrochloric acid (HC1), nitric acid (HNOs),
and citric acid, and we found that HNO4 gave better results than the other two desorption
agents. Themfore, in the present study, a desorption procedure for Tb**, v, and Hg?*
was carried out using a 1-M aqueous solution of HNOy for 1 h at room temperature
and with pH 4.5 [124]. The desorption was carried out in one cycle only due to the loss
of material during the desorption process. The results of the desorption efficiency are
shown graphically in Figure 9. After 1 b, the Tb™, Dy™, and Hg?* ions were completely
desorbed from the surfaces of the yFeyOw@5i0,-NH3 and CoFey 0y @510:-MNH; adsorbents,
indicating the potential for the stable reusability of the prepared adsorbents and the high
potential of these adsorbents for the recycling and removal of heavy metals.
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Figure 0. Desorption efficency of yFe 05850, NH; and CoFe;04 850, NH; NP

Table 2 shows the comparison of the adsorption of the D}rg*. TH*, and Hgi" ions
onto the pmfamd yFeyOs@5i0—MNH: and CoFeyOy@5i0—NH; NPs with the adsorption
of Dy*, Tb*, and Hg** on different adsorbents. It can be observed that the adsorption
conditions, such as the initial adsorbate concentration (Cya. ), adsorbent dosage (7 4], time
of adsorption (f,4,). adsorption temperature (T 34.). and solution pH, wene very different,
making the comparison of the adsorption performances a difficult and a complex task.

Table L The adsorption capacity of Dy, Tb*, and Hg® with various adsorbent materials,
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Su et al. [125] studied the adsorption capacity of Dv™ with the adsorbate
Fey 0y @SiOy@polyaniline- graphene oxide, and they demonstrated an adsorption capacity
of 16.0 mg/g, an adsorption efficiency of 6%, and a desorption efficiency of 95% at pH 4.
Liu et al. [126] reported an adsorption capacity of 28.3 mg/g, an adsorption efficency of
=80%, and a desorption efficiency of >95% for Dy™ at pH 7 using Fey0y-Cyz—chitosan—
DETA. With the same pH of 7, using NHyOHES5i0y (APTMS), Kegl et al. [84] reported an
adsorption capacity of 23.2 mg/g and an adsorption efficency of 94% for ]'};.'3'. Javadian
et al. [127] reported the adsorption characteristics of synthetic-polymer-based magnetic ad-
sorbent (M-PPTA) toward rJ';.""'r at pH 5.5, and found an adscrption capacity of 24.0 mg/g,
an adsorption efficency of 98.4%, and a desorption efficiency of »84%.. Shinozaki et al. [124]
noted 18.4 mg/ g of adsorption capacity and 30%: of adsorption efficiency for T};."';" atpH 1
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using an adsorbake of polymeric adsorbents modified with ethylenediamine (EDA) and
diglycolamic acid (DGA).

Alcaraz et al. [129] reported the use of chemically and physically activated carbons
from spent-coffee waste to adsorbed Dy™ ions. They showed an adsorption capacity of
chemically activated carbons toward Dy of 31.26 mg,/ g and an adsorption efficiency of
Dy* of 96% at pH 4. When using physically activated carbons from spent-coffee waste,
an adsorption capacity of 33.52 mg/ g and an adsorption efficiency of %9%. were obtained.
Further, Viana et al. [130] reported an adsorption capacity of 0.570 mg/ ¢ and an adsorption
efficiency of 899 for Dy** using uloa lactuce—Chlorophyta (green), while an adsorption
capacity of 0.526 mg/g and an adsorption efficiency of 84% weme obtained for Dy=" by
using Gradlaria sp.—Rhodophyta (red). According to Zhang et al [131], an adsorption
capacity of 1.85 mg/ g and an adsorption e fficiency of 84% of Dy at pH 3 were cbtained
using an Fel-Si0n—PA /Siy—DTPA adsorbent.

Suetal [125], Zhang etal. [131], Barros et al. [132], Tonget al. [133], and Kegl etal. [134]
studied the adsorption capacity of Tb** using varicus adsorbent materials under different
adsorption conditions. Using graphene oxide at pH 4, Suet al. [125] obtained an adsorption
capacity of 11.8 mg/g an adsorption efficiency of 98%, and a desorption efficiency of
95%, for Th*. Zhang et al. [131] used an Fe®Si0s—PA /S0 DTPA adsorbate at a pH of
3 and obtained an adsorption capacity of 1.4 mg/g for Tb**. Barros et al. [132] reported
the use of molecular-sieve zeolite for the adsorption of Tb* ions at a pH of 5, and they
noted an adsorption capacity of 259 mg/g alongside an adsorption efficiency of 807,
and a desorption efficiency of =60%, for Tb™; furthermore, they obtained an adsorption
capadity of 5.07 mg/ g for the Tb™* using B. cereus biomass-supporied zeolite adsorbate.
Tongetal [133] used multi-walled carbon nanotubes with tannic acid (TA-MWCNTs) for
the adsorption of Tb™ at pH 5 and obtained an adsorption capacity of 8.55 mg/g, while
Kegl et al [124] used a superparamagnetic y-Fe; Os-NHy OH@Si0y (AFTMS) adsorbent
and obtained an adsorption capacity of 0.204 mg/ g for the adsorption of Tb* ions from
water ata pH of 7.

Adsorption studies on Hg™" ions with CoFe;0;—chitosan—graphene, polypyrmole-
functionalized magnetic kaolin (Ppy-Fes0y/kaclin), and CoFe;Oy@5i0-NH; adsorbents
ata pH of 7 showed adsorption capacities of 361.0 mg/g, 255.2 mg/g, and 149.3 mg/ g,
respectively  These studies were performed by Zhang et al. [135], Lin et al [136], and
Wang et al. [137], respectively.

In recent works, Xia et al. [138], Allwin Mabes Raj et al. [122], and Inglezakis etal [134]
studied the adsorption of I-Igz" using CobesOy@5i0:-EDTA, v-FeyO28NHs, and FesOy as
adsorbates, and they noted adsorption capacities of 103.3 mg/g 85.6 mg/ g and 280 mg/ g
for Hg™, mespectively. Liu et al. [140] studied the adsorption capacity of Hg™* with the
adsorbate rice-husk-activated carbon (RHAC) and demonstrated an adsorption capacity of
55.87 mg/ g at a pH of 5 Denizli et al. [141] studied the adsorption of ng* with magnetic
poly (vinyl alcohol}—procion blue MX-30 as the adsorbent and noted an adsorption
capacity of 692 mg/g, an adsorption efficiency of =94%, and a desorption capacity of
95%, for Hg™. An adsorption study of Hg™* with amino-functionalized 5i0, particles
(NH2@5i05) conducted by Raj et al. [123] and a study with activated carbon performed by
Soliset al. [142] showed adsorption capacities of 375 mg/g and 2.5 mg /g, respectively.

Mevertheless, it can be observed that the adsorption of Dy, Tb*, and Hg™ ions is
tested mostly in acidic or neutral aquecus media, and that the adsorption capacity is higher
in surface-functionalized adsorbent nanomaterials. In addition, some adsorbents have
significantly higher adsorption properties for Hg** than for Dy* and Tb™ ions compared
to our prepared adsorbent materials. However, the main advantages of our adsorbents
are their relatively fast kinetics of adsorption, which are associated with their nano-size
and functionality, their high desorption efficiency, and the corvenient and highly efficient
sustainable recovery of the used adsorbate material at the end of the adsorption process by
magnetic attraction.
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2.3 Cytotoxd city Study

The cytotoxicity of the nanoparticles was tested in different healthy cell lines after
3 days of incubation. In the SKMDCs, the yFe;(O3 nanoparticles showed lower toxicity than
the yFey 0y @5i0;-NH3, as shown in Figure 10a. The cell viability reached 69 + (L72% after
3 days of incubation with 5 pg/mL of yFesOu@5i0,-NHy, which decreased to 57 £ 0.47% at
a concentration of 500 pg/ml. Similarly, the CoFes(0y nanoparticles showed lower toxicity
than the CoFeOy@Si(0:—NH;. The incubation of the SKMD(Cs with CoFe;Oy&@5i0,-NH,
up to a concentration of 125 pg/ ml for 3 days showed lower toxicity with a cell viability
above 80%; however, the cell viability decreased to70 + 3.41% at 500 pg/ml.
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Figure 10. Cell viability (%) of (a) SKMICs, (b) Abroblasts, (c) RAW2647, and (d) HUVECs treated
wilh different concentrations of nanoparticles for 3 days Resulls ame presenied as mean + SEM, n=3.

In the fibroblasts, all the nanoparticles showed lower toxicity when the cell viability
was above 80%, with concentrations of up to 500 pg,/mL (Figure 10b).

In the macrophage RAW254.7 cell line, both the yFea(3 and the CoFey(y showed
lower toxicity than the yFeaOw@5i05-NH; and CoFeyOy@Si0x—NH; (Figure 10c). At
50 pg/ ml, the cell viability reached 52 + 0.61%: and 74 &+ 7% for the yFe;Oy@Si0MNHa
and CoFeyOy@5i0:—MNH;, respectively. However, at 500 pg/ml., the cell-viability values
were 59 + 0,109, 13 £+ 0.51%, 66 £+ 0.31%, and 7 + 0.23% for the yFeyOy, yFeyO:@Si0,—
NHa, CoFes0y, and CoFeyOy@5i0y—NH,, respectively. It is worth mentioning that the
macrophage BAW2647 cells were more sensitive to the yFeyOs@Si0—NH; and
CoFey(08510.—-MNH> than the other cell lines.

The toxicity of the nanoparticles was also tested in the HUVECs (Figure 10d). The
results showed the low toxicity of the yFea Oy, yFeyOu@5i0:,-NHa, and CoFey(Oy companed
with the CoFeyOy@5i0h—NH;, which showed a decrease in cell viability (69 + 1.26%) at
25 ug/mlL, reaching 25 + (L86% at 500 pg/mL.
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The results presented in Figure 11a show that none of the nanoparticles had hemolytic
effects, except the nanoparticles of yFe,04@Si0-NH,, which showed a dose-dependent
hemolytic effect. A change in the supernatant color was observed by the naked eye
at concentrations of 50 ug/ml. and above, indicating the lysis of red blood cells and
hemoglobin release (Figure 11b) [5].
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Figure 11. In vitro hemolytic studies. (a) Hemoly tic effect of different nanoparticles on human blood
at different concentrations (a), epresentative image of the hemolytic effect (red-coloned supernatant)
of nanoparticles (b).

A toxicity study on zebrafish embryos exposed to different concentrations of nanopar-
ticles as shown in Figure 53 revealed that none of the nanoparticles had toxic effects on the
zebrafish embryos until 96 hpf compared to the control, even at a high concentration of
500 mg /L (Figure 12).

Table S1 depicts the list of various adsorbent materials with their toxicological as-
sessment in different biological systems. Many studies investigating the toxicities of
different materials using in vivo and in vitro studies, such as a toxicity study of human
kidneys (HEK293) using magnetic, Si0O;-coated nanoparticles with an exposure of up to
1.0 ug/uL for 12 h, which was reported by Shim et al. [143]. In their SiO; in vitro study,
Pisani et al. [144] used A549 (human) lung cells with 0.1-6-ug/cm? dosages and exposed
them for 24 h. A toxicity study was reported b{ Ellinger-Ziegelbauer and Pauluhn [145]
on rat-lung cells with MWCNT at a 11-mg/m- concentration for a 6-h (aerosol) 90-day
postexposure period. Jovanovi€ et al. [146] studied the TiO; (anatase) and hydroxy-
lated fullerene toxicity of 40-ug/mlL fullerenes and 170 ng/mL in Danio rerio (embryo).
With 2.5 pg/mL and 25 ug/ml of Ag in human colon cells, toxicity was studied by
Bohmert et al. [147]. Conde et al. [148] studied toxicity using Au, functionalized with
anti-sense cDNAs at dosages of 30 nM in the HCT-116 (human) colon.
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Figure 1L Febrafish-=mbryo development expressed as percentages of dead, chorionated,
ard halched, in water containing concentration of 500 mg/ L of nanoparticles. Control group
(a) 18 of growth without the use of any NPs (b) yFez05 (c) yFea0a@5105-NH; (d) Cobe; Oy, and
() CobeyOy@50-NH; for 24, 48, 52, 56,72, and 96 h post-fertilizabion (hpf). Data are presented as
mean + SEM of two independent experiments.

Our present study investigating the cytotoxicity of iron-mvide NPs generally showed
that both these NFs, yFe;Oy@5i0.-MH; and CoFexOg@8Si0.-MNHj, are non-toxic.

3. Materials and Methods

All the chemicals used in this study weme generally of reagent grade, obtained
from commercial sources without further purification: iron (Il chloride tetrahydrate
(FeCly-4Hy 0, 98%, 198.81 g/mol, CAS no. 13478-10-9, Sigma-Aldrich, Merck Group KGad,
Darmstadt, Germany}, iron (I} chloride hexahydrate (FeCls-6H20, >98%, 2703 g/mol,
CAS no. 10025-77-1, Sigma-Aldrich, Merck Group KGaA, Darmstadt, Germany), cobalt
(II) chloride hexahydrate (CoCly-6H0, 98%, 237.93 g/mol, CAS no. 7791-13-1, Sigma-
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Aldrich, Merck Group KGaA, Darmstadt, Germany), ammonium hydride aqueous
solution (NH4OH, 25%, 35.05 g/mol, 091 g/ml, CAS no. 1336-21-6, GramMol, Za-
greb, Croatia), sodium hydroxide (NaOH, =>98% (anhydrous), 40 g/mol, CAS no. 1310-
732, Sigma-Aldrich, Merck Group KGaA, Darmstadt, Germany), potassium hydroxide
(KOH, 1 mol/L {1-N), Titripur®, 56.11 g/ mol, 1.05 g/mL, CAS no. 1310-58-3, Sigma-
Aldrich, Merck Group Kgad, Darmstadt, Germany), potassium chloride (KCl, ACS reagent,
99.0-100.5%, 7455 g/mol, CAS no. 7447-40-7, Sigma-Aldrich, Merck Group KgaA, Darm-
stadt, Germany), hydrochloric acid (HC, for 1000 mL, 1 mol /L {1-N), Titrisol®, 36.46 g/maol,
1.0%9 g/ml, CAS no. 7647-01-0, Sigma-Aldrich, Merck Group KgaA, Darmstadt, Germany),
nitric acid (HNOs, ACS meagent, 70%, 63.01 g/mol, 1413 g/ml, CAS no. 7687-37-2,
Sigma-Aldrich, Merck Group Kgad, Darmstadt, Germany), 2-propanocl (CsHgO, 99.8%,
601 g/mol, 0.785 g/mL, CAS no. 67-63-0, GramMol, Zagreb, Croatia), ethanol (C;HsOH,
96%, 46.07 g/mol, 0810 g/mL, CAS no. 64-17-5, GramMuol, Zagreb, Croatia), tetraethy]
orthosilicate TEOS (CeHap S, %995, 20833 g/mol, 094 g/ml, CAS no. 78-10-4, Sigma-
Aldrich, Merck Group KGaA, Darmstadt, Germany), 3aminopropyltrimethoxysilane
APTMS (CeHppNOsSi, 97%, 17929 g/mol, 1027 g/ml, CAS no. 13822-56-5, Sigma-
Aldrich, Merck Group KGaA, Darmstadt, Germamny), terbium (IIT) chloride hexahydrate
(ThCly-6H,0), 99.9%, 373.38 g/mol, CAS no. 13798-24-8, Sigma-Aldrich, Merck Group
KGaA, Darmstadt, Germany), dysprosium (1) nitrate pentahydrate (Dhy{MNO4g)-5H20,
99.9%, 438.5% g/ mol, CAS no. 10031-49-9, Sigma-Aldrich, Merck Group KGaA, Darmstadt,
Germany), and mercury (II) nitrate monohydrate (Hg{NOs):-HaO, =598.5%, 34262 g/ mol,
CAS no. 7783348, Sigma-Aldrich, Merck Group KGaA, Darmstadt, Germany). For the
preparation of all suspensions and solutions, deionized water (dH; ) was used.

11. Synthesis of Magnetic Nanoparticles (MNPs)
Spineltype MNPs of maghemite (v-Fep(y) and Co-ferrite (CoFey(y) were obtained

by co-precipitation of M2 (M = Fe, Co) and Fe™ salts at slightly elevated temperatume in
an alkaline aqueous medium according to Schikorr reaction [149]:

M™ + 2Fe™ + J0H™ + Oy = MO -FesOs () + 2H;0 (3

311 y-FeaOy NPs

For the synthesis of yFey(Oy MPs, 50 mL of 25% NHyOH in a round-bottomed reaction
flask was heated up to (87 + 2) "C by reflux and stirred at 400 rpm. A 0.5M aqueous
solution of Fe®* and Fe* in a molar ratio of 1:2 was added to the ammonia solution until
PH 10 was reached. The reaction was carried out for 1 h at (87 + 2) °C. Instantly, when the
two solutions were mixed, a dark-brown precipitate of magnetic phase was formed. After
the reaction, the dark-brown yFe; Oy precipitate was separated from the supernatant by
settling on the permanent magnet and rinsed with deionized water several times. Finally
the rinsed precipitate was dred in a laboratory oven at 90 °C for 24 h

3.1.2. CoFe;0y NPs

For the synthesis of CoFe;Oy NP5, stock solutions containing Co** and Fe?* ions were
prepared using CoCly-6H20 and FeCls-6H;O as source materials. Stoichiometric amounts
of the appropriate chlorides were dissolved in deionized water. The concentration of the
solution was (0.5 M in all experiments, referred to as chloride concentration. The solution
was then hydrolyzed in a 0.5-M agqueous solution of sodium hydroxide preheated to
(87 £ 2) °C by reflux and stirred at 400 rpm. The reaction was carried out for 1 hat pH 10,
After the reaction was completed, the dark-brown CoFex(y precipitate was separated from
the supernatant by settling on the permanent magnet and rinsed with deionized water. The
rinsing procedune was repeated several imes, and the rinsed precipitate was finally dried
in a laboratory oven at 90 °C for 24 h
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3.1.3. y-Fe;04@Si0-NH; and CoFe;04@Si0,-NH; NPs

For the in situ preparation of y-Fe,04@Si0,-NH; and CoFe;O3@Si0-NH; core@shell
NPs, 21.6 mol% of 2-propanol, 15.1 mol% of distilled water, 2.2 mol% of 25% NHyOH
solution, 4 mL of the prepared y-Fe; 05 or CoFe; 0y colloidal suspension with a mass
concentration (7;) 1.035 =+ 0.005 g/mL, 0.25 mol% of TEOS, and (.36 mol% of APTMS were
mixed under magnetic stirring at 30 rpm in a closed vessel for 24 h at room temperature.
A fter the reaction finished, the sediment was rinsed several times with ethanol (96 wt.%)
and distilled water. The obtained core@shell superparamagnetic NPs were separated
from the supernatant by using the permanent external magnet and dried overnight in the
laboratory oven at 90 °C.

The experimental procedure for this study is schematically presented in Figure 12.
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Figure 13. Sche matic representation of the experimental procedure.

3.2 Characterization of MNPs

Prepared samples were characterized using X-ray diffractometry and transmission-
electron microscopy in combination with energy-dispersive X-ray spectroscopy, Brunauer—
Emmet-Teller specific-surface-area technique, Fourier-transform infrared spectroscopy,
thermogravimetric analysis, electro-kinetic ({) potential measurements, inductively cou-
pled plasma atomic emission spectroscopy, and vibrating-sample magnetometry.

3.21. X-ray Diffractometry (XRD)

We used X-ray diffractometry (XRD) for structural analysis with a Brucker D4 En-
deavor X-ray diffractometer coupled with CuK,, radiation (Bruker D4 Endeavor, Bruker,
Billerica, MA, USA). The measurements were performed at room temperature with a time
step of 30 s within the range of Bragg's angle 2 # from 207 to 807, with an angle step of
0.036°. The XRD utilized a Cu anode with a wavelength of (.154 nm.

3.2.2. Transmission-Electron Microsco M) with Energy-Dispersive X-ra
Spestroseumy (FDXS) py (TEM) rgy-Dispe Yy

The TEM images were taken using a JEOL JEM-2100 microscope, operated by drop-
casting the nanoparticle suspensions on the thin carbon-coated copper grid (200 mesh,
holly carbon) and drying under ambient conditions. The EDXS analyses wemwr performed
at 200 kV using a JEOL JEM-2010 microscope (JEM 2100 JEOL, JEOL Ltd., Musashino
Akishima, Tokyo, Japan).
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3.23. Fourier-Transform Infrared Spectroscopy (FI-IR)

The FI-IE data were collected using a Spectrum Two FT-IE Spectrometer (PerkinElmer,
Waltham, MA, USA) utilizing a KBrwindow for data collection over a spectral range of
400 cm~! to 4000 cm ! at a resolution of 0.5 cm 1. The FT-IR spectra were recorded with
PerkinElmer’s Spectrum 10™ software at room temperature in the transmittance mode.

3.2 4. Brunaver-Emmet-Teller Method (BET)

The BET was used to determine the specific surface areas of NPs by using Micromerit-
ics, Flow Prep 064, with Tristar I 3020 (Micromeritics Instrument Corporation, Morcross,
GA, USA). All samples wene degassed at 110 °C for 24 h prior to each measurement The
specific surface area was measured in the (.05-40.3 range of relative pressure in nitrogen gas
at a temperature of 77.35 K after 24 h.

315, Thermogravimetric Analysis {TGA)

To predict the thermal stability and chemical degradation of the functional groups
grafted to the surfaces of the NPs, a TGA analysis was performed using a PerkinElmer
TGA4000 thermogravimetric analyzer (PerkinElmer, Waltham, MA, USA) calibrated with
nickel and iron as Curie-point-reference materials.

For the experiments, prepared powdered sample specimens were placed in a corun-
dum ceramic sample pan, and the weights of these specimens ranged between 2 mg and
50 mg. The experiments wene conducted by continuously monitoring the mass of a sample
in nitrogen purge gas at a flow rate of 20 mL /min and a heating rate of 10 *C/min over
a temperature range of 30 *C to 900 °C, and were controlled by PerkinElmer’s thermal
software Pyris Software™ version 10.1.

3.2 6. Electro-Kinetic (£)-Potential Measurements

Dynamic light scattering was used to determine electro-kinetic phenomena, which
involve the interrelation between mechanical and electrical effects at a moving infer-
face. Electro-kinetic results weme expressed in terms of (-potential, determined from
electrophoretic mobility of particles through a field with known strength, and the term of
isoelectric point (IEF), referring to the conditions under which the {-potential is zero. When
pH isequal to or close to the isoelectric point, NPs nd to be unstable, form clusters, and
predipitate. The {-potential was measured by ZetaSizer Manoseries Malvern Instruments
(Malvern Panalytical Ltd., Spectris Group, London, UK). Aqueous solutions of NaOH
and HCl were employed to adjust the pH values of suspensions. All measurements were
performed at room temperature.

3.27. Potentiometric Titration

The pH potentiometric titrations wene used for the determination of the total charge
of aqueous colloidal dispersions of MMPs. The titrations wemne carried out in forward
(acidic-to-alkaline) and backward (alkaline-to-acidic) directions at 2.5 < pH = 11.0 using
01.1-M-HCl and 0.1-M-KOH aquecus solutions as titrants. A two-burette instrument, Mettler
T-70 (Mettler Toledo, Columbus, OH, USA), was used. It was equipped with a combined
glass-electrode Mettler T DG 117, The burettes were filled with 0.1 M HCl and (.1 M KOH.
All the solutions were prepared with distilled HzO with a carbonate content <107% mal/ L,
which was achieved through boiling and consequent cooling in a nitrogen atmosphere.

Prior to the titration, the ionic strength was adjusted to an approcimate value of
(11 mol/L by the addition of a 3M-KCl aqueous solution and then maintained constanthy
within 2% of the initial value upon the addition of HCl and KOH sclutions.

The samples were titrated in forward and backward runs between pH 2 and pH 11.
After each addition, the volume of the titration reagent was read when the equilibrium
condition <0.1 mV /min was reached or the condition of the maximum waiting time of 3 min
was satisfied. The blank HCHKOH titrations wene performed under the same conditions
as mentioned abowve [150].

123
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The titrant volume was normalized to the mass of the titrated samples and expressed
as a charge per mass /m (in mmol/g) vs. pH curve. The amounts of charged MHa
surface groups in the products were expressed in mmol /g sample. The determination of
the amount of charged functional groups is described in detail elsewhere [50,150,151].

3.18. Vibrating-Sample Magnetometry (V SM)

For magnetization measurements, a Lake Shore 7400 vibrating-sample magnetometer
was used (Lake Shore Cryotronics, Inc, Westerville, OH, USA). The mass magnetization
M (emu/g) as a function of the applied magnetic field H (Oe) was measured at room
temperature for all the prepared samples.

3.3 Adsorption and Desorption Tests for Dy, TH and Hg® Ims

To evaluate the affinity of Dy**, Tb™, and Hg®" ions to the surfaces of the prepared
vFe04@530—NH; and CoFey0y@5i0—MNH; adsorbent NPs, 20 mL of 10-mM standand
aqueous solutions was prepared from ThCly-6H20, Dhyi{MNOg);-5H20, and Hg(NOy)p-HyO
at pH 4 and temperature of 25 °C.

The adsorption study was performed by separate mixing of 50 mg yFe; Os@5i0,-NHa
and CoFeaOy@5i0:-NH; adsorbents with the prepared aqueous solutions of D}r}", TH*,
and Hg** ions with a concentration of 10 mM at a temperature of 25 °C, for an adsorption
time of 2 h. After the adsorption of Dy**, Tb*, and Hg*" ions, the magnetic adsorbents
were removed from aqueous solutions with an external permanent magnet To determine
the adsorption efficiency and capacity, the ICP-OFES method was used (ICP-OES, SPECTRO
CITROS VISION, SPECTRO Analytical Instruments GmbH, Kleve, Germany).

The adsorption capacity fus, mass (mg) of adsorbed Dyv*, Tb*, and Hg™* ions
per mass (g) of yFeaOy@5i0—NH; or CoFe,0y@5i0.-MNH; adsorbents and adsorption
efficiency §uu; % weme calculated by the following equations:

(Coge — Cadee) " Mags -V (mg)
— —= 4
Jade Mg, 7 (4)
Cagsp — L,
Fa = = (%) (5)

where Cyy g (mol/L)and ry . (mol/L) relate to the initial and equilibrium concentrations
of Dj.r}", Tb**, and [-152* ions, respectively, V' (L) denotes the solution volume, Mg (g/mol)
is the molar mass of adsorbate, and My, (g) is the mass of adsorbent NPs.

Furthermore, desorption of adsorbed Djrg'*, Tb*, and I-lgi" ions from yFeyO4@Si0,—
MNH; and CoFeyOy@5i0:-NH; adsorbent surfaces was performed by mixing adsorbents
with the prepared 1-M aquecus solution of HNO; at 25 *C for 1 h. Desorption capacity was
determined using the ICP-0OFES method and calculated by Equation (6):

e = % 100 (%) (6)

where Caw (mg/g) is the concentration of adsorbate desorbed and Cog (mg/g) is the concen-
tration of adsorbate adsorbed. Results for adsorption and desorption of Dy**, Tb*, and
Hg®* ions are shown in Table 1.

3.4 Toxicity Study of MNPs
3.4.1. Cell Cultures

Four different types of healthy cell were used; human-skeletal muscle-derived wells
(SKEMDs), human fibroblasts, murine macrophage cells (RAW284.7), and human-umbilical-
vein endothelial cells (HUVECs).

The SKMID s were maintained in an F-10 nutrient medium supplemented with 25%
fetal bovine serum (FBS), 1% penicillin/ streptomycin (P/5), 0.1% insulin, 0.01%: fibroblast-
growth factor (FGF), and 0.01% epidermal growth factor (EGF). Fibroblasts were maintained
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in RPMI medium supplemented with 10% FBS and 1% P/S. The RAW 264.7 cells were
maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 107
FBS and 1% P/S. The HUVECs were maintained in Endothelial cell Growth Medium
2 supplemented with FBS (2%), EGF (5 ng/mL), basic FGF (10 ng/mL), insulin-like growth
factor (ILGF) (20 ng/mL), vascular endothelial growth factor (VEGF) (015 ng/ mlL), ascorbic
acid (1 pg/mL), heparin (225 pg/ml)}, and hydrocortisone (12 pg/mL), 1% P/5 All cell
types were allowed to grow in a humidified atmosphere at 37 "C under 5% COy.

34.2. Cytotoxicity Study

For cell-viability experiments, aells were seeded in a 96-well plate in 200 pl. of their
respective culture media; 24 h after cell growth, cells were treated with different concentra-
tions of MPs and incubated for 3 days. Control cells were treated with the wehicle. After the
incubation time, cells were incubated for 4 h with (05 mg mL~! of (4. 5-dimethylthiazol-
Zylp-2 5 dipheny ltetrazoliumbromide (MTT). After MTT incubation, MTT/ medium was
removed, and the predpitated violet crystals were dissolved in ethanol /DMS0(1:1, oo)
solution with shaking for 200 min. The absorbance was measured at 540 nm. The percentage
(%) of live cells was calculated as Abpe/ Abeoneny 100, The experiment was performed
three times.

34.3. In Vitro Hemolytic Studies

Human-blood samples were obtained from a local blood bank (Etablissement Frangais
du Sang, Occitanie, France). Blood samples were collected in lithium heparin and stored
at 4 “C until use. In total, 10 mL of blood were centrifuged at 1500 rpm for 5 min, after
which the obtained platelet-poor plasma (PPP) was removed (~5 mL}). The blood pellet was
washed with 5 mL of phosphate-buffered saline (PBS) and mixed by inversion followed by
centrifugation at 1500 rpm for 5 min, a process that was repeated 5 times.

The obtained red blood cells (RBCs) were diluted with PBS (1:10, v/7), and then treated
with nanoparticles at concentrations ranging from 0 to 500 pg,/mlL, after which they were
incubated at 37 °C for 1 h. The positive controls were RBCs treated with 1% Triton X-100,
and the negative control was PBS (diluent). After incubation, samples were centrifuged at
1500 rpm for 5 min and the obtained supernatant was transferred to a polystyrene %6-well
plate for eading at 540 nm, corresponding to the free hemoglobin band, using Thermo
Scientific™ Multiskan SkyHigh Microplate Spectrophotometer. The hemolysis percentage
was calculated as = (ODge — DDFEstDpu:im-emmm — ODpgs) = 100, where OD is the
optical density

3.4.4. Tovicity in Zebrafish Embryos

Fertilized wild-type AB zebrafish embryos were obtained from the laboratory facil-
ity of molecular mechanisms in neurodegenerative dementia (MMDN), Inserm UT198,
Montpellier University, collected and maintained at 28 °C and 14-h-light/ 10-h-dark oycle.

At 7 h post-fertilization (hpf), embryos were examined under the microscope, and
only embryos that developed normally were selected for the study. The 7 hpf embryos
(15 per group) were placed in 12-well plates and exposed to 4 mL of water containing 0, 10,
50, 125, and 500 mg/L NPs. The exposure to NPs started at 7 hpf and ended at 96 hpf. The
percentages of survival, mortality, and hatching of embryos were recorded using ZEISS
Stemi 508 stereo microscope (ZEISS International, Oberkochen, Germany) at 24, 48, 52, 56,
72, and 96 hpf. The experiment was performed twice.

4. Conclusions

Superparamagnetic yFe;Oy@5i0y—MNH; and CoFe;Oy@Si0—NH; core@shell crys-
talline NFPs were synthesized in a simple manner using two different approaches the
classical coprecipitation method and the sol-gel technique, to obtain functionalized nano-
sized superparamagnetic adsorbents designed for the binding and recycling of Dy, Th**,
and Hg*" ions from aqueous solutions. The synthesized spherical superparamagnetic
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YR @Si0w—-MNH; and CoFe;0y@5i0,—MNH: NPs have excellent characteristics related to
their structural, morphological, and surface properties, as well as their thermal stability,
functionality, electrokinetic change, and magnetic responsiveness. These properties were
confirmed by TEM/HETEM/EDXS, FT-IR, XED, TGA, BET, DLS, and V5SM.

Each individual material phase in the prepared yFeyOy@Si0y-NH; and CoFeyOy@SiOy,—
MH; adsorbent MPs plays a significant role in the adsorption processes. The superparamag-
netic yFe; 0y and CoFey(y monodomain cores give the adsorbents the necessary magnetic
properties and magnetic response in an external magnetic field, while the 5i0; amorphous
shell allows the magnetic comes to be chemically and thermally stable and, due to the
high content of hydroxyl groups on its surfaces, allows the high-density grafting of amino
functional groups, which is necessary for interactions with metal ions. As D}rg"' and TH*
preferentially react with amino groups, unlike [-Igi", APTMS allows a higher capacity for
their adsorption. The maximum adsorption capacities of Dy™, Tb™, and Hg™ ions by
the yFeyOu@5i0:-NH; are 40 mg/ g, 47 mg/, and 2.1 mg/ g, respectively, and 47 mg/ g,
6.2 mg,/g, and 1.2 mg/ g by the CoFey0y@5i00—NH;. These values were obtained with
a mass adsorbate of 50 mg, a contact time of 120 min, an initial concentration of Dy,
Tb*, and Hg®* ions of 2 « 107 mol/L, and a temperature of 25 "C. The adsorption
efficiency toward the Dy, Tb™, and Hg*" ions ranged from 83% to 98% for both the
yFeyOy@S5i0,-NH: and the CoFea0y@5i0:—MNH;. In the post-adsorption treatment of the
yFe;Ou@5i09—NH2 and CoFey 0y @85i0y—MH; adsorbents in an acidic medium at pH 4.5, the
D_f,.rg", Tb**, and ng"" ions were completely desorbed from their surfaces. The desorption
efficiency was 100%.

The toxicity assessment of the prepared adsorbents provided information on the nela-
tionship between their minimum dose and their responses to adverse effects on SKMDCs,
fibroblasts, RAW264.7, and HUVECs, under the expected exposure conditions. The results
showed the low toxicity of all the nanoparticles in the fibroblasts; however, higher toxi-
city was observed in macrophage RAW264.7 cells treated with yFe:Oy@5Si0y-NH; and
CoFe;0y@5i0—NH;. The recording of the survival, mortality, and hatching percentages
of zebrafish embry os exposed to different concentrations of the nanoparticles showed no
toxicity compared to the control until 96 hpf, even at a high adsorbent concentration of
500 mg,/L.
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Summary of Publication 4: Methylmercury (MeHg) is one of the most insidious
environmental pollutants due to its extreme toxicity, persistent bioaccumulation in food
chains, and ability to cross biological barriers—including the blood-brain barrier and
placenta—causing severe neurological and developmental impairments in humans and
wildlife. Its occurrence, largely stemming from microbial methylation of inorganic mercury
in aquatic systems, necessitates highly sensitive, selective, and reliable detection tools that
can function across varied matrices such as water, sediment, biota, and food. As the
urgency of MeHg monitoring grows, analytical science has responded with a suite of
powerful and increasingly refined detection methodologies.This review article delves into
the intricate and evolving landscape of MeHg detection, providing a structured and
comparative analysis of classical and emerging techniques. The authors begin with an in-
depth overview of the gold standard instrumental methods, including Gas Chromatography
(GC) coupled with Inductively Coupled Plasma Mass Spectrometry (ICP-MS) and High-
Performance Liquid Chromatography (HPLC) integrated with Cold Vapor Atomic
Fluorescence Spectroscopy (CVAFS). These approaches, while offering exceptional
sensitivity and precision, are often constrained by operational complexity, high cost, and
the need for sophisticated laboratory infrastructure and trained personnel.

In response to these challenges, the article highlights the rapid development of next-
generation detection platforms that are portable, cost-effective, and amenable to on-site
and real-time monitoring. Central to this shift is the rise of biosensors and nano-enabled
systems, which integrate biological recognition elements—such as aptamers, enzymes,
antibodies, and genetically engineered proteins—with transduction mechanisms that
translate binding events into measurable signals. The article carefully evaluates
electrochemical, optical, piezoelectric, and colorimetric biosensors, comparing their
detection limits, selectivity, stability, and field adaptability.

A special focus is placed on the incorporation of nanomaterials—such as gold
nanoparticles, graphene derivatives, quantum dots, and metal-organic frameworks
(MOFs)—which have revolutionized the sensor performance landscape. These materials
not only enhance signal amplification and surface functionalization but also allow for
multiplexing and integration into smart sensing platforms.

In addition to technical aspects, the article addresses real-world applications and
validation studies, discussing the use of these sensors in complex sample matrices, their
ability to discriminate MeHg from other mercury species (e.g., inorganic Hg?"), and their
resilience to environmental interferences. Case studies from environmental monitoring
projects and food safety assessments underscore the practical utility of these tools.

Another important dimension of the article is its treatment of regulatory and societal
implications. The authors note the alignment of technological advancement with global
policy frameworks such as the Minamata Convention on Mercury. They also emphasize
the need for standardized protocols, inter-laboratory validation, and cross-disciplinary
collaboration to translate laboratory innovations into policy-relevant, field-deployable
solutions.

In conclusion, this review serves as a comprehensive roadmap for researchers and
practitioners navigating the field of MeHg detection.
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ABSTEACT

Figworis Methylmercury (Melg) represents the mog toxic form of mercary, owing to its ability to permeate both the
“lﬂ!l'"“m“"? blood-brain and placental barriers, leading 1o bioaccumulation in organisms. In the marine food web, Mellg
:mlnm concentrations can reach levels millions of times higher than those found in the surrounding envinonment, posing
- ihom significant ecological and human health risks. This review provides a comprehensive overviews and critical
5*“5“!“? evilmation of the available bicsensor detection platforms for the detection of Melg, with a focus on their per.
Belectivity formance bassd an key parameters sach as (1) sensitivity, (i) selectivity, (Hi) response Hme, and {iv) adaptability

Hanoparticles

te diverse enviroomental matrices. We examine recent advancements in Mellz bicsensing technologies,
emphagizing innovative approaches that surpess curment methadalogies regarding detection limits, reversibility,
respomse time, and operational sability. Furthermare, we present an in-depth discussion on future directions for
the development of in st Mellg detection platforms, with potential applications in both bicmedical and envi
rommental monitoring. The review conclodes by oatlining the challenges and opportanities for advancing Mellg
sensing techoodogies to enhance real-time detection in aguesons environments.

1. Introduction

Mescury exictz in various chemical forms including Elemental Mer-
cury (Hg®), Mercuric len [Hg™), Methylmercury (MeHg), Dime-
thylmercury (CHaHgCHa), Mercury Sulfide (HgS) and Bthylmercury
(CaHeHg"). Among these, MeHg iz the moat toxic, posing 2 zignificant
rigk to both the environment and human health, even at concentrations
3z low an manomolsr (nM) levels. Thiz concentration threshold iz
remarkably minuscule, diverging by two orders of magnitude from any
othar mercury species. Decpite it minute prezence, MaHg haz the ten-
dency for biomagnification within the food chain, thereby accumulating
in organisms and regulting in neurclogical disorders, exemplified by
Minamata dizeaze [1]. Wild piscivorous Szh, mammals, and binds, ani-
maln at the highest mophic level are ar rick for elevared distary meth-

wlmercury intake and roxicity due to biomagnificarion through the food
chain_ o neurctoxic affects are szpecially harmful to developing femoes

* Corresponding author.
E-mail address: a

hittps/ Y doiorg 10 1016/ trac_ 3025, 118157

and young children, making precize quantification in food samples
critical for public health. Monitoring MeHg levals in fish iz sspential for
azpenzing exposure rishs and snouring food zafery standards. Regulatry
agencies rely on accurate MeHg detection to guide consumption advi-
sorien and protect sulnerable populations. Gonzequently, the demand
for meticulous, senzitive methodologies to detect MeHg with precizion
hae surged, especially in the context of evaluating water pollution dy-
namicz. Biosensorz for detecting methylmarcury (MeHg) in food samplea
offer several advantages, including rapid detection and high sennitivity,
making them effective at wace-level detection. These devices enable
real-time monitoring, providing immediate feedback on MeHg levels,
eszential for ensuring food safety in wulnerable populations like preg-
nant women and feruses. Their cost-effectivensms and potential for
on-cite application, ecpecially in industries such 2z aquamnltore and
agriculure, make them mitable for widespread wee. Additionally, inte-
gration with cmartphone technology allows for antomation and sace of
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uze, improving overall fond safery protocols [2-4].

Current conventional methods for MeHg detection employ tech-
nigues such az atomic fluorescence spectrometry (APS) with gold traps
and antomated oystems bazed on cold vapour atomic fluorescence
rpectrometry (CYAFS). The CVAFS mechanizm involves the convemion
of MeHg into wolatile ethylmercury through the use of sodinm temaethyl
borate. After thiz conversion, alkyl formz of mercury are purged wsing
nitrogen gac and captured on Tenax columne. After desoeption at an
elevated tamperature, gaz chromatography iz employed to idensify alkyl
mercury compounds post-pyrolyziz [5-7]. This method currentdy sands
2z the most zencitive for MeHg, with an impresively low limit of
detection (LOD) at 0.004 ng/L. Howewver, it necessitates the laborious
tack of pample collection from cites and tranoport to laboratories, which
can be time-consuming and resource-intensive. In addition to sample
collection challenges, labaratory-bazed MeHg measurement entails the
extraction of MeHg from complex matrices, including organizma and
cello. Specific spample preparation stepa are crucial, and wilored to the
phynicochemical properties of each matrix. Even ceemingly simple
zamples like water require meticulows processing, involving pH adjuat-
ment to 4.5 before the addition of sodium tetraethyl borate and over-
night derivatization inte volatile athylmercury.

Although the necezzary oteps to obmin MeHg from biom or namrally
occurring complexes cannot be omitted, the opecific preparation of
zamples in laboratories might be simplified, resulting in rapid uzage,
fever axperts and decreased costs, if zenvors can be voed inotead of using
expengive laboratory equipment Thersfore, sencors that can enable
measurement of MeHg in the environment are of high priosity o in-
crease the amount of data thatwill precizely map the routes of MeHg for
thwarting toxicity reaching the global nutrient cycle and to snable uz to
determine contaminated food. Thiz will yield biologically relevant in-
formation about the biomagnification and bioaccumulation of MeHg
unider real environmental conditions. Since the processes of methylation
and demethylation are contimiouz, the oncite meamrement will give uz
denze time pointz, resulting in ime and spatially dependant distribution
when followed by the precice sampling locations, zince laboratory
measurements can give results only for a limited number of samples.

Among the several developed platforme biosencorn for detecting
methylmearcury (MeHg) in food camples offer oeveral advantager,
including rapid detection and high sengitivity, making them effective at
trace-level detection [C]. Thece devices enable real-time monitoring,
providing immediate feedback on MeHg levels, essential for ensuring
food zafety in vulnerable populations like pregnant women and faren.
Their cost-sffectivenscs and potential for on-git= application, especially
in industries such 2z aquaculture and agriculture, make them switable for
widespread uze. Additionally, integration with smartphone technology
allown for automation and eaze of use, improving overall food oafery
protocolz. Microfluidic devices offer high senzitivity and accuracy but
may require technical expertize. Lateral flow aszays and paper-bazed
azzays provide moderate to high sencitivity with ease of use but lem
accuracy in quantification. Smartphone-based vensors, electrochemical
penoorz, and optical biocencorn achieve high censitivity and accuracy,
with the latter two being highly precice and uzer-friendly for real-time

Although rensers for mearuring insrganic mercory (Hg™ ) or Total
Mercury (THg) have been developed, moat MeHg sencors remain at the
proof-of-concept ztage [1]. To advance the development of MeHg zen-
zora, this review focuces on available detection methods in the literature
for MeHg detection, categorizing them into six major types: Whole-call
biozenzors (WCB), Immunoatrip senzors, Small molecule probe-based
[SMP) senzom, Metal-Organic Pramework (MOF) sensors, Nanoparticle
[MPz}-based sensorz, and Manoarchitectonicz sencors. Thic comprehen-
pive overview provides incights and strategies for advancing MeHg
senzors by int=grating biological, chemical, and nanotechnological ap-
proaches. A critical bottleneck in the development of MeHg cenzom in
the need for a well-integrated syatem that incluwdes 2 receptor with high
cpecificity for MeHg, eficient rignal transduction, low noise amplifier,
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and reparters capable of showing realtime high quality data Addressing
these challenges iz essential for creating effective and reliable MeHg
senzing solutiona.

The current state of sensor development underscores the critical role
of receptor, tranoducer, and reporter components in designing highly
effective MeHg detection oystemsz. Receptom, which includes proteing,
aptamers, and engineered molecules, zerve az the primary recognition
elementn due to their high afinity and zelectivity for MeHg binding.
Bewoni] traditional fluorescence, reportars can leverage warious detec-
tion principles, enhancing verzarility across diffarent penzing plarforma.
The celection of an appropriate wrancducer iz vital with factors such az
pennitivity, matrix compatibilicy, and detection limits shaping the choice
of the senzar archirecoure.

Electrochemical transducers, for example, emable precize gquansifi-
cation of MeHg concentrations acros diverse environmental matrices
[2]. In enzymatic sensors, electrochemical transduction iz commonly
employed, capitalizing on the encymatic converzion of MeHg into
electroactive species [10). Immunozencorn, on the other hand, wtilize
antibodies or aptamers ag receptors and often integrate surface plasmon
resonance (SPR) transducerz to enable real-time detection [11]. The
choice of trannducer iz pivotal, ac it directly impactm the zencor’s
pennitivity, specificity, and adaprability to diffarant environmens] and
biological matrices.

Thin review provides a comprehenzive overview of detection plat-
forma for MeHg, with a particolar forus on recently developed zencor
capable of race-level detection. The advancements in zensing technal-
ogiez are highlighted, emphagizing innowvative approaches that gurpasza
currenty available analytical methods in terma of senzitivity and apec-
ificity. Moreover, the review outlines future perspectivez to guide
further research and development in thiz field, offering innights into
potential improvements and innovations for MeHg detection. A brief
concluzion iz provided to summarize key findings and suggeat pathwaya
for advancing sensor technologies in thic direction [9].

Fiz. 1 illustrates 2 range of detection techniques employed in MeHg
pensors, including amall molecule probes, whole-cell biogencora (WCE),
immunostrip  assays, metal-organic  frameworks (MOFzl, amd
nanocarchitectonice-baned censorz. The central diagram highlights the
core components of currendy bnown MeHg sensore, emphazizing the
interaction between the analyte and the recognition element, followed
by cignal mansduction Theze diverse approaches showcaze the inge-
gration of biological componentz with advanced materials, significantdy
enhanring the performance of MeHg detection technologisa.

2. Whole eell biosensor platforms

Whole-cell biosenzors (WCE) use microbial call components 2o the
receptor: and transducers integrated inzide the microbial cell o respond
to the presence of chemicals (analyte of interest) and produce detectable
output signals. The anabytical signals are generally either fluorescence or
luminescence. Pluorescence involves the emimsion of light following
excimtion by an external light source, commonly utilizing fluoreccent
prot=inz or dyez to detect target analytes. Luminescence, on the other
hand, iz bazed on light emizion resulting from biochemical reactions,
much an those catalyzed by lociferase epzymes, which occurs without
external excitation. The cells are genetically engineered in a way thar
genes that are producing senzing componentm, wsually proteing that
specifically bind the analyte, are introduced either in the chromosome or
kept on plaomide. In many cases, genes encoding reporter proteing or
those producing reporter molecules are added to the zame operon along
with the sensing component, allowing the reporters to indicate the ac-
tivity of the operon. Thiz combination of setz of genes allows for the
detection, recording, and gquantification of the target analyte. The ad-
vancementz in genetic enginesring and synthetic biclogy have tub-
stantially enhanced the robusmess of WCBs through introduction of
genetic constructs into different microbial species that are more relsvant
for environmental condition: or targeting specific biogeochemical
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Fig. 1. The schematic ilhstration presents the varions methads for Melz detection reported in the literatare, which inchsde: (1) whole-cell biosensors (WCE], (2)
immunestrip sensoes, (3) small molecule probe-based (SMP) sensors, (4] metal-organic framework (MOF) sensors, {5) nanoparticke (MP)-based sensors, and (6]

nandarchitectonics sensors. Created with BioRender.com.

procesess. Oenetically engineering bacterial zencing modules that are
introduced into surrogate hostz offers 2 versatile platform for the
development of oynthetic receptorn with diverse applications (Fig. Za)
[12]). Based on these new approaches it reculted in expanded applica-
bility of WCBa, enabling their use not only for amalyzing
laboratory-prepared artificial samplez but also for measuring analytes
directly in real environmental samples auch az directly in the river water
[11] or in collected contaminated water zamplea [13]). Bazed on our
comparizons of data obtained from literature the sensitivity of WBG iz at
leazt one order of magnitude lower in both the environmental samples az
well a0 in apiked media. Howeser, thiz lower sengitivity might be due to
the lower bisavilability of Hg species since they can get complexed with
organic material [14] amd 2z a reqult it is measured a fraction of relevant
information that iz reprezenting bioavailable Hg concentrations [14].
Eatimaten of “bioavailable” mercury, the fraction that can be taken up by
‘microorganizma in the environment, iz especially important in oceanic
environment gince thiz fraction can play a pivotal role az it reprecens
the bioavailable mercury at the particular niche in the ecometem and is
imporzant for evaluation of potential further biomagnificarion
procezges.

Unlike laboratory procedures that often require additional zample
preparation, biocensor platformz can achieve mavimum zencitiviey
within 30 min of incubation in most cases. Howewver, for certain pamplas,
such az human wrine, increazed incubation times of zeveral hours have
besn reported to enhance sensitivity [15]. Despite these advantages,
maintaining stationary cultures of senzing cellz for extended periodsz
remainz challenging due to factors such az ble genetic el

senzor protein. Therefore merB-bazed sensors employing merB genes are
detecting Hg"" after MesB protein demethylates MeHg and releases
Hg™ of MMHgz. In such systems the specificity toward MaHg i prob-
larmatic and both Hz"" and MMHg are detacted. Researchars solved this
problem by combining two principles, demethylation with Hg'
senging, where merB, merR-contining cells and cells having only mesE
ge=ner were sxposed to the zame samples separavely. The levels of re-
sponzes on Hg”* are then deductad from signals obtained in cell: con-
taining merB together with merR. Thiz was further enhanced by
oouitting th trangporters or mutating naturally occurring exporting
mechanizme that increase specificity and zencitivity to MeHg. Since the
genetic censing elements are recponding relatively fast the WCB can be
aloo uzed in determining dsmamics of methylation and demethylation in
the culture of Hg methylating straing and conditions enabling their
growth giving inzights in conditionz and ecological interactions that are
stimulating or inhibiting MeHgz production. Accordingly, Colin et al.,
2013 have reported the approach to determine the Hg methylation po-
tential of culfate-reducing bacteria by 1zing a luminescent biosenzor for
screening methylmercury production by co-rulturing the reporter strain
to either methylating or non-methylating Desulfovibrio straine [17].
The detection of methylmercury with wholecell biosensorz iz
influenced by factors sech an cell characteristice and their viahilioy
including cell type and any additional genetic or phenomypic modifica-
tionz or characteriztics; environmental and experimental conditions like
temperamre pH, nutrient availability, and sample matrix; and detection
and calibration factors, which encompan: MeHg concentration, presence
of i ences, and the necessity for proper calibration for each cell

contamination ricks, and the high energy demands of reactorz. Nomne-
theleas, ruccesaful attempia have been made to dcvd.up detection de-
wicez incorporating whole-cell biocensors (WCBz) in various forme,
including fully integrated or non-integrated designs, utilizing micro-
reactors or immobilized cells. These devices are miniamorized,
field-deployable, and capable of multiplexed detection [16].

To the beat of our knowledge, moat whole-cell biosensars (WCBa) for
the detection of MeHg axploit genstic constituents of the Hg-regiztance
operon, which enables microbes to detoxify Hgﬂ' and MeHg. In nature,
within bacterial cellz the MeHg detoxification system iz comprizsed of
merB gene that iz always present together with the merA gene, the gene
for Hz** reductase transforming Hz** to Hgl, and a gene for the merR

type or even batch of culture used in the senzing [15].

The mercury methylation rates generally depend on the activity of
the anaerobic Hg methylating microorganizme and the bioavailability of
inorganic Hg{ll) that can be conwverted by these bacteria [19]. The up-
take of Hgi 1} may involve specific He( 1) complexes or forms of mercury
that can bind to 2 nonspecific tranomembrane ranspoct oyotem [19]. We
thould take into account that discolved organic marrer (DOM) affecta
mercury methylation due to its influence on bacterial cell phyziology (a2
a potential nutrient) and ita influence on Hgi(Il} speciation in the enwvi-
ronment (ax a complexing agent), thersfore conmolling Hg bioawail-
ability [20]. Az chown in Table 1, the WCB has proven to be senaitive
with a detection limit of 2.5 nM. Purther, the effecta of chlordes, humic
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aride, and thiol: on the bioavailability of MeHg in E coli were alo
imvestigated. Here, the concentation of chlorides imcreazed MeHg
detection, suggesting that there waz passive diffusion of the neutral
complex {(MeHgCly) through the cell wall and membrane. In contrast,
homic acids reduce the bicavailabilicy of MeHg. Complexation with
cynteine requlted in increased bioavailabiling of MaHg. The bioavail-
ability of MeHg decreazed with increazing glutathione concentrations
[21). In thiz regardz, dus to the interferences of cellular ztructures,
which are varying among different strainz, with the MeHg zenzing, re-
vearchers chould wee cell types that are environmentally relsvant to
enzure accurate and applicable rerults a0 it was reported by Rijavec ez al.
[16]). The pesformance of different microbial host cellz varies bazed on
environmental conditions such az pH, temperature, the analyte of in-
terect, and the specific gene chozen for the operon oystem [22-24]. The
hoat strain selected must be able to function in different conditions of the
regulatory genea [25]. Here, the optimization of the regulatory gens and
RB5 (Ribocome Binding Site) sequences chould be conzidered. Since in
most cazes the plasmids are wed for DNA cloning, genome editing, re-
combinant gene expresmion, and construction of genetic circuim all
applicable in semsor comstruction, therefore, the plaomid copy mumber
(PCN) iz the primary conrideration for quantirative metabolic flux
enhancement ag well az quantitative gene expresgion. The blomoming of
synthetic biology not only needs placmidsz with fixed PCN to maintin
stable and permansnt gene exprecsicn but aloo longs for plazmida with
dynamically adjusted PCN to cope with changes in the life cycle and

cellular metaboliom [26]. Dynamic control of PCN will break the limi-
tation of canonical plazsmids with fived PCN. 5o far, dymamic PCN con-
trol haz only been achieved for pSC101 and ColEl plazmida, which are
both designed for Bscherichia coli. We can envizion that dynamic PCN
control can facilitate the dynamic spatial soganization of metaboliom by
adjusting the number of scaffolde for encyme binding. With these up-
dates, dynamic PCN control may produce a profound effect on calibra-
tion of the WCB zince the activity of sencing genetic construct would be
lezz impacted by the number of genetic elemeantz.

Moreower, genetic syotemn exhibit population based response wari-
ety, a conoequence of both stochastic processes and the mutabilisy of
underlying genetic programa. Improvement in the ability to monitor the
behaviour of single cells has provided insight into how stochagtic pro-
cesges generate noizes in izogenic population [27]. Fluctuations in the
availability of chared rezources of the hoot, such an polymerage and ri-
bocomesz, have influence on expression levels. In contrast, the
bigchemical proceses responsible for the expremion of individual genea
caupe further variation. In prokaryotes, the balance between ranscrip-
tion and translation strength strongly influences expression noize, with
low tramzcription and high tranzlation, which generates the mosot wari-
ability [25].

In addition, begides the internal cellular or population effects on the
WCE the environmental factore are aloo making the bizced responzes. Az
an example, the WCB that can have growth optima in mild conditiona
cannot be uzed in extreme environments. However, if we prepare the
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Table 1
Bialagical-based detection platform for Mellg.
He. Hg (LoD Samaple matrix BENSOF 00 PN Sensing hiank Fuzds
pecie il oevttioe Transdures Reporter
1. MeHg N0 el it Cooartarm bnated MiH gene MerR of the Lux-AH Lumineseaioe hased =]
1 ml sample  esvironmental OLET-OPEron Diosesmor
wates samplis Eroam
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2 MeHg 2aM Model wates pruER Desulfovibs prrrRy EPmerti Bactirial luminscent 7
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([ luxCOABE) Tumissescent bacterial
HAEOTE
] Hg' and  16% 1077 Model water Anti-MeHg monelonal Immuseatrip immuncchromatogeaphie it competitive {351
MeHg M and 5.0 antibody [mAb) reparier enzyme-|inked
<107 M immunosertent assay (i
for Byt ELISAJ and an
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M and 1.0 seporter
= 10-6M
for Mefy
T. MeHg 5.0 ni Envircsenenial Aptames (He) AuNFs Colourispetric defection Chromegenke peaction of [35]
samnples 2,3, 5, 5-testwam ethiy] e -
Aine [THIE B0
a MeHg 5000 oM, Muodel witer T-rich aptanvers (HTxz and DNA-templaied  Color change in the The aptanvers specifically [371
and 500 M and Fish smple  Hel allay Ag-Au solution hind to MeHg and CyHsHE,
weihyd- panoparticles thus facilitacing the
EEFeUry fnemation of alloy Ag-Aa
{CaHsHg) NP3, which display a color
ehange in the sluton
3 Hg* and 1000 oM Envirommuemtal  Thymnise: moieny AuNF Paked-eye detverion Functicnalized AUNFs with  [3E]
MeHg samples thymeine mokety that
sandwiches single mereurks
apiriis benmesn fwe
thymine molerules on the
sufnee of the NP3
100 MeHg 0.4 M Mudel water aptamner (Hr) DHA Fluorescence Meal amalgamation 391
ol Flah Functiomal ived [fwesn mertWry atoms
Samples AghTs and certain metal atoms
with MeHg-speific
seaffolds.
They have also utilized the
potential of apeammess (Hr)
that have a sperific affinicy
towards MeHg than Hg™™
1. Hg'and  Hg'' and Seawater Lysogymee type ¥1 lysorymoe type Flusrescence quimchisng  High afinity berwesn Bg™0 [40]
MeHg MeHg wise VI-stabilized meehamism and Au™ om the Au surface
2 pM and 4 gold
nM, ] usters
respatividy [Lys VI-AaNCs)
12 Hg™amd =00 om Mirdel wtess Adenine (A) conjuguted Thin films Conduetivity Murually temglated co- 411
MeHg small organic confaming [T ST assembly (ENAdT.) of an
sembconductor (EMA) and biborerepear organks semlconductor
denayriboaligothymidine (HNA] and denayribo-
(dTs) cdigothyraidice (dTa)

recombinant hoat adapted to the toxic environment it can be then wed
in senzing pollutant in extreme conditions. For example, Acid-
othiobacillus ferrooxidans BY-3 waz used for the bioleaching of A in
extremely acidic conditions (pH < 1.8) [29,30]. It iz alzo important to
conzider interfering pollutants when applying wholecell biccensorz
[WiCBa) becausze such pollutants can disrupt call-cell interactions, qub-
strate exchange, and zignal tramsduction. Howewer, we should not
exclude poszible horizontal gene ransfer between cells that can in furmn
increase their tolerance to these interfering pollutants especially if uzed
in longer zencing experimenta [20].

Curing cell-call interaction of the host in the environment and i vitre
applications when cells are uged in the biosenzing application, secreted

diffuzible ziderophores and other chared resources leading to coopera-
tive, exploitative and competitive interactions bepween individuals that
can affect sensor performance. Thece corial interactions, in mm, can
rpur co-evolutionary arms races bemwesn strains and other specien in the
environmental matricez for WCBz, leading to ecological dependencien
between them. The negative scological interaction such as bacterial
predation can decrease the number of WCE and give faloe low concen-
trations especially during the long incubation times during the induc-
tion. All the above phenomena should be aken into account for further
WCB for MeHg detection [31].

Not only senzing components but alzo the reporting ones of the WCE
are important bo get proper intencity of the signal Reporter genes can be
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enginesred into chromosomal DMA, inverting in the chromosome amd
dizrupting opecific gene. It can increaze the sencitivity of biovensorz but
makes cells more vulnerable if the ingertion of the rensing genes io in the
region that have important cell function Sometimes, reporter genesz
under the control of the corresponding promoter are introduced into
the chromorome noing mobile genetic alsments or rancposons. On other
hand, a ranscriptional fuzion of reporter genes with an inducible pro-
moter cloned in a plazmid iz more frequently vzed in WCB platforma. In
this cage the comstruct iz introduced into the appropriate plazmid
compatible calla.

According to the type of the produced reporter proteing it iz alse
expected to obtain different noize to signal ratios, sencitivity for phyzical
conditions and time for obtaining appropriate zignal Several reporter
genen are uzed in bicsenzing applications [16]), incloding f-0alactosi-
daze (lacZ) [32], luciferage (Loc), and various fluorescent proteing such
az Oreen Fluorezcent Protein (GFP), Bed Fluorezcent Protein (RFP), and
Yellow Fluorescent Protein (YFPF). Bach reporter has rpecific advanmges
and dizadvantages: lacZ offers senditivity dependent on the subatrate
and requires no ATP but haz low permeability and can be used if cellz are
Lysed. Luciferase in highly sensitive and provides rapid recponses but
requires substantial cxygen and ATP; in bioreactors, real-time detection
can be hindered by zimultaneous stirring that iz giving additional noize
when meagured uzing PMT or photodicde. GFP i stable, moderately
pengitive, and substrate-independent with ne ATP requirement but can
exhibit fluorescence after cell death, the protein nesds approximately 2
few hours to form appropriate secondary strocrure, and in some cellz the
auvtofluorescence background might increaze noise. Additional drave-
back represent aloo that the induction of recombinant protein expression
typically occum when cells reach a specific optical dencity, which iz
dependent on their generation time. Salscting an appropriate hoat for
guicker protein expression can significantdy reduce production costm.

Additionally, for monitoring environment and further enhancement
either senzing proteing or reporters the directed evolution iz a valuable
method for biosensor development, involving the creation of a diverse
gene library through targeted or random mutgenesiz, followed by
pcreening to identify variants with enhanced properties. Thiz approach
can lead to the dwdupm.eu.t of robuat encymes for environmental
penoing applications. Other strategies include enginesring thermoatable
proteinz through ancestral sequence reconstruction or incorporating
thermogtable protein motifa into other functional genss [35]. Thecs
approaches can be wed especially in developing WCB for extrems en-
wironments such az enwironments with higher or extremely low tem-
peratures, strict anasrobic conditions, oalt water, st

Among reporter genes the most cuitable repregsent luminizcence
baced reporting mechaniomaz, which might be either mdigenouz or
nesded to be added az a luciferin component externally. Az reported by
Rantala et al. (2011}, the leciferin-luciferaze syotem {lux operon) wasz
utilized 2 a reporter for MeHg detection in their study. Thiz oystem
requires no gubatrate additions, e=nabling homogeneonsz, real-time
monitoring of reporter gene sxpression. They developed a3 WCB amain,
Excherichia coli MC1061, containing the recombinant placmid (pmerR-
Blux}, which recponids to total mercury content in samples. The MerR
operon, which regulates genes involwved in bacterial mercury rezistance,
controlo thiz system. In the aboence of Hg™, MerR binds to DNA and
represpen transcription [11]. Upon ng" binding, the DNA bound to
MerR undergoes umbwicting and unbending which facilitates open
complex formation. Since the environmental matrix might be toxic due
to other mubstances or inappropriate phyniclogical conditionsz, re-
pearchers were normalizing sencor readings using the non-inducible,
conztitutively sxpreming lucifein/lociferase oyotem in a toxicity con-
trol setup. Here the Escherichia coli MC1061 with the recombinant
construct {pmerRBlux]: which offerz resiztance toward MeHg (Fig. 5]
war uced az a WCB. The merf mediater the cleavage of the carbon-
—mercury bond of MzHgz to yield Hf", which bindz to MerR genzing
component, induees the reporter genes and produces 2 pelf-luminescent
organizm due to the expresion of lux enes. To decreaze interferences of
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available Hz"" present in the environment the sthylensdiaminetetra-
acetic acid (EDTA) has beean employed az a chelating agent to bind
inorganic mercury (Hz™") from the sample using an optimized con-
centration B coli MC1061 (pmerBBlux) can detect methylmercury
(MeHg) at subnanomolar levels with high sensitivity under optimized
azmay conditions. The limit of detection (LOD) of 0.238 nM enablez the
measurement of MeHg even in complex real samples {gee Table 13 [11].

In another study, brazk =t al. (2009) developed “lightz-on™ sensora,
which are typically recombinant microbial cells containing a metal-
recponee unit fused to a2 promoterles reporter gene that encodes a
reporting signal with addition of extemal luciferin gubatrate. These
bioluminescent ctraing detect metals, with expression levels indicating
sub-toxic metal concentrations, allowing for the quantitative determi-
nation of bicavailable metals. Among these zenoom, one was opecifically
dezigned for the detection of methylmercury (MeHg) in agueous zam-
plea, achieving a detection limit of 0.11 pM [34]. Similar approach az
reported by heask et al (20080, Ndu et 2l (2012) have developed a
mer-lux WCE to determine the bioawailability of MeHg in E. coli.

There in another report in which Magata et al (2010) developed a
WOCB that carries a luciferin-luciferaze gene constructs, luxAB, from
Vibrio harveyi az a reporter under the control of the mercury-inducible
MesR of the meroperon from Peevdomonas E-62 plasmid pMR26
uzing zimilar principles az described above where mesB gene that en-
codes organomercurial lyaze cleaves the G-Hg bond of MeHg to give
Hg™ and iz co-expressed with MerR in the sencor. The mer-promoter is
activased when Hg** releazed from MeHg binds to the regular MesR
protein. Light iz emitted when mercurials in this specific form are pre-
pent in the cytoplazm of the sensor bacteria, which mer® did not
recognize CHaHg™ az an inducer. The concentration of CHaHg™ can be
determined by meamuring the intenzity of lixAB-specified lnminescence.
The regulting bacterial zensor responded apecifically to MeHg, and the
lowrest detectable concentration of MeHg wan 10 pM (Table 1) with a 1
ml sample in the optimized assay conditions. Thiz detection limit in
enough to detect many contaminated and pristine environmental zam-
plea [13]). Additionally, Colin et al (2018) developed a luminescent
biozensor for ocreening MeHg production and walidated it by axpoaing
the reporter strain to both methylating and non-methylating Pemulfovi-
brio otraina. Methylation activity, often associated with sulfate-reducing
barteria under anoxic conditions, wasz asseszed uzing this bicsensor. The
sengitivity of the biczenzor to MeHg waz highly dependent on the growth
conditions of sulfate-reducing bacteria Sulfide concentrations ranging
from 1 to 10 mM reculted in a 40-70 % decreaze in luminescence az
mulfide levels increased. Among inorganic ligands, mulfides are conoid-
exed the most effective under anoxic conditions, ac they zignificandy
influence mercury cpeciation in ecogystema [17].

Begides WCB, thers are reported aloo other attempts using bio-bazed
approachens to detect MeHg. The uze of monoclonal antibodies againat
conjugated MeHg with immunogenic molecules was reported. Indirect
enzyme-linked immunosorbent amay (ic-ELISA) a0 the potential immo-
bilizarion platform for biomolecules was developed for the detection of
MeHz. Az compared to other analytical methodz, the further developed
ic-BLISA in a immunoastrip-based detaction of methylmercury (MaHgh
thowed low censitivity, with a limit of detection (LOD) of 1.6 = 1077 M
for ng“ and 80 = 1077 M for MeHg, az chown in Table 1 [35].

Towards the development of rapid visual color change platforma,
Chen et al (20138) reported the nze of T-rich aptamers {Hpg and Hepl for
the detection of MeHg, achieving a LOD 5000 nM. In their approach,
DMA-templated alloy Ag-Au nanoparticles functionalizad ag transducern
with color changes in the solution serving as the reporting mechanizm

Employed a nanoarchitectonice-bazed approach ucing adenine-rich
sequences instead of aptamers, zignificandy improving sensitivity by
more than four orders of magnitude under controlled laboratory con-
ditione. However, thic method failed to demonstrate afficacy in envi-
ronmentsl zamples [37,41].

Additionally, Lin and Toeng (2010} demonotrated an indirect
detection mechanizm for MeHg in the nanomolar range uzing lysozyme
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type ¥1 (Lyz V1] in combination with the formation of gold nanocluaters
{lya VI-AuNCa). Thiz method vtilized fluoreccence gquenching an the
tranzduction and reporting mechaniam [40].

Purther details on theee platforms, including their working principles
and detection capabilities, are precented in Chapter 3 (immunostripz)
and Chapter 6 (aptamerz), with specific examples provided for the
‘mearurement of MeHgz.

3. Immunootrip based MeHg detection

Immunostripa aszaye are widely used for their simplicity, afford-
ability, and portability, enabling rapid, on-cite detection with high
specificity and senzitivity. They conzist of a srample pad, conjugate pad
{with labeled anribodies), nitrocslluloze membrane (tezt and contral
lines), and aboorbent pad to engure afficient operation (Fig. 3L These
features make them ideal for environmental monitoring, food safety,
and diagnestica. Immunoatrip assays are based on the reaction between
immobilized antibodiez or conjugate on the membrane and the binding
of the analyte of intereat [42]. Advancementz in immunoatrips have
been ured in combination with novel nanomaterials, such 2z gold
nanoparticles [ONPz), quantum dotz, and upconversion materials.
Immunoatrips are widely employed in madical diagnostica due to their
rapid, zimple, and cost-effective nature.

Lareral flow azaays (LPIA) offern several advantages, including rapid
regults, eaze to use, and the ability to function in resource poor settings
without extengive laboratory infrastructures [43]. LFLA provide guan-
titative and semiquantitative testing applications such an detection and
determination of nucleic acids [44], proteing, whole-cell bacteria [45,
46] and alzo in rapid biosemning tachnology in point-of-care testing
[POCT). Gold nanoparticles az reporters are often wsed in most of the
azzayz and in recent years much attention haz been paid to upconverzion
nanoparticles (UCNP:), for instance, lanthanide-doped nanocrystals as
flvorescence signal nanomateriala [47-45]. Thiz ic mainly becanse of
their high anti-Stokes shifm, optical stability, multiple emizsion banda
and long lifstime. Howeser, imunostrips are an ideal tool for the vicwal
and fast estimation of analyte in “ves” and “Mo” forms, there are
numerous challenges that need to be addressed for the furure develop-
ment of Immunostripe, ruch az selactivity, senitivity, and response time.

In comparizon to other MeHg senzing approachez, only one report
haz been published in thiz direction. Zou et al. (2017) described an
immunoctrip approach for the detection of MeHg uvtilizing MeHg-
rpecific anribodies [35]. The smdy developed an indirect competitive
enzyme-linked immunosorbent aszay (ic-ELIZA) and an immunochro-
matographic strip aszay for detecting methylmercury (MeHg) in =p
water. The authors have reported high specificity with an IC50 of 16.64
ng/ml and a limit of detection (LOD) of 2,03 ng/mL for ic-ELISA. The
otrip asoay had a cut-off value of 500 ng/ml and a LOD of 11.3 ng/ml,
with recovery ratez of 93.13 % and 107.57 %, respectively. The moat
important feature of thiz study waz itz high specificity for MeHg without
crosz-reactivity with other metal jonz and the convenience of not
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requiring sample derivatization However, drawbacks include the need
for optimization of amay conditions and potential variabilioy in mono-
clonal antibody performance, with the strip amay poanibly lacking
guantitative accuracy compared to ic-ELISA. The assay can be improved
by enhancing sensitivity and specificity, exploring alternarive antibody
production methods (=g. egg yolk antibodies), and integrating and
interfacing thege ctrips with reflectometer with portable detection de-
wicea for on-gite tecting.

4. Small moleeule probes (SMP) in MeHg detection

Small molecule probes (SMP) are low molecular weight chemical
compounds dezsigned to selectively detect apecific biological, chemical
or ervironmental targem throngh meamirable changesz, such az flnores-
cence, lnminescence, or color shifin [50-57). Thace probes often congiot
of a recognition moisty that interacts with the target and a reporter unit
that produwces a detectable zignal upon binding or reaction. SMPz are
extenzively being uzed in diverse fields such ac biclogy, phyuiclogy,
medicine, pharmacology, and environmenm| sciences for their high
rpecificity, senzitivity and vematility in detecting omall molecules, iona,
or biomolecules in complex systemsz. These fluorescent probes exhibit
changes in intensities/emiszion wavelengths through possible sensing
mechanizmz which include Féruter resonance energy trancfer (FRETI,
intramolecular charge mansfer (ICT), phomindoced electron tranafer
[PeT), excited-state intramolecular proton trancfer (ESIPT) [57), and
aggregation-induced emizsion (AIE) (Fiz. 4a) [55]. The development of
SMP hao been rapidly increasing due to advancements in ito application,
ruch az g-fluorescence imaging modalisies.

An ideal zyotem of SMP-bazed fuorsscent senzing platformas would
provide a reliable signal read-out response under analytical conditions,
which in turn helpz uz to measure the concentration of the analyte. The
SMP that forma a reversible interaction between the analyte and the
probe io categorized ap 2 chemoosenzor mearering the accurare concen-
tration of the analyte over time. If the sencing machinery in irreverzible
when contacted with the analyte, the probe ic categorized az a chamo-
dozimeter, in which the responge will indicate only the maximuem con-
centration of the analyte prepent in a time unit. Taking account of the
above properties of SMP various MeHg detection platformes have been
reported in recent years.

A zimple tom-on fluorescence probe in real samples was developed
by Shu et al. (2015) which demonetrated the design and symthesis
principle. The group haz developed a 4-hypdroxynaphehalimide-derived
flucrescent probe (1) to detect both organic mercury and Hg® in the
aqueous medium. The mechaniom of action for the sensing iz with the
dimethyl-thio carbamide ester group acting as the recognition unit, and
N-butyl-+-hydroxy-1,6-naphthalimide acting 2z the fuorophore
(Fig. 4b). The developed plarform can be nzed az a “naked-eve” indicasor
for mercury opecies with the help of hydrogen peroxide (H304), which
actz az a Huorescent enhancement The smdy demonstrates that
dimethyl-thiocarbamic ester moiety iz 2 new dezign otrategy for the

Tesi line  Contral liae

O miemhrane

| AN ; E

Samgple pard

Fig. 3. Principle illustration of the immunochromatographic strip assay for Melz detection. Reproduced with permission from Ref. [25], Copyright (2017) Taylor

& Francis.
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Fig. 4. a) Geoeral scheme for recent advances in SMP. Reproduced with permission from Ref. [58]. Copyright (2021) Royal Society of Chemistry. b) Eeaction
mechanism of probe 1 for mercury species with the help of HaOy, Reproduoced with permission from Ref. [59]. Copyright (2015) American Chemical Society. <) A
schematic representation of the sendng process of probe | towards [lgz' and CHaflg ™ by turm-on type AIE. Reprodoced with permission from Ref. [60]. Copyright
(2017) American Chemical Society. d) Fast and sensitive fluorescent detection method of CHzEHg™ and I[gl' uging a reversibile fluorescent molecular probe and 506
micelles. Reproduced with permission from Ref. [62] Copyright (2020) American Chemical Society.

conztruction of highly selective and sencitive probes for the simuoles-
neoun detection of inorganic and organic mercury species with the
amplification reagent of H3O3. The sensitivity of the developed method
wu:minadwh‘ht]lel.ODnf:.-}nh‘[fm'Hg:_:JﬂS.Enhifnu:}!cHginnu
agqueous solution [59].

Similarly, a highly sencitive and selective aggregation-induced
emizzion [AlE}bazed turn-on probe for both inorganic mercury ionz
and organicmercury cpecies was reported by Chatterjee et al The
probe’z mechaniom iz bazed om the mercury ion-promoted trans-
metallation reaction of aryl boronic acid. The probe, a tstraphenyl-
ethylene (TPE}monoboronic acid (1), waz used for the detection of
mercury cpecies (Fig. 4c). Both ng_ and MeHg enmued a fase trans-
metallation of TPE-boronic acid, cauzing a drastic redwction in the zol-
ubility of the resulting product (TPE-HgCL/TPE-HgMe) in the working
zolvent gystem. At the dizpersed phase, the aggregated form of TPE-
mercury iona recovers planarity an a remlt of restricted rotationasl
freedom, promoting aggregation-indwced emizgion [60]. Thiz was the
firgt report on the AIE bazsed fuorescence imaging study on MeHg
contaminated live cells and zebrafich. Howewer, bazed on our knowl-
edge and literamire informarion the TPE otabilisy with prolonged time
may be compromised in extreme environmental conditions and cannot
be appropriately used in various environments.

Az previoucly gesn in the work of Charterjes et al using the AIR tum-
on probe strategy for dual detection of mercury spacies, Neupanea etal
(20:20) developed a nowel fluorescent probe for the detection of Hg™* and
MeHg in aqueous solutions using the dizplacement reaction of aryl
boronic acid with mercury species. This probe demonctrared effective
sensing properties for both Hg™ and MsHg by forming a covalent
adduct. The aryl boronic acid derivatives uzed in the displacement re-
action enabled the development of a pengor with limit of detection
(LOD) of 4.02 nM in diztillad water, 1.32 nM in aqueonsz buffered oo-
lutionz, and 10 oM in drinking water (Table 2). The major advantage of
thiz platform iz the detection time of lesz than 2 min for Hg* and les
than 5 min for MeHg, and runs effectively in aquecns mamicesz [61].

Mozt of the SMPz are bazed on the fuorescence probe and re-
searchers are trying to use different synthetic molecules to enhance the
detection capabilities in coming wears. In yet another report, Oh et al
(20201 developad a fluorescent detection meathod for Hg?' iome amd
MeHg uzing an amino-acid-based flusreccent probe in combination with
Sodium Dodecyl Sulfate (SDE) micelles (Fiz. 4d). The Huorescent probe
in 503 micelles genzitively and selectively detected ng_ ionz and M=Hg
by the enhancemen: of the red emiszion at 575 nm in a purely aqueoun
zolution, and the detection of MeHg waz completed within 1 min which
thowed comparatively fast recpomses to the reported resules of
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Table 2
Chemical-based detection techniquess for methylmercary.
Hix Hg Lonj Sample matrix B COmponi s Femsing mechanism Referenoes
Speeies T
1. Hg™ 245 - Hg™  River wuter Dimethyl-thice varbamide  4-hydeorymaphithalimid | Dimnethyl- 1591
and EEnM-MsHgy  samples b g thicearbamide ester
MiHg FrOup acts as thi
recognition wit, and
B-buryl-4-hydroxy-1,
B-maphihalimide acis
i the fluorophore
-8 Hg* 5982 mM Fish samples TPE-msansborunbe ackd Aggregate induced Flilofer i Dty £l
and Emisshom [AIE) thicrarb e dster
MeHg group acts us thie
recognition wnit, and
M-butyl-4-hydroxy-1,
B-maphihalimide acis
s the fluorophore
a Hg*t 4.02 nM Environment Displ s n et PedcTion of Fluorescent probe based k; Dt 611
el 1.EZnM aamples aryl borsnbe ackd o displacement remcthoe reethon of aryl
MeHg 10 6M of aplboronie asid bornnke ackd with
EETUTY S
4. Hg*t .1 oM for Maodel water A bees- gz bl - basesd] Aming aebd — eed Fllu e o Mereary lon- [6Z]
and Hg™ and 206 [indole, sulfenamide, and fluomsct probe (1) and promated
MeHg oM for MeFlg arnbde groups) and Sedium 506 mirelles crasmeral luthon
Duderyl Sulfate (SDE) reacticn of aryl
micelles badromke acid
5. Hg*t Hg™ b oM Cells and living  pyridy] groap Coordinarion-indued Flunesern e The: rotation of 1,8- 53]
and MiHg s 50 SYSCir embsghon maphthalimide
MeHg nM mbeties would be
restricted dus to the
chelation et
1,8-naphthalinskde
and MeHg, which
Pesalts in enhanoesd
flunreseent emishon
b Hg"' 94 oM Model water 1,12, 2-vetradeis] 4-(3- 1.1, 1,2 aearnkis[443- 2l Dl [54]
and methyl- | H-benzimidazed methyl- TH-benzimidaral - reaction of aryl
MeHg 1-y1) phenyl ethylene 131 phenyl ettylme bernnke ackd with
citraboedide (Tasbipe) tetradodide (Tbipe) U Specii
7. Hg"" 54 pM Model water zenlithe imidazclabe Coordipated induweed Flucerscence Birict cavicy [6s]
and 19.08 mM Eramvework-7 (ZIF-7) and embssbon
MeHg zenlithe imidazolate B and MeHg
Eramewark-60 (ZIF-60)
8. Hg"' 1.79 M Model water MIIL-53{Fe) with OO MIIL-E2(Fe) Fluoe=i e Aning-ackd-based [5&]
and Flusresermt probee and
MeHg Sodium Dodecyl
Buldute [(5T6) mbeelles
with enhancensent of
h perd emiadion at
575 nim
a Hg"', 5.0 pM Ernvipunmental Fiperarine desivative, tysis-pedurtion in an Abmcagpithon using Owganbe peaerthon [E7]
Hg}" water HEFPFS0, I.e, N-(2- mueis soluthon theough . mulgp.adbg'lum
and Hydroxpethyl) plpeasine. the ooperative effent of ¥ . andl d e
MeHg N2 hydraxypro- AuNP-catalysed propstis chinge in thi
pancsulfonie acid] el the formnation of gold cafalytle product
amalgam Imduced by the
deposition of Hy
ot on the surface
of AuNFs
1o th 10 M fea Model waters CuDDTC; Compler; Au-NPx AIE Haked epe Thi retation of 1,8- [1]
and Hg™ and 15 diethiyidithbeearhamate: denstion maphthalinide
MiHg nM for hefg [DOTC) maberies would be
restricted dus to the
chelation berwems
1,5-naphthal inide
and MeHg, which
Peslts in enhanced
Flucresermt ambabm
11. MiHg 5.9 nM Environmental FEG Carbem dots Fluoer=eenione Resognition svent of [:&]
samples the MeHg s
dependent on it
hydsophabicity and
s wirasound-aessied
permeation vis PEG
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R Hg on) Sampde madtrix Bemsar componenis Gensing meechanism References
pecies EiOreieptng Trassducs Repuorter
1z MieHg 1.7 oM for ot s nated ambie-mond|fed axacaliy Gilver nanoparticles Flusissne Thi: flusrescent dye 16391
and DADC-AgNTs waler 4] arene derivative vie (Omacalix [4]arene eould rapidly
Hg and 7 6M for Dé-pectambdo-axeealix [4] Eemnplated) - cocrdinate with Hg2+
FhE§EDADE- arene (DADC] (a [DAOC-AghPs) sperbes to form &
AgHT: heteracalizarese hos disuclear Hz™™
berraemrbene comnplex
wihbch can then self
aggregate to erm on
AIE flaoisomss:
13. MieHg =1 ol (agte Environmental Beripped loyers of Au godd Hlm spatter Conducthvicy Changes in the [#a]
and molar) matrices (Lake Hexathiol and FEG couttd on & glass slbde o ling current
wiher waler) across flms of NPs
nomie proterted with sriped
entiong ol ayess of cagunke
ligands

Chatterjes and Meupanea group previously. The interferance studies of
the probe were pelectively tasted with 16 other metal iono and found thar
the probe in D8 micelles with EDTA exhibim highly sengitive and ge-
lective turn-on detection for MeHg owver Hgm' [52).

The chemodorimeter, a2 newly developed method in the area of
SMPz, paved the way for the detection of MeHg and Hgm' reported by
Zou and Tian {2010). The work includes the synthesis of two novel
fluorescent chemodosimeters that dioplayed selectivity involving re-
ceptor and zenring mechanizms conzisting of 2,1, 3-benzathiadiazole and
thiourea gignalling and recopnition moieties, respectively. The chemo-
dosimeter’s spectral and optical properties exchuively distinguizh be-
twreen Hg"" and MeHg and open new opportnities for monitoring. The
developed method wag able to detect ngi- with LODs (1.6 % 10~ M and
B0 1077 M) and MeHg (3.0 = 10~ Mand 1.0 = 107° M) az reflaceed
in Table 2 [71]. However, baced on the understanding of the senszing
reaction bazed on the above mentioned constituentz the detection of
mercury cpecies can be only single use type due to their breversible
reaction. Thiz iz alzo the main reazon why thin approach can be uged in
dosimetery and are not ouitable for real-time monitoring.

Mare recently, Yuan et al. (2019) developed a new fluorescent dye
for the selective detection of Hg*" jons and organic mercury including
MeHg and phenylmercury (PhHg ). The sensing mechanizm involres
the rapid coordination of dye with ng" species to form a dinuclear
Hg** tetracarbene complex, which self-aggregate to activate turm on AIE
fluorescence. The dye 1,1,2 2tetrakio[4-(3-methyl-1 H-benzimidazal-1-
%11 phenyl ethylene tetraiodide (Tmbipe) featured four positively
charged methylated bencimida=ole groups, conferring excellent water
zolubility. The fluorescence activation occurn within 3 min driven by
synergiztic rigidificarion of the teraphenylethylens-bridged Tmbipe
core through chelation ring formation with mercury, further enhanced
by probe aggregation. Thiz system achieves an LOD of 94 nM, az sum-
mariza in Table 2 [64]. Az in the caze of chemodozimeter studien, this
work restricts the mulriple analyziz and may face interfarence in com-
plex matrices which iz not aufficient for ultratrace mercury detectionina
strict regulatory context

With AIE baged principle and mm-on fluorescence probe 2z geen
from the abowve studie: for the detection of dual mercury species, Yang
et al (2009) developed a dual fluorescent platform which wtilizes
intramolecular rotational restriction to designed a molecular probe
incorporating a pyridyl group az the chelating unit and 1,8-naphthali-
mide ao the fluorescent unit. Thiz probe produces a very weak fuores-
cence in the abgence of an amalyte of interest zince the fres
intramolecular rowmtions of the 1G-naphthalimide moiedes non-
radiztively annihilare itc excited state. Howewer, in the presence of
analytes (Hg™" or MeHg), the rotation of 1,8-naphthalimide moisties
would be regtricted due to the cheladon between 1, 5-naphthalimids and
MeHg, which recults in enhanced fluorescent emizsion. The limitation of
the censer ir actually the responze induced by Hz*' since it i much

stranger than the recponce canzed by the MeHg. However, in this type of
sensor the problem wan tackled by nzing T-rich DNA that masks Hg™ in
zolution and therefore enable MeHg detection. With thiz medhod, the
senmitivity in detection of two mercury species was reached with the
LoDz of 50 nM (MeHg) and 20 nM I:Hgm']_Tlumed:.nd]u.: an advantags
in terma of selectivity and has chown lesz or no interference with other
metal ionz [72].

5. Metal-organie framework (MOF) for MeHg detection

Metal-organic frameworks (MOFz) are crystalline porous materials
compoged of metal jionz or clucters coordinated to organic linkers. Ac-
conding to the Intermational Union of Pure and Applied Chemiztry
(IUPACH definition, these are like poroun coordination polymers
chowing cryutalline structures and potential woids [73]. MOFa are moat
compatible with organic and aquecus media with additional advantages
such as defined porosity dus to the larger spaces such 21 544 m® ! and
cogt-effectvenson. Nimogen adsorpdon porocimetry, electronic, optic
and atomic force microzcopies, powder X-ray diffraction, solid-ztate
MME, UV—vic and [R cpectroscopies are some of the Jefined tech-
nigues that can be uzed for the characterization of the MOP: [74,75].
Development of MOFz iz achieved uzing autoclawes and fabrication
uzing microwave-amicted techniques to accelerate the kineticz of the
coordination or mixing of precurors [76]). In recent years, various new
polymerization technigues have been wzed for fabrication to fine-tune
the zize and morphology bazed on the electrosyntheciz of the con-
tucting material [77]. Por preparation of a MOF different metal ions or
cluzters are mived with organic linkers uzing a convenient solvent. Co-
ordination polymerization takes place between the precursors, regulting
in a croos-linked network showing potential voids (Fig. 53 [78].

MOFz offer high surface area, tunable porosity, and chemical
wercatility, enabling applications in gas storage, camlyziz, sensing, and
drug delivery [52,54,79,00]. MOF: emerged in the 1900z, with pio-
nesring examples inclading MOF-5, HEUST-1, MIL-101, and ZIF-5., The
developed 1D, 2D, and 50 MOFz have paved the way for the advanced
MOF-based sensor cystems. Although the integration of MOFz into
electronice iz otill in itm infancy, promining applications have been
demonztrated in devices such as field-effect transiztors (FETo) amd
rezigtive random-access memoriza (RRAM) [9]. In MOF-based electronic
zenpors, sengitivity io defined az the smallest fuctuation in an external
stimmlnz that induces 2 meamrrable signal variation.

In sencors, MOP: function as a receptor or recognition element
enabling the decign of MOFz with superior selectivity. MOPz can detect
amalytes, including MeHg, through mechaniomes such an gize exchinion
(baced on porocity) and interactionz engineered via specific linkers or
precuroorz. Selectivity iz achieved by tailoring the MOFz interaction
with the target analyte leveraging forces such an hydrogen bonding, ®-x

[21,82].

interactiona, and elecron  donor-accepror  coordination
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Metal ions or clusters

Organic linkers

Metal-organic framework

Fig. 5. Scheme for the preparation of a MOF. Different metal fons or clusters are mixed together with erganic linkers using a convenient solvent. Over the pag few
decades, over 100,000 structures have been reported in the “MOF sobset ™ of the Cambridge Stroctural Database (C500) Reproduced with permission from Ref. [78]

Cepyright (2018) MDPL

Compared to biomolscules MOPz offer advantages az recognition ma-
terialz, including customizability, cost-=ffectivensss, high stabiliny, and
compatibility with hamh conditions like sxtreme temperamres and pH
Lewvala,

Based on innights we gained through our thorough literature review,
metal-organic frameworks (MOFz) can be broadly categorized into four
major typex 1) mase-loaded, 2) filtration, 3) electronic function, and 41
optical senitivity.

Moz-loaded: The porous nature of MOF: can adoorh and pre-
concentrate the analytes in complex sample matrices, increazing the
poazibility of host-guest interactions and further improving the sensi-
tivity of the sencorn. The selective nature of this MOP type iz mainly
baced on itz unigue and specific host—guest interaction which iz alse
bezide specificity alzo improves the senzitivicy of the sensor. However,
the introduction of MOFz into electronic sencom a0 maszs-loaded layer
that are penzitive to mam change seema to be more feazible. Integration
of MOPz with Quarts cryetal microbalance (()CM), surface acoustic ware
senzors (5AWS) and microcantilevers have been explored in recent years
[9]. MOP: based elactronic sensors can m:]; serves az the :daﬂrplinn
layer for different molernles msch az gasen (CG0y, CO, CH) and volarile
organic chemicalz (VOC) [3].

Filration: The MOFz filration properties captures a targeted analytes
and gerve ap the fltration layer to chisld other interfarences. With thiz
property of MOFz, different platforms were developed to screen, flter
and purify mixtures including gages, pollutantm and organics [9]. The
best example in thiz direction in ZIP-8 which has high hydrogen
permeability due to its pore gize (0.34 nm), allowing celective pene-
tration of H; molecules (0269 nm) and excluding their larger gaz
maolecnles {diameater =0 34 nm) [9]. In recent yearz, Koo et al and Thon
et al fabricated MOFz decigned for Hy and CHy detection by function-
alizad ZIP-§ ap a filtering layer azzembled on Pd MWz and Zn0 nanoreds
[53). The major drawback of the syatem iz that the detection range for
analyter in still limited becauze of mechanioms of filtration adopted for
pelectivity.

Blectronic Punction: The long-range order in MOP coysml strichires
leads to charge tranoport possibly through the metal ionz and the organic
linkerz. However, MOFz are confronted with the opposite conditicn
where mogt MOPz uffer from a low degres overlap between the p or-
bitalz in the linker groups and the metal d orbitals zince the oxygen
atomz of carboxylate ligands coordinate to the metal iono through
bonds. Therefore, conventional MOFz with low atomic density plus
strong electron charge transfer are considersd az insulators (conduc-
tivity <107 "% 5 e~ 1) [54]. Accordingly, most MOFs in the elsctronic
zenzors are designed on the on-chip thin flm grown directly on elec-
trodez, az a paste or freectanding pelletz, and uzed for censing gaces and
other volatiles uch a0 aleohola.

Optical Jensitive: MOPz exhibit superior optical properties deriving
from it d-d transition in metal ions and electron transfer in the ligand or

metal-to-ligand /ligand-to-metal electron tranofer under sxtemal ztim-
uli, including light, temperature and pressure. The optical zenzing pes-
formance of MOF-bazed sensorc stemo from the hoot-guest interaction
which conwverts the recognition interaction inte an electronic signal or
optical gignal [9]. The receptors in MOPz are clustersd molecules, uch
az organic linkers or metsl jone, that in recponce bo analytes like MeHg,
induce changes in the sructoral framework of the MOF [73,55-57]. The
reporting oyetem for the MOF:z iz uzually based on the difference in the
fluorescence zignal detectsd before the analyte interaces with MOPz and
after when the MOF coordination changez. Mozt of the MOFz reported
optical sensorz are bazed on the utilization of monoloyer nanofilms and
oleglamine (LA} which provide the water orability of the MOF layer.

To the best of our knowledge, based on 2 review of the literanare,
only a few publizhed reports are available on the gspecific detaction of
MeHg using MOFz ar senpitive and race lewels. Urlizing doal zeolitic
imidazolate frameworks (ZIF-7) and (ZIF-60), Xu et al (2013) hawe
developed a fact, sencitive and facile senzing method on the bacis of the
fluorescence based mechaniom and cpeciztion analysiz of inorganic
H.g:z"' and MeHg The synthesiz protocel waz simple and based on a
microwave-ultrasounid-amisted approach. The senoing mechanizm in
bazed on the otrict caviy confinement of ZIF-7 and ZIF-60 orrconres,
which exhibited excellant selectivity for Hgi"' and MeHg even in the
precence of variouz cations or anionz. The developed method chowed
LODzof 54 nM and 19.08 nM for Hg"* and MeHg, respactively (Tabl= 20
The p]ntfn:m wras aloso tested with real lep]hi and the b-h:tp:rfnmmoe
of the sensor wars reported at pH 7, with a recovery of 100 % and 96.2 %
for H.g"?"' and MeHg, respectively. recpectively [65]. Another pioneering
work by Jiz et al (2013) developed a rapid and facile microwawre
ultrasound-anzisted synthesiz method for the preparation of MIL-53(Fe)
MOF for the dizect, rapid, highly selective and ultrasensitive senzing of
MeHg. The zensor achieved the detection limit of 1.79 nM, where
MIL-53(Fe) suzpencion, with CClr az the dispersant, served az a fluo-
repcence gensing platform, demonsirating a significant increaze n
fluorescence intenzity npon exposure to MsHg, with minimal interfes-
ence from other teoted Hg cpecies [66].

The complexity of sensor fabrication, which may hinder scalabilicy
and reproducibility potentially affectn  applicability in  divemse
environments.

6. Manopartiele (NP) based bissenzor

Nanoparticle {(NP) bazed biosenzorn leverage the high surface area,
tunable chemintry, and sencitivity of NPz for precize analyte detection in
feldz like diagnoatics, environmental monitoring, and food zafery
Manomaterials are different in surface effects compared to bulk mage-
rialz, due to three ressons; (a) large surface ares and high particle
mumber per mase unit, (b) the fraction of atoms at the gurface is
increazed, and (c) the atoms situated at the surface have fewer direct
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neighbours (Fig. Sa). Among various nanoparticles, gold nanoparticles
{AuNPz) and Silver (Ag) are wiﬂdy ueed for the detection of m.eﬂ:yl—
mercury (MeHg) and mercury (Hg). Thiz iz mainly becanse they are
often functionalized with spacem and functional groups to enable ce-
lactive and specific binding. Their localizad surface plazmon rezonance
(LEPR) enablez upt.u:a] detection with high senzitivity, while their con-
ductivity supports electronic senzing applicationz. & few examplez of
functionalized nanoparticles are outlined below.

(i) AuNPs surface funetionalized with diethyldithicearbamate
(DDTCh AuMPz functionalized with DDTEC are highly effective for
binding Hg due to the strong affinity of sulfur in DOTC for mer-
cury iona. Thiz binding reliez on the soft-soft interaction principle
of Hard and Soft Acids and Baszes (HZAB) ﬂuar_v. Punctionaliza-
tion enhances the selectivity and sensitivity of AuNPa for Hg
detection with binding cawsing measurable changes in optical or
electronic properties. Based on thiz principle, Chen =t al (2024
developed a colorimetric nanosencor strategy for various speciea
of Hg in the aqueous phaze (Fig. 6b). The proposed method in-
wvolves CuDDTCa :olnpll:t azsizted AuNP-Based nanocensors that
act az specific ligands to recognize the Hg species. Since Hg haza
high affinity for coft donore such as sulfur, in the presence of Hg
spacies, they can immediately dizplace the Cu®' in the CoDDTOZ
complex by prompdy forming Hg—DDTC complexes containing
two rezidual thiol groupa for ng" and one for MeHg. The citrats
ionz, which keep AuNP:z from aggregation on the surfaces, can be
eazily displaced by thiol groups. Thus, the Hg—DDTC complex
can be attached to the gurface of AuNP:z through Au—5 linkagen.
Thin interaction destabilizes the myatem | cavning the aggregation
of AuNPz and resulting in a colour change in the solution. EDTA
waz uzed 2z 2 mazking agent in the nanosenzing mechaniom to
zelectively mazk Hgm’ from other mercury species. With this
method, the dual mercury species were zimultaneously deter-
mined with the LODz of 10 oM for Hg™ and 15 oM for MeHz.
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They alzo tested the selectivity of the censing mechanizmz and
found out that the mechanizm iz very stable toward mercury
species against other metal ionz [1].

Lyzozyme type Vi-stabilized gold nancelusters: Thiz type of
functionalization remders the affective binding of Hg wia thinl,
amine and carboxyl functional groups, which form ztable com-
plexes with Hg ionz. The uze of lysosyme type Vi-atzbilized gold
nancclusters (Lyz VI-AuMNCa) provides significant advantages in
maintaining fuorescence srabiliy, enhancing detaction capabil-
itiez, and enzuring the reliability of the senoing method. A dual-
mode detection platform waz designed based on the abowve
nanoclucter phenomena developed by Lin and Toeng (2010). The
method utilizes 2 one-step approach to prepare Lyz ¥V1-AuNCa for
the vltrazensitive detection of Hgm' and MeHz bazed on a flue-
rescence gquenching mechanizm. The study reported the uee of 25
mg/mL Lyz V1 az a reducing agent, which formed Lyz VI-4uMNGa
{denoted an An-631). Au-631 wan highly otable in a high con-
centration of glutathione or high salinity solution such az NaCl
Au-631 was capable of cenzing Hgm' and MeHg through the
interaction between H.gm'_,-"h[cH.g and Au® oan the Au surface.
When EDTA war introduced which acte az the He™ mazking
agent, Au-631 waz able to dizcriminate between He™ and MeHz.
The LOD: obtained in this stady were 3 pM and 4 nM for Hg™"
and MeHg, recpectively. The selectivity of thin probe iz highly
efficient and, in fact, more than 500-fold for Hgm' ower any metal
iona. The authorz have also uzed bovine serum albumin-stabilized
AuMCa, with Au-631, in which Av-631 provided an approxi-
mately 330-fold improvement in the detection of He*'. Impaz-
tantly, they have muccessfully applied thiz probe for the
determination of Hg*" and MeHg in the seawater matrix [40]. In
another study, Xie ot al (2018) have developed 2 cimple, rapid
and cost-effective colourimetric method for selective and senzi-
tive detection of M=Hg. The cenging mechanizm iz based on the
increazing surface depogition of Hg, enhancing the catalytic affect
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Fig. 6. a) Commuonly ussd nanomaterals in varions kinds of sensors fabrication with their sizes. L: length; D: Déameter. Reproduced with permission from Red, [91]
Copyright (2020} MDPL b) [lustrations of AuNP-Based colorimetric sensing stmtegy for Hg Species and Hg- DDTC complex attached e the surface of AnNPsc)
CHyHg™ sensing mechanism. Reproduced with permission from Ref. [1] Copyright (2014) Americin Chemical Society. ¢} CHylHg™ sensing mechanisim. Reproduced

with permission fram Ref. [5%] Copyright (2018) MDPL d) Schematic repr

permission from Ref, [17] Copyright (2018) Americn Chemicl Society.

of the mechanim involved in the Auorescence quenching caused by the
presence of MeHg, Reproduced with permission from Ref. [68] Copyright (2014} American Chemicl Socety. ¢} Schematic illustration for fAuorescent detection of
Mellg based npon a dye-labeled T-rich DNA (PAM-DNA)L Pormation of AgNPs ar Ag/Tig amalgams on FAM-DNA template quenches the PAM fuorsscence emission;
the presence of Mellg suppresses formation of the metal nanostroctures, revealing Buarescence enhancement. Reproduced with permission from Ref. [19] Copyright
(2015) The Royal Society of Chemistry. f) Schematic illustration of the experimental principle for the colorimetric detection of Melly and CoHsHg. Reproduced with
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of AuNPa. The aptamer (Hyg) was used az a bioreceptor toward
Me=Hg (Fiz. fc) which waz uced to caprure and separate MeHg by
uzing centrifugation. Thiz capturing of MeHg uzing aptamers
functionalized in the AuNPz increazed the Hg deposition on Hg
onto the surface of AuNPz. Thiz enabled and enhanced the caa-
lytic activity of the AuNPz toward the chromogenic reaction of 3,
3,5,5-tatramethylbenzidine (TMBJ-H202. The LOD of the nano-
biosencor was 5.0 oM with a linear range of 10-200 nM [39].
AuNPz with thymine moietyn AuNPz functiomalized with
thymine are effective for Hg binding due to the high affinity of
thymine to Hg ions. Thymine forms smble T-Hg™-T complexes,
where ng" bridges two thymine molecules, leading wo pelective
recognition. Bazed on thin, Aulsebrook =t al (2018) developed a
tandem colourimesric, temperamre-dependent naked sye genzing
machine for ng" and MeHg. In thiz study, the awthor hawve
functionalized AuNPz with a thymine moisty that sandwichez a
zingle mercuric opecien bepwreen two thymine molecules on the
zurface of the NPz, and thiz enablag the aggragation of NPz when
it iz introduced to th and MeHg zpecies. The interaction,/re-
action of Hg*t and MeHg cauzed a significant change in the
vinible aboorbance spectrum which resuleed in 2 naked eye
diztinguighed colour change from red to blue. Though they wers
zuccesaful in employing the banic chemictry for mercurp-induced
aggregation in the fonctionaliced AuMPz, the LOD of dhis
approach iz much higher than the permiozible level of mercury in
the snvironment (1000 nM), which makss it unuzable in snvi-
ronmental matricez [32]. The platform was rapid, sengitive and
zimple it often suffers potential interference with limited desec-
tiom range due to the swmbility and complex functionalization
Pprocsan.

HEPPS0, N-(2- Hydroxyethyl) piperazine-N'-(2-hydroxypro-
panegulfonie acid) functionalized AuNPm Punctionalization
An surface with HEPPSO showed higher affinity towands Hg ionz
due o otrong chelating properties of the sulfomic acid group
{-50zH) and —OH present in HEPPSO. These functional groups
interact specifically with Hg, forming stable complexes. The
functionalization enhances the selectivity and zencitivity of
AuMPz for Hg detection. Recently, Li et al (2017 have developed
a dual detection platform for sencing l‘LgE+: and MeHg uzing
catalypiz-reduction in an aguesus solution through the coopera-
tive affect of AuNP-catalyzad proparties and the formation of gold
amalgam. The method utilized an organic reaction catalyzed by
AuNP and meamnured the change in the catalytic product induced
by the depocition of atomsz of warious Hg speciez on the surface of
AuMPz. Piperazine derivative, HEPPSO hac been uzed to func-
tiomalize AuNPa to conztruct a catalynis-reduction amay. HEPPSO
spacifically reduces Hg species (much a2 Hz®, Hg* and MaHg)
inbo H.gu. The signal reporter for detecting Hg with an absorption
peak at about 340 nm iz based on the product of AuNPz that can
catalyze HEPPSO. The LOD of the developed sensor waz 5.0 pM
which war 3 orders of magnitnde lower than the U5, Environ-
mental Protection Agency (EPA) limit value of Hg for drinking
water [67]. The method chowed promizing remultz with a new
funrtionalization method with broad applicabilicy, often lacks
large acale synthesic and possibly faces practical challenges
compared with WGB and MOFz based detection platfomma.
Silvar NP funetionalized with amide-modified oxaealix [4]
arene demvative wiz. Di-acetamido-oxacalix [4] arene
(DADC) (a heteracalixarens host): Thiz fype of surface func-
tiomalization are highly effective for Hg detection due to
hoct-gueat interaction between Hg iona and the unique structurs
of DACC. The amide group in DAOGC provide selective binding
gites, allowing for the effective complexation with Hg iona.
Similarly, Deyetal (2020) have devaloped 2 senzor methadology
uweing amide-modifisd oxacalix [4] arene derivative wiz.
Di-acetamido-oxacalix [4] arens. DADC (2 heteracalixarens hoot)
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wan synthegized for the stabilization of silver nanoparticles
(DADC-AgNPz). The muface of DADC-AgNP: was functiomalized
with Rhodamine B (RhB), yielding RhEHDAOC-AgNPo to induce
fluorescence activity. DAOC-AgNP: and RhBEDAOC-AgNPo
were found to be selective and sensitive zenczors with chromo-
genic mechaniomz for the detection of MeHg with an LOD of 1.7
oM and 7 oM respectively. The bazic underlying mechaniom in
poatolared an mercury-induced oxidation of DACC-4gNPa leading
to the formation of Ag—Hg nancalloy, which iz the reazon for the
dinappearance of the SPR (Surface plazmon resonance) band.
PXRD, SEM, TEM and EDX have been ured to characterize the
sencorz and their senzing mechaniam. Cyuteine, the amine acid,
wan aloo gelectively detected with the aid of DAOC-AgNPz and
MeHg based on the soft-ooft interaction bemween the thisl group
of cysteine and MeHg jonz. Udlizing the mazking nature of EDTA
towandz Hgm'. 2 multilevel INHIBIT-OR logic gate asvembly was
designed to discriminate MeHg and Hy®' ionz. The senzing ma-
chinery waz employed for ongite detection of MeHg uging three
different kinds of portable zensors {celluloge fibre ztip, hybrid
alginate bead and ZIF-8 bazed nanocompoaite]; thiz was accom-
pliched by immobilization of DAOC-AgNPa into celluloce fibre,
sodium alginate beads and zeolite imidazole framewrock (ZIF-3).
RhEBHDADC-AgiNPr were alzo additionally employed for mvive
MeHg detection in brine shrimp (Living system-aquatic croses-
cean Areemia saling) [69]. The developed method haz limitations
in large scale applications and requires complex functionalization
procem.

6.1. Corbon dos

Carbon dots {CDN) are gaining popularity in biosensing due to their
excellent biocompatibility, optical properties, and eaze of functionali-
zation. CDa exhibit srong fluorescence, photoarabiliny, and minimal
cytotoxicity, making them ideal for real-time detection in environmental
applications [#0]. CD= possess abundant functional growps such an—0OH,
—COOH, and ~NHz, which enshle afficient interactions with Hg*" ions
through coordination or electrogtatic interactions. These feanires makes
CD an ideal candidate to develop sencor platforma. An in gitu fluorescent
azmay for MeHg detection uning CD ar optical nanoprobes for the
detection of MeHg waz developed by Cocmac-Mora et al (2014). The
recognition event i based on the hydrophobicity of MeHg and it
ultrasound-aszisted permeation through the passivation coating made of
polyethalyne glycol (PEG). The fluorescent quenching of MeHg i
measured weing Microvolume fluorospectrometry. The assay uses low
amountz of organic precursom (fructose, PREJ, and ethanol), and i
completed within less than 1 min The mechaniom of fluorescence
guenching caueed by the precence of MeHg interacted with CD are
presented in Fig. 6d. Thiz green synthesiz of CDa can substitute various
tedions zample preparation methods and the imeolrement of warious
amalytiral imetruments. The €Dz mymthesized in thin stady has an average
zize of 2.5 nm used az optical nanoprobes for sensing MeHg with a LOD
of 5.9 nM (Table 2). The optical nanoprobe demonstrates high oelec-
tivity with detection completed within 1 min with excitation at 470 nm
and emizgion at 517 nm. Pluorescence, AAS, and Pourier trancform
infrared spectrometry (FTIR) were applied for the determination of
senoor machinery and are muggested az the baniz of the recognition even:
With the |1e]p ofa pnrubl: ﬂuurmpc:tmmﬁ:r. theze nauuptnl:lcu can
hawe extended applications in various environmens] matrices such as
tap water, river water and cea-water [63]. To the beot of our knowledge,
CDz have demonstratsd high cemsitivity, eco-friendliness, and
cogt-effective preparation methods with grea: wergasility. Howewver,
despite these advantages, CDa are prone to atability immes in long-term
chwdiea.
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6.2, Apmomer based detection

Aptamers are short, single stranded DNA or RMNA sequences that bind
pelectively with Hg ions through electrostatic interactions, kydrogen
bonding and conformational changes. Upon binding Hg, aptamers un-
dergo orrucmural changes, which can be detected wning varions analytical
methods. Thic method for detecting Hg iz highly affective due to high
affinity and specificity of aptamers towards Hg. In another deeailed
report, Deng et al. (2015) have developed a senzor for MeHg detection
and eary diccrimination of MeHg from other Hg species bazed on the
interaction of DNA aptamer with Ag ions that can direct formation of
three types of nanostructures either (i) Ag-DNA nanoparticles (AgNP) in
the abzence of M=Hg, (ii) Amalgamed AgHg-DNA nanoparticles in the
presence of Hf+ ionz and just Ag nanoparticles and separated MeHg-
DNA complexes. In all of the DNA-NP adduciz the fluorescence gignal
from DNA aptamer in quenched leading to the swong Auorescent oignal
when MaHg in present in the colution (oee Fig. Ge). They have wtilized
high opecificity potential of aptamera (Hre) that have much stronger
affinity towards MeHg than Hg*'. With a flucrophorelabeled DNA
aptamer, the senzing machinery can detect MeHg dovn to the picomolar
level which iz = 125 times more sensitive than Hz'. Az shown in
Table 1, the LOD: for the sencing mechaniomz are 0.4 oM. The sencor
had over 50 times superior selectivity towards MeHg than He** and 106
timen than other metal ionz. Interectingly they hawe employed thiz
penoor for testing itn capability in monitoring MeHg accumulasion in
ticmner and organs from three kinds of daily conmumed fishes; the reaules
thow the accumulated order of anakehead = bighead carp = grass carp
through the food chain [32].

Recently, Chen et al. {2015) developed a sensor that visually detects
MeHg and CoHsHg using DMNA-templated alloy Ag—Au NPa. They
employed two T-rich aptamers (Hrs and Hre) to specifically recognize
MeHg, and CyHzHg. When .'\uh': Ag" and T-rich aptamer, MeHg and
CyH:Hg all are precent in a solution, the aptamers specifically bind to
MeHg and CiH:Hg, thun facilirating the formation of alloy Ag-An NPz,
which display a color change in the zolution (Fig. 6f). The developed
platform haz a vizuable detection range of S000 nM, and when uzing
UV—vizible spectrometry, the LOD can reach az low az 600 nM of MaHg.
The developed sensor system was tested with fizh muscles chowing 2
recovery rate of 101-109 % [537]. Pew examples of recently developed
aptamers sequences for MeHg are listed in Table 3.

7. Nanocarchitectonies based deteetion platforma

Manoarchitectonics reprezsents an advanced conceptual paradigm for
dezsigning and symthesizing of functional materialz with nano-zized
structural featuresz (Fiz. 7a). The term, nanoarchitectonics, waz frot
coined by Masakazu Aone, who proposed thiz concept in the conference
title, 1ot Intemational Sympogium on Nanoarchitectonics Using Supra-
interactiona in 2000 [94,95]. The terms “nanoarchitectonics” and "nano
+ architectonics™ have appeared frequently in ocisntific literanire, an
evidenced by the publication title by Hecht {2003) [96], and in the
namen of research centres in Toukuba (2001) [97] and at the University
of California, Loa Angeles (2003).

Manoarchitectonicz ic a confluence of advanced nanotechnology
with ocientific dicciplines, including supramolecular chemisiry amd
materials proceming [95,599]. In the nanoocale regime, accommodating
the uncerminties and unexpected dicturbances throwgh sraristic dioeri-
butionz and thermal flucruations of functionalized materials and serwe-
tures that architecturally denigned with
atomic/molecular/manoscopic elementn through wvaricws procemen
including atom/molecular-lavel manipulations, chemical modification
and zelf-assembly/gelf-organization, defines the nanoarchitectomicz
foundations [100,101]. The molecular-level regulations in bislogy and
biomedical fields are otill different from the atom/molecular-level con-
trols in nanotechnology, although they both interact on the same scale.
The nancarchitectonics approach zesks to realize precize conmol over
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Table 3
List of reported aptamers specific to MeFg.

Type DNA Seuissi References

Hrz S.CTTTGTTAAAMATTCTTTG- [a7]

Hr S.GTTCTTTGT TAARAATTTGTTC-Y

Hrs S TTGTTCTTTOT TAAAMATTCTTTGTTCTT-3

Hrin S TTTGTTCTITGTTAAAAATTCTTTGTTCTTT-3

Hriz S TTCTTIGTTCTTITATTAAAAATTCT TTGTICTTTGTT-3

Hg 5.CTGCTGCTGOAAA AR GEAGOAGCAG-S 3]

Hp S-GTTCTTTGT TAAAAATTCTTTGTTC

FAM-H, 5.FAM-CTOCTGCTECAAAANGCAGCAGTAG-Z

FAM-Hoy 5-FAM-CTTTGTTAAMAATTCTTTG-3

FAM-Hry  S.FAM-GTTCTTTOTTAAAAATTCTTTGTTC-S

FAM-Hrg S.FAM-TTGTTCTTTGTTAMMAATTCTTTGTTCTT-3

dTy STTTITT-F [41]

i SAAAAAA-T

Ay B AAARARRAAN-T

dTig S.TTTTTTTTIT-3a

Ay 5.GOGEGEG0GGE-T

o, 5.COD0O00O0C-S

ATy, STTTTTTITITITITITIT-

LR A A A A A A AAAAAARA-T

Agptl S CTTTATTAAARATTCTTTGS [9z]

Apteom  SOAMACAATTTTTAAGAAACE

AptZ S CTATGTTAAAAATTCTTTG-S

Apt3 S CTTAGTTAAAAATTCTTTG-S

Agpivd SCTTTCTTAAAAATTCTTTG-S

Hp-Fe 5-SH-GOCOATGTTTTTTCGOC-Fe-3 [33]

g1 S.OGGATTTTTCTTGCS

g2 5 SH-GTTCTTTGTTAAMAATTCTTTGTTC-3

AN SEAACAAAGAAAAAAAMAACAAAGAAC-MA-F

a7 SGAACAANGAATTTTTAACAAAGAAC T

Ablrs, Hrz, and Hhrs represent (HakHg™ - Specific DNA with different T Lases, Hy
represents random DNA, FAM - f-carboxyfloorescein.

atoms and molecules in manipulations and reactionsz.

The nansarchitectonics concepta have myriad applications in various
research fields, such az fabrication of functional materialz [102-105],
energy and environmental ecience [106,107), and biological amd
biomedical applications [105,103,109]. Among these fields senging
npp].i.ul.i.un.: represenis one of the moat crucial areas that can benefit
from the nanoarchitectonics approach [94,110]. By tailoring the stroe-
mire, compozition, and surface propertiss of nanomarerialy, mch an
nmanoparticles, nanoclucters, or nanocomposites, researchers can
develop highly sfficient censors for Hg detection. Manoarchitectonicn
enablez the controlled aszembly of functional components, such an re-
ceptors, ligands, or functional groupa, that selactively bind to Hg ions,
regulting in measurable changes in optical, elecirical, or electrochemical

Since interecting approaches can be built for sencor development
uzing a nanoarchitectonica approach, such 2z the one tha: Pandeeswar
ez al. (2016) have developed, where instead of conventional T and A
muclectides of the DNA are uzed an a recognition elsment, they have,
uzing zelf-aspembly, symthesized adenine (A) conjugated zmall organic
semiconductor (BMA) and deoxyribooligothymidine (dT,) az a recog-
nition element for MeHg detection. Manocarchitectonics aleo offers pos-
zibilitien to develop self-azsembly bazed solid-state sensors developed by
Cho et al (2012), which waz the only approach that wag able to detect
MeHg in the real concenmation from warious environmental marrices
much az fish samples and lake water pamples [41,70]. Pandesrwar ez 2l
(2016) group have dJeveloped a nancarchitechtomics bazed
ultra-cenzitive detection of Hg** and crganometallic mercury, driven by
a novel chemical design principle that allows strong mercury thymine
interaction. The novel optoelectronic approach based iz on nanco-
architectonics of 2 small molecule templated DMA syatem that congists of
an adenine (A) conjugated small organic semiconductor (BNA) and
deoxyribooligothymidine (dT,) (Fiz. 7bk The mumally templated
co-assembly (BMNAT.) of an organic semiconductor (BNA) and
desxyribo-oligothymidine (dT,) han tunable chiroptical, morphological
and elecerical propersties tapped in to enable ultrasenoitive and selective
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Fig. 7. a) Basic concept of nanoarchitsctonics. Reproduced with permission from Bef. [111] Copyright (2019) Beflstein Jowmal of Manotechnology. b) Schematic
illustration of the nanoarchitectonics of BNA and dT, coassembly as well as the corresponding maolscular structures. Reproduced with permission from Ref. [41]
Copyright (2017} American Chemical Socisty. ) Chiroptical sensing of Hg®*. Schematic representation of Hg? induced displacement of BMA from the BNA_-dT,_ 2D
assembly via formation of a metallo-DRA doplex [dT-Hg-dT], and selfasembled BNA 1D tapes. RBeproduced with permision from Ref. [41] Copyright (2017)
American Chemical Society. d) Conductometric sensing of CHHg™. Schematic representation of CEHLHg © detection device strocture, BNA,,-dT,, device response
besfare and after the addition of different CH,Hg™ concentrations (0.1 oM and 0.5 mA). Reproduced with permission from Ref. [41] Copyright (2017) American

Chemical Society.

detection of Hgm' and organometallic mercury in water. The rapid
conformational change of 2 BMNA,-dT, co-assembly inte a metallo-DNA
duplex [dT-Hg-dT] n in the presence of Hz*" and organometallic mer-
cury iz utilized for a chiro-optical and conductivity (Fig. 7o and d) bazed
rapid and sub-nanomelar enzitivity (0.1 oM) to mercury ions in
water, az noted in Table 1. The correlation in terma of the dTn sequence
length and the smbility, integrity amd functional properties of the
BMAD-dTn co-assembly wac obtained from a range of microscopic and
zpbct.mﬂ:apm:m.eulm:mm.m sirategy r]:.att]t:_r wed to advance the
nano-approach iz redefining the simple interaction of mercury with
thymine baser using altered bages ie. adenine (4) conjugared zmall
organic cemiconduwctor (BNA) and deoxyribooligothymidine (dT 0
Mor=over, they hawe used aptamer: which can clearly differentiate
MeHg and ng. Rather than uaing the interaction of the recognition
molecule and mercury species in an aqueous phase, they had the novel
approach of developing a film that acts a0 a transducer which zselectively
hopz BNA in the presence of MeHg to influence the conductivity mea-
surement. Thiz dezign strategy iz anticipated to advance the develop-
ment of novel templated DNA nancarchitectonics approaches, emabling
the creation of bio-optoelectronic devices and zencors for detecting toxic
cations mach an MeHg [41]. Az from our knowledge, and detailed in the
publication, thiz method doe=z not distinguizh betwesn inorganic and
organic mercury sources, limiting ite applicability. Purthermore, the
reqults may be influenced by external factors like pH and ionic orength,
affacting reliability and aleo walidation in real-world scenarios io
necesnary to confirm the robucmess of the detection syotem_

With all the above-based detection platforms, the majority of the
platforms are not reproducible, and encounter interference izgues. Thiz

may be becauze of the zelection of films and lack of integration with
appropriate senzing components. Cho et al (2012) have developed a
vimple olid-state zensor for the ultrasensitive detection of MeHg in
model solutionz and environmental matrices. In thiz study, AuNPa
coated with binary mixtures of n-hexanethiol (HT) and glycol (B0) that
generates supramolecalar geructure (HT/EGS) in a solid-seate sensor of
unmatched zensitivity towards MeHg with a detection limit of —1 aM

52]. Thiz HT/EQ3 NPz structure senze CH3Hg + selectively and with a
det=ction limit of —1 aM. The complexity of senzor fabrication, which
may hinder scalability and reproducibility potentially affecting appli-
cability in diverse environments.

The mechanizm of the zensor iz bazed on the changes in the tunneling
current acrosa filmz of WNP: protected with ocrganic ligande-striped
monolayers. The zencitivity advancement iz enabled by the ligand
chell organization of the NPz, When MeHg bind: with the metal cation,
the electronic stmuctire of the molecolar bridges between proximal NPz
changes. Thiz will lead to a tunnelling current increase reculting in
highly conductive paths, thua reculting in the percolation of the entire
film The nanoscale heterogeneity of the flm structure increages the
pozibilities of the cation-binding constant, which leads to a wide range
of pensitivity (remarkably ower 18 orders of magnimde in MeHg con-
cantration) [70]. Th.iz:md'_l,' introduced reducad Bd.gct'wity of the zensor
when exposed to mixtures of cationz with similar binding characteris-
tice, which can complicate detection in real-world zamples. While the
penpor: demonatrate high cennitivity, their performance may vary bazed
on the specific ligand-chall organization of the nanoparticles, potentialby
limiting their effectivensss for certain cations. The reliance on specific
conditionz, which iz hard to achieve in environmental samples, may
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hinder practical applicarions in diverse oettings.

G. Future perspeaetives, challenges and conelusions
8.1, Whole-cell biosensors (WCE)

Thiz type of zensor iz especially important in determining the
ecologically relevant bioavailable fraction of mercury. However, the
bioawvailable fraction iz dependent on the type of the cell and environ-
mental conditions and therafore it iv hard to clearly diffsrentiste real
bicavailable fraction from the low zencitivity. Based on the current
mynthetic biology wols the repertoire of the hoo for nmoducing
genetically engineerad genes i expanded and should be the concept of
bioawvailability tackled by combining and comparing (i) chemical labo-
ratory based tools with (ii) the outcome in the environment, e.g. bio-
accumuolation and (i)} resulc of vsing a battery of different WCB
environmentally relevant hoats, gimilar az it was thown by uing narive
marine and frezhwater WCB hosts [1£], but it should be utlizad many
different hoste relevant for particular either geochemical cycle or
foodchain trancformationa.

Morsoves, the WCE can determine the level of MeHg in the =nvi-
ronment in contrast to the standardized approaches therafore minimal
dizturbance of the environment can be much eazier achieved, but otill in
moct cazes the camples are teated in Iaboratory conditions cinee there are
not many attemptz to use WECB directly in the field. Therefore, it chould
be further developed an pelf nztsinable WCB platform bearing alive cellz
and should be biclogically szafe not deploying genetically modified
straing in the environment. The miniaturization and portable platforms
are zet to make on-gite analyzio more desirable but thiz ic facing many
challenges such as pregerving low fluxesz of nutrients and samples such 2z
in microreactors since zmall designs are prone to clogging, preserving
suzpended or immobilized cells for monthly operationz az well a
appropriate calibration. Perhaps advances in cell encapoulation,
microfluidics and multicell aystems are expected to enhance, on on=
hand the orability and reproducibility and on the other hand the
extenzion of the environmentally relevant information. In thizs regarda
the key organicms in the environment must be firt identified uzing
state-of-the-art metagenomic approaches, then wtilizing advanced cul-
turomics te be able to obtain strainz that can be then at the end available
for introducing genstic components by uzing genstic anginesring tools
and tranzforming them into WCB.

An deoeribed in Chapter 2, the WCB often might have lower genetic
stability which hampers the perfformance over time and calls for sither
approach to replenish the cells uping lyophilized culturez or monitoring
cempitivities by appropriate on gite calibration.

Although various factors such 2z complexation with cysteine would
increane the uptake of MeHg and the addition of humic acid can reduces
the MeHg uptake within the cells, we do not know the precizse mecha-
nicma that are aiding in MeHg uptake and WECE can serve nznot only aza
semoor platform but also to determine hey environmentally relevant
azpect: of MeHg bioavailability. Therefore, forther advances need o be
carried out in research that clarifies the meaning and applicability of the
uze of WCB in ecological and human health rick asceszment WCB are
bast in conditions similar to their natural environment [112] and the
temperature, incubation time, medium type, pH, and reagents can all
have affects on the performance of the bissencors that can only be un-
dergtood with further research and testing. Employing advanced cell
encaprulation techniquer to enhance ctabilicy, and optimizing growth
conditions to encure cell functiomality will prolong the WCB
performance.

Zince WCE are alio prone to the high background noize that in
affecting LOD it would be very important to incorporate the cumently
developed advanced Al tonls or autocorrelative mathematical models to
better diztinguizh zignal from the cellular, genetic or environmentally
introduced noizes regulting in npdated senzing platform. By addreming
these factors, WCBz can become more reliable, senzitive, and =ffective
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for accurate MeHg detection, sranding our az the only ype of senzor
capable of providing environmentally relevant data

8.2 Immunostrip besed MeHy detection

Immunoctrips colourimetic detection platformz for MeHg often
suffer pengitive limitations, especially for trace levels. They ale
encounter non-cpecific bindings or cross-reactivity with other metal jonn
that can affect the accuracy. The strips can degrade over time, affecting
the ctability of immobilized biomolecule: (antibodies, aptamer, and
enzymez). Though the platforma bring advantages such az simplicity,
speed and cost-sffectivensn, making them suitable for on-field detection
platforme, they often encounter lower cenzitivity compared with other
methods are gusceptible to matrix interference and limited ability to
diztinguizh from other mercuny opaciea.

Employing MeHg-apecific antibodies in comjunction with an
improved reporter oyatem could provide enhanced colutions for futre
MeHg censors. Integrating antibodies against MeHg with mesoporous
marerialz or AuNPa could significantly improwve pensitivity. Addidonally,
leveraging adwvanced technigues such az Surface Plazmon Resonance
[SPR) or Surface-Enhanced Raman Spectroscopy (SERS) could enable
pennors with detection limite several srders of magnimde lowe [35].

Az detailed in Chapter 5, the semsitivity of immunostrips can be
enhanced by incorporating nanomateriale into the conjogate pads and
selecting biomolecules with high affinity for MeHg. A further approach
to improve platform sencitivity involves integrating a reflectometer to
enhance pixel detection of gold nanoparticle test lines, facilitating more
precige intra-zample comparizon. Since thiz platform iz uzeful in oemi-
quantitative analyziz and can be used for rapid onoite “yes” and “No”
type detection of MeHg.

8.3. Small molecule probe (SMF) detecton plotforms

SMP are extensively utilized in various sensing platforms due to their
ability to calectively interact with the specific analyte through chemical
and phymical changes. Moat of the SMP utilize fluorescence probes which
exhibit lower detection limitz compared to more sophizticated platforms
like immunoazzay or nanoparticle-based cystems. The platformeo also
hawe limited stability with probes, potential interference from other Hg
rpecies and metal ione, and diffienlty in achisving real-time detection in
complex matricez. Though the SMP iz designed for selactive analyaiz,
croap-reactivity with structurally similar molecules or ionz can occur.
The probes often degrade over time, particularly under harch =nviron-
mental conditions {eg. UV light, and temperamre sxtremes). SMP2 are
urually tailored for zingle analyte detection, making them leoz suitable
for multiplex detection of target analytes. SMPa often require precize
environmental control or additional inctrumentation for effective
detection, such 2z fluorescence readers or spectrophotometers. Some
SMPz may invalee the nze of organic colvents or chemicals that are lezn
environmentally friendly. A chemodosimeter waz developed and
demonswated potential for mercury detection; however, it iz limited to
single-uze applicationz due to it reliance on an imevercible reaction
mechanizm.

Among the fuorescent SMP, near-infrared (MIR, 650-900 nm)
probes have several advantages over other probes, such as reducing
photo-bleaching due to the lower energy of excitation required [115]. Az
described by Denk et al, 1990 [114], the use of two-photon (TP) 2xci-
tation han been predominantly wsed n NIR floorescen: probes
[113-115). Ower the last fowr I]HWEIEH: there have besn tremendouz
improvemenm in the SMP in the realm of biclogical censing and
big-imaging. Az described in Chapter 4 and Table 2, most of the SMP2
utilize fum-on probe srategy for dual mode detection of mercury spe-
ciez and the major advantage waz a shorter detection time (1-5 min),
compared with available analytical methods. Mo SMP can measure
MeHg in the seawater matrix and using PRET, [CT, P=T, ESIPT, AIE, and
probes combining these modalities can be developed in the future for
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MeHg onzite detection in seawater Combinarorial fnorescence tech-
niguez have to be wzed o overcome the issue of interference amd
pemnitivity for MeHg detection. Several boundaries have to be dizman-
tled to push forward the development of enhanced SMP for MeHg
detection in zeawater or other environmental matrices beyond the cur-
rent atate-of-the-art.

Puture direction in the line of SMP:z functionalizing with nano-
materialz and integrating into a hybrid platform combined with bio-
logical element (eg aptamers and antibodi=a) would be an option to
increage the zencitivity and stability. Development of SMPz with
improved environmental stability and reduced cross-reactivity through
advanced chemical synthesiz technigues. Enhancing the chemical
cpecificity of the probes and integrating adwvanced zignal proceming
methods can also improve accuracy and reliability, making SMPa bio-

senzors more effective for MeHg detection in diverce applications.
8.4, Metsl organic fremework (MOF)

MOFz can suffer from non-specific adoorption, leading to interfer-
ence from other metal ions and compounds which restricts ita limited
selectivity. Thiz iz because of the porous structure which allows non-
target analytes to occupy binding sitea, reducing cpecificity for MeHg
detection. Moreower, they encounter challenger including potential
instability and degradation under varying environmental conditions,
complex and costly aynthesiz and functionalization processes, and sus-
ceptibility to interference from complex sample matrices. The lack of
semaitivity iz a general barrier when weing MOPz for the detection of
MeHg az well 2z other analytes. MOPz often degrade under harsh con-
ditiona because of their metal-ligand bonds which are prone to hydro-
lyziz or photodegradation. A complex and time-consuming synthesiz
procezs might hinder cealabilisy and widespraad nze becanze conmolled
pore gize, structure and functionality iz required for selective MeHg
oenaing.

Mozt of the MOPz developed in the past are made for gaz sensing
applications bacanoe of their excellant adoorption capacities (chapter 51
Very limited structurez of MOP:z have been explored to date such as
MOP-5,1 HEUST-1,2 MIL-101,3 and clapsical ZIF-8. Az detailed in
Chapted 5, MOFz have been used in different layem az selactive appli-
cationn. Althongh the MOFz offers sensitivity for the detection of MeHg
(1 aM}, then complicated and sophisticated nanoparticle thin films often
limit itz scalabilisy and practicalicy for commercialization. The recearch
chould focus on developing more stable MOP materiale with improwed
chemical and mechanical durability, refining synthesic and functional-
ization protocol: to ensure reproducibility and efficiency, and inte-
grating sample pre-treatment technigues to reduce matrix affects. MOF:z
can be engineered with specific ligands, functional groups, or structural
modifications to enhance gelectivity for MeHg. Combining MOFz with
advanced nanomateriale such as graphene, fullerenes, carbon nitrides,
and MXene along with signal amplification strategies, anables the we of
different ransducers and facilitates optical and electrochemical detec-
tion methods, thereby enhancing performance through improved
senaitivity and selectivity. MOPz can be engineered with specific ligands,
functional groups and chould aim at creating portable, cost-affective
cemnorz with improved swmbility and versatiliny for diverze environ-
mental and industrial applications, thuz expanding their practical uze in
precize MeHg detection [116-122]. [123].

Punctionalized MOP: with specific senzing molacules might be the
moact ruitable to target MeHg and would help reach lower sennitiviey for
MeHg detection. To the best of our knowledge there are no reports on
uning analyte-specific aptamears that can be uzed to link MOPFz o buoild
architectures that can specifically coordinate with MeHg. Thiz approach
and integration of MOP hybrid apsamer on micreflnidic devices allow
the high-performance biosenzing and the controlled syntheziz of MOP.
Develop robuat MOFP: uning hydrophobic linkern, meml clusters, or poat-
synthetic modifications to withatand hamh environmental conditionz.
Integrate MOF: with nanomaterials (e.g., gold nanoparticles, carbon
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dot) or employ advanced detection techniques like SERS or SPR to
amplify detection zignals. Focuz on cost-effective, scalable synthesia
methodz, swch 2z microwawve-azsizsted or mechanochemical approaches,
to promote widespread use. Combine MOPz with other materials, such az
polymers or biodegradable membranes, to create hybrid systems that
improve selectivity, durability, and detection range in future MeHg
bazed detection platforma.

8.5 Nanoparticles (NP1}

MNanoparticles such az AuMPa, carbon dot, zilver nanoparticles, QDs,
Magnetic Manoparticles (MNPa), Carbon Manotubes (CNTz), graphene,
and nanofibrez hawe been put forth for miniaturizing bicsenzing plat-
formo to the nanoocale o improve the undersmanding of various prop-
ertieg like optical, electronic, and magnetic characteristica, which would
pave the way for their use in bio-zencing rystema [124-12E]. Howewver,
zome drawbacks such as crosz-reactivity with non-targeted metal ionz or
compounds, reducing their zpecificity towards MeHg detaction should
be the main future focus since these are the main factore limiting their
selactivity. These drawbacks are probably the recult of unspecific
binding to functional groups or surface ligands which interact with a
range of analytes laading to faloe pogitive resultz. WPz are being weed in
warious research felds and their potential releaze into the environment
can pose ecological harm and health risks, especially metal-bazed ones,
which are not biodegradable and can accumulate in organisms. NP2
poszecz low otability and often tend to aggregate or degrade in complex
matrices like biological fluida or wastewater affecting their pecfor-
mance. Thiz iz mainly becauze of changes in pH, ionic srength or the
prezence of organic matter. Coat and scalability are the biggest chal-
langes for the symthesic and functionalization of NPz which can be
expenive in mainmining the precice gize, shape and surfare chemizery
for effective detection

NPz integrated with fluorescence, colorimesy, SERS, SPR, and
electrochemistry improve the senzitivity of MeHg detection. Az dis-
cunzed in Chapeer 6, MPo (AuNPa and AgNP) functionalized with DOTC,
Lysozyme, thymine, HEPPED and DAOC display enhanced selectivity
and senzitivity towards MeHg. Thiz i mainly becanze of the selaction of
functional groups which interact with MeHg to form a special complex.
However, though the methods are promising and can able to detect
MeHg at a trace lewel, they often lack challenges such az large-ccale
oynthesic, complex functonalization process and seability in relevane
natural conditions. Attention has been made towards the development
of aptamers-bazed conjugated WPz sencing platforma for the selective
detection of MeHg (Section 6, Table 5). Thiz type of approach iz time-
conguming and labarious in the production of aptamer specific to-
wards MeHg.

To the best of our knowledge, bioconjugated NPz with highly apecific
biomolecules such 2z aptamers, antibodie: or molecularly imprinted
polymers (MIPz) very well minimize croca reactivity, but should be
further evaluated in real sample: or determining applicability. More
regearch in the direction of the stability of NP2 by modifying their sur-
faces with polymers such as PEQ or hydrophobic coating to prevent
aggregation and degradation in complex matic are required to be
developed in future snginesring approaches. Biodegradabls MNPz with
less toxic formulations will mitigate the environmental and health rizks.
Research directions in the field of QDo [46,129,130), nanofibers [36,67,
151-134], MNPs [135,1361(152], and CNTa [1537] would remarkably
increaps the transduction censitivity and detection capabilisies
Coat-effective synthesiz bazed on a greener approach (plant based or
biomimetric router) will reduce the production cozm of the NP2 for the
detection of MeHg. Signal amplification might be better achieved by the
integrating NPz with SERS plasformes. Combining NPz with MOFz and 2D
materialy will enhance the performance of the sensors and add multi-
functionality and specificity due to the filtrarion effectn of MOFPz or
higher surface area for attaching senzing part that introduce more higher
signal-to-noice ratio.
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B.6. Nanoarchiteetomics

Manoarchitectonics inwolves designing, fabrication and assembling
nanoacale gtructures in a controlled and purposeful manner to achieve
cpecial function and properties. Manoarchitectonic structures enhance
the sencitivity and selectivity of biosensors and chemical sensors. Por
MeHg detection, nanoarchitectonics helpa create hybrid stroctures, such
2z combining metsl nanoparticles with porous frameworkz or fone-
tionalized gurfaces. These tailored architecturss enhance sensitivity,
selectivity, and stability, providing effective platforma [70]. The com-
plex and intricase design can be time-conmuming and expencive, due to
nanoacale interactions and self-amsembly processes, requiring advanced
techniques and resources. Ac dictuszed in Chapter 7, very fewr studies
have been reported on the detection of mercury ions with high sensi-
tivity uning thymine interactions and ligandz-striped monolayers. Thece
cengorz failed to distinguizh between inorganic and organic mercury
which limited itz applicability and reduced selectivity of the sensors
when exposed to mixtures of cations.

The large-zcale production of nanoarchirectonic-based sensors with
conzistent guality remaing challenging. Thiz iz mainly because zmall
deviationz in synthesiz or amembly processes can lead to zignificant
wariationz in performance. Simplified fabrication methods will acale up
the production such an micrrowave amictant ynthesiz or templaring to
streamline the senzor production. Omne of the main dizadvantages of
nanoarchitectonica iz the structural stability, which can enhanced by
modifying using graphene derivatives, MOPz and polymer coating.
Plazmonic signals of MOFz can be enhanced by integrating plasmonic
nanostructures {e.g., gold or zsilver) to amplify localized electromagnetic
fielda, boosting optical detection penzitivity. Their porous structure
mrpports high-density functionalizarion with selective agents like
aptamerz or thiols, minimizing crose-reactivity. MOF pre-concentration
of analytes and reduced interference improwve zignal clarity, while their
seaffolding enables multi-step zignal amplification for superior detection

performance.

9. Conelusion

Por efficient MeHg sensors, prioritize the development of advanced
materialz and biorecognition elementa with high specificity for MeHg,
much 2 novel nanomaterialy and zelective aptamers/antibodies. Ops-
mize signal proceming wring advanced technologies to improve accuracy
and interpret complex data effectively. Implement real-time calibration
and adaptive syetems to maintain sensor performance umder varying
environmental conditions. Focun on increasing sengitivity to detect
lower concentrationz of MeHg and reducing recponce times for rapid,
reliable measurements. Engure the sensor 'z usability, coat-effectivensaz,
and ocalability, and walidate itz performance throngh extencive feld
texting and adherence to regulatory sndards.

Currently, mathods such az Atomic Abcorption Spectroscopy (AAS],
Aromic Fluorescence Spectroscopy (APS), Inductively Coupled Plazma
Mam Spectrometry (ICP-MS), and X-ray Ploorescence (XRF) Spectroe-
copy are widely voed for mercury (Hgl detection acrom varions
matricez. However, these techniques often require extenzive zample
preparation, hawve lower senzitivity, perform poorly with liquid samples,
are muzceptible to matrix interferences, and are coatly, requiring highly
ckilled operators. Az a recult, sensors for detecting MeHg represent a
potential advancement in the feld. Unfortunately, current detection
methods often lack the necessary pennitivity and specificity, frequently
failing to detect concentrations below environmentally relevant
threzholds zet by regulatory bodies (2.5, 0.1 ng/mL]) or bazed on the
effectz of biomagnified MaHg, which necessitates lowering regulatory
thresholda_

Prom a biological point of wiew, MeHg detection in particularly
challenging: Bven at extremely low concentrationz, MeHg can cauce
biclogical amplification due to time-dependent or chronic exposure.
Thiz makes even current gold-zstandard laboratory mathods not cennitive
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enough, an MeHg concenmations are often below the limir of detection
[LOD). In contras: to the Hg*' where bialogical responses tend to show
concentration-dependent effects in living cellz, the biological impact of
MeHg io umally only evident in multicellular organiomaz at higher mo-
phic levels, which iz then ing the con ion levels in anvi-
ronmental matrices from the concentrations in organizmsz, for example
ocean waters and fish, recpectively, by more than five ordem of
magnimde.

Bazed on literature-gained knowlsdge and on our sxperiences, we
hawe identified five key atepe that chould be specifically followed when
developing an effective MeHg senzor.

1. Interdizciplinarity: Developing a sencor requirez collaboration be-
tween analytical chemizts, material scientista, phyzicists, and expert
in biology (e.g., biochemistz, molecular biologista). A bottom-up
approach iz needed, beginning with an undemtanding of in-
teractionz of the MeHg with the selected zenzing component at the
molecular level

2. Mamix Concideration: The sensor development must begin by
zelacting the matrix (e.g. fizh tisouwe, ocean water), ag thiz detarmines
the required sample pre-treatment, potential interferences {e.g. co-
conifaminawts, exiracton :l:.f_m_i.caln], Erpected conceniration
rangez, and phymicochemical conditions such an ionic strength, pH,
and temperature.

3. Relevance: Sensor relevance must be evaluated not just by concen-
tration levels but aloe by the intended application —whether
ecological (eg. bioavailability), health-related, rezearch-orientated,
or commercial. The sensor’z dezign chould reflect itz intended uze.

4. Detection Modalities: The zensor zshould be able o measure con-
centration [ quantitatively or cemi-quantitatively), temporal changes,
accumulation, or microspatial information (e.g. intracallular accu-
mulation). The specific modality should align with the senzoc’a
intended purpoge.

5. Coupling Sencing Blament with Transducer: The choice of transducer
(electromagnetic, electrical, etc.) must be considered along with
noize-to-zignal ratio, signal range, and zignal linearity. These factors
impact signal amplification filtration, correlation, and other zignal-
procescing oteps.

The recent surge in artificial ilmrJ.LigEm:e (A has led to cubstantial
advancement acrogs variom research domaine. To date, most of the
currently known MeHg senzing parta are designed based sither on the
known properties of selected senzing components or materialz that
preferentially interact with warious Hg species, or by trial-and-srror
experiments. Currently, artificial intellipence tool: offer new ap-
proaches in material degign, discovery, and manufacturing, which can
accelerate the development of sencors with improved sensitivity and
esperially increased zelectivity towarda MeHg [132]. Purthermore,
bazed on our experiences working on WCBs and detecting wery low
lewels of analytes [16], thiz proces: iz often prome to a high
noize-to-gignal ratio. Howewer, adopting machine learning approaches
could help refine detection, posibly not for quantitative meamraments,
but more appropriately for qualitative information. This could be crucial
for fltering out contaminated zamples, ensuring reliable detaction even
in complex zamples affected by matrix effect.

In conclurion, given the complexities discumsed above, creating a
univerzal gensor that functions acrosz all matrices while providing
rel=vant data would be extremely challenging. Therefore, work focuzed
on matrix-opecific senzors iz necesnary to achieve accurate and mean-
ingful MeHg detection.
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3.5 Patent Application

3.5.1 Innovative Nanobiosensor for MeHg detection

Introduction Mercury exists in various chemical forms including Elemental Mercury
(Hg?), Mercuric Ion (Hg?"), Methylmercury (MeHg), Dimethylmercury (CHs;HgCHs),
Mercury Sulfide (HgS) and Ethylmercury (C:HsHg"). Among these, MeHg is the most toxic,
posing a significant risk to both the environment and human health, even at concentrations
as low as nanomolar (nM) levels. This concentration threshold is remarkably minuscule,
diverging by two orders of magnitude from any other mercury species. Despite its minute
presence, MeHg has the tendency for biomagnification within the food chain, thereby
accumulating in organisms and resulting in neurological disorders, exemplified by
Minamata disease (L. Chen et al., 2014). Wild piscivorous fish, mammals, and birds,
animals at the highest trophic level, are at risk for elevated dietary methylmercury intake
and toxicity due to biomagnification through the food chain. Its neurotoxic effects are
especially harmful to developing fetuses and young children, making precise quantification
in food samples critical for public health. Monitoring MeHg levels in fish is essential for
assessing exposure risks and ensuring food safety standards. Regulatory agencies rely on
accurate MeHg detection to guide consumption advisories and protect vulnerable
populations. Consequently, the demand for meticulous, sensitive methodologies to detect
MeHg with precision has surged, especially in the context of evaluating water pollution
dynamics. Biosensors for detecting methylmercury (MeHg) in food samples offer several
advantages, including rapid detection and high sensitivity, making them effective at trace-
level detection. These devices enable real-time monitoring, providing immediate feedback
on MeHg levels, essential for ensuring food safety in vulnerable populations like pregnant
women and fetuses. Their cost-effectiveness and potential for on-site application, especially
in industries such as aquaculture and agriculture, make them suitable for widespread use.
Additionally, integration with smartphone technology allows for automation and ease of
use, improving overall food safety protocols (Anchidin-Norocel et al., 2024; Mandal et al.,
2024; Scheuhammer et al., 2007).

3.5.2 Specific biomolecules for MMHg sensing identified

3.5.2.1 Summary

Mercury-resistant bacterial strains had developed a sophisticated dual-enzyme system,
known as the MerB-MerA complex, which enabled them to efficiently convert both ionic
and organic forms of mercury, primarily methylmercury (MeHg), into a less hazardous
form—volatile elemental mercury (Hg®). This transformation process, essential for
detoxifying mercury, was highly effective and allowed the bacteria to handle mercury
contamination in their environment.

The first enzyme in this system, organomercurial lyase MerB, facilitated the
protonolysis of the carbon- mercury (C-Hg) bond, a critical reaction in the detoxification
pathway. This step resulted in the formation of a reduced carbon compound and the release
of inorganic Hg?" ions. The protonolysis catalyzed by MerB broke the bond between
mercury and the organic group, making it more accessible for further processing. This
process effectively reduced the toxicity of the organic mercury species by converting it into
a less harmful inorganic form, Hg?".

After MerB cleaved the carbon-mercury bond and produced the mercury intermediate,
the second enzyme in the system, mercuric ion reductase MerA, took over to reduce Hg?*
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into its elemental, volatile form, Hg® This reduction process minimized the toxicity of
mercury by converting it into a volatile compound that could then be volatilized and
removed from the bacterial cell, thus preventing damage to the bacterial machinery.

While MerB exhibited a distinctive structure with no discernible homology to any
known genes outside the MerB category—making it unique to mercury resistance
pathways.

The active site of MerB contained a catalytic Cys96 residue, which played a crucial role
in the enzyme's ability to cleave the carbon-mercury bond. This residue demonstrated
versatility by accepting a variety of organomercurial substrates, thus broadening the
enzyme's ability to detoxify different types of mercury compounds. By catalyzing the
breakdown of organomercurial compounds, MerB functioned as the first step in the
bacterial detoxification system, preparing the mercury for reduction by MerA.

Overall, the coordinated action of these two enzymes, MerB and MerA, formed a highly
efficient mercury detoxification pathway in these bacteria. This dual-enzyme system
enabled the bacteria to thrive in environments contaminated with toxic forms of mercury,
thus illustrating the impressive adaptability of microorganisms in response to
environmental toxins.

This research investigates the mechanisms employed by bacteria, particularly focusing
on their ability to detoxify methylmercury (MeHg) through a specialized dual-enzyme
system known as the MerB-MerA complex. This study highlights the enzymatic pathways
that enable these microorganisms to thrive in mercury-contaminated environments.

The primary objectives is to: Elucidate the roles of the enzymes MerB in the
detoxification of methylmercury.

Assess the specificity and efficiency of these enzymes in transforming toxic mercury
compounds into less harmful forms.

Investigate the catalytic mechanisms of MerB

Methods

Enzyme Characterization: The study employed various biochemical assays to analyze
the activity of MerB. Key methodologies included:

PCR Amplification: The merA (1600 bp) and merB (607 bp) genes were amplified from
plasmids pmerAB and r100 using Polymerase Chain Reaction (PCR).

Cloning and Expression: The pRset expression vector was prepared with a histidine tag
for protein purification. The merA and merB genes were subcloned into this vector for
expression in bacterial hosts.

Electroporation: Recombinant plasmids were introduced into competent bacterial cells
via electroporation, followed by selection of transformants using blue-white colony
selection, all above procedures are illustrated in Figure 17, Figure 18 & Figure 19.



3.5. Patent Application 157

Plasmid .
OO T Electric shock

15kV/em
b

5 psec pulses

S — —
Transfer ﬁ-\ RECOVEI’Y
to cuvette

Electrocompetent Electroporation Electroporator Transformed cells
cells on ice cuvette on ice

S I —— Z o
( h — h -
\_ @/ C_ @) "

Permeabilized
membrane

Figure 17: Figure depicts the workflow for electroporation in bacteria.

for transferring the recombinant plasmid into the host. Prepared using BioRender
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Figure 18: The Figure depicts the workflow of selection of white colonies.

from the classical blue white selection. Plasmid image recreated from SnapGene Viewer.
Prepared using BioRender
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Figure 19: Illustration of gel elusion and purification of merA and merB.

released from TA subcloning vector.

Activity Assays: The activity of MerB was evaluated in whole cells and cell lysates
cultivated at different optical densities before induction with 0.5 mM IPTG. Additionally,
the specific capturing ability of MerB towards MeHg was assessed, revealing its remarkable
selectivity compared to inorganic mercury (Hg?").

3.5.2.2 Results and Discussion

Enzymatic Functionality: MerB effectively cleaved carbon-mercury bonds, converting
MeHg into inorganic Hg?*, demonstrating a high degree of substrate versatility due to the
catalytic Cys96 residue in its active site.

Specificity: The experiments confirmed that MerB exhibited exceptional specificity for
MeHg, achieving a 33% capture rate at a 1:0.5 molecular weight ratio. In contrast, it
showed negligible binding to Hg?*, capturing less than 1%, underscoring its role as a
specialized detoxifying agent Figure 20.

The findings illustrate the sophisticated adaptations of Desulfovibrio species in response
to mercury contamination. The efficient action of the MerB-MerA complex not only
mitigates mercury toxicity but also exemplifies microbial resilience in challenging
environments. This research contributes valuable insights into potential bioremediation
strategies for mercury pollution by harnessing these natural detoxification pathways.

This study elucidates the critical role of the MerB enzyme system in detoxifying
methylmercury in bacteria. By transforming toxic mercury compounds into less harmful
forms, these microorganisms showcase remarkable biochemical adaptations that could
inform future environmental remediation efforts. We further wanted to develop a
transducing material where we immobilize the MerB on to electrode.
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Figure 20: The specific capturing ability of merB towards methyl mercury.

in the first half of the picture when used 1:0.5 Molecular Weight based ratio it showed an
excellent 33% capturing. In the below half of the image, even when used varied
concentration of inorganic mercury (Hg*") mer B didn’ bind /capture even 1% of Hg*",
proving incredible specific capturing of MeHg. Prepared using BioRender

3.5.3 MMHg selective and coupled biomolecules with nanomaterials.

3.5.3.1 Summary

The development of electrodes functionalized with nanomaterials for protein
immobilization is a critical area of research in biosensors and bioelectronics. This study
investigates the functionalization of gold nanomaterials and their interaction with histidine-
tagged proteins through a linker, allowing for the precise immobilization and detection of
proteins on an electrode surface. The functionalization process and the subsequent
immobilization of proteins were characterized using several advanced techniques, including
scanning electron microscopy (SEM), Fourier-transform infrared spectroscopy (FTIR), and
X-ray photoelectron spectroscopy (XPS). Additionally, electrochemical impedance
spectroscopy (EIS) was used to confirm protein immobilization.

3.5.3.2 Results and Discussion

3.5.3.2.1 Chemistry for Linker Creation Between Gold Nanomaterials and
Histidine-Tagged Protein:

The first step in the immobilization process involves the creation of a linker between
goldnanomaterials and the histidine-tagged proteins. The linker is typically formed by
functionalizing the gold surface with chemical groups that can interact with both the gold
surface and the histidine residues on the protein. Common strategies involve the use of
thiol-based linkers such as 3-mercaptopropionic acid (MPA) or NTA (nitrilotriacetic acid),
which can chelate metal ions like Nickel (Ni?*) and allow for the selective binding of
histidine-tagged proteins to the nanomaterial. The chemistry typically follows the steps:

1. Surface Functionalization of Gold: Gold nanoparticles are functionalized with MPA
or NTA to provide a surface that can bind metal ions.
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2. Chelation of Nickel: Nickel ions (Ni?") are introduced, which bind to the NTA/MPA
groups.

3. Protein Immobilization: The histidine-tagged protein binds selectively to the nickel
ions via the His-tag.

This process ensures a stable and reproducible immobilization of the protein on the
electrode surface.

Characterization Techniques and Results:

1. SEM Image of Working Electrode with Gold Nanoparticles A scanning electron
microscope (SEM) image was used to observe the morphology of the electrode after
functionalization. The SEM image clearly shows the presence of round gold nanoparticles
evenly distributed across the surface of the electrode. This uniform distribution of
nanoparticles is crucial for ensuring the effective interaction between the electrode and the
protein.

2. FTIR Resultsfor Electrode Functionalization Fourier-transform infrared
spectroscopy (FTIR) was employed to verify the functionalization of the electrode surface
with 3-mercaptopropionic acid (MPA) and nitrilotriacetic acid (NTA). The FTIR spectra
showed distinct peaks corresponding to the —SH group of MPA and the — COOH group of
NTA, confirming the successful immobilization of these functional groups onto the
electrode surface depicted in Figure 21.

1.8 nm
Nanogold®

FTIR

NN Wes | @
Y Wiy T E

Bare Au

% Transmittance
% Transmittance
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/ = T AuNTA

—
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Figure 21: a) Chemistry to achieve linker.

between gold nanomaterial and histidine taged protein, b)image of a electrode used, c)
scanning electron microscopic image of the working electrode with round gold
nanoparticles, d) FTIR results for the electrode for 3MPA and NTA funcnalization omn to
the electrode.

3. XPS Results: Presence of Nickel X-ray photoelectron
spectroscopy (XPS) analysis was performed to study the presence of Nickel (Ni) in the
electrode after complex formation with MPA/NTA. The XPS spectrum revealed that the
nickel content on the electrode was up to 4.1%, confirming the binding of nickel ions to
the NTA-functionalized electrode. This presence of nickel ions is crucial for the
immobilization of histidine-tagged proteins Figure 22.

4. SEM Image Showing Distribution of Ni?* in Electrode Another SEM
image, taken at high resolution, revealed a uniform distribution of Ni?* throughout the
electrode surface, indicating that the nickel ions were evenly dispersed after
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functionalization. This distribution is essential for ensuring consistent protein
immobilization across the entire electrode.

5. Electrochemical Impedance Spectroscopy (EIS) Measurement
Electrochemical impedance spectroscopy (EIS) was used to confirm the successful
immobilization of the histidine-tagged protein. The impedance measurements showed a
clear increase in resistance after washing off unbound proteins, indicating that the protein
had been successfully immobilized on the electrode surface. The binding of the protein was
further verified by the reduction in current observed after protein immobilization,
demonstrating that the protein interaction was stable depicted in Figure 23.

Bare
Gold

Au+NTA+Ni as per

Figure 22: Presence of nitrogen than the control indicating NTA functionalization.

in the electrode in the XPS spectra.
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3.5.3.2.2  Validation of protein immobilzation

This study demonstrates a successful approach to functionalizing gold nanomaterials

ﬁ A

B 4y<MPA=Ni+ 20microl PBS
B Ay MPA=Ni+ 30microl PES = MerB
B Ay MPA=Ni+ 20microl PES + WASHED

Figure 23: The Electrochemical impedence measurement.
proving the immobilzation of protein after washing the unbound protein

with MPA /NTA linkers to facilitate the immobilization of histidine-tagged proteins on an
electrode surface. The comprehensive characterization using SEM, FTIR, XPS, and EIS
confirms the successful formation of stable complexes between Ni?* and the functional
groups, as well as the effective immobilization of the protein. These findings lay the
groundwork for future applications in biosensors and other bioelectronic devices.

3.5.4 Biosensor developed

3.54.1.1 Summary

In this study, we developed a novel electrochemical detection system for MeHg, utilizing
the MerB system from mercury-resistant bacteria. This dual-enzyme system enabled the
detection of MeHg based on its interaction with MerB, and we employed two powerful
electrochemical techniques—cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS)—to measure the redox signatures and impedance changes that occur
during the binding of MeHg to MerB functionalized on gold electrodes.

3.5.4.1.2 Results and Discussion

Cyclic Voltammetric Detection of MeHg: The first detection method we explored was
cyclic voltammetry (CV), which measured the redox interactions between MeHg and the
MerB enzyme. We hypothesized that the interaction between MeHg and MerB would
produce a distinct redox signature, which could be identified by measuring current
responses at various potentials. During the CV measurements, different scan rates ranging
from 0.01 V/s to 0.1 V/s were applied. The results showed a prominent peak at around 0.3
V on the X-axis, which corresponded to the redox reaction between MeHg and the enzyme,
where MeHg was converted into Hg?". The peak at this potential was consistent across the
range of MeHg concentrations tested (4 and 5 ng), confirming the capability of the CV
technique to detect MeHg based on the enzymatic reaction. This established CV as a
reliable method for detecting MeHg at concentrations as low as nanograms shown in Figure
24.
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Figure 24: CV measurements (with different scan rates from 0.01 to 0.1).

for 4 and 5 ng of MeHg a signature peak in 0.3V (potential) in the X-axis indicating the
redox reactin between MeHg and MerB while converting MeHg into Hg?".

Electrochemical Impedance Spectroscopy (EIS) Detection of MeHg: In addition to CV,
we also investigated the use of electrochemical impedance spectroscopy (EIS) for MeHg
detection, which takes advantage of the impedance changes caused by the conformational
changes in MerB upon binding with MeHg. The hypothesis was that MeHg binding would
lead to measurable alterations in the impedance of the electrochemical system, which could

be used as an indicator of the quantity of MeHg present are depicted in Figure 25 &Figure
26.
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Figure 25: The hypothesis for MeHg detection using cyclic voltametric detection.

which involves finding the redox signature for the interaction between merB and MeHg

EIS measurements, this change can be detected and
plotted in the Nyquist and the Bode diagram. From the
corresponding EEC, the R as well as Cy, R;and Z,, can be
calculated.
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Figure 26: Figure depicting the EIS measurement.

that detect the change and plot in Nyquist and Bode diagram. The increase in Rct is
correspond to the quantity of analyte bonded to the biorecognition element.

The EIS measurements detected significant impedance changes upon the interaction of
MeHg with the MerB-functionalized electrode, which were consistent with the binding
event. The Nyquist and Bode plots from the EIS data showed an increase in charge transfer
resistance (Rct), directly correlating with the amount of analyte (MeHg) bound to the
biorecognition element. Notably, this increase in Rct was found to be highly sensitive, with
detection of MeHg as low as 3 femtograms (fg), a concentration that is unprecedented for
electrochemical methods. The remarkable sensitivity of EIS in detecting MeHg at such a
low concentration demonstrates its potential for use in environmental monitoring and trace
detection of toxic metals are depicted in Figure 27, Figure 28, Figure 29,Figure 30,Figure

31& Figure 32.
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Figure 27 A) The increase in electrochemical impedence in the sensor with 140pg MeHg.

than the control merB without MeHg, B)  Calibration curve prepared with our MeHg sensor
with different concentrations of MeHg, C) Electrochemical impedence for different
concentrations.

-z /ma

Figure 28: Figure depicting EIS measurement for a control electrode without merB.

with methylmercury (1ng) taken in various time points (from Omin to 150min) showing
decrease in electrochemical impedence, proving there is no increase in impedence when
used without merB.
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Figure 29 Specificity test for the sensor tend towards Hg*".

the increase in impedence is 5Sng Hg?" from the sensor indicate that the sensor doest not
detect Hg.
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Figure 30 Figure depicting methyl mercury MeHg detection, sensor at 37C.

(The temperatutre which the proteins are initially produced). To detect unprecedented low
concentration such as 3fg
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Figure 31 The specificity of sensor towards dmHg.

the increase in impedence than the control merB indicates that 6ng dmHg can also be
detected using our sensor.
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Figure 32 The hypothesis for MeHg detection using Electrochemical impedence.

which involves detecting the impedenc e in the electrochemical system caused by the
confirmational changes in merB functionalized in the gold electrode (after intercatimng
with MeHg).

Characterization and Validation: Further confirmation of the successful functionalization
of the gold electrode with MerB was provided by scanning electron microscopy (SEM),
which revealed uniform distribution of the functionalized enzyme on the gold surface,
ensuring that the sensor surface was well-prepared for efficient interaction with MeHg. The
Fourier-transform infrared spectroscopy (FTIR) analysis confirmed the presence of
functional groups (such as amines and carboxyl groups) from the NTA and MPA ligands
used to anchor the enzyme to the electrode, further supporting the integrity of the sensor
surface.

This study successfully demonstrated the use of MerB-functionalized gold electrodes for
the electrochemical detection of MeHg using both cyclic voltammetry and electrochemical
impedance spectroscopy. The EIS method, in particular, achieved an unprecedented
detection limit of 3 femtograms (fg), illustrating its exceptional sensitivity for trace-level
MeHg detection. The ability to detect MeHg at such low concentrations could have
significant implications for environmental monitoring, especially in regions where mercury
contamination is a growing concern. Further studies are needed to explore the full potential
of this detection system in real-world applications and to improve its stability and
reproducibility.

3.5.5 Conclusions

For efficient MeHg sensors, prioritise the development of advanced materials and
biorecognition elements with high specificity for MeHg, such as novel nanomaterials and
selective aptamers/ antibodies. Optimize signal processing using advanced technologies to
improve accuracy and interpret complex data effectively. Implement real-time calibration
and adaptive systems to maintain sensor performance under varying environmental
conditions. Focus on increasing sensitivity to detect lower concentrations of MeHg and
reducing response times for rapid, reliable measurements. Ensure the sensor’s usability,



170 Chapter 3. Publications and Patent

cost-effectiveness, and scalability, and validate its performance through extensive field
testing and adherence to regulatory standards.

Currently, methods such as Atomic Absorption Spectroscopy (AAS), Atomic
Fluorescence Spectroscopy (AFS), Inductively Coupled Plasma Mass Spectrometry (ICP-
MS), and X-ray Fluorescence (XRF) Spectroscopy are widely used for mercury (Hg)
detection across various matrices. However, these techniques often require extensive sample
preparation, have lower sensitivity, perform poorly with liquid samples, are susceptible to
matrix interferences, and are costly, requiring highly skilled operators. As a result, sensors
for detecting MeHg represent a potential advancement in the field. Unfortunately, current
detection methods often lack the necessary sensitivity and specificity, frequently failing to
detect concentrations below environmentally relevant thresholds set by regulatory bodies
(e.g., 0.1 ng/mL) or based on the effects of biomagnified MeHg, which necessitates lowering
regulatory thresholds.

From a biological point of view, MeHg detection is particularly challenging: Even at
extremely low concentrations, MeHg can cause biological amplification due to time-
dependent or chronic exposure. This makes even current gold-standard laboratory methods
not sensitive enough, as MeHg concentrations are often below the limit of detection (LOD).
In contrast to the Hg*" where biological responses tend to show concentration-dependent
effects in living cells, the biological impact of MeHg is usually only evident in multicellular
organisms at higher trophic levels, which is then separating the concentration levels in
environmental matrices from the concentrations in organisms, for example ocean waters
and fish, respectively, by more than five orders of magnitude.

Based on literature-gained knowledge and on our experiences, we have identified five
key steps that should be specifically followed when developing an effective MeHg sensor:

1. Interdisciplinarity: Developing a sensor requires collaboration between analytical
chemists, material scientists, physicists, and experts in biology (e.g., biochemists, molecular
biologists). A bottom-up approach is needed, beginning with an understanding of
interactions of the MeHg with the selected sensing component at the molecular level.

2. Matrix Consideration: The sensor development must begin by selecting the matrix
(e.g. fish tissue, ocean water), as this determines the required sample pre-treatment,
potential interferences (e.g. co- contaminants, extraction chemicals), expected
concentration ranges, and physicochemical conditions such as ionic strength, pH, and
temperature.

3. Relevance: Sensor relevance must be evaluated not just by concentration levels but
also by the intended application —whether ecological (e.g. bioavailability), health-related,
research-orientated, or commercial. The sensor’s design should reflect its intended use.

4. Detection Modalities: The sensor should be able to measure concentration
(quantitatively or semi- quantitatively), temporal changes, accumulation, or microspatial
information (e.g. intracellular accumulation). The specific modality should align with the
sensor's intended purpose.

5. Coupling Sensing FElement with Transducer: The choice of transducer
(electromagnetic, electrical, etc.) must be considered along with noise-to-signal ratio, signal
range, and signal linearity. These factors impact signal amplification, filtration, correlation,
and other signal-processing steps.

The recent surge in artificial intelligence (AI) has led to substantial advancement
across various research domains. To date, most of the currently known MeHg sensing parts
are designed based either on the known properties of selected sensing components or
materials that preferentially interact with various Hg species, or by trial-and-error
experiments. Currently, artificial intelligence tools offer new approaches in material design,
discovery, and manufacturing, which can accelerate the development of sensors with
improved sensitivity and especially increased selectivity towards MeHg (Papadimitriou et
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al., 2024). Furthermore, based on our experiences working on WCBs and detecting very
low levels of analytes (Rijavec et al., 2017), this process is often prone to a high noise-to-
signal ratio. However, adopting machine learning approaches could help refine detection,
possibly not for quantitative measurements, but more appropriately for qualitative
information. This could be crucial for filtering out contaminated samples, ensuring reliable
detection even in complex samples affected by matrix effects.

In conclusion, given the complexities discussed above, creating a universal sensor that
functions across all matrices while providing relevant data would be extremely challenging.
Therefore, work focused on matrix-specific sensors is necessary to achieve accurate and
meaningful MeHg detection.

The resulting portable biosensor demonstrates the capability to detect MMHg at
extremely low concentrations (as low as 3 femtograms), ensuring high specificity against
other mercury species, thus making it a promising tool for environmental monitoring and
regulatory compliance in contaminated sites.

This biosensor technology represents a significant advancement over conventional
methods, offering rapid detection, ease of use, which are crucial for ensuring food safety
and protecting vulnerable populations from mercury exposure. Future developments will
focus on refining these sensors to improve their integration into real-world monitoring
systems, further enhancing public health safety and environmental protection efforts
against mercury contamination depicted in Figure 33.
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Figure 33 Our MeHg sensor with bioregoniction elements, transducing element and
reporting component illustrated. Prepared using BioRender.
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Chapter 4

Conclusion

This work advances the development of selective, efficient, and multifunctional
nanoengineered platforms for toxic metal remediation and biosensing. Addressing critical
environmental contaminants—particularly toxic metals such as Pb?*, Cr3*, Hg?" and
organomercurials like MeHg—the study integrates materials science, surface chemistry,
microbiology, and electrochemical techniques into a unified framework for sustainable
detection and removal technologies.

The synthesized adsorbents, including amino-functionalized SiO. and y-Fe:Os:@QNHa
magnetic nanoparticles, demonstrated high surface reactivity and specificity toward
priority metals. Their strong affinity under environmentally relevant conditions, excellent
regeneration capability, and magnetic retrievability underscore their potential in
decentralized water purification applications. Additionally, sol-gel derived spinel ferrite
nanoparticles proved effective in co-adsorption of Hg?* and recovery of rare earth elements
(REESs), representing a step toward circular economy-compatible remediation technologies.

A major innovation of the study was the development of a biosensor for ultra-trace
MeHg detection, leveraging MerB an organomercurial lyase enzyme as the biorecognition
element. The sensor design incorporated MerB immobilized on gold nanoparticle-modified
screen-printed electrodes via Ni2*-NTA chelation chemistry. The complete workflow: from
comparative evaluation of MeHg sensing techniques, hypothesis generation based on
microbial mercury sequestration, to cloning, expression, and purification of MerB, and
finally to electrochemical integration and sensor validation.

The MerB protein exhibited outstanding specificity for MeHg, showing a 33% capture
rate at molecular weight ratios as low as 1:0.5, while exhibiting negligible interaction with
inorganic Hg?" even at higher concentrations. Surface functionalization of the electrodes
was verified using SEM, FTIR, elemental mapping, and EDX. Electrochemical Impedance
Spectroscopy (EIS) confirmed that MerB immobilization caused a measurable increase in
charge transfer resistance (Rct), which directly correlated with MeHg concentration.
Importantly, control experiments without MerB showed no impedance change, affirming
the biorecognition-driven detection mechanism. The sensor achieved detection limits as low
as 3 femtograms, with exceptional specificity toward MeHg over other mercury species,
including Hg?*.

This study validates the integration of genetically expressed enzymes with nanoscale
electrode platforms as a powerful strategy for selective biosensing. The successful
immobilization and electrochemical interrogation of MerB lay the groundwork for portable
monitoring systems for mercury pollution.

Collectively, this research bridges nanoscale material design and molecular biosensing,
delivering a dual-solution framework for environmental mercury management—removal
through high-affinity adsorbents and detection via ultra-sensitive enzymatic biosensor.
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