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Abstract: Mercury is one of the most toxic heavy metals widely distributed in the
environment. Its detection in biological and environmental samples is a crucial aspect of
toxicological studies. However, identifying mercury ions (Hg**) accurately presents significant
analytical and methodological challenges. This article discusses the main problems encountered in
mercury ion detection and proposes practical and modern solutions for improving reliability,
sensitivity, and selectivity in toxicological analysis.
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Introduction. Mercury (Hg) and its compounds are among the most hazardous environmental
pollutants. They accumulate in the food chain and cause severe health problems, including
neurological, renal, and developmental disorders. Therefore, detecting mercury ions at trace levels in
biological fluids, water, and soil is of great importance in toxicology. Despite numerous analytical
techniques, accurate identification of Hg** remains challenging due to matrix effects, interference
from other ions, and the instability of mercury compounds.

2. Problems in the Toxicological Detection of Mercury Ions
2.1. Interference from Other Metal Ions

Mercury ions often coexist with other cations such as cadmium (Cd?**), lead (Pb**), and copper (Cu?*).
These ions can form complexes with similar ligands, leading to overlapping spectral signals and
inaccurate quantification.

2.2. Low Concentration Levels

In biological samples, mercury usually exists in ultra-trace amounts (nanogram per liter levels).
Detecting such small quantities requires highly sensitive instruments and careful sample preparation,
which are often expensive and time-consuming.

2.3. Sample Matrix Effects

Blood, urine, and tissue samples contain proteins, lipids, and salts that can interfere with mercury
detection by binding to Hg** or suppressing analytical signals.

2.4. Instability of Mercury Compounds

Mercury compounds easily volatilize or undergo reduction reactions during sample handling and
digestion. This instability can result in significant analyte loss and inconsistent results.

Mercury and its compounds are inherently unstable under many environmental and laboratory
conditions. This instability presents one of the most serious challenges in toxicological analysis and
accurate quantification of mercury ions (Hg?"). The chemical form of mercury can easily change
through reduction, oxidation, adsorption, or volatilization processes, leading to significant analytical
errors.
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Volatility and Evaporation Losses

Elemental mercury (Hg°) is highly volatile even at room temperature. During sample digestion,
transfer, or storage, volatile mercury can evaporate from open containers, resulting in the
underestimation of total mercury content. Similarly, some inorganic mercury salts (such as HgCl>)
can decompose and release elemental mercury vapors when exposed to heat or light. To minimize
these losses, closed-system digestion and analysis (e.g., cold vapor techniques or sealed microwave
digestion) are recommended.

2. Reduction and Oxidation Reactions

Mercury ions can undergo redox transformations depending on the chemical environment. For
example:

Hg?*+e —Hg"and Hg'+e —Hg"

Reducing agents such as organic matter, sulfides, or even light-induced radicals can convert Hg?* to
elemental mercury. Conversely, oxidative agents (e.g., ozone, chlorine, hydrogen peroxide) may
oxidize Hg® back to ionic forms or to mercuric oxide (HgO). These transformations complicate
accurate speciation analysis and may change the toxicological profile of the sample.

Complex Formation and Adsorption

Mercury ions have a high affinity for sulfur-, nitrogen-, and oxygen-containing ligands. They form
stable but diverse complexes with proteins, amino acids, and humic substances. While this property
explains mercury’s biological accumulation, it also causes unpredictable behavior in analytical
solutions. Complexation or adsorption to container walls, filters, or organic residues can decrease the
free Hg?>" concentration and distort results. Using inert containers (e.g., Teflon or glass pre-treated
with nitric acid) and chelating stabilizers (e.g., EDTA) can minimize such losses.

Photochemical Instability

Exposure to light—especially UV radiation—can accelerate the reduction of Hg** to Hg°
Photochemical reactions occur both in aqueous samples and in surface water environments, affecting
both speciation and analytical signal intensity. Therefore, samples should be stored in amber glass
bottles and kept away from direct sunlight during storage and transportation.

Microbial and Biochemical Transformations

In biological and environmental samples, microorganisms can mediate redox transformations of
mercury species. Certain bacteria (e.g., Pseudomonas, Desulfovibrio) can methylate inorganic Hg*,
forming methylmercury (CHsHg")—a more toxic and lipophilic compound. These biotransformations
may continue even after sample collection if preservation is inadequate, leading to speciation changes
that misrepresent in vivo exposure levels.

Preservation and Stabilization Strategies
To overcome these challenges, specific stabilization protocols are essential:

» Acidify samples immediately after collection (commonly to pH < 2 using HNOs or HCI) to
inhibit microbial activity and prevent adsorption losses.

» Add mild oxidizing agents (e.g., K:Cr:O; or BrCl) for total mercury preservation while
preventing reduction to Hg°.

» Store samples at low temperature (4°C) in tightly sealed, light-protected containers.
» Analyze samples as soon as possible to minimize time-dependent transformations.
Limitations of Conventional Methods

Traditional methods such as colorimetric assays or titrimetric analysis lack the required sensitivity
and selectivity. Advanced instrumental techniques like AAS (Atomic Absorption Spectroscopy) or
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ICP-MS (Inductively Coupled Plasma—Mass Spectrometry) are effective but costly and require
skilled personnel.

3. Solutions and Improvements
3.1. Advanced Analytical Techniques

Modern methods such as ICP-MS, CV-AAS (Cold Vapor Atomic Absorption Spectroscopy), and
fluorescence-based sensors have improved sensitivity, allowing for detection at ppb or even ppt
levels. These methods minimize interference and provide accurate quantitative results.

3.2. Nanomaterial-Based Sensors

The use of nanomaterials such as gold nanoparticles, graphene oxide, and quantum dots offers
selective binding sites for Hg*" ions. These materials enhance signal amplification, reduce detection
limits, and enable portable toxicological testing.

3.3. Sample Pretreatment Optimization

Applying microwave-assisted digestion and solid-phase extraction can effectively eliminate matrix
effects and stabilize mercury species, improving analytical accuracy.

3.4. Green Analytical Approaches

Developing eco-friendly and less hazardous reagents, such as plant-extract-based nanoparticles or
biodegradable ligands, contributes to safer and more sustainable mercury detection protocols. The
drive toward “green” analytical chemistry aims to reduce the environmental, health and safety
impacts of analytical workflows while maintaining—or improving—sensitivity, selectivity and
robustness. In the context of mercury (Hg?*) toxicological detection, green approaches focus on (1)
minimizing hazardous reagents and waste, (2) reducing energy and solvent consumption, (3) using
renewable/benign materials, and (4) enabling on-site, low-resource testing. The main green strategies
that have proven effective for Hg?* analysis are described below.

Solvent and reagent substitution

» Use water or low-toxicity solvents: Replace toxic organic solvents (chloroform,
dichloromethane) with water, ethanol, isopropanol, or mixtures thereof for extraction and sensor
preparation. Aqueous buffers and ethanol-based extraction often give acceptable recoveries for
many Hg species when coupled with optimized sample treatment.

» Avoid strong oxidizers/acidic digestion when possible: Traditional concentrated HNO3/H2SO4
digestions produce hazardous waste and require neutralization. Alternatives include hydrogen
peroxide in dilute acids, UV-assisted oxidation in dilute media, or enzymatic/biochemical
digestion for biological matrices.

» Prefer safer complexing agents: Replace thiols or other highly toxic ligands in some protocols
with biodegradable ligands or thiol-containing biomolecules immobilized on safe supports to
reduce free reagent release.

Sample pretreatment — miniaturization & energy-efficient techniques

» Microscale digestion/extraction: Use micro-scale microwave digestion with diluted reagents to
reduce reagent volumes and waste. Microscale solid-phase extraction (u-SPE) reduces solvent
consumption and concentrates Hg for analysis.

» Solid-phase microextraction (SPME) and dispersive solid-phase extraction (d-SPE): These
solvent-free or low-solvent alternatives extract analytes onto fibers or sorbents; analytes are then
thermally desorbed or eluted in minimal solvent for analysis.
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» Ultrasound-assisted extraction (UAE): UAE accelerates extraction in benign solvent systems
(water/ethanol), lowering energy use and reagent volumes compared with prolonged conventional
extraction.

» On-chip and microfluidic sample processing: Lab-on-a-chip platforms integrate sample
cleanup and detection with minute reagent use and minimal waste.

Green sorbents and materials

> Biomass-derived sorbents: Activated carbon from agricultural waste, chitosan (from crustacean
shells), cellulose-based materials and other biopolymers can selectively bind Hg?** after simple
functionalization (e.g., with thiol or amine groups). These are renewable and biodegradable
alternatives to synthetic resins.

» Eco-friendly nanomaterials: “Green” synthesis routes produce nanoparticles (gold, silver,
magnetite) using plant extracts, microbes or simple sugar reductions instead of toxic
reductants/stabilizers. These particles are used in colorimetric or SERS sensors for Hg**.

> Paper-based sensors: Cellulose or paper strips functionalized with selective ligands or
nanoparticles provide disposable, low-cost, low-waste detection for field screening.

Biosensors and biomimetic receptors

> Enzyme- or protein-based biosensors: Metallothioneins, thioredoxin, or engineered peptides
with high affinity for Hg** can be immobilized on electrodes or optical platforms to produce
selective signals in mild conditions.

»> DNA/aptamer sensors: Aptamers selected for Hg?" binding enable selective, room-temperature
assays that work in aqueous media without harsh reagents.

» Cell-free and whole-cell reporters: Genetically engineered bacteria or cell-free systems that
express a reporter in response to Hg?* provide a biological sensing route that uses minimal
hazardous chemistry (biosafety considerations apply).

3.5. Automation and Miniaturization

Microfluidic and lab-on-a-chip systems allow real-time, on-site detection of mercury ions in
biological and environmental samples. These portable systems are cost-effective and suitable for field
toxicological screening.

4. Discussion

Although significant progress has been made in the detection of mercury ions, the challenge remains
in achieving balance between sensitivity, selectivity, and practicality. Combining traditional
analytical principles with modern materials science and sensor technology represents the most
promising direction. Toxicologists and chemists should focus on standardizing sample preparation
procedures and developing affordable analytical kits for routine screening.

5. Conclusion

The toxicological detection of mercury ions is complex due to interference, instability, and low
concentration levels. However, the integration of nanotechnology, advanced spectroscopy, and green
chemistry provides effective solutions. Future research should focus on portable, rapid, and eco-
friendly methods that can be applied both in laboratories and in field monitoring of mercury
contamination.
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