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Abstract: Pyridine and its derivatives are persistent environmental contaminants widely used in 

pharmaceutical and agrochemical industries, posing potential risks due to their toxicity and resistance 

to degradation. Electrochemical advanced oxidation processes (EAOPs) offer a promising strategy for 

their transformation; however, the mechanistic understanding and evolution of toxicity remain 

insufficiently explored. In this study, an integrated in silico framework combining Density Functional 

Theory (DFT), reaction pathway analysis, molecular docking, and ADMET predictions was employed 

to investigate the degradation behavior of pyridine compounds in aqueous media. DFT calculations at 

the B3LYP/6-311++G(d,p) level, including solvation effects, identified hydroxylation as the initial step, 

followed by ring-opening reactions with calculated activation energies in the range of ~14–28 

kcal·mol⁻¹. Subsequent oxidation leads to the formation of smaller aliphatic acids. Docking and 

ADMET analyses indicate a general trend toward reduced predicted biological interaction and toxicity 

for several degradation products. However, these findings are based on computational models and are 

subject to inherent uncertainties. Therefore, experimental validation under realistic EAOP conditions is 

required. This study provides mechanistic insights and a predictive framework for assessing degradation 

pathways and potential toxicity changes of pyridine pollutants. 

Keywords: pyridine; electrochemical degradation; toxicity; computational chemistry; density 

functional theory (DFT). 
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1. Introduction 

Pyridine (C₅H₅N) is a nitrogen-containing heterocyclic aromatic compound in which 

one carbon atom of benzene is replaced by nitrogen, resulting in distinct electronic and 

chemical properties [1]. The presence of the electronegative nitrogen atom induces a permanent 

dipole moment and creates an electron-deficient aromatic ring, particularly at the C2 (α) and 

C4 (γ) positions, which governs its reactivity toward electrophilic and nucleophilic attack [2,3]. 

In addition, the lone pair of electrons on nitrogen enables protonation, alkylation, and N-

oxidation reactions, making pyridine derivatives versatile intermediates in chemical synthesis 

[4]. Owing to these properties, pyridine and its substituted analogs are widely used in the 
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pharmaceutical, agrochemical, solvent, and fine chemical industries. Their widespread 

production and high aqueous solubility have led to their frequent detection in industrial 

effluents, surface water, and groundwater, where substituted pyridines are often found at higher 

concentrations than the parent compound [5,6]. 

The environmental presence of pyridine compounds raises significant concerns due to 

their persistence and potential toxicity. Exposure through inhalation, ingestion, or dermal 

contact has been associated with adverse health effects, particularly hepatotoxicity, 

nephrotoxicity, and neurological disturbances [7,8]. Pyridine has been classified as possibly 

carcinogenic to humans (Group 2B) by the International Agency for Research on Cancer 

(IARC) [9]. Importantly, toxicity is often linked to transformation products rather than the 

parent molecule, highlighting the need to understand degradation pathways and intermediate 

species. Furthermore, many substituted pyridines exhibit resistance to conventional biological 

and physicochemical treatment processes, limiting natural attenuation and leading to 

environmental accumulation [10]. 

Electrochemical Advanced Oxidation Processes (EAOPs) have emerged as promising 

technologies for the degradation of persistent organic pollutants [11,12]. These processes rely 

on the in situ generation of highly reactive species, primarily hydroxyl radicals (•OH), at the 

surfaces of high-overpotential electrodes, enabling the oxidation of complex organic molecules 

into smaller, potentially less harmful products [13]. EAOPs offer advantages such as operation 

under mild conditions, minimal chemical input, and adaptability to various wastewater 

matrices. 

Despite their demonstrated effectiveness, the mechanistic understanding of pyridine 

degradation under EAOP conditions remains incomplete due to the complexity of radical-

driven reaction networks and the transient nature of intermediates. Experimental techniques 

often face limitations in capturing short-lived species and detailed reaction pathways. In this 

context, computational approaches, including Density Functional Theory (DFT), reaction 

pathway modeling, and in silico toxicological predictions, provide valuable tools for 

elucidating degradation mechanisms at the molecular level and assessing potential toxicity 

evolution during treatment [14].  

However, a clear gap remains in integrating mechanistic reaction analysis with 

predictive toxicological assessment in a unified framework for pyridine degradation. Most 

previous studies focus either on degradation efficiency or on isolated mechanistic steps, 

without systematically linking reaction pathways to changes in the toxicity of intermediates 

and final products. 

In this study, we address this gap by employing an integrated computational approach 

combining DFT calculations, reaction pathway analysis, molecular docking, and ADMET 

predictions to investigate the electrochemical degradation of pyridine and selected derivatives. 

The objective is to provide mechanistic insight into degradation pathways and to evaluate the 

predicted evolution of toxicity during the treatment process, while acknowledging the 

limitations inherent to computational models. 

2. Materials and Methods 

2.1. Selection of pyridine compounds. 

Pyridine and its derivatives find extensive applications in pharmaceuticals, 

agrochemicals, and industry. Yet, some pyridine-based compounds have major issues 
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regarding toxicity, environmental persistence, and potential harmful effects on human health. 

The pyridine derivatives chosen for this research were selected based on criteria such as their 

prevalence in the environment, reported toxicity, and structural features that dictate their 

electrochemical degradation. The toxicity databases ToxCast (EPA), PubChem, and the 

ECHA's REACH were searched for highly toxic pyridine compounds. Literature searches were 

conducted to identify the most commonly encountered pyridine contaminants in industrial and 

pharmaceutical wastewaters. 

To be explored are the following pyridine derivatives: pyridine-3-carboxylic acid, 2-

chloropyridine, 4-aminopyridine, nicotine, etc. These chemicals were selected based on their 

documented cytotoxicity, mutagenicity, and persistence in aquatic environments. Pyridine-3-

carboxylic acid is often present as a by-product in industrial effluent and has been reported to 

resist natural degradation [15]. 2-Chloropyridine, a halogenated derivative, is of great concern 

to the environment due to its stability and bioaccumulation potential [16]. 4-Aminopyridine is 

a pharmaceutical agent with neurotoxic properties, but when its uncontrolled release into water 

bodies is noted, toxicity becomes a concern [17]. Nicotine, although mainly linked to tobacco 

products, is a pyridine alkaloid with reports in wastewater effluents and acts as an 

environmental hazard as well as a health risk [18], as indicated in Table 1. 

The research aims to provide information on the electrochemical degradation pathways 

of the selected structural representative pyridine derivatives and on their potential to form 

hazardous intermediates. The selection criteria also enable a wide exploration of structurally 

diverse pyridine compounds; this breadth of study supports a better understanding of the 

degradation mechanism and the identification of associated risks to human health. 

Table 1. Overview of the pyridine derivatives, their uses, and their associated risks. 

Pyridine derivative 
Chemical 

formula 
Description Harmful effects 

Pyridine [11] C5H5N 

The simplest aromatic 

heterocycle is used as a solvent 

and precursor in chemistry. 

Irritates skin, eyes, and 

respiratory tract; harmful if 

inhaled or ingested; potential 

neurotoxin. 

2-Chloropyridine 

[19] 
C5H4ClN 

Chlorine substitution at the 2-

position; used in 

pharmaceuticals and pesticides. 

Highly toxic; causes severe 

skin and eye irritation; harmful 

if inhaled or ingested; potential 

carcinogen. 

4-Aminopyridine 

[17] 
C5H6N2 

Amino group at the 4-position; 

used as a potassium channel 

blocker in medicine. 

Toxic; causes seizures, 

respiratory failure, and cardiac 

arrest in high doses; irritates 

skin and eyes. 

Nicotinic Acid 

(Niacin) [20] 
C6H5NO2 

Carboxylic acid group at the 3-

position; used as a vitamin 

supplement. 

Generally safe in low doses; 

high doses may cause liver 

toxicity, skin flushing, and 

gastrointestinal issues. 

2-Hydroxypyridine 

[21] 
C5H5NO 

Hydroxyl group at the 2-

position; used in 

pharmaceuticals and 

agrochemicals. 

Irritates skin and eyes; harmful 

if ingested or inhaled; may 

cause respiratory and nervous 

system effects. 

Pyridine-N-Oxide 

[11] 
C5H5NO 

Pyridine with an oxygen atom 

bonded to the nitrogen; used in 

oxidation reactions. 

Irritates skin and eyes; harmful 

if ingested or inhaled; may 

cause respiratory and nervous 

system effects. 

2.2. Computational chemistry. 

All quantum chemical calculations were performed using density functional theory 

(DFT) as implemented in the Gaussian 16 software package. Geometry optimizations of 

pyridine and its selected derivatives, along with their degradation intermediates, were carried 
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out using the B3LYP functional combined with the 6-311++G(d,p) basis set, which provides a 

suitable balance between computational cost and accuracy for organic systems [22,23]. To 

account for dispersion interactions, Grimme’s D3 correction with Becke–Johnson damping 

(D3BJ) was applied. 

The effect of the aqueous environment was incorporated using the Polarizable 

Continuum Model (PCM) with water as the solvent. All optimized structures were subjected 

to frequency calculations at the same level of theory to confirm the nature of the stationary 

points, where minima exhibited no imaginary frequencies. Thermochemical parameters, 

including Gibbs free energy (ΔG), were calculated at 298.15 K and 1 atm. 

To investigate electronic properties and reactivity, frontier molecular orbital (FMO) 

analysis was performed by evaluating the energies of the highest occupied molecular orbital 

(HOMO) and lowest unoccupied molecular orbital (LUMO). The HOMO–LUMO energy gap 

was used as an indicator of chemical reactivity and kinetic stability [24,25]. Additionally, 

Molecular Electrostatic Potential (MESP) maps were generated to identify electrophilic and 

nucleophilic regions susceptible to radical attack during degradation processes [26].  

For key reaction steps, including hydroxyl radical (•OH) addition and ring-opening 

processes, transition state (TS) structures were located using standard optimization methods. 

Each transition state was validated by the presence of a single imaginary frequency and, where 

applicable, further confirmed using Intrinsic Reaction Coordinate (IRC) calculations. 

Activation energies (ΔG+
+) and reaction free energies (ΔG) were calculated to characterize the 

degradation pathways. All calculations were performed with default convergence criteria 

unless otherwise specified, and results were visualized using GaussView and related post-

processing tools. 

2.3. Simulating the step-by-step breakdown. 

With our computer programs at hand, we then simulated the entire step-by-step process 

of pyridine's degradation. We sought to trace out the most probable chemical pathways it would 

follow from the initial pollutant to its final, degraded forms [27,28]. We sought to identify the 

"active sites"—the specific atoms on the pyridine molecule that react first. By monitoring the 

flow of electrons and the energy required to break chemical bonds that joined the molecule 

together, we could forecast the course of events. By doing so, we were able to pinpoint the 

most likely intermediate chemicals formed in the process. We could even estimate the electrical 

energy required to initiate the breakdown and include the role of reactive species in water, such 

as hydroxyl radicals, [29,30]. 

2.4. Toxicity assessment of degradation products. 

Evaluation of pollutant degradation must extend beyond molecular transformation to 

include the potential toxicity of intermediate and final products. Therefore, an integrated in 

silico toxicological framework was employed to assess whether electrochemical degradation 

of pyridine derivatives leads to a reduction in predicted hazard [31,32]. 

2.4.1. Molecular docking analysis. 

Molecular docking simulations were performed to evaluate potential interactions 

between parent compounds, degradation intermediates, and final products and biologically 

relevant targets, including cytochrome P450 enzymes (CYP isoforms) [33] and DNA [34]. 
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Protein structures were retrieved from the Protein Data Bank (PDB) and prepared by removing 

crystallographic water molecules, adding polar hydrogens, and assigning appropriate charges. 

Docking calculations were conducted using AutoDock Vina, with defined grid box dimensions 

centered at x = -22.140604, y = -19.205513, and z = -9.449429 on the active sites of target 

proteins (). Default scoring functions were applied, and exhaustiveness 12 parameters were set 

to ensure adequate conformational sampling. 

To validate the docking protocol, co-crystallized ligands were re-docked into their 

respective binding sites, and root-mean-square deviation (RMSD) values were calculated, with 

values ≤ 2.0 Å considered acceptable for method reliability. Docking results were interpreted 

in terms of binding affinity (kcal·mol⁻¹) and interaction profiles; however, these results were 

treated as indicative of potential biological interactions rather than definitive measures of 

toxicity [35,36]. 

2.4.2. ADMET prediction. 

The pharmacokinetic and toxicological properties of all compounds were predicted 

using established computational tools, including pkCSM [37], SwissADME [38], and Toxtree 

[39]. These platforms were selected based on their widespread use and validated predictive 

performance across diverse chemical classes. 

Predicted parameters included oral acute toxicity (LD₅₀), blood–brain barrier 

permeability, hepatotoxicity, AMES mutagenicity, and carcinogenicity alerts [40]. Where 

discrepancies between tools were observed, results were interpreted comparatively rather than 

conclusively. It is important to note that these predictions are model-dependent and subject to 

uncertainty; therefore, they provide preliminary hazard indications rather than definitive 

toxicological assessments. 

2.4.3. Integrated toxicity index (ITI). 

We developed an Integrated Toxicity Index (ITI) to provide a time-resolved, 

comparative metric of predicted hazard across the degradation sequence. The ITI used here is 

defined as: 

 

ITI (t) =  ∑ Ci(t)i ×  TFi                       (1) 

 

where Ci (t) is the modeled concentration (mg·L⁻¹) of species 𝑖at time 𝑡, and TFi is a 

toxicity factor for species i. In this implementation, TFi combines a normalized acute toxicity 

term (reciprocal LD₅₀ scaled 0–1) and binary flags for structural alerts (AMES, hepatotoxicity, 

carcinogenicity). The weighting and normalization procedure are described in Section 2.6 (or 

in the supplementary methods). Important: ITI values are predictive and depend on model 

inputs (LD₅₀ estimates, ADMET tool outputs, and assumed concentrations); ITI is intended for 

comparative analysis rather than absolute risk assessment [41,42]. 

By contrasting ITI values at subsequent time points, we could determine whether the 

electrochemical treatment was successful at detoxification, as evidenced by a progressive 

reduction in ITI from high-risk parent pyridines and intermediates to low-risk aliphatic acids. 

The ITI therefore presented an integrative, environmentally and biomedically significant 

measure for determining the safety of the treated effluent, transcending qualitative 

determinations to a reproducible, quantitative measure of detoxification efficiency [43,44]. 

https://doi.org/10.33263/BRIAC163.074


https://doi.org/10.33263/BRIAC163.074  

 https://biointerfaceresearch.com/   6 of 21 

 

3. Results and Discussion 

3.1. Quantum chemical insights into pyridine reactivity. 

An essential understanding of the electrochemical degradation process begins with the 

electronic structure of the pyridine derivatives. Density functional theory (DFT) offers a 

powerful instrument through which to analyze their molecular properties, describing the 

determinants of their stability and identifying the most likely sites for chemical attack. 

3.1.1. Frontier molecular orbital (FMO) analysis: HOMO-LUMO gaps. 

Per frontier molecular orbital (FMO) theory, reactivity and kinetic stability in a 

molecule are determined to a significant degree by its highest occupied molecular orbital 

(HOMO) and lowest unoccupied molecular orbital (LUMO). The energy of the HOMO 

(EHOMO) is related to the ability to donate electrons (nucleophilicity), and the energy of the 

LUMO (ELUMO) is related to the capability to accept electrons (electrophilicity). The energy 

gap between them, ΔE=ELUMO−EHOMO, is a key descriptor of molecular reactivity. A 

smaller gap typically indicates greater polarizability, reduced kinetic stability, and, hence, 

greater sensitivity to chemical reactions. 

The quantum chemical descriptors evaluated at the B3LYP/6-311G++(d,p) level are 

reported in Table 2. Unsubstituted pyridine shows a quite large energy gap of ΔE=3.973 eV, 

as expected from the built-in stability of its aromatic ring. Nonetheless, substituent introduction 

radically modulates this property. Pyridine-N-oxide and nicotinic acid have the lowest energy 

gaps within the series at 3.306 eV and 3.249 eV, respectively. This means a strong electronic 

destabilization of the aromatic system, making them the most reactive and hence the most 

susceptible to degradation. 

Table 2. Calculated quantum chemical reactivity descriptors for selected pyridine derivatives. 

Compound 
EHOMO 

(eV) 

ELUMO 

(eV) 

ΔE 

(eV) 

Hardness 

(η) 

Softness 

(S) 

Electrophilicity 

(ω) 

Pyridine -5.67 -1.697 3.973 1.987 0.252 3.415 

2-Chloropyridine -6.247 -1.984 4.263 2.132 0.235 3.973 

4-Aminopyridine -5.233 -0.98 4.253 2.127 0.235 2.269 

Nicotinic Acid -5.915 -2.609 3.306 1.653 0.302 5.494 

2-Hydroxypyridine -5.724 -1.606 4.118 2.059 0.243 3.262 

Pyridine-N-Oxide -5.199 -1.95 3.249 1.625 0.308 3.933 

Exploring the FMO energies provides further information. A larger EHOMO value 

translates to a stronger electron donor. Pyridine-N-oxide and 4-aminopyridine (EHOMO of 

−5.199 eV and −5.233 eV, respectively) provide the largest (least negative) HOMO energies 

and are therefore the strongest nucleophiles. Conversely, a lower ELUMO value is associated 

with stronger electron acceptors. Nicotinic acid has the lowest ELUMO of −2.609 eV, making 

it the strongest electrophile of the derivatives. The visual image of these orbitals in Figure 1 

indicates that the HOMO and LUMO are mostly π-type orbitals delocalized over the aromatic 

ring. In 4-aminopyridine, for example, the HOMO density is clearly increased on the electron-

donating amino group and ring, as expected with its high EHOMO value. 
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Figure 1. Electronic reactivity profile of pyridine, showing frontier molecular orbitals (HOMO/LUMO). 

3.1.2. Global and local reactivity descriptors. 

To develop a more detailed image, global and local reactivity descriptors were 

examined. Chemical hardness (η) quantifies the resistance to a modification of the electron 

arrangement. From Table 2, 2-chloropyridine is the "hardest" molecule (η=2.132 eV), and 

pyridine-N-oxide is the "softest" (η=1.625 eV). In conclusion, pyridine-N-oxide is the most 

chemically soft (S=1/2η=0.308 eV⁻¹), the most polarizable and therefore most reactive. 

The global electrophilicity index (ω) quantifies the energy stabilization when a system 

captures one extra electronic charge from the surroundings. Nicotinic acid shows an 

exceptionally high electrophilicity index of ω=5.494 eV, the highest in the series. This value, 

due to its very low LUMO energy, makes it a highly potent electrophile, which is strongly 

susceptible to attack by nucleophilic species such as the hydroxyl radical (⋅OH) in an 

electrochemical advanced oxidation process (EAOP). 

For identifying reaction sites, the molecular electrostatic potential (MESP) maps in 

Figure 2 are essential. The maps represent the charge distribution, with red indicating electron-

rich areas (negative potential, electrophilic attack sites) and blue indicating electron-poor areas 

(positive potential, nucleophilic attack sites). 

 
Figure 2. Electronic reactivity profile of pyridine, with the molecular electrostatic potential (MESP) map. 
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In all pyridine derivatives, the MESP always identifies a region of intense negative 

potential (red) centered on the lone pair of the nitrogen atom. This verifies the nitrogen as the 

main protonation and electrophile attack site. 

In 2-chloropyridine, the electron-withdrawing chlorine induces a large positive 

potential (blue) on the neighboring C2 carbon, making it the site most susceptible to 

nucleophilic attack. 

In nicotinic acid, the carboxylic acid group produces extreme polarization. The 

carbonyl oxygen is extremely negative (red), and the hydrogens of the ring and the carboxylic 

acid are extremely positive (blue), which shows several possible points of reactivity. 

However, in 4-aminopyridine, the electron-donating amino group increases the electron 

density within the ring, especially at the nitrogen atom, to create an even more powerful 

nucleophilic center than in unsubstituted pyridine. 

A vital nuance in using FMO theory is that a direct correlation between the lowest 

LUMO energy and the greatest reactivity does not necessarily apply. For some molecules, like 

2-chloropyridine, naive prediction would suggest nucleophilic attack on the atom bearing the 

largest LUMO coefficient. Sometimes, though, the LUMO lobe is not on the predicted site of 

attack. Here, the LUMO+1 molecular orbital (the molecular orbital after the unoccupied one) 

might have considerable density on the appropriate site of attack. This demonstrates that an 

advanced in silico model must include a qualitative analysis of the spatial arrangement of 

multiple frontier orbitals to predict relative reactivity and reactive sites accurately. 

3.2. Electrochemical degradation mechanisms. 

The theoretically determined reactivity profiles from quantum chemical calculations 

provide a molecular-level explanation for the plausible pathways by which pyridine and its 

derivatives are oxidatively degraded under electrochemical conditions. Both Frontier 

Molecular Orbital (FMO) analysis and Molecular Electrostatic Potential (MESP) mapping are 

highly consistent with the experimentally observed mechanism of indirect oxidation, 

predominantly mediated by hydroxyl radicals. 

3.2.1. Proposed mechanisms of oxidative degradation: indirect oxidation. 

Electrochemical tests (e.g., CV and LSV) show pyridine degradation occurs mainly by 

indirect oxidation, in contrast to direct electron transfer on the anode surface. Anodes of high 

overpotential (BDD, Pt, Ti/RuO₂) induce the formation of hydroxyl radicals (⋅OH) from anodic 

water oxidation (H₂O → ⋅OH + H⁺ + e⁻). Secondary oxidants like hypochlorous acid (HClO) 

are also involved in degradation in the presence of chloride in the electrolyte. 

FMO profiles (Figure 1) indicate that pyridine HOMO orbitals are localized on the 

nitrogen and neighboring carbons, whereas LUMO orbitals are delocalized over the ring. Such 

duality makes pyridine reactive towards nucleophilic and electrophilic attack. In particular, C2 

and C4 carbons are the most electrophilic positions, as attested by MESP (Figure 2), and thus 

are kinetically favorable towards ⋅OH attack. The lone pair of nitrogen is oxidizable and can 

produce pyridine radical cations or pyridine-N-oxides, consistent with experimentally reported 

intermediates. 

Hence, degradation initiation is through two rival steps: hydroxyl radical attack at 

electron-deficient carbons and oxidative activation at the nitrogen position. This accounts for 

the plethora of initial products observed in LC-MS investigations. 
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3.2.2. Stepwise oxidation/reduction pathways and identification of intermediates. 

The degradation of pyridine under electrochemical advanced oxidation conditions is 

governed by radical-mediated processes, primarily involving hydroxyl radicals (•OH). Based 

on our computational analysis and supported by literature reports, the transformation is 

expected to proceed through a sequence of hydroxylation, structural modification, and eventual 

fragmentation. However, due to the complexity of radical-driven reactions and the transient 

nature of intermediates, the pathway described here should be interpreted as a mechanistically 

plausible model rather than a definitive reaction scheme. 

In the initial stage, •OH attack is most likely to occur at electron-deficient positions of 

the pyridine ring, leading to the formation of mono- and di-hydroxylated intermediates. These 

include hydroxypyridines and dihydroxypyridines, which represent early oxidation products. 

In parallel, oxidative pathways such as N-oxidation may yield pyridine-N-oxide species. These 

transformations are consistent with both quantum chemical predictions and previously reported 

experimental observations. 

As oxidation progresses, repeated radical attack can disrupt the aromatic stability of the 

pyridine ring, facilitating structural rearrangements and eventually leading to ring opening. 

This step represents a critical transition from aromatic to aliphatic chemistry and is expected 

to depend strongly on reaction conditions such as radical concentration and reaction time. The 

resulting open-chain intermediates are further oxidized to smaller carboxylic acids. 

The proposed sequence of transformations is summarized in Figure 3, which illustrates 

the progression from hydroxylated intermediates to ring-cleavage products and subsequently 

to low-molecular-weight aliphatic acids. The pathway includes representative intermediates 

such as maleic acid, fumaric acid, malonic acid, succinic acid, and oxalic acid, which are 

commonly reported products in advanced oxidation processes of heteroaromatic compounds. 

 
Figure 3. Proposed pathway for the electrochemical degradation of pyridine via hydroxyl radical-mediated 

oxidation. 
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Following ring cleavage, continued oxidation can lead to further degradation of these 

intermediates toward inorganic end products, including CO₂, H₂O, NO₃⁻, and NH₄⁺. The extent 

of this mineralization step is influenced by operational parameters such as electrode material, 

current density, electrolyte composition, and treatment duration, and may not be complete 

under all conditions. 

Several intermediates predicted in this pathway are qualitatively consistent with species 

identified in experimental electrochemical degradation studies (e.g., LC–MS analyses). This 

agreement supports the plausibility of the proposed mechanism. Nevertheless, differences in 

intermediate distribution and kinetics are expected due to variations in experimental conditions. 

Therefore, the pathway should be regarded as a computationally supported and literature-

consistent representation of pyridine degradation rather than a definitive mechanistic 

description. 

3.2.3. Influence of aqueous conditions and substituents. 

The reactivity of pyridine derivatives is highly dependent upon the substituents. The 

quantum chemical descriptors show this in Table 2: 

Electron-withdrawing substituents (– Cl, -COOH): Lowering of the energy of the 

HOMO, increasing electrophilicity, facilitates ⋅OH attack and therefore increases degradation. 

For instance, 2-chloropyridine and nicotinic acid were more readily oxidized. 

Electron-donating substituents (–NH₂, –OH): Raise ring electron density, increase 

HOMO energy, and stabilize the aromatic system, slowing ⋅OH attack at carbons. They can 

stimulate nitrogen-centered oxidation to species like pyridine-N-oxide. 

MESP mappings reinforce these trends: electron-withdrawing groups move negative 

potential toward substituents, and donating groups raise electron density on ring carbons. 

Furthermore, aqueous conditions (ionic strength, pH) impact degradation efficiency 

considerably. At acidic pH, pyridine is protonated to pyridinium, altering its electronic 

distribution and increasing its sensitivity to oxidation. In alkaline conditions, the neutral form 

of pyridine prevails, which is conducive to ⋅OH attack at carbon centers. 

3.3. Toxicity of pyridine and its degradation products. 

The final yardstick of a remediation technology's success is not so much the elimination 

of a parent pollutant as the attenuation of overall risk to human and environmental health. This 

subsection addresses this pivotal question by conducting comparative in silico toxicological 

profiling of pyridine compounds before and after electrochemical degradation. 

3.3.1. Molecular docking with critical human bioreceptors. 

To shed light on the molecular basis of the shifting toxicity profile observed during 

electrochemical degradation, in silico docking simulations were conducted. Binding affinities 

of the parent pyridine derivatives, their major degradation intermediates, and their ultimate 

aliphatic products towards main human biomolecular targets, i.e., the metabolic enzymes 

Cytochrome P450 (CYP2A13 (PDB ID: 4EJI) and CYP2E1 (PDB ID: 3LC4)) and DNA, were 

considered. These targets are of prime importance for xenobiotic metabolism and genotoxicity 

mechanisms, respectively. 

Docking scores (Table 3) suggest a general trend toward lower predicted binding 

affinities for the final aliphatic products relative to many parent and intermediate structures. 
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This pattern is indicative but not definitive evidence of reduced biological interaction. Docking 

provides hypotheses about binding propensity that require experimental confirmation (e.g., 

binding assays) or higher-level free energy calculations to be conclusive. 

Table 3. Docking scores of pyridine derivatives and degradation products. 

Compound CYP2A13 (kcal/mol) CYP2E1 (kcal/mol) DNA (kcal/mol) Key Interactions 

Pyridine -5.717 -3.319 -2.957 π–π stacking, H-bond 

2-Chloropyridine -6.181 -4.530 -2.885 π–π stacking, halogen bond 

Pyridine-N-Oxide -6.415 -5.617 -4.483 π–π stacking, π-Cat, H-bond 

4-Aminopyridine -4.301 -4.745 -3.033 π–π stacking, H-bond 

Nicotinic acid -6.558 -5.845 -4.220 H-bond, π–π stacking, electrostatic 

Maleic acid -4.548 -5.626 -3.733 H-bond 

Succinic acid -5.158 -4.637 -3.081 H-bond 

Oxalic acid -2.818 -4.417 -3.496 H-bond 

 
(a) 

 
(b) 

Figure 4. Comparative molecular docking analysis shows: 3D and 2D strong binding poses of (a) parent 

pyridines (Nicotinic acid and Pyridine-N-oxide) with CYP2A13 (PDB ID: 4EJI); (b) Final degradation 

products (Maleic acid and Succinic acid) with CYP2A13 (4EJI). 
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Parent Compounds had the most extreme and concerning binding profiles, as structure-

activity relationships were expected in terms of both the observed planarity and aromaticity of 

the Parent Compounds, which can lead to high-affinity interactions with DNA via intercalation 

and π–π stacking; a known structural alert for mutagenicity (Figure 4a). This very strong 

binding reflects the high docking scores these Parent Compounds achieved when modeled 

against enzymes like CYP2A13, as evidenced by nicotinic acid (−6.558 kcal/mol) and 

pyridine-N-oxide (−6.415 kcal/mol). 

Primary degradation intermediates, like the diverse pyridine-N-oxides, are a key 

observation. Not only do these molecules have high binding potency, but structurally, they are 

equivalent to the primary metabolites produced by CYP450-catalyzed oxidation in the human 

liver. This equivalence implies that a compromised degradation process may yield an effluent 

with a toxicity profile similar to, or even greater than, that of the parent compound through 

bioactivation. 

Conversely, the final degradation products, straightforward aliphatic acids such as 

maleic, succinic, and oxalic acids, exhibit a precipitous decline in binding energy across all 

targets. Their non-planar, aliphatic nature disinclines efficient intercalation with DNA and 

specific binding with enzyme active sites. This sudden decrease in docking scores is linearly 

related to the substantially lower in silico toxicity metrics (e.g., mutagenicity, carcinogenicity) 

evidenced in ADMET profiling and comparative toxicity. 

Thus, the molecular docking analysis clearly demonstrates that the electrochemical 

degradation process significantly mitigates molecular-level toxicity by degrading harmful 

aromatic complexes into harmless aliphatic acids. The secret to making the treatment 

technology environmentally secure lies in achieving complete mineralization of these end-

products, thereby eliminating the formation of bioactive intermediates. 

3.3.2. In silico ADMET profiling and comparative toxicity. 

A toxicological evaluation was done on the basis of validated in silico prediction 

software (pkCSM, SwissADME) to analyze the ADMET properties of the compounds in the 

degradation pathway. The findings, as presented in Table 4 and Figure 5, provide a quantitative 

comparison of the patterns of toxicity, which show an evident trend of detoxification from 

parent compounds to end products. 

Table 4. Comparative in silico toxicity profile of parent pyridine derivatives and major degradation 

intermediates based on pkCSM, toxtree, and SwissADME tools. 

Compound 

Oral LD50 

(mg/kg, 

predicted) 

BBB 

permeability 

AMES 

mutagenicity 
Carcinogenicity Hepatotoxicity Excretion 

Overall 

Risk 

Parent Compounds 

Pyridine 

891 

(Category 

III) 

Yes Positive Positive Yes Low High 

2-

Chloropyridine 

215 

(Category 

II) 

Yes Positive Positive Yes Low High 

4-

Aminopyridine 

21 

(Category I) 
Yes Negative Negative Yes Low 

Moderate

–High 

Nicotinic acid 

3540 

(Category 

IV) 

No Negative Negative No Moderate Low 

Intermediates 

2-

Hydroxypyridine 

750 

(Category 

III) 

Yes Negative Negative Yes Low Moderate 
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Compound 

Oral LD50 

(mg/kg, 

predicted) 

BBB 

permeability 

AMES 

mutagenicity 
Carcinogenicity Hepatotoxicity Excretion 

Overall 

Risk 

Pyridine-N-

Oxide 

1500 

(Category 

IV) 

Yes Positive Negative Yes Low Moderate 

Final Products 

Maleic Acid 

2870 

(Category 

IV) 

No Negative Negative No High Minimal 

Formic Acid 

1100 

(Category 

III) 

No Negative Negative No High 
Minimal–

Low 

Succinic Acid 

2260 

(Category 

IV) 

No Negative Negative No High Minimal 

Oxalic Acid 

475 

(Category 

III) 

No Negative Negative No High 
Minimal–

Low 

Acetic Acid 

3310 

(Category 

IV) 

No Negative Negative No High Minimal 

LD50 ranges (Globally Harmonized System categories): Category I: <50 mg/kg (extremely toxic); Category II: 

50–300 mg/kg (high toxicity); Category III: 300–2000 mg/kg (moderate); Category IV: >2000 mg/kg 

(low/minimal toxicity). 

 
Figure 5. In silico comparative toxicity (admet) profile: parent compound (pyridine) vs. primary intermediate 

(pyridine-n-oxide) vs. final degradation product (succinic acid). 

This radar chart (Figure 5) illustrates the progressive reduction in toxicity risk as 

electrochemical oxidation degrades the parent pyridine compound. The big red zone reflects 

the high toxicity risk of the parent compound on many parameters. The intermediate (orange) 

shows less but still notable risk, whereas the ultimate degradation product (green) shows very 

low toxicity risk, indicating effective detoxification by mineralization. 

The Parent Pyridine Derivatives are consistently predicted to be hazardous. As shown 

in Table 4, compounds like 4-aminopyridine (predicted LD₅₀ = 21 mg/kg, WHO Category I) 

and 2-chloropyridine (LD₅₀ = 215 mg/kg, Category II) exhibit high acute oral toxicity. In 

addition, these parent structures are marked for hepatotoxicity and, importantly, are positive 

for structural alerts for mutagenicity and carcinogenicity (e.g., pyridine, 2-chloropyridine), 
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which aligns with their previously noted strong DNA-binding affinity from molecular docking 

studies. 

Primary Degradation Intermediates, such as 2-hydroxypyridine and pyridine-N-oxide, 

are an important transitional state. Even though they may have lower acute toxicity than their 

parent (e.g., pyridine-N-oxide LD₅₀ = 1500 mg/kg, Category IV), they often include significant 

risk warnings, those of hepatotoxicity, alongside, in specific cases, mutagenicity. This 

illustrates that partial degradation reformulates the pollutant into a new, albeit possibly toxic, 

chemical compound. 

The Final Degradation Products - simple aliphatic acids like succinic, maleic, and acetic 

acid—have very low toxicity. Their calculated LD₅₀ values are orders of magnitude greater 

(e.g., >2000 mg/kg, Category IV), in the low-toxicity range. They are all unanimously 

calculated to be non-mutagenic, non-carcinogenic, and non-hepatotoxic. Their high renal 

excretion scores also indicate that they are effectively cleared from the body. Succinic acid, a 

natural metabolite of the human citric acid cycle, illustrates the innocuous nature of such 

terminal products. 

3.3.3. Integrated toxicity index (ITI) development. 

Although molecular docking and ADMET profiling provided essential mechanistic 

insights into the toxicity of pyridine derivatives and their degradation products, they are static, 

compound-specific predictions. To supplement these methodologies with a dynamic and 

system-level analysis, we built an Integrated Toxicity Index (ITI) that calculates the cumulative 

toxic load of all species present during electrochemical degradation. 

The ITI was expressed as:  

 

ITI (t) =  ∑ Ci(t)i ×  TFi                 (2) 

 

Where 𝐶𝑖(𝑡) is the concentration (mg L⁻¹) of species i at time t, calculated from simulated 

degradation profiles (Table 5), and 𝑇𝐹𝑖 is its respective toxicity factor. The 𝑇𝐹𝑖 values were 

calculated from experimental LD₅₀ values (mg kg⁻¹) and binary toxicity indicators (1 for 

positive, 0 for negative) for mutagenicity (AMES), carcinogenicity (carc), and hepatotoxicity 

(hepato), as explained in the subsequent weighting scheme: 

𝑇𝐹𝑖 =
1

𝐿𝐷50
[1+0.2 (AMES𝑓𝑙𝑎𝑔+carc𝑓𝑙𝑎𝑔+hepato

𝑓𝑙𝑎𝑔
)]     (3) 

Table 5. Calculated toxicity factors (TF) and corresponding input parameters for parent pyridine derivatives and 

their degradation products used in the Integrated Toxicity Index (ITI) model. 

Species LD₅₀ (mg/kg) AMES Carc Hepato TF 

Pyridine 891 1 1 1 2.84 

2-Chloropyridine 215 1 1 1 9.90 

4-Aminopyridine 21 0 0 1 95.44 

Pyridine-N-oxide 1500 1 0 1 1.73 

2-Hydroxypyridine 750 0 0 1 2.87 

Succinic acid 2260 0 0 0 0.88 

Maleic acid 2870 0 0 0 0.70 

Oxalic acid 475 0 0 0 4.21 

The TF values are based on in silico predictions and should be interpreted as relative indicators rather than 

absolute measures of toxicity. 
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This expression guarantees that lower LD₅₀ (higher acute toxicity) and positive toxicity 

alerts are given more weight, which represents their higher toxicological significance. The TF 

values calculated for all species are presented in Table 5. 

The development of the ITI during the entire reaction time range is shown in Figure 6a. 

At t = 0 min, the ITI was characterized by the high levels and high toxicity factors of the parent 

pyridine bases, namely 4-aminopyridine (very low LD₅₀ of 21 mg kg⁻¹, with very high TF = 

95.44) and 2-chloropyridine (low LD₅₀ and several toxicity flags, TF = 9.90). The 

electrochemical breakdown proceeded, and the ITI steadily decreased, indicating that these 

highly toxic parent compounds were degraded rapidly.  

At intermediate times (ca. 30-60 min), a short plateau of the ITI degradation was 

observed. This was attributed to the build-up of toxic intermediates, pyridine-N-oxide 

(mutagenic and hepatotoxic, TF = 1.73) and 2-hydroxypyridine (hepatotoxic, TF = 2.87). This 

highlights an important risk of incomplete treatment: partial breakdown can increase or 

maintain the toxic burden by accumulating bioactive intermediates. 

Beyond 90-120 min, the ITI showed a steep and prolonged decrease, corresponding to 

the ring cleavage of aromatic intermediates and the appearance of terminal aliphatic acids 

(succinic, maleic, and oxalic acids). These compounds had high LD₅₀ values and were free of 

mutagenicity, carcinogenicity, and hepatotoxicity alerts (except for oxalic acid's moderate 

acute toxicity, TF = 4.21), contributing appreciably less to the total index. After 180 min of 

simulated treatment, the ITI decreased to 1.27% of the original value (Figure 6b), clearly 

establishing successful detoxification through complete mineralization. 

Figure 6. Integrated Toxicity Index (ITI) profiles during electrochemical degradation of pyridine derivatives. 

(a) Evolution over time of the Integrated Toxicity Index (ITI) during the electrochemical degradation process; 

(b) Normalized ITI, as a percentage of the initial value, emphasizing the successful detoxification over time. 

To provide a time-integrated measure of toxicity, the area under the curve (AUC) of the 

ITI profile was calculated. A reduction in AUC reflects a lower cumulative toxic burden over 

the treatment period. While the observed decrease in AUC supports the trend of diminishing 

predicted hazard, it should be emphasized that this metric is dependent on modeled 

concentration profiles and toxicity factors, both of which carry inherent uncertainties. 

Furthermore, the above sensitivity analysis indicates that while absolute ITI values vary 

with changes in weighting factors and input parameters, the overall decreasing trend remains 

consistent. This suggests that the qualitative conclusion of progressive reduction in predicted 

hazard is robust, although quantitative values should be interpreted cautiously. 

The ITI results are consistent with trends observed in molecular docking and ADMET 

analyses, in which parent pyridine derivatives generally exhibit higher predicted biological 

interactions and toxicity alerts than their degradation products. However, it is important to note 
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that docking scores and ADMET predictions do not directly translate to in vivo toxicity. 

Therefore, the agreement between these methods and ITI should be considered supportive 

rather than confirmatory. 

3.3.4. Limitations and implications. 

The ITI framework provides a useful quantitative tool for comparing toxicity trends 

during degradation; however, several limitations must be acknowledged: a) ITI relies on 

predicted or literature-derived toxicity data, which may not fully capture real biological 

responses. a) Concentration profiles are based on modeled kinetics, not experimental 

measurements. c) Binary toxicity flags (AMES, carcinogenicity, hepatotoxicity) may 

oversimplify complex toxicological endpoints. 

Therefore, while the results suggest a reduction in predicted hazard during 

electrochemical degradation, these findings should be validated through experimental 

toxicological assays and analytical identification of intermediates. 

4. Conclusions 

This study presents an integrated in silico investigation of the electrochemical 

degradation of pyridine and selected derivatives, combining Density Functional Theory (DFT), 

reaction pathway modeling, molecular docking, ADMET prediction, and an Integrated 

Toxicity Index (ITI) framework. The results provide mechanistic insight into degradation 

pathways, indicating that hydroxyl radical (•OH) attack initiates hydroxylation, followed by 

ring opening and subsequent oxidation to smaller aliphatic acids. Calculated reaction energetics 

support the feasibility of these transformation steps and indicate that ring cleavage is a key step 

in the degradation process. 

The ITI analysis, supported by docking and ADMET predictions, indicates a general 

trend toward reduced predicted hazard as degradation progresses, with parent compounds 

exhibiting higher toxicity factors compared to most final products. However, intermediate 

species retained moderate toxicity, highlighting the importance of complete treatment to 

prevent transient accumulation of potentially harmful compounds. 

It is important to emphasize that these findings are based on computational models and 

predictive tools, which involve inherent uncertainties related to model assumptions, parameter 

selection, and data sources. Therefore, the results should be interpreted as indicative rather than 

definitive. In particular, docking scores and ADMET predictions do not directly translate into 

in vivo toxicity, and the ITI framework serves as a comparative metric rather than an absolute 

risk assessment. 

Future work should focus on experimental validation of the proposed degradation 

pathways using advanced analytical techniques (e.g., LC–MS/MS) and verification of toxicity 

reduction through biological assays. Additionally, the influence of operational parameters, 

such as electrode material, current density, and electrolyte composition, on degradation 

efficiency and the evolution of toxicity should be systematically investigated. 

Overall, this study provides a mechanistic and predictive framework for understanding 

the degradation and potential toxicity evolution of pyridine compounds during electrochemical 

treatment, offering a basis for the rational design and optimization of advanced water 

remediation strategies. 
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Abbreviation Definition 

ADMET Absorption, Distribution, Metabolism, Excretion, and Toxicity 

AMES Ames Mutagenicity Test 

AUC Area Under the Curve 

BBB Blood–Brain Barrier 

BDD Boron-Doped Diamond 

B3LYP Becke, 3-Parameter, Lee–Yang–Parr Functional 

CO₂ Carbon Dioxide 

CYP Cytochrome P450 

CYP2A13 Cytochrome P450 2A13 

CYP2E1 Cytochrome P450 2E1 

CV Cyclic Voltammetry 

DFT Density Functional Theory 

DNA Deoxyribonucleic Acid 

EAOPs Electrochemical Advanced Oxidation Processes 

EHOMO Energy of Highest Occupied Molecular Orbital 

ELUMO Energy of Lowest Unoccupied Molecular Orbital 

FMO Frontier Molecular Orbital 

GHS Globally Harmonized System 

HClO Hypochlorous Acid 

HOMO Highest Occupied Molecular Orbital 
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Abbreviation Definition 

ITI Integrated Toxicity Index 

LC-MS Liquid Chromatography–Mass Spectrometry 

LD₅₀ Median Lethal Dose 

LSV Linear Sweep Voltammetry 

LUMO Lowest Unoccupied Molecular Orbital 

MESP Molecular Electrostatic Potential 

NH₄⁺ Ammonium Ion 

NO₃⁻ Nitrate Ion 

OH· Hydroxyl Radical 

PDB Protein Data Bank 

pkCSM Pharmacokinetics of Small Molecules 

Pt Platinum 

REACH Registration, Evaluation, Authorization, and Restriction of 

Chemicals 

TF Toxicity Factor 

Ti/RuO₂ Titanium/Ruthenium Dioxide Electrode 

WHO World Health Organization 

AI Artificial Intelligence 

ATP Adenosine Triphosphate 

CI Confidence Interval 

CRISPR Clustered Regularly Interspaced Short Palindromic Repeats 

DNA Deoxyribonucleic Acid 

ELISA Enzyme-Linked Immunosorbent Assay 

GDP Gross Domestic Product 

IRB Institutional Review Board 

LOD Limit of Detection 

MRI Magnetic Resonance Imaging 

PCR Polymerase Chain Reaction 

SEM Scanning Electron Microscopy 

WHO World Health Organization 
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