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ABSTRACT 

Humic substances represent the most chemically active and persistent fraction of soil organic matter, 

exerting a dominant influence on soil reactivity. Their reactivity originates from a diverse array of 

functional groups capable of dissociation, complexation, redox transformation and molecular 

association. These functional groups act as dynamic chemical interfaces between the solid, liquid 

and biological phases of soil. Through their interactions with mineral surfaces, nutrient ions, trace 

metals, water molecules and organic contaminants, humic substances regulate fundamental soil 

processes including nutrient cycling, buffering capacity, redox stability, aggregation and contaminant 

fate. This article provides an in-depth mechanistic explanation of the major reactive functional 

groups present in humic substances and elucidates their central role in governing soil reactivity 

across different environmental conditions. 

1. Introduction: Soil Reactivity as a Function of Organic Chemistry 

Soil reactivity refers to the capacity of soil to participate in and regulate chemical, physical 

and biological processes. While clay minerals and metal oxides contribute to soil reactivity, their 

activity is often limited by fixed structural charge. In contrast, humic substances exhibit dynamic, 

pH-dependent and redox-sensitive reactivity, making them uniquely important regulators of soil 

behaviour. 

Humic substances function as chemical mediators, continuously adjusting soil reactions in 

response to changes in moisture, pH, redox potential and biological activity. The basis of this 

adaptability lies in their functional group chemistry. Each functional group responds differently to 

environmental conditions, collectively creating a highly responsive chemical system. 

 

 

http://www.indianfarmer./


Indian Farmer, Vol.13 (04); April-2026                                                                                                            Athira  et al 

P a g e  186  

 

2. Conceptual Framework of Humic Substances 

2.1 Definition and Classification 

Humic substances are operationally defined as alkali-extractable organic materials and are 

traditionally classified into humic acids, fulvic acids and humin based on solubility in acid and alkaline 

media. Humic acids are soluble in alkaline conditions but precipitate under acidic conditions, fulvic 

acids remain soluble across all pH ranges, while humin is insoluble in both acid and alkali. 

2.2 Structural Organization 

Rather than existing as rigid macromolecules, humic substances are now widely regarded as 

supramolecular associations of relatively small heterogeneous molecules held together by weak 

forces such as hydrogen bonding, hydrophobic interactions and van der Waals forces. This structural 

organization allows functional groups to remain accessible and chemically active, enhancing soil 

reactivity. 

3. Origin of Functional Groups During Humification 

3.1 Biochemical Transformation of Organic Residues 

Plant and microbial residues entering soil undergo enzymatic and non-enzymatic 

transformations. During decomposition, labile compounds such as sugars and proteins are rapidly 

mineralized, while structurally complex molecules such as lignin and lipids persist. Oxidation, 

demethylation, condensation and polymerization reactions introduce oxygen-containing functional 

groups into organic residues. 

3.2 Progressive Oxidation and Functional Group Enrichment 

As humification proceeds, carbon skeletons become increasingly oxidized. This oxidation 

leads to the formation of carboxyl, phenolic, carbonyl and quinone groups. The accumulation of 

these groups increases molecular polarity, acidity and chemical reactivity, transforming relatively 

inert plant residues into highly reactive humic substances. 

4. Molecular Accessibility and Reactivity of Functional Groups 

Unlike crystalline minerals, humic substances possess flexible molecular arrangements. 

Functional groups are exposed on molecular surfaces and within internal pores, allowing them to 

interact simultaneously with multiple soil components. This spatial accessibility enables humic 

substances to act as multidentate ligands, forming multiple bonds with metals or mineral surfaces, 

greatly enhancing soil reactivity. 

5. Detailed Mechanistic Role of Individual Functional Groups 

5.1 Carboxyl Functional Groups (–COOH) 

Carboxyl groups are the most abundant and chemically significant acidic functional groups 

present in humic substances. Structurally, they consist of a carbonyl (C=O) bonded to a hydroxyl (–

OH) group and may be attached to both aromatic and aliphatic carbon frameworks. They originate 

mainly from the oxidative degradation of plant components such as lignin side chains, fatty acids 

and carbohydrates during humification. Chemically, carboxyl groups are weak acids with dissociation 
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constants typically in the pKa range of 3–5, meaning they readily release protons under mildly acidic 

to neutral soil conditions. Upon dissociation, they form negatively charged carboxylate ions (–COO⁻), 

which are the principal source of variable negative charge in soil organic matter. These groups 

strongly influence soil reactivity by participating in cation exchange, electrostatically attracting 

nutrient ions such as Ca²⁺, Mg²⁺, K⁺ and NH₄⁺. They also form coordinate bonds with transition 

metals, acting as chelating ligands that regulate metal mobility and toxicity. Through these 

mechanisms, carboxyl groups are central to soil buffering, nutrient retention and metal 

complexation. 

5.2 Phenolic Hydroxyl Groups (Ar–OH) 

Phenolic hydroxyl groups consist of hydroxyl moieties attached directly to aromatic rings, 

primarily derived from lignin residues in plant materials. These groups are weaker acids than 

carboxyl groups, with dissociation occurring mainly in neutral to alkaline soil conditions (pKa ~8–

10). Their aromatic structure allows electron delocalization, making them chemically stable yet 

redox-active. When dissociated, phenolic groups contribute additional negative charge to humic 

substances, particularly in higher pH soils. Beyond acidity, phenolic groups play an essential role in 

soil redox processes. They can donate electrons, facilitating reduction reactions such as the 

transformation of Fe³⁺ to Fe²⁺ and Mn⁴⁺ to Mn²⁺. Their redox behavior also supports microbial 

respiration under oxygen-limited conditions. Additionally, phenolic oxygen atoms can coordinate with 

metal ions, further contributing to complexation processes. Thus, phenolic hydroxyl groups extend 

buffering capacity, enhance metal interactions and act as important redox mediators. 

5.3 Alcoholic Hydroxyl Groups (–OH) 

Alcoholic hydroxyl groups are –OH moieties attached to aliphatic carbon chains and originate 

largely from carbohydrate and cellulose residues. Unlike carboxyl and phenolic groups, they do not 

readily dissociate to form charged species and therefore contribute little to soil acidity or cation 

exchange capacity. However, they are highly polar and capable of forming extensive hydrogen bonds 

with water molecules, minerals and other organic components. These hydrogen-bonding interactions 

promote the association of organic matter with clay particles and metal oxides, contributing to the 

formation of stable soil aggregates. Alcoholic hydroxyl groups therefore influence soil physical 

properties by improving water retention, aggregation and structural stability. Their presence 

enhances soil moisture dynamics and creates favourable microenvironments for microbial activity. 

5.4 Carbonyl Functional Groups (C=O) 

Carbonyl groups, including aldehydes and ketones, consist of a carbon atom double-bonded 

to oxygen. They arise during partial oxidation of organic matter in the humification process. These 

groups are polar and electrophilic, making them reactive toward nucleophilic compounds and 

enzymes. Carbonyl groups often serve as intermediates in biochemical transformations and microbial 

metabolic pathways. In soil systems, they participate in oxidation–reduction reactions and contribute 

to the transformation and stabilization of organic matter. Although they contribute less to surface 

charge than carboxyl groups, their chemical reactivity makes them important in organic matter 

turnover and redox chemistry. 
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5.5 Quinone Functional Groups 

Quinones are specialized carbonyl-containing structures formed by oxidation of phenolic 

compounds. They contain conjugated aromatic rings with two carbonyl groups, enabling reversible 

redox cycling between quinone, semiquinone and hydroquinone forms. This redox flexibility makes 

quinones powerful electron transfer mediators in soils. Microorganisms can donate electrons to 

quinones, which then transfer electrons to terminal acceptors such as iron oxides or nitrate. Through 

this electron shuttle mechanism, quinone groups regulate soil redox potential and enhance anaerobic 

microbial processes. Their presence links humic chemistry with biogeochemical cycling of iron, 

nitrogen and other elements. 

5.6 Amino Functional Groups (–NH₂) 

Amino groups originate from proteins, amino acids and microbial residues incorporated into 

humic structures. Chemically, they are basic functional groups capable of accepting protons to form 

positively charged ammonium forms (–NH₃⁺) under acidic conditions. This protonation allows amino 

groups to participate in electrostatic interactions with negatively charged mineral surfaces and 

organic molecules. They can also form coordination bonds with metal ions and contribute to nitrogen 

retention in soils. Through these properties, amino groups link humic substances to soil nitrogen 

cycling and organo-mineral stabilization processes. 

5.7 Amide Functional Groups (–CONH–) 

Amide groups are derived from peptide linkages in decomposed proteins and microbial biomass. 

They are relatively stable structures that serve as reservoirs of organically bound nitrogen. Although 

less reactive than amino groups, amides contribute to hydrogen bonding and molecular association 

within humic matrices. Their gradual breakdown provides a slow release of nitrogen, supporting 

long-term soil fertility. 

5.8 Sulphur-Containing Functional Groups (–SH, –SO₃H) 

Sulfur-containing groups occur in smaller quantities but possess strong chemical reactivity. 

Thiol groups (–SH) have a high affinity for soft metal ions such as mercury and cadmium, forming 

very stable complexes that immobilize these toxic elements. Sulfonic acid groups (–SO₃H) are strong 

acidic groups that can contribute to negative charge and metal binding. These sulfur functionalities 

play a disproportionate role in controlling heavy metal chemistry and sulfur cycling in soil. 

6. Integrated Influence on Soil Reactivity 

6.1 Chemical Buffering 

The combined dissociation behaviour of multiple functional groups provides soils with 

resistance to sudden chemical changes. Carboxyl groups release protons at moderately acidic pH, 

while phenolic groups dissociate at higher pH levels, creating a broad buffering range. At the same 

time, nitrogen-containing groups such as amino moieties can accept protons under acidic conditions. 

This bidirectional proton exchange stabilizes soil pH against rapid fluctuations caused by fertilizer 

application, acid rain or biological processes. 
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Beyond pH control, this buffering also moderates ionic strength in soil solution. By reversibly 

binding nutrient cations and trace metals, humic substances prevent sharp changes in solute 

concentration, ensuring a more stable chemical environment for plant roots and microorganisms. 

Redox-active groups such as quinones and phenols further contribute by buffering oxidation–

reduction potential, slowing abrupt shifts between oxidized and reduced states, especially in 

fluctuating moisture conditions. 

6.2 Organo-Mineral Synergy 

Functional groups bind to mineral surfaces, forming organo-mineral complexes that protect 

organic carbon from degradation. Carboxyl and hydroxyl groups interact with metal oxides and clay 

edges through ligand exchange and hydrogen bonding, while polyvalent cations act as bridges 

between negatively charged organic molecules and mineral surfaces. These interactions produce 

stable associations that physically shield organic matter from microbial attack and enzymatic 

decomposition. 

This synergy improves soil structural stability by promoting aggregation. Organo-mineral 

complexes act as binding agents that connect mineral particles into stable aggregates, enhancing 

porosity, aeration and water infiltration. Over time, these associations contribute to long-term carbon 

sequestration, linking soil reactivity with climate regulation and ecosystem sustainability. 

6.3 Control of Contaminant Fate 

Humic functional groups influence whether contaminants remain mobile, become 

immobilized or undergo degradation. Polar functional groups such as carboxyl, phenolic and amino 

moieties bind ionic pollutants through electrostatic attraction and complexation, while hydrophobic 

domains interact with nonpolar organic contaminants via partitioning mechanisms. 

These combined interactions determine the chemical form, solubility and transport behavior 

of pollutants in soil. In many cases, strong binding to humic substances reduces contaminant 

bioavailability and toxicity. Redox-active groups may also participate in the transformation of certain 

compounds, facilitating microbial degradation or chemical reduction. Therefore, humic substances 

act as natural regulators of contaminant mobility and environmental risk, playing a crucial role in 

soil remediation processes. 

7. Environmental and Agricultural Significance 

Soils rich in reactive humic functional groups show greater resilience to environmental stress 

due to their strong buffering of pH, ionic strength and redox conditions. This chemical stability 

protects plant roots and soil microorganisms from rapid changes caused by acidification, salinity or 

waterlogging. 

These functional groups improve nutrient use efficiency by retaining essential elements such 

as Ca, Mg, K, Fe and Zn through cation exchange and chelation, reducing nutrient losses and 

enhancing crop productivity. They also reduce heavy metal toxicity by forming stable complexes that 

limit metal mobility and bioavailability, thereby protecting plants and groundwater. 

Humic functional groups contribute to carbon sequestration by forming organo-mineral 

complexes that stabilize organic carbon against decomposition, linking soil management with climate 
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regulation. Their role in promoting aggregation improves soil structure, water retention, aeration 

and resistance to erosion. 

Additionally, humic substances influence the fate of pollutants, helping immobilize or 

transform contaminants and reducing environmental risk. Agricultural practices that enhance 

humification therefore strengthen soil fertility, sustainability and ecosystem stability. 

CONCLUSION 

The reactivity of soils is fundamentally rooted in the chemistry of humic functional groups. These 

groups act as molecular regulators, integrating chemical, biological and physical processes. A 

mechanistic understanding of their behaviour is essential for advancing soil science, improving 

agricultural sustainability and protecting environmental quality. 
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