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SOUHRN 

Fyzikálně-chemická povaha hydrofobních domén huminových kyselin byla studována 
z několika hledisek. K objasnění významu fluorescenčních spekter byly vzorky podrobeny 
sekvenční frakcionaci, která pomohla k částečnému objasnění vlivu vodorozpustných složek, 
volných a vázaných lipidů na optické vlastnosti huminových kyselin. Výsledky naznačily, že 
fluorescenční píky tradičně přiřazované superpozici jednotlivých struktur jsou spíše 
důsledkem agregačních vlastností huminových molekul tvořících vlivem hydrofobního efektu 
zdánlivě vysoce aromatické struktury. Dále pak bylo zjištěno, že na optických vlastnostech 
huminových kyselin mají podíl i molekuly, které nemají primárně fluoroforní nebo 
chromoforní vlastnosti. Tento pohled je v souladu s teorií supramolekulárního uspořádání 
huminových kyselin. Dále byly studovány agregace, konformační chování a termodynamická 
stabilita huminových kyselin pomocí metody vysoce rozlišovací ultrazvukové spektroskopie. 
Bylo prokázáno, že huminové kyseliny mají schopnost agregovat už od velmi nízkých 
koncentrací (<0.001 g L-1) a tudíž netvoří micely, jak bylo v dřívějších pracích mnohými 
autory navrhováno. Bližší je spíše efekt známý jako hydrotropie, který by mohl také částečně 
vysvětlit solubilizační schopnosti huminových kyselin. Modifikace přídavkem propanolu 
a kyselin chlorovodíkové a propionové podpořily naše domněnky. Vratné změny indukované 
ohřevem huminových kyselin poukázaly na existenci fyzikálních interakcí mezi huminovými 
molekulami vyplývajících ze vzniku různých typů agregátů a naznačily významné změny 
v typu jejich hydratační obálky v závislosti na koncentraci. 
 
 
SUMMARY 

The nature of hydrophobic domains in humic acids was studied from different points of 
view. To shed light on the meaning of fluorescent spectra, the measured samples underwent 
the sequential extraction which partially revealed the role of water-soluble components, free 
and bond lipids in optical properties of humic acids. The results indicated that the 
fluorescence peaks traditionally attributed to the superposition of individual chemical 
structures are rather a result of aggregation properties of humic molecules and hydrophobic 
effect driving aromatic molecules together forming aggregates apparently large molecular 
weight. Further, it seems that there is a significant influence of non-fluorophores and non-
chromophores on the optical properties of humic acids. Results are consistent with the theory 
on supramolecular structure of humic acids. Next, the aggregation, conformational behaviour 
and thermodynamic stability of humic acids were studied by high resolution ultrasonic 
spectroscopy. It was demonstrated that humic molecules are able to interact and form 
aggregates at very low concentration (<0.001 g L-1) and consequently the aggregation of 
humic acids cannot be easily described in terms of the common theory of micellization. 
Instead hydrotropy can be the partial answer to the solubilization capacity of humic acids. The 
hypothesis was also supported by the modification by hydrochloric and propionic acid, and 
propanol. The reversible changes in humate solutions induced by heat provided the evidence 
of the existence of significant physical interactions among humic molecules resulting in 
formation of various sorts of aggregates and indicated remarkable changes in the type of their 
hydration at different concentrations. 
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1. INTRODUCTION 
 

The decomposition of plant and animal remains in soil constitutes a basic biological 
process in that carbon is recirculated to the atmosphere as carbon dioxide and associated 
elements (nitrogen, phosphorus, sulfur, and various micronutrients) appear in forms required 
by higher plants. In the process, some of the carbon (5 % to 10 %) is assimilated into 
microbial tissues (i.e. the soil biomass); part is converted into stable humus. Some of the 
native humus is mineralized concurrently; consequently, total organic matter content is 
maintained at some steady-state level characteristic of the soil and management system [1]. 
 

The global soil carbon pool is 3.3 times the size of the atmospheric pool and 4.5 times that 
of the biotic pool. Organic carbon represents approximately 62 % of global soil carbon while 
at least 50 % of this carbon can be categorized as the chemically resistant component known 
as humic substances (HS). HS are the most widely-spread compounds occurring in nature. 
The presence of HS in soils have also been detected, even in the Antarctic continent where the 
humification process under Antarctic conditions is very specific and different from the other 
continents [2–4]. They make up the bulk of organic matter, because they represent most of the 
organic materials of soil, peat, lignites, brown coals, sewage, natural waters and their 
sediments. Because of their molecular structure, they provide numerous benefits to their 
industrial, agricultural, environmental and medicinal applications [5]. 

Recent advantages in analytical chemistry, especially development of Nuclear Magnetic 
Resonance and Mass Spectrometry, allow taking a closer look to molecular humic structure 
and classify most of chemical moieties present in the humic matrix. Nevertheless, it has been 
demonstrated many times that the function of HS in natural systems is related to their 
secondary (physical) structure, i.e. to the nature and character of their aggregates. Thus there 
is a strong need to understand to the relationship between chemical composition and colloidal 
properties of HS with respect to their role in specific environments. 
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2. STATE OF THE ART 
 
2.1 HUMIC SUBSTANCES  
 

The term "humus" originates from the Romans, when it was familiarly used to signify the 
entire soil. Later the term was used to denominate soil organic matter and compost or for 
different parts of this organic matter, as well as for complexes created by chemical agent 
treatments to a wide palette of organic substances. The principal definition of humus, as 
decomposed organic matter, originates from 1761 [1]. 

The first relevant study of the origin and chemical nature of HS was worked out by 
Sprengel [1]. His comprehensive study on the acidic nature of humic acids (HA) is thought to 
be his most important benefit to humus chemistry. Research on the chemical properties of HS 
was extended by the Swedish researcher Berzelius, whose main contribution was the isolation 
of two light-yellow coloured HS from mineral water and slimy mud rich in iron oxides [5, 6].  

 
Despite HS undisputable role in sustainability of life, the basic chemical nature and the 

reactivity awareness of HS is still poor [7]. From the chemistry point of view, humic 
molecules are composed of aromatic and/or aliphatic chains and with specific content of 
functional groups. Their number and position depend on the conditions of formation. 
Elementary analyses data of humic samples originated from miscellaneous sources differ in 
their elementary composition and reactivity. Although, there exist undisputable differences in 
way of genesis, HS from different sources should be considered as members of the same class 
of chemical compounds [8]. 
 

Stevenson [1] stated that humus includes a broad spectrum of organic constituents, many 
of which have their counterparts in biological tissues. He distinguished between non-HS and 
HS, the former of which consists of compounds belonging to the well known classes of 
organic chemistry such as amino acids, carbohydrates, lipids, lignin, and nucleic acids, 
whereas the latter are unspecified, transformed, dark colored, heterogeneous, amorphous and 
potentially high molecular weight (MW) materials. From a geological point of view, HS are 
chemical intermediates between plants and fossils. The chemical nature of soils, sludge and 
sediments can subsequently, continually and selectively vary via the conversion and 
degradation of organic matter (OM) [9].  

 
HS are the most frequently classified according to their solubility in different media. 

Humic acids (HA) and fulvic acids (FA) represent alkali-soluble humus fragments; HA are 
commonly extracted using diluted alkali and precipitated with an acid, and so are separated 
from the soluble FA. Humin represents the insoluble residue [10].  
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2.1.1 Formation of HS 
 
Although the formation process of HS has been studied hard and for a long time, their 

formation is still the subject of long-standing and continued research. Some theories have 
lasted for years; for example, the “sugar-amine” condensation theory, the “lignin” theory or 
the “polyphenol” theory. A review of such theories can be found for example in a monograph 
of Davies and Ghabbour [11]. Nowadays, most investigators suppose that HS originated in 
lignin [12]. Polyphenols come mostly from lignin during its biodegradation, and probably 
play a key role in the formation process. Polyphenols are also regarded as the main agents in 
the formation of HS from some plants that do not contain much lignin and/or from non-lignin 
containing plants. Polyphenols can be considered as HA precursors. They themselves possess 
enough reactive sites to permit further transformations, for example some condensation 
reactions [5]. 
 

According to a recently introduced concept, humification in soil can be considered as 
a two-step process of biodegradation of dead-cells components, aggregation of the 
degradation products. In light of the supramolecular model, one needs not to invoke the 
formation of new covalent bonds in the humification process that leads to the production of 
humus. Humification is the progressive self-association of the mainly hydrophobic molecules 
that resist the biodegradation. These suprastructures are thermodynamically separated by the 
water medium and adsorbed on the surfaces of soil minerals and other pre-existing humic 
aggregates. The exclusion from water means exclusion from microbial degradation and the 
long-term persistence of humic matter in soil [7]. 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
  
 
 

Fig. 1. Several most accepted mechanisms of humic substance formation. Amino compounds 
synthesized by microorganisms are seen to react with modified lignins (pathway 4), quinones 
(pathways 2 and 3), and reducing sugars (pathway 1) to form complex dark-coloured 
polymers [1]. 
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2.1.2 Utilization of HS 
 
Although humus represents one of the greatest carbon reservoirs on Earth, so far, industrial 

applications of humus and humus-derived products are quite rare. On the contrary, the usage 
of coal was more abundant and essentially, it constituted the basis of the chemical industry in 
the second half of the 19th century and the first half of the 20th century. Petroleum was also an 
application and it was regarded as the main raw material for the chemical industry of the 20th 
century. Nowadays, applications of HS can be divided into four main categories: agriculture, 
industry, environment and biomedicine [5]. 
 
Agriculture applications 

HS help break up clay and compacted soils, assist in transferring micronutrients from the 
soil to the plant, enhance water retention, increase seed germination rates and penetration, and 
stimulate the development of microflora populations in soils [13]. 

In addition to the improvement of the soil’s physical properties and moisture conditions, 
HS also show a high base exchange capacity, which is important for soil fertility [14]. 
Currently, humic materials (HM) are used as additives in fertilizers [15]. The fertilizing effect 
of sodium humate on plant leaves has been described. Ammonium humate was also found to 
have a significant growth-stimulating effect [16]. The beneficial effects of HS on plant growth 
may be related to their indirect (increase of fertilizer efficiency or reducing soil compaction), 
or direct (improvement of the overall plant biomass) effects. The stimulatory effects of HS 
have been correlated to the maintenance of Fe and Zn in solution at effective concentrations. 

In this context, HS have been widely regarded as playing a beneficial role in Fe acquisition 
by plants [17]. This effect has been mainly attributed to the complexing properties of HS, 
which increase the availability of micronutrients from sparingly soluble hydroxides [18]. 
Their effects appear to be mainly exerted on cell membrane functions, promoting nutrient 
uptake, or plant growth and development, by acting as hormone-like substances [19]. 
 
Industrial applications 

Humus and humus-containing materials have been used in large-scale building, for 
instance, as additives to control the setting rate of concrete. HM found use also in the 
preparation of leather. Initially, they were used as a leather dye, later on as an agent for 
tanning leather and, finally, as an ingredient of a solution to finish leather. The woodworking 
industry is another field where HS have been applied. They were used to prepare a natural 
indigo to dye wood veneer. In addition to this use, HM appeared to be suitable agents as 
a component of water-soluble stains for wood furniture. In the ceramic industry, HS were 
employed mainly as additives to enhance the mechanical strength of unprocessed ceramics, to 
improve the casting properties of ceramics, to color clay tiles and among many other uses 
they were also applied in the preparation of earthenware. Furthermore, HM have found 
application in the production of plastics, especially as dyes for coloring Nylon 6 or PVC 
plastics, hardeners of polyurethane foams or as plasticizer ingredients for PVC. Other 
industrial applications can be mentioned: as an ion exchanger, as a source of synthetic 
hydrocarbons and fuel oils, in food processing or to enhance the extraction of uranium from 
its [20, 5].  
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Environmental applications 
HS have a large capacity to retain transition metals, forming metalorganic complexes, 

which cause these metals to be more or less available for plants which include then them into 
the food chain. It has been demonstrated that the presence of HS in natural waters can 
influence the uptake of radionuclides by natural solids and thus their migration to surface and 
ground waters. The main task of HS in environmental chemistry is to remove toxic metals, 
anthropogenic organic chemicals and other pollutants from water. Ion-exchange materials 
based on calcium humate were found suitable for the removal of such heavy metals as iron, 
nickel, mercury, cadmium and copper from water and also to remove radioactive elements 
from water discharges from nuclear power plants. Humus-based filters have been developed 
for sewage purification, with many applications. The filters are useful to clean chromate 
smelter wastewater, to remove oil and dyes from wastewaters and aquatic systems, to filter 
urban and industrial wastewaters, to remove pesticides from sewage and to remove phenol 
from water. Humus-containing materials have been also utilized for sorbing gases, e.g. the 
removal of waste gases from an animal-carcass rendering plant. Slightly modified humates 
can be applied to remove hydrogen sulfide and mercaptans from municipal gas supplies, and 
sulfur dioxide from stack gases [21]. 

Different groups of compounds such as herbicides, fungicides, insecticides, dioxins and 
also some pharmaceutical products like estrogenic compounds were determined as possible 
environmental endocrine disruptors. Thanks to their ability to adsorb organic pollutants from 
the environment, HS were found to be useful to remove those contaminants from water, soil 
and sewage sludges [22, 5].  

 
Biomedical applications 

HS produced on a commercial scale are used in veterinary and human medicine. Several 
studies of the medicinal properties of HM have been reported. It was found that HA 
administered prophylactically to rats decreased significantly the extension of gastric damage 
induced by ethanol. TPP administered to rats with experimental gastric and duodenal ulcers 
significantly accelerated the healing process [23]. Pflug and Ziechman [24] reported that HA 
are able to interact with the bacterium Micrococcus luteus. In this case HM protected the 
organism against cell-wall disruption by the enzyme lysozyme.  

In the last decade there has been an increasing interest in the employment of HM in 
medicine and biology. The possibility of soil humus extract with amino acid complexes and 
vitamin B analogues being a candidate as a base of cosmetic and pharmaceutical products has 
been studied. The main reason for the increasing attention devoted to HA can be explain by 
their antiviral, profibrinolytic, anti-inflammatory and estrogenic activities [25].  

HM in aquatic systems and water sediments have been observed to be closely connected 
with efficacy of hydrotherapy and balneotherapy. Antibacterial and antiviral [26] properties of 
HS represent new possibilities for their medical application [5].  
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2.1.3 Functional groups and reactivity 
 
All the scattered applications mentioned in previous paragraphs reflect the abundance of 

functional groups and specific reactivity of HS. Traditional dividing of HS according to their 
solubility is a logical consequence of the distribution of polar functionalities in their structure. 
It is a matter of fact that humics represent the less understood and studied HM. Accordingly 
the information on humin chemical composition is rare.    

The chemical structure of HA is very complicated. The elemental composition of different 
FA and HA shows that the major elements in their composition are C, H, O, N, and S. 
A variety of functional groups, including COOH, phenolic OH, enolic OH, quinone, 
hydroxyquinone, lactone, ether, and alcoholic OH, have been reported [1]. 

FA contain more functional groups of an acidic nature, particulary -COOH. The total 
acidities of FA (900–1400 mmol/100 g) are considerably higher than for HA (400–
870 mmol/100 g). Another important difference is that while the oxygen in FA is largely in 
known functional groups (-COOH, -OH, -C=O), with a high oxygen content, the acidity and 
degree of polymerization all change systematically with increasing molecular weight. The 
proportion of oxygen in HA seems to occur as a structural component of the nucleus [5]. 
Functional carboxyl and hydroxyl groups in HS were found to be related to biological activity 
[24] but the manner in which they act has still to be elucidated. Low molecular weight 
components of HS have proved to be biologically active although high molecular weight 
components appeared to be similarly active [27]. 
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2.1.4 Chemical structures identified in HS 
 

It is known that the chemical composition of humic matter includes aromatic rings that 
interact with each other and with aliphatic chains, giving rise to macromolecular-like 
aggregates with different masses. Considering that the genesis of HS can involve 
combinations of several reaction pathways and wide variety of chemical binding systems, it is 
very difficult to define a clear concept on their composition. Many of the original classical 
methods to understand the nature of HS were based on elemental composition, but the results 
obtained represent averages for agglomerations of molecules and it is impossible to derive 
precise empirical formulae from these data. 

Later, valuable information was gained from chemical degradation techniques (acid/base 
catalyzed hydrolysis, oxidative and reductive processes and thermal procedures), involving 
possible chemical constituents and building blocks of HS. However, because the major 
linkages in the “core” of HS were not hydrolysable, the energy inputs needed to cleave the 
links between the component molecules give rise to products that could be vastly different 
from the molecules that compose the macromolecules [28]. 

Advanced spectroscopic, pyrolytic, and soft ionization techniques have begun to reveal the 
makeup of many of the individual fragments of HM produced through degradation of 
biomolecules, and to provide information concerning their relative mobilities. There is 
substantial evidence that lipid-derived molecules or moieties, including branched and linear 
alkanes, alkenes, fatty acids, dicarboxylic acids, and long chain alcohols/ethers, 
ketones/aldehydes, and esters, make up a significant portion of HS. These compounds have 
been identified as major components of humic fractions in numerous pyrolysis studies, 
especially when methylation via tetramethylammonium hydroxide (TMAH) is used to 
preserve carboxyl groups. The distribution of alkanes and fatty acids, which favors an even 
number of C atoms, indicated microbial or plant origin. While fatty acids were dominant 
components of the lipid-like portion of the humic matter, smaller amounts of alkyl esters and 
alcohols/ethers were also observed. 

Aromatic fragments observed within HM may be derived from lignin or other sources. 
Alkylbenzenes and alkylphenols are detected regularly in the pyrolysates of HS, and can 
feature alkyl chain lengths of over 25 C atoms. However, many of these alkylaromatic 
molecules may be artifacts created by secondary reactions. Pyrolysis preceded by methylation 
indicates benzene tricarboxylic acids are common humic constituents, as does ESI-MS. 
Simple sugars ribose and glucose have been identified using ESI-MS spectra. These spectra 
also provided evidence for the existence of polypeptides of up to 10 amino acids in length.  

Obviously, organic O is the primary source of reactivity in HS, as functional groups 
containing O provide polarity. Molar O:C ratios for HA and FA typically fall within 10 % of 
0.5 and 0.7, respectively. These different ratios reflect the pH-dependent properties of many 
O functional groups, given the operational basis for separation of HA and FA [29]. 

Leenheer et al. [30] noted that a small but significant fraction of humic carboxyl groups 
possess dissociation constants (pKaS) as low as 0.5. Using NMR spectroscopy and 
methylation, chemical degradation, and pH gradient fractionation, they demonstrated that 
these strongly acidic structures are probably polycarboxylic acids located near ether or ester 
functional groups and surrounded by additional electronegative substituents. 

Comparison of HS examined with thermochemolysis – MS, or thermochemical 
degradation and volatilization using TMAH or tetraethylammonium acetate (TEAAc), as well 
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as those processed using multistep chemical degradations and examined with pyrolysis and 
NMR spectroscopy, indicated that alkyl molecules containing carboxyl groups exist as free 
acids loosely associated with other moieties, as tightly trapped molecules within the organic 
matrix, and as acids linked to the matrix via ester bonds.  

However, processing by oxidation or acid boiling can produce structures indicating the 
interaction of unpaired quinine electrons with neighboring H nuclei, and resembling the 
spectrum of 2,6-dimethoxy-p-benzosemiquinone. Several 2D NMR studies identify signals 
from unsaturated ketone groups, consistent with the presence of quinones. Low-temperature 
fluorescence and electron spin resonance (ESR) studies of a forest soil FA suggested that 
quinone rings featuring four protons were common, but that structures featuring substitutions 
were also present. The ESR studies of quinone moieties in HS indicate that the population of 
this functional group is small, in the range of 1016–18 spin g–1, and may be divided into stable 
and transient organic radicals [29]. 

Kingery et al. [31] presented 2D NMR evidence of ortho- (1,2) and para- (1,4) substitued 
phenol groups within a soil HA sample. FA tend to contain slightly more phenol groups than 
HA, and with decreasing apparent molecular size, the proportion of phenols in humic 
fractions tends to increase. 

In summary, modern spectroscopic studies confirm earlier data regarding the variety of 
oxygen functional groups contributing to the chemical reactivity of HS. Carboxyls, including 
unusual alkyl polycarboxyl moieties near ester or ether groups, determine the deprotonation 
and charge behaviour of HS under low pH conditions, while phenols and alcohols play an 
important buffering role within higher pH solutions. Quinones are not sufficiently numerous 
to account for the redox behaviour of HS. Ester and ether bonds link different portions of 
humic molecules. Carbohydrate-based functional groups make up a large portion of humic 
O groups [29]. 

Early chemical degradation analysis of HM suggested that the carbonaceous structural 
framework or “skeleton,” of the component molecules was primarily aromatic. The high 
proportion of alkyl substituents remaining in HA and humin samples after a multi-step 
chemical degradation process (ultrasonic disruption in methylene chloride, followed by BF3 
methanol transesterification and HI treatment) suggests that these structures are an integral 
part of the humic C skeleton [29]. 
 
2.1.5 Molecular features of HS 
 

Several hypothetic secondary structures, including different diagrammatic and schematic 
models without chemical structural formulas, have been proposed during the long history of 
humus chemistry to account for the chemical composition and behaviour of HS although the 
primary structure, which refers to covalent bonding within a molecule, is still unresolved. The 
most frequently adopted view was that humic-like constituents in solution were polymers 
which will coil at high concentrations, low acidity, and high ionic strength but become linear 
at neutral acidity, low ionic strength, and low concentration [32]. This random coil model had 
been a leading concept in humus chemistry for decades. Attempts had been made to find 
different kinds of structural building blocks and cores for humic matter by means of highly 
sensitive analyses (e.g., gas chromatographic, mass and other spectrometric, and radio 
frequency techniques). As a matter of fact, the terms polymer, polymeric and polymerization 
do not have their original meaning in the context of humic matter-like constituents, because, 
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e.g., the term polymer is accurate only when the structural units are linked to each other in 
a regular manner and by the same kind of linkages. 
 This random-coiled model for humic matter-like macromolecules had been strongly 
criticized, e.g., by Wershaw [33], because mathematical equations used to define the model 
were originally derived for high-molecular-mass linear polymers. On the contrary, Wershaw 
et al. [33, 34] had presented an alternative schematic membrane model, much like a protein, 
for the secondary structure of humic matter. In this membrane model, HM were pictured as 
composed of partially degraded molecular components from natural organisms (mainly from 
plants), which were held together in ordered, membrane-like or micelle-like, aggregated 
structures by weak interactions, such as hydrogen bonding and π-bonding and van der Waals 
and hydrophobic forces. These aggregated structures with hydrophobic interiors and 
hydrophilic exteriors constitute a separate phase in soil-water and sediment-water systems, 
thus better fitting the theory presented [35] for small organic molecules in aqueous solvents. 

It has been explained that many of the most important physical-chemical properties of this 
humic membrane-like phase are more a function of the nature and structure of the membrane 
itself than of the properties of the individual molecular species of the aggregate, and alkaline 
solvents can partially disperse larger structures of these membrane-like aggregates into 
smaller micelle-like structures, because of an increased charge on membrane surfaces, thus 
explaining, e.g., why alkaline solvents extract humic matter from soils. 
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Fig. 2. Recent model structure of humic acid according to Simpson et al. (2002) [36]. 
 

Piccolo et al. [37] have recently presented an extended theory that, instead of being stable 
polymers, humic constituents at neutral and alkaline acidities are supramolecular associations 
of relatively small heterogeneous molecules held together by weak dispersive forces such as 
van der Waals, π−π, CH- π interactions. This conclusion was based on the large-scale 
experimental data that after addition of modifiers such as natural organic acids, e.g., acetic 
acid, to the original humic-solute mixture, the macroscopic dimension of this supramolecular 
association was disrupted in smaller sized associations with reduced chemical complexity. 
This disruption by organic acid additions was attribute to the formation of new inter- and 
intramolecular hydrogen bonds which are thermodynamically more stable than the 
hydrophobic interactions stabilizing humic conformations at neutral acidities [38].  

Results obtained later with fluorescence spectroscopy, NMR [39], thermal analysis [40] or 
mass spectrometry [41] supported such conclusions. Further, other researchers adopted this 
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view [38] although they do not refuse the presence of high molecular moieties which are the 
rest of parental plant tissues which are protected by humic molecules from biological 
degradation [29]. 

Many model structures of HA and FA were suggested, but they should be considered only 
as models taking into account average composition. Therefore, in the real humic mixture, 
such a structure may not be necessarily present. Nevertheless the most recent HA model 
structure taking into account the system complexity is presented in Fig. 2. 
 
2.1.6 Microorganizations in HS 

Humic micelles and pseudomicelles 

The mechanism of interaction between dissolved HA and nonionic organic compounds 
(especially nonpolar ones) continues to be subject to some controversy. It is, however, clear 
that these interactions are largely predicated on the detergent character of HA. It is generally 
recognized that these materials are surface active and can solubilize a wide variety of 
hydrophobic species. A view that is presently widely accepted holds that this is due to 
a micelle-like organization in HA in aqueous solution. The concept was introduced in 
a fundamental form by Rochus and Sipos in 1978 [42], and was subsequently elaborated and 
refined by Wershaw [33, 43], who established the present mode of thinking on the subject. 
The essence of the theory is that the HA amphiphile consists of an elongated hydrophobic 
portion with one or more anionic (carboxylate) groups attached at the end. These entities 
aggregate in the manner of synthetic surfactants, forming micellar or membrane-like 
structures (Fig. 3). 

 

Fig. 3. Representation of humic "micelle" [56]. 
 

The presence of a hydrophobic core gives micelles the ability to enhance the solubility of 
hydrophobic organic compounds (HOC) so that the apparent solubility of a HOC in the 
presence of a micelle is many times that of the HOC in that solvent alone. In fact, this ability 



                                                                                                                               State of the art 

  

 12 

is the definitive criteria for an evaluation of whether a surfactant will, or will not, form 
a micelle [44]. 

It has been recognized for some time that the presence of humate in water will result in 
a solution which has a significantly lower surface tension than water alone. This observation 
has prompted speculation that HA will form micelles in alkaline, aqueous solutions [42]. 

Experiments have shown that surfactant micelles form in alkaline solutions of Aldrich HA. 
The concentrations at which HA micelles will form appear to be well beyond those found in 
natural systems. Yet these results are worthy of note because of what they imply about the 
nature of substances which comprise a HM. In order to be surface active, a molecule must be 
amphiphilic. This is also true for a substance that forms a micelle. Thus, whatever the 
fundamental nature of HA, in alkaline aqueous solutions there are substances which have 
relatively hydrophobic and relatively hydrophilic regions on them. Because such a separation 
of hydrophobicity and hydrophilicity makes some assumptions concerning the juxtaposition 
of functional groups in at least some of the molecules which comprise HA [45]. 

In works dealing with conventional humic micelles, the HA concentrations used have 
generally been in the mg mL-1 (ppt) range. These high concentrations produce intensely 
colored (brown to black) solutions that are virtually opaque, making the application of many 
spectroscopic techniques impossible. Moreover, such concentrated solutions rarely 
correspond to environmental situations. Most natural waters contain dissolved HM, but these 
are usually present at low ppm levels, imparting a faint yellow to brown color to the solution. 
It is therefore of practical interest to consider the detergent qualities and related mechanisms 
for HA solutions in the concentration range 5–100 ppm. 

Aqueous solutions of synthetic surfactants have a characteristic concentration known as the 
critical micelle concentration (CMC), at which the monomers spontaneously aggregate to 
form micellar assemblies. The same has been reported for the concentrated HA solutions 
mentioned above, which have estimated CMC values as high as 10 g L-1 [46]. For dilute HA 
solutions, however, Engebretson et al. found evidence for micelle-like organization which 
does not feature a CMC [47]. In this model, the amphiphilic HA molecules are considered to 
aggregate both intra- and intermolecularly. The former is made possible by the chain length 
and flexibility of the humic molecules, which allow them to fold and coil in a manner that 
directs hydrophilic (e.g., carboxy and hydroxy) groups outward and keeps more hydrophobic 
(e.g., hydrocarbon) moieties isolated in the center. This process, which could in principle 
occur with a single polymer strand, produces an entity that is operationally similar to 
a conventional micelle, albeit more structurally constrained. Like a micelle, it has 
a hydrophobic interior and a more hydrophilic surface, giving it distinct solubilizing powers 
for nonpolar solutes. To indicate both similarities and differences with normal surfactant 
micelles, these HA structures have been referred to as pseudomicelles. A portion of 
a generalized structure, which may be visualized as a "knot" in a HA polymer "string" was 
suggested (Fig. 4). 
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Fig. 4. Portion of the proposed "type" structure of humic acid [56]. 
 

Spectroscopic evidence for the existence of humic pseudo-micelles has been reviewed by 
von Wandruszka [48]. The structures are considered to exist at all low HA concentrations in 
aqueous solution, although certain variations in composition must be anticipated. It is, for 
instance, likely that intermolecular aggregation supplements intramolecular coiling in 
pseudomicelle formation, and that this depends on both the concentration and polydispersity 
of the solute. The proposed assembly thus consists of coiled humic polymer chains, 
interspersed with smaller HA fragments. 

Fluorescence measurements of hydrophobic probes (e.g., pyrene) sequestered by the 
pseudomicelles indicate that this type of configuration affords the best isolation for these 
molecules. It is, for instance, clear that they are not accessible to solution borne fluorescence 
quenchers such as the bromide ion. When the size of the HA polymers was reduced by 
photolysis prior to the measurements, they lost their ability to micellize probe molecules, 
proving that short fragments alone are insufficient to form effective pseudomicelles [49]. 
Similar deductions could be made regarding the nature of the HM used. High pressure size 
exclusion chromatography and light scattering measurements showed that molecular size 
distributions vary widely among different HA [50]. Likewise, some HA (e.g., lignite derived) 
have a condensed aromatic backbone, which makes the polymer chains relatively rigid. In 
contrast, some soil HA contain extensive alkyl linkages that lead to a flexible structure. It was 
found that long, supple HA polymers are considerably better sequestration agents for small 
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organic molecules than are short, rigid ones. This observation is consistent with the 
pseudomicellar model proposed above, since the flexible chains can coil more effectively. 

Supporting evidence for this representation of HA is also provided by 3D modeling studies 
carried out by Schulten and Schnitzer [51]. Using semiempirical calculations and known 
chemical features of HA, they arrived at a set of open structures containing numerous voids. 
While these models are valid only for pure compounds, they indicate that individual HA 
polymers can assume configurations that incorporate all the essential attributes envisaged for 
the pseudomicellar arrangement. Other modeling studies [52, 53] have used relatively small 
monomer units, such as the Steelink structure [54] (Fig. 5), to assemble HA polymers. 
Calculations on oligomers of this type suggested the formation of an HA helix with an 8.9 Å 
pitch and potentially charged functional groups (carboxylate, phenolic, amine) distributed 
along the outside in a repeating pattern. The interior of the helix contained more hydrophobic 
groups, again establishing micelle-like nature of the assembly. 

 

Fig. 5. The Steelink model of the humic acid monomer [56]. 
 

An interesting corollary to HA aggregation caused by cations, is the clouding that occurs 
when the solutions are heated. Clouding is a phenomenon familiar from surface chemistry: 
nonionic surfactants, especially those with polyoxyethylene (POE) hydrophilic moieties, 
display an inverse temperature – solubility relationship. When their aqueous solutions are 
heated to a characteristic temperature known as the cloud point, phase separation is observed. 
In this, the solutions first turn cloudy, and then separate into a surfactant-rich and a surfactant-
poor (aqueous) layer [55]. This occurs because the relative permitivity of water decreases 
sharply with temperature, leading to reduced hydration of the POE chains. Similar behaviour 
was observed with HA solutions that were partially neutralized by the addition of metal ions. 
When heated, they too underwent clouding, forming a black colloidal precipitate that 
eventually coagulated. Again, a pseudomicellar aggregation mechanism can provide 
a consistent explanation for this observation [56]. 
 

Above mentioned research is based on the assumption that the basic molecular feature is 
polymer-like structure or polyelectrolyte. Nevertheless such assumption has never been 
unambiguously proved and recent results indicate that polymers are in humic structures 
present in the form of undecomposed paternal material [29].  
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Amorphous and crystalline domains, hydrophobic carbon sequestration 
 
Several studies [57] have suggested that natural organic matter (NOM) may control the 

sorption behaviour of HOCs in soils and sediments. Non-ideal behaviour of more polar 
organic compounds may result from specific interactions (e.g., hydrogen-bonding or stronger) 
with NOM. Efforts to describe the sources of non-ideality of HOCs in NOM, where strong 
specific HOC-NOM (sorbate-sorbent) interactions may not exist, however, have resulted in 
two separate hypotheses to explain the observed behaviour; (i) the existence of dual sorption 
domains within NOM, represented by hard, rigid, glass-like regions, and more fluid, gel-like 
regions [58, 59] and (ii) the presence of high surface area, carbonaceous (HSAC) regions [60, 
61]. 

Practically all macromolecules, including biopolymers such as starches and lignins, display 
distinct thermodynamic properties that can manifest significant differences in their physical 
structure and mechanical behaviour. One of these characteristics is the glass transition 
temperature, Tg, which marks a second-order phase transition between a hard, rigid, glasslike 
state and a soft, flexible, rubbery state. This characteristic property may be easily measured 
using differential scanning calorimetry (DSC) and thermomechanical analysis (TMA), among 
other techniques. 

According to the glassy/rubbery concept of NOM, non-ideal sorption and diffusion 
behaviours are controlled by the mobility of macromolecular segments - more rigid sections 
lend rise to the formation of relatively immobile domains exemplified by fixed microvoids 
and non-ideal sorption behaviour, while more fluid, rubber-like regions possess sufficient 
mobility to behave as amore true partitioning domain which manifests ideal or near-ideal 
transport behaviour. While the hypothesis of HSAC NOM suggest that non-ideal behaviour 
derives from solute sorption in microvoids within hard, black carbon-like materials (e.g., 
charcoal, coal, soot), the concept of macromolecular mobility was conceivably extrapolated to 
HSAC NOM, where the reduced mobility of glass-like cabonaceous NOM may also result in 
observed non-ideal sorption behaviour, kerogens [62], and charcoal-derived tar pitches each 
possess Tg, or the temperature at which a macromolecule transcends from a glass-like state to 
a more fluid, rubber-like state).  

The internal mobility of a “macromolecule” chain is primarily affected by the size of the 
side-chain, or substituent functional groups attached to one of the carbon-carbon bonds of the 
macromolecule backbone. Generally, larger side-chain groups require greater activation 
energies to move or rotate the chain. For example, in case of synthetic polymers, 
poly(propylene) with a methyl group attached to every other carbon atom has a Tg of -10 °C, 
while poly(styrene), with a phenyl group attached in the same location, has a Tg of about 
100 °C. (iii) Macromolecules possessing aromatic (e.g., coals) or parallel bonds in their 
backbones have extremely stiff bonds, resulting in a reduction of molecular mobility and 
increased TgS. (iv) Increases in the free volume of a macromolecule (or that volume not 
occupied by the molecules themselves) allow more room for the macromolecule to rotate, 
resulting in a reduction in the Tg. Thus swelling of a macromolecule by a thermodynamically 
compatible solvent will tend to increase the free volume and lower the Tg. This is evidenced 
by the work of LeBoeuf and Weber [59], where the Tg of Aldrich HA was reduced from 63 °C 
for dry samples to 43 °C for water-wet samples [63]. 

Comparing the average molecular structural unit of FA to that of HA, the less complex FA 
possesses lower apparent molecular weight, less aromaticity, and less likelihood to coil than 
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its HA counterpart. Explanation was given that a lower apparent molecular weight could 
cause a reduction of Tg as shorter polymer chains give rise to more free-end groups, which 
contribute to increased molecular wriggling. The decreased aromaticity observed in FA 
compared to HA could also contribute to the lower Tg displayed for the SRFA compared to 
the peat HS. Polymer chains that have aromatic compounds in their backbones have 
extremely stiff bonds, resulting in reduced molecular mobility and increased glass transition 
temperatures. In addition to the structural differences noted above, HA are also more likely to 
coil-like, thus providing for increased opportunities for the formation of cross-links, resulting 
in a decrease in molecular mobility with a concurrent increase in Tg [64].  
 

By means of solid-state NMR, Hu et al. [65] demonstrated the presence of crystalline 
domains composed of poly(methylene) chains in several humic samples extracted from 
miscellaneous sources. A thickness of ca. 3 nm or 25 CH2 units was deduced. Chilom and 
Rice [66] stated that the semi-crystalline domains are present solely in lipid extracts and are 
presumably created by long aliphatic chains. The simultaneous decrease of the amorphous and 
increase of the crystalline poly(methylene) signal show that the mobile amorphous and all-
trans crystalline domains are in close proximity, forming larger poly(methylene) regions; this 
is confirmed by their long 1HT1 relaxation time, which is distinct from that of the rest of the 
material.  

Humins have higher sorption affinities for dichlorobenzenes and naphthalene than do the 
corresponding HA, which have smaller poly(methylene) fractions. The crystallites may also 
influence swelling and solubility properties [65].  

 
Kohl and Rice [67] reported that with the removal of lipids from soil organic matter 

(SOM), the sorptive capacity of mineral soils doubled, and they hypothesized, that polycyclic 
aromatic hydrocarbons (PAHs) and lipids were competing for sorption domains and the 
removal of lipid resulted in the opening up of sorption domains. Simpson et al. [68] observed 
increases in phenanthrene sorption when rigid structures such as aromatics and carbohydrates 
were selectively extracted from a series of HA samples. Furthermore, Gunesakara et al. [69] 
found that with the removal of carbohydrate components from HA samples, a decrease in 
isotherm linearity occurred, suggesting that with the removal of these rigid structures, mobile 
sorption domains were “freed” and became more accessible for contaminants. Furthermore, 
studies that have focused on PAH sorption to humic-minerals have consistently found that all 
Koc (organic carbon-normalized sorption coefficients) values of humic-mineral bound 
sorbents were lower than those of the HM alone. Ahmad et al. [70] investigated the sorptive 
properties of 27 soil samples using carbon types derived from NMR data and found that the 
variation in Koc values was proportional to the SOM aromaticity. Gauthier et al. [71] 
examined the binding of pyrene to 14 different HA and FA samples and attributed the 
magnitude of Koc values to the degree of aromaticity of the HM. 

In the contrary, Chefetz et al. and Salloum et al. [72, 73] found a positive relationship 
between phenanthrene Koc values and aliphatic (paraffinic) carbon content of SOM. Similarly, 
Kopinke et al. [74] reported that the sorption potential of aromatic ester moieties in model 
polymers and HS was similar to those with aliphatic moieties and concluded that aromatic 
substituents are not superior to aliphatic substituents in the sorption of pyrene to the examined 
model polymers. Simpson et al. [68] also reported that aromaticity and H/C atomic ratios 
were not sufficient for assessing the degree of phenanthrene sorption to humic acid. Finally, 
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Salloum [75] also demonstrated that aliphatic rich NOM can sorb appreciable amounts of 
monoaromatic compounds, pyrene and phenanthrene. Therefore, the final conclusion needs to 
be supported by additional experiments.  

2.1.7 Nature of supramolecular interactions 

In general, supramolecular chemistry concerns noncovalent bonding interactions like ion-
ion interactions (100–350 kJ mol-1), ion-dipole interactions (50–200 kJ mol-1), dipole-dipole 
interactions (5–50 kJ mol-1), hydrogen bonding (4–120 kJ mol-1), cation-π interactions (5–
80 kJ mol-1), π-π stacking (0–50 kJ mol-1), van der Waals forces (<5 kJ mol-1), hydrophobic 
effects [76]. 
 
Hydrogen bonding: 

A hydrogen bond may be regarded as a particular kind of dipole-dipole interaction in 
which hydrogen atom attached to an electronegative atom (or electron withdrawing group) is 
attracted to a neighbouring dipole on an adjacent molecule or functional group. Hydrogen 
bonds are ubiquitous in supramolecular chemistry [76].  
 
π-π stacking: 

This weak electrostatic interaction occurs between aromatic rings, often in situations where 
one is relatively electron rich and one is electron poor. There are two general types of π-
stacking: face-to-face and edge-to-face, although a wide variety of intermediate geometries 
are known. Face-to-face π-stacking interactions are responsible for the slippery feel of 
graphite and its useful lubricant properties. Similar π-stacking interactions between the aryl 
rings of nucleobase pairs also help to stabilize the DNA double helix. Edge-to-face 
interactions may be regarded as weak forms of hydrogen bonds between the slightly electron 
deficient hydrogen atoms of one aromatic ring and the electron rich π-cloud of another. Edge-
to-face interactions are responsible for the characteristic herringbone packing in the crystal 
structures of a range of small aromatic hydrocarbons including benzene [76]. 
 
Van der Waals forces: 

Van der Waals interactions arise from the polarization of an electron cloud by the 
proximity of an adjacent nucleus, resulting in a weak electrostatic attraction. They are 
nondirectional and hence possess only limited scope in the design of specific hosts for 
selective complexation of particular guests. In general, van der Waals interactions provide a 
general attractive interaction for most “soft” (polarisable) species. In supramolecular 
chemistry, they are most important in formation of “inclusion” compounds in which small, 
typically organic molecules are loosely incorporated within crystalline lattices of molecular 
cavities. They may be divided into dispersion (London) and exchange-repulsion terms. The 
dispersion interaction is the attractive component that results from the interactions between 
fluctuating multipoles (quadrupole, octupole etc.) in adjacent molecules. The attraction 
decreases very rapidly with distance (r-6 dependence) and is additive with every bond in the 
molecule contributing to the overall interaction energy. The exchange-repulsion defines 
molecular shape and balances dispersion at short range, decreasing with the twelfth power of 
interatomic separation [76]. 
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Hydrophobic effects 
Although occasionally mistaken for a force, hydrophobic effects generally relate to the 

exclusion from polar solvents, particularly water, of large particles or those that are weakly 
solvated (e.g., via hydrogen bonds or dipolar interactions). The effect is obvious in the 
immiscibility of mineral oil and water. Essentially, the water molecules are attracted strongly 
to one another resulting in a natural agglomeration of other species (such as nonpolar organic 
molecules) as they are squeezed out of the way of the strong intersolvent interactions. This 
can produce effects resembling attraction between one organic molecule and another, 
although there are in addition van der Waals and π-π stacking attractions between the organic 
molecules themselves. Hydrophobic effects may be divided into two energetic components: 
enthalpic and entropic. The enthalpic hydrophobic effect involves the stabilization of water 
molecules that are driven from a host cavity upon guest binding. Because host cavities are 
often hydrophobic, intracavity water does not interact strongly with the host walls and is 
therefore of high energy. Upon release into the bulk solvent, it is stabilized by interactions 
with other water molecules. The entropic hydrophobic effect arises from the fact that the 
presence of two (often organic) molecules in solution (host and guest) creates two ”holes” in 
the structure of bulk water. Combining host and guest to form a complex results in less 
disruption to the solvent structure and hence an entropic gain (resulting in a lowering of 
overall free energy) [76]. 

 
Micellization and hydrotropy 

It is well-known that both surfactants and the related molecules called hydrotropes 
solubilize lipophilic compounds in water. Hydrotropes are compounds that, at high 
concentrations, solubilize sparingly soluble lipophiles in water. Usually, hydrotrope 
molecules have a shorter hydrophobic segment in them, leading to their higher solubility in 
water (e.g., Na salicylate, Na p-toluenesulfonate, catechol, resorcinol, proline). They 
occasionally exhibit a higher and sometimes more selective ability to solubilize guest 
molecules than micellar surfactants do. The aggregation numbers found in the case of 
hydrotropes are expected to be lower compared to those found in the case of micelles and 
might be closer to those found in the case of bile salt aggregates, such Na cholate and Na 
deoxycholate. Hydrotropes self-associate and form noncovalent assemblies of lowered 
polarity, beyond a concentration, termed the minimal hydrotrope concentration or MHC. 
While this self-aggregation is reminiscent of surfactant self-assemblies, there are important 
differences. Rather than forming compact spheroid assemblies, hydrotropes form planar or 
open-layer structures, reminiscent of lamellar liquid crystals, consisting of alternating ribbons 
of hydrophobic clusters of nonpolar regions adjacent to ionic or polar regions that are knitted 
together in a two-dimensional network.  

While surfactants have long hydrocarbon chains, hydrotropes are characterized by a short, 
bulky, compact moiety (often, though not necessarily an aromatic ring) which is hydrophobic 
in nature. Thus the self-association phenomenon appears to be different for hydrotropes and 
surfactant micelles [77].
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3. WORK OBJECTIVES 
 
 The objective of this work was to elucidate the nature and way of formation of 
hydrophobic humic domains. As suggested above there is a confusion in view on the way of 
aggregation of humic substances and consequently the domains formation. Due to the high 
humic matter heterogeneity and their complicated secondary structure it is likely that there is 
not the only and simple way how humic substances form aggregates in solutions. Thus the 
attempt was made to evaluate differences of ultrasonic velocity in diluted humic solutions of 
various concentrations. We supposed that the key factor in the study of humic aggregation 
should be to shed light on its mechanism of aggregates formation. It is likely that the known 
mechanisms of micellization can’t be easily taken into consideration since they are valid 
mainly for simple systems of amphiphilic surfactant monomers dispersed in the aqueous 
environment. Although some works published earlier reported the critical micelle 
concentration in humic solutions, it must be taken into account that the values were 
determined in very wide range of concentrations i.e. 2 to 10 g L-1 which is far beyond the 
values exhibited by classic surfactants. Some results were reported even higher, but according 
to our observations, such high concentrations are sometimes difficult even to reach. In 
addition, according to Conte and Piccolo [78] there is a strong difference in prevailing 
interactions among humic molecules at specific concentrations which can be clearly identified 
in aggregate hydrodynamic radius evaluated by size exclusion chromatography. Hydrotropy 
can be the partial answer to the solubilization capacity of HA, which has been observed at 
significantly lower concentration that reported for CMC. High resolution ultrasonic 
spectroscopy measurements are also supported by the modification of measured solutions by 
selected compounds which were reported to induce reaggregation and/or reconformation of 
humic microorganizations. 
 Fluorescence spectroscopy has been widely used due to its sensitivity for description and 
analysis of micellar or micelle-like systems. That is also a case of HS. Therefore, chemical 
fractionation techniques were used to shed light on the meaning of fluorescence spectra of 
lignite HA. As indicated above, literature data reported up to now almost exceptionally 
ascribed the fluorescence peaks to the superposition of individual chemical structures. Taking 
into account the heterogeneity of humic matter, we doubt about such results. Sequential 
extraction of specific humic parts followed by the fluorescence analysis of the rest elucidates 
the role of extracted molecules in optical properties of HS. 
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4. OVERVIEW OF RESULTS AND DISCUSSION 
 

This chapter gives a summary of the results that has been already published, are submitted 
or are under the preparation for the submission. Full texts of following manuscripts are given 
in the appendix: 

 
� Appendix A. 

Fasurová N., Čechlovská H., Kučerík J. A comparative study of South Moravian 
lignite and standard IHSS humic acids’ optical and colloidal properties. Petroleum 
& Coal 2006, 48 (2), 24-32. 
 

� Appendix B. 
Čechlovská H., Fasurová N., Pekař M., Kučerík J. Fluorescence huminových 
kyselin s ohledem na jejich supramolekulovou strukturu. Chemické listy 2006, 
100, 584. 

 
� Appendix C. 
Čechlovská H., Válková D., Grasset L., Fasurová N., Kučerík J. Some remarks on 
the origin of lignite humic acids optical properties. Submitted to Petroleum 
& Coal 

 
� Appendix D. 

Kučerík J., Šmejkalová D., Čechlovská H., Pekař M. New insights into 
aggregation and conformational behaviour of humic substances: Application of 
high resolution ultrasonic spectroscopy. Org. Geochem. 2007, 38, 2098-2110. 

 
� Appendix E. 

Kučerík J., Čechlovská H., Bursáková P., Pekař M. The thermodynamic stability 
and molecular feature of lignite humic acids aggregates studied by high resolution 
ultrasonic spectroscopy. Accepted in J. Therm. Anal. Cal. 

 
 The purpose of Appendix A was to study the South Moravian lignite HA by means of 
fluorescence spectroscopy and other additional methods as UV-VIS spectroscopy and zeta 
potential measurement. The effort was made to find the appropriate measuring conditions 
since literature data provide rather scattered information. Further, optical and colloidal 
properties of the lignite HA were compared with properties of HA supplied by the 
International Humic Substances Society (IHSS) and it was tested if correlations obtained in 
previously published papers are consistent with those obtained for the South Moravian lignite 
HA.  

The opinion on the origin of humic fluorescence is quite scattered [78]. Many authors 
attribute the optical properties of HA as a consequence of superposition of numerous 
independent chromophores. For example Cory and McKnight [79] stated that thirteen 
components (seven quinone-like, two amino acid-like and four not yet classified groups of 
molecules) are responsible for the HS fluorescence. Peuravuori et al. divided fluorescence 
spectrum into several regions according to certain wavelengths and assumed that certain 
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polycyclic contributors are responsible for humic fluorescence properties [80]. In the contrary, 
it has been demonstrated [81] that optical properties of HS are the result of intramolecular 
charge-transfer interactions between hydroxy-aromatic donors and quinoid acceptors and 
therefore the absorption and emission spectra obtained by spectroscopic methods cannot result 
solely from a simple superposition of the spectra of numerous independent chromophores. 

Individual constituents exhibit fluorescence at low wavelengths while the fluorescence of 
their aggregates is shifted to higher wavelengths (red shift). According to literature [82], the 
position of peaks can help to distinguish between HS of different origin. 
 In presented work river, soil and two lignite HA were measured. It is noteworthy, that both 
lignite HA showed significantly different intensities, but almost the same peak positions. The 
RFI indexes from synchronous spectra and index of humification (E4/6) from UV-VIS spectra 
were determined. Further, absorbance at 265 nm was indicated and compared since it is the 
wavelength frequently used for the comparison of specific humic constituents [83]. 

Elementary analysis and humification indexes as well as literature data [84] implied the 
higher aromaticity of the South Moravian lignite humic acids (HA1) in comparison with the 
Suwanee river sample but their fluorescence intensity was the same or even lower. Results 
showed the lowest E4/6 for the HA1 but the value does not follow the order of fluorescence 
intensity. We hypothesize that the reason of fluorescence fluctuation in dependency on the 
aromaticity degree indicators can be seen in the quenching or in the inner filter effect (e.g 
complex formation). Further, the high E4/6 value of the LHA (lignite HA from IHSS) indicates 
a higher content of aliphatic chains, but the C/H ratio indicates the high aromaticity degree. 
Our hypothesis is supported by data published in [83] where the authors measured emission 
spectra of soil HA and its sub-fractions. The latter exhibited more intensive fluorescence 
emission than the former while peak maxima of sub-fractions were shifted to lower 
wavelengths. Moreover, as demonstrated by [59] HA of different origin create similar 
domains exhibiting mechanistically similar behavior (glass transitions) and they are reported 
being composed mostly by aromatic units [85]. This can be an explanation of similar peak 
position of different HA as reported here. Thus, we assume that in line with the previous 
observation [81] the overall optical properties of HA are a function of intrinsic humic 
components aggregation and do not have necessarily and simply to follow the basic 
parameters such as the aromaticity degree, ultimate analysis or functional group content. 

The value of zeta potential is an important measure of aggregation properties of the 
system. Results indicated that the values of zeta potential do not correlate with the oxygen 
content in humic molecules. Instead, the lowest value have sample LHA having the lowest 
oxygen content. The explanation can be seen in the fact, that the significantly higher influence 
on the zeta potential value have deprotonized functional groups such as COO-. Nevertheless, 
the influence of sterical effects, i.e. protection of a number of groups by a hydrophobic barrier 
can not be excluded.  

The results indicate that the optical and colloidal properties of HA of different origin are 
rather a result of aggregation properties of humic molecules and hydrophobic effect, i.e. 
a driving force sticking amphiphiles together exhibiting consequently an apparently large 
molecular aggregate. Thus fluorescence spectra can not be explained on the base of simple 
molecular composition. Therefore, also the nature of secondary structure must be taken into 
consideration. 

This conclusion confirmed also the results presented at the 58th Congress of Czech and 
Slovak Chemical Societies Associations (Appendix B), where the influence of hydrochloric 
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and propionic acid on synchronous and UV-VIS spectra of South Moravian lignite HA was 
measured. Both acids resulted in increase the stability of secondary humic structure by 
formation of H bonds but caused different changes in measured spectra depending on using 
acid chemical structure. Addition of HCl caused the protonization of humic molecules which 
decreased the strength of repulsive forces of charged sites and promoted approach of humic 
aggregates. This resulted in conjugation of π electrons of individual molecules in secondary 
humic structure and led to the decrease of absorbance in UV region and increase in visible 
part of spectra. Otherwise it could be influenced only by the protonization of e.g. substituted 
aromatic structures. Further we supposed that the propionic acid treatment could evoke 
separation of smaller aggregates, isolated particles or even molecules, which confirmed 
hyperchromic effect in the region around 200 nm and hypochromic effect in VIS region. 
Similar explanation was applicable for SFS spectra. 
 

On the basis of previous results and in order to elucidate the fluorescence measurements of 
HA, the aim of Appendix C was to investigate the influence of specific sequentially extracted 
molecular fractions (water-soluble components, free and bond lipids) on the HA (extracted 
from South Moravian and North Czech region) secondary structure (domains) and to assess 
consequent changes using synchronous fluorescence spectroscopy (SFS). Obtained fractions 
were analyzed either by CPMAS 13C-NMR spectroscopy or by GC-MS. 
 Results obtained by elemental, CPMAS 13C-NMR and GC-MS spectroscopy are elaborated 
in the manuscript of Appendix C. Separation of concrete molecular fractions caused the 
changes in relative fluorescence intensities of main spectral peaks, changes in position of 
peaks were negligible. SFS spectra were measured using the bandwidth of ∆λ = 20 nm 
between the excitation and emission monochromators. This value is thought to be optimal for 
SFS measurement of HA and it has been recommended in scientific literature for a long time. 
By contrast the difference ∆λ between excitation and emission wavelength for individual 
fluorophores presented in HA is about 80-100 nm. Synchronous spectra of original HA and 
HA after separation of molecular fractions revealed that use of ∆λ = 20 nm resulted in the 
most intensive emission peaks around 500 nm. Individual fluorophores presented in literature 
[86] do not have emission wavelength in this region. Therefore, there are many conceivable 
possibilities for chromophores which might contribute to the fluorescence of HS. Further the 
interactions among different molecules and influence of the solvent environment must be 
taken into consideration as well. 

We assume that there are two principal groups of fluorophores present in HA which can be 
called “free” while the second “bound”. While the first group is perfectly solvated and follows 
the ∆λ excitation and emission conditions presented for individual fluorophores, the bound 
molecules are in close proximity and their ∆λ is largely reduced. Accordingly, it seems that 
the former are better visible using conventional emission fluorescence spectroscopy, the latter 
can be better identified using SFS. This view is partially in agreement with a theory in which 
the physical structure of HS is described as the aggregates with several layers; the outer layer 
consists of aliphatic and simple aromatic molecules rich in polar substituents, the inner layer 
or core consist predominantly of aromatic, condensed structures [1]. 
 Further we suppose, that the SFS with ∆λ = 20 nm reveals exceptionally the presence of 
fluorophores which consist of condensed rings or simple aromatics which are in mutual 
intermolecular contact affecting their spectral fluorescence characteristics. The hypothesis on 
apparent condensed aromatic core of HA is supported by our data in Appendix D. Thus the 
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optical properties are dependent on the nature of physical structure with the same importance 
as primary structure. The statement was also supported by results, where progressive dilution 
of humic fraction solution resulted in the increase of fluorescence intensity at 260 nm and a 
dramatic decrease at 500 nm. The emission intensity is considerably shifted to lower 
wavelength due to the separation of individual fluorophores (originally forming aggregates 
with apparently high degree of aromaticity) which seem to be simple aromatic compounds in 
their chemical nature. Consequently, such results revealed also the nature of interaction within 
humic molecules forming an aromatic “core” which could be attributed predominantly to the 
π-π stacking or CH-π interactions of aromatic moieties. 
 The extraction of free and bound lipids by organic solvents brought about molecules which 
are not primarily fluorescing, some significant changes in the fluorescence can be seen. This 
could be promoted by opening of the humic conformation structure stabilized by weak forces. 
It is in contrast with extraction by hot water which separated some compounds just from the 
surface of humic assemblies, since water due to its high polarity was not able to penetrate 
inside the hydrophobic interior of aggregates (core). Consequently, apolar solvents could 
“unblock” particular fluorescing molecules which resulted in an increase of fluorescence 
intensities by the peaks at lower wavelengths values and vice versa to decrease of 
fluorescence intensity by the peaks at larger wavelengths. 
 
 Other part of presented thesis was focused on the aggregation, conformational behaviour 
and thermodynamic stability of HA studied by high resolution ultrasonic spectroscopy 
(HRUS). 
 

In accordance with Wershaw’s concept of HS micellar arrangement, many authors 
published the hypothesis of CMC exhibited by HS. That was reported for HA obtained from 
various sources in the wide range 1-10 g L-1 [87]. Owing to unique technique HRUS, we 
focused to this problem in the Appendix D. First we demonstrated the potential of that 
technique in determination of the CMC of a pure surfactant (sodium dodecyl sulphate in our 
case). Further the aggregation of dissolved HA was studied.  

Obtained results indicated that humic molecules at pH 7 interact and form aggregates at 
very low concentration (at least from 0.001 g L-1 in our case) and in the course of 
concentration increase new added molecules are gradually incorporated into the existing 
structures. Similar results were drawn by Sierra et al. [88], who observed aggregation after 
pyrene addition to humic solution below the concentration reported as the CMC of HA. 
Indeed, this reflects the mechanism of hydrophobic or amphiphilic compound sequestration in 
humic natural systems.  

Our observations showed that in the range from 0.001 to approximately 10 g L-1 HA 
sodium salt at pH 7 and 12 and at high ionic strength do not exhibit a CMC, although 
aggregation of humic molecules can be seen. This confirmed the assumption that there is no 
reason to believe that humic molecules aggregate according to exactly the same mechanisms 
as common surfactants do. For instance, humic molecules with a shorter hydrophobic segment 
may aggregate at significantly lower concentration than amphiphilic compounds. This 
phenomenon is known as hydrotropy and can be a potential answer to the solubilization 
capacity of HA, which has been observed at significantly lower concentration that reported 
for CMC. 
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Effect of added substances (propionic acid, hydrochloric acid, propanol) on HA 
aggregation and conformation demonstrated following facts. The addition of HCl caused 
decrease of US velocity difference (sample minus water abbreviated as U12) regardless of the 
humate concentration, which is in contrast to the increase in U12 with concentration in pure 
humate solutions. In the case of HCl addition, more flexible or less hydrated particles must be 
formed. At low humate concentration the velocity decrease is only small and can be attributed 
to less hydrated, protonated original humic particles. When their concentration increases, 
more particle contacts or impacts are possible and the particles can stick through hydrophobic 
interactions or hydrogen bonding due to suppressed electrostatic repulsion. Since HCl causes 
only protonation of humic molecules, repulsions are suppressed and thus HCl is expected to 
change just the dissociation degree or state of humics. As a result, humic molecules or sub-
aggregates stick together by way of H bonds.  

The addition of propionic acid to the humate solution of low concentration resulted in an 
increase in U12 up to a concentration of 0.05 g L-1. Above this concentration up to 1 g L-1, a 
decrease in U12 can be seen, with a minimum at 0.5 g L-1, whereas above 1 g L-1, U12 
increased significantly. The results correspond to the view of HA being molecules held 
together predominantly by weak interactions even at low concentration. We hypothesize that, 
at low humate concentration (up to 0.05–0.08 g L-1), propionic acid affects the hydrophobic 
cores via its alkyl chain and disturbs the hydrophobic attractions, forming smaller, isolated 
particles or even molecules stabilized predominantly via H bonding, and the newly formed 
hydration shells cause the velocity increase. Thus, humic aggregation at very low 
concentration is again indicated. Above about 0.5 g L-1 the increase in U12 can be observed. 

Propanol was used as a molecule which was supposed having a similar effect as propionic 
acid, but not changing pH dramatically and thus not depressing electrostatic interactions. It 
has been stated that alcohols act mainly as hydrogen bond donors whose binding to a 
polypeptide chain is stabilized by hydrophobic interactions [89]. Within the humic aggregates 
we expect a similar effect. Nevertheless, the results are intriguing and clearly show that the 
studied processes are complex, i.e. reaggregation and reconformation occur simultaneously 
and the results are a consequence of a fine balance between those processes. It even cannot be 
excluded that different humic fractions are acting and dominating under different 
concentrations. Again, most significant changes were observed around a concentration of 0.05 
g L-1. 

 
The purpose of Appendix E was to deeply characterize the difference in structures formed 

at different humic acids concentrations. For this purpose the changes in ultrasonic parameters 
(ultrasonic velocity and attenuation) induced by heating of HA solutions at different 
concentrations, covering the range from 10 to 0.005 g L-1 were monitored. The 
conformational rearrangement of secondary structure of humic molecules was further 
evaluated upon addition of selected modifiers to humic solutions.  

According to our observations, the temperature dependence of U12 dramatically changed 
with changing HA concentration. While at higher concentrations (e.g. 10 g×L-1) there was no 
break observed in the monotonous decrease in U12 within the whole temperature range, lower 
concentrations brought more scattered records. Progressive dilution of investigated solutions 
brought about weakening of humic secondary structure. In case of concentration 1 g×L-1, 
there was observed several breaks indicating transitions which can be attributed to the 
unfolding and disruption of humic aggregates [90]. In principal, an increase in velocity 
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indicates the hydration changes, namely processes of unfolding or aggregate decomposition 
while decrease is usually associated with increase in intrinsic compressibility or intra-
molecular “melting” without significant unfolding [90]. Basically, the concentration decrease 
was associated with the shift of transition temperature to lower values; simultaneously, the 
number and “intensity” of transitions increased. It seems that there is a lower number and/or 
strength of weak interactions stabilizing aggregates in diluted humic solutions. It is 
noteworthy that concentration 1 g×L-1 represents a limit concentration. Whereas there is still 
the shift to the lower temperatures with progressive dilution (reflecting the gradual 
destabilization) there is a remarkable change in the slope of dependency. It can be identified 
in the representative record for concentration 0.005 g×L-1. Since, ultrasonic velocity depends 
on the state of water in the hydration shell [91], evidently, there is a different affinity of water 
in hydration shell to humic molecules. Therefore we assume that such behavior is caused by 
the reduction in the polarity of surface of humic aggregates. Those are not perfectly hydrated 
any longer under 1 g×L-1 and switched mostly into so-called hydrophobic hydration. 

In the light of our observations, it seems that elevated temperatures increase also the 
density of hydration shell around hydrophobic molecules/aggregates which can be interpreted 
as an enlargement of humic aggregate dimensions, or better of hydrodynamic dimension. 
However, humic acids generally consist of a huge number of molecules possessing different 
polarity and polarizability, thus, the temperature induced aggregation promoted by weakening 
of hydration shell around hydrophilic moieties can not be excluded.  

Further as well as in the previous Appendix D, 1 g×L-1 humic solution was treated by 
propionic and hydrochloric acids (decrease in pH from 7 to 3.5) to observe changes in 
stability induced by protonization of COOH groups and consequently a change in the stability 
of humate aggregates. As demonstrated earlier, modification by HCl caused the protonization 
of humic molecules which decreases the strength of repulsive forces of charged sites and 
promotes the aggregation and formation of larger humic aggregates [7]. The modification had 
a slight effect on the stability of secondary humic structure, in fact temperatures of transitions 
were slightly shifted to higher values indicating the employment of higher number of weak 
bonds (probably H-bonds) stabilizing humic structure. 

In contrast to hydrochloric acid, addition of propionic acid into humic sample gave 
a completely different result. All the temperatures of break registered in non-treated sample 
were either shifted to higher temperatures, diminished or even disappeared. The slope of the 
record is similar to those at higher concentrations. Therefore, it is clear that propionic acid 
action caused a more intense stabilization effect towards aggregates associated with the 
increase in number of H-bonds and probably reaggregation of secondary structure. 

The slope of the dependence, if compared with the non-treated sample, indicates the 
prevalence of hydrophilic hydration. It cannot be also excluded the hypothesis that humic 
hydrophobic molecules were separated from each and surrounded by propionic acids 
molecules. That phenomenon reflects the consequences of the effect of hydrotropy [92]. 
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5. CONCLUSION 
 
The achievements and results of this work can be summarized in following statements: 

• Optical properties of HA of different origin can not be simply explained on the base of 
simple molecular composition. The nature of secondary structure must be taken into 
consideration as well. 

• After sequential removing of specific molecular fractions and based on our and other 
measurements, the optical properties of HA could not be a result of the superposition 
of numerous independent chromophores, but rather of their mutual interactions; it 
seems, that SFS evaluates predominantly hydrophobic core of humic aggregates which 
has apparent highly aromatic character. 

• The inner core of a humic aggregate do not necessarily consists of condensed 
structures; the high aromaticity degree can be a consequence of weak interactions of 
simple aromatic moieties such as π-π stacking and CH-π. 

• The crucial factor in SFS measurement is quenching which can be caused both by 
molecules present outside and inside of a humic aggregate. 

• Due to the unique and complicated secondary structure of HA the molecules which are 
not primarily fluorophores can affect the fluorescence due to their interaction with 
fluorophores. 

• HS aggregate from very low concentration at neutral, alkaline pH and high ionic 
strength. 

• In our opinion, aggregation of HA cannot be described in terms of the common theory 
of micellization and critical micellar concentration. Instead hydrotropy can be the 
partial answer to the solubilization capacity of HA, which has been observed at 
significantly lower concentration that reported for CMC. 

• Aggregation of HA can be disturbed or promoted, depending on concentration, by 
electrostatic or other weak interactions with extraneous molecules. Structures of 
varying mechanical strength (rigidity) can be formed in solutions of the same 
components but at different concentration. 

• Study of the thermodynamic stability of lignite HA aggregates by HRUS showed 
several transitions which were attributed to the weakening of humic structure caused 
by decreasing number of stabilizing weak interactions (depending on concentration). 

• Concentration around 1 g L-1 seems to be a limit under which the prevalence and 
importance of hydration dramatically change. Above this concentration the difference 
in ultrasonic velocity decreases following the temperature increase which is explained 
as dominance of hydrophilic hydration. In contrast, below this concentration, the 
temperature dependence of U12 exhibits increasing tendency which is attributed to the 
prevalence of hydrophobic hydration, i.e. uncovering of apolar groups towards 
surrounding water. 
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• Modification of HA solutions by hydrochloric acid resulted in a slight stabilization 
which lead to the conclusion that humic micelle-like sub-aggregates form an open-
layer assemblies easily accessible for extraneous molecules. That was partly verified 
by addition of propionic acid which brought about even larger reconformation of 
humic aggregates and exhibition of polar groups towards hydration water. It is very 
important knowledge, since such interaction can play role in biological processes 
occurring in rhizosphere and can be technologically used to boost fertility of 
agricultural soils as well as to enhance the efficiency of organic fertilizers.  

• The reversible changes in humate solutions induced by heat provided the evidence 
about the existence of significant physical interactions among humic molecules 
resulting in formation of various sorts of aggregates. The nature of aggregates, mainly 
stability and conformation strongly depends on the concentration. 

• Observed changes cannot be simply explained as expansions or conformational 
changes of macromolecular coils, in contrast, results achieved in this work are 
consistent with the theory on supramolecular structure of HA. 
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Abstract
Optical and colloidal properties of humic acids isolated from South Moravian lignite and IHSS standards were 
assessed by emission, excitation and synchronous fluorescence spectroscopy, UV-VIS spectroscopy and by means 
of zeta potential measurement. Obtained results indicated a high aromaticity of lignite humic acids which causes a 
strong inner filter effect in fluorescence measurement. As a result, lignite sample showed the lowest fluorescence 
intensity.  The comparison of obtained records as well as humication indexes calculated from UV and fluorescence 
spectra did not show any correlation with the elemental composition or zeta potential values of humic acids under 
study. The results indicate that the optical and colloidal properties of humic acids of different origin can not be 
explained on the base of simple molecular composition. Therefore, also the nature of secondary structure must be 
taken into consideration. 

Key words: lignite humic acids, synchronous fluorescence spectroscopy, humification index, zeta potential.

1. Introduction

Humic substances (HS) are ubiquitous in almost all terrestrial and water sources. They represent 
a highly heterogeneous mixture of organic materials developed as a result of biotic or abiotic (or both) 
degradations of dead plant tissues and animal bodies. They play a principal role in many important 
environmental processes such as formation and stabilization of soil aggregates, in the process of 
binding organic chemicals and pollutants and at plants growth (drawing off nutrients from soils) [1,2]. 
Traditionally, HS are divided into three main groups according to their solubility: the humic acids (HAs), 
fulvic acids (FAs) and humins. The structure of HS has been discussed from different viewpoints including 
molecular conformation, molecular aggregation, macromolecularity, supramolecular characteristics, 
domain mobility, and many others. Nowadays, two main views of HS character are discussed: polymeric 
and supramolecular theory. The former describes HS as a system of polymers with a high coefficient 
of polydispersity [3] whereas the latter as a random assemblies of relatively small molecules holding 
together via weak interactions and exhibiting apparently high molecular weight [4,5]. 

The unique molecular structure, interactions and conformation properties of HS are and for a very 
long time have been studied by spectroscopic methods [6-23]. Light absorption by these substances 
increases exponentially with decreasing wavelength across the visible and ultraviolet spectrum and 
also fluorescence is a generally known phenomenon in HS [23]. The fluorescent intensity of HAs and FAs 
increase with decreasing apparent molecular size [24], changes with different humification degree [25] and 
significantly differs in HS of different origins [26]. Accordingly, fluorescence indexes, e.g. the ratio of main 
peaks in the fluorescence spectra or the ratio of excitation and emission peaks served for determination 
of degree of humification and a high correlation coefficient with elemental analysis and mainly total 
carbon content has been obtained [14, 21].

An attempt was also made to explain the spectroscopic behavior of HS on the base of their 
chemical composition. The fluorophores in HA are thought to contain substituted and condensed 
aromatic structures [27]. Cory and McKnight [28] stated that thirteen components (seven quinone-like, two 
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amino acid-like and four not yet classified groups of molecules) are responsible for the HS fluorescence. 
Peuravuori et al. divided fluorescence spectrum into several regions according to certain wavelengths 
and assumed that certain polycyclic contributors are responsible for humic fluorescence properties [19]. 
Further, it is thought that in the structure of HAs derivatives of coumarine are present [29] since emission 
peaks of such derivatives have been found in the region 400 to 550 nm for excitation at 340 nm [30]. Other 
possible fluorophores could be quinone, phenols and perylene [14]. 

In the contrary, it has been demonstrated [31] that optical properties of humic substances are the result 
of intramolecular charge-transfer interactions between hydroxy-aromatic donors and quinoid acceptors 
and therefore the absorption and emission spectra obtained by spectroscopic methods cannot result 
solely from a simple superposition of the spectra of numerous independent chromophores. Moreover, 
up to now there is no convincing evidence for condensed aromatic components in the humic structure 
[5,29]. Thus, despite the number of excellent works, the origin of fluorescence of humic molecules remains 
still not completely solved problem.   

Currently, in contrast to common fluorescence techniques, the synchronous fluorescence 
spectroscopy (SFS) gains steadily interest in HS research [14, 19-22, 26]. In principle, a constant difference of 
wavelengths between the excitation (λex) and emission (λem) monochromator is used. Thus, synchronous 
measurement is performed in accordance with the condition ∆λ=λem.-λex. For humic acids ∆λ is usually 
reported either 18 or 20 nm. It has been stated, that higher values of ∆λ caused the increase of relative 
intensity of fluorescence at lower wavelengths and vice versa. SFS has been successfully employed 
for characterization of mixtures giving a better resolution of spectral peaks in comparison with common 
excitation and emission techniques [19].

The aim of this work was to study the South Moravian lignite HAs by means of fluorescence 
spectroscopy and other additional methods as UV-VIS spectroscopy and zeta potential measurement. 
The effort was made to find the appropriate measuring conditions since literature data provide rather 
scattered information. Further, optical and colloidal properties of the lignite humic acids were compared 
with properties of humic acids supplied by the International Humic Substances Society (IHSS) and it 
was checked if correlations obtained in previously published papers are consistent with those obtained 
for the South Moravian lignite humic acids.  

2. Material and methods

Humic acids 

Humic acid (HA1) was isolated from the South Moravian lignite (mine Mikulčice, Czech republic) 
and purified by common procedures as described elsewhere [32]. In brief, original material was shaken 
for 24 hours under nitrogen atmosphere in 0.5 M-NaOH and 0.1 M-Na4P2o7 (60 g lignite: 2000 mL of 
extraction agents) in plastic flasks overnight. The HA1 was precipitated from alkaline extract by adding 
6M HCl until pH 2 and treated with a 0.5% (v/v) HCl-HF solution for 24 hours, dialyzed (Spectrapore 3, 
3500 Mw cutoff) against distilled water until chloride free and freeze-dried. Details on obtained humic 
acid are given in[33].

Other humic acid samples were purchased from the IHSS (International Humic Substances Society): 
lignite (LHA), and Elliot soil humic acid standard (Elliot soil) and Suwanee River humic acid standard. 

All the humic samples were suspended in distilled water and titrated by 0.5 M NaOH to pH 7 to 
dissolve the solid HA and to form soluble humates. Obtained solutions were freeze-dried, homogenized 
and stored. For the purpose of analysis water soluble humate salts were dissolved in Mili Q water.  

Fluorescence, zeta potential, UV/VIS and elemental analysis

An Aminco Bowman spectrofluorimeter, Series 2 equipped with Xenon lamp was employed to 
acquire excitation, emission and two-dimensional SFS. Excitation spectra were measured in the interval 
from 300 to 480 nm with the emission at 528 nm and emission spectra from 480 to 600 nm at excitation 
468 n. Synchronous fluorescence spectra were scanned from 300 to 600 nm at various ∆λ differences 
from 12 to 80 nm. Bandpass of both monochromators was set to 4 nm. Spectral resolution of Aminco 
spectrofluorimeter is 1 nm. Sensitivity of all samples was set to 70 %. Scan speed was set to 60 nm 
per min. Fluorescence measurements were recorded and assessed by AB2 program. The correction 
of fluorescence records were carried out using the same voltage on the detector. UV/VIS spectra were 
acquired by the spectrophotometer Varian 50 Probe. Samples were measured in Spectrosil cuvett (δ=1 
cm). UV/VIS limiting resolution was less than 1.5 nm.
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Zeta potential measurement was carried out by means of ZetaSizer 3500, Malvern in a glass cell, 
by the method of the laser Doppler micro electrophoresis. Standard deviation never exceeded of 2 mV. 

The elemental analysis of HA was performed on Carlo Erba analyzer, Flash 1112. Carbon content 
was determined as CO2, nitrogen content as NO2, hydrogen content as H2O and oxygen content was 
calculated up to 100 %. Ash content was calculated from the weight of a sample after burning at 700°C 
for 3 hours. Results of elemetal analysis are summarized in Table 1.

Table 1. Ash-free elemental analysis of humic samples, ash content, fluorescence and absorbance 
indexes, zeta potential values. 

hA C
(%)

o
(%)

N
(%)

h
(%)

C/H Ash 
(%)

(I5/I4) e4/E6 A265
ζ

 [mv]
LHA* 63.8 32.0 1.2 3.7 17.2 2.6 0.80 4.8 3.41 - 43.3
Elliot s.* 58.1 34.1 4.1 3.7 15.8 0.9 0.84 4.7 3.19 - 42.6
Suw. R.* 52.6 41.7 1.2 4.4 11.9 3.1 0.75 4.1 2.00 - 49.7
hA1 57.2 37.2 1.0 4.6 12.4 2.3 0.83 3.99 2.41 - 35.9

* elemental analysis obtained from list of products from IHSS

3. Results 

Preliminary tests were devoted to determine the ideal concentration of humic acids for the fluorimetry 
measurement in order to comprehensively compare wavelength and intensities of all humic samples. 
Fig 1 presents emission fluorescence spectra in the concentration range from 0.001 to 0.1 g.L-1 of HA1 
with the excitation at 468 nm. As expected, the intensity of fluorescence depends on the concentration, 
any significant shift of the peak position has not been observed. Fluorescence emission measurement at 
lower concentrations gave a prominent peak at 556 nm, dissappearing at higher concentrations due to 
the rapid increase of intensities at lower wavelengths. Fluorescence intensity emitted at 556 nm for the 
concentration range from 0.001 to 0.01 g.L-1 showed a linear increase followed by a non-linear increase 
at concentrations up to 0.1 g.L-1 (results not shown). Since humic samples measured in this work showed 
significantly different fluorescence intensity, for their mutual comparison the concentration 7.5 mg.L-1 
was used (Fig. 2). It can be seen that the soil Elliot humate and LHA gave substantially more intensive 
fluorescence than the Suwanee river and the South Moravian lignite humic acids. Identification of the 
peak at 556 nm was in the former case hampered by the increasing intensity at lower wavelength.

Figure 1. The influence of the sample concentration on the emission fluorescence spectra of HA1 
sample ( excitation at 468 nm).
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Figure 2. Emission spectra of sodium humate samples at excitation 468 nm. (7.5 mg.L-1)

Figure 3. Excitation spectra of sodium humate samples with the emission at 528 nm. (7.5 mg.L-1)

Fig. 3 shows the same comparison but for the excitation fluorescence measurement with the emission 
at 528 nm. In this case, the resolution is significantly better than in Fig. 2. The order of intensities is the 
same as in the emission measurement. The HA1 sample compared with the Suwannee river humate 
showed even lower fluorescence intensity. 

The RFI indexes were determined from the ratio of the two most intensive peaks at 487 and 501 nm 
from SFS (the fluorescence index). Results are reported in Table 1. The highest RFI index had the Elliot 
soil sample whereas  the lowest one the Suwannee River sample. 

The synchronous fluorescence spectra (SFS) were measured at various constant differences – 10, 
20 and 80 nm (Fig. 4). SFS spectra confirmed that the optimal setting of Δλ is 20 nm. As expected and 
in accordance with literature data, SFS spectra of humic samples resulted in fine records allowing better 
spectral separation. A main peak was observed at 488 nm, minor peaks at 360, 380, 420, 470, 500 
and 512 nm. Fluorescence intensities obtained by SFS confirmed the previous order determined in the 
emission mode (Fig. 5). 

UV-VIS spectroscopy is considered to be one order less sensitive technique in comparison with 
the fluorescence measurement. The UV profile of all humic acids showed typical record, that is, the 
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exponential increase of absorbance at decreasing wavelengths with a small plateau around 250 nm. 
Since the visible region did not give any important information, solely the UV region is reported in Fig. 6. 
The index of humification i.e. the ratio of specific absorbances in visible region at 465 and 665 nm (E4/6) 
was also determined (Table 2). Further, absorbance at 265 nm was determined and compared since it 
is the wavelength frequently used for the comparison of specific humic constituents[34].

Figure 4.  Synchronous scan with constant difference Δλ=10, 20 and 80 nm. (7.5 mg.L-1)

Figure 5. Synchronous fluorescence scan of sodium humate samples. (Δλ=20 nm, 7.5 mg.L-1

In order to evaluate influence of concentration on the zeta (electrokinetic) potential, different 
concentrations of HA1 in the range from 1.10-4 g.L-1 to 1.10-1 g.L-1 of were measured as reported in Fig. 
7. Values of zeta potential irregularly decreased from -5 do -46 mV and at higher concentrations slowly 
decreased. Since the records of other humic samples under study were similar they are not reported. 
Instead the averaged values of zeta potential of humate solutions at the concentration 7.5 mg.L-1 are 
given in Table 1. The lowest value indicating the most intense charge of the double layer showed the 
sample Suwanee River whereas the highest the sample HA1. 
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     Figure 6. UV spectra of sodium salts of humic acids, concentration 7.5 mg.L-1.

4. Discussion 

Fluorophores represent a minor part of humic substances[29]. As a result, the fluorescence is 
generally weak and its intensity depends on many factors [14, 35]. One of those result has been reported 
the age or better maturity of humic substances [14]. In Figs 2,3 and 5 it can be seen that the lignite 
humic acid HA1 showed the lowest fluorescence intensity which is in agreement with literature data. 
Leonardite humic acids LHA, though are undoubtedly ancient, underwent their specific genesis during 
which they were extensively oxidized and thus it is not easy to rationalize their fluorescence properties 
with regard to their maturity.  

As it has been demonstrated, the measurement of fluorescence of humic acids at higher 
concentrations (approximately above 15 mg.L-1) is hampered by intrinsic fluorescence quenching 
whereas at lower concentrations it is difficult to be resolved from the background scattered light. Further, 
as stated in [7] the position of peaks can help to distinguish between humic substances of different 
origin. In this work, we have used river, soil and two lignite humic acids. It is noteworthy, that both lignite 
humic acids showed significantly different intensities, but almost the same peak positions (Figs. 2, 3 
and 5). The opinion on the origin of humic fluorescence is quite scattered [14, 19, 27-30]. The common point 
is that humic acids are, among others, composed of substituted aromatic rings and potentially by highly 
unsaturated aliphatic chains. However, there is not a general agreement if the aromatic constituents 
are condensed or if the presence of frequently reported highly aromatic structures is not rather a result 
of the hydrophobic effect, i.e. a driving force sticking amphiphiles together exhibiting consequently an 
apparently large molecular aggregate [5]. They can be gradually created from diluted solutions and their 
dimension increases with increasing concentration. Individual constituents exhibit fluorescence at low 
wavelengths while the fluorescence of their aggregates are shifted to higher wavelengths (red shift).  
This can be identified in the Fig. 1, if the concentration is increased the ratio of peak intensities around 
520 and 550 is changed. Undoubtedly, the role of above mentioned light scattering and quenching must 
be taken into account. Nevertheless, similar results as published here were obtained also by Yang and 
Zhang [35] who employed the polarization technique to suppress undesirable light scattering effects. Such 
explanation sounds reasonable since i) as a result of solubilization of hydrophobic pollutants at very 
low concentrations, humic acids were proposed to aggregate from significantly lower concentrations 
than is usually reported their critical micelle concentration [36] and ii) based on the UV/VIS fluorescence 
measurement, the optical properties of humic acids is not a result of the superposition of numerous 
independent chromophores, but rather of their mutual interactions [31]. Consequently, although the 
elementary analysis and humification indexes reported in Table 1 as well as literature data [32] imply the 
higher aromaticity of the lignite humic acids HA1 in comparison with the Suwanee river sample, their 
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fluorescence intensity is the same or even lower. Kononova reported that the ratio E4/6 corresponds to the 
degree of condensation of aromatic substances. Low ratio corresponds to high degree of humification 
and indicates low number of aliphatic chains [37]. Table 1 reports the lowest E4/6 for the HA1 but the value 
does not follow the order of fluorescence intensity. We hypothesize that the reason of fluorescence 
fluctuation in dependency on the aromaticity degree indicators can be seen in the quenching or, to call 
it more precisely, in the inner filter effect [38]; in principle, it can be static (e.g complex formation) and 
dynamic (e.g. collision quenching). Regarding the heterogeneity of humic acids, the former seems to 
be more probable. Further, the high E4/6 value of the LHA indicates a higher content of aliphatic chains, 
but the C/H ratio indicates the high aromaticity degree. Our hypothesis is supported by data published 
in [34] where the authors measured emission spectra of soil humic acids and its sub-fractions. The latter 
exhibited more intensive fluoresce emission than the former while peak maxima of sub-fractions were 
shifted to lower wavelengths. Moreover, as demonstrated by [39] humic acids of different origin create 
similar domains exhibiting mechanistically similar behavior (glass transitions) and they are reported 
being composed mostly by aromatic units [40]. This can be an explanation of similar peak position of 
different humic acids as reported here. Thus, we assume that in line with the previous observation [31] 
the overall optical properties of humic acids are a function of intrinsic humic components aggregation 
and do not have necessarily and simply to follow the basic parameters such as the aromaticity degree, 
ultimate analysis or functional group content.

Humic substances generally show strong absorbance in the UV/VIS range, particularly in the UV 
region because of the presence of aromatic chromophores and/or other organic compounds [41]. In 
fact, the UV absorptivity at 265 nm (ABS265) is commonly used to determine the relative abundance of 
aromatic C=C content of NOM (natural organic matter) because of π-π* transitions substituted benzenes 
or polyphenols occurs in this wavelength region [23]. Accordingly, the records given in Fig. 6 shows that 
both the LHA and soil Elliot HA contain relatively high amount of the above mentioned constituents. In 
addition, the Suwanee river sample showed a more rapid decrease in absorptivity as the wavelength 
increased in comparison with the HA1. However from 320 nm the absorptivity of  river sample was lower 
than for HA1. This observation could be explained by the fact that that UV/VIS absorption of natural 
organic matter is affected by relative abundance of the aromatic C=C and ketonic C=O functional groups 
(or chromophores) and auxochormes such as C-OH, C-NH2 and others. The ketonic functional groups 
give a weaker absorption in the visible range, whereas auxochromes do not confer color by themselves 
but increase the color of chromophores [23]. Elemental analysis of HA1 indicated that it contained a 
higher amount of carbon and lower of oxygen than Suwanee river sample (Table 1). The strong UV 
absorption (at < 250 nm) may result both form the aromatic C=C and ketonic C=O functional groups. 
However, UV absorption by the river humic sample may result primarily from the absorption of by ketonic 
functional groups. This is also in agreement with the genesis of river humic sample. Further, both the 
low amount of auxochromes and lower C/H is probably the reason of significantly lower absorptivity of 
HA1 in comparison with LHA and Elliot soil. In the former case it is likely a high content of N-containing 
auxochromes. 

The determination of the zeta potential in order to assess humic acids properties has not been 
frequently reported [42, 43]. That method allows assessment of an apparent surface charge of colloidal 
particles or aggregates. Since humic acids molecules contain a number of miscellaneous polar groups 
(carboxyl, hydroxyl, alcoholic, carbonyl and amidic) having a strong influence on the total charge, its 
application for the characterization of humic substances seems to be quite reasonable. The value of zeta 
potential is an important measure of aggregation properties of the system and allows the determination 
of equilibrium dissociation constant. As reported in Table 1, the values of zeta potential do not correlate 
with the oxygen content in humic molecules. Instead, the lowest value have sample LHA having the 
lowest oxygen content. The explanation can be seen in the fact, that the significantly highest influence 
on the value have deprotonized functional groups such as COO-. Leonardite, a source of LHA is known 
as an oxidized coal with pronounced high content of carboxylic groups. Nevertheless, the influence of 
sterical effects, i.e. protection of a number of groups by a hydrophobic barrier can not be excluded. 
This can be identified in the Fig. 7. Aggregation of humic substances as illustrated by the increasing 
concentration proceeds in non-linear or non-exponential decrease of zeta potential while at higher 
concentrations seems to increase again. Similar results have already been reached by means of size 
exclusion chromatography [44] and it has been stated, that in diluted solutions of humic acids (at pH 7) 
prevail hydrophobic interactions between molecules (π-π, CH-π interactions and van der Waals forces). 
Increasing concentration causes closer contact of aggregates and increasing importance of both H-
bonds and repulsive forces of charged sites. As a result, the mean surface charge of humic aggregate 
is slowly reduced and humic secondary structure altered. 
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5. Conclusions

The optical and colloidal properties of humic substances of different origin can not be explained on 
the base of simple molecular composition. Instead, the nature of secondary structure must be taken into 
consideration as well. We do not intend to doubt about results and correlations obtained and published 
so far by many authors, rather, to suggest the future investigation of humic substances based on the 
interrelationship between the primary and secondary humic structures.   
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 Tradiční pohled na strukturu huminových kyselin je 
založen na předpokladu, že se jedná o polydisperzní 
makromolekulární systém. Tento pohled byl a doposud také je 
základní premisou při tradičním vyhodnocování jejich 
fluorescenčních spekter. V poslední době jsou huminové 
kyseliny popisovány jako směs relativně malých (<1000 Da) 
heterogenních molekul držících pohromadě slabými 
disperzními silami a vodíkovými vazbami.  

Cílem této práce je sledovat vliv různých látek na 
synchronní fluorescenční spektra huminových kyselin 
a diskutovat indukované změny v souvislosti struktura-typ 
přidané látky. Tradiční interpretace fluorescenčních spekter 
byla založena na poznatku, že jednotlivé píky mohou být 
připsány superpozicím jednotlivých fluoroforních skupin či 
molekul. Například píky v oblasti pod 480 nm byly připisovány 
strukturám hydroxychinolinu a derivátům kumarinu. U píků 
v oblasti nad 480 nm bylo usuzováno na přítomnost skupin 
polyaromatických sloučenin s počtem 5 a více cyklů. 
Předpokládala se i přítomnost perylenu, který poskytuje emise 
v oblasti kolem 480-500 nm1. 

Byl sledován vliv kyseliny propionové a kyseliny 
chlorovodíkové na synchronní spektra fluorescence huminové 
kyseliny izolované z jihomoravského lignitu. Je známo, že 
kyselina chlorovodíková zapříčiňuje protonizaci polárních 
skupin, což podporuje tvorbu vodíkových můstků 
a rekonformaci především polárních částí molekul. Kyselina 
propionová pak, díky přítomnosti hydrofobního uhlíkového 
řetězce, ovlivňuje kromě polárních částí i části nepolární 
a způsobuje i separaci hydrofóbních (alifatických 
i aromatických) domén2. 
 Výsledky naší práce naznačují, že emise tradičně 
přiřazované jednotlivým strukturám jsou spíše důsledkem 
agregačních vlastností menších huminových molekul tvořících 
vlivem hydrofóbního efektu zdánlivě vysoce aromatické 
struktury; výsledný záznam je pak funkcí jak primární tak 
i sekundární struktury huminových látek. 
 
Tato práce vznikla za podpory grantu MŠMT 104/03/D135. 
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Abstract 

Humic acids (HA) isolated from lignite in South Moravian and North Czech 

region were characterized by elemental analysis and fluorescenct spectroscopy 

analysis. From both humic acids were sequentially extracted water soluble 

fractions, free and bond fatty acids which were consequently characterized by 

CPMAS 13C-NMR spectroscopy and GC-MS analysis. The respective rests 

were dissolved in sodium hydroxide and the synchronous fluorescence 

spectroscopy (SFS) was used to analyze the character of present fluorophores 

and assess the influence of extracted molecules on the fluorescence of humic 

acids. The results has revealed a number of essential outcomes for the 

elaboration of fluorescence records of humic matter: i) based on our and other 

measurements, the optical properties of humic acids could not be a result of the 

superposition of numerous independent chromophores, but rather of their 

mutual interactions; it seems, that  SFS evaluates predominantly hydrophobic 

core of humic aggregates which has apparently highly aromatic character, ii) the 

inner core of a humic aggregate do not necessarily consists of condensed 
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structures, the high aromaticity degree can be a consequence of weak 

interactions of simple aromatic moieties such as π-π stacking and CH-π; iii) the 

crucial factor in SFS measurement is quenching which can be caused both by 

molecules present outside and inside of a humic aggregate; iv) due to the 

unique and complicated secondary structure of humic acids the molecules 

which are not primarily fluorophores can significantly affect the fluorescence 

due to their interaction with fluorophores. 

 

Key words: synchronous fluorescence spectroscopy, lignite humic acids, 

extractions, supramolecular structure 

 

1. Introduction 

 

Humic substances (HS) are complex organic materials found ubiquitously in 

nature where they play an essential role in numerous environmentally important 

processes. They are the product of biotic or abiotic (or both) degradations of 

dead plant tissues and animal bodies. Because light absorption by these 

substances increases exponentially with decreasing wavelength across visible 

and ultraviolet spectrum, they can provide to aquatic organisms protection from 

damaging ultraviolet radiation [1]. They are very active in binding ions, organic 

molecules and mineral surfaces and are thereby potentially important to soil 

structure, soil fertility and transport of pollutants in natural waters. The 

conformational behavior of HS in solution depends on pH and ionic strength of 

the solvent and on the concentration of HS. According their solubility under 

acidic or alkaline conditions they are operationally divided into: humic acids 

(HA), which are soluble under alkaline conditions but not acidic conditions 

(pH<2), fulvic acids, which are the fractions soluble under all pH conditions and 

humins, which are the insoluble fractions of humic substances [2]. 

From the chemical point of view HS are commonly believed to consist of high 

molecular weight and highly polydisperse heterogeneous molecules [3]. The 

physical-chemical behavior of HS is reconciled to their commonly accepted 

macromolecular structure by the random coil model [4]. By this interpretation, 



 3 

HS are polymers coiled-down in globular conformations at high concentrations, 

low pH, and high ionic strength, whereas they behave like flexible linear colloids 

at neutral pH, low ionic strength, and low concentration. The amphiphilic 

character of HS was invoked to introduce a micellar or membrane-like model [5] 

by which humic macromolecules arrange the hydrophobic components in the 

inner voids of a humic micelle, whereas hydrophilic constituents are at the 

interphase with the solvent. Despite its general acceptance, the polymeric 

nature of humic substances had never been unambiguously proved [6]. Results 

obtained by size exclusion chromatography suggested an alternative model in 

which relatively small and heterogeneous humic molecules self-assemble in 

supramolecular conformations stabilized only by weak forces such as dispersive 

interactions (van der Waals, π-π, CH-π bonds) and hydrogen bonding. Such 

humic associations show only apparent high molecular dimensions which could 

be attributed to the humic molecules aggregation. Ultraviolet-visible spectra of 

organic acid treated humic substances show hypochromism (decreased 

absorbance due to increased distance between the absorbing chromophores). 

Evidently, the apparent sizes of humic materials do not change due to tight 

coiling or uncoiling, as suggested by the polymer model, but instead change 

due to disaggregation or aggreagation of clusters of smaller molecules. The 

effects of additions of carboxylic and mineral acids on humic fractions with 

different hydrophobicities indicate that aggregate disruption is greatest when 

more hydrophobic humic materials are combined with organic molecules 

containing both hydrophobic and hydrophilic segments. This result suggests 

that humic materials are held together by hydrophobic interactions, which are 

easily disrupted when simple organic molecules penetrate large hydrophobically 

bonded associations and separate them into smaller, higher-energy H-bonded 

associations [7]. That view was later supported by data obtained from High 

Resolution Ultrasonic Spectroscopy [8] and Diffusion Ordered Nuclear Magnetic 

Resonance Spectroscopy [9]. 

Over more than three decades fluorescence spectroscopy has been applied 

extensively to characterization, differentiation and classification of natural 

organic matter (NOM) such as humic matter (HM). Likewise, attempts to identify 
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certain structural and functional constituents (fluorophores) in natural HM have 

been carried out. Fluorescence is sensitive and many environmental factors 

(type of solution, pH, ionic strength, temperature, redox potential of the medium 

and interactions with metal ions and organic substances) affect it [10]. Recently, 

workers have begun to test whether the optical properties of HS can be 

attributed to a simple sum of the spectra of a series of independent 

chromophores or whether a more complex situation is occurring. The observed 

optical properties of HS could arise in two distinct fashions. The first postulates 

that the absorption (and emission) spectrum results from a simple linear 

superposition of the absorption (emission) spectra of an ensemble of 

independent (noninteracting or electronically isolated) chromophores 

(superposition model). In contrast, the second postulates the presence of only 

a few distinct chromophores or closely related classes of chromophores, which 

through electronic interaction produce new optical transitions that are 

responsible for the exponentially decreasing, long wavelength absorption tail 

(interaction model). Optical charge-transfer bands, produced via a ground-state 

interaction between an electron donor, D (e.g., polyhydroxylated aromatics, 

phenols, or indoles), and an electron acceptor, A (e.g., quinones), in close 

proximity represent a possible explanation for this long wavelength absorption. 

These donor-acceptor complexes are known to exhibit new broad absorption 

bands (at lower energies) that are not shown by either donor or acceptor 

molecule independently [1]. 

Single-wavelength fluorescence measurement is limited in its ability to analyze 

complicated multi-component samples when they have severely overlapping 

emission and/or excitation spectra. The general consensus is that this can be 

overcome by using synchronous fluorescence spectroscopy (SFS) [11]. It is 

a method wherein simultaneous scanning of both excitation and emission 

spectra is performed at a constant offset value or difference between the 

emission and excitation wavelengths, ∆λ (∆λ = λem – λ ex). SFS also provides 

better structured and resolved peaks compared to other conventional 

fluorescence methods. However synchronous fluorescence spectroscopy has 

also the same limitations inherent to the basic fluorescence technique, such as 



 5 

spectral distortions caused by intermolecular interactions and by static and 

dynamic quenching processes [12]. 

The aim of this work was to investigate the influence of specific sequentially 

extracted molecular fractions (water-soluble components, free and bond fatty 

acids) on the humic acids secondary structure (domains) and to assess 

consequent changes using synchronous fluorescence spectroscopy. Obtained 

fractions were analyzed either by CPMAS 13C-NMR spectroscopy or by GC-MS. 

Conventional interpretation attributes individual peaks to the superposition of 

particular fluorophores [13], [14]; in line with our results that view can be 

replaced by the notion that the character of fluorescence spectrum is a function 

of conformation arrangement of humic molecules. 

 

2. Experimental 

 

Humic acids 

 

Isolation of humic acids 

Humic acids were extracted from South Moravian lignite (mine Mikulčice, Czech 

Republic) and North Czech oxyhumolite ∼ lignite (mine Sokolov, Czech 

Republic) by means of alkaline extraction (modified procedure of International 

Humic Substances Society). About 200 grams of lignite were mixed with 2 litres 

of 0.5 M NaOH and 0.1 M Na4P2O7. 10 H2O solution and shaken for about 3 

hours. After centrifugation the supernatant was purified with precipitation of HCl 

and HF solution for 24 hours. This was again centrifuged and the residue was 

dialyzed (Spectrapor dialysis membranes, 3500 Mw cutoff) against distilled 

water until chloride free and freeze-dried. 

The sample of sodium humate was prepared using following procedure. 

Isolated HA was mixed with distilled water and the pH value has been adjusted 

with 0.1 M NaOH to 7. The sodium humate solution was freeze-dried. 
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Extraction methods 

 

Hot water extraction (separation of polar substances) 

About 1 g of South Moravian humic acid (SMHA) and North Czech humic acid 

(NCHA) were overfilled with 200 ml of distilled water and heated on 60 – 80 °C 

during about 4 hours. Then the liquid part was centrifuged and freeze-dried. 

 

Extraction and derivatization of the free and bound Fatty Acids 

200 mg of solid rest of HA (after hot water extraction) was initially oven dried at 

40 °C and the free lipids extracted by shaking for 2 hours at room temperature 

with 40 ml of a (2:1, v/v) solution of dichloromethane (DCM) and methanol 

(MeOH). The extract was separated from residue through centrifugation 

(25 min, 7000 rpm) and the supernatant removed. The residue was further 

extracted with 40 ml of the DCM/MeOH (2:1, v/v) solution over night at room 

temperature, and again separated from the supernatant by centrifugation. By 

this step free lipids were removed. The free Fatty Acids (FAs) present in the 

extract were then methylated into Fatty Acid Methyl Esters (FAMEs) with 

tetramethylsilyl-diazomethane [15]. The residue remaining from the lipids 

extraction was air-dried, added with 10 ml of 12% BF3-CH3OH solution and 

heated at 90°C over night. This treatment was repea ted twice. The 

supernatants were recovered by centrifugation (15 min, 7000 rpm), combined, 

treated with an excess of water in order to destroy the remaining BF3, and then 

liquid–liquid extracted with chloroform. The total extract was dehydrated with 

anhydrous Na2SO4 and was dried by rotoevaporation yielding the methylated 

bound FAs [16].  

The procedure is summarized in following scheme (abbreviations in bold are in 

solid state, extracts are liquid): 

SMHA, NCHA 

hot water extraction 

↓ 

SMHA1, NCHA1  

free lipids extraction (extraction by dichloromethane and methanol) 
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↓ 

SMHA3, NCHA3 (yield of free lipids up to 5%)  

bond lipids extraction (transesterification by boron trifluoride and methanol 

solution)  

↓ 

SMHA4, NCHA4 (yield of bond lipids up to 5%) 

 

extracted water fraction → WSMHA2, WNCHA2 (yield ~20%) 

 

Fluorescence measurement 

Emission and synchronous fluorescence spectra of samples at 25 °C were 

measured by an Aminco Bowman Series 2 spectrofluorimeter equipped with 

a xenon lamp and a thermostated cell holder. Emission spectra were measured 

in the range from 460 to 600 nm at excitation wavelength 450 nm at 20±2°C. SF 

spectra were collected in the 250-600 nm excitation wavelength range using the 

bandwidth of ∆λ = 20 nm between the excitation and emission 

monochromators. All spectra were recorded with a 4 nm slit width on both 

monochromators. Spectral resolution of Aminco spectrofluorimeter is 1 nm. 

Scan speed of spectra was set to 60 nm per min. Sensitivity of all samples was 

set to 60 %. Fluorescence measurements were recorded and assessed by AB2 

program. The correction of fluorescence records were carried out using the 

same voltage on the detector. 

Although no further corrections for fluctuation of instrumental factors and for 

scattering effects (e.g. primary and secondary inner filter effects) were applied 

to experimental spectra, a comparative discussion on the spectra is acceptable, 

at least on a qualitative basis, since all of them were recorded on the same 

instrument using the same experimental conditions [13]. 

 

CPMAS 13C-NMR Spectroscopy 

Cross polarization magic angle spinning (CPMAS) 
13

C-NMR spectra of 

WSMHA2 and WNCHA2 were acquired with a Bruker AVANCE™ 300, 

equipped with a 4 mm Wide Bore MAS probe, operating at a 
13

C resonating 
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frequency of 75.475 MHz, and a rotor spin rate of 13±1 kHz. Samples were 

packed in 4 mm zirconia rotors with Kel-F caps. 1000 scans (NS) with 3782 

data points (TD) were collected over an acquisition time (AQ) of 25 ms, 

a recycle delay (RD) of 2.0 s, a contact time of 1 ms. The lowest number of 

scans was used to run NMR experiments on the humic substances and the size 

fractions, whereas 50000 scans were applied for acquisition of NMR spectra of 

bulk soils. A 1H Ramp sequence was used to account for possible 

inhomogeneity of the Hartmann-Hahn condition [17]. The Bruker Topspin 1.3 

software was used to collect spectra, while spectral elaboration was conducted 

by Mestre-C software 4.9.9.9 version. All the free induction decays (FID) were 

transformed by applying, first, a 8 k zero filling, and then an exponential filter 

function with a line broadening (LB) of 100 Hz. A 3rd order polynomial with 

Bernstein algorithm was used for baseline correction of the NMR spectra [18].  

Spectra were integrated over five chemical shift regions corresponding to 

different carbon compounds: 200–160 ppm (COOH), 160–113 ppm (aromatic 

C), 113–93 ppm (anomeric C), 93–44 ppm (oxidized and/or carbohydrate C), 

44–0 ppm (Alkyl C). The area of each spectral region )( abs
iR  was divided by the 

sum of all spectral areas, in order to obtain a relative percentage )( %
iR : 

100% ×













=
∑i

abs
i

abs
i

i R

R
R  

 

Gas chromatography-mass spectrometry (GC-MS) 

FAMEs were analyzed by capillary GC and GC-MS using a Hewlett-Packard 

6890 GC (split injector, 250°C; flame ionization De tector (FID), 300°C) with 

a fused silica capillary column (SGE BPX 5%, 30 m length, 0.25 mm id., 0.25 

µm film thickness) and helium as carrier gas. The GC was temperature 

programmed from 60 to 300°C at 5 °C min -1 (isothermal for 20 min final time). 

The GC-MS analyses were performed on a Trace GC Thermo Finnigan coupled 

to a Thermo Finnigan Automass (with the same GC conditions). The MS was 

operated in the electron impact mode with a 70 eV ion source energy and the 

ion separation was operated in a quadripolar filter. The distributions of FAMEs 
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were determined by integration of gas chromatography peak areas using the 

m/z 74 ion fragmentograms. 

 

3. Results 

 

Elemental and NMR  analysis 

The elemental composition of humic acids extracted from South Moravian 

lignite has already been reported and analyzed in many papers [8], [19], [20]. 

The properties of humic acids extracted from North Czech oxyhumolites have 

been investigated in ref. [21]–[23]. As can be seen from Table 1, NCHA 

contains slightly more carbon and less oxygen content in comparison with 

SMHA. C/H ratio indicates the aromaticity degree and the C/O ratio shows the 

amount of oxygen proportional to carbon content, i.e. indicates amount of 

COOH and OH groups. NCHA is more aromatic and exhibits higher C/O ratio in 

comparison with SMHA. 

Supramolecular arrangement of humic molecules in the mixture allowed the 

sequential extraction of specific molecules. Fig. 1 reports the results of CPMAS 
13C-NMR technique which was used to assess the composition of fraction 

obtained after extraction by hot water. In Table 2 there is listed the percentage 

of C distribution obtained as described in Experimental part. The spectrum of 

the HAs water fractions was divided into five regions, which are assigned to 

alkyl carbons (0–64 ppm), etheric/alcoholic carbons (64–102 ppm), aromatic 

carbons (102–150 ppm), carboxylic carbons (150–188 ppm) and carbons arise 

from ketones, aldehydes and quinones (188–216 ppm). Results reported in 

Table 2 indicate that the fraction extracted from sample NCHA by hot water has 

high amount of aromatic structures as well as carboxyls, ketones, aldehydes 

and quinones. Fraction extracted from SMHA showed similar composition, 

however, with higher content of etheric, alcoholic and aliphatic moieties. 

 

Free and bound Fatty Acids 

In both cases, the distribution of FAs was dominated by the short chain range 

(C10–C18) dominated by the ubiquitous palmitic (C16) and stearic (C18) acids (as 
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methyl esters) and included the iso- and anteiso-C15 and C17 members (Fig. 2). 

Unsaturated fatty acids, oleic (C18:1) acids, were also present in the SMHA 

samples. The C11 component is observed in the distributions of free FAs from 

NCHA and SMHA samples. 

Fatty acids have been used extensively as markers of the plant versus microbial 

origin of SOM, and the contributions of different organisms to the lipid pool [24]. 

While even-numbered short and linear chained fatty acids methyl esters 

(FAMEs) are ubiquitous, the longer mode (C22+) originates from higher plants 

[25]. Short chain FAs (< C20) have been found to be mainly of microbial origin 

[26], [27], although C16, C18, C18:1 and C16:1 FAs have also been identified in 

arbuscular fungi [28], [29]. Straight-chain FAME components of fungal origin 

typically range from C10 to C24 [30], [31]. Iso- and anteiso-C15 and C17 members 

arise from bacteria [32], [33]. 

The presence of a C11 fatty acid in the free lipids extracts is remarkable 

considering that these compounds are unusual constituents of extractable 

lipids. 

Overall, the distributions clearly indicate that the origin of the extracted fatty 

acids is primarily from microbial sources, with only a weak contribution from 

higher plants, because of the absence of the longer mode (C20+). While the 

palmitic acid (C16) that dominates our chromatograms can be attributed to plant 

or microbial sources [32], the lack of longer chain FAMEs suggest that the 

shorter chain FAME were of microbial origin. 

The C11 compounds are present only as free FAs and not covalently linked to 

the HAs organic network. The short chain length suggests microbial oxidation of 

unsaturated alkanoic acids and/or mid-chain hydroxy acids. Upon such 

oxidation, unsaturated bound FAs and/or mid-chain hydroxyl FAs can produce 

free short-chain FAs.  

In addition, because unsaturated fatty acids are preferentially lost during 

diagenesis [34], their absence in the NCHA samples may be a sign of more 

evolved OM in NCHA than in SMHA. 
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Fluorescent spectroscopy analysis 

Emission fluorescence spectra (excitation at 450 nm) gave a record typical for 

humic substances with a broad maximum within the range 500-535 nm [19] 

(records not shown).  

Synchronous fluorescence spectra of SMHA, NCHA and their respective hot 

water fractions are reported in the Fig. 3 and 4. All samples show the presence 

of six main spectral peaks at λex./λem.: 468/488, 481/501, 491/511, 450/470, 

400/420 and 339/359 at constant difference of ∆λ = 20 nm. As can be seen 

from Fig. 3, removing of water-soluble components causes a decrease of 

fluorescence intensities by all peaks in comparison with original humic acid. 

Larger decrease is observed for the peaks in lowest wavelength region. On the 

contrary extracted water fraction shows higher fluorescence intensities by the 

peaks at 468/488, 481/501 and 491/511 nm. Separation of free and bond lipids 

tend to the increase of fluorescence intensity in the region around 339/359 nm 

and to decrease of fluorescence intensity by the peaks at larger wavelengths. 

In case of NCHA sample (Fig. 4), extraction by hot water causes an increase of 

fluorescence intensities by all peaks. After extraction of water fraction one can 

observe a decrease of fluorescence intensities of peaks in the range of 

λem = 359–488 nm. Peaks at 481/501 and 491/511 nm have almost same 

intensities of fluorescence like original NCHA. Removing of free lipids shows the 

same feature in the lowest wavelength region and a decrease of fluorescence 

intensities of peaks from 400/420 nm. Separation of bond lipids causes 

a decrease of fluorescence intensities by all peaks in comparison with original 

NCHA. 

Fig. 5 presents synchronous fluorescence spectra in the concentration range 

from 0.001 to 0.01 g/l of SMHA 3. As expected, the intensity of fluorescence 

depends on the concentration, any significant shift of the peak position has not 

been observed. Concentration lowering showed an increase of fluorescence 

intensity of the peak at 240/260 nm and to decreasing of fluorescence 

intensities by the peaks from 400/420 nm. 
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4. Discussion 

 

SFS spectra were measured using the bandwidth of ∆λ = 20 nm between the 

excitation and emission monochromators. This value is thought to be optimal for 

SFS measurement of humic acids and it has been recommended in scientific 

literature for a long time. SFS has also the same limitations inherent to the basic 

fluorescence technique, such as spectral distortions caused by intermolecular 

interactions and by static and dynamic quenching processes. SFS offers, 

however, a potentiality to reduce overlapping interferences and a possibility for 

each fluorescent component to be identified in a specific spectral range. Since 

lignin and further plant material is considered as precursors of humic acids, it is 

reasonable to attribute the observed fluorescence to moieties such as quinones 

and aromatic hydroxy carboxylic acids [35]–[38]. It is well-known that for this 

class of compounds often a large Stokes' shift is found in their steady-state 

emission spectra caused by a large change in dipole moment or by a proton 

exchange process. Moreover, humic acids are considered as fairly large 

polyelectrolytes or polyelectrolyte-like substances, and, therefore, inter and 

intra- molecular motions due to electronic excitation are likely to occur as well. 

Strong indications that the processes described above occur and contribute to 

the observed fluorescence emission were also found in time-resolved 

fluorescence experiments with humic substances and their metal complexes 

[39], [40]. 

Table 3 summarizes the most probable individual fluorophores found in HS and 

though to be responsible for their fluorescence. It is noteworthy that at standard 

conditions all of them have the difference ∆λ between excitation and emission 

wavelength maxima about 80–100 nm. In contrast, records reported in Fig. 3, 4, 

5 showed that use of ∆λ = 20 nm resulted in the most intensive emission peaks 

around 500 nm. Data listed in Table 3 indicates that no fluorophores have 

emission wavelength in this region as well as the difference between emission 

and excitation is far away from 20 nm.   

Therefore, there are many conceivable possibilities for chromophores which 

might contribute to the fluorescence of HS. Further, to make it more 
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complicated the interactions among different molecules must be taken into 

consideration as well. In SFS records, the intensities of spectral region 280/300, 

typical more for aquatic humic matter, can justifiably be assigned mainly to 

aromatic amino acids and same other volatile acids containing highly 

conjugated aliphatic structures [13]. Potential structural descriptor for the 

intensities within the spectral region around 330/350 nm, has been attributed to 

naphthalene with its derivatives [41]. Potential contributors to the fluorescence 

behaviour within the spectral range 355/375 nm, are though the polycyclic 

aromatics with three to four fused benzene rings. Accordingly, the significant 

range centered around 400/420 nm, can correspond to polycyclic aromatic with 

approximately five fused benzene rings. The next significant range around 

460/480 nm, is attributed the influence of polycyclic aromatics consisting of 

about seven fused benzene rings. The most common lignin descriptors 

fluorescent within this region as well [13]. 

In our recent paper [19] we have published the emission spectra of South 

Moravian lignite humic acids which were confirmed also in this work. The 

excitation at 468 nm brought the emission peak at around 558 nm which fits 

well to the values reported in Table 3. However, in the interval up to 558 nm and 

above there is still evident a broad significant signal which can be attributed to 

the fluorescence resulted from a number of potential interactions within present 

fluorophores.  

 

In light of above discussion emission spectra seem to indicate that except those 

fluorophores which are listed in Table 3, the weak fluorescence “background” 

originates also from fluorophores which optical properties are affected by their 

environment. Essentially, chemically identical molecules are surrounded by 

different solvent environments (water or other molecules) and the spectral 

broadening in solutions is caused by a solvent inhomogeneity. As a result, 

fluorophores adopt different conformations, resulting in a Gaussian distribution 

of energy transitions.  

We assume that there are two principal groups of fluorophores present in humic 

acids which can be called “free” while the second “bound”. While the first group 
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is perfectly solvated and follows the ∆λ excitation and emission conditions given 

in Table 3, the bound molecules are in close proximity and their ∆λ is largely 

reduced. Accordingly, it seems that the former are better visible using 

conventional emission fluorescence spectroscopy, the latter can be better 

identified using SFS. This view is partially in agreement with a theory in which 

the physical structure of humic substances is described as the aggregates with 

several layers; the outer layer consists of aliphatic and simple aromatic 

molecules rich in polar substituents, the inner layer or core consist 

predominantly of aromatic, condensed structures [3]. 

Our hypothesis on SFS is also in line with the original application of SFS which 

was introduced by Lloyd [42] and primarily served for identification of 

condensed aromatic compounds in automobile engine oils, petrols and exhaust 

soots [43]. 

Moreover, beside the "real" fluorescence quenching, the observed steady-state 

fluorescence spectra are also altered due to inner filter effects and the intrinsic 

fluorescence of the humic substances. Thus we assume that the SFS with 

∆λ = 20 nm reveals preferably the presence of fluorophores which consist of 

condensed rings or simple aromatics reported in Table 3 which are in mutual 

intermolecular contact affecting their spectral fluorescence characteristics. The 

hypothesis on apparent condensed aromatic core of humic acids is supported 

by our recent data [8] which revealed that humic molecules tend to recombine 

at very low concentrations via hydrophobic interactions (1 mg L-1 at least) while 

increasing of concentration is associated with employment of increasing number 

of H-bonds. Thus the optical properties are dependent on the nature of physical 

structure with the same importance, if not higher, as primary structure. The 

statement is also supported by results reported in Fig. 5 where progressive 

dilution of humic fraction solution resulted in an increase of fluorescence 

intensity at 260 nm and a dramatic decrease at 500 nm. The emission intensity 

is considerably shifted to lower wavelength due to the separation of individual 

fluorophores (originally forming aggregates with apparently high degree of 

aromaticity) which seem to be simple aromatic compounds in their chemical 

nature. Consequently, such results revealed also the nature of interaction within 
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humic molecules forming an aromatic “core” which could be attributed 

predominantly to the π-π stacking or CH-π interactions of aromatic moieties.  

Results obtained from CPMAS 13C-NMR spectroscopy show, that extraction by 

hot water used in this work separated various compounds which are suppose to 

have fluorescent properties. That fraction shows higher fluorescence intensities 

by the peaks at 468/488, 481/501 and 491/511 nm. In an ideal case the sum of 

spectra SMHA1 and SMHA2 should give the same spectrum as the original 

SMHA. It can be seen that it may be possible at lowest wavelengths but 

definitely not at larger wavelength region. Therefore, the inner filter effect is 

stronger at higher wavelength in comparison with lower values which is an 

indirect proof that SFS is sensitive to analyze predominantly the character of 

inner, apparently condensed, humic core. Further, it is clear that quenching 

caused by secondary humic structure is a crucial parameter influencing the 

feature of SFS spectra of humic acids. This can be also identified in case of 

NCHA and its water fraction where situation is completely different. The rest 

after extraction (NCHA1) gave dramatically more intensive fluorescence than 

the original NCHA. In this case is probable that the quenching of the inner core 

was largely caused also by the outer, water extractable layer.    

The extraction of free and bound lipids by organic solvents brought about 

molecules which are not primarily fluorescing, some significant changes in the 

fluorescence can be seen. This could be promoted by opening of the humic 

conformation structure stabilized by weak forces. It is in contrast with extraction 

by hot water which separated some compounds just from the surface of humic 

assemblies, since water due to its high polarity was not able to penetrate inside 

the hydrophobic interior of aggregates (core). Consequently, apolar solvents 

could “unblock” particular fluorescing molecules which promoted an increase in 

fluorescence intensities by the peaks at lower wavelengths values and vice 

versa to decrease of fluorescence intensity by the peaks at larger wavelengths 

(Fig. 3 and 5). 
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5. Conclusions 

 

This study has revealed a number of essential outcomes for the elaboration of 

fluorescence records of humic matter: 

i) based on our and other measurements, the optical properties of humic acids 

could not be a result of the superposition of numerous independent 

chromophores, but rather of their mutual interactions, which reduces the 

difference between excitation and emission maxima to lower values. 

Hydrophobic environment decrease the ∆λ value while hydrophilic environment 

tend to increase of the ∆λ value which implies that SFS evaluates 

predominantly hydrophobic core of humic molecules, 

ii) the inner core of humic molecules do not necessarily consist of condensed 

structures, the high aromaticity degree can be a consequence of weak 

interactions of simple aromatic moieties such as π-π stacking and CH-π,   

iii) the crucial factor in SFS measurement is quenching which can be caused 

both by inner and outer molecules, 

iv) due to the unique and complicated secondary structure of humic acids the 

molecules which are not primarily fluorophores can affect the fluorescence due 

to their interaction with fluorophores. 
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Figure legends 

Fig. 1. CPMAS 13C-NMR spectrum of the SMHA and NCHA hot water extracts. 

 

Fig. 2. Ion chromatogram (m/z 74) showing the distribution of the released fatty 

acids (as methyl esters) from NCHA a: free, b: bound and SMHA c: free, 

d: bound. 

 

Fig. 3. Synchronous fluorescence spectra of South Moravian humic acid 

(SMHA), humic acid without water-soluble components (SMHA1), extracted 

water fraction (SMHA2), humic acid without free lipids (SMHA3) and humic acid 

without bond lipids (SMHA4). The spectra were recalculated with regard to the 

C content. 

 

Fig. 4. Synchronous fluorescence spectra of North Czech humic acid (NCHA), 

humic acid without water-soluble components (NCHA1), extracted water 

fraction (NCHA2), humic acid without free lipids (NCHA3) and humic acid 

without bond lipids (NCHA4). The spectra were recalculated with regard to the 

C content. 

 

Fig. 5. Synchronous fluorescence spectra of SMHA sample after separation of 

free lipids (SMHA3) depending on concentration. 
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Tables  

 

Table 1. Elemental analysis of South Moravian and North Czech humic acids, 

values are in weight %. 

 

Sample C H N O C/H C/O 

SMHA 57.2 4.6 1.0 37.2 12.4 1.5 

NCHA 57.9 4,3 1,5 31,3 13.6 1.9 

 

Table 2. Distribution of C intensity in different regions of CPMAS 13C-NMR 

spectrum of hot water extracts, for explanation of regions see text.   

 

Sample 216-188 ppm 188-150 ppm 150-102 ppm 102-64 ppm  64-0 ppm  

WSMHA2 0.50 15.76 51.14 4.05 28.55 

WNCHA2 0.67 15.97 55.49 1.82 26.05 

 

Table 3. Nature of fluorophores in humic substances [44]. 

Fluorescing 

molecule 
Structural formula λem (nm) λexc (nm) 

 

Methyl salicylate 

 

 

Salicylic acid 

 

 

3-Hydroxybenzoic 

acid 

 

 

Protocatechuic acid 

(ionized) 

 

 

 

 

 

 

448 

 

 

410 

 

 

423 

 

 

 

455 

 

 

302, 366 

 

 

314 

 

 

314 

 

 

 

340-370 

 

COOCH3 
OH 

COOH 
OH 

COOH 

OH 

COO- 

OH 
OH 
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3-Hydroxycinnamic 

acid 

 

 

Caffeic acid 

 

 

 

Ferulic acid 

 

 

 

β-Naphtol (ionized) 

 

 

Coumarins 

Unsubstituted 

Hydroxy- and 

methoxy- 

Esculetin 

Scopoletin 

Others 

disubstituted 

 

Chromone 

derivatives 

 

 

Xanthone and 

hydroxyxanthone 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

407 

 

 

 

450 

 

 

 

440 

 

 

 

460 

 

 

 

454 

400-475 

475 

460 

430-462 

 

 

 

409-490 

 

 

 

456 

465 

 

 

310 

 

 

 

365 

 

 

 

350 

 

 

 

350 

 

 

 

376 

320-343 

390 

390 

350-419 

 

 

 

320-346 

 

 

 

410 

343, 365 

 

CH=CH-COOH 

OH 

CH=CH-COOH 

OH 
OH 

CH=CH-COOH 

OCH3 
OH 

O- 

O O 

O 

O 

O 

O 
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Flavones and 

isoflavones 

 

 

Hydroxyquinolines 

 

Schiff-base 

derivatives 

 

 

 

 

 

415-475 

 

 

 

450 

 

 

470 

 

313-365 

 

 

 

350 

 

 

360-390 

 

 

Fig. 1. 

 

 

 

 

 

 

OH O 

O 

Ph 
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Fig. 2. 
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Fig. 3. 
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Fig. 5. 
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Abstract

The potential of high resolution ultrasonic analysis (HRUS) in humic acid colloidal properties research has been dem-
onstrated. Sodium salts of humic acids from soil and lignite showed similar behaviour, supporting the hypothesis that, at
both neutral and alkaline pH, they aggregate from very low concentration. The same conclusion can be reached for solu-
tions at high ionic strength. We tried to apply the same procedure as used for the study of micellization and determination
of critical micelle concentration of common surfactants. As expected, our experiments did not show the same break as
demonstrated on the HRUS records for sodium dodecyl sulfate, at least in the range of measured concentration (i.e. from
0.001 up to 10 g L�1). The colloidal state of humic acids in aqueous solution is very sensitive to the presence of other, both
charged and neutral, molecules. Aggregation of humic acids can be disturbed or promoted, depending on the concentra-
tion, by electrostatic or other weak interactions with extraneous molecules. Structures of varying mechanical strength
(rigidity) can be formed in solutions of the same components but at different concentration. Such behaviour reflects mech-
anisms which occur during the sequestration of hydrophobic organic compounds and has several implications for the pro-
tection/transportation of labile structures and contaminants which are hypothesized to be encapsulated within
hydrophobic pockets of soluble humic aggregates.
� 2007 Elsevier Ltd. All rights reserved.

1. Introduction

Humic substances (HSs) belong to the most
widely distributed organic substances on the Earth’s
surface. They are ubiquitous in soil, water, sedi-
ments, peat and younger types of coal. Although

much has been published about them, they are still
among the least understood class of naturally occur-
ring materials (Stevenson, 1994). In natural systems
they act as a soil stabilizer, as a nutrient and water
reservoir for plants, as a sorbent for toxic metal
ions, radionuclides and organic pollutants, and as
chemical buffers with catalytic activity, etc. (Diallo
et al., 2003). In aqueous systems, because of their
spectroscopic properties they, inter alia, protect
microorganisms against UV radiation.
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doi:10.1016/j.orggeochem.2007.08.001
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Humic acids (HAs), a fraction of HSs, are
defined as a pool soluble in alkaline solution and
precipitated at low pH (Stevenson, 1994). Although
HAs are defined through their solubility in aqueous
solution, knowledge of their secondary (physical)
structure in solution as well as of their composition
has remained only a partly resolved problem in
environmental chemistry, soil chemistry and organic
geochemistry. In the past (cf. Kononova, 1961),
HAs were posited to consist solely of a system of
coiled macromolecules having molecular weight in
the range of tens to hundreds of thousands Da (Ste-
venson, 1994). In basic or low ionic strength solu-
tion they had elongated shapes, but became coils
in acidic or high ionic strength solutions. Later,
Wershaw (1986, 1993) proposed that they consist
of ordered aggregates of amphiphilic molecules,
composed mainly of relatively unaltered plant poly-
mer segments possessing acidic functionality and
held together by hydrophobic (p–p and charge
transfer) bonds and H bonding interactions, and
that the hydrophobic parts of the molecules are in
the interior, with the hydrophilic part making up
the exterior surfaces. Ordered aggregates of humus
in soils were depicted as existing as bilayer mem-
branes coating mineral grains and as micelles in
solution. The concept evoked the hypothesis of crit-
ical micelle concentration (CMC) of HSs reported
for the various HAs in the wide range 1–10 g L�1

(e.g., Hayase and Tsubota, 1983; Engebretson and
von Wandruszka, 1994; Guetzloff and Rice, 1994).
This supposes that amphiphilic molecules exist
solely as single unit species at concentrations lower
than the CMC, whereas at higher concentration
ordered aggregates or micelles are formed.

Fluorescence quenching studies of various fluores-
cence probes support the existence of pseudomicellar
microdomains in the HA structure (Engebretson
et al., 1996). The hydrophobic ESR probe 5-SASL
(stearic acid with a nitroxide free radical at C-5 of
the hydrocarbon chain) was used by Ferreira et al.
(2001) to monitor HSs as a function of pH. Under
acidic conditions (pH < 5), ESR spectra indicated
that in a matter of hours to days, the probe was immo-
bilized as a result of hydrophobic interaction with
humic moieties, while at higher pH the probe
remained mobile. That this response was reversible
also suggests that hydrophobic regions form under
acidic conditions, but disperse under basic condi-
tions. Tombácz (1999) noted that HA fractions hav-
ing large hydrocarbon content, as assessed using
NMR, also have high CMC values, suggesting that

the colloidal properties of humic associations are
influenced by the presence of associated alkyl biomol-
ecules such as fatty acids.

On the basis of results obtained using size exclu-
sion chromatography (HPSEC), Piccolo and
coworkers (Piccolo et al., 1996a,b; Piccolo, 2001;
Conte and Piccolo, 1999) introduced a new concept
in which HSs are considered as being supramolecu-
lar associations of relatively small molecules (about
1000 Da) randomly bonded together by weak inter-
actions. Results obtained later with fluorescence
spectroscopy (Kenworthy and Hayes, 1997), NMR
(Simpson et al., 2001, 2002; Simpson, 2002), thermal
analysis (Buurman et al., 2002) or mass spectrome-
try (Piccolo and Spiteller, 2003) supported these
conclusions. Further, other researchers adopted this
view (for instance Peuravuori, 2005; Peuravuori and
Pihlaja, 2004), although they do not exclude the
presence of high molecular moieties which are the
remains of parental plant tissue protected by humic
molecules from biological degradation (Sutton and
Sposito, 2005).

From the chemical point of view, HAs consist of
a mixture of predominantly amphiphilic, aliphatic
as well as aromatic, molecules. It is noteworthy that,
in spite of general assumptions, there is not con-
vincing evidence from chemical degradation studies
for condensed aromatic components in humic struc-
tures (Simpson et al., 1997). The large molecular
dimensions frequently reported can therefore be
attributed to the creation of humic molecule aggre-
gates. This is clearly identified in a paper by Simp-
son (2002), in which diffusion ordered NMR
spectroscopy was applied to examine the diffusivity
of different HAs and fulvic acids (FAs). Depending
on solution chemistry, the humic substances investi-
gated showed diffusivity consistent with molecular
weights of �2500, �1000, �200–600 Da, instead
of the previous tens of kDa. Moreover, aggregation
of humic molecules at very low concentration via
hydrophobic interaction was demonstrated. HAs
create two primary categories of hydrophobic
domains manifesting mechanistically different
behaviour (e.g. sorption properties): amorphous,
gel-like and condensed, glass-like (Weber et al.,
1992; Leboeuf and Weber, 2002). According to
Chien and Bleam (1998), the former consists pre-
dominantly of aliphatic and the latter of aromatic
structures. By means of solid state NMR, Hu
et al. (2000) also demonstrated the presence of crys-
talline domains composed of poly(methylene)
chains in several humic samples extracted from mis-
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cellaneous sources. A thickness of ca. 3 nm or 25
CH2 units was deduced. Chilom and Rice (2005)
stated that the semi-crystalline domains are present
solely in lipid extracts and are presumably created
by long aliphatic chains.

Notwithstanding the accepted view, the extent
and type of humic aggregation is essentially a func-
tion of pH, ionic strength, type of electrolyte, humic
composition and temperature (Jones and Bryan,
1998; Tombácz, 1999; Tombácz and Rice, 1999;
Rice et al., 2000; Sutton and Sposito, 2005).

Despite the indisputable contribution of spectro-
scopic methods to the evaluation of HS properties,
there exist some instrument limitations which reduce
their potential, such as sensitivity, sample concen-
tration, pH, purity of sample, etc. Thus, there is a
clear need to either improve their scale of applica-
tion or find new techniques to extend the current
instrument background. This is the reason we
decided to employ the relatively new technique
called high resolution ultrasonic spectroscopy
(HRUS). Ultrasonic analysis in the low resolution
mode is well known but devices allowing a high res-
olution arrangement were introduced a few years
ago (Buckin et al., 2002). The basic principle of
the method is the measurement of parameters of
ultrasonic waves propagating through samples.
Thus, it represents a physical method and cannot
recognize the chemical type of molecules. The nat-
ure of the wave is, in comparison with the com-
monly used electromagnetic waves, mechanical; it
probes the elastic characteristics of materials, these
being extremely sensitive to intermolecular interac-
tions. Compression in the ultrasonic wave decreases
the distances between the sample molecules, which
then respond via intermolecular repulsions and, vice
versa, the decompression probes the attractive
forces (Buckin et al., 2002). Traditional US spectros-
copy is based on the measurement of ultrasonic
attenuation, which is a measure of ultrasonic trans-
parency of the analyzed medium. Attenuation is
determined by the energy losses during compression
and decompression by the waves and so can be
expressed in terms of viscosity of the medium or
its longitudinal loss modulus. Two major factors
contribute to the energy losses: the scattering of
US waves in non-homogeneous samples (emulsions,
dispersions, etc.) and the fast chemical relaxations–
periodic changes in pressure and temperature in
US waves cause a periodic shift in the equilibrium
position of chemical reactions. The second parame-
ter measured in US spectroscopy is ultrasonic veloc-

ity. This is determined by the density and the elastic
response of the sample to the oscillating pressure
(stress) in the US wave and can be expressed in
terms of compressibility or storage (longitudinal)
modulus. The parameter is extremely sensitive to
molecular organization and intermolecular interac-
tions in samples.

Recent applications of HRUS (Buckin, 2004)
include structural analysis and particle sizing (Alba
et al., 1999), detection and analysis of chemical reac-
tions (Kudryashov et al., 2003), thermal analysis
and phase transitions (Smyth et al., 1999), analysis
of the quality of liquids, detection and analysis of
conformational changes in polymers and biopoly-
mers (Kharakoz and Sarvazyan, 1993), micelliza-
tion (Buckin et al., 1998), ligand–polymer binding
(Kankia et al., 1997) and antigen–antibody interac-
tion, hydration (Buckin et al., 1996), aggregation
and gelation (Kudryashov et al., 2000) and compo-
sition analysis (Buckin et al., 2003).

The aim of the paper was to utilize HRUS and
demonstrate its potential as a tool in research relating
to the colloidal properties of HA solutions. An effort
was made to use the same methodology as for deter-
mination of the CMC of a common surfactant for the
sodium salt of lignite HA. Further, we tried to use
HRUS to evaluate differences in diluted humic solu-
tions after addition of specific compounds.

2. Experimental

2.1. Humic substances

HA was isolated from the South Moravian lig-
nite collected from the Mı́r mine in the area of
Mikulčice, near Hodonı́n, Czech Republic (Kučerı́k
et al., 2003a) using standard alkali extraction with
0.5 NaOH and extensively characterized as pub-
lished in many papers (Kučerı́k et al., 2003b;
Kučerı́k et al., 2004; Klučáková and Pekař, 2005;
Peuravuori et al., 2006; Fasurová et al., 2006). In
this way, sample HAL was obtained. In the litera-
ture it can be found that the ash content is ca. 2%
and total acidity 4.04 · 10�3 mol g�1; 13C cross
polarization magic angle spinning (CPMAS) NMR
showed a distribution of C as follows: 7.09% CO
as aldehydes, ketones and quinones; 7.56% as car-
boxyls; 45.8% in aromatic structures; 4.97% in
ethers and alcohols and 34.57% as alkyl C.

The second sample, HAS, was extracted from soil
collected in the Šumava mountains, Czech Republic
using the standard extraction of the International
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Humic Substances Society (IHSS; Stevenson, 1994).
Details of the procedure can be found in Novák
(1995). Ash content was ca. 3%. HAS was used to test
whether the aggregation behaviour of HAs extracted
from different sources is comparable or not.

Samples were titrated to pH 7 with 0.1 NaOH in
an automatic titrator (Schott, TitroLine Alpha Plus)
with stirring. After a constant value was reached for
60 min, the sodium humate (NaHA) solution was
filtered and lyophilized. The product was milled in
an agate mortar and stored. Details of the elemental
analysis of both HA samples are given in Table 1.

2.2. HRUS measurement

For monitoring of ultrasonic velocity and atten-
uation, a HRUS 102 device (Ultrasonic-Scientific,
Dublin, Ireland) was employed. It consists of two
independent quartz cells tempered by a water bath;
cell 1 serves as sample cell and cell 2 as reference. All
experiments were carried out at 25.00 ± 0.02 �C,
under constant stirring (600 rpm) and at ultrasound
frequency 5480 KHz. The resolution of the spec-
trometer is down to 10�5% for ultrasonic velocity
and 0.2% for attenuation measurement. NaHA
was dissolved in deionized water to a concentration
of 10 g L�1. In order to determine the CMC, 1 mL
of deionized water was added to each cell. The
solution in cell 1 was added stepwise every 10 min
(i.e., when constant values were achieved) with
0.01 mL of NaHA solution; cell 2 was treated in
the same way with the same amount of water to
control the influence of temperature fluctuation on
ultrasonic velocity. For measurements at higher
concentrations, cell 1 was loaded with the appro-
priate NaHAL solution and titrated again with the
10 g L�1NaHAL solution. The same experiment
was repeated but with NaHA dissolved in 1 M NaCl
solution and in NaOH solution at pH 12. Thus, cell
2 was in this case loaded with 1 M NaCl and 0.01 M
NaOH, respectively.

The concentration increment in the ultrasonic
velocity A was calculated from the equation in Kan-
kia et al. (1997):

A ffi ðU � U 0Þ=ðU 0mq0Þ

where U and U0 are the values of ultrasonic velocity
in solution and solvent, respectively, m is the weight
concentration of the solute and q0 is the density of
the solvent. In our case, since both U0 and q0 in
the denominator are constant, we reduced the equa-
tion as follows:

A ffi ðU � U 0Þ=m

To demonstrate the ability of the HRUS 102 device
to allow precise determination of the CMC, an
aqueous solution of sodium dodecyl sulfate (SDS;
Fluka) was measured. Deionized water was stepwise
titrated with 18 g L�1 SDS solution (0.072 mol L�1)
to reach and exceed the CMC in the cell. For eval-
uation of the behaviour of humate solutions at dif-
ferent concentration, only NaHAL was used. Cell 1
was filled with 1 mL of NaHAL solution at 0.01,
0.05, 0.08, 0.1, 0.2, 0.5, 0.8, 1 or 2 g L�1. The solu-
tions were titrated in a single step experiment with
concentrated propionic acid and 0.04 M HCl to
reach pH 3.5 (pH tested in parallel batch experi-
ments). At constant pH (i.e. 7.0 ± 0.2), solutions
were titrated with propanol; its added (molar)
amount was equal to that of propionic acid.

3. Results and discussion

3.1. Determination of CMC of simple surfactant

The first part of this work was devoted to the dem-
onstration of the potential of HRUS in determination
of the CMC of a pure surfactant. This has already
been demonstrated by Buckin et al. (1998) and serves
as an illustration of the markedly different behaviour
of HAs. Titration of a highly concentrated solution of
surfactant into water resulted in a steep increase in
ultrasonic velocity that is the consequence of hydra-
tion of the added molecules. It is known that water
molecules in the hydration shell are less compressible
and therefore more supportive for US wave propaga-
tion than those freely dispersed in solution. Before the
CMC is reached, the value of concentration incre-
ment stays practically constant, demonstrating the
absence of interactions between molecules. Beginning
from some solute (surfactant) concentration, which is
equal to the CMC, the increment dramatically
decreases with some saturation at high concentration
(not given in Fig. 1; for details see Buckin et al., 1998).
In other words, the physical character of the solution
reaching CMC is dramatically changed regardless of
the chemical composition of the compound. The total
change in the concentration increment in ultrasonic

Table 1
Elemental analysis of moisture-free soil (Novák, 1995) and lignite
humic acid (Kučerı́k et al., 2003)

C H N O Ash C/H C/O

HAS (soil) 48.6 5.0 2.9 40.5 3.1 9.7 1.2
HAL (lignite) 57.2 4.6 1.0 37.2 2.3 12.4 1.5
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velocity is determined by the elasticity of the hydro-
phobic core of the micelle. As has also been demon-
strated, the elasticity (compressibility) of the core is
proportional to the length of the hydrophobic tail
of the surfactant. The longer the hydrophobic part,
the more intensive is the decrease in the ultrasonic
velocity increment (Buckin et al., 1998). Moreover,
our preliminary experiments with hydrophobized
hyaluronic acid confirmed a similar break, when this
polymer started to aggregate. For the elucidation of
the above theory and better understanding, the
CMC of SDS was determined. The dependence of
concentration increment on the concentration for
SDS can be seen in Fig. 1; the CMC of SDS was
reported as being ca. 8 mmol L�1 (2.3 g L�1) in pure
water (e.g. Fuguet et al., 2005), in agreement with our
measurement. According to the basic principle of
micelle formation, only amphiphilic molecules are
able to self-organize spontaneously. The driving
force for micellization is the positive entropy change
associated with breakdown of the structured water
which surrounds the hydrocarbon chain in unassoci-
ated species, as widely accepted in aqueous systems at
room temperature (Steed and Atwood, 2000).

3.2. Aggregation of dissolved HAs

HAs are known to consist of many miscellaneous
aromatic and aliphatic molecules sometimes rich in
polar functionalities, so they are supposed to show
micellar properties in aqueous solution. A perusal

of the literature on the issue shows quite scattered
interpretations. As mentioned above, the estimated
value of CMC of concentrated HA solutions has
been reported as high as 10 g L�1. For dilute HA
solutions, however, evidence for micelle-like organi-
zations was found which does not feature a CMC
(Engebretson et al., 1996; Engebretson and von
Wandruszka, 1994). In this model the HA molecules
are considered to ‘‘aggregate’’ both inter- and intra-
molecularly. Nevertheless, there is no reason to
believe that humic molecules aggregate according
to exactly the same mechanisms as common surfac-
tants do. For instance, humic molecules with a
shorter hydrophobic segment may aggregate at sig-
nificantly lower concentration than amphiphilic
compounds. This phenomenon is known as hydro-
tropy and was demonstrated as being a collective
molecular phenomenon (Balasubramanian et al.,
1989). Such substances self associate and form
non-covalent assemblies of lowered polarity,
beyond the concentration termed the minimal
hydrotrope concentration. While this self-aggrega-
tion is reminiscent of that of surfactant self assem-
blies, there are important differences. Hydrotropes,
among others, form planar or open layer structures
consisting of altering ribbons of hydrophobic clus-
ters of non-polar regions adjacent to ionic or polar
regions, that are knitted together in a two dimen-
sional network (Srinivas and Balasubramanian,
1998). Hydrotropicity can be the answer to the sol-
ubilization capacity of HAs, which has been

Fig. 1. Determination of CMC of SDS in deionized water at pH 7. CMC value represents the point before the dramatic change in US
concentration increment with respect to dependence on surfactant concentration, when the CMC is reached (8 mmol l�1 or 2.3 g L�1) the
interactions among molecules began.
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observed at significantly lower concentration that
reported for CMC. It is also in agreement with Wer-
shaw (1999) who proposed two possible explana-
tions: (i) partition of hydrophobic molecules into
interiors of aggregates of amphiphilic molecules at
concentrations lower than the CMC (premicellar
aggregates), or (ii) association of hydrophobic mol-
ecules with the non-polar parts of unassociated
amphiphilic molecules. Our results in Fig. 2a and
c are in line with this theory and indicate that the
interactions or associative forces among HA mole-
cules play a role from very low concentration. An
explanation can be drawn in line with the results
observed by means of HPSEC where the depen-
dence of Mw on HA concentration was studied
(Conte and Piccolo, 2002). It was demonstrated that
hydrophobic attractive forces prevail in extremely
dilute HA solutions. Further, when the distance
among different humic components was reduced
due to an increase in concentration, the negatively
charged sites, present at pH 7, produced an electro-
static repulsion that overcame the hydrophobic
aggregation forces. As a result, the molecular size
of humic association decreased. However, it should
be taken into account that the HRUS experiments
are realized as batch situations, whereas HPSEC
represents a dynamic separation system.

In fact, in this work, a solution of NaHA was
titrated into the cell with water. It is not evident
from Fig. 2, but for 10 min after injection, the value
of U12 stayed constant, which was assumed to rep-
resent equilibrium. To prove such an assumption,
measurement was taken at the beginning, in the
middle and at the end (extended in special experi-
ments by an extra 12 h); again, no significant devia-
tion (or tendency thereof) from constant value was
observed. Hence, we assume that all the experiments
were carried out under equilibrium conditions.

Our results suggest that humic molecules at pH 7
interact and form aggregates at very low concentra-
tion (at least from 0.001 g L�1 in our case) and in
the course of concentration increase new added
molecules are gradually incorporated into the exist-
ing structures. Similar results were drawn by Sierra
et al. (2005), who observed aggregation after pyrene
addition to humic solution below the concentration
reported as the CMC of HAs. Indeed, this reflects
the mechanism of hydrophobic or amphiphilic com-
pound sequestration in humic natural systems. In
fact, the US velocity in HA solution is affected by
two main factors: (i) hydration associated with the
number of water molecules participating in the

hydration shell and (ii) creation of hydrophobic
aggregates which vice versa affects the US velocity.
Fig. 2a shows also the influence of high ionic
strength on the aggregation of HAs. The values of
ultrasonic increment decreased, which can be attrib-
uted to the extensive (but not complete) local bal-
ancing of charged sites (suppressing dissociation).
Fig. 2b shows the result of an experiment similar
to Fig. 2a but at elevated pH. Under these condi-
tions functional groups in HA molecules are fully
dissociated and therefore mutual repulsion of
charged parts plays a crucial role in secondary
humic structure. As a result, the hydrophobic inter-
actions are exclusively responsible for the processes
of aggregation and consequently the values of ultra-
sonic velocity are significantly reduced.

As can be seen from Fig. 2a, the increment in
US velocity is practically constant at higher con-
centrations, whereas the attenuation increases (cf.
Fig. 3). Although attenuation data are scattered,
as could be expected for such a complex system,
a clear increasing trend associated with the
increase in concentration was recorded. This can
be attributed to the aggregates growing in size
and also to the increasing system non-homogene-
ity accompanying the enlargement of aggregate
dimensions.

It is noteworthy that the dependence in Fig. 2
agrees with the concentration dependence of diffu-
sivity obtained by Simpson (2002) using NMR. In
principle, the diffusivity of an organic molecule is
proportional to the hydration volume of the mole-
cule; the higher the diffusivity the lower the hydro-
dynamic radius as well as the ultrasonic velocity in
colloidal systems. According to the Stokes–Einstein
equation (Salomon and Lu, 2001) diffusivity itself
does not depend on concentration; the situation is
changed, however, when interactions between mole-
cules or aggregates appear. It is our hypothesis that
the reported decrease in diffusivity caused by an
increase in apparent molecular weight can correlate
with the decrease in ultrasonic velocity increment.

According to our observations, in the range from
0.001 to approximately 10 g L�1 HA sodium salt at
pH 7 and 12 and at high ionic strength do not
exhibit a CMC, although aggregation of humic mol-
ecules can be seen. To measure higher concentra-
tions is disputable, since filtration of solutions
above this concentration range (especially at pH 7
and after addition of NaCl) showed undissolved
solid residues and so such samples could not be used
for US analysis.
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Fig. 2. Attempt to determine the ‘‘CMC’’ for lignite NaHAL at pH 7 and in 1 M NaCl (a), pH 12 (b) and soil NaHAS (c) at pH 7. The
solely decreasing tendency in US concentration increment provides evidence for the beginning of interactions among molecules.
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3.3. Effect of added substances on HA aggregation

and conformation

As implied by the above results, the structure of
humic aggregates strongly depends on concentra-
tion. It has been suggested before that different
organic as well as inorganic compounds have differ-
ent effects on the conformation of HAs in dilute
solutions (Piccolo, 2001; Conte and Piccolo, 2002;
Simpson, 2002). According to literature data, we
suppose that the resulting humic conformation
would depend on the character of the acid used;
an organic acid possessing a hydrophobic chain
can cause both protonation of carboxylic groups
and, due to low molecular weight and specific
molecular features, can also penetrate hydrophobic
organizations within humic aggregates. HCl, on
the other hand, has been demonstrated to protonate
functional groups but with no evident influence on
the hydrophobic domains. Finally, n-propanol,
should not affect significantly the protonation of
carboxylic groups since the pH of the solution after
its addition stays practically constant; it is supposed
to penetrate hydrophobic domains and induce some
changes there. Moreover, alcohols are known to
bring about dehydration of biomolecules. In the
case of proteins, for example, dehydration can lead
to eventual unfolding through the macroscopic sol-
vent effect.

The process of reaggregation and reconforma-
tion of humic entities after the addition of these sub-

stances was easily observed on the HRUS records
and an example is given in Fig. 4. In order to sup-
press the biasing influence of water as the solvent,
the vertical axis is expressed as a difference in ultra-
sonic velocity between cell 1 (loaded with NaHAL
solution at pH 7) and cell 2 (loaded with distilled
water), denoted U12. Both cells were continuously
stirred and at the same time an aliquot of propionic
acid was injected. Immediately after the addition, a
long time response could be seen. In fact, unlike the
experiment described in 3.1, the reconformation in
cell 2 took a significantly longer time (not evident
from Fig. 4), due to the amphiphilic-like character
of propionic acid, regardless of the relatively short
hydrocarbon chain. In cell 1 the reaggregation took
place in a shorter time because of a more ‘‘friendly’’
environment for the added acid. After a few hours
(dependent on NaHAL concentration), the thermo-
dynamic equilibrium was reached in the altered
ultrasonic parameters. Addition of the other mole-
cules, 0.04 M HCl and n-propanol, showed a signif-
icantly lower period of reaggregation. Fig. 5
summarizes the final (equilibrium) results of the dif-
ferences between US velocity before and after reag-
gregation, triggered by the addition of the
compounds with respect to dependence on the con-
centration of NaHAL.

Fig. 5 shows that, upon addition of HCl, the US
velocity decreases regardless of the humate concen-
tration (Fig. 5b). This is in strong contrast to the
increase in velocity with concentration in pure

Fig. 3. Attenuation dependence on concentration of NaHAL (10 lL of 10 g/L of NaHAL solution was added every 10 min to the cell
containing water).
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humate solutions. In the case of HCl addition, more
flexible or less hydrated particles must be formed.
At low humate concentration the velocity decrease
is only small and can be attributed to less hydrated,
protonated original humic particles. When their
concentration increases, more particle contacts or
impacts are possible and the particles can stick
through hydrophobic interactions or hydrogen
bonding due to suppressed electrostatic repulsion.
Water is repelled from the hydration shells of inter-
acting particles and the velocity decreases. Since
HCl causes only protonation of humic molecules,
repulsions are suppressed and thus HCl is expected
to change just the dissociation degree or state of
humics. As a result, humic molecules or sub-aggre-
gates stick together by way of H bonds. This is also
manifest during HA precipitation, when the
decrease in hydration plays a crucial role in the con-
densation process. The highest U12 value was again
observed in the concentration range 0.05–
0.08 g L�1, which supports the above explanation.

The addition of propionic acid to the solution of
NaHAL of low concentration resulted in an
increase in U12 up to a concentration of
0.05 g L�1 (Fig. 5a). Above this concentration up
to 1 g L�1, a decrease in U12 can be seen, with a
minimum at 0.5 g L�1, whereas above 1 g L�1,
U12 increased significantly. The results correspond
to the view of HAs being molecules held together
predominantly by weak interactions even at low
concentration. We hypothesize that, at low humate

concentration (up to 0.05–0.08 g L�1), propionic
acid affects the hydrophobic cores via its alkyl chain
and disturbs the hydrophobic attractions, forming
smaller, isolated particles or even molecules stabi-
lized predominantly via H bonding, and the newly
formed hydration shells cause the velocity increase.
Thus, humic aggregation at very low concentration
is again indicated. Above about 0.5 g L�1 the
increase in U12 can be observed. Since, as suggested
earlier (the case of HCl), protonation decreases
U12, additional aggregation occurred, strengthen-
ing the molecular system for faster US propagation.
Since carboxylic groups are protonated, charges of
polar groups are partly saturated and the hydration
degree corresponding to U12 increase is therefore
lower. The hydrophobic interactions (followed
probably by disruption) between such a small mole-
cule as propionic acid and hydrophobic domains
can be, from the colloidal chemistry point of view,
questionable since the length of carbon chain is rel-
atively small. However, HCl and propionic acid
have different effects on the humic acid physical
structure. Thus the addition of propionic acid
should necessarily affect the hydrophobic ‘‘soft’’
domains that caused U12 to decrease before the acid
addition.

Propanol was used as a molecule which was sup-
posed having a similar effect as propionic acid, but
not changing pH dramatically and thus not depress-
ing electrostatic interactions (Fig. 5c). It has been
stated that alcohols act mainly as hydrogen bond

Fig. 4. Course of the rearrangement of NaHAS solution after addition of propionic acid. U12 is the velocity difference between cell 1
(NaHAL) and 2 (blank) in order to suppress the influence of the solvent.
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Fig. 5. Final ultrasonic velocity changes for humic solutions at different concentration induced by addition of propionic acid (a) or 0.04 M
HCl (b) to decrease pH from 7 to 3.5 and addition of propanol (c) in the same molar amount as in (a) at constant pH.
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donors whose binding to a polypeptide chain is sta-
bilized by hydrophobic interactions (Dwyer and
Bradley, 2000). Within the humic aggregates we
expect a similar effect. Nevertheless, the results are
intriguing and clearly show that the studied pro-
cesses are complex, i.e. reaggregation and reconfor-
mation occur simultaneously and the results are a
consequence of a fine balance between those pro-
cesses. It even cannot be excluded that different
humic fractions are acting and dominating under
different concentrations. Again, most significant
changes were observed around a concentration of
0.05 g L�1.

4. Conclusions

The potential of high resolution ultrasonic analy-
sis in HA research has been demonstrated. Sodium
salts of humic acids from soil and lignite showed
similar behaviour, supporting the hypothesis that
HAs aggregate from very low concentration at both
neutral and alkaline pH. The same conclusion can
be made for HA solutions with high ionic strength.
We tried to apply the same procedure as used for
study of micellization and determination of the
CMC of common surfactants. As expected, our
experiments did not show the same response as
demonstrated on the HRUS records for SDS, at
least in the range of measured concentration (i.e.,
from 0.001 up to 10 g L�1). In our opinion, aggrega-
tion of HAs cannot be described in terms of the
common theory of micellization and critical micellar
concentration. HRUS indicates that some critical
aggregation concentration for HAs is very low
(equal to or lower than 0.001 g L�1) and actual size,
type and structure of aggregates change with chang-
ing concentration.

The colloidal state of HAs in aqueous solution is
very sensitive to the presence of other, both charged
and neutral, molecules. Aggregation of HAs can be
disturbed or promoted, depending on concentra-
tion, by electrostatic or other weak interactions with
extraneous molecules. Structures of varying
mechanical strength (rigidity) can be formed in solu-
tions of the same components but at different con-
centration. Such behaviour reflects mechanisms
which occur during the sequestration of hydropho-
bic organic compounds and has several implications
for the protection/transportation of labile structures
and contaminants which are hypothesized to be
encapsulated within hydrophobic pockets of soluble
humic aggregates (Simpson, 2002).
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Summary 

The thermodynamic stability of lignite humic acids (sodium salt) aggregates was studied by 

high resolution ultrasonic spectroscopy within the temperature interval from 5 to 90°C. The 

changes in differential ultrasonic velocity (U12) showed strong differences among humic 

solutions within the concentration range from 0.005 to 10 g×L-1. Measurement revealed 

several transitions which were attributed to the weakening of humic secondary structure. 

Concentration around 1 g×L-1 seemed to be a limit under which the change of the prevalence 

and importance of hydration occurred. Above this concentration the difference in U12 

decreased following the temperature increase which was explained as a dominance of 

hydrophilic hydration. In contrast, below this concentration, the temperature dependence of 

U12 resulted in increasing tendency which was attributed to the prevalence of hydrophobic 

hydration, i.e. uncovering of apolar groups towards surrounding water. Additional 

experiments in which the humic sample was modified by hydrochloric acid resulted in a slight 

structural stabilization which lead to the conclusion that humic micelle-like sub-aggregates 

form an open-layer assemblies easily accessible for interaction with an extraneous molecule. 

That was partly verified by addition of propionic acid which brought about even larger 

reconformation of humic aggregates and exhibition of polar groups towards hydration water.  

The reversible changes in humate solutions induced by elevated temperatures provided the 

evidence about the existence of significant physical interactions among humic molecules 

resulting in formation of various kinds of aggregates. The nature of aggregates, mainly the 

stability and conformation, strongly depends on the concentration. Evidently, the changes 

observed in this work cannot be simply explained as expansions or conformational changes of 

macromolecular coils.      

 

Key words: ultrasonic spectroscopy, lignite humic acids, stability, aggregation, hydrophobic 

and hydrophilic hydration
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Introduction 

The importance of humic substances for the sustainability of life on the Earth is well 

recognized. Despite the long-time study and important achievements in the identification of 

primary chemical composition, there is still lack of information on their physical structure. It 

is a consequence of way of humic substances formation, i.e. microbial decay of dead plant 

tissues and animal bodies and likely abiotic transformation promoted and modified by 

environmental conditions. Thereby they can be visualized as a highly complicated mixture of 

both aliphatic and aromatic molecules forming unique and versatile structures [1].  

A number of studies give excellent accounts of the present state of knowledge regarding the 

secondary structure of humic substances. It is generally recognized that humic molecules are 

surface-active and can solubilize a wide variety of hydrophobic species [2-4]. This behavior 

of humic molecules is usually attributed to their micelle-like organizations in aqueous 

solutions. However, high concentrations required for the formation of such structures rarely 

correspond to environmental situations [4]. It is therefore of practical interest to study the 

character of humic organizations also in diluted solutions. In fact, the solubilization capacity 

of humic substances has been reported also at significantly lower concentration than the one 

reported for humic substances (i.e. from 2-10 g×L-1). Wershaw [5] proposed two possible 

explanations: (i) partition of hydrophobic molecules into interiors of aggregates of 

amphiphilic molecules at concentrations lower than the critical micelle concentration 

(premicellar aggregates), or (ii) association of hydrophobic molecules with the non-polar parts 

of unassociated amphiphilic molecules. Evidence for micelle-like organizations which does 

not feature a critical micelle concentration was found by Engebretson et al. [6, 7]. A decade 

ago, spectroscopic evidence for existence of humic pseudomicelles was reviewed [8]. It has 

been stated that the prevailing interactions holding humic aggregates/molecules together in 

diluted solutions are in particular hydrophobic weak interactions. Micelle-like character of 

humic molecules indicates the hydrophobic-hydrophilic nature of molecules and implies 

presence of charged sites at neutral pH. Those are in diluted solutions separated due to 

repulsive forces and the conditions for H-bridges formation are limited.  

Nowadays there is a major disagreement about the conformational structure of humic 

constituents. The several proposed structural formulas consist mainly of highly condensed 

aromatic rings substituted with carboxylic, phenolic, and methoxy groups [9]. The most 

frequently adopted view is that humic constituents in solutions are polymers which coil at 
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high concentrations, low acidity and high ionic strength, but become linear in neutral 

solutions, at low ionic strength and low concentration [10]. 

Piccolo et al. ([1] and references therein) has presented an extended theory, that instead of 

viewing HA as stable polymers, humic constituents should be considered as supramolecular 

associations of relatively small heterogeneous molecules held together by weak dispersive 

forces such as van der Waals, π-π, CH-π interactions and H-bonds. This conclusion was based 

on the large-scale experimental data showing that after modification of the original humic-

solute mixtures, the macroscopic dimension of this supramolecular association was disrupted 

in smaller sized associations with reduced chemical complexity. The disruption by acid was 

attributed to the formation of new, preferably intermolecular, hydrogen bonds. Recent 

experiment also brought the evidence of prevailing hydrophobic interactions holding together 

humic aggregates in diluted solutions [11]. Further, when the distance among different humic 

components was reduced due to an increase in concentration, the negatively charged sites, 

present at pH 7, produced an electrostatic repulsion that overcame the hydrophobic 

aggregation forces. As a result, the dimension of humic association decreased. 

In addition, recent results obtained by the high resolution ultrasonic spectroscopy (HRUS) 

indicated that the humic aggregation instead of being described as a micellization should be 

better viewed as a kind of hydrotropy process [12]. According to theory of hydrotropy, small 

molecules, with hydrophobic chains shorter than eight carbons, tend to self-aggregate at 

concentrations significantly lower than the critical micelle concentration reported for 

surfactants.     

Most methods which can be applied to elucidate the secondary structure of humic substances 

have several limitations, such as composition of mobile phase for the applications of size 

exclusion chromatography or concentration of humic solutions limitating a large number of 

spectroscopic methods. Such limitations can be overcome by a recently developed analytical 

technique, the high resolution ultrasonic spectroscopy, measuring the velocity and attenuation 

of ultrasonic wave propagating through the liquid sample. In principle the ultrasonic wave 

interacts with the sample’s interior, causes compression and decompression and thereby 

enables the analysis of its physical and chemical properties including the information on both 

inter and intramolecular nature of molecular organizations and their hydration [13]. One of 

the advantages of that method is a bimodal arrangement when the sample properties can be 

monitored either under isothermal conditions or under non-isothermal regime [14].        
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The purpose of this work was to monitor changes in ultrasonic parameters (ultrasonic velocity 

and attenuation) induced by heating of HA solutions at different concentrations, covering the 

range from 10 to 0.005 g×L-1. The conformational rearrangement of secondary structure of 

humic molecules was further evaluated upon addition of selected modifiers to humic 

solutions.  

 

Experimental  

 

Humic substances 

 

Humic acids (HA) (a part of humic substances soluble in alkali media) were isolated from the 

South Moravian lignite collected from the Mír mine in the area of Mikulčice, near Hodonín, 

Moravia, the Czech Republic [15] using standard alkali extraction with 0.5 mol×L-1 NaOH 

and 1 mol×L-1 Na4P2O7. Full details on the extraction procedure and HA characterization can 

be found elsewhere ([16-20]). The ash content was approximately 2%.    

HA sample was titrated to pH 7 by 0.1 mol×L-1 NaOH employing an automatic titrator 

(Schott, TitroLine Alpha Plus) under constant stirring. After reaching the constant value for 

60 min, the sodium humate (NaHA) solution was filtered, freezed and lyophilized. The 

product was milled in an agate mortar and stored. Details on the elemental and composition 

analysis of HA sample are given in refs [12] and [19].   

 

HRUS measurement 

 

To monitor ultrasonic velocity and attenuation, HRUS 102 device (Ultrasonic-Scientific, 

Dublin, Ireland) was employed. HRUS consists of two independent quartz cells termostated 

by a water bath; cell 1 serves as a sample cell and cell 2 as a reference. All settings up were 

carried at 25.00 ± 0.02°C, under constant stirring (600 rpm) and at ultrasound frequency of 

5480 kHz. 

NaHA was dissolved in deionized water to desired concentration in the range of 0.005 to 

10 g×L-1. Cell 1 was loaded up by 1 mL of a sample whereas cell 2 by 1 mL of deionized 

water. 

Thermal behaviour of NaHA solutions was investigated using following temperature regime: 

step 1 - from 25°C to 90°C, back to 5°C; step 2 - from 5°C to 90°C and back to 5°C; step 3 - 

from 5°C to 90°C and back to 25°C. Heating and cooling rate were constant 0.35°C min-1. 
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Then the influence of adding HCl and propionic acid was tested. The sample of concentration 

of 1 g×L-1 was modified by an addition of HCl or propionic acid to obtain pH 3.5. The 

temperature regime was the same as for original sample. The amount of added compounds 

was in the comparison with the amount of HAs negligible and therefore the ionic strength of 

the solution has been changed only infinitesimally. 

Difference between cell 1 and cell 2, i.e. U12 was measured. For ultrasonic velocity the 

resolution of the spectrometer is below 10-5
 %. All experiments were carried out in duplicate 

and no significant deviations between experimental results have been observed. Obtained 

results were smoothed and plotted against the temperature (see reported Figures).  

 

Results and discussion  

 
Influence of concentration   
 
The velocity of sound is extremely sensitive to temperature variations. In fact, with increasing 

temperature there is a significant increase of velocity up to 74°C while above that temperature 

a slow decrease. At low temperatures both compressibility and density of water are high, 

causing a lower velocity of sound. As the temperature increases the compressibility goes 

through a minimum whereas the density goes through a maximum. Combination of these two 

properties leads to the maximum in the velocity of sound [21].  

To avoid the influence of such anomalies in the present work, results are given as a difference 

of ultrasonic velocity (U12). An example of temperature dependence in the whole temperature 

regime is given in Fig. 1 (sample 1 g×L-1). One can see that the changes induced by elevated 

temperatures from 5 to 90°C were reversible which implies that processes were rather of 

physical than chemical character. The only exception is a shift in U12 to lower values for the 

second cycle in comparison with the first one. That can be attributed to additional dissolution 

of humic molecules in the solvent.  

The first heating cycle (0 to 420 min in Figure 1) was used to adjust humic samples having 

the same “thermal history”, mainly to be completely dissolved since such processes in humic 

solutions can be rather slow [22]. The first part of second heating cycle (from 420 to 660 min, 

Figure 1), has been used for monitoring the changes in humic solutions induced by heat while 

the third one for checking the reproducibility of the experiment.     

Figs. 2-4 report example of temperature dependence of ultrasonic velocity difference of humic 

solution within concentration range 0.005-10 g×L-1. As can be seen the temperature 

dependence of differential ultrasonic velocity dramatically changes with changing HA 
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concentration. Concentration of 10 g×L-1 (Fig 2) showed a monotonous exponential decay. 

The exception in monotonous decrease can be seen at low temperature up to 8 °C.  This 

artifact was observed during each heating cycle including low concentrations and it can be 

attributed to the switch in temperature program from cooling to heating ramp. Therefore, in 

further considerations it is not taken into account.  

For incompressible systems, the dependence of U12 on temperature linearly decreases for 

most hydrophilic materials, which is a result of the decrease in storage modulus of water with 

temperature [23, 24]. Such a linear decrease is associated with the decrease in dielectric 

constant of water causing a decrease in the strength of water H-bonds which is the main 

driving force assembling the humic molecules/aggregates together. The water in close vicinity 

of solute molecules (water shell) has been reported to be more supportive for ultrasonic wave 

propagation [24, 25] since it is 10-20% denser than the bulk water [26]. The exponential-like 

decrease shown in Fig 2 can be explained by the fact that the strength of the attractive 

hydrophobic interactions among aggregating humic molecules slightly increases with 

temperature. A shorter distance between humic molecules in aggregates with increasing 

temperature causes its higher density, supports the elastic response of compression and 

decrease the relaxation time of a compressed hydrophobic structure. In addition, a decrease in 

mutual repulsion of charged head-groups induced by elevated temperature can be expected as 

well [27].   

Progressive dilution of investigated solutions brought about weakening of humic secondary 

structure. It can be identified in Fig. 3 where concentration 1 g×L-1 is reported. One can see 

several breaks indicating transitions which can be attributed to the unfolding and disruption of 

humic aggregates [23, 24, 28, 29]. In principal, an increase in velocity indicates the hydration 

changes, namely processes of unfolding or aggregate decomposition while decrease is usually 

associated with increase in intrinsic compressibility or intra-molecular “melting” without 

significant unfolding [23]. Basically, the concentration decrease was associated with the shift 

of transition temperature to lower values; simultaneously, the number and “intensity” of 

transitions increased. It seems that there is a lower number and/or strength of weak 

interactions stabilizing aggregates in diluted humic solutions. Such observation partly verifies 

conclusions reported in ref. [11]. 

It is noteworthy that concentration 1 g×L-1 represents a limit concentration. Whereas there is 

still the shift to the lower temperatures with progressive dilution (reflecting the gradual 

destabilization) there is a remarkable change in the slope of dependency. It can be identified 
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in the representative record for concentration 0.005 g×L-1 (Fig. 4). Since, ultrasonic velocity 

depends on the state of water in the hydration shell [25], evidently, there is a different affinity 

of water in hydration shell to humic molecules. Therefore we assume that such behavior is 

caused by the reduction in the polarity of surface of humic aggregates. Those are not perfectly 

hydrated any longer under 1 g×L-1 and switched mostly into so-called hydrophobic hydration. 

Indeed, the contribution of highly hydrated atomic groups would increase U12, the 

contribution of hydrophobic hydration is close to zero. It is well known that hydrophobic 

hydration produces a reduction in density of hydrating water shell [30] and an increase in the 

heat capacity [31]. Due to the decrease in dipole moment of water molecules at elevated 

temperatures, hydrophobic hydration behaves in an opposite manner to polar hydration. As a 

result, the increase in U12 parameter can be seen under concentration 1 g×L-1.  

This conclusion is in contrast with results of Palmer and von Wandruszka [32] who used 

dynamic light scattering for evaluation of hydrodynamic diameter of humic and fulvic acids at 

elevated temperatures. The concentrations of measured samples were in the range 0.01-0.03 

g×L-1. In most cases the obtained results indicated the increase in hydrodynamic diameter 

mainly in the temperature range 10-40°C which has been attributed to heat-induced phase 

separation known as clouding effect observed frequently for non-ionic surfactants. In the light 

of our observations, it seems that elevated temperatures increase also the density of hydration 

shell around hydrophobic molecules/aggregates which can be interpreted as an enlargement of 

humic aggregate dimensions, or better of hydrodynamic dimension. However, humic acids 

generally consist of a huge number of molecules possessing different polarity and 

polarizability, thus, the temperature induced aggregation promoted by weakening of hydration 

shell around hydrophilic moieties can not be excluded.  

 

Modified humic solutions  
 
The Piccolo’s humic theory of supramolecular arrangement of relatively small heterogeneous 

molecules [1] was experimentally supported by the large-scale experimental data obtained by 

Size Exclusion Chromatography. After addition of modifiers such as natural organic acids, 

e.g., propionic acid, to the original humic-solute mixture, the macroscopic dimension of this 

supramolecular association was disrupted in smaller sized associations with reduced chemical 

complexity. This disruption by organic acid additions was attributed to the formation of new 

inter-molecular hydrogen bonds which are thermodynamically more stable than the 

hydrophobic interactions stabilizing humic conformations at neutral conditions. The 
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theoretical and qualitative interpretations of the above self-association/self-aggregation theory 

was strongly criticized [33], nevertheless, the theory has gained the growing interest and 

recent experiments brought new evidences [9, 12, 34, 35, 36].  

To test that view as well as our previous assumptions [12], 1 g×L-1 humic solution was treated 

by propionic and hydrochloric acids (decrease in pH from 7 to 3.5) to observe changes in 

stability induced by protonization of COOH groups and consequently a change in the stability 

of humate aggregates. It is important to note that the amount of additives was very low in 

comparison with the volume of humic solutions (microliters of additives to milliliters of 

humic acids). In addition water in the reference cell was modified by the same amount of 

modifiers as humic solution. Therefore, the changes in structure stability can be attributed 

only to the action of modifiers and the concentration and composition of humic solution 

remained practically constant.  

Fig. 5 reports the HRUS records of 1 g×L-1 humate solution modified by hydrochloric acid. 

As demonstrated earlier such modification caused the protonization of humic molecules 

which decreases the strength of repulsive forces of charged sites and promotes the aggregation 

and formation of larger humic aggregates [1, 12]. Fig. 5 shows that the modification had a 

slight effect on the stability of secondary humic structure, in fact temperatures of transitions 

were slightly shifted to higher values indicating the employment of higher number of weak 

bonds (probably H-bonds) stabilizing humic structure. Values of U12 are larger in modified 

sample which can indicate either better hydration or lower compressibility of resulted 

aggregates or a decrease in the relaxation time of present hydrophobic cores. Since the former 

is in contrast with enhanced capability of humic substances to interact with hydrophobic 

compounds at lower pH induced by hydrochloric acid [2], we suppose a slight modification of 

the compressibility of aggregates. The protonization of polar head-groups of molecules 

involved into such micelle-like structures lead to the decrease of their mutual repulsions 

which can, although only slightly, decrease the compressibility of the aggregates or influence 

the relaxation time [25]. Assuming the spherical geometry of a humic aggregate, polar head-

groups represent a barrier for hydrophobic compound to interact with hydrophobic core. It 

invokes a view in which humic aggregates are arranged in planar structures or open-layer 

assemblies variably oriented in solutions. That is partly in line with recently proposed model 

of aggregation of humic acids based on their similarity with hydrotropic compounds [12]. The 

planar structure formed by some hydrotropic compounds is well recognized [37]. Moreover 

the strength of weak hydrophobic interactions strongly depends on their orientation [38] and 
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repulsion of deprotonized polar groups at neutral pH maintains the structure unfolded. 

However, the hydrotropy model does not suit to humic self-assembly mechanisms perfectly 

since no mutual stacking among aromatic hydrotropic molecules is supposed [36], while that 

is probable in case of highly heterogeneous humic mixture [1, 20].       

In contrast to hydrochloric acid, addition of propionic acid into humic sample gave a 

completely different result (Fig. 6). All the temperatures of break registered in non-treated 

sample were either shifted to higher temperatures, diminished or even disappeared. The slope 

of the record is similar to those at higher concentrations. Therefore, it is clear that propionic 

acid action caused a more intense stabilization effect towards aggregates associated with the 

increase in number of H-bonds and probably reaggregation of secondary structure [12].  

In the light of above-discussion, the slope of the dependence, if compared with the non-

treated sample, indicates the prevalence of hydrophilic hydration. It cannot be also excluded 

the hypothesis that humic hydrophobic molecules were separated from each and surrounded 

by propionic acids molecules. That phenomenon again reflects the consequences of the effect 

of hydrotropy [39]. In this case, water shell surrounds the polar part of propionic acid while 

hydrophobic is oriented towards humic molecules. Due to H-bridging between propionic acid 

and water, such arrangement is more thermodynamically stable and enhances the 

solubilization of hydrophobic humic molecules. Organic acids represent a major pool of plant 

root exudates and are able to dissociate humic supramolecular structure present in rhizosphere 

into smaller fractions which may deliver bio-active molecules to plants or activate stimulation 

mechanisms [1, 40]. It has been found, that the most active, from biological point of view, are 

hydrophilic components [40]. Since presence of organic acid changed the hydration shell of 

humic aggregates from hydrophobic to hydrophilic, due to hydrotropy, the exudates can 

provide a hydrophilic shuttle allowing to humic aggregates to penetrate the cell wall and 

incorporate into the Krebs cycle.    

 

 
Conclusion 
 
The thermodynamic stability of lignite humic acids (sodium salts) aggregates was studied by 

high resolution ultrasonic spectroscopy within the temperature interval from 5 to 90°C. The 

changes in differential ultrasonic velocity (U12) showed strong differences among humic 

solutions within the concentration range from 0.005 to 10 g×L-1. Records showed several 

transitions which were attributed to the weakening of humic structure caused by decreasing 
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number of stabilizing weak interactions. Concentration around 1 g×L-1 seemed to be a limit 

under which the prevalence and importance of hydration dramatically changed. Above this 

concentration the difference in ultrasonic velocity decreased following the temperature 

increase which was explained as dominance of hydrophilic hydration. In contrast, below this 

concentration, the temperature dependence of U12 exhibited increasing tendency which was 

attributed to the prevalence of hydrophobic hydration, i.e. uncovering of apolar groups 

towards surrounding water.     

Additional experiments in which the 1 g×L-1 concentrated sample was modified by 

hydrochloric acid resulted in a slight stabilization which lead to the conclusion that humic 

micelle-like sub-aggregates form an open-layer assemblies easily accessible for extraneous 

molecules. That was partly verified by addition of propionic acid which brought about even 

larger reconformation of humic aggregates and exhibition of polar groups towards hydration 

water. It is very important knowledge, since such interaction can play role in biological 

processes occurring in rhizosphere and can be technologically used to boost fertility of 

agricultural soils as well as to enhance the efficiency of organic fertilizers.  

The reversible changes in humate solutions induced by heat provided the evidence about the 

existence of significant physical interactions among humic molecules resulting in formation 

of various sorts of aggregates. The nature of aggregates, mainly stability and conformation 

strongly depends on the concentration. Evidently, the changes observed in this work cannot be 

simply explained as expansions or conformational changes of macromolecular coils.      
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Figure legends 

 

Fig. 1. Record of difference in ultrasonic velocity (sample-water, U12) and temperature 

program for lignite humate solution 1 g×L-1. Demonstration of reversibility and 

reproducibility of obtained results.  

 

Fig. 2. Difference in ultrasonic velocity (sample-water, U12) for 10 g×L-1 lignite humate 

sample. 

 

Fig. 3. Difference in ultrasonic velocity (sample-water, U12) for 1 g×L-1 lignite humate 

sample. 

 

Fig. 4. Difference in ultrasonic velocity (sample-water, U12) for 0.005 g×L-1 lignite 

humate sample. 

 

Fig. 5. Difference in ultrasonic velocity (sample-water, U12) for 1 g×L-1 lignite humate, 

sample modified by HCl from pH 7 to 3.5.  

 

Fig. 6. Difference in ultrasonic velocity (sample-water, U12) for 1 g×L-1 lignite humate, 

sample modified by propionic acid from pH 7 to 3.5.  
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Fig. 1. 

 

 

Fig. 2. 
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Fig. 3. 

 

 

Fig. 4. 
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Fig. 5. 

 

 

Fig. 6. 
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LIST OF ABBREVIATIONS 
 

HS – humic substances  

HA – humic acids 

OM – organic matter 

FA – fulvic acids 

HM– humic materials 

TMAH – Tetramethylammonium hydroxide 

ESI-MS – electrospray ionisation-mass spectrometry 

NMR – nuclear magnetic resonance 

TEAAc – Tetraethylammonium acetate 

ESR – electron spin resonance 

HOC – hydrophobic organic compounds 

CMC – critical micelle concentration 

POE – Polyoxyethylene 

NOM – natural organic matter 

Tg – glass transition temperature 

DSC – differential scanning calorimetry 

TMA – thermomechanical analysis 

SOM – soil organic matter 

PAHs – polycyclic aromatic hydrocarbons 

Koc – organic carbon-normalized sorption coefficient 

IHSS – International Humic Substances Society 

RFI – relative fluorescence intensity 

SFS – synchronous fluorescence spectroscopy 

GC-MS – gas chromatography-mass spectrometry 

CPMAS – cross polarization magic angle spinning 

HRUS – high resolution ultrasonic spectroscopy 
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