
ABSTRACT 
The aim of this work was to use thermal analysis and namely temperature-modulated 

differential scanning calorimetry (TMDSC) to reveal the changes in humic acids (HA) 
structure caused by regular wetting of HA by water and its repeated drying. The total number 
of rewetting cycles was five because further rewetting did not bring any other observable 
structural changes. Experiments carried out in this work have shown that water plays a role 
not only in swelling of the HA matrix and disruption of van der Waals forces but it also plays 
a role in disrupting of some hydrogen bonds, thus it had greater effect on reduction of the 
glass transition temperature, Tg. The changes in the glass transition temperatures were only of 
minor scale, so that water influenced predominantly the close proximity of amorphous 
domains (responsible for glass transition) than the domains themselves. The next task was to 
shed light on the role of free lipids in the stability of HA physical structure with respect to the 
repeated wetting and drying. Water periodically stabilized and destabilized HA structure, in 
the lipid free HA sample the effect of water was short-term, water required less time to cause 
changes in the sample, whereas in the HA sample the changes induced by water were 
continuous. The rewetting induced a decrease in the phase transition temperatures in every 
following cycle in comparison with the previous one and influenced especially kinetic 
processes, namely crystallization/crystalline reorganization. Furthermore, the rewetting 
caused redistribution and washing out of the hydrophilic molecules and thus making the HA 
structure more hydrophobic with every other cycle. 

ABSTRAKT 
Cílem této práce bylo užití termické analýzy, především teplotně modulované diferenční 

kompenzační kalorimetrie (TMDSC) k odhalení změn ve struktuře huminových kyselin (HA), 
způsobených pravidelným vlhčením HA vodou a jejím opakovaným sušením. Celkový počet 
cyklů vlhčení byl pět, neboť následující cykly již nezpůsobily žádné další pozorovatelné 
strukturální změny. Experimenty provedené v této práci ukázaly, že voda hraje roli nejen 
v bobtnání struktury HA a přerušení van der Waalsových sil, ale i v přerušení některých 
vodíkových vazeb, což má větší vliv na snížení teploty skelného přechodu, Tg. Změny 
v teplotách skelného přechodu byly nepatrné, protože voda ovlivnila především okolí 
amorfních domén (zodpovědných za skelný přechod), než domény samotné. Dalším úkolem 
bylo ozřejmit roli volných lipidů ve stabilitě fyzikální struktury HA s ohledem na opakované 
vlhčení a sušení. Voda periodicky stabilizovala a destabilizovala strukturu HA, ve vzorku HA 
bez volných lipidů byl vliv vody krátkodobý, voda potřebovala méně času k vyvolání změn ve 
vzorku, zatímco v původním vzorku byly změny kontinuální. Opakované vlhčení vyvolalo 
pokles v teplotách fázových přeměn v každém cyklu v porovnání s předcházejícím a ovlivnilo 
především kinetické procesy, jmenovitě krystalizaci/krystalickou reorganizaci. Opakované 
vlhčení dále způsobovalo redistribuci a vymytí hydrofilních molekul a tím postupnou 
hydrofobizaci celé struktury. 
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1 INTRODUCTION 
Natural organic matter (NOM) occurs widely in soils, waters and sediments, and plays a key 
role within several natural and anthropogenic processes, such as the global carbon 
geochemical cycle and the transport of organic and inorganic pollutants across the 
environmental compartments. Humic substances (HS), being the main component of NOM, 
largely affect these processes. One of the most important components of HS are humic acids 
(HA), which assist in transferring micronutrients from soil to plants, enhance water retention, 
increase seed germination rates, and stimulate the development of microflora population in 
soils.  

All macromolecules display distinct thermodynamic properties that can manifest significant 
differences in their physical structure and mechanical behavior. One of these characteristics 
is, for example, the glass transition temperature, Tg. The aim of this work is to use thermal 
analysis and namely temperature-modulated differential scanning calorimetry (TMDSC) to 
reveal the changes in glass transition and other phase transitions caused by regular wetting of 
HA by water and its repeated drying. These processes and their changes can provide valuable 
insight into the nature of HA structure and influence of water on physical character of HA. 
The next task is to shed light on the role of free lipids in the stability of HA physical structure 
with respect to the repeated wetting and drying. Since lipids form large part of the 
hydrophobic structure of HA, their extraction should contribute to better understanding of the 
nature of HA structure. 
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2 STATE OF THE ART 
2.1 Lignite 
Lignite represents the youngest type of coal. It belongs to the caustobiolites, i.e. materials 
with different degree of coalification of parental phytomass. According to its degree of 
coalification, it falls within peat and brown coal. The elemental analysis of particular products 
of the process of coalification is demonstrated in Table 1. Unlike the other materials, lignite 
contains conserved structures of wood. The fact that lignite is a relatively young caustobiolite 
is reflected by its outstanding qualitative properties, e.g. by its high sorption ability and 
relatively high content of humic acids.1

From the point of view of physical chemistry, lignite can be described as a solid colloidal 
system with a different surface morphology, dependent on the degree of coalification. Lignite 
properties are determined by composition of parental phytomass (content of saccharides, 
hemisaccharides and lignin) and by the intensity of pressure and thermal conditions during the 
period of its transformation. Chemical composition of lignite is very heterogeneous – plant 
residues, bitumens, humic substances, mineral inclusions and usually high content of water.2  
 

Table 1 Elemental analysis of solid fuels line up according to the increasing degree 
of coalification.3 

 C [%] H [%] O [%] N [%] 

Wood 50.0 6.0 43.8 0.2 

Peat 57.0 6.0 35.0 2.0 

Lignite 65.5 5.5 28.0 1.0 

Brown coal 73.0 6.0 19.8 1.2 

Black coal (gaseous) 85.8 5.5 7.0 1.7 

Anthracite 94.0 2.4 1.9 1.2 

 

Lignite is almost solely used as a low quality fuel.1 Probably the most attractive way of non-
energetic exploitation of lignites is their use as sources for humic substances production. 
Their content is relatively high, thus, it is evident that the lignite combustion is wasting of 
high-quality raw material from which valuable substances can be obtained by relatively 
undemanding processes.2  

 8



2.1.1 Lignite as a material system 

Lignite can be defined as a transition organic-mineral substrate on the way of its 
transformation from plant phytomass to a high degree of dehydrogenated/dehydrated and 
simultaneously deoxidized coal. 

It represents a morphologically and molecularly polydisperse system containing: 

- a complex of cyclic/aromatic compounds with important reactive groups, 

- a large amount of water located both at free volume of lignite’s particles (pores, micro 
cracks of original intercellular space of plant tissue system of maternal matter), and 
water physically bound to oxidized carbon structures, 

- particular mineral units based on the compounds of silicon, aluminum, iron and other 
elements, 

- macroscopic components of random origin and occurrence. 

Physical model of the structure contains: 

- fibrous, laminar and in a various way spatially symmetrical and asymmetrical 
components in a different stage of coalification, 

- micro and macro dissipation of admixtures, 

- free inner volume containing: capillaries, micro cracks, and vacuoles. 

Thus, lignite represents a very complicated macromolecular complex consisting mostly of 
polyelectrolytes (humic acids, etc.), polysaccharides, polyaromates, and carbon chains 
modified by sulphuric or nitrogenous groups containing oxygen segments linked with main 
chains.3,4  
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2.2 Humic substances 
From chemical and physical point of view, soil organic matter (SOM) consists of a mixture of 
plant and animal residues in various stages of decomposition, of substances synthesized 
microbiologically and/or chemically from breakdown products, and of the bodies of living 
and dead microorganisms, small animals, and their decomposition remains. To simplify this 
chemically very complex and physically heterogeneous system, SOM is usually subdivided 
into non-humic and humic structures. Non-humic substances include those pools with still 
recognizable chemical characteristics (e.g. carbohydrates, proteins, fats, waxes, amino acids, 
etc.). The bulk of SOM, however, consists of humic substances. These are amorphous, dark-
colored, partly aromatic, polyelectrolyte-like materials, which range in molecular weights 
from a few hundred5 to several thousand Da6. It is noteworthy that humic substances no 
longer exhibit the specific chemical and physical characteristics usually associated with well-
defined organic compounds but are more resistant to chemical and biological degradation.5

The term “soil organic matter” refers to the whole of the organic material in soils, including 
litter, light fraction, microbial biomass, water-soluble organics, and stabilized organic matter 
(humus). Litter is defined as the macroorganic matter that lies on the soil surface. This pool is 
particularly important to the cycling of nutrients in forest soils and natural grasslands. The 
“light” fraction consists largely of plant residues in varying stages of decomposition and that 
exists within the soil proper.6

Scientists have long recognized the importance of organic matter (humus) as a major factor in 
controlling the physical and chemical properties of soils. The properties, such as metal 
binding capacity, sorption of hydrophobic organic compounds, stability of aggregates of soil 
particles, and water-holding capacity depend on the amount of humus in soil.7 Soil humus is a 
very well organized and continuously functioning system under biospheric conditions that 
ensures a supply of nutrients, nearly optimum acid-base and oxidation-reduction conditions 
with high buffer capacity, and improves hydrophysical properties of soil for living 
organisms.8  

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.9  

Humic substances (HS) are the major components of the mixture of materials that comprise 
soil organic matter, and these substances, which are by far the most abundant organic 
materials in the environment, are themselves complicated mixtures of biologically 
transformed organic debris.10

The term humic substances refers to a category of naturally occurring materials found in, or 
extracted from, soils, sediments, and natural waters. They result from the decomposition of 
plant and animal residues. Humic substances are found in all terrestrial and aquatic 
environments.11

Surprisingly, nearly all of the NMR signals in traditional HS fractions12,13 could be assigned 
to intact and degrading biopolymers. Kelleher et al.14 therefore suggest that the vast majority 
of operationally defined humic material in soil is a very complex mixture of microbial and 
plant biopolymers and their degradation products but not a distinct chemical category.  
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Examination of soil carbohydrates, proteins, lipids, and aromatics supports this view and the 
presence of color, fluorescence, electron spin resonance (ESR) signals, mellitic acid, and 
other features in HS does not contradict it.15

HS are very complex mixtures and they have no single formula. Soil scientists have attempted 
to elucidate the structures of humic substances for many decades. Some post-1970 
suggestions for the formulae of humic (HA) and fulvic (FA) acids are given by Stein, 
Haworth, Stevenson, Schulten and Schnitzer, et al. These suggestions are based mainly on 
a consideration of the products of chemical and pyrolytic degradation of HA and FA. 
However, suggested HS structures do not exist and HS are almost entirely mixtures of plant 
and microorganism components and their microbial decomposition products. The precise 
composition of any particular HS will be dependent on a large number of factors.15 In fact, all 
HS consist of complex mixtures. Therefore, most data on HS refer to average properties of 
a large ensemble of diverse molecules.11

According to Hayes and Swift16, if humic molecules are composed of numerous different 
chemical building blocks, and if these are assembled at random (in the absence of genetic 
control of synthesis), it is unlikely that there would exist anywhere two molecules that are 
exactly the same. 
 
2.2.1 The formation of humic substances 

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. 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 humic substances from some plants that do not contain much lignin 
and/or from non-lignin containing plants.  

The humic substances system is created in the so called humification process by the 
association of various components, such as amino acids, lignins, pectins or carbohydrates, 
through intermolecular forces (donor-acceptor, ionic, hydrophilic, and hydrophobic).9

Humification is thought to be an oxidative process that includes aromatic and condensation 
reactions in the soil environment. Major pathways of HS synthesis in soils involve enzymatic 
and abiotically catalyzed free radical and condensation reactions, phenolic oxidative coupling, 
demethylation, and functional group oxidation of plant polyphenols, which occurs in leaves 
primarily in the fall. Humification is probably catalyzed by microorganisms on clay and 
mineral surfaces, where life may have begun.17

Humification is one of the basic steps of the carbon cycle. The organic compounds that make 
up plant and animal tissue are thermodynamically unstable in the oxidizing atmosphere of the 
Earth’s surface. After the organisms in which organic compounds are incorporated die, the 
compounds are converted back to carbon dioxide and water by degradation reactions that are 
catalyzed by enzymes secreted by microorganisms. However, not all of the organic 
compounds in the dead biomass are immediately converted to carbon dioxide and water; some 
of the material is only partially oxidized. The residue from the partial oxidation of dead 
biomass is the source of the organic compounds that accumulate as humus.7  
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Soil chemical and microbiological oxidation of dead animals and plants (humification) is 
initially exothermic, but then becomes slow synthesis and degradation of HS. Degradation of 
HS ultimately leads to coal (mostly aromatic), crude oil (mostly aliphatic), and carbon 
dioxide.17  

Carbohydrates (e.g. cellulose, hemicellulose, pectin, etc.), lignin and proteins are predominant 
constituents of SOM. When living organisms die, all the complex biomolecules and polymers 
reach the soil surface or enter the soil. Subsequently, they are decomposed or transformed into 
humic substances whose composition reflects the respective ecosystem.8

It is evident that the mechanisms of the formation of humic substances can be slightly 
different, depending on geographical, climatic, physical and biological circumstances, 
respectively9, and the role of lignin is important in the majority of these processes.17

As stated above, several pathways exist for the formation of humic substances during the 
decay of plant and animal remains in soil, the main ones being shown in Fig. 1. The classical 
theory, popularized by Waksman, is that humic substances represent modified lignins 
(pathway 4) but the majority of present-day investigators favor a mechanism involving 
quinones (pathways 2 and 3). In practice, all four pathways must be considered as likely 
mechanisms for the synthesis of humic and fulvic acids in nature, include sugar-amine 
condensation (pathway 1).  

One consideration that has not received adequate attention is that, in any given soil, not all 
humic components may be formed by the same mechanism. Humic acids, for example, may 
originate from polyphenols of plant or microbial origin whereas fulvic acids may consist of 
products arising from the condensation of sugars and amines, sometimes called the Maillard 
reaction.6

 
Fig. 1 Mechanisms of the formation of humic substances. 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-colored polymers.6 
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2.2.1.1 The Waksman lignin theory 

For many years it was thought that humic substances were derived from lignin (pathway 4 of 
Fig. 1). According to this theory, lignin is incompletely utilized by microorganisms and the 
residuum becomes part of the soil humus. Modifications of lignin include loss of methoxyl 
(OCH3) groups with generation of o-hydroxyphenols and oxidation of aliphatic side chains to 
form COOH groups. Assuming that HS represent a system of polymers, the initial products 
would be components of humin; further oxidation and fragmentation would yield first humic 
acids and then fulvic acids.6

 
Fig. 2 Schematic representation of the lignin theory of humus formation.6 
 
2.2.1.2 The Maillard sugar-amine condensation 

The notion that humus is formed from sugars (pathway 1 and 4) dates back to early days of 
humus chemistry. According to this concept, reducing sugars and amino acids, formed as by-
products of microbial metabolism, undergo non-enzymatic polymerization to form brown 
nitrogenous polymers. 

One attractive feature of the sugar-amine condensation theory is that the reactants (sugar, 
amino acids, etc.) are produced in abundance in soil through the activities of microorganisms. 
A second attractive feature is that the theory affords an explanation for the formation of humic 
substances in environments where lignin and lignin-degradation products are not prevalent. 
An argument in opposition to the theory is that the reaction proceeds rather slowly at the 
temperatures found under normal soil conditions.6  
 
2.2.1.3 The Flaig polyphenol theory 

Pathways 2 and 3 form the basis of the popular polyphenol theory, the starting material 
consists of low molecular weight organic compounds, from which large molecules are formed 
through condensation and polymerization. A schematic representation of the polyfenol theory 
is shown in Fig. 3. In pathway 3, lignin still plays an important role in humus synthesis but in 
a different way. In this case, phenolic aldehydes and acids released from lignin during 
microbial attack undergo enzymatic conversion to quinones, which polymerize in the 
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presence or absence of amino compounds to form humic-like macromolecules of increasing 
complexity. The order of formation of humic substances would thereby follow the order: 
fulvic acid → humic acid → components of humin. Pathway 2 is somewhat similar to 
pathway 3 except that polyphenols are synthesized by microorganisms from non-lignin 
C sources (e.g. cellulose). The polyphenols are then enzymatically oxidized to quinones and 
converted to humic substances as depicted in pathway 3.6

 
Fig. 3 Schematic representation of the polyphenol theory of humus formation.6 
 
2.2.2 The classification of HS 

The classic soil extraction procedure yields three main fractions: humic acid, fulvic acid, and 
humin.11 Humic substances have been traditionally defined on the operational basis of 
solubility in aqueous solutions at different pH.6  

Humic acid is the fraction of HS that is not soluble in water under acidic conditions, but 
becomes soluble at higher pH values. Fulvic acid is the fraction that is soluble in aqueous 
media at all pH values. Humin represents the fraction that is not soluble in an aqueous 
medium at any pH value.11

The solubility of humic fractions is thought to be closely related to molecular mass, structural 
branching complexity, molecular polarity and chemical composition.18

The general scheme of division of humic substances is described in Fig. 4. 
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Fig. 4 Scheme of division of humic substances in dependence on their solubility. 
 
2.2.3 The chemical structure of HS 

Both the primary chemical structure and the conformational structure of humic substances are 
still a matter of debate.19

The characterization of the size, shape, conformation, structure, and composition of HS is 
crucial to understand their physico-chemical reactions and to predict their role in the 
environment.20

Despite their prominent environmental role, humic substances molecular and conformational 
structures are far from being elucidated. A common belief is that they are coiled, long-chain 
molecules which maybe slightly cross-linked.19

The traditional view depicts humic substances as polydisperse macromolecular polymers, 
with molecular weights ranging from 500 to more than 106 Dalton, arranged either in 
a random coil or in micellar conformations.21

The utilization of different analytical approaches is an essential precondition for more 
accurate structural interpretations of different humic materials. Thus, different methods have 
been used for HS characterization, including elemental analysis22, oxidative and reductive 
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degradation23, UV-spectroscopy24,25, 13C NMR-spectroscopy26, tangential membrane 
filtration27, high performance size exclusion chromatography (HPSEC)28, pyrolysis-
GC/MS29,30 and ESI-MS.31  

Based on the body of these recent results on HS chemistry, Piccolo21 proposed that HS, rather 
than being macropolymers as traditionally believed, should be better described as 
supramolecular associations of self-assembling heterogeneous and relatively small molecules 
deriving from the degradation and decomposition of dead biological material. A major aspect 
of the humic supramolecular conformation is that it is stabilized predominantly by weak 
dispersive forces instead of covalent linkages. Hydrophobic (van der Waals, π-π, CH-π) and 
hydrogen bonds are responsible for the apparent large molecular size of HS. 

The definition given by Lehn32 may well be applied to HS: “Supramolecular assemblies (are) 
molecular entities that result from the spontaneous association of a large undefined number of 
components into a specific phase having more or less well-defined microscopic organization 
and macroscopic characteristics depending on its nature (such as films, layers, membranes, 
vesicles, micelles, mesomorphic phases, solid state structures, etc.).” 

A supramolecule in this sense can be defined as a “molecule beyond a molecule” – a large and 
complex entity formed from other molecules. The molecules that comprise the supermolecule 
interact with each other via weak interactions such as hydrogen bonding, hydrophobic 
interactions and coordination to form new entities with novel properties and functions that 
cannot be deduced by a simple summation of the properties of the individual molecules.33  

In humic supramolecular organizations, the intermolecular forces determine the 
conformational structure of HS, and the complexities of the multiple non-covalent interactions 
control their environmental reactivity.21

The model of self-assembling supramolecular association of HS is related to mutual affinities 
of certain molecules in aqueous solutions. Molecules tend to associate by intermolecular 
forces, and the strength of the association depends on their molecular structures. Particularly 
strong associations are formed by apolar compounds via the hydrophobic effect. A humic 
supramolecular association in solution is thus formed by the self-organization of hydrophobic 
and amphiphilic compounds. The associations are isolated progressively from the network of 
water structure. Such separation results in an increase in the entropy of the system and in the 
overall energy stabilization as the different humic molecules form into a superstructure.21  

As stated above, humic aggregates are composed of relatively small subunits mainly held 
together by weak hydrophobic forces. The high molecular dimension of humic material was 
only apparent since it was found to be reversibly disrupted by an organic acid under a rapid 
change from acidic to alkaline pH. These findings suggested that dissolved humic substances, 
rather than being polymeric coils as previously believed for analogy to biological 
macromolecules, appear to reflect the structure of randomly self-associating small 
heterogeneous molecules. Humic substances in solution should arrange their conformation to 
confine most of their hydrophobic constituents away from water.19  

Hence, contrary to the traditional macropolymeric view, chemical differences in humic matter 
are due to mutual association forces among molecules rather than to specific structural 
diversities.  
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Natural organic matter, such as humic substances, may arrange in solution to form 
a supramolecular aggregate composed of hydrophilic and hydrophobic domains which may be 
contiguous to or contained in each other. A hydrophilic domain is assumed to be more 
hydrated than the hydrophobic domain and in contact with the external solution, if not totally 
separated from the aqueous medium by the strictly associated hydrophobic domain.34 

These results confirm previous findings which suggested that humic substances in solution are 
loosely bound self-associations of relatively small molecules and intermolecular hydrophobic 
interactions are the predominant binding forces. The stabilization of such a conformation 
should be attributed to the entropy-driven tendency to exclude water molecules from humic 
association and thus decrease total molecular energy.19  

These results agree with the view of humic matter as supramolecular associations of small and 
heterogeneous molecules formed during the biological degradation of dead cells and held 
together by dispersive weak forces.34  

The random coil model depicts the humic macromolecules as most densely coiled at high 
concentration, low pH, and high ionic strength, whereas they behave like flexible linear 
polymers at neutral pH, low ionic strength, and low concentration. Another conformational 
model describes the aggregation of humic macromolecules as micelle-like or membrane-like 
structures. The humic polymers are then thought to present structural voids, where apolar 
organic compounds may be entrapped and quench their fluorescence activity.19  

In a given natural water system one may consider humus as existing in four different 
pseudophases: the liquid-like hydrophobic interior regions of the humus membranes coating 
mineral grains, the charged surface regions of the membrane coatings, the liquid-like interiors 
of the humus micelles, and the charged surfaces of the micelles. 

A number of experimental studies of the interactions of polar and apolar compounds with 
humus in soil-water systems have shown that these interactions are most readily modeled 
when one assumes that the humus exists as a group of independent pseudophases. The 
hydrophobic interiors of the membranes and micelles serve as hydrophobic phases into which 
apolar compounds partition; however, the micelle hydrophobic phase and the membrane 
hydrophobic phase move independently of each other. Similarly, the charged exterior surfaces 
of the membranes and micelles act as separate ion exchange phases that can interact with 
charged species.7  

According to some authors, humic substances can form micelles. Examination of the same 
interactions that promote supramolecular associations led to development of the micellar 
model of humic substances, in which intra- or intermolecular organization produces interior 
hydrophobic regions separated from aqueous surroundings by exterior hydrophilic layers, 
analogous to the micelles formed by surfactants in aqueous solution.35 Micelle assumption is 
based on the fact that HS consist essentially of amphiphilic molecules. That is, molecules 
consist of separate hydrophobic (non-polar) parts composed of relatively unaltered segments 
of plant polymers and hydrophilic (polar) parts composed of carboxylic acid groups. These 
amphiphiles probably form membrane-like aggregates on mineral surfaces and micelle-like 
aggregates in solution. The exterior surfaces of these aggregates are hydrophilic, while the 
interiors are composed of separate hydrophobic liquid-like phases.20  
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Despite a lack of evidence, various reasons led the scientific community to accept the 
polymeric concept for HS. One of these reasons lies in the acceptance of the description by 
Staudinger of macromolecular polymers occurring in living cells. Based on the Staudinger’s 
concept, it seemed convenient to assume that HS were also polymers biologically synthesized 
from plant tissues components, notwithstanding that HS arise from cell death rather than cell 
biosynthesis, as occurs with other biomolecules. The rapid degradation and decomposition in 
soil of biopolymers liberated from cell lysis after death is now a well accepted process from 
both biological and thermodynamic perspective. Surprisingly, Staudinger’s view with regard 
to macromolecularity is still advocated by defenders of the polymeric nature of HS. 

A second reason for acceptance of the polymeric concept is that a stable polymeric structure 
would account for the refractory characteristics of HS in soil (rather than considerations of 
physical and chemical protection, as provided, for example, by interactions with inorganic soil 
particles). In addition, the classical hypothesis of HS formation through condensation between 
amino acids and components of degraded lignin promoted the assumption that HS had 
a polymeric structure similar to that of lignin. Lignin is known to be polydisperse in 
molecular weight, with values ranging from <1000 Da to several million Da, and its resistance 
to microbial degradation in soil has been attributed repeatedly to its macromolecular 
structures.21  

Aliphatic structures of HS are of greater importance than previously thought. In general, 
aquatic humic substances have more of an aliphatic character than those from soil.6 The lipid 
fraction in soil, including the extractable lipids and biopolymers such as cutin and suberin, is 
assumed to be responsible for a significant portion of the aliphatic nature of the soil organic 
matter. The lipids in soil, both of plant and microbial origin, exhibit a wide range of chemical 
structures and physical-chemical properties. The free or extractable lipids are composed of 
low molecular weight lipids, fats and waxes which can be extracted by conventional solvent 
extraction methods. There is also a fraction of soil lipids that is resistant to direct solvent 
extraction. This fraction contains lipids that may be trapped in the soil organic matter matrix, 
and consists of fatty acids, n-alkanes and n-alkenes as well as aliphatic biopolymers such as 
cutin, suberin or cutan, suberan.36  
 
2.2.3.1 Glassy and rubbery domains of natural organic matter (NOM)  

A number of studies have applied the concept of rubbery/glassy behavior to natural 
systems.37, , ,38 39 40 Up to now, it is however not known whether the properties of glassy and 
rubbery regions in soil organic matter are comparable to those of synthetic polymers.41

The interpretation of sorption isotherms of organic compounds to humic substances by 
a polymer model, which is based on the coexistence of properties known for the glassy and 
rubbery states of synthetic polymers42 combined with the detection of glass transitions in 
SOM43,  44  supports the hypothesized comparability. 

Glassy, rubbery and crystalline phases are representatives of supramolecular structures, which 
strongly differ in order, density and other characteristics. The amorphous nature and the 
existence of glassy and rubbery regions in soil organic matter are responsible for numerous 
sorption irregularities.45

Macromolecular characteristics of natural organic matter are important for sorption and 
transport of organic compounds in soil.41 Similar to synthetic organic macromolecules, 
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matrixes of NOM are suggested to consist of glassy and rubbery domains. Glassy domains, 
described as rigid, condensed organic matter, are considered to be responsible for slow 
desorption, non-Fickian diffusion, nonlinear sorption, and sorption/desorption hysteresis, 
whereas rubbery domains may be responsible for increased diffusion rates, linear sorption, 
and partitioning-like processes.41, ,44 46  

According to the glassy/rubbery concept of NOM, non-ideal sorption and diffusion behaviors 
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 behavior, while more fluid, rubber-like regions possess sufficient mobility to behave 
as a more true partitioning domain which manifests ideal or near-ideal transport behavior.40  

The glassy state can be idealized as having dual sorptive domains: a “hole-filling” domain 
consisting of molecular-scale pores (holes) dispersed in a surrounding “dissolution” domain 
of a more fluid-like matrix that comprises the bulk of the solid phase. The presence of the 
holes reflects a persistent non-equilibrium state of the solid, which is due to the resistance of 
the matrix to achieve the thermodynamic fully relaxed state because of the stiffness of its 
macromolecules.47  

Glassy domains have also been considered to provide greater sorption capacity as contrasted 
to the rubbery phase.  

Glassy and rubbery phases are distinguished by degree of macromolecular fragment mobility 
where the rubbery phase has greater mobility and flexibility than does the more rigid glassy 
phase. A glassy phase is a non-equilibrium phase consisting of a supercooled amorphous 
liquid and is distinct from equilibrium phases, which may be rubbery, crystalline or 
microcrystalline.  

The glassy/rubbery conception for SOM as derived from the “distributed reactivity theory” 
represents a continuation of the view that soil organic matter consists of soft carbon providing 
a partitioning domain and hard carbon providing a site-limited domain. The soft carbon 
domain was originally considered to be comprised of relatively young, oxidized humic 
materials, while the hard carbon domain was thought to consist of aged, diagenetically altered 
organic material (geologic material). Hard carbon was suggested to consist of more aromatic 
moieties with lower functionality than humic materials. The distributed reactivity series 
discusses the nature of hard carbon variably in terms of condensed, microcrystalline, 
aromatic, reduced, cross-linked and glassy.48  
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2.2.4 Humic acids 

HA consist of a mixture of molecules with much lower molecular weight than previously 
proposed in the literature. According to recent observation, HA components are low 
molecular weight compounds but they aggregate step by step to give higher molecular weight 
aggregates and supramolecules of higher molecular weight.9

Wershaw7,49 proposed that HA consist of ordered aggregates of amphiphilic molecules, 
composed mainly of relatively unaltered plant polymer segments possessing acidic 
functionality and held together by hydrophobic (π-π 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 to exist as bilayer membranes coating mineral grains and as micelles in 
solutions. 

The structure of humic aggregates strongly depends on concentration. HA aggregate from 
very low concentration at both neutral and alkaline pH. The colloidal state of HA in aqueous 
solution is very sensitive to the presence of other, both charged and neutral, molecules. 
Aggregation of HA can be disturbed or promoted, depending on concentration, by 
electrostatic or other weak interactions with extraneous molecules.50  

According to Piccolo21, the HA are composed by associations of hydrophobic compounds 
(polymethylenic chains, fatty acids, steroid compounds) that are stabilized at neutral pH by 
hydrophobic dispersive forces (van der Waals, π-π, and CH-π bondings). Their conformations 
grow progressively in size, when intermolecular hydrogen bonds are increasingly formed at 
lower pH values until they flocculate.  

Another literature source states that HA consist (from the chemical point of view) of 
a mixture of amphiphilic, aliphatic as well as aromatic molecules. It is noteworthy that, in 
spite of general assumptions, there is not convincing evidence from chemical degradation 
studies for condensed aromatic components in humic structures. The large molecular 
dimensions frequently reported can therefore be attributed to the creation of humic molecule 
aggregates. 50  

Nuclear magnetic resonance and chemical degradation studies have been made of humic and 
fulvic acids extracted by basic solutions from soil and sediment humus. Results indicate that 
these acids are composed of the same functional groups that make up lignins and, to a lesser 
extent, other plant polymers but that they have more carboxylic acid functional groups.7 One 
HA building block comes from conversion of lignins and tannins; the other pathway is 
biosynthesis from amino acids. Lignin is also biosynthesized from amino acids. The proposed 
building blocks all have chiral centers and link together to give hollow helical structures that 
normally are filled with water. Random-coil HA behavior was deduced from frictional ratios 
in ultracentrifugation data. Thus, the helical model accounts for water retention by HA in 
terms of their hollow centers and many hydrophilic functional groups on the outside of the 
secondary structure.17  

Lignite HA-type materials possess, undoubtedly, structurally more complicated compositions 
than those reported in the literature for different HA derivatives originating, e.g. from soil or 
aquatic materials. It is likely that certain aliphatic compounds have their special function in 
the complicated structural network of lignite HA material.51 Elemental and functional group 
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analyses of HA and FA from many soils on the earth’s surface show the following differences 
between the two materials: (a) HA contain more C but less O than FA, (b) HA contain more 
H, N and S than FA; (c) the total acidity and COOH content of FA are appreciably higher than 
those of HA; (d) FA are richer in phenolic OH and in ketonic C=O than HA but the latter 
contains, per unit, more quinoid C=O groups; (e) more of the O in FA than in HA can be 
accounted for functional groups.5  

HA functional groups also include alcohol, amine, amide, carbonyl, and quinone. The latter 
are important in long-lived HA free radicals and in HA redox catalysis.17  

Humic and fulvic acids share some structural features, but significant differences exist 
between them. In contrast to humic acids, fulvic acids contain considerably more acidic 
functional groups, particularly COOH. Another important difference is that, while the oxygen 
in fulvic acids can be accounted for largely in known functional groups (COOH, OH, C=O), 
a high portion of the oxygen in humic acids occurs as a structural component of the nucleus 
(as ether or ester linkages, etc.).6  

Schulten and Schnitzer5,52 employed pyrolysis-field ionization mass spectroscopy and Curie-
point pyrolysis gas chromatography/mass spectroscopy to isolate and identify major 
components of humic acid; their results suggest that humic acids are comprised primarily of 
aromatic rings and alkyl-substituted aromatics.  

More recently, Mao et al.53 have applied solid-state 13C NMR to characterize several humic 
acids, revealing that functional group composition of these samples consists of approximately 
40 % aromatic compounds, 20 % carbohydrates, 20 % aliphatic groups, and 20 % carboxylic 
groups. 

The most recent HA model structure taking into account the system complexity is presented 
in Fig. 5. 
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Fig. 5 Recent model structure of humic acid according to Simpson et al. (2002)54  
 
2.2.5 Fulvic acids 

The FA may be regarded as associations of small hydrophilic molecules, in which there are 
enough acidic functional groups to keep the fulvic clusters dispersed in solution at any pH.21 
At any given pH and ionic strength, the fulvic acid fraction exhibited much higher negative 
charge than the humic acid fraction.65  

Comparing the average molecular structural unit of fulvic acid to that of humic acid, the less 
complex fulvic acid possesses a lower molecular weight, less aromaticity, and less likelihood 
to coil than its humic acid counterpart.55 

The coloration of FA is within the range of light yellow to yellow-brown.56 Main differences 
between individual subgroup of humic substances can be seen in Fig. 6. 
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Fig. 6 Properties of humic substances.56  
 
2.2.6 Humin 

Historically, it has generated relatively little research interest compared to the other humic 
fractions. This lack of research is in spite of the fact that humin typically represents more than 
50 % of the organic carbon in a soil and is typically more than 70 % of the organic C in 
unlithified sediments.  

Humin appears to be the oldest of the three humic fractions. Humin is ultimately transformed 
into coal or kerogen by the elevated temperatures and pressures that occur during organic 
metamorphism in the geologic portion of the C cycle.57  

One hundred fifty years after the first studies on humin there is still no general consensus on 
the fundamental nature of this substance. Soil scientists have generally thought of humin as 
HA complexed to inorganic colloids or clays, probably because of the generally similar 
elemental composition of HA and humin and similar functional group contents. Humin has 
also been considered a high molecular weight polymer, a lignoprotein, a melanin or plant and 
fungal residues in varying stages of decomposition.57,58 It seems that humin consist of an 
aggregate of humic and non-humic materials; as such, humin is better described as a humic-
containing material rather than as a humic substance.11 It also contains acid-hydrolysable 
structure segments, carbohydrates, proteins and esters that can be removed by acid 
treatment.58   

Humin has a significant aliphatic nature that is caused, at least in part, by the presence of 
lipids in its components. As a component of humin, lipids may exist as a distinct domain or 
phase separate from the aromatic/carbohydrate C in the same sample.57  
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2.2.7 The role and utilization of HS 

Natural organic matter occurs widely in soils, waters and sediments, and plays a key role in 
several natural and anthropogenic processes, such as the global carbon geochemical cycle and 
the transport of organic and inorganic pollutants across the environmental compartments. 
Humic substances, being the main component of NOM, largely affect these processes.  

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. Extractable HS are ubiquitous in nature and play essential roles in sustainable 
agriculture, water quality, and immobilization and transport of nutrients and anthropogenic 
chemicals, while also potentially offer exciting opportunities for the discovery of novel 
compounds for use in industry and medicine.14 

Nowadays, applications of HS can be divided into four main categories: agriculture, industry, 
environment and biomedicine. 

HS play an important role from the agronomical point of view. They influence significantly 
the quality and productivity of the soil. HS also show a high base exchange capacity, which is 
important for soil fertility. The indirect effects of humic substances are very important as they 
integrate iron to chelates and make it available to plants.9 HS can serve as a reservoir for 
holding micronutrients in the soil and making them available later to plant root hairs.11  

Humic substances, naturally occurring surfactants, begin to be recognized as a possible aid in 
soil bioremediation techniques. Furthermore, the surfactant activity of HS was found to 
reduce sorption of organic contaminants on spiked soils, thereby enabling 
desorption-remediation of PAH, dioxins, and heavy metals.59  

The importance to promote the use of environmentally-safe humic substances in the 
remediation of heavily contaminated soils should be self-evident. Humic substances can even 
improve biomass activity on washed soils and contribute to a further natural attenuation once 
the soil is disposed after an ex situ remediation process. Moreover, the fraction of humic 
substances remaining in soil may play a favorable action in plant growth and thus assist in the 
full recuperation of the treated soils.59  

Humic substances such as humic acids and fulvic acids are very active in binding ions and 
organic molecules. These properties make HA and FA important in regulation in the 
speciation, mobility, and transport of ions, nutrients, and contaminants in soils and aquifers. 
Humic substances have also a relatively strong affinity for oxide surfaces and tend to be 
attached to particulate matter. The mechanisms of binding of humics to solid surfaces have to 
be known in order to improve the understanding of the role that these substances play in the 
environment.60  

When adsorbed on mineral surfaces, HS may bind and hence immobilize trace metals, 
radionuclides, and non-ionic organic pollutants, and they may also alter clay-mineral surface 
charge properties and flocculation kinetics. Determination of the physical shapes and forms of 
adsorbed HS is essential for development of realistic pollutant-binding models, particularly 
with respect to partitioning of hydrophobic organic contaminants.61  

The adsorption of humics reduces the solubility of natural organic matter and thus the 
mobility of the nutrients and pollutants bound to it.62  
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Their colloidal character and high surface functionality make them excellent adsorbents, 
possessing a superior capacity for the retention of ionic and molecular pollutants, and for 
facilitating the processes of mobilization/immobilization of these in the environment.18  

Humic and fulvic acids are important because they form water-soluble complexes with many 
metals including radionuclides. These organics may therefore be important as radionuclide 
transport agents through the environment. The main task of humic substances in 
environmental chemistry is to remove toxic metals, anthropogenic organic chemicals and 
other pollutants from water. Due to this polyfunctionality, humic substances are one of the 
most powerful chelating agents among natural organic substances.9  

Intramolecular interactions in humic substances and intermolecular interactions between 
humic substances will change their physical properties. Those interactions depend on pH, salt 
concentration, and type of ions in solution. The few studies made on the effect of such 
parameters on binding of organic pollutants to humic substances show that the binding may 
depend on pH and salt level. The binding generally decreases with decreasing pH and 
increasing salt concentration.63,64  

They strongly affect the fate of trace metal cations and organic contaminants in soils and 
aquatic environments. The mobility of humic compounds in soils and aquifers strongly 
depends on their charging behavior, since the colloidal stability of humic acids is related to 
their charge. The charging behavior of humic and fulvic acids is controlled by the types and 
amounts of functional groups. The negative charge of the humic substances resulting from 
deprotonation of acidic functional groups generally increases with increasing pH and 
increasing ionic strength. At any given pH and ionic strength, the fulvic acid fraction exhibits 
much higher negative charge than the humic acid fraction.65  

Humic acids help break up clay and compacted soils, assist in transferring micronutrients 
from soil to plants, enhance water retention, increase seed germination rates, and stimulate the 
development of microflora populations in soils. Humic acids also slow down water 
evaporation from soils. This is especially important in soils where clay is present at low 
concentration or not at all, in arid areas, and in sandy soils without the capability to hold 
water.9  

HA are excellent sorbents because they are hydrophilic, hydrophobic, and functionalized. 
This qualifies them as amphiphiles that lower the surface tension of water and form micelles 
that can sequester hydrophobic molecules such a pyrene, adsorb more polar compounds, and 
bind metals. Another great gift of their versatility is that solid HA behave as free-energy 
buffers.17  
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2.3 Phase transitions 
Traditionally a phase is defined in thermodynamic terms as a state of matter that is uniform 
throughout, not only in chemical composition, but also in physical state. In other words, 
a phase consists of a homogeneous, macroscopic volume of matter, separated by well-defined 
surfaces of negligible influence on the phase properties. 

Domains in a sample, which differ in composition or physical states, are considered as 
different phases. In the case where two phases are in contact and at equilibrium, the stability 
of both phases must be equal. This requires that the two free enthalpies per mole, G’, must be 
the same at given temperature and pressure. In addition, any infinitesimal change in dG’ of 
each phase must also be equal so that the equilibrium is stable. 

Since the changes in dG are expressed per mole, there is no change in the number of moles, n, 
and each side of the equation has only two terms. This equation allows only one independent 
choice between the two variables T and p – i.e., if two phases are in contact and in 
equilibrium, there is only one degree of freedom for a one-component system. This statement 
is called the Gibbs phase rule and can be written more general as: F = C − P + 2, where P is 
the number of phases, F is the degrees of freedom, C is the number of components, and 
2 represents the two variables p and T.66  

For a one-component system, no degrees of freedom or independently adjustable variables are 
possible for three phases in contact. In a p–T diagram this situation is represented by a triple 
point. 

The definition of components in real systems, which are for example linear macromolecules, 
is somewhat complicated. One must distinguish between processes that occur with parts of 
molecules, i.e. strongly coupled components which must keep their positions within the 
molecule (as in copolymers), and processes with whole molecules, i.e., where there exist only 
weakly bound components that can easily segregate. 

The most far-reaching transitions are melting and evaporation. They involve the loss of order 
in the case of melting, and the change from a condensed to a dilute state in the case of 
evaporation. To stay in equilibrium during a transition, the change in Gibbs energy, ΔG, must 
be zero. The derivatives of ΔG with respect to temperature, on the other hand, do not have to 
be zero. This suggests a way to characterize the transitions thermodynamically. Ehrenfest 
suggested that a transition for which STG Δ−=∂Δ∂ / is not equal to zero be called a first-
order transition. A second-order transition would analogously have the first derivative 

 equal to zero, but the second derivative would not equal zero.TG ∂Δ∂ / 22 / TG ∂Δ∂ 67  

Formally, if the Gibbs free energy function is discontinuous at the transformation 
temperature, it is a first order transformation; if not, it is of higher order.68  

The phase transitions are characterized by discontinuous change of some property of system, 
which occurs at certain, accurately determined values of temperature and pressure.66  
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2.3.1 First-order transitions 

For first order thermodynamic transitions, such as the melting or boiling points, the entropy, 
volume, and therefore enthalpy change markedly. This may be mathematically expressed in 
terms of the first derivative of the Gibbs free energy with respect to temperature (at constant 
pressure) or pressure (at constant temperature): 
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Entropy is a property which may not be measured directly, so, a more convenient form of the 
first derivative to inverse temperature may be used:55   
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Examples of first order phase transformation would be boiling, sublimation, and 
solidification. Most solid-state polymorphic transformations are also first-order transitions.68  

In the range of first-order transitions, such as melting and crystallization, latent heats 
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are absorbed or released.69  

Using the melting point of a solid as an example of a first order transformation, the large 
discontinuity in enthalpy at the melting point is due to the latent heat absorbed for the 
structural alterations of the transformation. During that period, the heat capacity is infinite, 
since all heat input contributes to the transformation and not temperature rise.68  
 
2.3.1.1 Crystallization 

At low temperature the crystalline state is most stable. The crystals are stable up to the 
melting temperature, Tm. At this temperature, the crystal becomes liquid in order to remain 
stable. The change of state is connected with a change in the slope of G - i.e., the transition 
must be of first order.67  

A large number of polymers are able to form crystalline structures, in which parts of the 
macromolecule are oriented parallel to each other. Besides crystallites, amorphous regions can 
also be formed in these materials. In practice, one distinguishes between two kinds of 
amorphous regions in partially crystalline polymers based on the different types of possible 
molecular mobility. The mobile amorphous regions are between the crystallites. They also 
determine the step height of the glass transition. At the surface of the crystallites there are 
rigid amorphous regions that exhibit an amorphous structure. Despite of this fact, these do not 
take part in the glass transition because of their reduced mobility. The temperature, at which 
crystallization occurs, how rapidly it takes place and the degree of crystallinity achieved, 
depends on the molecular structure of the sample. 

The size of the crystallites formed during crystallization depends on how easily the polymer 
chains fit into the crystal structure. In general, polymer chains are less mobile at lower 

 27



temperatures and only small, less stable crystals are produced. These crystals have a low 
melting point. The mobility of the molecules is greater at higher temperatures so that larger, 
more perfect crystals are formed that melt at higher temperatures. The melting curve of 
a partially crystalline polymer therefore contains information on the size distribution of the 
crystallites present in the material. The crystallinity of partially crystalline polymers can be 
investigated by differential scanning calorimetry (DSC).70  

Macromolecules of relatively homogeneous composition are more likely to form crystalline 
regions than macromolecules with irregular chain structures and protruding side functional 
groups or so-called atactic macromolecules. 

Given the relative heterogeneity of humified soil or sediment organic macromolecules, one 
would thus expect the occurrence of total crystallinity in these natural (likely atactic) systems 
to be relatively infrequent, with only very small or so-called “microcrystalline regions” 
forming under glassy state conditions. However, for more homogeneous biopolymers or 
largely diagenetically altered natural organic matter (e.g. coals) it may be possible to find 
significantly larger regions of crystallinity. While it is possible that regions of 
microcrystallinity may influence observed equilibrium sorption behavior, it is likely that such 
crystalline areas do not contribute significantly to sorption capacity and do not play 
significant roles in non-equilibrium sorption behavior due to the inability of most solutes to 
penetrate these regions. It is more likely, the void spaces between the crystallites, in the 
amorphous rubbery and glassy regions of the macromolecule that control non-equilibrium 
sorption behavior.71  

Organic and other “poorly crystallizing” compounds form a solid glass on cooling.70 Such 
amorphous material can then crystallize on heating to temperatures above the glass transition 
temperature (devitrification, cold crystallization) and recrystallize to form larger, more stable 
crystals that then melt at higher temperatures.72,73  

Cold crystallization can often occur in two steps. On further heating, polymorphic transitions 
can occur before the solid phase finally melts.70  
 
2.3.2 Second-order transitions 

Second derivatives of the free energy equation yield expressions for second order 
thermodynamic transitions, including specific heat capacity (Cp), compressibility (k), and 
thermal expansion coefficient (α); each of which may be determined experimentally62: 
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There is no latent heat associated with the second-order transition, hence the change in heat 
capacity at the critical temperature is finite.  

An example of a second-order transformation is the non-superconducting to superconducting 
transformation at cryogenic temperatures.68  
 
2.3.3 The glass transition 

All macromolecules display distinct thermodynamic properties that can manifest significant 
differences in their physical structure and mechanical behavior. 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 measured using differential scanning calorimetry (DSC).55  

The glass transition is a phenomenon that can in principle occur in all non-crystalline or 
semicrystalline materials.73 In these types of material, crystallites and amorphous regions 
coexist. With increasing crystallinity, the amorphous content and consequently the intensity of 
the glass transition decrease.70  

The requirement for the glass transition is a sufficiently large degree of molecular disorder at 
least in one direction.73  

A special point to note is that glass is an amorphous solid and is not in thermodynamic 
equilibrium. The transition to the liquid or rubbery state is a relaxation process and is 
therefore under kinetic control. The glass transition does not therefore occur at a specific 
temperature as melting, but rather over a broad temperature range.75  

Glass transition is a second-order transition, which is manifested by an abrupt, discontinuous 
change in specific heat capacity (Cp) and thermal expansion coefficient (α) (Equation (4)).46,76   
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According to Hatakeyama and Quinn, the glass transition is neither first- nor second-order 
thermodynamic phase transition, since neither the glassy state nor the viscous state is an 
equilibrium state. The glass transition is exhibited by amorphous polymers or the amorphous 
regions of partially crystalline polymers when a viscous or rubbery state is transformed into 
a hard, brittle, glass-like state.77  

A second-order transition has the first derivative TG ∂Δ∂ / equal to zero, but the second 
derivative is not equal to zero (as indicated in Equation 22 / TG ∂Δ∂ (4)). The second 
derivative is equal to TC p /Δ . This condition is superficially fulfilled in a glass transition at 
a fixed time scale, but the time-dependence of Tg indicates that the transition should not be 
considered as equilibrium transition. The glass transition, although superficially similar to the 
second-order transition, is time- and frequency-dependent, and thus, it should not be treated as 
thermodynamic transition.67  

Implications of the existence of Tg in natural organic matter are limited not only to yield 
information about the macromolecular structure of humic substances but also can provide 
valuable insights into the sorptive behavior of these substances. 
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Considering the facts mentioned above, glass transition behavior can be explained as both 
kinetic and thermodynamic phenomenon. A thermodynamic argument derives from the 
observation of the change in the thermodynamics associated with the shift from glassy to 
rubbery behavior, as evidenced by changes in heat capacity, viscosity, dielectric relaxation, or 
thermal expansion coefficients. The kinetic argument derives from observation of changes in 
glass transition temperatures for samples exposed to different thermal histories. 

Gibbs-DiMarzio theory provides an explanation to link observed kinetic and thermodynamic 
phenomena. Gibbs-DiMarzio theory for glass transition behavior assumes that each 
macromolecule has a lowest energy shape at temperature T2 and that configurational 
deviations from this minimal energy state increases the internal energy of the macromolecule. 
At T2, there is not enough thermal energy to cause larger scale wriggling, and hence below 
this temperature, the macromolecules remain in a lowest energy configuration.  

The temperature at which a macromolecule is moved from its lowest, non-crystalline, energy 
configuration to the rubbery state is known as the “true” glass transition temperature.55,71  

When a rubbery, amorphous polymer is cooled fast through the glass transition region, it 
transforms to a glassy matrix with non-equilibrium structure. Although called rigid, glassy 
matrixes undergo a process called structural relaxation or physical aging during which the 
macromolecular structure changes gradually with time, tending toward an equilibrium state.44  

The glass transition is thus strongly influenced by the thermal history of the sample. After 
sample storage below Tg or slow cooling, glass transition reveal the shape of a peak rather 
than of a step. This peak is called annealing peak or enthalpic overshoot. Wide distributions of 
structural relaxation times result in broad glass transition regions with weakly pronounced or 
no annealing peaks. Thus, broad step-like glass transitions are expected for heterogeneous 
amorphous materials such as NOM.41 More complex thermal histories can result in an 
isothermal relaxation in which the response is initially to depart further from equilibrium 
before returning to the expected approach towards equilibrium.78  

The relaxation rate of individual macromolecular chains decreases with increasing glassy 
character, and it increases with increasing temperature when approaching the glass transition 
temperature (Tg).44 

A macromolecule heated at a slower rate will have a lower observed Tg than its more quickly 
heated counterpart. Observed glass-transition behavior is clearly influenced by the time scale 
of the experiment.55,79  

Glass transition temperature, Tg, is the temperature that separates the glassy state from the 
rubbery state. Tg marks a second-order phase transition in which there is continuity of the free 
energy function and its first partial derivatives with respect to state variables such as 
temperature or pressure, but there is a discontinuity in the second partial derivatives of free 
energy. There is, therefore, continuity in enthalpy, entropy, or volume at the transition 
temperature but not in the constant-pressure heat capacity, Cp. Hence, measurements of 
changes in Cp with increasing temperature yield information about Tg as well as about the 
magnitude of change in Cp that occurs in the transition from glassy state to rubbery state. 
Since the rubbery state allows greater molecular motion, it exhibits a greater ability to 
disperse heat and thus manifests a correspondingly higher Cp.42  
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Thus, if one assumes that glass transitions are fundamentally thermodynamic in nature, then 
Tg may be determined by evaluating the temperature at which a discontinuity occurs in Cp (via 
evaluation of heat capacity changes as a function of temperature through differential scanning 
calorimetry) or α (via measurement of dimension changes as a function of temperature 
through thermal mechanical analysis).55  

Because Tg is a function of macromolecular mobility, any changes to the macromolecular 
structure that increase or decrease this mobility will have similar effects on Tg. For example, 
increased cross-linking restricts chain mobility of larger macromolecular segments, while 
increased attractive forces between molecules (as measured by the solubility parameter) 
require more thermal energy to produce molecular motion. Thus, Tg will generally increase 
with increased cross-linking and increased cohesive energy density pσ .42  

Factors influencing the mobility of a macromolecule include: 

- stiffness of the macromolecule (generally, more aromatic regions are more rigid than 
aliphatic regions) 

- cohesive energy density (higher values of solubility parameters generally coincide 
with more polar macromolecules, and are responsible for increased interaction 
energies between individual macromolecule segments) 

- cross-link density (increased number of cross-links reduce segment mobility) 

- molecular weight (larger molecular weights tend to possess decreased numbers of 
mobile endgroups)80  

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.40  

The molecular mobility in amorphous regions is influenced by the presence of the 
crystallites.70  
 
2.3.3.1 The theory of the glass transition 

The glass transition of polymers is interpreted by several theories:81  
 
2.3.3.1.1 The Gibbs-DiMarzio theory 

Although we still lack a truly predictive molecular theory of glass-formation, the 
thermodynamic theory of Gibbs and DiMarzio (GD) has achieved substantial success in 
rationalizing observed trends for the variation of the glass transition temperature Tg of 
polymeric materials with molecular parameters. In particular, GD theory provides definite 
predictions for how the “ideal glass transition temperature” T0 (defined by the vanishing of 
the configurational entropy sc) varies with chain molar mass, chain topology (rings vs. linear 
polymers), cross-linking, the addition of plasticizers, etc., and these predictions generally 
follow experimental trends for the glass transition temperature Tg (determined from the 
maximum in the specific heat or from a change in the slope of the density as a function 
temperature).82  (c.f the chapter 2.3.3) 
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2.3.3.1.2 Free volume theory 

In an amorphous polymer, there is only close organization that can be visualized as an 
organization inside liquid. At temperatures above the Tg, in polymer, there is a certain number 
of vacant positions, which make possible Brown and micro-Brown motions. At heating above 
the Tg, the formation of vacations is involved in volume changes of polymer. According to 
this theory, at the Tg the polymer achieves certain critical value of vacations, which amount 
retains the same at further cooling. The frequency of vacations in glassy state is the same for 
all polymers.81

A competing “free volume” model of glass-formation in polymer fluids by Fox and Flory has 
been developed into a successful and highly utilized phenomenogical approach for the rate of 
structural relaxation in polymer fluids by Ferry, Simha, and their respective co-workers. The 
free volume model of polymer relaxation has its antecedent in Doolittle’s free volume model 
of transport in low molar mass fluids. This class of models describes glass-formation as 
ensuing when the free volume, rather than the configurational entropy, becomes critically 
small. Moreover, glass formation is known also to occur at constant volume, a situation that 
evidently cannot be analyzed by this simple free volume theory. Nevertheless, some 
qualitative truth certainly underlies the free volume description of polymer glass-formation.82  

Taking into account the observed kinetic character, the free volume model considers the glass 
transition essentially as a freeze-in process. According to the free volume theory the 
molecular mobility is controlled by the free volume and the glass is considered as a frozen 
metastable state of matter, described by additional, kinetically controlled internal order 
parameter, and as a P-V-T equation of state.83 

But it is true only for systems that can crystallize that the glass phase can be considered to be 
a metastable phase.84  

Brekner et al.85 have suggested that the glass transition temperature of compatible polymer 
blends depends on the free volume distribution and the related conformational mobility, 
which is controlled by the probability of hetero-molecular contact formation in the mixture 
due to specific interactions of the components. 

Thus it may be supposed that the weaker the interaction energy between the blend 
components is, the less probable is the local ordering effect of hetero-contact formation on the 
immediate environment allowing additional conformational rearrangements. As 
a consequence, the conformational entropy contribution to the polymer miscibility increases. 
These prevailing conformational entropy effects will contribute to an increase of the free 
volume and a corresponding decrease of the blend Tg.83  
 
2.3.3.1.3 The entropic theory 

Based on this theory, the conformational entropy of polymer decreases to zero even before 
achieving the absolute zero. Thus, the transition from one conformational state to the other 
becomes less possible below Tg.81  

The validity of the entropy theory remains intact if the theory is viewed more qualitatively as 
implying that the glass transition (Tg) occurs when the particle motion becomes “sufficiently 
conjested” at low temperatures due to the sparseness of accessible configurational states. 
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On a molecular level, Tg corresponds to the temperature at which particles become spatially 
localized about well-defined average positions and exhibit constrained local dynamics similar 
to that within a crystal. However, this particle localization in a glass at Tg only remains for 
time scales up to a structural relaxation time. Very slow residual structural relaxation and 
molecular motions (other than vibrations) occur in supercooled liquids due to rare collective 
fluctuation events that provide the only remaining channel for molecular motion in the 
jammed fluid. This physical picture implies that the glass transition can be characterized on 
the molecular scale by a particle localization-delocalization transition, as in melting. In both 
cases, the transition arises from the rapid growth of elastic constants that emerge upon cooling 
due to the confining influence of ever more restrictive interparticle interactions.82  
 
2.3.3.1.4 The Ueberreiter’s theory 

Ueberreiter supposes that during the glass transition certain amount of enthalpy is consumed. 
Nevertheless, according to the non-equilibrium character of the glass transition specific 
number of internal stress remains in polymer. If the energy of tension during devitrification is 
greater than enthalpy of the glass transition, then it appears on calorimetric curve as the 
second-order transition, in other case an endothermic peak is created which is specific to the 
first-order transition.  

Generally, in amorphous polymer the changes can occur even below Tg, both structural and 
enthalpic.81  
 
2.3.3.2 Glass transition in NOM and SOM 

Both the rubbery and glassy states of natural organic molecules are amorphous in nature, the 
distinction being one of degree. Thus, while all structural features influence the mobility of 
such molecules, it is only those of the amorphous (non-crystalline) regions that influence the 
magnitude of the glass transition temperature.79  

If the molecular weight decreases, molecular motion of the end groups begins to affect the 
main chain motion, i.e. rotation of the end groups cannot be ignored and enhances the whole 
chain movement. In that situation, the Cp of the glassy state is high and a small ΔCp value at 
Tg can be observed.86  

Molecules 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.40  

In addition, an increase in the free volume of a macromolecule allows more room for 
molecular movement and thus yields an accompanying reduction in Tg. Swelling of 
a macromolecular sorbent by thermodynamically compatible solutes (i.e., those possessing 
similar pσ values) will therefore tend to increase the free volume and lower Tg.42  

The mobility of polymer chains may be important for the transport of sorbed organic 
compounds, which can be transferred from one site to another by movement of polymer 
chains.87  

Glass transition behavior is an inherent property of amorphous solids. Two mechanisms of 
glass transitions have been distinguished in humous soil samples. One of them is closely 
related with water binding and may be explained by the formation and disruption of cross-
linking water bridges between individual strands. Due to its slowly reversing character, this 

 33



transition does not fully represent a classical glass transition.45 In order to distinguish this 
transition type from the classical one, it is referred to as glass transition-like step transition 
with the transition temperature .∗gT 43 The glass transition-like step transitions occur at higher 
temperatures and reveal higher intensities than the classical glass transitions of SOM.41  
Classical glass transitions is connected with a decrease in matrix rigidity45, characterizes 
structural properties of the water-free organic matrix and may be related to OM aromaticity.41 
Water in this transition surprisingly acts in an antagonistic way as short-term plasticizer and 
long-term antiplasticizer in soil organic matter. The second transition can be detected in 
water-free systems only and indicates classical glass transition behavior.45  

The two types of glass transition behavior in SOM can be explained by the hydrogen bond-
based cross-linking (HBCL) model proposed by Schaumann and LeBoeuf. ,44 88 This model 
supposes hydrogen bond-based cross-links by individual water molecules between the 
molecular chains of SOM, resulting in an antiplasticization of the SOM structure for low 
water contents. If these cross-links are disrupted by the removal of water out of the system, 
the chain mobility increases, and consequently the glass transition-like step transition shifts to 
significantly lower temperatures and becomes a reversible classical glass transition.43, ,44 88  

For a simple polymer chain to change its conformation, individual C-C bonds must twist from 
trans to gauche position – i.e. the torsion angles must change. This is a thermally activated 
process. At low temperatures, there is not enough thermal energy available to allow torsion 
angle changes, so the conformation becomes “frozen”. The temperature above which the 
torsion angles can change is called glass transition temperature. The changes in conformation 
depend on time-scale.90  

A general observation is that carbonaceous SOM (e.g. kerogen, black carbon), with higher 
degree of diagenetic/anthropogenic alteration, possess higher glass transition temperatures 
than humic-based SOM (e.g. humic acid, fulvic acid) due to higher degree of cross-linking, 
chain stiffness from an atomic-level perspective and higher average molecular weight, higher 
aromatic character, leading to different SOM macromolecular mobility and 
sorption/desorption behaviors.42,46  

Although identified in some soil samples, it is still uncertain whether glass transition behavior 
is representative of SOM. Furthermore, it is unknown which properties of the organic 
substances control temperature and intensity of the transitions. The SOM content, as well as 
structural properties such as cross-linking density, degree of decomposition, and degree of 
swelling may represent important influencing factors.43  
 
2.3.3.3 Factors affecting the glass transition of macromolecules 

Tg depends on the polymer’s architecture, and there are several factors influencing the 
transition: 
 
Chain length 

Each chain end has some free volume associated with it. A polymer with shorter chains will 
have more chain ends per unit volume, so there will be more free volume. Hence Tg for 
shorter chains will be lower than Tg for long chains. 
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Chain flexibility 

A polymer with a backbone that exhibits higher flexibility will have a lower Tg. This is 
because the activation energy for conformational changes is lower. Therefore, conformational 
changes can take place at lower temperatures. 
 
Side groups 

Larger side groups can hinder bond rotation more than smaller ones, and therefore cause an 
increase in Tg. Polar groups such as –Cl, –CN or –OH have the strongest effect. 
 
Branching 

Polymers with more branching have more chain ends, so have more free volume, which 
reduces Tg, but the branches also hinder rotation, like large side groups, which increases Tg. 
Which of these effects is greater depends on the polymer, Tg may rise or fall. 
 
Cross-linking 

Cross-linking reduces chain mobility, so Tg will be increased. 
 
Plasticizers 

Small molecules, typically esters, added to the polymer increase the chain mobility by spacing 
out the chains, and so reduce Tg.90  

Exposure of sorbents to solvents or good swelling compounds can also impact the glass 
transition temperature.79  

Water may either act as a plasticizer (i.e., water removal may increase Tg above the 
investigated temperature range) or it may act as a antiplasticizer (i.e., the removal of water 
may reduce the glassy character and induce a water-content-driven continuous transition to 
a rubbery state). While antiplasticization is rather common in polymer chemistry, 
antiplasticizing effects of water are rarely reported for environmental systems.44  

The discrepancy between the magnitude in drop of the Tg for the water-wet sorbents relative 
to their respective “dry” states can be attributed to the interaction of water molecules with the 
sorbing matrices. Water interacts more favorably with chemically similar matrices (sorbents 
with solubility parameters closest to its own value). This increased interaction results in 
greater water uptake, causing additional swelling within the humic acid matrix, and hence 
a greater lowering of Tg. The water may not only play a role in swelling of the matrix and 
disruption of van der Waals forces but it may also play a role in disrupting some hydrogen 
bonds, thus the larger reduction in Tg. The sorbed water likely disrupts many intermolecular 
bonds, thus less thermal energy is required for the macromolecule to transcend to the rubbery 
state.79  

Glass transition behavior in this model would represent a cooperative process of cross-link 
disruption and increase in side chain mobility connected with an increased mobility of the 
released water molecules. 

The slow reduction of Tg upon water uptake may point either to additional matrix 
plasticization or to a decrease in portions of the matrix experiencing antiplasticization effects. 
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In terms of the suggested model, water-based cross-links become more hydrated with 
increasing water content, leading to increased water-water interactions at the expense of 
water-polymer chain interactions, resulting in reduced antiplasticization capability.44

The glass transition temperature of a polymer/water gel follows the Fox-Flory equation: 
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Polymers having hydrophilic components such as hydroxyl or amide groups form 
intermolecular bonds in the presence of water, which strongly affect the characteristics of the 
glass transition. Main-chain motion is restricted owing to these intermolecular interactions 
and the glass transition temperature is higher than that of the hydrophilic polymer in the 
completely dry state or a similar hydrophobic polymer. 

In certain kinds of proteins and polysaccharides no glass transition or melting is observed 
until decomposition of the main chain occurs because intramolecular and intermolecular 
hydrogen bonds stabilize the high order structure of these polymers. On the other hand, 
introducing a small amount of water to a hydrophilic polymer may disrupt the intermolecular 
bonds, thereby enhancing the main-chain motion. In this case Tg shifts to lower temperatures 
in the presence of water.77  
 
Heating rate 

A macromolecule heated at a slower rate will have a lower Tg than its more quickly heated 
counterpart. At a slower heating rate, the macromolecule has a chance to “keep up” with the 
experiment and thus display a transition that is more consistent with its true transition, 
compared to the faster heating rates.  

It is well established that higher heating rates will sharpen heat flow events (increase their 
intensity) and make them more obvious.79  
 
2.3.3.4 The measurement of the glass transition temperature 

There are several methods available to measure the glass transition temperature. Since the 
value of the glass transition temperature depends on the strain rate and cooling or heating rate, 
there cannot be an exact value for Tg.90  

The glass transition is very sensitive to changes in molecular interactions. Measurement of the 
glass transition can be used to determine and characterize structural differences between 
samples or changes in a sample. The glass transition is therefore an important source of 
information that can by obtained from the thermal analysis of materials.73  
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2.3.3.4.1 Mechanical methods 

It is possible to calculate a value for the glass transition temperature by measuring the elastic 
modulus of the polymer as a function of the temperature. Around Tg there is a large fall in the 
value of the modulus. 

A more common method is dynamic mechanical analysis (DMA), which measures the energy 
absorbed when a specimen is deformed cyclically as a function of the temperature, and a plot 
of energy loss per cycle as a function of temperature shows a maximum at Tg.90

 
2.3.3.4.2 Thermal methods 

The change of energy input needed to heating/cooling of polymer which is proportional or 
directly equal to enthalpy (Perkin-Elmer), decreases as the temperature decreases. The Tg is 
then indicated as a drop in the baseline. Taking the derivative of obtained enthalpy with 
respect to the temperature, the specific heat capacity can be calculated and plotted.90  

The Tg is defined as the discontinuity in the heat capacity between the rubbery and glassy 
state. The change in specific heat capacity is then defined as the vertical difference between 
the onset and endset temperatures.55 The value of Tg depends on the heating or cooling rate.  

The specific heat capacity, Cp, can be measured using calorimetry, e.g. differential scanning 
calorimetry.90  

The thermal glass transition is observed when a melt that is not able to crystallize undergoes 
supercooling. This phenomenon can be explained by assuming that during cooling, the 
characteristic time for the cooperative rearrangements approaches the same order of 
magnitude as the time determined by the measurement conditions (i.e. by the cooling rate). 
The movements specific to the liquid state “freeze” (vitrification). This results in a reduction 
of the heat capacity. The temperature, at which this effect is observed, shifts to lower values 
with decreasing cooling rate. The glass transition is a dynamic transition of the supercooled 
melt from a state of metastable equilibrium to a non-equilibrium state (glass). 

On heating, the molecular processes “thaw” (devitrification), but at a temperature that is 
a little higher than that at which they “freeze” on cooling. This leads to the overheating or 
occurrence of enthalpy relaxation peaks in the heating curve.73  

Cooperative rearrangements take place at a certain rate and hence have a characteristic 
frequency. The frequency of the rearrangements is lower at lower temperatures, i.e. the 
rearrangements take place more slowly. 

The Deborah number (D) can be used to characterize time- or frequency-dependent events. 
D is the ratio of the characteristic time of the cooperative rearrangement τa, and the 

observation time, tb, so that 
b

a

t
D

τ
= . 

τa is shorter at higher temperature. tb depends on the measurements parameters (cooling rate, 
frequency).  

For D < 1, the characteristic time of the cooperative rearrangement is shorter than the 
observation time. The material appears to be liquid or rubbery-like. In the glassy state is 
D > 1. The cooperative rearrangements are so slow that they do not occur during the 
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measurement. They therefore appear to be frozen. From these considerations, it is apparent 
that the glass transition depends on the measurement or observation conditions.75  

Two kinds of glass transition can be observed: 

1. Vitrification (resp. devitrification): If the temperature is lowered, the cooperative 
rearrangements freeze and one observes the transition from the liquid to the glassy 
state. The observation time is determined by the rate of cooling, at high rates it is 
shorter than at low rates. At a high cooling rate, the glass transition is therefore 
measured at a higher temperature than at a low cooling rate. 

2. Dynamic glass transition: This is observed when the measurement frequency 
corresponds approximately to the characteristic frequency of the cooperative 
rearrangements. In other words, if a material is analyzed at high frequency (e.g. 
mechanically stressed) it appears hard because the cooperative rearrangements cannot 
follow the measuring frequency. If the stress is applied more slowly (at lower 
frequency), the material appears soft at the same temperature. 

The temperature of the dynamic glass transition is often higher than that of vitrification.75  

Various methods are used to determine the glass transition temperature by DSC. The 
following is a short summary of the evaluation methods: 

- Bisector method: Tg is the temperature at which the bisector of the angle between 
the two tangents intersects the measurement curve. 

- Point of inflection: Tg is the temperature of the point of inflection of the DSC curve. 

- Half step height: A straight line extrapolation is performed on the Cp curves of the 
liquid (Cl) and the glass (Cg). Tg is the temperature at which the measurement curve 
attains a height equal to half the value of the step height: 
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- Richardson method: Determination of the fictive temperature of the glass as the 
glass transition temperature. The fictive temperature corresponds to the intersection 
of the extrapolated enthalpy curves of the glass and the liquid in the enthalpy 
temperature diagram (Fig. 7). The determination is done by means of an area 
calculation (Fig. 8). At Tg, 231 AAA =+ .    

If no overheating peak occurs, the glass temperatures determined by all four methods are 
almost the same. Larger differences arise between the different glass transition temperatures 
with curves that exhibit overheating peaks. 

The fictive temperature describes the actual state of the glass. The glass transition temperature 
determined in this way thereby includes information about the history of the material and its 
structure. All other methods for Tg determination are not only affected by the state of the glass 
but also by the actual experimental parameters. They are however useful to identify a sample 
by its Tg or to evaluate comparative measurements.73
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Fig. 7 Theoretical enthalpy curve at the thermal glass transition.73  

 
Fig. 8 Determination of the glass transition temperature as a fictive temperature by means of 
a method based on area calculations.73  
 
While DSC possesses the advantage of great temperature accuracy, TMA is generally more 
sensitive to glass transitions than DSC. Glass transitions may be identified by a sudden 
increase in the linear expansion coefficient α, by a reduction of sample volume or increase of 
penetration, or by sample softening.  
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DSC is more favorable for the quantification of stronger, more easily detected transitions. 
TMA is more favorable for the quantification of weak transitions, where DSC is less 
sensitive.89  

Tg of a partially crystalline polymer is difficult to detect by DSC because enhancement of 
molecular motion in the amorphous regions is restricted by the crystalline regions. Restricted 
motion of the amorphous regions can be observed using other techniques such as DMA or 
NMR.77  
 
2.3.3.4.3 Volume methods 

The changes in conformation that occur above Tg require more volume, so plotting a specific 
volume or thermal expansion coefficient against temperature will give a value for Tg. The 
actual volume of the molecules stays the same through Tg, but the free volume (the volume 
through which they can move) increases.90  
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2.4 Hydration 

2.4.1 Water 

Traditionally, biochemists (and chemists) consider water as a rather inert solvent in 
(bio)chemical processes. This assessment of water is not surprising; we all experience water 
as a harmless liquid every day. In reality water is not inert at all. With its large dipole 
moment, it interacts strongly with other molecules and shows a rich chemistry, including 
redox processes and acid-base reactions with the remarkable ability of water to act as either an 
acid or a base.91  

Two groups of water can be distinguished by NMR relaxation, which are bound water or 
water located in very fine pores and pore water in the unswollen and swollen sample.92  

Water whose melting/crystallization temperature and enthalpy of melting/ crystallization are 
not significantly different from those of normal (bulk) water is called freezing water. Those 
water species exhibiting large differences in transition enthalpies and temperatures, or those 
for which no phase transition can be observed calorimetrically, are referred to as bound water. 
It is frequently impossible to observe crystallization exotherms or melting endotherms for 
water fractions very closely associated with the polymer matrix. These water species are 
called non-freezable. Less closely associated water species do exhibit melting/crystallization 
peaks, but often considerable super-cooling is observed and the area of the peaks on both the 
heating and cooling cycles are significantly smaller than those of bulk water. These water 
fractions are referred to as freezing-bound water. The sum of the freezing-bound and non-
freezing water fractions is the bound water content.77  

Three coexisting classes of water can be distinguished by DSC in hydrated polymers, which 
are bulk-like freezable water, freezable bound water and unfreezable water. Freezable water 
can easily be detected by the melting endotherms in DSC thermograms. Bulk-like water 
reveals a melting enthalpy of 333.5 J g−1 and a melting temperature around 0 °C. The melting 
point of freezable bound water lies below that of bulk-like water. Water may be unfreezable 
due to specific interactions with polar functional groups in the polymer, confinement of water 
clusters by polymer chains in glassy matrices or glassiness of the water itself. The ability to 
form unfreezable water is usually characterized by the water content threshold (Θcrit), above 
which freezable water becomes detectable in the sample. 

As stated above (cf. chapter 2.3.3.3), water reveals a short-term plasticizing function in the 
range of days as well as a slow antiplasticizing function in the range of weeks or even months. 
Water usually plasticizes polymer matrixes, i.e., it reduces the glass transition temperature, or 
it can depress glass transition. At low contents, plasticizing molecules like water can 
additionally reveal antiplasticizing characteristics. Antiplasticization suppresses the molecular 
mobility of the polymer in the glassy state. It arises from a polar-polar interaction between 
polymer chains and the plasticizer molecules, resulting in bridges between soft molecule 
segments. Water would plasticize the different moieties according to their glassiness, starting 
with the least glassy regions. The remaining moieties then reveal a higher apparent Tg, and Tg 
would thus increase with increasing water content.88  

Water molecules form an infinite hydrogen-bonded network with localized and structured 
clustering.93  
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Certain geometries of water cage structures hosting hydrophobic molecules, the clathrate 
hydrates, are known to be particularly stable. If surrounded by liquid water, these clathrate 
structures correspond to hydrated holes. The energy required to create these holes is largely 
responsible for the hydrophobic effect, the drive of hydrophobic molecules or hydrophobic 
parts of molecules to interact with each other. The energy released in the reverse reaction, the 
elimination of holes, is correspondingly the major contribution to the “hydrophobic 
interaction”. The binding energy of water interacting with an entirely hydrophobic part of the 
solute, a hydrocarbon, is very small.91  

It is the very nature of hydrophobic molecules to make every effort to stay away from water. 
Hence, for a system of n water and m hydrophobic molecules M, it is energetically more 
favorable to form a water cluster (H2O)n interacting with an Mm cluster than to have 
a homogenous mixture of the two types of molecules: a small Mm cluster or a single 
hydrophobic molecule M may stay on the water surface of a small water cluster. With 
increasing water cluster size n (and constant m) the number of interior states will eventually 
be large enough compared to the number of surface states to drive the hydrophobic cluster or 
molecule into the solvent, resulting in (Mm)aq or Maq, respectively.91  

In the presence of water excess, a polymer may become swollen, exhibiting large changes in 
mechanical and chemical properties. Water can plasticize the polymer matrix or form stable 
bridges through hydrogen bonding, resulting in an anti-plasticizing effect. The behavior of 
water can be transformed in the presence of a polymer, depending on the degree of chemical 
or physical association between the water and polymer phases.77  

Water molecules form an integral part of most protein-protein, protein-DNA and protein-
ligand interactions, aiding the mutual recognition and both the binding thermodynamics and 
binding kinetics.94  
 
2.4.2 Hydrophobic effect  

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 non-polar 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 are of crucial importance in the binding of organic guests by 
cyclodextrins and cyclophane hosts in water and 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 
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a complex results in less disruption to the solvent structure and hence an entropic gain 
(resulting in a lowering of overall free energy).95  

2.4.3 Hydrophobic hydration 

Hydrophobic molecules in water tend to aggregate, so minimizing their surface contact, and 
associated surface energy, with water; hence “oils and water do not mix”. Smaller 
hydrophobic materials do, however, dissolve to a small extent in water as water molecules can 
arrange around them without breaking hydrogen bonds or losing much energy and the 
hydrophobic molecule can interact with these water molecules with multiple van der Waals 
interactions, due to the small size of water molecules and flexibility in their spatial 
arrangement. 

The following thermodynamic effects are found on hydrophobic hydration: 

- an increase in the chemical potential of the solute, indicative of its low solubility, 

- a strong temperature dependence in the enthalpy of the system from exothermic at 
low temperatures (where the hydrophobic solute can fit into the pre-existing low 
density water network and gain multiple van der Waals interactions, that may be 
correlated and show synergism) to endothermic at high temperatures (where the 
cavity formation required for the hydrophobic solute absorbs energy), 

- a large negative entropy of mixing compared with the formation of a hypothetical 
ideal solution, 

- a decrease in the partial molar volume as the molecule fits into cavities in the water 
network, 

- an increase in heat capacity.96 

Hydrophobic hydration behaves in an opposite manner to polar hydration, which increases the 
density and decreases heat capacity due to their associated disorganized hydrogen bonds 
being already bent or broken. Hydrophobic hydration is accompanied by a negative enthalpy 
change, due in part to the multiple van der Waals interactions between water and the 
hydrophobic material, a negative entropy change due to the increased order in the surrounding 
water and positive heat capacity change (Cp) due to the negative enthalpy change (i.e. the 
stronger hydrogen bonds at the surface).97

 
2.4.4 Hydration of NOM/SOM 

At least two principal processes occur when a soil-water contact is established. Wetting, 
which is the very first step, is governed by the interactions of water with the surface of soil 
organic matter (SOM). The wettability of the pore walls determines the pore accessibility for 
water. Only in wettable soils, water will occupy the smallest pores first. In the course of 
wetting, the wettability of the pore walls increases, leading to water redistribution. Swelling 
of SOM is accompanied by an increase of volume due to the water uptake of the solid SOM 
phase and will change the SOM polarity. Swelling will thus affect sorption processes in the 
bulk SOM phase and is expected to change the pore sizes. Both swelling and wetting can be 
slow processes, lasting for up to some weeks.98 If one of these processes is slower than the 
others, it will be the rate-limiting step of the overall hydration process. Both wetting and 
swelling of SOM may be slow depending on the properties of the amorphous organic soil 
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matrix, while the penetration of water into the pore volume occurs immediately as soon as the 
pore walls are wettable.99 

Recently, Schaumann, Hobey et al.98 found changes in the pore size distribution. For swelling 
phenomena, they observed a continuous change of the effective pore size, and for wetting 
phenomena, they found a change in water distribution in a probably rigid pore system. Thus, 
during swelling and wetting, neither pore size distribution nor sorbent properties of SOM nor 
hydraulic properties remain constant. Due to the slow kinetics, both processes play an 
important role in sorption, transport and accessibility for water in hydrophobic areas.  

It can be assumed that the wetting and swelling processes differ between extracted humic 
fractions and the naturally occurring organic soil matrix, where large macromolecules and the 
extractable fractions are intimately mixed.99 The network structure between the distinctly 
smaller humic and fulvic acid molecules100 may be controlled by types of bonds and cross-
links that are different from those in the soil matrix, whose characteristics are responsible for 
the degree of swelling and retarding hydration.  

With the state of swelling, SOM gradually changes its physicochemical properties, such as 
sorbent properties, macromolecular structure, thermal characteristics or the binding of the 
hydrophobic organic compounds.92  

When SOM interacts with water, the interactions to be included are (a) interactions between 
water and the surface of SOM, resulting in wetting; (b) the consideration of pores within the 
bulk SOM, resulting in diffusion processes dependent on pore size and water content and (c) 
the effects of water on the bulk organic phase, resulting in swelling, gel phases and changes in 
rigidity of the macromolecular SOM structure.98  
 
2.4.4.1.1 Wetting of SOM 

If a water drop is placed onto a wettable soil sample, the drop penetrates immediately into the 
sample, filling the smallest pores first due to the adhesion. If it is placed onto a hydrophobic 
powder, it will not penetrate into it. If, however, it is placed onto a hydrophobic soil sample, 
the water drop will penetrate into the soil sample, the velocity of penetration depending on the 
water repellence of the sample. In contrast to wettable soils, small pores are filled last in water 
repellent soils, which is due to capillary depression. The water repellence of the soil samples 
is reduced with increasing contact time with water.98  
 
2.4.4.1.2 Swelling of SOM 

After wetting the surface of SOM, water can penetrate into the bulk SOM phase. In the course 
of the water uptake of bulk SOM, SOM may increase in volume, resulting in a strong change 
of polarity of the SOM phase and a change in pore size distribution in the whole soil sample.98  

Schaumann et al.89 used 1H-NMR relaxometry to investigate the hydration kinetics and to 
distinguish between wetting and swelling processes. Their results did not confirmed statement 
of Todoruk et al.101 that the wetting process is connected to a swelling process. Both processes 
can occur independently from each other. 

The 1H-NMR relaxometry additionally differentiates between wettable and water-repellent 
samples. For wettable samples, the wetting of all pore types occurs directly after sample 
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moistening, whereas for water-repellent samples, the time constants of the first-order wetting 
process are on the order of several days. 98,101  

This implies the necessity to differentiate between the swelling process, which means a water 
uptake-induced increase of volume of the solid (gel) phase, in contrast to the wetting process, 
which only affects the SOM surface. Whereas wetting rather controls the accessibility of 
pores, swelling changes the environment in the pores and their effective size. Swelling only, 
and not wetting, allows penetration of water into bulk SOM. Wetting, however is the first step 
of water uptake and thus will be involved in all swelling soils, being of importance if the 
kinetics of wetting are slower or in the same size of order as the swelling kinetics.  

The sorption isotherms are expected to depend on the interfacial tension between water and 
the surface, which is a function of the current wettability or water repellence. The wetting 
process is not finished after water has penetrated into the soil, and the interfacial tension to the 
water phase will still change long after the first contact of water.98  

By swelling, a larger part of bulk SOM will become accessible for water, enabling sorption 
processes in the SOM phase. The sorption mechanism is then controlled by factors like its 
polarity, which is a function of the current water content, and its rigidity, which is a function 
of the current water content and the hydration time and which additionally affects diffusion 
characteristics in the bulk SOM and the desorption from micro voids.79,98  

Similarly as for many macromolecular substances, hydration of natural organic matter (NOM) 
may result in swelling, increased flexibility, alterations in conformation, and changes in 
ionization status of polar functional groups. These hydration-driven changes in NOM may 
strongly affect sorption interactions of organic compounds with NOM by influencing intra-
organic matter diffusion, sorption kinetics, and extent of sorption. Understanding NOM-
organic pollutant sorption interactions requires insights into the effect of NOM hydration on 
sorption.102,103 With water content variations, sorbent properties of SOM are expected to 
change drastically due to strong water-induced polarity changes.98  

Ions interact particularly strongly with the polar solvent water. Hence, ionic functional groups 
in biomolecules are expected to be primary targets for solvation by water molecules. The 
number of ionic groups has a large effect on the extent of hydration and that each ionic group 
is solvated more or less independently by an equal number of water molecules. This is not 
surprising since Coulomb forces drive the charges apart in multiply charged biopolymers, 
making the ionic groups individually available for hydration. Ionic groups are driving 
hydration either by direct hydrogen bonding to water or via longer-range electrostatic 
interactions. Thus, ionic functional groups have a major effect on hydration.91   

NOM sorption domains include sites that are accessible in the dry sorbent and sites that 
become available in the presence of an NOM-solvating medium such as water. 

Among processes that can potentially contribute to the overall hydration effect on sorbate 
interactions in the NOM phase are competition between water and sorbate molecules, 
a change of sorbate speciation in the NOM phase, direct interaction between complexed water 
molecules and sorbate molecules in the NOM phase, a change in the total volume of the NOM 
phase, and a change in NOM polarity.  

The importance of polar NOM non-covalent links in organizing the NOM phase and in 
dictating the hydration effect on sorption of organic compounds was supported by recent 
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observations that the greater a compound’s ability to undergo specific interactions with NOM, 
the greater the hydration-assisted sorption effect. This is because penetration of organic 
compounds into polar contacts solvated by water must involve competition with water 
molecules.103  
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2.5 Thermal analysis 
The term thermal analysis (TA) is frequently used to describe analytical experimental 
techniques, which investigate the behavior of a sample as a function of temperature. TA refers 
to conventional TA techniques such as differential scanning calorimetry (DSC), differential 
thermal analysis (DTA), thermogravimetric analysis (TGA), thermomechanical analysis 
(TMA) and dynamic mechanical analysis (DMA).77  

The International Confederation for Thermal Analysis and Calorimetry (ICTAC) defines 
thermal analysis (TA) “as a group of techniques in which a property of the sample is 
monitored against time or temperature while the temperature of the sample, in a specified 
atmosphere, is programmed”. The program may involve heating or cooling at a fixed (or 
variable) rate of temperature change, or holding the temperature constant, or any sequence of 
these. The basic theories to be used in thermal analysis are equilibrium and non-equilibrium 
thermodynamics and kinetics.67  

The advantages of TA over other analytical methods can be summarized as follows: 

- the sample can be studied over a wide temperature range using various temperature 
programmes, 

- almost any physical form of sample (solid, liquid or gel) can be accommodated 
using a variety of sample vessels or attachments, 

- a small amount of sample (0.1–10 mg) is required, 

- the atmosphere in the vicinity of the sample can be standardized, 

- the time required to complete an experiment ranges from several minutes to several 
hours. 

TA data are indirect and should be collated with results from spectroscopic measurements (for 
example NMR, Fourier transform infrared spectroscopy, X-ray diffractometry) before the 
molecular processes responsible for the observed behavior can be elucidated. 

A sample studied using a TA instrument is measured under non-equilibrium conditions, and 
the observed transition temperature is not the equilibrium transition temperature. The 
recorded data are influenced by experimental parameters, such as the sample dimensions and 
mass, the heating/cooling rate, the nature and composition of the atmosphere in the region of 
the sample and the thermal and mechanical history of the sample.77  

Thermal analysis techniques are especially useful in elucidating the influences of elemental 
and chemical functional group composition, molecular weight, and cross-linking on NOM 
mechanical behavior, which is essential to evaluating the influence of NOM macromolecular 
mobility on sorption and desorption behavior of organic compounds.80 

 
2.5.1 Differential scanning calorimetry (DSC) 

DSC is a thermal analysis technique that measures the difference in heat capacities between 
the sample and reference as a function of time (in case of isothermal conditions) or as 
a function of temperature (in case of linear heating/cooling). Both sample and reference must 
have the same external conditions.71,104  

At differential scanning calorimetry, two types of calorimeters are used, heat-flux DSC and 
power-compensation DSC.105  
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2.5.1.1 Heat-flux DSC 

In heat-flux DSC, the temperature difference between the sample and reference is measured 
as a function of temperature or time, under controlled temperature conditions. The 
temperature difference is proportional to the change in the heat flux (energy input per unit 
time). 

The thermocouples are attached to the base of the sample and reference holders. A second 
series of thermocouples measures the temperature of the furnace and of the heat-sensitive 
plate. During a phase change heat is absorbed or emitted by the sample, altering the heat flux 
through the heat-sensitive plate. The variation in heat flux causes an incremental temperature 
difference to be measured between the heat-sensitive plate and the furnace. The heat capacity 
of the heat-sensitive plate as a function of temperature is measured by adiabatic calorimetry 
during the manufacturing process, allowing an estimate of the enthalpy of transition to be 
made from the incremental temperature fluctuation.77  
 
2.5.1.2 Power-compensated DSC 

A power-compensating DSC, maintains a zero temperature difference between the sample and 
the reference by supplying electrical energy (hence, the term power-compensation) either to 
the sample or to the reference, depending on whether the sample is heated or cooled at a linear 
rate. Moreover, in power-compensated DSC, an endothermic transition, which corresponds to 
an increase in enthalpy, is indicated as a peak in the upward direction (since power is supplied 
to the sample), while an exothermic transformation, a decrease in enthalpy, is shown as 
a negative peak.  

The amount of heat required to maintain isothermal conditions between the sample and 
reference is then recorded as a function of time (in case of an isothermal temperature 
programme) or temperature (in case of linear as well as nonlinear heating or cooling and also 
at a various combination of temperature programmes).104  

In power-compensated DSC, the sample and reference holders are individually equipped with 
a resistance sensor, which measures the temperature of the base of the holder, and a resistance 
heater. If a temperature difference is detected between the sample and reference, due to 
a phase change in the sample, energy is supplied until the temperature difference is less than 
a threshold value, typically <0.01 K. The energy input per unit time is recorded as a function 
of temperature or time. A simplified consideration shows that the energy input is proportional 
to the heat capacity of the sample.  

The heater of a power-compensating DSC instrument is smaller than that of a heat-flux DSC 
apparatus, so that the temperature response is quicker and higher scanning rates can be used.77  
 
2.5.1.3 The advantages and disadvantages of DSC 

Both the heat-flux and power-compensated calorimeters have their advantages and 
disadvantages. Nevertheless, the final result is almost the same, the two will yield the same 
information. 

The advantage of the heat-flux type is that it can accommodate larger sample volumes, has 
a very high sensitivity, and can go above 1 100 K.  
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The main advantage of the power-compensated calorimeter is no need of calibration since the 
heat is obtained directly from the electrical energy supplied to the sample or reference 
compartment (a calibration is still necessary, however, to convert this energy into meaningful 
units) and that very fast scanning rates can be obtained. In some cases, the disadvantage of 
this system is such that the electronic system must be of extremely high sensitivity and large 
fluctuations in the environment must be absent so as to avoid compensating effects, which are 
not caused by the sample.104  
 
2.5.2 Temperature-modulated differential scanning calorimetry (TMDSC) 

Temperature-modulated DSC (TMDSC) involves the superposition of a non-linear sinusoidal 
modulation over the traditional DSC heating ramp in which the temperature increases with 
time. The TMDSC technique offers a number of advantages over standard DSC including 
increased sensitivities for weak glass transitions, opportunity to measure heat capacity and 
heat flow during the same experiment, and reduction of enthalpy relaxation events which can 
obscure the detection of Tg.55  

TMDSC can be most readily understood by comparing it to conventional DSC. In a heat-flux 
DSC the difference in heat flow between a sample and an inert reference material is measured 
as a function of time as both the sample and reference are subjected to a controlled 
temperature profile. The temperature profile is generally linear (heating or cooling), varying 
in range from 0 K min−1 (isothermal) to 60 K min−1. Thus the programmed sample 
temperature, T(t) is given by 

 ( ) tTtT β+= 0 , (7) 

where T0 (K), β (K min-1) and t (min) denote the starting temperature, linear constant heating 
(or cooling) rate and time, respectively. 

Temperature-modulated DSC uses the heat-flux DSC instrument design and configuration to 
measure the differential heat flow between a sample and an inert reference material as 
a function of time. However, in TMDSC a sinusoidal temperature modulation is superposed 
on the linear (constant) heating profile to yield a temperature programme in which the average 
sample temperature varies continuously in a sinusoidal manner: 

 ( ) tAtTtT T ωβ sin0 ++= , (8) 

where AT (±K) denotes the amplitude of the temperature modulation, ω (s-1) is the modulation 
frequency and p/2πω = , where p (s) is the modulation period. 

The total heat flow at any point in a DSC or TMDSC experiment is given by 

 ),( tTfC
dt
dQ

p += β , (9) 

where Q (J) denotes heat, t (s) time, Cp (J K−1) sample heat capacity and f(T, t) the heat flow 
from kinetic processes, which are absolute temperature and time dependent. 

Conventional DSC only measures the total heat flow. TMDSC also measures the total heat 
flow, but by effectively applying two simultaneous temperature profiles to the sample can 
estimate the individual contributions to Equation (9). The constant heating profile provides 
total heat flow information while the sinusoidal heating profile gives heat capacity 
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information corresponding to the rate of temperature change. The heat capacity component of 
the total heat flow, Cpβ, is generally referred to as the reversing heat flow and the kinetic 
component, f(T, t), is referred to as the non-reversing heat flow. 

TMDSC data are calculated from three measured signals: time, modulated heat flow and 
modulated heating rate (the derivative of modulated temperature). 

In TMDSC the heating rate changes during the modulation cycle, so that dividing the 
difference in modulated heat flow by the difference in the modulated heating rate is 
equivalent to the conventional DSC two heating rates method.  

The heat capacity is calculated using a discrete Fourier transformation and is given 
qualitatively by 
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where K denotes the heat capacity calibration constant, Qamp the heat flow amplitude and Tamp 
the temperature amplitude. Applying a Fourier transformation implicitly assumes that the 
superposition principle is valid in the sample. 

The reversing component of the total heat flow signal is equal to Cpβ. The non-reversing 
component is the arithmetic difference between the total heat flow and the reversing 
component: 

Non-reversing heat flow = total heat flow – reversing heat flow 

The separation of the total heat flow into its reversing and non-reversing components is 
affected by experimental conditions, particularly when time-dependent (non-reversing) 
phenomena occur. In general, the non-reversing signal can be used to reveal the presence of 
irreversible (kinetic) processes such as chemical reactions (oxidation, curing, evaporation) 
and non-equilibrium phase transitions (cold crystallization, relaxation/reorganization).77   

The Tg, apparent Cp, and enthalpy relaxation in the glass transition region depend on rate of 
change of temperature, amount of aging, and, for TMDSC, the frequency of modulation.69  
 
2.5.2.1 Enthalpy relaxation 

The thermal analysis of amorphous polymers is often complicated by irreversible effects in 
the temperature range of the glass transition. Annealing can cause endothermic or exothermic 
enthalpy relaxations in the vicinity of the glass transition when the sample can approach the 
more stable liquid. The endothermic relaxation is called hysteresis and the exothermic 
relaxation, aging. A hysteresis occurs at higher temperature where a glass is superheated, so 
that its enthalpy is lower than that of the equilibrium liquid. Aging of glasses always occurs 
from the temperature of the beginning of the glass transition on cooling and becomes 
negligible when the glass is fully arrested, usually some 20–50 K below the glass transition 
temperature, Tg.69  

Polymers in the glassy state below the glass transition temperature are not in thermodynamic 
equilibrium and relax towards equilibrium with time. For this reason the experimentally 
measured enthalpy of glassy polymers decreases as a function of time if the sample is 
maintained below Tg. This phenomenon is called enthalpy relaxation and is monitored through 
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the heat capacity change at the glass transition. In the presence of enthalpy relaxation, the 
mechanical, transport and other physical properties of the polymer vary as a function of 
temperature and time.77  

Enthalpy relaxation near the glass transition is non-exponential and non-linear. Non-
exponential relaxation is very common in almost all types of condensed matter, but 
nonlinearity is unusual because for enthalpy relaxation it becomes significant at small 
departures from equilibrium.  

The non-linearity of enthalpy relaxation has important practical implications. For example, 
the excess enthalpy (and entropy and volume) of a glass shortens the non-linear relaxation and 
retardation times relative to the linear (equilibrium) values, resulting in appreciable relaxation 
(physical aging) in the glassy state.106  

In amorphous polymers enthalpy relaxation can occur during the glass transition. By 
separating reversing phenomena (glass transition) from non-reversing phenomena (relaxation) 
TMDSC can be used to study enthalpy relaxation. However, the results obtained by TMDSC 
are influenced by the experimental conditions.77  

Quantification of the maximum change in heat capacity for enthalpy relaxation phenomenon 
provides insights to the type of physical or chemical bonds limiting macromolecular mobility 
while in the glassy state.71  
 
2.5.3 Thermogravimetric analysis (TGA) 

Thermogravimetric analysis (TGA) is the branch of thermal analysis, which examines the 
mass change of a sample as a function of temperature in the scanning mode or as a function of 
time in the isothermal mode. 

Not all thermal events bring about a change in the mass of the sample (for example melting, 
crystallization or glass transition) but there are some important exceptions, which include 
desorption, absorption, sublimation, vaporization, oxidation, reduction and decomposition. 
TGA is used to characterize the decomposition and thermal stability of materials under 
a variety of conditions and to examine the kinetics of the physicochemical processes 
occurring in the sample. 

The mass change characteristics of a material are strongly dependent on the experimental 
conditions employed. Factors such as sample mass, volume and physical form, the shape and 
nature of the sample holder, the nature and pressure of the atmosphere in the sample chamber 
and the scanning rate all have important influences on the characteristics of the recorded TGA 
curve.77

Essentially, a TGA consists of a microbalance surrounded by a furnace. The TGA device 
records any mass gains or losses. Sample mass is plotted against a function of time for 
isothermal studies and as a function of temperature for experiments at constant heating rate. 
Thus, this technique is very useful in monitoring heat stability and loss of components (e.g. 
oils, plasticizers, or polymers).104  

Interpretation of TGA data is often facilitated by comparison with data from other 
experimental techniques. Many TA instrument manufacturers offer simultaneous TGA-DTA 
apparatus. The advantage of simultaneous apparatus is that the sample and experimental 
conditions are identical, and therefore directly comparative data can be quickly obtained. 
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The gaseous products evolved during a TGA measurement are a rich source of information 
and these gases are readily analyzed by coupling an appropriate instrument to the TGA 
apparatus. This form of thermal analysis is often referred to as evolved gas analysis (EGA). 
Mass spectrometers (TGA-MS), Fourier transform infrared spectrometers (TGA-FTIR) and 
gas chromatographs (TGA-GC) may be coupled for simultaneous TGA-EGA.77  
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3 AIM OF THE WORK 
The aim of this work was to use thermal analysis, namely TMDSC to reveal the changes in 
HA structure caused by regular wetting of HA by water and its repeated drying. Experiments 
carried out in this work are aimed to bring new information helping to explain some issues 
regarding two conflict theories describing the genesis and nature of humic molecular structure 
(macromolecular structure vs. supramolecular associations of relatively small molecules). 
There is still a lack of experimental data describing behavior of HA with respect to the 
molecular theories, and which kind of changes occurs upon rewetting in the physical structure 
of HA.  

The next task was to shed light on the role of the free lipids in the stability of HA physical 
structure with respect to the repeated wetting and drying. It is known that lipids form large 
part of the hydrophobic structure of HA. They consist of long aliphatic CH2− segments which 
can be responsible either for structural flexibility (amorphous domains) or rigidity (crystalline 
domains) of the HA structure. Therefore, the comparison between the HA and lipid free HA 
sample after the rewetting and drying procedures should provide an additional and valuable 
insight into the nature of HA structure.   
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4 EXPERIMENTAL PART 
For the experiment carried out in this work, humic acids extracted from the North Bohemian 
lignite (oxyhumolite) collected from the Bílina mine in the area of Nord Bohemian browncoal 
basin (Czech Republic) were used.  
 
4.1 Extraction of humic acids 
100 g of lignite was mixed with 1 L of 0.5 mol L−1 NaOH and 0.1 mol L−1 Na4P2O7⋅10 H2O 
solution and stirred for 2 hours at the temperature 50 °C. After separation of phases by 
centrifugation (4 000 RPM, 15 min, 15 °C), the supernatant was treated with concentrated 
HCl until the pH value 1–2 was reached in order to precipitate the HA. Then 40 mL of 5% HF 
was added to remove the residual ash and shaken for additional 24 hours. After that, the 
sample was centrifuged (the same conditions as described above), rinsed with distilled water, 
centrifuged again, dialyzed (Spectra/Por® dialysis tubes, 1000 Da) against distilled water until 
chloride-free (AgNO3 test).  
 
4.2 Extraction of HA free lipids from humic acids 
The free lipids were extracted by chloroform using a solvent HA ratio of 10/1 (mL g−1) and 
stirred for 24 hours at room temperature. This extraction was repeated three times and the 
supernatants were combined. The lipids-containing solution was finally concentrated by 
a rotary evaporator.  
 
4.3 Wetting and drying procedures 
Wetting of the HA samples was carried out by addition of water excess to two HA sample 
types using a water HA ratio of 5/1 (g g−1). The first one was the original HA sample, the 
second one was the original sample after free lipids extraction (lipid free HA). After wetting, 
each sample was stored for 21 days at 25±2 °C in the dark room. After the expiration of this 
hydration period, a small portion of the sample (approximately 10 mg) was taken and dried. 
Drying was carried out in two modes: in the oven and using freeze-drier in order to study the 
effect of drying procedure on the physical character of HA sample using TMDSC and TGA. 
After this procedure, next portion of water was added to the remaining sample and thus the 
second rewetting cycle started. The total number of rewetting cycles was five.  
 
4.4 TMDSC 
Heat flow measurements were carried out on HA and lipid free HA samples using a TA 
Instruments model DSC Q200 equipped with RCS90 cooling system in the temperature 
modulation mode from −90 to 150 °C. The heating rate was 2.5 °C per minute with the 
90 s period of modulation, and ±2 °C temperature amplitude. Three heating and cooling 
cycles were performed in one TMDSC experiment. The reason of applying the upper 
temperature program is due to the reversibility of structural changes in HA when exposed to 
temperatures up to 160 °C. Above this temperature, the changes are irreversible and thus it 
could influence the whole experiment undesirably.  

TMDSC scans were analyzed using the TA Instruments Universal Analysis 2000 software. 
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4.5 TGA 
A TA Instruments TGA Q5000IR was used to determine the mass loss in the temperature 
range from 25 °C to 650 °C at heating rate of 10 °C per minute. The mass of the sample was 
typically around 10 mg. 

All thermoanalytical scans were analyzed using the TA Instruments Universal Analysis 2000 
software. 
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5 RESULTS AND DISCUSSION 
5.1 HA sample 

5.1.1 Freeze-dried HA sample 

5.1.1.1 Rewetting and repeated drying 

In this part HA sample was exposed to the excess of water during the hydration period over 
21 days. This time period was chosen in accordance with previous observation about duration 
of hydration processes in humified substrata.99 After the expiration of this period, the sample 
was dried using freeze-drier (−50 °C, pressure 60.10−3 mBa). In order to study the effect of 
rewetting on the sample, TMDSC analysis was carried out using approximately 10 mg of the 
sample. The second rewetting cycle started after addition of the next portion of water to the 
dried remaining sample. The total number of rewetting cycles was five because further 
rewetting did not bring any other observable structural changes. 

TMDSC measurement was carried out in the temperature modulation mode from −90 to 
150 °C, however the figures reported in this work are displayed in the temperature range from 
−50 to 150 °C since below −50 °C no interesting event occurred. Figure Fig. 9 reports the 
measured data for HA sample after first and third wetting/drying cycle. As can be seen the 
total heat flow (green line) is separated into reversing (blue line) and non-reversing heat flow 
(red line). This separation enables to distinguish between particular processes occurring in the 
sample. The reversing heat flow denotes the change in heat capacity, whereas the non-
reversing heat flow reveals the presence of irreversible (kinetic) processes and non-
equilibrium phase transitions. 

All processes occurring in the sample were evaluated from the last heating cycle because all, 
or almost all physi-sorbed water was removed during the first heating and cooling cycle, so 
that it did not affect these processes.  

In the freeze-dried HA sample, first two cycles displayed similar characteristic (Fig. 9). The 
effect of rewetting is evident already from the third cycle. During the wetting, small 
hydrophilic (polar) molecules are dissolved and during drying they are probably transported 
along with water molecules. That causes the changes in HA physical structure and its 
destabilization. This effect can be seen in the Fig. 9 in the non-reversing and total heat flow 
signals. The endothermic peak in both signals in the temperature range 80–150 °C could be 
interpreted as melting of a crystalline domain. As it can be seen the temperature of the peak is 
shifted after the rewetting to lower temperature and same new peaks appeared around 125 °C. 
This event is frequent in many organic compounds. 

The peaks of melting of semi-crystalline polymers are often very broad.70 The reason for the 
wide melting range has to do with the size distribution of the crystallites. Small crystallites 
melt at lower temperature than large, more perfect, crystallites. 

In semi-crystalline, broad melting range materials, the separation of melting from 
simultaneous crystallization/crystalline reorganization can be difficult. Assuming that melting 
contributes uniquely to the reversing signal and that simultaneous crystallization/crystalline 
reorganization contributes to the non-reversing signal, TMDSC can provide a possibility to 
distinguish these processes.  
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The simultaneous crystallization/crystalline reorganization is most likely responsible for the 
process occurring in the temperature range 30–150 °C. First-order transitions, such as 
melting, are characterized by an enthalpy and entropy of transition. In the reversing signal 
there is no change of the heat capacity in this temperature range (there is no characteristic 
melting endothermic peak), hence this process does not indicate the melting. Instead, those 
processes can be considered as a line of crystallization and potentially crystalline 
reorganization.  

Assuming the polymer model of HA, this process could be interpreted as crystal perfection, 
typical for polymer materials (for example polyethylene terephthalate, PET). However, crystal 
perfection is a kinetic process which is recognizable as exothermic peak in the non-reversing 
signal and it is not apparent in any other signals. Thus, in our case this processes cannot be 
interpreted as crystal perfection because total and non-reversing signal show similar tendency. 
In polymer materials, the process in the temperature range from –20 to 30 °C could be 
interpreted as a cold crystallization, i.e. crystallization above the glass transition temperature 
upon heating. Cold crystallization is recognizable by an exothermic peak in the non-reversing 
signal. Polymer materials usually show a sharp exothermic peak, whereas in NOM (especially 
in HA) the cold crystallization peak is very broad because HA are less homogeneous material 
in comparison with e.g. PET. Nevertheless, the question can appear if there is the exothermic 
peak in this temperature range at all. In fact, it could be considered as a baseline, which passes 
to an endothermic peak around 30 °C, as well.     

 
Fig. 9 The first rewetting cycle in comparison with the third cycle of the HA sample. 
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In Fig. 9, the reversing signal was left in this scale because its enlargement does not show any 
important events and for illustration this scale is sufficient. 

The further cycles (no. 4 and 5) brought the same tendency as third cycle (Fig. 10). That 
means that water in the rewetting cycles no. 4 and 5 does not cause additional considerable 
changes.  

 
Fig. 10  Comparison of non-reversing signals of rewetted HA sample in the course of five 
cycles. 
  

5.1.1.2 The glass transition of freeze-dried HA sample 

In general, the glass transition is more subtle transition than melting or evaporation. The 
specific heat capacity change at the glass transition is often overlapped by effects such as 
vaporization, enthalpy relaxation, phase transitions and chemical reactions. Temperature 
modulation makes it possible to separate changes in heat capacity from the other effects and 
to determine the glass transition temperature. 

The glass transition was determined from the last heating cycle. All, or almost all 
physi-sorbed water was removed during the first heating and cooling cycle, so that the glass 
transition was not affected by physi-sorbed water.  

The glass transition temperatures of all samples are summarized in the Table 2. 
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Table 2 The glass transition temperatures of the freeze-dried samples 

sample HA lipid free HA 
cycle no. Tg [°C] temp. range [°C] ΔT [°C] Tg [°C] temp. range [°C] ΔT [°C] 

1 −24.0 −26.4–(−23.3) 3.1 −27.6 −30.2–(−28.3) 1.9 
2 −25.6 −26.9–(−24.2) 2.7 −29.8 −30.9–(−29.6) 1.3 
3 −31.9 −33.1–(−28.2) 4.9 −27.7 −30.3–(−25.7) 4.6 
4 −25.7 −26.3–(−23.3) 3.0 −25.4 −27.2–(−23.5) 3.7 
5 −28.0 −31.0–(−25.8) 5.2 −25.6 −27.3–(−24.7) 2.6 

 

The temperature range of the glass transition presented in Table 2 and Table 3 can provide 
valuable insight into structural changes occurring in the sample because these processes 
influence the glass transition (mainly characterized by Tg) and even its broadness. As it was 
stated in previous paragraphs, the broadening of the Tg interval can be attributed to the 
increasing heterogeneity of the sample or in case of humic substances of their amorphous 
domains. It is necessary to take into account, that midpoint, traditionally used for 
characterization of Tg, represents, at least in this case, only an averaged value of a set of 
glassy/rubbery transitions. Therefore, the other indicator of the process is its beginning and 
end, while Tg can be considered as a mean temperature of occurring processes.    

In the Fig. 11 there can be seen an exothermic peak in the total and the non-reversing signal 
around −32 °C, which can be attributed to the enthalpy relaxation. The enthalpy relaxation 
complicates the detection of Tg in the total signal, hence the reversing signal was used to 
evaluate the glass transition temperature.  

In the third cycle there is a notable decrease in the glass transition temperature in comparison 
with the reference sample (Table 3). This event is obvious because in this cycle the rewetting 
had begun to influence the processes that took place in the sample. 
 

Table 3 The glass transition temperatures of the reference samples 

reference sample  Tg [°C] temp. range [°C] ΔΤ  [°C]
HA  −28.1 −30.4–(−26.1) 4.3 

lipid free HA −25.7 −27.3–(−24.3) 3.0 
 

The decrease of the onset temperature of the Tg interval upon wetting and drying associated 
with small decrease in midpoint (denoted as Tg in Table 2) implies that polar molecules 
redistributed during wetting/drying cycles acted as the antiplasticizers in the amorphous 
structure of parental (reference) humic acid. Naturally, as a result of hydrophobic effect, the 
separation of hydrophilic and hydrophobic molecules can be expected upon cycles as well as 
redistribution of crystalline parts as described in previous chapter.  

In the course of wetting, the hydrating water caused some changes in the sample structure 
which should influence Tg. The water disrupts many intermolecular bonds, van der Waals 
forces, hydrogen bonds, the structure is less cross-linked. When dried, the structure relaxes 
back to the original position or, when some compositional changes occurred, to slightly 
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different state. Thus, less thermal energy is required for the macromolecular system to 
transcend to the rubbery state, so that Tg is lower. Therefore, the broadening of the Tg interval 
implies the permanent disruption of some weak interactions by water agitation and either 
formation of new types of domains by one part of polar molecules or a slight modification of 
original ones. 

Further, it seems that after transport from amorphous domains or their surroundings, the 
second part of polar soluble molecules participate in new crystalline domains as suggested by 
Fig. 10.   

In the further cycle Tg increased in comparison with previous rewetting cycle, in the fifth 
cycle a decrease in Tg can be seen again. It seems that water, in certain rounds, periodically 
stabilizes and destabilizes the HA structure, therefore, the changes in physical structure 
cannot be considered as “regular” and reversible. More likely, the structure of HA is partially 
flexible, when water penetrates into the hydrophilic domains, they swell, hydrophilic 
molecules are dissociated and dissolved and some of them are transported away during drying 
or by self-diffusion. In contrast to crystalline domains, the amorphous part, which glass 
transition is monitored as Tg, are changing only slightly and irregularly. It seems that the 
structure is firm enough, changes induced by water are only minor, and water influences 
predominantly the close proximity of domains, than the domains themselves.  

It can imply that amorphous domains, which are measureable around the temperature –25 °C 
are composed predominantly by hydrophobic molecules and only a small part of them 
consists of free lipids. On the contrary, the crystalline part is influenced by rewetting/drying 
more significantly, thus one can deduce that the crystalline building blocks are at least 
partially polar. 

 
Fig. 11  The glass transition in the HA sample after third cycle. 
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5.1.1.3 Freeze-dried HA sample versus reference sample   

The reference sample, i.e. the sample which underwent no wetting and drying cycle, was 
measured in order to compare the hydrated samples with their parental sample and thus to 
study the effect of rewetting on the phase transition in the HA sample. In the first and second 
cycle all signals are similar, there is only a slight shift in the endothermic peak maximum to 
higher temperatures. In the third cycle there is a significant change in the total and the non-
reversing signal of the HA sample in comparison with the reference sample (Fig. 12). The 
potential explanation of this event is discussed above in the chapter 5.1.1.1. This comparison 
implies that this event is caused by hydration because the reference sample did not show such 
phenomenon neither in the total nor in the non-reversing signal. 

After the third cycle of rewetting this trend remains the same, the endothermic peak maximum 
of the HA sample is shifted to lower temperatures in comparison with the reference sample. In 
summary, starting with the third rewetting cycle water shifts the phase transition to the lower 
temperatures. 

As reported in Table 3, the Tg of reference HA was relatively low and the interval of the 
transition quite broad. Comparison with Table 2 suggests that the most significant changes 
occurred during the first cycle, while the next wetting/drying cycles brought less remarkable 
changes (except of third cycle, as mentioned in the chapter 5.1.1.2). It is noteworthy, that Tg 
first increased and then decreased again whereas transition range behaved in the opposite 
manner. 

 
Fig. 12  Comparison in third cycle of the HA sample and the HA reference sample. 
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5.1.1.4 Moisture content in HA samples after rewetting 

TGA analysis was performed to determine the amount of water, which remains bound in the 
HA structure after rewetting procedure.  

In the temperature range from 25 to 150 °C the TGA curves displayed mass losses, which 
corresponded to water evaporation. This process was confirmed by TMDSC, where a typical 
endothermic peak was found in the same temperature range during first heating cycle (not 
shown). 

In all cases the mass loss varied from 5 % to 7 %. The higher mass loss is apparent after the 
first rewetting cycle, while the lowest mass loss was observed after last, i.e. fifth, cycle 
(Fig. 13). These values depended on the initiative sample mass and the differences between 
individual rewetting cycles were not distinct. Nevertheless, general trend indicated that by 
rewetting and drying the hydrophilic polar fractions (or small molecules) are taken away and 
in the HA structure remained only a “hydrophobic scaffold” that has lower affinity to water, 
i.e. hydrophilicity. As a result, the mass loss progressively decreased during the repeating of 
wetting/drying cycles (less amount of water is bound in the structure). 
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Fig. 13  TGA curves of HA sample; comparison between cycle 1 and 5. 
 

5.1.2 Oven-dried HA sample  

As already mentioned, the drying was carried out in two modes: in the oven and using freeze-
drier in order to study the effect of drying procedure on the physical character of HA. In this 
way the temperature fluctuation, which regularly occurs in nature, can be slightly imitated. 
The heat flow signals revealed that oven-drying was slightly drastic because the records 
provided scattered and unclear results. However, in comparison with the freeze-dried samples, 
there appeared the same events on TMDSC records, thus oven-drying did not affect the 
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domain showing phase transition. The comparison with freeze-dried samples is shown in 
Fig. 14. It is clear that freeze-drying offers more accurate records and disturbs sample less 
dramatically in comparison with the oven drying. 

 
Fig. 14  The oven-drying in comparison with freeze-drying. 
 

5.2 Lipid free HA sample 

5.2.1 Freeze-dried lipid free HA sample 

5.2.1.1 Rewetting and repeated drying 

One supposes that free lipids form a major part of the hydrophobic structure of HA, thus the 
free lipid extraction was performed to monitor the changes in the physical structure and phase 
transition in lipid free HA caused by repeated wetting and drying.    

In the first and second cycle there are similar characteristics in the heat flow signals (Fig. 15). 
However, only in the first cycle the reversing signal exhibits a small exothermic peak around 
100 °C. This peak can be attributed to the crystallization of amorphous part of humic sample. 
Further, around −20 °C the enthalpy relaxation occurs in the total and non-reversing signal. In 
the temperature range from 30 to 150 °C there is a significant change in the total and the non-
reversing signal, i.e. the endothermic peak occurring there differs in both cycles. Probable 
reason of this peak was discussed above (the rewetting chapter of the HA sample), this 
phenomena corresponds most probably to the simultaneous crystallization/crystalline 
reorganization. 
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In the next cycles this transition did not appear. The exothermic peak in the reversing signal 
and the endothermic peak in the total and the non-reversing signal are shifted to lower 
temperatures. Thus, the same effect of water as observed in the HA sample can be seen here, 
the rewetting and drying decreases the phase transition temperatures. 

However, all cycles except the second one are similar, thus after this cycle the sample was 
stabilized in a certain way and corresponded to the first cycle. 

 
Fig. 15  The first and second cycle of the lipid free HA sample. 
 

5.2.1.2 The glass transition of freeze-dried lipid free HA sample 

The glass transition temperatures of the lipid free HA sample are summarized in Table 2.  

All determined temperatures are lower than the lipid free reference sample. The shift is caused 
by water that plays a role in disruption of intermolecular bonds. It implies that also lipids were 
involved in amorphous domains, where they acted as antiplasticizers. Their extraction caused 
shift to lower Tg which also confirms their presence in amorphous domains.  

In the second cycle there is a decrease in the glass transition temperature (Tg = −29.8 °C) in 
comparison with the lipid free reference sample (Tg = −25.7 °C, Table 3). The greatest 
changes in the sample, caused by rewetting and drying, are obvious in this rewetting cycle, 
hence the greatest shift occurs in Tg.  
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5.2.1.3 Freeze-dried lipid free HA sample versus the lipid free reference sample 

In the TMDSC measurement of the lipid free reference sample there is an endothermic peak 
around 100 °C in the total and in the non-reversing signal (Fig. 16). The character of this 
transition corresponds mainly to the simultaneous crystallization/crystalline reorganization. 
The appearance of this specific event in the first measurement is due to extraction of free 
lipids because in the original sample this transition does not occur in this region (Fig. 12). 
Hence, the free lipid extraction causes that the sample is less compact and displays this step-
like transition.  

 
Fig. 16  The lipid free reference sample.  
 

In the first cycle of rewetting and drying the HA sample does not display any transition as in 
the lipid free reference sample (Fig. 17). It seems that water plays a role in stabilization of the 
HA structure, which was rather labile after free lipid extraction. In the second cycle the 
transition (in the temperature range from 30 to 150 °C) shows the same trend in both samples. 
Thus, in this case the water caused destabilization of the sample because small hydrophilic 
molecules were redistributed or removed by water and the HA structure become less compact. 
The next cycles did not display any transition in this temperature area and all heat flow 
signals are almost equal with the lipid free reference sample. Hence, after the second cycle 
there is no effect of water on the phase transition in the sample.  
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Fig. 17  The first cycle of the lipid free HA sample in comparison with the lipid free HA 
reference sample. 
 

5.2.1.4 Lipid free HA sample versus HA sample during wetting cycles 

The comparison between HA sample and lipid free HA sample can shed light on the role of 
free lipids in the stability of HA physical structure. The free lipids can contribute both to 
flexibility and fragility of the structure because free lipids consist mostly of long aliphatic 
CH2− segments and can be present both in amorphous and crystalline domains. Therefore, 
after free lipid extraction the HA structure is supposed to be less stable.   

In the first cycle there appeared the same events in both samples. The differences between 
these two samples become more obvious in the second cycle of rewetting and drying 
(Fig. 18). The reversing heat flow is similar in both samples but there are differences in the 
total and the non-reversing signal. The lipid free HA sample is less compact after free lipid 
extraction, thus the step-like transition around 100 °C occurs at lower temperature than in the 
HA sample. In the HA sample this transition appeared in the third cycle (Fig. 19). These two 
cycles (second and third) demonstrate the progressive effect of water on the HA structure, in 
one case the stabilizing effect and in the other the destabilizing.  

The lipid free sample has less compact, more porous and hydrophobic structure, thus water 
can enter the structure more easily and in the next cycles the sample does not show any 
transition. On the contrary, the HA sample is more compact due to lipid fraction in the 
structure and water can not easily penetrate into the structure and water elutes small 
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hydrophilic molecules more slowly. As a result, in case of lipid free sample the washing out is 
more rapid than in the parental sample, which causes changes in records mainly in the second 
cycle (Fig. 18), while from the third ones no significant changes were recorded (Fig. 19).    

 
Fig. 18  The second cycle of the HA sample and the lipid free HA sample.  
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Fig. 19  The third cycle of the HA sample and the lipid free HA sample. 
 

5.2.1.5 Moisture content in lipid free HA samples after wetting cycles 

TGA was performed to determine the moisture content in lipid free HA samples after wetting 
and drying. This process was confirmed by TMDSC, where a typical endothermic peak was 
found in the same temperature range during the first heating run (records not shown). 

Mass loss determined in samples which underwent repeated wetting and drying from first to 
fifth cycle varied from 3 % to 8 %. The highest mass loss is apparent after the first rewetting 
cycle, the lowest loss is after the last one, i.e. fifth cycle (Fig. 20). The differences between 
individual rewetting cycles were more distinct than in the HA sample. It seems that HA 
structure became after free lipid extraction more “open” so water could penetrate into the 
structure more easily, which confirms previous statement (cf. chapter 5.2.1.4). The 
hydrophilic polar molecules were progressively washed out and the structure became more 
hydrophobic with every other rewetting cycle. Again, the resulting HA structure can be 
considered as a kind of hydrophobic scaffold.  
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Fig. 20  TGA curves of lipid free HA sample; comparison between cycle 1 and 5. 
 

5.2.2 Oven-dried lipid free HA sample  

The same tendency as in the HA sample after oven-drying can be observed in this sample. In 
general, freeze-drying is less invasive technique than oven-drying. This conclusion results 
from the comparison in the heat flow signals, where signals in the freeze-dried sample are less 
scattered. 
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6 CONCLUSION 
In semi-crystalline systems, the separation of melting from simultaneous 
crystallization/crystalline reorganization can be difficult. TMDSC provided a possibility to 
distinguish these processes by the separation of the total heat flow into its reversing and non-
reversing components. In our samples, the hydration and rewetting did not influence the 
reversing heat flow. The essential influence was evident on non-reversing heat flow that 
exhibits mainly kinetic (non-equilibrium) processes. 

HA structure after free lipid extraction is more porous in comparison with the original HA 
sample, thus water could penetrate more easily into the structure. During the wetting small 
hydrophilic (polar) molecules were dissolved and during drying were either redistributed or 
transported away by water molecules. That caused the changes in HA physical structure and 
its destabilization. This process was evident during only one wetting/drying cycle, hence the 
most of hydrophilic molecules were “washed” out by water upon one cycle. In fact, water 
periodically stabilized and destabilized HA structure, in the lipid free HA sample the effect of 
water was short-term, water required less time to cause the changes in the sample, whereas in 
the HA sample the changes induced by water were continuous. The structure of HA sample is 
more compact, so that in every wetting cycle only small part of hydrophilic molecules was 
washed out and in next cycles water continued in washing out of hydrophilic molecules, the 
effect of water on phase transitions was evident in every wetting cycle.  

The water plays a role not only in swelling of the matrix and disruption of van der Waals 
forces but it also plays a role in disrupting of some hydrogen bonds, thus it has larger effect 
on reduction of Tg. The changes in the glass transition temperatures were only minor, so that 
water influenced predominantly the close proximity of amorphous domains than the domains 
themselves. The rewetting induced a decrease in the phase transition temperatures in every 
other cycle in comparison with the previous one. Furthermore, the rewetting caused washing 
out of the hydrophilic molecules, thus the HA structure became more hydrophobic with every 
following cycle. These findings are in accordance with the observation of the samples during 
rewetting cycles. The samples were more hydrophobic with every following cycle and got wet 
with difficulty. 
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8 LIST OF ABBREVIATIONS 
 

AT amplitude of the temperature modulation 

α  thermal expansion coefficient 

β  linear constant heating (or cooling) rate 

C number of components 

CP specific heat capacity 

CW the water content 

D Deborah number 

DMA dynamic mechanical analysis 

DSC differential scanning calorimetry 

DTA differential thermal analysis 

EGA evolved gas analysis 

ESI-MS electrospray ionization mass spectrometry 

ESR electron spin resonance 

F the degrees of freedom 

FA fulvic acids 

FTIR Fourier transform infrared spectrometry 

f(T, t) heat flow from kinetic processes 

G′ free enthalpy per mole  

ΔG the change of Gibbs energy 

GC/MS gas chromatography/mass spectrometry 

GD Gibbs-DiMarzio 

H enthalpy 

HA humic acids 

HBCL the hydrogen bond-based cross-linking 

HPSEC high performance size exclusion chromatography 

HS humic substances 

ICTAC The International Confederation for Thermal Analysis and Calorimetry 

IHSS International Humic Substances Society 

k compressibility 

K heat capacity calibration constant 

n amount of substance 
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NMR nuclear magnetic resonance 

NOM natural organic matter 

OM organic matter 

p pressure 

p modulation period 

P number of phases 

PAH polycyclic aromatic hydrocarbons 

PET polyethylene terephthalate

Q heat 

Qamp heat flow amplitude 

RPM revolutions per minute 

S entropy 

ΔS change of entropy 

SOM soil organic matter 

σP cohesion energy density 

t time 

T temperature 

Tamp temperature amplitude 

τa characteristic time of the cooperative rearrangement 

tb observation time 

Tg glass transition temperature 
P

gT  glass transition temperatures of the dry polymer 

W
gT  glass transition temperatures of water 

Tm melting temperature 

T0 starting temperature 

T(t) programmed sample temperature  

TA thermal analysis 

TGA thermogravimetric analysis 

TMA thermal mechanical analysis 

TMDSC temperature modulated differential scanning calorimetry 

UV ultraviolet 

V volume 

ω modulation frequency 
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