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ABSTRACT

This doctoral thesis studies the character of hyalrawater in water/humic substances
system. The goal is to determine both quantitatimd qualitative aspects of hydration of
humic substances (HS) in solid and liquid phasetarekplore the differences in properties of
water surrounding humic matter with the assistaridagh resolution ultrasonic spectroscopy
(HRUS) and methods of thermal analysis such asréifitial scanning calorimetry (DSC) and
thermogravimetry (TGA). The main aim of this wogkto contribute to the knowledge about
hydration of humic samples originating from diffletesources and thus having different
properties and composition applying the approaehestechniques already used and reported
as being successful for determination and enunoeradf hydration water in hydrophilic
biopolymers and hydrogels. This thesis investigtieseffect of water on humic structure, its
way of wetting and penetrating the surface of H®, possible conformational changes, the
retention capacity of HS, and also the influencergin of individual humic substance on
hydration properties with regard to the kinetic thbse processes. Moreover, it tries to
recognize the influence of degree of humificationhydration processes of humic substances
as well as reversibility of these processes. Tlsalt® of this thesis reveal same parallelism
with the properties of non-reversible hydrogelsnecsimilarities between biopolymers and
HS were discovered as well.

ABSTRAKT

Tato diserténi prace studuje charakter hydeata vody v systému voda/huminova latka.
Ukolem je utit jak kvantitativni, tak i kvalitativni aspekty tyatace huminovych latek (HS)
v pevné i kapalné fazi a prozkoumat rozdily ve tlastech vody obklopujici huminovou
latku s pouzitim vysokorozliSovaci ultrazvukové lgpeskopie (HRUS) a metod termické
analyzy, jako je diferemi kompenzéni kalorimetrie (DSC) a termogravimetrie (TGA).
Hlavnim cilem této prace jefippét k objasgni problému hydratace huminovych latek
pochazejicich ziznych zdroj a majicich proto odliSné vlastnosti a sloZzenip @ vyuzitim
postumi a technik, které se jiziive oswdcily pii stanoveni hydratai vody v hydrofilnich
polymerech. Tato prace zkouméinek vody na strukturu huminovych latek,ugpb, jakym
voda smaéi jejich povrch a jak jimi pronika, Zgobuje znminy v konformaci HS, jejich
retertni kapacitu a také vlivgvodu jednotlivych huminovych latek na jejich hydeati
vlastnosti s ohledem na kinetickéchto proces. Dale studuje vliv stugnhumifikace na
hydrat&ni procesy huminovych latek, st&jjako reverzibilitu &chto proces. Vysledky této
prace objasuji paralelu s vlastnostmi hydroged podobnosti i odliSnosti mezi biopolymery a
huminovymi latkami.
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1. INTRODUCTION

Recent advances in analytical chemistry, espedialipethods Nuclear Magnetic Resonance
and Mass Spectrometry together with molecular ifvaation techniques enable to take a
closer look into molecular composition of complezhtmixtures. Whereas the chemistry and
physics of ordinary classes of biomolecules suchpm@deins, polysaccharides or DNA

occurring in plant tissues and animal bodies hdready been relatively well investigated,

humic substances belong to a specific group of atereubstances. The specificity is caused
by several factors: i) there is still no way togioe the structure of humic substances even if
the parental material is known, ii) despite theaambes in evaluation of primary structure of
humic substances, there are still some undiscovseeets, iii) humic substances consist of
heterogeneous supramolecular structure stabilizedvérk interactions creating a vast of
physical sub-structures. It is noteworthy thatitifermation on primary humic composition is

rarely combined with the character of physical ¢eelary) humic structure and further with

its function in natural systems. Their role is, ammthers, closely linked with water holding

capacity of soils and cell biology of soil livingganisms. As they are both hydrophobic and
hydrophilic in nature, their function is closelylated to properties of water shell intimately

bound on humic molecules and consequently on hagugegates. Thus, the qualitative and
guantitative aspects of interactions of water makes with humic substances are crucial in
order to understand how those processes work.



2. THE STATE OF THE ART

2.1 Humic substances

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

The first relevant study of the origin and chemioature of humic substances (HS) was
worked out by Sprengel [1]. His comprehensive stadythe acidic nature of humic acids is
thought to be his most important benefit to humbenaistry. Research on the chemical
properties of HS was extended by the Swedish relseaBerzelius, whose main contribution
was the isolation of two light-yellow coloured H®i mineral water and slimy mud rich in
iron oxides [3]. Enormous advances have been madegithe last decade thanks to modern
physicochemical methods. Nevertheless, the stralctiremistry of lignin and HS did not
advance so fast as the chemistry of animal-origoh&iopolymers [4]. Organic matter in the
environment can be divided into two classes of aamps, non-humic material (e.g. protein,
polysaccharides, nucleic acids and small molecsleh as sugars and amino acids) and
humic substances [5].

Among the various naturally occurring organic sabses, humic substances (HS) are the
most widespread. They form most of the organic comept of soil, peat, lignite, natural
waters, and their sediments. The most common definis: “Humic substances are a general
category of naturally occurring, biogenic, hetermgmus organic substances that can generally
be characterized as being yellow to black in cobmd refractory.” [6]

Early efforts to characterize this material resiiite the following fractionation scheme based
on solubility under acidic or alkaline condition:[humin, the insoluble fraction of humic
substances; humic acids (HAs), the fraction soluisider alkaline conditions but not acidic
conditions (generally pH < 2); and fulvic acids @JAthe fraction soluble under all pH
conditions. Although chemical and physical diffeses do underlie these variations in
solubility, the separation of humic substances thtee fractions is operational, and does not
indicate, for example, the existence of three miestiypes of organic molecule [7].

2.2 The formation of humic substances

Although the biochemistry of the formation proce$sHS has been studied hard and for a
long time, this is still the subject of long-stamgliand continued research [4]. The substances
are undoubtedly mixtures that develop randomly frima decay of plant tissues, from
microbial metabolism-catabolism, or from both [8pbme theories have lasted for years; for
example, the sugar-amine condensation theory,igménltheory or the polyphenol theory.
These main pathways of formation of HS are showhRigi 1 [1]. A review of such theories
can be found in a monograph of Davies and Ghabj&pur
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Fig. 1 Mechanisms of the formation of humic substancesn@®compounds synthesized by
microorganisms are seen to react with reducing ssidpathway 1), quinones (pathways 2
and 3), and modified lignins (pathway 4) to fornmgbex dark-coloured polymers [1].

The classical theory, popularized by Waksman [19]that HS represent modified lignins
(pathway 1) but the majority of present-day inwgetibrs favour a mechanism involving
guinones (pathways 2 and 3). In practise, all fpathways must be considered as likely
mechanism for the synthesis of humic and fulvicdscin nature, including sugar-amine
condensation (pathway 4).

2.2.1 The Maillard sugar-amine condensation

The notion that humus is formed from sugars (payhdadates back to early days of humus
chemistry. According to this concept, reducing ssgand amino acids, formed as by-
products of microbial metabolism, undergo non-eratyenpolymerization to form brown
nitrogenous polymers. HS are formed from purely noical reactions in which
microorganisms do not play a direct role excepprioduce sugars from carbohydrates and
amino acids from proteins (Fig. 2).

2.2.2 The Waksman lignin theory

According to this theory, lignin is incompletelyilited by microorganisms and the residuum
becomes part of the soil humus. Modifications gnin include loss of methoxyl (OGH
groups with generation ai-hydroxyphenols and oxidation of aliphatic side inkao form
COOH groups. Assuming that HS represent a systepolgiers, the initial product would
be components of humin, further oxidation and fragtation would yield first humic acids
and then fulvic acids. This pathway is illustratedrig. 3.
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Fig. 2 The theory of sugar-amine condensation [1].

2.2.3 The Flaig polyphenol theory

Pathways 2 and 3 form the basis of the popularpbagol theory, the starting material
consists of low molecular weight organic compoutfidsn which large molecules are formed
through condensation and polymerization. In path@algnin still plays an important role in
humus synthesis, but in a different way. In thisecgphenolic aldehydes and acids released
from lignin during microbial attack undergo enzymatonversion to quinones, which
polymerize in the presence or absence of amino oangs to form humic-like
macromolecules. Pathway 2 is somewhat similar tbvgay 3 except that polyphenols are
synthesized by microorganisms from non-lignin Crees (e.g., cellulose). The polyphenols
are enzymatically oxidized to quinones and congette humic substances. A schematic
representation of the polyphenol theory is showRig 4.

HS in soil may be formed by all of the mentionedchrenisms. Although a multiple origin is

suspect, the major pathway in most soils appeawgihh condensation reactions involving
polyphenols and quinones. According to the recentepts, polyphenols derived from lignin,
or synthesized by microorganisms, are enzymatiaalyerted to quinones, which undergo
self-condensation or combine with amino compourmd$otm N-containing polymers. The

number of precursor molecules is large and the murob ways in which they combine is

astronomical, thereby accounting for the heterogesenature of the humic material in any
given soil [1].
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Fig. 3 Schematic representation of the lignin theory ahba formation [1].

It is evident that the mechanisms of the formatainhumic substances can be slightly
different, depending on geographical, climatic, $bgl and biological circumstances,
respectively. These compounds can be formed inraewveays, and the role of lignin is

important in the majority of these processes [1]l-Bardon proposed that humic organic
matter consists mainly of a mixture of plant andcnobial constituents plus the same
constituents in various stages of decompositiore. (iplant/microbial mixtures of

carbohydrates, proteins, lipids and partially ddgchlignins, tannins, melanins, etc.) [11].

Lignin Cellulose and other
non-lignin substances
attack by
microorganisms /
Phenolic aldehydes utilization by
and acids INICT00rganisms
Further utilization Polyphenols
by microorganisms
and oxidation to COZ phenoloxidase
CNZVINES
Quinones
amino y /7 S
compounds Vs compounds
i«
Humic acids < Fulvic acids

Fig. 4 Schematic representation of the polyphenol thebhumus formation [1].
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According to recently introduced concept, humificatin soil can be considered as a two-
step process of biodegradation of dead-cells coemsn aggregation of the degradation
products [8] In light of the supramolecular model, one needstaonvoke the formation of
new covalent bonds in the humification process teatls to the production of humus.
Humification is the progressive self-associationtleé mainly hydrophobic molecules that
resist the biodegradation. These suprastructusestharmodynamically separated by the water
medium and adsorbed on the surfaces of soil mseasd other pre-existing humic
aggregates. The exclusion from water means exciusamn microbial degradation and the
long-term persistence of humic matter in soil.

2.3 The role of humic substances

Up to 70 % of the soil organic carbon and up t&®0f dissolved organic carbon may occur
in the form of humic substances. Humic substanafsence groundwater properties and the
process of formation of fossil fuels; however, th@gy a major role in the global carbon
geochemical cycle. The global pool of humic maiteran important component in the
formation of atmospheric carbon dioxide. The rdi&umic substances is determined by their
formation during the humification (decay) procetswing matter. Humic substances form an
intermediate phase in the transformation procedsviofy matter (organic carbon reservoir)
that continues in the organic carbon cycle or @modited (as fossil materials). The chemistry
is not only highly complex, but it is also a furctiof the different general properties of the
ecosystem in which it is formed, such as vegetat@imate, topography, etc. it is not
surprising that, despite the efforts of many exa#liscientists in the distant and recent past
(Kononova [13], Stevenson [1]), there is still muchbe done to achieve an appropriate
awareness of humic chemistry [8].

Despite their role in the sustainability of lifbetknowledge of basic chemical nature and the
reactivities of HS is still limited. The scientificommunity of humic scientists has so far
failed to provide an unified understanding of tedd of science, and there is still, therefore,
a poor awareness of fundamental aspects of humictstes and reactivities. Nevertheless,
the implications of the relevance of awareness Afdttucture should extend far beyond the
interests of a few chemists; HA structures afféet ways that the soil ecosystem work, as
well as the bioavailability of organic substancesthe soil environment [14]. Most of the
difficulties encountered in chemically defining teuctures and reactivities of HS derive
from their large chemical heterogeneity and gedgcab variability [8].

Organic matter contributes to plant growth throutgheffect on the physical, chemical, and
biological properties of the soil. It has a nutnital function in that it serves as a source of N,
P, and S for plant growth, a biological functiontivat it profoundly affects the activities of
microfloral and microfaunal organisms, and a phaisfanction in that it promotes good soil
structure, thereby improving tilth, aeration, amdention of moisture. The dark brown to
black colour of soils is due to their stable humastent. Highly productive soils often have a
characteristic rich odour that can be attributednganic constituents. Many of the benefits
attributed to organic matter have been well docueterbut it should be noted that the soil is
a multi-component system of interacting materiAlscordingly, soil properties represent the

12



net effect of the various interactions and nobalhefits can be ascribed solely to the organic
component. The properties of soil humus and aswsatiaffects on soil are given in
Table 1[1].

2.4 The utilization of humic substances

Nowadays, except power-producing application, apgilbns of HS can be divided into four
main categories: agricultural, industrial, envirental and pharmacological [13h addition

to its natural occurrence in soils, humus and nediihumus materials have been also added
to soil for agricultural purposes. In natural sys¢eHS act as a soil stabilizer and a nutrient
and water reservoir for plants [16]. A number dfatent formulations have been used with
the aim to increase soil fertility. The HS and tharivates were applied with the aim either
stimulate plant growth or improve physical propestof soil and in many cases the excellent

results were achieved.

Table | General properties of humus and associated effedtee soil [1].

Property

Remarks

Effect on soil

Colour

The typical dark colour of many
soils is caused by organic matter

May facilitate warming

Water retention

Organic matter can hold up 20
times its weight in water

Helps prevent drying and
shrinking. Improves moisture-
retaining properties of sandy soils

Combination with clay minerals

Cements soil particles into
structural units called aggregates

Permits exchange of gases,
stabilizes structure, increases
permeability

Chelation

Forms stable complexes with €u
Mn%, Zr?*, and other polyvalent
cations

Enhances availability of
micronutrients to higher plants

Solubility in water

Insolubility of organic matter is
due to its association with clay.
Also, salts of divalent and trivalen
cations with organic matter are
insoluble.

Little organic matter is lost by
leaching

—

Buffer action

Exhibits buffering in slightly acid,
neutral, and alkaline ranges

Helps to maintain a uniform
reaction in the soil

Cation exchange

Total acidities of isolated fractions
o humus range from 300 to 1400
cmoles/kg

Increases cation exchange capag
(CEC) of the soil. From 20 to 70 ¢
of the CEC of many soils (e. g.,
Mollisoils) is caused by organic
matter

—

o

Mineralization

Decomposition of organic matter
yields CQ, NH,", NOs, PQ™,
and SQ*

source of nutrients for plant growt

h

Combines with xenobiotics

Affects bioactivity, persistence,

Modifies application rate of

and biodegradability of pesticides

pesticides for effective control

13
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So far, industrial applications of humus and humesved products are rare. On the contrary,
the usage of coal was more abundant and essentiatiynstituted the basis of the chemical
industry in the second half of the 19th century dredfirst half of the 20th century. Petroleum
was also an application and it was regarded am#hie raw material for the chemical industry
of the 20th century [4]. Although in 1960 Piretaétstated, that more consideration should be
given to the industrial potential of HAs, in thetdrvening forty years no widespread,
systematic industrial application have not beerettgped. Nevertheless, a review of literature
reveals numerous industrial applications. Sevexalmples are given here: improving the
characteristics of well-drilling fluids [1], a cemteadditive [17]; an agent for tanning leather
[18]; a pigment in inks [19]; a plasticizer compahéor polyvinyl chloride [20], etc.

The role of humic substances in the environmentwels approved during the last decades.
HS have important environmental functions [21]. ylaee known to complex heavy metals
and persistent organic xenobiotics. The interactibhumic substances with xenobiotics may
modify the uptake and toxicity of these compoungdivang organisms and affect the fate of
pollutants in the environment [6]. In aqueous systedue to their spectroscopic properties,
they, among others, protect microorganisms agalistadiation. HS control the pH balance;
govern the mobility of contaminants through absorptaggregation, and sedimentation [21].
They act as a sorbent for radionuclides and orgawliatants, chemical buffers with catalytic
activity, etc. [16]. These properties of HS ar# attopic of debate between HS scientists. The
characterization of the size, shape, conformastnucture, and composition of HS is crucial
to understand their physico-chemical reactions tandredict their role in the environment
[21]. Briefly, some environmental application of HS irsttaremoving heavy metal ions,
cyanide, phosphates, oil, detergents and dyes vatar with more than 98% efficiency [22],
[23]; removing phenol from water [24]; sorbent faaste gases from an animal-carcass
rendering [25] etc. Despite of very little aniorchange capacity, peat and other humus-based
material were converted into anion exchangers [Z6-2

Fuchsman stated that pharmacologically the mosbitapt components of peat humus might
be steroids and terpenoids [27]. The importancinese compounds classes resides not only
in their applications for topical treatments (sashcosmetic creams and therapeutic bath) but
more significantly in the isolation and identifizat of discrete compounds from which new
medicinal chemicals may be synthesized. For betfermation on the subject, the excellent
review can be consulted [15].

2.5 The structure of humic substances

From the point of view of elementary analysis huslibstances consist of carbon, oxygen,
hydrogen and sometimes small amounts of nitrogesh @ecasionally phosphorous and
sulphur. Humic molecules are composed of aromaiti¢aa aliphatic chains and with specific
content of functional groups. Their number and t@si depend on the conditions of
formation. Elementary analyses data of humic sasnpiginated from miscellaneous sources
differ in their elementary composition and readgivAlthough, undisputable differences exist
in way of genesis, humic substances from diffesentrces should be considered as members
of the same class of chemical compounds [29].

14



Many model structures of HA and FA were suggedbeti they should be considered only as
models taking into account average compositionréfoee, in the real humic mixture, such a
structure may not be necessarily present. Tonbeofrtost recent HA model structure taking
into account the system complexity is presenteeigns.

Fig. 5 Recent model structure of humic acid [41]; M - nheta

2.5.1 Functional groups and reactivity

Besides the elemental composition, group compasisaused to characterize HS as it gives
information about the chemistry and structural prtips of HS. A variety of functional
groups, including COOH, phenolic OH, enolic OH,mpne, hydroxyquinone, lactone, ether,
and alcoholic OH, have been reported in humic suigsts [1]. Also small amounts of
nitrogen, sulphur and phosphorus functional graugsridges can be found.

Because of lack of specificity, absolute valuesceoning of relative distribution of functional

groups in humic substances must be accepted wsdrvation. For instance, based on wet-
chemical methods, as a result of the variabilityeiactivity of OH groups, values reported for
“phenolic OH” and “alcoholic OH” can be somewhatsteading. In general, it has been
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found that COOH and C=0 groups increase in amouwmingl humification while other

functional groups (alcoholic OH, phenolic OH and K} decrease [1]. Fulvic acids contain
more functional groups of an acidic nature, patéidy COOH. The total acidities of fulvic

acids (900 — 1400 mmol/100 g) are considerably drighan for humic acids (400 — 870
mmol/100 g). Another important difference is thdtile the oxygen in fulvic acids is largely
in known functional groups (COOH, OH, C=0)he proportion of oxygen in humic acids
seems to occur as a structural component of thieusi{21].

Functional carboxyl and hydroxyl groups in HS wirend to be related to biological activity
[42] but the manner in which they act has stillte elucidated. Low molecular weight
components of HS have proved to be biologicallyvactlthough high molecular weight
components appeared to be similarly active too.[43]

2.5.2 The molecular structure

Divergent descriptions of HS defended by its pragrhave been reviewed by Clapp and
Hayes. First, HS are described as macromoleculdsassumed to have a random coil
conformation in solution. They are thought to becromolecules due to their measured
apparent molecular weight values, which can excég0,000 Da. Second, they are
described as micelles or “pseudomicelles” strustimesolution. Micelle assumption is based
on the fact that HS consist essentially of ampligphiolecules. That is, molecules consist of
separate hydrophobic (non-polar) parts composegtlafively unaltered segments of plant
polymers and hydrophilic (polar) parts composed aafrboxylic acid groups. These

amphiphiles form membrane-like aggregates on mirgendaces and micelle-like aggregates
in solution. The exterior surfaces of these agge=gare hydrophilic, while the interiors are
composed of separate hydrophobic liquid-like pha$ksd, they are described as molecular
associations of relatively small molecules heldetbgr by weak interaction forces [21].

Piccolo [8] has provided several evidences on tianolecular association of small HS
based on several chromatographic and spectrostagbiniques.

The structure of aggregation of small and mostlypliphilic aggregates is similar to the
surface-active substances pattern but their foonai different which is supposed to be
caused by strong heterogeneity of these aggredatdss concept, one can imagine HS to be
relatively small and heterogeneous molecules ofiouar origins that self-organize in
supramolecular conformations. Humic superstructafeselatively small molecules are not
associated by covalent bonds but are stabilizeg¢ bgl weak forces such as dispersive
hydrophobic interactions (van der Waais; =, and CH —r bonds) and hydrogen bonds, the
latter being progressively more important at low palues. Hydrophilic and hydrophobic
domains of humic molecules can be contiguous tatained in each other and, in hydration
water, form apparently large molecular size ass$iocia. In humic supramolecular
organizations, the intermolecular forces deterntiveeconformational structure of HS, and the
complexities of the multiple non-covalent interaos control their environmental reactivity.

The FAs may be regarded as associations of smdibpiilic molecules in which there are

enough acidic functional groups to keep the fubligsters dispersed in solution at any pH.
The HAs are composed by associations of predominahydrophobic compounds
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(polymethylenic chains, fatty acids, steroid commis) that are stabilized at neutral pH by
hydrophobic dispersive forces. Their conformatiogiiow progressively in size when
intermolecular hydrogen bonds are increasingly &dnat lower pH values until they
flocculate [8].

Concerning the term “supramolecular organizatidmé tlefinition given by Lehn [30] may
well be applied to HS: “Supramolecular assemblag)(molecular entities that result from
the spontaneous association of a large undefinetbeuof components into a specific phase
having more or less well-defined microscopic orgation and macroscopic characteristics
depending on its nature (such as films, layers, bmanes, vesicles, micelles, mesomorphic
phases, solid state structures, etc.).”

2.6 Weak interactions and supramolecular assembly

Aggregates form only when there is a differencetha cohesive energies between the
molecules in the aggregated and the dispersed (memostates. Amphiphiles such as
surfactants and lipids can associate into a vaaeggructures in aqueous solutions. These can
transform from one to another by changing the smutonditions such as the electrolyte or
lipid concentration, pH, or temperature. In mostesathe hydrocarbon chains are in the fluid
state allowing for the passage of water and iorsuthh the narrow hydrophobic regions, e.g.
across bilayers [31].

2.6.1 Fundamental thermodynamic equations of self-assempl

Equilibrium thermodynamics requires that in a systef molecules that form aggregated
structures in solution (Fig. 6) the chemical paenof all identical molecules in different
aggregates is the same.

Fig. 6 Association of N monomers into an aggregate (emicelle). The mean lifetime of an
amphiphilic molecule in a small micelle is very ghtypically 10° — 10°s [31].
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This may be expressed as
U= +KkTlogX, = 4 +%kTIog%X2 = 3 +%kTIog% X, =...
monomers dimers trimers

or

U=y = U +k—NTIog(%j =constant N=123,..., (1)

where y,, is the mearchemical potential of a molecule in an aggregateaggregation
number N,y the standard part of the chemical potential (teaminteraction free energy
per molecule) in aggregates of aggregation numjeand X, the concentration (more
strictly the activity) of molecules in aggregatésiamberN (N =1, z) and X, correspond to

isolated molecules, amonomersin solution). Equation (1) can also be derivethgighe
familiar law of mass actiofd4] as follows: referring to Fig. 6 we may write
rate of association k, X",

rate of dissociation %, (X, /N),

where
K =k, /k, =exp- N(u - 1)/ k] @)

Is the ratio of two ‘reaction’ rates (the equililom constant). These combine to give Eq. (1),
which can also be written in the more useful (aguivealent) forms

X = N{ (X, /M)exdM (18, - 2 )] I 3)
and, puttingM =1,

X,y = N{x, exllu? - a3 )] }* )

where M is any arbitrary reference state of aggregatesm{onomers) with aggregation
numberM (or 1). Equations (3) and (4) together with th@sgrvation relation for the total
solute concentratio@

C=X + X, + Xy +...= ) Xy (5)
N=1

completely defines the system. Depending on howfréne energies,, iy are defined the
dimensionless concentrationr@ and X, can be expressed in volume fraction units

18



((mol L'Y)/55.5 orM/55.5 for aqueous solutions). In particular, nbi@ € and X, can never

exceed unity. Equation (2) assumes ideal mixing ignestricted to dilute systems where
interaggregate interactions can be ignored [31].

2.6.2 The critical micelle concentration (CMC) theory

Micelles are spherical or ellipsoid structures dmoge surface the hydrophilic heads of the
surfactant molecules are gathered together wheneasydrophobic tails project inwards. An
important measure for the characterization of stafas is the critical micelle concentration
(CMC). Surfactants consist of a hydrophilic "headd a hydrophobic "tail". If a surfactant is
added to water then it will initially enrich itsedt the surface; the hydrophobic tail projects
from the surface. Only when the surface has no mmowen for further surfactant molecules
will the surfactant molecules start to form aggloates inside the liquid; these agglomerates
are known as micelles. The surfactant concentragtowhich micelle formation begins is
known as the critical micelle formation concentvat{CMC) [40].

The hypothesis of critical micelle concentrationMC) of HS supposes that amphiphilic
molecules exist solely as single unit species atenotrations lower than CMC whereas at
greater concentrations ordered aggregates or escelle formed (e.g., [33-35]). Methods
which can be used for determination CMC are as\dt optical methods (fluorescence, light
scattering) or physical (surface tension measurgméirasonic spectroscopy).

2.6.3 The hydrophobic effect

The hydrophobic effect is the terminology commonsed to refer to processes where non-
polar molecules, or non-polar parts of molecules, gpontaneously removed from water.
Micellization of surfactants is an example of thyeltophobic effect. In the micellization there
are two opposing forces at work. The first is tha&lrophobicity of the hydrocarbon tall,
favouring the formation of micelles and the secamdhe repulsion between the surfactant
head groups. The mere fact that micelles are forimmad ionic surfactants is an indication of
the fact that the hydrophobic driving force is kargnough to overcome the electrostatic
repulsion arising from the surfactant head grodg. [

The thermodynamic factors which give rise to thdrbphobic effect are complex and still
incompletely understood. The free energy of tranefea non-polar compound from some
reference state, such as an organic solution, watter, AG, , is made up of an enthalpy,

AH ., and entropy-TAS, , term:

tr?

tr?
AG, =AH, —TAS, (6)

At room temperature, thenthalpyof transfer from organic solution into agueoususioh is
negligible; the interaction enthalpies are the sant®th cases.
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The entropy however is negative. Water tends to form orderages around the non-polar
molecule and this leads to a decrease in entropyhigh temperatures these cages are no
longer any stronger than bulk water, and the egtagmtribution tends to zero. The enthalpy
of transfer, however, is now positive (unfavourabBecause the temperature dependence of
entropy and enthalpy are not the same, there i® demperature at which the hydrophobic
effect is strongest, and the effect decreasesrgidratures above and below this temperature
[37].

Although occasionally mistaken for a force, hydrobpic effects generally relate to the
exclusion from polar solvents, particularly watef,large particles or those that are weakly
solvated (e.g. via hydrogen bonds or dipolar irtigoas). The effect is obvious in the
immiscibility of mineral oil and water. Essentiglifhe water molecules are attracted strongly
to one another resulting in a natural agglomeratioother species (such as non-polar organic
molecules) as they are squeezed out of the wakieoktrong intersolvent interactions. This
can produce effects resembling attraction betwera organic molecule and another,
although there are in addition van der Waalsard stacking attractions (details see below)
between the organic molecules themselves. Hydrapledfects are of crucial importance in
the binding of organic guests by cyclodextrins agdlophane hosts in water and may be
divided into two energetic components: enthalpid antropic. The enthalpic hydrophobic
effect involves the stabilisation of water molecutbat are driven from a host cavity upon
guest binding. Because host cavities are oftendpytbbic, intracavity water does not interact
strongly with the host walls and is therefore ofhienergy. Upon release into the bulk
solvent, it is stabilised by interactions with atleater molecules. The entropic hydrophobic
effect arises from the fact that the presence of (miten organic) molecules in solution (host
and guest) creates two “holes” in the structurdwk water. Combining host and guest to
form a complex results in less disruption to thkvesat structure and hence an entropic gain
(resulting in a lowering of overall free energyg[3

2.6.4 Weak interactions

In general, supramolecular chemistry concerns rmwalent bonding interactions. The term
“non-covalent” encompasses an enormous range racatte and repulsive forces. The most
important, along with an indication of their appiroate energies, are explained below. When
considering a supramolecular system it is vitalctmsider the interplay of all of these
interactions and effects relating both to the lavat guest as well as their surroundings (e.g.
solvation, crystal lattice, gas phase etc.) [38].

lon — ion interactions

lonic bonding is comparable in strength to covaldmbnding (bond energy is
100 - 350 kJ mal). A typical ionic solid is sodium chloride, whidhas a cubic lattice in
which each N&cation is surrounded by six Tinions. It would require a large stretch of the
imagination to regard NaCl as a supramolecular @aamg but this simple ionic lattice does
illustrate the way in which a Naation is able to organise six complementary datoms
about it in order to maximise non-covalent ion r interactions. Note that this kind of lattice
structure breaks down in solution because of sminaffects to give species such as labile,
octahedral Na(kD)s". A much more supramolecular example of ion — ieriactions is the
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interaction of theris(diazabicyclooctane) host, which carries’aBarge, with anions such as
Fe(CN)*[38].

lon — dipole interactions (50 — 200 kJ md)

The bonding of an ion, such asNwith a polar molecule, such as water, is an exammpan
ion-dipole interaction. This kind of bonding is sdeoth in the solid state and in solution. A
supramolecular analogue is readily apparent irsthectures of the complexes of alkali metal
cations with macrocyclic (large ring) ethers ternoedwn ethers in which the ether oxygen
atoms play the same role as the polar water mascilhe oxygen lone pairs are attracted to
the cation positive charge. lon — dipole interatdi@lso include coordinative bonds, which
are mostly electrostatic in nature in the casehef interactions of non-polarisable metal
cations and hard bases. Coordinate (dative) borntisarsignificant covalent component, as
in [Ru(bpy)]**, are also often used in supramolecular assemhlyttam distinction between
supramolecular and molecular species can becoimerdalurred [38].

Cation —= interactions (5 — 80 kJ mof)

Transition metal cations such as,FePt” etc. are well known to form complexes with
olefinic and aromatic hydrocarbons such as ferrecgfe(GHs),] and Zeise’s salt
[PtCl(CoH,)]™. The bonding in such complexes is strong and cdaldno means be
considered non-covalent, since it is intimatelkdd with the partially occupied-orbitals of
the metals. Even species such as AgCsHs have a significant covalent component. The
interaction of alkaline and alkaline earth metdlaras with C = C double bonds is, however, a
much more non-covalent ‘weak’ interaction, and playvery important role in biological
systems. For example, the interaction energy ofakd benzene in the gas phase is
about 80 kJ mot. By comparison, the association of With a single water molecule is
only 75 kJ motl*. The reason Kis more soluble in water than in benzene is rdlatethe fact
that many water molecules can interact with theggtm ion, whereas only a few bulkier
benzene molecules can fit around it. The interactibnon-metallic cations such as RNH
with double bonds may be thought of as a form ef K ... z hydrogen bond [38].

n —x stacking (0 — 50 kJ mot)

This weak electrostatic interaction occurs betwasymatic rings, often in situations where
one is relatively electron rich and one is electpmor. There are two general types of
n-stacking; face-to-face and edge-to-face, althaug¥ide variety of intermediate geometries
are known. Face-to-facestacking interactions between the aryl rings ofleobase pairs
also help to stabilize the DNA double helix. Edgefdce interactions may be regarded as
weak forms of hydrogen bonds between the slighdgteon deficient hydrogen atoms of one
aromatic ring and the electron riciakcloud of another. Edge-to-face interactions are
responsible for the characteristic herringbone packn the crystal structures of a range of
small aromatic hydrocarbons including benzene [38].

Close packing in the solid state

In examination of solid state (i.e. crystal) stiues the need to achieve a close packed
arrangement is also a significant driving forceisThas been summed up in the truism
‘Nature abhors a vacuum’ but according to the clmseking theory of Kitaigorodsky [39], it

is simply a manifestation of the maximisation ofvdarable isotropic van der Waals
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interactions. Kitaigorodsky's theory tells us tinablecules undergo a shape simplification as
they progress towards dimers, trimers, higher ofigs, and ultimately crystals. This means
that one molecule dovetails into the hollows ofngsghbours so that a maximum number of
intermolecular contacts are achieved, rather lkeegopular computer ganietris Very few
solid-state structures are known to exhibit sigaifit amounts of ‘empty’ space. Those which
do possess a very rigid framework that is able @sist implosion under what amounts
effectively to an enormous pressure differentidiMeen atmospheric pressure and the empty
crystal pore channel. Such materials often exhibily interesting and useful properties in
catalysis and separation science [38].

Van der Waals forces (< 5 kJ md] variable)

Van der Waals interactions arise from the polaigzabf an electron cloud by the proximity
of an adjacent nucleus, resulting in a weak elstdta attraction. They are non-directional
and hence posses only limited scope in the degigpexific hosts for selective complexation
of particular guests. In general, van der Waaleradtions provide a general attractive
interaction for most ‘soft’ (polarisable) speciéis is the force involved in interactions
between the noble gases. In supramolecular chegmikey are most important in formation
of ‘inclusion” compounds in which small, typicallprganic molecules are loosely
incorporated within crystalline lattices or molemulcavities. Strictly, van der Waals
interactions may be divided into dispersion (Londand exchange-repulsion terms. The
dispersion interaction is the attractive comporteat results from the interactions between
fluctuating multipoles (quadrupole, octupole etm) adjacent molecules. The attraction
decreases very rapidly with distance ¢ dependence) and is additive with every bond in the
molecule contributing to the overall interactionesgy. The exchange-repulsion defines
molecular shape and balances dispersion at shage ralecreasing with the twelfth power of
interatomic separation [38].

Hydrogen bonding (4 — 120 kJ md)

However, though dispersion forces are the ones Iyna@sponsible for bringing molecules
together, they lack the discrimination, specifiatyd directionality of dipolar and H-bonding
interactions, and it is these that often deterntireefine and subtle details of molecular and
macromolecular structures, such as those of maeawnystals, polypeptides (e.g., proteins),
polynucleotides (e.g., DNA and RNA), micelles amaldigical membranes [31].

The hydrogen bond is one of the strongest and th& ocommon types of noncovalent bond.
It is difficult to define a hydrogen bond in a wenat would cover all the features ascribed to
it by the different branches of science. The mashmon definition describes it as an

attractive interaction between two species (atogrsups, or molecules) in a structural

arrangement where the hydrogen atom, covalentlydhda a more electronegative atom of
one species, is non-covalently bound to a placé @it excess of electrons of the other
species [45]. This definition does not specify tiadure of the hydrogen bond, which makes
the definition quite general, but not in concretarts. The hydrogen bond plays a key role in
chemistry, physics, and biology and its consequeraze enormous. Hydrogen bonds are
responsible for the structure and properties ofewadn essential compound for life, as a
solvent and in its various phases. Further, hydrdgmnds also play a key role in determining
the shapes, properties, and functions of biomoésculreferred to recently published
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monographs on hydrogen bonding [46-48]. The tetmydrogen bond” was probably used
first by Pauling in his article on the nature of themical bond [49].

A hydrogen bond may be regarded as a particulat &frdipole-dipole interactions in which

a hydrogen atom attached to an electronegative dtownelectron withdrawing group) is
attracted to a neighbouring dipole on an adjacesiecule or functional group. Because of its
relatively strong and highly directional naturedhggen bonding has been described as the
“master key” interaction in supramolecular chenyistAn excellent example is the formation
of carboxylic acid dimers which results in the shifthev(OH) infrared stretching frequency
from about 3400 chf to about 2500 cil, accompanied by a significant broadening and
intensifying of the absorption. Typically hydrogeanded O...O distances are 2.50 — 2.80 A
in length, though interactions in excess of 3.0 dymalso be significant. Hydrogen bonds to
larger atoms such as chloride are generally lormy®t, may be weaker as a consequence of
the reduced electronegativity of the larger hatideeptor, although the precise strength of the
hydrogen bonds is greatly dependent on its enviesrinHydrogen bonds are ubiquitous in
supramolecular chemistry. In particular, hydrogends are responsible for the overall shape
of many properties, recognition of substrates bypenous enzymes, and for the double helix
structure of DNA.

Hydrogen bonds come in a bewildering range of lengstrengths and geometries. They can
be strong, which are mainly covalent with the bendrgy of 60 — 120 kJ md] or moderate,
which are mainly electrostatic with the bond energfy 16 — 60 kJ mof, and weak
electrostatic interactions with the bond energy2< A single, strong hydrogen bond per
molecule may be sufficient to determine solid-sttacture and exert a marked influence on
the solution and gas phases. Weaker hydrogen h@ags role in structure stabilisation and
can be significant when large numbers act in cdncer

In the case of hydrogen bonds between neutral epeitiis generally accepted that there is a
direct correlation between hydrogen bond strengthtg€rms of formation energy) and the
crystallographically determined distance betweedrbgen bond donor and acceptor. In the
case of interanion interactions, as in potassiumirdgen oxalate (KH&,) for example,
ab initio calculations show that the hydrogen bonding imtémas between pairs of HO4~
anions are repulsive in all orientations, i.e. ¢hiex no attractive force of type O=H. O
Despite this, the O...O separation is an extremebytsh.52 A, suggesting a very strong
hydrogen bond. This apparent contradiction is erplthin this and a range of related systems
by the strong attraction to the' Kations, which dominate over the anion—anion pab.
The resemblance to a truly attractive hydrogen bamges from the fact that the interanion
potential is least repulsive in the mutual orieotatin which the O—H group is directed
towards the oxygen atoms of the next anion in tianc[38].

Recent interest has also focused on apparent hgdrdgpnding interactions involving
hydrogen atoms attached to carbon, rather thartrehsgative atoms such as N and O
(electronegativities: C: 2.55, H: 2.20, N: 3.04, 44) while these interactions are at the
weaker end of the energy scale of hydrogen bohdsprtesence of electronegative atoms near
the carbon can enhance significantly the acidityhef C—H proton, resulting in a significant
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dipole. An elegant example of C—H... N and C—H ... @rogen bonds is the interaction of
the methyl group of nitromethane with the pyridgdwn ether [38].

In general, the hydrogen bond is a noncovalent li@ateieen the electron-deficient hydrogen
and a region of high electron density. Most fredlyera hydrogen bond is of the X-H...Y
type, where X is the electronegative element and the place with the excess of electrons
(e.g., lone electron pairs, p electrons) [45].

In the last few years several pieces of evidence wellected [50] which indicated that the
X-H...Y arrangement can be accompanied by oppogiemetrical and spectral
manifestation. Instead of elongation of the X—H db@escompanied by a red shift of the X—H
stretch vibration, the contraction of this bond ahd blue shift of the respective stretch
vibration were detected. Moreover, the intensityhaf X—H stretch vibration often decreased
upon formation of the X—H...Y contact, again in tast to standard hydrogen bonding. The
common feature of this novel type of bonding, ahlienproper, blue-shifting hydrogen
bonding, and standard hydrogen bonding is the ehtaagsfer from the proton acceptor to the
proton donor [45].

2.7 Water and its hydration properties

Water and life are closely linked. It possessesifipg@roperties that cannot be found in other
materials and that are required for life-giving ggsses. These properties are brought about
by the hydrogen-bonded environment particularlydent in liquid water [51]. The water
hydrogen bond is a weak bond, never stronger thanta twentieth of the strength of the O—
H covalent bond. The attraction of the O—H bondalgctrons towards the oxygen atom
leaves a deficiency on the far side of the hydrogem relative to the oxygen atom. The
result is that the attractive force between the Ohitlrogen and the O-atom of

a nearby water molecule is strongest when the tlagens are in a straight line
(that is, O—H...O) and when the O-atoms are sepalatatbout 0.28 nm [52].

Hydrogen bonds play an especially prominent rolevater since each oxygen atom with its
two hydrogens can participate in four such linkageth other water molecules — two

involving its own H atoms and two involving its Urased (lone-pair) electrons with other H

atoms [31]. These four hydrogen bonds optimallamge themselves tetrahedrally around
each water molecule as found in ordinary ice [H2]iquid water, the tendency to retain the
ice-like tetrahedral network remains, but the dtreee is now disordered and labile. The
average number of nearest neighbours per molea@ds to about five (hence the higher
density of water on melting), but the mean numiééd bonds per molecule falls to about 3.5.
It is instructive to note that the tetrahedral ctwation of the water molecule is at the heart of
the unusual properties of water, much more thanhgftrogen bonds themselves [31]. The
Fig. 7 shows such a typical average cluster of\firaéer molecules.
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Hydrogen
bond

Fig. 7 The cluster of five water molecules in tetrahegralirangement [52].

In liquid water, the tetrahedral clustering is otdgally found and reduces with increasing
temperature. In ice, this tetrahedral clusteringxtensive, producing its crystalline form. The
stronger the bonds, the more ordered and statiheisesultant structure. The energetic cost of
the disorder is proportional to the temperaturéndesmaller at lower temperatures. This is
why the structure of liquid water is more orderddlav temperatures. This increase in
orderliness in water as the temperature is loweddr greater than in other liquids, due to
the strength and preferred direction of the hydndgends. In ice there is the clustering during
producing of crystalline form more extensive. Thare several types of ice which differ in
arrangement of water molecules. We distinguish tywéypes of ice which differ in various
ambient conditions during their formation (pressame temperature). Many of the crystalline
forms may remain metastable in much of the low-terafure phase space at lower pressures
[52].

2.8 Hydration of biomolecules

Generally, the hydration is a term concerning tm®w@nt of bound water. Hydration is one of
the most important factors playing the role in bgtal function of molecules in both living
and natural systems. Water plays an important asl@ medium for nutrient transport, cell
membrane processes, induces biologically activdocoration of biomolecules etc. Due to
unique properties and strong affinity of water neales to stick to each other via H-bonds it
forms various structures having different physidadmical properties. Formation of these
specific clusters is a driving force assembling enales into complicated organizations.
Hydration of biomolecules depends importantly oe télative strength of the biomolecule-
water interactions as compared with the water-whi@lrogen bond interactions. Stronger
water hydrogen bonding leads to the clustering atewmolecules together; and therefore
these molecules are no longer available for biomuée hydration [52]. Water is involved in
these processes in a variety of ways, ranging fiwect bridging to collective effects (such as
hydrophobic effect) [52].

Due to the presence of solids, all the water do¢have similar properties in terms of vapour
pressure, enthalpy, entropy, viscosity and densitgeneral terms, two main types of water
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are considered [54]: the free water which is ndluenced by the solid particles and the
bound water whose properties are modified duedgtlhsence of solid. The estimation of the
amount of free water (the bound water being thepgtement to the whole amount of water) is
based on this difference of behaviour. Consequestlgplementary types of water can also
be considered. The distribution suggested by \feb#éind his fellow workers [55-58] is often
used as a reference, which supposes the follovangdategories: 1) Free water: water non-
associated with solid particles and including veidter not affected by capillary force. 2)
Interstitial water: water trapped inside crevicas aterstitial spaces of flocs and organisms.
3) Surface (or vicinal) water: water held on to seface of solid particles by adsorption and
adhesion. 4) Bound (or hydration) water.

2.8.1 Hydration of proteins

Protein hydration is very important for their thh@ienensional structure and activity [59, 61].
Indeed, proteins lack activity in the absence dadrhting water. In solution, they possess a
conformational flexibility, which encompasses a &i@dnge of hydration states, not seen in
the crystal [62] or in non-aqueous environmentsuillium between these states will
depend on the activity of the water within its mienvironment; that is, the freedom that the
water has to hydrate the protein [63]. Thus, proteonformations demanding greater
hydration are favoured by more (re-)active water €xample, high density water containing
many weak bent and/or broken hydrogen bonds) aner''donformations are relatively
favoured by lower activity water (for example, laensity water containing many strong
intra-molecular aqueous hydrogen bonds). Surfacemmaolecules are held to each other
most strongly by the positively charged basic amacals. The exchange of surface water
(and hence the perseverance of the local clusteaaimd)the overall system flexibility) is
controlled by the exposure of the groups to thek ksdlvent (that is, greater exposure
correlates to greater flexibility and freer proteinain movement) [64-65]. Hydration also
affects the reactions and interactions of coenzyares cofactors; thus, the various redox
potentials (and hence whether they oxidize or reflwf some iron-sulphur proteins are
accounted for by differential hydration rather tttrect protein binding effects [66].

The folding of proteins depends on the same fa@srsontrol the junction zone formation in
some polysaccharides; that is, the incompatibitigtween the low-density water and the
hydrophobic surface that drives such groups to fitmenhydrophobic core [67]. This drive for
hydrophobic groups to mostly cluster away from ghetein surface (in water soluble
proteins) is controlled by the charged and polaugrinteractions with each other and water.
Interestingly, in pure water and in the absencesavéening dissolved ions, some buffer-
insoluble proteins are quite soluble due to theknbare unshielded) interactions between the
protein's intrinsic charges [68]. Non-ionic kosnopes, which stabilize low-density water,
consequentially stabilize the structure of proteilms addition, water acts as a lubricant
[69-70], so easing the necessary peptide amidesogithydrogen bonding changes. The
biological activity of proteins appears to depemdtioe formation of a 2-D hydrogen-bonded
network spanning most of the protein surface amthecting all the surface hydrogen-bonded
water clusters [71-72]. Such a water network iseatl transmit information around the
protein and control the protein's dynamics, suchtasdomain motions [73]. Much life,
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however, functions optimally at about 37°C wheres gpanning network is about to break
down on heating, perhaps to help compensate fdritisystem's entropic changes [74].

Intramolecular peptide (amide) hydrogen bonding @sak major contribution to protein
structure and stability but is only effective iretAbsence of accessible competing water. Even
just the presence of close-by water molecules sgpsgtide hydrogen bonds to lengthen [75],
so loosening the structure. The internal molecutastions in proteins, necessary for
biological activity, are very dependent on the éegof plasticizing, which is determined by
the level of hydration [76]. Thus internal waterables the folding of proteins and is only
expelled from the hydrophobic central core whemlfinsqueezed out by cooperative protein
chain interactions [76]. Many water molecules (&min amount to individual amino acids)
remain behind buried in the core of the proteisfasming structurally-important hydrogen
bonded linkages.

The first hydration shell around proteins (~0.3)gggordered; with high proton transfer rates
and well resolved time-averaged hydration sitesfase water showing coherent hydrogen-
bond patterns with large net dipole fields [78-7Bhe hydrogen bonds holding these water
molecules to the protein are stronger with longetimes than bulk water [80] and this water
is unavailable to colligative effects. As hydratisites may be positioned close together and
therefore mutually exclusive, it has been argued the solvation is better described as a
water distribution density function rather than gyecific water occupied sites. The first
hydration shell is also 10-20% denser than the hugiker and probably responsible for
keeping the molecules sufficiently separated sottiey remain in solution [81]. Although a
significant amount of this density increase hasnbggown to be due to simple statistical
factors dependent upon the way that the surfadefised in depressions [82], much is due to
a protein’s structure with the excess of polar aiydn sites easily counteracting the remaining
non-polar surface groups (tending to produce lowsdg surface water). This water is
required for the protein to show its biological ¢tion, as without it, the necessary fast
conformational fluctuations cannot occur. Thus @irtg have no activity (and enter a glassy
state, at about 220 K) when the surrounding watmoimes predominantly low-density
[83-84].

Proteins are formed from a mixture of polar and-potar groups. Water is most well ordered
round the polar groups where residence times anrgelp but where they will interfere with
water's natural hydrogen bonding, than around r@arpgroups where aqueous clathrate
structuring may form. Both types of group creatdeorin the water molecules surrounding
them but their ability to do this and the typesoodering produced are very different. Polar
groups are most capable of creating ordered hyuralirough hydrogen bonding and ionic
interactions [52].

It is clear that evolutionary processes have mageotfl the organization in water surrounding
proteins to create preferred diffusive routes anéntation for metabolites and favoured
conformational changes and interactions. Such slifeupaths lead to binding sites with their
own helpful hydration. It has been suggested tmasgure waves formed from flickering
water clusters may link protein molecular vibrapso carrying information through the
intracellular milieu [85] and powering product movent between enzymes in biochemical
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pathways. The energetic optimization of mutual bgen bonded networks between protein,
water and ligand is an intrinsic part of the molacwecognition process in enzymes, binding
proteins and biological macromolecules general6}.[8

2.8.2 Hydration of polysaccharides

Using a simplistic approach to polysaccharide hyoina water can be divided into ‘bound
water', subcategorized as being capable of freeangnot, and ‘unbound water’,
subcategorized as being trapped or not, and wytiiration' as a general term concerning the
amount of bound water. 'Unbound’ water freezedhatseame temperature as normal water
(< 0 °C dependent on cooling rate). However, soméwmay take up to 24 hr to freeze.
'‘Bound freezable' water freezes at a lower temperathan normal water, being easily
supercooled. It also exhibits a reduced enthalpiusibn (melting). Although the inability to
freeze is often used to determine bound waterziingemay not a good measure of hydration
as it concerns the water content of the glasse;statt agueous hydration [52]. In the glassy
state the viscosity is extremely high (more that216 1013 Pa s), conformational changes
are severely inhibited and the material is metdgtabpped in a solid but microscopically
disordered state. The segmental motion of macrarutde occurs when the temperature
increases through the glass transition temperalure.value ofTy (temperature of the glass
transition) depends somewhat on the method ofatsrchination; the glass transition, unlike
phase changes, occurring over a range of a fewikKelv

There exist two different alternatives for definibgund and unbound water. The first one
divides bound water into non-freezing and freeZBigj and unbound water into trapped and
bulk. For this alternative, the type of water isedmined by freezing and melting calorimetry
using the enthalpy of the phase change [88] andmnibgravimetry, measuring the weight

changes due to absorption from set humidity atmexgsh However, non-freezing water may
be trapped in a glassy state, lowering diffusiorsbyeral orders of magnitude and hindering
crystal formation. The less precise alternatived#is bound water into tightly bound (can be
removed by freeze-drying) and loosely bound (carebeoved by centrifugation), and defines
unbound water as removable by filtration. This sdiin the dietary fibre area, the firmly

held water not removed by centrifugation, gives Weter binding capacity whereas the

loosely associated water, which is not removedilbation gives the water holding capacity.

Both schemes, however, only determine what theysoreaand this may be somewhat
different from what they represent as measuringt i, aqueous hydration. At the present
time, the literature provides little useful expleorg theory for polysaccharide hydration, with

poor predictability [52].

In practical experience, the effects of water otygarcharide and polysaccharide on water
are complex and become even more complex in theepoe of other materials, such as salts.
Water competes for hydrogen bonding sites withamwlecular and intermolecular hydrogen
bonding, certainly will determine the carbohydmtéexibility and may determine the
carbohydrate's preferred conformation(s) [89].
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2.8.3 Hydration of hydrogels

Hydrogels are hydrophilic polymer networks, whichyrabsorb 10-20 % up to thousands of
times their dry weight in water. Hydrogels may bemically stable or they may degrade and
eventually disintegrate and dissolve.

They are called ‘reversible’, or ‘physical’ gels &h the networks are held together by
molecular entanglements, and/or secondary foradsdimg ionic, H-bonding or hydrophobic
forces [90-91]. Physical hydrogels are not homogasge since clusters of molecular
entanglements, or hydrophobically- or ionically@sated domains, can create
inhomogeneities. Free chain ends or chain loops r@present transient network defects in
physical gels. When a polyelectrolyte is combinethva multivalent ion of the opposite
charge, it may form a physical hydrogel known asi@motropic’ hydrogel (Fig. 8). Further,
when polyelectrolytes of opposite charges are mikieely may gel or precipitate depending
on their concentrations, the ionic strength, andoplithe solution. The products of such ion-
crosslinked systems are known as complex coacearvadéyion complexes, or polyelectrolyte
complexes. All of these interactions are reversilaled can be disrupted by changes in
physical conditions such as ionic strength, pH,perature, application of stress, or addition
of specific solutes that compete with the polymdgand for the affinity site on the protein
[94].

“lonotropic”
Hydrogel

“Complex
Coacervate”
or
Polyion
@ Complex
Hydrogel

polycation

Fig. 8 Schematic of methods for formation of two typasrat hydrogels [93].

Hydrogels are called ‘permanent’ or ‘chemical’ gaelken they are covalently-crosslinked
networks. Chemical hydrogels may also be generatedcrosslinking of water-soluble
polymers, or by conversion of hydrophobic polymdms hydrophilic polymers plus
crosslinking to form a network (Fig. 9). Like phgal hydrogels, chemical hydrogels are not
homogeneous. They usually contain regions of lowemnswelling and high crosslink density,
called ‘clusters’, that are dispersed within regiafh high swelling, and low crosslink density.
This may be due to hydrophobic aggregation of ¢rdgag agents, leading to high crosslink
density clusters [92].
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Fig. 9 Schematic of methods for formation of hydrogels chgmical modification of
hydrophobic polymers [93].

In some cases, depending on the solvent compagsteomperature and solids concentration
during gel formation, phase separation can occut veater-filled ‘voids’ or ‘macropores’ can
form. In chemical gels, free chain ends represesit reetwork ‘defects’ which do not
contribute to the elasticity of the network. Othetwork defects are chain ‘loops’ and
entanglements, which also do not contribute to pleemanent network elasticity. Many
different macromolecular structures are possibleptoysical and chemical hydrogels [94].
They include the following: crosslinked or entambfeetworks of linear homopolymers, linear
copolymers, and block of graft copolymers; polyion#tivalent ion, polyion—polyion or H-
bonded complexes; hydrophilic networks stabilize¢ hydrophobic domains; and
interpenetrating networks or physical blends. Wided diverse range of polymer
compositions have been used to fabricate hydrog&lsse compositions can be divided into
natural polymer hydrogels, synthetic polymer hy@édsgand combinations of the two classes
[95]. Many different routes have been used to ssitte hydrogels, and they are shown
schematically in Figs. 8-11.

The character of the water in a hydrogel can deteritihe overall permeation of nutrients into
and cellular products out of the gel. When a drgrbgel begins to absorb water, the first
water molecules entering the matrix will hydrate thost polar, hydrophilic groups, leading
to ‘primary bound water’. As the polar groups ayelfated, the network swells, and exposes
hydrophobic groups, which also interact with wateslecules, leading to hydrophobically-
bound water, or ‘secondary bound water’. Primarg aecondary bound water are often
combined and simply called the ‘total bound watéfter the polar and hydrophobic sites
have interacted with and bound water moleculesnétevork will imbibe additional water,
due to the osmotic driving force of the network inkatowards infinite dilution. This
additional swelling is opposed by the covalent bygical cross links, leading to an elastic
network retraction force. Thus, the hydrogel wdkach an equilibrium swelling level. The
additional swelling water that is imbibed after tlomic, polar and hydrophobic groups
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become saturated with bound water is called ‘fregew or ‘bulk water’, and is assumed to

fill the space between the network chains, andierdentre of larger pores, macropores or
voids. As the network swells, if the network chaanscrosslinks are degradable, the gel will
begin to disintegrate and dissolve, at a rate ddipgron its composition. It should be noted
that a gel used as a tissue engineering matrixmaagr be dried, but the total water in the gel
is still comprised of ‘bound’ and ‘free’ water [93]
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Fig. 10 Schematic of methods for formation of crosslinksdirdgels by free radical
reactions, including variety of polymerizations aaebsslinking of water-soluble polymers

[93].
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Fig. 11 Schematic of methods for formation of crosslinkgdirégels by condensation
reactions of multifunctional reactants [93].
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2.8.4 Hydration of soil organic matter (SOM)

Swelling of SOM is an important factor for understang most ecologically relevant
processes in upper soil layers, especially whergsses in field studies are the focus of
interest. Swelling has to be considered when inyatshg sorption and transport phenomena
as well as the structure and relevance of the 0d1. Due to this relevance, swelling of
SOM opens a wide, enigmatic and challenging fiélceeearch with high demand [96].

Under field conditions, the upper soil layers ampased to variations in moisture and
temperature. In the course of moisture fluctuattbe, soil organic matter (SOM) changes its
water content and its state of swelling. Recentlteshow that with the state of swelling,
SOM gradually changes its physicochemical propgrseich as sorbent properties [97-98],
“macromolecular” structure [99-100], thermal chaesistics [101] or the binding of
hydrophobic organic compounds. These changes alekwewn to affect sorption and
transport phenomena and thus have to be takercomsideration.

Similarly as for many macromolecular substancedrdtion of natural organic matter (NOM)
may result in swelling, increased flexibility, alidons in conformation, and changes in
ionization status of polar functional groups. Thégeration-driven changes in NOM may
strongly affect sorption interactions of organicmgmunds with NOM by influencing
intraorganic matter diffusion, sorption kineticsidaextent of sorption. Since the hydration
status of NOM can vary considerably under differemtironmental scenarios, it is clear that
understanding NOM-organic pollutant sorption intéi@ns requires insights into the effect of
NOM hydration on sorption. Among processes that patentially contribute to the overall
hydration effect on sorbate interactions in the NPihhse are competition between water and
sorbate molecules, a change of sorbate speciatioitnd NOM phase, direct interaction
between complexed water molecules and sorbate mleten the NOM phase, a change in
the total volume of the NOM phase, and a change@M polarity. The net effect of NOM
hydration on organic compound sorption interactiohdar from self-evident due to the
scarcity of experimental organic compound sorptiata in dry, wet, and partially hydrated
NOM, and the complexity of NOM hydration phenom¢h@2-104].

Therefore, the hydration kinetics of soil organiattar (SOM) is influential factor for
transport and sorption processes in soil. Neverfiselour knowledge about wetting and
swelling processes, which both control the ovemgtiration kinetics, is limited [105]. Many
studies have shown that water content, hydratioe,tand the type of water binding strongly
influence the sorption of organic substances in SQ86-97], [106-108]). Additionally,
hydration kinetics undoubtedly is very important fplant growth. Nevertheless, many
aspects of hydration and drying processes aranstilinderstood.

The first step of the hydration process of soil gke® includes the wetting of mineral and
organic soil components. After wetting the surfadke water is distributed within the pore
volume. Possibly, swelling of SOM and clay mineraks well as hydration of salts may
follow. If one of these processes is slower thandthers, it will be the rate-limiting step of
the overall hydration process. Both wetting andlsageof SOM may be slow depending on
the properties of the amorphous organic soil matsilile the penetration of water into the
pore volume occurs immediately as soon as the pa@iés are wettable. The wetting is
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defined as the first contact between water andssofaces including the resulting alterations
of the surface properties. Since wetting requilggsid water, water vapour cannot wet unless
it condenses [105].

Water vapour uptake of isolated humic and fulviedacwas previously analyzed (e.g.,
[109-111]). In a relative humidity of 90%, Chen &@chnitzer (1976) [110] determined water
contents (related to dry mass) of 23% for humids@nd of 51% for fulvic acids at 25°C.
For 100% relative humidity and 23°C, Chiou et d1988) [111] calculated a comparable
equilibrium water content of 25%. Few studies deieth hydration of SOM in unfractionated
soil samples, however. It can be assumed that titing and swelling processes differ
between extracted humic fractions and the natucaburring organic soil matrix, where large
macromolecules and the extractable fractions aimately mixed. The network structure
between the distinctly smaller humic and fulvicdamolecules [112-113] may be controlled
by types of bonds and crosslinks that are diffefemin those in the soil matrix, whose
characteristics are responsible for the degreaveflisg and retarding hydration. Where the
uptake of water vapor to bulk soil samples wasistijdnainly high organic- content soils
were used (e.g., [114-115]). Based on sorptiorhesots, Rutherford and Chiou (1992) [114]
determined saturation water contents (related yonaass) of 37% for the SOM of a peat
sample from the Everglades and 39% for the SOMmtiek sample from the Michigan State
University Muck Research Farm. Contrary to the ltesaf Rutherford and Chiou (1992)
[114], water sorption isotherms of a peat samplasueed by Robens and Wenzig (1996)
[115] indicated pronounced swelling associated wigther contents about 60% (related to dry
mass) for a relative humidity of 100%. Studies oheplith water vapour sorption by mineral
soils have usually focused on adsorption on thiensioieral matrix [105].

Under field conditions, the water uptake from tiogiid phase, rather than from the gas phase,
may represent the dominant process in soil. Fod &0DM, limiting water contents between
300 and 500% (related to dry mass) are cited [IR&sumably, the water contents achieved
for humic substances are distinctly higher if thp@y is via the liquid phase rather than the
gas phase. The differences between water adsorpteoriquid and gas phases can be
explained by different interfacial tensions between and water in the former and soil and
humid air in the latter [105].

Water uptake is mainly influenced by SOM and tlatigbrium water contents of the organic
matrix are comparable for whole-soil samples anthted humic fractions. Differences in the
bond strength of water molecules in wettable anterapellent soil samples are probably a
result of different moisture contents under fielohditions. For modelling transport and
sorption processes, the hydration kinetics, whiay ibe very slow in water-repellent soils,
have to be taken into account. In some water-repedoil regions, equilibrium conditions are
hardly achieved, because the wetting process nsiyséveral weeks, rather than only some
hours. Consequently, in such soil regions, onlyetoelayed infiltration and subsequent water
storage are possible after precipitation eventscdyrast, equilibrium between water and the
solid soil phase may be reached immediately inaléttsoil regions if no swelling processes
are involved. Substances that are transportedtivittwater phase thus may interact instantly
with wettable regions, while the penetration intatev-repellent parts of the soil is retarded or
may not occur at all [105].
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2.9 Phase transitions

The phase transitions are characterized by disoomiis change of some property of system,
which occurs at certain, accurately determined esalof temperature and pressure. A phase
consists of a homogeneous, macroscopic volume dtemaseparated by well-defined
surfaces of negligible influence on the phase ptagse Domains in a sample, which differ in
composition or physical states, are consideredifésreht phases. In the case where two
phases are in contact and at equilibrium, the lgtaluf both phases must be equal. This
requires that the two free enthalpies per m@lemust be the same at given temperature and
pressure. In addition, any infinitesimal change@®i of each phase must also be equal so that
the equilibrium is stable [116].

To stay in equilibrium during a transition, the nga in Gibbs energ® G, must be zero. The
derivatives ofAG with respect to temperature, on the other handvaldhave to be zero. This
suggests a way to characterize the transitionsnitb@ynamically. Ehrenfest suggested that a
transition, for whichdAG/dT = -ASis not equal to zero, to be called as first-otdansition.

A second-order transition would analogously hawefitst derivativedAG/dT equal to zero,
but the second derivativ@’AG /0T ?would not equal to zero [117]. Formally, if the G
free energy function is discontinuous at the tramsftion temperature, it is a first order
transformation; if not, it is of higher order [118]

For first order thermodynamic transitions, suctttesmelting or boiling points, the entropy,
volume, and therefore enthalpy change markedlys Ty be mathematically expressed in
terms of the first derivative of the Gibbs free myyewith respect to temperature (at constant
pressure) or pressure (at constant temperature):

5]
aT ),

[O_Gj =V
P (7)

Entropy is a property, which may not be measureecty, therefore more convenient form
of the first derivative to inverse temperature rbayused [119]:

(G(G/T)] _H

o) ), ®)
Examples of first order phase transformation would boiling, sublimation, and
solidification. Most solid-state polymorphic traoshations are also first-order transitions

[118]. In the range of first-order transitions swshmelting and crystallization latent heats are
absorbed or released [120].

Using the melting point of a solid as an exampleadifst order transformation, the large

discontinuity in enthalpy at the melting point isledto the latent heat absorbed for the
structural alterations of the transformation. Dgrihat period, the heat capacity is infinite,
since all heat input contributes to the transforomaand not temperature rise [118].

Regarding the crystallization, at low temperatune trystalline state is most stable. The
crystals are stable up to the melting temperaijzeAt this temperature, the crystal becomes
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liquid in order to remain stable. The change ofesis connected with a change in the slope of
G - i.e., the transition must be of first order [L1& large number of polymers are able to
form crystalline structures, in which parts of thacromolecule are oriented parallelly to each
other. Besides crystallites, amorphous regions aan be formed in these materiala
practice, one distinguishes between two kinds obraimous regions in partially crystalline
polymers based on the different types of possildéeoular mobility. The mobile amorphous
regions are between the crystallites. They als@rdenhe the step height of the glass
transition. At the surface of the crystallites thare rigid amorphous regions that exhibit an
amorphous structure. Despite of this fact, thesaatdake part in the glass transition because
of their reduced mobility. The temperature, at wharystallization occurs, how rapidly it
takes place and the degree of crystallinity acldedepends on the molecular structure of the
sample. The size of the crystallites formed dugngstallization depends on how easily the
polymer chains fit into the crystal structure. leangral, polymer chains are less mobile at
lower temperatures and only small, less stabletals/saare produced. These crystals have a
low melting point. The mobility of the molecules gseater at higher temperatures so that
larger, more perfect crystals are formed that rueltigher temperatures. The melting curve of
a partially crystalline polymer therefore containformation on the size distribution of the
crystallites present in the material. The crystéli of partially crystalline polymers can be
investigated by differential scanning calorimet®sC) [121].

Second derivatives of the free energy equationdyiekpressions for second order
thermodynamic transitions, including specific heapacity Cp,), compressibility K), and
thermal expansion 00(_efficierwx; each of which may be determined experimentdlR2]:
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With the second-order transition, there is no laterat associated; hence the change in heat

capacity at the critical temperature is finite. &xample of a second-order transformation is
the non-superconducting to superconducting tramsdtion at cryogenic temperatures [118].

2.9.1 The glass transitions

All macromolecules display distinct thermodynamroperties that can manifest significant
differences in their physical structure and mectarehavior. One of these characteristics is
the glass transition temperatui®, which marks a second-order phase transition lstwe
a hard, rigid, glasslike state and a soft, flexilsleobery state. This characteristic property
may be measured using differential scanning caketmyn(DSC) [119]. The glass transition is
a phenomenon that in principle can occur in all-ogrstalline or semicrystalline materials
[123]. In these types of material, crystallites amdorphous regions coexist. With increasing
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crystallinity, the amorphous content and consedyehe intensity of the glass transition
decrease [121]. The requirement for the glass itransis a sufficiently large degree of
molecular disorder at least in one direction [123].

A special point to note is that glass is an amoughsolid and is not in thermodynamic
equilibrium. The transition to the liquid or rublgestate is a relaxation process and is
therefore under kinetic control. The glass traasitdoes not therefore occur at a specific
temperature as melting, but rather over a broagéeature range [124{lass transition is a
second-order transition, which is manifested byabrupt, discontinuous change in specific
heat capacity@,) and thermal expansiaoefficient @) (Equation 10) [125-126].

e I

However, according to Hatakeyama and Quinn, thesgkaansition is neither first- nor
second-order thermodynamic phase transition, siedier the glassy state nor the viscous
state is an equilibrium state. The glass transioaxhibited by amorphous polymers or the
amorphous regions of partially crystalline polymeveen a viscous or rubbery state is
transformed into a hard, brittle, glass-like st4i7]. The glass transition, although
superficially similar to the second-order transitios time- and frequency-dependent, and
thus, it should not be treated as thermodynamitsitian [117].

Considering the facts mentioned above, glass trandiehaviour could be explained as both
kinetic and thermodynamic phenomenon. A thermodyoaargument derives from the
observation of the change in the thermodynamicecas®ed with the shift from glassy to
rubbery behaviour, as evidenced by changes inds=icity, viscosity, dielectric relaxation,
or thermal expansion coefficients. The kinetic argotrderives from observation of changes
in glass transition temperatures for samples exptsdifferent thermal histories [119, 99].

Glass transition temperaturgy, is the temperature that separates the glassy stah the
rubbery stateTy marks a second-order phase transition in whicketisecontinuity of the free
energy function and its first partial derivativesthwrespect to state variables such as
temperature or pressure, but there is a discotyimuithe second partial derivatives of free
energy. There is, therefore, continuity in enthalpptropy, or volume at the transition
temperature but not in the constant-pressure hapaoctty, C,. Hence, measurements of
changes inC, with increasing temperature yield information albdy as well as about the
magnitude of change i@, that occurs in the transition from glassy stateuiobery state.
Since the rubbery state allows greater moleculatiamp it exhibits a greater ability to
disperse heat and thus manifests a correspondmgjier C, [128]. Thus, if one assumes that
glass transitions are fundamentally thermodynaminature, theg may be determined by
evaluating the temperature at which a discontinoitgurs inC, (via evaluation of heat
capacity changes as a function of temperature gffralifferential scanning calorimetry) ar
(via measurement of dimension changes as a funafotemperature through thermal
mechanical analysis) [119].
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2.9.2 Factors affecting the glass transition of macromoleules

Usually, the glass transition temperature depemdghe polymer’s architecture. There exist
several factors influencing the glass transitionghs as chain length, its flexibility, the
character of side groups, the branching or credsAg of the polymer’'s chain. Also, the
presence of plasticizers or heating rate signifigaaffectsT.

For example, polymer with shorter chains will havere chain ends per unit volume, so there
will be more free volume. Therefor&y for shorter chains will be lower thah, for long
chains. A polymer with a backbone that exhibitsheigflexibility has a lowefTy, since the
activation energy for conformational changes isdow.arger side groups can hinder bond
rotation more than smaller ones, and thereforeecangncrease ifiy (polar groups such as —
Cl, —CN or —OH have the strongest effect). Polynvate more branching have more chain
ends, so have more free volume, which reddgebut the branches also hinder rotation, like
large side groups, which increadgs Ty may rise or fall, it depends on the polymer whaéh
these effects is greater [129].

BecauseTy is a function of macromolecular mobility, any chaes to the macromolecular
structure that increase or decrease this mobilityhave similar effects ofy. For example,
increased cross-linking restricts chain mobility lafger macromolecular segments, while
increased attractive forces between molecules (easured by the solubility parameter)
require more thermal energy to produce moleculatianoThus, Ty will generally increase
with increased cross-linking and increased cohemneggy density, [128].

Factors influencing the mobility of a macromolecurielude stiffness of the macromolecule
(generally, more aromatic regions are more rigidntliphatic regions), cohesive energy
density (higher values of solubility parameters agaily coincide with more polar
macromolecules and are responsible for increastdlation energies between individual
macromolecule segments), cross-link density (iredanumber of cross-links reduce
segment mobility), molecular weight (larger moleguilveights tend to possess decreased
numbers of mobile end groups) [130]. The internalbifity of a macromolecule chain is
primarily affected by the size of the side-chainsabstituent functional groups attached to
one of the carbon-carbon bonds of the macromolebalekbone [131]. The molecular
mobility in amorphous regions is influenced by giiesence of the crystallites [121].

When a rubbery, amorphous polymer is cooled fasiutfh the glass transition region, it
transforms to a glassy matrix with non-equilibristructure. Glassy matrixes, although called
rigid, undergo a process called structural relaxator physical aging during which the
macromolecular structure changes gradually witretitending toward an equilibrium state
[133]. The glass transition is thus strongly inflaed by the thermal history of the sample.
After sample storage beloily or slow cooling, glass transition reveal the shapa peak
rather than of a step. This peak is called anngatieak or enthalpic overshoot. Wide
distributions of structural relaxation times resolbroad glass transition regions with weakly
pronounced or no annealing peaks. Thus, broadligemlass transitions are expected for
heterogeneous amorphous materials such as NOM.[M&2F complex thermal histories can
result in an isothermal relaxation in which thepm@sse is initially to depart further from
equilibrium before returning to the expected appho@gowards equilibrium [134]. The

37



relaxation rate of individual macromolecular chaidscreases with increasing glassy
character, and it increases with increasing tentperavhen approaching the glass transition
temperatureT) [133]. A macromolecule heated at a slower rate will havewser observed
Ty than its more quickly heated counterpart. Obsegleds-transition behaviour is clearly
influenced by the time scale of the experimentalower heating rate, the macromolecule
has a chance to “keep up” with the experiment dnc wisplay a transition that is more
consistent with its true transition, compared te taster heating rates. It is well established
that higher heating rates will sharpen heat flovergs (increase their intensity) and make
them more obvious [119, 135].

The addition of small molecules to the polymer iggly esters), increases the chain mobility
by spacing out the chains, and so redlg§l29]. Also, exposure of sorbents to solvents or
good swelling compounds can impact the glass tiianstemperature [135]. For instance,
water can play a special role since it may eittotraa a plasticizer (i.e., water removal may
increasely above the investigated temperature range) or yt ach as an antiplasticizer (i.e.,
the removal of water may reduce the glassy charawtd induce a water-content-driven
continuous transition to arubbery state). Whildipdasticization is rather common in
polymer chemistry, antiplasticizing effects of watge rarely reported for environmental
systems [133]. The discrepancy between the magnitudirop of thely for the water-wet
sorbents relative to their respective “dry” statas be attributed to the interaction of water
molecules with the sorbing matrices. Water intexacbre favorably with chemically similar
matrices (sorbents with solubility parameters dos® its own value). This increased
interaction results in greater water uptake, causitditional swelling within the humic acid
matrix, and hence a greater loweringlgf The water may not only play a role in swelling of
the matrix and disruption of van der Waals forceas ibmay also play a role in disrupting
some hydrogen bonds, thus the larger reductiofy.ifhe sorbed water likely disrupts many
intermolecular bonds, thus less thermal energggsiired for the macromolecule to transcend
to the rubbery state [135]. Glass transition behaviin this model would represent a
cooperative process of cross-link disruption anctease in side chain mobility connected
with an increased mobility of the released watetetes. The slow reduction @§ upon
water uptake may point either to additional mapiasticization or to a decrease in portions
of the matrix experiencing antiplasticization efeedn terms of the suggested model, water-
based cross-links become more hydrated with incrgagsater content, leading to increased
water-water interactions at the expense of watémper chain interactions, resulting in
reduced antiplasticization capability [133].

Polymers having hydrophilic components such as dwdr or amide groups form
intermolecular bonds in the presence of water, wkicongly affect the characteristics of the
glass transition. Main-chain motion is restrictadingg to these intermolecular interactions
and the glass transition temperature is higher thanh of the hydrophilic polymer in the
completely dry state or a similar hydrophobic podymin certain kinds of proteins and
polysaccharides no glass transition or meltinghseoved until decomposition of the main
chain occurs because intramolecular and intermt@edwdrogen bonds stabilize the high
order structure of these polymers. On the othedhamtroducing a small amount of water to a
hydrophilic polymer may disrupt the intermolecuteinds, thereby enhancing the main-chain
motion. In this cas&y shifts to lower temperatures in the presence ¢éma27].
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2.9.3 Glass transitions in Natural Organic Matter and Sol Organic Matter

Implications of the existence dfy in natural organic matter are limited not only telg
information about the macromolecular structure oiit substances but also can provide
valuable insights into the sorptive behaviour @S substances [119, 99].

Macromolecules of relatively homogeneous compasitice more likely to form crystalline
regions than macromolecules with irregular chamcstires and protruding side functional
groups or so-calledtacticmacromolecules. Given the relative heterogeneityunhified soll

or sediment organic macromolecules, one would thxpect the occurrence of total
crystallinity in these natural (likely atactic) $gms to be relatively infrequent, with only very
small or so-called “microcrystalline regions” formgi under glassy state conditions. However,
for more homogeneous biopolymers or largely diatieaéy altered natural organic matter
(e.g. coals) it may be possible to find signifidanarger regions of crystallinity. While
regions of microcrystallinity may influence obsedvequilibrium sorption behaviour, it is
likely that such crystalline areas do not contrébsignificantly to sorption capacity and do not
play significant roles in non-equilibrium sorptidsehaviour due to the inability of most
solutes to penetrate these regions. It is morelylikkat the void spaces between the
crystallites in the amorphous rubbery and glasgjores of the macromolecule control non-
equilibrium sorption behaviour [99]. Organic andhert “poorly crystallizing” compounds
form a solid glass on cooling [121]. Such amorphamagerial can then crystallize on heating
to temperatures above the glass transition temperdtevitrification, cold crystallization)
and recrystallize to form larger, more stable @algsthat then melt at higher temperatures
[136, 123]. Cold crystallization can often occutwo steps. On further heating, polymorphic
transitions can occur before the solid phase fymaklts [121].

Both the rubbery and glassy states of natural acgaolecules are amorphous in nature, the
distinction being one of degree. Thus, while alustural features influence the mobility of
such molecules, only those of the amorphous (ngstaltiine) regions influence the
magnitude of the glass transition temperature [135}the molecular weight decreases,
molecular motion of the end groups begins to affieetmain chain motion, i.e. rotation of the
end groups cannot be ignored and enhances the whale movement. In that situation, the
C, of the glassy state is high and a sn#dll, value atTy can be observed [137}lolecules
possessing aromatic (e.g. coals) or parallel bondbeir backbones have extremely stiff
bonds, resulting in a reduction of molecular mapiéind increasedlgs [131]. In addition, an
increase in the free volume of a macromoleculenslonore room for molecular movement
and thus yields an accompanying reductiodjnSwelling of a macromolecular sorbent by
thermodynamically compatible solutes will therefdemd to increase the free volume and
lower Tq [128]. The mobility of polymer chains may be imgaott for the transport of sorbed
organic compounds, which can be transferred frora site to another by movement of
polymer chains [101].

Glass transition behaviour is an inherent propeftgmorphous solids. Two mechanisms of
glass transitions have been distinguished in hunsmilssamples. One of them is closely
related with water binding and may be explainedh®s formation and disruption of cross-
linking water bridges between individual strandsielio its slowly reversing character, this
transition does not fully represent a classicatgl@ansition [139]. In order to distinguish this
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transition type from the classical one, it is reddrto as glass transition-like step transition
with the transition temperatur*égD [138]. The glass transition-like step transitimtur at

higher temperatures and reveal higher intensiliaa the classical glass transitions of SOM
[132]. Classical glass transition is connected wathdecrease in matrix rigidity [139],
characterizes structural properties of the watee-forganic matrix and may be related to
organic matter aromaticity [132]. Water in thisns#@ion surprisingly acts in an antagonistic
way as short-term plasticizer and long-term ansigpd&zer in soil organic matter. The second
transition can be detected in water-free systentg amd indicates classical glass transition
behaviour [139].

The two types of glass transition behaviour in S€ be explained by the hydrogen bond-
based cross-linking (HBCL) model proposed by Schewmand LeBoeuf [138, 133, 140].

This model supposes hydrogen bond-based crossHinkslividual water molecules between

the molecular chains of SOM, resulting in an aasftization of the SOM structure for low

water contents. If these cross-links are disrufgdhe removal of water out of the system,
the chain mobility increases, and consequentlhygthass transition-like step transition shifts to
significantly lower temperatures and becomes arsévle classical glass transition [138, 133,
140].

For a simple polymer chain to change its conforamtindividual C-C bonds must twist from
trans to gaucheposition — i.e. the torsion angles must changeés &ha thermally activated
process. At low temperatures, there is not enotghrtal energy available to allow torsion
angle changes, so the conformation becomes “froZz€né temperature above which the
torsion angles can change is called glass trandi@mperature. The changes in conformation
depend on time-scale [129]. A general observatsothat carbonaceous SOM (e.g. kerogen,
black carbon), with higher degree of diageneti¢ieogogenic alteration, possess higher glass
transition temperatures than humic-based SOM taumnic acid, fulvic acid) due to higher
degree of cross-linking, chain stiffness from aonat-level perspective and higher average
molecular weight, higher aromatic character, legdin different SOM macromolecular
mobility and sorption/desorption behaviours [1235]1

Although identified in some soil samples, it isllstincertain whether glass transition
behaviour is representative of SOM. Furthermords itnknown which properties of the
organic substances control temperature and injeasithe transitions. The SOM content, as
well as structural properties such as cross-linkilegsity, degree of decomposition, and
degree of swelling may represent important influegéactors [138].
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3. THE AIM OF THE WORK

The aim of this work is to contribute to the knodde of the character of hydration water in
water/humic substances systems. Humic substanagisate from different sources, which

cause the variability in their chemical compositaord physical-chemical properties. The goal
is to determine both quantitative and qualitatigpescts of hydration of humic substances
both in solid and liquid phases. The attempt waslento recognize the differences in

properties of water surrounding humic molecules aggdregates with the assistance of
physical methods and quantify it by combinationsvafious techniques and approaches.
Methods of choice were mainly methods of thermallysis such as differential scanning
calorimetry and thermogravimetry and high resolutiitrasonic spectroscopy.

In our recent work [141] we revealed that hydropbdiydration plays a significant role in
hydration processes of HS. That statement is quitéerstandable since HS consist of
hydrophobic, hydrophilic and amphiphilic(-like) neaclules arranged in a kind of planar
structures resembling open-layer assemblies varaféntated in solutions. We assume that
such assemblies can persist when water/HS systeamipletely dry [141], and forms variety
of hydrophobic domains (amorphous and/or crystgili3. Therefore, the simple similarity
between HS and polysaccharides or proteins camutadytexpected [142]. Nevertheless, there
is still a certain parallelism with the propertafshydrogels; however the structure of HS does
not seem to be reversible and flexible. The re@smnbe seen in the supramolecular character
of their structure, i.e. mostly non-covalent natwk bonds stabilizing their structure,
differences in polarity of individual domains or mechanical properties (elasticity) of
individual components.

In addition, in line with the literature [105] wasume that kinetics play an important role in
hydration processes. Last but not least, reveitsilof those processes is also a question since
hydration of biopolymers is associated with théiustural and functional role. It is desirable
to keep the original structure after rewetting dnging cycles. Hydration of HS, on the other
hand, cannot be fully reversible since at leastlsmdistribution of particular moieties can be
expected after those cycles. As already mentiohedems that the processes of humification
can take part in this way. Accordingly, the fornkémd of hydration can be considered as
reversible while the latter (not fully understoodt)yincludes progressive humic material
transformation, physical and potentially chemical.

In light of above discussion, the approaches actinigues already used and reported as
being successful for determination and enumeratfdrydration water in biopolymers will be
applied for HS, but the attention will be also pa@ reveal possible similarities and
dissimilarities between those classes of orgamepmunds.
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4. RESULTS AND DISCUSSION

4.1 Study on properties of water surrounding humic aggegates in aqueous
humic solutions [141]

The thermodynamic stability and molecular featurdignite humic acids aggregates were
studied in recently published work using high ratioh ultrasonic spectroscopy [141]. In

fact, humic acids solutions of different concentnas were heated and cooled within the
temperature interval from 5 to 90 °C and changadtmasonic velocity were monitored. The

motivation of this part of our work was to claritite character of weak dispersive forces
assembling humic molecules together. The aim wasbgerve the change in the nature of
water structure surrounding humic aggregates aadnffuence of increasing temperature on
hydration of humic aggregates in aqueous humictisolsi within the concentration range

from 0.005to 10 g .

A number of studies give excellent accounts ofphesent state of knowledge regarding the
secondary structure of humic substances. It isrgépegecognized that humic molecules are
surface active and can solubilize a wide varietyhgfirophobic species [143-145]. This
behaviour of humic molecules is usually attributedmicelle-like organizations of HA in
aqueous solutions. However, high concentrationsuired for the formation of such
organizations rarely correspond to environmentalasions [145]. It is therefore of practical
interest to study the character of humic organmratialso in diluted solutions. In fact, the
solubilization capacity of humic substances hasnbeported also at significantly lower
concentration than the critical micelle concentmatreported for humic substances (i.e. from
2-10 g L'Y). Wershaw [146] proposed two possible explanati¢igartition of hydrophobic
molecules into interiors of aggregates of amphiphmolecules at concentrations lower than
the CMC (premicellar aggregates), or (ii) assocrabf hydrophobic molecules with the non-
polar parts of unassociated amphiphilic moleculegdence for micelle-like organizations
which does not feature a critical micelle concdmirawas found by Engebretson et al.
[147-148]. A decade ago, spectroscopic evidencexmtence of humic pseudomicelles was
reviewed [149]. It has been stated that the prievpilinteractions holding humic
aggregates/molecules together in diluted solutians in particular hydrophobic weak
interactions. Micelle-like character of humic maléss indicates the hydrophobic-hydrophilic
nature of molecules and implies presence of chasged at neutral pH. Those are in diluted
solutions separated due to repulsive forces anccdneitions for H-bridges formation are
limited.

Recent results obtained by high resolution ultrasepectroscopy (HRUS) indicated that the
humic aggregation instead of being described ascallmation should be better viewed as
a kind of hydrotropic process [150]. According ke ttheory of hydrotropy, small molecules,
with hydrophobic chains shorter than eight carbdasd to self-aggregate as well, but at
concentrations different from the critical micetlencentration reported for surfactants. Most
of methods, which can be carried out to eluciddte secondary structure of humic
substances, have several limitations, such as csitigpoof mobile phase for the applications
of size exclusion chromatography or concentratioinuonic solutions limiting a large number
of spectroscopic methods. Such limitations can keramme by a recently developed
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analytical technique, a high resolution ultrasosiectroscopy measuring the velocity and
attenuation of ultrasonic wave propagating throdlgl liquid sample. In principle, the
ultrasonic wave interacts with the sample’s inter@auses compression and decompression
and thereby enables the analysis of its physical e@memical properties including the
information on both inter and intramolecular natawfemolecular organizations and their
hydration [151]. One of the advantages of that ieils a bimodal arrangement (independent
sample and reference cell) when samples propadiede monitored either under isothermal
conditions or under non-isothermal regime [152].

The purpose of this work was to monitor changadtiasonic parameters (ultrasonic velocity
and attenuation) induced by heating of HA solutiahsglifferent concentrations, covering the
range from 0.005 to 10 g'L The conformation rearrangement of secondary tstreicof
humic molecules was further evaluated upon additbdnselected modifiers to humic
solutions.

4.1.1 Experimental

Humic substances

Humic acids (HA) (a part of humic substances s@ublalkali media) were isolated from the
South Moravian lignite collected from the Mir miimethe area of Mikulice, near Hodonin,
Moravia, the Czech Republic [153] using standakdlalextraction with 0.5M NaOH. Full
details on extraction procedure and HA characteaaacan be found elsewhere [154-159].
The ash content was approximately 2 %. HA sample tiated to pH 7 with 0.1M NaOH
employing an automatic titrator (Schott, TitroLiAdpha Plus) under constant stirring. After
reaching the constant value for 60 min, the sodumate (NaHA) solution was filtered,
freezed and lyophilized. The product was milledmagate mortar and stored. Details on the
elemental and composition analysis of HA samptgven in refs [150] and [158].

HRUS measurement

To monitor ultrasonic velocity and attenuation, HRUO02 device (Ultrasonic-Scientific,
Dublin, Ireland) was employed. HRUS consists of independently measuring quartz cells
tempered by the same water bath; cell 1 servessamaple cell and cell 2 as a reference. All
measurements were carried out at 25.00 + 0.02 A@eruconstant stirring (600 rpm) and at
ultrasound frequency of 5480 kHz. NaHA was dissolve deionized water to desired
concentration in the range of 0.005 to 10 Cell 1 was loaded up by 1 mL of a sample
whereas cell 2 by 1 mL of deionized water. Thermehaviour of NaHA solutions was
investigated using following temperature regimepst - from 25 °C to 90 °C for 3 hours,
back to 5 °C for 4 hours; step 2 - from 5 °C to°@0or 4 hours and back to 5 °C for 4 hours;
step 3 - from 5 °C to 90 °C for 4 hours and bacR33C for 3 hours. Then the influence of
HCI and propionic acid on the solution charactes wested. The sample of concentration of
1 g L'* was modified by addition of HCI or propionic acid obtain pH 3.5. Temperature
regime was the same as for original sample. Theuamof added compounds was in the
comparison with the amount of HAs negligible aneréfore the ionic strength of the solution
has been changed only infinitesimally. During teenperature programs velocity (U) was
measured in both cells. The results were expressea difference of measured values
between cell 1 and cell 2, i.e. U12. Simultaneousth U also the attenuation was measured,
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however, no valuable result was obtained and thexgtlata are not presented. The resolution
of the spectrometer is down to A% for ultrasonic velocity and 0.2 % for attenuation
measurement. All experiments were carried out iplidate and no significant deviations
between experimental results have been observed.

4.1.2 Results and discussion

Concentration influence

To avoid the influence of anomalies of water in ghesented work (such as dependence of
velocity of sound in water on temperature), resalts given as a difference of ultrasonic
velocity (U12) in cell 1 (sample) and cell 2 (refece). The sample is 1 ¢ lhumic solution
while reference is the water solvent. The changdaded by elevated temperatures from 5 to
90 °C were reversible which implies that processese of physical, rather than chemical i.e.
irreversible character. The first heating cycle wasd to adjust humic samples having the
same “thermal history” mainly to be completely dised since dissolution processes in
humic solutions can be rather slow [159]. The fiait of second heating cycle has been used
for monitoring of changes in humic solutions inddidey heat while the third one for the
controlling of reproducibility of the experiment.

A strong affinity of water molecules to form strurts stabilized by H-bonds is a driving
force promoting aggregation of amphiphilic and loghobic humic molecules. Next force,
although less strong, that governs self-assemblanophiphiles into organized structures
derives from hydrophobic attraction at the hydrboarwater interface and hydrophilic, ionic
and steric repulsion of the head-groups, which isegothe opposite requirement that they
remain in contact with water. Two thermodynamiddas play crucial roles in the forming of
water structure: entropy and enthalpy. In fact, tle@ room temperature the enthalpy
contribution of transfer from organic solution irdqueous solution is practically negligible.
The entropy however is negative. Water tends tonfordered cages around the non-polar
(i.e. hydrophobic) molecule and this leads to arelse in entropy. At high temperatures
(~ 110 °C) these cages are no longer stronger ibhlnwater, and the entropy contribution
tends to zero. The enthalpy of transfer, howewenow positive (unfavourable). Because the
temperature dependence of entropy and enthalpyadrthe same, there is some temperature
at which the hydrophobic effect is strongest, dmel eéffect decreases at temperatures above
and below this temperature [160].

Figures 12-14 report examples of temperature degrexadof ultrasonic velocity difference of
humic solutions at 10-0.005 g'LAs can be seen, the temperature dependenceferfedifial
ultrasonic velocity dramatically changes with chaggHA concentration. Concentration of
10 g L' (Fig. 12A) showed a monotonous exponential decdyjlewthe slope of the
dependency slowly but gradually increased. The @i in monotonous decrease can be
seen at low temperature up to 8 °C — this artefas observed during each heating cycle
including low concentrations and it can be attrdgito the switch in temperature program
from cooling to heating ramp. Therefore, in oursiderations it is not taken into account.

In an ideal case, i.e. in case of incompressildeaived materials, the dependence of U12 on
temperature is linearly decreasing for most hydiaphaterials; it is a result of the decrease
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in storage modulus of water with temperature [1&ljch linear decrease is associated with
the decrease in dielectric constant of water atagdel temperatures causing a decrease in the
strength of water H-bonds which is the main drivilggce assembling the humic
molecules/aggregates together. The water in claseity of solute molecules (water shell)
has been reported to be more supportive for uliaseave propagation [161-162]. It is in
accordance with the knowledge that the first hydrashell is 10-20 % denser than the bulk
water [163]. The exponential-like curvature givarFig. 12 can be explained by the fact that
the strength of the attractive hydrophobic intaoaxd among aggregating humic molecules
slightly increases with temperature. Closer distaamong humic molecules in aggregates
with increasing temperature causes higher density supports the elastic response of
compression caused by propagating US wave. Asult,rdse relaxation time of a compressed
hydrophobic structure decreases. Moreover, anasec strength of hydrophobic interactions
can partially result from the increased hydrophibpiof some hydrophilic headgroups that
occurs at higher temperatures [168].

Slightly different record can be seen in Fig. 12Bheve the ultrasonic velocity for
concentration 5 g Lis reported. The decrease of U12 is accompaniesebgral breaks or
perhaps better transitions: a small increase wizifito 29 °C and increase at 48 °C followed
by decrease at 49 °C. On the other hand, ultrasesiords of solution 4 gt reported in
Fig. 12C resulted in the shift of break — decretasd7-48 °C. Moreover, new disruptions
appeared at 15, 21, 33 and 53 °C. That is the goesee of continuous dilution of humic
solutions, which causes the decrease in stabilipyesent aggregates.

Fig. 13A-C shows that the continuous disruptiomofnic aggregates at 3 g did not result

in any changes in comparison with 4§ éxcept of three breaks in the temperature interval
between 21-36 °C. In contrast, 2 g exhibited the intensification of disruption in timéerval
20-24 °C whereas from 40 °C the decrease showeshatonous shape.

As stated before, at elevated temperature the itapoe of entropic factor is diminished
which causes the weakening of hydration shell sumdong humic molecules, disrupting the
water structure, which consequently leads to ameagge destabilization. In thermoanalytical
regime, the HRUS has been already employed foamest for studying of phase transitions of
carbonic anhydrase, thermal transitions in carnageesolutins or coagulation in calcium
fortified milk [161, 164, 165]. The decrease in aaty over the course of the break for
carbonic anhydrase was attributed to the formatiohighly compressible hydrophobic core
in which hydrophobic residues stack to each otfi¢re increase of US in carrageenan
solution, on the other hand, was explained as asehensition (melting of its helical
structure and breaking of intermolecular connesjaccompanied by increase in hydration
level of atomic groups of carrageenan. Thus thedesadncrease in velocity in the lower
concentrations records can be associated with mtisru of weak interactions assembling
humic aggregates together. It has been demonstilaéediluting of humates is associated
with decreasing in the number of relatively stadddonds and humic molecules are loosely
bound by hydrophobic interactions such as Gt #— = interactions or van der Waals forces
[166]. Within the whole concentration range undereistigation, i.e. from 5 to 2 g'Lthe
temperature of the break is slowly shifted to lowsmnperatures depending on the solution
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concentration. This implies the diminishing of ttide of an interaction stabilizing humic
aggregates with decreasing of humic acids condgorira
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A dramatic change in ultrasonic profile showed I 'gconcentrated solution. Due to several
intensive transitions associated with increasinglwasonic wave velocity, values at 5 °C did
not differ significantly from that at 90 °C as prewsly seen for higher concentrations and
also later for lower concentrations. Records of KR&f concentrations 0.5-0.005 { lare
reported in Fig. 14. Main difference of the low centration record is associated with the
switching into “negative” dependency of U12 on temgture in the low temperature interval
and in turn to an increasing tendency at elevategperatures. Decreasing of concentration
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brought the reduction of number of transitions etidr 0.005 g [* transitions at 10, 15, from
35 to 45 °C and at 52 °C were still visible. Agaimcomparison with concentrations 0.5 and
0.05 g L* the shift to lower temperature and reduction tensity were recorded. From 60 °C

the U12 parameter stayed practically constant |g9teC.
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These results are in line with previous observatlat character of prevailing interactions
among humic molecules strongly depends on condentrfl66, 150]. The transitions can be
attributed to the weakening of bonds among hydtaphioieties of humic acids and water
leading to the collapse of molecular organizations.

Basically, hydrophobic hydration produces a redurcth density [167] and an increase in the
heat capacity [168]. As ultrasonic velocity depeadghe state of water in hydration shell and
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in a special case also on intrinsic compressibdita solute [162], indeed, the contribution of
highly hydrated atomic groups would increase th@,Wihile the contribution of hydrophobic
hydration is close to zero. The expanded netwodses the density decrease whereas the
ordered bonds must be bent on increasing the tetyer so affecting the heat capacity.
Thus, hydrophobic hydration behaves in an opposiener to polar hydration, which
increases the density and decreases heat capaatytad their associated disorganized
hydrogen bonds being already bent or broken. Hyubje hydration is accompanied by
a negative enthalpy change, due in part to theiphellvan der Waals interactions between
water and the hydrophobic material, a negativeopgtchange due to the increased order in
the surrounding water and positive heat capacigngk due to the negative enthalpy change
(i.,e. the stronger hydrogen bonds at the surfafg)a result, in our case the decreasing
concentrations lead to a decrease in U12 paramétiée around 1 g ! U12 switched to
opposite feature. According to von Palmer and vamWuszka [169] elevated temperatures
can promote the clouding effect which has been astnated for a set of humic and fulvic
acids using dynamic light scattering. In light of our ebgtions, it seems that elevated
temperatures increase also the density of hydratsimell around hydrophobic
molecules/aggregates, which can be interpreted axeease in humic aggregate dimensions.
That can be seen in the temperature interval 18G5n Fig. 14B, which is the same
temperature interval and more or less the sameeoration which was reported in ref. [169].
Since humic acids generally consist of a huge nunobemolecules possessing different
polarity and polarizability, the temperature inddicGggregation promoted by weakening of
hydration shell around hydrophilic moieties is pable.

The question remains if changes in temperaturesredks within 1 °C are significant and
relevant. Although records are reproducible andihgand cooling programs are very slow,
HRUS 102 is not primarily constructed as a thermabdital device and thus resulted
temperatures can be slightly biased by the (unkndweat transfer coefficient and potentially
by the kinetics of processes under study.

Modified humic solutions

In order to test the previous assumptions [15@j,L1* humic solution was treated either by
propionic or hydrochloric acid (decrease in pH fr@mo 3.5) to see changes in stability
induced by protonization of COOH groups and coneatjy a change in the stability of
humate aggregates. It is important to note thatameunt of additives was very low in
comparison with the volume of humic solutions (roliters of additives to milliliters of
humic acids) and therefore, the addition of modsfisignificantly influenced neither the
solution composition nor the solutions ionic strgndn addition, the water in reference cell
was modified by the same amount of modifiers asibwwolution. Therefore i) the changes in
structure stability can be attributed only to tléian of modifiers, ii) the concentration and
composition of humic solution stayed practicallystant. Fig. 15 reports the HRUS records
of modified 1 g [* humate solution. As demonstrated earlier, the fiuadion of humate
solutions by hydrochloric acid causes the protdiomaof humic molecules which decreases
the strength of repulsive forces of charged site @romotes the aggregation and formation
of larger humic aggregates [8, 150]. As can be $emn Fig. 15, the modification had a
slight effect on the stability of secondary humtiwisture. The most important differences, if
compared with non-modified sample, can be seeharshift of the break from the previous
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29 to 31 °C and from 39 to 41 °C, which indicatee employment of higher number of
H-bridges stabilizing humic structure. Values of2Jdre higher in modified sample, which
can indicate either better hydration, lower comgitgbty of resulted aggregates or a decrease
in the relaxation time of present hydrophobic coi®@mce the former is in contrast with
enhanced capability of humic substances to intevébthydrophobic compounds at lower pH
induced by hydrochloric acid [143)ve suppose a slight modification of the comprebsibi
of hydrophobic domains. The protonization of pdiaad-groups of molecules involved into
micelle-like structures lead to the decrease oir theitual repulsions which can, although
only slightly, decrease the compressibility of Hggregates or influence the relaxation time
[162]. Assuming the spherical geometry of a micBke aggregate, a higher affinity of polar
head-groups to each other, is supposed to be erbafrhydrophobic compound to interact
with hydrophobic core as mentioned above. It ing&eview in which humic aggregates are
arranged in a kind of planar structures or opeefl@gsemblies variably oriented in solutions.
That is in line with recently proposed model of mggtion of humic acids based on the
similarity with hydrotropic compounds [150]. Theaphkr structure formed by some
hydrotropic compounds is well recognized [170]. Bwrer, the strength of weak
hydrophobic interactions strongly depends on theientation [171] and repulsion of
deprotonized polar groups at neutral pH maintanesstructure unfolded. On the other hand,
the hydrotropy model does not suit to humic setieasbly mechanisms perfectly. Further, it
has been demonstrated no mutual stacking amongaimohydrotropic molecules, while that
is probable in case of highly heterogeneous hunmtune [8, 158].

In contrast to hydrochloric acid, addition of propic acid into humic sample gave
a completely different result (Fig. 15C). All thentperatures of breaks registered in non-
treated sample were shifted to higher temperatutiesinished or even disappeared. The
slope of the record is similar to those at highencentrations. Therefore, it is clear that
propionic acid action causes more intensive stadiibn effect which is associated with the
increase in number of H-bonds and probably re-aggien of secondary structure [150]. In
light of above-discussion, the slope of the deprodgeif compared with the non-treated
sample, indicates the prevalence of hydrophilic ragdn. In fact, the protonization of
dissociated charged sites such as carboxylic grgupsotes the attraction among polar
groups and structure strengthening.

Recently, Smejkalova and Piccolo [172] used diffosdrift NMR for evaluation of humic
and fulvic acids aggregates treated by variousmcgacids. Authors observed the shift in
diameter of humic aggregates towards lower moledalimensions, which was attributed to
the separation of aggregates from each other. @ sonclusion was reported previously
using Size Exclusion Chromatography [8]. It hasrbstated that the hydrophobic core of
humic micelle-like aggregates was after additionpodpionic acid reorganized forming
assemblies stabilized mostly by H-bonds. We caalsut exclude the hypothesis that humic
hydrophobic molecules were separated from eachr @thé surrounded by propionic acids
molecules. That phenomenon again reflects the qoesees of effect of hydrotropy [173]. In
this case, water shell surrounds the polar paptrapionic acid while hydrophobic is oriented
towards humic molecules. Due to H-bridging betwg®opionic acid and water, such
arrangement is more thermodynamically stable anttamres the solubilization of
hydrophobic humic molecules.
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4.2 Study on hydration properties of biomolecules usinghermal analysis

Published works focused on study of hydration priogee of biomolecules employing
Differential Scanning Calorimetry goes back to segenties of the 30century. For example,
Pouchly et al. investigated the heat -capacities wéter swollen poly[2-(2-
hydroxyethoxy)ethyl methacrylate] (so called PHEQEM174] and poly(2-hydroxyethyl
acrylate) (PHEA) [175]. The authors stated thdeatperatures above 0 °C the partial specific
heat capacity of water in gel is concentration paielent and equal to the specific heat
capacity of pure liquid water. They suggested tiwater does not form stable ice-like
structures near polymer chains and that the naring water need not to be identical with
“strongly bound” water. Furthermore, they assunteat tf some water did not freeze below
0 °C it could be probably ascribed to the fact &t system was not in equilibrium. They
observed that at low water content or at tempegatinelow 250 K, the crystallization of
water from gel was inhibited by kinetic factorsgmniating probably in the reduced diffusivity
of water in gel, due to the reduced mobility of ymokr chains. They also observed that the
heating phase transition peak area belongs tautimeo$ melting enthalpy of water and heat of
admixture. The crystallization and melting of adsat water on cellulose samples was
studied by Nakamura et al. [176]. They evaluated éxothermic peaks of crystallization of
adsorbed water on the cellulose samples. One vsaarg peak observed at about 255 K in
a DSC curve ascribed to the free water; the othas & broad peak observed at about
230-250 K attributed to the freezing bound watesn€uding from the amounts of water,
calculated from the results obtained by the DS@ystthey assumed that there was present
also some non-freezing water, which did not crjigeht all.

In the nineties of the fbcentury, many works regarding study on hydratioopprties of
water were published. For example, Yoshida et ral[1i77] determined the amounts of
freezing and non-freezing water depending on wedetent in a samplaAg) of hyaluronan
(HYA). They observed that with increasilg the temperature of melting increased while the
heat capacity decreased. The higher the concemtratiwater in a sample was, the more heat
capacity value approximates the value generallg@ted for pure water. They were judging
from the results either that the freezing water ¥as or bound while the bound water was
due to HYA mainly in glassy state because the uiracof HYA kept water from
crystallization. In the follow-up study [179], Yasl et al. observed water molecules in
hydrogels of hyaluronic acid and xanthan. They sifeel water molecules into three
categories according to phase transition behavioan-freezing, freezing bound and free
water. It was observed that melting, crystallizatiand glass transition of water in hydrogels
reflected the state of water interacting with palycharides. They obtained the nucleation rate
and crystal grow rate from the isothermal crystalion measurements, and found out that the
crystal grow rate of freezing bound water was albenttimes slower than that of free water.
The hydration in hyaluronic acid and its ethyl dmehzyl esters was investigated in work
[178]. The DSC results revealed that while the amhat freezing water was decreasing with
the increasing degree of esterification, the amad@imon-freezing water was higher. In work
[180] the ability of hylan, the formaldehyde crdsded derivative of hyaluronan to interact
with water has been studied. Again, three typewaiker (non-freezing, freezing-bound and
free) were distinguished. The authors assumed themesults that freezing bound water was
thermodynamically different from free water. Whedre twater content of the system was
increased, even by up to 10 %, almost all the watained in the freezing bound state, with
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the value of enthalpy change lesser than that ed fwater. The large capacity shown by
hyaluronan entangled networks to build water irteirt structure, which could also be
responsible for their unusually high viscosity aldsticity. Hatakeyama et al. calculated the
number of bound water molecules restricted by mor-, and trivalent cations in
polyelectrolytes, such as polystyrene sulphonaaghaxymethylcellulose and alginic acid.
[181]. The results indicated that the higher ordeucture of polyelectrolytes strongly
influenced the number of water molecules tighthuhd by cations. The number of bound
water molecules decreased with increasing ioniausath the series of mono- and divalent
cations when polyelectrolytes formed the liquid stajline state. However, when
polyelectrolytes formed rigid junction zones in fhresence of cations, the number of bound
water molecules was maintained at a constant valgerdless of ionic radius. Norinaga et al.
[182] analyzed water sorbed in eight coals of déifé ranks. The water was classified into
three types as was in works mentioned above. Theeots of the free and bound water were
experimentally determined from their respectivethed con-gelation, and the non-freezable
water was then calculated by difference. The asgtstated that the water classified as bound
was actually water condensed in pores. The authdteeir follow-up work [183] studied the
interactions between water and hydrophilic polym@isey stated that various natural and
synthetic polymers with hydrophilic groups, suchhgdroxyl, carboxyl and carbonyl groups,
have either a strong or weak interaction with waaed thermal properties of polymers and
water are both markedly influenced through thisnattion. Again, they described three types
of water using DSC. They assumed that bound watethe water-insoluble hydrophilic
polymers, such as cellulose, lignin and poly(hygsbyxrene) derivatives, breaks hydrogen
bonding between the hydroxyl groups of the polymé&re bound water content depends on
the chemical and high-order structure of each petymqueous solutions of water-soluble
polyelectrolytes, such as hyaluronic acid, gellamgxanthan gum and poly(vinyl alcohol)
form gels above a threshold concentration. In theva gels, water mostly exists as the
freezing bound water, playing an important rolgha junction zone formation. Cowman et
al. in [184] investigated the interactions of watgth HYA. Engaging DSC, they investigated
the influence of HYA on ice nucleation. According the results, HYA inhibited the
formation of ice, mainly for higheW.. They also observed that water presented in pafres
hydrogels played important role because of haviffgrent behaviour without being bound.
They supposed that the size of pores descended imdtkasing concentration of HYA.
Thereafter, Cowman et al. continued in researchdA with follow-up study regarding the
freezing and melting of water in semi-dilute saas of the polysaccharide hyaluronan [185].
Their results showed that semi-dilute hyaluronan Isagnificantly altered freezing and
melting transitions for water. The effects were ajee than could be accounted for the
presence of a small amount of non-freezing wateongly bound to the polymer. So that,
they propose a larger boundary layer of water, sligihtly altered thermodynamic properties
and its size was estimated. They suggested trabthindary layer water behaved similarly to
water trapped in small pores in solid materials emdslinked hydrogels.

In 2001, Liu et al. [186] explored the origin offtszen bound water in gelatine samples with
various water contents. The results revealed that dontent of unfrozen bound water
increased upon increasing water content up to @.Water/g gelatine, above which, it
declined. Moreover, at 50 g water/g gelatine, nbraren bound water was detected. They
proposed that the ‘nanocavity’ in polymers was mapartant reason for the formation of
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unfrozen water. Nakamura et al. in their next wdi®l] studied bound water in
carboxymethylcellulose—polylysine complexes andsuezd their non-freezing water content
(Whs) by DSC.W,; of sodium carboxymethylcellulose (NaCMC) increaséth increasing
degree of substitution, since hydrophilic groupsstriet water molecules.W; of
carboxymethylcellulose—polylysine (CMC-PLys) conxgle decreased with increasing
PLys/CMC ratio due to cross-linking formation. Thelpserved that the amounts bk
calculated from melting enthalpiesW,) were larger than those calculated from
crystallization enthalpiesWyi). The difference betweeWhm andWhic (AWht = Whic = Whim)

of CMC-PLys increased with increasing degree ofssttion and PLys/CMC ratio. They
concluded thaWs is markedly affected by degree of substitution armds-linking density. In
the recent study [192], the glass transition, amigktallization, melting of eutectic crystal,
water and poly(ethylene glycol) (PEG) crystal wieneestigated depending on water content.
The particular attention received the cold crystatlon of the system, which is thought to be
used as an index of biocompatibility of polymer—evainteraction. The authors found that
cold crystallization and glass transition were obseé in a wide water content range from
0.05 to 10 g @. They confirmed that cold crystallization was iatitable to the molecular
rearrangement of PEG molecules associated with@mas ice. When four water molecules
were attached to one repeating unit of PEG, the tegaacity difference at glass transition
temperature attained the largest value and theakmythof cold crystallization showed the
maximum value.

Chaplin in his study [187] noted that all methodsrheasuring ‘bound’ water only determine
the water according to the method used and shaitldengeneralised to include other binding
classes. For example, ‘non-freezing’ water indisataly that the water does not freeze. It
indicates nothing about the intrinsic binding, tagsigenerally considered that even ice has
a layer of unfrozen water at its surface [188], anch water may simply be present as a glass
without any specific ‘binding’. There are two ‘flaurs’ for unbound water, trapped and free.
Generally, as patrticle size increases so doesrdppdad volume, due to imperfect packing,
and consequential apparent water binding [189]pded water has decreased freedom of
movement (entropy). In order to keep the watervagtconstant, therefore, the water has to
form bonds with a more negative enthalpy. This esscresults in stronger, more linear
hydrogen bonds, causing greater structuring an@dalensity. The same effect is caused by
capillary action; the reduced pressure ‘stretchitigg water into a more open tetrahedral
structure [190].

Furthermore, the hydration properties of biomolesutan be also studied using other

techniques besides DSC, e.g. X-ray diffractomet84], FT-IR spectroscopy [195, 193] or
NMR spectroscopy [196] etc.
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4.2.1 A comparative study on hyaluronan and humisubstances hydration [142]

Hyaluronan (HYA) is naturally occurring high molésu weight biopolymer consisting of
glucuronic acid and N-acetyl-glucosamine. One efrfiost important functions of the HYA is
hydration (the hydration of epidermis or the hyidrabf ocular cornea) [197]. HYA binds water
very strongly but there are some differences beiviee various types of binding water, which
are based on structure and arrangement of waltquid state. In contrast, humic substances (HS)
represent a complicated mixture of amphiphilic, ropthobic and hydrophilic molecules
developed as a by-product of biomass decomposi@itremically, HS can be visualized as
a mixture of both substituted aromatic and alighaiblecules (up to 1500 Da) forming due to
intermolecular interactions various structures. Phienary structure reflects the conditions of
formation such as parental material, climate camstand character of present microorganisms.
Their role is, among others, closely linked withtevanholding capacity of soils and cell biology of
soil living organisms. The aim of this part of therk was to study hydration properties of two
different sorts of biomolecules classes. The enatioer of water molecules is crucial in order to
understand how biomolecular processes work. THeyabf various hydration shells to freeze
and melt in broad temperature range was used éondee these different types of water using
the DSC method.

Experimental:

HYA isolated from Streptococcus zooepidemicus whtained from CPN Company. The
molecular weight of hyaluronan was 1.39 MDa. Thecemtration range water/HYA was from
50-300 % (w/w). HS, i.e. humic and fulvic acids wewurchased from International Humic
Substances Society. The set consisted of HS ofpmait and leonardite. The concentration range
was from 10-150 %. Samples of selected concemsaticere prepared by addition of water to
a sample previously placed into an aluminum parighted until certain water content was
reached. The pan was hermetically sealed, let @dshmder the room temperature and measured
by DSC Q200 TA Instruments. The temperature progweas cooling down to —90 °C and
heating up to 40 °C. Heating and cooling rate w&s Ber minute under the nitrogen flow.

Results and Discussion:

Generally, the hydration is a term which refershi® amount of bound water. It has been also
defined as a 'non-bulk’ water. As already mentipneder surrounding molecules can be divided
into 'bound water' [197], subcategorized as beagable of freezing or not, and 'unbound (bulk)

water'. Bulk water freezes at the same temperaturermal water (< 0 °C dependent on cooling
rate). 'Freezing-bound' water freezes at lower &atpre than normal water, being easily

supercooled. It also exhibits a reduced enthalpiusibn (melting) and the 'non-freezing' water

does not freeze even at low temperature.

Fig. 16 reports the representative record of hgditilvic acid/water system. At —25 °C, there can
be seen a weak endotherm corresponding to thenmeltifreezing-bound water while at higher
temperatures is observed an intensive peak atiblguto the overlapping of melting of freezing-
bound and freezing water. The existence of bothtioresd types of water can be deduced from
the temperature at which the processes startedtantliich the process terminated. In addition,
considering the temperature range of the peak faaumber of shoulders, the overlapping of
several melting processes corresponding to vartgpses of freezing-bound water can be
assumed.
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Fig. 16 DSC heating curves for Elliot Soil Fulvic acid/wagystem.

All molecular fractions of hyaluronan showed greatater retention capacity than that of humic
substances. It is reasonable because of higheotyiticity of hyaluronan and probably also due
to its polymeric feature. The biggest differencegoords comparison was in the presence of cold
crystallization (Fig. 17). When the frozen hyaluaorwater system was heated, the glassy water
cold crystallized to give ice and a broad exothertransition appeared. In the glassy state, the
conformational changes are severely inhibited aedntaterial is meta-stably trapped in a solid
but microscopically disordered state. That phenamewas observed in records of humic
substances only slightly, probably because of tbeier affinity to water molecules and unique
secondary structure.

Recently, DSC was used to determine the numbeiaténmolecules in the hydration shell of
hyaluronan of different molecular weights and ceuioins [198]. It was found out that the
dependency of melting enthalpy change W§ remains constant after 24 hours from
preparation of the sample. Non-freezing water weterthined using extrapolation to zero
enthalpy. For sodium hyaluronan within the moleculgeight range between 100 and
740 kDa the hydration shell was determined as @.@ HYA. A larger hydration shell
containing 0.84 and 0.82 g'gHYA was determined for hyaluronan of 1390 kDa is i
sodium and protonized form, respectively.

Unlike results of HYA, the situation for HS was fdilent. The dependency of melting
enthalpy change oW, was not constant after 24 hours from sample patjpar, most likely

because of its incomplete hydration. DSC represantischnique, which can recognize the
differences in properties of water surrounding lt@oules. Although same DSC technique
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limitations associated with processes of ice foiwnatshould be taken into account (e.g.
supercooling effect) that method can bring valuabfermation regarding the function of
hyaluronan and humic substances. Neverthelessintiee modification of this technique was
needed when it was used for study of HS becausieeof complexity of hydration processes.
Therefore, next and deeper study was necessamaslestablished that experiments described
above were just pilot ones, and this course ofystaduires higher attention.
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Fig. 17 DSC heating curves for HY A/water system pOW5, 1.50 and 2.00 (g/g).
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4.3 Study on hydration properties of humic substancessing thermal analysis

This part of the work explores hydration properbéslS from slightly different point of view
then commonly reported for hydrophilic biopolymemoth extension and kinetics of
hydration processes of humic substances were studire approaches and techniques
already used and reported as being successfukferrdination and enumeration of hydration
water in biopolymers were partially modified andpbgd for HS. The effect of water on
humic structure, its way of wetting and penetrafirogn the surface into the structure of HS,
the possible conformational changes caused by waewater retention capacity of HS, and
also the influence of origin of individual HS ondrgition properties with regard to the time
scale were investigated. We assume that the degréemification should have a strong
influence on hydration processes of humic substaricast but not least, the reversibility of
hydration processes is also a question, as wglhedlelism with the properties of hydrogels
or similarities and dissimilarities between biopubrs and HS.

4.3.1 Experimental part

Material

In this work, standard samples were purchased filoenInternational Humic Substances
Society (IHSS). Following samples were measuremdlasined: Suwannee River Il HA
2S101H (SRHA), Suwannee River Il FA 2S101F (SRRAot Soil HA 1S102H (ESHA),
Elliot Soil Il FA 2S102F (ESFA), Pahokee Peat HA10SH (PPHA), Pahokee Peat Il FA
2S103F (PPFA), Leonardite HA 1S104H (LHA).

DSC Measurements

A sample (typically around 2 mg) was placed in Rnménium pan and excess of water was
added. Surplus water was allowed to evaporate glatvfoom temperature until the desired
water content was obtained. Subsequently, the peme hermetically sealed. Differential
Scanning Calorimetry (DSC) was performed usingTftAdnstruments Q200 equipped by the
RCS system in order to measure phase transitiopsesént water/ice. An empty hermetically
sealed pan was used as a reference. The measusaemsgatconducted ranging from 40 °C to
—90 °C at 3 °C mirt and then from —90 °C to 30 °C at 5 °C minnder the flow of nitrogen
(50 mL min™). The temperature scale and heat of transitiorewatibrated using distilled
water and indium as standards, respectively.

Water content determination
The Thermogravimetry Analysis (TGA TA InstrumentS0Q0IR) was used to measure the
moisture content of purchased IHSS standard samplebtain the precise concentration of
water \;) in the samples. Experiments were carried outpaenoPt pansThe temperature
range of the experiments was from 25 °C to 150t°8 “C min™* under the flow of nitrogen.
TheW; was determined as follows:

gramsof water

° " gramsof dry sample

(9/9).
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Glass transition determination

A hermetically sealed aluminium pan with the sangdl&nownW; was carefully perforated
with a sharp needle and sample was immediatelyl dr&gng the thermogravimetry analysis
with the thermal range from 25 °C to 170 °C at 3@ under the flow of nitrogen.
Thereafter, the Temperature-modulated Differen8ahnning Calorimetry (TMDSC) was
employed. The sample was replaced into DSC meagueefi and put through a sinusoidal
temperature oscillation, which was overlaid onttaditional linear ramp with the modulation
of +2 °C every 90 seconds and heating rate 2.5 fC'nThe measurement was conducted in
the temperature modulation mode from —90 °C to A5@nd two heating and cooling cycles
were performed in one TMDSC experiment. All theramalytical scans were analyzed using
the TA Instruments Universal Analysis 2000 software

4.3.2 DSC of water/humic substance system afterday

IHSS samples from different sources with range between 0.1 and ZdJg) were observed.
Representative DSC heating curves of fulvic and ibuacid originating from Suwannee
River of different W, measured approximately 24 hours after preparagien given in
Figs. 18-19. The figures of DSC heating curves megbin this work are displayed in the
temperature range from40 to 10 °C to increase the quality of picturefant below—40 °C
no obvious events occurred, only baseline shiftelvhare discussed later.
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Fig. 18 DSC heating curves of SRHA measured after 24 hours.
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WhenW; is about 0.18 no significant phase transitionlmambserved in the record. In fact, at
very low water content, all water molecules arespne in the form of non-freezing water
(Wr) in this system, they are associated closely @éohtlmic molecules and thus they cannot
participate in ice formation. Increasing contentaiter in samples/; = 0.49 for SRHA and
0.30 for SRFA) brought about the appearance ofratothermal events below 0 °C. These
events (around —10 °C and -25 °C for SRFA and atoth °C for SRHA) indicates ice
melting and therefore the presence of water irfdha of freezing-bound wateW,).

As mentioned earlien, represents a kind of water/ice whose structuraffescted by the
interaction with humic molecules. Its crystallirteusture (clusters) differs from those of bulk
water and is physically recognizable by shifted gemature of melting (around —10 °C).
Moreover, also the enthalpy of melting of such differs from that developed from bulk
water (334 J g% [183]. There exists a theory that due to theedéht structure of ice such
enthalpy can drop down to 312 J'qnd perhaps even lower values [183].
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Fig. 19 DSC heating curves of SRFA measured after 24 hours.

As W, increased to 1.01 (SRHA) or 0.88RFA), the transitions increased in intensity. (i.e
peak area) and their peak temperatures moved teehiplues, a large heating endotherm
appeared in the region around —6 °C. This endotheasascribed to the melting of the free
and freezing bound water in the hydrated HS-waystesn [179]. Samples of SRFA and
SRHA showed more distinct endothermic fusion peakdieating curves. Shoulders, which
can be identified in those records, reveal overtappf several different peaks, which reflects
the presence of several different types of freebiognd water. Some authors also speculated
about gradual restructuralization of ice crystalstructure in the course of such endothermal
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event. Since cubic structure of freezing-bound wetehermodynamically metastable, such
assumption cannot be rejected [179]. At higher watentent (1.90) the endothermic
transitions are progressively moved to higher taatpees (around -3 °C).

Other IHSS samples of humic and fulvic acids measum this work show similar behaviour
(see Appendix ). The measurements were runniraugir three following identical cycles to
prove their reproducibility. In this way it was alwverified that sample pans were well
hermetically sealed so no water was evaporatingtlaaidformation of ice, due to its volume
expansion, does not cause the HS supramoleculaucksn. Contrary to Prawitwong [200],
no differences between individual cycles, suchlasimation of T by cyclic measurements,
were observed.

4.3.3 Hydration kinetics

Unlike the hydrophilic biopolymers, where the hytdra processes are usually finished within
hours to days, the kinetics of hydration in HS plagore important role as well as the
mechanisms seem to be different. When the ideni&C measurement of hermetically
sealed sample was repeated after longer period@ngared with the sample measured after
24 hours after preparation, the significant de@easenthalpy of heating was observed. It is
in line with the recent results [105] according @hthe kinetic factor plays an important role
in hydration processes of SOM. Therefore, the phasesition behaviour was monitored over
the period of 21 days, as recommended by Schauetaan [105]. The IHSS samples of six
selectedW; (around 0.5, 0.75, 1.0, 1.25, 1.5 and 1.9 g/geweepared and subjected to the
same DSC experiment as described in part 4.3.2.
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Fig. 20DSC heating curves of LHA of.\W.73 measured during the period of 21 days.
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In Fig. 20 there can be seen representative DS@ngeeurves of LHA sample o\ 0.73
measured during the period of 21 days. At the beggqof hydration process, a narrow and
sharp endothermic peak can be observed in theaaoead O °C, which can be attributed to
the melting of freezable water in hydrated HS-watgstem. During the measuring period,
this endotherm gradually increased in width andreksed in intensity, which caused a
decrease in enthalpy of melting. The onset of tiothermic peak was shifted to the lower
temperatures, and from the day 10 there can be ameappearance of another small
endothermic peak around —20 °C. This peak becanre pfwvious on day 21 and due to its
temperature, it can be described to the meltingpafe type of freezing-bound water. Further,
a splitting of main peak (appearance of a smalbtisther”) on day 21 reveals the overlapping
of two processes characterized by two peaks. lli@n@m slow and gradual penetration of
water into the LHA physical structure, hydrationlafger surfaces associated with a decrease
of amount of freezable water (peak area). The pa@adening suggests an increasing
distribution of inner places and surfaces in LHAswas cavities and holes in which water
molecules experience a variety of interactions @mgbical states.
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Fig. 21 DSC heating curves of SRHA of /50 measured during the period of 21 days.

The situation for SRHA sample is similar as for LHRFhe DSC heating curves of SRHA
sample oW, 0.50 measured during the period of 21 days arerteg in Fig. 21. The record

from the first day displays a sharp and quite nareadothermic peak with maximum around
0 °C. Nevertheless, the widening and intensity dighiing of this peak can be observed
already on the day 4. It can be seen that the psoot melting begins around -35 °C and
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develops slowly. This tendency is even more evidendays 10 and 21 where the enthalpy of
melting endotherm is much smaller and the maximétheendotherm shifts to -5 °C.

Fig. 22 reportdhe SRFA sample df\; 0.51. TheW; is similar as for SRHA, but the DSC
records are different. The shape of the SRFA hgatimdotherms is almost the same as for
SRHA, only the overlapping and intensity decredspeaks is more pronounced for days 10
and 21, and the maximums of melting peaks can lnedf@already around -5 °C from the first
day of the experiment. That fact can be explainégti vespect to higher polarity of SRFA
than SRHA, the surface of SRFA is more hydrophdlied the processes of wetting are
generally quicker. The presence of polar groupsgneater influence on the water molecules
in comparison with less polar, more hydrophobic 3RH
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Fig. 22 DSC heating curves of SRFA of W51 measured during the period of 21 days.

As reported in our recent work [141], hydrophobiadtation plays a role in humic acids;
fulvic acids are more polar and their influencepmtar water molecules is generally larger.
The motion of water confined in polar cavity or bhdwon the polar surface is more restricted
and therefore, the formation of ice is associatét f@rmation of less perfect crystals or even
amorphous ice than in case of bulk water or watenyarophobic surface. This explanation is
in line with the presence of cold crystallizatiam the sample of SRFA. The endothermic peaks
are preceded by small broad exothermic transitioviich can be ascribed to the cold
crystallization T¢c) of glassy water [201, 177]. When the HS-watetesysis cooled rapidly,
part of water might remain in a supercooled state w above-mentioned restrictions. Such
metastable water is termed as ‘glassy water’. Catimg the molecular motion of glassy
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water is enhanced and water changes to crystg2@f. That phenomenon was not observed
in records of the first day, which points to theportance of kinetic factor while considering
hydration processes of HS, i.e. wetting and swellin

The results for hydration kinetics of Elliot Soiltnic acid sample df\; 0.74 can be found in
Fig. 23. The heating endotherms remain very shatprearrow with the maximum around
0 °C during over the whole measuring period. Frova day 10 there can be also seen an
appearance of another small endothermic peak aretl&dC which is more distinct on the
record of day 21.
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Fig. 23DSC heating curves of ESHA of W74 measured during the period of 21 days.

The DSC heating curves of Elliot Soil fulvic acidnsple of W, 0.44 measured during the
period of 21 days are shown in Fig. 24nlike the results for ESHA, the endotherms of
melting are rather wide with the maximum around®E5From the day 3 there can be seen
a cold crystallization characterized by a broadtleswnic transition on the heating curve. As
the time proceeded (day 10) the endothermic peakrong in the temperature region
between -5 °C and 0 °C, was separated into tweithakl endotherms (day 21). In due time,
the value of melting enthalpy of ESHA and ESFA slsplecreased, similarly as observed
for all other samples. As can be seen in Appenidithé samples of PPHA and PPFA exhibit
comparable results.

The selected representative samples of smallatescribed in the part above were chosen on

purpose since for the records of the samples wghen\W; the effect of melting of freezing
water prevailed and only the large intensive hgatindotherm can be observed.
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Fig. 24 DSC heating curves of ESFA of W44 measured during the period of 21 days.

In the next step, the endothermic peaks were iatedrand the change of melting enthalpy
was plotted as a function of time. Obtained recard®ur selected\; of LHA, SRHA and
SRFA are reported in Fig. 25. The results sugdestthe hydration of humic substances is
not a straightforward process. As depicted in Bky. around approximately day 7 the rapid
decrease in change of melting enthalpy occurrederAthat time period, the diminution
became more moderate. This situation is in linéwaetent statement [105] that the wetting of
SOM proceeds in two steps. The first step of tha@rdtyon process of soil samples includes
the wetting of the surfaces (slow process) and #fis, the water is distributed to the pore
volume. Since the enthalpy dropped significantlyimyain the first phase and in the second
phase only slightly, such assumption seems todsoreable.

After the integration of endothermic peaks, theahgency of melting enthalpy change was
plotted as a function dl\.. In Fig. 26 there are shown results for this delpacy for LHA,
SRHA and SRFA samples. In fact, SRFA sample shosvéidear dependency, while both
humic acids showed some kind of steps. The depeydeh SRHA sample demonstrates
unusual decrease in change of enthalpy arddkdl.40. This decrease was verified by
measuring of two another samples with similrand can be attributed to slower penetration
of water into the humic structure, followed by shve) (constant surface, highadik),
breaking of weak bonds stabilizing a cavity, itedking and further water penetration, i.e.
increase in content of non-freezing water. Furtiygplanation of this phenomenon can be
found in next paragraphs. For results of ESHA, ESPRHA and PPFA samples see
Appendix I11.
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Other samples showed different mechanism of wdbsor@tion, which is represented by
nearly straight dependencies, similar as can be &eehydrophilic polymers [183]. In fact,
they showed lower tendency to form a rigid strueti@haracterized by a step-like dependency
of enthalpy on water content) since the environnaods not support such “scaffolding”.
Generally, fulvic acids reflect higher affinity teater than their respective humic acids. The
more complicated inner structure of humic acidshwhigher porosity allows the water
molecules to hydrate higher surface than in FA.
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Fig. 27 DSC cooling curves for PPFA/water system @i0V87 measured on day 1.

In Fig. 27 there is shown representative coolingvewf PPFA/water system o, 0.67
measured on day 1. As can be seen, the exothemrmnisition due to the freezing of water in
the cooling curve began at lower temperature inRREA/water system than it is typical for
pure water. This phenomena was earlier observéteimork [179] where was found out that
the crystal grow rate of freezing bound water wiagua ten times slower than that of free
water. Under the conditions used in this work,.iceoling rate at 3 °C mify ice formation
began at approximately —16 °C. This inhibition o inucleation is partly caused by the
presence of HS in water. This effect was previooslgerved also in hyaluronan/water system
[184]. Generally, the enthalpy change associated thie cooling curve was always smaller
than the one associated with the heating curveaumwork, that phenomenon reflects the
water restriction by humic samples and differentéhéat capacity of liquid water and ice
[185].

The Fig. 28 depicts the differences between kisetid dependency of melting and
crystallization enthalpy change & for LHA, SRHA and SRFA samples. The exothermic
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phase transitions of crystallization were integiaés well and the change of crystallization
enthalpy was plotted as a function \8f. The dependencies of melting and crystallization
were compared with regard to the kinetic factohpdration processes. In the Fig. 28 there
can be seen that the value of change of crystadiizeenthalpy is smaller during whole
hydration period than that one of melting. If oreglects the difference in heat capacity of
liquid water and ice, it implies that when the wate humic matter is frozen, there is still
some additional exothemal process in which ice tatysre-conform (similar to crystal
perfection). It is our experience, that this preceakes part in the heating run of the DSC
experiment and as a rule it is hidden in the basedhift immediately when the heating starts
(i.,e. at —90°C). Therefore, it is difficult to quép this process and it is always
underestimated. According to the literature, thiscpss is caused by the presence of freezing
bound water which has tendency to form anomaloystaltine and amorphous structures
[205]. Thus the difference in melting and crystadlienthalpy in Fig. 28 shows the presence of
W, and reveals an important notion, that at low watertent and &\, = 1.4 the amount of
W is very low. It confirms our theory about the digtion of the structure and wetting of
new surfaces, i.e. less water is present in swallerctures (pressed and with restricted self-
diffusion). For results of ESHA and PPHA samples Appendix .
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Humic substances consist of structures containoty bhon-polar and polar inner space. As
suggested in our previous work [141], the structigratabilized by separated hydrophobic
domains connected by non-specific van der Waa&antions forming kind of hydrophobic
scaffold. The surface of humic aggregates seerbg t@ther hydrophobic which is reflected
by low water sorption capacity depicted the mostlythe first stage of the dependency of
LHA sample. Further, when water penetrates into ibustructure, the polar interactions
stabilizing the structure are broken and swellinges part. Thus, humic acids structure
resembles a porous structure, the combination dfdphobic and hydrophilic domains. The
disruption of the structure is rather slow sincs ssociated with the hydration of surfaces of
different hydrophobicity/hydrophilicity. Moreoveit, seems that progressive hydration brings
about not only bridges formation but at the sanmeetithe inner vacations are formed
containing relatively large volumes of water. Eamvity has its own inner volume — or
capacity — where evolves a pressure causing thansign of whole volume due to the
hydrophobic effect. The water presses the hydrojshmdrts and the volume of inner cavity is
increasing until it bursts so that the scaffold maflhydrophobic parts is being pushed out by
the hydrophobic effect.

Table Il The elemental composition in % (w/w) of dry, agefiHSS samples [203].

IHSS sample C H 0 C/O CH
LHA 63.81 3.7 31.27 2.04 17.25
SRHA 52.63 4.28 42.04 1.25 12.30
SRFA 52.34 4.36 42.98 1.22 12.00
ESHA 58.13 3.68 34.08 1.71 15.80
ESFA 50.12 4.28 42.61 1.18 11.71
PPHA 56.37 3.82 37.34 1.51 14.76
PPFA 51.31 3.53 43.32 1.18 14.54

It is also important to take into account the d#éf@ solubility of molecules; in fulvic acids,
most of molecules are hydrophilic, therefore, thieydration resembles the hydrophilic
biopolymers (cf. Fig. 26 and Figures reported faaraple in [199]). In contrast, humic acids
consist of a mixture of molecules of various padlaand therefore different wettability.
Hydrophilic molecules are hydrated very quickly iehihydrophobic molecules are repelled
from water to decrease the energy demand on theatigd of hydrophobic surface. This
seems to be a crucial factor in distinguishing leetvhumic and fulvic acids. That can be
easily identified in Fig. 26. Further, Fig. 26 algports an interesting phenomenon, that for
both humic acids (LHA and SRHA), arould = 1.4 a sharp and reproducible decrease of
enthalpy. In fact, this break is more intensive 3®HA sample. We hypothesise, that this is
associated with the fact, that the water amouneeded a critical mass in relation to dry
mass, and the above mentioned cavity is broken vaaigr can penetrate other humic
compartments. Thus, the numbeidf; increases and the total enthalpy of ice meltingngf
freezable water) suddenly decreased. As it can dan,sthe LHA showed within the
concentration range under investigation the higtesdency to form layers or better speaking
it preserved its original structure unlike the athemic samples. This situation persisted even
after several months, i.e. the lignite HS remaiteghysical structure and water was not able
to break the porous scaffold. This begs the questitow is the degree of humification
reflected in this dependency? It seems that theg®wu(or less humified) HS are, the easier
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and faster their change is. This issue is intinyabelund with the C/O and C/H ratios of
individual IHSS samples presented in the Tabldhis implies a new look into the problem
associated with humic acids development called fication.

According to theories which were published in thistfpart of 28 century [1], humic acids
were formed as a product of secondary synthesmiitding blocks which were formed as a
by-product of biomass decay caused by an extrdaellenzymatic activity of soil
microorganisms. The theories assumed the presdnother soil microorganism catalyzing
the back-polymerization of such building blocks,iethis followed by the formation of humic
macromolecules. By the end of"™@entury, those views were questioned since threr®i
reason for microorganism to spend energy on treyméhesis of new molecules which would
serve neither as a part of organism bodies nor ssuece of energy [8]. Moreover, to our
knowledge, proposed soil enzymes were not found, laboratory synthesis with model
enzymes (metal-porphyrines) were able to produdg bn or tetra-mers of polyphenol
models [202]. Together with a supramolecular thesorg results given in this work, it seems
that the processes of humification can be considalso from the point of view of physical
chemistry, i.e. as a phenomenon caused purelyrbalpaby water and hydrophobic effect.

In accordance with Piccolo’s concept [8], it candgeeed, that humification in soil can be

considered as a two-step process of (1) biodedgoadaif dead-cells components, (2)

aggregation of the degradation products. In lighthe supramolecular model, it is no need to
invoke the formation of new covalent bonds in thenification process that leads to the
production of humus. Therefore, humification can btensidered as the progressive
self-association of the mainly hydrophobic molesutkat resist the biodegradation. These
suprastructures are thermodynamically separatetthdyvater medium and adsorbed on the
surfaces of soil minerals and other pre-existinmicuaggregates. The exclusion from water
means exclusion from microbial degradation anddhg-term persistence of humic matter in

soil.

4.3.4 Glass transitions of IHSS samples

After finishing of kinetic experiments (when an IBSample was exposed to interaction with
water during the hydration period over 21 daysiee¢hsamples of each IHSS standard\pf
around 0.5, 1.0 and 1.5 g/g were measured using S®IOn order to determine glass
transitions. The aim of this part of the work waobserve the change of physical structure of
HS after their hydration, and the influence of watentent on the shift of temperatures of
phase transition such as crystallization, meltimgglass transitions, and to compare the
differences between the original samples and hgdrahes.

At first, when the period of 21 days expired, themple was dried using TGA (the
temperature range was from 25 to 170 °C at 3 °C'mimder the flow of nitrogen).
Immediately when the drying finished, TMDSC wasrigat out in the temperature range from
—90 to 150 °C in two cycles. It is a general knowjedhat all physi-sorbed water is removed
during the drying and first heating and coolingleyand therefore, in our case it did not
affect the phase transitions occurring in the sasmpbuch a temperature program, i.e. up to
150°C was applied due to the reversibility of stnual changes in HS, in contrast higher
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temperatures would cause irreversible changes, hwbauld objectionably influence the
experiment. Fig. 29 reports the measured data R/ sample. As can be seen, the total
heat flow (green line) is separated into revergbige line) and non-reversing heat flow (red
line). This separation enables to distinguish betwandividual processes occurring in the
sample. The reversing heat flow denotes the chamgeeat capacity, whereas the non-
reversing heat flow reveals the presence of irslkr (kinetic) processes and non-
equilibrium phase transitions. Usually, the spedifeat capacity change at the glass transition
is overlapped by effects such as vaporization, apyhrelaxation, phase transitions and
chemical reactions. However, TMDSC allows to sefgachanges in heat capacity from the
other effects and to determine the glass transigorperature, so that the glass transitions can
be evaluated from the reversing heat flow withainb disturbed by the enthalpy relaxation.
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Fig. 29 TMDSC records of SRHA sample.

The glass transition for original SRHA sample canfbund at-27.2 °C. In the total and
non-reversing signal, there can be seen an exothi@enk in this area which is attributed just
to the enthalpy relaxation and complicates the afiete of Tg. The broad endothermic and
exothermic peaks occurring in both total and narerging signals between approximately
0°C and 90°C can be considered as the simultaneowystallization/crystalline
reorganization of lipid structures [206] similarttee process of crystal perfection well known
from polymer chemistry. The first broad endotherpéak around 40 °C was ascribed to the
gradual melting of smaller crystallites of greatesidistribution. Subsequently, the larger,
more perfect and even more stable crystallitesnola size are formed. For melting of those
the higher temperature is needed, and due to sityilaf these newly formed crystalline
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domains the sharper and narrower endotherm aroQmC8an be observed. According to
recent results, water may surprisingly act in aragonistic way as short-term plasticizer and
long-term antiplasticizer in soil organic matte072. TheTy of hydrated SRHA samples was
shifted to higher temperatures which indicatesahgplasticizing effect of water hydration
and dehydration on SRHA. The simultaneous crygtdibn/crystalline reorganization shows
very similar trend for alW.. There exhibits only one broad endothermic peatk Witle
“shoulder” at the beginning in the area of 75 °Ciakhcan be observed in total and non-
reversing signals. With increasing water contdng getting even greater and more intensive
and the temperature of this transition is sligltijfted to lower values.
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Fig. 30 TMDSC records of SRFA samples.

The Fig. 30 shows TMDCS records of SRFA sample. tEBneperature of glass transition of
original sample is the same as it was for SRHA eneless the second endothermic peak
belonging to the melting of crystallites of similaize is very sharp and narrow which
signifies certain resemblance to polymer materiéle glass transitions of hydrated SRFA
samples occur also at higher temperatures, sotlieatvater after re-hydration plays here
arole of an antiplasticizer as well. As can bensieem the total and non-reversing signals,
the endothermic transitions for simultaneous ctlystdion/crystalline reorganization of
hydrated SRFA samples are much less intense cothpgar¢he original sample and the
transition temperature is higher.

The glass transition temperature for original LH#ple (Fig. 31) is moderately lower than it
was for humic and fulvic acids originating from Sawvee River, and it almost does not
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change with the re-hydration. It seems that watesdot get inside of the humic structure to
influence the amorphous domains responsible fasglie@ansitions. The transitions ascribed to
the simultaneous crystallization/crystalline remigation of original LHA sample is
performed by one broad endotherm of medium intgreibund 75 °C. The hydrated LHA
samples ofW; 0.48 and 1.41 shows subtle progressive melting enydtallization of
crystallite fractions. For the sample\&f 0.48 there can be observed an exothermic transitio
on reversible signal at 116 °C which could be laftted to some kind of independent
crystallization similar to that of synthetic matdsi (e.g. PETF). The records @f, 1.00
indicated resemblance to polymeric materials ad smte the endotherm around 75 °C is
quite sharp and narrow.
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Fig. 31 TMDSC records of LHA samples.

The TMDSC records of Elliot Soil and Pahokee Pdd483 samples can be found in
Appendix IV. It is worth mentioning that the glagsnsition temperatures of Elliot Soil
samples are evidently higher than those of otheé8SHsamples and water acts here as
a plasticizer (see Table Ill). Also samples of Lkdth W, 0.48 and PPHA with\, 1.50
seems to have slightly plasticizing effect but #@mhancement of values of glass transition
temperatures is hardly noticeable.
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Table lll The glass transition temperatures of IHSS humic famdc substances and the

effect of water on HS structure.

W T, Temperature Range AT Plasticizing/
[0/a] C] °C] °C] antiplasticizing
effect of water
SRHA
original —27.2 —30.3-(—24.5) 5.8 -
0.50 -20.5 —22.7-(-19.7) 3.0 antiplasticizing
1.03 -21.0 —23.0-(-18.8) 4.2 antiplasticizirlg
1.58 -20.2 —22.5-(-18.0) 4.5 antiplasticizirJJg
SRFA
original —27.2 —29.3-(—25.7) 3.6 -
0.51 -23.0 —24.1-(-21.7) 2.4 antiplasticizing
0.98 —24.8 —24.9-(—22.2) 2.7 antiplasticizirg
1.45 -24.3 —25.9-(—22.0) 3.9 antiplasticizirJJg
ESHA
original -33.6 —34.1-(-32.7) 1.4 -
0.50 -31.5 —32.3-(—29.6) 2.7 antiplasticizing
1.00 —27.8 —29.5-(—25.6) 3.9 antiplasticizirg
1.48 -30.3 -31.5-(—28.9) 2.6 antiplasticizirJJg
ESFA
original -32.9 —33.6-(—31.8) 1.8 -
0.43 -19.0 —20.2-(—16.9) 3.3 antiplasticizing
0.99 ~27.0 —29.8-(—25.9) 3.9 antiplasticizirlg
1.44 -34.1 —38.8-(—33.3) 5.5 plasticizing
PPHA
original -26.5 —26.6-(—24.7) 1.9 -
0.50 -21.6 —23.3-(—20.4) 2.9 antiplasticizing
0.97 ~26.2 —27.6-(—26.8) 0.8 antiplasticizirlg
1.50 -26.7 —28.2-(—24.7) 3.5 plasticizing
PPFA
original —28.7 —29.4-(—26.6) 2.8 -
0.48 -22.9 —24.5-(-19.7) 4.8 antiplasticizing
0.94 ~20.7 —20.7-(~18.6) 2.1 antiplasticizirg
1.49 -19.1 -21.3-(-17.5) 3.8 antiplasticizirJJg
LHA
original —24.2 —25.4-(—22.9) 2.5 -
0.48 -25.0 —26.4-(—23.1) 3.3 plasticizing
1.00 -23.3 —24.7-(—22.2) 2.5 antiplasticizing
1.41 -22.8 —23.3-(-21.4) 1.9 antiplasticizirﬂg
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5. CONCLUSION

In this work, the study on the character of hydmatvater in water/humic substances system
is reported. Both the qualitative and quantitatepects of hydration of HS were determined
and the differences in properties of water surrcugpchumic matter were explored. The
approaches and techniques already used and re@wtbding successful for determination
and enumeration of hydration water in hydrophiliogolymers were slightly modified and
applied for HS originating from different sourcesdathus having different properties and
composition.

The DSC measurements of HS/water revealed thakitietics plays a significant role in
hydration processes of HS. Unlike most hydrophiiiapolymers the dependency of melting
enthalpy change of freezable water (iceM@rwas not constant after 24 hours from preparing
the sample because of its incomplete hydrationréfbee, the phase transition behaviour was
monitored over the period of 21 days. During thesiqd the enthalpy change of melting
decreased for all samples. The results suggestrbatydration of humic substances is not
a straightforward process. Mainly until approxinhateéay 7 the rapid decrease in change of
melting enthalpy occurred. After that time peridke diminution became more moderate.
This situation is in line with recent statementtttiee wetting of SOM proceeds in two steps
[105]. The first step of the hydration process oil samples includes the wetting of the
surfaces and after that, the water is distribudhe pore volume. A crucial factor in
distinguishing between humic and fulvic acids seeimsbe the different solubility of
particular molecules. In fulvic acids, most of nmlkes are hydrophilic; therefore, their
hydration resembles the hydrophilic biopolymers. dantrast, humic acids consist of
a mixture of molecules of various polarity and #fere different wettability.

Humic substances consist of structures containoty bhon-polar and polar inner space. As
suggested in our previous work [141], the structigratabilized by separated hydrophobic
domains connected by non-specific van der Waa&antions forming kind of hydrophobic
scaffold. The surface of humic aggregates seerbg t@ther hydrophobic which is reflected
by lower water sorption capacity. Further, whenewgienetrates into humic structure, the
polar interactions are stabilizing the broken gtrices and swelling takes part. Thus, humic
acids structure resembles a porous structure, domancombination of hydrophobic and
hydrophilic domains. The disruption of the struetis rather slow since it is associated with
the hydration of surfaces of different hydrophadlyitiydrophilicity combined with their
variability in shape and dimension. Moreover, ierss that progressive hydration brings
about not only bridges formation, but at the sam®et the inner vacations are formed
containing relatively large volumes of water. Eaelvity has its own maximal inner volume
where due to the hydrophobic effect therein creatpsessure causing the gradual expansion
of whole volume. The water presses the hydrophparts and the volume of inner cavity is
increasing until it bursts so that the scaffold maflhydrophobic parts is being pushed out by
the hydrophobic effect.

Generally speaking, fulvic acids reflect higherirafy to water than their respective humic
acids. The more complicated inner structure of louagids with higher porosity allows the
water molecules to hydrate higher surface thanAn IE seems that the younger (or less
humified) HS are, the easier and faster their chasg
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The TMDSC records of IHSS samples imply that Thee. a temperature of amorphous part
transition of almost all hydrated samples was stitio higher temperatures which indicates
the antiplasticizing effect of water hydration asehydration. Exceptional were samples of
ESFA with W, 1.44 and LHA withW; 0.48 whoseTy was slightly shifted to higher
temperatures, hence the water played a role heeepasticizer. From TMDSC results of
LHA was observed that water does not get insidéhef humic structure to influence the
amorphous domains responsible for glass transitiS8ash observation complies with the
results obtained from kinetic experiments.
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Fig. 36 DSC heating curves of LHA measured after 24 hours.
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Fig. 37 DSC heating curves of PPHA of /51 measured during the period of 21 days.
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ESFA original

0.15 - ~0.115
L0.110

0,104
L0.105
0,05 10,100
- ]
e 0,095
0,080

0054
L0.085

£x0 up 0,15
0107 0,080
50 30 0 30 60 90 120

) ESHA W, 1.48 005 0.02

0.05
0,00 4
0,05 4
0,104
0154
0204 0.2
02 L ey 0250 0,02

60 30 0 30 60 90 120
ESFA W_ 0.43
0.02 - c .

: 0.007 4 924
0.00 1 10.020
0,024 L 0.016
-0.04 4 0,012
el }o.00s

L 0.004

008 e e e

50 30 0 30 60 90 120

ESFA WW_ 1.44
0,10 - c 0.04--0,00
0.05 4 0.001
0,00 4
0,05 4
0,10
0154
ex0 up

-0.20 T T T T T T 9205002

60 30 0 30 60 90 120

Temperature [°C]

0,00
-0,02 L -0,008
-0,04
L0012
-0,06
-0.08 4 214-0.016
-0,10 4
| 0,020
. -0.124
_‘E.I',
? 'O=]4‘exoup +-0.024
—_ T [ e U
£ 60 30 0 30 60 90 120
B 00s- ESFA W_ 099 n
g
oz | 0,004
0,00
10,008
-0,05 4
L0012
-0,10 4
-0,15 . |-0.016
£X0 up
-0.20 T T T T T T pr28---0.020
60 30 0 30 60 90 120
Fig. 42 TMDSC records of ESFA samples.

Rev Heat Flow [W g']]

Nonrev Heat Flow |[W g"]

Rev Heat Flow [W g'l]

Nonrev Heat Flow [W g"]

97



Heat Flow [W g

Fig. 43 TMDSC records of PPHA samples.
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Fig. 44 TMDSC records of PPFA samples.
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