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Abstract The hydration of cellulose, chitosan, schizo-

phyllan, hyaluronan, and carboxymethyl cellulose was

studied using differential scanning calorimetry (DSC). In the

first part, the classical freezing/thawing approach was used

to determine the amount of non-freezing water. The incon-

sistency in enthalpies obtained during crystallization and

melting of freezable water was discussed with respect to the

DSC experimental conditions. Our interpretation questions

the recent conclusions about competitive processes occur-

ring during melting which are hypothesized to influence the

determined melting enthalpy. In the second part, the hydra-

tion and drying were studied using the evaporation enthalpy

of water. The dry mass normalized dependency of vapori-

zation enthalpy on water content confirmed an abrupt break

at low water content in hyaluronan sample which was

attributed to the sudden appearance of a parallel process

taking part during the drying. The rest of polysaccharide

samples showed only a linear decrease in evaporation

enthalpy. The renormalization of enthalpies by the water

content revealed the increase in evaporation enthalpy with

decreasing water content in most samples which was ascri-

bed to the strong interaction between polysaccharide and

water. The exceptions were carboxymethyl cellulose which

showed a decrease in evaporation enthalpy. This indicates

the existence of a simultaneous process occurring during

drying, but unlike in hyaluronan, the processes do not appear

abruptly but accompany the evaporation in the wide con-

centration range. Comparison of determined hydration

numbers showed that part of non-freezing water in hyalu-

ronan is not bound to sorption sites but occurs presumably in

small temporary pores. In contrast, water-soluble schizo-

phyllan forms temporary pores as well but presumably with

higher dimension and the non-freezing water is formed

mostly by water molecules interacting with sorption sites.

Keywords Melting and crystallization � Evaporation �
Hydration � Drying � Hyaluronan � Schizophyllan �
Chitosan � Cellulose

Introduction

Native biopolymers and biopolymer-based materials have

been long time studied with respect to their environment-

friendly character and adjustable properties [1, 2]. Poly-

saccharides have been widely investigated for their specific

interactions with water due to its strong influence on their

physical structure [3–6]. Physical structure of some poly-

saccharides reversibly changes in the presence of even a

trace amount of water. As a results, new ordered structures

stabilized by water molecules can be formed [7, 8] while it

is assumed that their character is determined by the

hydration status of present functional groups [9].

The interactions between water and various polymers

have been studied using thermal [8, 10], NMR [11] dielec-

trical [12] and spectroscopic techniques [4, 13], viscometry

[14], and/or by means of computer simulations [15]. Among

thermoanalytical techniques differential scanning calorim-

etry (DSC) found wide popularity [10, 11].

The traditional way of classification of hydration water

using DSC is based on the freezing/thawing experiments in
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which the difference in physical properties of freezable

water in form of ice and non-freezing water is investigated.

In brief, non-freezing water (NFW) is the pool of water

molecules present in the close proximity of a polysaccha-

ride (restricted in pores or bound by polar groups) and does

not exhibit any crystallization and melting upon cooling

and heating, respectively. The increasing water content

brings about the formation of new layers in which water

molecules are less restricted and thus it can freeze. This

layer is traditionally called freezing bound water. The

structure of ice formed in this layer differs from the ice

formed from the bulk or non-restricted water. Those prop-

erties are, among others, significantly low melting enthalpy,

freezing point depression, supercooling effect and strong

dependence on thermal history [16, 17]. As a result, the

freezing bound water can be distinguished from free (bulk)

water although both fractions are considered as freezable

water. Recent results indicate that existence of non-freezing

and freezing bound water can be caused to some extend by

pores and cavities formed by dried and semi-dried bio-

polymers [18], which is in accordance with earlier sugges-

tion [19]. Based on difference between enthalpy of ice

formation and melting, Gemmei-Ide et al. [20] tried to

demonstrate that the hydration of (bio)polymers studied by

DSC is in principle biased by the existence of phase tran-

sitions such as condensation, deposition, sublimation, and

vaporization which during the heating run could be detected

by FTIR but it could not be detected by DSC.

Alternative DSC approaches are based on determination

of enthalpy of water vaporization from semi-diluted poly-

saccharide solutions. Those experiments provided addi-

tional information regarding the state of water hydration in

hyaluronan, [18, 21], cellulose fibers [7, 22] and chitosan

[23]. In case of hyaluronan, it has been demonstrated that

during drying, at certain water content, an additional pro-

cess to evaporation occurred. This process compensated

slightly the evaporation enthalpy [18] and it was attributed

to the formation of weak interactions stabilizing hyaluro-

nan structure. Further, authors concluded that this process

is potentially exploitable in development of physically

modified biopolymer-based materials. However, the origin

of the process is not clear yet and the number of biopoly-

mers tested by this approach is still limited. In case of

cellulose fibers [24], the evaporation enthalpy was nor-

malized by water mass which showed an increasing trend

in dependency on water content. The authors concluded

that the increase is caused by the increased energy of

interaction between hydrophilic surface and water mole-

cules and pointed out the similarity between the concen-

tration at which the increase started and the amount of

non-freezing water determined by freezing/thawing experi-

ments in their previous work [22].

The first aim of this work is to explain the differences

between enthalpies of crystallization and melting of

freezable water in polysaccharides to test the conclusions

reported in Ref. [20]. The second aim of this work is to

study the water evaporation from several polysaccharides

to understand to processes occurring during water evap-

oration from individual polysaccharides, to the origin of

the compensation process observed in hyaluronan and if

such a process is typical for other polysaccharides as

well. In this study, following polysaccharides were used:

chitosan, a biodegradable hydrophilic biopolymer con-

sisting of b-(1-4)-linked D-glucosamine (deacetylated)

and N-acetyl-D-glucosamine (acetylated) units, insoluble

but swelling in water [25]; schizophyllan, a neutral

extracellular polysaccharide consisting of b-1,3-D-glucose

backbone with b-1,6-D-glucose side chain for every three

main chain residues [26], soluble in water [27]; hyalu-

ronan, sodium salt, a linear, water-soluble, unbranched,

high molecular weight extracellular matrix polar poly-

saccharide composed of repeating disaccharide units

which consist of N-acetyl-D-glucosamine and D-glucu-

ronic acid linked by a b 1-4 glycosidic bond [28], cel-

lulose, a linear polysaccharide, composed of repeating

1,4-b-D-glucopyronose units, insoluble but swelling in

water [29] and carboxymethyl cellulose, a sodium salt

of anionic water-soluble natural polymer derivative of

cellulose [30].

Materials and methods

Polysaccharides

Specification of investigated polysaccharides is as follows:

bacterial hyaluronan (HYA) with molecular weight

73 kDa, specifically its Na? form, and schizophyllan

(SCHIZ) (batch number 241108) were kindly provided by

CPN Company (Dolni Dobrouc, Czech Republic). Car-

boxymethyl cellulose (CMC) in Na? forms with molecular

weights 90 kDa (degree of substitution; DS = 0.7) and

700 kDa (DS = 0.9) were purchased by Sigma-Aldrich

(Germany). Chitosan (CHIT), medium molecular weight

(190–310 kDa) with the degree of deacetylation

(DD) = 0.75–0.85 and microgranular cellulose (CELL)

(batch 126K0125) were purchased by the same supplier.

All samples were used as received.

Preparation of biopolymer/water systems

In case of freezing/thawing experiments, samples of

*2–3 mg were placed into aluminum sample pans (Perkin

Elmer, 50 lL) and Milli-Q water was added. Excess of
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water was allowed to evaporate slowly at room temperature

until the desired water content (controlled by balances) was

obtained. The pans were subsequently hermetically sealed

and left to equilibrate at room temperature for 48 h. The

pans mass were determined again before and after the

experiment to insure that no mass loss had occurred.

Samples for evaporation experiments were prepared in

the same way, but different type of the aluminum pans was

used (TA Instruments, Tzero� technology).

Water concentration in this work is defined as water

fraction related to dry mass (Wc), i.e., Wc = grams of

water/grams of dry sample (g g-1) [31].

Thermal analysis

Freezing/thawing experiments were carried out by differ-

ential scanning calorimetry (DSC) device Perkin Elmer

Pyris 1, equipped with a cooling device (Perkin Elmer

Intracooler 2P). Prior to the analysis, the temperature and

enthalpy determined by the device was calibrated by

standards (phenyl 2-hydroxybenzoate, In, Sn, and Pb) using

a standard procedure in which onset point and peak area of

melting were taken into account [32]. All freezing/thawing

experiments were carried out using following temperature

program: start at 30 �C; cooling from 30 �C to -70 �C at

2 �C min-1; isothermal at -70 �C for 1 min; heating from

-70 �C to 30 �C at 7 �C min-1. Flow rate of purge

nitrogen atmosphere was 30 mL min-1.

Evaporation experiments were carried out using the TA

Instruments DSC Q200 equipped with a cooling accessory

RCS90 and assessed by the TA Universal Analysis 2000

software. The system was previously calibrated by In

standard for temperature and enthalpy and verified by

phenyl 2-hydroxybenzoate, Sn and Pb standards. The

following thermal protocol was used for measurement of

evaporation enthalpy: equilibration at 27 �C; cooling from

27 �C to -40 �C at 10 �C min-1; isothermal at -40 �C for

2 min; heating from -40 �C to 250 �C at 3 �C min-1. At

-40 �C, the flow rate of nitrogen was switched from

50 mL min-1 to 5 mL min-1. In contrast to earlier

experiments [21], in this case, prior to the measurement the

hermetically sealed pan (Tzero�) was perforated only

partially (1 hole) to have higher pressure inside the pan

during the evaporation in contrast to Ref. [21]. Selected

concentrations were tested for all samples in triplicate and

the deviation never exceeded 3.5 % of measured enthalpies

and ±0.5 �C for the determined temperature.

Thermogravimetry (TA Instruments, Q500) was used to

determine the equilibrium moisture content in purchased

polysaccharides as a mass loss in the temperature interval

from 25 to *180 �C under dynamic atmosphere of nitro-

gen 40 mL min-1 to precisely define the Wc values (data

not reported).

Results and discussion

Freezing/thawing experiments

The illustration of DSC experiments, i.e., freezing/thawing

and evaporation of water from chitosan are depicted in

Fig. 1. Transitions A and B correspond to freezing and

thawing experiments, respectively. The transition A is

connected with crystallization of freezable water, B shows

the melting of ice formed during the A stage. The broad

peak C represents evaporation of water from the polysac-

charide (conducted in separate experiment).

Representative DSC cooling and heating curves for the

carboxymethyl cellulose mixed with water at various Wc

(the experiments ‘‘A’’ and ‘‘B’’) are shown in Fig. 2.

Figure 2a reports the example of ice melting in carboxy-

methyl cellulose with increasing Wc. It can be seen that at

Wc = 0.9 no peak occurred which indicates that all the

water molecules occur as non-freezing water [21]. It is

worth to mention that the sample mass was usually at least

2 mg which means that amount of water in the pan was

around 0.95 mg. The melting enthalpy of pure water is

333 J g-1, i.e., in case of no interaction between the

polysaccharide and water, the resulting melting enthalpy

would be 316 mJ which is value far above the sensitivity of

DSC device used in this work. Therefore the absence of the

peak cannot be considered as a sensitivity issue. At con-

centration of water Wc = 1.06 a weak exothermal process

appeared around -40 �C connected with (re)crystallization

of freezing bound water followed by melting of freezable

water pool around -11 �C. Increase in Wc caused the

disappearance of exotherm and only melting could be seen
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Fig. 1 Representative DSC experiment for the water/chitosan sys-

tem. ‘‘A’’ is the freezable water crystallization process, ‘‘B’’ is the

melting of formed ice, and ‘‘C’’ stands for the water evaporation
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with increasing onset point. Figure 2b reports the results of

crystallization of water in carboxymethyl cellulose/water

mixture. Unlike the melting curves reported in Fig. 2a,

exothermal peak became visible at Wc = 1.18 (onset is

around -27 �C); these values were shifted irregularly to

higher values with increasing Wc. At lower Wc, the peak

was slightly split; while with increasing Wc, crystallization

peak is narrower and its position does not change signifi-

cantly. This observation is in line with results of Far-

oongsarng et al. [33] who reported two DSC peaks during

crystallization and melting of absorbed water on carboxy-

methyl cellulose and assigned them as freezing bound and

free water pools.

The determined enthalpies of melting and crystallization

(peak areas) were first normalized dividing them by the mass

of the dry sample and then plotted against their respective Wc

[21, 31]. Figure 3 reports the dependency of enthalpy of

water crystallization and melting normalized to the mass of

dry sample plotted against the Wc obtained for chitosan/

water mixtures. Linear dependences were obtained for all

polysaccharides measured in this study. The linear behavior

is typical for hydrophilic biopolymers (e.g., [34]) while it

differs in comparison with mixtures of amphiphilic and

hydrophobic molecules for example humic acids [35].

The content of non-freezing water was obtained for

both melting (NFW) and for crystallization experiments

(NFWc). The dependency was linearized (y = ax ? b) and

the hydration number was determined as the concentration

at which the first measurable enthalpy appeared, i.e., the

interception at y = 0 [31]. The calculated values of NFW

and parameters of linearization are listed in Table 1. In

contrast, dependencies of crystallization enthalpy showed

linear trend only at lower Wc and smaller or larger devia-

tion from linear trend at higher values of Wc (as reported in

Fig. 3). Thus, the linear regression was carried out only for

data obtained at lower Wc. Since the break in dependency

appeared at similar Wc in all samples it can be assumed that

the non-linearity at higher Wc is caused by limitation of

device used for the measurement, i.e., it is not able to

compensate effectively the heat released by the sudden

crystallization of water in the sample associated with

supercooling effect.

The data reported in Table 1 show the inconsistency

between NFW and NFWc. Their difference indicates the

significant specificity of water crystallization and melting in

those particular polysaccharides which will be discussed later.

Evaporation experiments

Evaporation of water from a polysaccharide is an alternative

approach to characterize the hydration of biopolymers by

means of DSC. The method suggested by Prusova et al. [21]

was used in this work. The determined enthalpies of

evaporation (experiment ‘‘C’’ in Fig. 1) were normalized

by the dry sample masses and then plotted against the–50 –40 –30 –20 –10 0 10
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respective Wc. Figure 4 shows the comparison of results of

evaporation experiments for Na? form of HYA obtained in

this work and recently in [21].

The linear dependency of normalized evaporation

enthalpy on Wc showed a break around Wc = 0.18 for

higher pressure and 0.34 for ambient pressure (data were

reported in [21]). These differences indicate the pressure-

dependency of the process causing the disruption in the

linear decrease. As already reported, this break was

attributed to a competitive process which occurs during

water evaporation from HYA and which is associated with

heat evolution. Such heat evolution has been attributed

to formation of intermolecular interactions in dry HYA

[18, 21]. Recent findings indicate that this process might be

associated with the plasticization point of HYA and the

compensation process is thus caused partially by the sud-

den decrease in heat capacity of the HYA (Prusova and

Kucerik, unpublished results). Figure 4 shows the shift of

the break to lower Wc at higher pressure then applied by

Prusova et al. and confirms the previous statements [18, 21]

about the importance of drying conditions on the resulted

hyaluronan structure and a great potential for influencing of

HYA physical structures by their manipulation.

Unlike the hyaluronan, the other polysaccharides

investigated in this work did not show such a break (see the

examples reported in Fig. 5). Instead, the dependencies had

a linear behavior in the whole range of concentrations. A

possible explanation of this difference between hyaluronan

and other polysaccharides can be found in the conforma-

tion and molecular movement of HYA segments. HYA was

described as crowded random coil molecules in liquid state,

but, in solid state, it is predominantly a single helical

conformation containing three disaccharides per helical

turn, stabilized by H-bonds linking adjacent sugar residues

across both glycosidic linkages [36]. It seems that two

types of glycosidic bonds connecting two different glyco-

sidic monomers grant to the HYA physical structure sig-

nificant flexibility and mobility of chains associated with a

range of thermodynamically stable states [37].

Park et al. [24] suggested the normalization of evapo-

ration enthalpy by water mass which improves the infor-

mation value obtained from the evaporation experiments.

Table 1 Content of hydration water for biopolymers determined from freezing/thawing experiments

Sample NFW NFWc nNFW nNFW
c Parameters a; b (thaw.) Parameters a; b (cryst.) R2 (thaw.) R2 (cryst.)

Chitosan 0.37 0.32 7.0 6.0 294; -109 232; -73 0.9977 0.9729

Schizophyllan 0.38 0.28 14.1a 10.4a 293; -112 247; -68 0.9968 0.9977

Hyaluronan 0.77 0.86 17.2 19.1 287; -222 290; -250 0.9924 0.9852

CMC 90 kDa 0.77 0.98 18.7 23.8 294; -225 304; -293 0.9971 0.9778

CMC 700 kDa 0.84 0.83 21.9 21.6 289; -242 259; -214 0.9906 0.9845

Cellulose 0.14 0.11 2.4 2.0 288; -39 221; -25 0.9960 0.9793

nNFW and nNFW
c are the numbers of water molecules per disaccharide unit, NFW, NFWc stands for non-freezing water (in g of water per g of

biopolymer) determined using melting and crystallization, respectively
a Recalculated to the tetrasaccharide unit
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Figure 6 shows the examples of those calculations for

CMC 90 and 700 kDa and for chitosan and schizophyllan.

In comparison with pure water, both CMC samples showed

a decrease in evaporation enthalpy at the low Wc. In con-

trast, chitosan and schizophyllan (Fig. 6), showed an

increase which is in accordance with results of Park et al.

[24] who observed the increasing value for hydrophilic

cellulose samples and constant value for hydrophobic

surfaces. The increase in enthalpy was observed for cel-

lulose in this study as well (not reported). The enthalpy of

vaporization for pure water is 2.5, 2.41, and 2.31 kJ g-1 for

0, 40, and 80 �C, respectively [38]. The energy of binding

between water molecules and the sorption sites is higher

than the energy which holds the molecules of pure water

[24]. Therefore, in case of carboxymethyl cellulose, the

evaporation enthalpy is decreased by a simultaneous pro-

cess but unlike in case of hyaluronan the process does not

appear abruptly. Instead, it takes part in the whole range of

investigated concentrations and thus it could not be

detected by the approach reported in Figs. 4 and 5. Simi-

larly, as in case of hyaluronan, the character of this process

is currently unknown. However, it can be rejected the

hypothesis that it is caused by sodium cation because the

break appeared also in H? form of hyaluronan [21]. Closer

analysis of determined enthalpies suggests that lower

molecular weight of carboxymethyl cellulose has slightly

larger influence on the decrease of evaporation enthalpy,

which is similar to behavior of hyaluronan [21] and can be

related to the movement of carboxymethyl cellulose seg-

ments during water elimination. Evaporation enthalpy of

water from schizophyllan is rather complicated, the

enthalpy increased first at Wc = 1.1 then decreased and

then again increased at around Wc = 0.38 indicating a two-

step process. In case of hyaluronan, the tendency of

enthalpy related to water content increased similarly as in

case of chitosan. This is in agreement with the recent study

[18] which showed that despite the fact that a compensa-

tion process takes part, the evaporation enthalpy of water

from hyaluronan is still higher than evaporation enthalpy of

pure water.

Hydration numbers were obtained from evaporation

experiments in the same way as suggested by Park et al. [24]

In this case, the hydration number corresponded to the

concentration at which the increase in vaporization enthalpy

differed from the enthalpy of vaporization of pure water

mentioned above. Since the enthalpies obtained from car-

boxymethyl cellulose were lower in the whole concentration

range, the hydration numbers could not be obtained by this

way. The approximate values are listed in Table 2 and reveal

specific behavior of polysaccharides during drying.

Schizophyllan and hyaluronan are water-soluble poly-

saccharides and showed similar properties and hydration

numbers during drying. It can be assumed that the most

important mechanism is desorption of water from sorption

sites or temporary micropores. In contrast, chitosan is water

insoluble swelling compound and water is presumably

restricted by cross-linked molecular network. Therefore, the

enthalpy of evaporation is influenced by the diffusion and

osmotic pressure. In case of cellulose, insoluble slightly

swelling hydrophilic polysaccharide, the drying mechanisms

is already well described and involves desorption from

sorption sites as well as the capillary effect [22, 24]. The

hydration of cellulose is influenced by its crystallinity which

is in case of granular cellulose used in this work more than

50 % and causes the low hydration degree since the crys-

talline domains cannot be easily hydrated.

Comparison of determined hydration numbers

Three different approaches used in this work brought dif-

ferent results as it can be seen in Tables 1 and 2. The
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Table 2 Content of hydration water for biopolymers determined

from evaporation experiments

Sample Nev/gwater/gdry mass nev/molwater/molpolysacchcaride

Chitosan *1.06 *20.1

Schizophyllan *0.38 *14.8a

Hyaluronan *0.3 *6.7

CMC 90 kDa – –

CMC 700 kDa – –

Cellulose *0.2 *3.4

nev are the numbers of water molecules per disaccharide unit, Nev

stands for hydration in g of water per g of polysaccharide determined

using approach suggested by Park et al. [24]
a Recalculated to the tetrasaccharide unit
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123



freezing/thawing experiments were carried out under sim-

ilar temperature conditions but also in this case the results

were different. As already mentioned, Gemmei-Ide et al.

[20] concluded that the DSC freezing/thawing experiment

is biased by several phase transitions accompanying melt-

ing run and which cannot be detected by DSC. In this work,

the differences between enthalpies of crystallization and

melting were determined as well. Figure 7a, b shows the

comparison of hydration numbers obtained from melting

and crystallization reported in Tables 1 and 2 related to the

gram and to molecular mass of the monosaccharide unit,

respectively.

As indicated in Fig. 7, the dependence between hydration

numbers obtained from cooling and thawing experiments is

linear. The separate freezing/thawing DSC experiments

carried out in triplicate with pure water (not shown) gave

following results: melting enthalpy 332.2 ± 0.5 J g-1,

cooling enthalpy 294.0 ± 2.1 J g-1, their ratio is around

1.13 similarly as the parameter of linear regression reported

in Fig. 7a, b. The ratio obtained for pure water slightly

increases with increasing heating and cooling rate and water

amount in the pan. The disproportion between crystallization

and melting peak area was also confirmed using two other

DSC devices from different providers. Since calibration

standards (In and Sn) gave the same results for cooling and

heating runs, the difference in enthalpy of crystallization can

be therefore attributed to the water properties. First, the

difference in enthalpies is big enough to be detected by DSC

and processes such as evaporation and sublimation should be

detected as a shoulder on the melting endotherm which is not

always the case (see Fig. 3). Next, the suggested processes of

sublimation/evaporation followed by the deposition should

be also seen even at the concentration below the determined

non-freezing water concentration since water is already

present in polymer matrix and DSC is sensitive to detect such

enthalpies since they are relatively high (i.e., 45 and

51 kJ mol-1 for evaporation and sublimation of pure water,

respectively). Further, the experimental conditions for FTIR

spectroscopy which was used to detect those processes [20]

are not perfectly described, but they are probably different in

comparison with DSC where the sample is measured in a

small hermetically sealed pan. Last but not least, the super-

cooling effect takes part during ice formation (see Fig. 1),

i.e., formation of hexagonal ice is restricted by water diffu-

sion and insufficient crystallization heat compensation. In

restricted geometries, depending on the size and shape, the

formation of glassy water, imperfect crystals, or cubic ice is

often [39]. Figure 1 reports the freezing/thawing experiment

and it is clear, that the only part in which the additional

enthalpy can evolve is the part where is the heating switched

into cooling regime. In other words, the difference between

melting and crystallization enthalpy is ‘‘hidden’’ in the part

of the signal which is affected by changing of the sign from

negative to positive and which is not usually taken into

account.

The hypothesis about the water restriction is supported

by the data presented in Fig. 8 where the ratio between

melting and crystallization enthalpy is plotted as a function

of water content in schizophyllan/water samples. It can be

seen that increasing water content causes the increase in the

ratio between melting and crystallization enthalpies. Other

polysaccharides gave similar results. Second argument

supporting our hypothesis is the absence of crystallization

peak at the Wc at which the melting can already be seen,

e.g., Fig. 3, Wc = 1.06. It demonstrates the restriction of

water to crystallize, i.e., cooling run where no crystalliza-

tion peak takes place is followed by the heating run in

which the ice ‘‘appears’’ and melts. As a result, the melting

enthalpy can be used for determination of NFW but the

difference between NFW and NFWc reflects the polymer/

water interactions and polymer structural properties.

Park et al. [24] reported, that hydration number obtained

by evaporation are comparable with non-freezing water.

In fact, some difference might be expected due to different

temperatures ranges of both experiments. Comparison of

values reported in Tables 1 and 2 seem to confirm this
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Fig. 7 Comparison of hydration numbers obtained from freezing and

thawing experiments, a related to mass/mass and b number of water

molecules to mono or disaccharide units
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conclusion only in some cases. Schizophyllan showed the

two-step evaporation which indicates that water was

evaporated first from pores and in the second step from the

adsorption sites. This assumption confirms the non-freez-

ing water content (Table 1) which agrees with the second

increase in evaporation enthalpy (Fig. 6; Table 2). That

means that all the non-freezing water is adsorbed on

sorption sites of schizophyllan. In contrast, hyaluronan,

other water-soluble polysaccharide, showed higher content

of non-freezing water (Table 1) in comparison with

hydration number determined by evaporation. This indi-

cates that in hyaluronan the non-freezing water is formed

by water which is both bound by adsorption sites and

restricted by temporary pores. Therefore, the pore size of

hyaluronan structure is necessarily lower than in schizo-

phyllan which explains why this water fraction cannot

freeze. In contrast, in schizophyllan, the pores are big

enough to allow freezing of restricted water. The com-

parison of hydration numbers of chitosan showed smaller

value of non-freezing water (Table 1) and larger value of

hydration determined by evaporation (Table 2). This con-

firms the hypothesis about the influence of pore size on the

character of water in the non-freezing water layer. The

decrease in evaporation enthalpy as seen in schizophyllan

did not occur which is caused by ‘‘permanent’’ character of

cross-linking resulting in more rigid structure of chitosan

and its high affinity to water [40].
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