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Transition temperatures of water/chitosan systems with water contents ranging from 8 to 300% (weight per 
cent of water per dry polymer weight) are measured by differential scanning calorimetry (d.s.c.). Upon 
heating, three kinds of phases, which vary with the water content, are observed for the system: cold 
crystallization, melting of freezable water, and a birefringent to isotropic phase which occurs for samples 
containing 44&190% water with a transition temperature that does not vary significantly with the water 
content. The glass transition temperature (T,) of chitosan is observed at approximately 303 K for water 
contents ranging from 8 to 30%. From the d.s.c. data, a transition map for the water/chitosan system is 
compiled. 
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INTRODUCTION 

Chitin is a natural polysaccharide which forms the base 
for the hard outer integuments of crustaceans, insects 
and other invertebrates. It is prepared by the deacetyl- 
ation of chitin (a naturally occurring linear polymer of 
/3( 1 --f 4) poly-N-acetylglucosamine) in aqueous media 
and has the structure shown in Figure I’. The 
applications of chitosan in the agricultural, medical, 
food and cosmetic industries are described elsewhere’.2. 

Many investigations have been reported3-l2 of water/ 
polysaccharide systems containing the /3( 1 + 4) linkage 
and showing the presence of a mesophase at around 
room temperature with various water contents. The 
liquid crystal transition temperature is influenced by the 
water concentration. Various water species are observed 
and are classified as non-freezing, freezing bound and 
bulk-like water. 

There have been few studies on the liquid crystallinity 
of chitosan13m17. Ogura et al. investigated liquid crystal- 
line phases in concentrated solutions of chitosan, 
hydroxypropyl chitosan, and acetoxypropyl chitosan 
by light microscopy’3. Sakurai et al. reported liquid 
crystal structures in chitosan films and fibres prepared 
from liquid crystalline solutions’4”5. Recently, Terboje- 
vich et al. performed light scattering measurements on 
chitosan with various degrees of deacetylation in acetic 
acid-sodium chloride solution and found cholesteric 

*Present address: US Army Natick Research, Development and 
Engineering Center, Kansas Street, Natick, MA 01760, USA 
tTo whom correspondence should be addressed 

mesophases in these systems16. Rout et al. similarly 
found cholesteric solutions in site-selectively modified 
chitosans dissolved in organic solvents17. 

In this study, the effect of water concentration on the 
phase structure of water/chitosan samples is investi- 
gated. By compiling a phase transition plot for this 
system it is hoped that a fuller understanding of the role 
of polysaccharide mobility can be achieved. 

EXPERIMENTAL 

Sample preparation 

Pronova B-MV chitosan glutamate, which during 
preparation was filtered through a Sprn filter, was 
supplied by Protan Company. The chitosan glutamate 
was converted to neutral chitosan by dissolving it in 
distilled deionized water and stirring for several days. 
This solution was filtered, using Whatman number 2 
filter paper, before 2 M sodium hydroxide was added 
dropwise to precipitate the chitosan. Once the pH of the 
solution reached 10.0, the chitosan and remaining 
solution were filtered through a sintered glass funnel. 
The chitosan was washed continuously with distilled 
water and dried under vacuum overnight at 313 K. The 
chitosan was then freeze-dried and a white powder was 
obtained in approximately 60% yield. The degree of 
deacetylation was determined to be 80% by infrared 
spectroscopy’8. The molecular weights, determined by 
size exclusion chromatography and light scattering, 
were M, = (2.55 f 0.2) x IO5 and M, = (3.5 f 0.2)x 
105. The ion contents were measured using a Perkin- 
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Figure 1 Chemical structure of chitosan 

Elmer 6000 inductively coupled plasma atomic emission 
spectrometer and the following ions were found in the 
neutral chitosan: Mg2+, Fe3+ and P5+ containing 2.0. 3.4 
and 3.4 mg/lOO g, respectively. 

Di&erential scanning calorimetry 

A Seiko DSC 200 fitted with a liquid nitrogen cooling 
accessory was used for all differential scanning calori- 
metry (d.s.c.) experiments. The sample vessels were first 
placed in the sample holder at room temperature and 
quench-cooled to 150 K. Measurements were performed 
upon heating and cooling over the temperature range 
150-330 K at a rate of 10 K mini’ . Several heating and 
cooling cycles were performed to ensure reproducibility 
of the data. 

Hermetically sealed aluminium d.s.c. sample vessels 
were used for all d.s.c. experiments and were boiled for 
several hours in distilled water to eliminate any 
possibility of aluminium hydroxide (Al(OH),) forma- 
tion during the experiment. The chitosan was weighed 
(5 mg) in the d.s.c. vessel, excess distilled deionized water 
was added to the sample vessel and the water was 
allowed to evaporate until the desired water content was 
obtained. The sample vessels were then sealed and 
remained at room temperature for several days to 
allow the sample to equilibrate. The sample vessels 
were weighed again before the start of the experiment 
and reweighed afterwards to ensure that no weight loss 
had occurred during the experiment. 

Following completion of the d.s.c. measurements, the 
sample vessels were punctured with tweezers and placed 
in an oven under reduced pressure at 380K for 24 h to 
dry the samples. The dried samples were weighed 
immediately upon removal from the oven to obtain the 
dry weight of the chitosan. 

The water content. IV,, is defined as: 

W,(S) = ( w,./ W,) x 100 

where W, and W, are the weight of the water in the 
sample and the weight of the dry chitosan powder, 
respectively. In this study, the water content varied from 
8 to 300% (w/w). 

Optical microscopJ~ 

A Leitz Orthoplan Pol polarizing light microscope 
equipped with a Linkam THMS 600 temperature con- 
trol unit (150-400 K, +l K) was used at 293 K to 
examine the high-order structure of the water/chitosan 
samples. 

RESULTS AND DISCUSSION 

Representative d.s.c. cooling and heating curves for the 

waterlchitosan systems with various water contents are 
shown in Figures 2A and B, respectively. Figures 2C and 
D display the heating data on an expanded scale for W, 
values of 44%, 32% and 18%. Hysteresis is observed 
between the heating and cooling cycles and there is 
significant depression of the freezing temperature with 
AT = 15-40 K. At water concentrations below 44%, the 
freezing or melting of water is not observed, and only 
non-freezable water is present. However, over the same 
W, range, a step-like increase in the heat capacity is 
recorded on the heating cycles between 295 and 310 K. A 
broad exotherm is recorded on heating in the region of 
235 K for those samples with a W, range of 45565%. At 
higher water concentrations the freezing and melting of 
freezable water is observed. The presence of several 
broad exotherms in the 56% sample indicates a broad 
distribution of water environments in the sample. Even 
at higher water contents, the cooling exotherms remain 
broad. The melting endotherms are also broad and 
structured. For the W, range of 44-150%, the melting 
point is lower than 273 K. The area under the d.s.c. peak 
represents the change in enthalpy associated with the 
freezing or melting of freezable water, and is plotted as a 
function of water content in Figures 3A and B, 
respectively. The slope of the linear plot gives the 
differential heat associated with the freezable water and 
the intercept on the horizontal axis is the maximum 
amount of non-freezable water ( WNFmax) in the hydrated 
polymer. The following values were obtained: on the 
cooling cycle AHcrystallization = 306 i 34 J gg’, W, = 
47 + 6%; on the heating cycle AHfusion = 336 * 
30 J gg, WNFmax = 41 i 7%. The values of AH are 
not constant, but are close to that of bulk water 
(333 J gg’). 

The neutral chitosan powder used in this study (see 
Experimental section) is highly crystalline and, under 
ambient humidity, contains only loosely bound water 
which can be removed by drying to 3833493 K19. Its X- 
ray diffraction pattern is similar to the Type I polymorph 
described by Samuels for neutral chitosan20. Water 
molecules associated with the crystalline regions are 
loosely bound between the chitosan chains along the 
[0 lo] direction2’. 

Bound water is associated with the amorphous regions 
of chitosan chains which undergo a glass transition for 
W, < 44%. The data presented in Figures 2 and 3 
indicate that a large fraction of the water present in this 
content range is non-freezing and is closely associated 
with the polysaccharide matrix. The glass transition 
region displays a strong enthalpy relaxation peak, as 
usually found in quench-cooled samples. With increasing 
W, (> 45%) the presence of freezing bound water as 
well as non-freezing water is detected and the chitosan 
powder becomes a gel in which the polysaccharide forms 
an infinite network in an aqueous medium. In the gel, the 
chitosan chains are more mobile than in the solid state, 
making it very difficult to determine at what temperature 
general motion of the polysaccharide chains is estab- 
lished. (For W, = 56% a Tg is observable on cooling in 
the vicinity of 179 K.) As W, increases further, chitosan 
hydrogel is formed which contains non-freezing, freezing 
bound and bulk-like water, and the notion of the glass 
transition in the chitosan component disappears. The 
glass transition temperature of bulk-like water is 
generally found in the region of 130 K. 
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The exotherm at 235K on the heating cycle is 
attributed to cold crystallization of mobile water in the 
hydrated polymer. Cold crystallization is observed in 
water/chitosan systems over a very narrow water content 
range, where only non-freezing and freezing bound water 
are present. As the temperature is raised from 150 K, a 
portion of the non-freezing water becomes mobile and by 
coming into contact with the solidified freezing bound 
water forms ice. Therefore, an exotherm is observed 
during the heating cycle. This ice melts in the region of 
273 K with the other ice species present in the hydrated 
polymer network. This phenomenon has been observed 
in other hydrated polymer systems, where the proportion 
of non-freezing water which undergoes cold crystal- 
lization was quantified by measuring the mobile water 
n.m.r. relaxation times22. 

A small, fairly broad endotherm is observed on the 
heating cycle in the vicinity of 300K for intermediate 
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water contents (IV, = 45- 190%). Polarizing microscopy 
indicates the presence of birefringence and a possible 
liquid crystalline structure, as illustrated in Figure 4. The 
enthalpy associated with this transition ranges from 0.8 
to 2Jg~‘, with a maximum at IV, = 125%. In the 
presence of small amounts of water, the mobility of 
chitosan chain segments is low and rearrangement of 
polymer chains is confined to the glass transition of the 
amorphous regions. However, within a certain IV, range, 
in this case 444190%, the polysaccharide chain appears 
to attain sufficient mobility that additional molecular 
rearrangement can occur. 

A phase transition map was compiled from the d.s.c. 
data and is presented in Figure 5. The glass transition 
temperature decreases with increasing WC, suggesting 
that at low concentrations water plasticizes the chitosan 
matrix. The melting temperature of the freezable water 
increases with WC up to 150% and then levels off. The 
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Figure 2 Representative d.s.c. cooling (A) and heating (B, C and D) curves as a function of water concentration, 
recorded at 10 K min-’ 
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Figure 3 Total area of the d.s.c. peak per gram of dry chitosan 
associated with freezing (A) and melting(B) of freezable water. AH,,,,, 
and WNF are calculated from the slope of the line and the intercept on 
the horizontal axis, respectively 

low melting temperature recorded below WC = 150% 
may be caused by the formation of amorphous ice in this 
system. Similar behaviour has been noted in water/ 
xanthan and water/sodium sulfate systems’. 

The nature of the birefringent phase and the weak 
endotherm observed in the vicinity of 303 K for 
intermediate water contents are difficult to interpret in 
the absence of further studies. Chitosan, like other 
polysaccharides, may form liquid crystalline solutions as 
well as gel phasesz3. As a weak polybase with pK, 6.5, 
chitosan is readily soluble in aqueous acids24. In the 
present case, however, we are not dealing with solutions, 
since neutral chitosan (with the exception of some chitin- 
chitosans in the range of 40&60% deacetylation) is 
insoluble in pure water. The water-swollen amorphous 
regions are constrained by the crystalline regions. 
Formation of an anisotropic gel network may ensue 
upon melting of the frozen water. The endotherm 
observed in the vicinity of 303 K could possibly 
represent a gel&sol or liquid crystalline transition. 
Recently, the existence of free-standing mesomorphic 
gel with a reversible gel-liquid crystal sol transition 
below the liquid crystal-isotropic liquid transition has 
been reported for solutions of a site-selectively modified 
chitosan derivative2s. In contrast to the liquid crystal- 
isotropic transition, the gel-sol transition temperature is 
rather insensitive to composition, just like the endotherm 
observed in this study. 

CONCLUSION 

Phase changes in water/chitosan systems have been 
studied by d.s.c. Cold crystallization, melting of water 
and glass transition of the hydrated chitosan are 
observed. An endotherm attributed to a birefringent to 
isotropic phase is observed for intermediate water 
contents. The nature and concentration of the water 
influence the mobility of the polysaccharide chains and 
the phase structure of this system. 

Figure 4 Structure in water/chitosan systems observed with a polarizing light 
microscope at room temperature. The bar represents a distance of 0.2 mm 
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Figure 5 Phase transition map for water/chitosan system compiled 
from d.s.c. data. TE, T,,, and Tbi denote the glass transition, melting and 
birefringent phase temperatures, respectively 
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