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ABSTRACT: The phase transition of water-sodium alginate with water content (We) (grams 
of water/gram of dry sample) from 0 to 2.5 was studied using differential scanning calorimetry 
(DSC). Upon heating, glass transition (T.), cold crystallization and melting were observed in the 
We range from 0.49 to 2.5. At a W, less than 0.49, only T. was observed. During cooling, the 
crystallization of water in the system was observed from the Wc=0.77. The above difference 
suggests the presence of glassy water which crystallizes during the heating process. The contribu
tion of non-freezing water and glassy water to T. and CP of the system was estimated. 
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Alginic acid is a copolysaccharide consisting 
of D-mannuronic acid and L-guluronic acid 
extracted from brown masse algae. l - 3 It has 
been reported that the polyguluronate sequence 
in alginic acid forms a special molecular ar
rangement in water in the presence of calcium 
ion, which is called the "egg-box model. " 4 •5 

This model shows that water molecules are 
wrapped with polyguluronate molecular se
quence and arranged in a regular structure. 
Sodium alginate is a polyelectrolyte widely used 
in various fields, for example, as a stabilizer in 
the food industry and a dying adhesive in the 
textile industry. 

The molecular motion of the water
polyelectrolytes and gels has been investigated 
by several research groups. 6 - lo It has also been 
reported that polyelectrolytes take an ordered 
molecular arrangement in dilute11 •12 and in 
concentrated aqueous solutions. 13 • 14 

In our previous studies using thermal 
analysis and nuclear magnetic relaxation 
(NMR), 6 · 7 •14 - 16 we reported that many 
polyelectrolytes, such as sodium salts of 

carboxymethylcellulose, 6 cellulose sulfate, 7 

xanthan gum, 1 7 lignosulfonic acid 18 and 
polystyrene sulfonate15 form a mesophase, in 
the water contents ( W/s, grams of water per 
gram of polyelectrolyte) ranging from ca. 0.5 
to ca. 2.5. 

In the present paper, the thermal behaviour 
of the glassy state and the liquid crystalline 
state of the water-sodium alginate system is 
investigated by differential scanning calori
metry (DSC). 

EXPERIMENT AL 

Sample Preparation 
Sodium alginate (NaALG) was commer

cially obtained from Wako Chemicals Co. 
with a 1.1 degree of substitution. 

Differential Scanning Calorimetry (DSC) 

A Du Pont 910 DSC equipped with cooling 
apparatus was used and a DSC sample was 
prepared in the following way. NaALG and 
water were weighed and mixed in a sample tube 
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which was allowed to stand for one night. A 
certain amount of NaALG-water sample was 
weighed in a DSC aluminium volatile sample 
pan. 

Water content (We) was calculated from the 
following equation: We (g/g) = (weight of 
added water (g)/weight of dry NaALG (g)) 

DSC curves were obtained in the tempera
ture range from - l 50°C to 70°C. The scanning 
rate was l0°C min - 1 . Phase transition 
temperature and enthalpy of transition of 
sorbed water were calibrated using pure water 
as a standard. After a DSC measurement, the 
sample pan was weighed again to confirm that 
no weight loss had taken place during the scan. 
Transition temperatures and heat of transition 
were calculated according to the method 
previously reported. 14•15 The bound water 
content was calculated by the method report
ed previously. 16 - 19 

RESULTS AND DISCUSSION 

Figure 1 shows DSC heating curves of the 
water-NaALG system. The samples were 
heated at I 0°C min - l after cooling from 20°C 
to - l 50°C at the cooling rate of 10°C min - 1 . 

The sample with We= 0.31 did not show any 
phase transition, except the shift of base line 
at -40°C due to glass transition. Similar 
results were obtained for the samples with We 
less than ca. 0.45. This indicates that water 
molecules are strongly restricted by NaALG 
molecules and do not form crystals in w;s less 
than 0.45. This kind of water has been 
designated as non-freezing water (W0 r). 19 

When We exceeded 0.45, an endothermic peak 
at around 0°C appeared in each of DSC curves 
suggesting the presence of freezing water in the 
system. For example, in the DSC curve of the 
sample with Wc=0.77, glass transition tempera
ture (Tg) was observed at -80°C, an exotherm 
due to cold-crystallization ( Tee) at around 
- 50°C and a melting (Tm) peak at - 5°C. As 
shown in Figure 1, transition temperatures, 
Tg, Tee• and Tm vary as a function of We. 
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Figure 1. DSC heating curves of water-NaALG system 
containing various water contents (WcJ. Numericals in 
figure show WC. 
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Figure 2. DSC cooling curves of water-NaALG system 
containing various water contents ( Wc)- Numerals in figure 
show Wc. 

Figure 2 shows DSC cooling curves of 
water-NaALG system. When the sample with 
Wc=0.59 was cooled at 10°Cmin- 1 to 
- l 50°C, no first-order phase transition was 
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detected. This indicated that all of the water 
molecules in the system were non-freezing 
water. It is notable that the DSC heating curve 
of the sample with We= 0.59 showed not only 
Tg but also Tee and Tm. This fact suggested 
that structural changes of the system took place 
during the heating process. When We exceeded 
ca. 0.7, a broad exotherm due to crystallization 
of water was observed. This peak became 
sharper and shifted to the high temperature 
side with increasing We. The crystallization 
curves of the samples with high We (2.0 and 
above) were similar to that of pure water. 

From the DSC curves shown in Figures I 
and 2, it is apparent that there are three types 
of water in the water~NaALG system; the first 
type of water is non-freezing water in We 
ranging from 0 to 0.45. This kind of water 
shows no first-order phase transition in either 
the heating or cooling processes. The second 
type is bound water observed in We ranging 
from ca. 0.45 to ca. 0.68 and this type of water 
does not crystallize during cooling but 
crystallizes at a temperature higher than Tg in 
heating process. The third type of water shows 
the first-order phase transition in both heating 
and cooling. 

The maximum amount of Wnr observed in 
DSC heating was 0.45 and that observed in 
DSC cooling curve was 0.68, suggesting the 
presence of glassy water. When the system was 
cooled at 10°c min - 1 , the system froze in the 
non-equilibrium state due to super-cooling. On 
this account, the molecular motion of water 
molecules in the system which are capable of 
crystallization in the equilibrium condition, 
ceased without forming ice. On heating, water 
molecules rearrange with increasing tempera
ture, frozen molecules having unstable struc
ture take a more ordered structure at 
cold-crystallization temperature. This type of 
glassy water could be found, even when the 
cooling rate was slow. Glassy water molecules 
showed properties similar to non-freezing 
water molecules at a temperature below Tee· 

Figure 3 shows the relationship between 
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Figure 3. The relationship between phase transition 
temperatures of water-NaALG system and Wc. Dotted 
line shows the crystallization temperature measured by 
cooling. Tm• melting temperature; Tc, crystallization; T," 
cold crystallization; T., glass transition. 

phase transition temperatures and We. As 

stated in the experimental section, peak 
temperature was used as an index of Tm, Tee, 
and Tc. The Tm slightly increased with 
increasing We. The Tee was clearly observed 
in the We less than 1.0. In contrast, it was 
difficult to distinguish Tee from the base line 
at a higher We. The Tg abruptly decreased in 
the small We region (less than 0.5), attained a 
minimum value at We= 0. 7 and then slightly 
increased with increasing We. Absolutely dry 
NaALG showed no transition from -150°C 
to 100°C by thermal analysis. The variation in 
Tg shown in Figure 3 suggests a small amount 
of water in the system induces the molecular 
motion by breaking ionic and hydrogen 
bondings between NaALG molecules. 

Tc obtained by the DSC cooling curve is 
shown in Figure 3 as a broken line. The Tc was 
observed for the system with a higher We than 
0. 77 and shifted to the high temperature, 
levelling off at - l2°C. 

The results shown in Figure 3 suggest that 
the molecular motion of the system accelerated 
with increasing W0 r and then decreased in the 
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presence of ice. It is considered that ice pre
senting in the system disturbed the coopera
tive molecular motion of NaALG with Wnr· 
This is supported by the fact that the Tg showed 
constant value in a temperature where Tee was 
not observed and Tm was levelled off. 

Figure 4 shows the relationships between 
Wn/s calculated from DSC heating and cooling 
curves and We. The Wnr was calculated from 
WC- Wr= wnf, where Wr was obtained from 
the heat of melting (/1.Hm) or the heat of 
crystallization (/1.Hc). The heat of the transition 
of pure water was used as a standard. The 
Wnr increases linearly in the We range where 
only Wnr is present in the system. As stated 
above, freezing water appeared at We= 0.45 
in the heating curve and at We= 0.68 in the 
cooling curve. In both curves Wr reached 
a maximum at around We= 0.8 and then lev
elled off at a higher We range. The difference 
between Wnr calculated from 11.Hc and that 
from 11.Hm corresponds to the amount of 
glassy water. 

In Figure 4, mole numbers of non-freezing 
water attached to each repeating unit of 
NaALG which is calculated from 11.H are also 
shown. At the maximum, about 8 non-freezing 
water molecules are attached to each unit and 
at the saturated region, 6 water molecules are 
present. When the ionic groups are located in 
short distance, a part of freezing water behaves 
as non-freezing water owing to strong mo
lecular interaction. This explains the iJHc and 
iJHm maxima in Figure 4. When ice is form
ed in the system, ice disturbs free molecular 
motion of NaALG containing non-freezing 
water and this results Tg increase. Detailed 
discussion concerning this phenomena was re
ported previously. 1 7 The numbers of non
freezing water molecules agreed well with 
those of sodium carboxymethyl-cellulose, 6 •14 

cellulose sulfate 7 and other polyelectrolytes 
from saccharides. 14•17 •21 

Figure 5 shows the heat capacity difference 
(/1.CP) between the glassy and the liquid states 
at Tg. The 11.CP was calculated using the 
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Figure 4. The relationships between Wn,'s (right axis), 
number of non-freezing water molecules (left axis) and Wc. 
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Figure 5. The relationship between the heat capacity 
difference (!'J.CP) between the glassy and liquid states at T• 
and Wc. 

summed weights of dry NaALG and non
freezing water, since glass transition of the 
system was concerned by homogeneous nature 
of both saccharides and water. 15 The 11.CP value 
increased in Wnr region of the system, reaches 
a maximum at We= 1.0 and then decreased 
with increasing amount of free water in the 
system. The variation of 11.CP was almost 
similar to that of Wnr shown in Figure 4. 

It has already been reported that various 
kinds of polyelectrolytes show liquid crystal
line properties when they contain We from 
0.5 to 2.0. 14•22 In the DSC curves of water-
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Figure 6. DSC curves of the water-NaALG system with 
Wc=0.97. a, annealing at - I0°C; b, quenched after 
annealing at - J0°C. 

polyelectrolyte systems, such as water-Na 
polystyrene sulfonate, water-Na xanthan, an 
endothermic peak attributed to the transition 
from the liquid crystalline state to the isotropic 
liquid state was observed at a temperature 
higher than Tm without any annealing. In 
contrast, the water-NaALG did not show a 
clear endothermic peak after heating at 
l0°C min - 1 . Figure 6 shows the water-
NaALG system with Wc = 0.97 after annealing 
at - 10°c, a temperature slightly higher than 
Tc, for one hour. As shown in DSC curve (a) 
in Figure 6, endothermic peaks are observed 
at a temperature higher than Tm· A similar 
endothermic peak was also obtained when the 
sample was quenched after annealing at - l 0°C 
as shown in the curve (b) in Figure 6. This 
indicates that the liquid crystalline phase forms 
in this system, although it takes time to make 
an ordered structure. 

The above results indicate that the molecu
lar mobility of NaALG increases with the 
increasing amount of water molecules. With 
the increasing amount of non-freezing water in 
the Wc ranging from Oto 0.5, a decrease in T8 

and an increase in the ACP were observed. The 
variation of T8 decrease agrees well with that 
of ACp, suggesting that the system is a 
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homogeneous mixture. It is reasonable to 
consider that hydrophilic sites of NaALG 
molecules are surrounded by non-freezing 
water until eight water molecules occupy the 
water-NaALG system. The maximum value of 
W0 r shown in Figure 4 suggests that in addition 
to the above number of molecules, several more 
water molecules are restrained by NaALG, 
when the number of water molecules is 
insufficient to form ice. When a sufficient 
amount of free water filled the system, one or 
two water molecules which have been identified 
as non-freezing water from the DSC curve, 
detach themselves from the group of non
freezing water molecules and become part of 
the group of freezing water molecules. The 
variation in ACP in Figure 5 also supports the 
above explanation. The liquid crystalline phase 
is also formed when eight to twelve water 
molecules surround the hydrophilic sites of 
NaALG. 
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