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Abstract 

Water insoluble alginic acid (Alg) films were prepared by replacing the sodium ions (Na+) of 
sodium alginate (NaAlg) with di- and trivalent cations, such as Cu2+, A13+, Fe3+, etc. Dope concen- 
tration and degree of substitution (DS) were changed in order to prepare various types of alginate 
films. Glass transition temperature (Ts), heat capacity (C,) and C,, difference at Tg (AC,) of the Alg 
films in the dry state were investigated by differential scanning calorimetry (DSC). With increasing 
ionic radius of cations, Ts of dry films decreased. In contrast, Cn’s of alginate films in the glassy 
state and ACP increased. The non-freezing water content (W,,) in alginate films in the wet state was 
also estimated by DSC using enthalpies of melting and crystallization of water. Wnf in the films 
increased with increasing ionic radius. These results indicated that alginate molecules form a more 
tightly cross linked structure with decreasing ionic radius. Structural change of alginate films dur- 
ing ion exchange was also investigated based on the change of Ts, CP and Wnf values as a function 
of DS. 
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1. Introduction 

Alginic acid is a copolysaccharide extracted from brown masse algae consisting of D- 
mannuronic acid (M component) and L-guluronic acid (G component) [l-3]. Sodium 
alginate (NaAlg) is one of the representative polyelectrolytes used widely in various in- 
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dustrial fields, such as the food and textile industries. Although NaAlg is readily solved 
in water, water insoluble alginates can be prepared when sodium ions of NaAlg are re- 
placed by di- and trivalent cations. Among various ions, such as Fe2+, Cu2+, Ca2+ and 
A13+, Ca*+ has received particular attention, since it is thought that a unique “egg-box 
structure” is formed in CaAlg with G components enclosing Ca ions [4,5]. 

We have studied the thermal properties of water-NaAlg and water-CaAlg systems [6- 
8] and found that the functional properties of alginate are affected by the presence of 
bound water. We have also estimated the bound water content in carboxymethylcellulose 
and cellulose sulfate substituted by various valencies of cations and suggested that the 
bound water content of polyelectrolyte systems depends strongly on the kind of cations 
[6,9,101. 

In this study, water insoluble alginate films having various cation species and various 
degrees of substitution (DS) were prepared, and the thermal properties of these films 
were investigated by differential scanning calorimetry (DSC). The effect of preparative 
conditions of films such as concentration of dope and ion exchange times, cation species 
and DS on the glass transition temperature (T,), specific heat capacity (C,) and non- 
freezing water content (IV,,) of alginate films were investigated. 

2. Experimental 

2.1. Sample preparation 

Sodium alginate (NaAlg) was commercially obtained from Wako Chemicals Co. Ltd. 
Molecular weight (Mw) was about 95 000, the degree of polymerization (DP) was about 
480, and M/G ratio was from 1.0 to 1.2. Water insoluble alginate films with various 
cations were prepared by the following method. (1) NaAlg powder was dissolved in wa- 
ter with concentration ranging from 1 to 20 wt.%. (2) Aqueous solutions of NaAlg were 
cast on glass plates and dried at room temperature. Thus, NaAlg films were prepared. (3) 
NaAlg films were immersed in aqueous solutions of various metal chlorides, such as 
FeCl,, CaCl,, CuC12, FeCl, and AlCls (concentration l-4%). (4) The films having vari- 
ous degrees of substitution (DS) were prepared by controlling the time for ion exchange 
(immersing time in aqueous metal chloride solutions). (5) The films obtained were dried 
in an air oven at 120°C for 30 min. The thickness of the alginate films was from ca. 0.04 
to 0.10 mm. 

2.2. Measurement 

The solubility of the alginate films after ion exchange was tested by observing the film 
in water for a certain time at room temperature. 

DS of the samples was calculated from the concentration of metal ion in the sample. 
The concentration of metal ions in the sample was measured using an atomic absorption 
spectrometer (Polarized Zeeman Atomic Absorption Spectrophotometer, Hitachi 180- 
80). A certain amount of each sample was weighed and dissolved in concentrated sulfuric 
acid. A certain amount of water was added to the sulfuric acid solution with the sample in 
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order to obtain a 10 ppm solution and then this dilute solution was measured. The com- 
mercial standard solutions of Fe2+ and Cu2+ were used to obtain calibration curves. 

Thermal properties of the films in the dry and wet states were measured using a dif- 
ferential scanning calorimeter (DSC, Seiko Instruments Inc., DSC-220C). The sample 
films of 4 mm diameter were packed in an aluminum open vessel. Sample weight was 
about 10 mg. Samples were annealed at 120°C in a DSC sample holder for 10 min. After 
cooling to room temperature, the sample was immediately heated at 10°C min-t until 
140°C. The exotherm attributed to decomposition of the dry sample started from about 
16O’C [ 1 I]. A second heating was carried out after quenching from 140°C to room tem- 
perature in order to avoid the effect of residual moisture in the sample. The second run 
was used for analysis. Ts was defined as the cross point of the baseline and transition line 
of the glassy and rubbery regions, according to the method reported previously [ 11,121. 
ACP was defined as the difference between the Cr’s of the glassy and rubbery states of 
the sample [11,12]. 

The C,, of the samples in the dry state was measured by the method of JIS K7123 [ 131. 
A sapphire disk of about 10 mg was used as a standard material of the Cr,. The J g-l deg-t 
was used as the unit of Cr, instead of J mol-’ deg-t, since the maximum calculation error 
caused by the difference in molecular weight of the samples having different DS, was 
7.1% in the case of Al ions. The non-freezing water sorbed on the alginate film was de- 
termined by the method reported previously [14-161. Water content (WC) was defined 
according to 

WC = weight of sorbed water/weight of the dry sample (g/g) (1) 

3. Results and discussion 

3.1. Alginate films in the dry state 

Fig. 1 shows the relationship between the degree of substitution (DS) of alginate 
samples and replacement time of Fe2+ and Fe3+. In the case of Fe3+, DS slowly increased 
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Fig. 1. The relationship between DS of the alginate samples and replacement time of Fe2+ and Fe3+ ions 
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Fig. 2. DSC curves of alginate films with various cations. 

with increasing replacement time until about 30 min, then quickly increased until about 
60 min and finally become saturated at 1 .O of DS. The rate of ion exchange of Fe2+ was 
higher than that of Fe3+. This fact suggests that the two-dimensional crosslinking between 
alginate molecules was easily formed compared with three-dimensional crosslinking. The 
ion exchange was carried out in a similar manner in other di- or trivalent cation solutions. 
The solubility of the films in water was tested. The solubility decreased with increasing 
replacement time. 
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Fig. 3. DSC curves of alginate films with various replacement times in the case of Cu2+ ion. 
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Fig. 2 shows DSC curves of alginate films in the dry state with various cations. The 
glass transition temperature (T,) of alginate films was observed as a step-like change in 
the baseline as shown in this figure. Glass transition was confirmed by heating rate de- 
pendency. Main chain motion was also confirmed by dynamic mechanical analysis 
(DMA) [17]. The tan 6 peak attributed to the molecular enhancement of the main chain 
was observed at about 120°C and the activation energy of the peak was about 350-450 kJ 
mol-‘. The Ts’s of these films were observed at about lOO-130°C by DSC and the tem- 
perature decreased in the order A13+ > Ca2+ > Fe*+ > Cu2+ > Na+. The main chain motion 
is restricted by crosslinkings caused by di- or trivalent cations and also the structural dif- 
ference of the crosslinking zone may affect the above difference in Ts values. 

Fig. 3 shows DSC curves of alginate films with various DSs which are calculated from 
the results of atomic absorption spectrometry. It was found that 2’s increased with increas- 
ing DSs, that is, the increase in numbers of crosslinking between alginate molecules de- 
pressed the main chain motion. 

Fig. 4 shows the relationship between Ts’s (Fig. 4A) and ACP (Fig. 4B) of alginate 
films with various cations and replacement times. 7’s of NaAlg was 95.3”C. Ts’s of algi- 
nates gradually increased with increasing replacement time until 30 min and then leveled 
off. T, increase was about 10°C from 95.3”C at time = 0 to 105.7”C at 30 min. The ACr 
is evaluated as the C,, difference between the glassy and the rubbery states of the sample. 
The ACp decreased with increasing replacement time. As shown in Fig. 2, CP’s of the 
glassy state of the samples are similar. In contrast, Cr, of the rubbery state is influenced 
by the DS and species of cations. It is appropriate to consider that CP of the rubbery state 
decreased with increasing replacement time. The AC, decrease shown in Fig. 4B is 
mainly attributed to the decrease of CP in the rubbery state. 
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Fig. 4. The relationships between T, (A) and A$ (B) of alginate films with various cations and replacement 
times. 
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Fig. 5. The Cp’s of alginate films in the glassy state replaced by Fe2’ (A) and Fe3+ (B) for various replace- 
ment times. 

Fig. 5 shows the Cr’s of alginate films in the dry state replaced by Fez+ (Fig. 5A) and 
Fe3+ (Fig. 5B) for various replacement times. CP in a temperature ranging from 0 to 50°C 
linearly increased with increasing temperature. The tendency of a decrease in the slope of 
the CP lines was clearly observed in the alginates highly substituted by various cations, 
and also the temperature dependence of the CP’s decreased with increasing DS. It is re- 
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Fig. 6. The relationships between Cp’s of alginate films and DS. In the case of AIAlg, the relationship between 
C, and replacement time, instead of DS, is shown in the figure. 
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ported that CP values of polymers are affected by the higher order structure, such as 
regularity of molecular arrangement [ 181. Accordingly it is considered that the variation 
appearing in Fig. 5 is attributable to the change in the higher order structure of molecular 
aggregation of alginic molecules moving cooperatively with associated ions. 

Fig. 6 shows the relationship between the Cp’s of alginate films in the dry state and 
DS. In the case of AlAlg film, the relationship between CP and replacement time, instead 
of DS, is shown in the figure, since the DS measurement of AlAlg was difficult to 
achieve using atomic absorption spectrometry. The CP curves show peaks at about 0.15 
0.25 and then gradually decrease. The peak observed at around DS = 0.1-0.3 strongly 
suggests that molecular chains take a more random structure when Na ions are partly 
exchanged. As shown in Fig. 6, when the ion exchange is completed, CP decreases sug- 
gesting that a tightly arranged molecular structure is established. 

3.2. Alginate films in the wet state 

Fig. 7 shows the DSC curves of the NaAlg-water system (Fig. 7A) with a water con- 
tent (W,) of 0.84, 0.91 and 1.79. DSC curves of the FeAlg(Fe3+)-water system (Fig. 7B) 
with various WC’s are also shown. We have reported that there are three kinds of sorbed 
water in hydrophilic polymers such as cellulose [ 15,19,20], polyelectrolytes [21,22] and 
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Fig. 7. DSC heating and cooling curves of NaAlg-water (A) and FeAlg-water (B) systems with various WC. 
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Fig. 8. The relationship between W,f of alginate films with various cations and WC 

various polysaccharides [23,24]. The bound water content was defined as the sum of 
non-freezing water (W,,r) and freezable bound water content. It was also reported that 
bound water molecules are strongly restricted by hydrophilic groups and/or networks of 
higher order structure of the polymers. In the alginate-water systems, freezable bound 
water was not observed as shown in these figures. Therefore, Wnf was calculated. 

Fig. 8 shows the relationship between Wnf of alginate films having various cations and 
WC. W,, increased until about 0.5 of WC and then gradually leveled off to a certain 
amount. The amount of W,,, depended on the kind of cations. Wnf decreased in the order 
of Na+ > Cu2+ > Al 3+ > Fe3+. 

Table 1 shows the ionic radius of cations and Wnf of alginate films with various DS. 
Wnf of NaAlg was about 0.823 at WC of 1.5. When Na ions are replaced by di- or trivalent 

Table 1 

Ionic radius of cations and W,f of alginate films with various DS 

Ion Ionic 
radius/A 

DS Wc W”f 

Na+ 1.16 0.00 1 so 0.823 
cu2+ 0.87 0.30 1.32 0.989 

0.93 1.25 0.717 
Fez+ 0.75 0.31 1.54 0.982 

0.86 1.43 0.735 
Fe3+ 0.69 0.15 1.38 0.610 

1.00 1.41 0.503 
A13+ 0.67 _ 1.26 0.934 

_ 1.66 0.667 
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Fig. 9. The relationships between Tp’ ACp and ionic radius (A), the relationship between Cp and ionic radius 
(B) and the relationship between W,f and ionic radius (C) of the cations. 

cations, Wnf values of alginates with small DS were higher than that of NaAlg. However, 
Wnf values of alginates with large DS were lower than that of NaAlg, as shown in the 
table. This suggests that the molecular arrangement of alginate gradually changes by the 
formation of crosslinking during ion exchange. 

3.3. Effect of ionic radius 

Fig. 9 shows the relationships between Tg, AC, and ionic radius (Fig. 9A), the rela- 
tionship between CP of alginate films at 25°C and ionic radius (Fig. 9B) and the relation- 
ship between W,, of alginate films and ionic radius (Fig. 9C) of the cations. Tg decreased, 
and ACP increased with increasing ionic radius. CP and Wnf also increased with increasing 
ionic radius of cations. These results show that crosslinkings are tightly formed between 
alginate molecules by cations with short ionic radius. 

A B C 

NaAlg 
CuAlg 

Fig. 10. The schematic illustration of the molecular arrangement of alginate subjected to the controlling ion 
exchange. 
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Fig. 10 shows a schematic illustration of the molecular arrangement of the alginates 
subjected to controlled ion exchange. Exchange from NaAlg to CuAlg is shown as an 
example. From the results of 7’s, CP and Wnf of NaAlg, it is reasonable to consider that the 
NaAlg takes a more random structure than those of alginates substituted with di- and 
trivalent cations (Fig. 10A). When Na ions are partly substituted with Cu ions, NaAlg 
molecules have a more bulky arrangement (Fig. 10B). The peak observed in the relation- 
ship between CP and DS (Fig. 6) is well explained by this structure. When the crosslink- 
ing is fully established, a tightly arranged structure as shown in Fig. 1OC is organized. 
Variation of Wnf values can also be explained when the above structure is assumed. As 
shown in Fig. 9, when the ionic radius is small, the structure shown in Fig. lOC, becomes 
tighter; Cr, and W,,, values decrease and Ts increases. 

4. Conclusion 

The following conclusions are obtained from the above results. Water insoluble algi- 
nate films are prepared by replacing Na ions with di- and trivalent cations except for 
Mg2+ ions. The Tg of alginate films having various cations decreased in the order 
A13+ > Ca2+ > Fez+ > Cu2+ > Na+. The Cr, of the alginate films in the glassy state showed 
a maximum peak in the low DS region and then decreased. The CP’s of alginate films 
replaced by various cations decreased in the order of Na+ > Fez+ > Fe3+ > Cu2+ > A13+. 
The Wnf decreased in the order of Na+ > Fez+ > Cu2+ > A13+ > Fe3+. The values of Tg, Cp 
and W,, of alginate films depend strongly on the ionic radius of the cations. 

References 

[ll 

PI 

[31 
[41 
151 
I61 
171 

PI 

r91 

E.D.T. Atkins, I.A. Nieduszynski, W. Mackie, K.D. Parker and E.E. Smolko, Biopolymer, 12 (1973) 
1865. 
E.D.T. Atkins, LA. Nieduszynski, W. Mackie, K.D. Parker and E.E. Smolko, Biopolymer, 12 (1973) 
1879. 
A. Haug, B. Larsen and 0. Smidsrod, Acta Chem. Stand., 21 (1967) 691. 
D.A. Rees and E.J. Welsh, Angew. Chem., Int. Ed. Engl., 16 (1977) 214. 
D.A. Rees, Adv. Carbohydr. Chem. Biochem., 24 (1969) 267. 
K. Nakamura, T. Hatakeyama and H. Hatakeyama, Polymer J., 23 (1991) 253. 
K. Nakamura, T. Hatakeyama and H. Hatakeyama, Sen-I Gakkaishi (J. Sot. Fiber Sci. Technol. Jpn.), 
47 (1991) 421. 
K. Nakamura, T. Hatakeyama and H. Hatakeyama, in J.F. Kennedy et al. (Eds.), Cellulosics: Chemical, 
Biochemical and Material Aspects, Ellis Horwood, Chichester, 1987, p. 243. 
K. Nakamura, T. Hatakeyama and H. Hatakeyama, in J.F. Kennedy et al. (Eds.), Wood and Cellulosics, 
Ellis Horwood, Chichester, 1987, Chap. 10, p. 97. 
T. Hatakeyama, H. Hatakeyama and K. Nakamura, Thermochim. Acta, in press. 
T. Hatakeyama and F.X. Quinn, in Thermal Analysis, Wiley, Chichester, 1994, p. 66. 
S. Nakamura, M. Todoki, K. Nakamura and T. Hatakeyama, Thermochim. Acta, 136 (1988) 163. 
T. Hatakeyama and H. Kanetsuna, Thermochim. Acta, 146 (1989) 311. 
T. Hatakeyama, K. Nakamura and H. Hatakeyama, Thermochim. Acta, 123 (1988)153. 
K. Nakamura, T. Hatakeyama and H. Hatakeyama, Text. Res. J., 51 (1981) 607. 
T. Hatakeyama, K. Nakamura and H. Hatakeyama, Netsusokutei (J. Sot. Thermal Anal. Calorimetry, 
Jpn.), 6 (1979) 50. 



t171 

[ISI 
[191 
[201 
I211 
[221 
[231 

1241 

K. Nakamura et al. / Thermochimica Acta 267 (I 995) 343-353 353 

K. Nakamura, Y. Nishimura, T. Hatakeyama and H. Hatakeyama, Proc. Int. Symp. Fiber Sci. Technol., 
1994, p. 282. 
A. Xenopoulos and B. Wunderlich, Colloid Polym. Sci., 269 (1991) 375. 
K. Nakamura, T. Hatakeyama and H. Hatakeyama, Polymer, 24 (1983) 871. 
K. Nakamura, T. Hatakeyama and H. Hatakeyama, Polym. J., 18 (1986) 219. 
T. Hatakeyama, K. Nakamura, H. Yoshida and H. Hatakeyama, Food Hydrocolloid, 3 (1989) 301, 
T. Hatakeyama, K. Nakamura, H. Yoshida and H. Hatakeyama, Thermochim. Acta, 88 (1985) 223. 
T. Hatakeyama, N. Bahar and H. Hatakeyama, Sen-1 Gakkaishi (J. Sot. Fiber Sci. Technol. Jpn.), 47 
(1991) 417. 
H. Yoshida, T. Hatakeyama, K. Nakamura and H. Hatakeyama, Polym. J., 46 (1989) 597. 


