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ABSTRACT 
 

This chapter focuses on an investigation of various counterions effect on viscoleastic 

behavior of sodium carboxymethylcellulose (Na-CMC) in aqueous solutions. Besides, the 

influence of the polymer concentration is also discussed.The concentration series of Na-

CMC aqueous solutions with the presence of Na+, Ca2+ and Al3+ ions in different molar 

ratios to the polymer were investigated by means of oscillatory measurements.The 

viscoelastic properties were discussed particularly in terms of the complex modulus (G) 

and the loss angle (). Two opposite effects were observed; a slight reinforcement of the 

elasticity and the overall mechanical resistance as the concentration of the Na-CMC 

increased on one side, and a profound decrease in , in the presence of Ca2+counterions 

even at low CMC concentrations on the other. The former phenomenon is attributed to 

mainly polymer chains mutual interactions and their entanglements, while the latter is 

assumed to be due to intramolecular crosslinking of the polymer carboxyl groups with 

bivalent Ca2+ ions. The crucial factor for switching from one phenomenon to another is 

the molar ratio between Ca2+ ions and COO– groups, which begins at the ratio higher than 

approximately 1:1.6. The effect of Al3+ ions was observed to be even more remarkable. 
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INTRODUCTION 
 

The Sodium salt of carboxymethylcellulose (Na-CMC) is a linear unbranched 

polysaccharide (figure 1), a derivative of ubiquitous natural polysaccharide cellulose 00. The 

conversion of cellulose into its carboxymethyl form, i.e., carboxymethylation, is achieved 

with alkali hydroxide, mostly sodium hydroxide, which activates the polysaccharide and then 

is converted with monochloracetic acid or its sodium salt according to the Williamson ether 

synthesis yielding carboxymethylcellulose 00. The average values of substitution degree (DS) 

vary usually from 0.4 to 1.4, or 1.5 respectively 00, as the theoretical DS value of 3 cannot be 

achieved. To achieve a higher DS, i.e., 2.32 or even 2.63, different methods, such as multi-

step carboxymethylation must be utilized. The carboxymethyl (CM) moieties can be found at 

positions 2, 3, and 6 and their distribution may differ between different polymer chains 0. 

Since Na-CMC has polyelectrolytic character 0 due to the presence of carboxylic groups, 

its solution behavior is strongly dependent on the ionic strength, pH and the quality of a 

solvent. For instance, the interaction of the carboxylic groups of CMC with added Na
+
 ions 

leads to a contraction of the polymer hydrodynamic volume, and thus to a decrease in the 

solution viscosity 0. On the other hand, the interaction of the carboxylic groups with 

multivalent metal ions, e.g., Al
3+

, can be used to form so-called ionotropic gels, which are 

predominantly stabilized by the electrostatic interactions. In addition, interactions between the 

OH groups of the polymer and the metal ions contribute to the stability and water insolubility 

of these polymeric aggregates. An interesting area of application of such gels is cell 

immobilization and the controlled release of bioactive compounds such as drugs 00. 

This current paper reports the investigation of the viscoelastic behavior of Na-CMC 

solutions based on polymers with a molar mass 700 000 g.mol
-1

, DS 0.9, and in the 

concentration range spanned from 0.25 to 2% w/w in the presence of Na
+
, Ca

2+
, or Al

3+
 ions 

at alternating molar ratios of ions/Na-CMC, or ions/COO
-
, respectively. Small deformation 

oscillatory measurements were applied to probe the gel-like or gel behavior of these samples, 

which is a nondestructive method for testing weak gel or gel structures 00. The purpose was 

to examine the interaction of Na-CMC with metal ions of different valencies by means of 

dynamic oscillatory tests and find out when gel-like behavior or gelation occurs and what 

aspects affect this phenomenon. 

 

 

EXPERIMENTAL 
 

Materials 
 

The sodium salt of carboxymethylcellulose of molecular weight, Mw = 7 × 10
5
 gmol

-1
 

and degree of substitution, DS = 0.9, was purchased from Sigma Aldrich. The degree of 

substitution represents the molar ratio of carboxymethyl groups per one structure unit of the 

polymer. Low molecular salts, i.e., NaCl, CaCl2 and AlCl3 of high purity were provided by 

Merci (NaCl) and LachNer. 
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Preparation of Solutions and Samples 
 

The aqueous Na-CMC solutions in the range of the concentrations from 0.25% w/w to 

2% w/w were prepared by step-by-step addition of a certain weight of the dry polymer into 

certain amount of distilled water during moderate magnetic stirring and at ambient 

temperature. The samples were stirred for 24 hours at ambient temperature. In the case of the 

salt-containing solutions, certain amounts of pre-prepared salt solution (NaCl, CaCl2, and 

AlCl3) in distilled water were added into the CMC solutions, so that the ionic strength was 

adjusted either to a constant value of 0.1 M, or to desired values of the ionic strength for the 

study of the influence of the added counterions content. The samples were again left 

moderately agitated for 24 hours. 

 

 

Dynamic Rheological Measurements 
 

The dynamic rheological measurements were carried out by using AR-G2 rheometer (TA 

Instruments) at (25  0.1)°C. For the experiments with less elastic samples, geometries of 

cone-plate (C60 mm/1° and 40 mm/1°) were selected, whereas for highly elastic samples the 

geometry of plate-plate system (PP25 mm) was utilized and the geometry gap was adjusted 

between 500 and 700 µm. The Na-CMC samples were gently loaded onto the bottom Peltier 

plate using a spatula and a spoon, then were gently compressed by the descending head of the 

rheometer and the excess of the samples was carefully trimmed out of the geometry surface. 

To reduce solvent evaporation, a solvent-trap system was utilized. Prior to the measurement, 

the sample was being equilibrated at the measuring conditions and relaxed for at least 5 min. 

When the equilibration had been finished, the strain sweep tests were firstly run, in order 

to determine the linear viscoelastic region (LVE) of the sample and suitable oscillatory 

amplitude for the frequency sweep tests. The strain sweep tests were performed at the 

oscillatory frequency of 1 Hz and within the strain amplitude from 0.1% to 100%. 

 

 

Figure 1. Structure formula of sodium salt of carboxymethylcellulose (Na-CMC) with labeled 

functional groups accessible for modification (carboxymethylation). 
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For the frequency tests, a freshly loaded sample was always used, and after the 

equilibration, submitted to oscillatory deformations of frequencies ranging from 20 Hz to 

0.01 Hz at the strain within LVE, which did not exceed the value of 1% (i.e., 0.01). 

 

 

RESULTS AND DISCUSSIONS 
 

The Na-CMC Concentration Influence 
 

Figure 2 demonstrates the mechanical properties of Na-CMC solutions as a function of 

the polymer concentration, both in the absence and the presence of the added low-molecular 

salts. As expected, the mechanical properties in terms of the complex modulus, G

, are 

reinforced as the CMC concentration increases (Figure 2a, b) due to more dense polymer 

“network” forming and more frequent mutual hydrodynamic interactions between the 

polymer chains. This is also consistent with continuous shear test observations; i.e., that at 

higher CMC concentrations a dramatic increase in shear resistance in terms of apparent 

viscosity and consistency was observed 0. The higher polymer content also exhibits a greater 

elasticity of the samples in terms of a decreasing loss angle delta (). Whereas the samples 

with the polymer content lower than 1.5% w/w behave more or less like viscoelastic solutions 

with a loss angle either higher than 45°, or decreasing below this value from a certain 

oscillatory frequency, the 2% w/w sample behaves somewhat different, namely in the absence 

of the added salt (Figure 2a). This sample exhibits the delta values firstly close to 45° at lower 

frequencies, which are subsequently decreasing below 45° from the frequency of 

approximately 2 rads
-1

. Thus, the sample shows a slightly dominant elastic behavior in a 

broad range of the frequencies studied. This trend is similar in the presence of 0.1 M NaCl 

solutions, even though they show also a greater elasticity than the 1 and 1.5% w/w CMC 

solutions. The sample containing 0.25% w/w of CMC is not shown due to its dominant 

liquid-like behavior. 

In the presence of Ca
2+

 ions of the same ionic strength, i.e., 0.1 M, (Figure 2c) the 

complex mechanical resistance of the samples in terms of G

 does not significantly alter from 

those prepared without salt; however, a sudden increase in G

 up to nearly two orders within 

the magnitude can be seen at low and middle frequencies for the samples containing less than 

2% w/w of the polymer, particularly for 0.25 and 0.5% w/w. Even more striking is the 

decreasing trend of the loss angle-frequency dependence of these samples that drops to values 

close to 10° at low and middle frequencies. This sudden drop in the loss angle reflects a 

strengthening of the elasticity upon the binding of Ca
2+

 ions into the polymer chain. 

Assuming from still relatively low G

 values, this binding seems to be rather intramolecular, 

i.e., within a single CMC chain, than intermolecular. Interestingly, the loss angle values for 

more concentrated samples ( 0.5% w/w) are higher than those for 0.25 and 0.5% w/w 

samples, particularly at lower and middle frequencies, i.e., they are less elastic. For 2% w/w 

sample, the value of delta at low frequencies appears to be even larger ( 40°); nevertheless it 

shows a decreasing trend from the oscillation frequency of approximately 3 rads
-1

. The effect 

of intramolecular crosslinking of the polymer chains is clearly strongly dependent on the 

molar ratio between the carboxylic groups of the polymer and Ca
2+

 ions, becoming less 

important for higher polymer concentrations. While the mechanical durability and increased 
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degree of elasticity for 2% w/w CMC is mainly due to the polymer chains entanglements. 

Thus the intermolecular interactions, for the samples of low Na-CMC content, the elasticity 

increase is induced mainly by intramolecular crosslinking by means of Ca
2+

. 

However, the values of G

 for such samples remain relatively low due to much weaker 

entanglements of the polymer chains. Moreover, the crosslinked structures seem to be delicate 

and frequency-sensitive as the loss angle begins to increase at middle and higher frequencies 

( app. 5 rads
-1

), which presumably cause some perturbations to the crosslinks. 

When AlCl3 is added into the Na-CMC solutions at the constant ionic strength of 0.1 M 

(Figure 2d), one can clearly observe a huge increase in the complex modulus even by several 

orders within the magnitude for all samples comparing to the salt-free samples. Furthermore, 

the samples with the lowest CMC concentration (0.25 and 0.5% w/w) exhibit surprisingly the 

largest values of G

 and thus mechanical resistance at all. The reason is mainly because upon 

the addition of Al
3+

 ions into the solutions with CMC concentration below 2% w/w a phase 

separation occurred. Therefore, these samples had to be separated from the solvent by a 

filtration through the 0.45 µm–pore filters, in order to facilitate the rheological measurements. 

Besides, the phase separation supports the assumption of intramolecular crosslinking of the 

Na-CMC chains by multivalent counterions leading to a formation of rigid particles. Thus in 

fact, swollen and crosslinked polymer particles obtained by the filtration of the above 

mentioned samples were subjected to the rheological measurements rather than the polymer 

solutions. Nevertheless, 2% w/w sample did not need to be filtrated as the phase separation 

did not occur. Despite this fact, the resulting G

 values of such a bulk gel were larger at least 

by two orders within the magnitude than those of the 2% w/w Na-CMC solution in the 

absence of salt. Generally, all these Al
3+

-containing samples displayed dominant elastic 

behavior, i.e.,   45°, and  values remained below app. 25° for the whole frequency range 

applied. The lowest  values were expressed by the samples containing extreme polymer 

concentrations on both sides, i.e., 0.25% w/w and 2% w/w (Figure 2d). This is ascribed to the 

strongest intramolecular crosslinking on one side (0.25% w/w sample) and more profound 

intermolecular entanglements on the other one, which both, however, lead toward increased 

elasticity, in spite of a different mechanism. 

 

 

The Ionic Strength Effect 
 

This influence was studied by adding a different amount of CaCl2 into the Na-CMC 

solutions of two different concentrations, i.e., 0.5% w/w and 1% w/w. The results were 

plotted in terms of the value of the loss angle,  , as a function of the Ca
2+

/COO
-
 molar ratio 

and the oscillation frequency (Figure 3). 

The results display the same trend as observed in the previous experiments for Figure 2c, 

d, i.e., the loss angle exhibits a drop well below 45° as the Ca
2+

/COO
-
 ratio increases, i.e., 

with higher Ca
2+

 ions content. This indicates a reinforcement of the existing intramolecular 

crosslinks resulting in a greater elasticity as a result of a binding of the bivalent ions into the 

polymer structure. The molar content of the carboxylic groups is only theoretical, calculated 

using the polymer molar mass (Mw = 7  10
5
 g.mol

-1
) and with a respect to the degree of 

substitution (DS = 0.9) and neglecting partial dissociation of CMC, as a weak polyelectrolyte, 

since its dissociation degree is unknown.  
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Figure 2. Dynamic rheological behavior of the Na-CMC samples as a function of the polymer 

concentration, a type of counterion, and oscillation frequency; a) represents the polymer solutions with 

no salt added, b) Na-CMC samples in the presence of NaCl, c) Na-CMC samples in the presence of 

CaCl2, and d) in the presence of AlCl3; The ionic strength in all salt-containing samples was 0.1 M. 

The drop in the value of the loss angle begins very soon; for 0.5% w/w Na-CMC, its 

value is very low already at the lowest Ca
2+

/COO
-
 ratio studied, i.e., 0.8. Larger difference 

can only be observed for higher oscillation frequencies (  10 rads
-1

; Figure 3a, c) that 

cause perturbation to the crosslinks, resulting in somewhat larger  values (30°). 

Interestingly, for 1% w/w CMC sample, the delta drop below 20° occurs at the Ca
2+

/COO
-
 

molar ratio between 1.6 and 2.4 (Figure 3b, c). Theoretically, the drop in the value of the loss 

angle should be expected at the same Ca
2+

/COO
-
 ratio regardless the polymer concentration; 

instead, the bivalent ions-carboxylic groups molar ratio is somewhat more than doubled for 

1% CMC content. The reason might be attributed to a lower degree of dissociation of the 

polymer at larger concentrations, or variation in the conformation of the polymer as the 

concentration is changed 0, or to stronger mutual interactions and entanglements between the 

polymer chains at higher concentration which oppose the intramolecular crosslinking. 

The oscillation frequency seems to have a disturbing effect on the samples with the 

lowest Ca
2+

 content (Figure 3a, b), resulting in a sudden increase in delta values to even 

above 45° for some samples at higher frequencies. This observation indicates that the 

crosslinks at lower Ca
2+

/COO
-
 ratios are not sufficiently strong to resist faster and more 

energetic oscillation deformations. Nevertheless, the crosslinks become stabilized from the 

Ca
2+

/COO
-
 ratios of approximately 3 for 0.5% w/w CMC, or 2.4 for 1% w/w CMC, 

respectively, and onwards. 
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Figure 3. Influence of the ionic strength on the Na-CMC samples viscoelasticity in terms of the loss 

angle () plotted against Ca
2+

/COO
-
 molar ratio as a function of the oscillation frequency; a) represents 

the results for 0.5% w/w Na-CMC, b) for 1% w/w, and c) is the comparison of 0.5 and 1% w/w Na-

CMC at frequency  = 1 rad.s
-1

. 

Despite very profound elasticity of the samples of higher Ca
2+

/COO
-
 ratio in terms of low 

 values, their mechanical properties characterized by the complex modulus (results not 

shown) remain rather moderate for both 0.5 and 1% w/w with the values spanning over 

approximately 0.4 to 15 Pa. This is obvious considering that particularly the polymer content 

is responsible for the total mechanical resistance due to long range mutual interactions 

between the polymer chains. Nevertheless, as more Ca
2+

 ions are added into the system, a 

moderate increase in G
*
, and thus the whole mechanical resistance, can be observed for the 

samples of both polymer concentrations. Their mechanical resistance, however, does not 

meaningfully alter from one to another.  
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CONCLUSION 
 

The interactions of solutions of sodium carboxymethylcellulose (Na-CMC) containing 

Na
+
, Ca

2+
 and Al

3+
 ions have been investigated in respect with the polymer concentration and 

the ionic strength by means of dynamic rheological measurements. The results have been 

compared with each other, and the influence of the valence state of the counterions, the ionic 

strength, and the polymer concentration have been discussed. 

The results have confirmed the trend in increased viscoelasticity of Na-CMC as its 

concentration is raised, revealing a liquid-to-solid-like transition at 2% w/w polymer 

concentration with no added salt. A similar trend has been also observed for the solutions 

containing 0.1 M NaCl but the liquid-to-solid-like transition has been observed already at 

1.5% w/w polymer concentration.  

The presence of Ca
2+

 counterions has revealed greater elasticity in terms of the drop in 

the loss angle, , well below 45° for the samples with the lowest polymer concentration, i.e., 

0.25 and 0.5% w/w. The loss angle values have been even considerably lower than for 2% 

w/w sample. The results refer an intramolecular crosslinking upon a binding of Ca
2+

 into the 

polymer chains. This phenomenon is greatly dependent on the Ca
2+

/COO
-
 molar ratio and the 

greater this ratio is, the greater the increase in elasticity as the crosslinks become more dense 

and stable. The polymer concentration also seems to have a role, resulting in later efficient 

intramolecular crosslinking which occurred at more than double Ca
2+

/COO
-
 ratio for 1% w/w 

sample in comparison to the 0.5% w/w one. Despite the enhanced elasticity, resulting from 

the intramolecular crosslinking of the Na-CMC chains, the mechanical resistance of such 

samples has remained relatively low or rather moderately supported, respectively. 

Addition of Al
3+

 ions has been even more striking inducing not only a decrease in the 

value of delta for all samples, but also a great enhancement of the complex modulus, thus 

reinforcing the complex mechanical resistance of all samples. Nonetheless, the samples of the 

polymer content lower than 2% w/w had to be filtered due to a phase separation, whereas the 

sample containing 2% w/w of Na-CMC formed one phase gel in the presence of Al
3+

 ions. 
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