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Abstract
In the present paper, the results of rheological measurements in solutions of chitosan (Ch) with 
partially hydrolyzed polyacrylamide (HPAM) are presented. Aqueous acetic acid, lactic acid and 
aqueous acetic acid/NaCl were used as solvents for chitosan, HPAM and Ch/HPAM solution 
blends. The criterion of miscibility of solution blends, based on the additivity rule of apparent 
shear viscosity (ηa) has been discussed. The rheological parameters from power law (Ostwald 
de Waele model) and activation energy of viscous flow (Ea) have been calculated from the flow 
curves and Arrhenius plots, respectively. It was found that studied polymer solutions exhibited 
the non-Newtonian behaviour with shear-thinning and/or shear-thickening areas. The final result 
depends on the thermodynamic goodness of the solvent and on the blend composition.
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1. Introduction 
Natural and synthetic high molecular weight compounds are used as thickening 

agents in paper industry, cosmetics, food processing etc. Partially hydrolyzed polyacryla-
mide (HPAM) is a synthetic, water-soluble polymer, showing unique shear-thickening 
properties [1]. HPAM is a copolymer of acrylamide and sodium acrylate. The degree of 
hydrolysis is defined as the number Y of carboxyl residues (COO¯ ) replacing the amide 
groups (CONH2) X over total number of the macromolecular residues Y/(X+Y). HPAM is 
an anionic polyelectrolyte, and in aqueous solution, the electrostatic interactions are weak-
ly screened, hence, the polyelectrolytic effect of HPAM is observed. Chitosan has unique 
properties including bioactivity, biocompatibility and biodegradability favorable for a broad 
variety of its industrial applications. Chitosan is readily soluble in dilute inorganic and or-
ganic acids. In an aqueous acid medium, the amine group of chitosan is easily protonated, 
and the polymer behaves like cationic polyelectrolyte [2].

The aim of this study was to evaluate the miscibility of blends of hydrophilic high 
molecular weight compounds.  

2. Materials and methods 
2.1 Materials 

Aqueous acetic acid, lactic acid and aqueous  acetic acid/NaCl were used as sol-
vents for chitosan, HPAM and Ch/HPAM solution blends. The investigated blend sys-
tem contained partially hydrolyzed polyacrylamide (HPAM) (degree of hydrolysis 
DH = 1%, Mv = 5×106 g/mol) with chitosan (Ch) (degree of deacetylation DD = 81%,  
Mv =  5.7×105 g/mol). Chitosan and HPAM were solubilized separately in 0.1 M aqueous 
acid and 0.1 M aqueous acetic acid/0.2 M NaCl. Ternary solutions for each system were pre-
pared by mixing the appropriate quantity of polymer solutions in the weight rations wA:wB 
of 0.2:0.8, 0.5:0.5 etc. The obtained solutions were transparent and stable, as the reproduc-
ibility of the flow curves was very high. 

2.2 Methods
Flow measurements were carried out using a rotary viscometer Bohlin Visco 88 with 

concentric cylinder at different temperatures (25 - 40 °C) and shear rates (20 - 1230 s-1).

2.3 Data analysis
Flow properties of the used Ch, HPAM and their blend solutions obey the power law 

relationship of the Ostwald de Waele model [1-6]:

         τ  = k γ
.
 n       and   η  =  τ/γ

.
  = k γ

.
 n-1                                           (1)

where τ is shear stress, γ
.
 is shear rate, η is shear viscosity, n and k are constants, knows as 

the non – Newtonian index and the consistency index, respectively. From the equation it 
follows that if n is unity, then k is identical to η and Equation 1 appears as Newton’s law. 
The rheological parameters n and k derived from the curve logarithm shear stress versus 
logarithm shear rate. The value of n < 1 indicates the shear-thinning effect, and the value of 
n > 1 implies the shear-thickening behaviour. 
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Activation energy of viscous flow (Ea) was calculated with Arrhenius equation [1,5]:

            ηa  =  Ao exp (Ea/RT)                                                (2)

where Ao is a preexponential parameter and Ea is the activation energy of viscous flow.

3. Results and discussion
The criterion of miscibility of solution blends [3 - 6], based on the additivity rule 

of apparent shear viscosity (ηa) has been discussed. The viscosity curves for solutions of 
Ch in different aqueous solvent are presented in Figure 1. The solutions behave as non-
Newtonian fluids. The lower viscosity for chitosan in 0.1 M CH3COOH/0.2 NaCl can mean 
a better screening of the charges than in the formation aqueous acid.  

In the case of HPAM solutions (Figure 2), no significant difference of viscosity was 
observed among the solvent used.  

Figure 1. Apparent shear viscosity versus shear rate of 1% chitosan solution, T = 298K, solvent: 
□ - 0.1 M CH3COOH, ◊ - 0.1 M CH3COOH/0.2 NaCl, ∆ - 0.1 M  CH3CH(OH)COOH.

Figure 2. Apparent shear viscosity versus shear rate of 1% HPAM solution, T = 298 K,  solvent: 
□ - water, ◊ - 0.1 M CH3COOH/0.2 NaCl, ∆ - 0.1M CH3COOH.
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 Figures 3 and 4 shows the logarithm of apparent shear viscosity (log ηa) investigat-
ed blends versus weight fraction of Ch (wCh) in different solvents. The positive deviations 
from the additivity rule have been observed in all cases. The deviations of log ηa decrease 
with the increase of the temperature. In Figure 4, it is observed that the mixtures in 0.1M 
CH3COOH presented larger relative viscosities than would be expected by the contribution 
of each homopolymer. This synergy could be explained by the electrostatic interactions be-
tween the cationic chitosan and the partially anionic polyacrylamide molecules. 

The shear dependence of the viscosity was analyzed by using either the well-know 
power law relationship (Equation 1) [1, 4]. The obtained values of rheological parameters 

Figure 3. Logarithm of apparent shear viscosity of Ch and HPAM and their blends versus weight 
fraction of Ch in the blend; T = 298 K, solvent: 0.1M CH3COOH/0.2NaCl, dotted line - the val-
ues calculated according to the additivity rule.

Figure 4. Logarithm of apparent shear viscosity of Ch and HPAM and their blends versus weight 
fraction of Ch in the blend; T = 298 K, solvent: 0.1 M CH3COOH, dotted line - the values calcu-
lated according to the additivity rule.
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are listed in Table 1. As shown, the n values are less than 1 indicating the shear-thinning be-
havior. In the case of Ch solution in aqueous acetic acid, the n value is higher than 1, which 
indicates shear-thickening behaviour. 

Table 2 presents the change of the activation energy of viscous flow of Ch/HPAM 
blends of various weight fractions of chitosan. The values of Ea, were calculated using 
Equation 2. The solution of chitosan in 0.1 M CH3COOH is characterized by higher value 
of Ea than the solution of HPAM. The highest Ea value is obtained for 80/20 Ch/HPAM 
blend. Moreover, for the blend in 0.1 M CH3COOH/0.2 NaCl, the activation energy is high-
er than that individual polymers at a given shear rate. 

4. Conclusions 
1.	 The solutions of chitosan and HPAM samples as well as their solution blends behave as 

non-Newtonian fluids (Figures 1 & 2). 
2.	 Apparent shear viscosity of chitosan chains depends on their  conformation (Figure 1). 

In aqueous acid solvent (this is the limit of low ionic strength), the electrostatic interac-
tions are weekly screened and the polyelectrolyte effect of chitosan is observed. 

Table 2. Activation energy of viscous flow of Ch, HPAM and their blends at γ = 1130 s-1.

Solvent wCh Ea, kJ/mol R2

0.1 M CH3COOH/0.2 M NaCl

0.0 10.80 0.997
0.2 12.01 1.000
0.5 14.56 0.999
0.8 11.90 0.992
1.0   9.08  0.880

0.1 M CH3COOH

0.0 11.49 0.998
0.2 11.89 0.992
0.5 16.00 1.000
0.8 21.59 1.000
1.0 23.33 1.000

Table 1. Values of rheological parameters of Ch, HPAM and their blends at 298 K.

Solvent wCh n k R2

0.1 MCH3COOH/0.2 NaCl

0.0 0.72 0.15 0.999
0.2 0.76  0.12 0.999
0.5 0.86 5.62×10-2 0.998
0.8 0.94 2.87×10-2 0.992
1.0 0.92 2.26×10-2  0.980

0.1 M CH3COOH

0.0 0.73 0.14 0.998
0.2 0.74 0.17 0.998
0.5 0.71 0.21 0.990
0.8 1.04 1.99×10-2 0.993
1.0 1.14 8.07×10-3 0.993
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3.	 The n values are less than 1, indicating the pseudoplastic behavior of HPAM, Ch and 
their blends (Table 1). In the case of Ch solution in aqueous acetic acid, the n value is 
higher than 1, which indicates shear-thickening behaviour.

4.	 The highest Ea value is obtained for chitosan solution in aqueous acetic acid. Ea of the 
solution blends is higher than that of the individual component solutions in aqueous  
0.1 M CH3COOH/0.2 M NaCl (Table 2). This indicates on some interactions between 
the polymer components in the solution blends. 
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