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Synopsis 

An expression relating the viscosity of dextran solutions to polymer concentration (c), molecu- 
lar weight ( M ) ,  and temperature ( T )  has been derived from experimental data in the following 
ranges: 5 i c < 25% (wt/wt), 298.2 < T < 363.2 K, and 71,500 < M < 531,000 g/mol. The exper- 
imental work was based on capillary viscosimeters. Thermodynamic data (entropy and energy of 
activation for the viscous flow of a Newtonian fluid) are also presented as a function of polymer 
concentration for the three molecular weights studied. This thermodynamic analysis suggests that  
dextrans in aqueous solutions behave as flexible polymers. Application of our expression to 
existing viscosity data for ethylene/vinylacetate copolymers in paraffin has resulted in improved 
goodness of fit with respect t o  established correlations. 

INTRODUCTION 

The objective of this article is to develop a correlation, at  low shear rates, 
between viscosity and three key variables: temperature, concentration, and 
degree of polymerization. The system dextran/water was chosen as the basis 
for the experimental study from which the correlation is to be derived. 

There have been theoretical approaches to develop viscosity-concentration 
relationships. In particular, Kelley and Bueche,' followed Bueche's approach,2 
which considers a liquid as a structure having moving holes. Their equation, 
which holds only for polymeric solutions with marked chain entanglements, is 
the following: 

where: 

q:  viscosity of the solution, Pa . s 
p*: constant 
c: concentration, %wt of solution 
f :  free volume fraction 
cp: volume fraction 
1 ,2  refer to solvent and polymer, respectively 
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with: 
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where: 

fc: 
TG: glass transition temperature, K 
T: temperature, K 
a: 
L,  G 

free volume fraction at  temperature TG 

coefficient of thermal expansion, K - ’  
refer to liquid and glassy states, respectively 

Francesconi et aL3 have slightly modified the original Kelley and Bueche 
equation in order to obtain a general expression for both flexible and stiff 
chain polymers: 

where p‘, y’, and 6’ are constants and M is the molecular weight (g/mol). 
An equation which was first derived for describing the Newtonian viscosity 

of suspensions of rigid spheres and also applicable to the description of the 
Newtonian viscosity of polymers solutions is4: 

where: 

c,: 

77,: specific viscosity, ( 9  - qs) /vs  
qS: 
[ 771: intrinsic viscosity 

polymer concentration parameter, which corresponds to +,,, (maximum 
volume fraction at  which the polymers can aggregate) 

viscosity of solvent, Pa . s 

For concentrated polymer solutions, it has been empirically shown that the 
dependence of 17 upon T,  c, and M can be adequately described by a 
power-law function5. 6: 

where K ” ,  a”, p”, and q are constants for a given polymer-solvent system, c,  
is a critical concentration, and R is the universal gas constant. 

The parameter a” increases gradually with increasing c and approaches a 
characteristic value > 5 when the concentration is a t  and beyond a critical 
value c,, which is analogous to the critical molecular weight and which can be 
determined by the intersection of the two slopes7 in a representation of 
en(77sp/([771 * c - 1)) versus w77sp). 
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EXPERIMENTAL 

The dextrans were obtained from Sigma Co. (St. Louis, MO) (produced by 
Leuconostoc Mesenteroides, Strain no. B-512). Structural studies by Sloan 
et a1.' have shown the dextran produced by B-512 to contain 95% of (1 + 6)- 
linked units of a-D-anhydroglucopynose, and 5% of (1 --f 3)-linked units. 
The molecular weight of the dextrans used ranged from 71500 to 531,000 
g/mol. 

Dilute and concentrated solutions were prepared by shaking a weighed 
amount of the polymer together with the solvent in volumetric flasks. 

Capillary viscosimeters of the Canon-Fenske type were employed in the 
viscosity measurements. In our experimental conditions, no corrections were 
necessary for loss of kinetic energy. Viscosimeters were submerged in a stirred 
thermostatic bath ( 2 0.02OC). 

A cone-and-plate rheometer in steady-state fluid mode (Rheometric-System 
Four) was used only in order to establish the Newtonian behavior of dextran 
solutions, within the shear rates desired in the present study as will be shown 
later. 

A metallic pycnometer from Fisher Scientific Co., was used to evaluate 
solution densities. The nominal volume, V = 11.79 f 0.02 cm3, was deter- 
mined with glycerol which has a density equal to 1.25 g/cm3. The density of 
solutions depends only on polymer concentration: 

d = a,  + a , .  c + a 2 .  c2 + u 3 .  c3 (7) 

where d is the density of the solution, kg/m3. 

u3 = -3.36 x 

molecular weight of 531,000 g/mol. 

The empirically determined constants are: a ,  = 990, a,  = 1.83, a2 = 0.177, 

This equation is valid for aqueous solutions of glucose and dextrans up to a 
with r = 0.998 ( r :  regression coefficient). 

RESULTS AND DISCUSSION 

The dextran solutions behave as Newtonian fluids. As observed in Figure 1, 
the experimental viscosity values show no shear rate dependence for the 
highest molecular weight a t  different concentrations. The shear rate scanned 
with the rheometer covers adequately the range of Canon-Fenske viscosime- 
ten used. This Newtonian behavior can be explained by considering the high 
compactness of the dextran molecular chains, due to their extensive molecular 
branching. Wales et al.' found that the exponent of the Mark-Houwink 
equation should be a' = 0.675 for hypothetical linear dextrans. By means of 
intrinsic viscosity measurements, we obtained a' = 0.47. This suggests that 
the dextrans used are branched. 

The measured viscosities are shown in Table I. From these data, the 
temperature dependence of the viscosity can be evaluated by means of the 
Guzman-Andrade equation. The parameters A and E can be obtained (our 
investigation covered three molecular weights a t  concentrations from 1% to 
30%, in the temperature range comprised between 298.2 and 363.2 K) by 
plotting en, versus 1/T. The regression coefficients have been found to be 
better than 0.999. 
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SHEAR RATE, l/s 
Fig. 1. Profiles of viscosities as a function of shear rate a t  different concentrations for the 

dextran having a molecular weight of 531,000. 

Figure 2 shows that the pre-exponential factor increases with concentration 
and reaches a plateau at  high concentrations (c > 25%). The same behavior 
has been observed for the other molecular weights. This behavior can be 
explained as follows: when the solution has a high solute content, intermolecu- 
lar attractions and repulsions of solvated macromolecules become competitive, 
forcing the entropy of activation to reach an asymptotic value. In dilute 
solutions ( c  < 5%), solute molecules are less perturbed by the presence of 
other molecules, the net result being less hindrance of the transport process. 
This may explain the deviations observed a t  low solute concentrations with 
respect to the linear behavior a t  intermediate concentrations. 

From Figure 2 and analogous plots for the two other molecular weights, we 
have shown that for the dextran solutions at  concentrations comprised be- 
tween 5 and 25% the pre-exponential factor is a linear function of the 
concentration for each molecular weight: 

where: 

A: pre-exponential factor of the viscosity, Pa . s (Guzman-Andrade equa- 
tion) 

vo: pre-exponential factor a t  infinite dilution, Pa . s 
ao: constant for a given molecular weight, Pa . s . % - I  
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CONCENTRATION, % (wt/wt) 
Fig. 2. Profile of the pre-exponential factor as a function of the concentration for the dextran 

having a molecular weight of 249,000. (The straight line was fitted by linear regression for 5-258 
concentration range.) 

The parameter q, could not be correlated with M within the range of 
molecular weights considered and an average value is taken (q, = 3.30 X 
Pa . s). The parameter a,, which represents the variation of A with c for a 
given molecular weight, can be correlated as follows: 

a ,  = @, + 6 , .  M (9) 

with: 

@, = 3.19 X lop8 Pa . s * % - '  

6, = 1.33 X 

r = 0.998 

P a .  s . mol . g-' . % - '  

With the assumption (a/6) -, 1 in Eyring's theory, which means that the 
molecular jump from cage to hole has the same length as the distance between 
viscous layers, we can relate the pre-exponential factor to the activation 
entropy of viscous flow: 

where: 

NA: Avogadro number, 6.023 X molecule/mol 
h: Plank constant, 6.625 x J . s 

V,: 
AS: 

molar volume of the solution, m3/mol 
activation entropy of viscous flow, J/mol . K 



VISCOSITY OF DEXTRANS 2093 

By considering Eqs. (8) to (lo), the entropy of activation is therefore calcu- 
lated as follows: 

AS= - R . d n  ( F:.:') 

where: 

F ( c ,  M )  = A .  V, = ( 7 1 ,  + (a, + 0, .  M )  . C) . V, (12) 

The molar volume for a two-component solution can be calculated as follows: 

1 _ -  - lo3 . d .  
V m  

According to  Moore," the variations of A with M and c are quite different 
for the two types of polymer chains: 

Flexible chains: A = A,* + K ,  * M s  . c (14) 

(15) Stiff chains: A = A,+ . exp( - K ,  . M s  . c )  

where: 

A,* refers to the pure solvent 
K, ,  /3 depend on the polymer and the solvent 

An interpretation of these differences has been made in terms of the Eyring 
rate theory.".l2 For flexible chain polymers, A increases (i.e., AS decreases) 
with both concentration and molecular weight [Eq. (14)]. However, for stiff 
chain polymers, A S  increases with both concentration and molecular weight. 
In Figure 3 we have plotted the values of A S  derived from the experimental 
and calculated data versus polymer concentration. A decrease of AS with 
increase of both c and M is observed. Thus, the dextrans behave as flexible 
polymers in aqueous solutions. This finding agrees with our own studies on 
the flexibility index of dextrans in water.13 

The activation energy of viscous flow is also a linear function of the 
concentration for each molecular weight: 

where: 

E :  activation energy of viscous flow, J/mol (Guzman- Andrade equation) 
E,: activation energy of viscous flow at  infinite dilution, J/mol 
6,: constant for a given M ,  J . mol-' 1 X -' 

E,  cannot be correlated with M and we assume it to be constant within the 
molecular weight range considered, by taking an average value ( E ,  = 15.0 
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Fig. 3. Variation of the activation entropy of viscous flow with concentration for three 

different molecular weights. 

kJ/mol). The parameter S,, which takes into account the variation of E with 
c for each molecular weight, can be correlated as follows: 

with: 

a, = 0.138 

r = 0.993 

Therefore, the activation energy of viscous flow can be evaluated as follows: 

Figure 4 shows the variation of E with c for three different molecular weights, 
where a small variation of E with M is noticeable, especially for the highest 
molecular weights. However, the concentration is the overriding parameter 
affecting the activation energy. Therefore, the activation barrier increases 
with concentration. 

Katime and OchoaI4 found that the methyl isobutyl ketone is an athermal 
solvent for the poly(cyclohexy1 methacrylate) because E did not vary with 
either c and M. This is only true in the concentration range they worked 
(c  < 1%). For a wide concentration range (specially for c > c,) a variation of 
E with both c and M might be expected, by taking into consideration the 
increasing interactions between solvated macromolecules. 
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The complete expression relating 17 to c, M ,  and T is as follows: 

E ,  + c,, . Maw. c ( R . T  17 = (17, + (a, + e, . M )  1 c) . exp 

Figure 5 illustrates the viscosity curves obtained by the application of the 
correlation found. Each diagram (at a given average molecular weight of 
dextran) shows the variation of the viscosity with the concentration a t  three 
different temperatures. 

The goodness of fit can be estimated by the following error equation: 

where N is the number of experimental points. 
When the experimental viscosity data of dextran solutions are compared to 

the theoretical ones, the variance Aq takes values comprised between 0.05 and 
0.17. 

Equation (19) has been applied to the viscosity data of Francesconi et aL3 
which is based on solutions of ethylene/vinylacetate copolymers in paraffin. 
By use of successive linear regression of their data the following parameters of 
Eq. (19) were obtained for this nonaqueous system: 

cp, = 8, = 0 

17, = 1.2 x 

E, = 16.7 kJ . mol-' 

c v  = 1.67 x 
a, = 1.07 

P a .  s 

J . mo1°.07 - S-' . g-'" 
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Fig. 5. Viscosity profiles as a function of the concentration at three different temperatures 
(dextran molecular weights: (5a) M = 71,500, (5b) M = 249,000, (5c) M = 531,000). 
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It is significant to notice that A ,  the pre-exponential factor, is independent of 
concentration and molecular weight for this system and within the range of 
variables considered. This means that the activation entropy must vary very 
little with either concentration or molecular weight. This is quite different 
than in the case of dextrans where both variables influence the value of A .  

The goodness of fit of different viscosity correlations using Francesconi 
e t  al.3 data are the following: 

Correlation Mathematical expression AT range 

Kelley and Bueche' Eqs. (1X (21, (3) 1.5-2.2 
Francesconi et al? Eqs. (4), (I), (2) 0.14-0.29 
Onogi et aI.5 Eq. (6) 0.52-0.62 

0.06-0.15 This work Eq. (19) 

When the parameters f l  and f, are adjusted mathematically via linear 
regression rather than calculated from theoretical principles, the goodness of 
fit is improved, and Aq compares well with our own correlation. 

A final point of our discussion concerns the flexibility of the polymer chains 
in solution. According to Moore," the dependence of the activation energy 
with concentration can be expressed as: 

where E,* is the activation energy of the solvent and K ,  is a parameter 
related to polymer flexibility and independent of concentration. 

By comparing Eqs. (18) and (21), the constant related to the chain flexibility 
is therefore evaluated as follows: 

Our findings suggest that K ,  is not an important function of molecular 
weight for the ethylene/vinylacetate copolymers since a,, = 1.07 whereas K ,  
is a strong function of M for the dextrans since 8, = 0.138. The experimental 
values obtained indicate that ethylene/vinylacetate copolymer is not clearly 
identified as a flexible molecule since K ,  = 5 x lop3 J . dL/g2 lies between 
Moore's Criteria'O of K ,  > lo-' for stiff molecules and that of K ,  < for 
fully flexible molecules. 

CONCLUSIONS 

From the experimental data and using basic viscosity relationships, we have 
shown that the viscosity of dextrans solutions can be explicitly expressed as a 
single function of polymer concentration, average molecular weight and tem- 
perature. This correlation is shear rate independent within the range 10 to 
lo00 s-' because of the Newtonian behavior of dextran solutions. Thus, 
capillary viscosimeters which are characteristic of these shear rates can be 
easily used for viscosity measurements. 
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Using Eyring’s theory of liquids, we have derived thermodynamic data 
which shows that for viscous flow, the entropy and the energy of activation 
are functions of dextran concentration and to a lesser extent, of the average 
molecular weight. The entropy of activation decreases with increasing concen- 
trations and molecular weights, thus giving support to a flexible chain model 
for dextran molecules in aqueous solutions. 

When applying our correlation to existing data on ethylene/vinylacetate 
copolymers we have found a superior fit when compared to previously estab- 
lished correlations. These copolymers are not clearly flexible and their entropy 
of activation for viscous flow is independent of concentration and molecular 
weight. 
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