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SUMMARY 

The flow behaviour of two types of cellulose derivatives (carboxymethyl- 
cellulose (CMC) and hydroxyethylcellulose (HEC)) in aqueous solution 
was investigated at 25°C, pH 7"0 and 0"1 M (NaCI) ionic strength, within a 
wide concentration range (0"05-20 g litre -z) using two coaxial cylinder 
viscometers covering shear rate range 0"01- 700 s -1. 

Each flow curve was characterized by the limiting viscosity at zero 
shear rate (~o) and, above a critical concentration cs, by a relaxation time 
(r) corresponding to the shear rate above which the apparent viscosity 
became shear rate dependent (shear-thinning behaviour). 

Variations of the specific viscosity at zero shear rate, r/sp0 , as a function 
of c[rl] led to typical curves as for other polysaccharides. The curves for 
two CMC samples differing in their molecular weights closely super- 
imposed and were in agreement with the relationships previously found 
for alginate and 2-carrageenan, while data for HEC gave a different curve. 
Each of  these curves exhibited two critical concentrations, c* and c**, the 
significance of which is discussed. 

A master flow curve could be obtained for each polysaccharide using 
the reduced coordinates rlr = ~?/qo and ~r = • X ~ and described by a 
reduced Soong and Shen model with two parameters. 

The relaxation time r was shown to vary as c 43-4"4 for c > Ce, C e being 
intermediate between c* and c**. 

I N T R O D U C T I O N  

Polysaccharides are natural  componen t s  of  many  food  systems or  are 
added in p rocessed  foods  to play an impor tant  role due  to their thicken- 
ing or  gelling propert ies .  W h e n  compared  with synthetic polymers ,  
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solutions of these polysaccharides give high viscosities at relatively low 
concentrations (0.1-1.0%). Such thickening properties of these natural 
polymers or their derivatives are very useful in controlling the texture of 
foodstuffs, and rheological studies of polysaccharide solutions are of 
importance for estimating and understanding on a molecular basis the 
function of these components in food systems. Moreover, such charac- 
teristic rheological properties are of interest in many other industrial 
areas and a further development of the utilization of these polymers may 
be expected from these studies. 

For a wide range of polysaccharides in random coil conformation, with 
the exception of galactomannans, low shear viscosity data can be super- 
imposed on a single log r/sp0-1og c[r/] relationship (Morris et al., 1981): 
below and above a critical concentration (c*-4/[r/]), the specific visco- 
sity at zero shear rate r/sp0 is generally found to be linearly related to c[r/], 
the slopes of the two linear segments being about 1.4 and 3.3, respect- 
ively. For galactomannan solutions, the critical concentration (c*) was 
2.6/[r/] and the slopes were 1.4 and 4, respectively. Furthermore, almost 
all concentrated polysaccharide solutions are shear-thinning, and Morris 
et al. (1981) observed the same shear-thinning profile for different poly- 
saccharides, irrespective of concentration, molecular weight, 
solvent environment and chemical type. This is interpreted as reflecting 
the existence of non-specific physical entanglements in the polysaccha- 
ride solutions, the rearrangement of the entangled structure due to the 
applied deformation being similar for all the polysaccharides. The 
authors noted that the similar non-Newtonian behaviour would probably 
be partly due to the polydispersity of commercial polysaccharides, as has 
been suggested by Graessley (1974) for polymer solutions and melts. 

The aim of the present investigation is to examine the role, if any, of 
the substituent groups on the flow behaviour of two types of cellulose 
derivatives: an anionic derivative (carboxymethylcellulose, CMC) and a 
neutral one (hydroxyethylcellulose, HEC). Studies were made in 
aqueous solutions at neutral pH (pH 7.0) and 0.1 i NaC1 ionic strength. 

EXPERIMENTAL 

Materials 

Two CMC samples were supplied by Hercules SA, France (CMC 7LXF 
and CMC 9M65). Their degrees of substitution (DS) as determined by 
the I-acid colorimetric method (Roushdi et al., 1982) were 0.71 and 
0.80, respectively. 
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An HEC sample ('medium viscosity' lot 128-8) was obtained from 
Polysciences, UK. 

Molecular characteristics determined for these polysaccharides are 
collected in Table 1 (Castelain, 1985). The viscosity average molecular 
weights (h,/,.) were determined by using the Mark-Houwink relationships 
proposed by Gelman (1982) for CMC: 

[r]] = 2"0(/~v/M0) °78 at 25°C in 0"1 M NaC1 

and by Kamide and Miyazaki (1978) for HEC: 

[r/] = 7"4 × 10- 3(2~v)°89 at 25°C in water (for MS - 1 ) 

where N/0 is the average molecular weight of the monomer unit and MS 
is the molar substitution degree of the HEC, the intrinsic viscosity being 
expressed in ml g- 1 

M e t h o d s  

Preparation o f  polysaccharide solution 
In order to control exactly the sodium content of CMC solutions, they 
were first converted into the acidic form: the CMC powder was added to 

TABLE I 
Molecular  Characteris t ics  of  C M C  and H E C  and Exper imenta l  Values of  the Different 

Critical Concentra t ions  

CMC 7LXF CMC 9M65 HEC 

Intrinsic 288"6 ml g -  t 1 212-95 ml g -  ~ 807.1 ml g -  1 
viscosity, [r/] 

Viscometr ic  average 119 200 771 000 457 400 
molecular  weight, Mv 

Substitution degree:  
DS 0"7 l 0.80 
MS 1.61 

Average molecular  
weight of  the 
m o n o m e r  unit: 
M 0 = 162 + DSx  58 203.3 g 208"6 g 
M 0 = 162 + MS× 44 232'6 g 

Exper imenta l  critical 
concentrat ions:  
c~ u 0 ,7-0 .9  g l i t re-  ~ about 1 g l i t re-  
c* 4 '85 g l i t re-  1 1-15 g l i t r e - l  0 '70 g l i t re-  
c** 18'02 g l i t re-  J 4.29 g l i t re-  l 6"44 g l i t re-  
c~ --~ 2"80 g l i t re-  l 4"09 g l i t re-  l 

Values cannot  be determined as C M C  7 L X F  solutions are Newtonian.  
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distilled water at 20°C with vigorous stirring and the cations were 
removed with an acidic resin (Amberlite IRN 177). The pH was then 
adjusted to 7.0 by addition of 1 M NaOH, and the ionic strength to 
0.1 M with NaC1 solution, taking into account the ionic strength of CMC. 
The ionic strength 0.1 M was chosen in order to screen the intramole- 
cular electrostatic repulsions, and thus to limit the chain expansion due 
to polyelectrolyte effects in CMC solutions; further dilutions were 
performed with NaC1 solutions according to the isoionic dilution prin- 
ciple (Pals & Hermans, 1952). 

HEC solutions were prepared by adding HEC to 0.1 M NaC1 solution 
at 20°C with vigorous stirring. 

Viscometry 
Viscosity measurements were performed at 25+0"02°C using two 
coaxial cylinder viscometers: Rheomat 30 and Low Shear 30 (Con- 
traves). The Low Shear 30 was used with standard coaxial cylinders 
(r1=5.5 mm, r2=6.0 mm, h--8.0 mm) over the shear rate range of 
0.017-128 s-1. The Rheomat 30 was used with the A measuring system 
( r  I = 22-9 mm, r 2 = 24"2 mm, h = 56"5 mm) within the shear rate range 
0.09-662 s -1. Due to the small gap between the two cylinders (rl/ 
r E --0"92 and 0"95, respectively), shear rate corrections for non-Newto- 
nian behaviour were neglected. 

The flow behaviour was investigated over a wide range of concen- 
trations (0.05-20 g litre- 1). Measurements were performed stepwise: the 
solution was initially sheared at the highest shear rate (~), then the shear 
rate was decreased stepwise and the shear stress (o) was measured at 
each of these steps. Whatever the shear rate and the concentration of the 
solutions, no thixotropic behaviour was observed. 

RESULTS AND DISCUSSION 

Description of flow curves 

A typical set of flow curves (log YJap plotted against log ~) obtained for 
HEC solutions at different concentrations is shown in Fig. 1. For the 
more concentrated solutions (c>2"8 g litre-1), these curves are the 
result of a combination of data obtained with the Low Shear 30 and the 
Rheomat 30 instruments: the Low Shear 30 apparatus only can be 
employed for the less concentrated solutions. 

At low polysaccharide concentrations, Newtonian behaviour is 
observed. For higher concentrations (c > % c s = 1.0 g litre-1 for HEC), 
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the behaviour becomes shear-thinning with a Newtonian region in the 
low shear rate range. A comparable set of flow curves was obtained with 
CMC 9M65 (c s=0-7 -0 .9  g litre-1), while CMC 7LF displayed New- 
tonian behaviour over the whole range of concentrations investigated 
(0 .5-20  g litre- ~), probably due to its too low molecular weight. 
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Fig. 1. Flow curves of HEC solutions (from top to bottom) at pH 7"0, 0.1 M ionic 
strength, t = 25°C at different concentrations (g litre-l):(o) 20.6, (A) 18"0, (n) 15"5, (zx) 
12.8, (*) 10.3, (V) 8.25, (o) 7.20, (v) 6.17, (*) 5-20, (=) 4-11, (~9) 3.11, (.) 2.54, (*) 1.08, 

(~) 0.83. 

The flow curves were characterized by the initial Newtonian viscosity, 
r/0 , and, above the concentration c~, by a relaxation time r, r =  i / p  c, Vc 
being the shear rate at which the apparent viscosity becomes shear rate 
dependent. The influence of the polysaccharide concentration on these 
parameters has been studied. 

Concentration dependence of zero shear rate viscosity 

The concentration dependence of the specific viscosity at zero shear rate 
(r/so0) is shown in Figs 2 and 3 for the three cellulose derivatives and 
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Fig. 2. Specific viscosity at zero shear rate (qsp0) as a function of c[r/]: m, CMC 7LXF; 
t3, CMC 9M65; (0) sodium alginate and (o) ;t-carrageenan from Goncalves (1984);- , 
Morris et al. (1981) for dextran, carboxymethylamylose, alginates, 2-carrageenan and 

hyaluronate (pH 7.0, 0.015 M NaCI). 

compared with data from other polysaccharides, the concentration being 
expressed by the dimensionless parameter c[r/]. 

In Fig. 2, data obtained for the two CMC samples are reported as well 
as those obtained by Goncalves (1984) for sodium alginate and )!.- 
carrageenan. The general curve obtained by Morris e t  al. (1981) for 
dextran, carboxymethyl amylose, a 'high mannuronate'  and a 'high gulu- 
ronate' alginate, ,q.-carrageenan and hyaluronate (0.015 M NaC1, pH 
7"0) is also plotted (dashed lines). It can be seen that the data for the solu- 
tions of the two CMC samples are in close agreement with each other 
and with the data reported by Goncalves (1984). The master curve we 
obtain by fitting two straight fines to all these superimposed data gives a 
critical concentration c* = 3.4/[r/] and two slopes a~ and a 2 of 1.3 and 
3.5, respectively. Experimental values of the reduced critical 
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Fig. 3. Specific viscosity at zero shear rate (q~p0) as a function of c[q]: o . . .  o, CMC; 
"*--*, HEC; - - - ,  Morris et al. (1981) for galactomannans (locust bean and guar gum) 

and hyaluronate (pH 2.5, 0.15 M NaC1). 

concentration c*[r/] are generally found to be in the range 2.5-4 (Launay 
et al., 1986). So, as a first approximation, the present data on anionic 
polysaccharides seem to conform to the general behaviour of most 
randomly coiled hydrocolloids with respect to the r/sp0-C[r/] representa- 
tion. 

On close examination of the data from the two CMC samples, an 
intermediate zone, limited by two critical concentrations, c *= 1.4/[r/] 
and c **= 5.2/[~/], can be seen, the three slopes being then a~ = 1-3, 
a 2 = 1.8 and a 3 = 3-9, respectively, as shown in Fig. 3. In the same way, an 
intermediate zone could be found for the data of Morris et al. (1981), 
where c* and c** would be about 1.2/[r/] and 7"5/[r/] (Launay et al., 
1986). 

The existence of three domains appears much more clearly in the case 
of H E C  solutions, as shown in Fig. 3. For this polysaccharide, the critical 
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concentrations are c*=0.6/[r/] and c**=5.2/[r/] and the slopes are 
a 1 = 1.3, a z --- 2.0 and a 3 ---- 5"0. The HEC data do not superimpose with 
CMC data and are rather closer to the results obtained by Morris et  al. 

(1981) for galactomannans (dashed line in Fig. 3). Our experimental 
values for c* and c** are reported in Table 1. 

Three domains were also reported by Cuvelier & Launay (1986) and 
Launay et  al. (1984) in the case of xanthan solutions and, as shown in 
Table 2, the slopes were roughly similar to our results on CMC: al --- 1.3, 
a 2 = 2 and a a = 4. For HEC the slope in the third domain is clearly higher 
( - 5) than found for the other polysaccharides. 

The significance of the two critical concentrations needs to be 
discussed; it is worth noting that c* and c** are determined by the 
intercept of two linear segments corresponding to different regimes of 
concentration, but the crossing from one domain to the next must be 
progressive. Let the three domains be called the dilute, the semi-dilute 
and the concentrated domains. 

The existence of two critical concentrations, c* and c**, is consistent 
with the concept of progressive compression of the coils with increasing 
concentration, and one may assume that the first critical concentration, 
c*, is related to the onset of significant coil overlap: it would represent 
the upper limit of the dilute regime. Above c*, the contraction of the coils 
progressively brings the chains to their unperturbed dimensions, and 
beyond the second critical concentration, c**, a concentrated region is 
defined as the region where the chain dimensions become independent 
of concentration. Moreover, the shear-thinning behaviour which appears 
above c* is related to the interpretation of the coils and the two pheno- 
mena, contraction and interpenetration of the coils, would be more or 

TABLE 2 
Reduced Critical Concentrations and Slopes of the Regression Lines log rhp 0 versus log 

c[r/] in the Three  Flow Regimes for CMC, HEC and Xanthan Gum 

CM C H E C Xanthan ~ Xanthan ° 

c*[r/] 1.4 0.56 1-4 1.1 
c**[r/] 5.2 5.2 5"5 4"3 
Slopes 

c < c* 1"3 1.3 1.3 1"3 
c* < c < c** 1.8 2.0 2.1 1.9 
c > c** 3"9 5"0 4.2 3"9 

a From Cuvelier & Launay (1986). 
b From Launay et al. (1984). 
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less simultaneous within the intermediate concentration domain. This 
semi-dilute domain can be divided into semi-dilute non-entangled and 
semi-dilute entangled regions (Graessley, 1980). 

Several definitions of the overlap concentration have been proposed. 
Graessley (1980) defines the overlap concentration as the concentration 
at which the average chain spacing is twice the radius of gyration at zero 
concentration: then c*-  0-77/[77]. Assuming hexagonal packing of the 
encompassed average spherical coil volumes gives c* -  l'l/[r/] (Simha & 
Zakin, 1960), whereas a total occupancy of the available volume by coils 
results in c* - 1"5/[ r/] (Morris et al., 1980). 

For each polysaccharide, the first critical concentration, c*, is of the 
same order of magnitude as the theoretical overlap concentration (see 
Table 2); the HEC macromolecule appears more extended in the solvent 
than the CMC since the coil overlapping occurs at lower reduced 
concentrations. 

According to Graessley (1980), the concentration c** is the limit 
between the semi-dilute and the concentrated regions and c* and c** are 
related by 

c** - c*[ a(0)]8 

where a(0) is the expansion factor of the chains at infinite dilution, in the 
case of a Mark-Houwink exponent of 0.8. In other cases, this expression 
can be extended (Lefebvre, 1982) to 

C** - C*[a(O)] 3a/(a-°5)= C* (It]] ]a/(a-o.5) (1) 

where a is the Mark-Houwink exponent and [r/] 0 the intrinsic viscosity 
under theta conditions. Thus, depending upon the compression 
possibilities of the coils in the present solvent, the semi-dilute region 
(c*< c< c**) would be more or less broad. For CMC, the intrinsic 
viscosity at 0"1 M ionic strength is rather close to the intrinsic viscosity at 
infinite ionic strength, which is in turn not very much higher than [q]0; 
this could partly explain why c**/c* is not very large (c**/c* - 3"8) and 
also why it is difficult to observe the semi-dilute domain. In contrast, for 
HEC the semi-dilute region is broader (c** /c*-9 .3 ) .  The better the 
solvent for a polymer, the broader the semi-dilute domain; the present 
results would imply that at neutral pH, 0.1 M NaCI solution is a better 
solvent for HEC than for CMC as could be foreseen from the value of 
the Mark-Houwink exponent a. 

If one defines c** as the overlap concentration of the coils in theta 
conditions, it would be given by c**- 0.77/[r/]0, c**- 1.1/[7/] 0 or c**- 
1"5/[q]0 by analogy to the definitions of Graessley (1980), Simha & 
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Zakin (1960) and Morris et al. (1980), respectively. Kok & Rudin (1981) 
defined c** as the concentration at which the dimension of the equivalent 
hydrodynamic sphere has shrunk to its theta value, and gave 

9"4 x 10  24 
c**[r/]0= 1"23 (2) 

4arNA 

where NA is the Avogadro's constant. 
Since the intrinsic viscosity in theta conditions was not available, its 

value was estimated from the theoretical treatment of Hsu & Schummer 
(1983), who showed for most neutral polymers that 

Ko 
log -~-= 4 ( a -  0.5) (3) 

where K, a and K0, 0.5 are the parameters of the Mark-Houwink 
equations in non-theta solvents and theta solvents, respectively. Then 
[r/] 0 can be determined by the relation 

[q]0 = Kodf.l°v s (4) 

As shown in the first column of Table 3, the use of eqn (1) leads to 
higher values than the experiment whereas the Kok & Rudin (1981) 
expression and the criterion of Simha & Zakin (1960) are the best 
predictions of the second critical concentration c** for HEC. 

TABLE 3 
Second Reduced Critical Concentrations and Different Theoretical Predictions for 

CMC 9M65 and H E C  

H E C  a CM C  with [ rl]~ ~ C M C  with [ ~l]o c 

Experimental data, 5.2 5.2 5.2 
c**[~] 

c**[ ~/] from eqn ( 1 ) 16.9 9"0 35"7 
Graessley criterion 3"4 1.5 2"5 

c**[~]- 0"77[~/]/[~/]o 
Simha & Zakin criterion 4.9 2.1 3"5 

c**[r/]- l'l[~/]/[r/]0 
Total occupancy 6.7 2.9 4.8 

c**[r/]- l'5[r/]/[r/] 0 
Kok & Rudin criterion 5"5 2.4 3"9 

c**[r/]- l'23[r/]/[r/] o 

"[~/]0 = 181"7 ml/g from a combination of eqn (3) and eqn (4). 
b [r/]~ = 621"7 ml/g from eqn (5). 
' It/J0= 395'6 ml/g from a combination of eqn (3) and eqn (4). 
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For CMC solutions, it was not clear whether [r/] 0 or [r/]oo, the intrinsic 
viscosity at infinite ionic strength, must be used to calculate the 
theoretical critical concentrations. The intrinsic viscosity in theta condi- 
tions was estimated in the same way as for HEC, whereas the intrinsic 
viscosity at infinite ionic strength was determined for CMC 9M65 from 
the Mark-Houwink relationship given by Kamide and Miyazaki (1978): 

[r/]oo =0.173(/t~v)°6°4at 25°C (for D S -  0.8) (5) 

Values calculated from each definition of critical concentration c** are 
shown in column 2 (calculated with [r/]~ ) and in column 3 (calculated 
with [r/J0) of Table 3. It may be seen that the best agreement is obtained 
using the total occupancy criterion of Morris et al. (1980) with [r/] 0. 
However, it is noteworthy that, except for eqn (1), each of the overlap 
criteria in theta conditions yields theoretical c** values of the order of 
magnitude of the experimental ones. Since all of these predictions 
assume that, within the semi-dilute domain, the coils are reaching their 
unperturbed dimensions, the present data are consistent with such 
interpretations. 

Interpretation of the shear-thinning behaviour 

The shear-thinning behaviour has been reported in the section 'Descrip- 
tion of Flow Curves' to occur above a concentration cs (cs=0'7-0"9 g 
litre- 1 for CMC 9M65 and approximately 1 g litre- 1 for HEC). These 
values are close to the experimental c* values (defined in the section 
'Concentration Dependence of Zero Shear Rate Viscosity') correspond- 
ing to the overlap of the coils (see Table 1 ). 

For flow curves displaying non-Newtonian behaviour (c > cs), a critical 
shear rate Yc (the shear rate above which the shear-thinning behaviour 
appears) and a characteristic relaxation time r, r = 1/f,  c, can be deter- 
mined. Other definitions of critical shear rate or relaxation time have 
been employed, thus Morris et al. (1981) have taken the shear rate Y0.1 
required to reduce the viscosity to r/0/10. 

The two parameters (r/0 and r) allow master flow curves to be 
constructed in reduced coordinates (r/r= r//r/0 and p~ = r × p) for these 
two cellulose derivatives as shown in Fig. 4. A difference between the 
two cellulose derivatives can be seen in the high reduced shear rates 
region, in contrast with the results of Morris et al. (1981 ) who found the 
same master flow curve for various polysaccharides even at high shear 
rates. 

The characteristic relaxation time r corresponds to the slower 
molecular movements influencing the viscosity. According to the inter- 



12 C. Castelain, J. L. Doublier, J. Lefebvre 

log q r  

(11 r "- q / q o )  
"2 

-2 

Fig. 4. 

• ." ; , , . ,  

";';:'-"'- CMC 
" . o  

"" HEC 

log ( %  : 

Master flow curves of CMC 9M65 (m) and H E C  (o) at pH 7"0, 0"1 ra NaCl 
ionic strength, t = 25°C. 

pretation of Graessley (1974), the polymer coil interpenetration results 
in an entangled structure above the coil overlap concentration. At low 
shear rates, some of these entanglements are disrupted by sheafing but 
are immediately replaced by new ones so that no net change in entangle- 
ment occurs: it is the range of the Newtonian 'plateau'. For higher shear 
rates, the rate of disruption becomes greater than the rate of the forma- 
tion of new entanglements and the apparent viscosity decreases with 
shear rate. 

Variations of the characteristic relaxation time r as a function of the 
polysaccharide concentration are shown in Fig. 5 for CMC 9M65 and 
HEC: two linear segments intercepting at a concentration c e are 
observed. In the more concentrated region (c>ce), both cellulose 
derivatives exhibit in logarithmic coordinates a linear dependence upon 
concentration with slopes of 4.4 (CMC) and 4.3 (HEC) very close to one 
another. In the less concentrated region (c < ce), slopes are about 1.5 for 
CMC and 1.8 for HEC; however, it must be pointed out that in the low 
concentration range only a few points of the flow curves belong to the 
shear-thinning behaviour region so that the characteristic relaxation time 
r cannot be determined with high precision. The reduced concentration 
c~[r/] is rather similar for the two cellulose derivatives: 3.4 for CMC 
9M65 and 3"3 for HEC, but it is not clear whether this coincidence is 
significant. In Fig. 5, the critical concentrations (c* and c**), previously 
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Fig. 5. Characteristic relaxation time (r) as a function of polysaccharide concentration 
at pH 7.0, 0.1 M NaC1 ionic strength: *, CMC 9M65; O, HEC; critical concentrations c* 

and c** being pointed for CMC (o) and HEC (rn). 

defined, are also shown and in both  cases c e is found to be intermediate 
between c* and c**. 

These  results can be compared  with the data on xanthan gum 
repor ted by Launay et al. (1984) and by Cuvelier & Launay (1986) in 
which the relaxation time r r was calculated by fitting eqn (6) to experi- 
mental  data: 

r] = ~1~o + 7/° - 7/°° (6) m 

This equation has been first derived for suspensions by Cross (1965) 
and more  recently by Soong & Shen (1980) for polymer  solutions and 
melts using a kinetic network model. 
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In that case, the relaxation time 17 r corresponds to the shear rate at 
which the apparent viscosity is the average of the two Newtonian 
viscosities (at zero shear rate, r/0, and at high shear rates, r/~o). Such a 
definition could not be used here since the high shear rate Newtonian 
viscosity was never approached. However, eqn (6) can be simplified to 
eqn (7), assuming r/0 "> r/~o: 

which can be also written 

r/0 
r/ = 1 ..~_ (.gr ~)m (7)  

1 
r/r = r//r/0 = (8)  

1 + C#7 

with Yr = #/#¢ and Vr = C1/m/i'c = zC I/' .  C and m are adjustable 
parameters and can be obtained by fitting eqn (8) to the points of the 
master flow curves: C and m were 0.0680 and 0.521, respectively, for 
CMC 9M65 and 0.0431 and 0.646, respectively, for HEC. Since Zr and 
r are linearly related, the variations of r and v r (determined from eqn (6) 
by other authors) as a function of concentration can be compared, 
especially in the more concentrated domain where r/oo can be neglected 

According to the interpretation of Launay et al. (1984) and Cuvelier 
& Launay (1986) of two sets of data for xanthan solutions, relaxation 
time was shown not to vary much with concentration in the dilute 
domain (c < c*) and was shown to vary as c 14 or c 21 in the semi-dilute 
domain (c*<c<c**) ,  which they say agrees with Doi's theoretical 
prediction (~" oc c 2) for rigid rods in the concentration region where the 
collision effect dominates their molecular motion (Doi, 1975), and to 
vary as c 355 or c 37 in the concentrated domain (c>  c * * ) -  c* and c** 
have the same significance as previously described. In fact, if their results 
are considered in detail, one can see that critical concentrations c* and 
c** are not the real limits of the three domains for the variation of the 
relaxation time zr with concentration. 

Compared with the zero shear rate viscosity, the characteristic relaxa- 
tion time • is the result of a dynamic phenomenon. Therefore it is 
reasonable to find c* < c e < c**. 

It can be seen that in the case of H E C  the reduced ce[r/] concentration 
corresponds to the overlap concentration of the coils under theta 
conditions, according to the Graessley criterion, and that c, is closer to 
c** than in the case of CMC where the contraction possibilities of the 
coils are more limited. 
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Between c* and % one may assume that the compression of the coils 
would limit the increase with concentration of the average number  of 
entanglements per molecule: whereas between Ce and c**, the contrac- 
tion of the coils would be less and the interpenetration of the chains 
would increase until the concentrated domain was reached (c>  c**). 
Furthermore, Cuvelier & Launay (1986) found from dynamic measure- 
ments on xanthan solutions that for c > c** the density of junction zones 
of the elastic network seemed not to increase with concentration, which 
they explained by a parallel packing of chain segments. Such an inter- 
pretation would be consistent with the higher dependence of r/sp 0 upon 
the concentration for c >  c** than observed for a simple entangled 
structure and the high dependence of relaxation time r on the concentra- 
tion. 

CONCLUSION 

From this study of the flow behaviour of two cellulose derivatives, it can 
be seen that the viscous behaviour is roughly similar with two critical 
concentrations, c* and c**, delimiting three flow regimes on the log 
r/sp0-1og c[r/] representation, and a third critical concentration, % inter- 
mediate between c* and c** determined from the variations of r with 
concentration. 

For HEC,  the different regimes are rather clearly defined, and critical 
concentrations are in good agreement with theory. But for CMC the 
semi-dilute domain is less broad and c e is closer to c*, which would 
correspond to a limited compression of the coils with concentration. 

These differences between the two cellulose derivatives could be 
ascribed to a direct or an indirect effect of the substituents on the poly- 
glucosyl backbone. The direct effect would be due to differences in steric 
hindrance which would result in differences in rigidity between the two 
cellulose derivatives. The indirect effect would occur through differences 
in substituents-solvent interactions. It seems that, at neutral pH, 0.1 M 
NaC1 solution is a better solvent for H E C  than for CMC whose car- 
boxylic groups are dissociated but the electrostatic repulsions screened. 

From the study of the relaxation time r, one can see that the response 
of the structure to flow seems very similar for these two cellulose deriva- 
tives with equivalent ce[r/] reduced concentrations and a r value which 
varies a s  c 4'3-4"4 for c > Ce in both cases. A study of cellulose derivatives of 
different molecular weights and substituents under various solvent 
conditions would be needed to distinguish the effects of substituents, 
solvent and backbone. 
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