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Rheological characterization of xanthan from three different sources and 
scleroglucan from two different sources has been carried out using synthetic 
seawater as solvent. The measurements spanned temperatures from 20°C to 
70°C, shear rates from 0.5 s -~ to 100 s -I and polymer concentrations from 
30/~g/ml to I mg/ml. The observed difference in effectiveness of increasing 
solution viscosity at low shear is quantitated in terms of the intrinsic viscosity 
[17]. Scleroglucan A was found to be the most effective with [r/] = 14 000 ml/g 
and xanthan B the least effective with [r/} = 5060 ml/g, both at T = 20°C. The 
temperature coefficients of the intrinsic viscosities, din [rll/dT. was found to lie 
in the range Oln[r/]/dT = -(9-19) 10 -~ K -t for the xanthans and dln[q]/dT = 
- 1.9 10 ~ K-~ for the scleroglucans. These findings were interpreted in terms of 
a decrease in chain stiffness with temperature. Assuming a worm-like chain 
model the temperature coefficients of the persistence length q were dlnq/dT = 
-(9.4--21) 103K -t and -2-1 10-3K -I for xanthans and scleroglucans~ 
respectively. The viscosity at low shear rate in the semi-dilute concentration 
range is accounted for in terms of entanglement of overlapping chains. The 
lowering of viscosity in the semi-dilute concentration range associated with 
increasing shear rate is observed for smaller shear rates than in the dilute 
regime. Thus the decrease in entanglement starts at lower shear rate than 
orientational effects at the molecular level. 

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

Xanthan  gum and scleroglucan are high molecular  
weight polysacchar ides  of  potential  use in po lymer  
flooding and  permeabi l i ty  modif icat ion ofo i l  contain-  
ing format ions  (Davison & Mentzer,  1982: Holzwar th  
1985). The  high viscosity of  these polymers  at low 
solution concent ra t ions  is due to both high molecular  
weight and  high structural chain  rigidity. The chain  
rigidity of  polymers  can be quant i ta ted in terms of  the 
persistence length for a worm-l ike chain  model,  which 
for these two polymers  exceeds 100 nm. The molecu la r  
reason for this high stiffness is most  likely the 
mul t is t randed nature of  the polymers .  The  prevalance  
of  the ordered, probably  double-stranded, conformat ion 
of  xan than  at high salt concent ra t ions  and  low 
temperature ,  and  the t r iple-s tranded confo rmat ion  o f  
scleroglucan,  also provide a molecu la r  basis for the 
enhanced  long-term stability of  these po lymers  under  
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harsh thermal  condi t ions compa red  to single-stranded 
polysaccharides.  

The molecular  interpretat ion of  apparent ly  com- 
parable  exper imenta l  data on xan than  differ a m o n g  
various research groups. This  can be exemplif ied by the 
intrinsic viscosity data of  Milas and coworkers  (Milas 
& Rinaudo,  1986: Milas et al., 1986) for a p resumably  
single-stranded xan than  sample  which did not differ 
significantly from the data of  Sato et al. (1984a) for a 
sample  interpreted as being double-s t randed xanthan.  
Fur thermore ,  there are reported differences in rheo- 
logical propert ies  both between commerc ia l  xan thans  
and between scleroglucan prepara t ions  (Sandford 
etal., 1977: Smith etal., 1981: Lange, 1988). Such studies 
often extend to po lymer  concentra t ions  where inter- 
molecu la r  effects dominate .  Rheological  compar i sons  
of  different po lymer  batches at solvent condi t ions used 
in oil fields constitute the routine quality pe r fo rmance  
tests in most  oil compan ies  and  are a necessary 
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evaluation prior to pilot polymer flooding tests. The 
salt concentrations used in such product screening are 
generally selected to match those used in the injection 
fluid. They differ from the conditions used in the 
experiments cited above. In these experiments the 
polymer solutions were prepared in solvent ranging 
from freshwater to synthetic seawater with about 3.5% 
total dissolved salts, The advantage of the stiff-chain 
biopolymers compared to synthetic polymers in 
maintaining high viscosities increases with increasing 
salt concentration. 

The temperature dependence of xanthan solution 
viscosity has been the subject of several reports 
(Sandford et al., 1977: Whitcomb & Macosko, 1978; 
Launay et al., 1984: Speers & Tung, 1986: Rochefort & 
Middleman, 1987). Temperature effects are in most 
cases reported as the temperature dependence of the 
solution viscosity at constant shear rate ~ and it is often 
classified qualitatively as either 'not typical" or 'unusual" 
for dilute or semi-dilute polymer solutions. Such data 
reveal that, depending on the product origin, the 
viscosity may be an increasing as well as a decreasing 
function of temperature (Sandford etal., 1977). The sign 
of this temperature effect depends on the salt concen- 
tration even for preparations that all correspond to the 
ordered conformation (Holzwarth, 1976). The viscosity 
decreases with increasing temperature at a shear rate of 
~ =  14s -~, while the viscosity is independent of 
temperature while evaluated at y = 127 s -~ and even 
increases when measured at ~ = 571 s -~ (Morris et al., 
1977). Similar shear rate effects on the temperature 
dependence of the relative viscosity for a 0.8 mg/ml 
xanthan solution in 2% NaCI is reported by Launay 
et al. (1984). This illustrates that the temperature 
influence on viscosity depends on the shear rate 
selected. Furthermore, the temperature dependence 
was found to diminish when the xanthan concentration 
of 1 mg/ml was considered, whereas increasing the 
polymer concentration to l0 mg/ml yielded a viscosity 
increase with increasing temperature (Speers & Tung, 
1986). Dependence of the acetate and pyruvate level on 
the viscosity change occurring upon addition of salt 
(Smith et al., 1981) suggests that the pyruvate and 
acetate substitution of the side-chains influence the 
rheology of xanthan in the semi-dilute concentration 
range. There are fewer reports on the temperature of 
aqueous scleroglucan solutions. Bluhm et al. (1982) 
report that the specific viscosity r/up of a scleroglucan 
solution was independent of temperature (shear rate 
not specified in the employed capillary viscometer) in 
the range 10-70°C whereas a divergence in O~o/c 
induced by gelation was reported on cooling below 
10°C. Rivenq et al. (1989) report that the viscosity of a 
2 mg/ml scleroglucan solution measured at a shear rate 

= 1000 s -j declines slightly on increasing temperature 
up to 115°C. At higher temperatures a marked drop in 
viscosity is encountered. This drop was attributed to 

melting of the triple-helical structure into its three 
subunits. 

The aim of this study is to compare rheological 
properties of three xanthan samples from two different 
commercial sources, one xanthan sample fermented 
on pilot scale at Statoil, and two scleroglucan samples. 
All these samples except one of the scleroglucan 
samples are available as pasteurized fermentation 
broths. Samples for measurements were prepared by 
dispersion of the broths in 3.5% synthetic brine thus 
avoiding drying of the polymers. Comparison of the 
rheological properties of the polymers from various 
sources was carried out by analyzing data from 
rheological measurements covering a range of polymer 
concentrations in both the dilute and semi-dilute 
regime. The experiments have been performed at 
various solution shear rates and temperatures. The 
intrinsic viscosity [0], Huggins constant and shear rate 
~¢ denoting the onset of the decrease in [r/] at increasing 
shear rate, will be used as parameters describing dilute 
solution properties. In addition to the temperature 
dependence of these parameters for dilute solutions, 
the temperature dependence of an entanglement 
density index in the semi-dilute concentration range 
will be estimated. 

EXPERIMENTAL 

Preparation of biopolymer samples 

The polymer products were all received as fermentation 
broths except for one scleroglucan sample (scleroglucan 
A) which was delivered as a dried powder. The powder 
(scleroglucan A) was hydrated according to the 
supplier's recommendations. The polymer samples 
delivered as fermentation broths were routinely diluted 
to 5.0 mg/ml stock solutions using high shear mixing. 
Slow hydration overnight of the fermentation broth or 
the high shear mixing dilution method, yielded no 
significant difference in the measured intrinsic 
viscosities, thus polymer degradation was not found to 
occur under the applied mixing conditions. The 
solvent was synthetic seawater with the composition 
given in Table I. The solutions were prepared from 
analytical quality reagents. The selected salt com- 
position is close to that used in the injection water of 
many North Sea oil fields. The selected final polymer 
concentrations were prepared from the polymer stock 
solutions by further dilution with synthetic seawater. 
The mixing procedure was designed to simulate field 
operation conditions making use of in-line injection. 
The majority of the experiments were performed on 
samples prepared this way. One series of experiments 
was carried out to examine the influence of salinity on 
the rheological properties of xanthan (a separate batch 
of xanthan C, designated xanthan C-2). In these 
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Table 1. Composition of synthetic seawater 

Concentration 

mg/liter mmol/liter 

Cations 
Na + 11 090 482.3 
K + 460 11.8 
Ca 2+ 428 10.7 
Mg -'+ I 368 56.3 
Ba -'+ 0 0 
Sr ~+ 8 0-09 

Anions 
C1- 19 700 555.7 
SO-~- 2 96O 30.8 

Total 36 014 

experiments the fermentation broths were diluted to 
0"4 mg/ml polymer in 5 g/liter NaCI and clarified by 
successive filtrations through a package of Millipore 
filters with pore sizes 3/~m, 1"2/~m and 0.65/~m. The 
salinity of this filtrated stock solution was adjusted by 
extensive ultrafiltration. Some of the rheological data 
obtained on this filtrated sample (xanthan C-2) have 
been reported previously (Lund et al., 1990). 

Polymer concentrations were in general determined 
by first diluting the solutions with 1 M KCI. The 
polymer was then precipitated using iso-propanol. 
followed by drying and weighing of the precipitate. For 
samples prepared by ultrafiltration, measurements of 
total organic carbon (Dohrman Carbon Analyzer--  
DC 80) was used for the determination of polymer 
concentration. 

Rheological characterization of biopolymer solutions 

The viscosity was mostly determined using a Contraves 
Low Shear 30 viscometer. The measurements were 
performed by operating the instrument both manually 
and in automatic mode. The f-range used was 
0.5-100 s- L and the temperature range, 20-70°C. At the 
higher temperatures the measurement cycle could be 
carried out in such a manner that the effect of 
evaporation on the viscosity measurements was less 
than 1%. Measurements at low shear rates (0.5-20 s -~ ) 
and at low polymer concentrations were also carried 
out using a Cartesian diver viscometer (Stokke & 
Elgsaeter, 1981). The Cartesian diver instrument is 
based on two concentric cylinders, the outer (diameter 
7 mm) is stationary, while the inner consists of an 
inverted tube (diameter 5 mm) fully immersed in the 
sample. A torque is applied electromagnetically to the 
inner cylinder. The rotation is measured using polarized 
light. The present version is similar to that described by 
Troll et al. (1980). The Cartesian diver instrument gives 
very accurate data for polymer concentrations with 
relative viscosities 0tel less than 5. 
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Fig, I. Relative viscosity 0re~ versus shear rate ?" for c = 0.05 
(O),0. I (©),O.2(m),o.4([-]),O.6(O),O.8(A)and 1.0(A) mg/ml 
of xanthan A in synthetic seawater measured at 20°C using 

the Contraves low shear viscometer. 

Figure 1 shows the relative viscosity rtr~. versus shear 
rate/', for xanthan A. The measurements were carried 
out for concentrations ranging from 0.05 to 1.0 mg/mi 
and at a temperature of 20°C. These data show that the 
polysaccharide solutions studied are strongly shear 
thinning and that the shear thinning effect is increasing 
with polymer concentration. The data for the other 
biopolymer samples displayed analogously shear- 
thinning and concentration dependence. It is also 
evident that a f of about 1 s-~ is not sufficiently low to 
correspond to the lower Newtonian plateau for 
concentrations larger than 0.20 mg/mi for this xanthan, 
The present observations are in agreement to those 
reported by others (Whitcomb & Macosko, 1987: Milas 
et al., 1985: Rochefort & Middleman, 1987: Allain et al., 
1988). The ~" needed to reach the lower Newtonian 
plateau has previously been reported to be as low as 
/" -- 10 -~ s -~ for a 1"0 mg/ml xanthan sample having 
M~ = 7.0 10 ~ g/tool and [0] = 10 500 ml/g (Milas et al., 
1985). 

Figure 2 shows the concentration dependence of rh,. ~ 
at shear rates 1 s -~ to 2 s -~ at room temperature for the 
samples studied. Data obtained using the Cartesian 
diver instrument and the Contraves low shear instru- 
ment agree, thus giving confidence to the experimental 
data. Figure 2 further shows that there is a difference 
among the various polymers in increasing the viscosity 
of synthetic seawater at low shear rates with scleroglucan 
A being the most effective per unit mass and xanthan C 
the least effective. However, because in oil-field 
applications long-term thermal stability and ease of 
filtration may be more critical than viscosity, one 
cannot, on the basis of these data alone (Fig. 2), 
establish preferences for one or the other biopolymer 
sample. In fact, effectiveness in increasing viscosity is 
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Fig. 2. Relative viscosity at low shear rate (~,= l-2s-l t  
versus polysaccharide concentration measured at 20°C for 
xanthan C ((>), scleroglucan B (A) and xanthan A (r-l) at 
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Cartesian diver viscometer. 

readily compensated for within certain limits by 
increasing the mass concentration whereas correction 
for poor filterability appear to require more elaborate 
methods, e.g. thermal (Hoizwarth et al., 1984) or 
enzymatic (Kohleretal., 1983) treatments. The observed 
difference in viscosity at a certain mass concentration 
can be quantitated in terms of established macro- 
molecular parameters for dilute solution viscosities 
and dependence of these on shear rate and temperature. 

ANALYSIS OF DILUTE POLYMER SOLUTION 
P R O P E R T I E S  

Intrinsic viscosities, !1/l, and Huggins constants, k'. 
were calculated from experimental data for the specific 
viscosity, rho < I using several approaches. The intrinsic 
viscosity is conventionally obtained from the Huggins 
and the Kramer equations: 

O* - lo] + k ' [ e ]  ~c +0(c2) (1) 
c 

In(r/~l) 
- 1o1 + (k' - o.5)[ol c +O(c (2) 

where c is the polymer concentration. The intrinsic 
viscosity was estimated as the average of the two 
ordinate intercepts from the two extrapolations to 
c = 0 mg/ml. The notation O(c'-) is used to denote 
second and higher order terms of such power series 
expansion of rho/C and Inrl~t/c around c = 0 mg/ml. 
The slopes d(O~p/c)/dc and d(lno~l/c)/dc have to be 
divided by [r/] to yield k' (eqns (1) and (2)), thus 
uncertainties in the estimated [r/] propagate into 
uncertainties in k' in addition to those inherent in the 

slope. By using the inverse of the Huggins and Kramer 
equations: 

c 1 

c 1 

Inr/~ t It/] 

k'c +O(c 2) (3) 

(k' - 0"5)c +O(c ~) (4) 

the [17] can be estimated from the average of the two 
intercept at c = 0 mg/ml, and the slope provides k' 
directly. Mathematical formulas of viscosity where the 
c-dependence is less influential thereby minimizing 
possible errors in the extrapolation procedure to 
c --~ 0 mg/mi has been suggested. Here we have included 
one approach applied by Lesec et al. (1988) in on-line 
viscometry of polymer samples eluted from a high 
performance liquid chromatography column where 
dilution series of each sample in practice are 
inaccessible: 

lql  = (2(r/No - = lol + O(c:) (5) 
C 

The first order term proportional to the polymer 
concentration has here been eliminated (eqn (5)), 
implying that the potential concentration dependence 
is almost neglible thus minimizing possible erroneous 
extrapolations. For non-associative polymer-solvent 
systems where k' is expected to be about 0"4, eqns 
(3)-(5) are preferable to eqns (1) and (2) because the 
extrapolation of c to 0 mg/ml represents a smaller 
correction to actual data and therefore the possibility of 
introducing erroneous corrections are less than in 
procedures based on eqns (1) and (2). More detailed 
guidelines in using different functional forms of  the 
experimental data to obtain It/] and k' is given by 
Bohdanecky and Kovar (1982). 

The [17] were calculated on the basis o feqns  (I)-(5) 
using both a straight line and a second order poly- 
nomial in polymer concentration. For data obtained 
from a large number of  concentrations, the evaluation 
of  [1/] shows only a small variation (<3%) depending on 
the equation or the inclusion of  the second order term, 
whereas larger variation were observed for the estimates 
based on fewer dilutions all corresponding to r/sp < 1. It 
was found that the sum of squared residuals was 
smallest when the functional form in the extrapolation 
was chosen either as the combination of eqns (3) and 
(4) or eqn (5). Averaging the [r/] estimafes obtained 
using eqns (3), (4) and (5) results in the most consistent 
results within each set of data and is therefore the basis 
for all the intrinsic viscosity results reported hei'e. 

Figure 3 shows [1/] versus ~ for xanthan A at different 
temperatures (A) and [r/] at shear rates 1-2 s -~ for four 
different sources versus temperature (B). All the 
samples suggest a shear rate independent Newtonian 
plateau of  [q] for shear rates lower than about 5 s -~ 
(Fig. 3(A) for xanthan A, others not shown), and will be 
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scleroglucan A (O) and scleroglucan B (A) determined using the Contraves low shear instrument and scleroglucan B (A) 

determined using the Cartesian diver instrument. 

referred to as the intrinsic viscosity extrapolated to zero 
shear rate, It/10. At higher shear rates, the effect of 
preferred molecular orientation parallel to the stream- 
lines leads to reduced [17]. The data does not extend into 
sufficient high shear rates where the second shear-rate 
independent plateau of [17], It/1,, is expected. The 
parameter [O]o for the samples investigated ranges from 
about 14 000 ml/g for scleroglucan A at /" = 1 s -t to 
5060 ml/g for xanthan B at low temperature. These 
values of  [r/J0 are in a range reported for other high 
molecular weight xanthans and scleroglucans. 
Differences in I06 within the xanthans and the 

scleroglucans are most probably due to differences in 
apparent molecular weights and/or molecular weight 
distributions. Since the molecular weight distributions 
and corresponding averages were not determined for 
the present samples, detailed comparison with literature 
values is not warranted. On the other hand, the 
observed [17]o can be used to provide estimates of  
approximate molecular weights, M,~, using reported 
correlations between [171 and M,~ for the polymers in 
question. In the theory of the worm-like coil of  length L, 
hydrodynamic diameter d and persistence length q. [1/]0 
is expressed as: 
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[77]0 = [q]R.0 . f(L, d, q) (6) 

where [r/]R.0 is the intrinsic viscosity (extrapolated to 
zero shear rate) of a stiff rod for L/q > 2"278 or a 
random coil-like molecule forL/q < 2.278 (Yamakawa 
& Yoshizaki, 1980). A numerical expression off(L, d, q) 
and the necessary parameters are given by Yamakawa 
and Yoshizaki (1980). 

Application of the theory for worm-like coils to 
experimentally determined [O] and Mw for a series of 
homologous fractions of a xanthan obtained by 
ultrasonic irradiation, yields a persistence length of 
120 nm and a hydrodynamic diameter d = 2.2 nm at 
20°C in 0" 1 M NaC1 (Sato et al. 1984a, b, c). Increasing 
the salt concentration further is not expected to lower 
the estimates of q. The contribution to q due to high 
structural rigidity is large compared to decreases in the 
electrostatic contribution to the persistence length 
occurring when the salt concentration is increased 
above 0.1 M (Tricot, 1984: Sho et al. 1986). This is 
experimentally tested for one of the samples by 
determining [1/] of xanthan C-2 sample at various ionic 
strength in mixtures of NaCI and CaCI_, (Table 2). The 
data confirm that variations in q due to the change in 
Debye shielding of bound charges are not within 
experimental resolution for these stiffpolymers at ionic 
strengths exceeding 0.1 M. Table 3 summarizes the 
intrinsic viscosity data and the estimated molecular 
weights of the xanthan samples applying the theory for 
the worm-like coil using q = 120 nm at T = 20°C, 
d = 2.2 nm and linear mass density ML = 1900 g mol -~ 
nm-L The estimated molecular weights are specified as 
Mw because the value ofq  = 120 nm (Sato et al., 1984a) 
was based on model calculations based on experi- 
mentally determined [17] and weight average molecular 
weights from light scattering. It does not imply that the 

Table 2. Intrinsic viscosity of xanthan C-2 in various salt 
solutions at T = 20°C 

Salt composition I It/] (ml/g) 

5 g/litre NaC1 0-085 M 6 000 
5 g/litre NaC1 + 1 g/1 CaCI~ 0.112 M 5 800 
5 g/litre NaC1 + 5 g/1 CaCh 0-220 M 5 900 
50 g/litre NaCI 0-85 M 6 000 
Synthetic seawater (Table 1) 0-72 M 5 900 

estimated molecular weights are truly a weight average 
of the molecular weight distribution in the present 
samples. Using this approach we find estimated 
molecular weights ranging from 3"5 × 106g mol -~ for 
xanthan B to 10 × l& g mol -I for xanthan A. Analogous 
calculations for scleroglucan based on reported values 
of q =  150nm, d = 2 " 6 n m  and M L = 2 1 0 0 g m o l  -~ 
nm-~ for schizophyllan (Kashiwagi et al., 1981) and the 
experimental determined value of [17] for the sclero- 
glucan samples yielded molecular weights of 10 × 10 6 

g mol -~ and 7 X 10 6 g mol -t for scleroglucan A and B 
respectively (Table 3). Schizophyllan is identical in 
chemical composition to scleroglucan (Kashiwagi 
et al., 1981). 

Figure 3(B) shows [17]0 versus temperature in the 
range from 20-70°C for the polysaccharide samples 
studied. There is a marked difference between the 
xanthan samples on the one hand and the scleroglucan 
samples on the other. While scleroglucan samples were 
found to be least affected by temperatures up to about 
70°C, the xanthan samples reveal a pronounced 
decrease in [77]0 with increasing temperature. In fact, the 
observed temperature coefficients, Oln[o]o/OT = 
-0.0188 K -I (xanthan A) and Oin[q]o/OT =-0 .009  
K-t (xanthan C) are one order of magnitude larger than 
for most synthetic water soluble polymers (see 
compilation by Flory, 1969), but of the same magnitude 
as for derivatives of cellulose (Flory et al., 1958) 
Xanthan C is in agreement with other reports on 
xanthan. Milas and Rinaudo(1986) reported Oln[q]o/ 
OT = -0-008 K -~ for a high molecular weight xanthan 
at salt conditions below the conformational transition 
temperature, and Kojima and Berry (1988)determined 
Oln[rl]o/OT = -0-0113 K -~ for a food grade xanthan 
having [1/] = 11 300 ml g-i at 25°C in 0.62 N NaC1. 
Particularly, the observed temperature dependence for 
xanthan A is at variance with these reports. Whether 
this difference is due to intrinsic polymer properties or 
reflects temperature induced dissociation of supra- 
molecular structures possibly remaining in the diluted 
fermentation broth of xanthan A is unknown. 
Temperature induced dissociation of supramolecular 
structures is actually reported to occur in a freeze-dried 
sample of xanthan from a specific strain (Stokke et al., 
1989a), which in that case yielded an increase in semi- 
dilute solution viscosity. The starting solution of that 

Table 3. Molecular properties of xanthan and scleroglucan in synthetic seawater 

Sample [r/]0 k' Mw OIn [rl]o/OT din q/0T 
(ml/g) (106 g/mol) (10 --~ K -I) (10 -9 K -I) 

Xanthan A 12000 0.4 10 -18-8 -21-0 
Xanthan B 5 060 0.4 3.5 
Xanthan C 5 200 0.4 3.5 -8.9 -9.4 

Scleroglucan A 14 000 0.5 10 -2.0 -2.2 
Scleroglucan B 11 000 0.4 7 -I .8 -2.0 
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particular xanthan sample and another batch of the 
present xanthan A, is, however, markedly different 
(Stokke et al., 1989b). The observed temperature 
coefficient for the scleroglucan samples is din[r/]0/ 
OT = -(1.8-2.0) X 10 -3 K -I (Table 3). This temperature 
coefficient is in agreement with the insensitivity ofrhv/c 
reported for a 0-72 mg/ml scleroglucan solution towards 
changes in temperature for the temperature range 
10-70°C (Bluhm et al., 1982). 

The theory of worm-like coils relating [r/] to Mw 
enables us to transform the observed temperature 
coefficients of [r/]0 to temperature coefficients of q. 
Assuming that the molecular weight remains constant 
in the experimental temperature range, we used the 
above estimated Mw values for each sample (Table 3), a 
temperature independent d = 2.2 nm and the experi- 
mentally determined [17]0 at each temperature, to 
estimate q(T). The samples were observed to be 
thermally stable for days below 75°C in the solvents 
used. The estimated temperature dependence of q 
observed ranges from d l n q / d T = - 0 . 0 2 1  K -t for 
xanthan A to -0.0094 K -~ for xanthan C (Table 3). The 
values reported here can be compared to those reported 
by Nakasaga and Norisuye (1988). They measured [171 
for a series of homologous fractions of xanthans in 
0.1 M NaCI, and the application of the theory of worm- 
like cylinders according to Bohdanecky (1983) yielded 
q =  l 1 0 _ 2 0 n m a t 2 5 ° C a n d q = 7 0 +  1 5 n m a t 7 5 ° C  
for xanthan in the acid form. From these data, the 
temperature coefficient of q was calculated as alnq /  
aT = -0 .0113  K-L which is in excellent agreement 
with the authors" finding for xanthan C (Table 3). The 
temperature coefficient of q for the scleroglucan 
samples were analogously estimated as d l n q / d T  = 
-0.0022 K -~ and -0.0020 K ~ for scleroglucan A and 
B. respectively (Table 3). 

The molecular mechanism giving rise to the widely 
different temperature sensitivity of q between the 
xanthans on one hand and the scleroglucan on the 
other is not known. One might speculate that despite 
their multistranded nature, the difference in tempera- 
ture sensitivity is due to the differences in proximity 
between the side-chains and the backbone of these two 
biopolymers. Xanthan has about 60% of its mass 
located in its side-chains, whereas in scleroglucan, 
merely 25% is in the branching units. If the localization 
of the side-chains is more crucial for the higher 
structural rigidity of xanthan than for scleroglucan, a 
strong temperature dependence of the motion of the 
xanthan side-chain might result in such a strong 
temperature dependent decrease in chain stiffness. ~H 
NMR experiments at conditions corresponding entirely 
to the ordered conformation does not, however, reveal 
that the mobility of the xanthan side-chain substituents 
acetate and pyruvate are increased sufficiently to 
resolve changes in these signals with increasing 
temperature (Morris et al., 1977). The small monotonous 

increase in the specific optical rotation occurring prior 
to the onset of the cooperative conformational transition 
(Norton et al., 1984) may reflect molecular changes 
yielding the observed temperature coefficient in [17]0 of 
xanthan. The authors are not aware of other experi- 
mental results addressing such molecular interpre- 
tations. 

The numerical estimates of Huggins constant were 
found to be more dependent on the selected method of 
estimation than was the case for estimation of [171, even 
when only data corresponding to r/s0 < 1 were included 
in the analysis. Only k' values obtained from estimation 
based on at least four polymer concentrations in this 
range are reported here (Table 3). 

ANALYSIS OF SEMI-DILUTE POLYMER 
SOLUTION RHEOLOGY 

Effect of polymer concentration 

When the polymer concentration is increased beyond 
the overlap concentration, c*, where the hydrodynamic 
volume of the individual chains begins to overlap, 
entanglement effects dominate the rheological 
behavior. Such entanglement effects depend strongly 
on shear rate even for shear rates below the critical 
value where the dependence of [17] levels off at [r/]0. In 
the low-shear region, the observed difference in 
viscosity is expected to be mainly due to differences in 
the hydrodynamic volume among the samples. To test 
this the authors plotted the viscosity data as r/,~ versus 
reduced concentration c[o]. Figure 4 shows r/,e~ versus 
reduced concentration c[o] for each of the samples 
presented in Fig. 2. All data determined at this fairly 
low shear rate is observed to converge more or less to 
one single master curve. This is so even though the 
values of ~' used are not sufficiently low to attain the 
lower Newtonian pla teau for the highest polymer 
concentrations. The master curve for xanthan is 
similar to that reported by others (Shattweli et al., 1990). 
In addition, this study indicates that the dependence of 
r/,~ on reduced polymer concentration for scleroglucan 
is similar to that for some xanthans. This is possibly 
due to a similar chain stiffness for the two classes of 
polysaccharides at 20 and 30°C. In view of the recently 
reported similar plots which showed differences among 
xanthans having different substitutions of acetate and 
pyruvate or even lacking the terminal mannose in the 
side-chain (Shattwell et al., 1990), the present finding is 
somewhat surprising. It might indicate that the pyruvate 
and acetate levels of the xanthans used are not widely 
different, and that the substitution levels are such that 
only minor differences between the xanthans and the 
scleroglucans are observed. 

Two distinct regions of the master curve are clearly 
discernible. For reduced concentrations c[rl] below 1 
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Fig. 4. Relative viscosity at low shear rate (?= I-2s -~) 
versus reduced polysaccharide concentration el01 measured 

at 20°C for the samples depicted in Fig. 2. 

the log r/rCj versus Iog(c[r/]) is almost linear with a slope 
of 0.4. Increasing the reduced concentration results in 
an increase of this slope ending up in a second linear 
region of log r/,~l versus Iog(c[r/]) with slope of 2.3. The 
intercept between the extrapolations of these two 
straight lines is located at r/r~ = 2"8 and c[o] = 1.4 
(Fig. 4). Although this numerical value, 1.4. of elf/] for 
change of  concentration regime from dilute to semi- 
dilute is significantly lower than 4 predicted for 
random coil type polymers (Graessley, 1982) and 
experimentally confirmed for the polysaccharide guar 
(Robinson et al., 1982), it is in agreement with other 
reports on xanthan (Rinaudo & Tinland, 1989). The 
observed slope of 2"3, is, however, considerably less 
than the value of 3.4 expected for random coil type 
polymers. Such deviations in the present data are 
encountered because of  the limitations introduced by 
the lack of the lower Newtonian plateau (Fig. 1). 

Effect of shear rate 

The viscoelastic nature of semi-dilute xanthan and 
scleroglucan solutions precludes the construction of  a 
master curve incorporating the shear-thinning effect in 
a universal way from the dilute to the semi-dilute 
concentration range (Chauveteau, 1982). Empirical 
functions of  various forms have been used to model the 
viscoelastic nature of xanthan solutions. For instance, 
Launay et al. (1984) reports better agreement between 
experimental data and the Cross equation with optimum 
adjusted parameters than the Ree-Eyring equation. 
The shear rate has a characteristic influence on the 

rheology of  such oil-field biopolymers (i.e. Fig. 1) and 
to avoid relying on such phenomenologicai correlations 
the authors used a molecular approach to analyze 
shear rate effects. Figure 5 shows the reduced viscosity 
17 * =  O~p(~')/(cl~]r) versus the reduced concentration 
c[rl]~ with shear rates # as a parameter for xanthan A 
and scleroglucan A at T = 20°C. The notation [r/]~ is 
used for the intrinsic viscosity at shear rate # (Fig. 3). 
The two major features of  Fig. 5 are that for c[r/]~ < 1 
the reduced viscosity 17" is only slightly dependent on 
whereas there is a marked sensitivity to # above this 
reduced concentration. This behavior for c[0]~ < 1 is 
expected because the shear sensitivity for [r/]~ is 
actually deduced from the f-dependence of rt~p in this 
concentration range. The small differences among the 
slopes of Fig. 5 are due to the shear dependence of 
Huggins constant. The actual slope of such a graph is 
expected to be close to 0"4 because rhr scales as the 1-4 
power of the reduced polymer concentration (c[r/]) in 
this concentration range. Adequate agreement with the 
1-4 power dependence is reported for a xanthan in 
aqueous salt solutions (Milas et al., 1985). although 
xanthan possesses significant chain stiffness implying 
that random coil behavior is not expected, 

Forc[q]r > I, there is an increased shear dependence 
due to the entanglement effects. In this graph, the 
authors have normalized using [rl]~ thereby accounting 
for the shear-induced orientational effects at the 
intramolecular level. The shear sensitivity of the 
intermolecular effects can then be quantitated as the 
slope of this graph for c[r/]~ > 2. The sensitivity of such 
an entanglement density index, a = O O*/O(c[rl]~), to 
demonstrates the prominent influence of entanglement 
effects for c > c* (Fig. 6). The actual value of a is 
expected to approach 2-4 for randomly coiling, non- 
associating polymer molecules and a plateau at the low 
shear rate end (Graessley, 1982). There is no sign of a 
low-shear rate plateau in the present data (Fig. 6). The 
highest value, a = 1.5 at :? = i s -~. and the finding that 
da/di, 4:0 at this shear rate, shows that the Newtonian 
plateau is not encountered for these conditions. 
Departure from 2.4 in the observed a is not the only 
criteria that should be used since scaling coefficients in 
such plots could correspond to a higher value of a if the 
polymer departs from ideal, non-associating random- 
coil type polymer. Such deviations are actually reported 
for xanthan solutions (Milas etal., 1985), where the data 
indicate that a cou ld  be as large as 3.24 in the 
Newtonian regime. 

At the high shear rate end of the experiments there is 
less sensitivity to shear, and a approaches 0 (Fig. 6). As 
a consequence of this, the actual viscosity even above 
the apparent c* is expected to be independent of shear 
rate. This is so despite the fact that no upper newtonian 
plateau in the intrinsic viscosity is observed for the 
highest shear rates (Fig. 3). Thus high-shear rate 
viscosities even in the semi-dilute concentration range 
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is calculable from the observed [r/]~, or vice versa, that 
[r/]e can be evaluated from observations in the semi- 
dilute regime. 

An additional distinct feature of  the data presented 
in Fig. 5 is that all the lines describing the behavior  of  
log r/* versus log clr/]~ for clr/]~ > 2 at the different shear 
rates appear  to have a c o m m o n  origin and intercept 
with the line for c[r/]~ < 1. This c o m m o n  intercept is 
identical in value to the change of  slopes in Fig. 4, and 
therefore suggests that the apparent  overlap concen- 
tration at a given shear  rate is related to the intrinsic 
viscosity at the shear  rate analogous to what is seen in 
the Newtonian regime, i.e. c* (7 )=  1.4/[r/l~ is not 
restricted to ~'--~ 0 s-L but is also valid at finite shear 
rates. Similar analyses at different temperatures reveal 
that this method yields consistent estimates of  c* 
independent  of  temperature. Attempts to fit the observed 
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data to a function depending on (k'clr/]~) (Kojima & 
Berry, 1988) did not provide a universal curve account- 
ing for the shear sensitivity at both dilute and semi- 
dilute concentrations, and will not be discussed further. 

Overlap concentration and Mark-Houwink exponents 

The Mark-Houwink exponent, a, relates the power law 
dependence of the molecular weight M of the intrinsic 
viscosity: 

[ol0 = K . M "  (7) 

where K is a prefactor traditionally deduced from 
measurements of M and [r/1 for a series of homologous 
fractions of the polymer. The coefficients are valid over 
a limited range of molecular weights where log [0] is 
linearly dependent on logMand is not as general as the 
description in terms of the worm-like cylinder referred 
to above (eqn (6)). However, as estimates of the a 
coefficient will be needed later in the discussion, we 
proceed as follows. It has recently been proposed that 
the a parameter can be deduced from the concentration 
dependence of r/r~ in the semi-dilute domain (Lefebvre, 
1982): 

Inr/r~ = 2alrllc*(c/c*) ~/2" - (2a - l)c*[r/] (8) 

Applied to a pectin sample, this approach yielded 
values for the a coefficient in reasonable agreement 
with the conventional approach (Axelos et al.. 1989). In 
their analysis, c* was deduced from the deviation from 
the (c[o]) t2 power law dependence of r/~ 0. The latter 
approach was implemented (eqn (8)) and employed to 
estimate simultaneously c* and the a coefficient using a 
fixed predetermined value of [r/] and corresponding 
values of r/~ and c at the different shear rates, using 
non-linear regression (simplex algorithm). The values 
of c* estimated in this way can then be compared with 
those obtained above (Fig. 4). The estimated values of 
c* (Table 4) show no systematic dependence on the 
shear rate. The estimated product c* [r/]~ lies in the 
range 0.2-0.9 for the samples listed in Table 4, and 
there is a clear trend of decreasing c* [~]~ as the shear 
rate increases. This contrasts with the appearance of a 
common intercept for all the lines deduced at different 
/' (Fig. 5), which indicate constancy of c*[r/]~. The 
estimated values of the a coefficients are in the range 
1.1-1.2 for the xanthan A sample at 20°C, decreasing to 
0-6-0-7 at 70°C. For scleroglucan A it lies in the range 
1.15-1-46 at 20°C decreasing to 1.05-1"2 at 60°C. The 
reduction in the a coefficient on increasing temperature 
is less for the scleroglucan than for the xanthan sample, 
which is in agreement with the difference in temperature 
coefficient of q for the two polymers (Table 3). Milas 
et al. (1985) report a = 1.14 for xanthan samples in the 
range Mw = (0-3-7) 106gmol -I, whereas Holzwarth 
(1978) give a = 1-35 for xanthan preparations with 
Mw < 1 × 106g mol -j decreasing to a = 0-96 forMw > 

Table 4. Overlap concentrations and Mark-Houwink 
coefficients of xanthan A and sclerogluean A 

Xanthan A 
? T = 20°C T = 70°C 

S-I 
c* c* lrlle a c* c* Irlle 

mg/ml mg/mi 

4 0.057 0.69 1.20 0.063 0.25 0.60 
10 0-048 0.55 !- 19 0.049 0.20 0.62 
40 0-049 0-43 1-17 0.047 0.20 0.67 

100 0.051 0.34 1.11 0.047 0-20 0.72 

Scleroglucan A 
/" T = 20°C T = 60°C 

S-I 
c* c*[o]~ a c* c*[0l~ 

mg/ml mg/ml 

4 0.046 0-64 1.46 0.071 0.87 1.04 
10 0-038 0.46 1.32 0.066 0.80 i.20 
40 0-035 0.40 !. 26 0.038 0.46 1.18 

100 0.035 0-28 1.15 0-032 0.33 1-11 

5 × 106 g mol-~. The present finding at 20°C appears to 
be in agreement with the former ones, whereas 
somewhat high relative to that reported by Holzwarth 
(1978) at a comparable molecular weight. 

Effect of temperature 

Temperature effects will in the present analysis be 
separated into contributions of intra- and inter- 
molecular origin, respectively. The direct effect of 
temperature on [rT]0 and the interpretation of this effect 
as a result of changes in polymer chain stiffness were 
discussed above. Here we discuss the semi-dilute 
concentration range. The entanglement density index, 
a = Orl*/O(c[rl]~), was observed to never reach a 
constant, indicating that the lower Newtonian plateau 
was not contained within the experimental data. Thus, 
the temperature dependence of the Newtonian viscosity 
for c > c* cannot be discussed on the basis of the 
present data. Interpretation of the experimental data in 
terms of the van't Hof relation yielding apparent 
activation energies of viscous flow (Cuvelier & Launay, 
1986: Kojima & Berry, 1988) therefore does not seem 
appropriate because data obtained at the same finite 
shear rate represent different departure from the 
Newtonian viscosity at various temperatures. An 
estimated apparent activation energy thus contains 
both a shear-rate, and tgln[o]o/OT dependent contri- 
bution. 

Temperature effects in the semi-dilute concentration 
range will therefore be analyzed on the basis of a. 
Figure 6 shows a versus/ '  for xanthan A at various 
temperatures. At higher temperature, particular a-values 
are found at higher/'-values. Before we discuss the 
molecular interpretation of this phenomena, let us 
briefly return to the dilute solution regime where 
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temperature effects also are clearly discernible both at 
the onset of the shear thinning and the values of [r/] 0 
(Fig. 3(A)). At the intramolecular level such temperature 
effects can be given a molecular interpretation in terms 
of the rotational relaxation time of the polymer, v R. 
This is the basis for the method of reduced variables for 
temperature dependence of polymer viscoelastic data 
(Ferry, 1980), Deviations in [1/] from [rll0 is encountered 
when the product ~rR equals one or higher. In the 
former expression, the rR of a polymer molecule in 
dilute solution can be expressed as: 

m I71 rhM 
rR - RT ( 9 )  

where m is a numerical constant of the order of 1 
depending weakly on the polymer model, Os is the 
solvent viscosity, R is the molar gas constant and T is 
the absolute temperature (Ferry, 1980). Of the para- 
meters contained in eqn (9), the temperature depen- 
dence of both O, and [0]0 as well as the explicit 
appearance of temperature in the denominator 
contribute to the resulting total temperature effect of 
the onset of shear thinning. The feature that the 
Newtonian plateau of [I/] for xanthan extends to higher 
y for higher T (Fig. 3(A)) is caused mainly by the 
decreasing 7/, resulting in reduced rotational friction. 
Increasing the temperature thus requires a higher shear 
rate to reduce [7] a given amount. An additional 
influential factor observed for the xanthans is the 
reduction in [1/]0 with increased temperature (Fig. 3(B)). 

The considerations above are valid for the dilute 
regime, but can be extended to the intermolecular case 
where the rotational friction of the polymer molecules 
not only is influenced by solvent viscosity, but actually 
is dominated by entanglement effects. Morris and 
Ross-Murphy (1981) identify the primary relaxation 
time of a semi-dilute polymer solution as" 

m(rlo - rl~)M 
(10) VR -- c R T  

where r/0 is the low-shear newtonian plateau of the 
polymer solution. Although vR is inaccessible based on 
the present experimental data, relative differences in rR 
as a function of temperature can be discussed based, 
e.g. on the shear rate where a = 1, ~a = ~. Inherent in 
such an approach is the assumption that a log r//dlog 
(i.e. the slope on a graph of log r/versus log ~ at shear 
thinning shear rates) for ~ > rR -~ is independent of the 
temperature for the polymers studied. This assumption 
is expected to be well satisfied since the polymers over 
the temperature range studied, differ less than a factor 
of two in chain stiffness (Table 3). A power-law form of 
eqn (1) is adopted for the concentration dependence of 
r/sp in the semi-dilute concentration range according to 
Milas et al. (1985): 

r/, o ~ K,(clrT]0)" (11) 

Making the approximation that O0 >> r/s, and insertion 
of qo - r/so r/, yields: 

OsposM (c[o])"osM (12) 
vr - c R T  c R T  

Using the observation that the onset of shear thinning 
occurs at ~ rR = 1 and using the Mark-Houwink 
equation to express M in terms of [rl] (eqn (7)), the 
critical shear rate is found to scale as: 

T 
~ - I71- '"  + " " "  (l 3) 

7, 

on [7]. Considering temperature effects explicitly, eqn 
(13) is recast in the form: 

r/s 
7 c- M -, ' '  + ,', ' ',, (14) 

Figure 7 shows data for xanthan A and scleroglucan A 
plotted according to eqn (14) to obtain the scaling 
coefficient n + 1/a. Measurements at different 
temperatures were used to get different values of [q]0, 
thus the range of [1/]0 spanned by the measurements 
covers less than half a decade. This imposes severe 
limitations on the precision obtainable in the numerical 
estimates of the scaling coefficient, and in fact the 
observed scaling coefficient in Fig. 7, of -1-7, is at 
variance with that expected from n + l/a with 
parameter values inserted for n and a as obtained 
above. Although the numerical estimate of n + l /a is 
not of sufficient precision to judge the applicability of 
the present description, it is encouraging that the data 
deduced from the xanthan sample and the scleroglucan 
sample coincide. 
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Analysis o f  rheological data of  xan than  and 
scleroglucan in synthetic seawater obta ined at different 
polymer  concentra t ions  and shear  rates indicates that 
chain  stiffness is the basic molecular  parameter  altered 
by changes in temperature.  The temperature depen- 
dence of  chain  stiffness is found to differ for xan than  
type and  scleroglucan type polymers,  the latter being 
less temperature sensitive. The variation in temperature 
sensitivity within the xanthans  was found to be larger 
than the average difference between the two types o f  
polymers. 
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