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ABSTRACT: This paper concerns the rheological behavior of an unpasteurized sample of xanthan as a
function of the polymer concentration and of the conformation of the polysaccharide. The evidence of
critical concentrations (C* and C**) is discussed from steady shear and dynamic experiments. The behav-
ior of the xanthan solutions is characteristic of polymeric solutions without any evidence of gellike charac-
ter in contrast with the results obtained previously on commercial samples.

Introduction

Xanthan is a bacterial polysaccharide which has been
widely studied in recent years. However, the results diverge
on many aspects such as the nature of the ordered struc-
tures! or the mﬂuence of the substituents on its proper-
ties in solution.? In contrast, an apparent agreement exists
about the conformational transition in solution and its
dependence with temperature, ionic strength, and sub-
stituent contents. In fact, only a few studies take into
account the existence of two different ordered conforma-
tions in solution (native and renatured) which modify
the hydrodynamic and rheological properties but not the
position of the conformational transition;® aggregates which
are generally present in commercial xanthan samples lead

0024-9297,/90/2223-2506$02.50/0

to the same behavior.

Concerning the conformation of xanthan in solution,
the chain model usually adopted now is that of a worm-
like chain characterized by an intrinsic persistence length
either around 500 A if we adopt the single helix as ordered
confogma‘cion4 or around 1200 A in the case of a double
helix.

A first approach of the viscoelastic properties of xan-
than gum was made by Thurston et al. in 1981.6 These
authors showed that the same relaxation processes are
responsible for both the steady and the oscillatory flow
behavior and were sufficient to describe how the vis-
coelasticity changes with both shear rate and frequency
and how the steady flow viscosity changes with shear rate.

© 1990 American Chemical Society



Macromolecules, Vol. 23, No. 9, 1990

Later, from a wide range of rheological experiments, Ross-
Murphy et al.”® found that solution viscoelasticity was
drastically modified by changing the counterion of the
polyelectrolyte and by treatment with urea, although in
all cases, the local ordered structure was unaffected. They
conclude that, in aqueous solution, xanthan may be
regarded as a highly extended wormlike chain interact-
ing by noncovalent association to develop a weak-gel net-
work, which is readily reversible under shear. For exam-
ple, the so-called Cox—Merz rule is no more obeyed even
in semidilute solutions and at lower frequencies and shear
rates. A similar behavior was found by Cuvelier and
Launay.? These authors deduced from flow and viscoelas-
tic properties different concentration regimes in xan-
than gum solution in which different master curves are
obtained due to a change in the density of junction zones
of the elastic network formed by side by side associa-
tions. The influence of salt, temperature, and strain effects
on the structure of xanthan solution from xanthan dried
powder and a pasteurized fermentation broth has been
studied by Rochefort and Middleman'© using oscillatory
and steady shear experiments. Their conclusions are very
similar to the previous ones. Nevertheless, a master curve
of dynamic properties covering 6 decades of frequency
has been obtained in highly saline solution and the
frequency/temperature superposition allows character-
ization of the conformational transition induced by tem-
perature change. More recently, steady and dynamic shear
properties of aqueous polymer solutions, including xan-
than, have been published.!! These studies have been
carried out for xanthan concentration lower than 1 g/L
and for frequencies lower than 1 rad/s. In these condi-
tions, in absence of salt, they found that measurements
follow the Cox-Merz rule in low shear rate and fre-
quency regions and that the dynamic results agree qual-
itatively with the trend predicted by the Zimm molecu-
lar model. A master curve is obtained by means of the
shift factor M/CRT as suggested by Ferry.'? Neverthe-
less, the rheological properties of xanthan depend not
only on the nature of the counterion and salt contents
but also on postfermentation treatments like pasteuriza-
tion and drying which form in xanthan commercial sam-
ples large and irreversible aggregates.’® From these sam-
ples, gellike behavior is well demonstrated from the pre-
vious studies,®° and it is clear that the structure of these
solutions cannot be described by a classical polymer entan-
glement concept.

In this paper, a xanthan from an unpasteurized broth
was used, taking care to avoid aggregation and to pre-
serve the native conformation during purification.> Using
this well-characterized xanthan, steady shear and dynamic
experiments were performed in the native and rena-
tured conformations in dilute and semidilute regimes in
the range of polymer concentration up to 5 g/L (i.e, C[n]
< 65).

Experimental

Material. Anunpasteurized broth from Rhéne Poulenc (Aub-
ervilliers, France) was diluted in 0.01 M NaCl solution to an
estimated concentration of about 1 g/L. It was filtered through
8-, 3-, 1.2-, and 0.8-um Millipore filters successively and centrif-
ugated for 2 h at 20000g. Afterward, NaCl (60 g/L) was added.
The xanthan was precipitated by addition of ethanol to a con-
centration of 50% (v/v). The precipitate was then washed suc-
cessively with ethanol/water mixtures from 70% (v/v) to 100%.
The xanthan powder was dried at 25 °C under vacuum for 2
days. Afterward it was stored in ambient conditions until it
reached equilibrium; its degree of hydration measured by ther-
mogravimetry with a Setaram balance (Model G70) was then
12%. This method for the recovery of xanthan from the broth
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Table I
Characteristics of Xanthan in Dilute Solutions*
con- ) A%, mL 1], C*,  C*»,
formation M, g*mol mL/jg Kk g/L g/L

native 525%x10% 06x10° 10300 045 0.126 0.78
renatured 5.25x 108 0.7x 107 13200 046 0.100 0.60

% Note: C* and C** are obtained from Figure 2.

preserves the native ordered structure (N) and gives the sodium
salt with the minimum of aggregation. The solutions were pre-
pared by dissolving the required amount of purified xanthan
in 0.01 M NaCl solution. Half of the volume of these solutions
was heated at 80 °C (1 min) and cooled to 20 °C. After this
cycle, the xanthan is in its renatured conformation (R).2 Then,
9% (v/v) of 1 M NaCl solution was added into the heated and
nonheated solutions in order to reach a final NaCl concentra-
tion equal to 0.1 M. The lowest xanthan concentrations were
obtained by dilution of a more concentrated polymeric solution
with 0.1 M NaCl. Nevertheless, it was checked that the results
were independent of the solution preparation technique (direct
dissolution or dilution of a more concentrated solution).

Techniques. The degrees of pyruvate substitution and acety-
lation were measured by *H NMR. Dried xanthan was dis-
solved in 5 X 10 M sodium acetate solution (in D,0) at &
polymer concentration of about 5 g/L. Sodium acetate (5 X
1073 M) was used as an internal standard. The spectra were
obtained with a Bruker WP 100 spectrometer at 85 °C. The
OH signals were suppressed by irradiation. A total of 200 scans
were accumulated with a repetition time of 7 s and a sweep
width of 1125 Hz. The acetate and pyruvate yields were expressed
as an average number per side chain.

Intensities of light scattered from the xanthan solutions (poly-
mer concentrations usually lower than C* varied from 0.02 to
0.15 g/L in 0.1 M NaCl) were measured at an angle of 6° with
a low-angle laser light scattering apparatus (Chromatix KMX
6) at 25 °C,; clarification of xanthan solutions was achieved by
filtration throguh 0.22-um Millipore filters. The value of dn/dc
was taken to be 0.155 mL/g.® The main characteristics of the
polymer used are the following: M, = 5.25 X 10% pyruvate and
acetate contents equal 0.25 and 0.50, respectively. Flow curves
were obtained with two viscometers: the Contraves low-shear
LS30 (y from 0.017 to 128 s71) and the Carrimed CS 50 (y from
0.02 to 2500 s™1) using different coaxial cylinder and cone-plate
systems.

Dynamic measurements were performed with the Rheomet-
rics fluid spectrometer (RFS) (rate from 1072 to 10? rad/s and
strain from 1 to 50%) using a coaxial cylinder (R, = 16 mm, R,
= 17 mm, and h = 32 mm). The torque has to be greater than
5% 1073 Nom.

All the rheological experiments were performed in 0.1 M NaCl
and at constant temperature (25 °C).

Results and Discussion

1. Characterization of Xanthan Solutions in the
Newtonian Regime. The weight-average molecular
weight, M, the intrinsic viscosities, [r], determined in
the Newtonian regime, the second virial coefficients, A,,
and the Huggins constant, k’, are given in Table I for
xanthan in the native and renatured conformations. The
polydispersity was determined by steric exclusion chro-
matography and found to be 1.5.14

Viscosities in the Newtonian plateau and their depen-
dence on shear rate were determined on the two confor-
mations in the range of polymer concentration from 0.0125
to 5 g/L; a few experimental results obtained for the rel-
ative viscosity are given in Figure 1.

The values of the specific viscosities in the Newtonian
regime (reached only for xanthan concentration lower than
2.5 g/L) as a function of the overlap parameter C[n] in
a logarithmic plot are given in Figure 2. A unique curve
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Figure 1. Steady shear viscosity, n (X), and modulus of the
complex viscosity, n* (W), as a function of v and w for (a) the
native state conformation (N) and (b) the renatured state (R)
(T, 25 °C; solvent, NaCl 0.1 M).

is obtained corresponding to the development:
np = Cln] + R(C[n))* + ... + B(C[1])"

When C{»] increases, the transition between dilute and
semidilute regimes is characterized by a critical concen-
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Figure 2. Dependence of the specific viscosity, n,., as a func-
tion of (a) the overlap parameter, C[y], and (b) the function
C[n] + k(C[n])? for the state N (W and ¢, respectively) and
state R (* and +). The critical concentrations (C* and C**)
and the values of the slopes (s) are indicated. (Same condi-
tions as Figure 1.)

tration C*; this transition is well characterized by the
departure of the curve from the slope 1 when the 7, val-
ues are plotted against C[n] + k’(C[7])? characterizing
the dilute regime. The values obtained for C* are given
in Table I; they are in the range of C*[5] ~ 1 as usually
found.!®

For higher values of C[y] (i.e., C[n] > 8), the depen-
dence of n,, with C[n] becomes linear with a slope equal
to 3.7 £ 0.3. Consequently, in the higher polymer con-
centration range, the dependence becomes

nsp ~ C3'7[17]3‘7 or C3A7M4

considering the Mark-Houwink parameter a = 1.1 for
xanthan in 0.1 M NaCl.* The experimental values
obtained for C**, such as C**[y] = 8, are given in Table
L

These results are in good agreement with works on many
synthetic polymers and polysaccharides. The experimen-
tal values of the critical concentrations C* and C** fit
quite well with theoretical predictions based on space-
filling considerations: 0.7 < C*[y] < 1.5 and C**[5]g =
6.14.% The difference between this last value and our
result, C**[n] ~ 8, can be attributed to chain contrac-
tion occurring when polymer concentration increases up
to the O state in the concentrated domain; this effect is
not considered in the plot as a function of C[#n] in which
[n] is taken as the experimental value for infinite dilu-
tion. So, C[n] ~ 8 characterizes the threshold of the lin-
ear dependence of log 7,, with log C[#] but also the value
after which a divergence to the Martin equation'® 5, -
1 = 1,C[n] exp(k”’C[n]) is observed. This limit C[n] ~
8 introduces a transition from the semidilute regime to
a concentrated regime characterized by a uniform seg-
ment density in solution'® where free-draining behavior
becomes predominant. In this last domain, the behav-
ior looks like that of a melt. Then, for linear polymers
interacting by purely topological entanglements, de Gen-
nes'”!® has predicted that n ~ M3C* for polymer solu-
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Figure 3. Reduced value of the shear rate corresponding to
the transition from Newtonian to pseudoplastic behavior (vy,/
7,o) and reduced relaxation time, 7,/ 7,, estimated in the Rouse
model as a function of the overlap parameter for the state N
(m and ¢, respectively) and for the state R (* and +). aw, is
also represented for the native state N (8) and the renatured
state R (A) (a frequency shift factor).

tion in absence of hydrodynamic interactions and in 6
conditions, which agrees well with that observed experi-
mentally. Previously, C*? dependence has been reported
above C[n] ~ 4 for random coil polysaccharide solu-
tions.'® Nevertheless, higher exponents, characteristic of
more specific polymer—polymer interactions, have been
obtained on xanthan® or guar galactomannan.?® The
dependence on M cannot be discussed as we have used
only one xanthan molecular weight. Then, our results
show that, in the range of concentration investigated here
(lower than 2.5 g/L), no specific interactions exist between
xanthan chain segments in addition to normal topologi-
cal entanglements, similar to other polysaccharides®® but
in contrast to previous data published on commercial pas-
teurized samples of xanthan.®°

2. Flow Curves. (a) Onset of the Shear Rate-
Viscosity Dependence. Considering the curves given
in Figure 1, it is shown that the onset of non-Newtonian
behavior shifts to higher shear rates with decreasing con-
centration. The transition from Newtonian to viscoelas-
tic behavior is characterized by a critical value of the
shear rate, v,, usually considered as the longest relax-
ation time of the Rouse spectrum for the polymeric solu-
tion. For low polymer concentrations, a limiting value
is reached independent of the concentration (v,,). The
v, value is equal to about 11 # 2 s, Due to impreci-
sion on its determination, it was not possible to find a
difference between the two xanthan conformations.

To generalize this behavior, a reduced form was adopted
in which v,/%,, is plotted as a function of C[n] (Figure
3). The departure from one is located at C*[y] ~ 0.8
slightly lower than the overlap concentration C* deter-
mined from the Newtonian values in Figure 2.

With the assumption that the shear-rate dependence
of viscosity is caused by a progressive decrease in the
steady-state entanglement density, a relaxation time, 7.,
can be defined as'%'®

Tro = 6ns[n]M/1r2RT
where R is the gas constant, T the absolute temperature,
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Figure 4. Reduced viscosities as a function of the reduced shear

rate for xanthan solutions in the renatured (R) and native (N)
conformations at different concentrations.

M the molecular weight, and #, the solvent viscosity and
6/x? is derived from the Rouse model of polymer dynam-
ics. For finite concentrations [4] is replaced by (n, — 7}/
7,C and thus

7, = 6(n, ~ ns)M/WZCRT

with 5, the viscosity of the solution in the Newtonian
regime.

The ratio of the calculated values 7/, is reported in
Figure 3 as a function of C[]; it is in good agreement
with the experimental v,/7,, ratio, indicating that the
entanglement concept alone can explain the change of
the onset of viscoelastic behavior with polymer concen-
tration. One consequence of the agreement between 7.,/ 7,
and v,/7,, is the possible reduction of the shear rate vy
either by 7, (i.e., v/7,) or by use of the generalized reduced
shear rate 8 (8 = 7yy72/6).18 This generalized reduced
shear rate has been already used with success to reduce
viscosity data on guar galactomannan® or polystyrene.
Reduced curves (n - n,)/(n, — ns) = f(v/~, or 8) have
been obtained in both cases. An example is given in Fig-
ure 4. When C[n] increases, the slope of the curve log
Ye/ %o OF log 7,0/ 7. = f(log C[n]) (Figure 3) reaches a lim-
iting value equal to -3 % 0.3. The expected value for
Tro/ Tr i8 =2.7 from the dependence of 1, = f(C[n]), and
if we equilibrate 1/+, to a longest relaxation time using
the reptation concept,'®2122 the exponent should be con-
tained between -1.75 (good solvent) and —3 (© solvent).
The experimental value is compatible with the latter value.
As recalled previously, when the polymer concentration
increases, © conditions are approached. This is perhaps
at the origin of the agreement found here. Finally, it is
worth noticing that the differences between the native
and renatured xanthan are contained in the parameter
Clnl.

(b) Dependence of the Non-Newtonian Shear Vis-
cosity on Shear Rate. For v > v,, the viscosity data
take a power law dependence with 5 ~ [y]™, with the
slope n a function of polymer concentration (see Figure
1). The values of n are given in Figure 5; the values
obtained for xanthan are compared with that of poly-
styrene'® as a function of C[5]. At high concentrations,
n approaches —0.8, as observed with several polymers in
the melt or in concentrated solutions. For example, a
limiting n value equal to ~0.79 has been reported for guar
galactomannan.?® These values compare quite well with
the value —0.818 predicted from the theory of Graessley
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mined on flow curves for states N (8) and R (*). They are com-
pared with the values obtained in dynamic experiments (¢ and
+, respectively). See Figure 1; results for polystyrene (- - -).16

for monodisperse polymers, knowing that polydispersity
of chain length reduces the absolute value of n.®

In the range of low C[n], the absolute value of n is
higher for the stiffer xanthan than for flexible polysty-
rene. This difference can be attributed to lower hydro-
dynamic interactions due to the stiffness of the xanthan
chain. The behavior of native and renatured xanthans
is similar when n is plotted against C[n].

3. Dynamic Measurements. Native and renatured
ordered conformations were tested in the linear region
between 0.166 and 5 g/L. Due to the sensitivity of the
rheometer, no measurement was possible in the dilute
regime. From these dynamic measurements (i.e., dynamic
storage modulus, G’(w), and loss modulus, G”(w), deter-
minations), the complex dynamic viscosity is given by

[77*] = [(G/2 + G//Z)I/Z]/w

which, using the Cox-Merz rule, can be compared with
the steady shear viscosity, n(v), when plotted against radial
frequency and shear rate, respectively (Figure 1). At low
v and w, when the Newtonian plateau is approached, the
curves are superposed; then, in the linear viscoelastic
domain, the slopes of [7*(w)] become slightly lower than
that of n(y). This behavior seems original compared with
the behavior of flexible polymers for which usually [n*](w)
> n(v). The values of slopes are compared in Figure 5;
no difference is observed between the two structures of
xanthan.

The dynamic storage modulus (G’(w)) and the loss mod-
ulus (G”(w)) versus w have the general behavior shown
in Figure 6; for the renatured conformation G’(w) and
G”(w) cross at a given frequency w,, which decreases with
increasing polymer concentration, at least above C*. The
change of w, (plotted in the reduced form aw,) versus
the overlap parameter C[y] is reported in Figure 3. “a”
is an arbitrary shift factor of frequency, to superpose w,
= f(C[n]) curve on the other curves. w, appears to fol-
low the same behavior with C[n] as v, up to C[5] values
equal to 30. For higher values of C[7], w, is shifted toward
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the generalized frequency wr, on the native state (@ and X, respec-
tively) and on the renatured state (¢ and +). Xanthan concen-
trations are from 0.16 to 3 g/L.

lower frequencies and, as for the Newtonian plateau in
steady shear experiments, w, is no more reached with
the equipment used (w, < 5 X 107 rad/s). At xanthan
concentration lower than C** the w, values are too impre-
cise to confirm the independence of these values as found
by Cuvelier and Launay® in this range of concentration.
However, from the results given in Figures 3 and 7 (where
w,7, is found independent of the concentration), it seems
that aw, follows the same trend that v,/7,, or 7,,/7, do;
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then, in this case the independence of w,, with C[5] would
be only expected in the dilute regime (C < C*). The
disagreement with Cuvelier and Launay results® is per-
haps another consequence of the absence of gellike struc-
ture at these concentrations.

The reduced values G’/C and (G - wyp,)/C for C con-
tained between 0.2 and 3 g/L are plotted in Figure 7 as
a function of the generalized frequency, wr. Similar results
are obtained using v, instead of 7, as 4;! ~ ..

All the points are on two generalized curves irrespec-
tive of the conformation. So the same shift factor (r, or
v, 1) is applied with success to reduce the shear rate and
the frequency. It was not possible to take the G’ and G”
reduced values extrapolated to infinite dilution due to
the lack of sensitivity of the viscometer. In the range of
lower wr_ values, corresponding also to the lower poly-
mer concentration range, the limit behavior of reduced
G’/C and (G” - wy,)/C goes to the slope values 2 and 1,
respectively, in agreement with theories;'? this range cor-
responds to the Newtonian plateau.

The general aspect of the two curves and the presence
of a crossover point above which G’/C becomes higher
than G”/C are very similar to the behavior observed in
concentrated entangled solutions of polystyrene.!> Above
the crossover frequency, the slopes of both curves decrease
without any relation to existing theories. This region,
characterized by entanglement coupling is extremely sen-
sitive to chain rigidity and molecular weight distribu-
tion; then, the deviation from theoretical previsions given
for monodisperse flexible polymers is quite natural. For
xanthan concentration higher than 3 g/L, Newtonian pla-
teau, as well as the critical frequency, w,, is no more
reached, so, it was not possible in these cases to reduce
the frequencies and to plot the corresponding curves in
Figure 7.

So, Figure 7, obtained on xanthan gum, for polymer
concentration up to 3 g/L is characteristic of a poly-
meric solution with no intermolecular interactions and
confirms that the gellike structure of xanthan solutions
as described by Ross-Murphy et al.,”® and Cuvelier and
Launay,® and Rocheford and Middleman'® is not observed
in our solutions, at least for concentrations lower than
or equal to 3 g/L (C[n] < 40).

Conclusion

In this paper, the rheological behavior of an unpasteur-
ized xanthan in the native and renatured conformation
is investigated. From flow curves n(y) Newtonian behav-
ior is attained and allows determination of intrinsic and
specific viscosities in a large range of C[n] values (C[n]
< 30). A generalized curve (Figure 2) is obtained from
which two critical polymer concentrations, C* and C**,
are determined. The overlap concentration, C*, in the
order of [5]™! limits the dilute regime. The semidilute
regime is limited by C** ~ 8[5]™}, corresponding to the
transition to a concentrated domain in which a uniform
distribution of segments is suggested. In the concen-
trated domain, »,, varies following (C[5])®7, looking like
the behavior of a polymeric melt. This variation agrees
quite well with the theoretical prediction for a free-
draining solution in 6 conditions. The transition from
the Newtonian to the non-Newtonian regime is charac-
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terized by a relaxation time, v, ; the dependence of v,
compared with the calculated values in the Rouse model
7, is given in terms of C[n]. In the concentrated domain
a general behavior is obtained, whatever conformation is
considered, going to a (C[5])™® variation following the pre-
dicted dependence of chains in © state. The results fit
with both reptation and Rouse models. The variation of
the exponent n of the power law n ~ 4™ is also dis-
cussed; the absolute value of n is higher than the value
obtained usually for flexible polymers in the intermedi-
ate range of C[n] but goes to about the same limit around
0.8. From dynamic measurements, it is demonstrated
that for low frequency n(y) = [n*](w) as usually assumed
following the Cox—Merz rule; for the large values of ¥,
this relation is no more valid and we obtained 7*(w) >
n(y). The moduli G'(w) and G”(w) are also considered,;
the crossover w,, is found to vary in the same way as v,
with C[n]. Two generalized curves are given for the
reduced moduli as a function of the parameter wr,.

So, both flow and dynamic experimental results are in
good agreement to analyze the behavior of the xanthan
solution in a large range of polymer concentration (0.2-5
g/L). The structure of the solution at least for xanthan
concentrations up to 3 g/L can be described by a classi-
cal polymer entanglement mechanism with no predomi-
nant hydrodynamic interactions at higher concentra-
tions in contrast with the previous data of the literature.
This difference may be due to the nature of the xanthan
sample used here whose behavior is known to be differ-
ent from the heated commercial samples usually stud-
ied.
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