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The rheology of renatured xanthan solutions was studied using oscillatory and continuous shear. The
effects of temperature, concentration and ionic strength were systematically investigated. These param-
eters mainly influence the terminal relaxation time of the solutions, while the effect on the high frequency
shear modulus is relatively minor. Master curves were obtained by frequency–temperature superposition
covering over 10 decades of the frequency. Frequency–concentration superposition of the master curves
showed that the shear rheology of xanthan solutions is universal. The relaxation time decreases with
anthan
iscosity
el
heology
olysaccharide

increasing temperature and shows a transition between two states that shifts to higher temperatures
with increasing ionic strength. The relaxation time increases exponentially with increasing polysaccha-
ride concentration. The shear rate dependence of the viscosity is also described by a universal function
with the same shift factors as for the oscillatory shear measurements. The master curves show a New-
tonian plateau followed by strong shear thinning that can be described by a power law dependence on
the shear rate. The results are interpreted in terms of the formation of a transient network of chains

th a fi
cross-linked by bonds wi

. Introduction

Xanthan is a bacterial polysaccharide that is much used in indus-
rial applications as stabilizer and texturant (Born, Langendorff,
oulenguer, Steinbüchel, & Rhee, 2005; Morris, 2006; Sworn, 2000).
or this reason the dynamic mechanical properties of xanthan
n aqueous solution have been investigated extensively (Capron,
rigand, & Muller, 1998; Cuvelier & Launay, 1986; Lee & Brant,
002; Oviatt & Brant, 1994; Pelletier, Viebke, Meadows, & Williams,
001; Rochefort & Middleman, 1987; Rodd, Dunstan, & Boger,
000; Ross-Murphy, Morris, & Morris, 1983; Whitcomb & Macosko,
978; Wyatt & Liberatore, 2009). For a given temperature the vis-
osity increases strongly with increasing concentration, while it
ecreases strongly with increasing temperature especially at low

onic strength. The strong temperature dependence is attributed
o a conformational transition of xanthan chains from helical at
ow temperatures to random coil at high temperatures (Paoletti,
esaro, & Delben, 1983). The characteristic temperature of this tran-

ition increases with increasing ionic strength and was found to
e the same when determined using rheology or techniques that
robe more directly the molecular conformation such as optical
otation.
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Upon cooling the xanthan returns to the helical conformation,
but does not fully recover its native state. For this reason a dis-
tinction is made between native and renatured xanthan (Capron et
al., 1998; Matsuda, Biyajima, & Sato, 2009). Commercial samples
are often partially renatured and their properties depend on fur-
ther heat treatment. However, if the heat treatment is sufficient so
that all xanthan is denatured the system is no longer sensitive to
the thermal history. For the investigation presented here we made
sure that the rheology no longer depended on the thermal history
of xanthan.

At lower temperatures and higher concentrations the solutions
behave like gels characterized by a storage shear modulus (G′)
larger than the loss modulus (G′′). Both are only weakly depen-
dent on the oscillation frequency in the accessible range. In order
to extend the dynamic range it is common practice to do measure-
ments as a function of the temperature and to create master curves
by frequency–temperature superposition. This was done by a few
research groups for xanthan solutions. Rochefort and Middleman
(1987) reported that good superposition was obtained in the pres-
ence of 86 mM NaCl, while without added salt the superposition
was not so good. They explained this by the helix–coil transition
that occurred in the salt free solutions within the temperature

range covered in the experiment. More recently, Pelletier et al.
(2001) studied xanthan solutions at 100 and 8.6 mM NaCl. They
found that in both cases good superposition was obtained even
though the transition occurred within the temperature range cov-
ered in the experiment.

dx.doi.org/10.1016/j.carbpol.2010.06.056
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
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Fig. 1. (a) Frequency dependence of the storage (filled symbols) and the loss (open
symbols) modulus of a xanthan solution with C = 10 g/L without added salt at 3 tem-
peratures as indicated in the figure. (b) Master curves of the frequency dependence
E. Choppe et al. / Carbohydra

An alternative method to extend the dynamic range is to mea-
ure different concentrations at a fixed temperature and create
aster curves by frequency–concentration superposition. Cuvelier

nd Launay (1986) found good superposition for concentrations
etween 2 and 8 g/L and for concentrations between 0.25 and
.25 g/L, but the master curves thus obtained were not the same.
n the other hand, Milas, Rinaudo, Knipper, and Schuppiser (1990)
nd Oviatt and Brant (1993) found good superposition for the
hole range between 0.16 and 3 g/L and between 10 and 30 g/L,

espectively. All these measurements were done at 100 mM NaCl.
third method consisting of varying the visco-elastic properties of

anthan solutions by varying the ionic strength has not yet been
nvestigated.

If both frequency–temperature and frequency–concentration
uperposition are successful, then the two methods can in principle
e combined to obtain a single master curve. This has been done,
or example, by Chronakis, Doublier, and Piculell (2000) for kappa-
arrageenan. As far as we are aware, it has not yet been attempted
or xanthan solutions. The combination of varying both parameters
llows one to test more comprehensively whether the relaxation
rocess of xanthan in solution is universal.

Here we present an extensive investigation of xanthan solutions
ver a range of concentrations (2–20 g/L), temperatures (5–90 ◦C)
nd NaCl concentrations (0–100 mM) using oscillatory shear. We
ill show that a single master curve can describe all xanthan solu-

ions. We have also calculated the corresponding dynamic viscosity
nd compared it with the measured shear rate dependent viscosity.
hree different commercial batches of xanthan were found to yield
he same master curve, although the shift factors were batch depen-
ent. The consequences of our observations for possible molecular
odels of semi-dilute xanthan solutions are discussed.

. Experimental

.1. Materials

Most of the experiments were done using the xanthan sample
H200 obtained from Rhodia. Two other samples were investigated
ore succinctly in order to test the generality of the results: RH80

rom Rhodia (France) and CX91 from Cargill (France).
The intrinsic viscosities were determined at 25 ◦C: 1.17 L/g for

H200; 1.34 L/g for RH80; 1.59 L/g for CX91, but the true values
ould be higher because of non-Newtonian behaviour persisting
o low concentrations. Little difference was found for systems in
.1 M NaCl and without added salt. Analysis of the mineral con-
ent showed that the counterion was sodium and that the powders
ontained trace amounts of calcium and potassium ions (<0.05%,
/w). The powders were dissolved in ultrapure water (Millipore)

o which 3 mM NaN3 was added as a bacteriostatic agent. The pH of
he solutions was 6.8 unless otherwise specified. The NaCl concen-
ration was set by adding required amounts of a concentrated NaCl
olution. In some trials the solutions were dialysed, but we did not
nd a significant effect of dialysis on the results.

.2. Rheology

Oscillatory and continuous shear experiments were done using
stress imposed rheometer with a Couette geometry: MCR 301,

hysica, Anton Paar or AR2000, TA Instruments. In both cases the
ap was 1 mm and the radius was close to 30 mm. The imposed

tress during oscillatory shear measurements was chosen within
he linear response regime. At each temperature the system was
eft to equilibrate for 15 min before starting the measurement. We
hecked that this waiting period was enough to reach steady state.
he intrinsic viscosity was determined by measuring the viscosities
of the storage (filled symbols) and the loss (open symbols) modulus of a xanthan
solution with C = 10 g/L without added salt at a range of temperatures obtained by
horizontal and vertical shifts. The reference temperature is 20 ◦C.

of xanthan solutions using an Ubbelohde viscometer between 0.01
and 0.1 g/L.

3. Results

Preliminary measurements of the shear modulus as a function
of the temperature showed that the results during the first heating
and cooling ramps between 0 and 90 ◦C were different from sub-
sequent ramps. This effect was studied in more detail by Capron
et al. (1998) and was attributed to heat induced denaturation of
native xanthan. Denatured xanthan renatures again upon cooling,
but the structure of renatured xanthan is different from that of
native xanthan. In order to avoid any ambiguity about the state of
the xanthan in solution we have preheated all solutions and made
sure that the results became independent of further heat treatment.
This means that we studied renatured xanthan. We also noted an

effect of the heating and cooling rate on the temperature depen-
dence of the shear moduli. Therefore we have studied the systems
at fixed temperatures after stabilization, which could take up to
10 min.
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Fig. 2. (a) Master curves of the frequency dependence of the storage (filled symbols)
and the loss (open symbols) modulus of xanthan solution with different concentra-
tions without added salt. The master curves of all concentrations were obtained by
time–temperature superposition as in Fig. 1b, but for clarity not all data points are
shown. The reference temperature is 20 ◦C in each case. (b) Master curves of the data
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that the purely liquid response is reached at the lowest frequen-
hown in (a) obtained by horizontal and vertical shifts with respect to the system at
0 g/L. The solid lines represent the frequency dependences for Newtonian liquids.
he dashed line has slope 0.16.

Fig. 1a shows examples of the frequency dependence of G′ and G′′

or a xanthan solution without added salt at C = 10 g/L. At 70 ◦C the
ystem behaves liquid-like over most of the frequency range cov-
red in the experiment. At 50 ◦C, G′ crosses G′′ at f = 0.03 Hz, while at
◦C the system behaves solid-like over the whole frequency range.
aster curves of G′ and G′′ could be obtained using horizontal and

ertical shifts. The results with reference temperature Tref = 20 ◦C
re plotted in Fig. 1b and show that frequency–temperature super-
osition is very good for this system over the whole temperature
ange. The frequency dependence shows that the xanthan solution
s visco-elastic with a liquid-like behaviour at low frequencies and
ends to a solid-like behaviour at high frequencies.

The same procedure was followed for solutions with different
anthan concentrations between 2 and 20 g/L. At lower concen-
rations the moduli were too weak even at 5 ◦C to obtain accurate
esults. Master curves at Tref = 20 ◦C are plotted in Fig. 2a. In each
ase excellent frequency–temperature superposition was obtained

ver the whole temperature range. The horizontal (aT) and vertical
bT) shift factors used in the frequency–temperature superposition
re plotted in Fig. 3a and b, respectively. aT represents the varia-
ion of the relaxation times, while bT represents the variation of
Fig. 3. Horizontal (a) and vertical (b) shift factors used to obtain the master curves
shown in Fig. 2a. Symbols as in Fig. 2a. The solid lines represent guides to the eye.

the amplitude of the elastic modulus. We note that, while at higher
temperatures the shift parameters can be obtained with good pre-
cision, the superposition is more ambiguous at lower temperatures
where the frequency dependence of G′ and G′′ is small.

The temperature dependence of aT covers many orders of
magnitude, while bT varied by at most a factor of 10. At each
concentration both aT and bT have a sigmoidal temperature depen-
dence. With increasing temperature aT decreases weakly at first
followed by a steep decrease starting at about 40 ◦C. This behaviour
is indicated by the solid lines and does not depend on the concen-
tration in a systematic manner. At higher temperatures the shift
factors appear to stabilize at a value that decreases with decreasing
concentration. The total variation of aT increases with increasing
concentration from about 2 decades at 2 g/L to more than 8 decades
at 20 g/L.

The shape of the master curves is the same, but the cross-over
of G′ and G′′ shifts to lower frequencies with increasing concen-
tration. A single master curve could be obtained using horizontal
and vertical shifts. The result is plotted in Fig. 2b at Cref = 10 g/L
and shows that frequency–concentration superposition was excel-
lent in the concentration range covered here. The solid lines show
cies (G′ ∝ �2; G′′ ∝ �). The dashed line indicates that G′ has a weak
power law dependence at high frequencies (G′ ∝ �0.16).

The horizontal shift factors (aC) used in the
frequency–concentration superposition are plotted in Fig. 4.
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Fig. 5. (a) Master curves of the frequency dependence of the storage (filled symbols)
and the loss (open symbols) modulus of xanthan solution with C = 10 g/L at different
NaCl concentrations indicated in the figure. The master curves at each ionic strength
were obtained by frequency–temperature superposition as in Fig. 1b, but for clarity
not all data points are shown. The reference temperature is 20 ◦C in each case. (b)
Horizontal shift factors used to obtain the master curves at different ionic strengths
indicated in the figure. The solid lines represent guides to the eye.
ig. 4. Horizontal shift factors used to obtain the master curves shown in Fig. 2b.

hey show a large increase between 2 and 20 g/L that can be well
escribed by an exponential: aC = 2.5 × 10−5 exp(0.97C) with C

n g/L. The vertical shift factors are close to unity over the whole
ange, as can be easily seen from the weak variation of the values
f G′ and G′′ at the cross-over, see Fig. 2a.

The effect of the ionic strength was investigated at C = 10 g/L
y varying the added NaCl concentration up to Cs = 100 mM.
gain excellent frequency–temperature was obtained at each ionic
trength. Fig. 5a compares master curves with Tref = 20 ◦C obtained
t different NaCl concentrations. The master curve obtained at
s = 10 mM was indistinguishable from that without added NaCl.
otice that all solutions contained 3 mM NaN3 in addition to the
dded NaCl. With increasing ionic strength the cross-over between
′ and G′′ shifts to lower frequencies and slightly lower moduli. The
orizontal shift factors used to obtain the master curves are plotted

n Fig. 5b. Both at low and very high temperatures the shift factors
re independent of the ionic strength. There is a steep transition
etween the two regimes that occurs at higher temperatures as
he salt concentration is raised and is not visible for Cs = 100 mM
p to 90 ◦C. The vertical shift factors show the same features, but
ot as clearly because their variation is much smaller.

The master curves at different ionic strengths superimpose well
nto the results obtained in the absence of added NaCl, see Fig. 6.
he resulting master curve is, of course, the same as the one
btained from the frequency–concentration shifts shown in Fig. 2b
ince the data without added NaCl are common. The horizontal shift
actors (as) used in the frequency–ionic strength superposition are
.7 at 20 mM, 200 at 50 mM and 400 at 100 mM. The vertical shift
actors (bs) are close to unity: 1.1, 1.5 and 1.5 at 20, 50 and 100 mM,
espectively. The effect of adding salt at a given concentration is
mportant, but much smaller than the effect of varying the xanthan
oncentration.

We also investigated the flow behaviour of the xanthan solu-
ions. In Fig. 7 the viscosity is plotted as a function of the shear rate
or C = 15 g/L without added salt at a few chosen temperatures. We
hecked that steady state was obtained at each shear rate. No dif-
erence was found when the shear rate was progressively increased
r decreased. The results are compared with the dynamic viscosity
lotted as a function of the radial frequency (ω). As was reported
efore by others, the viscosity strongly decreases above a critical

hear rate that decreases with increasing concentration. It appears
hat at high shear rates the viscosity becomes almost independent
f the temperature. The viscosity was equal to the dynamic vis-
osity at high temperatures where the effect of shear thinning was

Fig. 6. Master curves of the data shown in Fig. 5a obtained by horizontal and vertical
shifts with respect to the system without added salt. Symbols as in Fig. 5a.
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Fig. 7. (a) Comparison of the shear rate dependent viscosity (closed symbols) with
the dynamic viscosity (open symbols) calculated from G′ and G′′ for a xanthan solu-
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ion at C = 15 g/L without added salt at different temperatures. (b) Master curves of
he viscosity and the dynamic viscosity obtained by vertical and horizontal shifts
ith Tref = 20 ◦C. The solid lines through the results of the viscosity and the dynamic

iscosity at high frequencies have slopes −0.90 and −0.84, respectively.

elatively small. However, at low temperatures we found that the
iscosity was smaller than the dynamic viscosity implying that the
o-called Cox–Merz rule is not obeyed for this system.

Master curves of the shear rate dependent viscosity could
e obtained using frequency–temperature superposition with the
ame shift factors that were used for the oscillatory measure-
ents. The master curves show clearly that the difference between

he viscosity and the dynamic viscosity increases with increasing
hear rate and is only obvious deep in the shear thinning regime.
arger dynamic viscosity in the strongly shear thinning regime was
eported earlier (Lee & Brant, 2002; Oviatt & Brant, 1994; Pelletier
t al., 2001; Ross-Murphy et al., 1983). On the other hand Wyatt
nd Liberatore (2009) found that the Cox–Merz rule was observed
or xanthan solutions, but the solutions that they studied were not
trongly shear thinning.

The dependence of the viscosity on the shear rate at high shear
ates can be approximated by a power law at least up to 100 s−1. The

lopes are −0.90 for the viscosity and −0.84 for the dynamic vis-
osity. The latter is, of course, directly related to the high frequency
ependence of G′. The same behaviour was found at other xanthan
oncentrations and also if salt was added. The implication is that
anthan solutions flow with less stress at higher shear rates than
Fig. 8. Temperature dependence of the low-shear viscosity of xanthan solutions at
20 ◦C for different concentrations without added NaCl (Fig. 8a) and for different ionic
strengths at C = 10 g/L (b). Symbols as in Figs. 2a and 5a.

expected on the basis of the frequency dependent shear moduli
in the linear response regime. The shear rate–temperature super-
position allows us to deduce the limiting low-shear viscosity at
temperatures and concentrations where direct measurements are
not possible. For example Fig. 7 shows that the low-shear viscosity
at C = 15 g/L and 20 ◦C is more than 105 Pa s−1. The low-shear viscos-
ity of this system could only be determined directly using flow rates
less than 10−5 s−1. Obviously, such systems are indistinguishable
from permanently bound gels.

The low-shear viscosities (�0) of xanthan solutions at all tem-
peratures, concentrations and ionic strengths studied here can
be derived from the shift factors shown in Figs. 3 and 5b. As an
example we show the temperature dependence of the low-shear
viscosity of xanthan solutions at 20 ◦C for different concentrations
without added NaCl (Fig. 8a) and for different ionic strengths at
C = 10 g/L (Fig. 8b). In Fig. 9 we show the concentration dependence
in the absence of added salt at two temperatures 20 and 80 ◦C. As
mentioned above, the shear modulus is independent of the con-
centration at least between 2 and 20 g/L. Therefore the viscosity
varies in the same way as the terminal relaxation time, which was
already shown for T = 20 ◦C in Fig. 4. In Fig. 9 we included val-
ref
ues of the viscosity at lower concentrations for which G′ could not
be measured. As might be expected, the concentration dependence
below 2 g/L deviates from the exponential dependence observed
for semi-dilute xanthan solutions towards the solvent viscosity.
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Fig. 9. Semi-logarithmic representation of the concentration dependence of the
low-shear viscosity without added salt at 20 ◦C (circles) and at 80 ◦C (triangles).
The solid lines represent exponential concentration dependence.
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ig. 10. Temperature dependence of the low-shear viscosity of solutions prepared
rom different xanthan samples at 20 ◦C, C = 10 g/L, without added NaCl.

he viscosity at 80 ◦C is much lower, but still shows an exponential
oncentration dependence for C > 2 g/L.

We also looked at the effect of the pH between 5.5 and 8.5, but
e did not find a significant influence of the pH on the rheology, as
ight be expected from the weak variation of the charge density

f xanthan in this range (Bezemer, Ubbink, Dekooker, Kuil, & Leyte,
993). Furthermore, we investigated two other xanthan samples at
few concentrations and ionic strengths in order to test the gener-
lity of the results. Identical master curves were obtained, but the
bsolute values of shear moduli and the viscosities were different.
n Fig. 10 the temperature dependence of the viscosity at C = 10 g/L

ithout added NaCl is compared. The transition temperatures are
lose, but the shift factors are somewhat different which is possibly
aused by a modification structure of the xanthan chain, but we did
ot investigate this issue in more detail for this study. The varia-
ion between the different samples is small compared to the huge
ependence on the concentration.
. Discussion

Before discussing possible molecular models of xanthan solu-
ions, let us first summarise the main observations presented
mers 82 (2010) 1228–1235 1233

here. The frequency dependence of the shear moduli is univer-
sal for aqueous xanthan solutions independent of the temperature
(5–90 ◦C), concentration (3–20 g/L) and ionic strength (3–100 mM)
at least in the range investigated. The relaxation is characterized
by a broad distribution of relaxation times covering many decades.
Perhaps surprisingly, the conformational transition did not have a
significant effect on the frequency dependence of G′ and G′′. The
important implication is that the relaxation mechanism of xanthan
solutions is the same in both conformations.

The terminal relaxation time decreased approximately expo-
nentially with increasing temperature in the helix conformation,
see Fig. 5b. It also appears to decrease in the coil conformation, but
this state could only be studied over a small range of high tem-
peratures. The transition itself had the additional effect of strongly
speeding up the relaxation, especially at higher concentrations. The
amplitude of the shear moduli increased with increasing temper-
ature and also showed a strong effect of the transition at higher
concentrations. However, the variation of the relaxation times was
much larger and therefore was the main cause of the temperature
dependence of the viscosity.

The terminal relaxation time increased approximately exponen-
tially with increasing xanthan concentration, but the amplitude
of the shear moduli varied only very little. The effect of the ionic
strength on the terminal relaxation time was smaller, but still it
increased by more than two orders of magnitude when 100 mM
NaCl was added at lower temperatures, i.e. when xanthan is in the
helix conformation. The effect of adding salt was much larger at
high temperatures where it led to a conformational transition. The
transition temperature increased by about 40 ◦C after 100 mM NaCl
was added. The increase of the transition temperature with increas-
ing ionic strength was already reported and discussed in detail by
Paoletti et al. (1983). We noted almost no effect of the ionic strength
on the amplitude of the shear moduli.

These observations complement and extend those reported
in the literature. As was mentioned in the introduction,
frequency–temperature superposition was attempted earlier for
xanthan solutions. Rochefort and Middleman (1987) studied the
frequency dependence of G′ and G′′ as a function of the temper-
ature for C = 5 g/L. The results obtained on a different commercial
xanthan sample are close to the one obtained in our study. Good
superposition was obtained in the presence of 86 mM NaCl, but in
distilled water superposition was not successful. The latter result
contradicts our observation that good superposition is possible also
at low ionic strengths. However, they assumed that the vertical
shift factors were simply proportional to the absolute temperature
as would be the case for pure rubber elasticity. It is likely that much
better superposition would have been obtained if they had allowed
a different temperature dependence of bT.

Pelletier et al. (2001) studied xanthan solutions at C = 10 g/L and
8 mM NaCl. They found good frequency–temperature superposi-
tion for G′ even though they fixed bT at unity. Most likely, better
superposition also for G′′ would have been found if bT had been
allowed to vary. The superposition was obtained over a temper-
ature range within which dynamic scanning calorimetry showed
that a conformational transition occurred at about 50 ◦C. These
results are in agreement with our finding that the transition does
not lead to a significantly different frequency dependence of the
shear moduli. The authors interpreted the temperature depen-
dence of aT in terms of the so-called Williams, Landau, Ferry
equation that is successfully used for polymer melts near the glass
transition temperature. However, there is no reason to suppose

that glass transition dynamics are relevant for semi-dilute xanthan
solutions.

Frequency–concentration superposition at fixed temperatures
was attempted in three previous investigations. In all cases the
temperature was fixed at 25 ◦C and the xanthan solutions con-



1 te Pol

t
s
t
p
T
f
f
m
c
t
b
d
w
s
s
s
a
c
x
3
c
t
o
o
p
b

m
e
h
t
i
t
R
1
c
o
r

t
e
t
b
t
s
i
d
d

w
&
1
t
t

G

w
k
d
s
b
g
t
c
i
c

234 E. Choppe et al. / Carbohydra

ained 100 mM NaCl. Cuvelier and Launay (1986) found good
uperposition between 2 and 8 g/L using horizontal shift fac-
ors that increased with increasing concentration following a
ower law and vertical shift factors that remained close to unity.
hese results are fully compatible with our findings based on
requency–concentration superposition of master curves obtained
rom frequency–temperature superposition and therefore with a

uch broader dynamical range. However, by extending to higher
oncentrations we find that aC is better described by an exponen-
ial rather than a steep power law. In the lower concentration range
etween 0.16 and 1.25 g/L they found that superposition led to a
ifferent master curve using horizontal shift factors that decreased
eakly with increasing concentration (aC ∝ C−1), but with a rather

trong dependence of bc (bc ∝ C−2.9). Milas et al. (1990) obtained a
ingle master curve in the range 0.16–3 g/L by superimposing the
hear moduli normalized by the concentration, i.e. forcing bc ∝ C−1,
nd using horizontal shift factors that increased with increasing
oncentration. Oviatt and Brant (1993) obtained a master curve for
anthan at 100 mM NaCl at higher concentrations between 10 and
0 g/L using horizontal shifts and forcing bc ∝ C−1. The reason for
hoosing bc ∝ C−1 is that the number of Rouse modes is propor-
ional to the concentration, but this choice is justified only if the
rigin of the shear modulus is entropic and caused by deformation
f flexible, unentangled polymers. There are good reasons to sup-
ose that this is not the case for semi-dilute xanthan solutions, see
elow.

Recently, Song, Kim, and Chang (2006) reported flow measure-
ents on xanthan solutions between 10 and 40 g/L at 20 ◦C. The

xperimental results resemble those reported here for xanthan at
igher concentrations and lower temperatures. They also found
hat the viscosity decreased with increasing shear rate follow-
ng approximately a power law. However, they concluded that
he solutions had a yield stress. Marcotte, Taherian Hoshahili, and
amaswamy (2001) came to the same conclusion for xanthan at
0 g/L measured at 20 ◦C. The present results show that this con-
lusion may be erroneous and that an apparent yield stress is
bserved only when the system is studied over a limited dynamical
ange.

The results shown here render highly unlikely the possibility
hat in the concentration range studied here xanthan solutions are
ntangled polymer solutions without specific attractive interac-
ions as was suggested by Milas et al. (1990) and more recently
y Wyatt and Liberatore (2009). The concentration dependence of
he terminal relaxation time of such systems is expected to be much
maller, while the concentration dependence of the shear moduli
s expected to be much larger. In addition, the temperature depen-
ence of the terminal relaxation time is much too large even if we
o not consider the coil–helix transition.

Another possibility is that xanthan chains form a transient net-
ork of chains cross-linked by bonds with a finite lifetime (Lim, Uhl,
Prudhomme, 1984; Oviatt & Brant, 1993; Rochefort & Middleman,

987; Ross-Murphy et al., 1983). If the chains are flexible between
he cross-links the storage shear modulus can be estimated using
he theory of rubber elasticity (Mark, Erman, & Bokobza, 2007):

′ = a�kT (1)

here � is the number concentration of elastically active chains,
T is the thermal energy and a is a constant of order unity. The
eformation of the xanthan chains and thus G′ relaxes only if tran-
ient cross-links break. Many observed features can be explained
y this model. The broad relaxation time distribution would sug-

est a broad distribution of bonding energies and thus of bond life
imes. The temperature dependence of the terminal relaxation time
an be explained by an increase of the bond energy with decreas-
ng temperature for xanthan chains in either the helix or the coil
onformation. The sharp variation of G′ and the terminal relaxation
ymers 82 (2010) 1228–1235

time at the transition would indicate that in the helix conforma-
tion fewer transient bonds are formed, but they have a larger bond
energy. Screening the electrostatic interactions by adding salt could
also increase the bond energy without changing significantly the
number of cross-links.

More difficult to explain with this model is the observed con-
centration dependence. For a network of associating flexible chains
one expects that the number of cross-links and thus G′ increases
approximately with the square of the polymer concentration.
Notice that such concentration dependence is also expected for
entangled polymers. Here we find almost no variation of G′ with
the concentration. A further argument that the elasticity is most
likely not caused by rubber elasticity is that the distance between
elastically active cross-links (� = �−1/3) calculated using Eq. (1) is
between about 30 and 70 nm for G′ between 10 and 100 Pa, which
is less than the estimated persistence length of xanthan (Berth
et al., 1996; Camesano & Wilkinson, 2001; Capron, Brigand, &
Muller, 1997; Coviello, Kajiwara, Burchard, Dentini, & Crescenzi,
1986; Sato, Norisuye, & Fujita, 1984). Small angle neutron scatter-
ing experiments showed that the local structure of the network
resembles that of hexagonally packed rigid rods (Milas, Rinaudo,
Duplessix, Borsali, & Lindner, 1995).

It appears that the network is formed by a relatively low concen-
tration of the chains and that additional chains increase the lifetime
of the existing cross-links, but do not contribute to the elasticity.
Cuvelier and Launay (1986) arrived at the same conclusion and
suggested that parallel packing of the semi-rigid xanthan chains
causes this peculiar behaviour that has, as far as we know, not been
observed for other transiently cross-linked polymer solutions. The
network is easily perturbed by flow, but reforms relatively quickly
after cessation of the flow.

5. Conclusion

The shear modulus and the shear rate dependence of the vis-
cosity of xanthan solutions is a universal function of the frequency
normalized by a characteristic relaxation time at temperatures
between 5 and 90 ◦C, concentrations between 2 and 20 g/L and
Na+ concentrations between 3 and 100 mM. The relaxation time
increases exponentially with increasing concentration. It decreases
with increasing temperature following a sigmoidal shape. The
temperature of the steepest decrease increases with increasing
ionic strength. At all temperatures the relaxation time increases
with increasing ionic strength. The shear modulus increases with
increasing temperature, but is almost independent of the xanthan
and the salt concentration.

The shear rate dependence of the viscosity is also described by a
universal master curve with the same shift factors as for the oscil-
latory shear measurements. Xanthan solutions show strong shear
thinning that can be described by a power law dependence of the
viscosity on the shear rate. The viscosity is close to the dynamic
viscosity calculated from oscillatory measurements, but systemat-
ically smaller deep in the shear thinning regime.

Different commercial xanthan samples can be described by the
same universal behaviour, but the relaxation times depend on the
sample.

The results show that semi-dilute xanthan solutions are not
non-interacting entangled polymer solutions. More likely xanthan
forms a transient network of chains cross-linked by bonds with
a finite lifetime. The strength of the transient gel is only weakly

dependent on the xanthan concentration and the ionic strength,
but the lifetime of the bonds is strongly dependent on these param-
eters. The coil–helix transition decreases the gel strength but, more
importantly, it increases the bond lifetime, especially at higher xan-
than concentrations.
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