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ABSTRACT: The viscosity as a function of concentration
for xanthan gum in both salt-free solution and in 50 mM
NaCl is measured and compared with a scaling theory for
polyelectrolytes. In general, the zero shear rate viscosity
and the degree of shear thinning increase with polymer
concentration. In addition, shear thinning was observed in
the dilute regime in both solvents. In salt-free solution,
four concentration regimes of viscosity scaling and three
associated critical concentrations were observed (c¢* =~
70 ppm, ¢, ~ 400 ppm, and ¢p ~ 2000 ppm). In salt solu-
tion, only three concentration regimes and two critical

concentrations were observed (c* ~ 200 ppm and ¢, ~ 800
ppm). In the presence of salt, the polymer chain structure
collapses and occupies much less space resulting in higher
values of the critical concentrations. The observed viscos-
ity-concentration scaling is in very good agreement with
theory in the semidilute unentangled and semidilute
entangled regimes in both salt-free and 50 mM NaCl solu-
tion. © 2009 Wiley Periodicals, Inc. ] Appl Polym Sci 114: 4076~
4084, 2009
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INTRODUCTION

Charged polymer systems are encountered daily in
nature as many biological polymers, such as DNA,
are polyelectrolytes. Polyelectrolytes are used exten-
sively in many industrial applications such as food
additives, flocculants, drilling fluids, and drag
reducers. Because polyelectrolytes are such an im-
portant part of so many different systems and indus-
tries, a fundamental understanding of the rheology
of polyelectrolyte solutions is critical.

Xanthan gum is a high molecular weight, anionic,
extracellular polysaccharide produced by the bacte-
rium Xanthomonas campestris.' The primary struc-
ture of xanthan consists of a f-1,4-linked glucan
backbone with charged trisaccharide side chains (j-
D-mannopyrannosyl-(1,4)-o-p-glucopyrannosyl-(1,2)-
B-D-mannopyrannosyl-6-O-acetate) on alternating
backbone residues (Fig. 1).? Variations in process-
ing procedures and conditions lead to varying
degrees of acetyl substitution (of the mannose resi-
dues adjacent to the backbone) and pyruvic acetal
substitution (of the terminal mannose units). The
variations in degrees of substitution on the side
chains have been shown to affect the rheological

Correspondence to: M. W. Liberatore (mliberat@mines.
edu).

Contract grant sponsor: Donors of the
Chemical Society Petroleum Research Fund.

American

Journal of Applied Polymer Science, Vol. 114, 4076-4084 (2009)
© 2009 Wiley Periodicals, Inc.

properties of the polymer.* The primary industrial
applications for xanthan gum are viscosity modifica-
tion and stabilization in food products (i.e., salad
dressing, ice cream, yogurt) and personal care prod-
ucts (i.e., lotions, creams, body washes), drilling flu-
ids for enhanced oil recovery, drug delivery, and
drag reduction.*®*™'* The global market for xanthan
is ~ $500 million annually and continues to grow.
Xanthan solution properties have been studied
extensively over the past 40 years.>”*'*?° The main
topics of interest have included solution viscosity,
polymer conformation, temperature effects on poly-
mer conformation, and the effects of salt on both so-
lution properties and chain conformation. Xanthan
exhibits both anisotropic and isotropic phases in so-
lution.***” The relative amount of each phase pres-
ent in solution depends on the polymer molecular
weight, polymer concentration, and solution ionic
strength. The highest concentration used here
remains well below the biphasic regime. Further,
xanthan has been shown to exhibit two different
conformational states: an ordered, helical conforma-
tion and a disordered conformation that can be
described as a broken or imperfect helix.>'”?! The
conformation assumed by the xanthan molecules is
highly dependent on the ionic content of the solvent.
In salt-free solution, the xanthan backbone is disor-
dered and highly extended due to -electrostatic
repulsions between charges on the side chains. In
this state, the chains are relatively stiff, but retain
some degree of flexibility. When salt ions are present
in solution, the ordered, helical conformation is sta-
bilized. Xanthan chains in the helical conformation
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Figure 1 Molecular structure of xanthan according to
Jansson et al.?

are much more rigid than the disordered chains and
have been shown to have a persistence length simi-
lar to that of double stranded DNA.

Several studies have reported values, both experi-
mental and predicted, of critical concentrations of
varying definitions. However, a comprehensive
study of solution viscosity, critical concentrations,
and the effects of added salt on both the viscosity
and critical concentrations for solutions from dilute
to entangled does not exist. In the current study, this
void is filled by experimentally deriving values for
the overlap (c*) and entanglement (c,) concentrations
for isotropic solutions in both salt-free and 50 mM
NaCl solution. Scaling observations of the zero shear
rate viscosity and characteristic relaxation time for
xanthan solutions are also compared with a theory
proposed by Dobrynin et al.*

Polyelectrolyte ~solution rheology is complex
because of the sensitivity of the polymer to the pres-
ence of ions in solution.”’™*' Several theories have
been proposed to explain the observed differences in
properties between polyelectrolytes and neutral
polymers.***** According to the theory proposed
by Dobrynin et al.***® polyelectrolyte chains can be
represented as a chain of electrostatic blobs. The
blobs repel each other resulting in a fully extended
chain of electrostatic blobs. The chain conformation
within the electrostatic blob is essentially independ-
ent of electrostatic interactions and depends solely
on the thermodynamic interactions between
uncharged polymer and solvent. The dynamics of
the polymer chain within the electrostatic blobs are
described as Zimm like, whereas the dynamics of
the chain outside the blob are Rouse like. The poly-
mer chain remains rodlike up to the correlation
length (€), the distance over which fluctuations in a
system are correlated. For length scales larger than
&, the chain becomes flexible and is described by a
random walk of correlation blobs, which are com-
posed of rodlike assemblies of electrostatic blobs.
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The flexibility on length scales larger than the corre-
lation length is due to the charge screening of sur-
rounding chains in solution.

Using this conceptual picture of polyelectrolye
chain behavior, several scaling regimes for the zero
shear rate viscosity (1) and characteristic relaxation
time (1) for flexible golyelectrolytes in salt-free solu-
tion were proposed.”® Although scaling theories are
stated to apply to flexible polyelectrolytes, the poly-
mer persistence length, or other characteristics of
chain stiffness do not appear within the
theory.>****® When the polyelectrolyte concentration
exceeds the overlap concentration (c¥), ng is propor-
tional to the square root of concentration (1g ~ c'’?),
in agreement with the phenomenological law pro-
posed by Fuoss.***’ Empirically, the overlap concen-
tration generally occurs at about twice the solvent
viscosity (n,) in polyelectrolyte solutions.®® The
semidilute unentangled regime is predicted to be
very wide, spanning three to four decades in poly-
mer concentration (c, = 10°c*). The large span of the
semidilute unentangled regime is attributed to the
stronger concentration dependence on chain size (R
~ ¢ * as opposed to R . ¢ /® for neutral poly-
mers)® coupled with the need for each polymer
chain to overlap n others to become entangled. For
concentrations above c,, the proportionality increases
to o ~ ¢*% For polyelectrolyte solutions, a certain
concentration c¢p exists where the electrostatic blobs
begin to overlap. Above cp, the viscosity scaling is
predicted to be the same as for uncharged polymers
in good or O solvents (ng ~ ™% or ng ~ /%)

In the present work, scaling of zero shear rate vis-
cosity of xanthan with concentration and the theory
proposed by Dobrynin et al. are compared over a
range of concentration from 10 to 6000 parts per mil-
lion by weight (ppm). Further, viscosity, critical con-
centrations, relaxation times, and dynamic moduli
are reported for xanthan in both salt-free solution
and in 50 mM NaCl.

MATERIALS AND METHODS
Materials

The xanthan gum used in the current study is a
commercial, food grade polymer (Keltrol T 622, Mat.
# 20000625) donated by CP Kelco in powder form.
The xanthan has an estimated molecular weight of 2
x 106 Da and polydispersity index of ~ 2. The man-
ufacturer reports that the product is “clarifed,”
meaning extra steps were taken to remove residual
cellular debris from the fermentation process. Solu-
tions with concentrations up to 10,000 ppm have
been made and observed to be optically clear. The
powder was used as received without further purifi-
cation or modification. For comparison, a quantity of
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the xanthan used here was dialyzed exhaustively to
obtain the potassium salt form. The rheology of the
dialyzed xanthan agreed to within experimental
error and errors expected from batch to batch varia-
tion in xanthan products. Deionized water was
obtained by passing house deionized water through
a Barnstead NANOpure Diamond UV ultrapure
water system followed by a 0.2-um filter. The result-
ing deionized water had a measured resistance of
182 MQ cm. The reagent grade NaCl used was
obtained from Mallinckrodt Chemicals (Product
#7581-12) and was used without further purification.
The glassware used for mixing and storage of xan-
than solutions was carefully cleaned with either
ethanol or acetone (reagent grade), then rinsed with
purified deionized water to remove all traces of salt.

Sample preparation

Xanthan solutions were prepared by dissolving the
polymer powder in either deionized water (salt-free
solution, i.e., no added salt) or 50 mM NaCl. The
solutions were stirred using a magnetic stir bar for
~ 1 h, allowed to rest for ~ 24 h at room tempera-
ture, and finally used for rheological testing. Several
samples were prepared by adding NaCl to a xan-
than solution to compare the resulting rheological
properties to solutions prepared by adding xanthan
powder to a NaCl solution. No measurable differen-
ces in viscosity or dynamic moduli were observed
when comparing the sample preparation methods.
In all cases, measurements were made 1-4 days after
solution preparation. In the period of 1-4 days after
sample preparation, no measurable change in rheo-
logical properties of the solutions was observed. The
solutions were discarded 6 days after preparation as
polymer degradation became evident (e.g., signifi-
cant decrease in viscosity and loss of optical clarity).

Rheology

All rheological data were collected using a TA
Instruments AR-G2 stress controlled rheometer.
Experiments were conducted using either a stainless
steel cone (60-mm diameter, 1 degree) and plate or a
concentric cylinder (Couette cell) geometry (of outer
diameter 30.0 mm and inner diameter 28.0 mm) in
steady or oscillatory shear. Sample evaporation was
minimized by using a solvent trap in conjunction
with the appropriate geometry. Temperature was
controlled at 25.0 & 0.1°C using a Peltier plate (cone
and plate) or a Peltier jacket (Couette). Calibration
with viscosity standard oils showed agreement with
an error of <3%. The AR-G2 rheometer has a torque
range of 0.01-200 mN-m, which is sufficiently sensi-
tive to measure zero shear rate viscosities at very
low polymer concentrations (¢ < 10 ppm).
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The data reported here are the averages of at least
three replicate data sets and the associated error
bars represent one standard deviation unless other-
wise noted.

RESULTS AND DISCUSSION
Salt-free solution

Xanthan solutions in the absence of salt exhibit a
newtonian plateau and shear thinning behavior typi-
cal of polymer solutions (Fig. 2). Below 20 ppm, the
xanthan solutions behave like newtonian solutions.
Of note, shear thinning behavior was observed for
xanthan concentrations in the dilute regime (20 ppm
< ¢ < 70 ppm). Representative flow curves from
each of the four concentration regimes (Fig. 2) are
described well by the Cross model,

No — Mo

BEENTLAN

n

where n is the zero shear rate viscosity, n. is the
infinite shear rate viscosity, K is the characteristic
time of the solution, and m is the rate index. As
expected, mp increases monotonically with xanthan
concentration and m,, for all concentrations is near
the solvent viscosity (Table I). Further, a power law
of the form

n=Ay"

fit to the shear thinning region shows that the
degree of shear thinning (quantified by the power
law index, n; Table I) increases with polyelectrolyte
concentration.
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Figure 2 Viscosity as a function of shear rate for several
xanthan concentrations in salt-free solution. Solid lines are
Cross model fits to the measured points.
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TABLE I
Fit Parameters for Cross and Power Law Models for
Several Xanthan Concentrations

Concentration
(ppm) Mo Pas) Mo Pas) K(s) m n
4000 39 51 x 1072 41 0.78 -0.72
1000 1.5 23x10°% 58 073 —0.61
200 0.33 31x10° 48 078 —058
50 0.01 16 x 107 049 076 —034

Using a set of 30 flow curves (four representative
examples are shown in Fig. 2), the critical concentra-
tions for xanthan were determined from the depend-
ence of zero shear rate viscosity on polyelectrolyte
concentration. Over a range of three decades of xan-
than concentration, four distinct regions of viscosity
scaling show very good agreement with the theory
proposed by Dobrynin et al. (Fig. 3). The overlap
concentration (¢* ~ 70 ppm) is characterized by a
sudden increase (by a factor of ~ 5) in 1 over a nar-
row range in concentration (~ 15 ppm). The increase
is attributed to the fact that as the number of polye-
lectrolyte chains in solution increases, the space
between the chains (and therefore the anionic
charges on the chains) decreases. As the charges get
closer to one another, the repulsive forces between
the chains increase. Thus, there is an increase in the
resistance of the chains when trying to move past
one another leading to the observed increase in vis-
cosity. Empirically, c¢* usually occurs at about twice
the viscosity of the solvent (0.00088 Pa s, in this
case). However, the viscosity at c¢* for xanthan is
~ 90 times larger than the solvent viscosity. It is
interesting to note that for dilute solutions, 1, scales
with concentration to a degree (n ~ c®) that is very
close to the scaling observed in the semidilute
entangled regime (1 ~ cd).

In the semidilute unentangled regime (c* < ¢ <
c.), Mo increases as the square root of polyelectrolyte
concentration, which is a weaker concentration de-
pendence than for neutral polymers (1y ~ ¢ in ® sol-
vent). The entire semidilute unentangled regime is
well described by the empirical Fuoss law (1y ~ c'/?)
Unlike the three to four decades in concentration that
the semidilute unentangled region is predicted to
span, this region is found to be relatively small for
xanthan, spanning less than one decade in concentra-
tion (c* =~ 70 ppm to c, ~ 400 ppm).

Further agreement with theory is shown in the
semidilute entangled regime, where 1y was found to
scale as ¢*/% The dependence of viscosity on polye-
lectrolyte concentration in the semidilute entangled
regime is much weaker than the neutral polymer
case (n ~ % in good solvents and 1 ~ %3 in ©
solvents). Also, the entanglement concentration is
evidenced by a minimum in a plot of the reduced
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viscosity ng [where ng = (N — ns)/nsc] versus poly-
mer concentration (not shown).

The final critical concentration (cp) and associated
increase in viscosity is observed at around 2000
ppm. Dobrynin et al. defined ¢, as the concentration
at which electrostatic blobs begin to overlap. A
crossover in viscosity behavior is predicted to occur
at ¢cp where the behavior changes from that of
charged polymers to neutral polymers in good or @
solvents. For concentrations above cp, the electro-
static blob concept breaks down, and the solution
rheology is due mainly to the polymeric nature of
the polyelectrolyte solution.’ In this study, no was
observed to scale to the power of 15/4 above cp,
which is identical to the scaling predicted for neutral
polymers in good solvents. Therefore, our observa-
tions confirm the crossover to neutral polymer
behavior in this concentration region.

Although the theory proposed by Dobrynin et al.
is based on flexible polyelectrolytes, we show re-
markable agreement for xanthan, which has been
shown to be rather rigid. Several studies report the
persistence length of xanthan to be 100-150 nm in
salt solution.'””">? Double-stranded DNA has a per-
sistence length of ~ 50 nm in salt solution.*® A
recent study reports the persistence length of short-
chain branched polyethylene (a flexible polymer) in
solution to be ~ 0.8 nm.”® Although most studies
report persistence lengths for xanthan in an ionic so-
lution, it is clear that xanthan retains a high degree
of rigidity in salt-free solution. The role of chain
flexibility in the scaling theory is unclear; however,
our data suggest that scaling principles may success-
fully be applied to rigid polyelectrolyte systems.

Comparing the measured shear viscosity with the
dynamic viscosity indicates that the well known
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Figure 3 Zero shear rate viscosity scaling as a function of
xanthan concentration in salt-free solution. Solid lines indi-
cate theoretical scaling for ¢ > ¢* and dashed line repre-
sents a power law fit below c*.
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eral xanthan concentrations.

Cox-Merz rule applies to the xanthan solutions stud-
ied here for all but the lowest concentrations (Fig. 4).
The validity of the Cox-Merz rule observed seems to
disagree with previous studies that have shown that
the Cox-Merz rule does not hold for xanthan.*”*
The discrepancy is likely due to the concentration of
the xanthan solutions used. According to the phase
diagram given by Inatomi et al.”” the solutions
where the Cox-Merz rule does not apply lie in either
the biphasic or anisotropic regime while all solutions
in the present work lie in the isotropic regime.

The dynamic moduli provide additional informa-
tion on the viscoelastic nature of the xanthan solu-
tions in the four concentration regimes (Fig. 5). In
the dilute limit [Fig. 5(b)], the storage modulus (G')
tends to zero (i.e., newtonian fluid) as the concentra-
tion decreases. As the polymer concentration is
increased, a crossover in G’ and G” is observed [Fig.
5(a)]. The crossover in G’ and G” signifies the cross-
over from more liquid like to more elastic behavior.
The inverse of the crossover frequency is directly
related to a relaxation time for the polyelectrolyte.

The dependence of the relaxation time (1) on poly-
mer concentration for polyelectrolytes differs greatly
from neutral polymer behavior. Dobrynin et al. pre-
dict that the relaxation time decreases with polymer
concentration (scaling as ¢ /%) for the semidilute
unentangled regime, and the relaxation time in the
semidilute entangled regime is predicted to be inde-
pendent of polymer concentration. For neutral poly-
mers, T is expected to increase with concentration
for all concentrations.

To further compare the experimental observations
for xanthan with theoretical predictions, relaxation
times were determined from the measured rheologi-
cal data. Following the method of Boris et al.,> the
characteristic relaxation time (1) was determined

Journal of Applied Polymer Science DOI 10.1002/app
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from the viscosity verses shear rate data by deter-
mining the intersection of the power law fit to the
shear thinning regime and the least squares fit to the
newtonian plateau. The reciprocal of the shear rate
at which the power law fit and the least squares fit
intersect gives a characteristic relaxation time. Four
distinct scaling regions in the dependence of the
characteristic relaxation time on the polyelectrolyte
concentration in salt-free solution are observed (Fig.
6). In the semidilute unentangled regime, the relaxa-
tion time decreases with increasing polymer concen-
tration (t ~ ¢ /%) whereas in the semidilute
entangled regime, the relaxation time is independent
of polymer concentration. Therefore, very good
agreement with theory was found in the range ¢* <
¢ < Cp.

Published theories do not explain the relaxation
time dependencies observed in salt-free solution in
the concentration ranges below c* or above cp. For
the xanthan solutions studied here, relaxation time
increases with concentration as ~ ¢*/2 in the dilute
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Figure 5 Dynamic mechanical properties (G’ filled, G’
open) as a function of frequency for (a) one concentration
above c¢p and one concentration in the semidilute
entangled regime and (b) one concentration in the semidi-
lute unentangled regime and one concentration in the
dilute regime in salt-free solution.
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Figure 6 Dependence of relaxation time on xanthan con-
centration in salt-free solution. Solid lines show scaling
predicted by theory (c* < ¢ < cp) whereas dashed lines are
power law fits. Critical concentrations were determined
from Figure 3.

regime, which is the expected result for a neutral
polymer in the entangled regime. Further, as the
polymer concentration is increased, a maximum in
the relaxation time was observed at low polymer
concentration (near c¢*) followed by a decrease into
the semidilute unentangled regime. Similar behavior
has been observed in other polyelectrolyte solu-
tions,””° but is not described by theory. In addition,
the scaling of 7 in the dilute regime agrees very well
with the scaling of mp in the same concentration
range (Fig. 3). The similar dependence on concentra-
tion for t and ng suggests that, in the dilute limit, all
rheological properties may exhibit a similar depend-
ence on polymer concentration.

For concentrations above cp, the relaxation time
shows a much stronger dependence on polymer con-
centration (t ~ c*). Above cp, the polymer chains are
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Figure 7 Zero shear rate viscosity dependence on shear
rate for several xanthan concentrations in 50 mM NaCl.
Solid lines represent the Cross model fit to the data.
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TABLE II
Fit Parameters for Cross and Power Law Models for
Several Xanthan Concentrations in 50 mM NaCl

Concentration
(ppm) Mo (Pas) mn. (Pas) K(s) m n
2000 4.0 26 x 107 17 0.69 -0.62
500 0.04 19 x 107 042 062 -033
100 0.003 14 x 107 030 057 —0.08

completely entangled. As the polymer concentration
is increased, the number of entanglements also
increases. As the number of entanglements increases,
the time required to dissipate the energy imparted
to the solution also increases as the chains become
less mobile due to the entanglements. Boris et al.”
showed similar results for a well characterized sulfo-
nated polystyrene sample. However, the scaling
above cp for the sulfonated polystyrene was weaker
(t ~ c"®) than for xanthan due, perhaps, to differen-
ces in molecular structure, chain stiffness, or hydro-
gen bonding.

Salt solution

For polyelectrolytes, the presence of salt in solution
dramatically changes the structure of the polymer in
solution which, in turn, changes the rheological
properties of the solution. In 50 mM NaCl solution,
xanthan exhibits shear thinning behavior for concen-
trations ~ 80 ppm (Fig. 7). As in salt-free solution,
the flow curves (Fig. 7) are well described by the
Cross model, and the degree of shear thinning
(power law index, 1) increases with polymer concen-
tration (Table II). For concentrations below cp (deter-
mined in salt-free solution), a sharp decrease in ng
(up to one order of magnitude) is observed in salt
solution. The decrease in viscosity in the presence of
salt is commonly observed for polyelectrolytes. The
decrease in viscosity is attributed to the salt ions in
solution shielding the ionic charges on the polymer
chain from one another. The shielding due to the
salt ions allows the polymer chain to assume a more
compact structure in solution. Because the domains
of the polymer chains decrease in size, the number
of interactions with neighboring chains also
decreases. In other words, more polymer chains are
required in solution to get the same amount of inter-
molecular interaction and subsequent viscosity
increase. The relatively strong shear thinning
observed at very low polyelectrolyte concentrations
(~ 50 ppm) in salt-free solution is no longer
observed in the presence of salt (Fig. 7). In salt solu-
tion, xanthan concentrations below 80 ppm were
observed to be newtonian.

Critical concentrations for xanthan in 50 mM NaCl
were determined from a plot of ny versus polymer

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 8 Zero shear rate viscosity scaling dependence on
xanthan concentration in 50 mM NaCl. Solid lines show
scaling predictions for neutral polymers in © solvent
conditions.

concentration (Fig. 8). When salt is present, three
concentration regimes are observed (as opposed to
four in salt-free solution). For concentrations above
c¥, the dependence of ny on concentration is much
stronger than in salt-free solution. In the dilute re-
gime, 1 scales directly with xanthan concentration
(n ~ c). Above ¢ * the scaling increases to 1y ~ .
In the semidilute entangled regime, the scaling of 1,
is much stronger with concentration (ny ~ c'4/3)
Very good agreement with the scaling predictions
for a neutral polymer in a ® solvent was observed
in the dilute, semidilute unentangled, and semidilute
entangled concentration regimes despite the rigidity
of the xanthan chains in salt solution. The measure-
ments confirm the prediction that neutral polymer
behavior is observed in the presence of salt. Further,
in the presence of NaCl, the abrupt increase in mg
observed at c* in salt-free solution was not observed.
The less dramatic transition near c¢* may be due to
the salt ions in solution screening the Coulombic
interactions that the polymer experiences in salt-free
solution.

An increase in both ¢* and ¢, is observed in the
presence of NaCl. The overlap concentration (~ 200
ppm) is almost three times larger than c* in salt-free
solution (~ 70 ppm). The entanglement concentra-
tion (~ 800 ppm) is twice the value of c. in salt-free
solution (~ 400 ppm). The third critical concentra-
tion observed in salt-free solution (cp) is not
observed in the presence of NaCl in the polymer
concentration range studied here. Because the critical
concentrations are dependent on interactions
between polymer chains, it follows that solutions of
smaller chains would exhibit higher critical concen-
trations. As stated previously, the salt ions in solu-
tion screen the electrostatic interactions between the
ions in solution and allow the polymer chains to
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assume a smaller average configuration. Thus,
smaller domain size of the polymer chains corre-
sponds to higher critical concentrations.

The scaling of the relaxation time for xanthan in
the presence of salt (Fig. 9) differs markedly from
the scaling in salt-free solution. Theory predicts that
7 scales as ¢!/ in the semidilute unentangled regime
and as ¢®’? in the semidilute entangled regime for
polyelectrolytes in salt solution. Experimental meas-
urements agree very well with theory in these two
concentration regimes. For xanthan concentrations
below 80 ppm, the samples are newtonian, therefore
no relaxation time can be determined (by definition,
t = 0 for newtonian fluids). For concentrations
above 80 ppm in the dilute regime, relaxation time
seems to be independent of polymer concentration (t
~ Y. The apparent independence of relaxation time
in the dilute regime is likely due to the relatively
small number of polymer chains present in the solu-
tion. Below c*, the polymer chains do not interact
appreciably one with another. Therefore, the relaxa-
tion time observed for the solution will be depend-
ent solely on how individual chains react to the
stress applied to the solution. The maximum in t
observed for xanthan in salt-free solution (Fig. 6)
was not observed in the presence of NaCl. When the
polymer concentration is increased above c*, inter-
molecular interactions become important, and the
result is an increase in the relaxation time (i.e., T is
no longer independent of polymer concentration).
Further, the decrease in the magnitude of the relaxa-
tion time in both the semidilute unentangled and
semidilute entangled regimes is consistent with the
fact that the rigid, helical xanthan conformation is
stabilized by the presence of salt. The increase in
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Figure 9 Dependence of relaxation time on xanthan con-
centration in 50 mM NaCl. Solid lines show scaling pre-
dicted by theory (c¢* < ¢ < cp). Critical concentrations were
determined from Figure 8. Error bars represent an esti-
mated error of 15%.
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rigidity is expected to be accompanied by a decrease
in relaxation time.””

The dependence of the relaxation time on polymer
concentration begins to deviate from neutral poly-
mer theory at a concentration of 2000 ppm. For con-
centrations above 2000 ppm, t scales as ~ ¢, which
is a weaker dependence than observed for the same
concentration range (c > c¢p) in salt-free solution
(Fig. 6). As shown previously, the polyelectrolyte
viscosity in 50 mM NaCl follows predictions for a
neutral polymer in ® solvent. However, the scaling
observed for the relaxation time for polymer concen-
trations above 2000 ppm in salt-free solution (where
neutral polymer behavior is predicted to be
observed) differs from that observed in 50 mM NaCl
in the same concentration region.

CONCLUSIONS

The viscosity of xanthan was measured over seven
decades of shear rate and three decades in polymer
concentration (10-6000 ppm) in both salt-free and
50 mM NaCl solution. For the salt-free solution, the
scaling of the zero shear rate viscosity with polymer
concentration agrees very well with a simple scaling
model for concentrations above c*. In the presence of
salt, the scaling for both the zero shear rate viscosity
and the relaxation time differ significantly from the
salt-free case. The observed scaling of the zero shear
rate viscosity with polymer concentration in 50 mM
NaCl is well described by theory for neutral poly-
mers in a ® solvent. In salt-free solution, four con-
centration regimes are identified with three associ-
ated critical concentrations (c* ~ 70 ppm, ¢, ~ 400
ppm, and ¢p ~ 2000 ppm). In salt solution, only
three concentration regimes and two critical concen-
trations were observed (c* ~ 200 ppm and c, ~ 800
ppm). The smaller viscosities at the same polymer
concentration and larger critical concentrations (c*
and c.) confirm a collapse in the polymer chains in
the presence of salt.

Several findings for the xanthan gum system are
not treated by theory and to our knowledge have
not been observed in other polyelectrolytes. First, in
salt-free solution near c*, a fivefold increase in the
zero shear rate viscosity was observed over a con-
centration range of ~ 15 ppm. To our knowledge,
the dramatic increase in my near c* has not previ-
ously been reported and warrants further experi-
mental and theoretical study. Next, in the salt-free
dilute regime, similar dependence was observed for
both the zero shear rate viscosity (ng ~ ¢') and the
relaxation time (t ~ c'°) suggesting that all rheologi-
cal properties in the dilute limit may exhibit a simi-
lar, nontrivial dependence on concentration. Relaxa-
tion time scaling in the salt-free dilute regime
follows the expected concentration scaling for neu-
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tral polymers in the entangled regime. Third, the
semidilute unentangled regime is rather narrow,
spanning less than one decade in concentration,
which disagrees with predictions that the semidilute
unentangled regime spans three to four decades in
concentration. Finally, in the entangled concentration
regime (above cp in salt free and above ¢, in 50 mM
NaCl), the scaling of the zero shear rate viscosity
shows a greater dependence on concentration in the
presence of salt (1y ~ c!®/% in salt free versus 1o ~
¢'*/3 in 50 mM NaCl). This work shows that polye-
lectrolyte scaling theory may apply to rigid polyelec-
trolytes and flexible ones. Although comprehensive
study of chain stiffness and viscosity scaling of poly-
electrolytes has not been completed, polyelectrolyte
concentration relative to the critical entanglement
concentrations seems to be a more important param-
eter than chain flexibility or rigidity. Additional
studies are needed to improve the understanding of
viscosity scaling in entangled polyelectrolyte solu-
tions for both flexible and rigid polyelectrolytes.
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