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ABSTRACT

Quasielastic light-scattering and other physical-chemical techniques have been
used to compare the conformation and intermolecular interactions of xanthan in
water, aqueous sodium chloride, and urea solutions. The results showed that xanthan
dissolved in 4M urea has a disordered conformation after the solution has been main-
tained for 3 h at 95° and then cooled to room temperature. This conformation is
similar to that previously observed only in solutions having low ionic strength at
higher temperatures, following disruption of the ordered, low-temperature form.
“Anomalous’™ behavior is seen for xanthan as a function of ionic strength, in that
the hydrodynamic radius increases with increase in ionic strength, whereas a decrease
is typical for poiyelectrolytes. These observations suggest that aggregation of rod-like
chains, similar to that seen for other stiff-chain polymers, occurs for xanthan in salt
solutions, where the charged groups of the polyelectrolyte are screened by the salt
ions. This aggregation may explain some of the high values reported in the literature
for the molecular weight.

INTRODUCTION

The unusual solution-properties of the bacterial polysaccharide xanthan have
been utilized in its commercial applications, and have led to extensive, research
investigations. Xanthan solutions have high viscosity, which is maintained over a
wide range of salt concentrations, pH, and temperature, and is also insensitive to
the electrolyte species present. However, the viscosity is very sensitive to shear: with
increasing rate of shear, the viscosity decreases rapidly, but it recovers rapidly when
the shearing force is removed. These properties have resulted in the use of xanthan
as a viscosity-enhancing agent in the food industry, and this polymer also has potential
applicability as a mobility-control agent for enhanced-oil-recovery operations.

Xanthan is produced by the bacterium Xanthomonas campestris, and has been
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shown to have a pentasaccharide as the repeating unit: the polymer consists of a
cellulose backbone [fS-(1—4)-D-glucan] with a trisaccharide side-chain attached to
every second D-glucose residue; the structure of the side chain is f-b-mannopyranosyl-
(1—4)-(e-p-glucopyrancsyluronic acid)-(1—2)-f-D-mannopyranoside 6-acetate, and
the terminal D-mannose may have! a pyruvic acetal group linked to O-4 and O-6.
The degree of pyruvylation typically varies® from 0.31 to 0.56, and has been shown
to depend on the particular, bacterial strain and the fermentation conditions®'*. The
distribution of the pyruvic acetal groups on the xanthan chain has not yet been
determined.

One interesting property of xanthan is that an order—disorder transition occurs
when solutions having a low ionic strength are heated; this was first reported’® as
an “anomalous” increase in the viscosity of a “salt-free” xanthan solution, with the
midpoint for the transition at 55°. Further studies®, employing n.m.r. and circular
dichroism spectroscopy, showed that the change in properties corresponds to a
conformational order—disorder transition, and it was suggested that this involves a
change in the orientation of the trisaccharide side-chain. X-Ray studies of the ordered
(native) conformation of xanthan are not yet conclusive, but suggest that the most
probable model for the ordered conformation of xanthan is a right-handed, 5, helix,
with the trisaccharide side-chains hydrogen-bonded to the cellulose backbone”’. It
has been proposed that the order—disorder transition involves a disordering of the
5, heiix, with the side chains being detached from the main chain of the molecule.
Other studies® have shown that the transition temperature is dependent on the ionic
strength of the solution, and that a linear relationship exists when 7T, is plotted
against the logarithm of the ionic strength.

The insensitivity of the viscosity to the ionic strength is unusual for poly-
electrolytes, which normally exhibit high viscosities at low ionic strengths, due to an
expanded-chain conformation caused by charge—charge repulsions. These repulsions
are screened at high ionic strength, leading to a more compact conformstion and
lower viscosities. Whitcomb and Macosko® measured viscosities for a 0.1 % aqueous
solution of xanthan over a range of shear rates and salt concentrations. Plots of
viscosity against shear rate obtained at different ionic strengths were very similar,
aund in fact, addition of salt led to slight increases in the viscosity. For very dilute
solutions of xanthan, the viscosity does decrease with increasing ionic strength, but
the loss in viscosity is not nearly so great as is observed for other polyelectrolytes.
These observations suggest that the macromolecule has a relatively rigid, rod-like
conformation in solution. Rinaudo and Milas'® found that increasing the ionic
strength for solutions of both xanthan and O-(carboxymethyl)cellulose leads to a
lowering of the intrinsic viscosity and an increase in the sedimentation coefficient.
However, at ionic strengths >0.01M NaCl, the intrinsic viscosity and sedimentation
coefficients for xanthan are approximately constant, whereas these parameters for
O-(carboxymethyl)cellulose continue to change with increase in the ionic strength.

We now present quasielastic light-scattering and viscosity data for xanthan in
aqueous urea and sodium chloride solutions. Differences in diffusion coefficients,
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intrinsic viscosities, and values of the optical rotation suggest differences in molecular
conformation and associations.

EXPERIMENTAL

Preparation of solutions. — The urea used was of a standard, reagent grade,
obtained from Fisher Scientific Co. A sample of xanthan (“Kelzan™) was obtained
from the Kelco Co., and purified by the method described by Holzwarth®. We had
previously'! determined the molecular weight for this sample to be M = 2.16 x 106,
using our experimental values of D? and [n], and the Flory—Mandelkern equation;
M lies between M, and M,. Solutions containing 0.45%, of xanthan were prepared
in de-ionized water prefiltered through 0.1-um Millipore filters, and then dialyzed for
four days against de-ionized water. Aliquots from this stock solution were diluted
with 0.1-um filtered water to the final concentrations. Solutions in 4M urea were
prepared by addition of urea to the stock solution; these solutions were heated to 90°
and maintained at that temperature for 3 h before being cooled to room temperature.
Sodium azide was added to the solutions (except those containing urea) in order to
prevent bacterial growth. The final concentration of sodium azide was 3mm (0.02 %).
All solutions were filtered through 0.22-um Millipore filters directly into the scattering
cells, and centrifuged at ~4500g for 30 min immediately prior to data collection.

Quasielastic light-scattering. — Our QELS apparatus was the same as that
described previously'?. The sample cell was immersed in a bath of decahydronaphtha-
lene, whose refractive index almost matches that of glass, in order to lessen stray
elastic-scattering. The time correlation function, C(z), was derived from measurements
of intensity fluctuations in the homodyne component of the scattered light. The data
analysis, described in detail elsewhere'?, uses the method of moments, attributable
to Brown ef al.'3, in which the quadratic function

()| = —Fr + 5 2 @) )

is fitted to the points in the plot of In C(t) against time, 7. The initial slope of the
plot (I') is an averaged time-constant that is related to the z-averaged, translational
diffusion-coefficient, D, by the equation

F=DK? )

where K is the scattering-wave vector. The nonexponential behavior of the correlation
function is characterized by the parameter u,/I'?, which is a measure of the poly-
dispersity in the sample. The experimental data-points were also weighted, as suggested
by Pusey et al.'%.

Viscosity. — A four-bulb, variable-shear, capillary viscometer was used to
determine the zero-shear, intrinsic viscosity for the xanthan solution in 4 urea, and
to collect viscosity data as a function of shear rate for all solutions tested. A limitation
to this technique is that very low shear-rates cannot be obtained; however, xanthan
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in 4M urea was much less shear-thinning than the other xanthan solutions, and an
accurate extrapolation to zero rate of shear could be performed. Temperature
control of the water bath was achieved with a Haake ED temperature-control unit.

Optical rotation. — The optical rotations of xanthan solutions at 365 nm ([ ]365)
were measured with a Perkin—Elmer 521 spectropolarimeter. The sample cells had a
path length of 10 cm, and were jacketed to allow temperature control by circulating
water.

Millipore filtration. — Solutions for filtration studies were prepared as follows.
Kelzan was slowly mixed into de-ionized water, with rapid agitation by a Waring
Blendor, to afford a 0.6 % solution. To this solution was added 0.02 % of a proteolytic
enzyme obtained from Novo Chemical (Alcalase 1.5P), and the solution was kept
for 1 h in a water bath at 50°. (The enzyme is known!® to degrade residual, bacterial-
cell bodies, and this helps to lessen the number of insoluble “micro-gels’ by dispersing
the polysaccharide chains that are bound to the cell walls of the bacterium.) This
enzyme-clarified concentrate was then diluted with de-ionized water to 0.19; of
xanthan, and the suspension filtered through a 5.0-um Millipore filter to remove large,
insoluble particulates.

The flow rates of xanthan solutions through Millipore filters of various pore
sizes were measured by timing the cumulative flow into a graduated cylinder. A
constant pressure-drop (4p) of 151b.in.~2 (1.03 x 10° Pa) was applied to the solution
with nitrogen from a cylinder. The viscosities of the solutions, before, and after,
filtration, were checked with a Brookfield viscometer equipped with a UL adaptor.

RESULTS

Table I lists the [«]335 values for xanthan, and the corresponding, intrinsic
viscosity values [#] in de-ionized water, 0.3M NaCl, and heat-treated 4m urea solutions.
Fig. 1 shows plots of [«]3¢s against temperature for 0.06 % xanthan in aqueous
solution and for heat-treated, 0.047 9 xanthan in 4M urea. For the aqueous solution,
the optical rotation goes through a sigmoidal change from [a]3¢5 —35.8° at 25°
to [a]s¢s ~0° at high temperature; the midpoint for the transition is at a temperature
of ~55°. These data are very similar to those reported by Morris et al.® for xanthan

TABLE1

VALUES OF OPTICAL ROTATION AND INTRINSIC VISCOSITY OF XANTHAN IN DIFFERENT SOLVENTS

Solvent [x]335 (degrees) [7y-0 (mL{g)

H20 —35.8 +0.1 22,400 (ref. 9)

0.3M NacCl —35.8 40.1 7,000 (0.17m NaCl; ref. 16)
8,000 (0.5M NacCl; ref. 17)

4Mm Urea —15.0 0.1 2,000

(heat-treated)
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Fig. 1. Specific optical rotation at 365 nm, [«lses, plotted against temperature for the following
solutions: O, a 0.06% solution of xanthan in 0.02% sodium azide; and U, a heat-treated, 0.047%,

solution of xanthan in 4M urea. The latter solution had been maintained for 3 h at 90° and cooled
to room temperature before measurement of the [«]ses value.
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Fig. 2. Plot of 7sp/c against shear rate () for 0.025% solution of xanthan in the following solvents:
X, 0.01M sodium chloride; O, 1.0M sodium chloride; and U, 4M urea (heat-treated).
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Fig. 3. Apparent diffusion-coefficients (D®rP) plotted against concentration of xanthan in the
following solvents: x, 0.02% sodium azide; O, 4M urea (heat-treated); @, 0.3M sodium chloride;
and A, 1.0M sodium chloride.

in 5mM sodium chloride, and the transition probably corresponds to conversion of
the ordered conformation into a random coil. In contrast, the optical rotation for
heat-treated xanthan in 4M urea is constant, at [a}z65s ~ —15°, up to 50°, after which,
there is a steady change to [als¢s ~0° at 60°. However, above ~55°, there is a
quzlitative similarity between the optical rotation—-temperature curve for the two
solutions: [a]};45 decreases linearly.

Fig. 2 shows a plot of #,,/c against shear rate (y) for 0.025 9 solutions of xanthan
in 0.01M and 1.0M sodium chloride, and the heat-treated 4M urea solutions (7, the
specific viscosity = (5 — 1,)/1,, where 5, is the viscosity of the solvent). The sodium
chloride solutions display almost identical shear-thinning characteristics, whereas the
viscosity of the 4M urea solution is much less sensitive to the rate of shear. Plots of
the apparent diffusion-coefficient against concentration for xanthan in water, 0.3M
NaCl, 1.0M NaCl, and 4M urea solutions are shown in Fig. 3. The limiting diffusion-
coefficients, determined from Fig. 3, and the apparent, hydrodynamic radii deter-
mined from the Stokes—Einstein equation are given in Table II, along with viscosity
data obtained from the literature, from which it may be seen that xanthan solutions
show a decrease in viscosity with added electrolyte, but that, above a critical concen-
tration of electrolyte, this trend is reversed, and additional electrolyte resuits in in-
creased viscosities. The diffusion coefficients measured show a steadily decreasing
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TABLE I

HYDRODYNAMIC AND VISCOMETRIC DATA FOR XANTHAN IN DIFFERENT SOLVENTS

123

Solvent e fr Rpare Do
(0.02%) 0.1%) (nm)
H20 (de-ionized) 6.52 114® rod 242 x 10-8
1,500 x 2.0
3mm NaCl 250 725
0.17M NaCl 2.5¢ 74¢
0.3M NaCl! 1225 194 x 10-8
1.0M NaCl 143.6 1.55 x 108
1.7 NacCl 3.2¢ 139¢
4Mm Urea 0.46 8.5 80.0 2.80 x 10-8

(heat-treated)

aRef. 9. PRef. 18. “Ref. 17.

TARBLE III

FLOW OF 0.19, XANTHAN THROUGH MILLIPORE FILTERS UNDER A PRESSURE OF 1.03 X 10° Pa.

Volume Time (s)

(mL) o sait 0.0Im NaCl 0.1m NaCl 0.3m NaCl 1.0M NaCl
12um 045 um 1.2 um 045 pum 1.2 um 045 pum 1.2 um 045 um 1.2 uym 045 um

25 12 19 8 15 11 18 12 18 10 23

50 24 47 21 40 22 44 24 46 20 54

75 38 82 32 72 34 79 37 84 32 100
100 51 132 43 108 45 118 49 131 44 162
125 65 193 55 150 57 166 61 191 56 248
150 78 268 66 197 69 220 73 260 69 350
175 93 365 78 250 82 284 86 347 82 492
200 107 485 91 309 93 356 98 458 95 671
225 121 625 103 360 106 440 110 587 108 892
250 136 771 i16 417 118 532 124 732 121 1160
7 loss o 0.6 0 0 0 0 0 2.2 0 2.1
(%)

trend with increasing ionic strength. Xanthan in 4M urea solution shows significantly
lower viscosity values than the other sclutions listed.

Table IIT presents the flow times of 0.1 9 xanthan solutions of different ionic
strengths to pass through 1.2-um and 0.45-pm Millipore filters; also given is the
percent of the viscosity that is lost as a result of the filtration. It may be seen that
greater differences in the flow rates occur through the 0.45-um filters than through
the 1.2-um filters as a function of salinity. Addition of 0.01m NaCl to salt-free, 0.1%
xanthan solution resulted in an increased flow-rate, but, above 0.1M NaCl, this
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Fig. 4. The zero-shear viscosities (-——-), and the flow times through 1.2-um Millipore filters at

1.03 x 105 Pa (——) for 0.1%4 xanthan solutions, plotted against the number of moles of NaCl in
the solutions.

trend was reversed, resulting in lower flow-rates with increasing salinities. Fig. 4
graphically displays this behavior as a plot of the flow time necessary for 250 mL of
xanthan solution to pass through the 0.4-um filters as a function of salinity; also
shown in Fig. 4 are the viscosities of 0.1 9, xanthan solutions that are listed in Table II.

DISCUSSION

Conformation of xanthan in 4M urea solutions. — The results strongly suggest
that, when dissolved in 4M urea, xanthan has a disordered conformation after the
solution has been maintained at 95° and then cooled to room temperature. This
conformation is similar to that previously observed only in solutions having a low
ionic strength, following disruption at higher temperatures of the ordered, low-
temperature form; support for this assertion was afforded by the optical rotation
and viscosity studies. The higher values for [a];65 of xanthan in aqueous or sodium
chloride solutions, as compared to the data for 4Mm urea solutions (see Table 1),
indicates that a more ordered, secondary structure is present in the aqueous sodium
chloride solutions. Moreover, Fig. 1 shows a typical melting-curve for xanthan in
water, corresponding to disruption of the ordered, low-temperature form to give the
disordered form at a temperature of melting (7,,) above ~55°. The [«];45 value for
the heat-treated, 4M urea solution is approximately constant between 25 and 50°,
and similar in magnitude to those recorded for aqueous xanthan above T,. Above
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55°, [a]s6s for the urea solution decreases with increasing temperature, behavior
that is also observed for the aqueous solutions above T,,. This decrease may be a
result of greater conformational flexibility at higher temperatures.

Further evidence that the conformation of xanthan in the 4m urea solution is
disordered is found in the shear-dependent, viscosity data (see Fig. 2). The viscosity
of the heat-treated, 4M urea solution is less dependent on shear than are those of the
aqueous and sodium chloride solutions. Dea er al.!® noted a similar difference in the
shear dependence of the viscosity for 19/ xanthan solutions at 85° (above T,,, a small
shear-dependence) and at 25° (below 7,, a large shear dependence). The relative
shear insensitivity of a disordered structure as compared to that of an ordered, rigid,
helical structure is therefore observed. Furthermore, the zero-shear intrinsic-viscosity
measured for the 4m urea solution (2000 mL/g) is much less than similar viscosities
reported for xanthan in water or sodium chloride solutions (see Table I), and this is
also consistent with a more random conformation. Wellington'® has shown that
the application of theoretical equations for random coils (employing bond-angle
and rotational-angle restrictions) to xanthan only predicts a value for [ 7] of 31 mL/g.
Thus, it must be concluded that, even though the helical, secondary structure of
xanthan is not present in 4M urea solutions, the xanthan chain still exhibits a degree
of rigidity. This disordered conformation present in 4M urea solution is, therefore,
not a random coil, but is an extended chain possessing no local, secondary structure.
The extended conformation could be stabilized either by the steric interactions of the
side chains, or by electrostatic repuisions.

Behavior of xanthan as a function of ionic strength. — The behavior exhibited
by xanthan solutions in response to increasing ionic strength is atypical for poly-
electrolytes. Normally, polyelectrolyte chains contract in the presence of a salt,
resulting in significantly smaller hydrodynamic radii, and lower viscosities, than at
low ionic strength. The data collected for the flow of xanthan solutions through
Millipore filters, the hydrodynamic radii measured via QELS, and the viscosity
experiments all point to an #icreased hydrodynamic size which is induced by added
electrolyte above a critical value. Fig. 4 suggests that, at low ionic strengths, xanthan
shows a typical diminution in viscosity and hydrodynamic volume with added salt,
but that at ¢ above ~0.02m NaCl, anomalous behavior occurs. It is possible that
the cause of this increase in hydrodynamic dimensions at >0.02m NaCl is due to
screening of the intermolecular, electrostatic repulsions by the excess of salt ions,
leading to a self-association phenomenon. This concept is supported by the fact that
the increase in viscosity at 1.7m NaCl (see Table II), as compared to the viscosities
at lower ionic strengths, is concentration-dependent, and this would be expected
for a self-association mechanism.

Salt-induced aggregation of rigid molecules is energetically more favorable,
because the loss of entropy is less for rigid rods than for random coils. Therefore,
the self-association of xanthan is not restricted by entropy, and, when the interchain,
electrostatic repulsions are shielded, the favorable enthalpic interactions (hydrophobic
forces, hydrogen bonding) noted for polysaccharides result in interchain associations.
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It is suggested that these associations may result in parallel, side-by-side arrays; in
support of this suggestion, it may be noted that Rinaudo et al.2® observed static
birefringence attributable to liquid-crystal formation in xanthan solutions. More-
over, salt-induced, side-by-side aggregation has also been observed?! for solutions
of other rigid-rod polymers, namely, poly(p-phenylene terephthalamide) (Keviar),
and poly(benzobisoxazole).

The apparent hydrodynamic-radius was not calculated for the xanthan solution
of low ionic strength (see Table I), because, at these solution conditions, the molecule
more closely approximates a rigid rod than an impenetrable sphere. It has been
shown?? that the behavior of the translational-diffusion coefficient of xanthan in
solutions of low ionic strength agrees qualitatively with a theoretical model?3 for the
diffusion of rigid rods in semi-dilute solutions. Moreover, the experimental data
almost agree with the theoretical predictions if a xanthan rod of length 1.5 pm and
width 2.0 nm in salt-free solutions is assumed. A 1.5-um long, rigid rod for xanthan
also agrees with rheological data obtained for salt-free solutions®.

Therefore, the effect of salinity on xanthan may be summarized as follows.
At low ionic strength, the xanthan molecule is a highly extended chain in solution,
as a result of intra-chain, electrostatic repulsions. The addition of a small amount
of electrolyte shields these repulsions, but, owing to its helical structure and steric-
induced rigidity, the xanthan chain undergoes some contraction, and assumes a
rigid, worm-like coil structure in solution?*. At higher ionic strengths, self-association
of these worm-like coils occurs.

Finally, the relevance of these salt-induced, self-association findings to the
discrepancies in the molecular weights for xanthan reported in the literature may be
noted. Values of 2 x 10° (refs. 10, 11, and 19) and 12 x 10¢ (ref. 25) have been
reported; however, the higher molecular weights reported had been obtained by
sedimenting xanthan molecules in a density gradient of high salinity (0.7-1.4M NaCl).
The high ionic strength employed in such a technique could induce self-associations,
and result in an erroneously high value. We consider that unassociated xanthan
chains have a molecular weight of 2 x 106,
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