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Charge screening effects on filament dynamics in xanthan gum solutions
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Abstract

We experimentally investigate the filament dynamics of non-Newtonian drops falling under gravity through air, and report the effects of semi-
dilute concentrations of the polyelectrolyte polymer xanthan gum mixed in 80:20 glycerol/water with varying concentrations of potassium chloride
(KCl). We find that the addition of 780 ppm xanthan gum to the glycerol/water solvent dramatically increases the drop length just before pinch-off,
by two orders of magnitude. This length is decreased by as much as an order of magnitude with the addition of KCI. The qualitative dynamics
of bead formation on the filament is also very sensitive to added salt. These experimental observations are related to well-known changes in the

molecular structure of xanthan gum due to charge screening effects.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The formation of Newtonian fluid drops in air has long been
an active area of research fueled by theoretical and experimen-
tal studies, numerical simulations, and industrial applications.
The earliest related studies date back to the work of Plateau [1]
and Rayleigh [2]. More recent studies of droplet formation and
pinch-off include experimental [3-6], theoretical [3,4,7,8], and
numerical studies [3,6] (for a thorough review of the subject see
[9]1). One striking aspect of this process is the long fluid filament
drawn out by the falling drop while still attached to the orifice.
When the fluid contains macromolecules (such as polymers),
or is otherwise non-Newtonian [10,11], these filaments can be-
come extraordinarily long and long-lived. Moreover, many new
phenomena are observed, such as filament stabilization, (elastic)
retraction, and the development of bead-on-string perturbations
along the filament [10,12-14].

In the Newtonian case it is well known that the magnitude of
the viscosity plays an important role in the formation of falling
drops, in particular for the maximum length attained by the fil-
ament before pinch-off and the stability of the filament to per-
turbations [3-5]; the filament can be relatively short at low vis-
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cosities (e.g., water) and longer at higher viscosities (e.g., corn
syrup). As the flow field in an axisymmetric filament is almost
purely extensional, the relevant quantity is extensional viscos-
ity 7, which is the proportionality constant between the normal
stress difference and the stretch rate ¢ [15]. For a Newtonian
fluid 7 is simply related to the shear viscosity n: the Trouton ra-
tio 7)/n is constant and equal to 3 [15,16]. For a non-Newtonian
fluid, it is not entirely clear, which property is the cause of the
stabilization. The fact that the Trouton ratio may exceed 3, and
values up to ~1000 are observed [17], may be responsible for
some or all of these effects. However, the elastic and normal
stress effects may also play a role.

Among aqueous polymer solutions, polyelectrolytes derive
many of their important properties from the fact that their molec-
ular conformational state is sensitive to the ionic environment;
proteins and DNA are particular examples. A polyelectrolyte
polymer typically swells when placed in a low ionic strength
solution due to electrostatic self-repulsion [18]. The work pre-
sented here examines the dynamics of falling drops using a so-
lution of the polyelectrolyte polymer xanthan gum [19]. The
molecular and resultant rheological properties of this polymer
are known to be modified by the addition of salt. Our study
shows that the hydrodynamic flow of xanthan gum solutions in
filaments is surprisingly sensitive to the added salt concentration.
This sensitivity provides an excellent example of the coupling
between molecular and macroscopic fluid dynamics which is
possible in complex fluids.
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2. Experimental setup and rheology

Our study of non-Newtonian drops was conducted with solu-
tions of xanthan gum, a high molecular weight (= 5 x 10°),
water-soluble, anionic polysaccharide produced by the bac-
terium Xanthomonas Campestris [19]. The properties of xan-
than gum have made it an appealing product for use in a va-
riety of industries including the food, cosmetic, agricultural,
and petroleum industries [19,20], as well as laboratory experi-
ments [21,22]. The xanthan molecule consists of a backbone of
four glucose units with charged side-chains located at alternat-
ing units [19,20]. As a polyelectrolyte polymer, its molecular
structure depends primarily on the ionic strength of the side-
chains and the free ions in the solvent [18]. In an aqueous so-
lution with no added ions, the xanthan molecule is extended
due to the electrostatic repulsion of the negatively charged side-
chains. When salt is added to semi-dilute solutions (about 200—
2000 ppm) [23], charge screening causes the side chains to col-
lapse down to the backbone, driving a transition in the structure
which gives the xanthan molecule a rigid rod-like shape [20]
(and reduces its hydrodynamic size). These molecular changes
are known to affect the rheological properties, and one expects
the fluid dynamics of these solutions to change as well.

The xanthan gum used in our experiments was a commer-
cially available product (Vanzan NF) provided by R.T. Vander-
bilt Co. (Norwalk, CT). We mixed various concentrations of
xanthan gum and potassium chloride KCI (Baker) in an 80:20
(by weight) glycerol and distilled de-ionized water solution. The
solutions were prepared by first adding water to the xanthan
gum and KCI powder and gently mixing until all microgels of
the gum appeared dissolved. Since xanthan gum has a high re-
sistance to shear degradation, we were not concerned about the
effects of this mixing. Glycerol was then added, and the solu-
tion was mixed for up to 24 h, and allowed to sit for another day
before use. We have studied two concentrations of xanthan gum
(390 and 780 ppm, corresponding to 0.039 and 0.078 wt.%) and
a range of salt concentrations ([KCI] = 0-3.125%). The sur-
face tension was measured at room temperature using a Fisher
model 21 tensiomat, and varied by 1% from y = 67.4 dyn/cm.
The fluid density varied by less than 1% from p = 1.28 g/cm’.
The fluids and their properties used in our study are listed in
Table 1.

We measured the steady and transient rheological properties
of our xanthan gum solutions in shear as a way to monitor the
molecular changes induced by the added salt; the shear rheology
is not directly relevant to the essentially extensional flow in the
filament. The measurement of extensional rheology is at present
much more difficult than shear rheology, due to the geometrical
challenges of providing a constant ¢ flow (see e.g., [17,24]).
While indirect techniques are available, such as opposed jets
[23], we did not make any extensional rheology measurements
in this study.

Shearrheology measurements were made with a temperature-
controlled cone and plate rheometer (Brookfield, Model DV-
III+) in constant shear rate mode, in a range from 15 to 500 s_l,
and at 21.9 °C. Fig. 1 shows shear stress as a function of shear
rate for several of the fluids used in our study. The stress 77> and
shear rate y data follow a power-law relationship 712 = C(y)"*
(as is commonly observed [15]), where n and C are constants;
for a Newtonian fluid n = 1 and C = . Values of n and C are
reported in Table 1. We find that all of the 780 ppm xanthan/KCl
solutions are shear-thinning (n < 1), in agreement with previ-
ous studies [19,20,25,26]. Also, over the range of shear rates
tested the salt-free xanthan solution had the highest effective
shear viscosity T12/y, which decreased with increasing salt
concentration. We note that at the lower xanthan concentration
(390 ppm), the high salt solution (3.125%) was nearly Newto-
nian (n = 0.97), while the salt-free solution was significantly
non-Newtonian (n = 0.77) [27].

Semi-dilute solutions of xanthan gum are known to be elastic
[20,28,29]. We characterize this elasticity by measuring the tran-
sient residual shear stress. First, a steady flow producing a shear
stress of Tjo = 100 dyn/cm? was applied for 3000's in a cone
and plate rheometer [27]. The transient stress was recorded for
24 s or more after the shear was turned off, as shown for several
cases in Fig. 2(a). The data does not follow a simple relaxation
behavior 712 ~ e~/* [15], so we determined a characteristic re-
laxation time using the time for the shear stress to decrease to
1% of the applied value. Since Newtonian fluids are inelastic,
we used the pure solvent and a commercial vegetable oil as the
control for this measurement. It took on average 2.1s for the
shear stress to reach 1 dyn/cm2 for these two Newtonian fluids,
which we assumed to be a mechanical artifact of the rheome-
ter (the xanthan solutions took longer). We define the effective

Table 1

Fluid properties of solutions in 80:20 glycerol and water

Xanthan gum (% conc.) KCl1 (% conc.) y (dyn/cm) P (g/cm3) n index, n n prefactor, C Effective relaxation time, #; (s)
0 0 66.2 1.28 0.98 0.895 0
0.039 0 68.1 1.27 0.77 4.13 6.9
0.039 3.125 67.3 1.28 0.97 0.83 0.7
0.078 0 68.3 1.27 0.73 7.51 23.8
0.078 0.013 67.7 1.27 0.79 4.75 13.8
0.078 0.024 67.0 1.28 0.76 4.65 9.9
0.078 0.035 66.9 1.27 0.75 4.97 -
0.078 0.047 67.4 1.27 0.78 445 8.8
0.078 0.117 68.2 1.28 0.79 4.03 7.3
0.078 0.391 66.6 1.28 0.79 3.95 5.3
0.078 1.563 67.8 1.29 0.85 3.09 3.5
0.078 3.125 67.5 1.27 0.80 3.23 2.9
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Fig. 1. Shear stress 712 (dyn/cmz) vs. shear rate y (s~1) for several fluids. The
straight lines represent fits of the data for each fluid to 7, = C(y)", with C and
n for all 12 fluids listed in Table 1.

relaxation time ¢, for each fluid as the difference between the
measured time and 2.1 s; values of ¢, are reported in Table 1.

The long decay for the shear stress in the 780 ppm xanthan
gum solution with no salt (z; = 23.8 s) indicates that this solu-
tion is highly elastic; at lower xanthan concentration (390 ppm),
the fluid is less elastic (#, = 6.9 s). The elasticity also decreases
with increasing salt levels. Fig. 2(b) is a plot of the effective
relaxation time as a function of [KCI] for the 780 ppm xanthan
gum solutions. A least squares fit of the data, represented by the
solid line, indicate that £ ~ [KC1]~%-3%, This scaling is in dis-
agreement with the Rouse model for polyelectrolyte solutions
[30], which for the xanthan gum used in our experiments has the
form
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where [XG] denotes the concentration of xanthan gum. The
scaling #; ~ [KCI1]~3/4 occurs in the high salt concentration
limit where there are many more salt ions than free coun-
terions (i.e. [KCI] > 1.5 [XG]). The xanthan gum solutions
shown in Fig. 2(b) are in this limit, with the relevant ratio
3 x 10° < 2[KCI]/3[XG] < 7 x 10°. The effective shear vis-
cosity (T12/y) of polyelectrolyte solutions scales in the same
way as the relaxation time, and it has been verified experimen-
tally that the viscosity of flexible polyelectrolyte solutions (sul-
fonated polystyrene [31] and polyacrylic acid [32]) follow a
—3/4 scaling. If xanthan gum is sufficiently rigid then its con-
formation may not change as much with the addition of salt,
and this may account for the weaker dependence of the relax-
ation time on salt concentration that we observe [33]. Finally,
we note that at the lower xanthan concentration 390 ppm, the
addition of 3.125% salt makes the fluid essentially inelastic
(t; = 0.75s).

The experimental apparatus that produced the drops was sim-
ilar to those used previously [4]. The fluid flow was driven by
gravity from a 32 cm? plastic (Lucite) reservoir, which was open
to the atmosphere, into a tube of length 2.5 cm, through a nee-
dle valve, which controlled the flow rate, and finally through a
lower tube of length 6.6 cm with inner and outer radii of 1.54
and 2.17mm. The 0.63-mm-wide edge of the orifice was ma-
chined flat to allow for a reproducible contact line at the ori-
fice/fluid/air interface. In all of the experiments the period of
the drops was about 30 s/drop. The experimental apparatus was
set on a vibration isolated table and enclosed in a box to re-
duce air currents. Images and video sequences of the drops were
obtained using a Kodak Ektapro 1012 EM Motion Analyzer; de-
tails of the illumination used in these experiments can be found
in [4]. The spatial resolution of the images ranged between 0.14
and 0.64 mm/pixel. The temporal resolution in the experiments
ranged between 3000—4000 images/s.

For very long drops (exceeding 15cm in length) we were
unable to image the whole drop from the orifice to the drop tip
at the time of pinch-off. In this case, the length was measured
over several camera positions, during which the period of the
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Fig. 2. (a) Transient shear stress (dyn/cmz) vs. time (s). (b) Effective relaxation time f, (s) vs. [KCl] for solutions of 780 ppm xanthan gum. The solid line is a least

squares fit to t; = 3.45 [KC1]—030,
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Fig. 3. Evolution of a drop of 390 ppm xanthan gum in 80:20 glycerol/water with no salt. The size of each image is 1.45cm x 5.41 cm. The relative times of each
image are (a) O ms, (b) 325 ms, (c) 444 ms, (d) 599 ms, (e) 619 ms, (f) 633 ms, (g) 649 ms, and (h) 666 ms.

drops and fluid temperature were held constant (within 6%). We
moved the camera down vertically at 5 cm increments until we
observed the pinch-off of the filament before the falling drop
exited the screen.

3. Filament stability and pinch-off length

The initial formation of a drop of xanthan gum solution falling
through air produces a thin filament connected to the orifice,
similar to a Newtonian fluid. The filament is dependent on sev-
eral non-dimensional parameters, which characterize the fluid
dynamics near the orifice.

For all experiments here the period of the drops is held
fixed at approximately 30s/drop, or a volume flow rate of
5.1 x 10~*cm’/s (assuming a drop volume of 47R3/3, and
using the orifice radius R = 0.154 cm). Thus we estimate the
average velocity at the orifice to be Uy >~ 6.8 x 1073 cm/s,
which for the 80:20 glycerol/water solvent gives a Reynolds
number of Re = pUgR/n =2 x 1073; the Bond number is
Bo = pgR?/y = 0.45. From these two parameters, we conclude
that the initial droplet formation is viscous, and characterized by
a balance in the gravitational and capillary forces which allows

(a) (b) (©)

pendant drops to form. Since the surface tension and density of
the fluids vary by less than 1% and the flow rate was held fixed,
we expect the drop volume to be nearly constant in all of the
experiments.

Using the most elastic fluid, we estimate the maximum Deb-
orah number of the flow near the orifice tobe De = #,Up/R > 1.
However, because a drop falls only every 30s, we expect that
the polymers are initially relaxed. Once the drop begins to
fall away from the orifice it draws out a long, fluid filament
(see Fig. 3(a) and (b)). A comparison of the interfacial mo-
tion of this filament for the 780 ppm xanthan gum solution with
0% < [KCI] < 0.047% to an analytic model shows strong quan-
titative agreement [34]. The model, which also provides the
stretch rate in the filament, predicts De > 1 over a transient
period while the filament initially stretches [34]. After this tran-
sient period, the stretch rate monotonically decreases so that
eventually De < 1 [34]. Thus we expect viscoelastic effects to
be relevant to the filament motion during some initial time period
in the experiment.

The dynamics of filament formation and drop pinch-off are
shown in Figs. 3 and 4 for two different salt concentrations. The
fluid shown in Fig. 3 is the 390 ppm xanthan gum/80:20 glyc-

wr

at i

o
o

(d) (e)

Fig. 4. Evolution of a drop of 390 ppm xanthan gum and 3.125% KCI1 mixed in 80:20 glycerol/water. The size of each image is 1.45cm x 5.41 cm. The relative
times of each image are (a) Oms, (b) 15.7 ms, (c) 33.3ms, (d) 42.3 ms, (e) 46.7 ms, (f) 53 ms.
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erol/water solution with no salt. In Fig. 3(a) the drop is falling
away from the orifice. As the filament lengthens, its diameter
appears to taper toward its center in the axial direction (frames
(b) and (c)). The drop pinches off between frames (c) and (d), out
of the camera’s view. Since the filament does not pinch-off at its
connection to the orifice, the type of pinch-off can be character-
ized as internal-pinching [4]. Remarkably, a large portion of the
filament (at least 5 cm in length) retracts back into the orifice,
in frames (d) through (h). During this time the filament appears
to be free of perturbations and uniform in diameter. The small
spherical drop at the tip of the retracting filament suggests this
flow is elastically driven, rather than the surface tension driven
retraction common in Newtonian fluids [9].

By contrast, Fig. 4 shows the dynamics of a mixture of 80:20
glycerol/water with 390 ppm xanthan gum and 3.125% KCI.
Comparing the sequence of images in Figs. 3 and 4 we see
the dramatic changes in the drop dynamics due to the addition
of salt. As the drop falls away from the orifice a perturbation
along the filament interface is already apparent in Fig. 4(a). In
the images that follow, this perturbation grows in size, while
other perturbations of varying size develop along the filament
interface. This well-known bead-on-string instability does not
immediately cause the filament to break [10,12,13]. Several of
these perturbations retract into either the orifice, the largest per-
turbation, or the drop. For example, the perturbation at the top of
the filament in frame (c) has traveled upward by frame (d), and
by frame (e) it has retracted into the fluid at the orifice. The fila-
ment internally pinches off between frames (e) and (f), causing
several satellite drops to form.

The most dramatic effect of the xanthan polymer (with and
without salt) on the filament appears in the length of the drop at
the moment of pinch-off. The pinch-off length of the drop Ly is
defined to be the distance from the orifice to the drop tip at the
time of pinch-off (also called the drop length). For the drop in
Fig. 4, L, ~ 4.8 cm. In Fig. 5 this length is shown as a function
of salt concentration [KCI] for the 780 ppm xanthan solution;
(@) represents the average value of Lj and the resolution bars
indicate the range of L, observed in the experiments. The dashed
line in the figure is the drop length of the 80:20 glycerol/water
solvent only: L, = 1.4 cm, reproducible to within 1%. The ad-
dition of xanthan gum to this Newtonian solvent has a significant
effect on the drop length. For the salt-free 780 ppm xanthan gum
solution, the drop length varies from 80 cm to over 1 m. Thus
a very small amount of xanthan gum produces an increase in
the pinch-off length by a factor of 60-70 over the Newtonian
drop.

The addition of salt to the 780 ppm xanthan gum solution pro-
duces a striking change in the dynamics of the drop during pinch-
off, which depends strongly on salt concentration. At very low
values ([KCI] < 0.013%), the drop length is not much different
from the pure xanthan gum/glycerol/water solution. However
for larger salt concentrations, [KC1] > 0.035% the drop lengths
decrease to an average value of 11 cm. At these higher concen-
trations we found L, varied by as much as 16% from drop to
drop for the same fluid (and the same approximate temperature
and flow rate). Based on the data in Fig. 5, we define a criti-
cal salt concentration [KCl], &~ 0.02%, around which the drop
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Fig. 5. Pinch-off length L, vs. [KCI] for 780 ppm xanthan gum in 80:20 glyc-
erol/water. The symbol (@) represents the average value of L, over all experi-
ments, and the resolution bars indicate the range of L, observed. The value of
Ly, for the solvent is denoted by the dashed line. The inset is a linear plot of L,
vs. [KCI] at low salt concentrations.

length changes by over a factor of 3. Note that the drop length
is fairly insensitive to salt concentrations above [KCI],.

For the lower concentration xanthan gum solution (390 ppm)
with no salt, we also found that the drop is significantly longer
than the Newtonian solvent with values ranging from 75 cm to
over 1 m. At a high salt concentration (3.125%) the drop length
decreased to an average value of 6.3 cm. We were interested
to see if the drop length could be further decreased to that of
the Newtonian solvent for an even higher salt concentration.
However for [KCI] > 3.125% the solution was saturated with
salt, so this hypothesis could not be verified.

4. Discussion

Two striking aspects of our observations of the filament pro-
duced by a falling drop of xanthan gum solution are evident in
Fig. 5: the dramatic increase in the drop length of the polymer
solution relative to the Newtonian solvent, and the sensitivity of
this length to salt concentration. These results can be explained
by considering previous studies that address: (i) the influence
of xanthan gum in extensional flows, and (ii) the dependence of
the molecular structure on salt concentration.

We find the drop length is strongly dependent on salt con-
centration around a critical value of [KCl].. In measurements of
the shear viscosity of an aqueous xanthan solution, Rochefort
and Middleman observed that at a critical salt concentration,
the molecular structure of xanthan gum transitions from a disor-
dered to an ordered state; once in this ordered state the molecules
are relatively insensitive to further increases in salt level [20].
They estimate the transition occurs at [NaCl], & 1073 M for
a 250 ppm xanthan gum solution. The jump in drop length
that we observe for a 780 ppm xanthan gum solution occurs
at [KCl], ~ 0.02% or 3 x 1073 M. We attribute our observed
transition in drop length as due to the disorder/order transi-
tion described by Rochefort and Middleman. This hypothesis
is further supported by the fact that the drop length was fairly
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insensitive to salt levels above [KCI].. Note that our polymer
concentration is three times larger than their case, consistent
with the rough factor of 3 in our [KCI], over their transition
concentration.

How do the hydrodynamics of the polymer couple to the fila-
ment dynamics? As previously stated, the extensional viscosity
is the relevant quantity in the flow field of the filament. By refer-
ring to previous studies, we estimate the extensional viscosity
of our solutions with no salt. These estimates appear sufficient
to account for the enormous increase in the drop length. While
our solutions are also very elastic, the variation in elasticity with
salt concentration (Fig. 2) does not appear adequate to explain
the increase in drop length.

In an experimental study with dilute xanthan gum mixtures
(no salt), Fuller et al. [35] found that a steady state extensional
viscosity was attained at very low stretch rates. For 100 ppm
xanthan gum in 80:20 glycerol/water, they report 7; =~ 35P. In
another experimental study, Khagram et al. [36] measured the
extensional viscosity of 500 ppm xanthan gum in 75:25 glyc-
erol/water, and also found that 7 tends to an ¢ independent limit
(about 400 P) for times greater than the reciprocal of a charac-
teristic stretch rate. Since xanthan is a rigid molecule it does
not stretch out in an extensional flow; it is the alignment of the
molecules along the flow that cause the extensional viscosity to
reach a steady state at low stretch rates [29]. Based on the results
of [35,36], we expect the extensional viscosity of our 780 ppm
xanthan solution to be larger than 400 P. Since 7 >~ 2.4 P for
our Newtonian solvent [37], this would represent an increase
of two orders of magnitude, the same order as the drop length
increase (from 1.4 cm to 1 m). This would be consistent with the
pinch-off length being proportional to the extensional viscosity;
to confirm such a relationship, an independent measurement of
1 versus [KCl] is obviously required. Our hypothesis is partially
supported by measurements made by Carrington et al. [23] who
found the extensional viscosity of dilute xanthan solutions de-
crease with the addition of salt, although their experiments were
at lower xanthan concentrations. As far as the present study, we
have not yet found the direct rheological connection between the
concentration of added salt and the enormous changes observed
in Ly and the drop dynamics.

5. Conclusion

We have presented measurements of the drop length before
pinch-off in a xanthan gum solution as a function of KCI con-
centration. These results demonstrate the macroscopic conse-
quences of charge screening in extensional flows of polyelec-
trolytes, specifically showing that xanthan gum solutions pro-
vide a useful experimental fluid in which the elasticity and other
non-Newtonian aspects can be easily varied, while other prop-
erties (surface tension, density) remain fixed. The addition of
salt affects the elasticity, shear viscosity, and also drop length at
pinch-off. This last effect is strikingly sensitive: the drop length
increases by ~50 cm when the salt concentration is decreased
by ~0.01%. This change coincides with a previously reported
molecular transition in xanthan gum driven by charge screen-
ing effects. The apparent connection between drop length and

extensional viscosity (or Trouton ratio) is worthy of further in-
vestigation which we leave for a future study.
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