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Abstract

The ‘weak gel’ formation mechanism of xanthan gum solutions has been examined using rheological and light scattering methods.
Significant differences are observed between the critical overlap concentrefjandgasured using both techniques. The effect of shear
onc” for semi-flexible molecules such as xanthan is demonstrated. The approximate theories of Doi and Edwards ((1984). The Theory of
Polymer Dynamics. Oxford: Clarendon Press) for rigid rods and De Gennes ((1979). Scaling Concepts in Polymer Solutions. London:
Cornell University Press) for random coils are used to explain the differences observed between rheological and light scattering measure-
ments ofc*. A second concentration regime parameter due to aggregations observed in dynamic light scattering results (DLS). The
parametec™ has been previously observed for xanthan systems. Light scattering measurements in various electrolytes suggest that the use of
DLS is able to distinguish between the transition from truly dilute behaviour to semi-dilute behas/ipand the critical concentration for
aggregation™). © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction Fujita, 1984). The ordered conformation of the xanthan
molecule is semi-flexible with a hydrodynamic length
Xanthan gum is a high molecular weight extracellular varying between 600 and 2000 nm (Holzwarth, 1978;
polysaccharide produced by bacteria of the genus Ross-Murphy et al.,, 1983) and a hydrodynamic diameter
XanthomonasCommercial xanthan gum is extracted from of the order of 2nm (Stokke, Elgsaeter & Smidsrod,
Xanthomonas campestridowever, for the purpose of most  1986). A number of workers have investigated the degree
scientific studies, it is extracted frokanthomonas phaseoli  of flexibility of the xanthan molecule, generally charac-
and Xanthomonas juglandis<anthan gum may be chemi- terised in terms of persistence length)( Static light scat-
cally considered as an anionic polyelectrolyte, with a back- tering and sedimentation coefficients were used with
bone chain consisting of & 4)B-p-glucan cellulose. The  application of the Benoit and Doty (1953) expansion of
polymer backbone is substituted at C-3 on alternate glucosethe Krakty Porod model for a wormlike chain to predict
residues with a trisaccharide sidechain. The sidechainthe flexibility (Richards, 1980). Experimental measure-
consists of B-p-mannopyranosyl-(3 4)-(«-«-glucuro- ments of the persistence length have yielded values which
pyranosyl)-(1— 2)-B-+-mannopyranoside 6-acetate. A vary between 13@& 20 nm (Berth, Dautzenburg, Christensen,
pyruvic acid residue is linked to the 4 and 6 positions Harding, Rother & Smidsrod, 1996; Sato et al., 1984) or 45—
between 31-56% of the terminal-mannose residues 70 nm (Muller, Lecourtier, Chauveteau & Allain, 1984;
(Morris, Morris & Ross-Murphy, 1982; Rinaudo & Milas, Tinland, Maret & Rinaudo, 1990; Tinland & Rinaudo,
1980; Ross-Murphy, Morris & Morris, 1983). The xanthan 1989). The two regions df, determined suggest that ther-
molecule undergoes a conformation transition from an mal history and xanthan source are important parameters in
ordered double helix to a random coil when heated to considering the flexibility of xanthan molecules and its
above, between 40 and ®Ddepending on the ionic strength  behaviour in solution.
of solution (Paradossi & Brant, 1982; Sato, Norisuye &  Solutions of xanthan gum are one of the most intensively
studied polysaccharide systems both in terms of rheological
m author. properties and physical chemistry. The behaviour of
E-mail addressd.dunstan@chemeng.unimelb.edu.au (D.E. Dunstan).  Xanthan in both dilute and semi-dilute solutions has been
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extensively studied (Carriere, Amis, Schrag & Ferry, 1993; Jamieson, Southwick and Blackwell (1982) applied static
Coviello, Kajiwara, Burchard, Dentitni & Crescenzi, 1986; light scattering through a range of concentrations and
Coviello, Burchard, Dentini & Crescenzi, 1987; Southwick, observed a discontinuity of translational diffusion at
Jamieson & Blackwell, 1981; Tinland et al., 1990; Whit- 0.02 wt%, interpreted as the onset of the semi-dilute regime,
comb & Macosko, 1978;). The determination of concentra- however, no diffusion plateau consistent with Stokes—
tion regimes is an important aspect of previous work and Einstein measure of diluteness was observed. The workers
illustrates the complicated nature in which xanthan behavesalso observed a linear relationship between intensity and
in solution. The concentration at which individual polymer concentration for flow birefringence of xanthan solutions
molecules begin to physically interact is defineccasThe with a concentration above 0.1 wt%. This observation
concept oft” is based on the theory that the polymer coils in agrees qualitatively, but not quantitatively with the predic-
solution in their quiescent state occupy a hydrodynamic tions of Doi and Edwards (1984) for an anisotropic
volume where above a critical concentration for close pack- entangled solution of rigid-rod molecules.
ing the molecules interact. DLS may be used to trace the Coviello et al. (1986) examined dynamic and static light
diffusivity of molecules in solutions through a range of scattering from native and modified xanthan and commen-
concentrations and gain insight into the solutions behaviour ted on the ambiguity in determining” for semi-flexible
in a truly dilute environmentc® has been evaluated by objects, suggesting that the value obtained is often depen-
application of light scattering techniques through analysis dent on experimental technique and interpretation of the
of trends in apparent diffusion coefficients (Coviello et al., data. Tinland et al. (1990) comment on the reptation of
1987; Tinland et al., 1990). semidilute solutions of worm-like polymers and report a
Rheologically,c* of polymer solutions is determined by c¢* of 0.04 wt% for xanthan gum of a similar molecular
extrapolation of shear viscosity data to zero shear viscositiesweight to that reported here from deviation of the self
over a range of concentrations. On a double logarithmic plot diffusion coefficient as measured through DLS.
of zero shear viscosity versus concentration, a slope of Milas, Rinaudo, Knipper and Schuppsier (1990) applied
approximately one in the dilute regime and between three steady shear and dynamic rheological measurements to an
and four in the semi-dilute regime is observed, depending on unpasteurized sample of xanthan gum, and through sensitive
the rigidity of the molecule (Lapasin, Pricl, Paoletti & rheological measurements observed two concentration
Zanetti, 1990). The concentration at which the slope of transitions which were assigned andc™. These workers
zero shear viscosity versus concentration changes, is definedbserved a departure from a slope of one of the specific
asc”. A limitation of the rheological measure @f is the viscosity versus c:[n] (concentration times intrinsic
measure of zero shear viscosities which involves the appli- viscosity) at 0.126 wt%. A similar value was also obtained
cation of shear to the system. In the case of solutions of by applying large deformation rheology where a departure
xanthan gum, shear forces will dominate Brownian motion from Newtonian behaviour to pseudoplastic behaviour was
at low shear rates, causing molecular alignment, resulting in observed. A second concentration transition was assigned
the solution not being in a state of true random motion and ¢ and observed at 0.60—-0.78 wt%. was assigned to the
Rotary Peclet Numbers1 (Lapasin & Pricl, 1993). Doiand  concentration where specific viscosity followed[§])*’
Edwards (1984) show theoretically that under the applica- which is similar to that observed for polymeric melts.
tion of shear forces, rod-like molecules will align in solution Milas et al. (1990) speculate that” represents the onset
and move longitudinally in a constrained tube before of a concentrated domain in which a uniform distribution of
molecular interaction occurs. Although xanthan molecules polymer segments is present. Other workers have expanded
may not be considered as rodlike (Coviello et al., 1987), on the concept o™ andc™, by applying complementary
their extended form in solution suggests the alignment of rheooptical techniques of birefringence and dichroism to
molecules in solution may be applied qualitatively. commercial xanthan gum samples. A steady state orienta-
Because of the semi-flexible nature of xanthan and the tion angle after shearing was observed for samples with a
tendency for aggregation or self-association at low concen- concentration of 0.2 wt% or greater using dichroism.
trations, it is difficult to obtain a measure ®fwhen shearis  Although the presence of aggregates was observed down
applied (Kojima & Berry, 1988; Tinland et al., 1990). to concentrations of 50 ppm, no steady state orientation
Southwick et al. (1981) applied quasi elastic light scattering was observed (Meyer, Fuller, Clark & Kulicke, 1993).
to solutions of xanthan gum and determinedca of The presence of aggregates at such low concentrations is
0.02 wt%. Their calculations assumed sphericity and the consistent with the observations of Jamieson et al. (1982).
authors speculated a much lower value to be more indicative  For the most part, previous determinationscofandc™
of the initial concentration for molecular overlap. have involved combination of two or more experimental
Southwick et al. (1981) observed a second transition attechniques and/or the application of shear to solutions of
0.07 wt% where a general decrease in relaxation timesxanthan gum. DLS is a non purtabative technique
and the onset of bimodal behaviour occurs, which was commonly used to measure the diffusion of polymer
attributed to the onset of anisotropy. Bimodal behaviour is molecules in solution and has been used in the present
defined as having two distinct diffusion coefficients. study for the determination of botle® and c¢™. DLS
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measures a diffusion coefficient which has dimensions of modification of the Krakty Porod model for a worm-like
(length¥/time and is a space average measure of an indi- coil (Benoit & Doty, 1953). It is speculated that, as xanthan
vidual molecules diffusional path which is interpreted by was not dialysed to a single counterion form, aggregates
analysis of time correlation functions (TCF). may be present for the SEC study giving an overestimate
Light scattering of xanthan gum solutions is complicated of the molecular weight, however agreement with previous
by the semi-flexible nature of the xanthan molecules workis observed (Berth et al., 1996; Dhami, Harding, Jones,
proposed to be a right hand double helix (Bezemer, Ubbink, Hughes, Mutchell & To, 1995; Gamini & Mandell, 1994;
deKooder, Kuil & Leyter, 1993; Milas, Rinaudo, Duplessix, Tinland et al., 1990). An average moisture content of
Borsali & Lindner, 1995) and the presence of 13272+0.29wt % was obtained using a Sartorius
micro-aggregates at low concentrations caused by xantharbalance—model MA30-000V2.
gum self-association (Meyer et al., 1993). Increased rigidity
of the xanthan ordered conformation at higher salt con- 2.2. Solution preparation
ditions by the reduction of the electrical double layer,
suggests that the hydrodynamic radius of an individual -
molecule would increase as electrolyte is added. YSing the appropriate electrolyte. The samples were
Self-association processes in xanthan solutions complicated'ydrated for 24 h before being stored until use &€ 40
this hypothesis through the introduction of large aggregates Minimise bacterial growth (Chauveteau, 1982). Analytical
at low concentrations enabling molecules to interact at 9rade sodium chloride and potassium chloride solutions

lower concentrations than would be theoretically expected Weré prepared and filtered using 0.2 filters. All salt
for a solution of semi-flexible non-interacting molecules Solutions were refrigerated at@ until use. The effect of
(Ferry, 1980). thermal treatment on xanthan solutions was investigated by

heating individual dilutions of xanthan at &D for 2 h.
Milas et al. (1990) observed considerable lowering of the
values ofc” andc™ after heat treatment of xanthan solutions

Xanthan gum solutions were prepared in 1-litre batches

The work presented here aims to examine xanthan solu-
tions using both rheological techniques and DLS in order to
characterise the boundary between dilute and semi-dilute

solutions. Experiments have been conducted to quactify at 8C°C for 1 min. Prior investigation into the effect of heat
andc™ as defined by previous work (Meyer et al., 1993; treatment on xanthan solutions has shown that thermal treat-

Milas et al., 1990; Southwick et al., 1981) in the absence of MeNt has a considerable effect on the rheological properties
shear. The results have been compared with shear rheologyCapPron et al., 1997; Milas, Reed & Printz, 1996). In addi-
data and theoretical calculations. Varying electrolyte ton to filtration three times through a 0.22n filter,
concentrations have been used to determine the effect of<@nthan solutions used in DLS were centrifuged at
electrostatic screening on the light scattering and rheo- 1° 000 g for 2 h directly before use to ensure no bacteria
logical data. The effect of heat treatment on xanthan Were present (Wilkins et al., 1993).

solutions has been investigated to establish the effect of
removing molecular aggregates by converting the xanthan
molecule into its re-natured form ensuring a true molecular

dispersion (Capron, Brigand & Muller, 1997). The high ¢ imed CSL100 controlled stress rheometer. A cone and

aspect ratio of xanthan molecules in solution requires Char'plate geometry was used to ensure a constant shear rate in
acterisation of the effect of different lengths of the scattering the sample. A 6 cm cone with an angle 69’ and a

vector () on the xanthan molecule diffusion (Berth et al., yncation of 52um was used in all experiments. For & 2
1996; Gamini & Mandell, 1994). The observed diffusional ;o angle, the variation in shear rate across the gap was

trends have been compared with theoretical predictions of c4;cjated to be 0.21% (Barnes, Hutton & Walters, 1989).

rigid rods in solution (Doi & Edwards, 1984) and scaling  The stress range of the Carrimed with this measurement

concepts for random coils (De Gennes, 1979). system was 1.8 10 °-40 Pa, which allowed accurate
determination of the low shear Newtonian plateau by a
shear stress ramp for all concentration ranges measured.

2.3. Rheometry

The experiments reported here were performed on a

2. Experimental Equilibrium flow measurements were performed for higher
concentration samples to extend the accuracy of the low-end
2.1. Xanthan range.

The commercial food grade xanthan (Keltrol, lot no 2 4 pynamic light scattering
PX67769) was provided by Keltrol, USA. It was determined
as having a molecular weight of approximately4 8 Light scattering measurements were conducted on a
10° /mol and a polydispersity of 1.12 as measured using Malvern Series 4700 Spectrometer, using a 488 nm Argon
Size Exclusion Chromatography (SEC). In addition, a preli- lon laser operating at 10 mW. All measurements were
minary static light scattering study yielded a persistence conducted at 2% and a solvent viscosity of 0.890 cp was
length of 44 nm by application of the Benoit and Doty assumed.
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Fig. 1. Correlation function for both series and parallel modes for xanthan at a concentratien0df236 wt% in 15 000 ppm NaCl and at a scattering angle
of 6 = 40°. The normalised TCFg,(7) has been converted () using the Siegert relationship and an experimentally predicted baseline value.

In DLS measurements a detector is connected to an auto-which a diffusion coefficienD is related by:

correlator, and time variations in the scattered intenty,
resulting from the translation diffusion of molecules is
measured to give the time correlation function (TCF),
G,(t) = (i(0) X i(t)) (Pecora & Berne, 1976). The second-
order autocorrelation functiagy(t) in its normalised form is
given by:

A X1t + 7))
(1Y

wherer is the delay time and the brackets represent a time
average. The measured autocorrelation function is normal-
ised by the experimental baseline intensityto give the
theoretical field autocorrelation functiorg(r) by the
Siegert relationship (Pecora & Berne, 1976):

0x() = D

G(m) = A+ BX|gy (D)%,

3]

whereB is a constant dependent on the optics of the system.
It is common to analyse the data by fitting a normalised
second-order auto correlation functigi{r) to the equation
(Galinsky & Burchard, 1996; Koppel, 1972; Southwick et
al., 1981):

gu(7) = [ay exp(—K?Dy7) + a, exp(—K?D,m12 + b, (3)

whereg is the intensity amplitude of the particle population
with a diffusion coefficient oD; andb = 1. In the case of
two diffusive processes occurring, they are allocated as
being Dyt and Dgo. The molecular interpretation of fast
and slow diffusive processes is still the subject of debate
(Mathiez, Mouttet & Weisbuch, 1980J is the cumulunt to

I'(K) = D(K) x K? %)
andK is the particle scattering vector given by:
K| = (471v o) -sin(6/2) (5)

where A is the wavelength of the lasen,is the solution
refractive index and is the refractive index.

CONTIN is a general program package suitable for
solving linear integral operators and systems of linear
algebraic equations (Provencher, 1979; Provencher, 1982).
The CONTIN package fits a multi exponential curve to the
time correlation function similar in form to Eq. (3).
Unfortunately, CONTIN is not able to provide the entire
relaxation spectrum, unlike the nonlinear analysis used by
Coviello and Burchard (1997). Fig. 1 illustrates a typical
auto-correlation function for 0.12wt% xanthan in
15 000 ppm measured at €5 and a scattering angle of
0 = 40° showing the superposition of the log and linear
curves.

Because of the appearance of a large range of relaxation
times, it may be necessary to obtain a correlation function
that accurately characterises behaviour over a number of
magnitudes of correlation times. To achieve logarithmically
spanning correlation functions it is necessary to operate a
correlator in both parallel and series modes. 256 channels
are present which may be either linearly spaced or split into
up to eight sub-correlators each of which contain an equal
number of channels that are spaced linearly over different
timescales.

In series mode (linear mode/singt®, the channels are
linearly separated and a sample time may be chosen and is
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Fig. 2. Viscosity versus shear rate (equilibrium flow ramps and shear rate ramps) for two xanthan concentrations. Circles represent 0.55 wtés and squar
represent 0.05 wt%. Equilibrium flow ramps (closed symbols) allows the sample to equilibrate at each applied stress. Shear rate ramps (opg@plyymbols) a
steadily increasing stress to the solution and continually measure the resultant shear rate. Lines represent the fit of cross model given by Eq. (6).

typically in the range ofr— 4-20us for the work tions in each of the electrolyte conditions. For a number of
presented here. Every store channel starts at one sampleoncentrations, equilibrium flow measurements were
time later than the preceding one. conducted in addition to shear stress ramps. Equilibrium
In parallel mode (log mode/multt) the correlator was  flow measurements apply a step increasing stress allowing
split up into eight sub-correlators over which the 256 the shear rate to equilibrate at each applied stress before a
channels were distributed evenly. Each sub-correlator thenmeasurement is taken. The equilibrium flow measurements
samples linearly across a number of channels with a enable the determination of a low shear Newtonian plateau
different initial sample time. The sample times varymas for more dilute samples whilst enabling the presence of time
dry, d*ry, d®ry,... d’7; depending on the number of sub- effects at higher concentrations to be observed. Fig. 2
correlators usedr, is the shortest sampling time and d is illustrates the comparison of equilibrium flow and shear
the dilation factor by which the sample times in the other stress ramps for a number of concentrations. Zero shear
correlators are varied, typically set to between 4 and 6. To Newtonian viscosities were interpreted using a Cross
avoid saturation of data, pre-scale factors are applied to eachModel as shown in Eq. (6).
of the store subdivisions and vary between 1 and 256. They
can be chosen automatically or entered manually, in which 1= (M0 = M)/ (15 KY) + 1 ©
case they commonly follow the series, 2, 4, 8, 16, 32, 64, where g is the low shear Newtonian viscosity,, is the
128 and 256 for the case of 8-sub-correlators. The sampleestimated infinite shear rate Newtonian viscosityis the
times available are dependent on the correlator settings andshear rateK is the consistency index amds the power law
in this work, varied between 0.5 and §.4. index.
Both increasing and decreasing shear stress ramps were
conducted on the same solution to check for hysteresis, as
3. Results and discussion seen in Fig. 3. Fig. 4 illustrates the zero shear Newtonian
viscosities plotted versus concentration for each electrolyte
Determination ofc” using rheological methods has been concentration. The plot shows as indicated by the inter-
conducted by measurement of a range of xanthan concensection in the linear fits to both regions. A range of values
trations with varying electrolyte conditions. Shear stress from 0.065 wt% for 0.1 M KCI solutions to 0.13 wt% for a
ramps were conducted for a range of polymer concentra- solution in distilled water was observed. The slope in the
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Fig. 3. Viscosity versus shear rate ramps for concentrations of 0.125, 0.25 and 0.5 wt% in DW. Increasing and decreasing shear rate ramps ae aonducted
check for hysteresis in the system.
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Table 1

Coil overlap concentratiore{) for xanthan solutions in three electrolyte conditions. Comparison with calculations based on Krakty—Porod Wormlike coil and a
rigid rod molecule, by application of Berry and Russels’s (1987) measure of diluteness for rigid molecules. DLS results based on a 5% devidtimitefsom in
dilute Stokes—Einstein behaviour

Electrolyte ni® = 1 for | derived from Worm-like nl® = 1 for | derived from Deviation from Inf.
conditions coil Egs. (12) and (13) (Wt%) rigid rods Egs. (7) and (9) dilute behaviour (DLS)
(ppm NacCl) (Wt%) (Wt%)

L, =120 nm L, =45nm
15000 ~245x 1073 ~95x1073 111x10°% 9x10 %
10000 ~245% 1073 ~95%x10° 472x10°% 5x10°%
5000 ~245x 1073 ~95x1073 334x10°% 3x10°%

dilute region varied between 1 and 1.8 depending on elec- The determination of” for semi-flexible molecules has
trolyte and was approximately 4.0 in the semi-dilute region received considerable interest in the literature, with a
(independent of electrolyte conditions). The observed number of different equations being used directly for its
slopes are in agreement with literature values which show calculation. Dynamic and Static Light Scattering techniques
the slope in the dilute region to vary between 1.07 and 1.3 have been applied to investigate modified xanthan solutions,
and the semi-dilute region is reported to vary from 3.9 to 4.2 wherec* was calculated directly from the experimentally
(Gravanis, Milas, Rinaudo & Tinland, 1987; Milas & determinedR, using Eq. (10):
Rinaudo, 1986).
¢ = (3/4m x (M/Na,R}), (10)

3.1. Theoretical predictions of ¢ whereM is the molecular weight. The authors (Coviello et

al., 1986) recognised the difficulty in determinifiy for
xanthan solutions reporting the overlapping of two apparent
decay modes in the time correlation functions obtained from
DLS. Tinland et al. (1990) definedf as the onset of inter-
chain interaction when the average distance between the
center of mass is equal to average chain extension (of
orderRy). At ¢” there is only one chain per vqum@:

It is well known that the conformation of a polymer in
solution has an important effect @’ and should be con-
sidered when making theoretical predictions of this
guantity. For the case of rigid rods in solution, deviation
from dilute behaviour can be expected when the number
of molecules in solution is such that the effective hydro-
dynamic volumes occupied by rods rotating in true
Brownian motion overlap. Berry and Russel (1987) ¢* = x Lc/Fﬁ, (12)
developed the following definition:

‘3 whereM,, L and R, are the mass per unit length, contour
nL =1, () length and the radius of gyration, respectively. The deter-

wheren® is the number density of polymer molecules in Mination of Ry is a complicated process in the case of
solution andL_ is the hydrodynamic length of a single mole- semi-flexible molecules. Prior work has shown that a
cule in solution. The number density at the point where only Fhird-order fit .of the pal_rtiqle scattering function is required
one chain occupies one equivalent volume may be related toin the analysis of static light scattering data (Berth et al.,

concentration by the simple conversion: . ‘ _
It is proposed here that may be calculated by consider-

n" = c" X Na/My, ®) ing the R-squared end-to-end distancé;?)? of an indi-
where c* is the critical concentratiolNa, is Avagadro’s ~ Vidual molecule as being indicative of its effective
number andM, is the polymer molecular weight. For hydrc_)dynamlc length as it rotates in Brownian motion,
rigid rods in solution the hydrodynamic length)(can be  Yielding Eq. (12):
obtained from the hydrodynamic radius by the relationship  y Na,/M,, [(r312)° = 1, (12)
(Broersma, 1960):
L which is similar to that proposed in Egs. (10) and (11). The
R, = 824 17 9 determination ofr?) requires an experimental measure of
20—019—- — + = persistence lengthLf) and the weight average molecular
o o’ weight (M,,). The calculations follow the same procedure
where o = In(L/r), r being the cross-sectional radius. The as previously done for xanthan gum (Tinland et al., 1990).
hydrodynamic radiudR,, may be calculated from the appar- The Benoit and Doty modification of the Krakty Porod
ent diffusion coefficient using Stokes Einstein relationship. model for a wormlike chain (Benoit & Doty, 1953) is
Interpreting L from R, using Eqg. (9) will result in an  used together with the inclusion of excluded volume effects
overestimate of the size of a semi-flexible molecule such to obtain an experimental persistence lengif. Eq. (13) is
as xanthan gum rotating in true Brownian motion. applied to calculate a value ¢f?) assuming a molar mass
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per unit length §1) of 1940 nm/(g mol?) and a pitch of hydrodynamics. Doi and Edwards (1984) present theoretical

1.7 nm per repeat unit (Sato et al., 1984). predictions suggesting that rods will be constrained to move
longitudinally in a tube formed by their nearest neighbours
(r®yL2=2p(1 — p+ px VP, (13 before interactions occur. The alignment of rods caused by

shear forces biases the apparent zero-shear viscosity, as the

wherelL is the hydrodynamic length ani= Ly/L. Analysis volume fraction of polymer in the direction of the shear
of SLS data using the above procedure yielded a persistencewvould be reduced. The concept introduced by the Doi and
length of 45 nm, which is in agreement with previous litera- Edwards (1984) constrained tube theory describes the prop-
ture (Muller et al., 1984; Tinland et al., 1990; Tinland & erties of semi-flexible molecules qualitatively and therefore
Rinaudo, 1989). A considerable volume of work has shown may describe the discrepancy betweenchebserved using
L, to be of the order of 120 nm (Berth et al., 1996; Sato et rheological characterisation and the theoretically calculated
al., 1984) and therefore a value @f) has been calculated values.
for both. Application of Egs. (12) and (13) yieldsca for
semi-flexible xanthan gum of®x 10 3 wt% and 19 Kuhn 3 5 Dynamic light scattering results
segment lengths fok, = 45 nm and 24x 10° wt% and
seven Kuhn segment lengths fgyof 120 nm. The number DLS was conducted on solutions in a range of electrolyte
of Kuhn segment lengths, for both persistence lengths concentrations. In order to ensure all measurements were
suggests that the behaviour of the xanthan molecule in solu-made in the absence of time-dependent aggregation,
tion should not approximate a rigid rod. The definitionsdf ~ samples were stored at@ after centrifugation for a mini-
presented above all require the determination of eftfyear mum of three days. For each electrolyte concentration,
R, which, experimentally for xanthan gum solutions, is xanthan concentrations between 0.5 anck 10 ° wt%
considered to be a non-trivial exercise. Table 1 presgnts were measured.
using the case of xanthan behaving as either a rigid rod ora To correctly characterise large aspect ratio molecules
semi-flexible molecule. All values calculated in each elec- such as semi-flexible xanthan, it is important to investigate
trolyte condition were an order of magnitude below that the angular dependence of diffusion data to determine the
observed rheologically. dependence of with K2 Fig. 5 illustrates such a plot of

The lower stress limit of the Carrimed CSL 100 is such 0.001 wt% xanthan in 15 000 ppm NacCl for both cumulunts
that the low stress measurements may be obtained at Pecletalculated using a CONTIN analysis of correlation func-
numbers less than one (i.e., random Brownian motion domi- tions obtained in series and parallel modes. The two
nates over imposed shear forces). For high aspect ratio rodobserved linear regions for the fast mode are considered
and semi-flexible objects, there has been speculation as tdo be representing two individual diffusional modes that
whether the Peclet number is indicative of when the mole- occur when molecules begin to interact. At dilute concen-
cules are rotating randomly and unaffected by imposed trations where no molecular interaction is observed and
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measured diffusion is independent of concentration, one for a solution of rigid rods and observed behaviour in a
linear region extends through all scattering angles as issystem in which shear forces are absent. It is important to
illustrated in Fig. 6. For all concentrations and salt con- note that these results are orders of magnitude lower in
ditions, linearity was observed between scattering anglesconcentration than those previously reported (Gravanis et
15 of 60°. al., 1987; Meyer et al., 1993; Milas et al., 1990). From low
The relative amplitudes of the fast and slow modes, as shear viscometry Milas et al. (1990) repod’ =
given by the values, anda, in Eq. (4) were calculated as 126X 10 > wt% which agrees well with the theoretical
being constant at approximately 90:10 within experimental predictions presented here with regard to calculations
error and a fitting error of 004 = 0.001 of the CONTIN based on the Worm-like coil model and Jamieson et al.
analysis. The presence of a slow mode is consistent with (1982) reports &" value of 200 x 10" > wt%. It is proposed
previous work on xanthan gum. For the experiments here that the deviation of diffusion from infinitely dilute
conducted here, the slow mode was observed to be constanbehaviour at such low concentrations comes about because
over the entire concentration range. the samples were allowed to equilibrate for a number of
Figs. 7-9 show the measured diffusion coefficients as a days to allow for kinetics of aggregation to be complete.
function of xanthan concentration for the three electrolyte Aggregate formation has been previously reported to occur
concentrations studied at a scattering angle 6f ADinfi- at low concentrations, 80 ppm (Southwick, Lee, Jamieson &
nite dilution all solutions show diffusion coefficients that Blackwell, 1980) and would therefore effect the concentra-
plateau to a constant value, from which the hydrodynamic tion at which a deviation from dilute behaviour initially
radius is calculated using the Stokes—Einstein equation. It isoccurs.
expected that as the concentration of molecules in solution In light of the well-reported processes of aggregation in
increases, the volume in solution mapped out due to rotationsolutions of xanthan gum, it is important to control the
in true Brownian motion will be such that they would be preparation of samples used in LS measurements. Heat
expected to overlap resulting in a reduction in the observed treatment of the xanthan solutions has been avoided to
diffusion coefficient. The concentration at which the diffu- ensure that the xanthan ordered structure is in its native
sion coefficient is estimated to vary by 5% from the form (Milas etal., 1996). Literature reports of the heat treat-
infinitely dilute value, is allocated as the onset of interaction ment of xanthan solutions have involved heating &C30
between molecules. Measured diffusion values for a rangeunder pressure for up to 2 h (Coviello et al., 1987). Milas
of concentrations from DLS are compared with the et al. (1990) observed considerable effects in the viscosity
theoretically calculated values shown in Table 1. profile of xanthan solutions through a range of concentra-
The results from Table 1 show agreement, within the tions after heat treatment of xanthan solutions &C8fbr
experimental error, of™ between theoretical expectations only 1 min. Fig. 10 illustrates the effect of heat treatment of
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xanthan at 8%C for 2 h on the diffusional measurements for follow the relationship:
xanthan in 15 000 ppm NacCl taken at a scattering angle of

2
6= 40. ¢’, as observed by a deviation of diffusion from (L)
dilute solution behaviour, is raised considerably when the D, = ALJ (14
system has been subjected to heat treatment.cThalcu- 7d

lated from Fig. 10 is approximatelyX610°° wt% whichis  \yherel is the length of the molecule ang is the average

in reasonable agreement with the value calculated for agme required for the polymer to move outside its initial

worm-like coil as listed in Table 1 for persistence lengths { ne As the concentration increases according to Eq
- -3 -3 . ’ '

of 45 and 120 nmq( ~ 9.0x 10 ~ and 245X 10 “wt%,  (14) ¢ will decrease as the individual molecules are

respectively). Th_e increase (ﬁ is consistent with the heat  |astricted by their neighbours. Doi and Edwards (1984)

treatment effectively removing xanthan aggregates and proposed that this relationship would hold through the

creating a true molecular dispersion. _ second and third concentration regimes. This concept quali-
In addition to the initial decrease in molecular diffusion tatively agrees with the initial decrease in diffusivity

caused by polymer—polymer interactions, at higher concen-
trations (0.07 wt%) a minimum in diffusion is observed, _
followed by a power law increase. It is proposed that the  pyeyious observations of an initial deviation from dilute
observed minimum is representative of a concentrated phasg,onaviour in xanthan solutions (Tinland et al., 1990), were
and represents thf previously defined, critical concentrationexmained in terms of reptation of semidilute solutions or
for aggregationd™). worm-like polymers. The flexibility of the chain is
accounted for by introducing the persistence lendth,
into the well-known expression for diffusion of flexible
polymers in the semi-dilute regime, which follows:

observed through the lower concentration regimes from

3.3. Interpretation of dynamic light scattering data

The above discussion on the deviation from dilute Dg= (kT/mpa)xn 2xc ", (15)
behaviour, being indicative of* may be compared with
the predictions for diffusivity for two extremities of mole-
cular conformation, that of a random coil (De Gennes, 1979)
and a rigid rod (Doi & Edwards, 1984). An increase in
diffusion with increasing concentration @at> c* is argued
theoretically to be caused by a concentrated phase dominat
ing solution behaviour, with theoretical interpretations
presented for both rigid rods and random coils.

Predictions of the dependence of diffusivity on concen-
tration for rigid rods in solutions reported by Doi and okT 1 M, \3
Edwards (1984) provide a qualitative explanation for the Ds = Fﬂo L5—L§ (T)
observed behaviour. Theoretically, three of the four regimes P
defined by Doi and Edwards (1984) may be detected by Qualitatively, De Gennes (1979) predicted o ¢ >° for
analysing diffusivity trends. The four regimes for rigid reptation in random coils, whilst the adaptation for a semi-
rods predicted by Doi and Edwards (1984) consist of dilute, flexible molecule presented by Tinland et al. (1990)
semi-dilute, isotropic concentrated and anisotropic concen- predictedD, oc ¢ 3. Power law fits to the data reported in
trated. The isotropic concentrated solution and the semi-this work are much lower witbg oc c’b(bvarying between
dilute solutions are not theoretically distinguishable by 0.2 and 2). The scaling laws suggested do not consider the
analysis of molecular diffusion. The dilute region is presence of anisotropic aggregates and are based on the
predicted to show no dependence of diffusion on concentra- concept of an average molecular weight between entangle-
tion. Namely the number density concentration limitation ments in solution.
suggested by Berry and Russel (1987) is not exceeded. Figs. 7-9 show diffusion decreasing with increasing

In the semi-dilute regions, the dominant interaction is the polymer concentration, and then increasing after a
topological constraint that the polymers cannot cross eachpronounced minimum. Measurements in cells of varying
other. The motion along a polymer is almost free whilst the diameter indicated that multiple scattering did not contri-
motion perpendicular to the direction of the polymers major bute to the observed trend. The results suggest a second
axis is limited because of the presence of its nearest neigh-transitional region has been observed which is predicted
bours. In the semi-dilute regime, the diffusion dependence isto be the onset of a region where anisotropic aggregates
modelled on a tube surrounding the test polymer. The radiusare present in solution, the transition being labelt&d
of the tube (r) corresponds to the distance the polymer may (Meyer et al., 1993; Milas et al., 1990). No theory is
move perpendicular to its own axis without being hindered currently available to predict the properties of semi-flexible
by other molecules. The rotational diffusion is shown to worm-like chains in semi-dilute solutions. Similar trends in

where D is the measured diffusion coefficiers, is the
monomer unit lengthn is the number of monomer units
and c is the polymer concentration (De Gennes, 1979).
Tinland et al. (1990) presented simple scaling arguments
for reptation behaviour of solutions of semi-flexible mole-
cules by application of the De Gennes theory (1979) and
conclude the diffusion in the semi-dilute regime should
follow the relationship:

(16)
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Fig. 11. Cooperative diffusioD,p,, = D, for xanthan in all electrolytes at> c™, power law fit. De Gennes (1979) predi€isx c®">for flexible coils and Doi
and Edwards (1984) predicis oc ¢

the measured diffusion coefficients with concentration The minimum observed in diffusivity as shown in Figs. 7-9,
(Coviello et al.,, 1987; Tinland et al., 1990) have been occurs at approximately the same concentration of
described in terms of scaling concepts introduced by De 0.07 wt%. It is proposed that the minimum in diffusion
Gennes (1979) for flexible chains in good solvents. represents a minimum concentration at which an anisotropic
Doi and Edwards (1984) proposed for rigid molecules at phase dominates solution behaviour at equilibrium. A value
higher concentrations, that a dispersed anisotropic phaseof ¢ = 0.07 wt% is lower than that observed by Meyer et
was present. Here, static correlation of the polymers occursal. (1993) of ¢™ = 0.2 wt%, and Milas et al. (1990),
in the absence of any external field. Doi and Edwards (1984) ¢ = 0.6-0.78 wt%. A value ofc™ of 0.07 wt% is in agree-
approximated the effect by proposing that, as a local area ofment with a second concentration transition observed by
polymers orientate in the one direction, the average Southwick et al. (1981) using flow birefringence. Both
diameter of the tube surrounding the test polymer increases.Meyer et al. (1993); Milas et al. (1990) suggested that the
This concept is termed tube dilation. The result of tube second concentration transitiasi; was due to the onset of
dilation is to increase the rotational diffusion in the system anisotropic aggregation.
for individual anisotropic domains and eventually for the  The increase in diffusion above a critical concentration
entire solution as more of the molecules in their equilibrium herein denoted™ has also been observed for polystyrenes
state exist as part of the anisotropic domain. The existenceof varying molecular weights in & solvent (Munch, Hild &
of anisotropic domains has been observed experimentallyCandau, 1983). Munch et al. (1983) observed a minimum in
over a large range of concentrations by a number of authorsdiffusion as a function of concentration when the fast mode
previously using rheological and spectroscopic techniquesof DLS results were considered.
(Meyer et al., 1993; Milas et al., 1990; Milas et al., 1996).  The minimum in diffusion was explained by two compet-
Doi and Edwards (1984) predicted the effect of tube dilation ing modes to molecular diffusion. The initial decrease in
by orientational ordering on the diffusivity in solution, by diffusion is associated with hydrodynamic interactions,
considering the difference in orientation between the test which results in a reduction of the translational
polymer, its neighboring polymers and the overall approxi- self-diffusion coefficient. In the entangled solution (i.e.
mated orientational distribution function of surrounding c¢> c¢" for a random coil system) the longer timescale
polymers. The result agrees qualitatively with the prediction (slower diffusion) motions are thought to be a result of
of an increasing observed diffusivity due to tube dilation. cooperative chain diffusion. Munch et al. (1983) applied
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Coviello et al. (1986); Coviello et al. (1987) derived Egs.
(18) and (19) from scaling arguments first presented by De
Gennes (1979). Combination of Eqgs. (18) and (19) and the
Stokes—Einstein equation yields:

21 = 7’ Dy/Dg = (c/c)¥* oc 75, (20)

10% x Diffusion (cm2 /sec)

whereDy is the diffusion representative of a single molecule
; in a dilute solution. Coviello et al. (1987) found that diffu-
[’ ' sion coefficients for xanthan in solution extrapolated to a
zero angle showed increasesDg Dy which were less than

o that predicted by the arguments above.

The scaling arguments of De Gennes (1979) derived for a
transient network of random coil polymers, may be applied
to concentrations abow&™ where it is predicted that aniso-
Fig. 12. Diffusion coefficient versus concentration for xanthan in tropic aggregates dominate solution behaviour. Power law
15000 ppm NaCl. Measured at two scattering angtes 40" and fits of the data yield an exponent of 0.87 that is independent
6= 90". Absence of minimum consistent with trend of first cumulufit,  of glectrolyte concentration as shown in Fig. 11. It should be
with scattering vectok®, reported in Figs. 5 and 6. noted that the determined exponent of 0.87, is larger than

0.75 as predicted by De Gennes (1979) for random coll
the theoretical predictions of Brochard and De Gennes systems. However, it is less than the prediction of 1.0 for
(1977) to obtain an expression for diffusion at concentra- rigid rods (Doi & Edwards, 1984). Due to the semi-flexible
tions ofc > c¢". Combining these predictions with observa- nature of xanthan solutions, it is not conclusive that the
tions by Munch et al. (1983) that the infinitely dilute results may be analysed by the introduction of correlation

eeoo
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diffusion coefficientD,, varies asM*?), the following lengths between entanglements as it is well established that

expression is obtained: anisotropic domains are responsible for xanthan solutions
o behaviour at high concentrations. In addition, from the static

D/Do = cM™, an light scattering results, a persistence length ot 45 nmis

determined resulting in 19 Kuhn Statistical Segment
Lengths (), where L, =2XL,, suggesting that the
formulae presented for Rigid Rods (Doi & Edwards,
1984) are also not applicable quantitatively.

A power law exponent of 0.87 is larger thar60 =+ 0.02
as observed by Coviello et al. (1987). The difference may be
attributed to the limitation of concentrations ab@/ébeing
considered in this work, whereas” was not a quantity
characterised in the work of Coviello et al. (1987).

The measured diffusion coefficient as shown in Figs. 5
and 6, have two distinct regions of linearity inversusk?
when the xanthan concentration is abaVeThis trend was
observed for all electrolyte concentrations studied, with the
second linear region being between approximately 60 and
100 scattering angle. The diffusion coefficient measured at
gO’ is the same as that observed in second linear region.

Fig. 12 illustrates the trend in diffusion coefficient for
xanthan solutions measured at an angle 6fat@ secondly
at 90. The absence of the minimum in diffusion versus
concentration for measurements conducted ats@ggests
that for scattering vectors over the range 60 to°10®
initial decrease in diffusion predicted to be representing
reptation for random coils or to topological constraints on
D. = kT/(6mmo&y). (18) rigid rods is observed. Although no initial decrease in

whereM is the molecular weightg is the concentration
and B is a numerical constant. The concept ©f as
described by Munch et al. (1983) could qualitatively
be applied to a discussion for semi-rigid solutions where,
at a critical concentration, cooperative chain diffusion aris-
ing from the formation of aggregates dominates solution
behaviour.

A more detailed discussion of cooperative chain diffusion
as applied to xanthan gum solutions is presented by Coviello
et al. (1987). Munch et al. (1983) apply De Gennes (1979)
and approximate xanthan solutions to contain entangle-
ments of flexible chains and not the dispersed anisotropic
phases as has been shown experimentally. An important
quantity, thecorrelation length £, is introduced at concen-
trations ofc > ¢*. The correlation length may be interpreted
as the mean distance between two points of entanglement
(De Gennes, 1979).

The diffusional behaviour in semidilute solutions is
expected to be governed by the cooperative diffusioy) (
given by a modified version of the well known Stokes—
Einstein relationship to include the hydrodynamically
defined correlation lengttg;,:
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diffusion is observed, the higher concentration behaviour second critical regime transition. A power law increase in
predicted to be either caused by tube dilation or cooperative diffusion is predicted for random coils in terms of coopera-
diffusion observed in both angular ranges. Fig. 12 suggeststive diffusion arising from a correlation length and for rigid
that the power law exponent, determined frarw c™, is rods caused by static correlation of molecules under the
dependent on how the angular range diffusion measure-influence of no external shear field. The power law depen-
ments are interpreted. The lower angle measures of diffu- dence of the calculated diffusion coefficient for xanthan
sion are considered to be equivalent to zero angle diffusion solutions was found to lie between the predictions for
measurements by extrapolation of data over a single linearrandom coils and rigid rods. The onset of a power law
range @ = 20-60°). A power law fit of the higher concen-  dependence in diffusion was allocated (critical concen-
tration diffusion data as measured af 9i&lds an exponent  tration for aggregation), a quantity observed previously for
of 0.62 which agrees with the coefficient as determined by xanthan solutions and determined in this study to occur at
Coviello et al. (1987) of 0 = 0.02; however, is lowerthan  0.07 wt% independent of electrolyte concentration used.
the theoretically predicted 0.75 of De Gennes (1979). A The angular dependence @f versusK? illustrates the
scattering angle ob = 40° gave a power law coefficient presence of two distinct diffusional modes dependant on
of 0.87. The diffusional measurements at Qfderestimate  the scattering angle range analysed. For angles less than
the power law predicted by the scaling arguments of De 60, zero angle diffusion could be extrapolated from a linear
Gennes (1979), whereas measurementsaviéestimates  fit of I” versusk®. At scattering angles between 60 and .00
the power law dependence. As suggested by previousa second linear region ifi versusk? is found, suggesting
workers (Coviello et al., 1986), because of the semi-flexible another diffusional mode is being observed. In the higher
nature of xanthan molecules, the scaling theory of De scattering angle region, no initial decrease in diffusion is
Gennes (1979) is not expected to fit quantitatively. observed suggesting that reptation of coils or topological
The absence of a minimum in diffusion at scattering constraints of rods may not be probed. At higher concentra-
vectors aboved = 60° and below6 = 100, suggests the tions, a power law increase in diffusion is observed for both
diffusion representative of reptation for random coils or angular ranges, suggesting the effects of anisotropic aggre-
topological constraints for rigid rods is not observed. With gation may be seen. A similar analysis of various molecular
further investigation of the angular dependence and inter- weight xanthan molecules will establish the effect of
pretation of the scattering vector, it is postulated that the xanthan flexibility as the number of statistical Kuhn
molecular origin of the measured diffusion coefficients may segments is varied, on the observed diffusional trend and
be determined. help to establish the origin of the observed molecular
diffusion.
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