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Abstract 

An oscillating capillary rheometer was used to investigate the dynamic viscoelastic and intrinsic viscosity properties of deacetylated 
xanthan (0.025%), native xanthan (0.025%), guar gum (0.075%), and xanthan-guar mixtures in dilute solutions. Influence of ionic 
strength on xanthan conformation and interaction with guar gum was elaborated. As the salt concentration increased, a significant 
(P < 0.05) decrease in viscosity (/'0 and elasticity (1'/") values was observed for both native xanthan-guar mixtures and deacetylated xan­
than-guar mixtures. In water and 2 mM NaCI solution, the relative viscosity and 1'/" of both native xanthan-guar mixtures and deacet­
ylated xanthan-guar mixtures were much higher than of those calculated for mixtures assuming no interaction, whereas no pronounced 
increase was found for polysaccharide mixtures in 40 mM NaCI. The intrinsic viscosities of deacetylated xanthan-guar mixtures in water 
and 2 mM NaC! were higher, whereas the intrinsic viscosities of native xanthan-guar mixtures were lower than those calculated from the 
weight averages of the two individually, assuming no interaction. These results demonstrated that intermolecular interaction has 
occurred between xanthan and guar mixtures in water and 2 mM NaCI, but may not occur in 40 mM NaCl, and mutual incompatibility 
may occur. The results suggest that the degree of disordering of xanthan played a critical role in xanthan-guar interaction and may 
explain the differences in 1'/', 1'/", and intrinsic viscosity measurements between 2 and 40 mM NaC!. 
© 2007 Elsevier Ltd. All rights reserved. 
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1. Introduction 

Xanthan gum is an anionic heteropolysaccharide pro­
duced by the microorganism Xanthomonas campestris. 
Xanthan's main backbone consists of (I -> 4) P-D-gluco­
pyranosyl units and is substituted at C-3 on every other 
glucose residue with a charged trisaccharide sidechain 
(Jansson, Kennark, & Lindberg, 1975). The trisaccharide 
chain consists of a D-glucuronic acid unit between two D­
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mannose units. Approximately one-half of the terminal 
D-mannose unit contains a pyruvic acid residue linked via 
keto group to the 4 and 6 positions, with an unknown dis­
tribution. The D-mannose linked to the main chain con­
tains an acetyl group at position 0-6 (Garcia-Ochoa, 
Santos, Casas, & Gomez, 2000) . In aqueous solutions, 
the structure of xanthan undergoes a thermalIy induced 
transition from an ordered (helical) to a disordered confor­
mation. This conformational transition depends on ionic 
strength, nature of electrolyte, pH, and acetyl and pyruvate 
contents (Holzwarth, 1976; Morris, Rees, Young, Walkin­
shaw, & Darke.. 1977; Baradossi & Brant, 1982; Paoletti, 
Cesaro, & Delben, 1983; Norton, Goodall, Frangou, Mor­
ris, & Rees, 1984). At high temperature and low ionic 
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strength, xanthan exists in solutions as a disordered stru­
cture, but reduction in temperature and/or addition of salts 
induces an ordered structure (Norton et aI., 1984). In dis­
tilled water at 25°C, the backbone of xanthan is disordered 
(or partly ordered in the form of a randomly broken helix) 
but highly extended due to the electrostatic repulsions from 
the charged groups on the sidechains (Rochefort & Middle­
man, 1987). Because the structure is highly extended, the 
molecules may align and associate via hydrogen bonding 
to form a weakly structured material. Rochefort and Mid­
dleman (1987) reported that, as the temperature increased, 
a transition to coil-like configuration occurs, which causes 
a dissociation of the molecules and a subsequent change in 
the rheological properties (Rochefort & Middleman, 1987). 
When salt is added to the solution at 25°C, a disorder­
order transition occurs in which the backbone takes on 
a helical conformation, and the charged trisaccharide 
sidechains collapse down onto the backbone (due to 
charge screening effects) and stabilize the ordered confor­
mation (Muller, Anhourrache, Lecourtier, & Chauveteau, 
1986). 

Guar gum is obtained from the seed of the guar plant, 
Cyanaposis tetragonolobus, and has the general structure 
of galactomannans. Guar gum consists of a main chain 
(I -+ 4) ~-D-mannopyranosyl unit substituted at 0-6 by 
single-unit sidechains of Cl-D-galactopyranose. The ratio 
of mannose to galactose is approximately 1.6: I, depending 
on the source and method of extraction (Dea & Morrison, 
1975). 

A synergistic interaction occurs between xanthan gum 
and galactomannans in solutions, which results in 
enhanced viscosity or gelation (Dea & Morrison, 1975; 
Dea et aI., 1977; Morris et aI., 1977). Rocks (1971) first 
reported the synergistic interaction between xanthan and 
galactomannans. The author pointed out that xanthan 
gum formed thelworeversible gels when mixed with locust 
bean gum (LBG), but not with guar gum. Although a few 
researchers (Kovacs, 1973; Schorsch, Garnier, & Doublier, 
1995) invoked the concept of incompatibility to explain the 
gelation mechanism between xanthan and galactomann­
ans, there is a considerable body of evidence that supports 
the theory of intermolecular binding between xanthan and 
galactomannans (Caims, Miles, & Morris, 1986; Cairns, 
Miles, Morris, & Brownsey, 1987; Cheetham & M ashimba, 
1988, 1991; Cheetham, McCleary, Teng, Lum, & Mary­
anto, 1986; Cheetham & Punruckrong, 1989; Foster & 
Morris, 1994; Goycoolea, Foster, Richardson, Morris, & 
Gidley, 1994; McCleary & Neukom, 1982). 

To date, the intermolecular binding mechanism between 
xanthan and galactomannans is still controversial, and dif­
ferent models have been proposed. The first model was 
proposed by Dea et al. (1977) and Morris et al. (1977), 
who reported the synergistic interaction between xanthan 
and galactomannans, based on a cooperative interaction, 
depending on the fine structure of the galactomannans. 
The intermolecular binding may occur between the ordered 
xanthan and unsubstituted or poorly substituted regions of 

the galactomannan backbone (Dea et al., 1977; Morris 
et ai., 1977). The synergistic interaction is strongly depen­
dent on the amount of galactose content (De a & Morrison, 
1975) and galactose distribution to the regions of ga1acto­
mannans backbone where the galactose units are substi­
tuted on one side (McCleary, 1979). 

Tako, Asato, and Nakamura (1984) and Tako (1991) 
proposed a different model, in which the intermolecular 
interaction occurs between the sidechains of xanthan in 
the helical form and the backbone of the galactomannans. 
The authors suggested that the sidechains of the xanthan 
are inserted into adjacent unsubstituted regions of the 
galactomannan backbone, which adopts an extended, two­
fold, ribbon-like conformation. 

The third model was proposed by Cairns et al. (1986) 
and Cairns et al. (1987), in which intermolecular binding 
may occur between the disordered xanthan and galacto­
mannans, and disordering of xanthan helical structure is 
necessary for gelation. They proposed that xanthan has a 
disordered, extended, twofold, cellulose-like conformation, 
rather than a fivefold helix, when interacting with gal acto­
mannan. Cheetham et al. ( 1986) and Cheetham and Mash­
imba (1988, 1991) proposed that the interaction occurs 
between the disordered segments of the xanthan chains 
and galactomannan. 

Mannion et al. (1992) suggested that xanthan and galac­
tomannans gelation can be explained by two different 
mechanisms. One takes place at room temperature, at 
which the interaction with ordered xanthan gives weaker 
elastic gels with little dependence on the galactose content 
of the galactomannan. The second mechanism requires 
heating of the polysaccharide mixture, and the interaction 
with heat-disordered segments of the xanthan gives a stron­
ger gel that is highly dependent on the sidechains of the 
galactomannan. Zhan, Ridout, Brownsey, and Morris 
(1993) argued that gelation between xanthan and LBG 
can be explained only by a single mechanism. In agreement 
with Cheetham et al. (1986) and Cheetham and Mashimba 
(1988, 1991), they suggested that intermolecular binding 
involves binding of disordered segments of the xanthan 
chain to LBG chains in hot mixing, in which the prepara­
tion temperature is higher than the transition temperature 
of xanthan, and in cold mixing, in which preparation tem­
perature is lower. The authors also suggested that the 
extent of disorder induced in xanthan before mixing is 
the main factor in the interaction (Khouryieh. Herald, Ara­
mouni, & Alavi, 2006). 

To date, much work has been accomplished on the gel­
ling properties of the polysaccharides. The polysaccharide 
interactions in dilute solutions have been studied to a lesser 
extent. The objective of this study was to investigate the 
effect of salt concentration on xanthan conformation and 
interaction with guar gum in dilute solutions to character­
ize the interaction mechanism. Intrinsic viscosity and 
dynamic viscoelastic measurements were used to character­
ize the synergistic interaction and intermolecular binding 
for the polysaccharide mixtures. 
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2. Materials and methods 

2.1 . Materials 

Xanthan gum and guar gum were purchased from 
Sigma (Sigma-Aldrich, St. Louis, MO, USA). 

2.2. Preparation of deacetylated xanthan 

Deacetylation of xanthan was achieved by dissolving 
0.2% (w/v) of native xanthan in deionized distilled water, 
and adding 0.025 M KOH and 0.1 % (w/v) KCI for 2.5 h 
at room temperature under an atmosphere of nitrogen. 
The alkali solution was neutralized with 0.05 M HCl to 
pH 6.5. The solution was dialyzed against deionized dis­
tilled water for 3 d by using a dialyzing tube (Snakeskin 
TM Pleated Dialysis Tubing, Pierce, Rockford, IL, 
USA), with a molecular weight cutoff of 10 kDa. The 
deacetylated xanthan was recovered by lyophilization 
(Sloneker & Jeanes, 1962). 

2.3. Stock solutions preparation 

The stock solutions of deacetylated xanthan (0.1 %, w/v), 
native xanthan (0.1 %, w/v) and guar gum (0.2%, w/v) were 
prepared by thoroughly dispersing the required amount of 
gum in deionized distilled water. The gum solutions were 
continuously stirred with a magnetic stirrer for 3 h at ambi­
ent temperature and were heated for 30 min at 90°C in a 
water bath to completely hydrate the gums. Guar gum 
was centrifuged at 3500 g for I h to remove the insoluble 
particles. The solutions were dialyzed against deionized dis­
tilled water for 3 d by using a dialyzing tube (Snakeskin 
TM Pleated Dialysis Tubing, Pierce, Rockford, IL, 
USA), with a molecular weight cutoff of 10 kDa. Stock 
solutions were refrigerated at 4 °C to minimize bacterial 
growth. 

2.4. Preparation ofmixed solutions ofxanthan and guar gum 

To study the interaction between the polysaccharides in 
dilute domain, the deacetylated and native xanthan gum 
solutions were diluted with deionized distilled water to a 
final concentration of 0.025%, whereas the guar gum solu­
tion was diluted to 0.075%. The gums were blended at the 
following ratios: 100% xanthan:O% guar, 80% xanthan:20% 
guar, 60% xanthan:40% guar, 40% xanthan:60% guar, 20% 
xanthan:80% guar, and 0% xanthan:IOO% guar. The final 
concentrations of the mixtures were 0.025%, 0.035%, 
0.045%, 0.055%, 0.065%, and 0.075%, respectively. Freshly 
prepared xanthan (deacetylated or native) and guar solu­
tions were mixed at 25°C, and were stirred with a magnetic 
stirrer for 3 min. To study the effect of salt on the polysac­
charides and their interactions, the appropriate amounts of 
sodium chloride were added to the diluted solutions of 
deacetylated xanthan, native xanthan, and guar gum, and 
were completely dissolved to obtain final concentrations 

of 2 and 40 mM NaC!. The concentration of each solution 
was confirmed by the phenol-sulfuric method (Dubois, 
Giles, Hamilton, Rebers, & Smith, 1956). 

2.5. Determination of acetyl and pyruvate contents 

The acetyl and pyruvate contents of native xanthan and 
deacetylated xanthan were determined by the hydroxamic 
acid (McComb & McCready, 1957) and the 2,4-dini­
trophenylhydrazine (Sloneker & Orentas, 1962) methods, 
respectively. 

2.6. Molecular weight determination ofpolysaccharides 

The molecular weights of deacetylated xanthan, native 
xanthan, and guar gum were determined by high perfor­
mance size-exclusion chromatography (HPSEC), coupled 
on-line with a multi-angle laser light scattering detector 
(MALLS) and a refractive index detector. The MALLS 
detector was a DAWN DSP laser photometer from Wyatt 
Technology Corp. (Santa Barbara, CA, USA) and the 
refractive index detector was a Wyatt optilab DPS interfer­
ometric refractometer. A PL aquagel-OH mixed 8-llm col­
umn (Polymer Labs, Amherst, MA, USA) was used . 
A sample volume of 100 Ilm/mL was injected at a flow rate 
of 1 ml/min, using 100 mM NaCI as the mobile phase, at a 
temperature of 30°C. The dn/dc used for xanthan was 
0.145 and for guar was 0.13. The data were analyzed by 
using Astra software version 4.5 (Wyatt Technology Corp., 
Santa Barbara, CA, USA). 

2.7. Density measurement 

The densities of the polysaccharide solutions were deter­
mined with a standardized 10-mL pycnometer (Kmax®, 
Kimble Glass Inc, Vineland, NJ, USA). The mass of the 
solution was calculated from the weight difference between 
the empty pycnometer and the filled vessel. The pycnome­
ter was filled with each respective polysaccharide solution 
and was incubated at 20°C for I h (Equatherm, Lab-Line 
Instruments Inc, Melrose Park, IL, USA) to equilibrate the 
sample before density determinations (Yaseen, Herald, 
Aramouni, & Alavi, 2005). 

2.B. Rheological properties 

The viscous ('1') and elastic ('1") components of the poly­
saccharide solutions and their mixtures were measured as a 
function of oscillating shear rate by using an oscillating 
capillary rheometer (Viscoelasticity Analyzer, Vilas tic 3, 
ViJastic Scientific, Inc., Austin, TX, USA). The instrument 
and theory of measurement are described elsewhere (Thur­
ston, 1960, 1976). The viscoelasticity analyzer is based on 
the principles of generating oscillatory flow at a selected 
frequency within a straight, cylindrical, stainless steel tube 
(0.0504 cm radius and 6.038 cm length). The Vilastic 
instrument produces an oscillatory flow in a capillary, 
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and measures the pressure and volumetric flow rate, allow­
ing the determination of both viscous and elastic compo­
nents of a fluid sample. 

The complex coefficient of viscosity (r() consists of vis­
cous (11') and elastic (11/1) components, and is defined as 

11* = 11' - il1/1 (I) 

where i is an imaginary number. The 11' and 11/1 are related 
to dissipated and recovered energy, respectively. Similarly, 
complex rigidity (G') is defined as 

G' = G' + iG/I (2) 

where G' is the storage modulus and G' is the loss modulus. 
The complex coefficient of viscosity is related to the com­
plex rigidity modulus by 

11' = G' /iw (3) 

or 

11' = G/I/w and 11/1 = G'/w 

where the radian frequency w = 2rif, and[is the frequency 
in Hertz. 

The 11' and 11/1 of dilute solutions of xanthan and guar 
were determined in the shear-rate range 0.8-30 S-I at a fre­
quency of 2 Hz. Morris and Taylor (1982) reported that 
oral perception of solution viscosity correlated well with 
viscosity measurements at 10 s-I. Thus, all 11' and 11/1 mea­
surements were statistically assessed at lOS-I. Rheological 
measurements were carried out at 20°C ± 0.1 by using a 
temperature-controlled circulating water bath (Haake 
DC5, Gebr. Haake GmbH, Karlsruhe, Germany). The vis­
coelasticity analyzer was calibrated with deionized distilled 
water at 20°C before the verification procedure to further 
ensure that the rheometer was operating at optimum 
accuracy. 

2.9. Intrinsic viscosity determination 

Intrinsic viscosity, denoted as (11], is a useful experimen­
tal parameter in the study of dilute solutions. Intrinsic vis­
cosity is a measure of the hydrodynamic volume occupied 
by the individual polymer molecules in isolation (Richard­
son & Kasapis, 1998). In dilute solutions, the polymer 
chains are separate, and the (11] of a polymer in solution 
depends only on the dimensions of the polymer chain. 
Because [11] indicates the hydrodynamic volume of the poly­
mer molecule and is related to the molecular weight, it pro­
vides deep insights into the molecular characteristics of a 
biopolymer (Rao, 1999). 

One approach to determine the intrinsic viscosity is 
through extrapolation to infinite dilution, according to 
the Huggins (1942) empirical expression: 

I1sp = [11] + k'[l1fC (4) 

where the specific viscosity (l1sp) = (11 - 11,)/11, = I1rol - I, 
and the relative viscosity (I1rol) = 11/l1s, /(' is Huggins con­
stant, and 11 and IJs are the apparent viscosities of the solu­

tion and the solvent, respectively. The extrapolations to 
zero concentration are usually determined by plotting 
I1sp/C versus C or In (I1rel)/C versus C, which would result 
in straight lines, respectively. Tanglertpaibul and Rao 
(1987) determined the intrinsic viscosity from the relative 
viscosity by using the expression: 

I1rcl = I + [11]C (5) 

The [11] was obtained from the slope of I1rel vs. C plot, which 
gave straight lines, with linear regression correlation coeffi­
cients in the range 0.99-1.0. Chou and Kokini (1987) sug­
gested a similar method for polyelectrolytes, in which the 
interactions between macromolecules in dilute solutions 
are not existent, and the second term of the Huggins equa­
tion is negligible; therefore, a plot of I1sp vs. C is linear. 

In this study, the [11] was determined for each solution by 
measuring relative viscosities of polysaccharides solutions 
within the range 1.2 < I1rel < 2.0 at y = lOS-I. The intercept 
of I1sp/ C vs. C plot in the dilute domain gave the first esti­
mation of [11] for guar gum, whereas the slope of I1rel vs. C 
plot gave the first estimation of [11] for xanthan and xan­
than-guar mixtures. 

2.10. Statistical analysis 

A two-way factorial design was used for the study of 
rheological properties. For all polysaccharides samples, 
three replications were performed. The analysis of variance 
(ANOVA) and general linear models procedure (GLM) 
were conducted with Statistical Analysis System (2002­
2003) (version 9.1, SAS Institute, Inc., Cary, NC, USA). 
Comparisons among treatments were analyzed by using 
Fisher's least significant difference (LSD), with a signifi­
cance level of P < 0.05. 

3. Results and discussion 

3.1. Characterization ofpolysaccharides 

Values of acetyl and pyruvate contents, and weight aver­
age molecular weights for the polysaccharides, are given in 
Table I. The molecular weights of native xanthan 
(2.65 x 106

) and deacetylated xanthan (2.36 x 106
) were 

much larger than that of guar gum (1.45 x 106
). Some 

reduction in molecular weight of native xanthan occurred 
due to the chemical modification. The acetate and pyruvate 
contents of native xanthan were 3.51 % and 0.9%, respec­
tively. Deacetylation of xanthan removed approximately 

Table I 
Chemical composition of native xanthan, deacetylated xanthan, and guar 
gum 

Polysaccharide Acetate ('Yo) Pyruvale ('Yo) Molecular weight 

Native xanthan 3.51 0.9 2.65 x 106 

Deacetylated xanthan 0.32 0.9 2.36 x 106 

Guar 1.45 x 106 

C 
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91 % of the acetate content, but it did not affect the pyru­
vate content of xanthan. 

3.2. Interaction of polysaccharides 

To evaluate the synergistic/non-synergistic effect of the 
xanthan-guar mixtures in dilute solutions, the Y/rel of poly­
saccharides and their mixtures were plotted as a function of 
xanthan fraction at y = 10 S-I (Fig. la and b). Fig. la 
shows the Y/rel behavior of native xanthan, guar gum, 
and their mixtures in water, 2 and 40 mM NaCI at 
y = 10 s-land 25 0c. Fig. 1 b depicts Y/rel behavior of deacet­
ylated xanthan, guar gum, and their mixtures. In water and 
2 mM NaCl, the relative viscosities of both native xan­
than-guar mixtures and deacetylated xant~an-g~ar ~~x­
tures were much higher than the relative VIscosities 
calculated for mixtures assuming no interaction, whereas 
no pronounced increase was found for polysaccharide mix­
tures in 40 mM NaCI. Such deviations from the values cal­
culated for mixtures assuming no interaction may be 
explained in terms of specific molecular interactions 
between xanthan and guar gum. In the 2 mM NaCl, a 
smaller synergistic interaction was observed, whereas a 
stronger synergy in the absence of salt was noted. No syn­
ergistic interaction was found in 40 mM NaCl. The Y/rel of 
native xanthan-guar mixtures and deacetylated xanthan­
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guar mixtures varied with respect to polysaccharide ratio. 
The maximum viscosity synergistic interaction for native 
xanthan-guar mixtures was observed at a ratio of 60:40, 
whereas the maximum viscosity synergistic interaction for 
deacetylated xanthan-guar mixtures was obtained at a 
ratio of 80:20. These results show the influence of xanthan 
conformation on the increase of viscosity for the polysac­
charide mixtures, reflecting that intermolecular interaction 
occurred between xanthan and guar gum mixtures in water 
and 2 mM NaCl, but not in 40 mM NaCI solution. 

The viscosity measurements in dilute solutions were fur­
ther supported by Y/" measurements determined by capil­
lary viscometry (Fig. 2a and b). Fig. 2a and b depict the 
Y/" behavior as a function of mixing ratio of native x~n­
than-guar mixtures and deacetylated xanthan-guar mix­
tures, respectively, in water and 2 and 40 mM NaCI at 
y = 10 S-I. There was very pronounced increase in Y/" for 
both native xanthan-guar mixtures and deacetylated xan­
than-guar mixtures in water and 2 mm NaCl, whereas 
the Y/" of the polysaccharide mixtures was diminished in 
40 mM NaCl, confirming the viscosity measurements. 

To further characterize the intermolecular interaction 
between the polysaccharides in water and salt solutions, 
the I'}' and I'}" values in dilute solutions at y = 10 S-I were 
statistically analyzed (Table 2). As shown in Table 2, signif­
icant differences (P < 0.05) in Y/' and I'}" values were found 
between water and salt solutions for the native xanthan­
guar mixtures and deacetylated xanthan-guar mixtures. 
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Fig. l. Relative viscosity (I/rel) against xanthan fraction for (a) native Fig. 2. Elasticity (1') against xanthan fraclion for (a) native xanthan-guar 
xanthan-guar mixtures and (b) deacetylated xanthan-guar mixtures. (+) mixtures and (b) deacetylated xanthan-guar mixtures. (+) water; (A) 
water; (AJ 2 mM NaCl; (_) 40 mM NaCl; ( •• _) values calculated for 2 mM NaCl; (_) 40 mM NaCI; (---) values calculated for mixtures 
mixtures assuming no interaction. assuming no interaction. 
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Table 2 
Effect of ionic strength on the dynamic viscoelastic parameters of native xaothan-gual' blends and deacetylated xanthan-guar blends measured at 20°C 
and 10 s-J 

Viscosity (mPa s) Elasticity (mPa s) 


OmM NaCI 2mM NaCI 40mM NaCI OmM NaCI 2mM NaC1 40mM NaCl 


Native xanthan:guar (%) 
100:0 6.78a ±0.15 3.33b ± 0.11 3.110 ± 0.03 3.55" ± 0.11 1.03b ± 0.08 0.86" ± 0.Ql 
80:20 7.05" ± 0.05 3.9zt' ± 0.18 3.23' ± 0.06 3.99" ± 0.2 1 1.54b ± 0.25 0.90c ± 0.02 
60:40 6.57" ± 0.06 3.94b ± 0.18 3.34' ± 0.03 3.77" ± 0.28 1.47b ± 0.32 0.94c ± 0.01 
40:60 
20:80 

6.09;' ± 0.17 
4.71" ± 0.06 

3.72b ± 0.04 
3.64b ± 0.18 

3.440± 0.04 
3.20' ± 0.22 

2.99" ± 0.09 
l.58" ± 0.02 

0.99b ± 0.07 
0.78b± 0.09 

0.84b ± 0.05 
0.48c ± 0.04 

0:100 3.24" ± 0.14 3.16"b ±0.14 3.04b ± 0.03 0.16"±0.Q3 0.14" ± 0.02 0.12" ± 0.02 

Deacetylated xanthan:guar (%) 
100:0 8.93" ± 0.92 
80:20 12.16" ± 1.54 
60:40 11.81" ± 0.46 

3.25b ± 0.06 
7.97b ± 0.23 
6.88b± 0.51 

2.56b ± 0.05 
2.88< ± 0.09 
3.04' ± 0.05 

4.23" ± 0.68 
30.96" ± 2.66 
20.758 ± 2.25 

0.54b± 0.06 
20.13b± 2.88 

6.41" ± 1.35 

0.31 b ± 0.03 
0.49' ± 0.03 
0.56< ± 0.05 

40:60 10.0" ± 0.15 6.l lb ± 0.31 3.37' ± 0.01 12.46' ± 0.57 4.03 b ± 0.85 0.67< ± 0.01 
20:80 6.27" ± 0.49 4.81 b ± 0.29 3.17'±0.15 4.08" ± 0.52 1.78b± 0.44 0.47b± 0.06 
0:100 3.24"±0.14 3.16' ± 0.14 3.04" ± 0.03 0.16" ± 0.03 0.14" ± 0.Q2 0.12" ± 0.02 

•.b,c Means followed by the same letters in the same row are not significantly different (P ::;; 0.05). Results are expressed as means ± SO for three 
replica tions. 

As the salt concentration increased, a significant (P < 0.05) 
decrease in 1'/' and 1'/11 values was observed for both native 
xanthan-guar mixtures and for the deacetylated xanthan­
guar mixtures. The 1'/' of native xanthan significantly 
decreased as the salt concentration increased, whereas no 
significant difference was found in the I'/Ilvalues between 2 
and 40 mM NaCI. The 1'/' and 1'/11 values of deacetylated 
xanthan significantly decreased in salts, compared with val­
ues in water solutions, but no significant decrease was 
found between 2 and 40 mM NaCl. The decrease in 1'/' 
and 1'/11 values in salt exhibited a typical polyelectrolyte 
behavior. This decrease with the addition of salt was due 
to the charge screening of electrostatic repulsions of the tri­
saccharide sidechains (Mulier et ai., 1986; Rochefort & 
Middleman, 1987). The charge screening led to a more 
compact conformation and caused a reduction in hydrody­
namic size of the molecule (Rochefort & Middleman, 
1987), hence, lowering the viscosities and elasticities. In 
contrast, guar gum, which is a neutral polysaccharide, 
exhibited no significant difference in 1'/' and 1'/11 values 
between water and salt solutions. 

In aqueous solutions, the structure of xanthan under­
goes an 'order-disorder' transition from helix to coil struc­
ture. This conformational transItIOn depends on 
temperature, ionic strength of solutions, nature of electro­
lyte, pH, and acetate and pyruvate contents (Baradossi & 
Brant, 1982; Holzwarth, 1976; Morris et al., 1977; Norton 
et aI., 1984). Our results show the influence of xanthan con­
formation on the increase of 1'/' and 1'/11 in water and 2 mM 
NaC!, reflecting that intermolecular binding between xan­
than (native and deacetylated) and guar gum has occurred 
in dilute solutions. Xanthan is in the disordered conforma­
tion in distilled, deionized water at 25°C, whereas, in salt 
at 25 °C, xanthan starts to takes on an ordered conforma ­
tion due to charge screening effects . In distilled water at 
25 °C, the backbone of xanthan is disordered, but highly 

extended, due to the electrostatic repulsions from the 
charged groups on the trisaccharide sidechains (Rochefort 
& Middleman, 1987). Because the structure is highly 
extended, the molecules may align and associate by hydro­
gen bonding to form a weakly structured material. There­
fore, as the temperature increases, a transition to coil-like 
configuration occurs, which causes a dissociation of the 
molecules and a subsequent change in the rheological prop­
erties (Rochefort & Middleman, 1987). When salt is added 
to the solution at 25°C, a disorder-order transition occurs 
in which the backbone takes on a helical conformation, 
and the charged trisaccharide sidechains collapse down 
onto the backbone (due to charge screening effects) and sta­
bilize the ordered conformation (Muller ct ai., 1986). Mix­
ing the polysaccharides in 40 mM NaCI substantially 
diminished the molecular associations between xanthan 

4 and guar gum, as indicated by the pronounced decreases 
in the 1'/' and 1'/11 values . The 1'/' and 1'/11 differences in water, 
2 mM NaCl, and 40 mM NaCI can be explained in terms of 
disordering degree of xanthan structure. In water, xanthan 
is in the disordered conformation. Optical-rotation studies 
(Lecourtier, Chauveteau, & Muller, 1986; Milas & Rina­
udo, 1986; Cheetham & Mashimba, 1988, 1991) have con­
firmed that xanthan is in the disordered conformation in 
water at room temperature. Electrostatic repulsions that 
involve glucuronate and pyruvate in the sidechains are 
poorly shielded, thus favoring the disordered conformation 
(Cheetham & Mashimba, 1991). In 2 mM NaCI, xanthan is 
partly ordered, whereas the molecule is completely ordered 
in 40 mM NaC!. Muller et al. (1986), using optical-rotation 
studies, noted a sharp transition in xanthan structure at 
10 mM N aCl. Norton et al. ( 1984) reported that a complete 
conformational ordering would occur at 25°C only for salt 
concentrations in excess of 35 mM. Rochefort and Middle­
man ( 1987) observed a gradual transition in the shear vis­
cosity of a 250-ppm xanthan solution, confirming the 
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idea of co-existence of ordered and disordered regions in a 
single chain. They concluded that a complete ordered con­
formation can be obtained for salt concentrations 
> 10 mM NaCI. Thus, the highly disordered xanthan was 
capable of directly interacting with guar gum to form het­
erotypic structures and a higher synergistic interaction 
(Zhan et aI., 1993; Goycoolea et aI., 1994; Morris, Brown­
sey, & Ridout, 1994; E.R. Morris, 1996; V.J. Morris, 1996). 
These results support previous studies (Cheetham & Mash­
imba, 1988, 1991; Khouryieh et aI., 2006; Zhan et aI., 1993) 
proposing that intermolecular binding occurred between 
galactomannans and disordered segments of xanthan. 

3.3. Intrinsic viscosities ofpolysaccharides 

The intermolecular binding between xanthan and guar 
gum was further supported by the intrinsic viscosities of 
xanthan and guar mixtures (Fig. 3a and b). Fig. 3a and b 
depict the intrinsic viscosities against the percentage of 
xanthan fraction at different ionic strengths for native xan­
than-guar mixtures and deacetylated xanthan-guar mix­
tures, respectively. The intrinsic viscosities of deacetylated 
xanthan-guar mixtures in water and 2 mM NaCI were 
higher than the calculated values assuming no interaction, 
whereas the intrinsic viscosities of native xanthan-guar 
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Fig. 3. Plots of intrinsic viscosities against xanthan fraction. (a) Native 
xanthan-guar mixtures and (b) deacetylated xanthan-guar mixtures. (+) 

water; (~) 2 roM NaCl; (_) 40 mM NaCl; (---) values calculated for 
mixtures assuming no interaction. 

mixtures were lower than the calculated values assuming 
no interaction. demonstrating that intermolecular interac­
tion occurred between xanthan and guar gum in water 
and 2 mM NaCI. If no interaction existed between the 
two polymers in the mixtures, a linear relationship between 
intrinsic viscosity and xanthan fraction would be observed. 
and the intrinsic viscosities for the mixtures would be only 
the weight averages of the two polymers. Instead. the 
intrinsic viscosities of the mixtures was out of linearity, 
suggesting that specific attractive forces were present 
between the xanthan and guar molecules in water and 
2 mM NaCI. In 40 mM NaCI, however, a linear relation­
ship was found between the intrinsic viscosities and xan­
than fraction for both deacetylated xanthan-guar 
mixtures and native xanthan-guar mixtures, suggesting 
that the intrinsic viscosities of the mixtures were only the 
weight averages of the two polymers, and that no specific 
interaction forces were present between the two polymers 
that would encourage aggregation. The ordered, helical 
structure of xanthan was stabilized in 40 mM NaCI; thus, 
the interaction between xanthan and guar gum diminished. 
The results suggest that the intermolecular binding between 
xanthan and guar gum may not occur in 40 mM NaCI, and 
mutual incompatibility may take place under these condi­
tions. These results are in agreement with a previous study 
conducted by Wang, Wang, and Sun (2002) . The discrep­
ancy in the intrinsic viscosities behavior of both deacety­
lated xanthan-guar mixtures and native xanthan-guar 
mixtures in water and salts solutions can be explained 
again in terms of disordering degree of xanthan structure. 
In 2 mM NaCI, xanthan is partly ordered, whereas the 
molecule is completely ordered in 40 mM NaCI. 

Intrinsic viscosity of polymers is dependent on their 
molecular weight and chain dimension (Flory, 1953). In 
dilute solutions, the polymer chains are separate, so ['1] of 
a polymer in solution depends only on the dimensions of 
the polymer chain (Rao, 1999). The strong intermolecular 
binding between deacetylated xanthan and guar gum can 
be attributed to the increased chain flexibility of deacety­
lated xanthan, which may facilitate the interaction with 
guar gum. The intrinsic viscosities of native xanthan-guar 
mixtures increased as the xanthan fraction increased in the 
mixtures. The intrinsic viscosities of native xanthan-guar 
mixtures were lower than the calculated values assuming 
no interaction. Because xanthan plays a crucial role in 
controlling the viscosity of xanthan-guar mixtures, the 
decrease in intrinsic viscosities of their mixtures can be 
attributed to the conformational change of xanthan from 
a helical form to a more flexible form because of binding. 
Xanthan conformation change outweighed the increase of 
intrinsic viscosity due to binding of guar gum to xanthan; 
thus, the dramatic decrease of the intrinsic viscosities of 
the mixtures was observed. These results suggests that con­
formational change of deacetylated xanthan may not pre­
dominate in controlling the intrinsic viscosity, and that 
deacetylated xanthan may be in an exact conformation to 
bind guar gum. 
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Table 3 shows the values of the intrinsic viscosities of 
deacetylated xanthan, native xanthan, guar gum, and their 
mixtures in water and salt solutions. The [1'/] of deacetylated 
and native xanthan decreased significantly (p < 0.05) as the 
salt concentration increased, showing a typical behavior of 
polyelectrolytes. The charge screening for electrostatic 
repulsions of the trisaccharide sidechains from NaCI led 
to a more compact conformation and caused a significant 
reduction in hydrodynamic size of the molecule . Thus, 
the [1'/] was decreased. On the other hand, salt exhibited lit­
tle effect on the [I]J guar gum due to the non-ionic nature of 
guar gum. The [I]J of guar gum decreased slightly with no 
significant difference as the salt concentration increased. 

The [I]Jof deacetylated xanthan in water was higher than 
the [I]J of native xanthan. Deacetylated xanthan had a [I] Jof 
163 dl/g, whereas the [I]J of native xanthan was l56dl/g; 
however, the difference was not statistically significant 
(P> 0.05). This is consistent with findings reported by Cal­
let, Milas, and Rinaudo (1987), who showed that acetyl 
and pyruvate contents have no influence on the intrinsic 
viscosity of xanthan in dilute solution. The [I]J of guar 
gum was 12 dl/g. Deacetylated and native xanthan had a 
much higher [I]J than guar gum, which can be attributed 
to the significant difference in their chain stiffness. Xanthan 
has a stronger chain stiffness than the flexible, random-coil 
conformation of guar gum, which may increase the chain 
dimensions, resulting in, a higher [I]]. 

3.4. Coil-overlap parameter ofpolysaccharides 

In dilute solutions, the individual polymer coils are sep­
arate from each other and are free to move independently. 
With increasing concentrations, the coils start to overlap 
and interpenetrate one another. The transition from dilute 

Table 3 
Effect of ionic strength on the intrinsic viscosity of native )(anthan-guar 
blends and deacetylated )(anthan-guar blends measured at 20°C and 
10 S-I 

['11 (dL/g) 

OmM NaCI 2 mM NaCI 40mM NaCI 

Native xanthan:gllar (%) 
100:0 155.7" ± 9.3 n.9b ± 2.7 73.2" ± 1.1 

b80:20 82.2" ± 2.8 66.0 ± 1.3 56.1" ± 2.2 
60:40 63.3a ±l.4 54.3b ± 0.9 45.3" ± 1.8 
40:60 56.9a ± 7.2 39.gb ± 1.4 36.0h ± 1.5 
20:80 32.8a ± 2.9 29.2ab ± 0.7 25 .0h ± 2.5 
0:100 12.0a ± 2.1 11.9" ± 0.6 11.7· ± 0.6 

DeacetyJated xanthan:guar (%) 

100:0 163.0" ± 5.0 90.6b ± 2.3 56.7" ± 3.3 
80:20 187.4" ± 5.8 126.6b ± 5.2 47.2" ± 2.5 
60:40 135.0' ± 7.3 85.2b ± 1.4 38.7" ± 0.8 
40:60 88.0" ± 5.6 55.gb ± 1.1 32.7" ± 0.2 
20:80 46.1" ± 2.8 36.4b ± 2.2 23.4c± 1.6 

solutions to concentrated solutions is usually accompanied 
by a pronounced change in the concentration dependence 
of solution viscosity (Morris, Cutler, Ross-Murphy, Ress, 
& Price, 1981; Morris, 1995). The corresponding concen­
tration is called critical or coil-overlap concentration 
(C"). For random-coil polysaccharide solutions except for 
galactomannans, Morris et al. (1981) reported that the 
slope of double logarithmic plots of I]sp against ql]] was 
close to 1.4 in a dilute regime, whereas, in the concentrated 
regime, the slope increased to 3.3. The C' transition 
occurred at a value of q'7J close to 4, and the I'/sp at this 
degree of coil overlap was invariably close to 10. Guar 
gum was found to deviate from those observations. The 
C" transition of guar gum occurred at a lower value of 
the coil-overlap parameter ql]] = 2.5, and the viscosity 
showed a higher dependence on concentration, with a slope 
of 5.1 instead of 3.3 (Morris et aI., 1981). 

In this study, all the polysaccharides systems were stud­
ied in the dilute regime. Figs. 4a and band 5a and b show 
the double logarithmic plot of I]sp against coil-overlap 
parameter (ql]]) for native xanthan-guar mixtures and 
deacetylated xanthan-guar mixtures in 2 and 40 mM NaCl, 
respectively. There was no change in the slope of the dou­
ble logarithmic plot of I]sp against ql]J, indicating that no 
molecular entanglements were obtained, and polysaccha­
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replications. )(anthan, (e) guar, (_) 4: I, (A) 3:2, (x) 2:3, (+) 1:4. 
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ride mixtures in 2 and 40 mM NaC! were in the dilute 
domain. The slope values of the double logarithmic plot 
of I1sp against ql1] are given in Table 4. As shown in Table 
4, the slope of native xanthan and deacetylated xanthan in 
salt solutions significantly decreased, comparing with the 
slope in water solutions, whereas no significant change 

Table 4 
Effect of ionic strength on the slope of native xanthan-guar blends and 
deacetylated xanthan-guar blends measured at 20°C and 10 S-I 

Slope 

OmM NaCi 2mM NaCI 40mM NaCi 

Native xanthan:guar (%) 
100:0 1.38" ± 0.02 1.17" ± 0.03 1.11 b ± 0.03 
80:20 l.51"±0.01 1.17" ± 0.04 1.20" ± 0.02 
60:40 1.34" ±0.16 1.28" ± 0.02 1.27" ± 0.02 
40:60 1.55" ± 0.02 1.38" ± 0.02 1.36" ± 0.02 
20:80 1.69' ± 0.02 1.31 b ± 0.04 1.33" ± 0.08 
0:100 1.44" ± 0.06 1.41" ± 0.01 1.39" ± 0.01 

Deacelylated xanthan:guar (%) 
100:0 1.32" ± 0.05 1.09b ± 0.03 1.17' ± 0.02 
80:20 1.22"b ± 0.03 1.25" ± 0.05 1.18" ± 0.03 
60:40 1.33"b ± 0.03 1.38" ± 0.02 1.28b ± 0.03 
40:60 1.43" ± 0.07 1.36b ± 0.04 1.33b ± 0.03 
20:80 1.35,b ± 0.06 1.41" ± 0.04 1.32b ± 0.02 
0:100 1.44" ± 0.06 1.41" ± 0.01 1.39" ± 0.01 

a.b.< Means followed by the same letters in the same row are not signifi­
cantly different (P ~ 0.05). Results are expressed as means ± SO for three 
replications. 

was observed for guar gum solutions. Our results showed 
that the slopes of xanthan and guar were lower than those 
reported by Morris et al. (1981), Cuvelier and Launay 
(1986), Launay, Cuvelier, and Martinez-Reyes (1997), 
demonstrating that both xanthan (0.025%) and guar gum 
(0.075%) were in the dilute domain (C < C'). The slopes 
for deacetylated xanthan and deacetylated xanthan-guar 
mixtures were lower than those for native xanthan and 
native xanthan-guar mixtures, indicating more flexible 
xanthan due to the deacetylation. 

4. Conclusion 

Synergistic interactions for both native xanthan-guar 
mixtures and deacetylated xanthan-guar mixtures in the 
dilute regime were observed in water and 2 mM NaCI, 
but not in 40 mM NaCI. A stronger synergistic interaction 
was noted for deacetylated xanthan-guar mixtures. The 
results suggest that intermolecular interaction has occurred 
between xanthan and guar gum mixtures in water and 
2 mM NaCl, but may not occur in 40 mM NaC!. and 
mutual incompatibility may occur. The results suggest that 
the degree of disordering of xanthan played a critical role 
in xanthan-guar interaction and may explain the differ­
ences in 11', 11", and [11] measurements between 2 and 
40 mM NaCI, and hence, the intermolecular interaction 
that occurred between the backbone of guar gum and the 
disordered segments of xanthan. 

Acknowledgements 

This research was supported by the Kansas Agricultural 
Experiment Station (contribution no. 07-68-1 from the 
Kansas Agricultural Experiment Station, Manhattan, 
Kansas). The authors would like to thank Dr Scott Bean 
with USDA-ARS, GMPRC for his help in determining 
the molecular weight for the polysaccharides. 

References 

Baradossi, G., & Brant, D. A. (1982) . Light scattering study ofa series of 
xanthan fractions in aqueous solutions. Macromolecules. 15. 874-879. 

Cairns, P .• Miles, M. 1., & Morris, Y. 1. (1986). Intermolecular binding of 
xanthan and carob gum. Nature. 322, 89-90. 

Cairns, P., Miles , M. 1., Morris, Y. 1., & Brownsey, G. 1. (1987). X-ray 
fiber diffraction studies of synergistic, binary polysaccharide gels. 
Carbohydrate Research. 160,411-423. 

Callet, F., Milas, M., & Rinaudo, M. (1987). Influence of acetyl and 
pyruvate content on rheological properties of xanthan in dilute 
solution. International lournal of Biological Macromolecules. 9, 
291-293. 

Cheetham, N. W. N .• & Mashimba, E. N . M. (1988). Conformational 
aspects of xanthan-galactomannan gelatin. Carbohydrate Polymers. 9, 
195-212. 

Cheetham, N. W. N., & Mashimba, E. N. M. (1991). Conformational 
aspects of xanthan-galactomannan gelatin: Further evidence from 
optical-rotation studies. Carbohydrate Polymers. 14, 17-27. 

Cheetham, N. W. N., McCleary, B. Y., Teng, G., Lum, F ., & Maryanto 
(1986). Gel- permission studies on xanthan-galactomannans interac­
tions. Carbohydrate Polymers. 6, 257-268. 



892 H.A. Khour),ieh et al. I Food Research International 40 (2007) 883-893 

Cheetham, N. W. N., & Punruckrong, A. (1989). Gel permeation optical 
rotational studies on xanthan-galactomannan gelation. Carbohydrate 
Polymers. 10, 129-141. 

Chou, T. D., & Kokini, J. L. (1987). Rheological properties and 
conformation of tomato paste pectins, citrus, and apple pectins. 
Journal 0/ Food Science, 52, 1658-1664. 

Cuvelier, G., & Launay, B. (1986). Concentration regimes in xanthan-gum 
solutions deduced from flow and viscoelastic properties. Corbohydrate 
Polymers, 6, 321-333. 

Dea, 1. C. M., Morris, E. R., Rees, D. A., Welsh, E. J., Barnes, H. A., & 
Price, J. (1977). Associations of like and unlike polysaccharides: 
mechanism and specificity in galactomannans, interacting bacterial 
polysaccharides, and related systems. Carbohydrate Research, 57, 
249-272. 

Dea, I. C. M., & Morrison, A. (1975). Chemistry and interactions of seed 
galactomannans. Advances in Carbohydrate Chemistry and Biochemis­
try, 32, 241-312. 

Dubois, M. , Giles, K. A., Hamilton, J. k., Rebers, P. A., & Smith, F. 
(1956). Calorimetric method for determination of sugars and related 
substances. Analytical Chemistry, 28, 350-356. 

Flory, P. J. (1953). Principles 0/ polymer chemistry. New York: Cornell 
University Press. 

Foster, T. J., & Morris, E. R. (1994). Xanthan polytetramer: conforma­
tional stability as a barrier to synergistic interaction. In G. O. Phillips, 
D. J. Wedlock, & P. A. Williams (Eds.) . Gums and stabilisers for the 
food industry (vol. 7, pp. 281-289). Oxford: IRL Press. 

Garcia-Ochoa, F., Santos, V. E., Casas, E., & Gomez, E. (2000). Xanthan 
gum: production, recovery, and properties. Biotechnology Advance.f. 
18, 549-579. 

Goycoolea, F. M., Foster, T. J., Richardson, R. K., Morris, E. R., & 
Gidley, M. J. (1994). Synergistic gelation of galactomannans or konjac 
g1ucomannan: binding or exclusion? In G. O. Phillips, D. J. Wedlock, 
& P. A. Williams (Eds.). Gums and stabilisers/or the/ood industry (vol. 
7, pp. 333-344). Oxford: IRL Press. 

Holzwarth, G. (1976). Conformation of the extracellular polysaccharide of 
Xanthomonas campestris. Biochemistry, 15,4333-4339. 

Huggins, M. L. (1942). The viscosity of dilute solutions of long-chain 
molecules. IV. Dependence on concentration. Journal of tile American 
Chemical Society. 64, 2716-2718. 

Jansson, P. E., Kennark, L., & Lindberg, B. (1975). Structure of the 
extracellular polysaccharide from Xanthomonas campestris. Carbohy­
drate Research, 45, 275-282. 

Khouryieh, H. A., Herald, T. J., Aramouni, F., & Alavi, S. (2006). 
Influence of mixing temperature on xanthan conformation and 
interaction of xanthan-guar gum in dilute aqueous solutions. Food 
Research International. 39(9), 964-973. 

Kovacs, P. (1973). Useful incompatibility of xanthan gum with galacto­
mannans. Food Technology, 27(3), 26-30. 

Launay, B., Cuvelier, G., & Martinez-Reyes, S. (1997). Viscosity of locust 
bean, guar and xanthan gum solutions in the Newtonian domain: A 
critical examination of the 10g(lJsp)o - 10gqIJ1o master curves. Carbo­
hydrate Polymers. 34, 385-395. 

Lecourtier, J., Chauveteau, G., & Muller, G. (1986). Salt-induced 
extension and dissociation of a native double-stranded xanthan. 
International Journal 0/ Biological Macromolecules. 8, 306-310. 

Mannion, R. 0., Melia, C. D., Launay, B., Cuvelier, G., Hill, D. E., 
Harding, S. E., et al. (1992). Xanthan/locust bean gum interactions at 
room temperature. Carbohydrate Polymers, 19,91-97. 

McCleary, B. V. (1979). Enzymatic hydrolysis, fine structure, and gelling 
interaction of legume-seed D-galacto-D-mannans. Carbohydrate 
Research. 71, 205-230. 

McCleary, B. V., & Neukom, H. (1982). Effect of enzymatic modification 
on the solution and interaction properties of galactomannans. Progress 
in Food and Nutrition Science. 6, 109-118. 

McComb, E. A., & McCready', R. M. (1957). Determination of acetyl in 
pectin and in acetylated carbohydrate polymers. Analytical Chemistry. 
28(5),819-821. 

Milas, M., & Rinaudo, M. (1986). Properties of xanthan gum in aqueous 
solutions: role of the conformational transition. Carbohydrate 
Research, 158, 191-204. 

Morris, E. R. (1995). Polysaccharide rheology and in mouth perception. In 
A. M. Stephen (Ed.), Food polysaccharides and their applications 
(pp. 517-546). New York: Marcel Dekker. 

Morris. V. J. (1996). Synergistic interactions with galactomannan and 
glucomannans. In S. E. Harding, S. E. Hill, & J. R. Mitchell (Eds.), 
Biopolymer mixtures (pp. 289-314). Nottingham: Nottingham Univer­
sity Press. 

Morris, E. R. (1996). Polysaccharide synergism - more questions than 
answers? In S. E. Harding, S. E. Hill, & J. R. Mitchell (Eds.), 
Biopolymer mixtures (pp. 247-288). Nottingham: Nottingham Univer­
sity Press. 

Morris, E. R., Cutler. A. N., Ross-Murphy, S. B., Ress, D. A., & Price, J. 
(1981) . Concentration and shear rate dependence of viscosity in 
random coil polysaccharide solutions. Carbohydrate Polymers. 1,5-21. 

Morris, 	E. R., Rees, D. A., Young, G., Walkinshaw, M. D., & Darke, A. 
(1977). Order- disorder transition for a bacterial polysaccharide in 
solution. A role for polysaccharide conformation in recognition 
between Xanthomonas pathogen and its plant host. Journal 0/ 
Molecular Biology. JIO, 1-16. 

Morris, E. R., & Taylor, L. J. (1982). Oral perception of fluid viscosity. 
Progress in Food and Nlltrition Science. 6, 285-296. 

Morris, V. J., Brownsey, G. J., & Ridout, M. J. (1994). Role of 
conformation in synergistic interactions of xanthan-Reply. Carbohy­
drate Polymers. 23, 139-140. 

Muller, G., Anhourrache, M., Lecourtier, J., & Chauveteau, G . (1986). 
Salt dependence of the conformation of a single stranded xanthan. 
International Journal 0/ Biological Macromolecules. 8, 167-172. 

Norton, I. T., Goodall, D . M., Frangou, S. A. , Morris, E. R., & Rees, D . 
A. (1984). Mechanism and dynamics of conformational ordering in 
xanthan polysaccharide. Journal 0/ Molecular Biology, 175, 371-394. 

Paoletti, S., Cesaro, A., & Delben, F. (1983). Thermally induced 
conformational transition of xanthan polyelectrolyte. Carbohydrate 
Research, 123, 173-178. 

Rao, M. A. (1999). Introduction . In M. A. Rao (Ed.), Rlleology o/fluid 
and semisolid/oods (pp. 1-24) . Gaithersburg: Aspen Publishers. 

Richardson, R. K., & Kasapis, S. (1998). Rheological methods in the 
characterisation of food biopolymers. In D. L. B. Wetzel & G. 
Charalambous (Eds.), Instrumental methods in food and beverage 
analysis (pp. 1-48). Amsterdam: Elsevier. 

Rochefort , W. E., & Middleman, S. (1987). Rheology of xanthan gum: 
salt, temperature, and strain effects in oscillatory and steady shear 
experiments. Journal 0/ Rheology. 31(4), 337-369. 

Rocks, J. K. (1971). Xanthan gum. Food Technology. 25(5), 22-31. 
Statistical Analysis System (2002·2003). SAS User's Guide; Statistics. 

Cary, NC: SAS Institute. 
Schorsch, C., Garnier, c., & Doublier, J. L (1995). Microscopy of 

xanthan/galactomannan mixtures. Carbohydrate Polymers. 28, 
319-323. 

Sioneker, J. H ., & Jeanes, A. (1962). Exocellular bacterial polysaccharide 
from xanthomanas campestris NRRL B-1459. Canadian JOllrnal 0/ 
Chemistry. 40, 2066-2071. 

Sloneker, J. H. , & Orentas, D . G. (1962). Pyruvic acid, a unique 
component of an exoccllular bacterial polysaccharide. Nature. 194, 
478-479. 

Tako, M. (1991). Synergistic interaction between xanthan and tara-bean 
gum. Carbohydrate Polymers. 10,619-633. 

Tako, M., Asato, A., & Nakamura, S. (1984). Rheological aspects of the 
intermolecular interaction between xanthan and locust bean gum in 
aqueous media . Agricullllral and Biological Chemistry, 48(12), 
2987-2993. 

Tanglertpaibul , T., & Rao, M. A. (1987). Intrinsic viscosity of tomato 
serum as affected by methods of determination and methods of 
processing concentrates. Journal 0/ Food Science. 52(6), 1642­
1688. 



893 H.A. Khouryieh et al. I Food Research International 40 (2007) 883-893 


Thurston, G. (1960). Theory of oscillation of a viscoelastic fluid in a 

circular tube. Journal of the Acoustical Society of America. 32, 

210-213. 


Thurston, G. (1976). The effects of frequency of oscillatory flow on the 

impedance of rigid, blood-filled tubes. Biorheology. 13, 191-199. 


Wang, F., Wang, Y. J., & Sun, Z. (2002). Conformational role of xanthan 
in its interaction with guar gum. Journal of Food Science. 67(7). 
3289-3294. 

Yaseen, E. I., Herald, T. J., Aramouni, F . M., & Alavi, S. (2005). 

Rheological properties of selected gum solutions. Food Research 

International, 38, I I I-I 19. 


Zhan, D. F., Ridout, M. J., Brownsey, G. J., & Morris, V. J. (1993). 
Xanthun-Iocust bean gum interactions and gelation. Carbohydrate 
Polymers. 2/, 53-58. 




