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The viscoelastic properties and supermolecular structure of synergistic gels, 
formed by xanthan and locust bean gum (LBG) of two different 
mannose:galactose ratios (M:G), have been investigated by small deformation 
viscoelastic measurements and by low angle rotary-shadowing for transmission 
electron microscopy. 

The rheological properties at 20°C for mixtures subjected to heating and cool- 
ing cycles in the temperature range 30-80°C were found to be dependent on the 
M:G ratio. Mixtures of xanthan and LBG mixed at temperatures 540°C were 
found to form true gels with low phase angles. Blends of xanthan and LBG with 
a low M:G ratio did not show any increase in synergistic effects as the tempera- 
ture was increased, whilst the mixture of xanthan and LBG with a high M:G 
ratio showed a strong increase in synergistic effects as the temperature was raised 
above 60°C. A difference in gelation temperature ( Tg) of N 13°C was observed 
between the mixtures of xanthan and the two LBG fractions. The T, for xanthan 
with a high M:G ratio was -53”C, whilst the TX for mixtures of xanthan and 
LBG with a low M:G ratio was -40°C. 

Results obtained using electron microscopy showed that the xanthan-LBG 
network was formed from xanthan supermolecular strands, and addition of LBG 
did not influence the xanthan structure. The observed structural features of the 
gels were independent of heat treatment and LBG fraction. The structural simi- 
larities and rheological differences observed between xanthan and the LBG frac- 
tions are discussed in comparison with existing interaction models at the 
molecular level. Based on these results, a speculative network model at the 
supermolecular level is presented. 

INTRODUCTION 

Xanthan gum is an exocellular polysaccharide produced 
by the bacterium Xanthomonas campestris. Xanthan is a 
non-gelling polysaccharide which possesses unique 
rheological properties such as high viscosity at low 
concentrations and low shear rates and high pseudo- 
plasticity. The gum consists of /?( 1-4)D-glucose back- 
bone substituted at C3 on every second residue with a 
charged trisaccharide side chain containing two D- 

mannose and one D-glucuronic acid residues. An O- 
acetyl group is frequently present at the C6 position of 
the internal mannose residue and pyruvic acid is linked 
through O-4 and O-6 to the terminal D-mannose residue 
(Jansson et al., 1975). Recent studies also suggest a 
partial O-acetylation at C6 on the terminal mannose as 
well as pyruvate (Stankowski et al., 1993). 

Xanthan’s secondary structure has been investigated 

by X-ray diffraction and has been shown to consist of a 
five-fold helical structure (Moorhouse et al., 1977). In 
solution xanthan undergoes a conformational transition 
as the physiochemial properties of the solution are 
altered. An ordered helical conformation is stabilised by 
high ionic strength and/or low temperatures. The tran- 
sition midpoint temperature, T,,,, is increased as the 
ionic strength increases, e.g. the helical conformation is 
stabilised and aggregation is favoured. An increase in 
T,,, has been reported upon addition of a second poly- 
mer, such as galactomannans, to the xanthan solution 
(Dea et al., 1977; Dea & Morris, 1977; Cheetham & 
Mashimba, 1991). Norton’s group has suggested that 
the equilibrium transition can not be seen as a sharp 
conformational change occurring at T,,,. Instead, the 
transition can occur in a temperature/ionic strength 
window within which both states of conformation can 
occur, although in different proportions (Norton et al., 
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1984). Xanthan polymer polymer association is 

promoted by increasing salt concentration. owing to a 
reduction in intermolecular repulsion (Smith c’t rrl.. 
198 1). Microscopic techniques have been used to visua- 

lise the xanthan gum. In order to evaluate the super- 
molecular structure of xanthan Stokke ct rrl. have 
performed electron microscopy of dilute xanthan 

glycerol solution which was vacuum-dried and then 
rotary shadowed (Stokke et c/l.. 1986rr. 1986h. 1987. 

1989~1. 19896). Recently. scanning tunnelling micro- 

scopy has been performed on xanthan gum (Gunning (11 
ul., 1993; Wilkins et ul., 1993). 

Locust bean gum (LBG) or carob gum is a galacto- 
mannan occurring naturally in seeds of C‘cwttonirt .si/i- 

yurr. LBG is a non-gelling neutral polysaccharide which 
has highly viscous properties and is relatively stable 
against variations in pH. salinity and temperature. The 
polysaccharide consists of a [I’( I-+4)t)-mannose back- 

bone which is incompletely and irregularly substituted 
at C6 with r-t>-galactose. The mannose to galactose 

ratio, M:G, is dependent on the source of galacto- 

mannan and the method of extraction. Galactoae 

substitution enhances the dissolution properties of the 
galactomannan. It is thus possible to separate LBG into 
different M:G fractions according to the minimum 
temperature at which water solubility can be attained 
(Gaisford et ~1.. 1986). Dissolved LBG adopts a disor- 

dered. fluctuating. random coil conformation. To out 
knowledge, the unperturbed LBG random coil structure 
has never been visualised using microscopic techniques. 

Xanthan has been found to form synergistic. elastic. 

thermoreversible gels when mixed with LBG (Dea & 
Morrison. 1975; Dea et (I/., 1977; Morris. 1977). All 

gelation mechanisms presented to explain the synergistic 
effects are based on intermolecular binding between 
xanthan and LBG. The interaction is strongly enhanced 

as the degree of galactose substitution is decreased. The 
earliest interaction model proposed an association 
between the xanthan backbone and unsubstituted 
regions of the galactomannan (Dea & Morrison. 1975). 
In order to explain the strong synergism between 
xanthan and galactomannans with a relatively high 
M:G ratio, the distribution of galactose along the 
mannan backbone was taken into account. McCleary ct 
N/. suggested that xanthan interacts with non-substi- 
tuted areas of galactomannan as well as with regions 

which are substituted on one side (McCleary. 1979). 
Tako has proposed a lock and key interaction between 
the side chains of helical xanthan and the unsubstituted 
galactomannan backbone (Tako rt a/., 1984: Tako. 
1991, 1993). Cheetham & Mashimba have presented a 
network model. based on interaction between xanthan 
and unsubstituted mannan backbone. which explains 
network formation in three dimensions. They also 
suggest that interaction may occur with xanthan in the 
disordered form (Cheetham & Mashimba, 1988). 

Based on X-ray diffraction studies. Cairns ct LI/. have 

proposed that the gelation of xanthan LBG only occurs 
if the mixture is heated above the helix random coil 
transition temperature, T,,,, of xanthan and then cooled 
(Cairns et d., 1986, 1987). The dependence of xanthan 
LBG interaction on the xanthan helix coil transition 
has been observed by viscoelastic measurements (Zhan 
V/ (I/.. 1993: Mannion et L/I., 1992). gel-permeation 

chromatography studies. gel melting point measurc- 
mcnts and optical rotation studies (Cheetham & 

Mashimba, 1988. 1991: Cheetham rt ol.. 1986). Lately. 
convincing results have been presented for xanthan 
LBG gelation occurring without heating above T,,, 

(Mannion et rd., 1992; Williams et rd., 1991). Mixing 
xanthan -LBG below T,,, led to the formation of weak 
elastic gels. Mannion (It rrl. reported that the gels, when 

mixed cool, were only slightly dependent upon the 
galactose content of the galactomannan. Heating the 
mixtures led to strong elastic gels. the rheological prop- 
crties of which were highly dependent on the degree of 

galactose substitution. The model proposed is that 
gelation can occur by two different mechanisms 

depending on the preparation method. Mannion c’t rrl. 
have discussed the possibility that LBG interacts with 
unnthan in the ordered form, if the mixture is prepared 
below T,,,, while mixtures which have been heated above 
I . 
I lli form network strands consisting of denatured 
segments of xanthan binding to LBG (Mannion ot al.. 
1992). 

The aim of this study is to investigate the xanthan 
LBG network structure at the supermolecular level. The 
temperature dependence of the synergistic interaction 
between xanthan and LBG with different degrees of 

galactose substitution has been studied by transmission 
electron microscopy and small deformation viscoelastic 
measurements. The results are discussed with reference 
to possible models of interaction and a speculative 
network model at the supermolecular level is presented. 

EXPERIMENTAL 

Materials 

Xanthan (Satiaxarie CX 91. lot no. 1 15) was purchased 
from Sanoti Bio-Industries (Paris, France). Locust bean 
gum (G0753. lot no 40HOl60) was purchased from 

Sigma Chemicals (St Louis. MO, USA). 
The pure sodium form of xanthan was prepared by 

ion-exchange of 0.5% (w/w) xanthan solution at room 

temperature with a commercial resin (AG 5OW-X8, Bio- 
Rad) and freeze dried. according to a procedure descri- 
bed by Morris & Chilvers (1983). The cation concen- 
tration was determined by atomic absorption 
spectroscopy to 2.8% sodium ions, < 0.01% potassium 
ions and < 0.15% calcium ions per dry weight xanthan. 

LBG was separated into temperature fractions, 
depending upon the solubility of LBG at different 
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temperatures, according to the procedure described by 
Mannion et al. (1992). The result was four fractions of 
LBG with the following solubilities: less than 35°C 

(LBG35), 35550°C (LBGSO), 5&65”C (LBG65) and 655 
80°C (LBG80). 20 g LBG was dispersed and boiled in 
80% ethanol for 15 min, cooled in an ice-water bath to 

room temperature and the ethanol decanted. The resi- 
due was washed in two 100 ml aliquots of 50% ethanol. 

The washed LBG was suspended in 2.0 dm’ distilled 
water for 1 h at 35°C in a water bath. The suspension 

was centrifuged for I h at 27000 g, in order to remove 
the LBG insoluble at this temperature. The supernatant 
was collected and freeze dried. The pellet was resus- 
pended for I h in 2.0dm3 distilled water at 50°C in a 
water bath. The suspension was treated as above and 

the procedure was repeated at 65°C and 80°C. The 
fractions used in this study were LBG35 and LBGSO. 
The respective ratios of mannose to galactose (M:G) 
were determined, by gas chromatography of their aldi- 

to1 acetate derivatives, to be 3 LBG35 and 5 LBG80 
(Bittner et rd., 1980). 

Sample preparation 

The two polysaccharides were dispersed separately in 
distilled water with 5 mg/dm’ (8 x 10m5 M) sodium azide 
added, and stirred continuously until dissolved, in an 
80°C water bath. The xanthan and LBG temperature 

fractions were mixed in equal proportions in order to 
give a total polymer concentration of 0.5% (w/w), 
unless otherwise stated. The solutions were allowed to 
cool to room temperature and mixed for 30 s at a high 

shearing rate. All samples were mixed at room 
temperature. In order to evacuate trapped air-bubbles 
the mixture was centrifuged for 5 min, at 500 g. Samples 
for rheological measurements were transferred immedi- 
ately after mixing and centrifuging to the Bohlin VOR 
Rheometer. Samples for electron microscopy were dilu- 
ted with distilled water with 5 mg/dm3 sodium azide, at 
the range of 0.025-0.2% (w/w). 

Electron microscopy 

In order to visualise and evaluate the temperature 

dependence of xanthan-LBG, network structure 
samples of xanthan, LBG35, LBG80 and xanthan- 

LBG35 and xanthan-LBG80 were prepared for elec- 
tron microscopy. The mixtures were either mixed at 
room temperature or mixed at room temperature, 
heated to 80°C and cooled to room temperature. All 
pure samples were diluted from 0.5% (w/w) stock solu- 
tions to a total polymer concentration of 0.025% (w/w) 

for xanthan and 0.10% (w/w) of LBG. Mixtures of 
xanthan-LBG35 were diluted at room temperature to a 
total polymer concentration of 0.05% (w/w). The 
heated xanthan-LBG35 was allowed to cool to room 
temperature before dilution. Xanthan-LBG80 prepared 

at room temperature was mixed at a concentration of 

0.2% (w/w). The heated xanthanLBG80 was mixed 
with a total polymer concentration of 0.1% (w/w) at 

room temperature, heated to 80°C and applied to the 
mica surface at 80°C. Samples were prepared for elec- 
tron microscopy using the mica sandwich technique 

(Hermansson, 1989). This method is suitable for visua- 

lisation of supermolecular structures of polymers and 
polymer mixtures. The samples were applied on a newly 

cleft mica surface with a minimum of shear, and the 
other piece of mica plate was gently replaced on top. 
The mica plate was made as thin as possible in order to 

get the best heat transport through the plate. The mica 
‘sandwich’ was rapidly plunged into liquid propane or 

nitrogen and the pieces of mica were separated under 
the liquid surface. The sample was rapidly transported 

to a precooled Balzar BAF 400 D (Balzar Union 
Aktiengesellschaft, Fiirstentum, Liechtenstein) freeze 
etching system, freeze dried at -90°C for 2 h at a pres- 

sure of < lop4 Pa, and rotary shadowed with 0.8 nm Pt/ 
C at 6” and 20 nm C at 80”. Replicas were collected on 

400 mesh Cu grids and examined in a JEOL IOOCX-II, 

at an accelerating voltage of 80 kV. 
In order to evaluate the most suitable preparation 

method, several alternative techniques were evaluated 
for the pure polysaccharides. The polymer solutions were 
transferred to the mica surface using spraying or, when 

the mica sandwich technique was used by pipette or a 
loop of Pt-wire. The mica sandwich samples were freeze 
dried at -90°C for 2 h at room temperature for I h with 

no temperature control other than that the starting 
temperature was approximated to - 100°C. The spraying 

technique was used for samples containing 70% glycerol 
and samples with no additives. The sprayed samples were 
vacuum dried at room temperature for I h. It was 
observed that the polymers seemed orientated and 
possibly aggregated, when the spraying technique was 
used for samples of LBG. This behaviour may be attrib- 
uted to the fact that solution flow and surface tension 

may deform the polymer during the drying process and 
polymer conformation changes and/or aggregation may 
be induced due to salt and concentration effects during 
drying (Hermansson, 1989; Stokke et al., 19896). No 
major differences were observed for the xanthan 

samples. It seems that it is only possible to use spraying 
techniques if the polymer structure is stable enough to 
resist structural influences induced by drying and by the 
method used to apply the polymer to the mica surface. 

The best results were obtained with the mica sand- 
wich technique in combination with sublimation at 
-90°C for 2 h. When this technique was applied to LBG 
samples, the random coil structure was not recogni- 

sable. Certain areas of the replica, featuring non-satis- 
factorily frozen and dried LBG, showed orientated 
polymers. Although the mica sandwich technique subh- 
mation is time consuming, all micrographs presented in 
this paper are produced by this technique. Several 
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preparations were made from every sample and repre- 
sentative micrographs are presented. 

Rheological measurements 

Rheological measurements were performed in ;L Bohlin 

VOR Rheometer (Bohlin Rheology. Lund, Sweden). The 
measuring geometry was a couette type cup and bob 
measuring system (DIN 53019). The bob was suspended 

in an interchangeable torsion bar with ;I torque at maxi- 
mum deflection of 5 x IO ’ Nm for dynamic measure- 

ments. A layer of paraffin oil was applied on the surface 

of the sample in order to prevent evaporation. The 
frequency was I Hz when the temperature was varied. As 
biopolymer gels arc strain-sensitive, the strain was kept 
low. IO-‘. so as not to disturb the gel. This was well 

within the linear region. The viscoelastic properties were 

recorded during heating and cooling cycles. where the 
temperature was varied linearly at a rate of I.5 Cmin. 

Every temperature cycle started at 20 C. the temperature 
was increased to 30 C and cooled to 20 C. This procedure 
was repeated with a IO C increase of the maximum 
temperature per cycle until 80’ C was reached. A holding 

time of IS min was applied at 20 ‘C and at the maximum 
temperature. This repetitive temperature cycling was 

performed in order to generate an increased degree ot 
xanthan disordering. Viscoelastic measurements wcrc 
performed on xanthan -LBG35 and xanthan LBGXO. 
One set of measurements was performed at ;t constant 

total polymer concentration, 05% (w. w). varying t hc 
mixing ratio. Another set was performed at 3 constant 

xanthan concentration. 0.25% (w:w), varying the LBG 
concentration from 0. I to O~So/o (w M’). 

RESULTS 

Electron microscopy 

Xanthan and LB<; have been :;tudied extensively using 

different techniques such as optical rotation, X-raq 
diffraction. viscoelastic mcasuremcnts. etc. (Dca & 
Clark. 1986; Cairns rt trl.. 1986: Doublier& Llamas. 
1991: Tako. 1993; Doublier c’t r/l.. 1992). The mica 
sandwich technique has been applied to xanthan. LBG 
and xanthan_LBG mixtures in order to study the 
supermolecular structure. This method generates the 
possibility of visualising a monolayer of polymers 
adsorbed to a mica surface at high resolution. To out 

knowledge, no micrographs of xanthnn LBG networks 
have ever been presented. 

Xmlthut1 

Xanthan has previously been studied in the electron 
microscope at relatively low concentrations in the range 
of 0~0003-0~005% (w/v). in order to observe individual 
superstrands (Stokke (‘t (II.. 1986~. 19X6/7. 1987. 1989~. 

Fig. 1. Micrograph of xanthan showing the supermoleculal- 
structure of xanthan. 

IYXYh). The concentration of xanthan used in this study 
L\ ilh 0~025% (ww). At the concentration used. the 

polymer density varies along the mica surfaces. In 

certain areas of the mica surface, where polymer 
concentration is high enough, it is possible to study the 
entanglement structure of xanthan. These areas arc 

rcprcsentcd in the micrograph in Fig. I. which shows 
randomly entangled superstrands of xanthan forming a 
nctuork on the mica surface. The thickness of the 
coarse strands varies. which indicates a non-uniform 
number of xanthan heliccs per strand. 

The micrographs of LBG are obtained from a mono- 

layer of polymers adsorbed to the mica surface. Figures 
?a and b show the very tint structure of LBG35 and 
LBGXO. respectively. The random coil structure is 

h;lrdly seen, since it is close to the resolution obtained 
Lvith the rotary shadowing technique. However, the 
methods of preparation can induce visible structures. In 
Fil. 3. shear induced LBG35 structure can be seen a5 

parallel strands going from the lower left-hand to the 
upper right-hand corner. The structure is probably 
formed owing to the shearing of LBG polymers when 
the mica plates were put together. The stress thereby 
applied orientates the polymers leading to visible struc- 

turcs of LBG. 

Figures 4a and b and 5a and b present micrographs of 
the polysaccharide mixtures. Figure 4a and b shows the 
network structure of xanthan~- LBG35 and xanthan 
LBGXO. respectively, prepared at room temperature. 
The network is formed by supermolecular xanthan 
htrands. A slight tendency for the supermoleculal 
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Fig. 2. Micrograph of (a) LBG35 and (b) LBGSO showing the random coil structure 

Fig. 3. Micrograph of LBG35 showing random coil and shear induced structures. 

strands to form bundles is observed. It should be 
mentioned that bundles of supermolecular xanthan have 
also been seen in micrographs of pure xanthan, but 
these are not as predominant as in the xanthan-LBG 
mixtures. Figures 5a and b show xanthan-LBG 
mixtures subject to heating. These mixtures have been 
heated to 80°C and then cooled to room temperature. 
The micrographs show the structure of xanthan-LBG at 
room temperature. The networks formed do not differ 
structurally from the networks formed at room 
temperature without heating. The coarse network is 
formed of xanthan supermolecular strands, and it is not 
possible to detect any interaction between xanthan heli- 

ces and LBG. The slight tendency for bundling of 
supermolecular xanthan strands is also observed. 

It is very interesting to note that the supermolecular 
structure of xanthan does not seem to be perturbed by 
addition of LBG, and the structure is independent of 

LBG fraction and heating temperature. It is not possible 
to observe any structural differences between xanthan 
and LBG networks and the supermolecular strands of 

pure xanthan, other than a slightly higher tendency for 
the mixtures to form bundles. It should be noted that 
LBG random coils cannot be seen in the micrographs 
and that no interaction between xanthan and LBG is 
detectable at the molecular level. LBG is of completely 
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Fig. 4. Micrograph showing the network structure of (a) xanthan LBG3S and (b) xanthan-LBG80. mixed at room temper ‘ature. 

Fig. 5. Micrograph showing the network structure of (a) xanthan LBG35 and (b) xanthan-LBG80, heated to 80°C and then cooled 
to room temperature 

different dimensions to the stiff supermolecular xanthan 

strands. The micrographs do not show any evidence of 
microscopic aggregation of the single polymers leading 

to phase separation. 

Rheology 

Viscoelcrstic prcprtir.s q/ xnnth-L BG mi.uturc.v 

Xanthan-LBG shows extraordinary rheological 

features when mixed. Figure 6 shows the storage 
modulus. G’. at 20°C after the last temperature cycle 
presented at a total polymer concentration of 0.5% (w; 
w), and different mixing ratios of xanthan:LBG35 and 

xanthan:LBG80. Optimum synergism is observed for 
xanthan--LBG35 in the range of 4:6 to 6:4 and for the 

vanthan- LBGRO system between the ratio 4:6 and 1: I. 
The optimal mixing ratio is in the range of ratios 

presented for blends containing unfractionated LBG 
(Tonon & Launay, 1988; Cuvelier & Launay, 1988; 
Take. 1991). The magnitude of the synergism was 
strongly dependent on the M:G ratio of the LBG. The 
storage moduli for a I:1 mixture were found to be 140 
Pa for the LBG80 system and 33 Pa for the xanthan-~ 
LBG35 mixture. These results are in agreement with 
those of McCleary (1979). McCleary pt al., (1981, 198.5) 
and Dea & Clark (1986), showing that the interaction 



Supermolecular aspects qf xanthan-locust bean gum gels 135 

0 25 40 50 60 80 100 80 70 60 50 40 30 20 20 20 
Proportion of xanthan (%) 

Fig. 6. Storage modulus (G’) at 20°C as a function of xanthan 
LBG35 and LBG80 mixing ratio, respectively. The mixtures 

have been subjected to heating to 80°C. 

between xanthan and galactomannan is dependent on 
M:G ratio and substitution distribution of the galacto- 
mannan. The same value of G’ was observed for a blend 
subjected to the full temperature cycles, as compared 
with a mixture only exposed to one temperature cycle to 
80°C and then cooled, i.e. the repetitive temperature 

cycling to which the polysaccharide mixtures are 
subjected does not influence the ultimate rheological 
properties of the gel if the two preparations are 
compared. It is also noteworthy that all mixtures 
studied formed gels after heating to 80°C. These elastic 
networks with a constant total polymer concentration 

showed phase angles 58” for the xanthan-LBG35 
system and < 4” for the xanthan-LBG80 system. 

Temperature dependence of the storage moduli 
Systems containing a constant xanthan concentration of 
0.25% (w/w) and varying amounts of LBG, 0.1-0.5% 
(w/w), i.e. a total polymer concentration of 0.35-0.75% 
(w/w), have been subjected to repetitive temperature 
cycling between 20 and 80°C. Mixtures of xanthan- 

LBG35 and xanthan-LBG80 have been investigated. 
Figures 7 and 8 show G’ as a function of temperature of 
xanthan-LBG35 and xanthan-LBG80 systems, respec- 

tively, with a LBG concentration of 0.5% (w/w), during 
the temperature cycles. The other mixtures with lower 
LBG concentrations show the same behaviour, 

although not as explicitly. The features to be observed 
are most clearly shown for this concentration. As shown 
in Fig. 7, the gel strength of the xanthan-LBG35 gel is 
independent of temperature history, although a slight 
increase in G’ is observed after the 40°C cycle. This is 
probably attributable to an increased mixing of poly- 
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Fig. 7. The storage modulus (G’) as a function of temperature 
for a mixture of 0.25% (w/w) xanthan and 0.5% (w/w) 
LBG35. The mixture has been subjected to temperature 

cycling. 

mers and dissociation of xanthan helices. The phase 
angle for the mixture is constant about 8”, and is inde- 

pendent of temperature heating. 
As shown in Fig. 8, the rheological features of the 

xanthan-LBGSO mixture are strongly influenced by 

temperature cycling. G’ is sharply increased as the 
cycling temperature is increased above 40°C. As the 
cycling temperature is raised from 30 to 80°C the phase 

angle decreases from about 10” to less than 1”. Thus the 
phase angle is low even for the blends not subjected to 
temperatures above 40°C. Temperature cycling above 
60°C did not have any significant effect on G’ for the 

xanthan-LBG80 mixture. The interaction between 
xanthan and LBG80 is strongly dependent on tempera- 
ture before cooling. 

Figures 9 and 10 show G’ at 20°C for mixtures of 
xanthan and LBG35 or LBG80 at concentrations 
between 0.1 and 0.5% (w/w), which have been 
subjected to temperature cycling. Figure 9 reveals 
that for a certain LBG35 concentration the xanthan- 
LBG35 blends do not show any increased synergism 
as the temperature is elevated, although an increase 
in G’ is noted as the LBG35 concentration is 
increased. This may be due to an increased total 
polymer concentration from 0.35 to 0.75% (w/w) or 
to an increased number of unsubstituted LBG35 

interaction sites available for synergism with xanthan. 
The phase angle for the xanthan-LBG35 system 
decreases from about 8” to 1” as the LBG35 concen- 
tration is lowered from 0.5% (w/w) to 0.1% (w/w). 
This is probably due to a decrease in concentration 
of flexible non-interactive mannan backbone as the 



136 

Temperature (“C) 

Fig. 8. The storage modulus (G’) as a function of temperature 
for a mixture of 0.25% (w;w) xanthan and 0.5% (w/w) 
LBGSO. The mixture has been subjected to temperature 

cycling. 
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Fig. 9. Storage modulus ((7’) at 20 C as a function of maxl- 
mum cycling temperature for mixtures of 0~25%, (w/w) 

xanthan and O.l-0.5% (w/w) LBG35. 

LBG concentration is lowered, leading to a more 
elastic behaviour. 

Figure IO shows that xanthan-LBG80 exhibits a 
strong temperature dependence which becomes more 
pronounced as the LBG80 concentration is elevated. 
Strong synergistic effects are observed. G’ at 20°C 
increases from 34 to 270 Pa when the LBG80 concen- 
tration is increased from 0.1% (w/w) to 0.5% (w/w). 
This increase in gel strength cannot only be referred to 
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Fig. 10. Storage modulus (6’) at 20 C as a function of maxi- 
mum cycling temperature for mixtures of 0.25% (w/w) 

xanthan and 0. I-0.5% (w/w) LBG80. 

as an increase in total polymer concentration. It seems 
as if when the temperature is elevated between 40 and 

60 C the largest increase in G’ is observed, while a 
further increase in temperature does not have any real 
rheological significance. As the temperature is increased 
the phase angles for the xanthan systems with different 
concentrations of LBG80 are decreased, and after the 

80’ C cycle the phase angles are < I^ for any of the 
systems. This is indicative of highly elastic gels. 

Figures 9 and 10 also show that mixtures not subjec- 
ted to temperatures above 4O’C form relatively strong 
structures. The xanthan-LBGSO and xanthan-LBG35 
mixtures subjected to the 3O*C cycle have values of G’ in 
the range of IO-60 Pa. The strength is probably highly 

dependent on the mixing procedure and degree of 
xanthan aggregation, which leads to a restriction in 
possible interactions between xanthan and LBG. For 
the xanthan-LBG80 mixtures. subjected to tempera- 
tures below 50°C a higher G’ is actually observed for 

mixtures with LBG concentrations (0.7% (w/w) as 
compared with 0.5% (w/w) and 0.2% (w/w) as 
compared with 0.25% (w/w)). When these mixtures are 
subjected to temperatures above 5O”C, G’ for the system 
with the highest LBG concentration shows the highest 
G’. This behaviour could be referred to as incomplete 
mixing and thereby restrictions in possible interactions 
for xanthan-LBG. 

T, dependence on L BG fiuc tion 
Figures 11 and 12 depict G’ and G” for the last cooling 
cycle, 80°C to 20°C of xanthan-LBG35 and xanthan- 
LBG80, respectively. In this case Tg is taken as the 
cross-over when G’ = G”. It is seen that Tg is in the 
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Fig. 11. The temperature dependence of storage (G’) and loss 
(G”) moduli during cooling from 80°C of a mixture of 0.25% 

(w/w) xanthan and 0.5% (w/w) LBG35. 
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Fig. 12. The temperature dependence of storage (G’) and loss 
(G”) moduli during cooling from 80°C of a mixture of 0.25% 

(w/w) xanthan and 0.5% (w/w) LBGSO. 

range of 40°C for xanthan-LBG35 and in the range of 
53°C for xanthan-LBG80. It was found for xanthan- 
LBG35 and xanthan-LBG80 mixtures that r, only 
varied a couple of degrees from the values given above, 

when the LBG concentration was altered in the range 
0.1-0.5% (w/w). 

The xanthan-LBG35 system (Fig. 11) shows beha- 
viour typical of a gel which is not dependent on a phase 
transition. Both G’ and G” increase slowly, and there is 

no pronounced drop in G” as the temperature is 

lowered, leading to a gel with a relatively high phase 

angle. The slow interaction between xanthan and 
LBG35 seems to take place at temperatures below the 

xanthan coil-helix transition. 
The xanthan-LBG80 mixture (Fig. 12) shows typical 

features for a fast interaction, with G’ increasing steeply 
and G” dropping as the temperature is lowered below 
T,, leading to a highly elastic gel. 

DISCUSSION 

The interaction between xanthan and LBG has been 
well documented (Dea ef al., 1977; Morris, 1977; 
McCleary, 1979 etc.). In agreement with McCleary 

(1979), our results indicate strong synergistic effects for 
mixtures of xanthan-LBG, and that these effects are 

most predominant for xanthan-LBG mixtures contain- 
ing LBG with a high M:G ratio. It has been reported 
that the xanthan-LBG interaction is enhanced if the 
temperature of the mixture is raised above the xanthan 
transition temperature (Zhan et al., 1993; Mannion et 
al., 1992; Cheetham & Mashimba, 1988; Cairns et a/., 
1986). It should be noted that most of these studies have 

been performed on unfractionated LBG. Our results 
show that the strongest synergistic effects are obtained 
for mixtures containing LBG with the highest M:G 

ratio, i.e. xanthan-LBG80 as compared with blends of 
xanthan-LBG35 (Fig. 6). This is due to differences in 
galactose substitution, where a high degree of substitu- 
tion inhibits the xanthan-LBG interaction (McCleary et 
al., 1981; Dea & Clark, 1986). 

Most models presented for xanthan-LBG mixtures try 
to explain interactions but do not give a three-dimen- 
sional picture of the xanthan-LBG network responsible 

for the synergistic effects (Morris, 1977; Dea et al., 1977; 
McCleary, 1979; Tako et al., 1984; Tako, 1993). Cairns et 
al. (1986, 1987) have presented a two-dimensional sand- 
wich model, and Cheetham & Mashimba (1988) have 
tried to extend their models to three dimensions in order 
to explain the growth of a network. Our results are 
presented in order to explain the behaviour of xanthan- 
LBG mixtures at the supermolecular level. 

The micrographs of xanthan-LBG mixtures indicate 
that the formation of xanthan supermolecular strands is 
not hindered by the presence of LBG. The xanthan 
phase transition does not seem to be structurally 
perturbed by the presence of LBG. Neither is it possible 
to detect any structural differences between xanthan 
solutions and mixtures containing LBG35 or LBG80 
independently if the mixtures have been heated to 80°C 

or mixed at room temperature. 
Viscoelastic measurements of xanthan-LBG35 and 

xanthan-LBG80 heated to different temperatures have 
shown that the storage moduli at 20°C of mixtures 
containing LBG35 remain relatively unchanged (Fig. 9), 
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while xanthanLBG80 blends show significant changes 
in G’ (Fig. IO) as the cycling temperature is raised. The 

exact value of T,,, for our xanthanLBG solutions is not 
known. Reported values of T,,, for xanthan in water are 
in the region of 45 C (Dea cl cl/., 1977; Cheetham & 
Mashimba. 1991: Williams cf t/l., 199 I: Takigami ct t/l.. 
1993; Zhan rt ul., 1993). According to Dea PI N/.. addi- 
tion of LBG has a stabilising effect on xanthan and T,,, 

is increased by -10 ‘C (Dea rt a/.. 1977). Therefore T,,, is 
estimated to be -55 C. 

Heating to temperatures up to 40 C caused gclation 

of both xanthan LBG35 and xanthan LBG80, indicat- 

ing interactions between ordered xanthan superstrands 
and LBG. The relatively low phase angles observed fat 

the system mixed at room temperature suggest an elastic 
network structure. Because no structural differences 
have been observed in the micrographs. it is possible 
that LBG35 and LBGXO. as they are blended with 
xanthan at room temperature, interact at the surface of 
the xanthan superstrands interconnecting these into a 

network. The gel strength of these mixtures is probably 

dependent on the mixing procedure. polymer mixing 
and degree of xanthan aggregation. 

Heating the mixture above 60 C leads to dissociation 

of xanthan aggregates and a disordering of the xanthan 
polymers. In addition. a more complete mixing of the 
polymers is obtained. On cooling. the xanthan LBG35 

network did not show any increase in G’ compared with 
the gels formed from mixtures not heated above 40 C. It 
is possible that the relatively low interactive LBG35 is 

excluded from the xanthan aggregates as they are 
formed, and that the LBG35 polymers only associate 
with short regions of the surface of the xanthan super- 
strands. The network formed would consist of supcr- 
strands of xanthan interconnected by LBG35 bridges. 

Mixtures of xanthan LBG80 heated above 60 C 

showed a strong synergistic increase in G’ on cooling as 
compared with the blend subjected to 40 C (Fig. 8). One 
explanation can be that the relatively high interactive 

LBGSO is not excluded from the superstrands as the 
xanthan helices associate. but is able to interact with 
single xanthan helices as well as to relatively long 
regions of the surface of the aggregates of xanthan heli- 
ces. The network would consist of superstrands of 
xanthanLBG80 interconnected by LBG80 bridges. 

The increase in G’ and G” (Fig. I I) as the tempera- 

ture is lowered is slow for xanthanLBG35 blends, and 
a considerably viscous part is preserved. indicating 

restrictions in the interaction. The estimated r,,, is about 
15°C higher than the observed gelation temperature for 
xanthan-LBG35. which suggests that the synergistic 
interaction takes place in the ordered state of xanthan. 
The rapid increase in G’ and terminal decrease in G” for 
xanthan-LBG80 (Fig. 12) as the temperature is 
decreased indicates a rapid reaction. The correlation 
between T, and T, suggests that the synergistic inter- 
action between xanthan and LBGSO occurs as the 

xanthan helices are formed. and that the interaction 
between xanthan and LBG is competitive with the 

formation of aggregates of xanthan helices. In addition. 
unpublished results show that addition of salt to 
xanthan LBG mixtures leads to a decrease in network 

strength probably due to stabilisation of xanthan heli- 
ccs. promotion of xanthan aggregation and, conse- 
quently. restrictions of xanthanLBG interaction. 

The storage modulus G’ increased with LBG concen- 
tration for both mixtures (Figs 9 and 10). Blends of 
xanthan LBG80 showed the most significant effects. 
especially as the temperature was raised above 60°C. 

The xanthan -LBG35 systems showed only moderate 
increases in G’ as the LBG35 concentration was 
increased. The increase in network strength can be 

explained as being attributable to an increase in total 
polymer concentration. This effect is probably minor as 
compared with the effect attributed to a higher number 
of possible interaction sites of LBG. i.e. regions of 
unsubstituted mannan backbone. An increase in LBGXO 

as compared with an equal increase in LBG35 leads to a 
relatively higher amount of unsubstituted mannan 
backbone for the LBG80 solution, which could explain 
why the effect is more predominant for LBG80. 

Morris has proposed that the interaction takes place 
with xanthan in the ordered form, and that differences 
in rheological properties between cold mixed and heated 
blends are due to the destruction of network structure 
when the polymers arc mixed (Morris. 1992). Further 
support for the model favouring interaction with 
xanthan in the ordered form is presented by Williams cf 
u/. They have found that T,,, >T, for mixtures ot 
xanthan LBG in water and 0.04 M NaCI, which indi- 
cates that xanthan is in the ordered state as the network 
is formed (Williams er ul., 1991). Lately, Williams rt trl.. 
on the basis of DSC and ESR spectroscopy studies. 

have proposed a model for the ti-carrageenankonjac 
mannan system, where self-aggregated K-carrageenan 
helices are supposed to be covered by surface-adsorbed 
konjac mannan chains (Williams cl r/l., 1993). 

Mannion ct d. have presented results in agreement with 
our findings. In order to explain the temperature depen- 
dence of G’ for the mixtures of xanthan and higher 
temperature fractions of LBG. Mannion et N/. have 
suggested that heating gives more complete molecular 

mixing. a more homogeneous solution with respect to 
galactomannan self-association. and that the energy 
input from heating facilitates interactions which are not 

possible at room temperature. Mannion et ul., draw the 
conclusion that xanthanLBG may interact by two 
distinct mechanisms. One takes place at room tempera- 
ture with xanthan in the helical form, and the other at 
elevated temperatures where xanthan in the disordered 
form interacts with LBG (Mannion et ul., 1992). 

An alternative explanation would be that, owing to 
the structural similarities between the network formed 
by heated and unheated blends of either LBG35 or 
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Fig. 13. Schematic model of the xa Illlldn-LBG interaction on the supermolecular level: (a) xanthan-LBG35 network. The 
network is formed by xanthan superstrands which are interconnected at the surface by relative short regions of LBG35 backbone. 
(b) Xanthan-LBG80 network. The network is formed by xanthan superstrands which are interconnected and bound together by 

relatively long areas of LBG80 backbone. 

LBG80 and xanthan, there are no differences in inter- 

action mechanisms between the two fractions, and that 
the interaction occurs with xanthan in the helical form. 
The synergism observed between xanthan and LBG 

could be that LBG interconnects supermolecular 
strands of xanthan through interaction between unsub- 
stituted mannan regions and one or more xanthan 

strands. A large amount of unsubstituted mannan 
backbone in combination with helix formation and 
association of xanthan helices at T,,, facilitate the 
network formation. 

In agreement with existing interaction models at the 

molecular level, with interaction between xanthan and 

unsubstituted mannan backbone, a network model at the 
supermolecular level is presented. A schematic repre- 
sentation of the xanthanLBG network is presented in 

Fig 13a and b. The speculative model suggests that the 
much larger xanthan superstrands, as compared with 
LBG polymers, are connected by bridges of smaller LBG 
polymers. This means that the supermolecular structure 
of xanthan is not structurally influenced by the presence 
of LBG. The binding areas on the LBG polymers are 
unsubstituted mannan backbone. The difference between 
the systems containing LBG35 and LBG80 is due to the 
difference in their degree of galactose substitution. 

LBG35 polymers are excluded from the xanthan aggre- 
gates and can only bind to the surface of the xanthan 
superstrands (Fig. 13a). LBG80, on the other hand, has a 
greater tendency to interact, so that LBG80 polymers are 
not excluded from the aggregates of xanthan helices to 
the same extent as LBG35. They are, therefore, able to 
bind to the xanthan helix as well as to the surface of the 
xanthan superstrands (Fig. 13b). When mixed at room 
temperature, LBG80 will bind to the surface in the same 

manner as LBG35. These interactions generate a network 
with no visible structural differences although the rheo- 

logical properties of the mixtures are completely different 
to those of a pure xanthan solution. 

The suggested model is supported by the following 
findings: no structural differences can be observed 
between heated or unheated mixtures of xanthan and 

either of the LBG fractions or pure xanthan solutions. 
There are large rheological differences between mixtures 
of xanthan and LBG35 or LBG80 after heat treatment. 
The phase angles for all the gels formed after mixing at 
room temperature are low. There is a difference in r, 

between the mixtures of xanthan-LBG35 and xanthan- 
LBG80. Heating the xanthanLBG80 mixture to 

temperatures > 7’,,, facilitates an increased network 
strength, whilst no effects are observed for the xanthan- 
LBG35 mixture. 
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