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ABSTRACT 

The polysaccharide xanthan has been depolymerized by mild acid hydrolysis (pH 14) at 80”. The 
conformational state was varied from fully ordered to partially disordered by varying the ionic strength and 
pH. Hydrolysis occurred mainly in the side chains, with the terminal @-mannose as the most susceptible unit, 
yielding a continuous series of modified xanthans from the intact “polypentamer” to the “polytetramer”, 
while retaining a high molecular weight. Depolymerization of the glucan backbone was analysed by 
monitoring the intrinsic viscosity ([VI). For ordered xanthan the calculated changes in the degree of 

polymerization (x,) as a function of time deviate strongly from that expected for random depolymerization 
of a single-stranded, linear polymer, but the data are in qualitative agreement with the behaviour of such 
double-stranded polymers as DNA. The conformational properties of partly hydrolysed xanthan were 
investigated by optical rotation. For the series degraded at pH 2, the midpoint of the temperature-driven 

transition (T,) was z 95” in all cases, but the absolute value of the specific optical rotation ([u]) increased by 
increasing hydrolysis time, a change partly ascribed to an increase in the fraction of disordered chains, but 
also to the loss of j’-mannose. This loss itself did not appear to influence the conformational state or the 

depolymerization rates of the xanthan backbone. 

INTRODUCTION 

Xanthan, the extracellular polysaccharide produced by the bacterium Xunthomo- 
nas campestris, is used commercially as viscosifier in a wide variety of applications. In 

particular, xanthan seems to fulfil the requirements for use in drilling muds and in 
enchanced oil-recovery processes. Its structure is well known’; it consists essentially of a 

(I +4)-linked /3-D-glucan (cellulose) backbone substituted at O-3 of every second glu- 
cose residue by the trisaccharide: P-D-Manp-(I +4)-b-D-GlcpA-( l-+2)-a-o-Manp-(l +. 
In addition the side chains may contain varying amounts of O-acetyl and pyruvic acetal 
groups, giving rise to structural heterogeneity. The possibility of unsubstituted regions 

in the backbone has also been discussed*. 
Xanthan may undergo a temperature-driven order-disorder transition in aque- 

ous solutions. The transition depends on temperaturejm5, ionic strength6x7, salt type4,*, 
and molecular weight 5,y, in addition to the pyruvate and acetate content”. The determi- 
nation of T,, that is, the mid-point of the transition, also depends upon the method 
used”. Various molecular models have been used in order to describe the different 

* Presented at the 15th International Carbohydrate Symposium, Yokohama, Japan, August 12-l 7, 1990. 
’ Corresponding author. 
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1OmM NaCl, but data on molecular weight, radius of gyration, and intrinsic viscosity 

has been interpreted in favour of maintaining the double-stranded structure, although 
in a more “semiflexible” conformation2*. It should further be noted that the intrinsic 

viscosities of the same samples were totally independent of the ionic strength29 when the 
latter was > lOmM, even though a more-pronounced dependence of the intrinsic 

viscosity upon the ionic strength has been observed by others30,3’. Optical rotation data 

also show that T, shifts to higher values when the xanthan molecule is neutralized and, 

for fully neutralized xanthan, essentially no transition is observed” up to 80”. 
Here we investigate the behaviour and degradation of xanthan in dilute acid (pH 

l-4) at SO” at high (0.5~) and low (0.01~) ionic strength, using the intrinsic viscosity at 
low shear-rates to monitor the degradation process. Results are compared to optical 
rotation data obtained in the process of degradation and to the chemical composition of 
the degradation products as monitored by g.1.c. (following methanolysis) and by n.m.r. 

spectroscopy. 

MATERIALS AND METHODS 

Materials. ~ Xanthan (Kelzan XCD or Keltrol, Kelco, Inc., 1 .O mg/mL) in 1OmM 

NaCl was stirred overnight at 2&22” and then filtered (0.8~pm filter). Portions of the 
stock solution were adjusted to the desired ionic strength by the addition of solid NaCl 

and then to the desired pH by the addition of 0.1~ HCl. Xanthan solutions at pH 2.0 
were obtained by dialysis against pure HCl solutions at pH 2.00 or against 0.5~ NaCl 

adjusted to pH 2.00 with HCl. Solutions at pH 1 .OO were obtained by adding HCl to the 
pH 2 solutions. 

Samples used in the initial optical activity studies were prepared by dissolving 

xanthan (5 mg/mL) in 1OmM NaCl. The solution was placed on an ice bath and 
sonicated for 10 min (400 W). The sonicated sample was centrifuged at 90 000 x g for 2 
h at 20”, and the pellet was discarded. The supernatant solution was divided into 

separate fractions and each fraction was adjusted to the desired pH and ionic strength 
by dialysis. Samples were filtered through a filter with porosity 0.22 pm before mea- 

suring the optical rotation. 
Hydrolyses. - The hydrolyses were performed at 80” in lOO- or 500-mL Pyrex 

bottles with Teflon-lined caps. The concentration of xanthan was 1 mg/mL. Samples 
were taken at regular intervals and cooled to room temperature, using identical heating/ 

cooling procedures in order to minimize possible hysteresis effects. About one half of 
each sample was adjusted to pH 67 with dilute NaOH. Selected samples were dialysed 

against 1OmM HCl or 1OmM NaCl, concentrated to 2-5 mg/mL using a Centriprep 10 
concentrator (Amicon), and investigated by optical rotation as a function of temper- 
ature. 

Analyses. ~ The intrinsic viscosity was determined at 3.3 ss’ with a Cartesian- 

diver viscometer33,34. The concentration ranges used corresponded to relative viscosities 

in the range of 1.1-2.5. 
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3.0) full order prevailed at the beginning of the degradation, irrespective of the ionic 
strength. 

Intrinsic viscosity of hydrolysedxanthan. ~ The intrinsic viscosities of cooled and 

neutralized samples taken at various times during the degradation at 80” are shown in 
Fig. 2. The ionic strengths used during the viscosity measurements were the same as in 
the preceding hydrolyses (10 or 500mM). In all cases the data could be fairly well 
described by a single exponential-decay constant (Table I). The pH of the solutions at 

pH 4 and 3, but not at pH 2, showed a slightly drop early in the experiment, but 
rc~,G~f& CVX$XCX_ GX.VC&S (T&h. I’, . 

At low ionic strength (10 mM), xanthan was most rapidly depolymerized at pH 4. 
There was no significant difference between the viscosity decay-constants at pH 2 and 3. 
At high ionic strength (500mM), the situation changed: the stability was highest at pH 4, 

TABLE I 

Viscosity decay-constants (5 = - l/k where k is the slope of In([q]/[q],,) versus time for xanthan at 80” 

It&al pH FinalpH hnic sfrenyrh jh4 i Decay consram (day ] 

4.0 3.81 0.01 2.0 

4.0 3.75 0.5 10.4 
3.0 2.92 0.01 3.9 

3.0 2.94 0.5 6.6 

2.0 2.0 0.01 3.1 
2.0 2.0 0.5 6.7 

1.0 I.0 0.1 1.4 
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In addition to the neutralized samples, the intrinsic viscosities of some un- 
neutralized samples were measured. For the series degraded at pH 2.0, the ratio between 

the intrinsic viscosities for unneutralized (pH 2) and neutralized (pH 7) increased 
monotonously from 0.54 and approached unity for the most-degraded samples (Fig. 3). 

Chemicalcomposition ofpartially hydrolysedxanthan. - Samples degraded at pH 

14 were dialysed against distilled water, freeze-dried and the relative sugar composi- 
tion was analysed by g.1.c. following methanolysis and silylation. The results are given in 
Fig. 4 and Table II. In all cases the ratio of glucuronic acid to glucose was essentially 
constant for the hydrolysis times investigated. For mannose the situation was different. 

From an initial mannose-to-glucose ratio of 1.0 this value decreased rapidly and 
approached the glucuronic acid-to-glucose ratio. First-order kinetics was followed for 

mannose-to-glucose ratios > 0.6, and the calculated rate-constants are given in Table II. 
The rate constants obtained at pH 2.0 at two different ionic strengths (10 and 100mM) 
were not significantly different. The data seem to deviate from strict proportionality 
between the rate constants and the concentration of protons, although the rates increase 
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Fig. 4. Changes in the mannose/glucose- (filled symbols) and glucuronic acid/glucose-(open symbols) ratios 

ofxanthan (non-dialysable fraction) during hydrolysis at 80” at pH 2.0 (A a), pH 3.0 (W q ), and pH 4.0 (0 

0) 

TABLE II 

First-order rate-constants for the loss of mannose and glucuronic acid upon hydrolysis ofxanthan at 80”, pH 

1-3. The units are days-’ 

PH ionic strength (M) 

1.0 0.1 

2.0 0.01 

2.0 0.1 

3.0 0.1 

k’ M”” 

0.38 

0.12 

0.096 

0.034 

k’ G,‘ 4 

0.016 

0.0090 

0.0073 

0.0088 
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20 days, pti 7 

8 days. pH 7 

8 days, pH 2 

Fig. 6. Temperature dependence of the specific optical rotation ([a],,,) for xanthan degraded at pH 2.0, I = 
iOmM for 8 days (0 0) and 20 days (m). Measurements were performed at 1 = IOmM at pH 2 (open 
symbols) or pH 7 (filled symbols). 

DISCUSSION 

Mild acid hydrolysis of xanthan leads not only to depolymerization of the 

(1+4)-linked /I-D-glucan backbone, but also to large changes in chemical composition 

because of hydrolysis in the side chains (Fig, 4, Table II). The results are expressed as 
molar ratios of mannose and glucuronic acid relative to glucose, as all analyses were 

performed on samples of high molecular weights ([l-f] > 50 mL/g). The rate constants 
given in Table II refer to the net losses of mannose and glucuronic acid, respectively. As 
hydrolysis of any residue in the side chain yields dialysable fragments, which were 
removed before analysis, the observed rate-constants may be expressed as follows: 

where k’ values are the observed rate-constants (Table II), and the k values correspond 
to hydrolysis of each of the three residues in the side chain. From Eq. (I) we see that 

h- u_bIan I kIGicA. Thus, at pH 1 and 2, where F;rM_ z=- > lifClcA, Eq. (2) yields: 

Hence, kp_Man > > La”. This difference may be due to two different effects. First, the 
a-mannose-glucose linkage may be less accessible to hydrogen ions or water, which 
adds to the mannose following heterolysis4’. Secondly, then-D-mannose, which is linked 
to O-4 of the glucuronic acid, may be subject to intramolecular hydrolysis4’~4’. For 
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Fig. 7. Plot of I/x, (calculated from [q]) versus time for hydrolysis of xanthan at 80” at pH 2 (A A), pH 3.0 
(W 0). pH 4.0 (0 0) at ionic strengths of 1OmM (filled symbols) or 500mM (open symbols). 

rapidly degraded at pH 4 than at pH 2 at low ionic strength (10mM). Secondly, the rate of 
degradation apparently increases with time, especially when [q] falls below 50&1000 
mL/g (Fig. 7). Finally, by increasing the ionic strength from 0.01 to 0.5, the degradation 
proceeds more slowly for all the pH values investigated, with the largest effect being at 
pH 4, which becomes the most stable pH. 

A more-detailed analysis of the thermal stability of xanthan can only be perform- 

ed by taking into consideration the special conformational behaviour of xanthan. Our 
data (Fig. 1) support those reported by others3,32, namely a gradual shift of the apparent 

T, towards higher temperatures as the pH and, hence, the degree of ionization, 
decreases. It was also confirmed that the intrinsic viscosity of undegraded xanthan 
shows a reversible decrease upon acidification**. However, for partially degraded 
xanthans, the difference gradually disappears upon prolonged degradation, which is in 

agreement with data on sonicated xanthan*‘. From the data in Fig. 1 and the literature 

already cited, it may be concluded that the hydrolysis experiments started with fully 
ordered xanthan, except at pH 4 and low ionic strength, where xanthan was h- 50% 
disordered. As kinetic data for the depolymerization of ordered xanthan do not fit the 
single-stranded model, we next consider the behavior expected for a double-stranded 
model. 
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of intrinsic viscosity losses were essentially equal, despite the much more rapid loss of 

P-mannose at pH 2) indicates that the removal of the outer mannose at least does not 
increase the decay of intrinsic viscosity at these pH-values. A tentative explanation is 
that the/?-mannose is not essential in maintaining the ordered conformation of xanthan. 

The change in chemical composition also changes the molar mass of xanthan and, 
in principle, influences the xanthan concentrations used in calculating the intrinsic 
viscosities. Selective removal of the /?-mannose decreases the polymer concentration by 

- 20%, with a corresponding increase in the calculated intrinsic viscosity. However, as 
xanthan is an extremely stiff molecule in its ordered state, we assume that changes in the 
side chains do not influence the hydrodynamic volume when compared to the effects of 
backbone depolymerization. In order to obtain intrinsic viscosities and molecular 
weights that allow a comparison between the depolymerization rates of xanthans of 
variable chemical compositions, the intrinsic viscosities were calculated on the basis of a 
constant chemical composition (intact “pentamer”) throughout the hydrolysis process. 

An investigation of the conformational properties of some of the xanthans 
degraded at pH 2 was performed by using a standard optical-rotation method (Table 
III). When measured at pH 2, where the hydrolysis took place, no thermally induced 
transition could be detected at any time in the degradation process (Fig. 5). In this case, 
a continuous increase in the absolute value of [a] was observed with increasing hydroly- 
sis times, starting at values for undegraded xanthan corresponding to ordered xanthan 
and ending in the range of disordered xanthan. This change may be attributed to an 
increasing fraction of disordered xanthan’, which is in concordance with the viscosity 
behaviour. It is also possible that the preferential loss of b-mannose shifts [c1] to larger 
values, as also observed for galactomannans with variable contents of P-mannose48. 

However, an increase in [a] has also been observed for sonicated xanthan’, even though 
this procedure is thought to degrade only the backbone of xanthan. After 8 days of 
hydrolysis at pH 2, the neutralized sample still exhibited the normal order-disorder 
transitions upon heating (Fig. 6). The value of T, (at 1Om~ ionic strength) was 
essentially the same as for undegraded xanthan (Table III), again suggesting that the 
“polytetramer” behaves in a manner similar to normal xanthan with respect to the 
order-disorder transition. A sample degraded for 20 days at pH 2 behaved like 
disordered xanthan, both before and after neutralization. The absence of a transition 
was also confirmed by differential scanning calorimetry (A. Flaibani, personal commu- 

nication). 
The difference in intrinsic viscosities measured at pH 2 and 67 gradually dis- 

appears upon degradation at pH 2 (Fig. 3), which also suggests that the effect of pH 

upon the conformational behaviour becomes less important during the hydrolysis. 
The hydrolysed xanthans described in this work appear to be promising model 

substances for structure-function relationship. In contrast to the “pentamer-tetramer- 
trimer” series of xanthan46, with large and discrete differences in chemical composition, 
hydrolysis may produce a continuous series ofmodified xanthans along the “pentamer- 
trimer” gradient. This is possible because of the effective retention of intrinsic viscosity 

upon acid hydrolysis. 
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