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Gelation of xanthan with trivalent metal ions
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In-situ gelation of semidilute xanthan solutions with trivalent chromium,
aluminum or iron ions was studied by rheology and UV-spectroscopy.
Measurements of the elastic modulus of xanthan gel cylinders prepared by
dialysis against the complexing ion at pH values from 2 to 6 indicate that
monomeric species of the ion are ineffective, whereas dimeric or higher
oligomeric species are effective in crosslinking the polysaccharide. When
chromium was used as the crosslinking species, the dependence of the gelation
rate on the ionic concentration followed a power law with a coefficient of 1-7.
The gelation time and the gelation rate were found to extrapolate to zero at 1 mm
Cr for 2-5 mg/ml xanthan. The limiting concentration of xanthan needed for
gelation with 5 mM Cr(II1) at 20°C was estimated as 0-35 mg/ml. This critical
xanthan concentration is close to the overlap concentration ¢* estimated from
the experimentally determined intrinsic viscosity {n] using ¢* = 1-4/[n]. An
apparent activation energy for crosslinking of xanthan was calculated as
E, = 42 kJ/moland E, = 108 kJ/mol for Crand Al ions, respectively. The fractal
dimensionality of xanthan-Cr at the sol-gel transition was estimated as 1-3
applying the Chambon-Winter criterion for gelation, thus indicating that this
gelation criterion is applicable also to stiff-chain polysaccharides such as

xanthan.

INTRODUCTION

Gel technology based on ionic crosslinked poly-
saccharides is currently in use and of considerable
interest for potential application in the oil industry.
The applications range from rheological control in
hydraulic fracturing operations, to delaying the reaction
between acid and carbonate in an acid fracturing
process, and to permeability modification of hetero-
geneous reservoirs in order to avoid water-channeling
in high-permeable zones (Menjivar, 1986; Moradi-Araghi
etal., 1988; Borchardt, 1989). The last application is also
referred to as profile control or profile modification for
near-wellbore treatments extending 15-30 m into the
formation from the injection well, and in-depth
treatment involving placement of gels up to 100 m from
the injection well. The challenge of an in-depth
treatment operation is to obtain gelation times of the
order of weeks under reservoir conditions (Moradi-
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Araghi et al., 1988). Various polysaccharides, e.g. guar,
xanthan and welan, and crosslinking ions, e.g. Cr**
and Al**, have been proposed and evaluated in
laboratory bulk and model porous m .dia studies
(Conway et al, 1983; Prudhomme & Uhl, 1984;
Menjivar, 1986; Hubbard et al., 1986; Hejri et al., 1989).
In a previous communication, the authors reported
the effects of polymer and ion concentration on the sol-
gel transition of xanthan-Cr(IIl) using dynamic-
oscillatory measurements at one selected frequency.
The studies were carried outat 7 = 20°C and at pH 3-5
(Lund ez al., 1988). In this study, the authors extend
the experimental parameters to include effects of
temperature and pH in solution. The motivation for
including the pH as an experimental parameter is a
study by Shu (1989) who reported that the pH of the
chromium solution has a dominant impact on the
gelation kinetics of xanthan. This is due to the relative
abundance of different chromium species which differ
in crosslinking efficiency at various pH values (Baes &
Mesmer, 1976). Likewise, a similar effect of pH on the
efficiency of Cr’** on crosslinking polyacrylamide has
recently been reported (Burrafato et al., 1990). The
temperature dependence of the gelation rate has
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practical value because there are temperature differences
between the injection fluids and the reservoir, and, in
addition, it can be used to estimate an apparent activation
energy for the crosslinking reaction.

The techniques used in this study were extended
from the dynamic-oscillatory shear rheology at one
fixed frequency used previously (Lund et al., 1988) to
include frequency scans at selected intervals. This was
undertaken to be able to test the applicability of the
Chambon-Winter criterion (Chambon & Winter, 1985,
1987; Winter & Chambon, 1986) for the sol-gel
transition, i.e. that the ratio between the loss and
storage modulus, G''(0)/G'(w), is independent of the
excitation frequency, w, at the gel point. The actual
value of G"'/G' thus observed depends on the fractal
dimensionality, d;, at the gel point, the critical gel. The
fractal dimensionality d; was estimated as 1-5 + 0-05
for agar gels (Burchard & Ross-Murphy, 1990), which
was a decrease from 1-78 estimated for agar dispersed
in solution. Whether physically crosslinked stiff-chain
polysaccharides like double-helical xanthan (Sato er al.,
19844,b; Atkins, 1990) also conform to this formalism is
therefore of interest. Complementary information to
the rheological characterization was obtained by
difference absorption spectroscopy of the xanthan-
Cr(I1I) solution relative to that of the components. The
aim of this paper was to obtain information on the
crosslink density in the gel utilizing a low molecular
weight model compound in the ligand-exchange reaction
in the hydration shell of chromium as a calibration.
The correlation between crosslink density and the
rheological properties was of particular interest.

MATERIALS AND METHODS
Materials

Xanthan obtained as a fermentation broth (Biosentrum
Statoil, Stavanger, Norway) at a polymer concentration
of about 40 mg/ml was utilized in all experiments
except for the gel-volume studies in various solvents.
Low molecular weight substances remaining in the
fermentation broth may influence the kinetics of gel
formation, and the polymer samples were therefore
purified by the following procedure: the xanthan stock
solution was diluted with 0-1 M NaCl to a concentration
of approximately 2-5 mg/ml and filtrated under high
pressure. The polymer was subsequently precipitated
with two volumes of iso-propanol, washed with
iso-propanol and dried. Solutions for rheological
characterization were made by dissolving the required
weight of xanthan in 0-1 M NaCl and stirring at room
temperature overnight. The intrinsic viscosity, [n], of
the purified sample was determined using a Cartesian
diver viscometer designed essentially as described by
Troll et al. (1980), to be 4100 + 300 ml/gat T = 20-1°C.

Xanthan solutions with a relative viscosity n,, less than
2:0, and a shear rate 7 from 2-42/s to 17-45/s were
studied. A slight decrease in [n] was observed at the
highest shear rates studied, and the given value was
obtained at the low shear rate plateau. Xanthan with
the trade name Kelzan XCD (Kelco Inc., A Division
Merck, San Diego, CA, USA) was used for forming the
gel beads. The powdered sample was dissolved in water
overnight and removal of insoluble material consisting
of higher molecular weight aggregates (Lund et al.,
1988) was found not to influence the measured
elasticity of the xanthan-Cr(III) gel beads.

The metal salt solutions were prepared by dissolving
Me(NO;); - 9H,0 (Me = Cr, Al, Fe) (Merck, Darmstadt,
FRG) in distilled water. The desired pH values of the
solutions were obtained by adding aqueous NaOH or
aqueous HCI dropwise.

Determination of elastic modulus of xanthan-gel
cylinders

Experiments studying the effect of pH were carried out
on gel cylinders. Gel cylinders were made by filling the
xanthan dissolved in 0-1M NaCl solutions at the
desired concentration in cylindrical tubes (diameter
(D) = 14 mm, L = 19 mm), capping them with dialysis
membrane and immersing them in an excessive
volume of the gel-inducing electrolyte at the desired
concentration and pH. The gel was formed by diffusion
of the metal ions through the dialysis membrane for a
total of 72 h with change of electrolyte every 24 h. The
elastic modulus of the gel cylinders was determined at
1 mm uniaxial compression at a deformation rate of
0-2 mm/s using a Stevens Texture Analyzer. The values
reported reflect the average of three gel cylinders.

Xanthan gel beads

Xanthan gel beads for studying relative gel volume
changes in different solvents were made as previously
described for Ca-alginate gel beads (Martinsen et al.,
1989) by dripping 10 mg/ml unbuffered xanthan
(Kelzan XCD) solution into 100 mM Cr(NO;),, pH
adjusted to 3-4 and T = 45°C.

Rheological characterization in situ

The in-situ gelation experiments were performed using
a gravitational pendulum rheometer (Mikkelsen et al.,
1986). The computerized instrument equipped with a
specific pendulum-ceuvette combination was calibrated
using glycerol solutions with viscosities ranging from 3
to 20 mPa s determined with a Ubbelhode capillary
viscometer. The pendulum-cuvette combination used
in the experiments was calibrated to have an instrument
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parameter C = 0-95 Pa. The temperature was controlled
by circulating water in the rheometer walls using a
Haake DG 8 thermostat.

Aliquots of 5 ml of the polysaccharide and the metal
ion solution were equilibrated to the actual temperature,
subsequently mixed and immediately filled into the
rheometer cuvette. Experimental determination of the
storage (G') and loss moduli (G"') were then started.
The gelation time refers to the time after combining the
two solutions. For the experiments above T = 20°C the
gelling sample was covered with a thin paraffin oil
layer to prevent evaporation. The measurements were
repeated, automatically controlled, after certain time
intervals using an excitation frequency range (w =
0-157-6-4/s). Rheological characterizations were carried
out at small' deformations, y < 0-01, corresponding to
the linear viscoelastic regime. Parallel experiments at
maximum deformations of 0-006 and 0-009 in oscillation
revealed no effect on the kinetics of gelation. Likewise,
decreasing the number of frequency scans from two to
one per hour did not affect the kinetics of gelation.

Spectroscopical measurements

Dispersion UV-spectra were obtained using a Shimadzu
UV-260, and the change in UV-absorption as a function
of time was recorded employing a Zeiss PMQ3. The gels
were prepared directly in the sample cuvette. All spectra
were measured by using the corresponding solutions
simultaneously, but separately, as references. The
absorption refers to a path length of 1cm unless
otherwise stated.

RESULTS AND DISCUSSION
Elasticity of gel cylinders

Figure 1 shows the modulus of elasticity £ of 1% xanthan-
50 mM Me** (Me = Fe,ALCr) cylindrical gels versus
the pH of the dialysis solution. Cr(III) and AI(III)
induced gelation within nearly the same pH range from
3-0 to 5-0, whereas the Cr(III) gels showed higher
elasticity than the AI(III) gels. Only Fe(III) formed gels
with xanthan at pH values < 2-6. We observe a maximum
in the gel strength versus the pH for Al and Fe, whereas
for Cr there is a monotonic increase in elasticity within
this pH range. Dialysis of xanthan against aqueous
Cr(IH) at pH 6 did not yield a gel. This suggests that
there is an optimum in elasticity versus pH also for
xanthan-Cr gels.

The optimum in elasticity and the lower and upper
pH limits of gelation can be related to the hydration of
the metal ions. The metal ions employed are able to
form dimeric, trimeric and higher oligomers depending
on the pH in solution (Baes & Mesmer, 1976). The
lower limits in pH where gels are observed to occur are
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Fig. 1. Modulus of elasticity £ of 10 mg/ml xanthan gel
cylinders versus pH in metal ion solutions for 50 mM AI(NOs ),
(0), 50 mM Fe(NO;); (A) and 50 mM Cr(NO; ), (O).

associated with the formation of dimeric species of the
hydrated ions and the ionization of the carboxylic
group. The pK, value of xanthan in 0-1-0-2 M NaCl is
reported to be 2-6 (Holzwarth, 1976; Zhanget al., 1987).
Increasing the pH yields higher oligomers by an olate
mechanism, and the average number of ions involved
in the cluster increases with pH. The upper limit where
gelation is observed using the dialysis method is related
to the formation of even larger clusters. For instance,
the insoluble trihydroxide [Cr(OH);(H,0);], is the
stable state of the trivalent chromium ion above pH 6
(Baes & Mesmer, 1976). This results in a pH dependent
crosslink density yielding an optimum in gel strength
versus pH for all three metal ions. The decrease in E
observed at the high end of the pH range investigated
could either be due to the decreasing crosslinker
concentration or the dialysis method used, since the
oligomeric olates of the metal ions might be of similar
size to the pores in the dialysis membrane. This could
reduce the diffusibility of the crosslinker through the
pores of the dialysis membrane. Xanthan-Cr gel
cylinders were found to be inhomogeneous, as reported
for ionotropic gels of alginate and pectate made by the
same dialysis method (Skjak-Brack er al., 1989). This
suggests that gelation close to the dialysis membrane
can further reduce the diffusibility of crosslinking ions
into the gel. A noteworthy finding is that the optimum
in pH depends on the type of metal ion, and that this
optimum is closely related to the reported formation of
dimeric or higher oligomeric olates of the ions in
solution.

Swelling equilibria

Changes in gel volume of polymeric gels exposed to
solvent conditions different from those used during
gelation has practical relevance to profile modification
applications. Syneresis over long time, may impair the
gel treatment and thus reduce the effective lifetime.
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Fig. 2. Relative volume reduction (d/d,)* of 0-5% xanthan-

100 mM Cr(NO;); gel beads versus weight fraction of ethanol
(O) and acetone (O) in water.

Figure 2 shows the relative volume reduction (d/d,)* of
0-5% xanthan-100 mM Cr(NO,), gel beads for various
compositions of ethanol and acetone-water solvents.
The parameters d, and d are the gel bead diameter
observed in the reference solvent (water) and the actual
solvent, respectively. A significant reduction in gel
bead volume was observed with increasing levels of
ethanol or acetone, the volume decrease being largest
for acetone. Similar experiments using NaCl from 1 mm
to 6 Mand HCl from 10 mM to 6 M revealed no significant
changes in the xanthan gel bead volume. A minor effect
on (d/d,)’ of xanthan and Cr(NO; ), concentrations used
during gel formation were observed. The intensity of
the xanthan gel bead volume to the supporting
electrolyte concentration is not unexpected for the stiff
double-helical xanthan chain with a persistence length
of about 120 nm (Sato et al., 1984a,b).

Kinetics of xanthan-chromium gelation

Measurements of G'(w,r) and G"'(w,?) at @ = 0-157/s
during the crosslinking of xanthan with chromic ions
give results in agreement with the authors’ previous
observations (Lund et al., 1988). The viscous behavior
dominates (G'' > G') in the initial stage, whereas both
G’ and G" increase as the gelation proceeds. The
storage modulus rises more sharply than the loss
modaulus as the reaction proceeds, and G’ predominates
over G (G' > G"') towards the end of gelation. The
crossover point, when G’ is equal to G'', characterizes
the sol-gel transition. Further information of the
changes in the mechanical properties is obtained from
the change in frequency dependence. The loss modulus
nearly retains its dependence on @ over the entire time
period, whereas a decrease in d logG'/d logw is observed
(Fig. 3(a)). The storage modulus is almost independent
of @ which is characteristic of a viscoelastic solid, one
day after initiation of the crosslinking reaction.
When the same data are presented as the loss
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Fig. 3. (a) Storage modulus G'(w) and G"'(w) versus frequency
for a 2:50 mg/ml xanthan, 5mM Cr(NO;); chromium
solution at pH 3-4, T = 20°C, at different times after mixing.
The G’ and G"' at each frequency scan is shifted according to
the time after mixing of the xanthan and chromium solution
(A = —2 when ¢ is in hours). (b) Loss tangent of the gelling
solution in (a)versus reaction time at various angular
frequencies.

tangent, tan § = G"'/G’', versus the reaction time at
various frequencies (Fig. 3(b)), tan § at the lower @
depends more strongly on the reaction time than tan §
atthe higher o, thus resulting in a crossover at a certain
reaction time. This crossover is the gelation criterion
according to Chambon and Winter (Chambon &
Winter, 1985, 1987; Winter & Chambon, 1986) and is
observed atz = 3 h under the given conditions (Fig. 3(b)).
The actual value of tan § at this gelation threshold, tan
8., is related to the relaxation exponent n:

tan8; = tan (%) 1)

The relaxation exponent 7 is estimated as n = 0-35 +
0-04 from the data in Fig. 3(b). This observed relaxation
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exponent is in the low end of the range (0-18-0-7) of
other chemically and physically gelled polymers (see
compilation by Scanlan and Winter (1991)). Further
insight into the observed relaxation exponent can be
obtained from the calculable fractal dimensionality of
the molecular cluster, d;, at the gelation threshold:

M ~ R% Q)

where M and R are the molecular weight and physical
dimension of the clusters (Muthukumar & Winter,
1986). The fractal dimensionality of the xanthan-Cr gel
at the gelation threshold is estimated as d; = 1-3 from
the observed relaxation exponent using the relation
(Muthukumar, 1985):

di = 2n/(1 —n) (3)

This is intermediate between d; = 1-0 for gelatin gels
(ter Meer et al., 1990) on the one hand and d; = 1-5 and
1-78 for agar in the gel and molecularly dispersed states
on the other hand (Burchard & Ross-Murphy, 1990).
The observed d; for the xanthan gels indicate elongated
structures between the branching points, which is not
unexpected because of the stiff double-helical structure.
The authors therefore conclude that the observed
relaxation exponent is physically reasonable in view of
the xanthan chain rigidity and reports on the fractal
dimensionality of other gels.

The detailed analysis above was justified only when
there was no substantial change in G’ and G'' over the
duration of one frequency scan. When gelation was
more rapid, as for instance with increasing Cr(III)
concentration or higher 7, this analysis did not as
clearly reveal the crossover point as in Fig. 3(b).
Determination of relaxation exponents and fractal
dimensionalities as a function of temperature and
concentration ratios was therefore not carried out. The
subsequent analyses were therefore limited to the
following two parameters of the crosslinking process:
(1) the maximum gradient of the storage modulus,
beyond the gel point versus time (AG'/Ar) at one
selected frequency (w = 0-157/s); and (2) the time to
reach the crossover point where G’ equals G" at the
frequency @ = 0-157/s, which will be referred to as the
gelation time, #;.

Effect of xanthan concentration on gelation time and
rate of gelation

The crosslinking process of xanthan in the concentration
range 0-5-2-5mg/ml with 5 mmol/liter Cr(NO;); at
pH = 3-4 and at T = 20°C was investigated over a
period of 40 h. Equilibrium was not reached in all cases
even after this time. Table 1 shows #;, (AG'/Af) and
G'(t = 40 h) for the three polymer concentrations. The
gelation time #; is of the order of a few hours at
¢ = 0-5 mg/ml and decreases with increasing xanthan

Table 1. Influence of xanthan concentration on gelation

kinetics?
Xanthan pH te G'(t=40h) (AG'/Ar)g
(mg/ml) (h) (Pa) (Pa/h)
0-5 3.4 3.25 3.6 0-08
1-0 3.4 1-60 35.0 0-26
2-5 3-4 0-45 60-0 0-74

[Cr(NOz );] = 5 mmol/liter.

concentration, to about half an hour at 2-5 mg/ml. The
inverse of the gelation time, t;”", depends linearly on
the xanthan concentration, and extrapolation to 0/min
yields an intercept at ¢, = 0-35 mg/ml. The same
intercept, ¢, = 0-35 mg/ml, was also found by extrap-
olation of the rate AG'/At versus xanthan concen-
tration to AG'/Atr = 0Pa/h. This indicates a lower
critical xanthan concentration needed for gelation.

The apparent lower critical polymer concentration
¢, for gel formation is close to the overlap concentration
c* estimated from the experimentally determined [n]
to c* = 1-4/[n] = 0-33 mg/ml. The numerical constant
for relating c* to [n] was assumed to be 1-4 according
to experimental determination of the overlap con-
centration of xanthan (Milas er al., 1990; Stokke er al.,
1992). This indicated that chain overlap is a pre-
requisite for gelation, but should be confirmed using
several samples with different molecular weights.
Intramolecular crosslinking is expected to be a dominant
process at ¢ <c¢, in analogy with that reported for
intramolecular crosslinking of polyacrylamide with Cr
(Allain & Salome, 1990). The values of G’ after 40 h
indicate that an increase in polymer concentration
leads to a stronger gel, i.e. the number of elastically
active chains increases with increasing polymer con-
centration for a given concentration of chromium.

The rate of gelation increases with xanthan con-
centration. The correlation on a log-log scale indicates
that AG'/At depends on the polymer concentration to
the 1-25 £ 0-25 power. The observed coefficient is less
than the characteristic second power dependence
expected for a bimolecular rate-limiting process.
Deviation from a second power dependence is most
likely to be due to the few selected concentrations
covering less than one decade. It should also be noted
that the actual concentration range is close to the lower
critical concentration ¢,, a range where the inter-
pretation of the observed power law coefficients is more
complex (Ross-Murphy, 1991).

The effect of Cr(III) concentration on gelation

Figure 4 shows the experimentally determined z; and
AG'/Ar as a function of Cr(IIl) concentration for
1-25 mg/ml xanthan at pH 3-4and atT = 20°C. Both ¢
and AG'/At depend strongly on the concentration of
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Fig. 4. The gelation time f; (O) and rate of change in

G'(@ = 0-157 rad/s) (O) at the gelation threshold versus

chromium concentration for pH = 3-4 and 1-25 mg/ml
xanthan. T = 20°C.

chromic ions. Reducing the concentration from 15 to
1 mmol/liter results in an increase of ¢; from about
0-5h to 42 h at this temperature. The divergence of ¢,
and the intercept of AG'/At at 0 Pa/h versus ¢, (Fig. 4)
indicate a lower critical concentration of Cr(III)
needed to induce gelation of about 1 mM Cr(NO;);.
This represents a minimum number of crosslinks
necessary to change the viscous xanthan solution to a
viscoelastic solid. The present estimate of an apparent
lower critical Cr concentration accords with a previous
paper (Lund ez al., 1988) which reports on a critical
Cr(I1I) concentration of 1-2 mM for the crosslinking of
xanthan solutions made from a commercial dried
powder.

Prudhomme ez al. (1983) studied gelation of hydrolyzed
polyacrylamide (HPAM) using Cr(VI) in combination
with a reducing agent and reported a power law
dependence of AG'/Art at the gelation threshold on ¢,
with a coefficient equal to 2-7. This was interpreted as at
least dimeric chromium species constituting the ionic
bridges in the crosslinked polymer gel. The present
authors’ data on crosslinking xanthan with Cr(III)
yields a power law dependence of AG'/At on ¢, with a
coefficient of 1-7 + 0-2. This coefficient is lower, but
departs less from 2 than does the value of 2-7 reported
for HPAM-Cr(VI) (Prudhomme et al., 1983). The
present observed value of 1-7 + 0-2 thus suggests that
dimeric ion bridges are effective in crosslinking the
xanthan polymer.

Effect of temperature on xanthan-chromium gelation

Figure 5 shows G'(w = 0-157/s) versus time after
combining the xanthan and chromium solutions at
T = 10, 20, 30, 40 and 50°C. The gelation is slow at
10°C, with a relatively small increase within the first
five hours, and a gel with G'(w = 0-157/s) = 0-5Pa is
observed after about one day. Increasing the temperature
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Fig. 5. Storage modulus G’ (w = 0-157/s) versus reaction time
after mixing at various temperatures for 1-25 mg/ml xanthan,
5 mmol/liter Cr(NO,);, and pH 3-4.

shifts the time interval such that the largest changes are
occurring earlier after mixing. Concomitant, an increase
in G'(@ = 0-157/s) for temperatures up to about 30°C
followed by a temperature independent plateau for T
above 30°C is observed (Fig. 5).

The gelation time #; and AG'/Atr plotted versus
temperature summarizes these effects (Fig. 6(a)). The
gelation time is inversely related to the temperature,
and apparently diverges when cooled below 10°C. The
parameter AG'/At is observed to be larger the higher
the temperature in the range investigated. Figure 6(b)
shows G'(w = 0-157/s) after one day versus temperature
in the in-situ gelation experiments, in comparison to £
versus temperature for 10 mg/ml xanthan-100 mM
Cr(NO;), gel cylinders made by the dialysis method
at room temperature and equilibrated to the measuring
temperature for 1 h prior to the experimental determin-
ation of E(T). While there is a parallel decline in E and
G'(t =24 h) above 30°C, G'(t = 24 h) is markedly
reduced when gelation is carried out below 25°C. The
observed increase in gelation rate observed upon
increasing the temperature was of practical value in
making it possible to make xanthan-Cr gel beads
suitable for studying volume changes in various
solvents (see above). It has also been suggested that the
temperature dependence of AG'/At can be used in
permeability modification of oil reservoirs (Fletcher et
al., 1991). Waterflooding previous to the gel treatment
sets up a cold-front inside the reservoir formation.
Subsequent injection of a gelling polymer solution is
envisaged to have the crosslinking retarded while in the
cold zone. A large increase in gelation rate is encountered
on reaching the warmer parts deeper in the formation,
thus yielding a selective placement of the gel just
beyond the cold-front. Detailed matching of the
temperature dependence of the gelation to the reservoir
temperature jump (simulated to be up to 30°C) is of
prime importance in such applications. The influence
of temperature on the kinetics of gelation will below be
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Fig. 6. (a) The gelation time ¢; (O) and rate of change
in G'(w = 0-157/s) () at the gelation threshold versus
temperature for 1.25 mg/ml xanthan, 5 mmol/liter Cr(NO;);
and pH = 3-4. (b) Apparent equilibrium storage modulus,
G'(t = 40 h), of 1-25 mg/m! xanthan, 5 mmol/liter Cr(NO; ),
gelled in situ at the actual temperature (O) and modulus of
elasticity of 10 mg/ml xanthan-100 mmol/liter Cr(NO;),
gelled by dialysis at T = 20°C and equilibrated at the actual
temperature of measurement (0O).

given an Arrhenius treatment yielding an apparent
activation energy of the process.

Spectroscopy

Difference absorption spectroscopy was carried out
on gels crosslinked directly in two sample cuvettes
and using the same, e.g. 2-5mg/ml xanthan and
10 mmol/liter Cr(NO,); (pH 3-4), concentrations in
separate cuvettes in the reference beam. These difference
spectra revealed a maximum in absorption at A =
Amax = 232 nm  at equilibrium (z=24h, T =25°C).
Difference spectra of 5 mM chromium-5 mM sodium-
acetate were observed to be similar to those of chromium-
xanthan and have maxima at the same wavelength at

equilibrium. The finding that the pairwise interactions
acetate-Cr(III) and xanthan-Cr(III) yield similar
difference absorption spectra, suggests that the carb-
oxylic group of the glucuronic acid in the xanthan
trisaccharide side chain (Jansson er al., 1975) is the
interaction site for Cr(IIl). Analogous results were
reported (Allain & Salome, 1987, 1988, 1990) for the
interaction between hydrolyzed polyacrylamide and
Cr(11D).

In attempting to determine simultaneously the
number of crosslinks and the elasticity, the authors used
the difference absorption atA = 250 nm, A4 (A = 250 nm),
for monitoring xanthan-Cr(IIl) interactions (Allain
& Salome, 1988) to minimize influence of potential
shifts in A,,,. A4 (A =250 nm) of SmM Cr(NO;),
was found to be proportional to the concentrations of
NaCH,COO atequilibrium (r = 24 h, T = 30°C) (Fig. 7,
inset). Least square fit of a linear correlation yielded
AA (A =250 nm) = 0-167 [CH,;COO™| — 0-019, when
concentration is mmol/liter. This observed linear
relation could be used in an attempt to correlate the
observed difference absorption of the xanthan-Cr(I1I)
gels to the concentration of crosslinks.

Figure 7 shows the correlation between the developing
G' and A4 (A =250nm) in a 1-25 mg/ml xanthan,
5 mmol/liter Cr(NO,), gelling solution at T = 30°C,
pH 3-4. The data were extracted from the first 6:5 hours
of gelation from parallel experiments carried out for
the spectroscopical and rheological parts. We observe a
characteristic non-linear relation between the change in
AA (A =250nm) and G'. Using the observed AA
(A = 250 nm) versus acetate concentration as calibration,
the equilibrium (T = 25°C, r = 24 h) values of AA
(A = 250 nm) for 1-25 mg/ml and 2-5 mg/ml xanthan-
5 mM Cr(III) corresponded to 1-9 mM and 3-6 mM inter-
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Fig. 7. Storage modulus G'(w = 0-157/s) versus A4 (A =

250 nm) (O) taken during gelation of 1-25 mg/ml xanthan,

5 mmol/liter Cr(NO;);, pH34 at T =30°C. Inset: AA4

(A = 250 nm) versus acetic acid concentration 24 h after
preparation of the solution (0O).
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acting carboxylic groups, respectively. This corresponds
to 1-36 and 1-44 repeating units per interaction site at a
total polymer concentration of 1-25 and 2-5 mg/ml,
respectively. The total concentration of carboxylic
groups was calculated from the polymer concentration
and the molar mass of the xanthan repeating unit. The
absorption data thus suggest that most of the carboxylic
groups bind to the metalion. The observed G' in view of
the authors’ previous estimates of molecular mass
between junction points (Lund et al., 1988) suggest that
there are numerous ions interacting with the polymer
which do not participate actively in forming ionic
bridges. It is therefore uncertain whether the empirical
correlation between the observed change in difference
absorption due to xanthan-Cr(III) interaction and the
resulting change in G’ reflects changes in elasticity due
to crosslink-density changes.

Estimation of apparent activation energies

The change of the gelation time ;, and the rates AG'/A¢
and A4 (A = 250 nm)/Ar with temperature suggest that
these temperature effects can be described by an
Arrhenius equation yielding activation energies (Fig. 8).
The estimated apparent activation energies were E, = 42,
102 and 43 kJ/mol based on 157!, AG'/At and AA
(A = 250 nm)/At, respectively. These activation energies
were estimated for ¢ = 1:25 mg/ml and cc, = 5 mM.
There is agreement between those E, based on ¢; and
AA (A = 250 nm)/A¢, whereas E, based on AG'/At is
about 2-5 times higher. This discrepancy is most likely
due to the fact that ¢; represents the same extent of
reaction which can be related to the rate of change of
the underlying process (the same one as the change in
absorption represents), whereas the resulting AG'/At is
also influenced by the cluster size distribution at the
gelation threshold and the chain stiffness of the chains
between junction points. The non-linear dependence
of G’ on AA4 (A = 250 nm) during the gelation process

250nm) /A t)

ES
T

/
o

31 32 33 34 35
103K/T

in(aG'/at), —in(tg). In(aa(r

3530
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Fig. 9. Storage modulus G'(@ = 0-157/s) versus reaction time
after mixing at various temperatures for 1-25 mg/ml xanthan,
2-5 mmol/liter AI(NO;); and pH = 4.0.

(Fig. 7) illustrates that G’ is not proportional to the
number of interacting metal ions. Use of AG'/At(T) to
estimate E, will therefore not reflect the activation
energy of the underlying crosslinking process.

Kinetics of gelation in Al-crosslinked xanthan

Figure 9 shows G'(w = 0-157/s) versus time of 2:5 mg/
ml xanthan and 1-25 mM AI(III) solution at T = 30, 40
and 50°C. By comparing these to the observed gelation
kinetics in the xanthan-Cr(IIT) system (Fig. 4(a)), it is
observed that the exchange of Cr(III) with Al increases
the reaction rate. Concomitant to the increased rate of
developing G’ and decreasing, it is also observed that
the storage modulus after about one day is lower when
using AI(III) than when using Cr(III) crosslinker. This
agrees with the results of the experiments reported in
Fig. 1. The apparent activation energy was estimated to
be 108 and 190 kJ/mol when based ont;~' and AG'/At,
respectively. The activation energies estimated from
experimentally determined ¢; are, for the same reasons
as discussed above for xanthan-Cr(III), preferable to
those based on AG'/Az. In comparison with the
Cr(Ill)-crosslinking of xanthan, we find that E,
increases from about 42 to 108 kJ/mol when Cr(III) is
substituted for Al(III). The observed apparent activation
energies, E, = 42~100 kJ/mol and E, = 108-190 kJ/mol
for Cr- and Al-crosslinking of xanthan, are of the same
order of magnitude as E, = 70 kJ/mol reported for
crosslinking HPAM with Cr(III) reduced from Cr(IV)
(Jordan et al., 1981), and E, = 47 and 101 kJ/mol based
on oscillatory and rotational rheological determination
of gel points for xanthan-Cr(IIl) (Johnston & Hubbard,
1989).

CONCLUSIONS

Crosslinking of xanthan with Cr(III) gives generally
higher gel strength at equilibrium than crosslinking
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with AI(III), as judged both from the elastic modulus of
the gel cylinders and the shear modulus obtained in the
kinetic experiments. Equally or more important than
the selection of ion type on the gelation time are the
reaction parameters, such as pH, concentration and,
in particular, the temperature. The modulus of xanthan
gel cylinders made by dialysis against Cr(III), AI(IIT) or
Fe(I11) metal ions at different pH values indicate that the
ionic species need to be dimeric or higher oligomers to
participate in the crosslinking reaction. The observed
power law coefficient of the gelation time on the
chromium concentration of 1-7 is in agreement with
this. The rate of gelation, as determined both by
rheological and spectroscopical methods, increases
with temperature, and the temperature effectis largerin
xanthan-Al(III) than in xanthan-Cr(III). Such a
difference in temperature effects may allow more
detailed matching between the gelling system and the
reservoir temperature profile than when only one ion
type is available.
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