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Xanthan gum, a naturally produced polysaccharide, is biocompatible, and it is commonly 

used as a food additive. When combined with trivalent ions, such as chromium (III), a gel 

can form. Various concentrations of xanthan gum and chromium (III) nitrate were 

combined to evaluate the sol-gel transition of this system. Samples were classified 

according to their consistency twenty-four hours after mixing. The phase of the sample 

was determined to be more dependent on the metal ion concentration than the xanthan 

gum concentration. Bulk rheological testing was performed on samples that had 

concentrations near the sol-gel transition. Overall, samples that formed a more rigid gel 

exhibited higher elastic moduli. In addition, samples that formed a softer gel exhibited 

higher degrees of frequency dependence when compared to the more rigid gels. Further 

study is needed to determine if this system could be a suitable model for biological 

processes such as blood coagulation. 
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INTRODUCTION 

Xanthan gum is a polysaccharide that is naturally produced by Xanthomonas campestris, 

which is found on cabbage plants [1]. The term “gum” is used to describe hydrocolloidal 

gels and polysaccharides that exhibit binding properties with water and other materials 

(organic or inorganic) [2]. Like other microbial polysaccharides, xanthan is composed of 

regular repeat units. The primary structure consists of a linear β-D-glucose backbone with 

a trisaccharide chain on every other glucose (Figure 1). The trisaccharide chain contains a 

glucuronic acid residue that is linked to a terminal mannose unit and to another mannose 

unit that connects to the backbone. Depending on the strain and fermentation conditions, 

the terminal mannose units may be pyruvated, while the other mannose residue may be 

acetylated at C-6. Both of these features are shown in Figure 1.  

 
 

Figure 1. Structure of xanthan gum, with a trisaccharide chain containing a terminal mannose, 

glucuronic acid, and mannose unit connected to every other glucose residue of the backbone [3]. 

The secondary structure has been identified as a right-handed fivefold helix with the 

trisaccharide chain aligned with the backbone to help stabilize the conformation by 

noncovalent interactions, such as hydrogen bonding [2]. As a result of this closely 

aligned structure, the stiff chain may be a single or double. The mean molecular mass of 

xanthan gum is between 1×106 and 2×106 Da, but quantification depends on the 

association between chains [2, 4]. 
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The chemical composition of xanthan gum depends on the strain of X. campestris that is 

used to produce the polymer and the composition of the growth medium, with the 

pyruvate content varying from almost zero to eight percent by changing these two 

variables. The molecular mass can also greatly affect properties of xanthan gum in 

solution. Another variable that can affect the chemical composition is the rate of stirring 

during fermentation, with more dissolved oxygen leading to a higher molecular mass and 

higher acetate content [4]. 

Xanthan gum is considered by many to be the most important commercially available 

microbial polysaccharide as a result of its extensive use as a food ingredient and in 

industrial applications [1]. The acute toxicity of xanthan gum was evaluated using animal 

studies, with no adverse effect found for concentration up to 20 g/kg body weight [4]. In 

addition, xanthan was found to be non-digestible in humans, but it has been shown to 

improve the passage of food through the gastrointestinal tract [4]. Xanthan gum was 

approved by the FDA as a food additive in 1969 with no restrictions, and today, it is most 

commonly used as a stabilizer and emulsifier [4]. Xanthan was the first natural 

biopolymer to be produced at an industrial scale. Demand and production of xanthan gum 

has consistently increased at an annual rate of 5-10%, and an estimated 30,000 tons of 

xanthan gum are now produced each year, with the highest volume producers in the 

United States being Merck and Pfizer [4]. 

Xanthan gum is used to provide unique texturization, viscosity, flavor release, and water-

control properties in food products [2]. It is also used to provide a less ‘gummy’ mouth 

feel in comparison to gums that have more Newtonian character [2]. In addition, xanthan 

is widely used in the chemical, oil, and agricultural industries. Its use in ‘enhanced oil 
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recovery’ is as a result of its excellent compatibility with salt and resistance to thermal 

degradation. It is also added to many personal care products, such as shampoo and liquid 

soap, to improve the lathering properties, and it is widely used in the pharmaceutical 

industry. 

When compared to other microbial gums, xanthan gum exhibits unique rheological 

properties [4]. These properties include high viscosity even at low concentration, 

compatibility with most salts, excellent solubility and resistance to degradation over a 

variety of environmental conditions (including pH and temperature), and a high degree of 

pseudoplasticity [1].  

A molecule of xanthan gum will undergo a transition from a disordered conformation to 

ordered conformation with a change in one of several variables. These changes include a 

decrease in temperature and an increase in salt concentration [4]. The ordered 

conformation in aqueous solution consists of a rigid helix with stiffness that is similar to 

DNA molecules, and the disordered conformation is a random coil [5]. At physiological 

relevant temperatures and salt concentrations, the polysaccharide is found in its ordered 

conformation, which allows its branching structure to exhibit thickening properties and 

pseudoplastic behavior [4]. With increasing ionic strength, side chains of xanthan gum 

collapse down to the backbone as a result of effects of charge screening [5]. The 

transition to the disordered state of xanthan gum occurs above 60 °C or below 

concentrations of salt that are generally found in tap water, which is often below 100 ppm 

in the United States [4]. 

Xanthan gum, in combination with other species, has been used as an analog for bodily 

fluids, such as blood, because of its unique rheological properties. Blood is also a shear-
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thinning fluid, and several studies have found that a blood analog containing xanthan 

gum has a similar delayed transition from laminar flow as that of whole blood [6, 7]. 

Another study used a combination of xanthan gum and glycerin that matches both the 

viscous and elastic components of blood over a broad range of shear rates [8]. Xanthan 

gum has also been studied as a polymer-based saliva substitute [9]. 

One unique property of xanthan gum is its ability to interact synergistically with 

galactomannans, a polysaccharide with mannose backbone and galactose side groups, 

such as locust bean gum or guar gum [5, 10]. This synergistic interaction can include the 

formation of a firm, rubbery, thermoreversible gel from two components that do not gel 

alone, which is the case for xanthan gum and locust bean gum when xanthan is in its 

disordered conformation. This system has been evaluated for use as a synthetic 

replacement for synovial fluid, but it was determined that it was unsuitable for this 

purpose [11]. 

Xanthan is also known to interact with multivalent cations, such as Cr3+, Al3+, and Fe3+ 

[12]. This interaction includes precipitation of the xanthan gum polysaccharide or 

gelation, depending on the ion added and its concentration. Often precipitation of xanthan 

gum occurs above ionic concentrations of 200 ppm [13]. These ions also vary in their 

reactivity under different pH conditions, as shown in Figure 2 [14]. Most divalent ions 

require high pH for gelation while trivalent ions are reactive over a wider pH range [15]. 

Thus, the interactions between xanthan gum and trivalent ions are stronger than between 

xanthan gum and divalent ions. The type of anion has little effect on the reactivity, so the 

area of reactivity is specific for the metallic ion. 
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Figure 2. Reactivity or gelation of xanthan gum with multivalent cations under different pH 

conditions [14]. The data were obtained with 1% xanthan gum solutions containing 0.5% metallic 

salt, and the pH was adjusted with dilute NaOH or HCl. Gelation occurred within the pH 

boundaries noted for each ionic compound.  

Chromium (III) is the cation that was chosen for this study because of its reactivity over a 

wide pH range and commercial popularity. Chromium ions are also reported to be one of 

the most versatile ions with respect to the range of gelation times [16]. It is used with 

xanthan gum as a rock-permeability modifying agent to avoid water-channeling in 

heterogeneous reservoirs for enhanced oil recovery. However, the gelation process is not 

well understood [12]. A number of theories about this process exist, and many 

experimental techniques have been used to learn more about the kinetics involved in this 

gelation system [12, 16, 17, 18, 19]. The main ideas that are addressed in this study are 

the concentrations of xanthan gum and chromium ions at which a gel is formed and the 

rheological differences between different gel stiffnesses. These properties were evaluated 

by creating a phase diagram of xanthan gum and chromium (III) nitrate mixtures and by 

performing dynamic oscillatory rheological experiments on the system. 
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METHODS 

Xanthan gum (KELTROL T622, CP Kelco) was dissolved into 0.1 M NaCl in deionized 

water to various concentrations (0.5 - 5 mg/ml, twice the final desired concentrations) 

using a high performance dispersing instrument (IKA) at 19,000 rpm for 3 minutes to 

ensure that the xanthan gum was fully hydrated. The solutions of xanthan gum were 

stored at 4 °C and remade each week to prevent contamination by microbial growth. 

Solutions of Cr(NO3)3 • 9H2O (ranging in concentration from 2×10-4 - 0.1 M, twice the 

desired final concentrations) in deionized water were also prepared and stored at 4 °C. 

The pH of the solutions was not adjusted. The xanthan gum and chromium (III) nitrate 

solution concentrations were based upon a study conducted by Lund et. al. [16]. 

The strain of xanthan gum used, KELTROL T622 (CP Kelco) is an air clarified xanthan 

gum, which makes it easier to disperse and lower dust than other commercially available 

products.  In addition, when mixed in aqueous solution, it is more transparent than other 

types of xanthan gum. 

Phase diagram 

Equal volumes of a solution of xanthan gum and a solution of chromium (III) nitrate were 

combined in a 10-mm diameter test tube for a final volume of 4 mL and inverted 

vigorously to mix. Triplicates of each possible combination were created and all samples 

were covered to prevent evaporation. After 24 hours, the phase state of the mixture was 

evaluated. Samples were rated using the following system: ‘sol’, ‘sol/gel’, ‘gel/sol’, ‘soft 

gel’, and ‘rigid gel.’ Samples classified as ‘sol’ had no formation of gel; these samples 

remained completely liquid. Samples that contained very small pieces of gel, or 

“microgels,” were classified as ‘sol/gel’ and contained more liquid than gel. Samples 
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containing slightly more gel than liquid (often globular in appearance) were classified as 

‘gel/sol.’ Samples that had a consistency similar to applesauce when the test tube was 

tilted horizontally or formed a parabola when inverted completely were classified as ‘soft 

gel.’ These samples still retained a small amount of liquid character. Finally, samples that 

formed a stiff gel and exhibited no movement when inverted completed were termed 

‘rigid gel.’ The characteristics of each phase state are also shown in Figure 3. 

 
Figure 3. Classifications of different solution states in 10-mm test tubes. 

Results from the triplicate samples were compared, and the data was plotted as functions 

of concentration of xanthan gum and concentration and chromium ions [20]. 

Bulk rheology 

A TA Instruments AR-G2 rheometer with a 40-mm stainless steel parallel plate upper 

geometry and Peltier plate with a 1-mm gap was used for all rheological tests. The 

samples that were chosen for rheological evaluation lay on the interface between ‘soft 

gel’ and ‘rigid gel’ on the phase diagram. Equal volumes of solutions of xanthan gum and 

chromium ions were mixed thoroughly and loaded into the rheometer. A small amount of 

1.5-cSt polydimethylsiloxane (Dow Corning) was placed around the sample to prevent 

evaporation, and a solvent trap was also utilized. At 2% strain and 1 Hz, the dynamic 

storage and loss moduli were measured every 2.5 minutes for 30 minutes. After the 30-

minute time sweep, a frequency sweep from 0.1 to 10 Hz was run at 2% strain. These two 
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steps were repeated for a total time of 8-24 hours. The time sweeps for each sample were 

compiled into a single graph to visualize the change in moduli over the total time of the 

test. All measurements were completed at 25 °C using the Peltier plate device. Multiple 

trials were collected to ensure reproducibility of the gelation. To determine an 

appropriate strain at which to collect the measurements, a solution of xanthan gum was 

mixed with deionized water, and an amplitude sweep was run at 1 Hz. The strain value 

that was chosen (2%) lies well within the linear viscoelastic region, but it was also high 

enough so that a sufficient signal exists. Data from the amplitude sweep can be found in 

the Appendix. 

RESULTS & DISCUSSION 

As shown in Figure 4, above 1 mg/ml xanthan gum, the characteristics of the sample after 

24 hours are more dependent on the Cr3+ concentration than the xanthan gum 

concentration. Above this threshold, a rigid gel formed for almost all samples at and 

above 3×10-3 M Cr3+. 
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Figure 4. Phase diagram of mixtures of xanthan gum and chromium (III) nitrate in 10-mm test 

tubes 24 hours after combination. 

At concentrations of xanthan gum of 0.5 mg/ml and below, no formation of a rigid gel 

exists; the stiffest classification observed with 0.5 mg/ml xanthan gum was ‘soft gel’. At 

the two lowest xanthan gum concentrations (0.125 and 0.25 mg/ml), the stiffest 

classification that was observed was ‘gel/sol,’ which was not considered to be fully 

crosslinked. As stated previously, the only samples that were chosen for rheological study 

where those samples at the interface between ‘soft gel’ and ‘rigid gel.’ These samples 

were chosen to obtain a rheological fingerprint of the differences between these two 

classifications. 

For the oscillatory shear tests, the time-sweep steps measured the overall change in the 

shear moduli over time, while the frequency sweeps indicated changes in the frequency 

dependence of the moduli. For the most part, consistent results were obtained for multiple 
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trials of the same sample. Figure 5 illustrates this finding with 2.5 mg/ml of xanthan gum 

and 3×10-3 M Cr3+ over 8 hours of gelation. For clarity, only every fifth point in the time 

sweeps was plotted. 

 
Figure 5. Two replicates of a time sweep with 2.5 mg/ml of xanthan gum and 3×10-3 M Cr3+. 

Results are very repeatable over 8 hours of gelation. 

 

When comparing two samples of the same concentration of xanthan gum but spanning 

the interface between ‘soft gel’ and ‘rigid gel’ (1×10 -3 and 3×10-3 M Cr3+), the sample 

that forms a rigid gel was observed to have a more rapid increase in the elastic modulus, 

G’ (Figure 6). In addition, G’ was higher in all cases after 8 hours for the higher ionic 

concentration, indicating that the sample had more solid character than the sample with 

lower ionic concentration, as expected. One unexpected result was that the initial moduli 

were not consistently higher for one sample than the other. The initial moduli were 

expected to be similar or slightly higher for the sample with higher chromium 

concentration. 
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Figure 6. Time sweep of 1.0 (top left), 2.0 (top right) and 2.5 (bottom) mg/ml xanthan gum with 

1×10-3 and 3×10-3 M Cr3+.  

When comparing two samples of different concentrations of chromium ions but the same 

concentration of xanthan gum, (Figure 7 and Figure 8), it is difficult to draw concrete 

conclusions due to the variation seen. With 1×10-3 M Cr3+ (the ‘soft gel’ samples), the 

higher xanthan gum concentration sample had higher initial shear moduli (both G’ and 

G”), but G’ varied after 8 hours (Figure 7). It is difficult to predict the trajectory of G’ for 

these samples after t=8 hours. For all of these samples, G” remained constant, but ranged 

in value based on the concentration of xanthan gum (higher concentration exhibited 

higher values of G”. 
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Figure 7. Time sweep of various concentrations of xanthan gum and 1×10-3 M Cr3+. The higher 

concentration of xanthan gum had higher initial moduli but G’ varied at t = 8 hours. G” remained 

constant for all three samples but was higher for the higher concentration of xanthan gum. All of 

these samples formed a soft gel when mixed in a test tube for the phase diagram creation. 

It is also difficult to draw concrete conclusions from the samples that formed a ‘rigid gel.’ 

As shown in Figure 8, the samples that formed a ‘rigid gel’ had similar rheological 

profiles. A small amount of variation exists, but this variation could be explained by 

small differences in sample loading or incomplete mixing before sample loading. 

 
Figure 8. Time sweep of various concentrations of xanthan gum with 3×10-3 M Cr3+. These three 

samples have similar rheological properties despite having different concentrations of xanthan 

gum. All of these samples formed a rigid gel when mixed in a test tube for the phase diagram 

creation. 
 

For each of the rheological tests, the time at which gelation occurred (tgel) was considered 

to be when G’=G”, but this value is not the point at which the sample no longer continues 
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to gel. Gel formation continues past t=8 hours (the plotted interval) because a plateau in 

G’ had not been reached at this point. Values of tgel are shown in Table 1. For several of 

the samples, however, tgel occurred before the test began. For all samples, tgel occurred 

within the first hour after mixing. This phenomenon indicates that this system may gel 

too quickly to get accurate transient rheological data. For future studies, the substitution 

of hexavalent chromium (CrCl3(H2O)6) for chromium (III) nitrate could allow for the 

crossover point to be visualized better as a result of slower ligand substitution reactions 

[19]. 

Values of the complex modulus, G*, are also reported in Table 1 at t=2, 4, and 4 hours 

after mixing. The trends in G* are as expected: for each sample, G* increases over time, 

and between samples, the sample with a higher concentration of chromium ions has a 

higher G* when the concentration of xanthan gum is the same. In addition, there is a 

general trend that G* increases with increasing concentration of xanthan gum at constant 

concentration of chromium ions, but this trend is not as pronounced as when the 

concentration of chromium ions is varied. When comparing these results to the sol-gel 

phase diagram, in which the concentration of chromium ions affected the phase of the 

sample more than the concentration of xanthan gum, these observed results make sense. 

Table 1. Gelation time and complex modulus at t=2, 4, and 8 hours after mixing. 

[XG] [mg/ml] [Cr3+] [M] tgel [h] G*, 2 hr [Pa] G*, 4 hr [Pa] G*, 8 hr [Pa] 

1.0 1E-3 0.62 0.32 0.68 3.44 

1.0 3E-3 - 3.59 5.82 13.17 

2.0 1E-3 0.38 0.96 1.51 3.34 

2.0 3E-3 0.25 2.60 6.14 24.26 

2.5 1E-3 - 1.59 1.76 2.31 

2.5 3E-3 0.04 2.00 3.75 9.49 

 

One issue that was encountered with many of the rheological tests was slow recovery of 

the elastic modulus after each frequency sweep. This situation was especially common at 
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early times in the test, and it is visible as a jagged curve (seen in several of the previous 

figures). Before the sample is completely crosslinked, G’ increased over the course of a 

frequency sweep. This dependence is demonstrated by the darkest blue markers in Figure 

9, which shows the data from every other frequency sweep for a single sample plotted in 

a single figure. The elastic modulus failed to drop down to its previous value after a 

frequency sweep only in the first few hours of gelation (the frequency dependent regime). 

This effect could be caused by some slipping between the sample and geometry at higher 

frequency. 

As mentioned previously, G’ was frequency dependent for all samples before the  sample 

became completely crosslinked (the blue solid markers on Figure 9 and Figure 10). 

Figure 9 shows a sample that formed a rigid gel. The elastic modulus became 

independent of frequency as the test progressed, with the darkest red markers (the last 

frequency sweep) being completely frequency independent. This result was expected 

because the sample exhibits strong solid-like character once crosslinked. 

 
Figure 9. Compilation of frequency sweeps at 2 % strain for 2.5 mg/ml xanthan gum and 3×10-3 

M Cr3+. The first frequency sweep is the blue markers and the final one is dark red. G' increases 

incrementally as the gel forms while G" remains relatively constant. As the gel forms, G’ 

becomes less frequency dependent while G” stays somewhat frequency dependent. For clarity, 

every other frequency sweep was omitted (plotted data series separated by 1 hour). 
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For a sample that formed a soft gel however (Figure 10), G’ remained dependent on 

frequency throughout the entire set of frequency sweeps. This dependence indicates that 

the sample retained some of its liquid character throughout the crosslinking process, 

which is reasonable for its qualities. 

 
Figure 10. Compilation of frequency sweeps at 2% strain for 2.5 mg/ml xanthan gum and 1×10-3 

M Cr3+. The moduli continued to increase with increasing frequency throughout all of the steps. 

For clarity, every other frequency sweep was omitted (plotted data series separated by 1 hour). 

Data at 10 Hz was omitted due to a failure to reach 2% strain at this frequency. 

CONCLUSIONS 

Small differences in concentrations of xanthan gum and chromium ions can lead to 

drastically different gel consistencies. Tests suggested that the concentration of 

chromium ions affects the sample consistency much more than the concentration of 

xanthan gum, especially above 1.0 mg/ml of xanthan gum. Rheological differences 

between samples identified as ‘soft gel’ and ‘rigid gel’ were evaluated. As expected, 

samples that formed a ‘rigid gel’ generally had a higher elastic modulus than samples that 

formed a ‘soft gel.’ To obtain more accurate rheological data in the future, it is proposed 

to begin each test with a frequency sweep rather than a time-sweep. This modification 

will allow the initial character of the sample to be evaluated. Gel formation begins to 
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occur relatively rapidly for this system, as shown by the time at which the gelation time 

(G’=G” occurs). Additionally, using a species that gels slower, such as hexavalent 

chromium, could allow the initial gelation to be better characterized. 

Results of frequency sweeps showed that the elastic modulus of all samples was 

dependent on frequency before the sample fully gelled. As the character of the samples 

changed (formation of gel), the elastic modulus of samples that formed a ‘rigid gel’ 

became frequency independent, while those samples that formed a ‘soft gel’ remained 

frequency dependent. This phenomenon describes the solid- or liquid-like character of the 

respective samples.  

Further studies are necessary to continue the characterization of this system. Using 

magnetic-bead microrheology will allow the sample to be probed on a subtler level, 

potentially illustrating small differences between samples. The overall goal is to use this 

system as a model for the characterization of biological gels, such as blood coagulation or 

changes cervical mucus over time. Comparison between the system of xanthan gum and 

chromium ions and these biological processes is necessary before a determination can be 

made in the validity of this sort of model. 
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APPENDIX 

 

Figure 11. Strain sweep used to determine which strain to use for the time and frequency sweep. 

Xanthan gum and deionized water were mixed in equal parts for a final xanthan gum 

concentration of 2.5 mg/ml. The selected value of 2% strain (within the linear viscoelastic region) 

is circled. 

 


