N
N

N

HAL

open science

Stability and rheological characterization of colloidal gas
aphrons: influence of xanthan gum and sodium dodecyl
sulfate

Magzhan Zhumabek, Aziza Kachkinova, Maxime Cochennec, Stéfan Colombano,

Yerlan Amanbek, Yanwei Wang, Sagyn Omirbekov

» To cite this version:

Magzhan Zhumabek, Aziza Kachkinova, Maxime Cochennec, Stéfan Colombano, Yerlan Amanbek, et al.. Sta-
bility and rheological characterization of colloidal gas aphrons: influence of xanthan gum and sodium dodecyl

sulfate. Discover Applied Sciences, 2025, 7 (5), pp.432. <10.1007/s42452-025-06884-8). <hal-05073341)

HAL Id: hal-05073341
https://brgm.hal.science/hal-05073341v1

Submitted on 19 May 2025

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documents may come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaire HAL, est des-
tinée au dépot et a la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
francais ou étrangers, des laboratoires publics ou
privés.

Distributed under a Creative Commons CC BY 4.0 - Attribution - International License


https://brgm.hal.science/hal-05073341v1
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

Discover Applied Sciences

Research

Stability and rheological characterization of colloidal gas aphrons:
influence of xanthan gum and sodium dodecyl sulfate

Magzhan Zhumabek' - Aziza Kachkinova' - Maxime Cochennec® - Stéfan Colombano* - Yerlan Amanbek3 -
Yanwei Wang'2 - Sagyn Omirbekov'

Received: 26 December 2024 / Accepted: 4 April 2025
Published online: 02 May 2025
© The Author(s) 2025 OPEN

Abstract

This study explores the stability and rheological properties of colloidal gas aphrons (CGAs) prepared with varying concen-
trations of xanthan gum (XG) and sodium dodecyl sulfate (SDS). Static stability was assessed by monitoring CGA volume
changes over time in a graduated cylinder, while dynamic flow behavior was analyzed using a rotational rheometer to
measure yield stress and viscosity at different shear rates. Rheological models were employed to characterize CGA behav-
ior. The results showed that increasing the concentrations of XG and SDS enhanced the structural stability and viscoelastic
properties of CGAs. The CGAs exhibited non-Newtonian fluid behavior, which the Herschel-Bulkley-Papanastasiou model
accurately described. Yield stress and viscosity increased with higher XG concentrations, demonstrating the system’s abil-
ity to maintain high viscosity at low shear rates while exhibiting shear-thinning behavior at higher shear rates. An optimal
combination of XG and SDS concentrations was identified, which improved CGA stability, prolonged liquid retention,
and minimized bubble coalescence. These findings provide important insights into how CGAs remain stable and flow.
This knowledge will help in using CGAs in different industries and environmental processes.

Article Highlights

o Detailed rheological analysis of colloidal gas aphrons (CGAs) using shear, amplitude, and frequency sweep tests.
e Optimized XG-SDS formulations enhance foamability and CGA stability.
e The Herschel-Bulkley-Papanastasiou model accurately describes the shear-dependent viscosity of CGAs (R? >0.999).
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1 Introduction

Colloidal gas aphrons (CGAs) have gained interest for their unique structure. Initially described by Sebba [1], CGAs,
also called microfoams, exhibit remarkable advantages over conventional foams [2], including reduced size and
enhanced stability, which minimize pressure gradients during use [3]. CGAs exhibit immense potential and a broad
spectrum of applications across various fields. These include environmental remediation (e.g., mobilizing pollutants
in soil and groundwater)[4], wastewater treatment (removal of hydrophobic contaminants)[5], enhanced oil recovery
(improved displacement of oil within reservoirs) [6], drilling fluids (loss prevention and lubrication) [7], and even
agriculture (efficient delivery of pesticides and fertilizers) [8]. The stability of CGAs is a critical factor influencing their
suitability for diverse applications. CGAs are intricate systems comprising a gas phase encapsulated within an aque-
ous solution, typically stabilized using surfactants and polymers. Surfactants play a pivotal role by reducing surface
tension during aphron formation and creating multilayered bubble walls that establish a stable network structure [9].

One of CGA's key components is surfactants, categorized as ionic (cationic and anionic) or nonionic [10-12]. It
has been shown that CGA stability is achieved through the interplay of surface tension and liquid film properties
that prevent bubble collapse [5]. The double-layer arrangement of surfactant molecules, with hydrophobic seg-
ments oriented inward and hydrophilic parts facing outward, enhances mechanical stability and inhibits coalescence.
Studies [11, 13] have highlighted that ionic surfactants, such as sodium dodecyl sulfate (SDS), outperform nonionic
surfactants in stabilizing aphrons due to stronger intermolecular forces in the bubble film. Experimental evaluations
[14] have demonstrated that the stability and size of CGAs improve with longer alkyl chain lengths in surfactants,
attributed to enhanced hydrophobic interactions. Polymers such as xanthan gum (XG) are often used as stabilizers,
increasing solution viscosity, reducing bubble size, and improving liquid retention. For instance, Nareh'ei et al. [15]
found that CGAs achieved optimal stability at an XG concentration of approximately 6420 ppm, supported by rheo-
logical analysis using various models, including Bingham Plastic and Power Law. In related studies [16, 17], adding
XG and SDS to CGAs significantly enhanced stability by reducing liquid drainage and maintaining bubble structure
over extended periods. These findings suggest that XG forms a protective layer around the bubbles, reducing the
likelihood of coalescence, while SDS further contributes to stability through its surfactant properties.

Despite advancements in understanding CGA properties, gaps remain in analyzing their interactions under vary-
ing polymer and surfactant concentrations and their behavior under mechanical stresses. Existing studies [18-20]
have primarily focused on the shear-thinning behavior, yield stress, and the effect of weighting agents on polymer
solutions without fully exploring the long-term stability or viscoelastic properties of CGAs under dynamic conditions.

This study addresses these gaps by comprehensively evaluating CGA stability and rheological behavior across
various XG and SDS concentrations. Systematic analyses of CGA foaming behavior, viscoelastic characteristics, and
viscosity degradation over time are presented for the first time. Amplitude and frequency sweep tests are employed
to assess the elastic and viscous properties of CGAs, offering new insights into the mechanisms driving their stability.
Using Cole-Cole diagrams provides enhanced insights into the balance between viscous and elastic contributions,
which helps optimize CGA formulations for improved performance under challenging operational conditions. By inte-
grating advanced rheological techniques and detailed compositional analyses, this research provides valuable data
for designing CGAs with superior stability, prolonged liquid retention, and improved environmental compatibility.

The manuscript is organized as follows: Sect. 1: The Introduction reviews CGAs, their significance, and existing
research gaps. Section 2: Materials and Methods detail the experimental setup, including CGA preparation, stabil-
ity tests, and rheological experimental details. Section 3: Results and Discussion present findings on CGA stability,
rheology, and model applications, highlighting industrial and environmental relevance. Section 4: Conclusions sum-
marize key insights, emphasizing CGA stability, rheological behavior, and potential applications. Additional data and
extended discussions are provided in the Supplementary Information.
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2 Materials and methods

In this study, various concentrations of xanthan gum (XG) were added as a thickening agent, while sodium dodecyl
sulfate (SDS) was selected as the aphronatizing agent for the formation of colloidal gas aphrons (CGAs). The selection
of these materials was guided by their environmental friendliness, market availability, and superior performance
characteristics [21]. XG is a high-molecular-weight (= 1 million g/mol) extracellular polysaccharide produced by
Xanthomonas species through bacterial fermentation [22]. It is widely used as a rheology modifier due to its high
viscosity at low concentrations, shear-thinning behavior, and stability over a broad pH range. XG is a biodegradable,
low-toxicity polymer that aligns with green chemistry and circular economy principles, making it particularly suitable
for oxygen-limited environments [23, 24]. The XG polymer powders used in this study were supplied by Sigma-Aldrich
(St. Louis, USA). SDS is an anionic surfactant that is biodegradable under aerobic conditions, with its degradation
accelerated by adapted microbial communities. SDS efficiently reduces surface tension, improves foamability, and
synergistically interacts with XG to stabilize CGAs, offering cost-effectiveness and performance advantages over
alternatives like non-ionic or cationic surfactants. SDS is a white powder with 98.5% purity, limited adsorption on soil
surfaces, and a critical micelle concentration (CMC) of 0.23 £0.01% (wt/mass), making it suitable for chemical and
biological applications. Fisher Scientific International (Hampton, USA) provided the SDS used in this study. Moreover,
as earlier studies [8, 25] demonstrated, the combination of XG and SDS significantly enhances CGA durability and
rheological control.

A total of 36 CGA samples were prepared with varying concentrations of XG and SDS to evaluate their stability and
rheological properties systematically. To ensure repeatability and statistical reliability, all experiments were conducted
under controlled conditions. Freshly prepared CGAs were used in each trial to minimize variability due to aging or
environmental factors. Each experiment was performed three times (n=3), and the results were averaged to reduce
random errors and improve measurement precision. The error bars in the graphs presented indicate the standard error
of the mean (SEM) from these independent trials, providing a quantitative measure of the accuracy of the estimated
mean. In many cases, the error bars may be smaller than the symbol size and not visible.

2.1 CGA generations
Preparation of base solution
Six different concentrations of XG polymer solutions, specifically 1000, 2000, 4000, 6000, 8000, and 10,000 ppm,

were prepared to create CGA base solutions. Prior studies recommended the selected concentration ranges of
1000-10,000 ppm for XG [8, 25, 26] to achieve stable foam and optimum rheological control. We measured the required
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amount of XG to be dissolved in 100 g of distilled water for each specified concentration. The solution was mixed thor-
oughly using a Silverson mixer for 20 min at 8000 rpm (see Fig. 1a).

CGA Generation

To generate CGA, we added six different concentrations of SDS surfactant solutions to each concentration of XG base
solutions. The specific concentrations used were 1, 2, 4, 6, 8, and 10 CMC of SDS surfactant. The selected concentration
ranges of 1-10 CMC for SDS were recommended in the study of Sebba [10], which shows that concentrations between
1 and 6 CMC are effective for microbubble stability. After weighing the components, we quickly added the SDS to the
base solution. To verify that the surfactants were equally dispersed, we stirred the solution with a Silverson mixer at
8000 rpm for 2 min [15, 27, 28] (see Fig. 1b). Following this procedure, we determined the system’s temperature and
pH. Foamability was then determined by measuring the volume of CGA formed over the base solution, where the initial
volume of the XG base solution was 100 mL (considered as 100%). After that, we tested the produced CGA for stability
and rheological behavior.

2.2 Bulk CGA stability test

The stability of the base fluid for CGA can be considered to depend on its ability to resist changes in bubble size, bubble
volume, and fluid distribution. Given that the densities of the aphrons and the base fluid are different, it can be observed
that the bubbles tend to rise upwards, and the fluid settles downwards. We performed a series of static drainage experi-
ments over time to gain insight into the homogeneity and stability of the CGA. The static experiments included measur-
ing the drainage rate and monitoring the phase transition of CGA to liquid under static equilibrium conditions (Fig. 2).
All experiments were conducted at atmospheric pressure, allowing us to evaluate the system’s stability under standard
conditions.

For static drainage tests, 100 mL of freshly prepared CGA-based solution was first poured into a graduated cylinder.
The top was sealed with a parafilm for airtightness. With time, the total height (H,) of the solution decreased. In addition,
the CGA gradually turned into liquid, and drainage formed at the bottom of the cylinder. The half-life time was measured
when 50 mL of microfoam was converted to a liquid phase [29]. The time when the microfoam completely collapsed was
also measured. During the test, the height of the total liquid volume and the height of the drained volume were recorded.

2.3 Rheological test

An Anton Paar MCR 102e rheometer with a cone & plate geometry (1° degree and 50 mm diameter) was used to evaluate
the rheological properties of CGA. This instrument allows a wide range of tests for detailed analysis of CGA behavior under
different conditions. During all measurements, a constant room temperature (25 °C) corresponding to the conditions of
actual CGA application was maintained, and the gap between the plates was set at 0.98 mm. Freshly prepared samples
were used before each study to ensure the accuracy of the results. The rheometric studies included the four tests:

(1) Single shear rate test: calculation of viscosity at specific shear rates and stability over time. The tests were conducted
at different shear rates: 0.1s™',1s™!, and 10 s™' for 120 s [30, 31].
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(2) Flow curve test: to construct the flow curve, the viscosity values of CGA were measured at gradually increasing and
decreasing shear rates. Calculations were conducted gradually, increasing the shear rate from 0.1 to 100 s™' The
main objective was to determine of the yield stress of CGA [32-34].

(3) Amplitude sweep test: The amplitude shear test was conducted to evaluate the linear viscoelastic properties of
CGA. The strain amplitude increased during the test, and the storage and loss modulus were recorded. The strain
amplitude fluctuations occurred with a frequency of 1 Hz [32, 34].

(4) Frequency sweep test: in this experiment, the loss modulus (G”) and storage modulus (G’) are analyzed as a function
of frequency in the linear viscoelastic domain. In frequency sweep tests, measurements are taken at a constant strain
amplitude while the magnitude of the frequency is varied. This analysis is usually performed to describe the time
behavior of the specimen over a non-destructive strain range. The oscillatory frequency sweep is performed in the
100-0.1 rad/s range at 0.4% constant strain amplitude [34, 35].

The flow curve experimental data were fitted by a continuous Herschel Bulkley-Papanastasiou (H-B-P) model, in
which the shear viscosity (u) is described as follows:

. .n—1 To .
u(p) = Ki" + 211 = exp(=mp) M
where 7 (Pa) is the shear stress, 7 (s') is the shear rate, 7, (Pa) is the yield stress, K (Pa.s") is the consistency, m (s) controls the
exponential growth of stress, which has dimensions of time and n (dimensionless) is the flow behavior index, respectively.

Other empirical rheological models were also considered, and as documented in the Supporting Information, the H-B-P
model obtained the best fit.

3 Results and discussions

3.1 Effect of XG and SDS concentrations on CGA stability

The study of foamability is essential for understanding CGA stability and the process involved in CGA formation. Fig. 3
presents the results of the foamability of CGA with respect to the XG and SDS concentrations across all 36 samples.

The data presented allow us to analyze the effects of both XG and SDS concentrations on the foam ability of the sys-
tem, highlighting the interaction between the polymer and surfactant and their combined effect on the foamability.
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Foamability is determined by measuring the volume of CGA generated with the base polymer solution volume initially
set to 100 mL (considered as 100%) before stirring.

The results indicate a general trend of decreasing foamability as the concentration of XG exceeds 2000 ppm. As shown
in Fig. 3, two main aspects can be distinguished. The first is the effect of the polymer, and the second is the effect of the
surfactant on the formation of CGA (foaming). At low XG concentrations (1000 and 2000 ppm), a relatively lower degree
of molecular interaction is present in the solution, which favors the effective formation of an interfacial film around the
bubbles, thus improving foaming. With increasing XG concentration (4000-10,000 ppm), structural changes in solution
are observed due to increased intermolecular interactions between the polymer chains. This can lead to the formation
of a denser mesh structure, which, on the one hand, contributes to the stabilization of already formed bubbles but, on
the other hand, limits the penetration of air into the solution. This structure prevents the formation of new bubbles
and their movement, which reduces foaming efficiency. The positive effect of SDS concentrations on foamability is also
noticeable, especially at lower XG concentrations. As SDS concentration increases, foamability improves due to lower
surface tension, allowing for stable bubble formation. Nonetheless, at greater XG concentrations, the thickening action
of XG takes precedence, outweighing the surfactant’s effects. The synergistic interaction between XG and SDS is evident
at low XG concentrations (1000-2000 ppm) when an optimal balance between solution viscosity and surfactant surface
activity favors improved foaming. However, when the XG concentration is increased, the excessive increase in viscosity
leads to weakening the synergistic effect, reducing the system’s response to changes in SDS concentration. This behavior
is consistent with previous studies investigating the relationship between surfactant content and solution viscosity. Binks
et al. [36] showed that increasing the concentration of SDS enhances foaming behavior by lowering surface tension
and stabilizing microbubbles. An optimal SDS concentration of approximately 5 g/L yields CGA’s highest volume and
stability. Additionally, the viscosity of the solution, influenced by the XG content, is also crucial to the system'’s stability.
Prior studies [16, 37] have shown that high-viscosity solutions slow liquid drainage, increasing CGA half-life and overall
stability. The results indicate a delicate balance between polymer concentration, surfactant activity, and solution viscosity
to optimize foaming. In addition, a trend with increasing XG concentration shows that large polymer concentrations are
ineffective in CGA because the foamability of CGA decreases. This research establishes a basis for further discussions on
CGA stability and offers insights into enhancing CGA formation through optimized formulations.

Figure 4 illustrates the stability of CGA as indicated by its half-life time, which is influenced by the XG and SDS con-
centrations. CGA stability notably enhanced by increasing the concentration of XG, reaching a peak at 10,000 ppm. This
enhancement is primarily attributed to the increased viscosity of the continuous phase, which suppresses liquid drainage
and delays bubble coalescence. As a well-known rheology modifier, XG is expected to increase the bulk and interfacial
viscosity, which slows liquid drainage and helps maintain the structural integrity of the CGAs over time. The reduction
in liquid drainage plays a crucial role in stabilizing CGAs, as slower drainage rates extend the half-life of the aphrons. Our
findings are consistent with previous studies [38-41], demonstrating that higher XG concentrations improve CGA stability.
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The effect of surfactants on the stability of CGA can also be seen in Fig. 4. In particular, the stability of CGA shows
an increasing trend with increasing SDS concentration for solutions prepared at 4000, 6000, and 8000 ppm XG
concentrations. However, we did not observe significant differences in solutions with 1000, 2000, and 10,000 ppm XG.
This trend can be explained by the formation of SDS micelles after reaching a CMC, which then aggregate and interact
with the polymer chains. This interaction was driven by several critical parameters, including enthalpy and free energy
changes, which affect the stability and structure of the aggregates [42, 43]. Studies show that higher concentrations of
SDS lead to an increase in solution viscosity, attributed to the formation of mixed micelles that act as cross-links between
polymer chains [44, 45].

Among all the XG concentrations tested, 6000 ppm was identified as the optimum concentration, demonstrating
excellent foamability and stability. Additionally, the interaction between XG and SDS creates a synergistic effect that
enhances the CGA properties. The steric hindrance produced by XG, when combined with the surface activity of SDS,
results in CGAs that are not only more stable but also exhibit improved foamability [39, 42-46].

3.2 pH test

Figure 5 presents the pH measurements for all 36 CGA formulations, illustrating the relationship between pH, XG concen-
tration, and SDS concentration. A neutral pH range (6.5-7.5), indicative of optimal stability, is highlighted in orange. The
results show that the pH remains within this neutral range at intermediate XG concentrations (4000-6000 ppm). How-
ever, deviations from neutrality are observed at both lower and higher XG concentrations, with the solution becoming
more alkaline at low XG concentrations and more acidic at high XG concentrations. The influence of SDS on pH is most
pronounced in the 4000-6000 ppm XG range, where increasing SDS concentration leads to a systematic pH reduction.

The results in Fig. 5 illustrate the relationship between pH and CGA content, which becomes more pronounced as
the XG concentration increases. Higher XG concentrations correspond to lower pH values. Specifically, when the XG
concentration is between 1000 and 4000 ppm, the system has an alkaline pH, while when the XG concentration increases
from 6000 to 10,000 ppm, the pH of the solution starts to decrease, becoming more acidic. The effect of SDS is particularly
noticeable at XG concentrations from 4000 to 6000 ppm, where the pH of the system decreases as the concentration of
SDS increases.

Petkova et al. [47] showed that under low pH conditions, the system with SDS and polyvinyl amine (PVAm) exhibits
more pronounced electrostatic interactions due to the polymer’s increased charge density, which favors the system’s
stability. In this case, SDS, an anionic SDS, forms strong bonds with positively charged polymer molecules, reducing
bubble drainage and coalescence [48, 49]. Confirming these findings, Sadahira et al. [49] observed that low pH favors the
strength of the CGA structure by reducing the liquid drainage rate and increasing the bubble lifetime. These observations
suggest that lower pH increases surface tension in surfactant systems, which in turn helps to prevent coalescence and
improves the viscoelastic properties of the system [47].
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At higher pH, a weakening of the interaction is observed, which leads to a decrease in the system’s stability. These
results are consistent with our observations for systems with XG and SDS, where the stability of CGA at low pH is main-
tained due to better interaction between the components.

Figure 5 also shows that at XG concentrations of 4000 ppm and 6000 ppm, the pH values remain stable in the neutral
range (6.5-7.5), highlighted in orange. In contrast, at other concentrations, pH either exceeds 7.5 or falls below 6.5,
indicating a possible disruption of the acid-base balance and a decrease in system stability. Thus, the 4000 ppm and
6000 ppm XG concentrations are most interesting for further studies as they provide pH stability within the neutral zone
and are more promising for further analyses.

3.3 Rheological study

This section presents the results of rheological studies aimed at a detailed analysis of the stability of CGA under dynamic
flow conditions. The behavior of the sample at different shear rates, as well as its viscoelastic characteristics, has been
analyzed. The data obtained are consistent with a rheological model that can be used for further studies. The results
provide essential information on CGA’s rheological properties and overall behavior, contributing to better understand
its dynamic characteristics.

3.3.1 Rheological stability of CGA: assessments at single shear rates

To evaluate the stability of CGA under flow conditions, single-shear rate tests were carried out at three different shear
rates:0.1s™',1s™',and 10 s™". Figure 6 presents the time-dependent viscosity profiles obtained from these tests as fol-
lows: (a) for varying XG concentrations at a fixed SDS concentration of 6 CMC and (b) for varying SDS concentrations at
a fixed XG concentration of 4000 ppm.

Figure 6a shows the effect of XG concentration on the solution viscosity at shear rates of 0.1 s, 15", and10s " ata
fixed SDS concentration over 120 s. The stability of all CGAs for 120 s is observed. However, up to 10 s in the beginning, a
viscosity increase is noticeable for all XG concentrations when the shear rate is 0.1 s™'. This process is due to the alignment
and stretching of polymer chains. Figure 6a also shows that the viscosity of the solution increases with increasing XG
concentration. At concentrations of 8000 ppm and 10,000 ppm, a denser and more interconnected polymer network is
formed, contributing to higher flow resistance. At the same time, the viscosity is much lower at low XG concentrations
(e.g., 2000 ppm) due to weak inter-chain interaction and less developed network structure. XG's semi-rigid, rod-shaped
molecular structure favors increased inter-chain interactions and, thus, viscosity as its concentration increases.

Figure 6b shows the effect of SDS concentration on the rheological characteristics of CGA systems at a fixed
concentration of XG (4000 ppm). The results demonstrate that there is no pronounced dependence of viscosity on
changes in SDS concentration. The viscosity coefficient remains almost constant at different SDS concentration and
shear rates, indicating minimal effect of SDS content on the rheological properties of CGA over this range of conditions.
The lack of a clear trend suggests that at a fixed XG concentration of 4000 ppm, the contribution of SDS to the overall
viscosity of the system is minimal. Furthermore, data analysis over 120 s highlights the stability of systems based on XG,
regardless of the SDS threshold.

This section of the study indicates that the viscosity of the solution increases with rising XG concentration across
all tested shear rates. In contrast, the influence of SDS on viscosity within the CGA system appears insignificant. As
demonstrated in Fig. 6, we intend to focus rheological studies on the effects of polymer concentrations. In our static
studies, this SDS concentration has shown the most promising results in stabilizing the system and enhancing interface
properties, leading us to fix the concentration at 6 CMC.

3.3.2 Rheological stability of CGA: assessments at flow curve test

The rheological properties of CGA systems with varying XG concentrations were evaluated by measuring the shear vis-
cosity as a function of shear rate. Figure 7 shows rheological curves for systems containing a fixed SDS concentration of
6 CMC and varying concentrations of XG between 1000 and 10,000 ppm.

The results show a decreasing trend in viscosity with an increasing shear rate for all concentrations of XG. This shear-
thinning behavior is more pronounced at higher XG concentrations. Additionally, the absolute viscosity values are
significantly higher for CGA with increased XG concentration, particularly at low shear rates. At low shear rate of 0.1 57,

the viscosity increases by several orders of magnitude, from 0.45 Pa-s (1000 ppm XG) to 44 Pa-s (10,000 ppm XG). At
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high shear rates (> 10 s7"), the viscosity difference between CGA and different XG concentrations decreases due to the
breakdown of the polymer structure and the transition to a less organized state.

The decrease in viscosity with increasing shear rate is characteristic of non-Newtonian fluids. This behavior occurs
due to the alignment of polymer chains (XG molecules) in the flow direction, which minimizes intermolecular inter-
actions and internal resistance to deformation. The enhanced network formation in the solution can explain the
increase in viscosity with higher XG concentrations. At higher concentrations, XG molecules interact more extensively
via hydrogen bonding and entanglement, increasing resistance to flow at low shear. This structural reinforcement
contributes to higher initial viscosities. The fixed SDS concentration (6 CMC) ensures stable CGA generation, with SDS
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acting as a surfactant to lower the surface tension and stabilize gas-liquid interfaces. However, the primary influence
on viscosity stems from the XG, which governs the bulk rheological properties.

In Fig. 7, the initial values of shear stress before the viscosity reduction indicate the yield point for each
concentration. The yield stress appears when the slope changes from horizontal (indicating solid-like behavior) to
downward slope (fluid-like behavior). The yield stress increases with XG concentration, indicating a stronger network
structure in the solution. For example, a solution with 8000-10000 ppm XG shows higher yield stress than those
with 1000-4000 ppm. This trend is consistent with the understanding that higher XG concentrations lead to stronger
intermolecular interactions, resulting in higher flow resistance at low shear rates.

At low shear rates, the viscosity of the solutions increases significantly with XG concentration. This trend
is consistent with the results of Garcia-Ochoa et al. [23], who attribute the high viscosity of XG solutions to the
formation of an extensive network structure of polymer chains arising from hydrogen bonds and the intertwining
of molecules. At high shear rates, the differences in viscosity between solutions with different XG concentrations
decrease significantly, which is attributed to the transition of the polymer structure to a less ordered state. Choppe
et al. [50] observed a similar behavior and noted that the XG molecules align with the flow direction under shear,
decreasing intermolecular interactions and internal resistance.

In the study of Khan et al. [51], yield stress is an essential indicator of a material’s ability to resist deformation before
flow for the study of CGA rheology. They emphasized that increased yield stress is associated with increased structural
organization and interactions within the system. These findings support our results for XG solutions, where higher XG
concentrations lead to more pronounced intermolecular interactions such as hydrogen bonding and polymer chain
entanglement. In particular, higher XG concentrations (e.g., 8000-10,000 ppm) show a significant increase in yield
stress, indicating the formation of a strong network structure capable of resisting deformation at low shear rates.
This structural enhancement in XG solutions is consistent with the mechanisms described by Khan et al. [51], where
the yield stress increase is attributed to the ordering and strength of the material’s internal structure.

Figure 8 shows the shear stress versus shear rate dependence for XG solutions with concentrations ranging from 1000
to 10,000 ppm at a fixed SDS concentration of 6 CMC. Experimental data, indicated by different symbols, were fitted with
the H-B-P model (see Eq. 1), represented by dashed lines. The fitted parameters are tabulated in Table 1.

The shear stress increases with increasing shear rate for all XG concentrations, demonstrating a non-linear trend char-
acteristic of shear-thinning fluids. The shear stress also increases with XG concentration, indicating that higher polymer
content increases the resistance of the solution to shear deformation. For all XG concentrations at a fixed SDS level,
shear liquefaction behavior can be observed, corresponding to lower flow resistance at higher shear rates. The increase
in shear stress with shear rate and the nonlinear trend suggests a non-Newtonian fluid behavior dominated by shear
thinning. This behavior arises due to the alignment of XG polymer chains in the flow direction, reducing intermolecular
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interactions and internal resistance. At higher XG concentrations, enhanced intermolecular entanglements and hydrogen
bonding form a stronger structural network, which increases the shear stress at equivalent shear rates. The results in
Fig. 8 can be correlated with data from the work of [52], which also investigates the shear stress-shear rate dependence
for systems containing CGA. In this work, the authors show that such systems exhibit nonlinear rheological properties
consistent with experimental data. In their study, they also observed that systems with different concentrations exhibit
similar behavior—increasing concentration leads to an increase in initial yield stress and an increase in shear stress at
low velocities. Still, at high velocities, the differences between concentrations flatten out [52].

The H-B-P model demonstrates high accuracy in fitting the experimental data, which confirms its applicability for
modeling nonlinear rheological properties of the studied CGA. To evaluate the suitability of the rheological model
for describing the viscoplastic properties of CGA, the average absolute relative error (AARE), root mean square error
(RMSE), and coefficient of determination (R?) were determined [19, 20]. The corresponding values for the H-B-P model
are presented in Table 1. Also the table includes the Low-Shear Rate Viscosity (LSRV) values, measured at the shear rate
of 0.01 57" (see Fig. 7).

With increasing XG concentration in the system, significant changes in the rheological characteristics were observed,
indicating a progressive improvement in the solution’s viscoelastic properties and structural stability. The yield stress (t,)
increased about 20 times from 0.3291 Pa at 1000 ppm to 4.9248 Pa at 10,000 ppm, indicating the formation of a denser
and stiffer polymer network requiring significant stress to break. The consistency coefficient (K) increased more than 28
times from 0.137 to 5.62 Pa s, indicating a substantial increase in the system’s viscosity due to the high polymer concen-
tration and its interactions with the solvent. At the same time, the flow index (n) decreased from 0.71 to 0.24, indicating
the development of a pseudoplastic behavior in which the system becomes less flowable with increasing stress. This
is due to the alignment of polymer chains under shear stress, which contributes to the thinning of the structure. The
regularization parameter (m) increased from 0.39 to 3.36 at 8000 ppm of XG concentration before stabilizing at 2.79 at
10,000 ppm, demonstrating a smoother transition between linear and nonlinear strain regions at the initial stage and

Table 1 Fitting parameters

XG SDS 7 K n m R? AARE  RMSE  LSRV(Paes)

of the Herschel-Bulkley-
X (ppm) (CMQ)

Papanastasiou (H-B-P)
;heo'ogica' model (th- Dld 1000 6 03291 0137 071 039 09999  346%  0.0098 0.6489
or CGAs: 7, (Pa) is the yie 2000 6 06081 0608 060 154 09990 9.80% 00216 3.1562
stress, K (Pa ¢ s") is the flow
consistency index, m (s) has 4000 6 08728 1664 035 366 09994 590% 00101 36.221
dimensions of time, and n 6000 6 1.8414 3.02 0.28 3.07 0.9995 5.24% 0.0079 87.685
(dimensionless) is the flow 8000 6 26650  5.15 024 336 09998 053% 00048 17853
behavior index

10,000 6 49248 562 026 279 09997 065% 00057  180.99
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increased structural stiffness at higher polymer concentrations. These changes confirm that increasing XG concentration
significantly strengthens the solution structure, increasing its resistance to deformation and developing more complex
rheological characteristics.

3.3.3 Rheological stability of CGA: assessments at amplitude sweep and angular frequency sweep test

Figure 9 shows the dynamic rheological analysis of XG with different concentrations (1000-10,000 ppm) and an SDS
concentration of 6 CMC. Figure 9a presents the dependence of storage modulus (G’) and loss modulus (G”) on shear
strain (%), which reflects the strain-dependent viscoelastic behavior of the CGA. Figure 9b shows the of G’ and G” with
angular frequency (rad/s), which demonstrates the frequency-dependent viscoelastic properties of the CGA. The solid
lines characterize the G’ associated with the solution’s elastic (solid-like) behavior. In contrast, the dashed lines show the
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G" reflecting the viscous (liquid-like) behavior. The different colored curves represent data for XG solutions with increasing
concentrations, which allows us to analyze the effect of polymer concentration on the viscoelastic properties of the CGA.

In Fig. 9a, the storage modulus G’ decreases with increasing shear strain, indicating the manifestation of the shear
thinning characteristic of polymer solutions. At low values of shear strain, G’ exceeds G”, indicating the dominance of
solid-like (elastic) behavior of the CGA, except at a concentration of 1000 ppm. The loss modulus G” also decreases with
shear strain. Still, the decrease is less intense than that of G” indicating a gradual transition of the system to a liquid-like
(viscous) state. The modulus intersection points G' =G, reflecting the balance between elastic and viscous properties,
shifts toward higher strain values with increasing XG concentration, indicating an increase in the structural stability of the
solution. The increase in G and G values with increasing XG concentration suggests an increase in the viscoelasticity of
the system due to the rise in the density of intermolecular interactions and the formation of a stronger polymer network.

In the plateau regime, when G'and G” are stable, several research groups have studied the effect of strain amplitude
[53-56]. The storage and loss modulus remains relatively constant when the strain is below a specific value, decreasing
with increasing fluid fraction. This regime is known as the linear viscoelastic (LVE) regime. The LVE region was
determined using amplitude sweep tests and was found to extend from 0.1 to 0.4% strain across all concentrations.
For the frequency sweep experiments, a strain amplitude of 0.4% was selected based on strain sweep experiments,
ensuring that the measurements remained within the LVE region. This ensures that the mechanical spectra presented
in Fig. 9b represent the material’s behavior in the linear viscoelastic regime. In the LVE region(0.1 to 0.4% strain), both
G and G’ remain constant [54], indicating that the molecular structure of CGA remains intact at small strains. This
region is essential for the formulation stability of CGA in various applications, and it must withstand small mechanical
stress (e.g., shaking or stirring) while maintaining its structure.

As the strain exceeds the LVE region (>0.5%), both moduli start to decrease, signaling the onset of non-linear
viscoelastic behavior. This behavior has been observed in studies by [54, 57]. This decrease is due to the gradual
breakdown of the XG network, with yield strain from 10% for all samples. The material transitions from a predominantly
elastic (solid-like) response to a more viscous (liquid-like) response, characteristic of shear-thinning materials. Notably,
G decreases faster than G” as strain increases, indicating a more significant weakening of elastic properties compared
to viscous properties [54, 57-59]. This behavior is characteristic of XG's ability to flow under increased stress. XG
concentration significantly affect the rheological properties. Higher concentrations (6000-10000 ppm) lead to higher
G and G’ values, showing increased resistance to deformation.

In Fig. 9b, the storage modulus G consistently increases with increasing angular frequency for all concentrations
studied, indicating an increase in the elastic properties of the system at high frequencies. Higher concentrations of XG
lead to a significant increase in G values over the entire frequency range, reflecting the strengthening of the elastic
component of the material. The loss modulus G also increases with angular frequency. Still, its rate of increase is less
than that of G. The increase in both modulus G'and G” with increasing XG concentration is associated with an increase in
the degree of polymer chain entanglement and their interaction with SDS micelles, which contributes to the formation
of a stronger viscoelastic network.

Frequency sweep tests complement amplitude sweep by providing information on how the storage and loss modulus
varies with angular frequency. Moreover, the ratio between G and G in frequency sweep can show the structural integrity
of the material and the presence of interactions between colloidal particles [59, 60]. At 1000 ppm G exceeds G  at all
angular frequencies, indicating the dominance of the viscous component and the weakness of the polymer network. This
behavior is characteristic of the liquid-like system. At 2000 ppm at low frequencies G also exceeds G at low frequencies,
but with increasing frequency G approaches G', indicating the initial formation of a weak structural network and a
transient behavior between liquid-like and solid-like states. This result implies that the polymer network is not sufficiently
developed to form a structured matrix at low XG concentration. The structure at low XG, CGA concentrations is unstable
and organized enough to exhibit significant elastic strength.

For samples with 4000 ppm concentration, especially at low frequencies, G is initially higher than G, which means
that these solutions exhibit viscosity-dominated behavior in this region [60, 61]. This suggests that at low frequencies,
the 4000 ppm solutions dissipate more energy in the form of viscosity, i.e., they behave more like liquids. With increas-
ing frequency, G exceeds G/, reflecting the transition to elastic behavior characteristic of a more solid response [62].
At higher XG concentrations (6000-10000 ppm), the values of G and G’ shift upwards (G>G", showing higher strain
stability (higher G) and higher energy dissipation (higher G'). This indicates that these solutions exhibit predominantly
elastic-dominated behavior even at low strain rates. This elasticity helps maintain the material underload’s structural
integrity, making XG useful in applications requiring both stability and deformability.
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The Cole-Cole plot is a graphical representation where loss modulus (G") is plotted against the storage modulus (G/) to
assess the viscoelastic properties of a material. The Cole—Cole plot of CGAs shown in Fig. 10a reveals a shift in viscoelastic
behavior with increasing XG concentration. At low modulus values, CGAs with 1000 and 2000 ppm XG exhibit G’ > G/,
with data points lying above the 45° line, indicating a more viscous-dominated response. As XG concentration increases,
the data trend closer to the 45° line, suggesting more balanced viscoelastic behavior. At high modulus values, the results
for 1000 ppm and 2000 ppm XG align closer to the 45° line, whereas higher XG concentrations show a clear trend below
the line, with slopes less than 1, indicating an increasingly elastic-dominated behavior. These findings demonstrate that
XG concentration influences the relative contributions of elastic and viscous properties in CGAs and higher XG concen-
trations enhance the elasticity of CGAs, which could also be relevant for their stability and performance under shear.

The tangent delta (tan § = G /G’) versus angular frequency plot (see Fig. 10b) demonstrates a consistent decrease
in tan 6 with increasing angular frequency across all samples, indicating a transition toward a more elastic-dominated
response at higher frequencies. For high XG concentrations (6000 ppm, 8000 ppm, and 10,000 ppm), tan § remains below
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1 over the entire frequency range (1 072 to 10? rad/s), confirming that the storage modulus exceeds the loss modulus,
meaning elastic behavior dominates across all measured frequencies. This trend suggests that increasing XG concentra-
tion enhances the elastic contribution to CGA rheology, leading to greater resistance to deformation under oscillatory
shear.

4 Conclusion

In this study, we have systematically explored the intricate relationship between the stability, rheology, and foamability of
CGAs prepared using XG and SDS. The findings provide a comprehensive understanding of how polymer and surfactant
concentrations influence the behavior of CGAs, offering valuable insights for optimizing their formulation in various
industrial applications.

e The results demonstrate that XG and SDS concentrations play a pivotal role in determining the stability and rheological
properties of CGAs. Intermediate concentrations of XG (4000-6000 ppm) and SDS (4-6 CMC) were found to offer
an optimal balance between foamability and stability. Higher XG concentrations, while enhancing stability, led to
reduced foamability due to increased viscosity, which hindered bubble formation. Conversely, lower XG concentrations
facilitated better foamability but at the cost of reduced stability. The synergistic effect of XG and SDS was particularly
evident at intermediate concentrations, where the combination of increased viscosity from XG and reduced surface
tension from SDS resulted in highly stable CGAs with desirable rheological properties.

e The rheological analysis revealed that CGAs exhibit pseudoplastic behavior, with viscosity decreasing as the shear
rate increases. This shear-thinning characteristic is critical for applications requiring flow under stress, such as in
enhanced oil recovery or wastewater treatment. The H-B-P model effectively described the rheological behavior
of CGAs, achieving high accuracy (R?>0.999) across all tested concentrations. The model parameters, including
yield stress (1) and coefficient consistency (K), highlighted the strengthening of the viscoelastic network with
increasing XG concentration, further emphasizing the importance of polymer concentration in controlling CGA
stability.

e Dynamic rheological tests, including amplitude and frequency sweeps, provided deeper insights into the viscoelastic
properties of CGAs. The transition from viscous to elastic behavior with increasing angular frequency underscored the
formation of a structured network at higher XG concentrations. This network, reinforced by the interaction between
XG and SDS, enhances the structural integrity of CGAs, making them suitable for applications requiring both stability
and deformability.

From a practical perspective, the findings of this study have significant implications for the design and optimization
of CGA-based technologies. The ability to fine-tune the concentrations of XG and SDS allows for the customization of
CGAs to meet specific application requirements, whether in environmental remediation, drug delivery, or enhanced oil
recovery. Moreover, the use of environmentally friendly and cost-effective materials like XG and SDS aligns with global
sustainability trends, making CGAs a viable option for large-scale industrial applications.

Although this study provides a solid foundation for understanding the behavior of CGA, further research is needed.
Future studies should systematically investigate the effects of additional variables, such as pressure changes and extreme
environmental conditions (e.g., high salinity or acidic/alkaline environments), on the stability and effectiveness of
CGA. These factors are critical for applications such as enhanced oil recovery and soil remediation. The behavior of
CGAs in porous media must be studied to evaluate their transport properties, retention and long-term stability. This
is particularly relevant for applications such as groundwater remediation and oil displacement in reservoirs. There is a
need to evaluate the stability and performance of CGAs when interacting with light non-aqueous phase liquids (LNAPLs)
such as petroleum-based contaminants. This study may provide insight into the optimization of CGA for environmental
cleanup applications.

This work not only advances our understanding of the stability and rheology of CGAs but also highlights the potential
of XG and SDS as key components in the development of sustainable and efficient CGA formulations. By bridging the
gap between fundamental research and practical application, this study contributes to the growing body of knowledge
on CGAs, offering a pathway toward more effective and environmentally conscious technologies.
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