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Abstract

:

This study delves into the properties and behavior of xanthan TNCS-ST, a specialized variant designed for enhanced oil recovery (EOR) purposes. A notable aspect of this polymer is its transparency and capability to dissolve in high salt concentrations, notably up to 18% total dissolved solids. Various laboratory methods are employed to assess the polymer’s distinctive traits, including transparency, salt tolerance, and high pyruvylation. These methods encompass preparing xanthan solutions, conducting filtration tests, assessing energy consumption, and measuring rheological properties. The findings highlight the influence of salt concentration on xanthan’s filterability, indicating increased energy requirements for dissolution with higher salt and xanthan concentrations. Additionally, this study observes temperature-dependent viscosity behavior in different solutions and evaluates the shear stability of xanthan. A significant and novel characteristic of TNCS-ST is its high salt tolerance, enabling complete dissolution at elevated salt concentrations, thus facilitating the filterability of the xanthan solution with sufficient time and energy input. Core flooding experiments investigate fluid dynamics within porous rock formations, particularly sandstone and carbonate rocks, while varying salinity. The results underscore the substantial potential of the new xanthan polymer, demonstrating its ability to enhance oil recovery in sandstone and carbonate rock formations significantly. Remarkably, the study achieves a noteworthy 67% incremental recovery in carbonate rock under the high salinity level tested, suggesting promising prospects for advancing enhanced oil recovery applications.
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1. Introduction


Xanthan, a polysaccharide produced by the bacterium Xanthomonas campestris, is a viscosifier and stabilizer in various applications, including food, feed, and personal care products. However, its largest application is in the oil industry. Xanthan finds utility in drilling mud, workover, and completion fluids and is a crucial component for mobility control in polymer flooding and enhancing oil recovery [1,2,3,4,5,6].



Enhanced oil recovery seeks to extract additional oil from reservoirs when secondary production methods, typically waterflooding, become economically unviable. The selection of an appropriate recovery method hinges on the physical and chemical characteristics of the oil reservoir, such as temperature, oil viscosity, formation type, and permeability [7]. Polymer flooding has emerged as a standard approach for tertiary oil recovery among the available methods [8]. Various EOR projects employing polymers in the field have been documented by researchers [9], with 51 out of 72 projects deemed successful or promising, while only 6 were considered discouraging. Polymers are introduced into aqueous solutions to increase viscosity and reduce mobility, thereby enhancing the efficiency of waterflooding [10].



A study assessed the impact of temperature and monovalent salts, specifically sodium chloride (NaCl), at various temperatures on the rheological behavior of xanthan gum for EOR applications [11]. The findings revealed that fluctuations in temperature notably influenced viscosity, while monovalent salts mitigated adverse thermal effects. Surprisingly, an unforeseen increase in solution viscosity was observed with higher monovalent salt concentrations, shedding light on xanthan gum’s potential suitability for EOR amidst challenging reservoir conditions.



In the industry, two polymers are utilized: polyacrylamides, produced through chemical processes, and polysaccharides, produced via microorganism-based fermentation. Although polyacrylamides and their derivatives remain the most prevalent choice for EOR, they are susceptible to high shear forces and do not tolerate elevated salt concentrations, especially calcium or magnesium levels [4,12,13]. Furthermore, hydrolyzed polyacrylamide (HPAM), the most commonly used derivative in polymer flooding, fails to pass the standard OECD 306 biodegradation test. Consequently, HPAM is subject to a level-4 substitution warning on the U.K. continental shelf and is classified as a red chemical in Norway [14,15].



In a review of seventy-two polymer projects, only four field trials involving biopolymers employed xanthan gum [9]. Three trials were considered successful or promising, while one was deemed too early to assess. A successful pilot test using xanthan in the Shengli Oil Field in China was also documented [16]. Currently, field trials for polymers typically undergo a rigorous evaluation process in the laboratory to ensure that the material meets specific criteria and is suitable for real-world applications [4,17,18,19,20]. The specific criteria can vary depending on the intended use of the polymer, but here are some common factors that are typically assessed:




	
Filterability: to ensure the polymer solution is free of cell debris and aggregates that could lead to formation plugging, injectivity reduction, permeability decrease, or even formation fracturing, a filter test is recommended by the American Petroleum Institute and several authors [5,6,12,21,22].



	
Viscosity at reservoir conditions and long-term stability: Since polymer flooding extends for over 6 months, it must retain its viscosity under reservoir conditions. Under ideal conditions (no dissolved oxygen, pH 7 to 8, and moderate-to-high salinities), xanthan solutions may exhibit half-lives of up to five years at temperatures between 75 and 80 °C [23]. Xanthan’s stability in seawater for 800 days at 80 °C and even better stability at 90 °C in a 50 g/L NaCl solution than 1 g/L NaCl have been confirmed [24,25]. Furthermore, it was found that xanthan remained stable for more than three years in a successful polymer pilot test conducted in the Eddesse-Nord EOR project in Germany [26].



	
Shear stability: In both the injection process and the formation, mechanical stress can lead to polymer molecule degradation and viscosity loss if shear forces are excessively high [10]. Xanthan exhibits remarkable shear stability, withstanding shear rates as high as 870,000/s [13].



	
Compatibility with high salt concentrations: Oil reservoirs often vary in salinity, ranging from 0.3% to 22% salt concentrations [9]. Using appropriate equipment featuring high shear rates, xanthan can dissolve in saturated mono- and divalent brines [27].



	
Adsorption behavior: As polymers flow through porous rock, some degree of polymer retention occurs due to physicochemical adsorption, mechanical entrapment in pores, and hydrodynamic retention [28]. Xanthan adsorption has been shown to depend on soil type and polymer concentration, typically remaining below 0.3 mg/g for all tested soil types at a xanthan concentration of 1 g/L [20]. In a polymer pilot test, adsorption was reported to range from 30 to 40 µg xanthan per gram of soil [26].








Compliance with these laboratory criteria is crucial for preparing the polymer for field trials and ensuring its dependable performance in practical scenarios. Depending on the unique demands of the application, additional assessment parameters and testing protocols may be necessary. Engaging domain experts is essential, and it is crucial to consider any industry-specific standards or guidelines relevant to the specific polymer application in question.



While xanthan gum presents numerous advantages for EOR applications, including its non-Newtonian rheological behavior, high viscosity, thermal stability, relative insensitivity to salinity and temperature, and environmentally friendly characteristics, it also has limitations. One notable deficiency is its compatibility with specific reservoir conditions, particularly in highly saline and high-temperature environments. Moreover, its performance can be compromised by monovalent and divalent cations, reducing viscosity and effectiveness in mobility control. Modifying xanthan and its preparation methods can significantly influence its application in EOR. An experimental study conducted in 2021 presented a modification of the chemical structure of xanthan gum with acrylic acid through a chemical process to scrutinize the rheological properties and EOR potential [29]. The oil recovered from the sandstone cores reflected the improvement in the viscosity of xanthan gum after its modification.



Further research is necessary to delve deeper into the method of preparing modified xanthan gum for EOR applications. Specifically, studies should focus on refining the chemical process of modifying xanthan gum to optimize the modified polymer’s rheological properties and EOR potential. Additionally, investigations into novel preparation methods, such as alternative synthesis routes or post-modification techniques, could provide valuable insights into improving the compatibility and performance of modified xanthan gum in challenging reservoir environments.



This study aims to elucidate key findings regarding a novel xanthan material, specifically its suitability for polymer flooding. The research encompasses crucial energy data necessary for dissolving this specific xanthan variant to achieve an acceptable filtration ratio. Furthermore, the study provides insights into flow curves, temperature-dependent viscosity changes, and the stability of this biopolymer under high-shear conditions across various brine solutions while assessing its impact on oil recovery.




2. Methodology


The methodology of this study entailed a systematic approach to preparing and analyzing xanthan solutions for EOR investigations. Initially, a screening process was conducted to identify the xanthan type exhibiting the highest viscosity. Preparing the xanthan solutions involved dissolving salts, adjusting the pH, and mixing using a laboratory mixer. Filtration techniques were then applied to eliminate insoluble particles, while energy consumption during mixing was quantified. Rheological measurements offered insights into solution flow behavior and viscosity. Molecular analysis methods, such as FT-IR analysis and hydrolysis, were employed to examine the structure and composition of xanthan. Finally, core flooding experiments were conducted to simulate fluid behavior in porous rock formations, assessing the efficacy of xanthan in enhancing oil recovery by monitoring various parameters. This comprehensive methodology provides a structured approach to investigate the performance of xanthan in EOR applications.



2.1. Raw Material


In this study, we employed a specific xanthan variant known as xanthan TNCS-ST, sourced from Jungbunzlauer, Wulzeshofen, Austria, tailored for EOR applications. The TNCS-ST xanthan consists of the typical xanthan pentasaccharide unit, as shown in Figure 1. Sodium ions are bound to the carboxylic groups of pyruvate and glucuronic acid [30,31]. The unique feature of the xanthan TNCS polymer lies in its transparency and solubility in high salt concentrations; particularly notable is its compatibility with solutions containing up to 18% total dissolved solids. This xanthan material is characterized by its cell-free, transparent nature and impressive salt tolerance. It boasts high pyruvylation (~6%) and acetylation (~4.5%). When utilizing fermentation broth for the filtration tests, the broth underwent enzymatic treatment to degrade bacterial cells and was subsequently heat-treated at 95 °C for 20 min. The salts used in brine preparation were of analytical-grade quality.




2.2. Preparation of Xanthan Solution


The process involved dissolving salts in distilled water, with pH adjustments achieved using 0.1 M NaOH or HCl. Subsequently, all brine solutions underwent filtration through a 1.2 µm Isopore membrane filter from Merckmillipore, Darmstadt, Germany, to eliminate insoluble particles. Unless specified otherwise, the dissolution process entailed mixing 1 g of xanthan with 1 L of distilled water or brine. This mixing was performed using an L5T laboratory mixer equipped with a high-shear screen work head from Silverson Machines Ltd., Chesham, UK, which generated a shear rate of 42,935/s at 8000 rpm (data provided by Silverson Machines). The mixer’s speed was adjusted to 1 Ampere, approximately 8000 rpm, depending on the xanthan concentration. Following each one-minute incremental mixing step, the mixture underwent de-foaming and de-aeration before filtration. To prevent overheating due to the mixer’s energy input, the containers holding the xanthan solution were placed in a water bath set to 27 °C. In cases where xanthan was dissolved at 60 °C, the solutions were subsequently cooled in a water bath to 30 °C before filtration. Table 1 provides the composition details of the brines, with the formation water prepared following the method outlined in a previous study [32].




2.3. Filtration


A 600 mL pressure vessel (XX1100000) with a 47 mm Swinnex filter holder from Millipore filtrated the xanthan solutions. All solutions were filtered through an Isopore Membrane Filter, 1.2 µm RTTP from Millipore with an overpressure of 0.1 MPa using compressed air. The elapsed time for every 100 mL of filtered solution was observed. The filtration ratio (FR) was calculated according to the method of the American Petroleum Institute [6]:


FR = (t500mL − t400mL)/(t200mL − t100mL)












2.4. Calculation of Energy


Our objective was to determine the electrical energy necessary to achieve a filtration ratio below 1.5. This was calculated by multiplying the electrical power: 230 Volts × 1 Ampere = 230 Watts. Consequently, the electrical energy consumption equals 3.83 Watthours per liter (or 3.83 kWh/m3) per minute of mixing.




2.5. Rheological Measurement


The rheological characterization was conducted using an MCR 302 rheometer from Anton Paar, Graz, Austria. Flow curves were obtained using a cone–plate geometry with a 60 mm diameter and an angle of 0.5° (CP60-0.5/TI) from Anton Paar. Unless otherwise specified, flow curve measurements were performed at a temperature of 30 °C. Temperature-dependent viscosity data were acquired using a CC39 concentric cylinder from Anton Paar, maintaining a constant shear rate of 8/s.




2.6. Molecular Analysis of Xanthan


FT-IR analysis using a Bruker Alpha ATR device (Bruker Corporation, Billerica, MA, USA) was conducted to validate the xanthan structure qualitatively. For quantitative measurements, 1% xanthan underwent hydrolysis in 1 M H2SO4 for 4 h at 105 °C. Acetic acid and pyruvic acid were quantified utilizing assay kits from Megazyme Ltd., Wicklow, Ireland. Sodium and potassium quantifications were performed using inductively coupled plasma spectroscopy from Spectro Analytical Instruments (Spectro GmbH, Kleve, Germany). While FT-IR analysis is essential for identifying functional groups within xanthan, its ability to quantify subtle differences, such as the increased pyruvate content in TNCS-ST xanthan, may be limited. Despite the reported higher pyruvate content in TNCS-ST, this difference is not readily discernible in the spectra. Our observations suggest that while FT-IR is valuable for qualitatively distinguishing functional groups, its capacity for quantification may be somewhat restricted.




2.7. Core Flooding


Core flooding is a laboratory technique commonly used in EOR to simulate and study the behavior of fluids, typically reservoir core samples, in porous rock formations. This study conducted a flooding experiment using sandstone and carbonate rocks with different salinity and xanthan polymer concentrations. The core properties utilized in this study are outlined in Table 2.



The process involves preparing a core sample saturated with brine and oil flooding to achieve residual water saturation. Water flooding displaces oil, and a polymer solution, prepared to increase water viscosity, is injected to aid in further oil displacement. The monitoring and evaluation of parameters assess the effectiveness of polymer flooding in enhancing oil recovery.



Displacement experiments were conducted using a core flood apparatus. The cores were initially saturated with a brine containing 60,000 ppm NaCl. An oil with 50 cp viscosity was then injected. Oil injection continued until no further expulsion of brine occurred from the cores, thereby establishing irreducible water saturation. Subsequently, brine was introduced into the cores to replicate secondary oil recovery. The brine injection continued for two pore volumes. Two pore volumes of polymer solution of 1500 ppm were then injected into the core plugs in the tertiary oil recovery phase.





3. Results and Discussion


3.1. Viscosity of Various Xanthan Materials


An initial screening of various xanthan types was carried out to select the material with the highest viscosity in 4% NaCl solution. The molecular characteristics of the tested types are displayed in Table 3. Based on the flow curve results depicted in Figure 2, xanthan exhibiting high pyruvate content and featuring sodium attachment on the carboxylic groups was chosen for subsequent testing (sample 11). Consequently, all TNCS-ST xanthan samples utilized in this study were prepared following the protocol established for sample 11.




3.2. Filterability of Xanthan


Filtration tests were conducted using xanthan dissolved in distilled water and brine solutions with varying salinities, as detailed in Table 1. The objective was to assess the impact of salt concentration on xanthan’s filterability. A filtration ratio of less than 1.5 was considered acceptable to align with industry standards [22]. Concerns about the standard filtration test have been raised, highlighting that the volume passing through the filter in this test (~30 mL/cm2) is significantly lower than in real-world applications, where throughputs can exceed a million ml/cm2 [33]. Therefore, it is crucial to utilize clarified xanthan to prevent the accumulation of bacterial cells and cell debris, which may be present in conventional xanthan grades and could potentially cause plugging, depending on the pore size and permeability of the reservoir formations [34]. However, comparing the filter test and injectivity in sandstone cores found no differences in test quality. Figure 3 illustrates a clear relationship between the required energy input for achieving the desired filtration ratio and salt concentration. Specifically, the electrical energy needed to dissolve 1 g/L of xanthan at 30 °C increases by 3.3 kWh/m3 for every additional 1% of total dissolved solids. Dissolution at 30 °C demands more energy than dissolution at 60 °C or filtration of cell-free fermentation broth after diluting to 1 g/L xanthan. Notably, the energy difference between fermentation broth and xanthan powder, dissolved at 30 °C, remains constant in brine solutions. This discrepancy in energy requirements may be attributed to the energy needed to hydrate the powder. In contrast, the energy required to homogenize the fermentation broth to achieve the desired filtration ratio likely stems from other factors.



It is widely acknowledged that xanthan undergoes a conformational transition from a random coil structure in deionized water to an ordered configuration in the presence of salt [35,36]. The pronounced influence of salt concentrations on the hydration rate of xanthan is argued to be linked to this structural transition [37]. An ordered conformation exhibits a reduced propensity for solubilization due to the lesser entropy gain during dissolution, given the increased rigidity of the molecule. The filtration outcomes in distilled water suggest that the flexible random coils of xanthan molecules pass through the filter more readily than their rigid counterparts.



Xanthan of the strain used for TNCS-ST production was identified as single-stranded through atomic force microscopy analysis [38], displaying greater flexibility than its double-stranded counterpart. It has been proposed that the hydrodynamic radius of xanthan molecules increases with increasing ionic strength [39]. This increase is believed to result from electrostatic repulsion by excess salt ions, prompting the self-association of xanthan chains. Such association fosters favorable enthalpy interactions, including hydrogen bonding and hydrophobic forces, ultimately forming xanthan chain aggregates.



The dissolution of xanthan was found to create microgels, leading to increased filter and sandstone core plugging [40]. Suggestions were made to replace powdered xanthan with fermentation broth for polymer flooding. However, it is important to note that xanthan powder was dissolved using a Hamilton Beach mixer, which generates low shear forces. The formation of higher multi-chain clusters by associating xanthan molecules is a well-known phenomenon [41]. Filter plugging occurs due to the heterogeneous distribution of polymer network aggregates. Interestingly, these aggregates seem to become more rigid with increasing salt concentration, correlating with the energy required to disentangle the aggregates within the microgels and homogenize the xanthan molecules in the solution. Figure 4 illustrates that an additional 7.7 kWh is needed for every extra 100 g of xanthan per m3 of formation brine to achieve the desired filtration ratio.



The authors acknowledge that the energy values depicted in Figure 4 and Figure 5 may be specific to the laboratory mixer employed and may differ based on other mixing equipment’s size, geometry, and shearing characteristics. Notably, in-line high-shear mixers, frequently employed in various production processes, exhibit greater energy efficiency than laboratory devices. Nevertheless, it is essential to emphasize that the linear relationship between salt concentration, xanthan concentration, and energy input remains consistent and can be extrapolated to production-scale settings.




3.3. Viscosity and Temperature Dependency of Xanthan


Xanthan solutions with a filtration ratio of less than 1.5 underwent subsequent characterization via shear rate-controlled rotational tests. Figure 5 illustrates the flow curves of these diverse solutions, exhibiting the characteristic shear-thinning behavior commonly associated with xanthan. Notably, the viscosity of xanthan demonstrates insensitivity to variations in ionic strength but exhibits slightly lower viscosity in distilled water, particularly in the low-shear region. In contrast to these findings, previous research reported increased intrinsic viscosity for single-stranded xanthan as salinity decreased [36]. Similarly, other studies noted a higher viscosity of xanthan in distilled water than in salt solutions and observed that xanthan viscosity remained relatively insensitive to NaCl concentrations up to 20% [42]. Investigations conducted in our laboratory revealed significant variations in xanthan viscosity in distilled water, depending on the dissolution method, including shear forces, mixing time, and temperature.



Figure 6 illustrates the differences in viscosity behavior among various xanthan concentrations in formation brine. It is crucial for a polymer solution used in polymer flooding to exhibit Newtonian behavior in the low-shear region. The higher the zero-shear viscosity of a polymer solution, the greater the force required to surpass the yield point and initiate flow. In instances where well injection is halted due to unforeseen circumstances, excessive pressure could potentially lead to reservoir fracturing and uncontrolled flow behavior.



The viscosity of xanthan exhibits a significant temperature dependency, as illustrated in Figure 7, with viscosity loss gradually escalating as the temperature increases.



Xanthan exhibits slightly distinct behavior in distilled water compared to brine solutions. The curves in brines display a sigmoidal shape consistent across varying salt concentrations (Figure 8). A study on the applicability of xanthan in enhanced oil recovery revealed a similar reduction in viscosity with increasing temperatures at a shear rate of 10.8 s−1 [43]. It was also noted that viscosity losses increased with decreasing shear rates. This decrease in viscosity was attributed to a conformational transition, shifting from a rod-like, ordered structure to a more flexible, disordered configuration, which was found to be reversible [44].




3.4. Shear Stability of Xanthan


Xanthan was dissolved in seawater using a mixing speed of 8000 rpm. The mixing process was halted at specified intervals, and the solution’s flow curve was measured. To prevent overheating from energy input, the containers were placed in a water bath at 27 °C during mixing. The flow curves depicted in Figure 9 reveal a decline in viscosity below a shear rate of 1/s, while viscosities in the higher shear regions, especially those relevant to enhanced oil recovery, remained unaffected by the duration of mixing.



A study documented a reduction in molecular weight and gyration radius following high-pressure homogenization treatment applied to xanthan [44]. In another study, where xanthan was compared to various polyacrylamides under conditions more closely resembling those in the field, it was observed that xanthan remained stable even at shear rates as high as 870,000 s−1, displaying the lowest degree of degradation among all the tested polymers [13].



Additionally, it is worth noting that xanthan reached its maximum viscosity within just 2 min (Figure 9), whereas achieving the acceptable filtration ratio in the same brine took 6 min. This observation underscores that xanthan dissolves rapidly, but high shear forces must subsequently disentangle its network structure to pass through the filter.




3.5. Core Flooding Results


Core flooding experiments were conducted on sandstone and carbonate rock samples under ambient-temperature and high-overburden-pressure conditions to evaluate the effectiveness of polymers in EOR projects. Initially, the cores were saturated with a brine containing 6% NaCl. Oil injection continued until no further expulsion of brine occurred, establishing irreducible water saturation. Subsequently, brine was introduced to simulate secondary oil recovery, followed by three pore volumes of a polymer solution in the tertiary oil recovery phase. The composition of the two tested brines was 1% and 6% NaCl. The results of these experiments are depicted in Figure 10, Figure 11, Figure 12 and Figure 13, with a comprehensive summary of the runs provided in Table 4.



Xanthan polymer significantly increased oil recovery for the sandstone and carbonate rock. Significantly, it demonstrated improved performance in carbonate rock, leading to remarkable 38% and 67% increases in recovery for both salinity levels, respectively. This difference may be attributed to rock properties, porosity, permeability, and wettability variations between sandstone and carbonate reservoirs. Additionally, the effectiveness of xanthan polymer in altering fluid mobility and enhancing sweep efficiency may vary depending on the specific characteristics of the reservoir rock [3].



Based on the current understanding, future research endeavors should prioritize several key areas in preparing modified xanthan gum for EOR applications. Firstly, there is a need to refine the chemical process of modifying xanthan gum, focusing on optimizing the rheological properties and EOR potential of the resulting modified polymer. Additionally, post-modification techniques could offer valuable insights into enhancing the compatibility and performance of modified xanthan gum in challenging reservoir environments. These efforts will contribute to advancing the effectiveness and applicability of modified xanthan gum as a viable solution for EOR initiatives.





4. Conclusions


In conclusion, this study comprehensively analyzed xanthan TNCS-ST, a specialized polymer tailored for enhanced oil recovery applications. The research highlights the polymer’s remarkable transparency and ability to dissolve in high salt concentrations, up to 18% total dissolved solids, making it a promising candidate for EOR operations. The distinctive characteristics of the polymer were thoroughly examined through rigorous laboratory methods, including transparency assessment, salt tolerance testing, and rheological property measurements.



Significantly, the study unveiled a noteworthy correlation between energy input for polymer dissolution and optimal filtration ratios across various brines, presenting a significant advancement in the field. Moreover, insights into the temperature-dependent viscosity behavior of xanthan solutions and observations of uniform flow characteristics within a range of salt content offer valuable understanding for EOR applications.



Moreover, significant oil recovery improvements were noted in sandstone and carbonate rock formations when employing xanthan polymer, with a particularly notable 67% increase in incremental recovery observed in carbonate rock scenarios under high-salinity conditions. These findings underscore the promising potential of xanthan TNCS-ST in improving enhanced oil recovery practices.



Researchers must acknowledge the nuanced nature of xanthan polymers, as their effectiveness may vary due to differences in manufacturing processes. Thus, thoroughly evaluating various xanthan materials is essential to optimize their application in enhanced oil recovery. This study contributes significantly to the body of knowledge in the field and lays a solid foundation for further advancements in EOR technology.
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Figure 1. Structure of the xanthan TNCS-ST polymer [31]. 






Figure 1. Structure of the xanthan TNCS-ST polymer [31].



[image: Energies 17 01266 g001]







[image: Energies 17 01266 g002] 





Figure 2. Flow curves of different xanthan types at 30 °C dissolved in 4% NaCl solution. 
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Figure 3. Effect of salt concentration on the electrical energy required to achieve filtration ratio <1.5 for 1 g/L xanthan dissolution. 
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Figure 4. Effect of different xanthan concentration on electrical energy requirements for filtration ratio <1.5 in formation brine at 30 °C. 
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Figure 5. Flow curves of xanthan dissolved in distilled water and various brines at 30 °C with a filtration ratio <1.5. 
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Figure 6. Flow curves of various xanthan concentrations dissolved in high-salinity brine at 30 °C with filtration ratio < 1.5. 
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Figure 7. Temperature dependency of various xanthan concentrations dissolved in formation brine at 30 °C with filtration ratio <1.5. Measurements were conducted at a shear rate of 8 s−1. 
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Figure 8. Temperature dependency of 1 g/L xanthan dissolved in distilled water and various brines at 30 °C with filtration ratio <1.5. Measurements were conducted at a shear rate of 8 s−1. 
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Figure 9. Influence of different mixing durations on the flow curves of 1 g/L xanthan in seawater at a constant shear rate of 42,935 s−1 at 30 °C. 
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Figure 10. Flooding results of 1500 ppm xanthan concentration in 1% NaCl solution for sandstone rock. 
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Figure 11. Flooding results of 1500 ppm xanthan concentration in 1% NaCl solution for carbonate rock. 
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Figure 12. Flooding results of 1500 ppm xanthan concentration in 6% NaCl solution for sandstone rock. 
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Figure 13. Flooding results of 1500 ppm xanthan concentration in 6% NaCl solution for carbonate rock. 
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Table 1. Brine composition.
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	Composition
	Sea Water

(g/L)
	High-Salinity Water

(g/L)
	Formation Water

(g/L)





	NaCl
	30
	85
	132



	KCl
	0.7
	0
	0



	CaCl2·2H2O
	1.53
	13.2
	56



	MgCl2·6H2O
	11.1
	10.7
	22



	Total dissolved solids (TDS)
	37
	100
	185



	pH value
	8.2
	6.0
	6.0










 





Table 2. Core properties of sandstone and carbonate rocks.
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	Properties
	Bentheimer Sandstone
	Estaillades Carbonate





	Porosity, %
	18.72
	29.21



	Permeability, mD
	294.76
	194.71



	Core length (cm)
	5.06
	5.06



	Core diameter (cm)
	3.77
	3.77










 





Table 3. Characteristics of tested xanthan samples used to select EOR material.
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	Sample ID
	Acetate

%
	Pyruvate

%
	Na+

%
	K+%
	Xanthan Material





	1
	7.5
	2.8
	2.6
	0.3
	Xanthan with reduced pyruvate



	2
	6.8
	2.7
	2.9
	0.2
	Xanthan with reduced pyruvate



	3
	0.5
	6.8
	3.1
	0.3
	Xanthan with low acetate



	4
	0.4
	6.6
	3.3
	0.2
	Xanthan with low acetate



	5
	7.4
	0.2
	2.2
	0.2
	Xanthan with low pyruvate



	6
	3.9
	5.4
	3.4
	0.2
	Xanthan from the original xanthan strain (NRRL B-1459)
