
1

Vol.:(0123456789)

Scientific Reports |        (2023) 13:11666  | https://doi.org/10.1038/s41598-023-38844-w

www.nature.com/scientificreports

Xanthan biopolymer‑based soil 
treatment effect on kaolinite clay 
fabric and structure using XRD 
analysis
Yeong‑Man Kwon 1, Ilhan Chang 2* & Gye‑Chun Cho 3*

In this study, we evaluated the impact of xanthan gum biopolymer (XG) on kaolinite fabrics using 
X‑ray diffraction (XRD) and the ensuing changes in the compaction behavior and shear resistance 
of kaolinite soils. The XRD peak analysis revealed that XG changed kaolinite fabrics into face‑to‑
face associations. Moreover, environmental scanning electron microscopy showed the formation of 
XG‑bridges between kaolinite particles, resulting in the change in fabrics and subsequently improving 
the resistance of kaolinite to external forces. Consequently, as XG content increased, the maximum 
dry density decreased, and the undrained shear strength increased. The viscous XG hydrogels 
produced a higher optimal moisture content and increased resistance to shear force. This study 
showed that XG affects the mechanical properties of kaolinite through changing kaolinite fabrics 
(up to 0.5% of the XG‑to‑kaolinite mass ratio) and absorbing pore‑fluids (excess XG over 0.5% of the 
XG‑to‑kaolinite mass ratio).

Abbreviations
BPST  Biopolymer-based soil treatment
LL  Liquid limit (%)
PL  Plastic limit (%)
su  Undrained shear strength (kPa)
EF  Edge-to-face association
FF  Face-to-face association
SEM  Scanning electron microscopy
TEM  Transmission electron microscopy
XG  Xanthan gum
ESEM  Environmental scanning electron microscopy
D50  Mean particle diameter (μm)
SSA  Specific surface area  (m2/g)
CEC  Cations exchange capacity (meq/100 g)
mb/ms  XG-to-dry soil ratio in mass (%)
w  Water content (%)
OMC  Optimal moisture content (%)
MDD  Maximum dry density (g/cm3)
DI  Deionized water
XRD  X-ray diffraction analysis
PR  Relative intensities of each XRD peak and the highest basal peaks (–)
a  Water content at the undrained shear strength of 1 kPa (%)
b  Variation of water content at a change in the undrained shear strength (–)

The global carbon dioxide  (CO2) emissions and the increasing global warming have resulted in catastrophic 
climate change, including rising sea levels, heat waves, and rainfall  imbalances1–3. To mitigate the concerns 
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surrounding climate change, geotechnical engineers have conducted various studies to develop eco-friendly 
materials to replace the use of ordinary Portland cement (OPC) in soil improvement  materials4. The OPC 
accounts for 5%–7% of anthropogenic  CO2 emissions with one ton of  CO2 emission for every ton of  production5,6.

The biopolymer-based soil treatment (BPST), which uses exo-cultured biopolymers resulting from the metab-
olism of living organisms for soil improvement, has been extensively studied for integration as an environmen-
tally friendly soil improvement  technique7–9. The biopolymers affect soil grains by increasing the pore-fluid 
viscosity and particle  interaction10. Based on the interaction of biopolymers and soils, biopolymers have shown 
their ability to enhance soil  consistency11,  coagulation12, soil  strength13–18, surface  erosion19–22, and hydraulic 
conductivity  control23–26.

In the context of clays, the presence of biopolymers can lead to direct ionic bonding with the surface of clay 
 particles27, resulting in modifications of the clay fabric, and geometric arrangement of the soil  particles10,11. For 
instance, Mahamaya et al.28 investigated the effect of xanthan gum (XG), guar gum, and cellulose biopolymers 
on fly ash and mine tailings. The study demonstrated improvements in index properties, compressive strength, 
and water erosion resistance, attributed to morphological changes due to the interaction between the soil and 
the long-chained biopolymer strings. Similarly, Hamza et al.29 found that XG-induced clay aggregation enhanced 
geotechnical parameters of soils such as strength, consolidation, hydraulic conductivity, and freeze–thaw dura-
bility. Kang et al.30 compared the effects of various biopolymers on the settling characteristics of kaolinite and 
fly ashes, revealing that cationic biopolymers induced fabric changes in kaolinite through bridging and charge 
neutralization, resulting in an increased settling velocity. Microscopic techniques, including scanning electron 
microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS), have been widely utilized in previous 
research to investigate the interactions between biopolymers and clays. However, electron microscopy techniques 
have practical limitations, including challenges in sample preparation and limited surface  observation31, which 
hinder a comprehensive understanding of the biopolymer’s effect on the fabric of bulk clay materials.

To bridge this knowledge gap, this study aims to examine and analyze the fabric of XG biopolymer-treated 
kaolinite by employing X-ray diffraction (XRD) technique, as well as variations in its mechanical properties. XRD 
technique is extensively utilized for analyzing the structure of bulk clays due to its capability to probe depths of 
30–50 μm32,33. Among a variety of organic  polymers30, XG was selected in this study owing to its wide usage in 
various  applications34–36, promising results in enhancing geotechnical  properties13,37,38, and unique rheological 
properties such as the formation of viscous hydrogels and pseudoplastic  behavior39,40. These characteristics make 
XG a suitable candidate for investigating its effects on the fabric and mechanical properties of kaolinite clay. 
Several experimental methods were used to achieve the study’s goal. The XRD patterns of XG-treated kaolinites 
were obtained to determine the fabric of clays by comparing the X-ray peaks and their amplitudes. By integrat-
ing SEM and environmental SEM (ESEM), this work visually examined the fabric of XG-treated kaolinite in dry 
and humid states. Based on visual observations, the compaction behavior and su of XG-treated kaolinites were 
analyzed to analyze the impact of XG on kaolinites’ fundamental properties.

XRD at basal and prism peaks. Figure 1 depicts the XRD patterns of XG-treated kaolinites. The basic 
properties can be found in Extended Data Fig. 1 and Supplementary Table 1. The characteristic peaks are evident 
at diffraction angles in the order of 2θ = 12.31°, 24.84°, 20.34°, corresponding to the planes 001, 002, and 110 
(Supplementary Table 2, and Extended Data Fig. 2). Here, the faces of the clay particles mostly consist of basal 
planes, and edges of clay particles mostly consist of prism  planes41. The observed dominant basal peaks indicate 
that most clay particles are laminarly oriented, which is consistent with the report of Żbik et al.42. The surface 
charge of kaolinite primarily consists of silica facets, gibbsite facets, and edges. According to the reported iso-
electric points of each  surface43–47, the gibbsite facets and edges exhibit a positive charge, while the silica facets 
exhibit a negative charge within the pH range (5.3 ± 0.1) used in this study. Consequently, the negatively charged 
silica faces attract the positively charged gibbsite faces and edges, leading to the formation of face-to-face (FF) 
and edge-to-face (EF) fabric arrangements, respectively. The observed dominant basal peaks can be attributed to 
the higher surface area of the gibbsite faces compared to the edge surfaces.

There is no major shift in the peak angle due to XG, indicating that the addition of XG in kaolinite has no 
substantial impact on the interlayer spaces between silicate layers as intercalation and  exfoliation48. Instead, the 
XG content used in this study serves as a conventional composite filler, thus affecting the tactoids comprising 
several stacked silicate  monolayers49. The XG-treatments change the intensity of basal and prism peaks. Kaolinites 
with 0.5% and 1.0% of XG-treatments showed a higher intensity of the basal peaks than the untreated kaolinite 
(Fig. 1b,c); however, all XG-treated kaolinites exhibited a reduction in the strength of the prism peaks compared 
to that of the untreated kaolinite (Fig. 1d,e). The change in peak strengths indicates that the XG affected the 
kaolinite properties because it transformed their  fabrics50,51. Previous studies have highlighted the role of XG in 
promoting fabric transformation in kaolinite through its unique interaction with the clay surface, resulting in 
significant alterations in the hydro-mechanical properties of the  clay11,52.

Effect of XG on peak ratio. For a quantitative analysis of the variations in kaolinite fabrics with XG con-
tent, the relative intensities of each peak and the highest basal peaks—that is, the peak ratio (PR)—can be com-
puted as  follows53:

where I2θ denotes the intensity recorded at a diffraction angle of 2θ, and Imax denotes the specimen’s strong-
est intensity—that is, the 002 planes in this study. The results showed that the addition of XG had a negligible 
impact on the basal peaks (Fig. 2a) but reduced the peak ratio at prism peaks (Fig. 2b). Owing to the positioning 
of prism planes at the edges of clay  particles54, higher prism peaks indicate that the geometric arrangement of 

(1)PR = I2θ/Imax,
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kaolinite clay platelets was randomly oriented, implying the formation of EF contacts. In contrast, the observed 
reduction in the peak ratio at prism peaks indicates a more FF particle  arrangement41, due to the influence of 
XG. Furthermore, XG of mb/ms = 0.5% exhibited the lowest PR at prism peaks, whereas the PR at prism peaks 
steadily increased with XG for mb/ms > 0.5%.

Effect of XG–clay fabrics on compaction behavior. When considering the building of pavements, 
airports, levees, and dams, compaction characteristics are essential parameters that affect the mechanical prop-
erties of  soils55. Figure 3 shows the results of standard Proctor compaction tests conducted on XG-treated kaolin-
ites under varying mb/ms conditions. The compaction curve (Fig. 3a) shows that the XG decreases the variation 
in dry unit weight by w, which further indicates that XG reduces the soil’s sensitivity to variations in w56.

The XG raises the optimal moisture content (OMC) (Fig. 3b) and lowers the maximum dry density (MDD) 
(Fig. 3c). This tendency can be attributed to the formation of an interconnecting network—that is, hydrogen 

Figure 1.  X-ray diffraction patterns of XG-treated kaolinite showing (a) at all diffraction angles, (b,c) at basal 
peaks, (d,e) at prism peaks.
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bonding or direct electrical bonding—between the kaolinite  particles10,57, resulting in a modification of the 
kaolinite fabrics as indicated by the XRD results, which resist the compaction  energy16,56. Ni et al.58 also inves-
tigated the increase in OMC and the decrease in MDD with XG, indicating that this alteration is caused by 
the clay content and biopolymer characteristics. In the case wherein kaolinite is used, when the XG content 
(mb/ms) is > 0.5%, the observed OMC slightly decreases and the MDD increases. This trend is consistent with 
the work of Kang et al.59, which demonstrated a backbone trend at mb/ms = 0.1%. Specifically, mb/ms of 0.5% 
increases the OMC from 32.4% (untreated kaolinite) to 36%; however, the extra XG has a negligible impact on 
the OMC. Additionally, the MDD decreases as XG changes from 1.31 g/cm3 (untreated kaolinite) to 1.22 g/cm3 
(mb/ms = 2.0%). These results match the previous findings that XG with mb/ms = 0.5% exhibit the local maximum 
liquid  limits11,52 and su

10.

Effect of XG on su of kaolinite at MDDs. Figure 4 shows the vane shear test results of XG-treated kaolin-
ites in terms of su. At comparable water content, XG-treated kaolinites exhibit a higher su compared to untreated 
kaolinites. Based on the exponential relationship between w and su

60, the results of the vane shear tests can be 
reduced to the parameters a and b, where parameter a denotes w at su = 1 kPa, while parameter b denotes the 
variation of w in response to a change in su. Parameters a and b increase with XG of mb/ms = 0.5%, suggesting that 
XG enhances the su at the same w while reducing its sensitivity to w fluctuations. Then, parameters decreased as 
XG content varied from 0.5 to 1.0%, and they increased again with XG treatment mb/ms > 1.0%.

Microstructures and particle associations: based on microscopy observations. The visual 
inspection of XG-treated clays shows the interaction between kaolinite and XG, which affects the fabrics and 
mechanical properties of kaolinites. Notably, the fabric distinctions resulting from XG treatment were analyzed 
using the higher resolution capabilities of SEM. In contrast, ESEM was employed to investigate the behavior of 
kaolinite treated with XG under different relative humidity conditions, despite the challenges associated with 
image quality, specifically contrast and brightness, which are influenced by chamber  humidity61. By employing 
both SEM and ESEM methods and considering their combined results, previous research has achieved consist-
ent  findings62.

Figure 2.  Variation in peak ratio with XG content at (a) basal and (b) prism peaks.
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Compared to untreated kaolinite with random EE and EF associations (Fig. 5a), the XG in kaolinite produces 
interparticle bridges between kaolinite particles, inducing a higher degree of FF associations (Fig. 5b). Conse-
quently, XG side chains interact with kaolinite via direct electrostatic attraction, ligand exchange, and hydrogen 
 bonding27,63. Thus, the electrical interaction between XG and kaolinite particles leads to the creation of a bridge 
between  particles11. When the XG powder is dissolved in water, the glucuronic and pyruvic acid groups on its 
side chains become active, and the molecule becomes negatively  charged52,64,65. Under humid conditions, the 
XG side chain absorbs pore fluids and swells, resulting in its expansion. According to Dogan et al.66, XG absorbs 
approximately 25 g water per gram of XG. Consequently, XG forms bridges between the kaolinite particles, as 
shown in Fig. 5b. Additionally, XG absorbs the surrounding water molecules, as shown in Fig. 5c,d, leading to 
the generation of a viscous hydrogel around the kaolinite particles.

Figure 3.  Compaction behavior of XG-treated kaolinite showing (a) the compaction curve, (b) the variation in 
optimal moisture content with XG, and (c) the variation in maximum dry density with XG.
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Effects of XG on kaolinite fabrics. It was found that XG affected the kaolinite particle associations. Based 
on the XRD and microscopy observations, Fig. 6 schematically shows the potential impact of XG on the kao-
linite fabrics. In the absence of XG (Fig. 6a), kaolinite tends to flocculate in FF and EF contacts because of the 
net-attraction energy between the negatively charged face surfaces and the positively charged gibbsite and edge 
 surfaces63,67–69. This formation of EF contacts leads to greater prism peaks than those of XG-treated kaolinites 
(Fig. 1).

Figure 4.  Effect of XG on the undrained shear strength of compacted kaolinite.

Figure 5.  Microscopy observations of XG-treated kaolinites; SEM observations in a dry state for (a) untreated 
kaolinite and (b) XG 1%-treated kaolinite, and ESEM observations of XG 1%-treated kaolinite with a relative 
humidity of (c) 60%, and (d) 100%.
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In contrast, the XG-treated kaolinite form bridges between the kaolinite particles (Fig. 6b), which is evident in 
the microscopy images (Fig. 5b–d), resulting in more FF associations because of the electrostatic interaction with 
the kaolinite surface  charges11,52. Consequently, the creation of XG-bridges peak at mb/ms = 0.5%, demonstrating 
the minimal PR at prism peaks (Fig. 2b). Meanwhile, when mb/ms is greater than 0.5%, the water absorption of 
the excess XG hydrogel hinders bridge  formation40, leading to a higher PR at prism peaks. Notably, the PR at 
prism peaks for mb/ms = 1.0–2.0% is still lower than that of untreated kaolinite.

Effect of XG on mechanical properties of soil. In summary, the formation of XG-bridges and vis-
cous XG hydrogels alters the mechanical properties of kaolinite soils. The XG-bridges between kaolinite parti-
cles changes the kaolinite fabrics into FF associations, and this further improves their resistance to compaction 
energy and shear stress. At the same time, the water absorption by XG also contributes to the mechanical proper-
ties of kaolinite clays. The excess XG in the void space primarily absorbs pore fluids and swells, which is evident 
in the ESEM observations (Fig. 5)—that is, swollen XG absorbs water, increasing the hydrodynamic volume and 
subsequently leading to a rise in the viscosity of the pore  fluids70. Increasing pore-fluid viscosity is associated 
with cohesion, shear strength, damping ratio, and shear  modulus39,71,72. Thus, factors such as XG-bridges, cause 
of fabric modification, and XG hydrogel fill the spaces between clay particles, leading to a reduction in the MDD 
(Fig. 3c), and an increase in OMC (Fig. 3b) and su (Fig. 4). Additionally, XG water absorption makes the kaolinite 
less susceptible to variations in w. Accordingly, XG reduces the fluctuations in dry density (Fig. 3a) and su with 
increasing w (Parameter b in Fig. 4).

Notably, XG content of mb/ms = 0.5% exhibits a local minimum for XRD prism peaks (Fig. 2b) and a similar 
OMC with higher mb/ms (e.g., 2.0%) (Fig. 3b), as well as an optimal biopolymer content for LL11,52. Regarding 
the aforementioned factors, it can be hypothesized that XG content (mb/ms) below 0.5% interacts primarily with 
the kaolinite surfaces, changing their fabrics. Despite the hindered XG fabric rearrangement observed in Figs. 1 
and 5 for XG content exceeding 0.5%, su continues to increase with higher mb/ms. This indicates the significant 
role of XG’s water absorption characteristics in enhancing the shear resistance of kaolinite. Rather than directly 
interacting with the kaolinite particles, XG content exceeding 0.5% primarily interacts with water molecules. 
Consequently, the plasticity index decreases as mb/ms  increases11. Notably, the plasticity index exhibits an inverse 
relationship with su

60,73. Furthermore, this behavior depends on the biopolymer and clay  characteristics23. For 
instance, Chang and  Cho74 reported that gellan gum biopolymer showed the maximum shear strength with 4% 
of biopolymer-to-kaolinite content. Even for the XG treatment, their effect differed by clay  types11.

Implications of XG treatment on the clay fabrics and resulting geotechnical properties. This 
study analyzed the impact of XG on the fabrics of kaolinite clays based on XRD analyses, compaction tests, 
laboratory vane shear experiments, and microscopy observations. The experimental results showed that XG 
modified the kaolinite fabrics through electrical charge interactions with the kaolinite surfaces. The XRD analy-
ses showed that XG resulted in a decrease in the number of peaks at prism planes, indicating that XG altered 
the association of kaolinites from EF to FF. Moreover, the XRD patterns exhibited local peaks at mb/ms = 0.5%. 
The SEM images also visually demonstrated XG-induced FF fabrics. In addition to XG-kaolinite interactions, 
the ESEM images indicated that the XG absorbed pore fluids and swelled. Evidently, the interactions between 
the XG, kaolinite, and water impacted the mechanical properties of the kaolinite clays. The XG-induced bridge 
formation between kaolinite particles enhanced the resistance of kaolinite to external forces. In void spaces, the 
XG absorbed pore fluids to produce viscous hydrogels. Owing to the complex interaction among XG, kaolinite, 
and pore fluids, the MDD decreased, and the OMC and su increased due to the XG treatment. A series of experi-
mental analyses revealed that XG content (mb/ms) of 0.5% mainly affects the mechanical properties of kaolinite 
because it forms networks between kaolinite particles, while XG content (mb/ms) over 0.5% mainly absorbs pore 
fluids and increases the pore-fluid viscosity.

By investigating XG treatment effects on kaolinite, this study explores the potential applicability and perfor-
mance of XG in geotechnical engineering applications. However, the unique mineral composition of kaolinite, 
characterized by its 1:1 layered tetrahedral and octahedral sheets, distinguishes it from other clay minerals with 
a 2:1 layered structure, such as illite and  montmorillonite75. Owing to these distinct mineralogical characteristics, 
the specific properties associated with kaolinite may not directly apply to all engineering scenarios. Considering 

Figure 6.  Kaolinite (a) without XG and (b) with XG.
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the diverse mineral composition of clays, future research should encompass the evaluation of other clay types to 
further enhance our understanding of their behavior and explore potential applications.

Methods
Materials: kaolinite, XG, and XG‑treated kaolinite preparation. This study integrated kaolinite clay 
(Bintang, Indonesia) and XG biopolymer (CAS: 11138-66-2; Sigma Aldrich). Kaolinite—which comprises 1:1 
layered tetrahedral and octahedral sheets—was chosen as a typical clay mineral because it is more responsive to 
fabric changes than 2:1 layered clay  minerals76,77. Given kaolinite’s high width: thickness aspect ratio (3–18)78–81, 
the edge and face charge attraction is crucial for kaolinite fabrics and mechanical  properties82. Moreover, kaolin-
ite exhibits low cation adsorption because of the insignificant isomorphic substitution of  Al3+ or  Fe3+ for  Si4+78,83. 
Although kaolinite possesses both pH-independent negative charges and pH-dependent charges, the overall 
charge characteristic becomes more positive at low pH values and more negative at high pH  values84.

The XG is a biopolymer that is produced by the microbe Xanthomonas campestris, and its structure consists of 
repeated glucose units and side chains containing three sugar  units85. The XG is a water-soluble biopolymer whose 
structure swells upon hydration via hydrogel bonding, the glucuronic  (C6H10O7), and pyruvic acid  (C3H4O3) 
groups on its side chain becoming negatively  charged52,64,65. The XG is widely used as a thickening agent and a 
stabilizer for suspensions, solid particles, and  foams86,87.

Supplementary Table 1 shows the index properties of kaolinite, indicating an increase in the LL and plastic 
limit (PL) with the addition of XG, as previously reported by Nugent, et al.52 and Chang et al.11. Bintang kaolinite 
is classified as clay with high plasticity (CH) according to the ASTM D2487  standard88. The kaolinite was dried in 
an oven at 110 °C to evaporate the pore fluids in clay matrixes prior to experiments, based on the ASTM D2216 
 standard89. In contrast, XG was used without pre-treatment. Extended Data Fig. 1 shows the particle size distribu-
tion curve of kaolinite and XG obtained using laser diffraction spectroscopy (Model HELOS/KR-H248, Sympatec 
GmbH, Clausthal-Zellerfeld, Germany) based on the ASTM D4464-15 and ASTM B822-20  standards90,91. The 
kaolinite particle shape was observed by scanning electron microscopy (Model SU5000, Hitachi, Tokyo, Japan).

The oven-dried kaolinite was mixed with XG powder at XG to the dry soil ratio in mass (mb/ms) of 0% 
(untreated), 0.5%, 1.0%, and 2.0%. Then, deionized water (DI) with pH of 6.2 ± 0.2 at 20 °C, with its designated 
water content (w), was added and thoroughly mixed until forming a uniform XG–clay–DI mixture. The pH of 
kaolinite was determined to be 5.3 ± 0.1 at 20 °C, following the guidelines outlined in the ASTM  standard92.

XRD analysis. The XG-treated kaolinites (mb/ms = 0%, 0.5%, 1.0%, and 2.0%) with a w of 35% (around the 
optimal moisture content (OMC)) were adhered to 18 mm × 18 mm cover glass (Marienfeld; Germany) and air-
dried for 24 h at 20 °C. The XRD patterns of the XG-treated kaolinites were then collected using Cu K-alpha radi-
ation of wavelength 0.154 nm, which were generated using a Rigaku SmartLab diffractometer (Rigaku, Japan) 
operated by a 9 kW X-ray generator.

Because the diffraction angle is a mineral-dependent feature, XRD techniques have been used to identify 
 minerals93. The XRD measures the number of diffracted X-rays that impact a crystal of clay particles and outputs 
the clay textile identification based on Bragg’s law—that is, nλ = 2d·sinθ; here, n denotes the order of reflection, 
λ denotes the wavelength, d denotes the particle spacing, and θ denotes the diffraction angle.

This study analyzed the XG-treated kaolinite fabrics in accordance with the methodologies proposed by 
Sachan and  Penumadu41, wherein pure-kaolinite fabrics were recognized based on the basal and prism peaks of 
the XRD patterns as shown in Supplementary Table 2. Extended Data Fig. 2 depicts the basal and prism planes 
of a unit cell of kaolinite. The parallel orientation of platelets—that is, the FF associations—favors basal planes on 
the surface, resulting in a higher count at basal peaks. In contrast, the honeycomb orientation of platelets—that 
is, the EF associations—increases prism reflections and decreases basal planes.

Compaction tests. The compaction characteristics of XG-treated kaolinite clay (mb/ms = 0%, 0.5%, 1.0%, 
and 2.0%) with a w of 15%–55% were analyzed using a standard Proctor compaction test. The XG-treated kao-
linite mixtures were placed in a 0.95-l cylindrical mold and compacted by following the ASTM D698-12E2 
standard. After compaction, the surface was flattened using a spatula. The final total soil weight was obtained. 
Next, the laboratory vane shear apparatus measured the su of compacted kaolinites.

Laboratory vane shear tests. After compaction, laboratory vane shear tests were conducted to analyze 
the XG-affected kaolinite fabrics (mb/ms = 0%, 0.5%, 1.0%, and 2.0%) on the su of kaolinite. The su of XG-treated 
kaolinites was determined by rotating a rectangular vane (width = 12.7  mm, height = 12.7  mm, and thick-
ness = 0.05 mm) at the top, center, and bottom of the compacted specimen at a velocity of 60˚/min based on 
the ASTM D4648-05  standard95. Additionally, experiments were conducted in triplicate for each specimen to 
increase the reproducibility of the experimental data. Following the vane shear tests, the average w at each tested 
position was measured according to the ASTM D2216  standard89.

Microscopic analysis: SEM and ESEM. This study observed the microscale interactions between XG 
and kaolinite under dry and humid conditions, the relative humidity being 60% and 100%, respectively, using 
SEM (SU-5000, Hitachi High Technologies) and ESEM (Model Quattro ESEM, Thermo Fisher Scientific Inc., 
Waltham, USA). Untreated and treated kaolinites—that is, mb/ms = 0, 1.0%—at w = 35% were air-dried for 24 h 
at 20 °C and attached to a 25-mm diameter SEM mount using carbon conductive tabs (PELCO Tabs; Ted Pella, 
Inc.). Before SEM observations, the specimens were osmium  (OsO4)-coated for 10 s under a vacuum using a 
plasma coater (OPC-60A).
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The ESEM, which controls the water vapor pressure (10–4000 Pa) and the relative humidity in its specimen 
 chamber96, was used to assess the variation of XG-treated kaolinite (mb/ms = 1%) using a change in the relative 
humidity. The samples (w = 35%) were initially attached to an ESEM mount, and the specimen surfaces were 
exposed to the electron beams thereafter. During the observations, the relative humidity fluctuated between 0 
and 100%.

Data availability
The data that support the findings of this study are available from the authors upon reasonable request.

Received: 24 September 2022; Accepted: 16 July 2023

References
 1. Pan, L. et al. Rapid postglacial rebound amplifies global sea level rise following West Antarctic Ice Sheet collapse. Sci. Adv. 7, 

eabf7787. https:// doi. org/ 10. 1126/ sciadv. abf77 87 (2021).
 2. Hansen, J. et al. Assessing “dangerous climate change”: Required reduction of carbon emissions to protect young people, future 

generations and nature. PLoS One 8, e81648. https:// doi. org/ 10. 1371/ journ al. pone. 00816 48 (2013).
 3. Matthews, H. D., Gillett, N. P., Stott, P. A. & Zickfeld, K. The proportionality of global warming to cumulative carbon emissions. 

Nature 459, 829–832. https:// doi. org/ 10. 1038/ natur e08047 (2009).
 4. DeJong, J. T., Mortensen, B. M., Martinez, B. C. & Nelson, D. C. Bio-mediated soil improvement. Ecol. Eng. 36, 197–210. https:// 

doi. org/ 10. 1016/j. ecole ng. 2008. 12. 029 (2010).
 5. Caldeira, K. & Kasting, J. F. Insensitivity of global warming potentials to carbon dioxide emission scenarios. Nature 366, 251–253. 

https:// doi. org/ 10. 1038/ 36625 1a0 (1993).
 6. Matthews, H. D. & Caldeira, K. Stabilizing climate requires near-zero emissions. Geophy. Res. Lett. https:// doi. org/ 10. 1029/ 2007G 

L0323 88 (2008).
 7. Chang, I. et al. Review on biopolymer-based soil treatment (BPST) technology in geotechnical engineering practices. Transp. 

Geotech. 24, 100385. https:// doi. org/ 10. 1016/j. trgeo. 2020. 100385 (2020).
 8. Ashraf, M. S., Azahar, S. B. & Yusof, N. Z. in IOP Conference Series: Materials Science and Engineering. 012058 (IOP Publishing).
 9. Seo, S. et al. Site application of biopolymer-based soil treatment (BPST) for slope surface protection: In-situ wet-spraying method 

and strengthening effect verification. Constr. Build. Mater. 307, 124983. https:// doi. org/ 10. 1016/j. conbu ildmat. 2021. 124983 (2021).
 10. Chang, I., Kwon, Y.-M. & Cho, G.-C. Effect of pore-fluid chemistry on the undrained shear strength of xanthan gum biopolymer-

treated clays. J. Geotech. Geoenviron. 147, 06021013. https:// doi. org/ 10. 1061/ (ASCE) GT. 1943- 5606. 00026 52 (2021).
 11. Chang, I., Kwon, Y.-M., Im, J. & Cho, G.-C. Soil consistency and interparticle characteristics of xanthan gum biopolymer–contain-

ing soils with pore-fluid variation. Can. Geotech. J. 56, 1206–1213. https:// doi. org/ 10. 1139/ cgj- 2018- 0254 (2019).
 12. Kwon, Y.-M., Im, J., Chang, I. & Cho, G.-C. ε-polylysine biopolymer for coagulation of clay suspensions. Geomech. Eng. 12, 753–770. 

https:// doi. org/ 10. 12989/ gae. 2017. 12.5. 753 (2017).
 13. Chang, I., Im, J., Prasidhi, A. K. & Cho, G.-C. Effects of xanthan gum biopolymer on soil strengthening. Constr. Build. Mater. 74, 

65–72. https:// doi. org/ 10. 1016/j. conbu ildmat. 2014. 10. 026 (2015).
 14. Chang, I., Prasidhi, A. K., Im, J. & Cho, G.-C. Soil strengthening using thermo-gelation biopolymers. Constr. Build. Mater. 77, 

430–438. https:// doi. org/ 10. 1016/j. conbu ildmat. 2014. 12. 116 (2015).
 15. Chang, I. & Cho, G.-C. Strengthening of Korean residual soil with β-1,3/1,6-glucan biopolymer. Constr. Build. Mater. 30, 30–35. 

https:// doi. org/ 10. 1016/j. conbu ildmat. 2011. 11. 030 (2012).
 16. Kwon, Y.-M., Chang, I., Lee, M. & Cho, G.-C. Geotechnical engineering behaviors of biopolymer-treated soft marine soil. Geomech. 

Eng. 17, 453–464. https:// doi. org/ 10. 12989/ GAE. 2019. 17.5. 453 (2019).
 17. Cabalar, A. F., Awraheem, M. H. & Khalaf, M. M. Geotechnical properties of a low-plasticity clay with biopolymer. J. Mater. Civil 

Eng. 30, 04018170. https:// doi. org/ 10. 1061/ (ASCE) MT. 1943- 5533. 00023 80 (2018).
 18. Lee, M., Kwon, Y.-M., Park, D.-Y., Chang, I. & Cho, G.-C. Durability and strength degradation of xanthan gum based biopolymer 

treated soil subjected to severe weathering cycles. Sci. Rep. 12, 19453. https:// doi. org/ 10. 1038/ s41598- 022- 23823-4 (2022).
 19. Kwon, Y.-M., Ham, S.-M., Kwon, T.-H., Cho, G.-C. & Chang, I. Surface-erosion behaviour of biopolymer-treated soils assessed by 

EFA. Géotech. Lett. 10, 1–7. https:// doi. org/ 10. 1680/ jgele. 19. 00106 (2020).
 20. Kavazanjian, E., Iglesias, E. & Karatas, I. in The 17th International Conference on Soil Mechanics and Geotechnical Engineering (eds 

Hamza, M., Shahien, M., & El-Mossallamy, Y.) 881–884 (IOS Press, 2009).
 21. Orts, W. J., Sojka, R. E., Glenn, G. M. & Gross, R. A. in Biopolymers from Polysaccharides and Agroproteins, ACS Symposium Series 

Ch. 6, Vol. 786, 102–116 (American Chemical Society, 2001).
 22. Kwon, Y.-M., Cho, G.-C., Chung, M.-K. & Chang, I. Surface erosion behavior of biopolymer-treated river sand. Geomech. Eng. 25, 

49–58. https:// doi. org/ 10. 12989/ gae. 2021. 25.1. 049 (2021).
 23. Ayeldeen, M. K., Negm, A. M. & El Sawwaf, M. A. Evaluating the physical characteristics of biopolymer/soil mixtures. Arab. J. 

Geosci. 9, 1–13. https:// doi. org/ 10. 1007/ s12517- 016- 2366-1 (2016).
 24. Cabalar, A. F., Wiszniewski, M. & Skutnik, Z. Effects of xanthan gum biopolymer on the permeability, odometer, unconfined 

compressive and triaxial shear behavior of a sand. Soil Mech. Found. Eng. 54, 356–361. https:// doi. org/ 10. 1007/ s11204- 017- 9481-1 
(2017).

 25. Chang, I., Im, J. & Cho, G.-C. Geotechnical engineering behaviors of gellan gum biopolymer treated sand. Can. Geotech. J. 53, 
1658–1670. https:// doi. org/ 10. 1139/ cgj- 2015- 0475 (2016).

 26. Kwon, Y.-M., Chang, I. & Cho, G.-C. Consolidation and swelling behavior of kaolinite clay containing xanthan gum biopolymer. 
Acta Geotech. https:// doi. org/ 10. 1007/ s11440- 023- 01794-8 (2023).

 27. Theng, B. K. G. Formation and Properties of Clay–Polymer Complexes Vol. 4 (Elsevier, 2012).
 28. Mahamaya, M., Das, S. K., Reddy, K. R. & Jain, S. Interaction of biopolymer with dispersive geomaterial and its characterization: 

An eco-friendly approach for erosion control. Journal of Cleaner Production 312, 127778. https:// doi. org/ 10. 1016/j. jclep ro. 2021. 
127778 (2021).

 29. Hamza, M. et al. Geotechnical behavior of high-plastic clays treated with biopolymer: Macro–micro-study. Environ Earth Sci 82, 
91. https:// doi. org/ 10. 1007/ s12665- 023- 10760-2 (2023).

 30. Kang, X., Xia, Z., Chen, R., Sun, H. & Yang, W. Effects of inorganic ions, organic polymers, and fly ashes on the sedimentation 
characteristics of kaolinite suspensions. Appl. Clay Sci. 181, 105220. https:// doi. org/ 10. 1016/j. clay. 2019. 105220 (2019).

 31. Barden, L. & Sides, G. Sample disturbance in the investigation of clay structure. Géotechnique 21, 211–222. https:// doi. org/ 10. 
1680/ geot. 1971. 21.3. 211 (1971).

 32. Archer, D. X-Ray Diffraction of Deep-Sea Clay Minerals, Ph. D. Thesis, University of Manchester (1969).
 33. Brindley, G. W. An X-ray method for studying orientation of micaceous minerals in shales, clays, and similar materials. Mineral. 

Mag. J. Mineral. Soc. 30, 71–78. https:// doi. org/ 10. 1180/ minmag. 1953. 030. 220. 08 (1953).

https://doi.org/10.1126/sciadv.abf7787
https://doi.org/10.1371/journal.pone.0081648
https://doi.org/10.1038/nature08047
https://doi.org/10.1016/j.ecoleng.2008.12.029
https://doi.org/10.1016/j.ecoleng.2008.12.029
https://doi.org/10.1038/366251a0
https://doi.org/10.1029/2007GL032388
https://doi.org/10.1029/2007GL032388
https://doi.org/10.1016/j.trgeo.2020.100385
https://doi.org/10.1016/j.conbuildmat.2021.124983
https://doi.org/10.1061/(ASCE)GT.1943-5606.0002652
https://doi.org/10.1139/cgj-2018-0254
https://doi.org/10.12989/gae.2017.12.5.753
https://doi.org/10.1016/j.conbuildmat.2014.10.026
https://doi.org/10.1016/j.conbuildmat.2014.12.116
https://doi.org/10.1016/j.conbuildmat.2011.11.030
https://doi.org/10.12989/GAE.2019.17.5.453
https://doi.org/10.1061/(ASCE)MT.1943-5533.0002380
https://doi.org/10.1038/s41598-022-23823-4
https://doi.org/10.1680/jgele.19.00106
https://doi.org/10.12989/gae.2021.25.1.049
https://doi.org/10.1007/s12517-016-2366-1
https://doi.org/10.1007/s11204-017-9481-1
https://doi.org/10.1139/cgj-2015-0475
https://doi.org/10.1007/s11440-023-01794-8
https://doi.org/10.1016/j.jclepro.2021.127778
https://doi.org/10.1016/j.jclepro.2021.127778
https://doi.org/10.1007/s12665-023-10760-2
https://doi.org/10.1016/j.clay.2019.105220
https://doi.org/10.1680/geot.1971.21.3.211
https://doi.org/10.1680/geot.1971.21.3.211
https://doi.org/10.1180/minmag.1953.030.220.08


10

Vol:.(1234567890)

Scientific Reports |        (2023) 13:11666  | https://doi.org/10.1038/s41598-023-38844-w

www.nature.com/scientificreports/

 34. Williams, B. P., Pinge, S., Kim, Y.-K., Kim, J. & Joo, Y. L. Enhanced dispersion and stability of petroleum coke water slurries via 
triblock copolymer and xanthan gum: Rheological and adsorption studies. Langmuir 31, 8989–8997. https:// doi. org/ 10. 1021/ acs. 
langm uir. 5b015 73 (2015).

 35. Sworn, G. Chapter 27—Xanthan Gum in Handbook of Hydrocolloids (Woodhead Publishing, 2021).
 36. Tempio, J. S. & Zatz, J. L. Flocculation effect of xanthan gum in pharmaceutical suspensions. J. Pharm. Sci. 69, 1209–1214. https:// 

doi. org/ 10. 1002/ jps. 26006 91024 (1980).
 37. Kwon, Y.-M., Moon, J.-H., Cho, G.-C., Kim, Y.-U. & Chang, I. Xanthan gum biopolymer-based soil treatment as a construction 

material to mitigate internal erosion of earthen embankment: A field-scale. Constr. Build. Mater. 389, 131716. https:// doi. org/ 10. 
1016/j. conbu ildmat. 2023. 131716 (2023).

 38. Kwon, Y.-M., Kang, S.-J., Cho, G.-C. & Chang, I. Effect of microbial biopolymers on the sedimentation behavior of kaolinite. 
Geomech. Eng. 33, 121–131. https:// doi. org/ 10. 12989/ gae. 2023. 33.2. 121 (2023).

 39. Wyatt, N. B. & Liberatore, M. W. Rheology and viscosity scaling of the polyelectrolyte xanthan gum. J. Appl. Polym. Sci. 114, 
4076–4084. https:// doi. org/ 10. 1002/ app. 31093 (2009).

 40. Whitcomb, P. J. & Macosko, C. W. Rheology of xanthan gum. J. Rheol. 22, 493–505. https:// doi. org/ 10. 1122/1. 549485 (1978).
 41. Sachan, A. & Penumadu, D. Identification of microfabric of kaolinite clay mineral using X-ray diffraction technique. Geotech. Geol. 

Eng. 25, 603–616. https:// doi. org/ 10. 1007/ s10706- 007- 9133-8 (2007).
 42. Żbik, M. S., Raftery, N. A., Smart, R. S. C. & Frost, R. L. Kaolinite platelet orientation for XRD and AFM applications. Appl. Clay 

Sci. 50, 299–304. https:// doi. org/ 10. 1016/j. clay. 2010. 08. 010 (2010).
 43. Kumar, N., Andersson, M. P., van den Ende, D., Mugele, F. & Siretanu, I. Probing the surface charge on the basal planes of kaolinite 

particles with high-resolution atomic force microscopy. Langmuir 33, 14226–14237. https:// doi. org/ 10. 1021/ acs. langm uir. 7b031 
53 (2017).

 44. Pecini, E. M. & Avena, M. J. Measuring the isoelectric point of the edges of clay mineral particles: The case of montmorillonite. 
Langmuir 29, 14926–14934. https:// doi. org/ 10. 1021/ la403 384g (2013).

 45. Williams, D. J. A. & Williams, K. P. Electrophoresis and zeta potential of kaolinite. J. Colloid Interface Sci. 65, 79–87. https:// doi. 
org/ 10. 1016/ 0021- 9797(78) 90260-6 (1978).

 46. Santamarina, J. C., Klein, K. A., Palomino, A. & Guimaraes, M. S. in Chemical Behaviour: Chemo-Mechanical Coupling from Nano-
structure to Engineering Applications 47–64 (2002).

 47. Tajana, P., Ahmed, A., Gilles, M. & Johannes, L. in Clays, Clay Minerals and Ceramic Materials Based on Clay Minerals (ed Morari 
do, N. G.) Ch. 3 (IntechOpen, 2016).

 48. Penaloza, D. Review on the preparation, structure and property relation of clay-based polymer nanocomposites. Kimika (J. Chem. 
Soc. Philipp.) 28, 44–56. https:// doi. org/ 10. 26534/ kimika. v28i1. 44- 56 (2017).

 49. Sinha Ray, S. & Bousmina, M. Biodegradable polymers and their layered silicate nanocomposites: In greening the 21st century 
materials world. Progress in Materials Science 50, 962–1079. https:// doi. org/ 10. 1016/j. pmats ci. 2005. 05. 002 (2005).

 50. Gruner, J. W. The crystal structure of kaolinite. Zeitschrift für Kristallographie Cryst. Mater. 83, 75–88. https:// doi. org/ 10. 1524/ 
zkri. 1932. 83.1. 75 (1932).

 51. Gillott, J. E. Fabric of Leda clay investigated by optical, electron-optical, and X-ray diffraction methods. Eng. Geol. 4, 133–153. 
https:// doi. org/ 10. 1016/ 0013- 7952(70) 90009-8 (1970).

 52. Nugent, R. A., Zhang, G. & Gambrell, R. P. Effect of exopolymers on the liquid limit of clays and its engineering implications. 
Transp. Res. Record 2101, 34–43. https:// doi. org/ 10. 3141/ 2101- 05 (2009).

 53. Sachan, A. & Penumadu, D. Effect of shear deformation on microfabric of clay using XRD technique. Geotech. Geol. Eng. 27, 
249–264. https:// doi. org/ 10. 1007/ s10706- 008- 9226-z (2009).

 54. Jaradat, K. A. et al. Heating-freezing effects on the orientation of kaolin clay particles. Appl. Clay Sci. 150, 163–174. https:// doi. 
org/ 10. 1016/j. clay. 2017. 09. 028 (2017).

 55. Ayeldeen, M., Negm, A., El-Sawwaf, M. & Kitazume, M. Enhancing mechanical behaviors of collapsible soil using two biopolymers. 
Journal of Rock Mechanics and Geotechnical Engineering 9, 329–339. https:// doi. org/ 10. 1016/j. jrmge. 2016. 11. 007 (2017).

 56. Sujatha, E. R., Atchaya, S., Sivasaran, A. & Keerdthe, R. S. Enhancing the geotechnical properties of soil using xanthan gum—An 
eco-friendly alternative to traditional stabilizers. Bull. Eng. Geol. Environ. https:// doi. org/ 10. 1007/ s10064- 020- 02010-7 (2020).

 57. Dontsova, K. M. & Bigham, J. M. Anionic polysaccharide sorption by clay minerals. Soil Sci. Soc. Am. J. 69, 1026–1035. https:// 
doi. org/ 10. 2136/ sssaj 2004. 0203 (2005).

 58. Ni, J., Li, S. S., Ma, L. & Geng, X. Y. Performance of soils enhanced with eco-friendly biopolymers in unconfined compression 
strength tests and fatigue loading tests. Constr. Build. Mater. 263, 120039. https:// doi. org/ 10. 1016/j. conbu ildmat. 2020. 120039 
(2020).

 59. Kang, X., Bate, B., Chen, R.-P., Yang, W. & Wang, F. Physicochemical and mechanical properties of polymer-amended kaolinite 
and fly ash–kaolinite mixtures. J. Mater. Civ. Eng. 31, 04019064. https:// doi. org/ 10. 1061/ (ASCE) MT. 1943- 5533. 00027 05 (2019).

 60. Koumoto, T. & Houlsby, G. T. Theory and practice of the fall cone test. Géotechnique 51, 701–712. https:// doi. org/ 10. 1680/ geot. 
2001. 51.8. 701 (2001).

 61. Maison, T., Laouafa, F. & Fleureau, J.-M. in UNSAT 2010, International Conference on unsaturated soils. 525–530 (CRC Press).
 62. Lin, B. & Cerato, A. B. Applications of SEM and ESEM in microstructural investigation of shale-weathered expansive soils along 

swelling-shrinkage cycles. Eng. Geol. 177, 66–74. https:// doi. org/ 10. 1016/j. enggeo. 2014. 05. 006 (2014).
 63. Brady, P. V., Cygan, R. T. & Nagy, K. L. Molecular controls on kaolinite surface charge. J. Colloid Interface Sci. 183, 356–364. https:// 

doi. org/ 10. 1006/ jcis. 1996. 0557 (1996).
 64. Hassler, R. A. & Doherty, D. H. Genetic engineering of polysaccharide structure: Production of variants of xanthan gum in Xan-

thomonas campestris. Biotechnol. Prog. 6, 182–187. https:// doi. org/ 10. 1021/ bp000 03a003 (1990).
 65. Petri, D. F. S. Xanthan gum: A versatile biopolymer for biomedical and technological applications. J. Appl. Polym. Sci. https:// doi. 

org/ 10. 1002/ app. 42035 (2015).
 66. Dogan, M., Toker, O. S. & Goksel, M. Rheological behaviour of instant hot chocolate beverage: Part 1. Optimization of the effect 

of different starches and gums. Food Biophys. 6, 512–518. https:// doi. org/ 10. 1007/ s11483- 011- 9233-0 (2011).
 67. Wang, Y. H. & Siu, W. K. Structure characteristics and mechanical properties of kaolinite soils. I. Surface charges and structural 

characterizations. Can. Geotech. J. 43, 587–600. https:// doi. org/ 10. 1139/ t06- 026 (2006).
 68. Zbik, M. S., Smart, R. S. C. & Morris, G. E. Kaolinite flocculation structure. J. Colloid Interface Sci. 328, 73–80. https:// doi. org/ 10. 

1016/j. jcis. 2008. 08. 063 (2008).
 69. Fam, M. & Santamarina, J. C. A study of consolidation using mechanical and electromagnetic waves. Geotechnique 47, 203–219 

(1997).
 70. Tan, X., Hu, L., Reed, A., Furukawa, Y. & Zhang, G. Flocculation and particle size analysis of expansive clay sediments affected by 

biological, chemical, and hydrodynamic factors. Ocean Dyn. 64, 143–157. https:// doi. org/ 10. 1007/ s10236- 013- 0664-7 (2014).
 71. Wang, Y.-H. & Siu, W.-K. Structure characteristics and mechanical properties of kaolinite soils. II. Effects of structure on mechani-

cal properties. Can. Geotech. J. 43, 601–617. https:// doi. org/ 10. 1139/ t06- 027 (2006).
 72. Eren, N. M., Santos, P. H. S. & Campanella, O. Mechanically modified xanthan gum: Rheology and polydispersity aspects. Carbo-

hydr. Polym. 134, 475–484. https:// doi. org/ 10. 1016/j. carbp ol. 2015. 07. 092 (2015).
 73. Houston, W. N. & Mitchell, J. K. Property interrelationships in sensitive clays. J. Soil Mech. Found. Div. 95, 1037–1062. https:// doi. 

org/ 10. 1061/ JSFEAQ. 00013 03 (1969).

https://doi.org/10.1021/acs.langmuir.5b01573
https://doi.org/10.1021/acs.langmuir.5b01573
https://doi.org/10.1002/jps.2600691024
https://doi.org/10.1002/jps.2600691024
https://doi.org/10.1016/j.conbuildmat.2023.131716
https://doi.org/10.1016/j.conbuildmat.2023.131716
https://doi.org/10.12989/gae.2023.33.2.121
https://doi.org/10.1002/app.31093
https://doi.org/10.1122/1.549485
https://doi.org/10.1007/s10706-007-9133-8
https://doi.org/10.1016/j.clay.2010.08.010
https://doi.org/10.1021/acs.langmuir.7b03153
https://doi.org/10.1021/acs.langmuir.7b03153
https://doi.org/10.1021/la403384g
https://doi.org/10.1016/0021-9797(78)90260-6
https://doi.org/10.1016/0021-9797(78)90260-6
https://doi.org/10.26534/kimika.v28i1.44-56
https://doi.org/10.1016/j.pmatsci.2005.05.002
https://doi.org/10.1524/zkri.1932.83.1.75
https://doi.org/10.1524/zkri.1932.83.1.75
https://doi.org/10.1016/0013-7952(70)90009-8
https://doi.org/10.3141/2101-05
https://doi.org/10.1007/s10706-008-9226-z
https://doi.org/10.1016/j.clay.2017.09.028
https://doi.org/10.1016/j.clay.2017.09.028
https://doi.org/10.1016/j.jrmge.2016.11.007
https://doi.org/10.1007/s10064-020-02010-7
https://doi.org/10.2136/sssaj2004.0203
https://doi.org/10.2136/sssaj2004.0203
https://doi.org/10.1016/j.conbuildmat.2020.120039
https://doi.org/10.1061/(ASCE)MT.1943-5533.0002705
https://doi.org/10.1680/geot.2001.51.8.701
https://doi.org/10.1680/geot.2001.51.8.701
https://doi.org/10.1016/j.enggeo.2014.05.006
https://doi.org/10.1006/jcis.1996.0557
https://doi.org/10.1006/jcis.1996.0557
https://doi.org/10.1021/bp00003a003
https://doi.org/10.1002/app.42035
https://doi.org/10.1002/app.42035
https://doi.org/10.1007/s11483-011-9233-0
https://doi.org/10.1139/t06-026
https://doi.org/10.1016/j.jcis.2008.08.063
https://doi.org/10.1016/j.jcis.2008.08.063
https://doi.org/10.1007/s10236-013-0664-7
https://doi.org/10.1139/t06-027
https://doi.org/10.1016/j.carbpol.2015.07.092
https://doi.org/10.1061/JSFEAQ.0001303
https://doi.org/10.1061/JSFEAQ.0001303


11

Vol.:(0123456789)

Scientific Reports |        (2023) 13:11666  | https://doi.org/10.1038/s41598-023-38844-w

www.nature.com/scientificreports/

 74. Chang, I. & Cho, G.-C. Shear strength behavior and parameters of microbial gellan gum-treated soils: From sand to clay. Acta 
Geotech. 14, 361–375. https:// doi. org/ 10. 1007/ s11440- 018- 0641-x (2019).

 75. Mitchell, J. K. & Soga, K. Fundamentals of Soil Behavior 3rd edn. (Wiley, 2005).
 76. Sridharan, A. & Rao, G. V. Shear strength behaviour of saturated clays and the role of the effective stress concept. Geotechnique 

29, 177–193. https:// doi. org/ 10. 1680/ geot. 1979. 29.2. 177 (1979).
 77. Jang, J. & Santamarina, J. C. Fines classification based on sensitivity to pore-fluid chemistry. J. Geotech. Geoenviron. https:// doi. 

org/ 10. 1061/ (ASCE) GT. 1943- 5606. 00014 20 (2016).
 78. Tombácz, E. & Szekeres, M. Surface charge heterogeneity of kaolinite in aqueous suspension in comparison with montmorillonite. 

Appl. Clay Sci. 34, 105–124. https:// doi. org/ 10. 1016/j. clay. 2006. 05. 009 (2006).
 79. Villanueva, M. P., Cabedo, L., Lagarón, J. M. & Giménez, E. Comparative study of nanocomposites of polyolefin compatibilizers 

containing kaolinite and montmorillonite organoclays. J. Appl. Polym. Sci. 115, 1325–1335. https:// doi. org/ 10. 1002/ app. 30278 
(2010).

 80. Beckett, R., Murphy, D., Tadjiki, S., Chittleborough, D. J. & Calvin Giddings, J. Determination of thickness, aspect ratio and size 
distributions for platey particles using sedimentation field-flow fractionation and electron microscopy. Colloids Surf. Physicochem. 
Eng. Asp. 120, 17–26. https:// doi. org/ 10. 1016/ S0927- 7757(96) 03716-8 (1997).

 81. Nadeau, P. H. The physical dimensions of fundamental clay particles. Clay Miner. 20, 499–514. https:// doi. org/ 10. 1180/ claym in. 
1985. 020.4. 06 (1985).

 82. Penner, D. & Lagaly, G. Influence of anions on the rheological properties of clay mineral dispersions. Appl. Clay Sci. 19, 131–142. 
https:// doi. org/ 10. 1016/ S0169- 1317(01) 00052-7 (2001).

 83. Zhou, Z. & Gunter, W. D. The nature of the surface charge of kaolinite. Clays Clay Miner. 40, 365–368. https:// doi. org/ 10. 1346/ 
CCMN. 1992. 04003 20 (1992).

 84. Au, P.-I. & Leong, Y.-K. Surface chemistry and rheology of slurries of kaolinite and montmorillonite from different sources. KONA 
Powder Part. J. https:// doi. org/ 10. 14356/ kona. 20160 07 (2016).

 85. Garcia-Ochoa, F., Santos, V. E., Casas, J. A. & Gómez, E. Xanthan gum: production, recovery, and properties. Biotechnol. Adv. 18, 
549–579. https:// doi. org/ 10. 1016/ S0734- 9750(00) 00050-1 (2000).

 86. Chang, I., Im, J. & Cho, G. C. Introduction of microbial biopolymers in soil treatment for future environmentally-friendly and 
sustainable geotechnical engineering. Sustainability 8, 251. https:// doi. org/ 10. 3390/ su803 0251 (2016).

 87. Katzbauer, B. Properties and applications of xanthan gum. Polym. Degrad. Stab. 59, 81–84. https:// doi. org/ 10. 1016/ S0141- 3910(97) 
00180-8 (1998).

 88. ASTM. in ASTM Volume 04.08 Soil and Rock (I)L D420-D5876 Vol. 04.08 (ASTM International, 2017).
 89. ASTM. in ASTM Volume 04.08 Soil and Rock (I): D420-D5876 (ASTM International, 2019).
 90. ASTM. in ASTM Volume 04.08 Soil and Rock (I): D420-D5876 (ASTM International, 2020).
 91. ASTM. in ASTM Volume 02.05: Metallic And Inorganic Coatings; Metal Powders And Metal Powder Products (ASTM International, 

2020).
 92. ASTM. in ASTM Volume 04.08 Soil and Rock (I): D420-D5876 (ASTM International, 2019).
 93. Harris, W. & Norman White, G. in Methods of Soil Analysis Part 5—Mineralogical Methods 81–115 (2008).
 94. ASTM. in ASTM Volume 04.08 Soil and Rock (I): D420-D5876 (ASTM International, 2012).
 95. ASTM. in ASTM Volume 04.08 Soil and Rock (I): D420-D5876 (ASTM International, 2016).
 96. Carrier, B. et al. ESEM study of the humidity-induced swelling of clay film. Langmuir 29, 12823–12833. https:// doi. org/ 10. 1021/ 

la402 781p (2013).

Acknowledgements
This work was supported by the National Research Foundation of Korea (NRF) Grants funded by the Korea 
Government (MSIT) (No. 2023R1A2C300559611 and No. 2022R1A2C2091517). We would like to thank Editage 
[http:// www. edita ge. com] for editing and reviewing this manuscript for English language.

Author contributions
Y.M.K., I.C., and G.C.C. designed the concepts and experiments. Y.M.K. conducted the XRD analysis, standard 
Proctor test, microscopic observation, and vane shear tests. Y.M.K. prepared the manuscript under the supervi-
sion of G.C.C., and I.C.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 38844-w.

Correspondence and requests for materials should be addressed to I.C. or G.-C.C.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

https://doi.org/10.1007/s11440-018-0641-x
https://doi.org/10.1680/geot.1979.29.2.177
https://doi.org/10.1061/(ASCE)GT.1943-5606.0001420
https://doi.org/10.1061/(ASCE)GT.1943-5606.0001420
https://doi.org/10.1016/j.clay.2006.05.009
https://doi.org/10.1002/app.30278
https://doi.org/10.1016/S0927-7757(96)03716-8
https://doi.org/10.1180/claymin.1985.020.4.06
https://doi.org/10.1180/claymin.1985.020.4.06
https://doi.org/10.1016/S0169-1317(01)00052-7
https://doi.org/10.1346/CCMN.1992.0400320
https://doi.org/10.1346/CCMN.1992.0400320
https://doi.org/10.14356/kona.2016007
https://doi.org/10.1016/S0734-9750(00)00050-1
https://doi.org/10.3390/su8030251
https://doi.org/10.1016/S0141-3910(97)00180-8
https://doi.org/10.1016/S0141-3910(97)00180-8
https://doi.org/10.1021/la402781p
https://doi.org/10.1021/la402781p
http://www.editage.com
https://doi.org/10.1038/s41598-023-38844-w
https://doi.org/10.1038/s41598-023-38844-w
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Xanthan biopolymer-based soil treatment effect on kaolinite clay fabric and structure using XRD analysis
	XRD at basal and prism peaks. 
	Effect of XG on peak ratio. 
	Effect of XG–clay fabrics on compaction behavior. 
	Effect of XG on su of kaolinite at MDDs. 
	Microstructures and particle associations: based on microscopy observations. 
	Effects of XG on kaolinite fabrics. 
	Effect of XG on mechanical properties of soil. 
	Implications of XG treatment on the clay fabrics and resulting geotechnical properties. 
	Methods
	Materials: kaolinite, XG, and XG-treated kaolinite preparation. 
	XRD analysis. 
	Compaction tests. 
	Laboratory vane shear tests. 
	Microscopic analysis: SEM and ESEM. 

	References
	Acknowledgements


