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Abstract: Traditional soil stabilization techniques, such as cement and lime, are known for their
menacing effect on the environment through heavy carbon emissions. Sustainable soil stabilization
methods are grabbing attention, and the utilization of biopolymers is surely one among them. Recent
studies proved the efficiency of biopolymers in enhancing the geotechnical properties to meet the
requirements of the construction industry. The suitability of biopolymer application in different soils
is still unexplored, and the carbon footprint analysis (CFA) of biopolymers is crucial in promoting
the biopolymers as a promising sustainable soil stabilization method. This study attempts to investi-
gate the out-turn of cross-linked biopolymer on soils exhibiting different plasticity characteristics
(Medium & High compressibility) and to determine the Embodied carbon factor (ECF) for the selected
biopolymers. Guar (G) and Xanthan (X) biopolymers were cross-linked at different proportions to
enhance the geotechnical properties of soils. Atterberg’s limits, Compaction characteristics, and
Unconfined Compressive Strength were chosen as performance indicators, and their values were
analyzed at different combinations of biopolymers before and after cross-linking. The test results
have shown that Atterberg’s limits of the soils increased with the addition of biopolymers, and it is
attributed to the formation of hydrogels in the soil matrix. Compaction test results reveal that the Op-
timum Moisture Content (OMC) of biopolymer-modified soil increased, and Maximum Dry Density
(MDD) reduced due to the resistance offered by hydrogel against compaction effort. Soils amended
with biopolymers and cured for 14, 28, and 60 days have shown an appreciable improvement in
Unconfined Compressive Strength (UCS) results. Microlevel analysis was carried out using SEM
(Scanning Electron Microscopy) and FTIR (Fourier-transform infrared spectroscopy) to formulate the
mechanism responsible for the alteration in targeted performance indicators due to the cross-linking
of biopolymers in the soil. The embodied energy in the production of both Guar and Xanthan
biopolymers was calculated, and the obtained ECF values were 0.087 and 1.67, respectively.

Keywords: Atterberg’s limits; biopolymer cross-linking; carbon footprint analysis; compaction
characteristics; compressive strength; guar; xanthan

1. Introduction

A rise in urbanization is driving the need for development on difficult soils, necessi-
tating the use of appropriate soil stabilization techniques to enhance the soil properties.
While lime and cement have been extensively utilized in the last couple of decades, their
abnormal use can harm the environment due to associated excessive carbon emissions [1–3].
Researchers are being urged to identify a sustainable material for soil stabilization because
standard soil stabilization methods have a high carbon impact [4]. When soil is combined
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with lime and cement, its geotechnical properties will change and turn ecologically inert,
further altering the pH of natural groundwater and preventing the emergence of plants
and fauna [5]. The embodied energy required to produce cement and lime is also consider-
able [6]. It is crucial to establish a balance between sustainability objectives and the benefits
of soil attributes [7].

It is possible to employ fly ash as a soil stabilizer when combined with the appropri-
ate admixtures, but lime leachability must be carefully considered to ensure long-term
viability [8]. The particle size distribution of the soil matrix, cohesiveness, and shearing
resistance have all changed because of clayey soil mixed with granite dust [9]. The fine
content that naturally existing soils possess has an impact on their structure and, thus, their
unsaturated behavior, changing the form of the resulting water-retention characteristic
curve (WRCC) [10]. Soil reinforcement is an option to enhance the engineering properties
to meet the requirements of a subgrade material [11]. Soils treated with calcium-based
derivatives and granite dust resulted in the reduction of the pore volume and in the en-
hancement of tensile strength [12]. Non-availability of cohesive soils has moved the focus to
the enrichment of sandy soils to meet the requirements of liner and subbase [13]. Enhance-
ment in soil qualities, including water retention, pollutant mitigation, and shear strength,
has been accomplished using bio-geo-engineering techniques such as EICP and MICP.
The efficiency of EICP and MICP depends on the microbes present and is more effective
in the stabilization of cohesionless soils [5,14]. Biopolymers are gaining the attention of
researchers as their application in the field is simpler and more efficient in soil stabilization.
Biopolymer-based soil treatment (BPST) research is a recent trend that is environmentally
friendly and sustainable in ground improvement and soil treatment [15,16].

Biopolymers are naturally occurring polysaccharides that have been extensively used
as viscosifiers in agriculture and the food industry. G, X, starch, and alginate gum are being
used to reduce soil permeability, and X is being used to increase soil shear strength [17].
Biopolymers, when added to the soil, react with pore water and form a hydrogel, which
further reacts with the soil particles [18]. The physicochemical properties of biopolymers,
namely viscosity, hydrogen bonding, and surface characteristics, have a considerable effect
on the soil-biopolymer mix. Biopolymer treatment is very effective in treating well-graded
soils when compared to poorly graded soils [19]. Desiccation cracking in medium to high
plastic clays was effectively controlled by the usage of G, and X was efficient in enhancing
the shear strength and permeability of sand and silty sand [20]. Soils treated with X
and G have shown great resistance against erosion and are very efficient for use in slope
protection [5,21]. Biopolymer dosage depends on soil nature, and most of the soils have
shown a remarkable improvement in their geotechnical properties when the dosage is kept
at 1–2%. The shear strength of cohesive soils was improved around 2–4 times and 6–8
times for cohesion-less soils [22]. While treating cohesive soils, MDD values were reduced
by 1–2 kN/m3, and OMC values were increased proportionately [23,24]. Soil treated with
chitosan has displayed a considerable improvement in compressive strength of 4 MPa with
an extended curing period of 90 days. Chitosan at high dosages was used for canal lining
and was proven to be effective in holding and retaining water [25,26].

Biopolymers initially interact with pore water in the soil to form a 3D network of
hydrogels, which further connect the soil particles and create a stabilizing effect. On
drying, these hydrogels are converted from a rubbery to a glassy state and influence
the improvement of soil strength [27]. The integrity, chemical activity, and mechanical
properties of the hydrogels are reliant on the type of biopolymer used and the time taken
by the hydrogel to absorb the water to swell before the dilution. To avoid or delay the
dilution of hydrogels, biopolymers are usually cross-linked, where the outer chains of
biopolymers react with other polymer chains [28]. This process proved to be effective in
enhancing the physical integrity and mechanical properties of the hydrogel. Investigation
revealed that cross-linking the biopolymers addresses the shortcomings of each biopolymer
when individually used in the stabilization of rammed earth [18]. G and X were previously
cross-linked, and it has improved the aversion of mine tailings to wind erosion [29]. G and
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X were cross-linked, and they were found to be very effective in the stabilization of fly ash
suspensions and retarding spontaneous coal combustion to remediate the groundwater [30].
The available literature recommended that both G and X can be cross-linked without adding
any external agent [31].

This research provides the embodied carbon footprint of Guar and Xanthan biopoly-
mers from the production stages, which has not been attempted by earlier researchers.
Till now, the literature review available deals with studying the effect of the addition of
single-type biopolymers in enhancing the geotechnical properties of soil. In the current
study, the effect of the addition of cross-linked biopolymers in enhancing the geotechnical
properties of cohesive soil has been investigated.

2. Background

An increasing amount of research shows that G and X biopolymers are widely ac-
cepted as sustainable soil additives [31]. Despite these materials being derived from natural
resources, the various steps in their manufacturing and the use of certain components (not
made from natural sources) result in a large amount of CO2 emissions being released into
the environment. The estimation of a product’s total CO2 emissions from its inception
through disposal requires a main database, which is frequently challenging to get. As a
result, the focus of the current work is on estimating CO2 emissions using carbon footprint
analysis (CFA) from the production stages of G and X, relying on the database from the
previous literature and subjected to boundary conditions. The specifications (or condi-
tions) used at each stage of manufacturing are in line with the best yield of the chosen
biopolymers.

Furthermore, recent investigations have shown that biopolymer cross-linking can also
be adopted in soil stabilization to enhance the targeted geotechnical properties such as
strength, permeability, and durability [32]. However, the application of biopolymers in
soil stabilization is still limited as their interaction with soils of different mineralogy is not
completely understood.

The main objectives of this research are:

• To investigate the effect of biopolymer inclusion and their cross-linking on the soils ex-
hibiting different plasticity characteristics by choosing Atterberg’s limits, compaction
characteristics, and unconfined compression strength tests as performance indicators.

• To determine the embodied carbon emissions of the selected biopolymers, namely
guar and xanthan gum, from the production stages.

3. Materials and Methods
3.1. Biopolymers

Biopolymers, namely G and X, used in the study were collected from SRL Chemicals,
Mumbai, India. The properties of biopolymers are described below.

3.1.1. Guar Gum

G is the powdered endosperm of the seeds of Cyamopsis tetragonolobus, which is
a leguminous crop [21,33]. It is a non-ionic hydrocolloid polysaccharide composed of
galactose and mannose structural units [34].

3.1.2. Xanthan Gum

X is a polysaccharide that results from the enzymatic action of a carbohydrate source,
such as glucose. Xanthomonas campestris is a bacterium that facilitates the process of
producing X gum. This gum can be dissolved in both cold and hot water. The viscosity
of the medium will be increased when X is added to it, and the solution will display
a non-Newtonian property with high pseudo-plasticity [23]. In recent days, the use of
biopolymers has been widely seen in the cosmetics industry, agriculture, the food industry,
civil engineering, and the drilling industry.
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Guar and Xanthan biopolymers were selected for the investigation as they can be
cross-linked naturally without adding any external agents. The addition of an external
agent may result in undesirable changes in the geotechnical properties when used in field
applications [17]. Biopolymers were mixed at dosages of 1G, 2G, 1X, 2X, and 1G + 1X by
the weight of dry soil mass. The optimum dosage of biopolymers was fixed as 2% of the
dry soil mass. The properties of both G and X are listed in Table 1.

Table 1. Properties of Guar and Xanthan biopolymers.

S. No. Property G X

1 Color White to pale yellow White to off-white
2 Ash (%) 2 13
3 Pyruvic acid -- 1.5
4 Loss on drying (%) 13 15
5 pH (1% aqueous solution) -- 6.0–8.0
6 Viscosity (1% aqueous solution at 25 ◦C) -- 600 mPa·s

(Source. From the manufacturer, SRL Chemicals Pvt Ltd., Mumbai, India).

3.2. Soils

In this study, the effectiveness of biopolymer cross-linking in stabilizing soil was
evaluated by conducting laboratory tests on two soils with varying plasticity characteristics.
Soils were collected from two different locations, and their characterization was completed
following the applicable code. Soil collected from Ibrahimpatnam, Ranga Reddy district,
Telangana, India (17.10◦ N 78.62◦ E) with high plasticity index was denoted as S1, and
the sample collected from Singarayakonda, Prakasam district, Andhra Pradesh, India
(15◦14′32.1′′ N 80◦01′59.6′′ E) with medium plasticity index was denoted as S2. Table 2
shows the geotechnical properties of soil samples used for the investigation.

Table 2. Geotechnical Properties of studied soils S1 and S2.

S. No. Property Sample S1 Sample S2

1 Liquid Limit (%) 63.2 48.1
2 Plastic Limit (%) 30.9 25.9
3 Plasticity Index (%) 32.3 22.2
4 Free Swell Index (%) 45 12.5
5 Optimum Moisture Content (OMC) (%) 26 11
6 Maximum Dry Density (MDD) (kN/m3) 14.41 19.22
7 Unconfined Compression strength (kPa) 92.18 121.6
8 Soil Classification (Unified Soil Classification system) CH CM

Note: ‘OMC’ refers to Optimum Moisture Content; ‘MDD’ refers to Maximum Dry Density; ‘CH’ refers to
High-Compressible Clay; ‘CM’ refers to Medium-Compressible Clay as per the Unified Soil Classification System
(USCS).

In the laboratory, the mechanical and physical properties of virgin soil were examined.
The soil samples S1 and S2 were next treated with independent doses of G and X. Later,
each soil was treated with a mixture of G and X to evaluate the variation in the targeted
geotechnical parameters. The ideal biopolymer dosage for soil is 2% by dry soil weight, as
seen from earlier studies [18,35]. Hence, in the present study, the dosage of independent
biopolymer is limited to 2% by the dry weight of soil, and for cross-linking cases, the dosage
is limited to 1% (for each biopolymer). Table 3 outlines the various soil and biopolymer
combinations that were used in this study.
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Table 3. Different combinations of soils and biopolymer dosages adopted for the study.

S. No Soil Sample Biopolymer Dosage G (%) X (%)

Virgin --- ---
1G 1.0 ---

1 S1 2G 2.0 ---
1X --- 1.0
2X --- 2.0

1G + 1X 1.0 1.0

Virgin --- ---
1G 1.0 ---

2 S2 2G 2.0 ---
1X --- 1.0
2X --- 2.0

1G + 1X 1.0 1.0

3.3. Mixing Strategy

The soil samples that were chosen for analysis were dried in an oven and given some
time to cool. Dry or wet mixing methods can be used to mix the selected biopolymers into
the soil. In the dry mixing, biopolymers will be added to the dry mass of soil before the
addition of water. In wet mixing, a homogeneous solution of biopolymers with deionized
is prepared and added to the soil matrix [28]. Dry mixing of biopolymers was preferred
in this investigation as wet mixing leads to poor workability when mixed on a large
scale. To determine the compaction characteristics and unconfined compressive strength,
Biopolymers were added to soils S1 and S2, as stated in Table 3, and allowed to mellow
for 24 h. Mellowing permits biopolymers to diffuse uniformly into the soil matrix and
promotes the formation of hydrogels.

3.4. Atterberg’s Limits

Oven-dried soil passing through sieve no. 40 was tested for its liquid limit and plastic
limit using the liquid limit device. Soils mixed with biopolymers at all the enumerated
combinations were tested to determine their Atterberg’s limits as per ASTM D4318-17el [36].

3.5. Compaction Characteristics

Soil samples added with the selected biopolymers at different proportions were al-
lowed to mellow for 24 h. Lightweight standard proctor compaction tests were conducted
on all the soil combinations as per ASTM D698-12 [37]. Soil compaction characteristics such
as OMC and MDD values were determined using the standard test procedure.

3.6. Unconfined Compression Strength

The simplest way to assess how effective a soil stabilization approach is to evaluate
the soil’s compressive strength. In line with ASTM D2166/D2166M-16 [38], soil samples
were prepared with a density of MDD and a water content of OMC. Soil samples were
tested at a strain rate of 1 mm/min up to a maximum axial strain of 5%. After a curing
period of 14, 28, and 60 days, the compressive strength of soil samples was calculated.

3.7. Scanning Electron Microscopy

To evaluate the effectiveness of the employed stabilizer, it is necessary to examine
the microstructural organization of soil particles following stabilization. Soil samples
treated with biopolymers were examined using Scanning Electron Microscopy (SEM)
(Hitachi, Tokyo, Japan; Oxford instrument, Oxford, UK), and SEM images were acquired.

3.8. Embodied Energy in the Production of Guar and Xanthan Gum

Estimating the carbon footprint of a material is necessary to use that for field applica-
tions. Carbon footprint print involves the determination of total greenhouse gases in terms
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of equivalent CO2 emissions released into the environment from its production to utility
stages. Material with more carbon footprint causes an adverse impact on the environment
and is not suggestable as a soil stabilizer. In the present study, CFA was carried out for the
selected biopolymers and found that these materials have less carbon footprint compared
to conventional materials. Therefore, they could be adopted as effective soil stabilizers.
Life cycle analyses (LCA) for both G and X were conducted to calculate the embodied
energy during their production. Embodied carbon factor (ECF) was calculated for both the
biopolymers used for the investigation.

4. Results and Discussions
4.1. Atterberg’s Limits

The liquid and plastic limits of soil S1 and S2 were 63.2%, 30.9% and 48.1%, 25.9%
respectively. The addition of biopolymer (G or X) altered the liquid limit (wL) and plastic
limit (wp) of both soils S1 and S2 used for the investigation. At 1G dosage, wL increased
by 90% and 53% for S1 and S2, respectively. An increase in the wL is attributed to the
formation of a hydrogen bonding network by absorbing more water. No significant
increment in wL was observed when the dosage of G increased to 2%. Soils treated
with 1% X also showed an increment in wL values by 63% and 49% for S1 and S2, re-
spectively. A similar trend of rise in Atterberg’s limits of the soil after the addition of
biopolymers was observed by the researchers [18,39]. Figure 1 reveals that the effect of
X on wL of both soil S1 and S2 is less significant compared to G, and the same outcome
was observed in the earlier research works [35,39]. It is attributed to the reduced degree
of linking of X due to the increase in the net negative charge of soil [1]. The increment
of X dosage to 2% in the S1 and S2 increased both wL and wp values moderately. Later,
G and X were cross-linked and added to the soil as per the dosage mentioned in Table 3.
Interestingly, the wp of S2 increased slightly, and it resulted in the reduction in PI to 41.31%,
which is lower than the optimum dosages of individual biopolymers. It is attributed to
the complex behavior of hydrogel formed by the cross-linking of biopolymers with S2. A
similar effect of the rise in the wp was not observed in the S1, and it can be attributed to
the structural arrangement of clay particles. Reduction in wL was observed in both S1
and S2 when biopolymers were cross-linked. Figure 1. demonstrates how the biopolymer
cross-linking raised the wP of S2 and further regulates PI. When soil is treated with a
biopolymer, low-plastic soil becomes medium-plastic, and medium-plastic soil becomes
high-plastic soil [38]. Furthermore, the liquid limit is the amount of water required to
reduce the undrained shear strength of soil to a specific value; it is understood that at a
given water content, the biopolymer-treated (X or G) soil had greater undrained shear
strength than the untreated soil [1]. The rise of Atterberg limits of soil after the addition of
biopolymers contrasted with that of traditional stabilizing agents, such as cement, lime etc.

The increase in Atterberg’s limits of soils after the inclusion of biopolymers is attributed
to the natural chemical properties of the biopolymers and the chemical interaction that the
clay particles undergo with them. After adding biopolymers to the soil, hydroxyl ions of the
biopolymer interact with the pore water available in the soil matrix and increase its viscosity,
which can be attributed to the increase in the wL. Later, clay particles and biopolymer
chains interact with each other and form soil agglomeration, which tends to reduce the
overall surface area, and the wL of soil reduces [40]. The combination of the preceding two
interactions controls the final wL of soil. G, being a neutral polysaccharide, interacts with
pore water, which increases viscosity and increases the wL. Due to this, soils treated with G
will have high wL values compared to X. A similar effect of G on the wL was observed in
the research works carried out by earlier researchers [1,18]. When the biopolymers were
cross-linked into the soil matrix, Atterberg’s limits were increased to some extent and not
as much as when the biopolymers were individually added. Limitations on individual
usage of biopolymers can be overcome with cross-linking, and it is already being widely
used in the food and pharmaceutical industries.
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4.2. Compaction Characteristics

Figure 2 shows the variation of OMC for S1 and S2 at different biopolymer dosages.
At 1G dosage, OMC increased by 19% and 36% for S1 and S2, respectively. It can be
attributed to the hydrophilic nature of biopolymer, which increases the absorption of water
and leads to an increment of OMC. The addition of G to the soil results in the rise of
OMC, and the same phenomenon was reported by the researchers [1,18]. X-treated samples
also showed an increase in OMC but not as much as compared to that of G-treated. The
difference in the phenomena observed is attributed to the complex behavior of X with soil
particles, and it is supported by the results of Atterberg’s limits. At 2% dosage, both X and G
biopolymers showed a proportionate increment in OMC, which can be observed in Figure 2.
Contrary to this, results of S1 and S2 at 1G + 1X biopolymer dosage showed a reduction in
the OMC by 18% and 14%, respectively, compared to the 2G and 2X dosages of biopolymers.
It is attributed to the behavior of hydrogel formed after cross-linking the X and G.

MDD of virgin soils S1 and S2 were 14.41 kN/m3 and 19.22 kN/m3 respectively. MDD
of S1 at 1G biopolymer dosage was reduced to 13.63 kN/m3 and 17.82 kN/m3 for S2. A
similar trend of reduction in MDD was observed at 1X dosage for both soils S1 and S2.
Irrespective of the biopolymer used, the reduction in MDD is attributed to the increased
dosage of biopolymer (from 0% to 1%), which forms a hydrogel filling the voids around
the soil particles. This results in high stiffness of the soil matrix and offers more resistance
to the applied compaction effort. With an increase in the biopolymer dosage to 2X and 2G,
MDD was further reduced, and the same can be observed in Figure 3. However, treatment
at 1G + 1X dosage showed a slight increment in MDD of S1 and a decrement in S2 when
compared to the biopolymer dosage of 2X. Biopolymer at 2X dosage was found to be
effective in controlling the compaction characteristics of soils, but the high embodied
energy associated with production may limit its usage in higher dosages.

The mechanism underlying the interaction of clay particles with water and biopoly-
mers is depicted in Figure 4. Following the addition of water to clay, the water interacts
with the clay particles and forms a thin layer around them. Clay particles reorganize from a
flocculated to a dispersed structure when the compaction was performed wet of optimum.
Therefore, the volume decreases, and the density increases. In contrast, when biopolymers
are introduced, biopolymers react with water to form a three-dimensional network known
as a hydrogel. This hydrogel gets wrapped around soil particles and partially replaces
the soil matrix. When a compaction effort is applied to biopolymer-amended soil, the
hydrogel resists it by sharing and diffusing the force among the soil particles. Therefore,
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the maximum dry density of biopolymer-amended soils will be lower than that of virgin
soil or soil stabilized with stabilizing agents such as cement, fly ash, etc.
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4.3. Unconfined Compression Strength (UCS)

Both S1 and S2 were tested for their UCS on the day of sample preparation, and the
values were 92.18 kPa and 121.6 kPa, respectively. Samples made from virgin, G, and
X-treated S1 and S2 were cured and tested at the age of 14, 28, and 60 days. Results reveal
that the enhancement in UCS of virgin soils S1 and S2 is very minimal. Figure 5 depicts
that the UCS of 1G and 1X treated soil samples increased by around 30% for both S1 and S2
at a curing period of 14 days. A substantial enhancement in the UCS of S1 and S2 at the age
of 28 days curing period was noticed. It is attributed to the conversion of hydrogel from a
rubbery state to a glassy state on drying, and the same phenomenon was observed by the
authors who carried out the research on soil stabilization using G and X biopolymers [18].
G and X cross-linked samples of S1 and S2 have shown a considerable increase in UCS at
all the curing periods compared to all other individual biopolymer dosages. At the end
of the 60-day curing period, the UCS of S1 and S2 treated with crosslinked biopolymers
were 209.88 kPa and 283.41 kPa, respectively. It is attributed to the dense agglomeration of
soil particles after the biopolymer cross-linking, which is supported by the SEM images
from Figures 6 and 7. Results showed that enhancement in UCS for the 2X dosage is close
to that of the 1G + 1X dosage. Increasing the X biopolymer dosage may result in better
enhancement of UCS by following a suitable curing method. However, the high ECF of X
hinders the sustainability aspect of an infrastructure project. Cross-linking of biopolymers
addresses the problems associated with the use of individual biopolymers in soil and can
be encouraged to increase strength and promote sustainability.
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which may have contributed to the increase in compressive strength. SEM image from 
Figure 6d reveals that both G and X had a coupled effect on soil S1. There are visible fibers 
connecting particulates, and the arrangement became denser compared to virgin soil. SEM 
images confirm the accumulation of hydrogel on the soil surface, and it enhances the soil 
and biopolymer aggregation. Due to electrically charged clay grains in the soil fabric, di-
rect interactions (electrostatic or hydrogen bonding) between xanthan gum monomers 
and clay grains take place. These X monomers improve the contact area between grains 
by forming interconnected cation bridges, thickening the gel that covers the surfaces of 
the grains, and covering their surfaces [41].  
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another, and hydrogel could be the cause. It can be seen in Figure 7c that X had a slightly 
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cross-linked soil samples. Hydrogel gets coated over the soil grains and helps in the ag-
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Figure 6. SEM images showing changes in the microstructure arrangement of 28 days cured sample
of soil S1 (a) Virgin soil (b) 2G (c) 2X (d) 1G + 1X.
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Figure 7. SEM images showing changes in the microstructure arrangement of 28 days cured sample
of soil S2 (a) Virgin soil (b) 2G (c) 2X (d) 1G + 1X.

4.4. Structural Electron Microscopy (SEM)
4.4.1. S1

Figure 6 depicts the morphology of the microstructural arrangement of soil particles
28 days after the addition of biopolymer. Figure 6a indicates that the structure of the virgin
soil is fragmented and contains some apertures. Images of soil treated at 2G dosage indicate
that there are fibers connecting soil particles, as well as some void spaces. It is evident
from the image in Figure 6c that the microstructural arrangement became more compact,
which may have contributed to the increase in compressive strength. SEM image from
Figure 6d reveals that both G and X had a coupled effect on soil S1. There are visible fibers
connecting particulates, and the arrangement became denser compared to virgin soil. SEM
images confirm the accumulation of hydrogel on the soil surface, and it enhances the soil
and biopolymer aggregation. Due to electrically charged clay grains in the soil fabric, direct
interactions (electrostatic or hydrogen bonding) between xanthan gum monomers and clay
grains take place. These X monomers improve the contact area between grains by forming
interconnected cation bridges, thickening the gel that covers the surfaces of the grains, and
covering their surfaces [41].

4.4.2. S2

Figure 7 depicts SEM images of the alteration in the microstructural arrangement
of soil S2. The image in Figure 7a demonstrates that the soil particles vary in size and
are haphazardly dispersed. With the addition of G at 2%, the soil particles adhered to
one another, and hydrogel could be the cause. It can be seen in Figure 7c that X had a
slightly greater agglomeration effect on the soil particles. Due to the cross-linking effect
of both G and X, dense and intense agglomeration of soil particles can be observed in
biopolymer cross-linked soil samples. Hydrogel gets coated over the soil grains and helps
in the agglomeration of soil particles, and SEM images of biopolymer-treated soil samples
confirm the same.



Buildings 2023, 13, 2304 12 of 23

4.5. Fourier-Transform Infrared Spectroscopy (FTIR)

Figure 8 shows the variation of the FTIR spectrum for the virgin S1, 2G, 2X, and
1G + 1X biopolymer dosages. Functional groups ranging from 3971–3700 cm−1 in the
virgin soil disappeared in all the biopolymer-treated samples. The peak at 3602.38 cm−1

corresponds to OH stretching, and the peak has altered marginally in the 2G sample. In 2X
and 1G + 1X samples, a significant variation in the peaks of OH stretching was observed.
The peak at 1451.17 cm−1 denotes C-H bending, and it was broad in virgin soil. In all
the biopolymer-treated samples, the peak intensity of C-H bending is sharp and strong.
Peak intensity of 749.20 cm−1 represents Si-O stretching, and it disappeared in 2X treated
soil samples. Variations of FTIR frequencies for S1 at different biopolymer dosages are
presented in Table 4.
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Table 4. Observed FTIR frequencies and band assignments for soil S1 treated at different biopolymer
dosages.

Virgin Characteristic Group 2G 2X 1G + 1X

3700–3971 ---- Absent Absent Absent
3602.38 OH Stretching 3619.09 3690.12, 3618.77 3689.16, 3618.77
3368.07 N-H Stretching 3356.5 3371.92 3351.68
2357.55 O=C=O Stretching 2365.26 2346.94 2368.16
1638.23 C=C Stretching 1635.34 1634.38 1636.3
1451.17 C-H Bending 1427.07 1426.1 1426.1
991.23 Si-O Stretching in Plane 988.33 989.30 991.23
749.20 Si-O Stretching of Silica 775.24 774.27 770.42

The FTIR analysis of virgin soil S2, 2G, 2X, and 1G + 1X biopolymer dosages can be
seen in Figure 9. The frequency ranges are measured as wave numbers ranging from 4000
to 500 cm−1. The peak at 3689.16 cm−1 in virgin soil corresponds to O-H stretching due to
water. The intensity of this peak is reduced in both X and G treated samples and increased
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in the 1G + 1X treated sample. The peak of 2369.12 cm−1 in virgin soil denotes O=C=O
stretching, and the intensity of the peak is altered in all the biopolymer dosages. The peak
at 1632.45 cm−1 in virgin soil corresponds to C=C stretching, and it disappears in 2G and
1G + 1X samples. A peak at 1400.07 cm−1 denotes O-H bending, and the intensity was
reduced in 2G treated samples. The peak intensity of O-H bending was broad and strong in
2X and 1G + 1X treated samples. A peak of 1110.8 cm−1 corresponds to C-F stretching, and
it disappears in 2G and 1G + 1X samples. Table 5 shows the variation of FTIR frequencies
for the soil S2 at different biopolymer dosages.
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Table 5. Observed FTIR frequencies and band assignments for soil S2 treated at different biopolymer
dosages.

Virgin Characteristic Group 2G 2X 1G + 1X

3689.16, 3619.73 OH Stretching 3691.09, 3618.77 3690.12, 3618.77 3689.16, 3618.77
2369.12 O=C=O Stretching 2361.41 2338.27 2331.52
1632.45 C=C Stretching Absent 1635.34 Absent
1400.07 O-H Bending 1422.24 1425.14 1411.54
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1024.02 Si-O Stretching in Plane 1026.9 1024.98 1025.94
793.564 Si-O Stretching of Silica 794.52 794.52 792.6

FTIR analysis shows that significant deviations in ions and elements are responsible for
the modification of geotechnical properties of soils S1 and S2 treated at different biopolymer
dosages. The presence of the carboxyl group (COOH-) in X and the hydroxyl group (OH−)
in G was identified through FTIR analysis of the biopolymers. The negatively charged clay
surface (OH−) and anions (COO−) of X are bridged by monovalent cations (H+) after the
dissolution of X in water, binding the soil particles and providing intergrain resistance [1].
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4.6. Embodied Energy in the Production of Guar and Xanthan

This article focuses on the estimation of CO2 emissions from the production of G
and X biopolymers. A quantitative method for calculating the impact of any product
from the beginning to the end is life cycle analysis (LCA). However, this method needs
a primary database, which is frequently challenging to get, to produce accurate findings.
Considering this, the current study assesses CO2 emissions across the various steps of
manufacturing particular biopolymers. The accessible database from the existing literature
has been used to estimate CO2 emissions, subject to boundary constraints. The parameters
or circumstances used at each stage of manufacturing are in line with the best yield of
certain biopolymers.

4.7. Methodology Adopted

The steps taken to calculate CO2 emissions for G and X are outlined below:

• Manufacturing phases were identified during the production of unit quantity biopoly-
mer (G/X).

• The amount of electricity required (in kilowatt-hours) to produce an intermediate
product at each stage is represented as the amount of energy consumed (in kWh).

• Emission factors for each intermediate product were determined based on the avail-
ability of relevant data.

• Based on these emission parameters, CO2 emissions during the production of one
tonne of biopolymer (G/X) were calculated.

4.8. Boundary Conditions

The CO2 emissions from the following operations are excluded as boundary conditions.

• Human energy inputs.
• Production and transport of fuel used in the project.
• Manufacture of capital goods (equipment and vehicles).
• Transport of raw materials used during the manufacturing stages.
• Cultivation of guar and transportation of seeds to conversion unit (applicable for G only).

4.9. Evaluation of CO2 Emissions of Guar Gum at the Manufacturing Stage

G undergoes multiple phases of production because it is derived from leguminous
vegetation. The first stages are the cultivation and production of guar seeds. The gathered
seeds are transported to a processing facility where they are transformed into guar gum. In
this investigation, the CO2 emissions associated with producing G from guar seed at the pro-
cessing facility are evaluated. Figure 10 depicts the different stages in the production of guar
gum and the dotted line represents the system boundary selected for the present study.
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Figure 10. Different stages in the production of guar gum [42].

Figure 11 depicts the germ, endosperm, and husk components of the resultant seed
structure. Figure 12 depicts the general process flow of converting G seeds to G at the
processing facility. The collected seeds are passed through a shaker to remove 9% of
excess material. The seeds are then separated along the germline, processed to remove
the “germ,” and utilized as an animal feed byproduct [43]. The moisture content of the
halves is increased to 50–60% by weight by heat treatment (Source: US4269975A). At
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this moment, it takes 15 min to raise the temperature from 20 ◦C to 80 ◦C. To acquire
dehusked guar segments, the endosperm and husk must be separated. By hydrating these
guar splits for roughly 90 min, their final mass-based moisture content is enhanced to
45%. After being dried at 425 ◦C, hydrated splits are pulverized to obtain a powder of
uniform particle size. The equipment employed in the processing facility of G is identified
using the manufacturer’s database and the existing literature. Table 6 provides the energy
requirements (in kWh) for each stage.
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Table 6. The energy requirement to produce Guar gum (per tonne).

Description Energy
Required kWh

Removal of residual mass (9%)
Air conveyor 2.71
Shaker table power 0.3

Breaking of seeds through the germ line
Pneumatic conveyor for moving the seeds to milling equipment 1.375
Hammer mill power to separate germ (1500–1800 rpm) 5
Polish machine 1.65

Passing this through screens to remove the granular meal (germ)
Sifter (10-mesh screen) 0.3

Heat treatment
At this stage, the temperature is quickly raised to 80 ◦C for 15 min 8
Screw conveyor power 0.39
Agitator power 0.37
Hopper power 0.53

Separation of endosperm and husk
Pneumatic conveyor 1.375
Sifter to remove husk portion 0.3
Hydration of guar splits for 90 min in a slow-turning conveyor (initial

20% and final 45%) 5
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Table 6. Cont.

Description Energy
Required kWh

Drying of splits at 425 ◦C (spray drying) 71.11

Milling to get fine powder
Hammer mill 5
Pneumatic conveyor to transport these to sifters 1.375
Sifters are used to collect desired guar powder (40–250 mesh) 0.3

Total electricity consumed to produce one tonne of G 105.085 kWh
(Data from manufacturers: Altrafine gums, Raj Process Equipment and Systems Pvt Ltd., and MV Industries, India).

Therefore, CO2 emissions (in tonnes) to produce 105.085 kWh or 0.106 MWh of elec-
tricity = 0.82 × 0.106 = 0.087 per tonne of G.

4.10. Evaluation of CO2 Emissions of Xanthan Gum at the Manufacturing Stage

X is generated by the bacterium Xanthomonas campestris (L strain type) by fermenting
glucose and sucrose. Figure 13 depicts the outline of the xanthan gum manufacturing
process.
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The key steps in the production of xanthan are:

• Culture preservation and growth
• Inoculum buildup
• Production stage
• Recovery of Xanthan gum

The optimum production rate of X depends on culture growth conditions, the type of bioreac-
tor used, the composition of the production medium, and other factors. By adopting appropriate
specifications at each stage, the CO2 emissions are evaluated for optimum X production.

4.10.1. Culture Preservation and Growth

Since it contains more pyruvate, the bacterium ‘Xanthomonas Campestris—L strain’ is
used to produce the highest xanthan yield. On YM agar (yeast malt agar), a solid medium,
the bacteria are grown for 18–20 h at 25–30 ◦C. Earlier studies [44] determined that a growth
temperature of 28 ◦C was optimum for the development of cultures in the selected media.

4.10.2. Inoculum Buildup

The purpose of inoculum buildup is to increase cell concentration and growth while
preventing the production of X. In this phase, the microorganism is transferred from a solid
medium to a 100 mL volume of complex liquid medium containing inorganic salts. It is
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then subjected to an incubation temperature of 37 ◦C for 7 h to hinder the production of
X [45].

4.10.3. Production Stage

The production stage is typically conducted in a 100 L stirred tank bioreactor with
a two-step fermenter (batch mode of operation) in two steps [44,46]. In the first step,
the optimum impeller speed in the tank is 200 rpm for 12 h; in the second step, the
optimum impeller speed in the production fermenter is 600 rpm for 60 h (pH = 7). A 1 L/L
aeration rate is assumed. The temperature for optimum efficiency is considered as 28 ◦C.
The specifications under consideration yield 30 g/L of xanthan. The composition of the
production medium is crucial to the yield of X with increased viscosity. Carbon (C) and
nitrogen (N) (source) are macronutrients that consist of calcium, iron, and potassium salts.
Higher C/N ratios favor the optimum production of X [47]. For optimum X production, the
best carbon source is carbohydrates (glucose/sucrose) at a concentration of 2–4% [48] and
the best nitrogen source is glutamate at 15 mM. Additionally, modest amounts of organic
salts (such as citric acid) boost the production of X. In addition to nitrogen and phosphorus,
the presence of magnesium influences the growth of the culture, and sulfur influences the
production of X. Table 7 displays the optimum production medium composition used for
fermentation (100 L) in this study.

Table 7. Production medium composition for optimum Xanthan gum production (per batch).

Production Medium Composition [44] Production Medium Required for
Fermentation (100 L) (for the Present Study)

Sucrose (40 g/L) 4 kg
Citric acid (2.1 g/L) 210 g
Calcium carbonate (CaCO3) (0.020 g/L) 2 g
Ferric chloride (FeCl3 6H2O) (0.020 g/L) 2 g
Concentrated HCl (0.13 mL/L) 13 mL or 15.34 g
Zinc oxide (ZnO) (0.006 g/L) 0.6 g
Boric acid (H3BO3) (0.006 g/L) 0.6 g
Magnesium chloride (MgCl2) (0.507 g/L) 50.7 g
Sodium sulphate (Na2SO4) (0.089 g/L) 8.9 g
Monopotassium phosphate (KH2PO4) (2.866 g/L) 286 g
Ammonium nitrate (NH4NO3) (1.14 g/L) 1.14 g

4.11. Recovery of Xanthan Gum

The final fermentation broth typically comprises 3±10 g/L of residual nutrients,
1–10 g/L of cells, and 10–30 g/L of X. A higher X concentration makes the broth more vis-
cous and difficult to process, prompting its (i.e., broth’s) dilution. As indicated in Figure 13,
the main steps involved in the recovery process include cell deactivation, precipitation
of X, drying, and grinding. The cells are deactivated using chemical treatment and heat
treatment techniques. Chemicals, on the other hand, trigger polymer breakdown by lower-
ing the pyruvate level of the product when added to the broth. Additionally, if enzymes
are used, the broth must be cleaned of the enzymes, adding to the overall expense. The
preferred approach for deactivating cells is thermal treatment, which involves pasteurizing
broth at the right temperature of 80–130 ◦C and pH level of 6.3–6.9 for 10–20 min. A highly
soluble viscous xanthan colloidal solution is created after thermal treatment. Precipita-
tion of the solution is handled using organic solvents such ethanol (6 vol. per volume of
broth), isopropyl alcohol (3 vol. per volume of broth), and tri- or tetravalent salts (calcium,
aluminum, quaternary ammonium salts) to recover the xanthan gum.

In the present study, the final product of X from the broth is assumed as 30 g/L or
3 kg/100 L (3 kg per 100 L of fermentation broth). The conditions adopted for thermal
treatment are as follows:

• It is assumed that a temperature of 105 ◦C will cause cells to deactivate.
• pH of 6.6 for 15 min
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• For the precipitation of X, isopropyl alcohol (3 vol per liter of broth) is a possibility. For
the considered conditions, 300 L or 240.9 g of isopropyl alcohol is required per batch.

• Drying of precipitated X is considered to take place under a vacuum temperature of
55 ◦C for 12 h.

• The optimum speed adopted for milling the dried X is 200 rpm for a period of 2 h.

Table 8 shows the amount of energy used by the equipment at each stage of the X
production process (measured in kWh of electricity needed). In addition to the emissions by
equipment, the manufacturing of production medium accounts for a considerable amount
of CO2 emissions. Considering this, CO2 emissions are assessed for the X production
medium composition and presented in Table 9. According to the CO2 baseline database for
the Indian power sector (Source: Ministry of Power Central Electricity Authority, India),
the CO2 emission factor (in tonnes) to create 1 MWh of electricity is taken as 0.82.

Table 8. Energy is consumed in each stage in terms of electricity required (in kWh).

Stage Energy Required (kWh)
(per Batch) Remarks

Culture growth ----

Since the energy spent is not considered
to evaluate CO2 emissions at this stage,

room temperature is assumed to be 28 ◦C,
which offers optimum conditions for the

growth of microorganisms.

Incubation stage 0.06
Temperature 37 ◦C; time 7 h (HettCube

incubator of 535 × 690 × 1419 mm size is
considered)

Production stage 0.084 First step: speed of impeller 200 rpm for
12 h [49]

1.08 Second step: speed of impeller 600 rpm
for 60 h [49]

Recovery of X 2.1 Deactivation of cells: temperature 105 ◦C,
pH 6.6 for 15 min

0.071 Drying of precipitated X:
temperature 55 ◦C for 12 h

0.015 Milling: speed 200 rpm for 2 h

Total electricity required (I) 3.41 kWh or 3.41 × 10−3 MWh

Table 9. Estimation of CO2 emissions for production medium composition [50].

Optimal Production Medium Composition Emission Factor
(kg CO2 per kg)

CO2 Emission
(kg Per Batch)

Sucrose (40 g/L) 0.3 1.2
Citric acid (2.1 g/L) 0.41 0.0861
Calcium carbonate (CaCO3) (0.020 g/L) 0.4397 0.0008794
Ferric chloride (FeCl3 6H2O) (0.020 g/L) 0.18 0.00162
Concentrated HCl (0.13 mL/L) 0.89 0.01365
Zinc oxide (ZnO) (0.006 g/L) 2.91 0.001746
Boric acid (H3BO3) (0.006 g/L) 0.72 0.000432
Magnesium chloride (MgCl2) (0.507 g/L) Not Available -
Sodium sulphate (Na2SO4) (0.089 g/L) 0.47 0.004183
Monopotassium phosphate (KH2PO4)(2.866 g/L) Not Available -
Ammonium nitrate (NH4NO3) (1.144 g/L) 4.09 0.004663
Isopropyl alcohol (3 vol per broth volume) 3.84 0.9216

Total CO2 emissions in kg per batch (II) 2.235 kg/3 kg of XG
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Therefore, CO2 emissions (in tonne) to produce 3.41 × 10−3 MWh of
electricity = 0.82 × 3.41 × 10−3 = 2.796 × 10−3 per 3 kg of XG (I).

The total CO2 emissions during the X production (I + II) = 2.235 + 2.796 = 5.02 kg
per 3 kg of X or 1.67 t of CO2 per tonne of X.

• From the existing literature, the CO2 emissions associated with cement production
(including emissions from raw materials) are 2.16 tonnes/tonne of cement [51,52];
for coal combustion, it is 2.86 tonnes/tonne of coal [53,54]; for quick lime (process +
combustion + electricity emissions) it is 1.092 tonnes/tonne of quick lime [55].

5. Conclusions

The current study focused on computing the embodied energy of both Guar gum (G)
and Xanthan gum (X) from the production stage with boundary conditions. Furthermore,
the effect of cross-linking these biopolymers in altering the geotechnical properties of
soils exhibiting different plasticity characteristics was investigated, and the following
conclusions are drawn from this study:

• The liquid and plastic limits increased for both soils with the addition of selected
biopolymers. G had a significant effect on the liquid limit values of soils, and X
influenced the plastic limit values.

• The plasticity of soils S1 and S2 increased with the addition of X and G individually,
and the cross-linking addressed this issue by decreasing the plasticity index to a
good extent. The durability and physical integrity of the hydrogel formed after
the addition of biopolymers neutralize the effect of a rise in the plasticity index
of soils in the long run.

• The optimum dosage of G is found to be 2% for both S1 and S2, and at this dosage,
the optimum moisture content (OMC) increased to 31% and 19.4% compared to their
untreated cases. In similar lines, the optimum dosage of X is found to be 2% for both
S1 and S2 and at this dosage, the OMC of S1 and S2 increased to 35.4% and 20.5%,
which are slightly higher compared to the case of G.

• The maximum dry density (MDD) of virgin soils S1 and S2 were 14.41 kN/m3 and
19.22 kN/m3 respectively. At optimum dosages of G and X biopolymers, MDD of both
soils S1 and S2 were reduced to some extent. By cross-linking G and X and adding
them to S1 and S2, the OMC reduced, and MDD increased in higher amounts when
compared to adding X and G independently at their optimum dosages.

• The unconfined compression strength (UCS) of virgin soils S1 and S2 at the end of
the 60-day curing period were 92.18 kPa and 121.6 kPa, respectively. At the same age
of curing, the UCS of both soils S1 and S2 with the addition of optimum dosage of G
were found to be 179.62 and 253.01 kPa, respectively. This study has further revealed
that, at the optimum biopolymer dosage of 2%, the improvement in the UCS of soils
S1 and S2 is higher in X-treated samples when compared to that of G-treated ones.

• Enhancement in the UCS of soil samples treated by cross-linking the biopolymers G and
X was high compared to the addition of X and G individually at their optimum dosages.

• The SEM images confirmed the coupled effect of both the biopolymers G and X in
soils S1 and S2 at the biopolymer dosage of 1G + 1X.

• The FTIR analysis confirmed the presence of hydrogel in the soils treated at all the
biopolymer dosages, responsible for the alteration of targeted geotechnical properties.

• The CO2 emissions for G and X during the manufacturing stage subjected to the
boundary conditions are calculated and found to be 0.087 and 1.67, respectively.

This study has revealed that cross-linking of biopolymers addresses the limitations of
individual biopolymers, can be efficient in enhancing the targeted geotechnical parameters,
and can act as a perfect substitute for the traditional stabilizing agents. Relying more on
traditional stabilizing agents, such as lime and cement, results in the rapid exhaustion of
natural resources and hampers the environment with their high embodied CO2 emissions.
It is observed that biopolymer production accounts for lesser CO2 emissions compared to
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these conventional materials. Moreover, at the end of service life, the CO2 released due to
biopolymer degradation is reabsorbed by surrounding flora and fauna, maintaining carbon
neutrality. Biopolymer cross-linking can be an effective alternative to traditional stabilizers
as it facilitates sustainable development in the field of geotechnical engineering. High costs
incurred by the usage of biopolymers can be controlled as the availability of biopolymers
in the market is expected to rise in the coming future.

6. Potential Research Directions

Biopolymeric soil stabilization is presently an area of active research, which has
enormous potential for its environmentally friendly building practices. The potential
research applications of these novel materials include:

• Biopolymer composites
• Tailored biopolymer blends
• Assessment of long-term performance and durability
• Field-scale applications
• Multifunctional applications

By targeting the above research directions, the field of biopolymeric soil stabilization
can advance toward more sustainable, efficient, and environmentally friendly solutions for
construction and land management solutions.
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Symbol Definition

G
Guar gum, a galactomannan polysaccharide extracted from guar beans, has thickening
and stabilizing properties useful in food, feed, and industrial applications.

X
Xanthan gum is a polysaccharide with many industrial uses, including as a common
food additive.

S1 High compressible clay
S2 Medium compressible clay
1G 1% of Guar gum
2G 2% of Guar gum
1X 1% of Xanthan gum
2X 2% of Xanthan gum
1G + 1X 1% of Guar gum + 1% of Xanthan gum (Cross-linked)

OMC
Optimum moisture content (%) the moisture content at which the soil can be compacted
to its maximum dry density.

MDD
Maximum dry density (kN/m3) influences the shear strength, permeability, bearing
capacity, and overall stability of soil.

wL Liquid limit (%)is the water content where the soil starts to behave as a liquid.

wP
Plastic limit (%), moisture content at which a fine-grained soil can no longer be
remolded without cracking.

PI
Plasticity Index is the difference between liquid and plastic limits is called the plasticity
index, and it represents the range of water content over which the soil is plastic.

SEM
Scanning Electron Microscopy is one of the most widely used instrumental methods
for the examination and analysis of micro- and nanoparticle imaging characterization
of materials.

ECF Embodied Carbon Factor,

CFA
Carbon Footprint Analysis, calculation of the amount of greenhouse gases (GHG)
produced due to human activities, measured in units of carbon dioxide.

EICP Enzyme-Induced Calcite Precipitate
MICP Microbial Induced Calcium Precipitate
BPST Biopolymer Soil Treatment

LCA
Life Cycle Analysis is a systematic analysis of the potential environmental impacts
of products or services during their entire life cycle.

FTIR Fourier-transform infrared spectroscopy
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