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Abstract. Sustainable earthen building materials provide a pathway to mitigating
the environmental impacts of the modern construction sector. While the applica-
tion of these materials has been limited due to the inherent heterogeneity, erosivity,
and weak mechanical properties of soil, the physical and thermal properties can be
improved through the addition of ubiquitous, non-toxic, sustainable biopolymers.
Yet, the fundamental understanding of the physiochemical bonding mechanisms
between clays and biopolymers in this system is limited. In this work, a ‘micro to
macro’ methodological approach was applied to investigate the bonding character-
istics of common clays and clay-stabilizing biopolymers. At the micro-scale, fun-
damental interactions of clays (i.e., kaolinite, bentonite) with biopolymer additives
(i.e., xanthan gum, guar gum, sodium alginate, microcrystalline cellulose) were
assessed through mineral binding characterization techniques, including Fourier-
transform infrared spectroscopy (FTIR) and thermogravimetric analysis (TGA).
The findings were used to interpret unconfined compressive strength (UCS) tests
results for macro-scale soil-biopolymer composites samples (1% biopolymer by
soil mass). The results from this study illustrate the utility of understanding the
mechanisms of clay-biopolymer interactions for improving the design of strong
and durable earthen materials and structures.

Keywords: Earthen materials - Soil stabilization - Biopolymer - Clay - Binding
affinity

1 Background

Earthen materials present an opportunity to reduce the high environmental impact of
building construction by replacing conventional structural building materials such as
concrete. Earthen materials and assemblies (e.g., cob, rammed earth, adobe) are locally
sourced and require minimal processing, therefore mitigating the high temperatures and
transportation energy costs typically associated with traditional building materials. In
addition to their low environmental impacts, these materials have been shown to have
valuable material properties (e.g., thermal, hygroscopic) and practical characteristics
(e.g., low cost, global availability). Despite these promising qualities, earthen materials
often exhibit heterogeneity, erosivity, and weak mechanical properties, preventing their

widespread use [1, 2].
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Current research in geotechnical, civil engineering, and architectural design has
shown that biopolymer additives can be used to improve the physical and chemical
properties of soil and earthen materials. Biopolymer additives are non-toxic, low cost,
and derived from naturally occurring sources. While many biopolymers have been inves-
tigated via trial and error (‘top down’ exploration), there is a fundamental lack of under-
standing of the molecular interactions responsible for the binding (or lack thereof)
between soils and biopolymers. This study investigates these molecular interactions
through a ‘micro to macro’ approach, in order to establish selection criteria for optimal
soil-biopolymer composites.

Earthen materials are typically composed of subsoil containing a majority of sand
‘aggregates’ (50% or less) with a minority of cohesive clay ‘binders’. According to the
literature, soil for earth construction should include 15-30% clay content [3]. Clay min-
erals are classified as aluminum phyllosilicates with layers of octahedral alumina oxide
and tetrahedral silica oxide sheets. The main categories of clays are illite, smectite, and
kaolinite clays based on the arrangement of these sheets (2 tetrahedral : 1 octahedral,
2:1 and 1:1, respectively). Within the smectite category, bentonite (also known as mont-
morillonite) is the most commonly found variety and is highly expansive due to its 2:1
structure, which allows water to bind the groups of Si-Al-Si layers. Within the kaolin
category, kaolinite is the most commonly available kaolin clay mineral and has a more
tightly bound 1:1 structure. Bentonite and kaolinite were chosen in this work to serve
as model clay systems. Clay (15% by weight) and sand (85% by weight) mixtures were
designed to function as model earthen material systems for structural material property
testing.

Table 1. Biopolymer Properties.

Biopolymer Source Stability Water Solubility Charge
Cellulose plants excellent thermal mostly insoluble non-ionic
Guar Gum seeds excellent cold non-ionic
Sodium Alginate algae limited cold anionic
Xanthan Gum microbes excellent cold very anionic

Biopolymers represent a broad category of biologically derived organic materials.
Biopolymers are extracted from a variety of sources (e.g., plant, bacteria, algae, fungi)
and exhibit a wide range of chemical and physical properties. Polysaccharides, for exam-
ple, are highly abundant in nature and are currently employed in large-scale commercial
use (e.g., food, packing, tissue engineering). They contain a plethora of chemically dis-
tinct monosaccharide monomer units linked through glycosidic bonds to create linear,
branched, and network biopolymers. Four polysaccharides (i.e., cellulose, sodium algi-
nate, guar gum, and xanthan gum) were selected for this study based on their differing
properties summarized in Table 1. Cellulose (C) is a linear polymer of B-(1 — 4)-linked
D-glucose. The linear structure of cellulose causes it to become crystalline and insol-
uble in water. Guar gum (GG) has a f-(1 — 4)-linked D-mannose backbone with an
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a-(1 — 6)-linked D-galactose side chain on alternating mannose units [4—6]. Guar gum
is nonionic and stable across a large pH range [4—6]. Sodium alginate (SA) is a sodium
salt of alginic acid, which is (1 — 4)-linked B-D-mannuronic acid and a-L-guluronic
acid [7]. Sodium alginate is anionic and sensitive to pH, affecting viscosity and solubility
[7]. Xanthan gum has a backbone of B-(1 — 4)-linked D-glucose backbone with trisac-
charide (glucuronic acid, mannose, mannose) side-chains on alternating glucose units
[8]. Xanthan gum is negatively charged and highly soluble due to its branched structure
and side chain units [8]. These biopolymers represent a range of properties including
different charges, different sources, different impacts due to change in pH, and different
monosaccharide subunits.

The aim of this study was to explore the molecular interactions between two clay
minerals, bentonite and kaolinite, and four biopolymers, namely cellulose, guar gum,
sodium alginate, and xanthan gum. Doing so uncovered the chemical interactions of these
biopolymers (or lack thereof) with common clay minerals. Mineral binding characteri-
zation methods developed in Armistead et al. (2020) were employed using thermogravi-
metric analysis (TGA) and attenuated total reflection Fourier-transform infrared (ATR-
FTIR) spectroscopy [9]. Following micro-scale investigations, the mechanical properties
of biopolymer-stabilized model earth systems were characterized using unconfined com-
pressive strength (UCS) testing. By performing a ‘micro to macro’ approach, this study
aimed to identify which of these biopolymers bind to specific clay minerals and which
would be effective as property-improving additives for earthen materials.

2 Materials and Methods

2.1 Materials

Ultra-pure water was obtained from a Milli-Q purification system. Kaolinite (K) and
bentonite (B) clay minerals were obtained from Sigma Aldrich. Ottawa sand (80%
passing 30—40 mesh, resulting in a 0.42-0.6 mm particle size) was obtained from VWR
Chemicals BDH. Guar gum from Cyamopsis tetragonoloba seeds, xanthan gum from
Xanthomonas campestris bacteria, sodium alginate salt from brown algae, and micro-
crystalline cellulose were purchased from Sigma Aldrich. Molar mass was determined
using average molar mass for the polymeric sub-units giving 162.14, 180.16, 176.12,
204.56 g/mol for cellulose (C), guar gum (GG), sodium alginate (SA), and xanthan gum
(XG) [9, 10]. Commercial 37% Hydrogen Chloride and LabChem 25% Ammonium
Hydroxide were used for pH adjustments.

2.2 Clay Characterization

Clays were dried in a furnace at 110 £ 10 °C for 5 h, pestled in small batches for 1
min, then sieved to obtain particles < 45 microns using a Gilson SS-3 sieve shaker. The
median particle size (d50) was measured to be 4.75 pm for B and 8.66 pm for K using
a Malvern Panalytical Mastersizer 3000 with a HydroMV dispersion accessory (Fig. 1).
Stirring (2500 rpm) and sonication (50% power) were used to disperse clay in water and
achieve a laser obscuration (5—15%) based on the particle size range.
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Fig. 1. Particle size distribution for bentonite and kaolinite.

Clay compositions were confirmed using X-ray diffraction spectroscopy (Bruker D8
single-crystal X-ray diffractometer) with a step size of 0.019, 2 s/step, and a 0.02 mm
divergence slit. Clay samples for XRD were prepared by suspending clay in water and
drying in air on a quartz slide. Diffractograms showed that the bentonite clay sample
included montmorillonite, quartz, and plagioclase feldspar (Fig. 2a), and the kaolinite
clay sample included kaolinite and quartz (Fig. 2b) [11-13]. ATR-FTIR confirmed these
results [14, 15].
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Fig. 2. XRD analysis for (a) bentonite and (b) kaolinite. M = montmorillonite, Q = quartz,
F = feldspar, K = kaolinite.
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2.3 Mineral Binding Characterization

Mineral binding characterization (MBC) was performed in accordance with Armistead
et al. [9]. Compositions for each mineral binding characterization sample is listed in
Table 2. Biopolymer solutions (0.01 M) were first prepared by slowly adding biopolymer
powder to heated (40 °C) ultra-pure water whilst under simultaneous agitation (stir bar,
600 rpm). Then, the solution was held at 40 °C for 10 min with continuous stirring.
The solution (20 mL) was poured into centrifuge tubes (50 mL) and ultrasonicated
(Branson 2510) for 10 min. Solutions were used within 24 h of preparation and stored
away from light. Clay (50 mg) was added to described biopolymers solutions, followed
by ultrasonication for 10 min. Then, pH was adjusted to 1.0 of the desired pH value

Table 2. Sample Composition for MBC Testing

Sample Clay Biopolymer

B-C-5 Bentonite Cellulose (20 mL 0.01M)
B-C-7 (50 mg)

kel
T

B-C-9
B-GG-5 Guar Gum (20 mL 0.01M)
B-GG-7
B-GG-9
B-SA-5 Sodium Alginate (20 mL 0.01M)
B-SA-7
B-SA-9
B-XG-5 Xanthan Gum (20 mL 0.01M)
B-XG-7
B-XG-9
K-C-5 Kaolinite Cellulose (20 mL 0.01M)
K-C-7 (50 mg)
K-C-9
K-GG-5 Guar Gum (20 mL 0.01M)
K-GG-7
K-GG-9
K-SA-5 Sodium Alginate (20 mL 0.01M)
K-SA-7
K-SA-9
K-XG-5 Xanthan Gum (20 mL 0.01M)
K-XG-7
K-XG-9

O | Q| | O 1| N[O | Q| N O QN[O | N[O QN[O | |0 QW
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(i.e., 5,7 or 9) using a few drops of 0.5 M HCI or 0.1 M NH4OH. These pHs were chosen
to investigate sample stability or changes in binding affinity, through a range of pH
values. Samples were mixed with a Labnet Mini LabRoller Rotator for 30 min. Samples
were washed four times to remove unbound biopolymer. For the washing procedure, the
sample was first centrifuged at 4000 rpm for 10 min. Then, the supernatant was removed,
and 20 mL of ultra-pure water was added. The process was repeated four times for a
total of five centrifuge cycles. After final centrifuging and supernatant removal, samples
were left to dry in air at room temperature. After drying, samples were characterized
using TGA and ATR-FTIR.

TGA (TA Discovery TGA 5500) was performed in N; gas from 50 to 800 °C with
a ramp rate of 5 °C/min. Percent mass loss was calculated from 200 to 400 °C in the
range in which the combustion of organic materials is most likely to occur. ATR-FTIR
(Thermo Scientific Nicolet iS20 with a Ge Crystal ATR accessory) was performed using
64 scans, 4 cm™! resolution. For comparison, pure clay was measured using TGA and
FTIR, and air-dried biopolymer samples (0.1 M) were measure using FTIR.

2.4 Compressive Strength Testing

Cubic samples were created for compressive strength testing (Table 3). Model earthen
materials were created by mixing clay (15 wtgyj %) with Ottawa sand (85 wtgeii %).
First, dry biopolymer powder (1 wtg.ij %) was mixed with the clay-sand mixture. Then,
ultra-pure water was added achieve a moldable workability for the K-(22.5 wtg,i; %) and
B-containing mixtures (45 wtgj) %) and thoroughly mixed. Each clay-sand-biopolymer
mixture was placed into 1.25 in (31.75 mm) cubic silicone molds. All samples were
prepared at the same time and left to cure in an ambient environment. The surface was

Table 3. Sample Composition for Mechanical Testing

Sample Clay (Wtclay Sand (Wtgand Biopolymer (wtpp Water (Wtwater
IWsoil) IWisoil) IWisoil) Wisoil)

B-NONE 15% 85% - 22.5%

B-C Bentonite Ottawa sand 1% Cellulose water

B-GG 1% Guar Gum

B-SA 1% Sodium Alginate

B-XG 1% Xanthan Gum

K-NONE 15% 85% - 45%

K-C Kaolinite Ottawa sand 1% Cellulose water

K-GG 1% Guar Gum

K-SA 1% Sodium Alginate

K-XG 1% Xanthan Gum
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smoothed using a spatula, and the samples were left to dry in air until firm enough to
be pressed out of the mold (at least 24 h). Mechanical testing on triplicate samples was
performed 96 h after casting, when the samples achieved constant mass (fully dried).
Unconfined compressive strength was measured using an Instron Universal Testing
machine with a 5 kN load cell and 1.5 mm/min displacement-controlled rate. Maximum
compressive strength was obtained for each sample.

3 Results and Discussion

3.1 Mineral Binding Characterization

TGA results, shown in Fig. 3, illustrate that all samples exhibited a characteristic loss in
mass with increasing temperature. Mass loss between 200-400 °C indicates the presence
of biopolymer and higher biopolymer-clay affinity. For both bentonite (B) and kaolinite
(K), the addition of cellulose resulted in the highest mass loss, with B-C pH 7 having the
highest mass loss overall for bentonite (26.98%) and K-C pH 9 having the greatest mass
loss for kaolinite (13.79%). Guar gum resulted in the second highest mass loss for both
bentonite (11.67% for pH 5) and kaolinite (9.58% for pH 5). Values for sodium alginate
and xanthan gum (< 1.1%) suggest that negligible quantities of those biopolymers bound
to the clays.

T T T T T T T T
100 100
9o H Bentonite 9o M Kaolinite
W B-C-5 W K-C-5
. mB-C-7 . WK-C-7
g HWB-C-9 g WK-C-9
5 [1B-GG-5 5 [1K-GG-5
2 % me-ce-7 2 8 mk-ce-7
W B-GG-9 W K-GG-9
[ B-SA-5 M K-SA-5
W B-SA-7 W K-SA-7
70} HB-SA-9 70 EK-SA-9
W B-XG-5 W K-XG-5
W B-XG-7 W K-XG-7
W B-XG-9 W K-XG-9
1(;0 2(‘)0 3(‘)0 460 560 660 7(‘)0 800 160 2(‘)0 360 460 560 660 7(‘)0 800
Temperature (°C) Temperature (°C)

Fig. 3. TGA results for (a) bentonite- and (b) kaolinite-biopolymer mixtures. B = bentonite,
K = kaolinite, C = cellulose, GG = guar gum, SA = sodium alginate, XG = xanthan gum.
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All FTIR spectra are shown in Fig. 4. The comparison of FTIR spectra of pure clay,
clay-biopolymer, and pure biopolymer samples could indicate the presence of biopoly-
mer bound to the clay after washing. When analyzing bentonite and kaolinite control
samples, a set of peaks was observed between 600—1200 cm™!, attributable primarily
to the Si-O stretching in kaolinite and bentonite [14, 15]. Within this region, peaks due
to the octahedral oxide sheets (e.g., AIMg-OH, AlFe-OH, AlAI-OH) or OH of inner
hydroxyl groups in kaolinite can occur depending on the specific clay sample [14, 15].
Therefore changes to the 1200-1800 cm~! and 2800-3800 cm ™" regions were investi-
gated for evidence of biopolymer binding. These regions contain peaks characteristic of
polysaccharides: C-H bending (1330-1470 cm~"), COO- asymmetric stretching (weak
at 1400 cm™!, strong at 1600 cm’l), and O-H stretching (3000-3500 cm’l) [16, 17].

FTIR results for the bentonite-guar gum samples (Fig. 4b) indicate biopolymer pres-
ence within the 1200-1800 cm ™! and 28003800 cm ™! regions. However, these changes
from the pure bentonite FTIR spectra can be seen in all bentonite-biopolymer samples.
Notably, a sharp peak can be observed at 1630 cm™! and a broad peak at 3300 cm™!,
which are associated with moisture in the bentonite structure [18]. This result is an
indication that physiosorbed water, and perhaps biopolymer, is still present within the
samples. This concept will be explored in further studies.

The FTIR results corroborate the TGA results that also indicated the presence of
bound guar gum in the bentonite and kaolinite samples. While the TGA results suggested
that more cellulose was bound to the clays than guar gum, the FTIR results in Fig. 4a
suggest that cellulose does not chemically bind to kaolinite. These findings suggest (a)
that the cellulose may physisorb onto clay surfaces through van der Waal’s forces rather
than chemically bond and/or (b) the cellulose was not removed during the washing cycles
due to its insolubility in water.

For kaolinite samples (Fig. 4e-h), in line with TGA results, the introduction of new
peaks can be observed within guar gum spectra, an indication of chemisorption between
the two components. This result is consistent with the TGA results, which also indicated
high biopolymer affinity. In contrast, considering sodium alginate, xanthan gum and
cellulose additives imparted little change in the FTIR spectra throughout the pH range
indicating little bonding to kaolinite.

One key factor to inform whether physisorption or chemisorption is occurring is to
interpret these results through surface charge. Bentonite has an isoelectric point of 2.5
pH, meaning it will be negatively charged across the pH range investigated (5-9) [19,
20]. Similarly, kaolinite has a negative zeta potential in the range, but a higher isoelectric
point of 3.5-4.6 pH [19, 21]. As noted in Table 1, guar gum is the only biopolymer that is
neutral, highly soluble and branched. These properties, as shown in the results, allow it
to bind more readily with the negatively charged surface of the clays than the negatively
charged sodium alginate or xanthan gum. While cellulose is similarly nonionic, it does
not bind due to its linear, insoluble nature, preventing binding interactions with the clay
surface.
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Fig. 4. ATR-FTIR of (a-d) bentonite and (e-h) kaolinite-biopolymer samples. B = bentonite, K
= kaolinite, C = cellulose, GG = guar gum, SA = sodium alginate, XG = xanthan gum.

3.2 Compressive Strength Testing

Unconfined compressive strength testing was performed on sand-clay-biopolymer sam-
ples 96 hr after casting. Figure 5 shows stress strain curves (with slack removed) for
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all clay-sand-biopolymer samples. The curves indicate that the choice of biopolymer
influences both stress and strain properties.
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Fig. 5. Representative engineering stress-strain curves for Bentonite (a) and Kaolinite (b) samples
with slack removed from loading curve.

Figure 6 shows maximum compressive strength. These results indicate that cellu-
lose (C) and sodium alginate (SA) do not show a significant improvement in strength.
Data suggests that these biopolymers neither bind to clays or sand nor do they undergo
sufficient cross-linking to impart additional property changes to the soil. The addition
of guar gum, in contrast, showed a 512% improvement for kaolinite-sand samples and
136% for bentonite-sand samples. These results are consistent with increased binding
affinity to bentonite and kaolinite as measured via TGA for both bentonite and kaolinite
and FTIR for kaolinite. Xanthan gum exhibited a 182% improvement for K-containing
samples and the greatest increase in strength for bentonite-containing samples (152%).

It is hypothesized that xanthan gum has the greatest strength increase for bentonite-
sand samples due to its high viscosity at low concentrations. The FTIR results indicate
that there is some binding with clay, so while the binding affinity is lower than guar
gum, it could have a greater than or similar due to the increased viscosity and the pseu-
doplastic properties of xanthan gum. For kaolinite-sand samples, xanthan gum resulted
in a similar increase showing that it is not forming significant interactions with either
kaolinite or bentonite but rather it is the basic properties of xanthan gum as a binder.
Further experiments need to be performed to differentiate these effects and investigate
the impacts of water and time on strength.
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Fig. 6. Maximum compressive strength values sample for each clay. B = bentonite, K = kaolinite,
NONE = no biopolymer, C = cellulose, GG = guar gum, SA = sodium alginate, XG = xanthan
gum.

4 Conclusion

This paper presents an ongoing study on clay-biopolymer binding characteristics with
the aim to enhance the physical properties of soils for construction. Earthen materials,
a critical sustainable alternative for conventional materials such as concrete, exhibit
superior environmental features but are not fully integrated in construction due to their
inherent variability and weak mechanical properties. Using a ‘micro to macro’ approach,
this research investigates the bonding characteristics of bentonite and kaolinite using four
biopolymer additives: xanthan gum, guar gum, sodium alginate, and microcrystalline
cellulose. The characterization includes Fourier-transform infrared spectroscopy (FTIR),
thermogravimetric analysis (TGA), and unconfined compressive strength testing (UCS).
The results show that kaolin-guar gum outperforms other clay-biopolymer mix designs
in terms of its mineral binding characterization analysis and mechanical testing. This
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finding is in line with theoretical knowledge based on surface charge of guar gum and
kaolinite.

These preliminary results need to be verified using additional testing. Further experi-
ments would include investigating the effect of different pH values and biopolymers, and
testing the synergy of more than one biopolymer in combination with others. Method-
ological changes would include increasing FTIR signal for control biopolymers to
improve comparability and integrating steps into the preparation procedure to ensure
any physisorbed or insoluble biopolymer is removed.
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