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Abstract.

Earth has a renewed interest in eco-friendly building materials. Starch is a promising additive, but its
strengthening origin needs understanding to promote better solutions according to soil variability.
This multiscale study examined natural clays and starches interactions. Clays and starches were
evaluated based on mechanical and rheological properties. Kaolinite was found to be better
reinforced by starches. At microscopic scale, starches modified the arrangement of grains and clays,
but the role of botanical origin is unclear. At molecular scale, the ratio between amylose and
amylopectin led the interactions with kaolinite. These results help to understand how bio-additives

affect earth-based building materials.

1.Introduction

The development of low-carbon construction processes promotes the use of earth-based building
materials [1-6]. Earth-based building materials can be described as natural concrete, composed of

aggregates, such as sand or gravel, and a binder, clay minerals[7,8]. To be used in a more



standardized way, industries and researchers are interested in stabilizing earth-based building

materials to increase their mechanical strength and durability [9-14].

From traditional recipes [15], starch has been identified as a promising additive[16]. Indeed, starch
increases the mechanical behavior of earth-based building materials with only 1 wt% addition
[17,18]. The stabilization of earth-based building materials with biopolymers is assumed to depend
on the nature of the clay minerals by modifying mainly layer thickness and chemical composition
[19-23]. It is also assumed that starch influences the rheology of fresh mixes depending on the clay
nature of the earth-based building material [24]. Indeed, the behavior of mixes at the fresh state is a

critical parameter for on-site applications [20,25].

Starches are biopolymers made from glucose found in cereals such as wheat, rice, or potato pulp. In
their native form, the biopolymer chains are trapped in granules [26,27]. The granules must be
exploded by heat in water to release the chains. Starch consists of two biopolymers: amylose and
amylopectin. Amylose is a linear polymer, while amylopectin is a branched polymer. The ratio
between the two molecules depends on the botanical source. The most common ratio is 20% of
amylose and 80% of amylopectin but starches with high amylose or amylopectin content can be
found [15,28-30]. Starches are often used as bioplastics, in industrial foods [31-33]. For instance, the
amylose/amylopectin ratio was shown to be detrimental in adhesives for paper and wooden boards

[34].

In order to develop the use of starch as an additive to earth-based building materials, it is essential to
understand the mechanisms involved in its addition. Therefore, the interactions between clay
minerals, the earth binder, and starches must be investigated. In traditional earth-based recipes,
starches are mixed in a clay matrix, but the most advanced research in the literature referred to
bioplastics application and the addition of clays in a starch matrix. The clay addition in these plastics
improves their strength and reduces water vapor permeability [32,33,35]. For example, Wilhelm et
al. showed a 72% increase in Young Modulus when 30% of clay is added to plasticize starch [35]. It
has been shown that hydrogen bonds between starch polymer chains and clay particles are
responsible for mechanical reinforcement [31-33,36]. However, starch bioplastics are plasticized [37]
and sometimes stabilized with exfoliated clays to promote interactions [32,36]. Because of starches
and clays modifications, these studies are not directly relevant to understand the mechanisms of
starches in earth-based building materials. Thus, their conclusions, such as hydrogen bonds and

polymer networks, cannot be directly applied without confirmation of natural clay minerals.



This study focuses on the interactions between natural clays and starches from the macroscopic to
the molecular scale. Three representative natural clays and five botanical starch sources were used.
The starch sources and their relevant dosages were evaluated based on mechanical and rheological
properties at the macroscopic scale. At the microscopic scale, mercury porosimetry was assessed and
the arrangement between grains and clays was observed to investigate the role of the botanical
origin of the starches. Finally, at the molecular scale, the physicochemical interactions between
starches and clays were investigated by spectroscopic means. This multiscale study allows a better
understanding of the influence of bio-additives on earth-based building materials and improves mix-

design.

2.Materials and methods

2.1. Materials

2.1.1.  Clays and sand

Three clays were used: kaolinite supplied by SOKA (France), illite supplied by ARVEL (France), and
montmorillonite supplied by ABM (ltaly). They represent three characteristic groups of aluminum
clays: TO structure for kaolinite, TOT non-swelling structure for illite, and TOT swelling structure for
montmorillonite. The illite is in its potassium form, and the montmorillonite is calcic, while kaolinite

hasn't any interlayer cation according to its structure.

The Atterberg limits and the cation exchange capacity (CEC) of these clays are presented in Table 1.
The CEC was measured through exchange with hexamine cobalt, the liquid limit by the conventional

method proposed by Casagrande, and the plastic limit by rolling out a thread [38].

Type of clay Liquid limit Plastic limit CEC
Water content Water content (meq/100g)
(wt%) (wt%)
Kaolinite 51 42 2
Ilite 52 47 20
Montmorillonite 135 97 102

Table 1 : Atterberg limits of the three pure clays and their CEC



The XRD diffractograms allowed the identification of the mineral phases in the three clays (see Figure
1). In kaolinite clay, the major mineral phase is kaolinite, and the secondary mineral phases are illite
and quartz. The illite clay contains kaolinite and illite minerals, with quartz and carbonates as
secondary phases. Finally, the montmorillonite clay is composed of montmorillonite, with illite and
quartz as secondary phases. The percentages of clay phases in these three clays were calculated [39]
using a semi-quantitative method [40]. The semi-quantitative method determines the percentage of
clay mineral phases according to the major peak area of each clay mineral on the XRD diffractogram.
The kaolinite clay contains 84% kaolinite and 16% illite, while the illite clay contains 95% illite and 5%

kaolinite. Finally, the montmorillonite clay is 99.3% montmorillonite and 0.7% illite.
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Figure 1 : XRD diffractograms of the three natural clays

The grain size distribution of the three clays was assessed by sedimentometry [18]. The
sedimentometry test calculates the diameter of suspended clay particles under 80 um applying the
Stokes law. The clay particles were first deflocculated with a sodium hexametaphosphate solution.
Kaolinite clay had the largest mineral particles compared to the illite and montmorillonite clays. To
limit shrinkage of samples during drying, sand from "Sabliéres Palvadeau", France, was used. The
particle size distribution, evaluated by sieving, ranges from 0 to 1 mm. Particle size distributions are

presented for the mortar mixes in section 2.2.



2.1.2. Starches

Five starches were used in the present study of varying botanical origin and composition. The
starches from maize (M), wheat (W), rice (R), and waxy maize (amylopectin - Ap) were purchased
from Sigma-Aldrich. Starch from maize with high amylose content (amylose - Am) was also used. The
five starches' size distribution was measured using a laser particle size analyzer (Malvern Mastersizer
S) after heating at 90 °C in distilled water for 10 minutes; 5 minutes was enough to obtain uniform

temperature; thus we chose to heat for 10 min. It shows particles between 10 and 50 um.

Table 2 gives the mass percentage between amylose and amylopectin in the starches, as provided by
producers. The starch from maize with high amylose content has the highest percentage of amylose
at 72 %, followed by the starches from maize, wheat, and rice. Finally, the starch from waxy maize
(amylopectin) has the lowest percentage of amylose. As a reminder, amylopectin is a branched

polysaccharide with numerous hydroxyl groups, while amylose is a linear polysaccharide [15,28-30].

Botanical source of starch Amylose Amylopectin
% mass % mass
Maize with high amylose content (amylose — Am) 72 28
Maize (M) 27 73
Wheat (W) 17 83
Rice (R) 13-25 75-87
Waxy maize (amylopectin — Ap) 1 99

Table 2 : Botanical origin of the five starches and their ratio between amylose and amylopectin

2.2. Sample preparation

The current study aims to study the interactions between clays and starches at different scales. For
that purpose, two types of samples were designed: with and without sand. The sand was used to
design mortars to obtain representative building materials without hiding the main effect of
clay/starches interactions. Mixes with only clays and starches were used for the experiments at the

molecular scale.

The present study aimed to investigate the origin of reinforcement mechanisms of clay materials
with starches. A reference mortar mix was designed for each clay, with a sand/clay mass ratio equal

to 70/30. The particle size distributions of the sand/clay mixes are plotted in Figure 2. In that mix, the



sand is used to structure the clay and not to design a mortar for construction applications. Thus, the

particle size distribution shows the participation of sand and clay particles.

Moreover, each clay is sensitive to water differently, as shown by the liquidity and plasticity limits
(Table 1). Thus, the amount of water was adapted for each one. The water-to-materials ratios were
13.6 wt%, 13.5 wt%, and 29.0 wt% for kaolinite, illite, and montmorillonite, respectively. Then, 1 wt%

and 5 wt% of clay were replaced by starch, Table 3.

Mixe names Clay (wt %) Sand (wt %) Starch (wt %)
Ref 30 70 0

1% of starch 29.7 70 0.3

5 % of starch 28.5 70 1.5

Table 3 : Compositions of the mortar mixes in percentage per weight
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Figure 2 : Particle size distribution of reference mixes

All mortar samples were prepared following the same procedure. First, the clay and the sand were
mixed by hand for 30 s. Then, the starch solution and the distilled water were poured into the
powder mix and mixed in a planetary mixer at a constant speed of 62 rpm for 1 minute. After that,
the bowl walls were scrapped, and a third mixing was performed at a constant speed of 93 rpm for

30 s. Finally, the mortar mixes were cured in hermetical beakers for a minimum of 48 h.

The molding procedure was adapted from Tiennot et al. [41]. The mortar mix was molded in a

cylinder of 20 mm in diameter and 40 mm in height. Then, it was compacted until reaching uniaxial



stress of 44 kPa with a 1 mm/min displacement rate using an Instron® testing machine (Merlin 5500).
After compaction and release from the mold, drying at 20 °C and 50 % HR was performed until a

constant mass was reached.

For the preparation of the clay and starch mixes without sand, the composition and procedure of the
mortar mixes were adapted. The clay, starch solution, and distilled water were mixed manually for 1
minute. Then the mixes were cured for 48 h in hermetical plastic bags. Finally, the mixes were dried

in Petri dishes until constant weight at 20 °C and 50 %HR, without a molding step.

2.3. Experiments

2.3.1. Compressive test

The compressive strength and the elastic modulus of the mortar samples were evaluated using an
unconfined uniaxial compressive test. The test was performed on a Shimadzu® AUTOGRAPH AGS-X
press equipped with a 300 kN force sensor. The whole surface of samples is compressed by a 10 cm
plate, larger than the sample diameter of 2 cm. The surfaces of the dried samples were flattened
using a wood file to obtain samples with horizontal and parallel surfaces. The samples were
compressed at a constant rate of 0.5 mm/min [42]. The equipment provided displacement and force.
The compressive strength was considered from the maximal force before the failure of the sample.
Finally, the elastic modulus was considered as the stress slope between 30% and 60% of the maximal

stress on the linear strain part.

2.3.2.  Weighted plunger test

The vyield stress of the mortar mixes before molding was assessed with the weighted plunger test
developed and presented in [43]. The weighted plunger test was performed with a standard plunger
apparatus [44]. It consists of a container (70 mm high, diameter of 80 mm) with a cylindrical plunger
tipped with a hemisphere (25 mm diameter). The plunger falls into the material inside the container,
starting from the surface. The penetration distance of the plunger in the mortar is measured as a
function of varying weights. The yield stress is defined as the ratio between the total forces and the

immersed surfaces [43,45]. With the equipment used, the yield stress ranges from 6.6 kPa to 68 kPa.



2.3.3. Mercury porosimetry

Mercury Injection Porosimetry was used to measure the open porosity of mortar samples using the
Autopore IV device from Micromeritics (USA). Connected porosity and pore size distribution were
quantified from 300 to 0.003 um, corresponding to a pressure applied to mercury from 0.0021 MPa
to 0.1 MPa for the low-pressure unit and 0.1 MPa to 206 MPa for the high-pressure unit, considering
the mercury surface tension and contact angle of 0.485 N/m and 136°, respectively. The mortar
samples were dried at 60°C and sliced before measurement. Please note that the samples were not

ground to keep the microstructure of the mortar.

2.3.4.  Scanning Electron Microscopy (SEM)

Fractures of mortar samples were observed using a JEOL JSM IT300 with an Oxford Xmax50 probe.
Morphology and structure were observed with a secondary electron detector with an accelerating

voltage of 20 kV at High Vacuum. The magnifications used were x170 and x700.

2.3.5. Fourier transform infrared spectroscopy (FTIR)

The hydroxyl interactions between clays and starches were probed using FTIR spectroscopy. The
analysis was performed by deposing a dried (60 °C) sample fragment on the diamond crystal on the
bench. The device was a Total Attenuated Reflection ATR, Spotlight 100 Perkin EImer, DTGS detector
4000 to 600 cm-1.

2.3.6. MASNMR

'H magic angle solid nuclear magnetic resonance (MAS NMR) spectra were acquired on a Bruker
ASX500 spectrometer at 11.7 T. A 2.5 mm ZrO, rotor was used at a spinning frequency of 30 kHz. The
'H spectra one-pulse were obtained at resonance frequencies of 500 MHz. Chemical shift values
were referenced to tetramethylsilane (TMS). In the '"H MAS NMR measurements, the pulse length

was 2.8 us and the recycle delay was 10's.



3.Results

In order to identify the mechanisms of reinforcement of starches in earth-based building materials,
ideal mortar mixes are prepared using specific clays. At the macroscopic scale, the specific behavior
of starches will be evaluated in function of the nature of the clay in the mortars at two states: a dried

one with a compressive test and a fresh one with yield stress measurements.

3.1. Compression strength and elastic modulus

The dry state of the mortar mixes was characterized by an unconfined compressive test for the
macroscopic scale. The aim is to determine the enhancement of the mechanical strength by
comparing the influence of starches on the compressive strength and the elastic modulus. Indeed,

the mortar mix must be the most resistant to compression for minimal deformation before rupture.

Figure 3 presents the average compressive strength of the mortar samples. The compositions
without starches are considered as references (Ref). References of illite and montmorillonite have a

similar compressive strength of around 1 MPa, while reference of kaolinite has the lowest at 0.5

MPa.
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Figure 3 : Compressive strength of mortar mixes. From left to right: kaolinite, illite, and
montmorillonite results. In grey: reference (Ref); purple: starch from maize with high amylose content
(Am); blue: starch from maize (M); orange: starch from wheat (W); green: starch from rice (R); red:

amylopectin (Ap)

Firstly, it can be noted that mechanical reinforcement by starches depends on the clay nature.
Indeed, montmorillonite mortar is barely reinforced mechanically by starches (compressive strength
remains between 1 and 2 MPa). However, illite mortar is consolidated mainly by wheat (W) and rice

starches (R), as well as amylopectin (Ap). The compressive strength of illite mortar is increased by a



factor 2 to 4 with these three starches. As literature mentioned (Table 2), the ratio of
amylose/amylopectin in rice can be very similar to wheat. The results obtained of illite may prove
their similitude in composition and comfort with the significant role of amylopectin in the

reinforcement process.

Finally, the kaolinite mortar is only reinforced by rice starch (R) and amylopectin (Ap) (Figure 3 left).
With 1 wt% by mass, the compressive strength is multiplied by 2 with amylopectin (Ap) and 4 with
rice starch (R). With 5 wt%, amylopectin (Ap) reinforces the most kaolinite mortar up to 4.5 MPa,
multiplying the reference strength by 9. Thus, the compressive strength of kaolinite mortar increases

three-fold with rice starch (R) and nine-fold with amylopectin (Ap).

The compressive strength of illite and kaolinite mortars increases four- to nine-fold with wheat
starch (W), rice starch (R), and amylopectin (Ap). For an efficient reinforcement, the compressive
strength increase might be combined with an increase in the elastic modulus. Indeed, large
deformation may be detrimental to building structures. Then, the corresponding elastic moduli are

presented in Figure 4 for the mortar mixes.
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Figure 4 : Elastic modulus of mortar mixes. From left to right: kaolinite, illite, and montmorillonite
results. In grey: reference (Ref); purple: starch from maize with high amylose content (Am); blue:

starch from maize (M); orange: starch from wheat (W), green: starch from rice (R); red: amylopectin

(Ap)

For montmorillonite mortar, results on elastic modulus are similar to the compressive strength, i.e.,
the elastic modulus of 60 MPa remains constant with the addition of starch. The elastic modulus of
illite mortar increases with starch from 150 MPa for the reference (Ref) to 450 MPa with a 5 wt% of
amylopectin (Ap). Finally, for kaolinite mortar, similar results for compressive strength are obtained,
i.e., a significant increase in elastic modulus is observed with starches from 95 MPa to 280 MPa with

1 wt% of rice starch (R) and 760 MPa with 5 wt% of amylopectin (Ap).
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Please note that the error bars are particularly high for some formulations compared to the
reference formulas (Figure 3 and Figure 4). Two reasons may explain the dispersion of the error bars.
Firstly, the addition of starch makes fresh mixes difficult to prepare and produces heterogeneous
samples. Secondly, the confidence interval decreases with the number of tested samples, and more
samples were tested for kaolinite and montmorillonite references (8 and 7 respectively), than other

formulations (3 samples each).

The study of the dried mortar mixes at the macroscopic scale highlights that starches have various
impacts on the mechanical properties according to the nature of the clay and starch. Kaolinite and

illite exhibit the most disparity in mechanical behavior depending on the nature of starches.

3.2. Yield stress

The influence of starches in mortar mixes was also evaluated at the fresh state by measuring the
yield stress. The yield stress corresponds to the threshold stress needed for the mortar to flow in the
fresh mix. Ideally, to keep existing processes, increasing the strength at the dry state should not
modify the mortar behavior at the fresh state. In this study, the yield stress of mortar mixes was
assessed depending on the starch's nature and content. All the measurements were done at a

constant water content for each clay. (Figure 5)
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Figure 5 : Yield stress of mortar mixes. From left to right: kaolinite, illite, and montmorillonite results.
In grey: reference (Ref); purple: starch from maize with high amylose content (Am); blue: starch from

maize (M); orange: starch from wheat (W); green: starch from rice (R); red: amylopectin (Ap)

For Montmorillonite mortar, no significant effect was observed with the addition of 1% and 5%
starch (Figure 5 Right). Reference montmorillonite mortar has the lowest yield stress at about 6 kPa,

and it is lightly influenced by the starch addition with an increase up to 15 kPa with 5 wt% of maize
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starch, indicating that starch does not contribute to the yield stress change. However, it should be
noted that the water-to-clay ratio is high, close to one, so the starch concentration in water is

between 1 and 5%.

Illite mortar has the highest yield stress at about 25 kPa without additives. At 1% concentration, no
effect was observed on the yield stress, while at 5% concentration, the yield stress increased from 20
kPa to 40 kPa (Figure 5 Center). The results for maize starch were inconclusive due to large error
bars. For starch from wheat and rice, error bars are small and the effect can be observed clearer than
for maize starch and amylopectin. At 1%, due to the lower water-to-clay ratio than montmorillonite,
the starch-to-water ratio was 2%, while water to clay ratio was approximately 50%. At 5%, this ratio
leads to a starch concentration of 10% in water, which is significant, as starch dispersion in water

may form a gel [26].

For kaolinite mortar, although the amounts of starch and water were similar to the illite formulation,
an effect was observed with the addition of 1% of amylopectin and amylose (Figure 5 Left). The
reference vyield stress increased from 10 kPa to 20-40 kPa. At 5%, maize, rice and wheat starches
increased the yield stress up to 40 kPa, but amylose yield stress remained around 20 kPa, close to the
yield stress measured for 1% while amylopectin even decreased slightly the yield stress compared to

the 1% value.

The mechanical tests, compression and measurement of the yield stress show a disparity in the
results according to the nature of the clay and the starch. First, we observed that starches have a
limited influence on the mechanics of montmorillonite. Second, we observed that starches reinforce
mechanically illite and especially kaolinite. Rice starch (R) and amylopectin (Ap) increase the
mechanical properties of illite and kaolinite. Furthermore, kaolinite is the most starch-strengthened
clay compared to illite. To investigate the mechanisms of starch reinforcement, we focused on a
comparative study between rice and maize starches mixed with kaolinite at microscopic and

molecular scales.

3.3. Mercury porosimetry

Increasing the strength of building material is generally the consequence of better granular packing
[46]. Thus, in order to explain the compressive results, we investigated the connected porosity, pore

distribution, and granular arrangement of the mortars.

The connected porosity, accessible by mercury, was compared between the reference mortar (Kaol

Ref) and with 1 and 5 wt% of maize (M) and rice (R) starch (Figure 6). The reference mortars had 26%

12



porosity, while bricks with maize starch (M) had 27% and rice starch (R) with 25% and 28% porosity
at 1 and 5 wt% of starch, respectively. Considering the error bars, the comparison between the
mortar mixes shows that moderated amounts of starches do not significantly influence the total

porosity.
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Figure 6 : Connected porosity accessible by mercury of kaolinite mortar mixes: reference (Kaol Ref),

with starches from maize (M) and rice (R)

Besides connected porosity, the pore size distribution showed significant changes with starch
addition (Figure 7). First, the reference sample containing kaolinite and sand presents two well-
defined pore-size modes: the main mode centered at 0.2 um associated with the pores inside the
clay aggregates, and a minor mode at 1 um associated with the pore spaces between the clay
aggregates and the sand particles. Here, the limit between microporosity and macroporosity is

considered at 0.5 um.
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Figure 7 : Pore size radius distribution of kaolinite mortars. A: reference (Ref) and maize starch (M), B:

reference (Ref) and rice starch(R)
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In Figure 7, the pore size radius at 0.2 um stays constant for both concentrations and both types of
starch. Thus, the pore spaces inside the clay aggregates remain constant in kaolinite mortars and are
unaffected by maize and rice starches. However, starches change the arrangement between the clay

aggregates and the sand particles, which is measured as the macroporosity.

Indeed, in Figure 7 A, with 1 wt% of maize starch (1% M), the pore size radius remains constant
around 1 pum, but with 5 wt% (5% M), the macroporosity distribution changes drastically: it is
broadened with a maximum shifted to 15 um. 5 wt% of maize starch (5% M) doubles the macropore
volume with more polydispersity. This observation means that the macropores are bigger and
destructured compared to the reference (Kaol Ref). Thus, 1 wt% of maize starch (1% M) does not
influence the mortar structure, while 5 wt% of maize starch (5% M) modifies the microstructure of

the mortar.

The influence of rice starch is different on the kaolinite mortar than maize starch (Figure 7 B). At both
concentrations (1% R and 5% R), the pore radius slightly increases to 2 um. These induced macropore
spaces have an equivalent polydispersity to the reference mortar (Kaol Ref). Thus, rice starch
increases the macroporosity without changing the arrangement of the structure. Then, the maize
starch strongly modifies the microstructure of the mortar related to an increase in the macropore

access size, while rice starch increases only the volume of these macropores.

3.4. SEM images

Figure 8 shows the arrangement between the particles in the kaolinite mortars with and without
starch addition at two different scales in order to observe the clay/sand interaction identified by
mercury porosimetry. In the reference kaolinite mortar (Figure 8 A and D), a sand grain can be
identified in the clay bulk with clay particles at its surface. In addition, fractures can be noticed

between the clay bulk and the sand grains (Figure 8 D).
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Kaolinite mortar With 5 wt% of rice starch With 5 wt% of maize starch

SED x700

Figure 8 : SEM images of fracture surfaces of kaolinite mortars. A and D: reference mortar; B and E:

with rice starch; C and F: with maize starch; at x170 and x700 of magnitude

With 5 wt% of rice starch (Figure 8 B and E), the surface texture of the clay bulk is modified. The clay
particles are glued between each other and onto the sand grains giving a more homogeneous texture
between the clay and the sand grains. Moreover, any cracks affect the contact between clay bulk and
sand grains. On the opposite, with 5 wt% of maize starch (Figure 8 C and F), the mortar surface looks
like the reference kaolinite mortar. The clay bulk and particles can be observed without the glued

aspect.

The microscopic scale study of kaolinite mortars shows that the maize and rice starch influence the
microstructure differently. The maize starch disrupts the macroporous arrangement of the mortars,
while the rice starch seems to glue the clay particles between each other and onto the sand grains.
Chemical interactions are expected between both components because their hydroxyl groups may
be involved in hydrogen bonding. The following parts present analytical results obtained with clays

and starch mixes without sand thanks to FTIR and NMR spectroscopies.

3.5. FTIR spectroscopy

The molecular interactions between kaolinite and starches were first investigated with FTIR
spectroscopy on samples without sand. Figure 9 shows the infrared spectra of the raw materials and

the kaolinite/starch mixes. Raw starches spectrums were performed with dried starch solutions and
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prepared as used in the mixes and mortars. Figure 9 A and B focus on rice starch spectra, while

Figure 9 C and D focus on maize starch. For all graphs, spectrums of raw components are presented:

kaolinite, rice, and maize starches.
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Figure 9 : FTIR spectra of raw components (kaolinite, maize, and rice starches) and mixes between

kaolinite and starches. A and B: Rice starch spectra; C and D: Maize starch spectra

Firstly, all characteristic bands of the raw materials can be identified [47]. In the kaolinite raw

spectra, we first identify the four bands corresponding to the OH stretching from 3685 to 3618 cm™.

Then on the other part of the spectra, the bands from 1115 to 994 cm™ correspond to the SiO

deformation. The one at 994 cm™ corresponds precisely to the apical SiO, i.e., the SiO localized

between the octahedral and the tetrahedral layer of the kaolinite. Then, the bands at 936 and 910

cm™ are for the deformation of Al,OH bonds. The one at 794 cm™ is characteristic of quartz. Finally,

the ones at 750 and 689 cm™ are for the elongation of the SiO bonds.
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Raw starch spectra also exhibit classical bands [48]. The band at 3300 cm™ corresponds to the OH
bond stretching, while at 3000 cm™, it is the deformation of the CH, bonds. The bond at 1640 cm™
corresponds to the adsorbed water. The 1350 and 1077 cm™ bands are for the C-O-H bond, while the
1149 cm™ band is for the C-O and C-C stretching. The C-H bonds are at 1014 and 856 cm™, while the
band at 993 cm-1 is for the vibration of the glycosidic linkage. The 762 cm™ band is for the C-C bond

stretching, and the bands under 710 cm™ correspond to the skeletal vibration mode of the pyranose

ring.
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Figure 10 : Detailed FTIR spectra of raw components (kaolinite, maize, and rice starches) and mixes

between kaolinite and starches. A with rice starch and B with maize starch

Mostly, when starches are added in small fractions to kaolinite, the kaolinite spectrum is found.
There is a slight overall band shift from 1 to 2 cm™, but the apical SiO band, initially at 994 cm™
undergoes a more critical shift from +6 to +8 cm™ (Figure 10). This wavenumber increase means that
the apical SiO bond is weakened. The chemical groups at the kaolinite surface are expected to
undergo most of the modifications. Since the apical SiO bond is trapped in the layer, it is inductively
influenced by the changes that the other accessible bonds on the kaolinite surface undergo [49].
Thus, this shift should correspond to a new chemical environment around the surfaces of the
kaolinite sheets. This wavenumber shift can be observed for the maize and rice starch additions at

both concentrations.

Finally, FTIR spectrums highlight the presence of hydrogen bonding between kaolinite surface and
starches, but as FTIR is a qualitative analysis, the spectrums do not explain the differences in

reinforcement (Figure 3 and Figure 4). Thus, a quantitative analysis focused on clay and starches
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protons should be done to explain the different mechanical influences of maize and rice starches on

kaolinite as "H MAS NMR spectroscopy.

3.6. '"H MAS NMR spectroscopy

'H MAS NMR measurements complete the FTIR results by refining the chemical interactions between
kaolinite and starches in the mixes. Indeed, only protons are characterized with NMR spectroscopy,
concentrating the range of observations on proton-mediated interactions such as hydrogen bonding.
The measurements were done for the same samples as FTIR spectroscopy, i.e., for raw components
(kaolinite, maize, and rice starches) and the mixes without sand. Raw starches spectrums were
acquired with dried starch solutions. Figure 11 A focuses on maize starch spectra, while Figure 11 B
focuses on rice starch spectra. Due to the lack of resolution, each component gives rise to only one
broad resonance. Kaolinite characteristic chemical shift is around 2.4 ppm [50]; maize and rice starch

shifts are about 4.3-4.4 ppm, respectively [51].
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Figure 11 : 'H MAS NMR spectra of raw components (kaolinite and dried starch gels) and mixes

(reconstructed and experimental). A: Maize starch spectra; B: Rice starch spectra

Reconstructed spectra were plotted by summing the expected spectral contribution of the individual
components (kaolinite and starch) weighted by their theoretical proton content and mass ratio in the
mix. These reconstructed proton spectra (5% maize and 5% rice in green in Figure 11) thus
correspond to hypothesis that the organic and inorganic phases are mixed and do not interact. The
starch resonance peak is sharp and higher than the kaolinite resonance peak. Comparison of these
reconstructed and experimental spectra is expected to reveal proton-mediated interactions, such as
hydrogen bonding. At the resonance peak of kaolinite, the experimental spectra follow the
reconstructed ones, while the resonance peak of rice starch is more pronounced than maize starch.

Indeed, in the experimental spectra of Figure 11 (blue curves), the resonance peak of the maize
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starch protons is broadened but its intensity is preserved in the mix with kaolinite (A), whereas the
resonance peak of starch disappears for rice in the presence of kaolinite (B). This suggests a more

significant change in the chemical environment of the rice starch protons when mixed with kaolinite.

4. Discussion

The addition of starch to earth-based building materials is a widely used stabilization technique. A
previous laboratory study showed that starch added to the fresh mix improves the mechanical
properties of earth-based building materials[16]. In the present paper, we worked with simplified
materials to understand the phenomenon. Thus, we investigated the interactions between natural
clays and starches, ranging from the macroscopic to the molecular scale and varying the botanical
source of starch, so the ratio amylose/amylopectin. The principal result is that kaolinite and illite are
reinforced with rice starch and amylopectin, mainly at 5 wt%. The comparison between maize and
rice starch, which may have a different amylose/amylopectin ratio and different effects on
mechanical properties, showed the presence of hydrogen bonding between starch and clay, with a

greater effect of rice starch than maize starch.

4.1. Fresh State

This study aims to verify that the addition of starch to the simplified materials improves their
mechanical properties and to identify the physicochemical origin. However, when formulating earth-
based building materials, the rheological behavior must be considered to ensure workability in the
fresh state [4]. Then, the goal is to improve strength but workability at fresh state should be kept to

mold the samples.

Moreover, fresh state modifications could indicate particle interaction changes [52,53]. Indeed, a
high yield stress increase may result from the interactions between starch and kaolinite, reinforcing
the percolated solid network [43,52,53]. However, for amylose at 5%, yield stress remained around
20 kPa, close to the vyield stress measured for 1% and for amylopectin, even the yield stress
decreased slightly between 1% and 5% (Figure 5). These high yield stresses may be due to the
interaction of starch with the kaolinite reinforcing the percolated matrix. At 5%, the interaction
between kaolinite and starch and the gelation of starch could potentially create opposite behaviors.
Maize, rice, and wheat starches significantly increased the yield stress, while amylose and

amylopectin maintained the same yield stress at 1% (Figure 5 Left).

No clear correlation between fresh state and mechanical behavior could be obtained except for

amylopectin. A rheological and physicochemical study of the clay/starch suspension, which is out of
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the scope of this paper, should complete the analysis to correlate fresh state behavior fully and dried
compressive strength. In this paper, the most effective starch sources for increasing strength while
maintaining workability at the fresh state are those with the smallest yield stress increase; i.e. rice

starch and amylopectin.

4.2. Hardened State

This study investigated the mechanical and physicochemical effects of adding starch to simplified
mortar mixtures consisting of clay, sand, and starch. From a macroscopical point of view, the results
showed no effect on the samples where the clay was montmorillonite. However, certain starches
significantly increased the mechanical strength of mortars made of illite and kaolinite (see Figure 3).
Results on elastic modulus were less conclusive due to high dispersion of the measurements (see
Figure 4). Rice and amylopectin starches were found to significantly increase the adobe compressive

strength, while maize starch did not modify the strength significantly.

The mechanical behavior induced by the starches can be explained partially by the microstructural
changes, with maize starch increasing the macropore size and rice starch consolidating the kaolinite

mortar (see Figure 7).

At the molecular scale, Infrared and RMN spectroscopic measurements showed changes in the
chemical environments of kaolinite and starches in the mixes. IR spectroscopy showed that the
kaolinite surface was indirectly chemically modified in the presence of starches, maize, and rice (see
Figure 10). 1H MAS NMR spectroscopy showed a difference in interaction with kaolinite for maize
and rice, indicating that rice starch protons in the presence of kaolinite are involved in an additional
interaction compared to kaolinite reference, while for maize starch, the starch proton did not

interact with the kaolinite ones (see Figure 11).

We suggest that the increase of mechanical strength due to starches lies in a high sensitivity to the
amount of amylopectin (Table 2). Initially, we could assume that the amount of amylopectin between
maize starch (73 wt%), rice (75 to 87 wt%) and wheat (83 wt%) would be similar. However, rice
starch increases mechanical strength (see Figure 3), whereas wheat and maize starches don't affect
mechanical properties. Therefore, a content of amylopectin over 80% may be a key parameter to
increase mechanical properties. In this study, rice starch may contain more than 83 wt% of
amylopectin or the botanical starch may lead to higher affinity with kaolinite. Thus, the greater
amount of amylopectin could explain the greater presence of hydrogen bonding in the rice
starch/kaolinite mix. Indeed, this interpretation requires further work to be confirmed, especially a

precise determination of the ratio of the two polymers within starches. Moreover, further study
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should be done to separate the effect of the amylose/amylopectin ratio and the botanical source of
the starch. For illite, the reinforcement by amylopectin appears at a much smaller magnitude (see
Figures 3, 4, 5). In fact, the illite clay contains kaolinite as a secondary mineral, and the same
strengthening increased by amylopectin follow the same trend between kaolinite and illite-based
mortars. Then, the complete absence of kaolinite minerals in the montmorillonite clay would explain
why starches did not modify the compressive strength and modulus of elasticity of montmorillonite-

based mortars.

5.Practical consequences

The practical consequences for the straightforward improvement of earth-based building materials
are mitigated, as the strengthening of the clay is dependent on the botanical origin of the starch and
the mineral composition of the clay, which is not always possible to measure for local resources. For
montmorillonite, the conclusion is clear: mortar properties are not influenced by starch addition.
Kaolinite mortars are improved by starch with a high amylopectin fraction. For mixed clays, mortar

properties may increase slightly by adding starches.

Our findings indicate that the botanical origins of the starch play a significant role in strengthening
the clay. Additionally, the mineral composition of the clay is an important parameter that should be
taken into account, and laboratory characterizations like XRD should be correlated to field
measurements on local resources. For instance, on-field test could be developed to establish the

presence of kaolinite.

Furthermore, the simple idea of an additive interacting with the clay does not hold, as the additive
may also modify porosity. Finally, the impact on the fresh state should not be underestimated, as
earth-based building materials are processed with low energy, and high yield stress may prevent
homogeneous on-site mixing and processing. Given the identified barriers to the generalization of
using starch to reinforce earth-based building materials, it is not surprising that there is a wide
variety of additives used to reinforce clay-based materials across the world, they are the results of

trade-off between workability, strengthening and botanical and earth variabilities.

6.Conclusion

To study the interactions between natural clays and starches, we used mortars made out of kaolinite,
illite and montmorillonite and tested five botanical sources of starch. In this study, each clay kind and
the specific botanic source for starch composition are considered individually. Earth reinforcement is

not as easy as it can be assumed, and materials, earth, or biopolymers are different and complex in
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mineralogy or chemistry. As kaolinite samples were better reinforced than the other clays, the
microscopic investigations focused on kaolinite with rice and maize starch. The porosimetry analysis
showed a modification of grain arrangement and clays with additives compared to the reference. At
the molecular scale, rice starch seemed to interact more strongly with kaolinite than maize. These
molecular differences should be at the origin of the higher mechanical strength for macroscopical
samples of kaolinite with rice addition in comparison to maize ones. Finally, a straightforward
generalization of these results seems still complicated as some new investigations are needed
regarding kaolinite and amylopectin threshold. The reinforcement depends strongly on the variability
of the clay components and the botanical sources; further studies are required to define more
precisely the composition thresholds, such as varying amylose/amylopectin ratios for the same

source.
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