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Abstract

The development of eco- friendly environmental and sustainable building materials having low thermal conductivity and
optimal physic-chemical abilities ensuring passive thermal comfort is imperative in the global quest for the minimization
of greenhouse-gases (GHG) emission and energy needs in homes. To attend this objective, the present work underlines the
feasibility of using waste cotton fibres for the design of the lightweight laterite-cement composites with low thermal con-
ductivity for structural applications. The final products were obtained by replacing laterite cement composite with cotton
wastes fibres (0.3-0.6 wt%) and then uniaxial pressing around 14 MPa. The thermo-engineering and structural properties were
performed using several techniques: X-Ray Diffraction (XRD), Environmental Scanning Electron Microscope (ESEM), Fou-
rier Transform Infrared Spectroscopy (FTIR), mechanical properties as well as thermal conductivity. This process accounts
for the optimum (0.78 W.m™!. K1) structural material made with 6 wt% cement, 0.6 wt% cotton fibres and better packing
density of laterites particles (50/50). Regardless of the particle size distribution of aggregates (laterite), the increase of cotton
fibres content resulted in lowering mechanical performances. This is due to the creation of pores and the weakness adhesion
between the cellulosic fibres and laterites particles within the matrix. In addition, the presence of cellulose within a matrix
enhanced the crystallinity of cementitious phases (CASFH and CASH) of the end-products. The formulated samples with
the reduction around 29% of embodied energy compared to the conventional materials, appears as a promising eco-friendly
composite with good thermal comfort, small-embodied energy and low environmental impact through sustainable process.
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1 Introduction
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Thermal comfort is one of the major concerns in building
construction. The most common methods of dealing with
are generally electrical air regulating methods such as air
conditioners, heaters and ventilators [1, 2]. However, the
implementation of these artificial methods of regulation
has a direct consequence on energy consumption and the
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production of greenhouse gases, the main responsible of
global warming. Building sector consumes 32% of primary
energy, about 40% of the world’s energy and is responsible
for almost 33 — 40% of greenhouse gas emissions [3, 4].
Then, building sector becomes the main target for reduc-
ing energy consumption [5]. For example, air conditioners
and ventilators are responsible of about 10% of the world
electricity and the number of air conditioners all over the
world could increase from 1.6 billion today to 5.6 billion at
2050 [6]. These statements drawback the Paris Agreement
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limiting global warming to +1.5 °C at 2050 [7-9]. It
becomes urgent to develop eco-friendly and sustainable
building materials having with low thermal conductivity
and optimum physico-chemical abilities to ensure passive
thermal comfort without electric conditioner. Several mate-
rials capable to ensure thermal insulation already exist. The
most used until now are ice fibres, mineral wool and foam
insulation materials based on polymers compounds [10—12].
However, their manufacture still requires a lot of energy and
even have environmental limits [13]. Recently, a new tech-
nique of insulation has been introduced by researchers such
as vacuum insulating materials [14, 15], aerogels [16] and
composites that are characterized by their heat reflection and
storage [12, 17]. These techniques also present some limits
because the manufacture of the final insulating materials
is linked to the transformation of fossil resource such as
oil and bauxite, which not only generate greenhouse gases
but also have an important energy demand [18, 19]. The
improvement of the energy efficiency of building must not
only involve the thermal insulation of the building enve-
lope, but also the reduction of grey energy for the building
material. For all the above reasons, the traditional thermal
insulation is coming back in order to develop material from
renewable resources [20-23].

Composites derived from natural resources still remains
the best approach because of their low cost, availability and
good thermal properties [24]. These included the use of rice
and wheat husk [21, 25], rice straw [26], sawdust [27], waste
paper [28], as well as cotton waste [29]. Several studies were
conducted taking into account the aforementioned character-
istics. For example, Saghrouni et al. [30] studied the incor-
poration of Juncus maritimus fibres in mortar composites at
different dosages. He succeed to reduce of about 65% the
thermal conductivity at 10% fibre addition in the composite
which reaches 0.182 W.m~! K~! while it equivalent is about
2.8 W.m~ 1. K~! without any addition. Previously, Belhadj
et al. [31] made concrete lightened by the addition of barley
straws. These authors claimed that the manufactured con-
crete showed a reduction in compressive strength with the
fibres added and an improvement of flexural strength and
other properties such as lightness, deformability, ductility,
toughness and thermal characteristics (1.32 W.m~ LK.

Cotton fibres has equally proved their efficiency in the
production of thermal insulation materials. Halil et al. com-
bined cotton, limestone wastes and Portland cement with
calcite to produce new low cost and lightweight composite
as a building material. The process of curing was into a
tank filled with lime-saturated water at 22 °C during 28 days
before drying with a ventilated oven at 105 °C. The results
showed that this new composite is about 60% lighter than
the conventional concrete brick (cement-sand concrete) with
mechanical properties that satisfy the requirements for build-
ing materials.
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On the other hand, Alomayri et al. [32] have rather stud-
ied the effect of cotton addition in a geopolymer matrix-based
fly ash on the physical, mechanical and fracture behaviours.
They found that the mechanicals properties of geopolymers
composites increase up to 0.5 wt% of cotton fibres content.
Beyond that percentage, these properties drop while the den-
sity decrease regardless the fibres content. The lowest density
is observed with an addition of 1 wt% of cotton fibres (1.8 g.
cm'3).

Although these different developed materials are capable
to achieve a good thermal comfort, there are not always envi-
ronmentally friendly [13]. In addition, there is a lack of data
concerning cotton waste within laterite-cement composites.
In general, cotton fibre waste is recovered for the production
of lightweight materials used as building panel [33, 34]. How-
ever, structural materials with low thermal conductivities can
be develop in order to implement a building material without
having to develop a multi-layer construction. In the case of
fired bricks, the process used is the development of cells inside
the brick [35] while the stabilization with fibres is indicated
in the case of laterite-cement composites. The reflection on
the composite laterite cotton fibre is based on the principle
that cotton fibres will break the chain of thermal conductivity
that is potentially important in laterite with the presence of
iron minerals. However, laterite is a raw material abundant in
tropical area [36, 37] and has the particularity that many other
raw materials do not have. The ability to react directly with the
cement or to be activated without treatment with acid or alka-
line solutions [38, 39]. Thus, the objective of this project can
be perceived on three levels: on the environmental level with
the reduction of greenhouse gas emissions due to the green
process used for the establishment of the new eco-composite,
on the energy level with the reduction of energy demand not
only during the development of the material but also during its
use. Finally, the motivation of this work is to develop a rather
original and ecological solution to meet the requirements of
the standards while maintaining a low thermal conductivity.

Density, porosity and water absorption are uses together
with the mechanical properties (flexural and compressive
strength) to assess the efficiently of laterite-cement compos-
ite achieved to act as structural building material. Fourier
Transform Infrared Spectroscopy (FT-IR), Environmental
Scanning Electron Microscope (ESEM) as well as X-Ray
Diffraction (XRD) are used to investigate on the phase’s
evolution and microstructure.

2 Materials and Experimental Methods
2.1 Materials and Samples Preparations

The mainly precursors used is the iron-rich aluminosilicates
(laterite) having 37.5 wt % of Fe,05 25.1 wt% SiO, and 23
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wt% of Al,O. This percentage of iron shows that this laterite
is a corroded kaolinite and belongs to the class of Silicate
laterites according to Tuncer [40] or could be classified
as true lateritie (R < 1.33) according to some researchers
[41] which classified iron rich alluminosilicates based on
the ratio of silica/sesquioxides R = Si0,/(Al,O; + Fe,03).
After grinding, the laterite was dried, crushed and then sieve
in two fractions: the fine particles series which are consid-
ered as binding phases (¢ < Imm) and coarse particles size
(Imm < ¢ <4mm), which are inert and do not really partici-
pate in the development of pozzolanic reactions. The cement
used was a Ordinary Portland Cement (CEM II 42.5) from
Dangote cement factory, Douala Cameroon. This cement
contains clinker, gypsum and pozzolan. The minerals phases
of laterites are quartz, kaolinite, hematite, goethite, anatase,
and lepidocrocite [42] while CEM II 42.5 presented : Alite,
Belite, quartz, calcite, pyroxene and plagioclase [43, 44]
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Fig. 1 XRD patterns of waste cotton fibres

(Table 1). The cotton waste used come from the Sodeco-
ton factory. The diffraction pattern of waste cotton fibres
shows typical characteristic peaks, indicating the presence
of cellulose (Fig. 1) as some researchers found [45]. The
bulk chemical composition of the cotton waste is recorded in
Table 2. Two powders of different fines/coarse ratio (75/25,
50/50) were prepared. The fine particle series corresponds to
laterite seeds with a diameter smaller than 1mm (¢ < Imm;
including nano and micro particles) (Fig. 2a) whereas that of
the coarse particles comprises seeds of laterites whose diam-
eter varies from 1 mm to 4 mm (Imm < ¢ <4mm) (Fig. 2b).
To each powder 6 and 8 wt% of cement were added. The
amount of water added to each formulation before pressing
varied from 12.5 to 15 vol% according to the fines content.
The more material contains fine particles, the more water
is absorbed. The powder 75/ 25 received 15 vol% of water
while 50/50 received 12.5 vol%. In order to have homog-
enous dispersion of the fibre, the cotton fibres are added
under stirring using the Hobart mixer (model N50_G) which
ensured gradually mixed during 15 min. The mixture was
then transferred into the mold (205mm x 95mm X 35mm),
Nannetti Brand press machine, and pressed up to 140 bars.
The total mass of the mix of one specimen was 1400 g for
each formulation. LYZ is the general designation of the for-
mulations achieved. L5 and Ls, refer to the two granulo-
metries identified; Y and Yy give the percentage of cement
while Z to Z, ; refer to the cotton waste content (Table 3).
The curing process was carried out in two stages. The
samples were first wrapped into plastic for the first 28 days
in order to avoid water evaporation and then, the curing
continued under normal laboratory conditions to promote
contact with the air in order to ensure better pozzolanic
reactions. The Fig. 3 shows a sample set after casting.
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Fig.2 Gradation curves of the laterite used: (a) fine aggregate and (b) coarse aggregate
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Table 1 Chemical compositions of raw materials

Oxides (Wt%) Laterite Ordinary Portland
Cement (CEM II
42.5)

Fe,04 37,5 4,65

SiO, 25,1 19.3

Al,O4 23 5,5

TiO, 0,9 /

V,04 0,15 /

P,05 0,14 /

Cr,04 0,23 /

CaO 0.29 65

MgO 0.07 0,98

CaO free / 1,8

K,O 1.8 0.9

SO, Not detectable 2.01

Na,O 0.2 0.2

LOI 10,6 0.45

e Bk sl bt Conpotion
Cellulose 80-90
Hemicelluloses 4-6
Proteins 0-15
Waxes and Fats 05-1
Water 6-8

Table 3 Different mixtures of laterite-cement composite with addi-
tion of waste cotton fibers

6 wt% of cement 8 wt% of cement

75125  LisYeZ, L.5YZ, 0.0 Wt.% fibers
LosY6Zo3 LosYgZ5 0.3
LosYeZo4 LosYsZo4 0.4
LosYeZos LosYgZys 0.5
Lo5Y6Zos LosYsZ6 0.6
50/50  LsgYeZ L5y Y7, 0.0
LsgYeZos LspYsZo5 0.3
LsoYeZo4 LsgYsZo4 0.4
LsgYeZos LspYsZys 0.5
LsoYZos LsgYsZo 0.6

2.2 Characterization Methods
2.2.1 Physico Mechanicals Test and Thermal Conductivity

The physico-mechanical tests (water absorption, bulk
density and apparent porosity) were determined by
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Fig. 3 Photograph of a sample set after casting

Archimed’s method using an electronic balance with a
sensitivity of 107>, Before carrying the test, the samples
were oven dried at 105 °C for 24 h to ensure that they
were completely dry. Once removed from the oven, the
samples were weighed one by one to determine dry mass
(W,). Then, they were soaked in water for 24 h. After this
immersion, two masses of each sample were taken in two
different conditions. The one just after the samples were
removed from the water and the time to wipe with filter
paper to remove surface water (W,) and another while the
sample was in the water (W,,).

Then, the water absorption, bulk density and apparent
porosity can be calculated by the following equations.

. W, - W,
Water absorption (%) = ———— x 100 (1)
Wa
A t ity (%) = = Va0
arent porosi =—
PP p y (%o W, - W, 2)
Apparent density (g’m_S)Wr-Van X p(water) 3)

The physico mechanical test were performed following
as well as possible the American Standard regarding the
Standard Test method regarding water absorption, bulk
density and apparent porosity [46].

As for the thermal conductivity, its determination was
made thanks to the Hot Disk Thermal Constants Analyser.
It is an emerging technology that uses the transient plane
source technique to measure the in-plane and through-
plane thermal conductivity of an anisotropic material in
the same test. The sensors used in this test method con-
sisted of a 10 pm thick nickel foil embedded between two
25.4 pm thick layers of Kapton polyimide film. The nickel
foil was wound in a double spiral pattern and had a radius,
R of either 3.189 mm or 6.403 mm. The thermal conduc-
tivities were measured at 23°C.
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2.2.2 Phase’s Analyses and Microstructure

FTIR analysis allows to identify bonds with the help of the
corresponding wave number, to determine the characteristic
groups and to highlight the hydrogen bonds. The spectrom-
eter used for this analysis in the case of this work is the
Nicolet 6700. It is equipped with a MCT (Mercury-Cad-
mium-Telluride or HgCdTe) detector and a potassium bro-
mide (KBr) separator. The absorption spectra were obtained
by adding 100 interferograms for each spectrum and were
reproduced in the region from 4000 cm™" to 400 cm™". They
were recorded with a resolution of 2 cm™!. The samples
used for this test come from the breaks resulting from the
determination of the mechanical properties and were ground
finely under 80 pm before analysis. Each sample was placed
over a reflective crystal medium where light passed through.
A minimum of 32 scans were averaged for each spectrum
at the intervals.

Laterite cement composites with the addition of waste
cotton fibres aged of 90 days were crushed and sieved
through a sieve of mesh 80 pm. These powders were then
used in an X-ray powder diffractometer, XRD, (PW3710,
Phillips) Cu Ka, Ni-filtered radiation (the wavelength was
1.54184 A) in order to study the mineralogical phases. Each
analysis was performed on ground samples and the radiation
was generated at 40 mA and 40 kV. Random powder speci-
mens were step-scanned from 5° to 70°, 2 Theta range, and
integrated at the rate of 2 s per step. The crystalline phases
were identified by comparison with tabulated data on the
JCPDS files.

The morphology of the studied composites was examined
by Environmental Scanning Electron Microscope (ESEM,
Quanta200, FEI). These samples, resulting from the mechan-
ical tests, were dried and cut parallel to fracture surface with

Fig.4 Photograph of specimen
during flexural test: (a) Setup,

(b) Failure crack observed and
(¢) Overview of a broken brick

the diamond saw to observe the fractures surfaces. In order
to ensure a good analysis, these samples were covered with
a thin layer of gold before be placed in a vacuum chamber on
silver plates. Three ESEM micrographs were taken for each
specimen in order to study the cellular structure.

2.2.3 Mechanical and Physic-chemical Properties

For the three-point flexural, the machine (ELE Interna-
tional machine) had the load rate fixed at 3 mm.min~".
Three samples of dimensions 205 X 90 X35 mm were placed
between two supports at a distance of 150 mm according to
the American Standard regarding the three-point flexural
strength testing, ASTM C78/C78M — 18 5 [47].

The formula of mechanical flexural strength is given by

the Eq. (4):

3 x 150F

c= —— 4
2 x 90x35° “)

Where ¢ is the maximum centre tensile stress (MPa),
F maximum load at fracture (N), 150 mm is the distance
between the supports, 90 mm is the width and 35 mm is the
thickness of the specimen. The Fig. 4 shows respectively the
photograph during the flexural test of the specimens (4a), the
failure pattern observed (4b) and the interior of a moulded
brick containing the fibres after flexural test (4¢).

Concerning the compressive strength, the same machine
was used and the dimensions of the six samples used for
each specimen were 205 X 90 X 35 mm. These samples were
compressed under a square surface of section 40 x40 mm?
according to the standard ASTM D695 ASTM C 39/C 39 M
— 05 (2008) [48].
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The formula of mechanical compressive strength is given
by the Eq. (5):

F
R = —

Where Rc is the compressive stress (MPa), F the load of
crushing (N), 1 the width and h the thickness of the speci-
men (mm).

3 Results
3.1 Physico Mechanical Properties

Table 4 summarized the density and porosity of the samples
at 6 and 8 wt% of cement contents. Ly,Y¢Z,,  has a porosity
of 31.66% with a bulk density of 1.95 kg/m® while Ls;YZ ¢
has a porosity of 32.07% with a bulk density of 1.82 kg/m°.
In addition, L,5Y¢Z 5 and L;5Y¢Z, ¢, have porosities equal
to 32.43% and 33.12% respectively while their densities
arel.67 kg/m® and 1.54 kg/m>. As the bulk density decreases
with the addition of the fibres, the porosity increases inde-
pendently of the compositions. The same behaviour is
observed with L;5Y, and Ls,Y. Hence, incorporating the
fibres in laterite-cement specimens made the materiel a bit
light compared to the reference (laterite-cement without
fibres) with a density equal to 2.13 kg/m> [4, 49]. These
results are in agreement with those found by several other
researchers who also found that the incorporation of fibres
in composites decreases their density while increasing their
apparent porosity [30, 31]. The main reason for the results
found is that the cotton fibre waste has a much lower bulk
density than laterite [4]. The substitution of any percent-
age of laterite by these fibres will make the matrix lighter
justifying this low density as the fibres increases. However,
the fibres play a second role, they create a network of pores
in the matrix responsible for the increase of sample’s poros-
ity [50]. Bkarker and Heniford justify this porosity by the
creation of a layer of fibres superimposed on each other and
thus increasing the air layers in the material. Furthermore,

the hollow structure of these fibres allows also the increase
of the pore network in the matrix [51]. On the other hand,
other researchers attribute this behaviour to the dry cycles
apply to the composites during the curing period when the
material loses water. This reduction causes a weak adhesion
between the fibres and the matrix particles leaving voids at
the fibre-matrix interface [45].

Apart from the percentage of fibres which is studied at
0.3% and 0.6% of the weight of the sample, two granulo-
metries were highlighted in this work: L5 and Ls,. The
incorporation of equal cotton wastes in these materials with
different granulometries shows that fibres have more impact
on samples that have more fine particles. A deep analysis
of Table 4 shows a variation of density equal to -6.67%
with Ls,Ysg, -7.78% with L,5Yg while this same variation
is -3.17% with Ly Y and -4.51% with L,5Y4 when fibres
content varies from 0.3 wt% to 0.6 wt%. Concerning the
porosity, one can note a variation equivalent to +1.31% for
LsyYy, +2.1% for L;5Y g, +1.68% for L5y Y4 and + 3.44% for
L,5Y¢. Knowing that L,5 has a more compact structure due
to the size of its particles, the incorporation of fibres in its
matrix will be likely to create a porous structure more easily
than the one of Ly,

In fact, it has been shown that cellulose increases the
permeability of CSH to water during a hydration process
[52]. The development of this CSH phase requires a good
adhesion to the fibre-matrix interface. The more the hydrated
phases are formed, the more there is adsorption of cellulose
and the more there is formation of a thick and highly perme-
able CSH [52, 53]. In a composite with more coarse parti-
cles, the degree of reactivity between the particles is lower
than in a matrix with more fine particles. This is the reason
why the presence of fibres has more impact (high variation
of properties) in a sample of L5 than in the one of Ls, on
both density and porosity.

Independently of the compositions of the specimens,
water absorption increases with the increasing of fibres
content as it is shown in Fig. 5. It appears that L,5Y¢Z, 5 has
a value of water absorption of 17.62% while L;5YZ, ; has
18.72%. Similar behaviour is observed for the remaining

Table 4 Density and porosity of

Samples Bulk density

Variation of bulk density with Porosity (%)
add of fibers content (%)

Variation of porosity with
add of fibers content (%)

the samples (ke.m™>)
L5y YsZ 5 1.95
L5 YsZo 6 1.82
L,sYsZ 5 1.67
L,sYsZ e 1.54
Ls)YeZy 5 1.89
LsoYZo o 1.83
L,sYZy 5 1.55

L.sYeZy 6 1.48

-6.67

-17.78

-3.17

-4.51

31.66 +1.31
32.07

3243 +2.1
33.12

31.9 + 1.68
32.43

33.39 +3.44
34.58
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three specimens. It was also observed that, low water
absorption corresponds to high flexural strength. These two
observations lead to suggest the hypothesis that the ability
of bio-composite to absorb water is linked not only to fines
content and to formation of binding phases, as it is case for
the ordinary laterite-cement composites [54—56] but also to
the fibres content. Two reasons can explain it. On the one
hand, it can be justify by the hydrophilic nature of cotton
waste [57]. This property gives it an absorbent character
with regard to water. On the other hand, the incorporation of
fibres content gives the eco-composite a more porous nature,
which allows water to penetrate the matrix when immersed
in order to fill the empty spaces [24, 58].

3.2 Phases Evolution and Microstructure
3.2.1 Phases Evolution

Infrared spectra of all formulated composites (Fig. 6a, b and
¢) are conducted in order to investigate the chemical bond-
ing and functional groups present within the matrix. The
IR spectra of the composites without any addition of waste
cotton fibres (Ls,Y3Z, and L,5Y¢Z,) exhibited the bands
between 3695 and 3610 cm™! assigned to the OH bonds
belonging to kaolinite and goethite. These OH bonds shift
slightly to lower absorption bands (3682 — 3607 cm™') for
the specimens L5y Y gZ 3, LsgYZ 6 L75Y5Z 3 and LysYgZc.
It is observed a progressive shift of the OH bands with the
addition of cement, shift enhanced with the presence of cel-
lulose (Fig. 6). In fact, these two elements favoured the poly-
condensation of the aluminosilicates (CASFH and CASH)
with consequent changes in the OH its chemical environ-
ment. The band situated at 1639 cm™' confirmed the above-
described bands. This band losses intensity with the content
of cellulose (Fig. 6a and b). The fibres absorb the water due

0,25
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o] TBT
’ T
S T T 1 T
< T T -
L 0,15
=
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(=]
1]
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< 0,10 4
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=
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0,00 T = T = T — T = T
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Fibers content (%)

Fig.5 Water absorption behaviour of laterite-cement composites with
addition of waste cotton fibres

to their hydrophile properties resulting in the establishment
of bonding with cellulosic compounds. Muthuraj et al. [58]),
Seunghwan et al. [59] and Tran et al. [18] reported this simi-
lar observation.

The absorption bands between 1442 and 1436 cm™!,
ascribed to stretching C — O bonds, are observed with a
weak intensity, indicative for the good polycondensation and
chemical stability of the cementitious phases formed. The
bands corresponding to the polycondensed aluminosilicates
are depicted at 1031 cm™" (Ls,Y¢Z, and L,5YZ,) and at
1024 em™ (LsyYgZy 3 LsoYgZg L75YgZ 5 and L75Y¢Z ).
It is observed a progressive shift of the band towards low
value as the consequence of the enhancement of the for-
mation of CASFH and CASH in the presence of cellulose.
Those at 995 — 400 cm™! are related to the formation of
CASH and suggesting the presence of fibres into the matrix
does not inhibit the potential reaction that may occur. This
assertion is in line with the previous research works [60,
61]. Additionally, one can say that the process used for the
manufacture of samples in this works does not affect the
chemical compositions of the developed eco composites as
Komal et al. [62] equally affirmed.

The X-ray patterns of laterite-cement composites with 6
and 8 wt% of cement incorporating fibres at different dos-
ages (0.3; 0.4; 0.5 and 0.6 wt%) and aged of 90 days are
described in Fig. 7. These figures show the behaviour of
the mineral’s phases in the materials with the increase of
cotton waste. The main crystalline phases identified are
Gismondine (Gi) (CaAl2Si,04-4(H,0)), Stratlingite (S)
(Ca,Al,(Si0,)(OH)10-2.5H,0), CASFH and Hematite
(He). However, Hematite is just visible on the X-ray pat-
terns attributed to the composites without cotton waste fibre
(LspYgZ, and L,5Y¢Z,). Hematite here appears as residual
product of unreacted goethite. Its seems that the presence of
cellulose improves the level of reactivity within the matrix
and by the way hinder the formation hematite. The above-
mentioned phases are crystalline phases that are formed in
the aluminosilicates once the cement hydration reaction has
taken place completely [44, 63, 64]. The improvement of
the reactivity in the presence of cellulose has positive con-
sequence on the level of crystallinity of the different binder
phases developed (Fig. 7). Whether the matrix is dominated
by fine particles or by coarse particles, the addition of 0.3
wt% of cotton fibres seems to make the peaks of the phases
corresponding to ettringite, stratlingite and hematite dis-
appear and to increase those relating to Gismondine and
CASFH. This behaviour confirmed the catalytic role of
cellulose in the cementitious reactions as some researchers
found [45].

Previous works [52, 53, 65] on the behaviour of cellu-
lose in cement matrices has shown that hydrogen bonds are
likely to form with the presence of free hydroxyl groups
on cellulose molecules in order to developed ordered

@ Springer
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Fig.6 FT-IR spectra of (a) L,5Y3Z, and Ls;YsZ,, (b) different samples with 6 wt% of cement and (c) different samples with 8 wt% of cement

content

but imperfect crystal phases. When waste cotton fibres
are added from 0.3% to 0.6 wt%, one can notice a slight
change in the peaks corresponding to crystalline phases in
LsyYgZ, while in L;5Y¢Z,, the crystallinity of cementitious
phases become more noticeable. This may suggest that
the catalytic role of cellulose is more pronounced in pres-
ence of small particles in laterite-cement composites and
further justifies the variations in porosities and densities
found in paragraph 2. Meriem El Boustani [65] found that
the crystalline phases resulting from cellulosic reactions in
cementitious matrix have a density equal to 1.59 g.cm-3°
while those resulting only from the hydration process
without the presence of cellulosic fibres are thinner and
impermeable with a density of 1.55 g.cm-3°. This further
explains why the density increases with the addition of
cotton fibres regardless the particle size distribution but
also why a significant variation in properties of L;5Y¢Z,,

@ Springer

compared to Ls;,Y¢Z, is observed when the same cotton
fibre content is added.

3.2.2 Microstructure

Figure 11 presents the micrographs of laterite-cement com-
posite at low magnification when 0.3 wt% and 0.6 wt% of
cotton fibre are added. It can be observed a homogenous
structure in both Ls;Y¢Z,, ; and L,5Y3Z, ;(Fig. 8a and b) with
a difference at the level of densification. L,5YZ, ; seems to
be denser compared to Ls,Y3Z, 5 in which the cotton fibre
are even well visible (Fig. 8a). This proves that fines particle
size enables to embed the coarse particles and cotton fibres
compared to the coarse particles that prevent the cotton fibre
to be embedded.

On the Fig. 8c and d, it can be observed the detailed
features of the morphology of laterite-cement composites
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Fig.8 ESEM Micrographs of laterite-fibres composite at low mag-
nification of (a) LsyYgZg3, (b) L;5YgZy3 (€) LygYsZye and (d)
L75Y5Z06

(LsgYgZ ¢ and L,5YgZ, 4) when the fibres within the matrix
increase. According to these figures, the increase of cotton
fibres modifies the microstructure of the both samples. One
can observed that in Fig. 8d the pore created by the increase
of fibre confirming the hypothesis that the fibre is respon-
sible for the increase of porosity as it was demonstrated in
paragraph 3.2. However, the fibre remains embebbed into
the matrix compared to Ls,Y¢Z, , Wwhere one can see a series
of superimposed fibres totally beside to the main matrix
(Fig. 8c). This trend is in agreement with the DRX patterns
where it is reported that the formation of a cementitious
phases (CASFH and CASH) with the increase of fibres in
L;5YgZ, ¢ is due to the good adhesion between the fibres and
the matrix. In addition, this could justify the reason why the
fibres have more impact in physico-mechanical properties of
L;5YgZ,, compared to Ls)YZ, as reported in paragraph 3.1.

However, an observation of Fig. 8c leads to confirm the
fact that, between the cotton fibres and the laterite-cement
composite, there is no reaction that occur. The fibre only
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contributes to the increase of the reactivity of the chemical
binding phases but do not take part to the reactions for the
formation of these phases.

At high magnification (Fig. 9), the micrograph of speci-
mens shows the contact between fibres and the matrix. At 0.3
wt% of fibres, one can observe in Ls, Y7, 5 a groove leaves
by the fibres which unravelled from the matrix (Fig. 9a).
However, it is not the case with L,5Y¢Z, 5 in which a good
cohesion is still observed between the cotton fibres and the
laterite-cement particles (Fig. 9b). At 0.6 wt% of fibres, the
LsyYgZ, ¢ micrograph (Fig. 9c) shows fibres dissociated
from the matrix suggesting that there is not a good adhesion
between the coarse particle and fibres leading to confirm
the observation made on the micrograph of Fig. 9a. The
micrographs of L,5Y¢Z, , represented on Fig. 12d shows a
structure with high porosity compared to L,5YZ, ; leading
to confirm that more cotton fibres are added to the matrix
important is the porosity. This trend is in agreement with
the increase of porosity when the cotton fibres increase
(Table 4).

3.3 Mechanical Properties

The variation of flexural strength is summarized in
Fig. 10. The values of L,5Y¢Z,, L;5Y¢Zg, LsyYsZ, and
LsyY¢Z, (without cotton fibres) are 11,7 MPa, 9,2, MPa,
7,6 MPa and 6,4 MPa, respectively [66]. The incorpora-
tion of cellulosic fibres, within the matrix, from 0.3 wt%
up to 0.6 wt%, induces a slight decrease of the flexural
strength to 9,04 MPa, 8,52 MPa, 8,28 MPa and 7,88 MPa
for L;5YgZg 6 L75Y6Zg 6 LsoYgZg 6 and LsgY ¢Z 6 T€SPEC-
tively. The slight decrease of the flexural strength is linked
to the reduction of the interparticle contacts between the

Fig. 9 ESEM Micrographs of
laterite-fibres composite at high
magnification of (a) LsyYgZ 3,
() Ly5YZq 5 (¢) LsgYsZy 6 and
(@) Ly5Y§Zo 6

30kV X100 100pm

30kV X100 100pm
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cementitious materials [67]. Considering L75, the pres-
ence of cotton fibres acting as catalysator favoured the
homogeneity of the microstructure. Several authors found
that the presence of cellulose inhibits the formation of
portlandite and delay that of CSH within a matrix [52,
68]. The absence of portlandite in the presence of cot-
ton fibres and the enhancement of the cementitious phases
would have enhanced the flexural strength of the com-
posites. However, it should be noted that the poor den-
sity of the fibres and the intergranular porosity developed
within the matrix of the composites affect the overall
strength [52, 53, 68]. Similar trend is observed with the
compressive strength (Fig. 14). From Fig. 11, the values
of 24.67 MPa (L;5Y¢Zy ), 28 MPa (L,5YZ, 5), 24 MPa
(L75Y6Zg6), 26 MPa (L;5Y¢Z 3), 32 MPa (LsoYgZ ),
36 MPa (LsyY¢Z, ), 26 MPa (LsyY¢Zy ) and 29.67 MPa
(LspY4Z, 3) are obtained while the values of L,5YgZ,
L.5YZ, LsgYsZy and LsyY (7, are respectively 37 MPa,
33.66 MPa, 38.33 MPa and 35,33 MPa [69]. The low-
est compressive strength is attribute to L;5Y¢Z, ¢ with
24 MPa, which have the high content of fines when the
highest value is attribute to Ls,Y¢Z, ; with 36 MPa with a
lowest fibres content. Although the fact the compressive
strength is essentially linked to the particle packing, the
presence of fibres in the matrix affects the interparticle
contacts within the cementitious phases and by the way,
decrease the compressive strength [4, 70, 71]. In fact,
when coarse particles are sufficiently embedded with
strong chemical bonds, as in the case of Ls,Yy, the com-
pressive strength is enhanced.

For the laterite-cement composites with the addition
of cotton fibres, the minimum flexural strength obtained
is 7,88 MPa while the minimum compressive strength is

e S

L50Y8Z0.3

100pm

30kV X100
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Fig. 10 Flexural strength as
function of waste cotton fibres
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24 MPa; values in accordance with the recommendations
given by the international standards regarding the materials
for structural applications : building systems [72].

3.4 Effect of Cotton Waste Content on Thermal
Performance

Nowadays, ideal sustainable building materials should have
appropriate strength for the structure, intrinsic characteris-
tics to hinder the transfer of the thermal flux as well as noise
and cold. The porous system should be efficient regarding
the moisture buffering capacity (passive building system).
For the laterite-cement composite under study, the mechani-
cals properties whatever the formulation considered are in
agreement with the standard for structural applications [72].
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Fig. 12 Thermal conductivity of the samples as function of waste cot-
ton fibres and cement content

Concerning the thermal insulation, the thermal conductivi-
ties of samples with 0.3 and 0.6 wt% of fibres content are
shown in Fig. 12.

The values of thermal conductivity of LsyYgZ 3,
LsgY¢Zy3, Ly5YgZ 3 and L;5Y(Z, 5 samples are respectively
0.847 W.m™' K™, 0.812W .m".K™,0.866 W.m "K' and
0.82 W.m~L.K~! while for Ls,YZ ¢, LsoY¢Zo ¢ LsYsZ06
and L,5Y¢Z, ¢, specimens correspond to thermal conductiv-
ity equal to 0.8 W.m~'.K~!, 0.78 W.m~L.K!, 0.82 W.m~".
K~!and 0.79 W.m~L.K~!. This relative low values are the
results of actions of cotton fibres that reduce the thermal
conductivity from about 1.1 W.m~'.K~! [49, 73] for the
standard laterite-cement composites with 0 wt% of cotton
fibres to 0.78 W.m™".K™! for Ls(Y¢Z . This value (0.78 W.
m~'.K™!) of thermal conductivity for a building material
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with a structural vocation is lower than those of conventional
materials with same vocation of such as sand-cement con-
crete (1.5 W.m~L.K™"), steel (50 W.m~'.K™"), stone (1.8 W.
m~!. K1) [74] and remain higher than geopolymer foams
[75, 76]. This behaviour could be explained by the very low
thermal conductivity of waste cotton fibres (A=0.04 W.m™".
K~!) alone with the intra particle porosity (0.026 W.m™!.
K H[77].

It is observed that the thermal conductivity decreases
with the increase of apparent porosity linked to the increase
of amount of fibres (Fig. 13) regardless of the particle size
and the cement content in the matrix. The same observation
was made with several various natural fibres [24, 27, 31].

However, for the same cotton waste content, the thermal
conductivity of samples, which have coarser particles, is
lower than those, which are dominated by fines particle [25].
From a chemical point of view, the composites with high
proportion of fine particles in presence of hydrated cement
likely conduct to the formation of more cementitious mate-
rials responsible for the better cohesion and compactness.
Conversely, with coarse particles, having a complete reac-
tion needs much time because of a certain distance between
the surrounding of particles and its core. So, the void created
between fines particles samples is necessary smaller than
those of coarse particles samples. The smaller the pore size,
the more difficult is for air to penetrate the matrix while the
presence of air within a building material plays an impor-
tant impact when insulation is concerned. Air and porosity
achieve to improve insulating properties of materials due
to the low thermal conductivity of air (0.026 W.m-1.K-1 at
20 °C), [77]. These results agreed with several authors who
found that the higher thermal conductivity is due to the less
inter porosity by the development of high compact structure
[25, 31, 58].

200 -
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o
L

04

T
0,001 0,01 0,1 1 10 100

Pore radius/ um

Fig. 13 Thermal conductivity of the samples as function of total
porosity
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However, the results showed that the decrease in thermal
conductivity is a combination of several parameters taking
into account the chemical compositions of the aggregate
and fines, voids content, pore size distribution, geometry
of aggregates, the type of addition and others as Mendes
et al. found in their works [78]. Deep analysis of Fig. 13,
leads to observe that for a total porosity of 31.66%, the con-
ductivity is 0.83 W.m™" K™ in Ls,Y4Z, ; samples while in
L;5YgZ, 5, a total porosity of 32.43% induces a conductiv-
ity equal to 0.86 W. m~'.K~!. This is justified by the fact
that the samples have different pore sizes due to the size
distribution of the laterite aggregates in the compositions.
Even if it is found by several authors that the thermal con-
ductivity is linked to the porosity [4, 30, 79, 80], it decreases
with increasing porosity (increasing fibre content) only if
the materials have the same initial chemicals compositions.

Additionally, the nature of porous system can allow
improving the thermal conductivity. The low values of ther-
mal conductivity in Ly, are the consequence of the pores
connectivity more pronounced in this sample as the result
of the coarse particles present that favour the interparticle
porosity which are inter connected for the major part. The
cumulative pores volumes of L;5 and Ls, are presented in
Fig. 14. Gel pores (d<10nm), Capillarity pores (10<d<
100nm) and coarse pores (d>100nm) [81] can be identified.
The observation of these curves shows that cumulative pores
volume of L5 is 195.2 mm>.g~! while the one of Ly is 123.6
mm?>.g~!. The relatively high volume of porosity in L,s is
link to the concentration of CSH formed in the presence
of fines. Those cementitious phases are naturally porous in
contrary to coarse grains of laterite that are compact and
dense. Concerning the pore classes, in L5, gel pores and
capillary pores are present compared to Ls, that is character-
ized with a higher volume of coarse pores than L, (Fig. 15).
The particle size distribution in L,s that is dominated by

o o o
N o ™
I L I

Thermal conductivity (W.m™.K")

o
[N}
)

0,0 -

305 310 31,5 320
Porosity (%)
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fines leads to improve the formation of cementitious phases
like CASFH and CASH. The development of these bind-
ing phases permits to achieve a good cohesion within the
particles of the matrix and then, the relatively small pores.

However, in L, the quantity of coarse particles of lat-
erite is relatively highest to prevent a good formation of
cementitious phases. Therefore, there can be not enough
bounder between particle and conduct to the coarse pores.
The interconnectivity (responsible for good thermal con-
ductivity) between the pores is closely linked to the coarse
pores. A more a coarse pore, a better the interconnectivity.
This confirm why thermal conductivity is lower in Ly, than
L,s.

These results of porosity and pore size distribution allow
proposing Ls, as the most promoting matrix for its moisture
buffering capacity. Moisture buffering capacity is linked
to the system of porosity presents in a matrix for build-
ing applications. In the laterite-cement composites, the gel
pores are likely to accumulate the moisture while capillary
porosity combined with coarse porosity help to regulate the
desorption. Hence, in Ls, the balance combination of gels
pores, capillary pores and coarse porosity, appear beneficial
for the moisture buffering capacity as the samples present
the better connectivity of pores.

4 Discussion

The quality of the building materials has an important influ-
ence on life quality, comfort and environment. Achieve sus-
tainable construction is a great challenge in a moment where
world is facing global warming potential towards climate
change with the rise of temperature. In order to minimize

Fig. 15 Pore class distribution 120
of samples L5 and Ls
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50.8

60

40

Pore’s Volume (%)

the negative impacts of the building construction into the
environment, porous laterite cement composites reinforced
with cotton fibres are proposed with the intrinsic structural,
technical, thermal and hygroscopic properties that respect
international standards. The evaluation of the environmen-
tal impact of a construction material is generally based on
the energy required for the production and its implemen-
tation. This energy includes that of the extraction of raw
materials, the transportation and the process. Nowadays, the
most used raw material for building construction is cement.
Studies have shown that its implementation requires a large
amount of energy due to the transformation of the clinker.
This energy can be evaluated of about 2.38 — 5.4 MJ/kg,
equivalent to about 0.8 KgCO,/kg [82—-84]. This is also the
case for several other structural materials such as steel, tra-
ditional and advanced ceramics, whose manufacture requires
a high-temperature firing process [83, 85, 86].

The environmental impact of concrete block is consider-
able mainly due to the manufacture of Ordinary Portland
Cement (OPC), which is responsible for about 91% of its
carbon emissions [87]. According to IPCC figures, the
cement industry accounts for 6.97% of global CO, emis-
sions. The high CO, emission associated with the concrete
industry is partly due to the high-energy consumption of
the manufacturing process, which is an energy-intensive
process (T >1300 °C). To make 01 ton of cement, 400 kg
of CO, is emitted into the atmosphere, which is added to
the emissions associated with heating the system. In total, it
is ~ 1000 kg of CO, that is emitted per ton of cement, thus
calling for nearly 4 MJ/kg to make a sandcrete block with
a thermal conductivity of 1.5 W/m.K. Hence, developing
building materials that use alternative binders could produce
a significant saving in cement including reduction of carbon

56.4

m Coarse pores (%)
® Fine capillary pores (%)
u Gel pores (%)

Samples
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emissions and Embodied Energy (EE) of building materials.
Table 5 shows that compressed earth bricks have the lowest
energy consumption, followed by cement bricks, then geo-
polymer and finally fired bricks. Fired brick and geopolymer
are materials that do not use cement as binder. However, the
processes used for their implementation remain very energy
intensive. Despite the fact that Metakaolin (MK) can reduce
energy consumption by half compared to cement manufac-
turing, the production of Sodium Silicate with its melting
of sand and quartz up to 1500 °C leads to a high Carbon
emissions and energy consumption of geopolymers [88, 89].
The EE of geopolymer is about 60% higher than a concrete
block due to the alkali activator used to produce geopoly-
mers (EE of NaOH = 15 MJ/kg and EE of NaSiO, = 4.6 MJ/
kg) [87, 89, 90] even though its carbon emission is lower.
As mentioned above, the fired bricks do not require also
cement as a binder but have a very high demand of energy
for their manufacture. Clay, although it is a green material,
undergoes a heat treatment of up to 1200 °C for 48 h [74,
84, 91]. Thus, leading to a high EE of fired bricks compared
to concrete blocks.

Although laterite is not a binder, its clay fraction (kao-
linite with the structure significantly affected to being
attacked/dissolved in alkaline media with consequent for-
mation of cementitious phases as CASH and CASFH) and
iron mineral content leads it to become natural concrete
when adding small quantity of cement as binder [83, 92].
Thus, it does not need any pre-treatment before using and
its extraction requires little or no energy. Thanks to the
previous works done, the embodied energy of the laterite
cement composite manufactured can estimated between
8.96 and 10.07 MJ/block with basic arithmetic rules when
considering the EE of cotton fibres of about 10.5 MJ/kg
[86] and EE of cement equal to 3.72 MJ/kg [83]. The data
recorded in Table 5 show a decrease of at least 29% of

Table 5 Evaluation of embodied energy of building materials

EE with the eco composite manufactured compared to the
most common used material in building. The embodied
energy of this eco composite achieve to be relatively low
compare to the others mentioned above as the process of
its implementation doesn’t requires a lot of energy. Its
extraction is eco-friendly and the fact that it is generally
took on the construction site permit to save the transpor-
tation energy impact. As shown in the results, alumina-
silicates based cotton fibres have good hydrothermal prop-
erties compared to the others building materials thanks to
its low thermal conductivity.

The conventional building materials such as cement-
sand concrete, steel, stones, ...does not always provide
intrinsic properties (porosity, insulation, pore connectiv-
ity, hygroscopy...) necessary to ensure passive thermal
comfort in buildings. Laterite cement composites have the
ability to naturally regulate the air and moisture to ensure
better thermal comfort in an enclosure. Moreover, with the
addition of cotton fibres in the matrix, the thermal conduc-
tivity of the final composites is reduced, thus improving its
thermophysical properties. With the mechanical properties
largely above the standards of construction, those matrixes
does not require additional porous panels and electrical
equipment’s (air conditioners, ventilators ...) to ensure
thermal comfort.

The recycling of cotton fibres waste for use in a later-
ite cement composite has allowed the development of a
lightweight, environmentally friendly material with all the
technical recommendations for use as a building material
in construction.

Combining all these properties, the eco composites
manufactured in this works leads to achieve good thermal
comfort, small-embodied energy and low environmental
impact and appears as sustainable material for building
applications through a sustainable process.

Building materials ~ Materials used Process Embodied Energy Embodied Carbon = Thermal conduc- Reference
per block (MJ/ per block (KgCO,/ tivity (W.m™".
block) block) K™Y
Eco material Laterite, cotton drying, crushing, 9.52 0,95 [83] 0.78 The present study
fibers, cement, sieving, mixing,
water pressing curing
Concrete block Cement, sand, drying, sieving, 12.5 1.33-1.76 2.05 [88]
water mixing, molding,
curing
Fired Brick Clay grinding, mixing, 30 - 40 2.17-4.29 1.61 [87]
cutting drying,
firing
Alkali Activate Metakaolin, sand,  drying, sieving, 21 1,03-2.6 1.1 [83, 871
Concrete water, silicate, mixing, molding,

sodium hydroxide  curing
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5 Conclusions

The present project deals with the use of the cellulosic cot-
ton fibres for the improvement of insulation properties of the
eco-friendly structural composites: laterites cement compos-
ites based on cotton waste fibres. The influence of cellulosic
fibres content, particle size of laterite and cement ratio on
the thermo-mechanical, structural as well as insulating prop-
erties were investigated in details. Based on the outcomes,
the following conclusions can be drawn:

— The content of cellulosic fibres namely, cotton waste
fibres, greatly influences the thermal performance of the
laterite-cement composites;

— The cellulosic fibres play a catalytic role for the forma-
tion of the cementitious phases including CASH and
CASFH within the matrices;

— The decrease in thermal conductivity and bulk density is
related to the interconnectivity between the pores, which
enhance the insulating components;

— Laterite is green material having corroded kaolinite sig-
nificantly affected to being attacked/dissolved in alkaline
media with consequent formation of cementitious phases
as CASH and CASFH;

— Optimal thermal properties of the structural compos-
ites achieved with 6 wt% cement, 0.6 wt% cotton fibres
and better packing density of laterites particles (50/50)
A=0.78 W.m K.

With regard to the minimum mechanical performance
obtained in this study (7.88 MPa for flexural and 24 MPa
for compressive strength respectively to Ls,Y4Z, ¢ and
L.,5Y¢Z,¢). the developed eco composites are part of the
range of green materials. They minimize the use of natural
resources, have a low ecological impact, do not pose a risk
to human health and the environment and are compatible
with sustainable strategies.
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