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Abstract

The aim of this work is to study the influence of the palm fibers treated with
soda hydroxide solution on the properties of the compressed earth bricks stabi-
lized (CEBs) with alkali-activated binder. The improvement in their mechanical
parameters is attributable with 15 wt.% of alkali-activated binder-based nat-
ural pozzolan. To achieve this objective, mortars composed of treated fibers
at different levels (0.1, 0.2, 0.3, 0.4, and 0.5 wt.%) of lengths of 4 and 16 cm
have been developed. These different mortars with and without fibers were
subjected to mechanical (dry and wet compressive test, flexural test), physical
(water absorption), mineralogical (XRD, FTIR), and microstructural (SEM/EDS)
characterizations after 7 and 90 days. The results revealed that in general the
incorporation of fibers improves the mechanical and physical properties of
CEB:s stabilized with 15 wt.% of alkali-activated binder. Furthermore, the X-ray
diffraction analysis indicated that certain mineralogical phases of the raw mate-
rials dissolve during alkaline activation. The Fourier transform infrared spectra
revealed the effectiveness of the fibers in sorption water molecules. Moreover,
optical examination reveals that the binder utilized completely wraps the fibers.
This demonstrates that the treated fibers function flawlessly as a filler in the
matrix. At 90 days with the addition of 0.4 wt.% fibers, the maximum dry com-
pressive strength and flexural strength values were 8.08+0.40 and 5.8+0.19 MPa,
respectively. The stabilized earth bricks reinforced with 0.4 wt.% of palm fibers
exhibited the mechanical properties values fitting the requirements of the mate-
rials candidate for the building construction applications especially as masonry
bricks.
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1 | INTRODUCTION

Nowadays, research in the field of eco-construction focuses
on the recovery of local materials, such as earth, vol-
canic ash, and industrial waste; while improving their
technological characteristics by adding Portland cement,
lime, geopolymer binders or activated binder, natural and
synthetic fibers. Many studies on the value of local raw
materials in construction have identified stabilized com-
pressed earth bricks (CEBs) with Portland cement and
geopolymer binder or activated binder as a promising
solution for sustainable construction in Cameroon and
many other countries.! Stabilized earth bricks using
geopolymer binders or activated binder, while still rarely
employed in industry, show physico-mechanical proper-
ties comparable to those stabilized with ordinary Port-
land cement.! Furthermore, these new materials enable
increased recovery of local raw materials while using less
energy consumption.>*

Previously, Aurelie and co-workers>® produced the
CEB:s stabilized by acid and alkaline binders-based natural
pozzolan (PZ) and this study have shed light in the field of
geopolymerization. These works demonstrate that natural
PZ-based geopolymer binders are effective for stabiliz-
ing earth bricks. However, stabilized earth bricks using
phosphate-based geopolymer exhibit good characteristics
to those stabilized using alkaline-based geopolymer in
terms of mechanical properties. This is because the nat-
ural PZ utilized as a precursor for the geopolymerization
procedure is crystallized and more reactive in acidic than
alkaline environments.” However, the alkaline activator
is eco-friendlier than phosphoric acid activator. In gen-
eral, alkaline geopolymer binder is product derived from
the activation of an amorphous aluminosilicate precursor
by an alkaline solution. If the precursor is crystallized,
it is called alkali-activated binders and in this case, the
mechanical properties can be quite weak.

To overcome this, the use of sustainable and carbon foot-
print less vegetable fibers offers alternative ways for rein-
forcement and improvement the properties as well of CEBs
stabilized using alkali-activated binders. From literature
database, numerous studies demonstrated the effective-
ness of adding vegetables fibers (date palm, hemp, corn,
millet, oil palm, coconut, barley straw, jute, pineapple) in
improving the properties of CEB.%10

Cameroon is situated in tropical area that is character-
ized by hot and humid climate. The country has several
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agricultural firms with huge oil palm plantations. Annual
production is estimated at 230,000 tons per year, which
ranks the country 13th in the world in this field."" Oil palm
plantations occupy more than 14 million hectares in the
country’s inter-tropical zone.” Once renewed, the o0il palm
generates huge waste products such as the fibers that wrap
around the trunk. For instance, its lignocellulose content
makes it sustainable raw material to produce cost-effective
and environment-friendly composite materials. By com-
bining at least two types of immiscible materials that have
good adhesion, a composite is formed with properties that
the individual base materials do not have.

Palm fibers have recently attracted a great deal of inter-
est in the synthetic insulation technology. They proved
the ability to act as reinforcement agent for the brick-
fiber matrices by improving the mechanical properties,
thermal conductivity and energy efficiency of these com-
posites during the heating process.'>!* However, to date
the investigations on the use of palm fibers although its
abundance, as fibers reinforcement within the alkaline
geopolymer bricks and alkali-activated bricks is not yet
widespread. Furthermore, past research has demonstrated
that the using of geopolymer and activated materials would
result in more environmentally responsible construction
in the future. It is therefore essential to investigate the char-
acteristics that can be used to improve the qualities of those
materials. Based on these qualities, palm fibers appear to
be one of the sustainable waste materials that can signifi-
cantly improve the features of stabilized bricks. This work
thus, focuses on the recovery of the oil palm fibers and
their valorization in the reinforcement of CEBs stabilized
by alkali-activated binder-based volcanic ash (PZ).

2 | MATERIALS AND METHODS
2.1 | Clay soil and natural pozzolan
(volcanic ash)

The clayey soils (CS) used for the produced the compressed
earth block were collected in the quarry neighboring at
Dibamba, Littoral-Cameroon. Volcanic ash named in this
study as natural PZ was previously described and charac-
terized in detail.”> Both materials were oven-dried for 24
h at 105°C, crushed using a ball mill and a pulverization
method. Afterward, the resulting powders were passed
through the sieve having sized of 500 and 80 um for clay
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TABLE 1
natural pozzolan.

Chemical composition of the clay soil and the

Chemical composition (wWt.%)

Oxides SiO, ALO; CaO Fe,0; Na,0; K,0 MgO P,0s TiO,
C 44.4 259 236 927 25 187 1.7 0.8 178
PZ 479 158 8.6 129 3.7 28 64 - -

soil and natural PZ, respectively. The chemical composi-
tion in wt.% of the CS and the PZ was determined using
XRF analysis and described in Table 1.

2.2 | Alkaline activator solution and
palm fibers

The alkaline solution was made by combining sodium
hydroxide and sodium silicate. Analytical grade sodium
hydroxide in flake (98% purity) was used to prepare
10 M NaOH solution. After 24 h the NaOH solution
in mass percentage (63.2% Na,O and 18.4% H,0) was
mixed with commercial water glass (28.7% of SiO,, 8.9%
of Na,0O, and 62.4% of H,0). The resulting solution in
mass percentage (23.99% SiO,, 23.84% Na,0, and 52.17%
H,0) was maintained for 24 h before being used in
the processing and fabrication of green samples accord-
ing to the work of Tchouateu et al.'* and Koadri et al.”’
respectively.

The fibers used in this work are derived from the
leaves of a monocotyledonous plant in the Arecaceae family,
specifically from the Elaeis genus (Figure 1A,B), har-
vested in palm farm neighboring at Dibombari, Littoral-
Cameroon. Once the bio-waste had been collected, it was
manually defiberd using a metal comb (Figure 1B). The
obtained fibers were treated in 2.5M of NaOH (for 7 h) to
improve the adhesion of the matrix-fiber interface. Actu-
ally, the alkaline treatment of the bio-waste fibers was done
following the process described by Ali et al.”> In their work
focused on the hydrophobic treatment of natural fibers
and their composites, the authors found that the nature
of the surface and the hydrophobic character of natural
fibers result in low mechanical qualities for the products,
it is critical to treat these fibers to improve these capabili-
ties. After the soda treatment, the fibers are saturated in an
acidified solution (acetic acid), thoroughly rinsed with tap
water to remove all residues of NaOH, air-dried for 24 h,
and cut into two distinct lengths of 16 and 4 cm according to
the statements described by Manniello et al.'® and Sharma
et al.,'” respectively. They revealed that the aspect of the
fibers impacts the mechanical properties of the products.
They showed that the greater the length of the fiber, the
more these properties increase. In the study of Manniello
et al.,'° they varied the fiber length from 0 to 70 mm and

&Science

obtained a linear increase in tensile strength. This strength
with 70 mm fibers is twice of the strength of the sam-
ple without fibers.The physicals properties of palm fibers
are 1.09-1.2 g/cm? of density, 300-550 um of diameter, and
0.5-1 m of length.

2.3 | Composite preparation

Table 2 describes the different mix proportions of clay soil,
natural PZ, sodium silicate solution, and palm fibers used
for the different composites. The unstabilized CEBs were
made by uniaxial pressing at 8 MPa of the homogeneous
mixture of CS, volcanic ash, and sodium silicate solution,
with added fibers. The ratio of water and mass is fixed at
0.3.

For the formulation of stabilized earth bricks (CEBsO0),
the following process was used: powdered CS at 500 ym
(85 % of total mix) and natural PZ at 80 um (7.5 % of total
mix) were manually mixed. Afterward, the alkaline acti-
vator solution (7.5 % of total mix) described in Section 2.2
was added, and the obtained mortar was further manually
mixed for 5 min. Subsequently, the different products were
obtained by compressing the mixture at room temperature
(25°C %1°C) with relative humidity levels average around
80% and a pressure of 8 Mpa, applied with 0.5 MPa -s~!
using Cyber-plus progress 2000 KN-Matest press. The ratio
liquid and solid (alkaline solution/natural PZ) is fixed at 1
following Equation (1):

alcaline solution
natural pozzolan

¢y

The production of composite matrices consists by com-
pressing the prismatic form of mixing alkali activated
mortar and various proportions of treated fibers from 0
to 0.5 wt.% at 1.5 cm in relation to the total thickness
of samples. The specimens were labeled CEBs0, CEBs0.1,
CEBs0.2, CEBs0.3, CEBs0.4, and CEBs0.5 (Table 2 and
Figure 2). It is base of the previous study carried out by
Zainate et al.” and Malanda et al."” on the composite mate-
rials that the proportions of fibers were chosen. At room
temperature, two sets of compressed blocks form includ-
ing cubic (4 x 4 x 4 cm®) and prismatic (4 X 4 X 16 cm?),
were made using mechanical uniaxial press at 8 MPa. The
obtained blocks were sealed in plastic bags at room tem-
perature (25+1°C) before the curing regime at 7 and 90
days. By the end of the curing, the hardened samples were
subjected to various tests.

The lignocellulose (wt.%) composition of treated palm
fibers was assessed using Pycnolab laboratories chemi-
cal procedures. The detailed procedure was described by
Elfaleh et al.'®
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FIGURE 1
and measurement (g).

Plant free of leaves around the trunk (a) and the leaves (b). Fiber collection (c), defibration (d), soda treatment (e), drying (f),

TABLE 2 Composition (wt.%) of prepared samples.
Samples CEB CEBsO CEBs0.1 CEBs0.2 CEBs0.3 CEBs0.4 CEBsO0.5
Clays soil 100 85 84.9 84.8 84.7 84.6 84.5
Natural pozzolan 0 7.5 7.5 7.5 7.5 7.5 7.5
Sodium silicate 7.5 7.5 7.5 7.5 7.5 7.5
palm fibers 0 0 0.1 0.2 0.3 0.4 0.5
TABLE 3 Composition in grams of basic materials for compressed earth brick (4x4x16 cm).
Samples CEB CEBsO CEBs0.1 CEBs0.2 CEBs0.3 CEBs0.4 CEBs0.5
Clays soil 250 212.5 212.3 2121 211.9 211.7 211.4
Natural pozzolan 0 18.75 18.75 18.75 18.75 18.75 18.75
Sodium silicate 0 18.75 18.75 18.75 18.75 18.75 18.75
Palm fibers 0 0 0.2 0.4 0.6 0.9 1.1

Abbreviations: CEB, Compressed earth brick made with 100 wt.% of clay soil; CEBsO0, stabilized compressed earth bricks made with 85 wt.% of clay soil, 7.5 wt.%
of natural pozzolan, and 7.5 wt.% of sodium silicate solution; CEBs0.1 to 0.5, stabilized compressed earth brick with 84.9-84.5 wt.%, 7.5 wt.% of natural pozzolan,

and 7.5 wt.% of sodium silicate solution and 0.1-0.5 wt.% of palm fibers.

TABLE 4
Sand Silt
Gravel 2>®>0.02 0.02> P> 0.002
Sample ®>2mm mm mm
CS 0.29 74.22 2.94

Physical properties of clay soil (CS): Granular distribution (%) and Atterberg limits.

Clay

® < 0.002 Liquid Plastic  Plasticity Plasticity
mm limit limit index domain

22.54 3211 43.58 11.47 Medium plastic
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with energy dispersive X-ray spectroscopy (EDS). The sam-
ples were coated with a thin layer of gold to make them

Each various mechanical and physical tests mentioned

KAMWA ET AL.
TABLE 5 Chemical characteristics of non-treated and treated
palm fibers.
Constituents (wt.%) measurable under the microscope.
Non-treated palm fiber Lignin Hemicellulose Cellulose rest
305 20 46.8 below are carried out on three samples.
Treated palm fiber 15.1 9 402.6

FIGURE 2

Representative images of the arrangement of palm
fibers (A) and different bricks (B).

2.4 | Characterization of raw material
and composite structures

The different fractions of used CS were evaluated by the
sedimentation techniques for fine particles according to
ASTM D79280 standard.”” The workability of the soils
under the Atterberg limit which is the difference between
the liquid limit and the plastic limit of the same material
was done by determining plasticity index values follow-
ing ASTM D43180 standard.’’ The potential crystalline
phases within the raw materials and the produced bricks
were evaluated through powder X-ray diffraction (XRD)
techniques through the Brucker-AXS D8 Debye-Scherrer
type (Cu Ka, A = 1.5418 A) 26 in range 5°C-70°C. The
phase’s identification was carried out using HighScore Plus
software.

Fourier transform infrared (FTIR) analysis was per-
formed to identify the various functional groups found
in these samples. The KBr technique was used to record
infrared spectra using a Bruker Vertex 80v spectrometer.
This was done with a resolution of 2 cm~! and 16 scans of
the pellet from each sample. Each pellet was made by com-
bining roughly 1.2 mg of the material with approximately
200 mg of KBr.

The morphological features of the specimens without
and with fiber were observed using a Jeol XFlash 6160
Bruker scanning electron microscope (SEM) equipped

The mechanical properties of earth bricks, includ-
ing three-point bending test and compressive strengths
(Figure 3A,B), were tested on wet and dry specimens
with the loading rate of 5 mm/s using a compression test
machine from Impact Test, UK with a maximum load
capacity of 250 KN. The bending test is carried out on the
4 X 4 x 16 cm® samples and the dry and wet compressive
strengths on the 4 X 4 X 4 cm® samples. Mean values and
standard deviation were calculated using four representa-
tive samples for each formulation. These mechanical tests
were performed according by the ASTM C642-06 standard.

Physical properties, including water absorption, were
assessed on three samples of 4 X 4 x 4 cm>. For the water
absorption (W%) and wet strengths tests, 7 and 90 days
aged samples were dried and weighted at room temper-
ature (25 ¥ 1°C with relative humidity levels average
around 80%) until constant mass before being immersed
in water at room temperature (25+1°C) for 48 h. In terms
of water absorption, after removing the water sample, the
mass of the wet samples (M,,) was weighed and compared
to the mass of the dry samples (M) using the ASTM C642-
06 standard. The water absorption rate is given by the
following equation:

_ M w Md
W (%) = <Td> % 100. )
3 | RESULTS AND DISCUSSION
3.1 | Characterization of basic materials

Figure 3A,B displays the diffractogram patterns of clay
soil (CS) and natural PZ. The diffractogram of CS shows
that it is essentially composed of kaolinite (PDF-Nr. -
000010527), quartz (PDF-Nr. -010741811), goethite (PDF-
Nr. -010771060), and microcline (PDF-Nr. -000190926).

As it can be seen from Figure 4B, the natural PZ is pre-
dominantly made of phases that include: augite (PDF-Nr.
-010781392), anorthite (PDF-Nr. -000411481), and hematite
(PDF-Nr. -000240072). The absence of the 26 region of
the amorphous hump in the graph of PZ means that the
natural PZ used is crystallized.

Table 4 shows physical properties of CS, principal mate-
rial used for the manufacture of different CEBs. The
particle size distribution showed that CS consisted of 0.29%
gravel, 74.22% sand, 2.94% silt, and 22.54% clay. According
to Atterberg, it is medium-plastic clay due to its plasticity
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Percentage of alkali-activated binder (%)

FIGURE 4
strength with palm fibers and curing time.

index ranges between 7 and 17. Furthermore, the classi-
fication of soils according to their nature, based on the
particle size distribution of the sample and its plasticity
index (11.47) presented in Table 4 categorized the used clay
as type B5 (acceptable clay soil).”!

3.2 | Chemical composition of palm fiber
The properties of natural fibers, their mechanical capabili-
ties, and weak resistances are influenced by their chemical
composition. The chemical composition of palm fibers
used in this study is mentioned in Table 5. Non-treated
palm consisted of cellulose (46.8%), hemicellulose (20%),
and lignin (30.5%). After cellulose, lignin, which is the sec-
ond most abundant renewable organic substance in this
palm fiber. However, the presence of a sufficient amount
of cellulose increases the strength of the fibers, while the

2Theta (degree)

(A) XRD patterns of clay soil (CS), Cu® theta. (B) XRD patterns of natural pozzolan (PZ), Cu® theta. XRD, X-ray diffraction.

8,08

o J 7days
] 90days

5,5

Dry compressive strenght (MPa)

0 0.1 0,2 0,3 0,4 05
Percentage of fibers (%)

(A) Variations of dry compressive strength with alkali-activated binder and curing time. (B) Variations of dry compressive

presence of lignite, due to its hydrophobicity, provides
them water resistance, rigidity, and good hardness.’***
However, plant fibers have certain drawbacks when com-
bined with polymers. The presence of hydroxyl groups
in lignocellulose, plant fibers are hydrophilic, making
them incompatible with hydrophobic thermoplastics and
prone to moisture damage.'® These limitations pose chal-
lenges for using plant fibers as polymer reinforcement. To
improve adhesion between fibers and the polymer matrix
and reduce moisture absorption, surface modifications are
typically required. It is the reason of the use of alkaline
(NaOH) treatment in this context to enhance fiber-matrix
compatibility and improve composite quality.”?* As the
values mentioned in Table 3, alkaline treatment consid-
erably reduced the percentage of lignin (30.5%-15.1%) and
hemicellulose (20%-9%). The weak reduction of cellulose
percentage (from 46.8% to 40%) resulted from the alkaline
treatment that triggered the reaction of the fiber’s hydroxyl
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functions (-OH) of cellulose with acetyl groups (-COCHj;)
to give the fiber a hydrophobic surface.”> The reaction of
NaOH with cellulose can be represented as follows:

Cellulose — OH + NaOH — (Cellulose — O) + Na™

+ H,O0 + impurities. 3)

3.3 | Mechanical characterization of
composite materials
3.3.1 | Drycompressive strength
The compressive strength test was performed after 7 and
90 days of curing. The results obtained from the dry com-
pression test as a function of the alkali-activated binder
percentage (0 and 15 wt.%) and curing days (7 and 90
days) are presented in Figure 4A. When curing time further
increased from 7 to 90 days, a weak decrease in compres-
sive strength was observed for the unstabilized bricks. This
decrease is due to the formation of crack in the unstabi-
lized earth brick matrix with curing time. However, the
adding of the alkali-activated binder (natural PZ + alkaline
solution) and curing days directly affects the compres-
sive strength performance of CEBs. With the addition of
15 wt.% of the alkali-activated at 90 days the compressive
strength of bricks considerably increased. At 7 days, the
values were 0.68+0.03 and 2.5+0.12 MPa for bricks con-
taining 0 and 15 wt.%, respectively. Further curing up to
90 days induced the rise of the compressive strength up
to 5.5+0.27 MPa for bricks made with 15% alkali-activated
binder while those made without the alkaline binder still
close to 0.6+0.03 MPa. This demonstrates that the addition
of alkaline binder and the curing seemed beneficial for the
compressive strength improvement of the earth bricks.
Figure 5B presents the compressive strengths behavior
of the stabilized bricks reinforced with/without the treated
fiber at 7and 90 days. From Figure 5B, the curing time com-
bined with the addition of the fiber up to 0.4 wt.% positively
affected the compressive strength behavior of the produced
material. This increase in compressive strength is due to
the synergetic action of the formation of alkali-activated
binders within the matrices and which strengthened with
time, and the role played by the fibers as a reinforcement
taking over the forces transmitted to the clay soil—alkali-
activated binder matrix. However, the addition of 0.5 wt.%
of fibers induced a slight compressive strength. Consider-
ing the hydrophilic nature and as well the wettability of
the fibers, more content tends to delay the release water
rate during the curing process inducing the weak bond-
ing between the fiber and components within the matrices.
This results in the decreasing trend observed of the com-
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pressive strength (Figure 4B).?%?” In addition, the matrix
formed by the fibers would no longer be in sufficient
contact with the clay-binder matrix. Optimum dry com-
pressive strength is achieved for an optimal proportion of
0.4 wt.% of fibers. At this rate and by comparing without
fiber added, reinforced brick exhibited high compressive
strength of 8.08+0.40 MPa (Figure 4A,B). Furthermore, it
is pointing noted that the ageing curing process to 7-90
days allowed the increasing of the compressive strength
values at least 3 MPa for all the produced reinforced bricks
(Figure 4B). This reflects the minor influence of the cur-
ing time on the treated palm fibers, with the corollary is
the positive development of the strength due to the better
bonding and cohesion between alkali-activated binder and
other components. This phenomenon is also linked to the
alteration over time of certain mineral phases present in
natural PZs and CS (kaolinite, hematite, goethite, etc.) in
an alkaline environment, which also leads to the forma-
tion of a poloymeric network, once again contributing to
the reinforcement of the alkali-activated binder.%?%%

3.3.2 | Wet compressive strength

Figure 5A,B shows the wet compressive strengths varia-
tion for the alkaline gel stabilization of bricks with palm
fibers added at 7 and 90 days, respectively. Before the alka-
line stabilization, the brick aged of 7 days presented weak
wet compressive strength while those aged 90 days col-
lapsed in water storage. The destruction is due to the fact
that the capillarity in the fillers (clays and silt) within the
used clay soil is still significant allowing the increasing rate
of the absorbed water of the matrices.>?>! Besides, due to
the linear swelling and/or shrinkage that occurs in the clay
material (moderately plastic nature, Table 3), the number
of open pores and cracks became great at 90 days rendering
the brick more permeable in the presence of the liquid as
water. Therefore, the combined action of pore capillarity
rates and permeability flux in the water led to weakness
and the destruction of the bonding network within the
matrices. This resulted in the obtained brick with weak
structure or even collapsed structure.

Similar phenomena and behavior above-mentioned in
Section 3.3.1 were noted in the tested alkali-activated
binder brick reinforced with the treated palm fibers
(Figure 5). Thus, the wet compressive strength was posi-
tively affected, and the brick remained stability in humid
areas. However, in the wet state, the compressive strength
dropped to rate of 75% and 65% for the alkali-activated
binder stabilized brick without fiber and fiber added,
respectively. This meant that the addition of treated palm
fibers has the advantage for water resistance of earth bricks
stabilized by an alkali-activated binder. Furthermore, the
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wet strength values of the fibrous composites obtained
comply with that recommended by the XP 13-901 standard
for construction with earth bricks (> 1 MPa), and the opti-
mum values (3.2+0.16 MPa) achieved for brick made with
of 0.4 wt.% of fibers at 90 days.

3.3.3 | Flexural strength

The values of flexural strength of the different sam-
ples are reported in Figure 6A,B. From Figure 6A, both
materials without and with the binder have the flexural
strength value close at 0.5 MPa after 7 days of curing.
This situation is could be justified by the low reactiv-
ity of natural PZ in an alkaline environment.>> However,

(B)ss
] s |
I 90days |

»
o
1

2,04

Wet compressive strenght (MPa)

0 0,1 0.2 03 0,4 0,5
Percentage of fibers (%)

(A) Variations of wet compressive strength with alkali-activated binder and curing time. (B) Variations of wet compressive

7days
90days

(B)SE

Flexural strength (MPa)

01 0,2 03

Percentage of fibers (%)

0.4

(A) Variations of flexural strength with alkali-activated binder and curing time. (B) Variations of flexural strength with palm

after 90 days of curing, there was a considerable increase
in flexural strength (Figure 6B), confirming the poly-
merization/polycondensation reaction that took place by
progressive dissolution of the PZ particles to form the
alkali-activated binder.** With regard to CEBs with alkali-
activated binders, the improvement in their mechanical
parameters is attributable to the production of alkali-
activated binder networks that bond the particles together,
thus making the samples compact and resistant with
time.>*

At 90 days, the increasing of the palm fiber content up
to 0.4 wt.% within the CEBs is beneficial in the flexural
strength from 3.5+0.17 to 6+0.30 MPa. As with compres-
sive strength, a 0.4% fiber addition rate yields the highest
value. In this study, when the composites have a fibrous
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fibers and curing time.

matrix, the flexural strength behavior is related to the fiber
reinforcement mechanism which during the applied test
was placed on the side of the stretched face.> With the
addition of 0.5 wt.% fiber (drop point) and by compar-
ing than compressive strength behavior (Figure 5B) the
mechanical bending slightly dropped and remained high
(Figure 6B) because the fibers participate in the seam of
cracks during the bending test.*® The results in Figure 7A
show that, unlike the results obtained after 90 days of
curing, where the variation in properties is due to the
evolution of the alkali-activated binder and the addition
of palm fibers, the variation in flexural strength obtained
after 7 days of curing is solely due to the addition of palm
fiber fractions.

3.3.4 | Water absorption

Figure 7A,B displays the trend of the water absorption of
the produced CEBs. At 90 days, the produced CEB with-
out alkali-activated binder contained more cracks within
the structure and that made them vulnerable to water
and therefore disintegrated completely (Figure 7A). In
contrast, those stabilized with 15 wt.% of alkali-activated
binder are characterized by better cohesion between
binder and other components which by the end render
them compact and denser. The corresponding values of the
water absorption were 3. 2 +£0.16% and 2.6+0.13% at 7 and
90 days, respectively. The progressive decrease observed
in the water absorption rate is related to the maturation
of the alkali-activated matrix, which becomes more com-
pact over time.”’” In the case of the addition of the treated
palm fibers (Figure 8B), the poor cohesion between the
components within the matrices at 7 days induced the
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FIGURE 8 XRD of the powder of different compressed earth
bricks (Cu®theta). XRD, X-ray diffraction.

high values of the water absorption, while the hardener
occurred in the further cured age at 90 days favored the
decrease in absorption rate of reinforced bricks. In fact, at
7 day-aged the produced still have weak structure and this
facilitating absorption of huge amount of water by fiber,
which generates a high mass gain within the composite.'
According to the obtained findings, the long curing pro-
cess seemed played a key factor for the development
of strong bonds within the alkali-activated matrix that
ensures good fiber-matrix adhesion. The present finding
quite matches with statement of Fang et al.*® They found
that the treated fibers absorbed less water than untreated
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ones, and the maturation of alkali-activated binder over
the time (90 days) rendered the composites matrices
more compact and reduced the absorption capacity of the
fibers.

3.4 | Mineralogical characterization of
composite materials

3.41 | X-ray diffraction analysis

Figure 8 displays the diffractogram patterns of unsta-
bilized CEBs, stabilized CEBs with 15 wt.% of alkali-
activated binder (CEBsO) and stabilized CEBs contain 0.4
wt.% of palm fiber (CEBs0.4). The phase identification
shows that CEB consists the same phase identified in the
clay soil: kaolinite (PDF-Nr.-000010527), quartz (PDF-NTr.-
010741811), goethite (PDF-Nr.-010771060), and microcline
(PDF-Nr.-000190926). CEB being made up only of CS and
water, this water did not bring any modification to the
mineralogy of CS. Furthermore, the addition of 15 wt.%
of alkali-activated binder (natural PZ + alkaline solu-
tion) justifies the presence of new phases observed on the
CEBsO diffractogram. These new phases come from nat-
ural PZ used as the main precursor of alkaline activation
reaction and correspond to: anorthite (PDF-Nr.-000411481)
and hematite (PDF-Nr.-000240072). Observing the diffrac-
togram of the sample stabilized with an alkali-activated
binder and containing 0.4% of palm fiber (CEBs0.4), it
noted that the addition of treated palm fibers did not cause
any modification to the mineralogy of the samples. The
decrease in the peaks intensity of some minerals such as
kaolinite and goethite means a combination that occurs
between these minerals and other phase such as activat-
ing alkaline solutions to contribute to the formation of the
alkali-activated binder network, within the different com-
posites (CEBs0 and CEBs0.4).?® In addition, phases such as
augite (PDF-Nr.-010781392), initially present in natural PZ
are not identified in the composites (CEBsO and CEBs0.4).
This means that alkaline solution, once in contact with
precursors dissolves the reactive phases to form the alkali-
activated binder network.* The absence of a cellulose peak
indicates that the XRD scanner did not detect any fiber
content in the powdered matrix used for mineralogical
characterization.

3.4.2 | Fourier transform infrared analysis

The IR spectra of the composite materials: CEB, CEBsO,
and CEBs0.4 are illustrated in Figure 9. Bands located at
3623 and 3695 cm™! characterized absorption bond belong
to the hydroxyl (O-H) group of kaolinite.*” The absorption

|—— CEBs(0.4) —— CEBs(0) —— CEB]

] ¥ T L T Y T
4000 3000 2000 1000
Wavenumber(cm™)

FIGURE 9 FTIR spectra of the powder of different
compressed earth bricks. FTIR, Fourier transform infrared.

bond present at 3474 cm~! on all IR spectra is attributed
to the hydroxyl group (O-H) of water molecules.** The
band located at 1622 cm™! (CEB) and 1661 cm™' (CEBs0)
is described to the H-O-H bond of water molecules.*!
The absence of this band on the spectrum of the sample
containing 0.4 wt.% of palm fiber (CEBs0.4) reflects the
sorption capacity of the water molecules of these fibers.
This is consistent with the results obtained in the case of
the variation in water absorption of the different samples
(Section 3.3.4). The symmetrical stretching vibration bands
at 908, 914, 1031, and 1083 cm™! correspond to Si-O-T
(T = Si, Al, Fe).*? The absorption band at 687 cm ™! charac-
terized the bending vibration mode of Fe-OH of goethite.*?
The decrease of this band (Fe-OH) after alkaline activa-
tion is due to the alteration of the minerals (kaolinite and
goethite) present in CS.?® This analysis corresponds to the
observation made in Section 3.4.1. The stretching vibra-
tion absorption bands located at 537 cm™! are attributed to
the Fe-O-T (T = Al Si, Fe), due to the stretching vibra-
tion bands of Fe-0.** After analysis of these spectra, the
main aluminosilicate band, located at 1031 and 914 cm™!
on the sample without stabilization (CEB), shifts respec-
tively to 1037 and 908 cm ™! on stabilized brick without fiber
(CEBs0) and stabilized with 0.4 wt.% of fiber (CEBs0.4)
spectra. This change shows a restructuring of the alumi-
nosilicate during the alkaline activation process, a result of
the alteration of phases such as kaolinite and goethite.>**
The fact that these bands shift at the same wavenumbers
for the stabilized sample (CEBs0) and the stabilized sam-
ple containing 0.4% of palm fibers (CEBs0.4) reflects the
fact that the treated palm fibers do not affect the alka-
line activation process. This observation confirms once
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FIGURE 10 Micrographs and EDS analysis of sample. EDS, Energy dispersive X-ray spectroscopy.

again that these fibers do not deteriorate after 90 days
of curing. The new bands at 1453 cm~! on CEBsO and at
1460 cm~! on CEBs0.4 spectra are attributable of O-C-
O bond of natrite resulting from the carbonation reaction
resulting between CO, atmospheric and the free Na‘t
ions. 2844

3.4.3 | Scanning electron microscope/energy
dispersive X-ray spectroscopy analysis

Figure 10 shows selected micrographs of brick residues
without (FO) and with palm fibers (F4) aged at 90 days and
at 1 year (F4 (b)) collected after compressive strength. The
figures FO(c) and F4(d) show the adhesion between the
various brick constituents, that is, the binder and coarse

non-reactive particles. FO(c) and F4(d) show that the fibers
are completely embedded in the alkali-activated binder.
Moreover, the fiber particle detected on the section studied
(F4(a) and F4(b)) did not show any notable deterioration
in the matrix after 90 days and 1 year and plays its role of
reinforcement perfectly. This situation corroborates with
the mechanical properties which showed an emergence of
these properties with the incorporation of the fibers. Figure
c,d shows high-magnification micrographs of samples
without and with fibers, respectively, and aged at 90 days.
The elemental chemical analyses, that is, the EDS carried
out on the parts with the alkali-activated binder morphol-
ogy (cloudy morphology) and the non-reactive particles,
are illustrated in the tables to the right of each micrograph.
This table shows that the alkali-activated binders formed
consist mainly of Na, K, Si, Ca, O, Al, Si, and Fe. This
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shows that the alkali-activated binder formed is a poly-
ferrosialate chain commonly obtained after activation of
volcanic ashes in an alkaline medium.*>*> The monomers
of this alkali-activated binder are derived from the dissolu-
tion of certain mineralogical phases of the raw materials
revealed by XRD analysis.>’ The presence of the Ti ele-
ment comes from the chemical composition of the clay soil
described in Table 1. The crystalline phases detected show
no significant deterioration, confirming the fact that some
particles are inert in an alkaline environment and act as
aggregates in the matrix.

4 | CONCLUSION

This work focused on the study of the addition of
treated palm fibers on the mechanical, mineralogical,
and microstructural properties of clay bricks stabilized
by an alkali-activated binder based on natural PZ. First,
it has been demonstrated that the alkali-activated binder
improves the physico-mechanical properties of clay bricks.
Subsequently, the addition of palm fibers has enabled
an optimization of these properties without affecting the
geopolymerization reaction during which there is for-
mation of the alkaline binder network that ensures the
fiber-matrix adhesion of the composite formed. The X-ray
and FTIR analyses of the 90-day-old matrices indicated
that certain mineralogical phases of the raw materials
dissolve during alkaline activation. Moreover, the observa-
tion of the micrographs and EDS of the selected samples
revealed that the treated palm fibers remained undecom-
posed in the alkaline activated matrix at 90 days and 1 year
of age.

This work demonstrates thus the potential of these com-
posite materials (alkali-activated brick-treated palm fiber)
to be used as sustainable construction materials for build-
ing houses in tropical areas. However, an additional of 0.4
wt.% of the treated palm fibers in earth bricks stabilized
by the alkali-activated binder-based natural PZ is recom-
mended to achieve a composite brick with good physical
and mechanical performance. In prospect, investigation
focused on the detailed evolution morphology of the com-
plete profiles of all samples reinforced with 0 up to 0.5
wt.% of the palm fiber and the durability of the resulting
composites as well will be carried out.
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