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This paper aims to develop a low-cost, green construction material for low-income house
builders. A series of geopolymer samples were prepared by partially substituting the
Cameroonian lateritic soil (LS) with different quantities of heat-treated laterite (20~50 wt. %).
The chemical composition of the LS was determined through inductively coupled plasma
spectroscopy (ICP). The specimens were subjected to thermogravimetric and differential
thermal analyses (TGA/DTA), X-ray diffractometry (XRD) and Fourier Transform Infrared
Spectroscopy (FTIR). In addition, the compressive strength of dry and wet specimens was
measured with a hydroelectric device. The results show that the geo-polymerization and
properties like setting time and mechanical strength of the samples were improved through
the combined action of the raw LS and the laterite treated at 500-600<C; the crystallized
particles from non-clayed minerals and from aggregates of kaolinite also contribute to
strength of the samples; crystalline phases formed a tridimensional skeleton in the
microstructure of the geopolymer. The research provides a promising composite that can

serve as a low-cost construction material with reduced environmental impact.

1. INTRODUCTION

Laterite belongs to the mineral group of alumino-silicates.
It contains the clay mineral kaolinite that is associated to
variable contents of sesquioxides of iron and/or aluminium.
The dominant process of laterite formation is weathering and
leaching. It leads to the increase of iron and aluminium
hydroxides contents that are released during the alteration of
various rocks under the hot rainfall. Kaolinite crystallizes from
aqueous solutions when aluminum ions coexist with enough
content of silicon. Besides, gibbsite is found when a very low

concentration of dissolved silicon results from a large drainage.

Dissolved iron is very reactive and forms either iron (II)
hydroxides (such as goethite) or iron (I11) oxides (such as
hematite). Kaolinite, gibbsite, goethite and hematite are
associated minerals that coexist with the relicts of partially
dissolved quartz. They are the major components of compact
laterites that are mostly under the form of complex and
heterogeneous compounds containing mainly Fe;Os-Al,Os-
SiO2-H20 [1-3].

The need for affordable, safe and decent housings is one of
the greatest impediments to self-fulfillment in many countries.
Soil and lateritic blocks are natural resources used in many
African countries. They are extensively used to obtain cut
blocs, compressed earth blocks, or adobe materials at a low
cost. To provide a significant improvement of mechanical
strength and durability [4], binders such as Portland cement
can be added to soils and lateritic materials, but with a higher
cost and a significant environmental impact.

Nowadays, geopolymers have emerged as one of the
possible ecological binders with a reduced CO, footprint [5-8].
Geopolymers are a class of composite materials containing a
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quasi-amorphous matrix phase, in which three dimensional
aluminosilicates grains are distributed. The curing and
hardening processes are achieved at ambient temperature or
slightly higher. The hardening reactions occurs between
aluminosilicate precursors and highly concentrated aqueous
solutions of alkaline hydroxides and silicates [9-11].

Geopolymers have attracted interest in the last three decades.
Many research papers on the synthesis of geopolymers have
focused in the use of different aluminosilicates such as
recycled industrial wastes [12, 13] metakaolin [14-17], melt-
quenched aluminosilicates [18], grinded mineral resources
such as volcanic scoria [19, 20] and mixtures of two or more
of these materials [21-23].

In addition to studies focused in raw materials, a limited
number of investigations have been made on geopolymers
based on laterite, despite the wide distribution of this resource
throughout the world, and especially in Cameroon [24-27].
Laterite and lateritic soil constitute 33% of available mineral
resources in tropical and subtropical zones of Africa, Australia,
India, South-East Asia and South America. They are often
found just below the surface of grasslands or forests [9, 11, 28].
In Cameroon, laterite and lateritic soil cover nearly 67% of the
country surface [29, 30]. Consequently, laterite is available in
huge quantity and at low cost. The environmental impact is
relatively low in comparison to that of clays that are often
mined on surface (detrimental to agriculture) or found in
deeper enclosed sites (needs to remove the upper layers of
rocks).

The aim of this study is to obtain construction materials at
low cost and with a reduced environmental impact, for low-
income house builders. Studied geopolymers are composed of
an as-mined Cameroonian laterite that react with an alkaline



solution. To change the reaction process, the laterite is
substituted by different quantities of heat-treated laterite (20-
50 wt.%). Physical properties of materials during the setting
process and microstructural observations were corelated to
compressive strength to optimize the composition.

2. MATERIALS AND METHODS
2.1 Materials

The raw material is a lateritic soil from Ngoa-Ekelle-
Yaoundé (Center Region of Cameroon N05°51°00”
E11°30°18”), which was dried at 60<C, crushed and sieved at
63um (named LN). Samples of LN were heated respectively
at 500C and 600 <C (LN500 and LN600 respectively) for 4 h
in an electric kiln (Nabertherm, Mod. LH 60/14) to reduce the
crystallinity degree. A similar temperature interval was used
in previous works to study the synthesis of geopolymers [31,
25].

A set of geopolymer samples was obtained with the laterite
(LN) that was partially substituted by 20, 30, 40 and 50 wt.%
of heat-treated laterite. Mixtures compositions are reported in
Table 1. The alkaline solution used for the activation of
mixtures is composed of 50:50 Vol.% of a sodium hydroxide
solution (8 M with NaOH pellets, 99% purity), mixed with an
8 M sodium silicate with the formulae 26.45Si0O, 9.14Na,O
60H0. (26.45 wt.% SiO2, 9.14 wt.% Na,O and 60 wt.% H,0).

Table 1. Composition of mixtures of crude laterite (LN) and
calcined laterite (L500 and L600)

W1t.% of crude laterite  W1t.% of calcined laterite (L500 or

(LN) L600)
100 0
80 20
70 30
60 40
50 50
40 60
30 70
20 80

2.2 Experimental methods

The chemical composition of LN was determined by
Inductively Coupled Plasma Spectroscopy (ICP). The degree
of laterization (R) was calculated using Eqg. (1) [32].

_ [Si0,]/60
" [Al;03]/102+[Fe;03]/160

1)

Simultaneous thermogravimetric and differential thermal
analyses (TGA/DTA) were carried out using a SETARAM
equipment (Setsys 24 series) under air atmosphere. The
specific surface areas of powders of LN, LN500 and LN600
were measured with a BET apparatus (Micromeritics TriStar
).

Activated paste samples were prepared by mixing the
powders of Table 1 with the alkaline solution, maintaining a
mass of solid (g) ratio to the volume of solution (mL) of 1.7.
The pastes were poured into cylindrical PVC molds and
compacted during 5 minutes under vibrations, to remove
entrapped air bubbles. Afterwards, the specimens were
covered with a thin polyethylene film until the completion of
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setting. The shaped cylindrical specimens were removed from
molds after 24 hours and cured at room temperature (23 +£5<C)
for 14, 21 and 28 days. It is followed by a dipping in acetone
for 3 days, and by drying at 100 <C to stop the setting reactions
[33].

Table 2. Chemical composition of the crude laterite

Oxyde Wt.%

SiO2 4157
Al,03 28.81
Fe0s 13.25
MnO  0.02
MgO  0.03
Ca0O <DL
Na.O <DL
K20 0.07
TiO> 2.03
P.Os  0.26
L.O.I 13.70
Total 99.73

Grounded specimens were submitted to X-ray diffraction
and Fourier Transform Infrared Spectroscopy (absorbance
mode from 4000 cm™* to 400 cm™). Compressive strength of
both dry and wet specimens (dipped in water for 24 hours)
were measured with a Hydro-Electric device (M&O, type
11.50, N21), which operates at the rate of 3 mm/min™.
Reported results are averaged from 5 specimens. The setting
times of fresh pastes were measured with a Vicat apparatus,
according to the EN 196-3 standard.

3. RESULTS
3.1 Characteristics of raw materials

According to the chemical composition of the LN laterite
(Table 2 and Eqg. 1), the degree of laterization is R=1.90. It is
therefore classified as a clayey laterite in which kaolinite
mineral has a well-ordered structure. It is from the initial stage
of the geological formation process of laterite [24, 34]. The
sum of SiO; and Al,Os oxides is 70.38 wt.%, and it is known
that the interaction of these two oxides is predominant during
the formation of the geopolymer microstructure [11, 35].

From Figure 1, the TG curve shows three mass losses that
are correlated with DTA phenomena. The peak temperatures
of mass losses are: 65 <C for the departure of free water, 270<C
referring to the dehydroxylation of the iron aluminum oxide
hydroxide (Fe(0.93Al0.07) O(OH)) that is identified by XRD
(Figure 2). This compound is a modified goethite and might
undergoes a similar thermal transformation than that of
lepidocrocite [36], according to Eq. (2):

2Fe(0.93A10.07)0(0H) — y(Fe(0.93A10.07),05 + H, (2)

At 525<C the typical kaolinite dehydroxylation occurs [37,
38], according to Eq. (3):

2Si0,, Al,05 2H,0 - 2Si0,,Al,05 + 2H,0  (3)

where, kaolinite is transformed into the high temperature form,

with a very low crystallinity degree and a high reactivity. The
relative importance of this reaction must be considered since



kaolinite content is about 51.52 wt.% in the initial raw material
(LN).

Another endothermic peak is observed at about 575<C that
corresponds to the allotropic transformation of quartz o to

quartz B. X-ray diffraction patterns (Figure 2) also reveal the
existence of non-clay minerals, namely quartz and anatase that
don’t undergo thermal transformations within the same
temperature range.
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A weak hump in the 20 range of 20-28<in the LN laterite
pattern is similar to that of the heat-treated materials LN500
and LN600, that is from the presence of amorphous phases.
For laterite, the amorphous phase is both a disorganized silico-
aluminate structure and an amorphous alumina hydroxide. For
alumina hydroxide, its amount would be 8.44 wt.% of the
whole alumina content that is not from kaolinite. When
temperature of the thermal treatment increases from 500 to
600<C, the high intensity and sharp peaks from crystallized
phases are vanished, and the remaining background variations
reveal the predominance of an amorphous phase.

BET specific surfaces are 26.30 m3g™* for LN, 29.14 m9*
for LN500, and 20.30 m3* for LN60O. It is a very important
property since it is related to the reactivity with time of
powders mixed with the alkaline solution. The reactivity of
mixtures is also related to the nature and content of different
minerals as well as their size distributions [38, 39]. Particularly,
the role of iron containing mineral phases was also evidenced
in previous studies [25, 27, 40, 41].

FTIR analysis (Figure 3) also support the observations made
from XRD patterns, indicating the presence of kaolinite in LN
and LN500, but not in LN600. Instead of the four typical
absorption bands of OH, which are from kaolinite, only three
of them are shown on the spectra of LN and L500; at 3679 and
3677 cm! for the OH stretching and at 3616 cm™ for the Al-
O-H stretching. Other bands related to kaolinite are at 1108
cm (apical Si-O), 1022 and 997 cm* (Si-O-Si in plane), and
904 c¢m* for the stretching vibration of OH groups. All bands

of kaolinite are vanished in LN600 spectrum. However, a
remaining band at 1041 cm? is from the asymmetrical
vibration of Si-O-Al in metakaolinite and from the
symmetrical elongation of Si-O-Si that is most likely
attributed to quartz or to the Si-O stretching of the unreacted
kaolinite [42]. For all samples, Si-O vibrations at 790, 781,
744, 688 and 453 cmare attributed to quartz. Iron species are
identified with bands at 524, 520, 453 cm that are related to
Fe-O stretching [42, 43].

3.2 Characteristics of activated materials

3.2.1 Chemical and mineralogical phases

The XRD patterns of Figure 4 a-b for the dried pastes of
activated materials evidence the presence of phases that are the
same than that in initial materials LN, LN500 and LN600.
With LN500, the partial substitution of laterite leads to the
increase of kaolinite peaks. With LN600, kaolinite peaks
decrease with the amount of the substituted fractions. It
evidences that mostly heat-treated aluminosilicates
components are involved in geopolymerization whereas
unreactive minerals act as fillers.

The contribution of these phases in the aspect and texture of
specimens after 24 hours of curing is seen in photos of Figure
5 a-b. A consolidated texture is evidenced with all samples,
and the homogeneous red color can be referred to the 10R4/8
Munsel Code [44].
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Figure 5. Photos of geopolymers specimens issued from (a)
L500 and (b) L600

In Figure 6 a-b, FTIR spectra exhibit absorption bands at
1645/1650 cm™* and 1388/1392 corresponding to the bending
and stretching vibrations of H-O-H bonds of water molecules,
which has been absorbed or entrapped in the large cavities of
the polymeric framework [35, 45, 46]. The absorption bands
around 1400 cm* is from the stretching vibrations of C-O
bonds of sodium carbonate, probably issued from
efflorescence [46]. Two characteristic bands of kaolinite are
observed at 3685/3658 and 3612/3606 cm™ indicating the
presence of a small quantity of kaolinite, that remains after the
reaction process with alkaline solutions. They are in the
interval of 997-1041 cm™ and are attributed to the symmetric
stretching vibration of Si-O-Si and/or Si-O-Al and Si-O-Fe of
the geopolymer gel. Bands near 412 cm™ are the indication of
the presence of ferrosialates Fe-O-Si(Al) issued from the
dissolution of iron oxide in the alkaline solution. It contributes

to the polycondensation process leading to geopolymer gel [11,

27].
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3.2.2 Physical and mechanical properties

Figure 7 evidences the longer initial setting time of

synthesized geopolymer, in comparison to that of Portland

cement (approximately 45 min). However, the measurement

of consistency after 1440 min of curing for the samples with
80 wt% of LN and 20 wt% of LN500 (Figure 5 a-b) proves
that the initial setting time occurs before 24 hours. In general,
the setting time decrease with the increase of the amount of
heat-treated laterite.

The curing process with time is correlated with the variation
of the mechanical strengths after 28 days that were obtained
with test-discs and from different compositions. They are in
Figure 8a for LN500 and in Figure 8b for LN600. Mechanical
strength of LN500 attains the maximum value of 2.95 MPa for
a composition of 50 wt% of LN and 50 wt% of LN500. A
higher strength of 17 MPa is obtained with 50 wt% of LN and
50 wt% of LN600 sample.
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3.2.3 Microstructural characteristics

Figure 9. a-b SEM/EDS images of geopolymer (ai)
LN20L500, (aii) LN50L500, (bi): LN20L600, (bii):
LN50L600)

The SEM/EDS images of two different compositions (80
wt% of LN and 20 wt% of LN500, 50 wt% of LN and 50 wt%
of LN500) and (80 wt% of LN and 20 wt% of LN600, 50 wt%
of LN and 50 wt% of LN600) are in Figs. 9 a-b respectively.
Whatever the composition, images evidence a compact but
heterogeneous matrix where dense grains are randomly
distributed. Chemical investigations using EDS of coarse
particles evidence the occurrence of mostly aluminosilicates
phases, iron minerals and quartz. Identified phases are the
same than that identified by XRD and FTIR, since they are
from unreacted particles whose existence is supposed to favor
the consolidation of a tridimensional network in the matrix
phase of the geopolymer.

4. DISCUSSION

For the two series of mixtures with laterite mixed to 0-50
wt % of the heat-treated laterites at 500 and 600 T, the alkaline
activation process appears to be mostly controlled by the ratio
of the heat-treated fractions of laterite. This behavior is similar
to that of mixtures containing metakaolin. Particularly, it has
been proved that metakaolin obtained by the thermal
dehydroxylation of kaolinite has a low crystallinity degree,
favoring a high availability of Si** and AIP* ions, and
promoting the reactions with alkaline solutions. During
dissolution, the environment and coordination number of
structural Al are changed, reducing the cohesion between
layers. Internal surfaces of phyllosilicate layers become
accessible to reactions. It means that silica tetrahedral units
become available for the polycondensation reactions. SiO4
and AlO4 units are able to form a new network where the
negative charge of I\V-fold coordinated AlI®* is balanced by the

positive charges of Na* ions from the alkaline solution [47, 11].

The reaction process leads to the formation of a geopolymer
gel that acts as the matrix phase, which bind unreacted
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particles, forming a composite geopolymer material. With the
control of the Si/Al ratio during the reaction sequence, all
properties in use of geopolymer products can be optimized,
such as the mechanical strength, the workability, and the
resistance to adverse environmental conditions.

In this study, it is seen that the geopolymerization process
differs to some extend to that issued from laterite —
metakaolinite mixtures. With heat treated laterite, we evidence
the role of iron species from laterite (13.25 wt% of Fe;0s). It
promotes the formation of a geopolymer structural network, as
already studied in previous works [19, 39, 11, 27].

Similarly, to the behavior of AI** during dissolution in the
alkaline solution, this study evidences that Fe®* has an
important role in the sequence of reactions during the
formation of the geopolymer gel. It was discussed by
Davidovits [48] describing the formation of small clusters of
ferrosialate geopolymer, from both (Al-Fe)O, and SiO.
structural units.

The typical microstructures of materials are shown in SEM
images of Figure 9a and Figure 9b. They evidence the
heterogeneous characteristics of all microstructures. The
unreacted particles of kaolinite and other mineral phases are
coarse aggregates that are randomly distributed in the matrix
phase. Since materials present a dense texture, it proves that
amorphous phases from heat treated laterites promote the
geopolymerization.

Using the heat-treated laterite LN60O, the compressive
strength is higher than that of specimens with LN500.
Simultaneously, the setting time is shortened, favoring the
geopolymer hardening. However, it is in contrast with BET
specific surface areas of raw aluminosilicate powders that are
29.14 m3* for LN500, 26.30 m4* for LN, and 20.30 m9*
for LN600. Since LN500 exhibits the highest value of SSA,
but having the lowest reactivity, the role of iron species can be
pointed out. It is known that iron has an important role in the
structural  characteristics of kaolinite changing the
dehydroxylation and structural reorganization processes [49].
Considering  the  reaction  sequence leading to
geopolymerization, it appears that both the rate and extend of
dissolution and polycondensation processes are changed in the
presence of iron.

However, the final material has still a composite
microstructure with a matrix phase having a gel structure
where coarse aggregates of unreacted phases are distributed.
Their quantities and distribution are parameters that favor the
optimization of material properties [50, 51]. Since larger zones
of the matrix phase are detrimental to strength, this work show
that a limited fraction of a heat-treated laterite must be added
(30 wt% of LN500) to attain a value of 18.25 MPa that meets
the standard mechanical strength [52].

5. CONCLUSION

The study is devoted to the optimization of a new laterite
containing geopolymer that has a low environmental impact.
It is also a low-cost manufactured material since local laterite
is the major mineral component. The material has a micro-
composite microstructure with hard grains that are distributed
in a low structurally organized inorganic polymer acting as a
matrix phase. The geopolymerization process and the
properties (setting time, mechanical strength...) of the matrix
phase were improved through the combined action of the raw
laterite mixed with a fraction of heat-treated laterite (500-



600<C). In microstructure, the crystallized particles from non-
clayed minerals and from aggregates of kaolinite also
contribute to strength. However, the Kkinetic of
geopolymerization is changed since the initial phases are not
readily dissolved in the alkaline solution.

This study contributes to the reduction of the overall energy
consumption during the manufacturing process of building
materials. It is obtained by optimizing the quantity of heat-
treated laterite, to promote a specific setting process via
geopolymerization. The obtained geopolymer is expected to
be more resistant to repeated cycles in wet and dry climates of
tropical countries, in comparison to other building materials
with compacted clays and sand. It can be assumed an extensive
use as structural materials with a large potential of applications
in range of building and civil engineering.
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NOMENCLATURE

ICDD International Centre for Diffraction Data
EDS Energy Dispersive X-Ray Spectroscopy
ICDD International Centre for Diffraction Data
EDS Energy Dispersive X-Ray Spectroscopy
< Dimension temperature Degree Celsius
ICP Inductively Coupled Plasma Spectroscopy
OPC Ordinary Portland cement

PVC Polyvinyl chloride

367

wit%
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H
Vol.%
M

g
MPa

m

TGA

DTA

FTIR

XRD

PDF

SEM

SSA

Al

Si

0]

C

Fe,O3

Al;O3

SiO;

H,0

CO,

NaOH

EN

LN

LN500
LN600
80LN20L500
50LN50L600
50LN50L500
80LN20L600

Weight percentage

Percentage

Hour

Volume percentage

Molar (mol/L)

Gram

Mega Pascal

Micrometer

Thermal Gravimetric Analysis

Differential Thermal Analysis

Fourier Infrared spectroscopy

X-Ray Diffraction

Powder Diffraction File

Scanning Electron Microscopy

Specific Surface Area in mg?

Aluminum

Silicone

Oxygen

Carbon

Iron oxide

Aluminum oxide

Siliceous oxide

Water

Carbon dioxide

Sodium Hydroxide

European Standard
Crude laterite
Heat treated laterite at 500 C
Heat treated laterite at 600 <C
Mixture of 80%LN and 20%L500
Mixture of 50%LN and 50%L600
Mixture of 50%LN and 50%L500
Mixture of 80%LN and 20%L600

2 Si0,.Al;03.2 H,0 Chemical formulae of kaolinite

2 SiO,. Al,Os
H-N-A-S

Chemical formulae of metakaolinte
Sodium aluminosilicate hydrate





