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Abstract

This paper studies the alkali activation of iron-rich aluminosilicates (laterites). Three
activating alkaline solutions were prepared from sodium hydroxide solution (8, 10 and 12 M)
with sodium silicate (Na,SiOs3) in order to obtain the sodium silicate solutions with moduli of
Si0,/Nay0 equal to 0.75, 0.92 and 1.04; H,O/Na,0=9.78, 10.45 and 12.04. The effects of
above-defined solutions on the setting time, physical and microstructural properties of
geopolymer binders from calcined laterite (600 °C), containing metakaolinite, as the sole
binder at room temperature are reported and discussed. A laterite from Eloumden and one
from Odza were used. The synthesized products were labelled GPEL =104, 0.92 and 0.75) and
GPODi=1.04, 0.92 and 0.75) S€ries. The dry compressive strength measured after 7 and 28 days were
4-10 and 10-18 MPa, respectively. It was typically found that the geopolymer paste from
sodium hydroxide with molar concentration 12 M and the molar ratio SiO,/Na,O of the
silicate solution equal to 0.75 produced the highest compressive strength (~ 18 MPa). These
samples also have a denser matrix. The dry bulk densities of both series increased with the
decrease of silica moduli and were in the range 2.31-2.43 and 2.32-2.52 g/cm® and the water
absorptions were in the range of 8.21-11.40 % and 7.23-13.03 % for geopolymers GPEL and
GPOD series, respectively. The setting time decreased with increasing molarity of NaOH

solutions. The physicochemical properties and the mineralogy of both iron-rich



aluminosilicates were influenced by the silicate modulus of activating solutions and the best

compositions were achieved with characteristic SiO,/Na,0=0.75 and H,0O/Na,0=9.78.

Keywords: laterite, geopolymerization, silicate moduli, compressive strength, microstructure

1. Introduction
Laterite and lateritic soil are reddish or yellowish soils formed in the tropical and
subtropical regions of Africa, Australia and South America. They resulted from an alteration

of clay via accumulation of iron, Fe**, or aluminum, AI**

, species [1-4]. In Cameroon, laterite
is found on nearly 64% of the national territory [5]. Despite this availability, only a small
amount is used successfully as base and sub-base materials in road construction. It is also
used for stabilizing earth blocks with Portland cement by the Local Promotion Materials
Authority and enterprises of public works. Nevertheless, the mineralogical and chemical
compositions of laterites make it suitable for new applications, especially as a cementitious
material. The major oxide composition of untreated laterite soils are iron oxide (5-70 wt%),
silica (5-70 wt%) and alumina (5-35 wt%), partly present as kaolinite [6-11] allowing it to be
considered as raw material for inorganic polymer synthesis. Geopolymers are a class of
cementitious materials formed by reaction between an alkaline solution (e.g. sodium or
potassium hydroxide and sodium or potassium silicate) and an aluminosilicate source as
metakaolin, fly ashes, volcanic scoria etc. Meanwhile most literature deals with metakaolin,
fly ash and slags, but much less with volcanic scoria or laterite [12, 13, 14, 15]. Few studies
were carried out on alkali activation of laterite, but the properties of the resulting products

depend first of all on the chemical and mineralogical composition, composition of activating

solution, the physical appearance (like particle distribution and B.E.T specific surface) and the



calcination temperature [6-11,16, 17]. As the kaolinite in the laterite is not very reactive, the
laterite needs to be calcined to transform kaolinite into metakaolinite. Kaolinite only reacts in
the presence of a strong alkaline solution such as a 6 M NaOH solution. This has been
extensively studied by M. Esaifan et al. [18, 19]. Even at a temperature of 60 °C it takes
several hours for the kaolinite to dissolve and be transformed into a solidified material. For
example, Lemougna et al. [9] activated natural laterite, rich in clay mineral (with less than
12wt% of iron oxide) with NaOH at different concentrations and calcined the laterites in
presence of NaOH. He found that the compressive strength increases with the increase of
NaOH concentration as well as the calcination temperature and the maximum strength was
reached after calcination at 450 °C. Afterward Lassinantti Gualtieri et al. [10] prepared
geopolymers from laterite (calcined at 700 °C) using both phosphoric acid and alkaline
sodium silicate solution, the flexural strength and Young's modulus fell in the ranges 3.3-4.5
MPa and 12-33 GPa, respectively, rendering the materials good candidates for construction
purposes. Later, Kaze et al. [11] found that laterite calcination above 500 °C coarsens the
particle size, which negatively affects the flexural strength due to a poor
polycondensation/polymerization resulting in poor connectivity between the particles.
However, Obonyo et al. [8] synthesized geopolymer composites from laterites (adding 15 to
35 wt% of aggregates (river sand) and found that the flexural strengths were in the range 9-13
MPa accompanied with dense microstructure. They concluded that the properties are similar
or better compared to fly ash based geopolymer concrete containing 30-60 wt% aggregates
(river sand) made by Sofi et al. [12], where the flexural strength values were in the range 4.9—
6.2 MPa. Aforementioned authors have used 8 M NaOH solutions as an activator for laterite
based geopolymers synthesis. However, no broader study on the strength of laterite based
geopolymer and the effect of Na/Si ratio has been reported in literature. The geopolymer

properties (chemical and physical) are influenced by SiO,/Na,O and H,O/Na,O ratios of



activating solution. Recent papers of Cristiane et al. [20] and Bignozzi et al. [21] highlight the
importance of the above-mentioned oxides ratios, a better comprehension of their influence is
envisaged for both calcined laterite (at 600 °C) based geopolymers based on results presented
in this paper. So the investigation of the influence of the concentration of sodium hydroxide
and the molar ratios SiO,/Na,O and H,O/Na,O of the alkaline activating solution on some

properties of laterite-based geopolymers could be of great interest.

The raw materials used in this project are both calcined laterite at 600 °C harvested
from two quarries, have a similar amount of Fe,O3, SiO, and Al,O3 content. Previous work
showed that 600 °C is the lower limit for calcining the laterite [11]. The aim of this work was
to investigate the best activating solution chemistry, expressed in terms of SiO,/Na,O and
H,0O/Na,O molar ratios, for the room temperature activation process in order to tailor the
physicochemical characteristics of the iron-rich aluminosilicate binders.

The effect of the moduli of silicate solutions on geopolymerization reaction, and geopolymer
structure and physical properties will be studied using setting time (Vicat apparatus), Fourier
Transform Infrared Spectroscopy (FTIR), X-ray diffraction (XRD), Scanning Electron
Microscopy (SEM/EDS) and evaluation of physical properties (compressive strength, bulk
density and water absorption).

The characteristics of laterite based geopolymers are interpreted correlating the silica moduli
of activating solution and strength to the microstructure and bulk density. Hence the
physicochemical characteristics and mechanical properties of laterite-based geopolymer
samples obtained by room temperature alkali activation are reported and discussed to verify

their properties in view of their potential applications in building construction materials.



2. Materials and Experimental procedures

2.1 Characteristics of Materials used

For this study, the two samples of iron-rich aluminosilicate (laterites) used, were
collected in Odza (3°46'60" North and 11°31'60" East) and Eloumden (3°49'0" North and
11°25'60" East), in Yaoundé-Cameroon. After collecting, the raw materials were dried and
milled to have fine particles (< 80 pm). The resulting powders were calcined at 600 °C during
4 hours (heating/cooling rate of 5 K/min) in a programmable electric furnace and labelled
OD600 (from Odza) and EL600 (from Eloumden). This temperature was chosen according to
our previous work [11]. The chemical compositions of these starting materials determined by
XRF are shown in Table 1. The X-ray patterns (Figure 1) of the calcined materials indicate
the presence of anatase (TiO,, JCPDS N°. 4-447), quartz (SiO,, JCPDS N°. 5-349); hematite
(Fe,03, JCPDS N°. 13-5); ilmenite (FeTiOs, JPDS N°. 3-781); rutile (TiO,, JCPDS N°. 4-551);
boehmite (y-AlO(OH) N° 21-1307) and corundum (a-Al,03 JCPDS N° 10-173) . Besides
these minerals, the calcined material from Eloumden contains maghemite (y- Fe,O3, JCPDS
N°. 15-615) (Figure 1b). In addition, the X-ray patterns of EL600 and OD600 show a broad
band at 8-30° and 5-27 (2 Theta) respectively (Figures 1a and 1b). These halos are attributed
to the presence of a metakaolinite from the transformation of kaolinite. From the simultaneous
Differential Thermal Analysis and Thermogravimetric analysis (DSC/TG) carried out in
previous work on as-received laterites [11]. The weight loss corresponding to dehydroxylation
of OD (laterite from Odza) was 5.01 mass-% and the value for EL (laterite from Eloumden)
was 6.24 mass-%. These weight losses correspond to 35.90 and 44.72 % of kaolinite content
in laterite from Odza (OD) and Eloumden (EL), respectively. The weak values of weight loss
corresponding to the dehydroxylation of kaolinite confirm its alteration due to the

replacement of AI** by iron Fe®*/Fe?* during the laterisation process [3,11] .



2.2 Preparation of sodium silicate solutions

The alkaline solutions were prepared from a commercial sodium silicate (14.37 wt%
Na,0, 29.54 wt% SiO,, 56.09 wt% H,0) supplied by Ingessil s.r.l. Verona Italy and NaOH
pellets (Sigma-Aldrich, purity > 98%). Three aqueous solutions of 8, 10 and 12M were
prepared by dissolving NaOH pellets into distilled water and stored at room temperature

before their use.

The silicate solutions had molar ratios SiO,/Na,O equal to 0.75, 0.92 and 1.04;
H,O/Na,0=9.78, 10.45 and 12.04. The obtained sodium silicates were allowed to cool down
during 12 hours at room temperature prior to use.

2.3 Geopolymer synthesis

The inorganic polymer (geopolymer) samples were formulated by mixing separately
calcined laterites to each alkaline solution at a constant liquid/solid ratio of 0.6. The different
viscous pastes obtained were poured into cylindrical molds with dimensions 20 (diameter)
x40 (height) cm and sealed into plastic bags in order to prevent water evaporation during the
setting and hardening. Then stored at room temperature (253 °C) for 24 hours before
demolding. The cylindrical specimens were labeled GPOD; 4, GPODgg,;, and GPOD 7s;
GPEL,4, GPELgg, and GPODg 75 for the laterites from Odza and Eloumden, respectively,
were used to measure the compressive strength after 7 and 28 days. The indices 1.04, 0.92 and
0.75 represent the molar concentration of sodium silicate solutions.

2.4 Characterization methods of laterite-based geopolymers

The initial and final setting times were measured on the fresh geopolymer pastes using
a Vicat needle apparatus according to the EN 196-3 standard. The needle used was 1.00 £
0.005 mm in diameter.

The compressive strength of the samples was measured with an Instron® 1195

compression machine at 7 and 28 days with a displacement of 5 mm/min according to ASTM



C 39. The results shown are an average of four replicate specimens. The strength is given by

the equation 1:

__ 4X1000XF

§="22 (1

TXDXD
With F the force (kN); D the diameter (m) and & the compressive strength (MPa).

Dry density pg was calculated according to European Standard EN 12390-7. The
samples were dried in an oven at 105 °C during several days until stabilization of the mass.
The total apparent volume V, dry density (pq) and wet density (pwater) IS then evaluated using
following equations, (2) to (4), where Mgy: mass dry; Mg Saturated mass in air (Q);

Maatwater: immersed saturated mass in water (g); @com: apparent porosity (%).

V= Mgat air—Msat water (2) Py = ﬂ (3) ¢C0m: Msat air—Msat water x 100 (4)
Pwater |4 4

The water absorption was carried out by immersing the dried specimens in water at
ambient temperature for 24 hours and comparing the humid mass (mh) to the dry mass (md)
according to equation 3. The water absorption test was carried out according to ASTM C642-
06.

_ (mh —mad)

w
¢ md

x 100 (5)

Infrared Spectroscopy (FT-IR; using an Avatar 330, Thermo Nicolet) was performed
on selected samples analyzing surface and bulk areas. A minimum of 32 scans between 4000
and 400 cm™ was averaged for each spectrum with 1 cm™ resolution. The analysis was done
on powders from the pieces collected from mechanical testing. For the analysis, each powder
sample was mixed with KBr in the proportion of 1/150 (by weight) for 15 min and pressed

into a pellet using a hand press.



Laterite based geopolymer specimens aged for 28 days were crushed and sieved
through a sieve of mesh 80 um. The powders were subjected to X-ray powder diffractometer
(XRD; applying a PW3710, Phillips) using Cu Ko, Ni-filtered radiation (the wavelength was
1.54184 A). The radiation was generated at 40 mA and 40 kV. Each analysis was performed
on fine grains of ground samples. Random powder specimens were step-scanned from 5° to
70°, 2 Theta range, and integrated at the rate of 2s per step. The crystalline phases were
identified by comparison with tabulated data on the JCPDS files.

Pieces from the mechanical testing were polished, gold coated and dried for
microstructural observations using a JEOL JSM-6500F Scanning Electron Microscope (SEM)
coupled with Energy Dispersive X-ray spectroscopy (EDX) with an acceleration voltage of

10.0 kV.

3 Results and discussion

3.1 Effect silicate modulus on laterite-based geopolymer pastes

The results of setting time of the fresh geopolymer pastes are summarized in Table 2. It is
observed that the decrease of silicate modulus from 1.04 to 0.75 favoured the shortening of
setting time of laterite-based geopolymers. The initial setting times decreased from 107 to 57
min (GPEL) and 124 to 43 min (GPOD). The final setting times were in the range of 135 to
68 (GPEL) and 157 to 86 min (GPOD). A shorter setting time for lower values of silicate
modulus (Table 2), was also reported in the literature [22, 23]. It is explained by the increase
of the Na,O concentration which also increases the pH of the alkaline solution resulting in a
faster dissolution of calcined laterite. This implies that the building blocks for the
polycondensation are quicker available thus accelerate the setting [24, 25]. The trend of initial
and final setting is in agreement with previous work [26, 27] which related the faster reaction
of other aluminosilicates to the increased concentration of Na® in the alkaline solution. The

Na/Al molar ratios deduced from each design formulation in both laterite based geopolymer
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binders are also reported in Table 2. The values were 1.13, 1.27 and 1.44 (for geopolymers
GPOD1 04, GPODy g, and GPODy 75, respectively) and 1.16, 1.30 and 1.48 (for geopolymers
GPEL, 04, GPELg g, and GPELy 75, respectively). It is noticed that the Na/Al also affected the
setting of laterite based geopolymer binders as well as silicate modulus. The shortest setting
times were reached with the higher Na/Al ratios of 1.44 and 1.48. Geopolymers from other
aluminosilicate precursors, normally have an optimum Na/Al ratio close to one. This Na/Al
ratio for the laterite is thus high. This difference is due to the low amount of aluminium

content.

3.2 FTIR spectra of laterite-based geopolymers

The infrared spectra of synthesized products are presented in Figures 2 and 3. The broad
bands observed in the range 33873410 and 1594-1638 cm™ (Figures 2a-3a), 3380-3421 and
1582-1632 cm™ (Figures 2b-3b) correspond to the O—H stretching and H-O—H bending
vibration modes. These bands indicate the presence of water molecules, which are surface
absorbed or entrapped in the large cavities of polymeric networks. The absorption bands
around 1412-1423 cm™ (Figures 2a and 3a) and 1384-1430 cm™ (Figures 2b and 3b) are
related to C-O stretching of carbonate groups which are found in all spectra of geopolymer
specimens due to the formation of sodium carbonate. A similar reaction was observed by
Djobo et al. [28] during geopolymer synthesis from a combination of oyster shell and volcanic
ash. The splitting of the peak in the range of 1382-1460 cm™ in all spectra of GPEL (i=1.04, 0.92
and 0.75) and GPODyi=1.04, 0.92 and 0.75) Samples indicates (Figures 2b and 3b) the elimination of
degeneracy due to the distortion of the CO3* group, according to Fine and Stolper [29]. They
also reported that the degree of splitting depends on the metal ion (Na*, Ca** and Mg*")
associated to the carbonate group. A divalent cation linked to the carbonate ion induces a
higher energy band in comparison to that of the Na-carbonate. In this work both materials are

ferruginous soils, thus the potential cations capable to fix the carbonate are Na* and Fe**/Fe®".
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This is likely because some iron minerals might partially take part in the reaction as will be
discussed in the XRD section. The degree of splitting of the band is less prominent in the IR
spectra of GPODg 75 and GPEL,; o4 Samples. The values of the degree of splitting are 57, 69
and 80 cm™ (for GPELy 04, GPELo75 and GPELgg, samples, respectively) and 49, 61 and 63
cm™ (for GPODg 75, GPOD1.04 and GPODg g, Specimens, respectively) (Figures 2b and 3b).
The lower values of the degree of splitting might indicate a local environment of association
between the Na* ion with COs* (Na,COs3), whereas for geopolymers synthesized with low
silica modulus, the high degree of splitting is related to the presence of a Fe-carbonate
complex. The higher ones are due to the nature of the iron cation which is divalent/trivalent in
comparison to the ion sodium which is monovalent. Since the geopolymer specimens contain
iron oxides in their mineralogical composition, this pronounced splitting could likely be
linked to the possible beginning of the partial carbonation of non-integrated iron ions in air
atmosphere. Then there is the possibility of carbonation of residual iron ions following Eqg.
(6).
Fe** + CO3 % > FeCO;

The absorption bands situated in the range of 956-1020 cm™ (Figures 2a and 3a) and 975
1015 cm™ (Figures 2b and 3b) were attributed to the asymmetric stretching of Si—-O—Fe, Si—
O-Al and Si-O-Si bonds in the developing geopolymer network, characteristic peaks of the
inorganic polymer network [30, 31, 32]. The smaller broad bands at 475-487 and 568-610 cm’
! are attributed to Si-O-T (T=Al, Si, Fe) bending mode, and eventually to Fe-O stretching and
deformation vibrations [33, 34]. These bands generally are attributed to T-O bond (T=Al, Si

and Fe) deformation vibrations.

3.3 XRD patterns of laterite-based geopolymer cements

Figures 4a-b show the X-ray patterns of laterite-based geopolymer cements. It can be

seen that the major crystalline phases such as quartz, ilmenite, anatase, maghemite and rutile
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remain even after the chemical attack in alkaline media during the geopolymer synthesis.
However the peak intensities of iron minerals (ilmenite, maghemite and hematite) have
weakly decreased. This indicates that a few fraction of these mineral phases was dissolved
into the alkaline solution, thus they could have either partially or totally taken part in the
geopolymerization process. In addition, the iron from ilmenite is in Fe?* form and might be
oxidized to Fe** whereas the one from hematite and maghemite is Fe**, which could be
reduced into Fe?* due the alkalinity of the system. Meanwhile, when the intensity of these iron
mineral peaks in XRD patterns of all geopolymers decreased, new crystalline phases
containing iron such as fayalite (Fe,SiO,, JCPDS N°. 34-178) and siderite, (FeCO3, JCPDS
N°. 29-696) are formed along with a sodium carbonate based mineral corresponding to
thermonatrite (Na,COs, JCPDS N°. 08-0448). These observations indicate that a part of iron
phases in both calcined laterites reacted with some silicate phases to form fayalite, and
another part which reacted with CO, of the air to form siderite. This also corroborates the
observation made in FTIR section where the splitting of the carbonate bands was attributed to
the carbonation of iron ions. In any case, the oxidation state of iron in the observed minerals is
I, thus Fe**, from hematite and maghemite has been reduced during the reaction (not
considered as being part of the network formed) although their intense reflexion peaks
exhibited on geopolymer diffractograms. In the same manner Simon et al. [35], lacobescu et
al. [36], Peys et al. [37], and Onisei et al. [38] produced geopolymer binders from iron-rich
slag and fayalite slag. These authors found that during alkaline activation, the >’Fe Mdssbauer
spectroscopy revealed the oxidation of Fe®* from the fayalite slag to Fe*" in the inorganic
polymer binder. They concluded that given the iron-rich inorganic polymer, Fe?* could have
been also introduced into the polysialate (Si—-O—Al) as geopolymer network modifier. The
halo peaks observed in XRD patterns of both calcined laterites in the range 8-30° and 5-27° (2

Theta), from EL600 and OD600, respectively in Figure 1, extended from 16 to 40° (2 Theta)
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in those of geopolymers (Figure 4). In the calcined laterite, this halo is due to metakaolinite.
After geopolymerization, an amorphous structure is formed which contributes to the
development of the strength of calcined laterite based geopolymers [39, 40]. The observation
made with FTIR where the splitting of the carbonate bands was attributed to iron carbonate
can thus not be underpinned. The new minerals formed are however not considered as being

part of the inorganic polymer network formed as they are not considered being polymers.

3.4 Compressive strength of laterite-based geopolymers

All geopolymer samples were subjected to compressive strength tests after curing for 7
and 28 days, and the results are summarized in Figure 5. For the series GPEL =104, 092 and 0.75),
the compressive strengths range from 3.87 to 9.70 MPa (7 days) and 7.87-17.69 MPa (28
days), whereas for the GPODj=1.04, 0.92 and 0.75), the compressive strengths were in the range of
3.84-9.43 MPa (7 days) and 8.67 to 18.06 MPa (28 days). The concentration of the activating
solution thus has an important effect on the mechanical strengths of laterite based
geopolymers. The highest strengths were achieved in geopolymers GPEL 75 and GPODg 75, in
which the alkaline solution used was a mixture of 12 M sodium hydroxide which was adjusted
by the addition of sodium silicate in 1:1 volume ratio of silicate modulus of 0.75. By
increasing the activator (NaOH) concentrations, also SiO,/Na;O ratio decreased and a higher
strength was measured for silicate moduli (Ms=0.92 and 0.75). This trend is consistent with
previous studies [22-27, 41] which have shown that the compressive strength increases with
the molar concentration of NaOH on other aluminosilicates. Thereby, these observations may
be linked to the high degree of hydrolysis and dissolution of silicon, iron and aluminium
containing species that polymerize/polycondensate to form geopolymer with high strength.
For both calcined laterites at 600 °C, the compressive strengths obtained using silicate
modulus (Ms=1.04) were low and almost similar, pointing out insufficient dissolution or

activation of calcined laterite at 600 °C at this lower concentration of activator. The small
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difference in strengths between geopolymer cements made with silicate modulus (Ms=0.75
and 0.92, respectively) is evidence of the relatively lesser influence of activator concentration
on starting material. The increase of Na/Al from 1.13 to 1.44 and 1.16 to 1.48 (Table 2)
contributed to the improvement of strength. This increase is linked to high HO™ from Na,O
content which favoured more polycondensation by extending the network resulting in a dense
and compact structure with less unreacted particles compared to the ones made with Na/Al
ratios of 1.13 and 1.16. Although the compressive strengths are lower compared to alkali-
activated cements based on other aluminosilicates, they are suitable for non-structural

applications where higher strength is not required.

3.5 SEM/EDS images of laterite-based geopolymers

The fracture surfaces of selected geopolymer binders are presented in Figures 6 and 7.
GPEL, 04 and GPOD1 o4 (Figure 6) appeared to be coarser, inhomogeneous and contain more
unreacted particles compared to GPEL 75 and GPODg 75 (Figure 6). This coarser nature is due
to the low alkalinity of the used activator, (in this case 8M NaOH added) and did not promote
complete dissolution of the starting material (calcined laterite). However, surfaces of
GPEL,g 75 and GPODg 75 (Figure 6) samples were less inhomogeneous and denser. The use of
an activator with a higher Na content enhances the breakdown of the components of calcined
laterite (at 600 °C), and extends the geopolymer network which embeds the unreacted
particles within the matrix. EDS results (Figure 8) show that the major elements in the alkali-
activated binders are Fe, Si, Al and Na (indicated by EDS analysis in Figure 8). This analysis
is in line with the possible insertion of an iron atom from iron-rich mineral phases into the
geopolymer network as mentioned in previous studies [35, 36, 37, 39, 42,]. Thereby it does
not only act as an impurity but it can be incorporated into the structure as found in the
literature [43]. The undissolved particles identified on SEM images also contributed to the

increase of strength.
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3.6 Dry density and water absorption of laterite-based geopolymers

The densities and water absorptions at 28 days of laterite based geopolymers are in the
range of 2.31-2.43 glem?; 2.32-2.51 g/lcm®; 8.21-11.4 % and 7.23-13.03 %, respectively for
GPEL (i=1.04, 0.92 and 0.75) and GPODi=1.04, 0.92 and 0.75) Series (Figures 9 and 10). As seen, the dry
density increases with the decrease of the silicate modulus. Higher alkali contents (10 and
12M NaOH) with silica modulus 0.92 and 0.75, respectively, in the mixture thus yield higher
reactivity with both calcined laterites, resulting in a denser microstructure and less unreacted
particles in comparison with those obtained from lower alkali content (silicate modulus equal
to 1.04). Thereby, the high value of density from both GPOD, 75 and GPEL, 75 Specimens are
linked to a low amount of unreacted metakaolinite particles, more cohesion between different
phases and low amount of microcracks and pores within the matrix. The water absorption of
resulting products decreased with the increase of Na,O concentrations (Figure 10). This is due
to higher alkalinity which promotes more dissolution of reactive components from calcined
laterite (at 600 °C) powders in alkaline media and reduces the formation of voids within the
structure. This trend is similar to the studies reported by Thokchom et al. [44] which stated
that the compressive strength of specimens increases with the decrease of water absorption

and porosity.

Conclusion

Based on the experimental study reported in this paper, it can be concluded that the
silicate modulus and Na/Al affect the setting time, compressive strength, bulk density, water
absorption and microstructure of calcined laterite based geopolymers. Calcination of these
laterites at only 600 °C is proven to be enough for obtaining a solid precursor for alkali
activation with reasonable mechanical properties. The activators with highest Na content, thus

lowest silicate modulus, resulted in the samples with highest compressive strength. Both
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laterite based geopolymer materials from silicate solutions with modulus =0.75 showed
excellent results, with a compressive strength up to 18.0 MPa after twenty-eight days. This
was supported by the SEM/EDS analysis, which shows less unreacted phases and more
cohesion and connectivity between different particles within the matrix compared to the
samples based on an activating solution with a higher modulus. The density and water
absorption obtained were in the range (2.31-2.43 and 2.32-2.51 g/m*; 8.21-11.4 % and 7.23—
13.03 %). A higher alkalinity promotes more complete dissolution of iron, silica and alumina
during the geopolymer reaction. Probably some iron was also incorporated into the
aluminosilicate network, thus it contributes to the development of the strength of
geopolymers. However both laterites used in this work gave acceptable properties for
materials for construction. Further studies need to be conducted to find the best mixture
design to achieve the highest compressive strength of laterite based geopolymer mortar and

concrete.
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Fig 1la. XRD patterns of non-calcined (OD) and calcined (OD600) laterites from Odza Fig 1b.

XRD patterns of non-calcined (EL) and calcined (EL600) laterites from Eloumden
Fig 2a and 2b. FTIR spectra of laterite-based geopolymer from Eloumden
Fig 3aand 3b. FTIR spectra of laterite-based geopolymer from Odza

Fig 4. XRD patterns of laterite-based geopolymers GPEL (a) and GPOD (b) series
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Fig 5a. Compressive strength of 7 days-aged laterite-based geopolymer GPEL and GPOD
series Fig 5b. Compressive strength of 28 days-aged laterite-based geopolymer GPEL and

GPOD series

Fig 6. SEM micrographs of geopolymers GPEL.04 (A and B) and GPOD; ¢4 (C and D)

samples

Fig 7. SEM micrographs of geopolymers GPEL, 75 (A and B) and GPOD 75 (C and D)

samples

Fig 8. SEM/EDS analysis obtained for the geopolymers GPEL; 04 (A) and GPOD; 04 (B)

samples
Fig 9. Dry bulk density of laterite-based geopolymer GPEL and GPOD series

Fig 10. Water absorption of laterite-based geopolymer GPEL and GPOD series
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Tablel. Chemical composition of calcined laterite from Eloumden and Odza

Oxides FEZOg SIOZ A|203 T|02 V205 P205 L.O.I
(%)

EL600 39.00 28.04 2510 0.23 0.14 0.04 0.95

OD600 3850 2940 2705 0.34 0.17 0.03 1.02
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Table 2. Setting time (Vicat) of laterite based geopolymers

Geopolymer Initial Final Molarity of Silicate H,O/Na,O Na/Al
samples setting setting NaOH Moduli molar molar
(min.) (min.) solution SiO,/Na;O  ratio ratio
used
GPEL31.04 107 135 8 1.04 12.04 1.16
GPELg.9, 76 102 10 0.92 10.45 1.30
GPELy 75 57 68 12 0.75 9.78 1.48
GPODy 4 124 157 8 1.04 12.04 1.13
GPODy g, 64 120 10 0.92 10.45 1.27

GPODg.75 43 86 12 0.75 9.78 1.44






