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ation of mechanical and
microstructural performances of Fe-rich laterite
geopolymer binders cured at room temperature by
varying the activating solution

Rodrigue Cyriaque Kaze, *ab Juvenal Giogetti Deutou Nemaleu, b

Elie Kamseu,*bc Florence Uphie Chinje,a Fernanda Andreolac and Cristina Leonelli c

In the present study, the performances of the end products prepared using calcined iron-rich laterite at

600 °C (LAT600) with different alkaline solution (AS) to calcined laterite (AS/LAT600) mass ratio (0.45–

0.65) were investigated. The effect of AS/LAT600 mass ratio on microstructural and mechanical

properties of consolidated geopolymer samples, such as compressive strength, porosity, bulk density,

water absorption, mercury intrusion porosimetry (MIP) and scanning electron microscopy (SEM) analysis

were determined. Geopolymer made with AS/LAT600 ratio of 0.55 yields the highest compressive

strength (54 ± 0.38 MPa) and compact structure. Increasing the AS/LAT600 mass ratio (0.45–0.65)

increased the setting time, flowability and decreased the SiO2/Fe2O3 and Al2O3/Fe2O3 molar ratios and

compressive strength leading to a weak structure. Both cumulative volume intrusion and cumulative

pore area increased from 0.11 to 0.20 mL g−1 and 65.20 to 90.93 m2 g−1, respectively. Such

enhancement is linked to changes that occur into the geopolymer network when high alkaline activator/

laterite is used. Therefore, further increase of AS/LAT600 mass ratio improved the workability, delaying

the polycondensation rate of dissolved calcined laterite and not positively affecting the mechanical

strength development. Nevertheless, the performance of the end products could be found application in

building engineering.
1. Introduction

The research conducted on the development and production of
alkali activated cementitiousmaterials, known as alternatives to
widely used ordinary Portland cement, has largely increased
and gained more attraction these recent years possibly due to
many advantages and interesting properties. Among these
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University of Modena and Reggio Emilia,

the Royal Society of Chemistry
alkali activated materials, geopolymers dened by their Al2O3 +
SiO2 content above 80 wt%1 appear as one of promising alter-
native to Portland cement. Geopolymers offer best properties in
terms of low energy requirements and the low CO2 emission,2

the re-resistance,3–5 and other desired characteristics
depending on the nature of solid precursor and the conditions
of synthesis.6 Last but not least, these binders exhibit good
resistance in aggressive environments (i.e., acidic and salty
media).7,8 Geopolymerization is a process that involves the
dissolution of reactive components of the solid precursors (e.g.,
metakaolin, slag, y ash, volcanic ash and laterite) in an alka-
line or acid media followed by polycondensation and polymer-
ization steps towards the formation of a 3-D compact
structure.7,9–11 A possible reaction sequence is presented below:
(1)
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The rst step is the nucleophilic attack of OH− on Al atom
with the formation of a tetrahedral Al with a Na+ in the role of
charge balancing cation.
(2)
The second step is the attack of OH− on the Si atom with the
formation of a pentavalent Si which started its hydration.
(3)
At this point the destabilization of the aluminosilicate
network is at its maximum and the siloxanic bridge: Si–O–Si is
broken with the formation of one silanol –Si–OH and one siloxo
Si–O− species. The disruption of the structure can continue till
the formation of Si(OH)4 and Al(OH)4 monomers.12

Many factors, such as the level of dissolution and reactivity
of solid precursor ratio,13 the curing temperature and the
reagent types,10,14–16 are determinants for the entire sequence of
the geopolymerization reactions and the end properties of the
resulting binders. From the above-mentioned parameters
affecting the characteristics of geopolymer binders, the liquid to
solid ratio dening the quantity of binder formed is among the
key parameters which greatly inuence the resulting properties
of geopolymer specimens.12,13,17–22

Up to date, many researches were focused on the effect of
solid/liquid ratio on some fresh and hardened properties of
kaolin, metakaolin, y ashes, volcanic ash taking into account
the chemistry and mineralogy. For instance, Heah et al.23

produced geopolymers using kaolinite clay by varying the solid
to liquid ratios. Aer investigations, they found that the work-
ability decreased with the rise of solid to liquid ratio while the
mechanical properties increased from 1 to 90 days. Cheng
et al.13 in their ndings replaced metakaolin with waste catalyst
up to 40 wt% and used different solid-to-liquid ratios from 0.66
to 0.81. They discovered that increasing the solid/liquid ratio
reduced the porosity within the geopolymer samples resulting
in an improvement of mechanical performances at early and
later ages. In the same vein Liew et al.21 used calcined kaolin
(700 °C) and varied the solid/liquid ratios from 0.40 to 1.20 in
33738 | RSC Adv., 2022, 12, 33737–33750
order to nd the best ratio expecting to ensure the high
strength. From their study 0.8 appears as the optimum solid/
liquid ratio that ensured the best mechanical performance
with compact and dense structure. Recently Vogt et al.17 studied
the inuence of solid/liquid ratio on some properties of
metakaolin-y ash blended geopolymer. They found that at
higher solid/liquid ratios with high y ash content, the total
heat evolved from isothermal conductivity calorimetry (ICC)
analysis decreased for the rst 24 h of reaction. Taking into
account the above-listed studies, it could be concluded that
applying the different liquid/solid ratios for the synthesis of
geopolymer remarkably affects the end properties of the
resulting geopolymer products. However, it should be noted
that the ratio is closely linked to the reactive fraction and the
chemical composition. Thus, for a metakaolin rich in alumina,
the quantity of alkaline solution consumed will be higher than
for a siliceous metakaolin or y ash.

The production of geopolymer materials from calcined or
raw laterite had gained more attention, because laterite does
not require high energy for thermal activation as standard
kaolin.24–26 In developing countries laterite soils are mostly used
either in production of stabilized earth blockmade from laterite
soils with conventional cement (OPC) or aggregates in Portland
cement mortars and concretes.27–30 One of advantages of using
laterite as solid precursor is its availability at the surface in
tropical areas.26,31,32 Several studies were conducted on the
development of geopolymer from laterites and the inuences of
the following parameters, silica modulus namely (SiO2/Na2O
and H2O/Na2O), calcination temperature (from 25 to 1000 °C),
activating solution, the pre-curing time (4–24 h), the curing
temperature (25–80 °C) and the curing time (24 or 48 h) on the
mechanical and microstructural properties of the geopolymers
were evaluated.10,11,14,15,33–40 For example, Kaze et al.10,14,33 inves-
tigated and discussed the effect of silica modulus, curing
© 2022 The Author(s). Published by the Royal Society of Chemistry
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temperature, activator types and calcination temperature upon
strength development, setting time and microstructure of geo-
polymer binder from calcined corroded laterite at 600 °C with
solid/liquid ratio maintained at 0.6 allowing acceptable work-
ability. Later Lemougna et al.38 replaced the calcined laterite
with calcite and ground granulated blast furnace slag up to 20
and 50 wt% and consolidated with alkaline activators with silica
modulus ranging between 1.6 and 2.2. However, for the
formulated geopolymer samples the mechanical properties
increased with the reduction in silica modulus of alkaline
activator, even though the solid/liquid ratio of 0.62 was used in
all the formulations. Komnitsas et al.39 calcined the residues of
Ni-rich laterite acid leaching at 800 and 1000 °C and activated
with an alkaline solution. They found that the calcination of
residues at 800 and 1000 °C was not benecial on alkali acti-
vation exhibiting low strength (1.4 MPa). However, incorpo-
rating 10 wt% of metakaolin resulted in noticeably higher
compressive strength (41 MPa). The same authors41 demon-
strated that increasing the alkali activation of calcined laterite
residues an Al source is required. Recently Nkawju et al.42

maintained the solid/liquid ratio of 0.6 in the production of the
calcined corroded laterite geopolymer containing the sugarcane
bre up to 7.5 wt%. Bewa et al.43 investigated the effect of liquid
to solid on fresh and hardened properties of calcined iron-rich
laterite based geopolymer using phosphoric acid at different
molarity. They found that varying the liquid to solid ratio
positively inuenced the end properties of geopolymer products
mostly the mechanical and microstructural performance
exhibiting a compact and dense structure.

Even though the interesting performances were obtained
from the studies conducted on laterite based geopolymers, the
inuence of solid (aluminosilicate precursor)/liquid (alkaline
solution) ratio as an important parameter of geopolymer
process has been not reported yet in alkaline media. Therefore,
the present work aims to evaluate the impact of solid/liquid
ratio ranged between 0.45 and 0.65 on the fresh (workability,
rheology and setting time) and hardened (mechanical strength,
water absorption, porosity and bulk density) properties of iron-
rich laterite based geopolymer. In addition, the raw materials
and consolidated geopolymers with an alkaline solution were
characterized using X-ray diffraction (XRD), Fourier transform
infrared spectroscopy (FTIR), scanning electron microscopy
(SEM) and mercury intrusion porosimetry (MIP) analyses.
Finally, the obtained results were interpreted correlating the
properties of fresh and hardened products.
2. Materials and methods
2.1 Materials

The laterite used as solid precursor for the binder preparation
was collected in Yaoundé, Cameroon. This laterite was previ-
ously characterized by Kaze et al.10 to be mainly composed of 49
Fe2O3, 20 SiO2 and 17 Al2O3 (wt%). The collected laterite was
oven dried for 48 h to eliminate moisture, aerward grinding
and sieving operations resulted in a powder with a particle size
of below 80 mm. Such powder was calcined at 600 °C for 4 h with
© 2022 The Author(s). Published by the Royal Society of Chemistry
5 °C min−1 according to previous works.14,15 The raw and
calcined laterites were labelled LAT and LAT600, respectively.

The alkaline solution was prepared by mixing an aqueous
NaOH solution (10 M from dissolution of pellets with 99% of
purity) with commercial sodium silicate solution (composed of
14.37 wt% Na2O, 29.54 wt% SiO2 and 56.09 wt% H2O, provided
by Ingessil, Verona, Italy) in weight sodium silicate to NaOH
solution ratio of 2 according to previous works.10 The prepared
alkaline solution (AS) was kept at room temperature for 24 h
before being used.

2.2 Geopolymer binder's synthesis

The fresh geopolymer pastes were obtained by mixing for 5 min
the calcined laterite with the alkaline solution by varying the
liquid AS/solid ratio of 0.45, 0.50, 0.55, 0.60, and 0.65 (wt/wt).
Aerwards the obtained pastes were poured into cylindrical
silicone moulds with dimension of 60 mm (height) × 30 mm
(diameter). Aer moulding, the specimens were sealed with
a thin plastic sheet and kept at room temperature for 24 h.
Hence, the demoulded samples were stored in the laboratory
until mechanical test was performed at 7 and 28 days.

2.3 Characterization of consolidated geopolymers

2.3.1 Setting time. The initial and nal setting times of the
fresh geopolymer pastes were measured using the Vicat's
apparatus. The needle used was 1.00 ± 0.005 mm in diameter.
This test was carried out in the laboratory at room temperature
(20 ± 3 °C, with a relative humidity of 60%). This test was
performed according to the EN196-3 standard.44 For each
formulation three measurements were taken and the average
value represents the setting time with standard deviation in
bars.

2.3.2 Flowability test. The Flowability test method was
conducted using a small cone apparatus, selected from
a previous study.45,46 The small cone has a bottom diameter, top
diameter and height of 38 mm, 19 mm and 57 mm, respectively.
For each formulation three measurements were taken and the
average value represents the ow with standard deviation in
bars.

2.3.3 Sorptivity test. The rate of water penetration by
capillary suction into the geopolymer binders were measured by
sorptivity test in accordance with ASTM C 642.47 For this test the
measurements were taken on cylindrical samples by immersing
one side (10 mm) in water at room temperature according to
previous study.48,49 The measurements were performed at 20 ±

3 °C and relative humidity 60%. Three from each formulation
were used during the measurements.

2.3.4 Fourier transform infrared spectroscopy (FTIR). To
collect information on the structure and composition of the
samples, the attenuated total reectance (ATR)-Fourier-
transform infrared spectroscopy (FTIR) technique was used.
This was accomplished with a PerkinElmer (UK) Spectrum Two
instrument operating in the wavenumber range 400 to
4000 cm−1 with a resolution of 4 cm−1.

2.3.5 X-ray diffraction (XRD). The XRD analysis was con-
ducted with a Bruker D8 Advance X-ray diffractometer (Berlin,
RSC Adv., 2022, 12, 33737–33750 | 33739
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Fig. 1 X-ray patterns of raw laterite (LAT) and calcined laterite at
600 °C (LAT600).

Fig. 2 FTIR spectra of raw laterite (LAT) and calcined laterite at 600 °C
(LAT600).
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Germany) operating with a copper target. During the measure-
ments the working voltage and electric current were 40 kV and
40 mA, respectively. While the step scan was 0.02° with a time
counting per step of 0.45 seconds. The 2q range was 5 to 70°.
Before running the analysis, the collected fragments from
mechanical test were ground and sieved at 80 mm.

2.3.6 Scanning electron microscopy (SEM). Samples
observed using scanning electron microscopy (SEM, Zeiss Ultra
Plus device. Oulu, Finland) coupled with EDS are obtained from
the debris collected from samples aer the mechanical test was
carried out. The acceleration voltage used was 40.0 kV. Prior to
the SEM examination, the pieces were rst mounted in epoxy
moulds, then polished and coated with carbon. Analyses were
carried out using a backscatter electron detector, a 15 kV
acceleration voltage, and a working distance of about 8 mm.

2.3.7 Water absorption, apparent porosity and bulk
density. Water absorption, porosity and bulk density of the
consolidated binders were determined using ASTM C 642.50 The
conditioning methods outlined in the standard were followed
and three samples were prepared and tested. The results pre-
sented are the average of the three tested samples.

2.3.8 Mechanical properties. The compressive strength was
measured on consolidated samples at 7 and 28 days, using
a compressive testing machine (Instron 6959 instrument) with
a constant displacement rate of 0.5 mm min−1. The results are
the average value of 5 tested samples for each formulation. In
eqn (4), the letters F, s, and d stand for the force in Newtons (N),
cross-sectional area (mm2), and compressive strength (MPa),
respectively and error bars denote standard deviation of
measurements obtained from ve specimens.

d = F/s (4)

2.3.9 Mercury intrusion porosimetry (MIP). Pieces
collected from the mechanical test were also assessed using
Mercury Intrusion Porosimetry (MIP). The binder pieces were
used to prepare specimens of∼1 cm3 of volume for the MIP test.
The equipment has two low-pressure ports and one high-
pressure chamber. Mercury intrusion porosimetry (Autopore
IV9500, Micromeritics, Norcross, GA 30093, USA) was carried
out to measure pore size distributions, total pore volume, total
pore surface area, etc. The measurements were conducted with
the following operative conditions: the equilibrium time (10 s)
between pressure limits of 345 kPa and 228 MPa that permits to
identify capillary pores between 0.006 and 350 mm.
3. Results and discussion
3.1 Laterite's characterization

Fig. 1 shows the X-ray patterns of raw and calcined laterites. The
diffractogram of raw laterite (LAT) shows the reection peaks of
kaolinite minerals with broad bands affected by background
noise, reecting the metastability of this kaolinite and the high
potential for iron ion intrusion. It is also observed the less
pronounced halo peak centred between 18 and 32° 2q, repre-
senting the amorphous phase contained within the calcined
33740 | RSC Adv., 2022, 12, 33737–33750
laterite (LAT600). In addition, it was noticed the reection peaks
of the crystalline phases contained in raw and calcined laterite.
The main mineral phases using ICDD database, are quartz
(SiO2), hematite (Fe2O3), maghemite (g-Fe2O3) and ilmenite
(FeTiO3) except kaolinite (Al2Si2O5(OH)4) and goethite (FeOOH)
that were only present in raw laterite. During calcination at
600 °C, kaolinite is transformed to metakaolinite which is
amorphous in X-ray pattern, while goethite is converted to
hematite. The IR spectra of starting and calcined laterite are
showed in Fig. 2. The absorption bands located between 3618
and 3696 cm−1 are attributed to the vibrational modes of O–H
bonds belonging to hydroxylated compounds like goethite and
kaolinite contained in raw laterite (LAT).24,51 These bands dis-
appeared when applied a calcination temperature of 600 °C
(LAT600) conrming the total transformation of kaolinite and
goethite phases into metakaolinite and hematite
respectively.10,11,15,51

The absorption peaks at 1035, 1019 and 910 cm−1 are
assigned to the vibrational modes of Si–O–Si(Al) and Al–OH
bonds of kaolinite mineral.23 Absorption bands located at
1039 cm−1 on spectrum of LAT600 is linked to symmetrical
stretching of Si–O–Al(Fe) indicating the formation of
© 2022 The Author(s). Published by the Royal Society of Chemistry
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amorphous phase requires for the geopolymerization reac-
tion.52 The absorption bands situated at 796 and 756 cm−1 are
assigned to Si–O–Si symmetrical stretching as reported by other
researchers.53,54 The last absorption bands appearing at 530,
534, 466, 443 and 419 cm−1 are attributed to the vibrational
modes of Fe–O, Si–O, Al–O and Fe(Al)–O–Si bonds.10,34,54–58

These absorption bands conrm the partial replacement in the
octahedral site of aluminium cations (Al3+) by iron cations (Fe2+

and Fe3+).
Fig. 3 Flow of fresh laterite based geopolymer pastes for different AS/
LAT600 mass ratios.

Fig. 4 Infrared spectra of 28 days consolidated laterite based geo-
polymer with various AS/LAT600 mass ratios.
3.2 Setting time and owability

The initial and nal setting times recorded on fresh laterite-
based geopolymer binders activated with different ratios of
alkaline solution to solid precursor content are presented in
Table 1, where it can be observed the increase of initial setting
time with the increase of alkaline solution to solid precursor
ratio. The initial and nal setting times are ranged between 96–
192 min and 120–220 min, respectively. Both increasing of
initial and nal setting times with an increase of alkaline
solution (AS) to solid precursor (LAT600) ratios from 0.45 to 0.65
is linked to the rise of quantity of alkali activator during the
mixing. Hence, the increase of AS/LAT600 mass ratios from 0.45
to 0.65 reduced the viscosity of fresh geopolymer paste that
became sticky decreasing the workability followed by the
delaying the setting time as seen in Table 1. Similar trend was
noticed in previous works where the authors claimed that lower
content of alkaline favours the rapid dissolution of solid
precursor resulting in shortest setting time whereas high
content in alkaline solution delays the setting time.59 Setting
times are highly dependent on the AS/LAT600 mass ratios;
increasing the alkali activator content would enrich the entire
system with more uid silica species within the mixes resulting
in a longer setting time.60,61

Fig. 3 displays the owability values of different laterite
based geopolymer mixes measured from mini-slump cone
according to previous studies.34,35 As seen from Fig. 3, the ow of
laterite based geopolymer increased with the increase in AS/
LAT600 mass ratios. The values are 80, 95, 125, 155 and 175
mm, respectively, for geopolymer binders when applied a AS/
LAT600 mass ratio of 0.45, 0.50, 0.55, 0.60 and 0.65. Thus,
increasing the alkaline solution content reduces the solid
precursor (LAT600) content in the mixes. However, the high
ow recorded in sample made with ratio of 0.65 compared to
that of 0.45 is likely linked to the high content of sodium silicate
solution as reported in the existing studies.62 The obtained
Table 1 Initial and final setting times of laterite based geopolymer
samples

AS/LAT600 mass
ratios

Initial setting
time (min)

Final setting
time (min)

Final–initial
time (min)

0.45 96 120 24
0.50 110 140 30
0.55 135 165 30
0.60 160 193 33
0.65 192 220 28

© 2022 The Author(s). Published by the Royal Society of Chemistry
results are in agreement with the trend of setting times and also
quite matches with the observations of other authors using
different aluminosilicates (slag, y ash etc.) where they
concluded that the ratio of the solid precursor to alkaline acti-
vator highly affects the workability, rheology, reactivity and
setting time of geopolymer pastes during the
synthesis.23,59,60,62–66

3.3 Phase's evolution

The infrared spectra of geopolymer binders cured at 28 days
consolidated with different AS/LAT600 mass ratios are depicted
in Fig. 4. The broad absorption bands appearing in the interval
between 3342 and 3349 cm−1 are linked to O–H stretching
vibrations and the lower bands located between 1637 and
1645 cm−1 correspond to bending vibrations of H–O–H
belonging to geopolymer structure.18,67 This implies the
absorption of water molecules from the surface of geopolymer
network conrming the presence of aluminosilicate hydrate in
RSC Adv., 2022, 12, 33737–33750 | 33741
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geopolymer binder as reported by others author.18,67 The less
pronounced absorption bands in the range of 1384–1402 cm−1

are likely due to the stretching vibrations of O–C–O group
belonging sodium carbonate, which is formed from reaction of
atmospheric CO2 with unxed Na+ ions that migrated out of
geopolymer matrix.34,52,57,58,68 Absorption bands at 959–992 cm−1

are attributed to asymmetrical vibrations of Si–O–Al(Fe) bonds.
This region in literature suggests the formation of amorphous
aluminosilicate binder phase during the geopolymerization
reaction.69–72 The absorption bands appearing at 894 and
804 cm−1 are also linked to the stretching of C–O bonds. The
last absorption bands located at 530 and 536 cm−1 are assigned
to vibrational modes of Si–O–Si, Si–O–Al and Fe–O bonds as
reported in literature.10,11,18,24,58

Fig. 5 exhibits the X-ray patterns of consolidated laterite
based geopolymers with various AS/LAT600 mass ratios cured at
28 days. The halo diffused peak appearing in the calcined
laterite (LAT600) from 18 to 32° 2q, shied to 20 and 40° (2q)
aer alkaline activation suggesting the newly formed amor-
phous phase responsible for the strength development. The
reections attributable to crystalline phases such as: quartz (a-
SiO2), hematite (Fe2O3), maghemite (g-Fe2O3), and ilmenite
(FeTiO3) in calcined laterite (LAT600) were identied. This
suggests that these mineral phases have not totally involved in
geopolymerization reaction. However, it is observed the
formation of fayalite (FeSiO4) as newly formed phase within the
geopolymer samples according to XRD analysis. The presence of
fayalite on different diffractograms indicates that some iron
mineral compounds would have been altered in alkaline
medium during the geopolymerization as reported by existing
studies on different aluminosilicate with noticeable amount of
iron minerals.73,74 The presence of the peak attributed to
carbonates in FT-IR spectra (Fig. 4) complies with the presence
of siderite (FeCO3) at around to 26° in 2q. This compound can
be attributed to the appearance of solid/gas reactivity products
combining the freshly produced Fe2O3 (during the calcination
step at about 360 °C75) from goethite (FeOOH), with
Fig. 5 X-ray patterns of consolidated laterite based geopolymers with
various AS/LAT600 mass ratios.

33742 | RSC Adv., 2022, 12, 33737–33750
atmospheric CO2. We have not noticed any trace of efflores-
cence at the surface of the nal products conrming the
formation of this new carbonated phases could occur within the
volume of the geopolymer.

The presence of concentrated NaOH solution slightly
increase the solubility of hematite according to the reaction of
formation of sodium ferrite, NaFeO2:76

Fe2O3(s) + 2NaOH(aq) 4 2FeO2
− + 2Na+ + H2O (5)

as indicated by the constant intensity of the hematite peaks
(compare LAT600, Fig. 1).
3.4 Mechanical properties

Fig. 6 illustrates the evolution of compressive strength of
consolidated laterite based geopolymer binders cured at 28 days
as a function of AS/LAT600 mass ratios. The values are 49.6,
50.4, 54.41, 51.20 and 46.40 MPa, respectively for the samples
made with AS/LAT600 mass ratios of 0.45, 0.50, 0.55, 0.60 and
0.65. It is noticed that the mechanical performance increases
with the liquid to solid ratio till reaching the maximum at
54 MPa at 0.55. Further increasing in AS/LAT600 mass ratio
above 0.55 caused a decrease in compressive strength from
54.41 to 46.40 MPa. We are aware that these differences in the
mechanical performance of the consolidated materials are not
that relevant since values are very close, yet we are condent
that a slight increase at about 0.55 value of the ratio is somehow
evidenced by our data. Therefore, applying a AS/LAT600 mass
ratio of 0.55 should be considered the optimum of alkaline
solution content with best workability that ensured best
mechanical performance, allowing the high dissolution of
calcined laterite resulting in polycondensation during the geo-
polymerization reaction. Thus, increasing the AS/LAT600 mass
ratio above 0.55 may favour high dissolution of reactive phase
from solid precursor but this could have delayed the poly-
condensation rate of dissolved species as the diffusion became
difficult as reported by others authors.13,21 This would allow the
formation of a weak structure justifying the slight reduction in
Fig. 6 Compressive strength of geopolymer products cured at 28
days.
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strength development. In addition, the high content of alkaline
solution used for geopolymer synthesis delaying the poly-
condensation rate may cause the formation of voids within the
microstructure of the hardened geopolymers, affecting the
mechanical performance. This quite matches with the ndings
of Heah et al.23 who stated that using a high amount of alkaline
solution medium in the mixture for geopolymer synthesis
delays the contact between the activating solution and solid
precursor.
3.5 SEM/EDS

Fig. 7 exhibits the SEM images of geopolymer specimens made
with AS/LAT600 mass ratios of 0.45, 0.50, 0.55, 0.60 and 0.65,
respectively. All the microstructures appear very homogeneous
and nearly totally densied. It is noticed the appearance of
micro ssures with few accessible voids alongside the micro-
graphs of samples made with AS/LAT600 mass ratios of 0.45,
0.60 and 0.65. The formation of thesemicro ssures affected the
strength development recorded on these samples. The formed
Fig. 7 SEM images of laterite based geopolymer made with different so

© 2022 The Author(s). Published by the Royal Society of Chemistry
binder phase from sample made with 0.45 was not or enough
sufficient to allow better cohesion between different particles
within the geopolymer matrix compared to specimens made
with ratios equal to 0.50 and 0.55. However, using a high AS/
LAT600 ratio, above 0.55, the high content of Na+ within the
geopolymer matrix remains unxed to matrix and it could
migrate out and react with CO2 from atmosphere, justied by
the pronounced absorption band close to 1400 cm−1 on
samples made with 0.60 and 0.65 according to FTIR spectros-
copy analysis explained earlier (Fig. 4). This side reactivity of
Na+ ions results in poor and lesser compact structure affecting
the mechanical properties.12,19,20,23 Conversely, using 0.55 of AS/
LAT600 mass ratio promoted the high dissolution of solid
precursor favouring the important formation of geopolymer
binder favourable to the achievement of a strong and densied
structure.

Fig. 8–10 highlight the micrographs and elemental map
exhibiting the distribution of elements within the matrices of
geopolymer samples consolidated with 0.45, 0.55 and 0.65 of
lid/liquid ratios.

RSC Adv., 2022, 12, 33737–33750 | 33743
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Fig. 8 Micrograph of elemental map of laterite based geopolymer consolidated with 0.45.

Fig. 9 Micrograph of elemental map of laterite based geopolymer consolidated with 0.55.
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alkaline solution to calcined laterite powder mass ratio,
respectively. From Fig. 8 and 9, it is observed the homogeneous
distribution of the main atoms like Na, Si, Al, Fe alongside the
micrographs of samples made with 0.45 and 0.55 compared to
that of 0.65 (Fig. 10). This homogeneous distribution is linked
to the geopolymer binder which is enough produced in geo-
polymer sample labelled 0.55 ensuring the high strength ach-
ieved. Whereas in geopolymer sample made with alkaline
solution to calcined laterite powder ratio of 0.65 the distribution
is not similar to that of 0.55, this quite explains the low poly-
condensation or polymerization between different oligomer
species that did not ensure the high production of geopolymer
binder require for the strength development. Finally, the
33744 | RSC Adv., 2022, 12, 33737–33750
observed heterogeneous distribution of Na, Si, Al, Fe atoms in
the matrix of sample made with 0.65 (Fig. 10) is due to the low
geopolymerization reaction. From this mapping the geopolymer
binder is mainly amorphous sodium-polysialiate or polyferro-
sialate binding phase types.33,42
3.6 Sorptivity

The results of sorptivity test applied on calcinated laterite based
geopolymer samples made with AS/LAT600 mass ratios of 0.45,
0.50, 0.55, 0.60 and 0.65 are presented in Fig. 11. The sorptivity
parameters are reported in Table 2. From Fig. 11, it is observed
a rapid increase of water rate penetration at early time up to
50 min in all the laterites based geopolymer series consolidated
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Micrograph of elemental map of laterite based geopolymer consolidated with 0.65.

Fig. 11 Capillary water absorption test of laterite based geopolymer
binders cured at 28 days.
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which became slow and almost constant as evident in the slopes
of the lines as shown in Fig. 11. In addition, it is also noticed the
increase in capillary absorbed water with the rise of AS/LAT600
mass ratios above 0.55. This is likely to be related to the high
content of alkaline that delay the polycondensation rate of
dissolved calcined laterite in contact of alkaline solution
allowing the formation of poor or less compact structure
Table 2 Physical parameters from sorptivity test recorded on consolida

Geopolymer samples (mass ratio) 0.45 0.5

Capillary water absorption coefficient, K
(mg cm−2 S0.5)

9.50 � 0.08 9.5

Coefficient correlation, r 0.93 � 0.06 0.9
Total water absorption (%) 19.80 � 0.05 20.5
Bulk density (g cm−3) 2.21 � 0.07 2.2

© 2022 The Author(s). Published by the Royal Society of Chemistry
exhibiting the open voids and micro ssures alongside the
matrix favourable for suction of liquid water during the
measurements. This is justied by the increase in total water
absorption from 19.80 to 24.20% as seen in Table 2. Hence for
the samples made with AS/LAT600 mass ratio of 0.45, 0.50 and
0.55, which exhibited low capillary water absorption coefficient
and total water absorption compared to those made with 0.60
and 0.65 (Table 2). This result is in agreement with the trend of
mechanical strength recorded on geopolymer series.
3.7 Water absorption, apparent porosity and bulk density

Fig. 12 depicts the data of water absorption, porosity and bulk
density recorded consolidated geopolymer specimens cured at
28 days. It appears that the water absorption and porosity
increase with the rise of AS/LAT600 mass ratios from 20 to 23%
and 36 to 46%, respectively. Such increase is explained by the
fact that rising the AS/LAT600 mass ratios from 0.45 to 0.65 led
appear progressively the formation of voids and pores within
the matrix able to retain water when samples are immersed in
water for the test. Hence, using a high AS/LAT600 mass ratio
displayed the formation of less compact geopolymer matrix
with accessible voids that caused the reduction in mechanical
performance and justifying the rise of water absorption and
porosity. However, the bulk density of synthesized geopolymer
remains almost constant close to 2.23 g cm−3 on the samples
made with 0.45, 0.50, 0.55 and 0.60. While it is noticed a slight
ted geopolymers

0.55 0.60 0.65

5 � 0.94 9.76 � 0.35 10.86 � 0.01 10.64 � 0.01

2 � 0.03 0.98 � 0.03 0.92 � 0.06 0.93 � 0.01
6 � 0.01 21.59 � 0.65 23.92 � 0.09 24.21 � 0.05
2 � 0.073 2.22 � 0.07 2.23 � 0.07 2.14 � 0.06
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Fig. 12 Water absorption and porosity of laterite based geopolymer
binders.
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decrease on sample made with 0.65 reaching 2.14 g cm−3. This
decrease is probably linked to the open voids that occurred
within the matrix rendering this sample a bit lighter compared
to others. This trend is in line with the results of water
absorption and porosity.

3.8 Mercury intrusion porosimetry

Fig. 13 depicts the results of cumulative intrusion vs. log pore
diameter (Fig. 13(i)), differential intrusion vs. log pore diameter
Fig. 13 Cumulative volume intrusion (i), differential intrusion (ii) and cum
of selected geopolymer specimens.

33746 | RSC Adv., 2022, 12, 33737–33750
(Fig. 13(ii)) and cumulative pore area vs. log pore diameter
(Fig. 13(iii)) recorded on selected geopolymer specimens. The
cumulative Hg volume intrusion values are 0.11, 0.16, 0.17,
0.20 mL g−1, respectively for geopolymer samples prepared with
the AS/LAT600 mass ratio of 0.55, 0.45, 0.50 and 0.60 as shown
in Fig. 13(iv). It is observed that the geopolymer sample made
with AS/LAT600 mass ratio of 0.55 exhibits lower Hg volume
intrusion corresponding to optimum mixture. This agrees with
the trend of mechanical strength where the same formulation
developed the highest mechanical performance (54.41 MPa).
The increase in total volume cumulative intrusion could be
linked to the progressive appearance of open voids, micro
ssures and pores within the geopolymer matrix affecting the
mechanical performance. Hence using lower alkaline solution
content limits the propagation of open voids into matrix justi-
fying the formation of dense and compact structure exhibiting
high mechanical properties. The lower value of cumulative
intrusion recorded (0.11 mL g−1) on geopolymer sample made
with 0.55 compared to others is in line with sufficient formed
geopolymer binder ensuring better cohesion between different
components into the whole system resulting in densied matrix
with fewer accessible voids or pores. This is in accordance with
high performance achieved.

The pore diameter distribution of geopolymers with the AS/
LAT600 mass ratio of 0.55, 0.45, 0.50 and 0.60 is reported in
Fig. 13(ii). It ranged between 0.0056–0.0100 mm for samples
made with 0.45, 0.50 and 0.55; 0.006–0.17 mm for sample made
ulative pore area (iii) and (iv) volume intrusion vs. AS/LAT600mass ratio

© 2022 The Author(s). Published by the Royal Society of Chemistry
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with 0.60. The threshold pores from 0.006 to 0.017 mm for
sample made with 0.60 slightly enlarged compared to others
conrms the modications occurring in the structure when
high alkaline solution content is used.

Fig. 13(iii) exhibits the cumulative pore area of selected
geopolymers. It is observed that the cumulative pore area
increases from 65.20 to 90.93 m2 g−1 with the rise of AS/LAT600
mass ratio from 0.45 to 0.60. Such jump is probably explained
the defect such as open voids, micro ssures and pores occur-
ring into geopolymer matrix. It could be concluded that
increasing the AS/LAT600 mass ratio during the synthesis
seems to affect the pore size evolution, cumulative intrusion
cumulative pore area of geopolymer samples. Similar trend was
reported by Vogt et al.17
4. Discussion

The theoretical chemical composition of geopolymer binder
made with different ratios is given in Table 3. From Table 3 it
has been demonstrated that increasing the alkaline solution
content only affected the Na2O3/Al2O3 and SiO2/Fe2O3 molar
ratios which decreases from 2.00 to 1.40 and from 1.58 to 1.28,
respectively. Whereas the H2O/Na2O and Al2O3/Fe2O3 remain
almost constant and the values are 4.08 and 0.44, respectively
when the alkaline solution content increases. Thus, the
strength development from geopolymer made with calcined
iron-rich laterite activated with varied content of alkaline solu-
tion is like linked to Na2O3/Al2O3 and SiO2/Fe2O3 molar ratios.
The highest mechanical strength (54.41 MPa), lower porosity
and water absorption is achieved on sample made with 0.55
having composition of Na2O3/Al2O3 = 1.64 and SiO2/Fe2O3 =

1.41. This might be attributed due to chemical equilibrium
Table 3 Chemical composition of consolidated geopolymer calcu-
lated on the basis of the different mixes and the oxides content of raw
materials

Oxides (wt%)

Alkaline solution/LAT600 ratio

0.45 0.50 0.55 0.60 0.65

SiO2 20.99 21.25 21.50 21.73 21.94
Na2O 11.65 11.31 10.97 10.66 10.36
H2O 47.62 46.18 44.83 43.55 42.34
Al2O3 5.80 6.30 6.67 7.07 7.45
P2O5 0.06 0.06 0.06 0.07 0.07
SO3 0.02 0.02 0.02 0.02 0.02
K2O 0.04 0.04 0.04 0.05 0.05
CaO 0.02 0.02 0.02 0.02 0.02
TiO2 0.39 0.42 0.45 0.50 0.51
V2O5 0.03 0.04 0.04 0.04 0.05
Cr2O3 0.04 0.04 0.04 0.05 0.05
MnO 0.01 0.01 0.02 0.02 0.02
Fe2O3 13.29 14.32 15.30 16.20 17.06
ZrO2 0.02 0.02 0.02 0.02 0.02
Total 100 100 100 100 100
Al2O3/Fe2O3 0.44 0.44 0.44 0.44 0.44
Na2O/Al2O3 2.01 1.81 1.64 1.51 1.40
SiO2/Fe2O3 1.60 1.48 1.40 1.34 1.28
H2O/Na2O 4.08 4.08 4.08 4.08 4.08

© 2022 The Author(s). Published by the Royal Society of Chemistry
between Na2O, Fe2O3, Al2O3 and SiO2 involved in the geo-
polymerization reaction ensuring good polycondensation
developing a strong and dense matrix with less open voids.
Beyond the alkaline solution/calcined iron-rich laterite ratio of
0.55 it is observed a decrease in compressive strength. Such
reduction is likely linked to less close relationship between
different calcined iron-rich laterite and alkaline solution reac-
tivity. This result demonstrated that calcined iron-rich laterite
plays a role in the release of reactive species generating different
network formation as well as the chemical composition. It is
also worth noting that the novelty of this study stems from the
discovery of a correlation between compressive strength,
porosity, water absorption, bulk density and starting mixture
reactivity. As a result, the positive effects of the activating
solution content on the prepared geopolymer properties can be
accepted.

5. Conclusions

Calcined iron-rich laterite (LAT600) mixed with different alka-
line solution to solid precursor mass ratio to produce geo-
polymer binders. Increasing the AS/LAT600 mass ratio up 0.55
yields good workability, low total pore volume (0.11 mL g−1) and
the best compressive strength of 54.41 MPa with densied
matrix. Whereas further increase beyond 0.55 improved the
dissolution but hinder the polycondensation rate of dissolved
particles leading to the formation less compact structure justi-
fying the decrease in compressive strength. The capillary pore
and cumulative pore area were mainly much inuenced by the
alkaline solution (AS) content, less by calcined laterite powder
(LAT600). Therefore, geopolymer specimens prepared with the
optimal AS/LAT600 mass ratio 0.55 produced an important
amount of geopolymer binder which promoted the develop-
ment of the highest mechanical performance with possible
application for building construction. However, more detailed
research is required to gain a better understanding of the main
governing factors inuencing the geopolymer mix procedure.
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36 C. N. Bewa, H. K. Tchakouté, C. H. Rüscher, E. Kamseu and
C. Leonelli, Inuence of the curing temperature on the
properties of poly(phospho-ferro-siloxo) networks from
laterite, SN Appl. Sci., 2019, 1(8), 916.

37 P. N. Lemougna, A. B. Madi, E. Kamseu, U. C. Melo,
M.-P. Delplancke and H. Rahier, Inuence of the
processing temperature on the compressive strength of Na
activated lateritic soil for building applications, Constr.
Build. Mater., 2014, 65, 60–66.

38 P. N. Lemougna, K.-t. Wang, Q. Tang, E. Kamseu, N. Billong,
U. Chinje Melo, et al., Effect of slag and calcium carbonate
addition on the development of geopolymer from
indurated laterite, Appl. Clay Sci., 2017, 148, 109–117.

39 K. Komnitsas, G. Bartzas, V. Karmali and E. Petrakis, Factors
Affecting Alkali Activation of Laterite Acid Leaching
Residues, Environments, 2021, 8(1), 4.

40 K. Komnitsas, E. Petrakis and G. Bartzas, A novel and
greener sequential column leaching approach for the
treatment of two different Greek laterites, Sci. Total
Environ., 2023, 854, 158748.

41 K. Komnitsas, E. Petrakis, G. Bartzas and V. Karmali,
Column leaching of low-grade saprolitic laterites and
© 2022 The Author(s). Published by the Royal Society of Chemistry
valorization of leaching residues, Sci. Total Environ., 2019,
665, 347–357.

42 R. Y. Nkwaju, J. N. Y. Djobo, J. N. F. Nouping,
P. W. M. Huisken, J. G. N. Deutou and L. Courard, Iron-
rich laterite-bagasse bers based geopolymer composite:
Mechanical, durability and insulating properties, Appl.
Clay Sci., 2019, 183, 105333.

43 C. Nobouassia Bewa, L. Valentini, H. Kouamo Tchakouté,
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