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Characterization and performance evaluation of laterite based geopolymer 30 

binder cured at different temperatures 31 

Abstract 32 

This paper presents the results of experimental evaluation of curing conditions on the 33 

microstructure and performance of geopolymer binders developed from iron-rich laterite soils. 34 

Two calcined iron-rich laterites namely LB600 and LY600 were used as solid precursors in the 35 

preparation of geopolymer binders. The geopolymer samples were cured at 20, 60 and 80°C. 36 

FTIR, XRD, EDS and DTA/TG were used to evaluate the microstructural properties of the 37 

prepared products. The performance of the binder was evaluated in terms of the compressive 38 

strengths, water absorption, porosity, bulk density and thermal conductivity. The findings from 39 

this study showed that the dissolution of the calcined laterites in 8M NaOH increased the 40 

dissolution of Al, Si and Fe elements with increasing temperature from 20 to 80 °C. This higher 41 

dissolution of the monomers further resulted to an increase in the compressive strength of the 42 

binders at 7 and 28 days. It was also found out that curing the geopolymer in the dry state 43 

resulted in higher compressive strength at all ages compared to those cured in the wet and wet-44 

dry state. Drying shrinkage evaluation of the geopolymer samples cured between 60 and 80 °C 45 

exhibited a lower linear shrinkage due to a high degree of geopolymerization. Microstructural 46 

investigation of the geopolymer samples cured at 80 °C showed a heterogeneous compact and 47 

dense structure resulting from high polycondensation. This densified microstructure also 48 

induced an increase in the thermal conductivity from 0.65 to 0.90 W/mK and 0.75 to 0.91 49 

W/mK for LB600 and LY600, respectively. Nonetheless, both geopolymer binders made of 50 

LB600 and LY600 laterite powders performed well in dry, wet and wet-dry conditions, and can 51 

be used for various construction applications especially in the precast industry.  52 

Keywords: iron-rich laterites, geopolymer, reactivity, dry-wet-dry compressive strengths, 53 

microstructure, thermal conductivity, porosity 54 

 55 
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1. Introduction 56 

Laterites are reddish and yellowish soils formed in tropical and subtropical areas. They are 57 

formed as a result of the alteration of kaolinite by iron minerals through the induration 58 

phenomenon. The term “Geopolymer” was coined in the 1970s by the French scientist 59 

Davidovits to classify green cementitious materials obtained from alkali activation of 60 

aluminosilicate powders at temperatures below 100 °C. The structure of geopolymers consists 61 

of repeating units of silico-oxide (Si-O-Si), silico-aluminate (Si-O-Al-O-), Ferro-silico-62 

aluminate (-Fe-O-Si-O-Al-O-) [1–7]. Recently, the geopolymer terminology was also extended 63 

to phosphoric acid activated aluminosilicate materials [8–10].  64 

Recent studies have shown promising results on the viability of using laterite soils as precursors 65 

for the production of geopolymers [11]. Another advantage in the use laterite soils as 66 

geopolymer precursors is their high availability in many regions of the world [12]; hence limited 67 

costs could be associated for transportation operations during the production process making 68 

laterite based geopolymers cheaper and eco-friendlier. Moreover, considering new trends and 69 

regulations on the production of clean-energy there would be an acute deficiency of fly ash in 70 

the near future, which has been one of the most commonly used solid precursor for 71 

geopolymeric binders. Hence, after the termination of thermal power plants, the laterite soils 72 

could also be an alternative to the fly ash in the production of sustainable geopolymer binders. 73 

Laterite could be naturally available in the form of clayey form which is fine like clayed 74 

materials or indurated form which is coarser like gravel or stone. Calcined (550 °C) clayey 75 

laterite was observed to perform well in the development of geopolymers, achieving up to 45 76 

MPa when activated with sodium hydroxide [13]. The mechanical properties of some calcined 77 

indurated laterite were also found to increase with the addition of 20 to 50 wt.% blast furnace 78 

slag to induce the formation of both C-S-H gel and N-A-S-H gel that reinforced the geopolymer 79 
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structure [14]. The effect of the silica modulus of the activating solution on the performance of 80 

geopolymer binders from iron-rich laterite calcined at 600 °C was also investigated by Kaze et 81 

al. [15]. The results from this study showed that 0.75 was the optimum silica modulus to achieve 82 

the highest compressive strength for calcined laterite. Poudeu et al. [16] combined raw laterite 83 

and calcined laterite (i.e. at temperatures of 500-600 °C) to produce a geopolymer products and 84 

found that the synthesized products can serve as a low-cost material for building houses.  85 

Similarly, Kamseu et al. [5] combined raw iron-rich laterite with reactive silica from rice husk 86 

ash as a precursor to produce geopolymers. The findings from the study showed that new 87 

binding phases such as hinsingerite were formed. The formation of these additional products 88 

enhanced the geopolymer binder resulting in a good cohesion between different particles as 89 

well as densification of the interconnected pores in the matrix [16]. The use of meta-halloysite 90 

was also recently observed to improve the Si/Al ratio and properties of calcined iron-rich laterite 91 

based geopolymer [11]. Bewa et al. [1] successfully investigated the use of phosphoric acid as 92 

an activator in the preparation of acid activated calcined laterite. 93 

Generally, the curing temperature is known to affect the resulting properties of geopolymers 94 

[17]. However, most of the studies on the effect of curing temperature were performed with a 95 

geopolymer made with precursors such as metakaolin, fly ash, slag and volcanic ash [4,18–28]. 96 

Hence, in order to enhance applications of laterite based geopolymers, it is important to evaluate 97 

the effect of curing temperatures on the microstructure and performance of such geopolymers. 98 

Besides, there is a high variability in terms of chemistry and mineralogy of laterites worldwide. 99 

Hence, the need to investigate the potential use of locally available laterite in the development 100 

of geopolymer composites. 101 

This study aimed to investigate the effect of curing temperature on the performance and 102 

microstructure of geopolymer binders made from two iron-rich laterites calcined at 600 °C. The 103 
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resulting laterite-based geopolymer pastes were cured at approximately 20 °C, 60 °C and 80 °C 104 

and products characterized using Fourier transformed infrared spectroscopy (FTIR), X-ray 105 

Diffraction (XRD) and Scanning electron microscopy (SEM). Differential scanning calorimetry 106 

coupled with thermogravimetric analysis (DSC/TG) was used to study the behaviour of 107 

different phases formed under high temperatures.  108 

The performance of the geopolymer binders was assessed in terms of the compressive strength, 109 

water absorption, porosity, apparent density, drying shrinkage and thermal conductivity. The 110 

obtained characteristics of the resulting geopolymer binders at different curing temperatures are 111 

presented and discussed in this paper. The properties of the geopolymer binders were also 112 

correlated with the microstructural properties. In order to determine the reactivity of the laterite 113 

soils investigated, the calcined iron-rich laterites were dissolved in 8M of NaOH solution. The 114 

solubility of Al, Si and Fe which are the major elements related to the formation of the 115 

amorphous phase required for geopolymerization reaction were assessed. Also, the stability of 116 

the synthesized binders in water was assessed to tailor the mechanical properties in view to 117 

study their durability in wet and wet-dry conditions for construction purposes.  118 

2. Experimental program 119 

2.1 Materials 120 

The iron-rich laterites were collected from Bamenda (North-West region), this sample 121 

presented a yellow colour, and from Yaoundé (Central Region) located in Cameroon, this 122 

second sample was reddish in colour. After collection, the materials were dried, ground and 123 

sieved to obtain particles less than 60 µm. The obtained powders from both laterites were 124 

calcined at 600 °C for 4 h at a heating rate of 5 °C/min in a programmable electric furnace 125 

according to previous works [15,29]. The obtained calcined powders were labelled LB600 and 126 

LY600 for laterites obtained in Bamenda and Yaoundé, respectively.  127 
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The alkaline solution used as the activator in this study is composed of a mixture of 8M sodium 128 

hydroxide and sodium silicate. The choice of the value of NaOH was deduced from a published 129 

work investigating the effect of soda concentration on laterite geopolymerization; in particular 130 

we took the minimum, yet still efficient, value of NaOH molarity [15]. The 8M sodium 131 

hydroxide was prepared by dissolving the required amount of sodium hydroxide pellets with a 132 

purity of 99.9% in distilled water. A commercial sodium silicate solution with weight ratio 133 

SiO2/Na2O of 3.00 ± 0.05 was used (commercial production imported by Ingessil, Verona. 134 

Italy). The weight ratio of the sodium silicate to sodium hydroxide was fixed at 2 for all 135 

mixtures. The alkali solutions admixture was prepared at approximately 24 hours before their 136 

use to allow the solutions to cool down to room temperature.  137 

2.2 Geopolymer binder’s preparation 138 

To prepare the geopolymer pastes, each calcined iron-rich laterites was mixed at a liquid to 139 

solid mass ratio of 0.60 based on the optimum ratio determined from previous works [15, 30]. 140 

The paste was mechanically mixed for 5 minutes in order to achieve a homogenous plastic 141 

paste. After the mixing was completed, the fresh mixture was poured into moulds of suitable 142 

geometries for the tests to be carried out. Immediately after casting, the moulds were covered 143 

with a thin film of plastic sheet to prevent water evaporation from the samples and carbonation 144 

effect on the samples.  145 

With the aim of investigating the effect of the curing process, the geopolymer samples were 146 

divided into three series. The first series was cured at room temperature (i.e. 20 ± 3 °C) and 147 

demoulded after 24h. The second series and third series were immediately placed in an oven 148 

with a temperature of 60 °C and 80 °C, respectively for 2 hours followed by the room 149 

temperature curing until testing age (i.e. 7 and 28 days). We noticed a setting time around 43-150 

124 min, at 20°C, as reported in a previous work [15]. 151 
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Table 1 presents a detailed summary of the employed curing regime (20, 60 and 80°C) for the 152 

synthesis of the geopolymer binders from both calcined iron-rich laterites LB600 and LY600. 153 

The mixture ID in Table 1 are based on the source of the laterite soil and curing temperature 154 

employed. For example, LB60 and LB80 indicate laterite obtained from the Bamenda region 155 

and cured for 2 hours at 60 and 80 °C, respectively.  156 

Table 1 Labelling of the investigated geopolymeric binders 157 

 158 

Source Mixture ID Initial Curing temperature (°C) 

 

Bamenda 

LB20 

LB60 

LB80 

20 (24 h, then demoulding) 

60 (2h, then demoulding) 

80 (2h, then demoulding) 

 

Yaoundé 

LY20 

LY60 

LY80 

20 (24 h, then demoulding) 

60 (2h, then demoulding) 

80 (2h, then demoulding) 

 159 

2.3 Characterization methods 160 

The chemical composition the raw laterites was determined using X-ray fluorescence 161 

spectrometer Bruker S8 Tiger. Before the analysis, each sample was ground to powder, mixed 162 

with lithium borated salt and then vitrified within a Pt crucible at 1060 °C. The loss on ignition 163 

at 1050 °C was considered to perform the calculation of the final chemical compositions. The 164 

mineralogical composition of the raw and calcined laterites as well as geopolymer powdered 165 

samples were identified using X-ray diffraction (XRD) with Brucker-AXS D8 Advance Debye-166 

Sherrer type diffractometer.  167 

Measurements were performed, using a step-scan mode in the range 5.02° ≤ 2θ ≤ 80°, with a 168 

counting time of 10.1 s per 0.02° step (2θ). Crystalline phases were identified by comparing the 169 
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peaks with PDF standards (Powder Diffraction Files) from ICCD (the International Center for 170 

Crystallography Data). In all cases, the Kα1 wavelength of copper (λ=1.5418 Ǻ) was used.  171 

The particle size distribution in both calcined laterites was determined using a Mastersizer 2000 172 

Ver. 5.22 (Malvern instruments Ltd.) indicating the particle size in both materials ranged from 173 

0.01 to 100 µm. The values of d0.1, d0.5 and d0.9 were respectively 2.61, 24.10 and 65.00 µm for 174 

LB600 and 2.03, 21.02 and 62.51 µm for LY600. 175 

Attenuated total reflectance (ATR-FTIR) Fourier transform infrared spectroscopy technique 176 

was used to determine the main characteristic chemical groups in the raw, calcined and 177 

consolidated materials. For this study, a Nicolet 6700 apparatus from Thermo Scientific was 178 

used. For the measurements, each sample was placed over a reflective crystal medium where 179 

light passed through. A portion of the light was absorbed, and the remaining energy travelled 180 

back into the instrument and then converted using Fourier transform analysis and displayed. 181 

The medium was made of a material with a high refractive index. The reaction cell was then 182 

fixed onto the diamond ATR crystal, and FTIR spectra data were recorded over the range of 183 

4000 to 400 cm-1 at a resolution of 2 cm-1 with 32 scans.  184 

Differential thermal and thermogravimetric analyses (DTA and TGA) were carried out between 185 

25 °C and 1200 °C at 5 °C/min under dry air atmosphere using Labsys Evo DTA-TGA 186 

equipment from SETARAM instrumentation. The samples were previously crushed and sieved 187 

at 100 µm, then oven-dried at 40 °C for at least one week (until the achievement of no mass 188 

variation). Alumina powder, previously heated at 1500 °C for one hour, was used as reference 189 

material. Specimens and reference powders were analyzed in the platinum crucible, using 190 

aliquots of 50 mg. 191 

Collected pieces of laterites based geopolymer series obtained from mechanical testing were 192 

used for microstructural observations using a Zeiss Ultra Plus device. The pieces were first 193 
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mounted in epoxy moulds, then polished and coated with carbon prior to the SEM examination. 194 

Analyses were performed with a backscatter electron detector, 15 kV acceleration voltage and 195 

about 8 mm working distance. 196 

The reactivity of the calcined iron-rich laterite powders (labelled LB600 and LY600) was 197 

performed using the dissolution test methods based on past studies [31–33]. Three (3) grams of 198 

each calcined iron-rich laterite powder was poured into a polypropylene container containing 199 

35 mL of sodium hydroxide (NaOH) 8M solution. Afterwards, the different samples contained 200 

in the beaker were preheated for 30 minutes with an electric heating plaque at the three curing 201 

temperatures of 20, 60 and 80 °C. The mixes were then stirred at 1500 rpm for 6 h at 20 °C 202 

using a centrifuge. The centrifuge was used to separate the residue and the left solution. Each 203 

sample was filtered using a 0.50 µm paper filter. Before carrying out the main elemental 204 

composition some drops of nitric acid were added to lower the filtrate pH below 2 based on the 205 

observation made by Adesanya et al. [31]. For each sample, the elemental composition in the 206 

obtained filtrate after the dissolution was analyzed using inductively coupled plasma optical 207 

emission spectroscopy (ICP-OES) equipment Optima 2000 DV (Perkin Elmer, Waltham, MA, 208 

USA). This analysis would give the percentage of dissolved Si, Al and Fe from both calcined 209 

iron-rich laterites. 210 

2.4 Performance of geopolymer binders 211 

The dry, wet and wet-dry compressive strengths were carried out on samples cured at 20, 60 212 

and 80 °C after 7 and 28 days, accordingly to some previous studies [13,34,35]. The dry 213 

compressive strength indicates the samples that were cured in a dry state while the wet 214 

compressive strength indicates the samples that were immersed in water and cured in different 215 

temperatures (i.e. 20, 60 and 80 °C). The wet-dry samples indicate samples subjected to wet 216 

and dry states while subjected to various curing temperatures.  217 
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The compressive strength evaluation was carried out on cubic samples with a dimension of 50 218 

mm using the Instron® 1195 compression machine with a displacement of 0.5 mm/min which 219 

yields a loading rate in the range of 900 to 1800 N/s in accordance with ASTM C 109 [36]. For 220 

each mixture, three samples were tested, and the average compressive strength at each age 221 

presented. The compressive strength of each sample was obtained using Equation 1. Where F 222 

and S represent the maximum load at failure in Newton (N) and the surface area of the samples 223 

in square millimetres (mm2), respectively.  224 

𝜎 =  
  𝐹

 𝑆
                     (𝟏) 225 

The apparent density, water absorption and porosity of the geopolymer binders were determined 226 

in accordance to the test methods in ASTM C 642 – 06 [37] using cylindrical samples with a 227 

height of 50 mm and height of 100 mm.  228 

The drying shrinkage of the mixtures was evaluated using prisms samples with a dimension of 229 

25 mm x 25 mm x 250 mm. The drying shrinkage was evaluated based on the length change 230 

following the test procedures in ASTM C 157 [38]. For each curing regime, four samples were 231 

tested and the average result presented.  232 

3. Results and discussion  233 

3.1 Characterization of materials 234 

The mineralogical phases present in the raw and calcined laterites are reported in Figure 1 and 235 

Figure 2 for laterite obtained at Bamenda and Yaoundé, respectively. In raw laterites, the 236 

reflection peaks of goethite (α-FeO(OH) PDF# 00-046-1045), kaolinite (Al2Si2O5(OH)4, PDF# 237 

01-083-4643), quartz (SiO2, PDF# 00-046-1045); hematite (α-Fe2O3, PDF # 04-003-2900); 238 

ilmenite (FeTiO3, PDF# 04-015-9381); maghemite (γ-Fe2O3, PDF# 01-084-1595) were 239 

observed, with a prevalence of goethite in LY responsible for its more reddish colour. After the 240 
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calcination of both raw iron-rich laterites at 600°C, the reflection peaks of goethite and kaolinite 241 

disappeared indicating the transformation goethite into hematite and crystalline kaolinite into 242 

amorphous metakaolinite. Thus, 600 °C appears as effective calcination temperature of iron-243 

rich or indurated laterites for the preparation geopolymer binders. 244 

The chemical compositions of both laterites used as aluminosilicate precursors are presented in 245 

Table 2. It can be seen that both materials are mainly composed of Fe2O3, SiO2 and Al2O3 as 246 

main oxides. Besides, the sum of the main oxides in LB600 and LY600 was 84 and 82%, 247 

respectively. This chemical composition justifies their pozzolanic nature which may also make 248 

the calcined laterite suitable for potential use as supplementary cementitious materials.  249 

 250 

Figure 1 X-ray patterns of raw (LB) and calcined iron rich (LB600) laterites 
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 251 

Table 2. Chemical composition (wt%) of the two laterites (L.O.I. is loss on ignition at 1050 252 

°C). 253 

Oxides  LB600 LY600 

Al2O3  17.91 14.94 

SiO2  25.56 22.30 

P2O5  0.18 0.23 

SO3  0.05 0.03 

K2O  0.12 1.01 

CaO  0.06 1.00 

TiO2  1.21 2.04 

V2O5  0.12 0.12 

Cr2O3 

MnO 

Fe2O3 

ZrO2 

L.O.I. 

 0.13 

0.05 

41.01 

0.05 

13.55 

0.02 

0.03 

44.30 

0.02 

13.96 

 254 

 255 

Figure 2 X-ray patterns of raw (LY) and calcined iron rich (LY600) laterites 
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Table 3. Calculated chemical composition of the two laterite-based geopolymeric binders. 256 

Liquid to solid ratio 0.6 0.6 

Oxides  GP-LB600 GP-LY600 

SiO2 21.73087 20.47609 

Na2O 9.309582 9.324686 

H2O 44.90345 44.9763 

Al2O3 7.075789 5.911993 

P2O5 0.071113 0.091015 

SO3 0.019754 0.011871 

K2O 0.047409 0.399673 

CaO 0.023704 0.395716 

TiO2 0.47804 0.80726 

V2O5 0.047409 0.047486 

Cr2O3 0.05136 0.007914 

MnO 0.019754 0.011871 

Fe2O3 16.20201 17.53021 

ZrO2 0.019754 0.007914 

Total 100 100 

 257 

3.2 Reactivity of solid precursors 258 

The theoretical chemical composition of the geopolymer pastes are collected in Table 3. Both 259 

geopolymeric pastes are composed mainly of Fe2O3, SiO2 and Al2O3 while other elements (Ti, 260 

Na, K, P, Ca) exist in the trace (Table 3). Hence, we concentrated our leaching in NaOH only 261 

on these three species: Al, Si and Fe. The reactivity test results of the dissolution of both LB600 262 
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and LY600 powders in 8M of NaOH solution at different temperatures are shown in Figure 3. 263 

It is noticed that the dissolution in both materials was enhanced by increasing the temperature 264 

from 20 to 80 °C. Both calcined precursors recorded low solubility of Si, Al, and Fe elements 265 

at room temperature (20°C). The values were 5, 12 and 18 wt%; respectively for Si, Al and Fe 266 

from LB600, and 4, 11 and 15 wt% from LY600.  267 

At 60 and 80 °C the solubility of Si, Al, and Fe was respectively 11, 29, 37 wt% and 14, 35 and 268 

41 wt%, for LB600; 10, 26 and 34 wt.% and 12, 32 and 38 wt.%, for LY600. The increase in 269 

dissolved Si, Al, and Fe elements in both solid precursors suggests that the rise of curing 270 

temperature of 20 to 80 °C has favoured the dissolution of some crystalline phases (containing 271 

Al, Si and Fe elements) that released the additional Si, Al and Fe. Higher dissolution is known 272 

to favour higher reactivity during the geopolymerization process, hence, better strength 273 

development. 274 
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 275 

Figure 3 Dissolution rate of Al, Si and Fe at 20, 60 and 80°C (a) LB600 (b) LY600  

(a) 

(b) 
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3.3 Characterization of geopolymer products 276 

3.3.1 Phases evolution 277 

Figure 4 presents the infrared spectra with information related to the chemical bonds in both 278 

geopolymer products cured at 20 and 80 °C. The absorption bands located between 3391 and 279 

3404 cm-1 belonging to samples cured at room temperature (20 °C), respectively in Figure 4a 280 

and Figure 4b are linked to the stretching band of O-H of water molecules. This band decreased 281 

for geopolymer products oven cured at 80 °C. This band reduction could be either due to higher 282 

consumption of water during the geopolymerization reaction or over-drying during oven curing. 283 

The second less pronounced bands at about 1640 cm-1 and 1652 cm-1 are also assigned to the 284 

bending vibration mode of the O-H bond.  285 

In both geopolymer specimens, LB20 and LY20 (cured at 20 °C), the characteristic bands 286 

appearing between 956 and 965 cm-1 (belonging to geopolymer footprint). These bands shifted 287 

to higher wavenumbers 970 and 976 cm-1 with high intensity for both geopolymer LB80 and 288 

LY80 samples oven cured at 80 °C. This indicates that increasing the temperature from 20 to 289 

80 °C seems to favour the high dissolution of both calcined raw materials in alkaline solution 290 

by extending the quantity of geopolymer binder within the matrix as stated by several published 291 

previous works [4,13,28]. Also, this shift could be associated with the introduction of Fe2+ or 292 

Fe3+ in -Si-O- bond as network modifier as reported by Gomes et al. [39] and Iacobescu et al. 293 

[40]. 294 

However, the less pronounced bands in both geopolymer samples at 893, 1379 and 1401 cm-1 295 

are attributed to CO3
2- group that formed from the reaction between unreacted sodium ions 296 

leached out of matrix with CO2 of atmosphere namely efflorescence phenomenon. Whereas the 297 

scheduled band appearing at 880 cm-1 in both geopolymer products described the vibration 298 

mode of Si-O-Fe [41]. The stretching vibration mode of Si-O bond in quartz mineral [42] 299 
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detected by XRD analysis is located at 690 cm-1. Finally, the last bands at 428, 537 and 562 cm-300 

1 are assigned to the vibration mode of Fe-O and Si-O-Fe(Al) bonds in the geopolymer binder 301 

network, respectively [30,43].  302 

It is worth mentioning that the absorption bands located at 893 cm-1 in both geopolymer series 303 

cured at 20 °C are likely linked to the C-O vibration of siderite (FeCO3, Sd, JCPDS N°. 29-696) 304 

confirmed by XRD analysis. This band disappeared with increasing temperature from 20 to 80 305 

°C suggesting the lower reactivity of iron minerals in the alkaline medium due to their 306 

precipitation as iron hydroxide in contact of the alkaline solution as reported by other authors 307 

in the literature [31,44]. The comparable observation was reported by Onisei et al. [45] during 308 

the geopolymer binders from the fayalite-rich slag. 309 

 310 

 311 

 312 
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 313 

Figure 4 FTIR spectra of geopolymer composites (a) LB20 and LB80 (b) LY20 and LY80 

(a) 

(b) 



19 
 

Figure 5 shows the X-ray patterns of both geopolymer binder specimens obtained from LB600 314 

and LY600 powders cured at 20 and 80 °C. Both geopolymer series appeared amorphous and 315 

exhibited a pronounced hump located between 20 and 30° 2Ɵ range which justifies the effective 316 

formation of geopolymer binder obtained from the dissolution of reactive phase contained in 317 

both solid precursors used in this project. However, although the appearance of this hump on 318 

their X-ray patterns, some mineral peaks of hematite, quartz and maghemite, existing in both 319 

calcined solid precursors remain unaltered after alkaline activation. This suggests their non-320 

participation into geopolymerization reaction.  321 

By comparing the diffractograms of resulting geopolymers cured between 20 and 80 °C, it is 322 

observed the formation of newly formed crystalline mineral phases like siderite (FeCO3, Sd, 323 

JCPDS No. 29-696) and fayalite (Fe2SiO4, Fa, JCPDS No. 34-178). Both solids precursors used 324 

in the present study are Fe-rich laterites and the iron minerals like hematite and maghemite in 325 

which the iron is in Fe3+ could be oxidized to Fe2+ in alkaline solution. When the reflection 326 

peaks of these iron mineral compounds decreased with increasing temperature from 20 to 80°C 327 

(X-ray diffractograms of geopolymers Figure 5). It appears some new crystalline mineral 328 

compounds containing iron such as Fayalite and siderite, which were detected in the 329 

geopolymer binders formed by XRD analysis. This suggests that a few amounts of these iron 330 

mineral phases contained in both solid precursors have reacted with silicate species to form 331 

fayalite and another one reacted with CO2 from the atmosphere to form siderite. This quite 332 

matches the results of FTIR where the carbonate bands were attributed to the carbonation of 333 

Fe2+ and Na+. Further details request Mossbauer spectroscopy which will be performed in the 334 

future in case an opportunity arises. 335 

The more pronounced reflection peaks of fayalite formed in both geopolymer samples cured at 336 

80°C are in line with previous works where the authors claimed that the iron silica compound 337 

is formed by a reaction involving iron mineral with dissolved silica at curing temperature of 50 338 



20 
 

to 200 °C [5,46]. Thus, using oven curing at 80 °C might cause a partial dissolution or alteration 339 

of iron minerals and then allowed the formation of fayalite which was more pronounced on 340 

these samples.  341 

At variance, the formation of siderite at room temperature might be described by the fact that 342 

the formed mineral does not belong to the binding phase or exists as an isolated compound. 343 

Hence, the possible integration of iron atoms in a geopolymer network could be related to the 344 

instability of iron minerals in alkaline solution which seems to influence the oxidation of Fe2+ 345 

to Fe3+ [45]. Therefore, the non-incorporated Fe3+ (as non-geopolymer network forming) as 346 

unreacted Na+ could migrate out of the geopolymer matrix and could fix the CO2 from the 347 

atmosphere as reported in previous work [30]. Nonetheless, further studies such as Mössbauer 348 

spectroscopy analysis can be carried out to have more understanding about the iron behaviour 349 

(i.e. in terms of coordination state) at this stage which is not the main target of the research 350 

conducted in this paper. 351 
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 352 

 

 

Figure 5 X-ray patterns of (a) LB20 and LB80 (b) LY20 and LY80 

(a) 

(b) 
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3.3.2 Compressive strength 353 

3.3.2.1 Effect of curing temperature 354 

The compressive strengths of both geopolymer series obtained from LB600 and LY600 are 355 

presented in Figure 6. From Figure 6, it is observed that the mechanical properties increased 356 

with the rise of temperature from 20 to 80°C and with curing age of 7 to 28 days. The values 357 

ranged between 18.10 to 28.90 MPa and 15.50 to 29.90 MPa respectively for geopolymer 358 

samples from LBi (i= 20, 60 and 80 °C) and LYi (i= 20, 60 and 80 °C) series cured at 7 days 359 

(Figure 6a). At 28 days, these values were 23.30 to 31.12 MPa and 25.24 to 32.20 MPa, 360 

respectively (Figure 6b).  361 

Both calcined iron-rich laterites possess similar behaviour in strength development due to their 362 

similarity in mineralogical and chemical composition even though they have been harvested in 363 

two different localities in Cameroon far away from each other (i.e. 405 km apart). However, 364 

using oven curing during the synthesis had a positive effect on the mechanical performance of 365 

elaborated inorganic polymers (geopolymers). For example, increasing curing temperature 366 

from 20°C to 80 °C led to an improvement in mechanical strength.  367 

The compressive strength of LB60 and LB80 is approximately 40 and 65% respectively, higher 368 

than that of LB20 at 7 days. Similarly, the compressive strength for LY60 and LY80 samples 369 

is approximately 44 and 92% respectively, higher than that of LY20 at 7 days. Whereas at 28 370 

days, these values slightly increased between 11 to 29% and 14 to 34% for LYi(i= 20, 60 and 371 

80°C) and LBi(i= 20, 60 and 80 °C) geopolymer series, respectively.  372 

The increasing compressive strength with higher curing temperature can be ascribed to the 373 

rising rate of kinetic reaction and high dissolution of reactive phase (mainly metakaolin) 374 

contained in both solid precursors resulting in a high degree of geopolymerization leading to 375 

high polycondensation or polymerization between Si, Al and Fe species. This trend is also in 376 

line with the results of the dissolution of both calcined laterites explained earlier. Besides, the 377 
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elevated curing temperature at 60 and 80 °C used for the geopolymer binders allowed strength 378 

development during an early age (i.e. at 7 days). This suggests that the geopolymer matrix 379 

became more compact and denser by the initial curing at 60 and 80 °C for 2 hours, justifying 380 

the high strength gained on these samples. A similar trend has been reported in other studies 381 

where other aluminosilicates were used and increasing the curing temperature was found to 382 

improve the mechanical properties.  383 

3.3.2.2 Effect of curing humidity 384 

The values of wet compressive strength of both geopolymer series soaked after 48 h are also 385 

presented in Figure 6. It is well known in the literature that evaluation of the resistance to wet-386 

dry cycles is an indication of the stability and durability of the binders [47]. After 48 h in 387 

distilled water, both geopolymers tend to lose their mechanical strength which decreased with 388 

higher curing temperature. The 28 days compressive strengths recorded on the samples 389 

subjected to wet curing ranged between 9.45 to 23.03 MPa and 19.45 to 26.92 MPa for 390 

geopolymer made with LB600 and LY600, respectively.  391 

The losses in compressive strength at 28 days with augmentation of temperature decreased by 392 

27 to 13% and 23 to 17% for geopolymer made with LB600 and LY600, respectively. The 393 

decrease in compressive recorded on samples immersed in water is linked to the integration of 394 

water molecules within the geopolymer network. This is due to the hydration of Si-O-Al and 395 

Si-O-Si bonds belonging to the geopolymer network leading to the formation of Silanol (Si-396 

OH) and aluminol (Al-OH) bonds in the matrix which weakened the structure resulting in low 397 

strength achieved on these samples [13]. In addition, this reduction could be also related to the 398 

increase of the voids and pore size of the samples during immersion in water. Hence further 399 

investigations should be conducted to elucidate this hypothesis. Meanwhile, it is noticed 400 

although the fact that the geopolymer specimens were immersed in water during 48 h, they 401 

remain stable without visible fissures.   402 
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The residual compressive strength achieved at 28 days for all the samples is above 15 MPa 403 

justifying their use as a good cementitious material for building applications. The wet strengths 404 

achieved in both samples after immersion are higher than the strength obtained by Esaifan et 405 

al. [48] and Lemougna et al. [35] for alkali-activated kaolinitic clay and volcanic ash-based 406 

geopolymers, respectively where the authors recorded about 50 % of strength loss after 407 

immersion. 408 

From Figure 6, it is observed that the soaked samples during 48 h after curing at 40 °C almost 409 

exceeded their wet compressive strength values. The 28 days compressive strengths of samples 410 

subjected to wet-dry state curing ranged between 12.56 to 25.03 MPa and 21.20-28.03 MPa 411 

when LB600 and LY600, respectively was used as the precursor.  The oven curing at 40 °C of 412 

soaked samples for 48 h was chosen to avoid the abrupt evaporation which may cause the 413 

presence of cavities and fissures in the matrix that could be deleterious for strength 414 

development. These samples after the wet-dry curing period for 48 h gained reduced strength.  415 

These results indicate the better stability of the binding phase formed in water with the rise of 416 

temperature from 20 to 80 °C. A similar trend was noticed on other aluminosilicates precursors 417 

(metakaolin, fly ash and volcanic ash) in geopolymer binder synthesis where an increase in 418 

strength was observed after immersion in water and oven curing of immersed samples 419 

[13,35,49].  420 

In conclusion, higher curing temperature also enhances the compressive strength of samples 421 

subjected to a wet-dry state similar to those in the dry state. This indicates that oven curing 422 

between 60 and 80 °C appears as a key factor in the improvement of laterite based geopolymer 423 

binder properties and structural densification. In addition, the immersed samples after 424 

subsequent wetting-drying cycles gave higher strength (compared to wet strength recorded on 425 

soaked samples) almost similar to those in the dry state indicating that the binder phase formed 426 

was stable in water.  427 
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 429 

Figure 6 Compressive strength of geopolymer composites (a) 7 days (b) 28 days 

(a) 

(b) 
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3.3.3 Water absorption, porosity and bulk density 430 

The water absorption, porosity and bulk density of the geopolymer binders are presented in 431 

Figure 7, Figure 8 and Figure 9, respectively. From Figure 7 it is evident that the water 432 

absorption decreased with the increase in temperature from 20 to 80 °C and also with curing 433 

age. The reduction in water absorption is consistent with the trend observed for mechanical 434 

properties. The compact and dense structure only retained low water when immersed in water 435 

for water absorption and porosity test. With the rise of temperature from 20 to 80 °C, the values 436 

of porosity (Figure 8) decreased from 29% to 20 % and 27 to 16 % for geopolymer made with 437 

LB600 and LY600, respectively. The reduction in porosity (Figure 8) can be attributed to the 438 

increase in curing temperature which results in the higher dissolution of the reactive phase 439 

leading to an important polymerization and densification of the geopolymer matrix.  440 

The bulk density values of both resulting geopolymers are presented in Figure 9. From Figure 441 

9, it is seen that the bulk density decreased at 7 days at different curing regimes but remained 442 

almost the same at 28 days. The decrease in bulk density observed on wet and wet-dry samples 443 

could be ascribed to the fact that during the immersion, some unreacted particles could have 444 

leached out of the matrix, making the samples lighter. Whereas the increase in bulk density 445 

with curing temperature can be attributed to the presence of a lower number of voids in the 446 

matrix due to the extended geopolymer structure. Thus, the geopolymer network became more 447 

compact due to well adhesion and cohesion among different components in the matrix which 448 

makes them denser. The bulk density development correlates with the compressive strength 449 

results.  450 
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 451 

Figure 7 Water absorption of geopolymer composites (a) 7 days (b) 28 days 

(a) 

(b) 
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 452 

Figure 8 Porosity of geopolymer composites (a) 7 days (b) 28 days 

(a) 

(b) 
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 453 

Figure 9 Bulk density of geopolymer composites (a) 7 days (b) 28 days 

(a) 

(b) 
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3.3.4 Drying shrinkage 454 

The drying shrinkages observed for the geopolymer samples at 7, 14, 21 and 28 days are 455 

tabulated in Table 4. It is can be seen from Table 4 that the drying shrinkage of the samples 456 

reduced with higher temperatures and increased with age. The reduction in the drying shrinkage 457 

with higher temperatures could be justified by the fact that during the synthesis, the oven curing 458 

favoured the high dissolution of the reactive phase resulting in a high degree of polymerization. 459 

As a result of the higher degree of polymerization, more binding phases were formed and 460 

embedded into a matrix followed by high consumption of water. The high consumption of the 461 

free water will prevent the evaporation of water out of the matrix which can result in a decrease 462 

in length with time.  463 

The comparable tendency had been observed by Ridtirud et al. [50] and Gorhan et al. [51] who 464 

concluded that a compact or dense geopolymer network with low shrinkages can be produced 465 

at a temperature beyond the room temperature curing. This is related to the improvement of 466 

kinetic reaction that induced the most leaching of geopolymer ingredients like Al, Fe and Si in 467 

alkaline medium related to a high degree of geopolymerization. However, the high shrinkage 468 

values recorded on both geopolymer LB20 and LY20 samples cured at room temperature (20 469 

°C) might be linked to non-reactive or unfixed sodium ions and water molecules that diffused 470 

or migrated out of geopolymer matrix producing the reduction size [11].  471 

Table 4. Drying shrinkage (%) of geopolymer binders from both calcined laterites cured at 7, 472 

14, 21 and 28 days. 473 

Geopolymer 

samples 

7 days  14 days 21 days 28 days 

LB20 0.41±0.02 0.61±0.02 0.65±0.02 0.65±0.02 

LB60 0.32±0.02 0.38±0.02 0.41±0.02 0.40±0.02 

LB80 0.24±0.02 0.28±0.02 0.30±0.02 0.30±0.02 

LY20 0.52±0.02 0.65±0.02 0.68±0.02 0.69±0.02 

LY60 0.43±0.02 0.49±0.02 0.50±0.02 0.50±0.02 

LY80 0.32±0.02 0.36±0.02 0.37±0.02 0.37±0.02 
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3.3.5 Microstructure  474 

The SEM images exhibiting in detail the morphological structure of geopolymer LB20, LB80, 475 

LY20 and LY80 samples at different magnifications are presented in Figures 10. For the 476 

geopolymer LB20 and LY20 cured at room temperature (Figures 10a and Figure 10b), the 477 

micrographs appear heterogeneous and less dense than those recorded at higher curing 478 

temperatures, exhibiting fissures, voids and poor cohesion between particles. The presence of 479 

these voids could be either due to the water evaporation during drying time which occupied the 480 

cavities or non-sufficient formation of geopolymer binder necessary for well adhesion or 481 

agglomeration between different constituents in the matrix. Thus, the appearance of fissures 482 

and voids is responsible for the low strength gained on these samples.  483 

The SEM images of geopolymer LB80 and LY80 samples (Figure 10c and Figure 10d) 484 

presented a strong compact and dense structure with lower heterogeneity due to the higher 485 

formation of the geopolymer products. More precisely, the rise of curing temperature during 486 

the geopolymerization allowed the formation of Na-polysialate (Si-O-Al) and Na-487 

polyferrosialate (Si-O-(Fe)Al) binder types in alkaline medium, resulting from the dissolution 488 

of reactive phase (containing Al, Si and Fe compounds) that allowed development of compact 489 

structure justifying the improvement in mechanical performance. This tendency is in line with 490 

that of reactivity test and mechanical performances.  491 

The chemical compositions of geopolymer binder in both geopolymer samples LB80 and LY80 492 

cured at 80 °C calculated from EDS analysis are presented in Tables 5 and 6. As seen from 493 

Tables 5 and 6; Na, O, Si, Al and Fe appear as major elements. For LB80 sample, the chemical 494 

composition in molar ratios of Si/Al = 1.22-3.00, Si/Fe = 0.13-1.00, Na/Al = 0.14-0.41 and 495 

Na/Fe = 0.01-0.20 are reported in Table 5 and Figure 11a. For LY80, Si/Al = 1.30-1.81, Si/Fe 496 

= 0.15-1.80, Na/Al = 0.20-0.70 and Na/Fe = 0.10-0.90 are reported in Table 6 and Figure 11b. 497 

These chemical compositions in both geopolymer LB80 and LY80 specimens are attributed to 498 
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amorphous Na-polyferrosialate and Na-polyferrosialate-multisiloxo geopolymer binder types 499 

as reported previously by other authors. This observation corresponds to other studies where 500 

different iron-rich aluminosilicates precursors were used for geopolymer synthesis [5,11]. From 501 

the Na/Si and Na/Fe molar ratios reported in Tables 5 and 6, it could be expected that some 502 

iron leached during the dissolution were incorporated into a geopolymer network and limited 503 

the accessibility of free sodium [52]. This hypothesis quite matches with the lower intensity of 504 

C-O bonds exhibited in the FTIR spectra recorded on these samples. This suggests that some 505 

iron could act as a network modifier even though further analysis like Mössbauer needs to be 506 

conducted for a better explanation.  507 

According to findings of Davidovits and Davidovits [3] the calcination of kaolin containing 508 

iron compounds like goethite and magnetite heating between 600 and 800 °C are transformed 509 

to Ferro-metakaolin showing the substitution of Al3+ by Fe3+ allowing the formation of Na 510 

polyferrosialate (-Fe-O-Si-O-Al-O-) binder confirmed by 57Fe Mössbauer spectroscopy 511 

analysis. 512 
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 513 
Figure 10 SEM images (a) LB20 (b) LY20 (c) LB80 (d) LY80 
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 514 

 515 
Figure 11 Points selected for EDS analysis (a) LB80 (b) LY80  

(a) 

(b) 
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Table 5. Elemental analysis from EDS of geopolymer LB80 sample. 516 

Concentration 

of elements 

(wt %) 

Spectrum 

1 

Spectrum 

2 

Spectrum 

3 

Spectrum 

4 

Spectrum 

5 

Spectrum 

6 

Spectrum 

7 

O 35.80 2.80 23.80 41.10 20.20 32.30 3.00 

Si 15.00 22.00 26.20 16.00 10.70 4.20 9.30 

Al 11.90 7.40 16.30 13.10 7.30 7.70 4.90 

Fe 32.00 59.50 26.40 25.50 43.50 53.50 73.00 

Na 4.90 1.60 6.00 2.10 1.90 1.50 0.7 

Si/Al 1.26 2.97 1.61 1.22 1.46 0.54 1.89 

Si/Fe 0.47 0.37 0.99 0.63 0.25 0.08 0.13 

Na/Al 0.41 0.23 0.34 0.16 0.26 0.40 0.14 

Na/Fe 0.15 0.03 0.22 0.08 0.04 0.03 0.01 

 517 

Table 6. Elemental analysis from EDS of geopolymer LY80 sample. 518 

Concentration 

of elements 

(wt %) 

Spectrum 

8 

Spectrum 

9 

Spectrum 

10 

Spectrum 

11 

Spectrum 

12 

Spectrum 

13 

Spectrum 

14 

O 46.30 19.00 36.30 30.70 41.30 48.00 34.80 

Si 18.30 18.20 7.80 21.30 13.10 17.30 7.00 

Al 13.30 10.10 11.30 15.00 10.20 11.70 6.10 

Fe 10.20 37.00 42.40 25.10 28.30 11.10 46.60 

Na 9.10 3.70 2.30 2.50 4.4 7.50 3.80 

Si/Al 1.38 1.81 0.70 1.42 1.30 1.50 0.15 

Si/Fe 1.79 0.50 0.18 0.84 0.46 1.56 0.15 

Na/Al 0.70 0.40 0.20 0.17 0.43 0.64 0.63 

Na/Fe 0.89 0.05 0.10 0.15 0.68 0.08 0.63 

 519 

3.3.6 Thermal conductivity measurements (λ, W/mK) 520 

The thermal conductivity values recorded for the geopolymer samples are presented in Figure 521 

12. It can be observed from the figure that the thermal conductivity increased with the increase 522 

in temperature from 20 to 80 °C. The low values of 0.58 and 0.69 W/mK recorded on LB20 523 

and LY20 samples, respectively, are directly linked to their porous microstructure from SEM 524 

analysis (Figures 10a and Figure 10b). The presence of voids and fissures in these samples 525 

will affect the rate of diffusion of heat transfer through the samples during the measurements 526 
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[52,53]. The high thermal conductivity of samples oven-cured between 60 and 80 °C can be 527 

related to good cohesion between the binding phase and different particles. However, the iron 528 

content present in both solid precursors (i.e. LB600 and LY600) also contributes to the higher 529 

thermal conductivity. It is noticed that both starting materials used as main materials for 530 

geopolymer synthesis are ferruginous soils.  531 

Hence, the good distribution of iron mineral compounds across the geopolymer matrix would 532 

enable the high diffusion of heat that resulted in high thermal conductivity values. Hence, 533 

laterite geopolymer binder cured at room temperature can be used for construction applications 534 

such as building envelops where low thermal conductivity is desired. The geopolymer cured at 535 

elevated temperatures (i.e. 60 and 80 °C) can be used for construction applications where higher 536 

thermal conductivity is required. The correlation between the densification of geopolymer 537 

matrix and thermal conductivity has also been stated by Kamseu et al. [54] and Novais et al. 538 

[55] on metakaolin and porous fly ash-based geopolymers, respectively.  539 

 540 
Figure 12 Thermal conductivity of geopolymer binders 



37 
 

3.3.7 Thermal behaviour (TG/DTA) 541 

The simultaneous TG/DTA analyses of selected geopolymer samples made from LB600 and 542 

LY600 are presented in Figure 13 and Figure 14 respectively. This analysis is well known to 543 

study the behaviour of newly formed mineral phases in cementitious materials under high 544 

temperatures. The less pronounced endothermic peaks that appear near 100 °C in LB20 and 545 

LY20 samples are due to the departure of free or physiosorbed water (Figure 13a and Figure 546 

14a). This has been previously reported by published works focused on alkali-activated binders 547 

[19,56]. This is accompanied by a lower weight loss of less than 1 % recorded on TG curves.  548 

However, the more pronounced endothermic peaks around 150 °C for all the specimens are 549 

linked to the evaporation of structural or chemical water molecules belonging to the geopolymer 550 

network [57]. This is due to the destruction of chemical bonds of Si-O-Al, Si-O-Fe and Si-O-551 

Si belonging to geopolymer structure. In the given study it is not observed any endothermic 552 

peak above 150°C in DTA curves of all the geopolymer formed without any loss in weight in 553 

TG curves. This could be justified by the fact both calcined laterites did not contain any trace 554 

of hydroxylated compounds. Thus at 600 °C, all kaolinite mineral presents in both raw iron-555 

rich laterites were totally transformed into metakaolinite. In addition, the almost none important 556 

observed endothermic peaks after 200 °C could be due to low content of solid/liquid ratio of 557 

0.6 compared to that of metakaolin based geopolymer that generally ranged between 0.7and 1. 558 

Therefore the calcined iron-rich laterite would not adopt the same behaviour during the thermal 559 
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analysis like metakaolin based geopolymer.560 

 561 

Figure 13 DTA/TG curves of consolidated geopolymer (a) LB20 (b) LB80 

(a) 

(b) 
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 562 

Figure 14 DTA/TG curves of consolidated geopolymer (a) LY20 (b) LY80 

 

(a) 

(b) 
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4. Conclusion 563 

This current study evaluated the effect of curing temperature (i.e. 20, 60 and 80 °C) on 564 

microstructural and physical properties as well as thermal conductivity, porosity, bulk density 565 

and water absorption of geopolymer binders prepared from two calcined iron-rich laterites 566 

(LB600 and LY600). The tests were conducted on geopolymer samples resulting from both 567 

laterites. Based on the outcome of this study, the following conclusions can be drawn: 568 

1. Increasing curing temperature from 20 to 80 °C enhanced the solubility of Al, Si and Fe 569 

elements and induced an extension of geopolymer network which improved the 570 

mechanical properties of dry specimens leading to a high degree of polymerization that 571 

contributed to densify the geopolymer structure; 572 

2. SEM/EDS analysis pointed out the micrographs of geopolymer samples exhibiting the 573 

amorphous Na-poly(ferrosialate) and Na-(polyferrosialate-multisiloxo) as the main 574 

binder phases responsible for the strength development in both geopolymer series; 575 

3. The increase in thermal conductivity and bulk density was linked to well cohesion or 576 

connectivity between geopolymer binder and other particles which reduced the 577 

formation of the voids within the matrix; 578 

4. The reduction in compressive strength of soaked samples in water after 48 h was due to 579 

formed Si-OH or Al-OH bonds due to hydration phenomenon which became less sturdy 580 

in the matrix and leads to decrease in mechanical strength development; 581 

5. The end products were stable in water after wetting-drying cycles with mechanical 582 

performance ˃ 15 MPa allowing these synthesized materials to be considered as 583 

potential materials construction such as road pavement, buildings etc. 584 
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