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Abstract 11 

This study focused on the influence of high H2O/Na2O ratios (higher than 20) on the properties 12 

of metakaolin-based geopolymers in fresh and hardened states while keeping constant Si/Al 13 

and Na/Al atomic ratios. The increase in H2O/Na2O ratio from 21 to 34 resulted in a decrease 14 

of 7-day compressive strength from 10 to 0.025 MPa. This can be attributed to the influence of 15 

water on the reactivity of the precursor, which was demonstrated by nuclear magnetic resonance 16 

(NMR) spectroscopy and porosity evolution as the water is not chemically bound. Increasing 17 

H2O/Na2O ratio did not change the geopolymer structure of reaction products. A correlation 18 

was observed between the reaction degree deduced from NMR spectral decomposition and the 19 

cumulated released heat obtained using isothermal calorimetry. The maximum loss tangent, 20 

obtained using dynamic rheology, appeared to be a useful indicator for quantifying the influence 21 

of water from the early stage, as it was linearly related to strength development.  22 
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1. Introduction 25 

Geopolymer materials can be obtained by activating solid aluminosilicate sources under the 26 

action of an alkaline solution at a high pH (Provis, 2014). Under these conditions, a precursor 27 

is dissolved to enrich the medium with reactive monomers, followed by the orientation, 28 

polycondensation, and formation of a three-dimensional rigid network (Provis, 2013). Calcined 29 

clay containing metakaolin is a common aluminosilicate precursor used for geopolymer 30 

formation (Liu et al., 2020; Yang et al., 2022; Zhang et al., 2021, 2020) . Among the different 31 

options, kaolinitic clays are widely considered because of their availability (Scrivener et al., 32 

2018) and environmental impact (Turner and Collins, 2013). The alkaline activation of these 33 

calcined clays results in the formation of a geopolymer structure (Cherki El Idrissi et al., 2018a; 34 

Costa et al., 2021) (Garcia-Lodeiro et al., 2015) instead of hydration products with chemically 35 

bound water. Therefore, geopolymers are considered a method to improve the technical 36 

performance and sustainability of construction materials in different applications (Clausi et al., 37 

2016; Güllü et al., 2020; Hassan et al., 2019; Wu et al., 2019). Metakaolin-based geopolymers 38 

are now being considered for civil engineering applications, including soil improvement and 39 

the containment of polluted soils. These studies require the use of grouts, i.e. relatively diluted 40 

mixtures, incorporated in existing soil. Here, a high strength is not the main requirement, but 41 

low water permeability and high durability in potentially aggressive waters are expected 42 

(Yaghoubi et al., 2019; Zhang et al., 2015).  43 

Metakaolin-based geopolymers are expected to satisfy several specifications in fresh and 44 

hardened states, depending on the intended application. For example, grouts used for soil 45 

improvement with a high water-to-solid ratio should be stable during storage before use and 46 

have relatively low viscosities, and these properties should be maintained during the entire 47 

duration of the process (Aboulayt et al., 2020, 2018; Güllü et al., 2019). In structural 48 

applications, mortar and concrete should be designed with workability and strength equivalent 49 
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to cement-based materials (Hassan et al., 2019). Therefore, independent of the application and 50 

durability requirements, the rheology of a material in its fresh state is vital. Aboulayt et al. 51 

(Aboulayt et al., 2018) demonstrated the ability of metakaolin grouts to satisfy different 52 

specifications, including open time; however, they have a relatively high viscosity. The 53 

relatively high specific surface area of metakaolin and the properties of sodium silicate 54 

solutions (Gadkar and Subramaniam, 2019; Hwalla et al., 2020; San Nicolas et al., 2013) result 55 

in high viscosity and poor workability, which limits its potential uses. The viscosity of 56 

metakaolin geopolymers at low shear rates has been observed to depend on their solid content 57 

(Leonelli and Romagnoli, 2015). (Favier et al., 2013) reported that the high viscosity of an 58 

activated metakaolin binder is primarily controlled by the viscosity of the alkaline silicate 59 

solution and not by the solid fraction, which explains why the common plasticizers used in the 60 

concrete industry are not efficient in metakaolin-based geopolymers. Consequently, the mixture 61 

proportions and associated ratios are key parameters for controlling the properties of 62 

metakaolin-based geopolymers. Water content is a major parameter for controlling the 63 

properties in the fresh state.  64 

Additionally, in specific applications, such as deep soil mixing (Bruno et al., 2018), water is 65 

considered a crucial parameter that affects the properties of hardened materials, even if high 66 

strength is not required. When the grout is mixed with the soil, water from the soil is added to 67 

the initial mixture; thus, the total water-to-solid ratio increases significantly. Thus, the influence 68 

of high water content must be quantified to determine its influence in both fresh and hardened 69 

states in highly diluted systems. 70 

Water influences geopolymerization reactions as it is involved in dissolution, hydrolysis, and 71 

polycondensation reactions (Weng and Sagoe-Crentsil, 2007). (Sathonsaowaphak et al., 2009) 72 

reported that water is the only efficient lever for the workability of geopolymers. (Cherki El 73 

Idrissi et al., 2018b) demonstrated that a high water content is required to achieve the expected 74 
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rheological properties of a metakaolin grout, but it may affect its mechanical properties. Other 75 

authors (Panias et al., 2007; Provis et al., 2009; Souayfan et al., 2022; Yahya et al., 2015) proved 76 

that water content is a crucial parameter in the synthesis of geopolymers for the development 77 

of mechanical strength.  78 

Table 1 lists the experimental conditions used in recent studies on the influence of water 79 

content. Cui (2019) demonstrated that a higher H2O/Na2O ratio in the range of 13–17 80 

contributes to the dissolution of the active component of the precursor but hinders the 81 

polymerization reaction of monomeric and oligomeric gels. Juengsuwattananon et al. (2019) 82 

correlated the phase structures of reaction products with different initial chemical compositions, 83 

including different H2O/Na2O ratios (from 10 to 20). Depending on the initial composition, 84 

zeolitic or geopolymer structures are formed, which directly affect strength development. 85 

Pouhet et al. (2019) observed a linear decrease in the mechanical strength of a geopolymer and 86 

reported that the major part of the initial water was not bonded to the structure. Thus, water not 87 

only influences the rheological properties but also the advancement of the reaction, structure, 88 

and strength of geopolymers. Therefore, a comprehensive study is necessary to understand the 89 

features of nanostructures (Etemadi et al., 2021; Mahdavi et al., 2022; Zinatloo-Ajabshir et al., 90 

2022, 2021) to explain the properties at the macroscopic scale.  91 

Table 1. Comparison of this study with previous recent works on the influence of water 92 

content under different experimental conditions 93 

 
(Juengsuwattananon 

et al., 2019) 
(Pouhet et al., 2019) (Cui, 2019) Present study 

H2O/Na2O From 10 to 20 - From 13 to 17 From 21 to 34 

Na/Al-Si/Al Variables Variables Constant Constant 

Water/solid 

ratio 
From 0.51 to 1.5 From 0.35 to 0.75 - From 0.65 to 1 

Precursor Metakaolin Metakaolin Fly ash class F Metakaolin 
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State Hardened material Hardened material 
Fresh and hardened 

material 

Fresh and hardened 

material 

Techniques CS/SEM/XRD 
CS/MIP/SEM/XRD/ 

TGA 

IC/XRD/FTIR/MIP/

SEM/TGA/CS 

IC/RMN/Dynamic 

rheology/Water 

porosity/CS 

*CS: compressive strength; XRD: X-ray diffraction; SEM: scanning electron microscopy; 94 

TGA: thermogravimetric analysis; MIP: mercury intrusion porosimetry; IC: isothermal 95 

calorimetry; FTIR: Fourier-transform infrared spectroscopy 96 

Few studies investigated the influence of water content independent of other parameters. Most 97 

existing studies focused on the liquid-activator-to-solid-precursor and SiO2-to-Na2O ratios. 98 

Their variations influence the H2O/Na2O ratio and other molar ratios. Therefore, predicting the 99 

influence of water content on the behavior and engineering properties of metakaolin-based 100 

geopolymers from fresh to hardened states is still difficult. It was reported that an H2O/Na2O 101 

ratio between 10 and 20 is necessary to reach significant strength for a structural geopolymer 102 

(Cui, 2019). High molar H2O/Na2O ratios (higher than 20) can be expected to result in a tradeoff 103 

between workability, mechanical properties, and durability, only a few investigations addressed 104 

such high molar ratios, as shown in Table 1. Hence, a comprehensive study on the influence of 105 

higher H2O/Na2O ratios on short- and long-term properties, with controlled molar ratios, is 106 

required.  107 

Therefore, the main aim of this paper is to highlight the effects of the H2O/Na2O ratio on the 108 

reactivity and mechanical properties of metakaolin-based geopolymers to provide useful 109 

information for the design of materials with different specifications. Several sodium silicate-110 

activated metakaolin mixtures were designed by varying H2O/Na2O while maintaining constant 111 

Si/Al and Na/Al atomic ratios. The effect of H2O/Na2O is of primary importance in the design 112 

of metakaolin-based geopolymers. This article provides a comprehensive study on the effect of 113 

H2O/Na2O and a base of knowledge on different techniques and combined approaches to 114 

provide useful methodologies for further research. The behaviors of fresh and hardened 115 
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materials were investigated through isothermal calorimetry and dynamic rheology in the linear 116 

viscoelastic range. Dynamic rheology provides deep insight into the evolution of the early 117 

development of mechanical properties (Rifaai et al., 2019). The local structures of the hardened 118 

grouts were investigated using nuclear magnetic resonance (NMR). The compressive strength 119 

was determined at different ages and correlated to the maximum loss tangent (tan δ) obtained 120 

using rheological tests and the degree of reaction calculated from NMR spectra decomposition. 121 

The actual porosity was also assessed to understand the influence of the H2O/Na2O ratio on 122 

strength. 123 

  124 
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2. Experimental program 125 

2.1.Materials and mixtures preparation 126 

The studied mixtures were designed using metakaolin as a precursor and an activation solution 127 

based on sodium silicate. Metakaolin was produced using the flash calcination of clay from 128 

Fumel, France. The relatively high silica content of metakaolin (67.1 wt.%) was due to a 129 

significant proportion of quartz. The proportion of the pure metakaolin Al2O3(SiO2)2 phase was 130 

43 wt.%. The mass fractions of CaO, Fe2O3, MgO, TiO2, and Na2O were 1.1%, 2.6%, 0.11%, 131 

1.3%, and 0.01%, respectively. The average particle size of metakaolin was 18 µm, its density 132 

was 2.63, and its specific surface area was 16.5 m2/g as determined using N2 sorption and the 133 

Brunauer–Emmett–Teller (BET) method.  134 

The activation solution was prepared by diluting a sodium silicate solution with a fixed 135 

SiO2/Na2O ratio of 1.7 and a dry content of 44% in demineralized water. The sodium silicate 136 

solution was specially designed with a relatively high Na2O content to reduce the subsequent 137 

addition of NaOH as much as possible during the preparation of the studied mixtures. A very 138 

low NaOH content was added in pellets to adjust the Na/Al ratio to 1. The molar ratio of SiO2 139 

to Na2O in the activator and the chemical composition was selected as recommended in the 140 

literature to facilitate good dissolution of the precursor (Duxson et al., 2007). 141 

Four mixtures were designed with constant Si/Al and Na/Al molar ratios and different 142 

H2O/Na2O ratios (Table 2). The precursor to sodium silicate solution mass ratio was kept 143 

constant for all compositions. The water-to-solid ratio was calculated using the total water in 144 

the mixture, including the added demineralized water, water fraction in the activation solution, 145 

and total amount of solid, including the precursor and solid fraction of the activation solution. 146 

The total NaOH content of the activating solution included NaOH from the sodium silicate 147 

solution and added NaOH pellets. The total NaOH concentration decreased with the water-to-148 
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solid ratio but remained relatively high. Based on a previous study (Cherki El Idrissi, 2019), 149 

bentonite and dispersant were added to stabilize and deflocculate the material, respectively. The 150 

activation solution was prepared first, and then the powders were added and stirred in a high-151 

shear mixer for 5 min to ensure proper homogenization. The specimens were sealed and stored 152 

at 20 °C before characterization in a hardened state. 153 

 154 

Table 2 Compositions of the studied mixtures 155 

Mixtures  MK21 MK24 MK28 MK34 

Materials Density Compositions (g/l) 

Metakaolin 2.63 732 671 604 518 

Na-silicate 1.55 636 583 525 450 

NaOH 1.46 3.3 3.0 2.7 2.3 

Bentonite 2.5 9 11 13 15 

Dispersant 1.4 5.5 5 4.5 4 

water 1 310 367 429 511 

Water to solid ratio 

(W/S wt.%) 
0.65 0.75 0.85 1.04 

Volume 

fractions (%) 

Water 66 68 72 76 

Solid 

phases 
34 32 28 24 

Atomic ratios 
Si/Al 1.83 1.83 1.83 1.83 

Na/Al 1 1 1 1 

Molar ratio H2O/Na2O 21 24 28 34 

Total NaOH in activating 

solution (mol/l solution) 
5.29 4.71 4.00 3.25 

  156 
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2.2.Testing procedures 157 

2.2.1. Nuclear magnetic resonance (NMR) 158 

Solid-state 29Si NMR spectroscopy was performed using a Bruker Avance III 300 MHz (7 T) 159 

spectrometer and a 7 mm magic angle spinning (MAS) probe, whereas 27Al MAS NMR 160 

spectroscopy was performed using a 500 MHz Bruker Avance III with a 2.5 mm MAS probe. 161 

For 27Al acquisition, the MAS speed was 30 kHz and the repetition time was set to 1 s. 27Al 162 

spectra were determined using a single π/13 excitation pulse for a radiofrequency field of 12 163 

kHz. Chemical shifts were referenced against an Al(NO3)3 solution. For 29Si acquisition, the 164 

MAS speed was 5 kHz and the repetition time was set to 5 s. 29Si MAS NMR spectra were 165 

acquired with a single π/2 excitation of 5.5 μs. The recycle delay between scans was set to 5 s. 166 

Chemical shifts were referenced against tetramethylsilane (TMS). The analysis was performed 167 

on fragments obtained from crushed samples sawn from the core of hardened specimens after 168 

7-, 28-, and 90-day curing in a moist room at 95% relative humidity (RH). The fragments used 169 

for these tests were ground to pass through an 83 µm sieve.  170 

The software Dmfit (Massiot et al., 2002) was used to decompose the 29Si spectra to calculate 171 

the degree of reaction. The 29Si spectra were decomposed into a formed phase and a signal 172 

representing remnant metakaolin. Remnant metakaolin was considered by fitting a scaled 173 

component spectrum calculated from the 29Si spectrum of raw metakaolin. The Gaussian lines 174 

used for the decomposition of 29Si spectra were defined by their intensity, peak position, and 175 

full width at half height (FWHH). The overall degree of reaction 𝑅𝐷𝑜𝑣 (Equation 1) could be 176 

determined from the amount of formed phase in terms of Si mol%. Therefore, the reaction 177 

degree was equivalent to the amount of product. In addition, the reaction degree of metakaolin 178 

𝑅𝐷𝑚𝑘 was calculated using Equation 2, where 𝑋(𝑆𝑖)𝑚𝑘 and 𝑅𝑚𝑘  refer to the silicon originating 179 

from metakaolin of known chemical composition and the remnant metakaolin, respectively 180 
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(Table 2). Only the amorphous fraction of the metakaolin was considered in the calculation. 181 

The contribution of quartz at -107 ppm was not considered because of the very long relaxation 182 

delays associated with the Q4 sites in quartz, which means that they could not be captured 183 

quantitatively in the spectra. Additionally, quartz was assumed to remain unreactive during the 184 

process; thus, it was not considered in the reaction progress. 185 

𝑅𝐷𝑜𝑣(𝑆𝑖) =
𝑴𝒐𝒍𝒆𝒔 𝒐𝒇 𝑺𝒊 𝒊𝒏 𝒑𝒓𝒐𝒅𝒖𝒄𝒕 𝒑𝒉𝒂𝒔𝒆

𝑴𝒐𝒍𝒆𝒔 𝒐𝒇 𝒕𝒐𝒕𝒂𝒍 𝑺𝒊 𝒊𝒏 𝒔𝒂𝒎𝒑𝒍𝒆
 

Equation 1 

𝑅𝐷𝑚𝑘 =
𝑿(𝑺𝒊)𝒎𝒌 − 𝑹𝒎𝒌

𝑿(𝑺𝒊)𝒎𝒌
 

Equation 2 

2.2.1. Isothermal Calorimetry 186 

The short-term reactivities of the studied mixtures were characterized using an isothermal 187 

calorimeter (TAM Air). The temperature was maintained at 20 °C throughout the tests. The 188 

heat flow was measured, and the cumulative heat was deduced by integrating the measured 189 

flux. The measurements were conducted for seven days after the end of mixing. The 190 

advancement of the geopolymerization reaction was approximated by the extent of the reaction, 191 

defined as the ratio of the cumulative heat at time t (Q (t)) to the ultimate heat (Q∞). The ultimate 192 

heat Q∞ was determined by plotting the cumulative heat as a function of 1/√𝑡 (Lenormand et 193 

al., 2015). A linear evolution was observed for small 1/√𝑡 values. Q∞ was estimated as the 194 

intersection of this linear function with the y-axis.  195 

2.2.2. Dynamic rheology 196 

Dynamic rheological measurements were performed using a Discovery Hybrid Rheometer from 197 

TA Instruments with a vane-type configuration at a constant temperature of 20 °C. Vane 198 

geometry was used to minimize the disturbance of the material during the introduction of the 199 
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geometry and to avoid wall slip (Saak et al., 2001). The diameters of the cup and bob were 30.36 200 

and 26.198 mm respectively, providing a shear gap of 4 mm.  201 

The properties of the studied mixtures in their fresh state were monitored using dynamic 202 

rheology in the linear viscoelastic domain. First, the linear viscoelastic domain was determined 203 

such that the measurements were nondestructive. Fresh materials were prepared and 204 

immediately introduced into the bowl of the rheometer. When the material was transferred to 205 

the measurement cell, residual stresses were generated and relaxed. Hence, before each test, a 206 

pre-shear at 200 s-1 for 60 s was applied, followed by oscillation with a strain of 5% at a 207 

pulsation rate of 5 rad/s (Rifaai et al., 2019) (Poulesquen et al., 2011). After the preconditioning 208 

step, all experiments were performed with a strain of 0.05% (in the linear region) and pulsation 209 

rate of 10 rad/s. The elastic modulus (G’), viscous modulus (G’’), and loss tangent (tan δ = 210 

G’’/G’) were analyzed during the first few hours. 211 

2.2.3. Water porosity 212 

The porosity of the material was measured at 28 and 90 days on cylindrical specimens. The 213 

specimens were first saturated with water under a vacuum according to the French standard 214 

procedure NF P18-459 (2010) (NF P18-459, 2010) for 4 h in air and 44 h in water. The samples 215 

were then placed in an oven at 105 °C and weighed every day until the mass variation was lower 216 

than 0.05% within 24 h to determine the dry mass. Porosity was deduced from the saturated 217 

surface dry mass (SSD), dry mass (D) in air, and mass (W) in water (Equation 3). 218 

𝜀 (%) =  
𝑆𝑆𝐷 − 𝐷

𝑆𝑆𝐷 − 𝑊
∗ 100 

 

Equation 3 
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2.2.4. Compressive strength  219 

The test was conducted on a 100 kN press. The load rate was 1.9 kN/s until failure (NF EN 220 

12390-3, 2019). Compression tests were performed on cylinders 70 mm in diameter and 140 221 

mm in height at the ages of 7, 28, and 90 days. The height/diameter ratio of the tested cylinders 222 

was 2, as recommended by the NF EN 12390-1 standard (NF EN 12390-1, 2012). The samples 223 

were molded and cured in a room at 95% RH until compressive testing. 224 

3. Results and discussion 225 

3.1. Chemical characterization  226 

3.1.1. Influence of H2O/Na2O on local structure 227 

27Al NMR spectra of the raw and activated metakaolin cured for 7, 28, and 250 days are 228 

presented in Figure 1.a. Raw metakaolin exhibited three overlapping peaks with maxima at 55, 229 

28, and 4 ppm attributed to four-, five-, and six-coordinated aluminum, respectively. The 230 

activated metakaolin systems contained one predominant signal centered at 58 ppm 231 

corresponding to tetrahedrally coordinated aluminum AlO4(4Si) in the reaction products, 232 

forming a three-dimensional silico-aluminate framework, which agreed with previous 233 

observations of aluminosilicate-based geopolymers  (Garcia-Lodeiro et al., 2015) (Davidovits 234 

and Cordi, 1979). The presence of AlO4(4Si) indicated that the concentration of charge-235 

balancing cations was sufficient to balance the negative charge of AlO4 on the bridging oxygen 236 

atoms in Si-O-Al linkages (Murdoch et al., 1985) (Perez-Cortes and Escalante-Garcia, 2020). 237 

Variations in the H2O/Na2O ratio induced notable differences in the 27Al spectra. The 238 

predominant peak was observed at 58 ppm associated with Al q4(4Si) in the reaction products, 239 

but a significant spectral intensity was also observed below 40 ppm (AlV and AlVI signals), 240 

indicating that the unreacted metakaolin content increased with the H2O/Na2O ratio. 241 
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 242 

 243 

Figure 1 27Al spectra and 29Si spectra of four mixtures and raw metakaolin 244 

a) 

b) 
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Regarding the 29Si spectrum (Figure 1), the raw metakaolin spectrum presented an overall peak 245 

with a maximum at approximately -101 ppm. This broad asymmetric resonance width indicated 246 

the amorphous structure of the material. The peak detected at -107 ppm can be attributed to the 247 

quartz present in raw metakaolin (Cherki El Idrissi et al., 2018a). The activated metakaolin 248 

spectra shifted to higher frequencies, indicating structural changes in the short-ordered range. 249 

The broad width indicated the presence of Si in different environments of type Q4(mAl), where 250 

m is the number of aluminum atom neighbors (0≤m≤4).  251 

The 29Si spectra were decomposed using Dmfit (Massiot et al., 2002) to form a phase and a 252 

signal representing the remnant metakaolin (Figure 2). The decomposition results are presented 253 

in Table 3.  254 

 255 

Figure 2 Decomposition of 29Si MAS NMR spectra for a) MK21 and b) MK34 at 28 days 256 

A difference was observed in the peak positions of the activated mixtures (Figure 1). For 257 

mixtures MK21 and MK24, 29Si resonance appeared at -91 ppm, whereas it appeared at slightly 258 

higher frequencies (around -93 ppm) as H2O/Na2O increased at 7 days. This variation in the 259 

peak position was only an apparent shift, as it characterized the signal induced by unreacted 260 

a) b) 



15 
 

metakaolin overlapping with that of the geopolymer. The higher the water content, the higher 261 

the unreacted metakaolin, which resulted in varying positions of the overall peak (Table 3).  262 

Table 3 Analysis of 29Si NMR spectra  263 

Mixtures 

Remnant 

metakaolin 
Formed phase 

mol-%Si 

Position 

(ppm) FWHH 

mol-

%Si 

MK21 

7 days 20 -90.0 15.5 80 

28 days 20 -90.9 15.6 80 

250 days 17 -90.7 15.2 83 

MK24 

7 days 22 -91.3 15.6 78 

28 days 21 -91.3 15.1 79 

90 days 21 -90.7 15 79 

MK28 

7 days 38 -89.9 15.1 62 

28 days 29 -91.0 15.4 71 

250 days 26 -91.1 15.1 74 

MK34 

7 days 53 -91.5 15.8 47 

28 days 45 -91.1 15.5 55 

250 days 37 -91.4 16 63 

 264 

The lower concentration of alkaline activator at high H2O/ Na2O content presumably resulted 265 

in a lower dissolution of silicates and aluminates from the raw material, resulting in fewer SiO4 266 

and AlO4 tetrahedral units to form a geopolymer gel. It was reported that increasing H2O/Na2O 267 

and Na2O/Al2O3 tended to favor the formation of amorphous gel and various types of zeolites 268 

such as sodalite and zeolite belonging to the faujasite group, as well as zeolites X and A 269 

(Juengsuwattananon et al., 2019; Juengsuwattananon and Pimraksa, 2017). Other authors have 270 

suggested that high water content accelerates the rate of hydrolysis in systems with high Na2O 271 

content resulting in the construction of nanocrystalline zeolite phases bound with 272 
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aluminosilicate gels (Zuhua et al., 2009). However, the formation of zeolitic structures or 273 

geopolymers significantly depends on the initial molar ratio, which influences the strength. The 274 

formation of zeolitic structures provides low-strength materials, whereas the formation of 275 

geopolymeric structures provides high-strength materials (Juengsuwattananon et al., 2019). A 276 

study reported that an amorphous geopolymeric phase was formed in samples with a higher 277 

initial molar ratio of SiO2/Al2O3 (3.0–4.0) with Na2O/Al2O3 (1.0) and H2O/Na2O ratios in the 278 

range of 10.0–15.0; however, the study was limited to a H2O/Na2O ratio of 20 279 

(Juengsuwattananon et al., 2019). In addition, the 29Si NMR results did not exhibit any sharp 280 

peaks of different silicon environments associated with high ordering, which is typical for 281 

zeolite structures (Buchwald, 2011). Therefore, increasing the H2O/Na2O ratio in the range of 282 

21–34 while maintaining the other molar ratios constant would not change the type of product. 283 

The overall reaction degree 𝑅𝐷𝑜𝑣 (calculated using Equation 2) and reaction degree 𝑅𝑚𝑘 284 

(calculated using Equation 3) are presented in Figure 3 for all mixtures. The time evolution of 285 

the reaction degree depended on the H2O/Na2O ratio. At H2O/Na2O ratios of 21 and 24, the 286 

degree of reaction nearly stabilized after 7 days, whereas at higher ratios, the degree of reaction 287 

significantly increased between 7 and 250 days. From an NMR perspective, this shows that a 288 

higher amount of water delays the dissolution of the precursor without blocking the reaction 289 

progress. A significant amount of the amorphous fraction of metakaolin did not react even under 290 

highly alkaline conditions, as shown by 𝑅𝑚𝑘. This amount of unreacted metakaolin could be 291 

explained by the formation of a barrier layer of aluminosilicate gel on the surface of metakaolin, 292 

which is likely to occur in mixtures activated by a silicate solution (Chen et al., 2017). 293 
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 294 

Figure 3 Reaction degree as a function of time calculated from 29Si NMR spectroscopy 295 

 296 

3.1.2. Evolution of reaction degree 297 

The heat flux released per unit weight of the material is shown in Figure 4. The first peak can 298 

be attributed to the heat release caused by the wetting and dissolution of metakaolin particles, 299 

which is defined as stage A.  300 

 301 

Figure 4 Effect of water on heat flow per mass of material 302 

a) b) 
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This peak decreased with increasing H2O/Na2O ratios. After this stage, a second peak appeared 303 

at approximately 10 and 12 h for all mixtures, with a slight shift in time as H2O/Na2O increased. 304 

At a high pH, the dissolution of amorphous aluminosilicate was fast and rapidly created a 305 

supersaturated aluminosilicate solution. Oligomers were then formed and polycondensated into 306 

a three-dimensional system (stage B). These two stages of the geopolymerization process have 307 

been distinguished for a metakaolin-based material activated with sodium silicate solution 308 

(Zhang et al., 2013). After 100 h, the evolution enters a thermally steady stage, during which 309 

larger networks are formed by local reorganization. 310 

During the first stage (A), hydroxide ions provided by the activation solution are assumed to 311 

ensure the dissolution of the aluminosilicate source and the ionization of aluminate and silicate 312 

monomers (Poulesquen et al., 2011). A low-modulus SiO2/Na2O ratio of the sodium silicate 313 

activator is known to favor a high degree of geopolymerization; however, its influence on the 314 

first peak is less clear (Zhang et al., 2013). 315 

In this study, the Na/Al ratio and activator modulus were kept constant; moreover, the increase 316 

in the H2O/Na2O ratio might favor the dissolution of the initial solid phases owing to higher 317 

concentration gradients and faster diffusion. Thus, the magnitude of the heat flux during the 318 

first stage was not affected. However, the intensity of the first peak decreased significantly with 319 

increasing H2O/Na2O ratio (Figure 4). This suggests that the dissolution of the precursor and 320 

the extent of reaction are influenced, on the one hand, by the available surface of metakaolin 321 

exposed to alkaline solution, which in turn is related to the metakaolin content (Favier et al., 322 

2013). On the other hand, it depends on the number of free hydroxides available to dissolve the 323 

metakaolin phase (Benavent et al., 2016b). The total NaOH content decreased with increasing 324 

water-to-solid ratio (Table 2). Consequently, the intensity of stage A is affected by the variation 325 

in the H2O/Na2O ratio. During the polymerization stage, the rate of polycondensation decreases 326 

with increasing water content. Yao et al. (Yao et al., 2009) also observed this variation in heat 327 
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flux with an increase in the water content of NaOH-activated metakaolin. Another study (Zuhua 328 

et al., 2009) demonstrated that a higher water-to-solid ratio accelerated the dissolution and 329 

hydrolysis but hindered the polycondensation. Increasing the water content while maintaining 330 

other ratios constant resulted in a decrease in the exothermic peak observed in the 331 

polycondensation stage with a slight shift in time.  332 

The degree of reaction at 7, 28, and 250 days (determined from NMR spectra) was plotted as a 333 

function of the cumulative heat obtained using isothermal calorimetry for all mixtures (Figure 334 

5). The cumulative heat at 28 and 250 days was determined through extrapolation using the 1/t 335 

function (Lenormand et al., 2015). The degree of reaction followed a monotonically increasing 336 

trend with respect to cumulative heat. This illustrates the correlation between the analyses 337 

enabled by the different characterization techniques at the chemical level. The formation of the 338 

main reaction product can be directly related to the heat released and can be monitored by 339 

exothermic reactions. The decrease in the heat flow observed in the calorimetry curves can be 340 

attributed to the lower reaction degree of the activated metakaolin mixture. 341 

 342 

Figure 5 Reaction degree and cumulated heat 343 
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3.2.Mechanical characterization 344 

3.2.1. Rheological measurement 345 

The evolution of G’ in the fresh state was plotted against time on a logarithmic scale for a better 346 

understanding of the effect of water in the very early stages (Figure 6). G’ evolved through 347 

three main stages (I, II, and III in Figure 6). The first stage presents a constant growth rate, and 348 

the second stage corresponds to an increasing rate of G’ for all studied mixtures. The growth 349 

rate during the third stage depends on the H2O/Na2O ratio. The elastic modulus of the mixture 350 

MK21 increased rapidly and reached relatively high values within a short time. In contrast, the 351 

mixture MK34 exhibited a slow increase in the elastic modulus and then stabilized at a low 352 

value of 22 kPa. Variations in the elastic modulus suggested the formation of a more rigid 353 

network in MK21 than in MK34. At high water-to-solid ratios, an increase in the amount of 354 

water slowed the development of mechanical percolation paths. For a given reaction degree, 355 

the distance between the aluminosilicate oligomers increased, and the number of mechanical 356 

percolation paths decreased. A significant volume of product is required to reach the percolation 357 

threshold, resulting in a lower elastic modulus (Stefan et al., 2010). Therefore, the elastic 358 

modulus remained relatively low. 359 
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 360 

Figure 6 Evolution of elastic modulus G’ as a function of time 361 

The development of the elastic modulus as a function of H2O/Na2O did not follow a clear trend. 362 

Different combined mechanisms may explain the variations in elastic modulus. At the 363 

beginning of the first stage, the initial value of the elastic modulus is inversely correlated with 364 

the H2O/Na2O ratio. This observation is in accordance with the attribution of the first increase 365 

in the elastic modulus to the Al-rich gel formed between MK particles. Favier et al. (2013) 366 

demonstrated that the colloidal interactions occurring between metakaolin particles suspended 367 

in the activating solution are negligible. In addition, they observed that only low-energy 368 

interactions occurred between particles as a result of the early formation of a low Si/Al 369 

aluminosilicate inter-particle gel. This Al-rich gel located at the grain boundaries is responsible 370 

for the initial elastic modulus. In this study, a higher H2O/Na2O ratio first induced faster 371 

development of the elastic modulus. The concentration of the activation solution influenced the 372 

kinetics of the dissolution and diffusion of aluminates [Al(OH)4]
-. Thus, we can infer that a 373 

higher H2O/Na2O ratio enhances the dissolution and diffusion of aluminates at the beginning 374 
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of the first stage. Consequently, despite the high water content of these mixtures, the activation 375 

solution enables the dissolution and hydrolysis processes to begin. In contrast, the dissolution 376 

of [Al(OH)4]
- depends on the exposed surface of metakaolin in contact with the alkaline solution 377 

and the concentration of hydroxide ions, as mentioned earlier. Both the solid and liquid volume 378 

fractions varied in these mixtures. Accordingly, the dissolution and diffusion of aluminate did 379 

not follow a clear trend over time.  380 

The mixture MK34 had the highest value of G’ at a very early age. This can be attributed to the 381 

easier formation of the Al-rich gel with a relatively low Si/Al ratio, as explained previously 382 

(Favier et al., 2013). Another factor could be the reduced effect of the sodium silicate solution 383 

(Romagnoli and Andreola, 2007). Anionic silicate oligomers present in alkaline solutions are 384 

known to be highly efficient clay deflocculants, which probably increase the electrostatic 385 

repulsion between particles and thus counteract attractive forces. Therefore, this effect may be 386 

minimized in the mixture with a lower content of activation solution, and the amplification of 387 

the elastic modulus is caused by the presence of particles, which dominate the system.  388 

After a few hours, the curves intersected, and the magnitude of G’ followed a different and 389 

clearer trend (G’21>G’24>G’28>G’34). Thus, we can conclude that a new chemistry is 390 

emerging, resulting in the formation of stiffer products. Favier et al. (Favier et al., 2013) 391 

observed a decrease in Al concentration associated with an increasing growth rate of the elastic 392 

properties. This suggests that aluminate reacts with silicate to form an aluminosilicate phase 393 

with a higher Si/Al ratio. 394 

The variation in tan δ as a function of time is shown in Figure 7. First, tan δ decreased because 395 

G’ varied more quickly than G’’, and it was always lower than 1 (G’> G’’). A decrease in loss 396 

factor can be attributed to the gradual gelation of the metakaolin geopolymer pastes (Rovnaník 397 

et al., 2018). Subsequently, tan δ went through a considerably constant stage. After a few hours, 398 

tan δ increased until it reached a peak value (Figure 7).  399 
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 400 

Figure 7 Evolution of tan δ as a function of time 401 

Several authors have mentioned that this peak presents a criterion of vitreous phase transition, 402 

which can be associated macroscopically with the gel time. Dai et al. (2020) explained this peak 403 

in the loss factor curve as the water released during the condensation reactions of the Si(OH)4 404 

species. After this peak, tan δ gradually decreased, which may be due to the more indirect 405 

contact of particles, causing less loss of dissipated energy compared with more direct contact 406 

(Carreau, 2006). The rate of decrease in the loss factor after the peak was higher as the 407 

H2O/Na2O ratio was lower. This could be attributed to a more elastic and rigid network with a 408 

low H2O/Na2O ratio. For MK28, the time required to reach a stiffer state was longer than that 409 

for mixtures MK21 and MK24. The mixture MK34 had a steady stage in terms of the loss 410 

tangent.  411 

Moreover, lower water content resulted in higher tan δ values (tan δ21> tan δ24> tan δ28). 412 

Normally, the tan δ peak indicates that the dissipated energy exceeds the stored energy 413 

associated with the interactions between the constituents. Oligomer polycondensation is the 414 
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origin of this phenomenon. A higher polycondensation rate is expected at a lower H2O/Na2O 415 

ratio, which was evidenced by the higher value of the maximum tan δ in this study. Note that 416 

MK34 did not harden during this period, which was consistent with the disappearance of the 417 

maximum in the tan δ curve. This supported the assumption that the tan δ peak is associated 418 

with the beginning of the development of the final geopolymer product. This implies that tan δ 419 

can be a useful parameter for evaluating the effect of water on the magnitude of 420 

geopolymerization reactions from the early stages. 421 

Dynamic rheology and isothermal calorimetry were combined to analyze the influence of the 422 

H2O/Na2O ratio on the behavior of fresh and hardened mixtures. G’, tan δ, and heat release of 423 

MK21 are plotted in Figure 8. After a linear increase in G’, the first critical point appeared, and 424 

the elastic modulus increased more rapidly but remained relatively low. The increase in G’ may 425 

be due to further dissolution of metakaolin particles and the formation of large oligomers. At 426 

the beginning of stage B, a second critical point occurred, and the G’ growth rate further 427 

increased. During this stage, G’ reached high values after a short time. The rapid increase in the 428 

elastic modulus can be associated with the formation of large oligomers or the initiation of 429 

polycondensation into a three-dimensional network, often called a geopolymer structure. These 430 

critical points can be more easily distinguished for MK21 and MK24 mixtures than for MK28 431 

and MK34. 432 
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 433 

Figure 8 Correlation between G’, tan δ, and heat flow for MK21 434 

The second critical point of the different mixtures appeared at approximately the same time, 435 

but with different rate variations (Figure 6). This result suggested that all mixtures reached 436 

supersaturation simultaneously. This corresponded to a critical Si/Al ratio, which was 437 

consistent with the composition of the studied mixtures, as the Si/Al and Na/Al ratios were kept 438 

constant. The main difference between these mixtures was the water content. However, it has 439 

been demonstrated that water does not affect silicate species' condensation in alkaline silicate 440 

solutions (Bourlon, 2010). This agrees with the results of NMR spectroscopy (see Section 441 

3.1.1), which indicated that the local structure of the reaction products was not affected by the 442 

initial water content. 443 

Consequently, the consistency between the evolution of the reaction rate and the evolution of 444 

the elastic modulus G’ of the materials can be highlighted. An origin at the physicochemical 445 

level can be assumed. Studies have shown that an increase in the consumption of metakaolin is 446 

accompanied by an increase in the shear modulus of geopolymers. Similarly, the stabilization 447 
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of the consumption rate of metakaolin corresponds to the setting of the geopolymer (Bourlon, 448 

2010). 449 

3.2.2. Correlations between mechanical properties and chemical reaction degree 450 

The compressive strength was measured at 7, 28, and 90 d for all mixtures except MK34. Its 451 

compressive strength was lower than 25 kPa after 90 days, which corresponded to the minimum 452 

compressive strength measurable by the machine on cylindrical specimens.  453 

Table 4 lists the heat released, compressive strength, and water porosity at different ages. The 454 

cumulative heat at 7 days was directly deduced from the experimental data of isothermal 455 

calorimetry (Figure 4), and the cumulative heat at 28 days was determined by extrapolation 456 

using the 1/t function (Lenormand et al., 2015). The compressive strengths of all mixtures 457 

primarily developed within the first 7 days. From the values at 7 and 28 days, the strength 458 

development was not proportional to the cumulative released heat. Mixtures MK21 and MK24 459 

had nearly the same cumulative heat at 7 and 28 days, but they exhibited significantly different 460 

values of compressive strength. Thus, the data from calorimetry were not sufficient to explain 461 

the development of strength, particularly the decrease in strength owing to the increase in the 462 

H2O/Na2O ratio from 21 to 28. This confirms that strength development also depends on the 463 

physical and microstructural parameters of the material. Thus, the water porosities at 28 and 90 464 

days were also determined. 465 

The porosity of the hardened material was proportional to the initial water content (Table 4). 466 

This means that the pores replaced the main part of the initial water volume in the hardened 467 

material, which was consistent with a previous study (Pouhet et al., 2019). Studies show that 468 

the amount of water in the initial geopolymer system is the dominant factor affecting the density 469 

and open porosity after extended aging (Benavent et al., 2016a; Lizcano et al., 2012). This 470 

influence of porosity on strength is a priori similar to the behavior of ceramics, as the strength 471 
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exponentially decreases with porosity (Kingery et al., 1976) (Biswas, 1976). The literature 472 

indicates that maintaining an H2O/Na2O ratio between 10 and 20 is necessary to achieve 473 

significant strength for a structural geopolymer (Cui, 2019). From the experimental results, a 474 

higher value of this ratio can enable the performance required for different applications to be 475 

attained, where high strength is not the main interest, provided that the materials exhibit the 476 

expected values of elastic modulus, water permeability, fire resistance, etc. A decrease in the 477 

strength and geopolymer content (Figure 9) was observed at approximately H2O/Na2O = 30. 478 

A significant increase in the compressive strength occurred between 28 and 90 days, as shown 479 

in Table 4. However, the reaction degree of MK21, MK24, and MK28 mixtures did not 480 

significantly increase during this period (Figure 3). The porosity slightly decreased between 28 481 

and 90 days, which may partially explain the increase in the compressive strength. The 482 

refinement of the porosity of an activated metakaolin over time was attributed to the 483 

densification of the solid network and partial closure of the porosity at the nanometer scale 484 

(Steins et al., 2014). Moreover, a dissolution–precipitation mechanism occurring at the pore 485 

wall interface was observed, which could explain the slight decrease in the pore volume 486 

(Benavent et al., 2016a). 487 

Table 4 Released heat, compressive strength, and porosity after different ages  488 

 
Initial water 

(% vol) 

Porosity (% vol.) 
Released heat 

(J/g) 

Compressive strength 

(MPa) 

Age (days) 28 90 7 28 7 28 90 

MK21 66 60.3 59.7 87.1 100 10.1 12.0 19.3 

MK24 68 64.0 62.9 72.1 84.9 2.7 3.8 6.0 

MK28 72 68.8 68.2 59.0 65.5 0.7 0.8 1.1 

MK34 76 - - 32.9 37.6 < 0.025 < 0.025 < 0.025 
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The compressive strength was plotted as a function of tan δ obtained from rheological 489 

measurements (Figure 9). The maximum tan δ obtained by rheological testing is linearly 490 

correlated with the compressive strength at 7, 28, and 90 days. This correlation between the 491 

mechanical properties at an early age and long-term results from multiple parameters, such as 492 

the reaction degree, microstructure parameters, and their time evolution. Steins et al. (2012) 493 

mentioned that the variation in the value of tan δ is difficult to explain. As a word of caution 494 

before generalizing this correlation, note that it strongly depends on the material composition 495 

and examined objectives. In addition, MK34 did not develop significant mechanical strength 496 

even after 90 days, which was consistent with the disappearance of the maximum tan δ for this 497 

mixture. 498 

 499 

Figure 9 Compressive strength as a function of the maximum of tan δ 500 

Finally, the compressive strength and maximum tan δ are plotted as a function of the degree of 501 

reaction in Figure 10. A decrease in compressive strength was observed with an increase in the 502 

H2O/Na2O ratio. It has been reported that the compressive strength is linearly correlated with 503 

the reaction degree (Chen et al., 2020). However, in this study, the compressive strength was 504 

not correlated with the degree of reaction. MK21 and MK24 exhibited similar reaction degrees 505 

but developed different compressive strengths. Conversely, the significant increase in the 506 
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reaction degrees from MK28 to MK24 resulted in limited strength development. Both strength 507 

and tan δ can be considered mechanical parameters. For instance, tan δ was deduced from the 508 

G’ values, which also sharply decreased with the H2O/Na2O ratio (Figure 6). The strength and 509 

tan δ depend on the chemical reactivity of the binder, but not directly, as they are also influenced 510 

by the initial porosity and packing density of the mixture, the development of percolation paths, 511 

the intrinsic mechanical properties of each phase, and their complex interactions that influence 512 

the time evolution of the microstructure.  513 

Based on this, tan δ appears to be a useful parameter to anticipate the influence of the H2O/Na2O 514 

ratio on strength from short-term rheological measurements, and the correlation with strength 515 

enables us to understand its evolution. 516 

 517 

Figure 10 Compressive strength and tan δ versus the degree of reaction  518 

4. Conclusions 519 

Metakaolin-based geopolymers were characterized using advanced experimental and analytical 520 

techniques to monitor the reaction advancement and development of mechanical properties 521 
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from the fresh to the hardened state. The mixtures were designed by keeping the molar ratios 522 

constant, only the H2O/Na2O ratio varied from 21 to 34. The following conclusions were drawn:  523 

 The analysis of the phase composition suggested that water did not affect the structure 524 

of the geopolymer-type phase. A higher H2O/Na2O ratio resulted in a higher content of 525 

unreacted metakaolin and a lower product fraction, as shown by the NMR results.  526 

 The combination of isothermal calorimetry and dynamic rheology allows to distinguish 527 

the different stages of the structuration of fresh and hardening materials.  528 

 The maximum loss tangent tan δ appeared to be a reliable indicator for estimating the 529 

sensitivity of the strength of the studied mixtures to the initial water content.  530 

 At the chemical mechanism level, a correlation between the cumulated released heat 531 

obtained by isothermal calorimetry and the degree of reaction deduced from the 532 

decomposition of NMR spectra was revealed.  533 

 The maximum tan δ obtained using the rheological test was linearly correlated with the 534 

compressive strength. The degree of reaction and mechanical properties were poorly 535 

correlated at the studied scales of time and space. The decrease in compressive strength 536 

with H2O/Na2O ratio was explained by the influence of water on the reactivity of the 537 

precursor and the higher porosity of the material, as the water was not chemically bound.  538 
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Abstract 11 

This study focused on the influence of high H2O/Na2O ratios (higher than 20) on the properties 12 

of metakaolin-based geopolymers in fresh and hardened states while keeping constant Si/Al 13 

and Na/Al atomic ratios. The increase in H2O/Na2O ratio from 21 to 34 resulted in a decrease 14 

of 7-day compressive strength from 10 to 0.025 MPa. This can be attributed to the influence of 15 

water on the reactivity of the precursor, which was demonstrated by nuclear magnetic resonance 16 

(NMR) spectroscopy and porosity evolution as the water is not chemically bound. Increasing 17 

H2O/Na2O ratio did not change the geopolymer structure of reaction products. A correlation 18 

was observed between the reaction degree deduced from NMR spectral decomposition and the 19 

cumulated released heat obtained using isothermal calorimetry. The maximum loss tangent, 20 

obtained using dynamic rheology, was linearly related to strength development.  21 
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1. Introduction 24 

Geopolymer materials can be obtained by activating solid aluminosilicate sources under the 25 

action of an alkaline solution at a high pH (Provis, 2014). Under these conditions, a precursor 26 

is dissolved to enrich the medium with reactive monomers, followed by the orientation, 27 

polycondensation, and formation of a three-dimensional rigid network (Provis, 2013). Calcined 28 

clay containing metakaolin is a common aluminosilicate precursor used for geopolymer 29 

formation (Liu et al., 2020; Yang et al., 2022; Zhang et al., 2021, 2020) . Among the different 30 

options, kaolinitic clays are widely considered because of their availability (Scrivener et al., 31 

2018) and environmental impact (Turner and Collins, 2013). The alkaline activation of these 32 

calcined clays results in the formation of a geopolymer structure (Cherki El Idrissi et al., 2018a; 33 

Costa et al., 2021) (Garcia-Lodeiro et al., 2015) instead of hydration products with chemically 34 

bound water. Therefore, geopolymers are considered a method to improve the technical 35 

performance and sustainability of construction materials in different applications (Clausi et al., 36 

2016; Güllü et al., 2020; Hassan et al., 2019; Wu et al., 2019). Metakaolin-based geopolymers 37 

are now being considered for civil engineering applications, including soil improvement and 38 

the containment of polluted soils. These studies require the use of grouts, i.e. relatively diluted 39 

mixtures, incorporated in existing soil. Here, a high strength is not the main requirement, but 40 

low water permeability and high durability in potentially aggressive waters are expected 41 

(Yaghoubi et al., 2019; Zhang et al., 2015).  42 

Metakaolin-based geopolymers are expected to satisfy several specifications in fresh and 43 

hardened states, depending on the intended application. For example, grouts used for soil 44 

improvement with a high water-to-solid ratio should be stable during storage before use and 45 

have relatively low viscosities, and these properties should be maintained during the entire 46 

duration of the process (Aboulayt et al., 2020, 2018; Güllü et al., 2019). In structural 47 

applications, mortar and concrete should be designed with workability and strength equivalent 48 
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to cement-based materials (Hassan et al., 2019). Therefore, independent of the application and 49 

durability requirements, the rheology of a material in its fresh state is vital. Aboulayt et al. 50 

(Aboulayt et al., 2018) demonstrated the ability of metakaolin grouts to satisfy different 51 

specifications, including open time; however, they have a relatively high viscosity. The 52 

relatively high specific surface area of metakaolin and the properties of sodium silicate 53 

solutions (Gadkar and Subramaniam, 2019; Hwalla et al., 2020; San Nicolas et al., 2013) result 54 

in high viscosity and poor workability, which limits its potential uses. The viscosity of 55 

metakaolin geopolymers at low shear rates has been observed to depend on their solid content 56 

(Leonelli and Romagnoli, 2015). (Favier et al., 2013) reported that the high viscosity of an 57 

activated metakaolin binder is primarily controlled by the viscosity of the alkaline silicate 58 

solution and not by the solid fraction, which explains why the common plasticizers used in the 59 

concrete industry are not efficient in metakaolin-based geopolymers. Consequently, the mixture 60 

proportions and associated ratios are key parameters for controlling the properties of 61 

metakaolin-based geopolymers. Water content is a major parameter for controlling the 62 

properties in the fresh state.  63 

Additionally, in specific applications, such as deep soil mixing (Bruno et al., 2018), water is 64 

considered a crucial parameter that affects the properties of hardened materials, even if high 65 

strength is not required. When the grout is mixed with the soil, water from the soil is added to 66 

the initial mixture; thus, the total water-to-solid ratio increases significantly. Thus, the influence 67 

of high water content must be quantified to determine its influence in both fresh and hardened 68 

states in highly diluted systems. 69 

Water influences geopolymerization reactions as it is involved in dissolution, hydrolysis, and 70 

polycondensation reactions (Weng and Sagoe-Crentsil, 2007). (Sathonsaowaphak et al., 2009) 71 

reported that water is the only efficient lever for the workability of geopolymers. (Cherki El 72 

Idrissi et al., 2018b) demonstrated that a high water content is required to achieve the expected 73 
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rheological properties of a metakaolin grout, but it may affect its mechanical properties. Other 74 

authors (Panias et al., 2007; Provis et al., 2009; Souayfan et al., 2022; Yahya et al., 2015) proved 75 

that water content is a crucial parameter in the synthesis of geopolymers for the development 76 

of mechanical strength.  77 

Table 1 lists the experimental conditions used in recent studies on the influence of water 78 

content. Cui (2019) demonstrated that a higher H2O/Na2O ratio in the range of 13–17 79 

contributes to the dissolution of the active component of the precursor but hinders the 80 

polymerization reaction of monomeric and oligomeric gels. Juengsuwattananon et al. (2019) 81 

correlated the phase structures of reaction products with different initial chemical compositions, 82 

including different H2O/Na2O ratios (from 10 to 20). Depending on the initial composition, 83 

zeolitic or geopolymer structures are formed, which directly affect strength development.  84 

Table 1. Comparison of this study with previous recent works on the influence of water 85 

content under different experimental conditions 86 

 
(Juengsuwattananon 

et al., 2019) 
(Pouhet et al., 2019) (Cui, 2019) Present study 

H2O/Na2O From 10 to 20 - From 13 to 17 From 21 to 34 

Na/Al-Si/Al Variables Variables Constant Constant 

Water/solid 

ratio 
From 0.51 to 1.5 From 0.35 to 0.75 - From 0.65 to 1 

Precursor Metakaolin Metakaolin Fly ash class F Metakaolin 

State Hardened material Hardened material 
Fresh and hardened 

material 

Fresh and hardened 

material 

Techniques CS/SEM/XRD 
CS/MIP/SEM/XRD/ 

TGA 

IC/XRD/FTIR/MIP/

SEM/TGA/CS 

IC/RMN/Dynamic 

rheology/Water 

porosity/CS 

*CS: compressive strength; XRD: X-ray diffraction; SEM: scanning electron microscopy; 87 

TGA: thermogravimetric analysis; MIP: mercury intrusion porosimetry; IC: isothermal 88 

calorimetry; FTIR: Fourier-transform infrared spectroscopy 89 
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Pouhet et al. (2019) observed a linear decrease in the mechanical strength of a geopolymer and 90 

reported that the major part of the initial water was not bonded to the structure. Thus, water not 91 

only influences the rheological properties but also the advancement of the reaction, structure, 92 

and strength of geopolymers. Therefore, a comprehensive study is necessary to understand the 93 

features of nanostructures (Etemadi et al., 2021; Mahdavi et al., 2022; Zinatloo-Ajabshir et al., 94 

2022, 2021) to explain the properties at the macroscopic scale. 95 

Few studies investigated the influence of water content independent of other parameters. Most 96 

existing studies focused on the liquid-activator-to-solid-precursor and SiO2-to-Na2O ratios. 97 

Their variations influence the H2O/Na2O ratio and other molar ratios. Therefore, predicting the 98 

influence of water content on the behavior and engineering properties of metakaolin-based 99 

geopolymers from fresh to hardened states is still difficult. It was reported that an H2O/Na2O 100 

ratio between 10 and 20 is necessary to reach significant strength for a structural geopolymer 101 

(Cui, 2019). High molar H2O/Na2O ratios (higher than 20) can be expected to result in a tradeoff 102 

between workability, mechanical properties, and durability, only a few investigations addressed 103 

such high molar ratios, as shown in Table 1. Hence, a comprehensive study on the influence of 104 

higher H2O/Na2O ratios on short- and long-term properties, with controlled molar ratios, is 105 

required.  106 

Therefore, the main aim of this paper is to highlight the effects of the H2O/Na2O ratio on the 107 

reactivity and mechanical properties of metakaolin-based geopolymers to provide useful 108 

information for the design of materials with different specifications. Several sodium silicate-109 

activated metakaolin mixtures were designed by varying H2O/Na2O while maintaining constant 110 

Si/Al and Na/Al atomic ratios. The effect of H2O/Na2O is of primary importance in the design 111 

of metakaolin-based geopolymers. This article provides a comprehensive study on the effect of 112 

H2O/Na2O and a base of knowledge on different techniques and combined approaches to 113 

provide useful methodologies for further research. The behaviors of fresh and hardened 114 
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materials were investigated through isothermal calorimetry and dynamic rheology in the linear 115 

viscoelastic range. Dynamic rheology provides deep insight into the evolution of the early 116 

development of mechanical properties (Rifaai et al., 2019). The local structures of the hardened 117 

grouts were investigated using nuclear magnetic resonance (NMR). The compressive strength 118 

was determined at different ages and correlated to the maximum loss tangent (tan δ) obtained 119 

using rheological tests and the degree of reaction calculated from NMR spectra decomposition. 120 

The actual porosity was also assessed to understand the influence of the H2O/Na2O ratio on 121 

strength. 122 

  123 
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2. Experimental program 124 

2.1.Materials and mixtures preparation 125 

The studied mixtures were designed using metakaolin as a precursor and an activation solution 126 

based on sodium silicate. Metakaolin was produced using the flash calcination of clay from 127 

Fumel, France. The relatively high silica content of metakaolin (67.1 wt.%) was due to a 128 

significant proportion of quartz. The proportion of the pure metakaolin Al2O3(SiO2)2 phase was 129 

43 wt.%. The mass fractions of CaO, Fe2O3, MgO, TiO2, and Na2O were 1.1%, 2.6%, 0.11%, 130 

1.3%, and 0.01%, respectively. The average particle size of metakaolin was 18 µm, its density 131 

was 2.63, and its specific surface area was 16.5 m2/g as determined using N2 sorption and the 132 

Brunauer–Emmett–Teller (BET) method.  133 

The activation solution was prepared by diluting a sodium silicate solution with a fixed 134 

SiO2/Na2O ratio of 1.7 and a dry content of 44% in demineralized water. The sodium silicate 135 

solution was specially designed with a relatively high Na2O content to reduce the subsequent 136 

addition of NaOH as much as possible during the preparation of the studied mixtures. A very 137 

low NaOH content was added in pellets to adjust the Na/Al ratio to 1. The molar ratio of SiO2 138 

to Na2O in the activator and the chemical composition was selected as recommended in the 139 

literature to facilitate good dissolution of the precursor (Duxson et al., 2007). 140 

Four mixtures were designed with constant Si/Al and Na/Al molar ratios and different 141 

H2O/Na2O ratios (Table 2). The precursor to sodium silicate solution mass ratio was kept 142 

constant for all compositions. The water-to-solid ratio was calculated using the total water in 143 

the mixture, including the added demineralized water, water fraction in the activation solution, 144 

and total amount of solid, including the precursor and solid fraction of the activation solution. 145 

The total NaOH content of the activating solution included NaOH from the sodium silicate 146 

solution and added NaOH pellets. The total NaOH concentration decreased with the water-to-147 
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solid ratio but remained relatively high. Based on a previous study (Cherki El Idrissi, 2019), 148 

bentonite and dispersant were added to stabilize and deflocculate the material, respectively. The 149 

activation solution was prepared first, and then the powders were added and stirred in a high-150 

shear mixer for 5 min to ensure proper homogenization. The specimens were sealed and stored 151 

at 20 °C before characterization in a hardened state. 152 

 153 

Table 2 Compositions of the studied mixtures 154 

Mixtures  MK21 MK24 MK28 MK34 

Materials Density Compositions (g/l) 

Metakaolin 2.63 732 671 604 518 

Na-silicate 1.55 636 583 525 450 

NaOH 1.46 3.3 3.0 2.7 2.3 

Bentonite 2.5 9 11 13 15 

Dispersant 1.4 5.5 5 4.5 4 

water 1 310 367 429 511 

Water to solid ratio 

(W/S wt.%) 
0.65 0.75 0.85 1.04 

Volume 

fractions (%) 

Water 66 68 72 76 

Solid 

phases 
34 32 28 24 

Atomic ratios 
Si/Al 1.83 1.83 1.83 1.83 

Na/Al 1 1 1 1 

Molar ratio H2O/Na2O 21 24 28 34 

Total NaOH in activating 

solution (mol/l solution) 
5.29 4.71 4.00 3.25 

  155 
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2.2.Testing procedures 156 

2.2.1. Nuclear magnetic resonance (NMR) 157 

Solid-state 29Si NMR spectroscopy was performed using a Bruker Avance III 300 MHz (7 T) 158 

spectrometer and a 7 mm magic angle spinning (MAS) probe, whereas 27Al MAS NMR 159 

spectroscopy was performed using a 500 MHz Bruker Avance III with a 2.5 mm MAS probe. 160 

For 27Al acquisition, the MAS speed was 30 kHz and the repetition time was set to 1 s. 27Al 161 

spectra were determined using a single π/13 excitation pulse for a radiofrequency field of 12 162 

kHz. Chemical shifts were referenced against an Al(NO3)3 solution. For 29Si acquisition, the 163 

MAS speed was 5 kHz and the repetition time was set to 5 s. 29Si MAS NMR spectra were 164 

acquired with a single π/2 excitation of 5.5 μs. The recycle delay between scans was set to 5 s. 165 

Chemical shifts were referenced against tetramethylsilane (TMS). The analysis was performed 166 

on fragments obtained from crushed samples sawn from the core of hardened specimens after 167 

7-, 28-, and 90-day curing in a moist room at 95% relative humidity (RH). The fragments used 168 

for these tests were ground to pass through an 83 µm sieve.  169 

The software Dmfit (Massiot et al., 2002) was used to decompose the 29Si spectra to calculate 170 

the degree of reaction. The 29Si spectra were decomposed into a formed phase and a signal 171 

representing remnant metakaolin. Remnant metakaolin was considered by fitting a scaled 172 

component spectrum calculated from the 29Si spectrum of raw metakaolin. The Gaussian lines 173 

used for the decomposition of 29Si spectra were defined by their intensity, peak position, and 174 

full width at half height (FWHH). The overall degree of reaction 𝑅𝐷𝑜𝑣 (Equation 1) could be 175 

determined from the amount of formed phase in terms of Si mol%. Therefore, the reaction 176 

degree was equivalent to the amount of product. In addition, the reaction degree of metakaolin 177 

𝑅𝐷𝑚𝑘 was calculated using Equation 2, where 𝑋(𝑆𝑖)𝑚𝑘 and 𝑅𝑚𝑘  refer to the silicon originating 178 

from metakaolin of known chemical composition and the remnant metakaolin, respectively 179 
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(Table 2). Only the amorphous fraction of the metakaolin was considered in the calculation. 180 

The contribution of quartz at -107 ppm was not considered because of the very long relaxation 181 

delays associated with the Q4 sites in quartz, which means that they could not be captured 182 

quantitatively in the spectra. Additionally, quartz was assumed to remain unreactive during the 183 

process; thus, it was not considered in the reaction progress. 184 

𝑅𝐷𝑜𝑣(𝑆𝑖) =
𝑴𝒐𝒍𝒆𝒔 𝒐𝒇 𝑺𝒊 𝒊𝒏 𝒑𝒓𝒐𝒅𝒖𝒄𝒕 𝒑𝒉𝒂𝒔𝒆

𝑴𝒐𝒍𝒆𝒔 𝒐𝒇 𝒕𝒐𝒕𝒂𝒍 𝑺𝒊 𝒊𝒏 𝒔𝒂𝒎𝒑𝒍𝒆
 

Equation 1 

𝑅𝐷𝑚𝑘 =
𝑿(𝑺𝒊)𝒎𝒌 − 𝑹𝒎𝒌

𝑿(𝑺𝒊)𝒎𝒌
 

Equation 2 

2.2.1. Isothermal Calorimetry 185 

The short-term reactivities of the studied mixtures were characterized using an isothermal 186 

calorimeter (TAM Air). The temperature was maintained at 20 °C throughout the tests. The 187 

heat flow was measured, and the cumulative heat was deduced by integrating the measured 188 

flux. The measurements were conducted for seven days after the end of mixing. The 189 

advancement of the geopolymerization reaction was approximated by the extent of the reaction, 190 

defined as the ratio of the cumulative heat at time t (Q (t)) to the ultimate heat (Q∞). The ultimate 191 

heat Q∞ was determined by plotting the cumulative heat as a function of 1/√𝑡 (Lenormand et 192 

al., 2015). A linear evolution was observed for small 1/√𝑡 values. Q∞ was estimated as the 193 

intersection of this linear function with the y-axis.  194 

2.2.2. Dynamic rheology 195 

Dynamic rheological measurements were performed using a Discovery Hybrid Rheometer from 196 

TA Instruments with a vane-type configuration at a constant temperature of 20 °C. Vane 197 

geometry was used to minimize the disturbance of the material during the introduction of the 198 
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geometry and to avoid wall slip (Saak et al., 2001). The diameters of the cup and bob were 30.36 199 

and 26.198 mm respectively, providing a shear gap of 4 mm.  200 

The properties of the studied mixtures in their fresh state were monitored using dynamic 201 

rheology in the linear viscoelastic domain. First, the linear viscoelastic domain was determined 202 

such that the measurements were nondestructive. Fresh materials were prepared and 203 

immediately introduced into the bowl of the rheometer. When the material was transferred to 204 

the measurement cell, residual stresses were generated and relaxed. Hence, before each test, a 205 

pre-shear at 200 s-1 for 60 s was applied, followed by oscillation with a strain of 5% at a 206 

pulsation rate of 5 rad/s (Rifaai et al., 2019) (Poulesquen et al., 2011). After the preconditioning 207 

step, all experiments were performed with a strain of 0.05% (in the linear region) and pulsation 208 

rate of 10 rad/s. The elastic modulus (G’), viscous modulus (G’’), and loss tangent (tan δ = 209 

G’’/G’) were analyzed during the first few hours. 210 

2.2.3. Water porosity 211 

The porosity of the material was measured at 28 and 90 days on cylindrical specimens. The 212 

specimens were first saturated with water under a vacuum according to the French standard 213 

procedure NF P18-459 (2010) (NF P18-459, 2010) for 4 h in air and 44 h in water. The samples 214 

were then placed in an oven at 105 °C and weighed every day until the mass variation was lower 215 

than 0.05% within 24 h to determine the dry mass. Porosity was deduced from the saturated 216 

surface dry mass (SSD), dry mass (D) in air, and mass (W) in water (Equation 3). 217 

𝜀 (%) =  
𝑆𝑆𝐷 − 𝐷

𝑆𝑆𝐷 − 𝑊
∗ 100 

 

Equation 3 
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2.2.4. Compressive strength  218 

The test was conducted on a 100 kN press. The load rate was 1.9 kN/s until failure (NF EN 219 

12390-3, 2019). Compression tests were performed on cylinders 70 mm in diameter and 140 220 

mm in height at the ages of 7, 28, and 90 days. The height/diameter ratio of the tested cylinders 221 

was 2, as recommended by the NF EN 12390-1 standard (NF EN 12390-1, 2012). The samples 222 

were molded and cured in a room at 95% RH until compressive testing. 223 

3. Results and discussion 224 

3.1. Chemical characterization  225 

3.1.1. Influence of H2O/Na2O on local structure 226 

27Al NMR spectra of the raw and activated metakaolin cured for 7, 28, and 250 days are 227 

presented in Figure 1.a. Raw metakaolin exhibited three overlapping peaks with maxima at 55, 228 

28, and 4 ppm attributed to four-, five-, and six-coordinated aluminum, respectively. The 229 

activated metakaolin systems contained one predominant signal centered at 58 ppm 230 

corresponding to tetrahedrally coordinated aluminum AlO4(4Si) in the reaction products, 231 

forming a three-dimensional silico-aluminate framework, which agreed with previous 232 

observations of aluminosilicate-based geopolymers  (Garcia-Lodeiro et al., 2015) (Davidovits 233 

and Cordi, 1979). The presence of AlO4(4Si) indicated that the concentration of charge-234 

balancing cations was sufficient to balance the negative charge of AlO4 on the bridging oxygen 235 

atoms in Si-O-Al linkages (Murdoch et al., 1985) (Perez-Cortes and Escalante-Garcia, 2020). 236 

Variations in the H2O/Na2O ratio induced notable differences in the 27Al spectra. The 237 

predominant peak was observed at 58 ppm associated with Al q4(4Si) in the reaction products, 238 

but a significant spectral intensity was also observed below 40 ppm (AlV and AlVI signals), 239 

indicating that the unreacted metakaolin content increased with the H2O/Na2O ratio. 240 
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 241 

 242 

Figure 1 27Al spectra and 29Si spectra of four mixtures and raw metakaolin 243 

a) 

b) 
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Regarding the 29Si spectrum (Figure 1), the raw metakaolin spectrum presented an overall peak 244 

with a maximum at approximately -101 ppm. This broad asymmetric resonance width indicated 245 

the amorphous structure of the material. The peak detected at -107 ppm can be attributed to the 246 

quartz present in raw metakaolin (Cherki El Idrissi et al., 2018a). The activated metakaolin 247 

spectra shifted to higher frequencies, indicating structural changes in the short-ordered range. 248 

The broad width indicated the presence of Si in different environments of type Q4(mAl), where 249 

m is the number of aluminum atom neighbors (0≤m≤4).  250 

The 29Si spectra were decomposed using Dmfit (Massiot et al., 2002) to form a phase and a 251 

signal representing the remnant metakaolin (Figure 2). The decomposition results are presented 252 

in Table 3.  253 

 254 

Figure 2 Decomposition of 29Si MAS NMR spectra for a) MK21 and b) MK34 at 28 days 255 

A difference was observed in the peak positions of the activated mixtures (Figure 1). For 256 

mixtures MK21 and MK24, 29Si resonance appeared at -91 ppm, whereas it appeared at slightly 257 

higher frequencies (around -93 ppm) as H2O/Na2O increased at 7 days. This variation in the 258 

peak position was only an apparent shift, as it characterized the signal induced by unreacted 259 

a) b) 
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metakaolin overlapping with that of the geopolymer. The higher the water content, the higher 260 

the unreacted metakaolin, which resulted in varying positions of the overall peak (Table 3).  261 

Table 3 Analysis of 29Si NMR spectra  262 

Mixtures 

Remnant 

metakaolin 
Formed phase 

mol-%Si 

Position 

(ppm) FWHH 

mol-

%Si 

MK21 

7 days 20 -90.0 15.5 80 

28 days 20 -90.9 15.6 80 

250 days 17 -90.7 15.2 83 

MK24 

7 days 22 -91.3 15.6 78 

28 days 21 -91.3 15.1 79 

90 days 21 -90.7 15 79 

MK28 

7 days 38 -89.9 15.1 62 

28 days 29 -91.0 15.4 71 

250 days 26 -91.1 15.1 74 

MK34 

7 days 53 -91.5 15.8 47 

28 days 45 -91.1 15.5 55 

250 days 37 -91.4 16 63 

 263 

The lower concentration of alkaline activator at high H2O/ Na2O content presumably resulted 264 

in a lower dissolution of silicates and aluminates from the raw material, resulting in fewer SiO4 265 

and AlO4 tetrahedral units to form a geopolymer gel. It was reported that increasing H2O/Na2O 266 

and Na2O/Al2O3 tended to favor the formation of amorphous gel and various types of zeolites 267 

such as sodalite and zeolite belonging to the faujasite group, as well as zeolites X and A 268 

(Juengsuwattananon et al., 2019; Juengsuwattananon and Pimraksa, 2017). Other authors have 269 

suggested that high water content accelerates the rate of hydrolysis in systems with high Na2O 270 

content resulting in the construction of nanocrystalline zeolite phases bound with 271 
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aluminosilicate gels (Zuhua et al., 2009). However, the formation of zeolitic structures or 272 

geopolymers significantly depends on the initial molar ratio, which influences the strength. The 273 

formation of zeolitic structures provides low-strength materials, whereas the formation of 274 

geopolymeric structures provides high-strength materials (Juengsuwattananon et al., 2019). A 275 

study reported that an amorphous geopolymeric phase was formed in samples with a higher 276 

initial molar ratio of SiO2/Al2O3 (3.0–4.0) with Na2O/Al2O3 (1.0) and H2O/Na2O ratios in the 277 

range of 10.0–15.0; however, the study was limited to a H2O/Na2O ratio of 20 278 

(Juengsuwattananon et al., 2019). In addition, the 29Si NMR results did not exhibit any sharp 279 

peaks of different silicon environments associated with high ordering, which is typical for 280 

zeolite structures (Buchwald, 2011). Therefore, increasing the H2O/Na2O ratio in the range of 281 

21–34 while maintaining the other molar ratios constant would not change the type of product. 282 

The overall reaction degree 𝑅𝐷𝑜𝑣 (calculated using Equation 2) and reaction degree 𝑅𝑚𝑘 283 

(calculated using Equation 3) are presented in Figure 3 for all mixtures. The time evolution of 284 

the reaction degree depended on the H2O/Na2O ratio. At H2O/Na2O ratios of 21 and 24, the 285 

degree of reaction nearly stabilized after 7 days, whereas at higher ratios, the degree of reaction 286 

significantly increased between 7 and 250 days.  287 

 288 

Figure 3 Reaction degree as a function of time calculated from 29Si NMR spectroscopy 289 

a) b) 
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From an NMR perspective, this shows that a higher amount of water delays the dissolution of 290 

the precursor without blocking the reaction progress. A significant amount of the amorphous 291 

fraction of metakaolin did not react even under highly alkaline conditions, as shown by 𝑅𝑚𝑘. 292 

This amount of unreacted metakaolin could be explained by the formation of a barrier layer of 293 

aluminosilicate gel on the surface of metakaolin, which is likely to occur in mixtures activated 294 

by a silicate solution (Chen et al., 2017). 295 

3.1.2. Evolution of reaction degree 296 

The heat flux released per unit weight of the material is shown in Figure 4. The first peak can 297 

be attributed to the heat release caused by the wetting and dissolution of metakaolin particles, 298 

which is defined as stage A.  299 

 300 

Figure 4 Effect of water on heat flow per mass of material 301 

This peak decreased with increasing H2O/Na2O ratios. After this stage, a second peak appeared 302 

at approximately 10 and 12 h for all mixtures, with a slight shift in time as H2O/Na2O increased. 303 
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At a high pH, the dissolution of amorphous aluminosilicate was fast and rapidly created a 304 

supersaturated aluminosilicate solution. Oligomers were then formed and polycondensated into 305 

a three-dimensional system (stage B). These two stages of the geopolymerization process have 306 

been distinguished for a metakaolin-based material activated with sodium silicate solution 307 

(Zhang et al., 2013). After 100 h, the evolution enters a thermally steady stage, during which 308 

larger networks are formed by local reorganization. 309 

During the first stage (A), hydroxide ions provided by the activation solution are assumed to 310 

ensure the dissolution of the aluminosilicate source and the ionization of aluminate and silicate 311 

monomers (Poulesquen et al., 2011). A low-modulus SiO2/Na2O ratio of the sodium silicate 312 

activator is known to favor a high degree of geopolymerization; however, its influence on the 313 

first peak is less clear (Zhang et al., 2013). 314 

In this study, the Na/Al ratio and activator modulus were kept constant; moreover, the increase 315 

in the H2O/Na2O ratio might favor the dissolution of the initial solid phases owing to higher 316 

concentration gradients and faster diffusion. Thus, the magnitude of the heat flux during the 317 

first stage was not affected. However, the intensity of the first peak decreased significantly with 318 

increasing H2O/Na2O ratio (Figure 4). This suggests that the dissolution of the precursor and 319 

the extent of reaction are influenced, on the one hand, by the available surface of metakaolin 320 

exposed to alkaline solution, which in turn is related to the metakaolin content (Favier et al., 321 

2013). On the other hand, it depends on the number of free hydroxides available to dissolve the 322 

metakaolin phase (Benavent et al., 2016b). The total NaOH content decreased with increasing 323 

water-to-solid ratio (Table 2). Consequently, the intensity of stage A is affected by the variation 324 

in the H2O/Na2O ratio. During the polymerization stage, the rate of polycondensation decreases 325 

with increasing water content. Yao et al. (Yao et al., 2009) also observed this variation in heat 326 

flux with an increase in the water content of NaOH-activated metakaolin. Another study (Zuhua 327 

et al., 2009) demonstrated that a higher water-to-solid ratio accelerated the dissolution and 328 
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hydrolysis but hindered the polycondensation. Increasing the water content while maintaining 329 

other ratios constant resulted in a decrease in the exothermic peak observed in the 330 

polycondensation stage with a slight shift in time.  331 

The degree of reaction at 7, 28, and 250 days (determined from NMR spectra) was plotted as a 332 

function of the cumulative heat obtained using isothermal calorimetry for all mixtures (Figure 333 

5). The cumulative heat at 28 and 250 days was determined through extrapolation using the 1/t 334 

function (Lenormand et al., 2015). The degree of reaction followed a monotonically increasing 335 

trend with respect to cumulative heat. This illustrates the correlation between the analyses 336 

enabled by the different characterization techniques at the chemical level. The formation of the 337 

main reaction product can be directly related to the heat released and can be monitored by 338 

exothermic reactions. The decrease in the heat flow observed in the calorimetry curves can be 339 

attributed to the lower reaction degree of the activated metakaolin mixture. 340 

 341 

Figure 5 Reaction degree and cumulated heat 342 
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3.2.Mechanical characterization 343 

3.2.1. Rheological measurement 344 

The evolution of G’ in the fresh state was plotted against time on a logarithmic scale for a better 345 

understanding of the effect of water in the very early stages (Figure 6). G’ evolved through 346 

three main stages (I, II, and III in Figure 6). The first stage presents a constant growth rate, and 347 

the second stage corresponds to an increasing rate of G’ for all studied mixtures. The growth 348 

rate during the third stage depends on the H2O/Na2O ratio.  349 

 350 

Figure 6 Evolution of elastic modulus G’ as a function of time 351 

The elastic modulus of the mixture MK21 increased rapidly and reached relatively high values 352 

within a short time. In contrast, the mixture MK34 exhibited a slow increase in the elastic 353 

modulus and then stabilized at a low value of 22 kPa. Variations in the elastic modulus 354 

suggested the formation of a more rigid network in MK21 than in MK34. At high water-to-355 
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solid ratios, an increase in the amount of water slowed the development of mechanical 356 

percolation paths. For a given reaction degree, the distance between the aluminosilicate 357 

oligomers increased, and the number of mechanical percolation paths decreased. A significant 358 

volume of product is required to reach the percolation threshold, resulting in a lower elastic 359 

modulus (Stefan et al., 2010). Therefore, the elastic modulus remained relatively low. 360 

The development of the elastic modulus as a function of H2O/Na2O did not follow a clear trend. 361 

Different combined mechanisms may explain the variations in elastic modulus. At the 362 

beginning of the first stage, the initial value of the elastic modulus is inversely correlated with 363 

the H2O/Na2O ratio. This observation is in accordance with the attribution of the first increase 364 

in the elastic modulus to the Al-rich gel formed between MK particles. Favier et al. (2013) 365 

demonstrated that the colloidal interactions occurring between metakaolin particles suspended 366 

in the activating solution are negligible. In addition, they observed that only low-energy 367 

interactions occurred between particles as a result of the early formation of a low Si/Al 368 

aluminosilicate inter-particle gel. This Al-rich gel located at the grain boundaries is responsible 369 

for the initial elastic modulus. In this study, a higher H2O/Na2O ratio first induced faster 370 

development of the elastic modulus. The concentration of the activation solution influenced the 371 

kinetics of the dissolution and diffusion of aluminates [Al(OH)4]
-. Thus, we can infer that a 372 

higher H2O/Na2O ratio enhances the dissolution and diffusion of aluminates at the beginning 373 

of the first stage. Consequently, despite the high water content of these mixtures, the activation 374 

solution enables the dissolution and hydrolysis processes to begin. In contrast, the dissolution 375 

of [Al(OH)4]
- depends on the exposed surface of metakaolin in contact with the alkaline solution 376 

and the concentration of hydroxide ions, as mentioned earlier. Both the solid and liquid volume 377 

fractions varied in these mixtures. Accordingly, the dissolution and diffusion of aluminate did 378 

not follow a clear trend over time.  379 
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The mixture MK34 had the highest value of G’ at a very early age. This can be attributed to the 380 

easier formation of the Al-rich gel with a relatively low Si/Al ratio, as explained previously 381 

(Favier et al., 2013). Another factor could be the reduced effect of the sodium silicate solution 382 

(Romagnoli and Andreola, 2007). Anionic silicate oligomers present in alkaline solutions are 383 

known to be highly efficient clay deflocculants, which probably increase the electrostatic 384 

repulsion between particles and thus counteract attractive forces. Therefore, this effect may be 385 

minimized in the mixture with a lower content of activation solution, and the amplification of 386 

the elastic modulus is caused by the presence of particles, which dominate the system.  387 

After a few hours, the curves intersected, and the magnitude of G’ followed a different and 388 

clearer trend (G’21>G’24>G’28>G’34). Thus, we can conclude that a new chemistry is 389 

emerging, resulting in the formation of stiffer products. Favier et al. (Favier et al., 2013) 390 

observed a decrease in Al concentration associated with an increasing growth rate of the elastic 391 

properties. This suggests that aluminate reacts with silicate to form an aluminosilicate phase 392 

with a higher Si/Al ratio. 393 

The variation in tan δ as a function of time is shown in Figure 7. First, tan δ decreased because 394 

G’ varied more quickly than G’’, and it was always lower than 1 (G’> G’’). A decrease in loss 395 

factor can be attributed to the gradual gelation of the metakaolin geopolymer pastes (Rovnaník 396 

et al., 2018). Subsequently, tan δ went through a considerably constant stage. After a few hours, 397 

tan δ increased until it reached a peak value (Figure 7).  398 
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 399 

Figure 7 Evolution of tan δ as a function of time 400 

Several authors have mentioned that this peak presents a criterion of vitreous phase transition, 401 

which can be associated macroscopically with the gel time. Dai et al. (2020) explained this peak 402 

in the loss factor curve as the water released during the condensation reactions of the Si(OH)4 403 

species. After this peak, tan δ gradually decreased, which may be due to the more indirect 404 

contact of particles, causing less loss of dissipated energy compared with more direct contact 405 

(Carreau, 2006). The rate of decrease in the loss factor after the peak was higher as the 406 

H2O/Na2O ratio was lower. This could be attributed to a more elastic and rigid network with a 407 

low H2O/Na2O ratio. For MK28, the time required to reach a stiffer state was longer than that 408 

for mixtures MK21 and MK24. The mixture MK34 had a steady stage in terms of the loss 409 

tangent.  410 

Moreover, lower water content resulted in higher tan δ values (tan δ21> tan δ24> tan δ28). 411 

Normally, the tan δ peak indicates that the dissipated energy exceeds the stored energy 412 

associated with the interactions between the constituents. Oligomer polycondensation is the 413 
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origin of this phenomenon. A higher polycondensation rate is expected at a lower H2O/Na2O 414 

ratio, which was evidenced by the higher value of the maximum tan δ in this study. Note that 415 

MK34 did not harden during this period, which was consistent with the disappearance of the 416 

maximum in the tan δ curve. This supported the assumption that the tan δ peak is associated 417 

with the beginning of the development of the final geopolymer product. This implies that tan δ 418 

can be a useful parameter for evaluating the effect of water on the magnitude of 419 

geopolymerization reactions from the early stages. 420 

Dynamic rheology and isothermal calorimetry were combined to analyze the influence of the 421 

H2O/Na2O ratio on the behavior of fresh and hardened mixtures. G’, tan δ, and heat release of 422 

MK21 are plotted in Figure 8. After a linear increase in G’, the first critical point appeared, and 423 

the elastic modulus increased more rapidly but remained relatively low. The increase in G’ may 424 

be due to further dissolution of metakaolin particles and the formation of large oligomers. 425 

 426 

Figure 8 Correlation between G’, tan δ, and heat flow for MK21 427 
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At the beginning of stage B, a second critical point occurred, and the G’ growth rate further 428 

increased. During this stage, G’ reached high values after a short time. The rapid increase in the 429 

elastic modulus can be associated with the formation of large oligomers or the initiation of 430 

polycondensation into a three-dimensional network, often called a geopolymer structure. These 431 

critical points can be more easily distinguished for MK21 and MK24 mixtures than for MK28 432 

and MK34. 433 

The second critical point of the different mixtures appeared at approximately the same time, 434 

but with different rate variations (Figure 6). This result suggested that all mixtures reached 435 

supersaturation simultaneously. This corresponded to a critical Si/Al ratio, which was 436 

consistent with the composition of the studied mixtures, as the Si/Al and Na/Al ratios were kept 437 

constant. The main difference between these mixtures was the water content. However, it has 438 

been demonstrated that water does not affect silicate species' condensation in alkaline silicate 439 

solutions (Bourlon, 2010). This agrees with the results of NMR spectroscopy (see Section 440 

3.1.1), which indicated that the local structure of the reaction products was not affected by the 441 

initial water content. 442 

Consequently, the consistency between the evolution of the reaction rate and the evolution of 443 

the elastic modulus G’ of the materials can be highlighted. An origin at the physicochemical 444 

level can be assumed. Studies have shown that an increase in the consumption of metakaolin is 445 

accompanied by an increase in the shear modulus of geopolymers. Similarly, the stabilization 446 

of the consumption rate of metakaolin corresponds to the setting of the geopolymer (Bourlon, 447 

2010). 448 
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3.2.2. Correlations between mechanical properties and chemical reaction degree 449 

The compressive strength was measured at 7, 28, and 90 d for all mixtures except MK34. Its 450 

compressive strength was lower than 25 kPa after 90 days, which corresponded to the minimum 451 

compressive strength measurable by the machine on cylindrical specimens.  452 

Table 4 lists the heat released, compressive strength, and water porosity at different ages. The 453 

cumulative heat at 7 days was directly deduced from the experimental data of isothermal 454 

calorimetry (Figure 4), and the cumulative heat at 28 days was determined by extrapolation 455 

using the 1/t function (Lenormand et al., 2015). The compressive strengths of all mixtures 456 

primarily developed within the first 7 days. From the values at 7 and 28 days, the strength 457 

development was not proportional to the cumulative released heat. Mixtures MK21 and MK24 458 

had nearly the same cumulative heat at 7 and 28 days, but they exhibited significantly different 459 

values of compressive strength. Thus, the data from calorimetry were not sufficient to explain 460 

the development of strength, particularly the decrease in strength owing to the increase in the 461 

H2O/Na2O ratio from 21 to 28. This confirms that strength development also depends on the 462 

physical and microstructural parameters of the material. Thus, the water porosities at 28 and 90 463 

days were also determined. 464 

The porosity of the hardened material was proportional to the initial water content (Table 4). 465 

This means that the pores replaced the main part of the initial water volume in the hardened 466 

material, which was consistent with a previous study (Pouhet et al., 2019). Studies show that 467 

the amount of water in the initial geopolymer system is the dominant factor affecting the density 468 

and open porosity after extended aging (Benavent et al., 2016a; Lizcano et al., 2012). This 469 

influence of porosity on strength is a priori similar to the behavior of ceramics, as the strength 470 

exponentially decreases with porosity (Kingery et al., 1976) (Biswas, 1976). The literature 471 

indicates that maintaining an H2O/Na2O ratio between 10 and 20 is necessary to achieve 472 
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significant strength for a structural geopolymer (Cui, 2019). From the experimental results, a 473 

higher value of this ratio can enable the performance required for different applications to be 474 

attained, where high strength is not the main interest, provided that the materials exhibit the 475 

expected values of elastic modulus, water permeability, fire resistance, etc. A decrease in the 476 

strength and geopolymer content (Figure 9) was observed at approximately H2O/Na2O = 30. 477 

A significant increase in the compressive strength occurred between 28 and 90 days, as shown 478 

in Table 4. However, the reaction degree of MK21, MK24, and MK28 mixtures did not 479 

significantly increase during this period (Figure 3). The porosity slightly decreased between 28 480 

and 90 days, which may partially explain the increase in the compressive strength. The 481 

refinement of the porosity of an activated metakaolin over time was attributed to the 482 

densification of the solid network and partial closure of the porosity at the nanometer scale 483 

(Steins et al., 2014). Moreover, a dissolution–precipitation mechanism occurring at the pore 484 

wall interface was observed, which could explain the slight decrease in the pore volume 485 

(Benavent et al., 2016a). 486 

Table 4 Released heat, compressive strength, and porosity after different ages  487 

 488 

 
Initial water 

(% vol) 

Porosity (% vol.) 
Released heat 

(J/g) 

Compressive strength 

(MPa) 

Age (days) 28 90 7 28 7 28 90 

MK21 66 60.3 59.7 87.1 100 10.1 12.0 19.3 

MK24 68 64.0 62.9 72.1 84.9 2.7 3.8 6.0 

MK28 72 68.8 68.2 59.0 65.5 0.7 0.8 1.1 

MK34 76 - - 32.9 37.6 < 0.025 < 0.025 < 0.025 
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The compressive strength was plotted as a function of tan δ obtained from rheological 489 

measurements (Figure 9). The maximum tan δ obtained by rheological testing is linearly 490 

correlated with the compressive strength at 7, 28, and 90 days. This correlation between the 491 

mechanical properties at an early age and long-term results from multiple parameters, such as 492 

the reaction degree, microstructure parameters, and their time evolution. Steins et al. (2012) 493 

mentioned that the variation in the value of tan δ is difficult to explain. As a word of caution 494 

before generalizing this correlation, note that it strongly depends on the material composition 495 

and examined objectives. In addition, MK34 did not develop significant mechanical strength 496 

even after 90 days, which was consistent with the disappearance of the maximum tan δ for this 497 

mixture. 498 

 499 

Figure 9 Compressive strength as a function of the maximum of tan δ 500 

Finally, the compressive strength and maximum tan δ are plotted as a function of the degree of 501 

reaction in Figure 10. A decrease in compressive strength was observed with an increase in the 502 

H2O/Na2O ratio. It has been reported that the compressive strength is linearly correlated with 503 

the reaction degree (Chen et al., 2020). However, in this study, the compressive strength was 504 

not correlated with the degree of reaction. MK21 and MK24 exhibited similar reaction degrees 505 

but developed different compressive strengths. Conversely, the significant increase in the 506 
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reaction degrees from MK28 to MK24 resulted in limited strength development. Both strength 507 

and tan δ can be considered mechanical parameters. For instance, tan δ was deduced from the 508 

G’ values, which also sharply decreased with the H2O/Na2O ratio (Figure 6). The strength and 509 

tan δ depend on the chemical reactivity of the binder, but not directly, as they are also influenced 510 

by the initial porosity and packing density of the mixture, the development of percolation paths, 511 

the intrinsic mechanical properties of each phase, and their complex interactions that influence 512 

the time evolution of the microstructure.  513 

Based on this, tan δ appears to be a useful parameter to anticipate the influence of the H2O/Na2O 514 

ratio on strength from short-term rheological measurements, and the correlation with strength 515 

enables us to understand its evolution. 516 

 517 

Figure 10 Compressive strength and tan δ versus the degree of reaction  518 

 519 



30 
 

4. Conclusions 520 

Metakaolin-based geopolymers were characterized using advanced experimental and analytical 521 

techniques to monitor the reaction advancement and development of mechanical properties 522 

from the fresh to the hardened state. The mixtures were designed by keeping the molar ratios 523 

constant, only the H2O/Na2O ratio varied from 21 to 34. The following conclusions were drawn:  524 

 The analysis of the phase composition suggested that water did not affect the structure 525 

of the geopolymer-type phase. A higher H2O/Na2O ratio resulted in a higher content of 526 

unreacted metakaolin and a lower product fraction, as shown by the NMR results.  527 

 The combination of isothermal calorimetry and dynamic rheology allows to distinguish 528 

the different stages of the structuration of fresh and hardening materials.  529 

 The maximum loss tangent tan δ appeared to be a reliable indicator for estimating the 530 

sensitivity of the strength of the studied mixtures to the initial water content.  531 

 At the chemical mechanism level, a correlation between the cumulated released heat 532 

obtained by isothermal calorimetry and the degree of reaction deduced from the 533 

decomposition of NMR spectra was revealed.  534 

 The maximum tan δ obtained using the rheological test was linearly correlated with the 535 

compressive strength. The degree of reaction and mechanical properties were poorly 536 

correlated at the studied scales of time and space. The decrease in compressive strength 537 

with H2O/Na2O ratio was explained by the influence of water on the reactivity of the 538 

precursor and the higher porosity of the material, as the water was not chemically bound.  539 
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Highlights 

 Activated metakaolin with H2O/Na2O ratio higher than 20 and constant Si/Al and Na/Al atomic ratios 

 Early stages of structuration evidenced by dynamic rheology and isothermal calorimetry 

 Reaction degree of metakaolin deduced from quantitative analysis of NMR spectra 

 H2O/Na2O ratio influenced the reaction degree but not the structure of geopolymer 

 Loss tangent deduced from rheometry and compressive strength can be correlated 

Highlights (for review)



Abstract 

This study focused on the influence of high H2O/Na2O ratios (higher than 20) on the properties 

of metakaolin-based geopolymers in fresh and hardened states while keeping constant Si/Al 

and Na/Al atomic ratios. The increase in H2O/Na2O ratio from 21 to 34 resulted in a decrease 

of 7-day compressive strength from 10 to 0.025 MPa. This can be attributed to the influence of 

water on the reactivity of the precursor, which was demonstrated by nuclear magnetic resonance 

(NMR) spectroscopy and porosity evolution as the water is not chemically bound. Increasing 

H2O/Na2O ratio did not change the geopolymer structure of reaction products. A correlation 

was observed between the reaction degree deduced from NMR spectral decomposition and the 

cumulated released heat obtained using isothermal calorimetry. The maximum loss tangent, 

obtained using dynamic rheology, was linearly related to strength development. 
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