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Abstract
Several studies explore optimal molar oxide ratios for metakaolin geopolymer production. However, there is not a con-
sensus on the optimal mix, and within similar range large differences in compressive strength are reported, and conse-
quently in the overall performance. Hence, the present work selects a specific molar oxide ratio that leads to strengths 
above 30 MPa  (SiO2/Al2O3 ratio of 3.19, a  Na2O/Al2O3 of 1.00, and a water-to-solids ratio of 0.52), and investigates the 
individual effect of the sodium-based activators (NaOH and  Na2SiO3) and the water content on fresh and hardened 
properties of metakaolin geopolymers. The tested properties include the rheology, setting time, mass loss, shrinkage, 
density and compressive strength. The test results show that an increase of water content (water-to-solids > 0.52) and 
increase of NaOH  (Na2O/Al2O3 > 1.03) have the largest impact, showing a detrimental effect on both fresh and hardened 
properties. Moreover, the best results are obtained when using molar ratios of  SiO2/Al2O3 at 3.14,  Na2O/Al2O3 at 0.97 and 
a water-to-solids ratio of 0.51, which is within the range of optimum molar ratios from previous studies. The tests are 
further supplemented by Thermogravimetric analysis/Differential scanning calorimetry (TGA/DSC), scanning electron 
microscopy (SEM), and X-ray diffraction (XRD).

Article highlights
• An elevated water content can improve the fluidity of 

the pastes, however, it increases pore formation and 
detriments the strength.

• A surplus of alkali content decreases the fluidity, accel-
erates the setting, and increases the shrinkage and sur-
face cracking of metakaolin geopolymers.

• The best performance is achieved with a water-to-sol-
ids = 0.51, and molar oxide ratios of  Na2O/Al2O3 = 0.97 
and  SiO2/Al2O3 = 3.14.
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1 Introduction

Portland cement is the binder of concrete and has an 
approximate annual production of 4 billion tonnes with a 4% 
growth per annum [1, 2]. The main concern is that an aver-
age of 0.6 tonnes of  CO2 are released per tonne of cement 
produced [3]. Thus, this makes the cement industry one of 
the major contributors to the global anthropogenic  CO2 
emissions, being its share 8% in 2020 [4–6].

Several actions such as energy efficiency, alternative 
binders or fuels and carbon capture have been proposed 
with the ultimate goal of decarbonizing the cement pro-
duction [7]. One of the promising low-CO2 alternatives are 
geopolymer binders [8, 9]. Geopolymers are synthesized by 
the reaction of an aluminosilicate-based material and alkali 
activators under the presence of water [10]. They form an 
amorphous three-dimensional aluminosilicate structure 
by the combination of  [SiO4]4− and  [AlO4]5− tetrahedra. The 
incorporation of alkalis, such as  Na+ or  K+, balance the elec-
trical charges of the network [10, 11]. This reaction leads to 
a geopolymer paste that can set and harden at room tem-
perature, and can gain mechanical properties over time [12].

Common aluminosilicate-based materials include indus-
trial wastes such as coal fly ash and blast furnace slags from 
the coal and steel industry respectively, or pre-treated natu-
ral sources such as metakaolin [12–14]. Meanwhile, the most 
used alkali activators are generally a combination of NaOH 
and  Na2SiO3, as they are relatively cheaper option than other 
alkalis [15, 16]. Moreover, they can increase the cohesion of 
the network, lower the porosity and enhance their overall 
durability against carbonation and chemical attacks [17].

Significant research has been dedicated over the last 
decades to investigate the influence of the mix design on 
the mechanical properties of geopolymers [18], with spe-
cial attention to high-calcium precursors such as fly ash 
[19–21] and slags [22–24]. In comparison, a lower number 
of studies have been dedicated to low-calcium precursors 
such as metakaolin or other calcined clays as they tend to 
require higher water demand and exhibit lower workability 
[25]. Nevertheless, there is a growing interest on optimizing 
the properties of calcined clay/metakaolin-based geopoly-
mers due to raw materials availability [25, 26], and literature 
reports 28-day strengths between 20 to 80 MPa with molar 
oxide ratios in the ranges of  SiO2/Al2O3 of 2.5–4,  Na2O/Al2O3 
of 0.6–1.2, and  H2O/Al2O3 of 10–11 [27–33]. In addition, 
besides similar work conducted by Albidah [34] and Alghan-
nam [35] in metakaolin based concrete, to the authors’ best 

knowledge there is still a lack of studies comparing the rhe-
ology of the fresh metakaolin geopolymer pastes with their 
hardening evolution properties, microstructure and result-
ing mechanical strength.

Thus, in this study the focus is to explore the relationship 
between metakaolin’s geopolymer properties and the dif-
ferent alkali activator concentrations (NaOH and  Na2SiO3), 
and water contents. The objective is to have a better under-
standing of how individually each reagent affects several of 
the fresh and hardened metakaolin geopolymer properties, 
so that they can then be optimized to achieve the best per-
formance. The tested properties are: rheology, setting time, 
compressive strength, density, mass loss, shrinkage, and 
thermal stability. Moreover, the results are supplemented 
by studying microstructure and mineralogical composition.

In the next section, the materials and methods are 
described (Sect. 2). In Sect. 3, the results of the study are 
presented together with the discussion, and in Sect. 4, the 
conclusions summarize the main findings and underline the 
importance of this research.

2  Materials and methods

Geopolymer pastes were synthesized by mixing metakaolin 
with an alkaline solution constituted by sodium hydroxide 
and sodium silicate. Metakaolin (MetaMax) was supplied 
by BASF Chemicals (Ludwigshafen, Germany) with a sur-
face area of 13.49  m2/g and a mean particle size of 4.56 μm. 
The chemical oxide composition measured by X-ray Fluo-
rescence (XRF) is given in Table 1. SiO2 and Al2O3 are the 
main components, with contents of 53.0 wt% and 43.8 wt%, 
respectively.

Sodium hydroxide (NaOH) solution was obtained by dis-
solving NaOH pellets from Sigma Aldrich (98% purity) in 
distilled water. Sodium silicate  (Na2SiO3) solution was pur-
chased from Honeywell with a composition of 14.7%  Na2O, 
29.4%  SiO2 and 55.9%  H2O  (SiO2/Na2O molar ratio of 2); and 
a specific gravity of 1.4 g/cm3 at 20 °C.

The alkaline solution was prepared for 4 min by mix-
ing the NaOH solution into the  Na2SiO3 solution. Due to 
the exothermic reaction taking place, the alkaline solution 
was prepared 4 h in advance to be allowed to cool down 
to room temperature. Thereafter, the metakaolin powder 
was added into the alkaline solution and mixed for 4 min in 
a mechanical Hobart mixer. Once a homogenous mixture 
was obtained, the properties of the geopolymer paste were 
ready to be tested.

Table 1  Chemical oxide 
composition of BASF 
metakaolin

SiO2 Al2O3 Na2O K2O TiO2 Fe2O3 CaO MgO P2O5 SO3 LOI

53.0% 43.8% 0.23% 0.19% 1.70% 0.43% 0.02% 0.03% 0.03% 0.03% 0.46%
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In this study, 13 different geopolymer formulations 
were prepared and the mix design variables are shown 
in Table 2. As it can be seen, there is a reference geopoly-
mer mixture (REF) which serves as our starting point, and 
the molar oxide ratios have been selected based on prior 
studies that reported compressive strengths above 30 MPa 
[27]. Thereafter, the mixes have been arranged in four 
groups and one reagent has been varied in each of them. 
Group W, varies the content of distilled water, group SH 
the content of sodium hydroxide, group SSS the amount 
of sodium silicate solution and SSW maintains constant 
the water-to-solids ratio while varying the solid sodium 
silicate content, as it was observed that in group SSS there 
was a combined effect of two different variables (water 
and solid sodium silicate content). Something else that 
can be observed is that water-to-solids ratio below 0.5 
was not possible to achieve in this study due to the poor 
workability observed on the pastes. Other studies have 
reported water-to-solids below 0.45, however, they also 
had lower  SiO2/Al2O3 (around 2.5) or had added superplas-
ticizers [34, 36].

Thereafter, several fresh and hardened properties have 
been tested for each specimen to investigate the effect 
of the alkaline reagent concentration and water-to-sol-
ids ratio. The fresh properties measured were rheology 
and setting time. For testing the rheological properties; 
shear strain, shear stress, shear rate, storage modulus, loss 
modulus and viscosity; of the different pastes were studied 
using an Anton Paar Physica MCR 502 rheometer equipped 
with a parallel plate system with a 25 mm diameter. A pre-
shearing at high shear was done before measurements to 
bring all samples to a similar fluidity level. Meanwhile, the 
setting time was tested using an automatic Vicat apparatus 

with continuous penetration at ambient conditions (E044-
03N), following the EN196-3 standard [37].

The hardened properties tested over time were mass 
loss, shrinkage, density and compressive strength. The 
fresh homogenous mixtures were casted into 40  mm 
cubes and placed for 30 s on a vibration table to remove 
any trapped air bubbles. The samples were then inserted in 
a curing chamber at 21 °C ± 2 °C and 80% relative humidity 
(RH). They were unmoulded after 24 h and they were left 
in the curing chamber until testing. The mass loss, shrink-
age, and density were measured after 1, 3, 7, 14, 21, 28 and 
56 days. The shrinkage was determined by measuring the 
change in length of 40 mm cubes using a micrometer with 
0.01 mm accuracy. The weight of each cube was recorded 
before each length measurement. The density ( � ) was then 
back-calculated, knowing the volume (V) of the sample 
and the weight (m), � =

m

V
.

Compressive strength tests were performed on the 
cubic samples using a Digitec E160-01D compression 
machine with a constant loading rate of 0.750 MPa/s. Tests 
were performed after 3, 7 and 28 days. Each reported value 
corresponds to the average of three measurements.

The samples were further characterized by thermo-
gravimetric analysis/differential scanning calorimetry 
(TGA/DSC), scanning electron microscopy (SEM), and X-ray 
diffraction (XRD). The wet geopolymer pastes were casted 
in 10 mm cubes, vibrated for 30 s and placed in the cur-
ing chamber (21 °C ± 2 °C and 80% RH) until testing. The 
samples had to be powdered in a ball mill at 350 rpm for 
3 min before testing them on TGA–DSC and XRD, while 
hardened dry cubes were used in SEM–EDS. TGA/DSC was 
used to measure the thermal stability and phase change of 
the different formulations at 7 and 28 days. The analyses 

Table 2  Mix proportions and molar oxide ratios of metakaolin geopolymer pastes

Exp Metakaolin (g) Na2SiO3 
solution (g)

NaOH pel-
let (g)

Water (g) Na2O/Al2O3 
(mol/mol)

SiO2/Al2O3 
(mol/mol)

H2O/Al2O3 
(mol/mol)

Water/
solids 
(g/g)

REF 400 400 60 105 1.00 3.19 10.62 0.52

Group W W1 400 400 60 110 1.00 3.19 10.79 0.52
W2 400 400 60 120 1.00 3.19 11.11 0.54
W3 400 400 60 150 1.00 3.19 12.08 0.59

Group SH SH1 400 400 85 105 1.18 3.19 10.62 0.50
SH2 400 400 65 105 1.03 3.19 10.62 0.51
SH3 400 400 45 105 0.89 3.19 10.62 0.53

Group SSS SSS1 400 380 60 105 0.97 3.14 10.26 0.51
SSS2 400 410 60 105 1.01 3.22 10.80 0.52
SSS3 400 440 60 105 1.05 3.31 11.35 0.54

Group SSW SSW1 400 380 60 110 0.97 3.14 10.42 0.51
SSW2 400 410 60 100 1.01 3.22 10.64 0.51
SSW3 400 440 60 91 1.05 3.31 10.89 0.51
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were performed using a Netzsch STA 449 in the tempera-
ture range between 0 and 1100 °C, with a heating rate of 
10 °C/min, and with an atmosphere of 10%  O2 and 90% 
 N2. The morphological microstructure was studied on the 
specimens after 28 days by SEM–EDS. A Thermo Scientific 
Prisma E with a 20 kV acceleration voltage was used. The 
samples were non-polished to study the morphology with 
secondary electron images. Finally, the mineralogical and 
phase composition of the metakaolin and the geopoly-
mers were investigated at 28 days by using a Huber G670 
diffractometer with CuK� ( � = 0.154 nm). The scans were 
performed within the range of 2 � = 10–100◦ at 40 kV and 
scanning times of 5 h.

3  Results and discussions

3.1  Rheological properties

Strain sweep measurements have been carried out to 
determine the linear viscoelastic domain and the main crit-
ical strain values of the samples. The critical strain is associ-
ated with the breakage of early reaction products [38], and 
it’s obtained at the end of the linear elastic regime of the 
geopolymers. Figure 1 presents the evolution of the stor-
age modulus (G′) and the loss modulus (G″) as a function 
of the shear strain. Only one sample of each group has 

been selected, as the critical shear strain value was found 
to be almost the same for all mixtures. The different sam-
ples were subjected to a pre-shearing with an oscillation 
frequency of 1 Hz and a shear strain range from 0.001 to 
100%. The critical strain was observed at 0.01. Thereafter, 
to ensure that any structural build-up has been removed 
and the samples are brought to a reference level, the taken 
critical strain for the following rheological measurements 
is in the order of 10 times the critical strain (0.1).

Moreover, Fig. 1 also shows the shear strain at which the 
storage (G′) and the loss modulus (G″) become equal. This 
indicates a change in behaviour of the material from solid 
(G′ > G″) to liquid (G′ < G″) due to the increased shearing 
applied. It can be seen that the shear strain at which the 
G′ = G″, is the same in almost all samples (~ 0.3).

Figure 2 presents the shear flows measured at 25 °C 
for two sample mixes of each group. Group W shows in 
Fig. 2a) that even at a slight increase of water content 
(W1, W3) with respect to REF geopolymer, the shear 
stress decreases. This is probably due to the higher flu-
idity of those pastes, which results in a lower resistance 
to shearing [39]. Thereafter, in Fig. 2b) it can be seen 
that the increase of NaOH (SH1) leads to a higher shear 
stress than REF. It has to be noted that in SH1 the water-
to-solids ratio is also lower with respect to REF, so the 
combination of those two factors are hindering the flu-
idity of this paste [39, 40]. Groups SSS and SSW shown 

Fig. 1  Storage modulus/loss modulus vs shear strain for REF, W1, SH1, SSS1 and SSW1
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respectively in Fig. 2c and d, present similar resistance to 
gradual deformation as for the REF sample. Generally, it 
has been observed that soluble silica tends to increase 
the shear stress on geopolymer systems, however with a 
lower degree than soluble NaOH [39, 40]. Conversely, an 
increased water content reduces the shear stress. Thus, 
it seems as there is a counter-balance effect from those 
two parameters in those pastes, resulting in a similar 
resistance to deformation to the REF paste.

It can also be seen that the shear stress is directly 
proportional to the shear rate, especially up to a shear 
rate of 50  s−1, this means that it can be considered as a 
special case of the Bingham equation (Eq. 1) in which 
�
O
= 0 . This means that even though geopolymers have 

been identified as non-Newtonian, they can be assumed 
to have a behavior of a Newtonian fluid with a constant 
plastic viscosity [40–42].

where: τ is the shear stress (Pa), μ is plastic viscosity 
and �̇� is the shear strain rate  (s−1) [42].

For Newtonian fluids, the viscosity of the fluid is the 
coefficient of proportionality between the shear stress 
and the shear rate [41]. Thereafter, the slopes of the 

(1)𝜏 = 𝜏
o
+ 𝜇�̇�

linear relationships found in Fig. 2 (up to shear rate of 
50   s−1), are the Newtonian viscosities of the studied 
specimens and they are presented in Table 3.

Correspondingly to the shear stress flow observations, 
it can be seen that when comparing to the REF sample, the 
largest impact on the viscosities is given by an increase 
of water or NaOH content [39, 40]. The lowest viscosity is 
found for W3 (4.46 Pa  s−1), which has the highest water-
to-solids ratio (0.59) , and is within range of typical values 
found for the intrinsic viscosity of Portland cement pastes 

Fig. 2  Shear stress vs shear rate of the different group formulations at 25 °C being a group W, b group SH, c group SSS, and d group SSW

Table 3  Viscosity of the tested metakaolin geopolymers at 25  °C 
and 1 Hz

Geopolymer Viscosity (Pa  s−1)

REF 16.59
W1 10.70
W3 4.46
SH1 23.96
SH3 16.56
SSS1 15.54
SSS3 14.89
SSW1 16.51
SSW3 16.45
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(4 to 6 Pa  s−1), depending on their composition [43–45]. 
Meanwhile, the highest viscosity has been found to be 
the one with the highest sodium hydroxide content (SH1) 
and lowest water-to-solids ratio. This can be mainly due 
to the higher viscosity of the NaOH solution, when com-
pared to water, and also due to an increased concentra-
tion of  Na+ ions which increases the rate of rigidification 
as a higher dissolution of metakaolin occurs [46]. Sodium 
silicate solution is also a purely viscous fluid [47], and as 
seen from group SSS and SSSW, it increases the overall 
viscosity of metakaolin geopolymer pastes (15–17 Pa  s−1), 
when compared to Portland cement pastes. From a rheo-
logical point of view, metakaolin geopolymer pastes tend 
to have a higher viscosity than Portland cement pastes, 
and they are greatly affected by the viscosity of the alkali 
activator solution [26]. This higher viscosity tends to hinder 
the workability of the fresh pastes. In addition, it has been 
suggested that metakaolin geopolymer pastes in contrast 
of a Portland cement paste, does not behave as a granular 
suspension since its viscosity is mostly controlled by the 
interstitial fluid and not by the direct frictional contact of 
metakaolin grains [46, 47].

3.2  Setting times

The initial and final setting times are measured to inves-
tigate the effect of the different mix designs on the stiff-
ening of the paste. This is important as the initial setting 
indicates the time that the paste starts to lose its plasticity, 
while the final setting, the time that the paste has com-
pletely stiffen and can sustain some load. This means that 
the initial set, provides the time frame that the geopoly-
mer paste is workable and that can be casted/shaped. The 
EN 196-3 [37] prescribes that the initial setting time of a 
cement paste should not be earlier than 45 min and the 

final setting should not be later than 600 min. Figure 3 
presents the setting times obtained for the different geo-
polymer pastes. At a first glance it can be observed that all 
samples comply within the standards.

Thereafter, Group W shows that the higher the water-
to-solids ratio (W3), the slower the initial and final setting 
time. This is due to the fact that higher water-to-solid ratio 
implies a higher water concentration in the alkali solution, 
which reduces the rate of geopolymerization reaction 
and dissolution of metakaolin [48]. Subsequently, Group 
SH indicates that the higher the NaOH concentration and 
higher molar ratio  Na2O/Al2O3 (SH1), the faster the setting 
times. This is caused by the fact that high NaOH concen-
tration accelerates the rate of geopolymerization and the 
dissolution of silica and alumina, which causes a faster 
setting [49]. In group SSS, it is observed that the higher 
content of sodium silicate solution (SSS3), the slower the 
setting time. However, in this group the effect is divided 
between the increase of water-to-solids ratio and the 
solid content of sodium silicate. Hence, in group SSW, the 
water-to-solids ratio is kept constant while only the solid 
sodium silicate is varied. Similarly to group SSS, increasing 
the solid sodium silicate (SSW3) leads to slower setting 
times. According to previous literature [50, 51], higher 
 SiO2/Al2O3 molar  ratio, leads to longer setting times due 
to an increased amount of soluble silica in the solution. 
The presence of a high amount of soluble silica makes the 
geopolymerization reaction take more time to complete 
the early stage reaction, resulting in an increase of setting 
time. Moreover, when comparing the setting times from 
Fig. 3 with the fresh paste viscosities of Table 3, it seems 
as the pastes with higher viscosity tend also to faster set-
ting times. This is probably related with the relative higher 
content of NaOH in those samples, thus resulting in an 
acceleration of the geopolymerization rate [47].

Fig. 3  Initial and final setting time of the different metakaolin geopolymer formulations. The (+) and (→) indicate the gradual reagent 
increase of each group
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3.3  Shrinkage, mass loss and density

The shrinkage, mass loss and density of the synthesized 
metakaolin geopolymers were tested over a period of 
56 days for all specimens. The measured mass loss and 
uniaxial length change of the different pastes are pre-
sented in Fig. 4. It can be seen from the figure that the 
mass loss and length change are more pronounced in 
the first 21 days of curing. Geopolymer mixes REF and 
SH2 showed the least amount of mass loss after 56 days 
(− 1.16% and − 1.19%, respectively), while geopolymer 
mix W3 displayed clearly the highest amount of mass loss 
(− 2.15%). This mass loss is mainly associated in the litera-
ture with free water evaporated from macropores [52], and 
consequently it is observed that the mass loss is increased, 
at higher water-to-solids ratio. Regarding the shrinkage 
of the pastes, geopolymer mix SH1, W3 and SSS3 showed 
the highest length change at 56 days (− 1.01%, − 0.98% 
and − 0.94%, respectively). This indicates that the shrink-
age of the pastes is not only influenced by the free water 
evaporated from macropores (drying shrinkage), but also 
from an increased alkalinity of the solution. The increase of 
 Na+ ions might be leading to finer pore sizes (mesopores) 
[53], and structural water evaporation from mesopores can 
then generate capillary stresses that induce autogenous 
shrinkage [52].

Figure 5a–d compares the mass loss of the pastes with 
their corresponding total shrinkage. The total shrinkage 
has been calculated as the multiplication of the average 
uniaxial length change of the cube paste times two. From 
this figure, it can be confirmed that as a general trend the 
higher the mass loss, the higher the total shrinkage. As 
mentioned before, this is mainly due to the loss of free 
water from the macropores of the geopolymer pastes that 

leads to a loss in weight, and predominantly corresponds 
to drying shrinkage, which seems to have the largest effect 
on the metakaolin geopolymer pastes. However, it can also 
be directly observed that SH1 has the highest shrinkage 
without having the highest mass loss, as this shrinkage 
might be induced by internal capillary stresses generated 
from the higher alkalinity (autogenous shrinkage). Those 
results are in agreement with previous observations [54, 
55] which indicated that the volume change of metakao-
lin geopolymer pastes is mainly due to drying shrinkage 
rather than autogenous shrinkage. Moreover, the shrink-
age (%) values obtained in this study are within the range 
of previously reported shrinkages, however, greater mass 
loss in the order of 10 to 30% has been previously reported 
when curing the metakaolin geopolymers at ambient con-
ditions [55]. In addition, it has to be noted that the low 
shrinkage values observed in metakaolin geopolymers 
when compared to Portland cement pastes, have also 
been previously explained by an early age expansion 
related to the formation of aluminium phases [56, 57].

Thereafter, the density was measured over a period of 
56 days for each specimen (Table 4). It is observed that 
the density results slightly vary among the different com-
positions, having lower densities (lighter materials) the 
ones that have a higher water-to-solids ratio and high-
est sodium silicate content. The density of geopolymers 
tends to modestly decrease with age of curing as a result 
of free water evaporation, and it is in agreement with the 
corresponding mass loss and drying shrinkage. The aver-
age metakaolin geopolymer density at 56 days has been 
found to be 1.8 g/cm3, and is within the range of densi-
ties that have been previously reported for metakaolin 
geopolymers varying from 1.6 to 2 g/cm3 depending on 
the alkalinity of the solution [58]. Comparing the average 

Fig. 4  Mass loss (%) and length change (%) for a period of 56 days
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metakaolin geopolymer density after 56 days (1.8 g/cm3) 
with a typical Portland cement paste (2.3 g/cm3), it can be 
seen that the metakaolin pastes have a lower density [59]. 
This is in agreement with the reported specific gravity ratio 
of metakaolin geopolymers which is 2.3, while for Portland 
cement is 3.15 [60], and it can also be correlated to the 
lower-packing density and higher specific surface area of 
metakaolin when compared to Portland cement [61, 62].

3.4  Compressive strength

Compressive strength development for the geopolymer 
formulations tested at 3, 7 and 28 days are shown in Fig. 6. 
Standard deviation of the three measured samples has 
also been included. From the figure it is seen that at 7 days, 
all the specimens have gained the 80–90% of the compres-
sive strength obtained at 28 days. This agrees with the fact 
that metakaolin enhances the early strength development 

and accelerates the initial setting time when compared to 
fly ash or slag geopolymers [63, 64].

Figure 6a shows that the mix W3 with highest water-
to-solids ratio (w/s = 0.59) leads to the lowest compressive 
strength (23.8 MPa) after 28 days, and that all specimens 
in group W (with increased water content compared to 
REF sample) lead to lower compressive strengths than REF 
geopolymer. This correlates with prior observations [34], 
which observed a decrease in compressive strength when 
increasing the water-to-solids ratio from 0.4 to 0.54.

Meanwhile, Fig. 6b illustrates the effect of the sodium 
hydroxide concentration, in which it can be seen that the 
highest concentration of NaOH (SH1) can lead to an early 
strength similar to the one obtained with REF, however, 
there is a limited strength gain after 7 days. This is prob-
ably due to a surplus of  Na+ ions, and instead of being 
incorporated in the geopolymer matrix, they stayed free 
weakening the overall microstructure [65]. Previous work 

Fig. 5  Comparison of the mass loss and drying shrinkage (%) from a group W, b group SH, c group SSS, and d group SSW

Table 4  Measured density (g/
cm3) at 56 days of curing

REF W1 W2 W3 SH1 SH2 SH3 SSS1 SSS2 SSS3 SSW1 SSW2 SSW3

1.81 1.79 1.76 1.74 1.83 1.81 1.75 1.82 1.79 1.78 1.81 1.77 1.75
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[30, 32] observed that increasing the alkali dosage, leads 
to an increase of reaction extent and thus to a stronger 
material. However, there is an optimum content, as high 
amount of alkalis induce free alkalis in the structure which 
can then lead to efflorescence [66]. For metakaolin geo-
polymers this threshold is determined by the molar ratio 
 Na2O/Al2O3 [67], which in this study it’s determined to be 
in the range of 0.97 to 1.03.

In Fig. 6c, the effect of the sodium silicate solution (vary-
ing both sodium silicate and water content) is presented, 
and it can be observed that the metakaolin geopoly-
mer paste (SSS1) has the highest compressive strength 
(44.1 MPa) at 28 days, having a molar ratio of  Na2O/Al2O3 
at 0.97, a molar ratio of  SiO2/Al2O3 at 3.14 and a water-
to-solids ratio of 0.51. This also corresponds to the paste 
with the lowest drying shrinkage, lower concentration of 
macropores, and thus greater volume stability.

Finally, in Fig. 6d it can be seen that the increase of solid 
sodium silicate maintaining water/solids constant to 0.51, 
seems to improve the compressive strength (SSW2) up to 

a certain degree, beyond which higher content of solid 
sodium silicate seems to detriment the strength (SSW3). 
This strength reduction was not expected as previous lit-
erature observe strength enhancement up to  SiO2/Al2O3 
ratios of 3.5 [27], but Zhang [30] and Albidah [34] have 
reported this strength reduction when the molar ratio 
 SiO2/Al2O3 is increased as a result of the impedance of geo-
polymerization caused by Al–Si precipitation in which the 
excess silicate inhibits the water evaporation and structure 
formation. This was also supported by its higher drying 
shrinkage and mass loss in Sect. 3.3.

Thereafter, the strength development gained at 28 days 
by all the different metakaolin geopolymer pastes has 
been compared to the standard EN strength class of 
32.5 MPa required at 28 days [68]. The specimens with 
water-to-solids ratio > 0.52, or with a molar ratio  Na2O/
Al2O3 > 1.03 seem to develop lower compressive strengths 
than the required by the standard. The strengths obtained 
in this study are within the range of prior studies [27, 28, 
33], which suggested that the optimal molar oxide ratios 

Fig. 6  Compressive strength development over time of a group W, b group SH, c group SSS, and d group SSW
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for metakaolin geopolymer pastes are water-to-solids ≈ 
0.5,  Na2O/Al2O3 = 0.6–1 and  SiO2/Al2O3 ≈ 3.

It has to be noted that besides the molar oxide ratios, 
the curing conditions of the pastes (temperature, rela-
tive humidity) have also a great influence on the strength 
development of metakaolin geopolymers [69]. For simi-
lar oxide ratios to the ones in this study, strengths above 
50 MPa have been reported when curing at temperatures 
above 40 °C for the first hours [70, 71].

3.5  Thermal analysis (TGA/DSC)

The TGA–DSC analysis was performed for all the geopoly-
mer formulations to investigate their thermal stability at 7 
and 28 days. In Fig. 7, the TGA–DSC curve of a 28 day cured 
reference geopolymer (REF) is shown. The first observa-
tion is that there is a pronounced mass loss of 16% below 
200 °C in the TGA curve. This mass loss of the metakaolin 
geopolymer is probably due to the loss of weakly bound 
water. This is in agreement with the literature that associ-
ates this mass loss with the loss of remaining free water 
and slightly bound water in the geopolymer structure [72, 
73]. Accordingly, two endothermic peaks are visible in the 
DSC curve. From 200 to 600 °C, a further 3% mass loss is 
observed and is associated with the loss of bound water 
generated by the polymerization reaction of silanol and 
aluminol group (Si–OH and Al–OH) on the surface gels 
(dehydration of N–A–S–H gel) [59, 73].

Other studies [74, 75], observed a further mass loss 
around 600–700 °C and that is due to the presence of 
unreacted kaolin in the metakaolin. However, that was 
not observed in this study.

The TGA–DSC curves of all the geopolymer mixes had 
similar behaviour to the REF geopolymer curves shown 
in Fig. 7. All of them presented most of their mass loss 
below 200 °C, having a total mass loss varying from 15 
to 20% at 600 °C. This total mass loss is lower than for 
cement pastes, which can reach 30% mass loss at 600 °C 
having a water/cement ratio of 0.33 [76]. In most of the 
samples, there was also a slight decrease of mass loss 
observed between 7 and 28 days of curing (between 0.3 
and 1%) due to the progress of the geopolymerization 
[77]. However, a more markedly change was observed 
when varying the NaOH concentration. Figure 8 illus-
trates the TGA curves of the mixes SH1, SH2 and SH3 
at curing ages of 7 and 28 days. From the curves it can 
be seen that there is a total higher mass loss at higher 
contents of NaOH (SH1 > SH2 > SH3). This mass loss 
could be mainly attributed to two different factors: (i) 
due to its hygroscopic nature, if there are free alkalis in 
the macropores they might be absorbing water during 
curation at 80% relative humidity, leading to a higher 
water evaporation and (ii) higher content of NaOH could 
be leading to higher bound water to the geopolymer 
structure that is then dihydroxilated between 200 and 
600 °C (Fig. 8) [72, 78].

Fig. 7  TGA–DSC curve of REF metakaolin geopolymer
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3.6  SEM–EDS analysis

Figure 9 shows four secondary electron images of 28 day 
aged samples, one from each group (W3, SH1, SSS1, SSW2) 
with a × 500 magnification. The main observations are that 
the sample with an increased water content (W3) presents 
the largest visible macropores, whereas the sample with 
the highest amount of sodium hydroxide (SH1) presents 
the most visible cracks in its microstructure. This corre-
lates with the fact that W3 had the highest mass loss, and 
this is probably due to an increased porosity that tends to 
weaken the overall structure, lowers the sample’s weight 
and overall strength. Similarly, SH1 led to the highest dry-
ing shrinkage, and generally, the drying shrinkage that 
occurs during the densification of the gel results in the 
formation of cracks and decrease of strength [65], which 
was also corroborated by the lower strength observed in 
Sect. 3.4. Samples SSW2 and SSS1, show a more dense 
microstructure, with less voids, and less cracks, when 
compared to W3 and SH1. This also correlates with their 
corresponding strength, SSW2 and SSS1, reached com-
pressive strengths of 34.7 MPa and 44.1 MPa after 28 days 
respectively, while W3 and SH1 lead to 23.8  MPa and 
26.5  MPa, respectively. The SEM micrographs of Fig. 9 
were also screened by EDS to identify the different phases 
present in the surface. This analysis identified partially 
reacted metakaolin particles (greyish colour) embedded 

in the geopolymer binder phase (background grey), some 
undissolved particles which were mainly titanium and iron 
based (bright whitish colour), and the most dark areas of 
the surface were identified as pores [65]. Moreover, all sam-
ples presented some fractured lines which were related to 
cracks, probably originated during drying shrinkage.

3.7  XRD analysis

Figure 10 shows the XRD diffractograms of the different 
group samples when compared to the precursor metakao-
lin. From the figure, it can be seen that the metakaolin dif-
fractogram has a characteristic broad peak centred at 22° 2θ. 
This peak is often referred in the literature as hump or halo 
peak, and it indicates the presence of an amorphous phase. 
It can also be seen that all the metakaolin-based geopoly-
mers present this amorphous hump between 15 to 40° 2θ. 
The literature [73] relates this broad peak to the formation 
of N–A–S–H gel, and the size of it depends on the amount 
of gel produced. It has also been observed that in metakao-
lin geopolymers those broad peaks are shifted to higher 2θ 
angles. This indicates that there has been a dissolution of 
the amorphous phase present in the raw material, and a 
new amorphous phase has originated. Another observation 
from the XRD patterns is that the displacement to higher 

Fig. 8  TGA curves of SH1, SH2 and SH3 at 7 and 28 days
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2θ angles tends to be larger for the samples with water-to-
solids between 0.51 and 0.52 of each sample group.

Both in the metakaolin and in the synthesized geopoly-
mers, the main crystalline phases that have been detected 
are quartz (PDF #46-1045) and anatase (PDF #21-1272). This 
indicates that the crystals do not dissolve in the alkaline 
activator solution and therefore do not intervene in the 
geopolymerization, but rather stay in the form of inactive 
charges in the geopolymer [77]. Not many differences have 
been detected among the XRD patterns of the metakaolin 
geopolymers produced, except for W1, in which it has also 
been identified muscovite (PDF #07-0042) at 30 2θ°, this 
could have been associated with an increased water con-
tent with respect to REF, however, it has not been detected 
in W2 nor W3. Thus, it could just be associated to a residual 
crystalline impurity.

4  Conclusions

This study investigated 13 mix formulations of metakao-
lin geopolymers to understand better the effect of the 
water, NaOH and  Na2SiO3 content on fresh and hardened 
properties.

• An increase of the water-to-solids ratio above 0.52 
has been shown to increase the fluidity and reduce 
the viscosity of the fresh pastes, but in the meantime 
it has led to higher porosity and mass loss during the 
hardening evolution, and consequently lower com-
pressive strength development. It was also noted that 
pastes with water-to-solids ratio below 0.49 were not 
workable enough to proceed with experiments.

Fig. 9  SEM images of 28 day cured samples (W3, SH1, SSS1, SSW2) with varying content of water and sodium hydroxide measured at 20 kV 
and × 500
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• The optimal content of NaOH is tightly influenced by 
the  Na2O/Al2O3 ratio. The optimum values found in 
this study are in the range of 0.97–1.03. Lower val-
ues than this range were seen to mainly affect the 
strength development of the pastes, not being able 
to reach the minimum requirement of 32.5 MPa after 
28 days. Conversely, higher values seemed to affect 
negatively the fluidity of the paste, accelerating the 
setting time, increasing the shrinkage and cracking 
during hardening and ultimately not favouring the 
long-term strength development.

• The  Na2SiO3 solution was added as a secondary 
source of soluble silica, and its optimal content is 
greatly affected by the  SiO2/Al2O3 and water-to-
solids ratio. The optimal combination was found in 
paste SSS1 which had a  SiO2/Al2O3 = 3.14 and a water/
solids = 0.51, and led to the highest compressive 
strength (44.1 MPa) after 28 days.

In addition, the SEM–EDS analysis corroborated 
the mass loss, shrinkage and strength results, while 

TGA–DSC and XRD presented the progress of the reac-
tion and identified the presence of N–A–S–H phase in 
the pastes.

Overall, metakaolin geopolymers can lead to compres-
sive strengths above 32.5 MPa when having appropriate 
mix designs that balance the water, alkali and silica con-
tent to not be in deficit or surplus, but in the right propor-
tion, enhancing the overall performance. In this study, the 
optimal proportions were found to be  SiO2/Al2O3 at 3.14, 
 Na2O/Al2O3 at 0.97 and water-to-solids ratio of 0.51. Nev-
ertheless, it would be recommended to investigate fur-
ther how to improve the workability of the pastes, maybe 
by the addition of superplasticizers to reduce the water 
demand. It would also be encouraged to test other cur-
ing conditions that could be used in the pre-cast industry, 
and evaluating the durability of those pastes at different 
environmental conditions.
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