
Original papers

Ceramics – Silikáty  58 (3) 215-222 (2014) 215

ROle Of the SyntheSiS methOd On the miCROStRuCtuRe
and meChaniCal pROpeRtieS Of metakaOlin-baSed

pOtaSSium geOpOlymeRS
XiaOXiaO gaO, emmanuel JOuSSein*, philippe miChaud, #Sylvie ROSSignOl

Groupe d’Etude des Matériaux Hétérogènes (GEMH-ENSCI) Ecole Nationale Supérieure de Céramique Industrielle,
12 rue Atlantis, 87068 Limoges Cedex, France

*Université de Limoges, GRESE EA 4330, 123 avenue Albert Thomas, 87060 Limoges, France

#e-mail: sylvie.rossignol@unilim.fr

Submitted may 21, 2014; accepted October 26, 2014

Keywords: temperature effect, Curing condition, Compressive strength, alkaline solution, microstructure, Synthesis 
methodology

The synthesis method used has an important effect on the development of the compressive strength of a material. This work 
aims to research the effect of synthesis temperature (30°C and 70°C), curing condition (dried and sealed curing) and alkaline 
solutions (Sc commercial alkaline solution and Sl laboratory alkaline solution) on the development of compressive strength. 
The microstructure of these geopolymers was characterized using thermal analysis as well as porosity and microscopic 
observations, and the results were discussed. The total porosity was found to play a negative role on the compressive strength. 
Synthesis at a lower temperature demonstrated a better compressive strength due to the lower porosity and smaller pore 
sizes. The Sl geopolymers showed a better compressive strength than the Sc geopolymers due to their lower porosity. It was 
also found that the reaction was hindered when the samples were cured under a dried curing condition. 

intROduCtiOn

 the notion of activated alkalis as inorganic binders 
was first proposed by glukhovsky [1] in the 50s, and 
these materials were later designated by davidovits as 
“geopolymers” [2]. geopolymers are usually obtained 
using alkali silicates, which activate an aluminosilicate 
powder (such as metakaolin or fly ash), forming a three-
dimensional structure based on alO4 and SiO4 units, with 
alkaline ions balancing the charge [2, 3]. geopolymers 
have many attractive features that make them a good 
alternative to traditional, ordinary portland cement, with 
the potential for use in specific environments. 
 One of the main attractive properties of geopolymers 
is their mechanical properties. mechanical properties 
are important indices to evaluate a geopolymer as they 
provide the basic information to decide the utility of 
materials in the construction industry. factors influen-
cing the mechanical properties of geopolymers can 
be attributed to both internal and external properties. 
the internal properties, which include the composition 
of the raw materials (such as metakaolin, fly ash, and 
slugs), the Si/al ratio in the mixture, and the presence 
of alkali cations and chemical impurities, have been 
well discussed and summarized in the literature [4-9]. 

the external properties include factors involved in the 
synthesis method, such as synthesis temperature and 
curing condition [4-9]. Other parameters can also play an 
important role in the increase of compressive strength. 
however, although there have been many discussions 
regarding the effect of temperature on this process, it 
seems that there is no consensus. khale and Chaudhary 
[9] summarized the literature and concluded that curing 
at an elevated temperature (between 30°C and 90°C) 
has a more significant contribution to the geopolymeric 
reaction. guo et al. [10] tested a fly ash-based geopolymer 
with a range of curing temperatures from 60 to 90°C and 
found that the best compressive strength was observed 
when cured at 75°C. Similarly, muñiz-villarreal et al. 
[11] concluded that curing at 60°C showed the highest 
compressive strength. these conclusions were based on 
experiments that were conducted by varying the curing 
temperature while keeping the reaction time constant. 
it is well known that curing at an elevated temperature 
can accelerate the geopolymerization reaction and de-
crease the setting time, but curing for longer periods 
at elevated temperature will break down the structure, 
inducing dehydration and excessive shrinkage, thus 
leading to a loss of mechanical strength [12, 13]. there-
fore, research involving the temperature effect should not 
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simply be limited to the same reaction time but should 
also consider the state of consolidation and degree of 
geopolymerization. 
 the geopolymerization process is sensitive to mois- 
ture [14, 15] due to the role that water plays in the 
polymerization process [16], which includes dissolution 
and hydrolysis of raw materials as well as the condensation 
of dissolved species. the first stage involves the 
dissolution of the raw materials into the silicate species 
[SiO2(Oh)2]2- and [SiO(Oh)3]- and the aluminate species 
[al(Oh)4]-. this stage consumes water and results in a 
decrease of free water. then, the silicate and aluminate 
species react to produce aluminosilicate species as well 
as water. this condensation stage leads to an increase of 
water. these two stages can occur simultaneously once 
the raw materials are mixed with an alkaline activator. 
however, little information is available on the effect of 
moisture on the development of compressive strength. 
 a silicate solution is used as the adhesive in the 
synthesis of geopolymer binders. the commonly used 
silicate solution, named “waterglass”, is a commercial 
product synthesized by melting sand and soda ash or 
potash. the high price and high content of water in 
this commercial silicate solution inhibits its use as a 
construction material. thus, our laboratory developed 
an alternative to produce a silicate solution through the 
dissolution of amorphous silica in an alkaline solution. 
this synthesis solution has similar properties as the 
commercial waterglass, but it contains more of the 
reactive components Q0(Si) and Q1(Si) in the solution, 
which has a higher reactivity at the beginning of the 
geopolymerization reaction [17-19].
 this article aims to study the influence of the 
synthesis method on the evolution of metakaolin-based 
potassium geopolymers. Specifically, the evolution of 
compressive strength was researched by varying the 
reaction temperature and curing condition. moreover, 
two sources of silicate solution were compared (a 
commercial and a self-made silicate) to complete this 
research. the microstructure was studied through 
thermal analysis, and the porosity and microstructural 
morphology were observed using microscopy. 

eXpeRimental

Sample preparation

 the geopolymer paste Sc (obtained from a commer-
cial silicate solution) was prepared from a solution con-
taining metakaolin (table 1) and kOh pellets (85.7% 
purity) dissolved in potassium silicate (Si/k=1.66, den-
sity 1.33). the geopolymer paste Sl (fabricated from a 

laboratory self-made silicate solution) was prepared from 
a solution containing metakaolin and a mixture of kOh 
solution (kOh pellets dissolved in water, approximately 
8 m/l) and silica supplied by Cabot, uSa. the reactive 
mixture was then placed in a sealed polystyrene mold 
in an oven at 30°C for 18 h or at 70°C for 2 h. these 
samples were labeled as Sc-30°C, Sc-70°C, Sl-30°C and 
Sl-70°C, respectively. two different curing conditions 
were used with these samples: (i) a dried cure method 
was performed under 43% Rh after demolding at time 
points of 1, 7 and 28 days; (ii) a sealed cure method was 
applied to the specimens maintained inside the molds 
until the time points of 7 and 28 days. the variation of 
mass was observed with time. for the samples cured 
under dried conditions, an initial value was measured 
when the sample was removed from the oven and a stable 
mass was maintained in air. for the samples cured under 
sealed conditions, the total mass of the mold and samples 
was taken. the results allowed for the determination of 
the weight loss of the closed system.

Compressive strength

 the compressive tests were performed at room 
temperature on a lioyd instrument eZ20 machine. 
Specimens were cylindrical, with an aspect ratio of 2 
(15 mm in diameter; 30 mm in length). Specimen end 
surfaces were polished to obtain good parallelism. the 
samples were tested with a crosshead displacement rate 
of 0.50 mm/min. all values presented in the current work 
were an average of six samples.

Characterization

 thermogravimetric analysis (tg) and differential 
thermal analysis (dta) were carried out on a Sdt Q600 
apparatus in a pt crucible from 30 to 800°C with a hea-
ting rate 10°C/min under a dry air flow of 100 ml/min. 
 mercury intrusion porosimetry (mip) tests were 
performed with a micrometrics autopore iv 9510 poro-
simeter, which is able to detect a diameter range of 
3 nm ~ 360 µm, with a mercury intrusion and extrusion 
volume of 0.1 µl. the mercury pressure was raised 
from 0.0007 to 413.69 mpa. the samples were loaded 
into a penetrometer, which consists of a sample cup 
connected to a metal-clad precision-bore glass capillary 
stem. the penetrometer was then sealed and placed in a 
low-pressure port, where the sample cup was evacuated 
to remove air and moisture. the penetrometer cup and 
capillary stem were then automatically backfilled with 
mercury. the total porosity (open pores in the material) 
was calculated by multiplying the volume of mercury 
intruded at the maximum experimental pressure per 
gram by the bulk density of the material [20].
 the morphology of the products was observed 
with a Cambridge stereoscan S260 scanning electron 
microscope (Sem). prior to the observations, the samples 
were pt-coated.

table 1.  Chemical analysis of metakaolin.

 SiO2 al2O3 k2O+na2O fe2O3 tiO2 CaO+mgO

mass % 55 40 0.8 1.4 1.5 0.3
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ReSultS

Compressive strength

 figure 1 shows the effects of synthesis tempera-
ture, curing condition and silicate solution used on the 
compressive strength of geopolymers. Regardless of 
the sample type and the curing condition, the results 
show that the metakaolin-based geopolymers acquire 
a compressive strength at an early time point. the 
compressive strength of a geopolymer at day 1 (22 mpa; 
figure 1a) synthesized at 30°C reaches approximately 
70% of the maximal value (33 mpa), which is obtained 
from the cured samples under the sealed conditions 
after 28 days. therefore, the “basic” geopolymer net-
work was built and the main compressive strength 
was obtained after 1 day of consolidation. along with 
time, the compressive strength tends to increase as the 
geopolymerization continues. however, the two curing 
conditions show different states of evolution. under the 
dried curing condition, an increase of 18% is found at the 
end of 28 days, while under the sealed curing condition, 

the value is up to 47%. the increase of compressive 
strength under the dried condition is weak compared to 
that under the sealed condition. a similar effect of curing 
condition is observed for the Sl solution (figure 1b) as 
for the Sc solution. under the dried curing condition, 
little change is observed after 28 days, whereas, under 
the sealed curing condition, an increase of up to 43% is 
observed. 
 the variation of synthesis temperature (70°C com-
pared to 30°C) is shown in figure 1c, d. at a higher 
synthesis temperature, the formation of a geopolymer 
network is accelerated, and the time necessary for the 
consolidation decreases drastically from 18 h at 30°C 
to 2 h at 70°C. because the longer reaction time at an 
elevated temperature could destroy the geopolymer net-
work [12,13], the geopolymers synthesized at 70°C were 
not maintained in the oven for the same amount of time 
as the geopolymer synthesized at 30°C. both of these 
geopolymers were removed from the oven once the initial 
consolidation was complete and then cured at ambient 
temperature. although the reaction is accelerated at 

figure 1.  Compressive strength values for geopolymer synthesized from Sc (a, c) and Sl (b, d) alkaline solution at 30 and 70°C 
respectively, and then cured under dried and sealed condition respectively at ambient temperature.
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70°C, the consolidated material does not show better 
mechanical properties. for example, the Sc geopolymer 
demonstrates a lower compressive strength at 70°C 
(16 mpa) than at 30°C (22 mpa) after 1 day (figure 
1a,c). although the compressive strength increases 
along with time, after 28 days of curing under the sealed 
condition, the compressive strength obtained for Sc-70°C 
(24 mpa) is still lower than that for Sc-30°C (33 mpa). 
Similar effects of synthesis temperature were observed 
for the both the Sl and Sc silicate solutions. 
 Comparing the effects of the alkaline solutions, the 
Sl geopolymers show better mechanical properties than 
the Sc geopolymers. an increase of 39% was evidenced 
for the maximal values obtained at 30°C and cured under 
the sealed condition for 28 days.
 the mass evolution for the samples cured under 
dried and sealed conditions was observed, as shown in 
figure 2. for Sc-30°C, a rapid loss of mass is shown at 
the beginning of the dried cure (until 7 days; figure 2a). 
however, after 7 days, this trend is no longer observed, 
and the mass does not change with time. in the end, 
27 % of the initial mass was lost during the experiment. 
this loss of mass is likely due to the evaporation of free 
water in the pores when the samples were exposed to the 
drying condition. taking into account the initial water 
content of the Sc geopolymers (38.4 %), it can be deduced 
that approximately 70 % of the initial water content is 
lost during the dried curing condition. for Sc-70°C, the 
rate of weight loss is more rapid than that of Sc-30°C. 
the maximal value is achieved after 2 days. however, 
the same weight loss of 27 % is found for Sc-70°C. this 
phenomenon signifies that the water in the Sc-70°C 
samples is more easily lost than that in Sc-30°C. for the 
samples cured under the sealed condition (figure 2a), a 
slight variation of mass is detected, which demonstrates 
that no loss of water happens in the closed system. for 

the Sl solution (figure 2b), the rate of weight loss was 
also faster at 70°C than at 30°C, as observed in the case 
of the Sc solution. the weight loss is approximately
23 %, losing approximately 70 % of the initial water con-
tent in the Sl geopolymers (32 %), which is in agreement 
with the Sc solution. 
 in summary, the compressive strength obtained at 
an early stage (1 day) is approximately 70 % of that at 
28 days. no obvious evolution of compressive strength 
is found for the samples that were dried cured, but for 
the samples that were sealed cured, there was a drastic 
improvement of the compressive strength with time. 
at the same time, 70% of the initial water is lost for 
the samples that were dried cured, whereas no loss of 
weight is observed for the sealed cured system. the 
geopolymerization is likely to be inhibited when the 
samples are exposed to the dried condition, thus leading 
to a slight improvement of the compressive strength. 
the compressive strength is better at a lower synthesis 
temperature (30°C) compared to a higher temperature of 
70°C. Otherwise, at 30°C, the loss of water under the 
dried cure condition is slower than that at 70°C. these 
phenomena demonstrate that the microstructure of these 
geopolymers is most likely different as a result of the 
different reaction temperatures. the Sl geopolymers 
show a better compressive strength than the Sc geopoly-
mers. this difference is likely to be attributed to the 
different compositions of the solutions, which leads to 
the variations in the microstructure.

microstructure characterization

 to understand and explain the phenomena referred 
to above, the microstructure of the samples was charac-
terized by thermal analysis as well as by porosity and 
microscopic observation.

figure 2.  variation of mass for geopolymer synthesized from Sc (a) and Sl (b) alkaline solution at 30 (■) and 70°C (□) respectively, 
and then cured under dried (─) and sealed condition (---) respectively at ambient temperature.
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thermal analysis

 tg-dta was performed on all the samples and is 
reported in figure 3. as the curves show little difference 
between Sc-30°C, Sc-70°C, Sl-30°C and Sl-70°C, only the 
curve for the Sl-30°C geopolymer is shown. the curves 
are typical of a geopolymer compound, and the weight 
loss can be attributed to the loss of water. the heat flow 
(figure 3a) was characteristic of the stability of these 
compounds in the range of considered temperatures, in 
accordance with the literature [18]. a significant loss 
of weight is found before 200°C (figure 3b), which 
corresponds to a large endothermic peak centered at 80°C 
in the heat flow curves. the curing conditions influence 
the evolution of the curves with time. under the dried 
curing condition, the shape of the weight loss curves, 
along with the heat flow curves, changes with time, 
and a drastic decrease of weight loss is evidenced. this 
phenomenon is in agreement with the variation of mass 
(figure 2). When the samples were exposed to controlled 
humidity (~ 43 % Rh), a significant amount of water was 
evaporated, and the amount of water remaining in the 
samples decreased. under the sealed curing condition, 
the weight loss and heat flow curves maintain the same 
shape with time, and the total loss of mass decreases 
gradually. 

porosity

 a mercury intrusion porosimetry test was per-
formed to determine the pore size distributions in the 
geopolymers. figure 4 presents the pore structure in 
terms of cumulative pore volume for Sc-30°C, Sc-70°C, 
Sl-30°C and Sl-70°C under the sealed curing condition
at a time point of 21 days. the pore size distribution for 
the Sc-30°C samples is on average 15 nm, with a range

of 5-40 nm. With an increase in the synthesis tempera-
ture, the peak shifts to a larger pore size of 55 nm, with 
a wider range of 15-85 nm. for the Sl solution, Sl-30°C 
shows a higher pore size distribution near 95 nm, with 
a broader range of 15-255 nm. With the increase of 
the synthesis temperature, the peak moves to a larger 
size of approximately 120 nm, with a wider range of 
10-1000 nm.
 according to the iupaC classification [21], these 
pore sizes can be attributed to mesopores (2-50 nm) 
and flow-through pores (>50 nm). these pores can be 
filled with migrated molecules, which are different 
from pores formed in the gel structures (micropores, 
<2 nm) [22, 23]. Regardless of the solution, larger 
pores and a greater contribution of pore size are found 
for the samples synthesized at 70°C. geopolymer syn-
thesis at a higher temperature (70°C) led to the rapid 

figure 3.  heat flow (a) and Weight loss (b) curves of Sl-30°C geopolymer under dried and sealed cure respectively for 1, 7 and 
28 days.
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formation of a geopolymer network with a less ordered 
structure, which produced a poor quality material with 
larger pores. On the contrary, synthesis at a lower 
temperature (30°C) gradually filled the pores and thus 
narrowed the pores [24]. additionally, the pores in the Sl 
geopolymers are found to be larger than those in the Sc 
geopolymers. according to [25], the Sl solution contains 
the more reactive composites Q0(Si) and Q1(Si) than 
the Sc solution. these reactive species result in the fast 
formation of a geopolymer network, leading to a poorer 
quality but larger pores compared to the geopolymers 
fabricated at 70°C.

Sem observations

 all of the samples display a uniform, flake-like, 
layered microstructure, which is typically identified with 
metakaolin-based geopolymers (as shown in figure 5). 

although these geopolymers have different mechanical 
properties due to the synthesis method (temperature, 
curing condition and alkaline solutions, as described 
above), they displayed a similar morphology with a 
homogeneous network of Si, al and k, which is in 
accordance with the literature [26].

diSCuSSiOn

 the results clearly show that the synthesis tempe-
rature, curing condition and alkaline solution influenced 
the compressive strength. these influences can be 
attributed to the formation of different microstructures in 
the geopolymer materials. thus, the correlation between 
the characteristics of pore structure, thermal analysis 
and the compressive strength are depicted and discussed 
in figure 6 and 7. because the density of the Sc and Sl 

figure 5.  Sem of geopolymers synthesized from Sc (a, c) and Sl (b, d) alkaline solution at 30 and 70°C respectively and then cured 
under dried and sealed condition for 7 days and 28 days. 
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geopolymers varies slightly, this parameter cannot be 
taken into account to compare their compressive strength. 
figure 6 relates the compressive strength with the 
total porosity, which takes into account the continuous 
pores and the ink-bottle pores. it can be seen that the 
compressive strength decreases with an increase in total 
porosity. it makes sense that the different methodologies 
of synthesis lead to the variations of pore structure, and 
as expected, the porosity induces a negative effect on the 
compressive strength. 
 Synthesis at 70°C produced larger pores and a 
greater total porosity compared to synthesis at 30°C, 
regardless of the solution used. the entire geopolyme-
rization reaction is an exothermic reaction [2, 11]. 
a considerable amount of heat is generated during 
the formation of the samples. the geopolymerization 
reaction can be accelerated at a higher synthesis tempe-
rature. the acceleration of the geopolymerization reac- 
tion leads to the rapid formation of a geopolymer 
network as well as the release of a significant amount of 

heat. the released heat results in a high local temperature 
and, consequently, the evaporation of local water. this 
evaporation of water during the consolidation process is 
important when the synthesis temperature is 70°C, which 
can explain the large pore size and high total porosity. 
the Sl geopolymers demonstrated larger pores but a 
lower total porosity compared to the Sc geopolymers, 
regardless of the synthesis temperature. these changes 
in the microstructure can be attributed to the different 
compositions of the alkaline solutions: the Sl alkaline 
solution contains more of the reactive components 
Q0(Si) and Q1(Si) than the Sc solution. these Qn spe-
cies are more highly reactive at the beginning of the 
geopolymerization reaction [17-19], which accelerates 
the geopolymerization and finally results in the rapid 
formation of a geopolymer network and larger pores, 
as shown at 70°C. however, the total porosity for the Sl 
geopolymers is lower than that for the Sc geopolymers. 
this can be attributed to the Sc geopolymers’ greater 
Si/al ratio. the initial Si/al ratio is higher for the Sl 
geopolymers (1.75) than for the Sc (1.65) geopolymers. 
the low Si/al ratio leads to a highly porous microstruc-
ture [3, 5, 6].  
 figure 7 relates the compressive strength of the 
samples to the thermal analysis to study the evolution 
of the polymerization process under the different curing 
conditions. the weight loss deduced from tg-dta 
represents the water content maintained in the samples. 
the compressive strength decreases with the increase 
of water content in the samples. this phenomenon is 
observed for both of the curing conditions but is less 
evident for the dried curing condition (figure 7a). 
When the samples were exposed to the dried condition 
(controlled humidity: 43% Rh), surface dehydration 
occurred, and water was taken away from the surface 
and open pores. the loss of water prevents the geopo-
lymerization process and thus hinders the development of 

figure 6.  Relationship of mechanical property and total 
porosity deduced from mip results for geopolymer samples.
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compressive strength. however, when the samples were 
exposed to the sealed curing condition, no water was lost 
in the environment. the decrease of water content in the 
samples is likely caused by the consumption of water 
during the geopolymerization process. the advancement 
of geopolymerization leads to an increase of compressive 
strength. 

COnCluSiOn

 this work studies the effect of synthesis methods on 
the evolution of the compressive strength of metakaolin-
based geopolymers. the results were discussed based on 
the microstructure as follows:
1) reaction at a higher temperature (70°C compared to 

30°C) leads to the fast formation of a geopolymer 
network as well as a significant amount of water 
evaporation during the geopolymerization reaction, 
which causes the formation of larger pore sizes and 
higher total porosity and consequentially a lower 
compressive strength;

2) the Sl geopolymers (fabricated with a self-made 
silicate solution) showed better compressive strength 
than the Sc geopolymers due to the lower total porosity 
produced, which is likely caused by the lower Si/al 
ratio of the geopolymers.

 the compressive strength is hindered under the 
dried curing condition due to the loss of water from 
surface and pores. under the sealed curing condition, 
the water content in the pores or surface is consumed 
during the geopolymerization process, and thus, the 
compressive strength improves. 
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