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A B S T R A C T   

In recent years, environmentally sustainable geopolymers have been widely investigated to obtain comparable 
mechanical properties with Portland cement, and they are now close to being in a position where they can 
substitute parts of the cement production utilized in construction. However, in order for geopolymers to reach 
their full potential, it is crucial to understand the influence of various parameters (e.g., particle size, treatment of 
precursor, chemical composition) on the hardening evolution at earlier ages of the pastes and the resulting final 
mechanical strength of the set system. Hence, this paper reviews known factors that influence the setting time of 
fresh geopolymers and discusses the underlying chemical- and physical-mechanisms of each parameter. Next to 
this, the interconnection between the setting time and mechanical strength is discussed. This will provide a 
platform for researchers and engineers to understand the hardening evolution of geopolymers in a broader range.   

1. Introduction 

In several applications, not only is the final mechanical strength 
important but also the setting time of the concrete is crucial independent 
of which binder is used, cement or geopolymers. Some applications such 
as precast fabrication, repair, rigid pavement rehabilitation/construc-
tion require concretes with fast setting, while others like transportation 
of ready-mix concrete over long distances demand concretes with the 
retarded setting. This can be even more complicated in some applica-
tions such as oil well operation and 3D printing, in which a sequence of 
retardation and acceleration in setting mechanism is often favorable. To 
explain this more, in oil well operations [1,2], if the viscosity of the 
slurry exceeds a few Pa.s, it becomes difficult to pump efficiently. Hence, 
it must remain in a fluid state for several hours, while it is pumped into 
place. However, to reduce valuable rig time, the slurry has to set shortly 
after being placed in the position [3]. Likewise, in 3D printing, the 
concrete should not set before being extruded in order to avoid blockage 
of the printing system, while it needs to set on time after deposition to 
carry the accumulated weight of the subsequent layers [4–6]. A similar 
concern is challenging in other applications that are based on pumping 
systems such as shotcrete technologies [7], or in pneumatic placement 
[8–10], slip forming [11], extrusion through a stationary die [12–14] 

where the binder has to gain strength enough to keep its shape without 
having external confinements. 

For all the above-mentioned applications, ordinary Portland cement 
(OPC) based concretes have been the first choices [15,16]. This is not 
only due to availability but also because of a deep understanding of the 
material. However, due to increasing demand of materials with a 
reduced carbon footprint and low energy consumption [17,18], a bur-
geoning interest has been observed from academia and industry to 
develop, characterize, and implement novel sustainable construction 
materials, which are prerequisites for modern infrastructure with new 
standards [19–21]. One of these new proposed materials is geopolymer, 
a synthetic alkali aluminosilicate material produced by the reaction of 
aluminosilicate sources with highly concentrated aqueous alkali hy-
droxide or silicate solutions [22,23]. Depending on the mix design and 
processing conditions, geopolymers can exhibit different properties such 
as high early-compressive strength, acid resistance, and fire resistance 
[23–25]. These properties enable the binder to be used in applications 
such as in situ and precast construction, refractories and 
high-temperature applications, soil stabilization, pavement systems, and 
3D printing. 

Over the last years, the research focus has been on the feasibility of 
using this “green” binder instead or as a supplement to conventional 
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cement applications [11,26,27]. This feasibility has been proven, and 
the chemical reactions have been understood. The next step in order to 
design the system according to the desired application is to understand 
the hardening evolution of the material to a greater extent, which in this 
paper is investigated by analyzing the effect of different parameters on 
the setting time as well as the correlation between this property and the 
final mechanical strength. To address this common but not 
well-discussed issue, the present study covers the latest state of the art in 
setting time and mechanical strength of geopolymers. 

2. A brief on the reaction kinetics of geopolymer 

Geopolymers are inorganic polymers based on tetrahedral linked 
aluminates and silicates that are produced through the dissolution of 
aluminosilicate sources using an alkali metal hydroxide and/or alkali 
silicate-solution [28]. The high pH of the activation solution initiates a 
dissolution reaction that is followed by precipitation. The timeline of 
these reactions cannot be divided clearly and occur almost simulta-
neously in the bulk of the material, however they can be split into two 
phases in microscale: I. dissolution–hydrolysis and II. hydro-
lysis–polycondensation [29,30]. During the dissolution-hydrolysis, the 
aluminate and silicate are dissolved from the solid precursor, and Al 
(OH)4

- and SiO(OH)3
- /SiO(OH)2

2− are formed [31]. These anions have 
been classified as monomers that undergo first condensation reaction 
and form oligomers. The oligomers condense further by three dimen-
sional cross-linking and aluminosilicate polymers with a typical 
formulation of nM2O⋅Al2O3⋅xSiO2⋅yH2O, where M is an alkali metal 
[32–34]. The kinetics of both reactions are mainly controlled by the 
chemical composition of precursors, structure, surface area, and tem-
perature [35–37]. 

In theory, the whole aluminosilicate precursor could potentially be 
dissolved and polymerized. However, this has rarely been reported even 
for pure and highly reactive precursors such as metakaolin (MK), and 
unreacted particles observed in SEM images [38]. When impure waste 
products such as fly ash (FA) are used, unreacted particles are much 
more visible after the condensation reaction [28,38], i.e., in the case of 
FA, weakly-reactive crystalline phases such as mullite and quartz, which 
form the particle skeleton, and magnetite remain un-reacted [39]. Next 
to this, the complexity of the chemical reaction increases when other 
soluble ions such as calcium are present together with aluminates and 
silicates. In this case, other compositions such as calcium aluminosili-
cates and sodium-calcium aluminosilicates may be formed [40–42]. 

3. Methodology 

In this section, the most common methods for quantifying the setting 
time (i.e., Vicat needle and rheology) are explained shortly. Further-
more, the approach used to interpret the long-term hardening of the 
geopolymer is described. 

3.1. Vicat needle setting measurement 

The most common method to determine the setting time is Vicat 
needle measurements, which is described in ASTM C191. This method is 
based on the resistance to penetration of a 50 mm needle with 1 mm 
diameter into a fresh paste under a mass of 300 ± 0.5 g at ambient 
temperature. The limitations of this method are that it depends on the 
resting time of the needle, doesn’t provide information about the ma-
terial hardening before the initial setting time, and is a discontinuous 
measurement [43,44]. However, despite these drawbacks, the Vicat 
needle is easy to operate and sufficiently reproducible to characterize 
the setting of geopolymers. Therefore, it has been widely used and is the 
most referred method in the present study. 

3.2. Setting/gelation measurement using rheological measurement 

Next to the Vicat needle, rheology is also an accepted technique to 
measure the setting of cement through the gelation time [45]. As dis-
cussed in Section 2, geopolymers go through a polycondensation reac-
tion to build a fully three-dimensional cross-linked structure. The 
beginning of the polymerization is difficult to detect due to the low 
resolution of most existing conventional methods (e.g., Vicat needle 
measurement). However, the polymer builds up more intersections over 
time. The shortest time at which the polymer interaction congests 
enough that a transition from a liquid to a solid branched polymer oc-
curs is called the gelation point [46]. This can be measured using a 
tangent crossover point method applied to the evolution of rheological 
parameters such as loss modulus and storage modulus over time 
[47–50]. 

3.3. Continuous hardening of geopolymers 

After setting, the hardening of geopolymers continues to increase 
over time as measured by mechanical strength. In this study, the 
strength at quasi reaction equilibrium, point “b”, is used as an index for 
the final compressive strength of the material, point “c”, see Fig. 1. This 
is due to the fact that at this point, a stable structure has been formed. 
Previous studies have shown that this point is reached within 90 days for 
most of the geopolymers [51,52]. Hence, the strength obtained at this 
age has been used to correlate with the setting time results when it was 
available. Noteworthy, when the 90th-day compressive strength was not 
available the latest strength has been used. 

4. Effects aluminosilicate sources 

A wide range of aluminosilicates can be used as precursors, and their 
chemical composition influences the geopolymer properties. Therefore, 
a direct comparison of different research papers is difficult. Despite this 
drawback, it is still possible to identify clear trends in the influence of 
important parameters including, specific surface area, reactivity, 
chemical compositions, and alkali activators on the hardening evolution 

Fig. 1. Conceptual hardening evolution of geopolymers.  
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of geopolymers. 

4.1. Particle size distribution/specific surface area 

As described earlier, geopolymerization is a reaction based on the 
sequence of dissolution, hydrolysis, and polycondensation. The most 
important step for the dissolution is the interaction of the liquid and 
solid phases. This is affected by both the wettability of the solid source 
and the surface area, which can interact with the activation solution. 
The wettability of solid aluminosilicates is challenging to measure due to 
the size limitation. However, it can be assumed similar for all geo-
polymer precursors because they are mostly aluminosilicates. Besides, 
the activation solution is often either sodium hydroxide or potassium 
hydroxide with additional sodium silicate or potassium silicate. There-
fore, only the surface area remains as a factor, and once the particle size 
distribution is known, a rough estimation of the surface area is possible. 
This estimation cannot be presented by a unique correlation, but sam-
ples with a smaller particle size distribution have an increased surface 
area [53–55]. 

To increase the surface area of a specific sample, two methods can be 
used: 1) sieving/separation of the solid material [56,57], and 2) 
grinding of the source [55,58–62]. Fig. 2 demonstrates both methods. 
The sieving/separation method can be further split into two: a) sieving, 
and b) separation by density differences, see Fig. 2b–d. These ap-
proaches have been used to investigate the effects of preprocessing of 
aluminosilicates on the setting time and mechanical strength of the 
corresponding geopolymers [55–62]. 

In principle when waste sources are used, the chemical composition 
of the separated/sieved fractions is not necessarily similar [39,63]. This 
is because waste sources contain a mixture of various particles, and each 
can have its own chemical composition or crystal structure [39]. This 
means that the particles obtained through sieving/separation techniques 
can have a different chemical composition and crystal structure [56,57]. 
In this case, different setting times and mechanical properties are ex-
pected. However, when a sample is milled, it can be assumed that the 
chemical composition and the crystal structure remain similar because 
the whole batch is milled, and nothing is removed or added. Only in 

cases of milling with high energy, a slight crystal change is expected 
[64]. This crystal change may result in the formation of more amorphous 
material, which in turn influences in setting time and compressive 
strength [65]. This will be discussed in detail in Section 4.2. 

Fig. 3a compares the influence of particle size on both the final 
setting time and the compressive strength of the pastes for three 
different waste materials. To improve the evaluation of the results, the 
chemical composition, as well as the amount of amorphous material, are 
presented in Table 1. In general, the data show that decreasing the 
particle size reduces the setting time and increases mechanical proper-
ties. This influence on setting time is due to two effects: the amount of 
amorphous material and change in surface area. The data show that 
smaller particles have a higher amount of amorphous materials, which 
can be directly correlated with reactivity. The more amorphous material 
is available, the more can react. Next to this, smaller particles have a 
larger surface area, meaning more surface area is in contact with the 
activation solution, hence dissolution is “faster” and more material can 
react. 

The increase of compressive strength with decreasing particle size 
was surprising because it was expected that the dissolution of solid 
sources continues until all reactive materials are dissolved, and there-
fore, leads to similar mechanical properties. This theory is based on 
reactivity measurements using the dissolution method that 1 g of the 
solid source is placed in 100 ml of the activation solution for 24 h at a 
curing temperature of 65 ◦C [66]. Due to the fact that the compressive 
strength is higher when smaller particles have been used, it can be 
implied that an aluminosilicate layer is built-up on the particle surface 
which reduces the dissolution of further Al(OH)4

- and SiO2(OH)2
2− /SiO 

(OH)3
- , Fig. 3b. This layer protects the inner core of the particles against 

the chemical reaction, and consequently, the particles remain partially 
reacted in the system [32]. To support this theory, several solid particles 
have been observing in backscattered electron (BSE) imaging of geo-
polymer cross-section, which is proof of incomplete reaction of the 
reactive aluminosilicate particles. Fig. 3c and d show the morphology of 
FA based geopolymers and the residue after the reactivity test, respec-
tively. Fig. 3c points out that next to the geopolymer matrix, partially 
reacted FA, cenospheres, and un-reactive particles can be identified. 

Fig. 2. Correlation between FA composition before and after a) mechanical activation; b) sieving process; c) air classification; d) wet classification. The concepts 
have been obtained from Refs [39, 55, 56, 65–67]. 
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However, in dissolution tests, Fig. 3d, FA particles dissolve fully, and 
only crystal structure of cenospheres and un-reactive particles remain. 

It is important to note that the formed layer on the particle surface 
does not stop the dissolution entirely but reduces it significantly. This 
can be elucidated from the slow rate of mechanical strength develop-
ment over time [28,56]. 

4.2. Reactivity of precursors 

In Section 4.1, it was demonstrated that the particle size distribution 
of the aluminosilicate source influences the setting time. Next to this, the 
reactivity of the used solid precursor has been reported as another 
important parameter that influences the setting time and resulting 
strength. This reactivity can be influenced by thermal [28,70], me-
chanical [55,62], or chemical treatments, see Fig. 4 [71]. The impor-
tance of each method is explained in the following sections. 

4.2.1. Thermal activation 
A well-known example of thermal activation of aluminosilicates is 

the calcination, and consequently dehydroxylation, of kaolin to produce 
metakaolin. During heating, less-reactive kaolin is transformed into 
highly-reactive metakaolin by changing the crystalline structure to 
disrupted layered structure [77]. There is a fundamental premise upon 
this transformation that the aluminum coordination number changes 
from 6 to a mixture of 4, 5, and 6 due to thermal dehydroxylation [78, 
79]. However, this dehydroxylation is partially reversible when meta-
kaolin rests at a humid environment [30,77–80]. Furthermore, the 
calcination temperature is significantly important and has an optimum 
at about 700 ◦C [70]. Temperatures above or below this point delay the 
geopolymer setting time, as shown in Fig. 5a [70]. This is explained by 
the fact that under-calcined material is not fully disordered while 
over-calcined material begins to sinter and partially recrystallize. 
Notably, the maximum compressive strength has often been obtained by 
metakaolin with the fastest setting time, see Fig. 5a [70]. Besides the 
role played by the calcination temperature, the calcination rate is 
another significant parameter in the thermal treatment of aluminosili-
cate [81]. It has been clearly observed that by raising the rate of calci-
nation of kaolin from 1 to 20 

◦

C/min to reach a maximum calcination 

Fig. 3. a) Effect of particle size on Vicat setting time of geopolymers; b) schematic of the difference in the reaction of small and large particles; c) typical BSE image of 
the cross-section of FA based geopolymer; d) scanning electron microscopy image of residue in reactivity test. Note: Fig c [68] and d [66] are original images from our 
previous studies. Other data have been collected from Ref. [55–57,59,69]. 

Table 1 
Chemical composition of the aluminosilicate sources used in Fig. 3.  

Materials Remarks Median particle 
size [μm] 

SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O LOI Amorphousness 
[%] 

FA I [56] One type of FA have sieved to get three classes of 
material 

25 45.03 23.98 10.68 13.34 3.39 0.08 2.41 0.54 70–75 
16 44.35 23.37 10.31 14.46 3.30 0.05 2.72 0.97 75–85 
9 44.39 23.36 10.36 13.08 3.37 0.09 2.66 0.98 85–90 

FA II [55] One source of FA have been ground at different 
intervals of 0, 5, 10, 20, 45, 60, and 90 mina 

30, 7, 5, 3.5, 2, 
1.25, and 1 

60.48 28.15 4.52 1.71 0.47 0.14 1.41 1.59 – 

VA [65] One source of VA have been ground at different 
intervals of 30, 60, 90, 120 mina 

20b 47.74 15.36 12.88 8.25 6.45 3.62 1.11 0.66 40- 
5c – 
2.5d 52 
3e 40  

a Chemical composition before and after the treatment has not been measured. 
b Original. 
c after 30 min milling process. 
d after 90 min milling process. 
e after 120 min milling process. 
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temperature of 700 ◦C for 30 min, the initial setting time of the corre-
sponding geopolymer retarded from ~510 to 770 min, Fig. 5b [81]. This 
has been associated with the level of dehydroxylation of kaolinite and 
purity of the produced metakaolin, which is higher at a slower rate of 
heat evolution [81]. It is interesting to note that the particle size and 
specific surface area of the metakaolin calcined at different heating rates 
did not change. While the loss in ignition has been significantly reduced 
at the material with the minimum heating rate. Taking this loss into 
account, the mass is replaced with silicates and aluminates in slow rate 
calcined metakaolin geopolymer, which results in higher compressive 

strength, see Fig. 5b [81]. 
A similar trend has been observed for waste aluminosilicate products 

such as FA and palm oil fuel ash (POFA). For example, preheating of as- 
received FA and POFA to temperatures between 300 and 500 ◦C for 1 h 
resulted in ~10–20% acceleration in setting time of the corresponding 
geopolymers, while extending the preheating to 800 ◦C has a retarding 
effect on the setting time of both materials, Fig. 6a [28]. The significant 
delay in setting time of the material at 800 ◦C is due to the formation of a 
fully crystalline structure [28]. Besides, it is important to observe that 
the long-term compressive strength of untreated FA geopolymer and 

Fig. 4. a) Ideal schematic of different approaches of amorphization; b) releasing of more reactive materials trapped at larger FA particles through mechanical or heat 
treatments; c) removing an unreactive crystalline layer from the surface of FA particle using acidification; d) producing a reactive layer through chemisorption of 
carbon dioxide. The concepts have been obtained from the Refs [28,58,64,72–76]. 

Fig. 5. a) Influence of activation temperature and b) calcination rate of kaolin on setting time and compressive strength of metakaolin based geopolymer. The data 
have been adapted from Refs. [70,81]. 
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those treated up to 800 ◦C is almost similar. However, the development 
of the strength over time is different, see Fig. 6b [28]. This indicates that 
over time, the aluminosilicate source undergoes a further dissolution, 
and the chemical structure is continually changing. This is in agreement 
with the theory described in Section 4.1. 

Likewise, an accelerating effect of heat treatment on the setting of 
geopolymers has also been reported for iron-rich aluminosilicates. For 
instance, calcination of laterite containing hydroxylated minerals at 
500–700 ◦C has accelerated the initial and final setting time up to about 
83 and 77%, respectively, Fig. 6c [82]. However, for this material, the 
optimum mechanical strength at 500 ◦C has not followed the setting 
time trends. This has been linked to the formation of the crystalline 
structure due to the sintering of the iron-rich aluminosilicate sources, 
which causes a lack of amorphous and disordered phases to form a 
binder gel. Comparably, an increase in the dissolution of reactive Si and 
Al of Fe-rich Bayer red mud has been reported by increasing the calci-
nation temperature in the range of 200–800 ◦C, while it has been shown 
to reduce when calcined at 1100 ◦C [71]. 

Furthermore, the pre-treatment, heating, and cooling sequence is 

another factor influencing the thermal amorphization of aluminosili-
cates, Fig. 4a and b. Different heating protocols have shown that FAs 
which has been first soaked in water, heated up to 300–500 ◦C, and 
cooled down in air or quenched in water have the most accelerated 
initial and final setting times compared to the corresponding as-received 
and not soaked FAs, as shown in Table 2 [28]. It is interesting to note 
that this faster setting time has been observed while the particle size 
increased. This is due to the formation of micro-cracks on the FA par-
ticles during the fast water evaporation, which exposes more reactive 
materials to the activation environment, Fig. 4b [28]. 

4.2.2. Mechanical activation 
The dominating effect of mechanical activation on improving the 

reactivity of aluminosilicate particles by increasing the specific surface 
area was discussed in Section 4.1. However, some studies have high-
lighted a kind of crystal structure disordering of minerals in a way to 
increase amorphousness of the aluminosilicates, such as FA [58,64,83, 
84], metakaolin [85], volcanic ash (VA) [65], and slag [86], without 
altering their chemical composition during the course of mechanical 

Fig. 6. a) Effect of heat-treatment on the setting, particle size and 90th-day compressive strength of FA and POFA; b) compressive strength of FA and POFA based 
geopolymer over time; c) effect of heat-treatment on the setting, particle size and 28th-day flexural strength of iron-rich aluminosilicate source, laterite. The data 
have been adapted from Refs. [28,71]. 

Table 2 
Effects of heat treatment sequence of FA on setting time of geopolymer. The data have been adapted from Ref [28].  

Heat treatment protocol Initial setting [min] Final setting [min] Particle size, d50 [μm] Compressive strength [MPa] 

As-received [Ref] 190 230 12 73 ± 3 
Heated at 300 ◦Ca 150 200 17 78 ± 3 
Heated at 500 ◦C 160 210 14 82 ± 3 
Heated at 800 ◦C 220 310 20 65 ± 10 
Pre-dried at 110 ◦Cb 170 220 12 70 ± 3 
Pre-dried at 110 ◦C + heated at 300 ◦C 160 210 12 70 ± 3 
Pre-dried at 110 ◦C + heated at 500 ◦C 160 220 12 71 ± 3 
Pre-dried at 110 ◦C + heated at 800 ◦C 240 340 16 34 ± 7 
Soakedc + heated at 300 ◦C + cooled at air 140 190 18 85 ± 4 
Soaked + heated at 500 ◦C + cooled at air 130 180 18 93 ± 4 
Soaked + heated at 300 ◦C + quenched at water 150 190 18 94 ± 4 
Soaked + heated at 500 ◦C + quenched at water 140 180 21 96 ± 4  

a all heated for 1 h. 
b all pre-dried for 24 h;c all soaked for 24 h; resolution of setting measurement is 10 min for all.d The compressive strength is an average of at least three samples, 

which cured at 65 ◦C for 24 h and then cured for 56 days in ambient temperature before testing. All the materials activated using a similar activator type with identical 
liquid to binder ratio. 
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activation. This has been often argued based on broadening the XRD 
peaks and lowering their intensities as indicators for amorphization in 
ground materials [55,58,64,85,86]. Considering these results, the me-
chanical activation process might be also considered as a way of 
increasing the chemical reactivity of aluminosilicates. This would be 
through two phenomena:  

1. Triggering physicochemical changes and amorphization by the 
accumulation of mechanical energy for molecular disordering and 
increasing the molecular mobility, see Fig. 4a [64] 

2. Exposing the more reactive fraction of the material to alkali acti-
vator, Fig. 4b [58,73]. 

These phenomena are depending on grinding energy and grinding 
time. When low grinding energy is introduced in the system, no grinding 
effect is observed. This is because the kinetic energy of the milling beads 
is not sufficient to initiate the milling process, e.g., grinding of FA using 

lab-scale stirred media mill for up to 10 min has shown no change in 
amorphousness of the material [64]. When the energy input is increased, 
the first de-agglomeration occurs, and with further increment in energy, 
the particles are ground finer, Fig. 7a. To note, grinding is very process 
dependent, e.g., different grinding energy has been observed for FA 
when different mills are used, and consequently, FAs with different 
particle sizes and specific surface areas have been yielded, Fig. 7b [64]. 

Next to the reduction of particle size, some studies have reported a 
weak tracking of reactivity enhancement of ground aluminosilicates 
using XRD, e.g., it has been shown that a 90 min mechanical activation 
of VA manifests itself as a decrement in crystallinity by ~60%, and 
speeds up the initial and final setting times of the geopolymer by more 
than 95% and 80%, respectively [65]. While, surprisingly, the crystal-
linity of the material was increased when it ground further to 120 min. 
This has been correlated to the recrystallization of glassy phases, Fig. 7c 
[65]. Another example is that grinding of FA using an eccentric vibra-
tory mill for 60 min has not shown a significant influence in XRD 

Fig. 7. a) Schematic effect of grinding energy on particles; b) correlation between grinding time and specific grinding energy on specific surface area and median 
particle size using three different mills; c) effect of grinding time on the degree of crystallinity, setting time and compressive strength of VA; d) correlation between 
milling time on particle size, reactivity, setting time, and compressive strength. The data have been obtained from Refs [55, 64, 65, 67]. 
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patterns of milled particles, while further milling to 90 min showed a 
slight decrease in intensity peaks together with broadening quartz and 
mullite as damage in crystalline structure and particle breakage [55]. 
However, interestingly, an increase in the maximum peak of isothermal 
conduction calorimetry of milled FA has been observed. Taking this 
maximum value as an index to show the reactivity of the particle, it can 
be observed that increasing the milling time to reduce the particle size, 
increases the reactivity of particles, and consequently, accelerates the 
setting, and increases the compressive strength. Furthermore, these 
correlations are independent of the curing temperature, see Fig. 7d [55]. 

4.2.3. Chemical activation 
Another method for increasing the reactivity of aluminosilicates is by 

chemical activation [74, 71, 75, 76]. Here two main mechanisms have 
been proposed:  

1. Removing the impurities, Fig. 4c [74]  
2. Producing a reactive layer on the surface of particles to facilitate the 

primary reaction, Fig. 4d [75, 76]. 

This activation mechanism is mainly proposed for waste materials 
because they are often disposed of in landfills without protection. There, 
they undergo a weathering process that results from the cyclic alteration 
in temperature and humidity. Additionally, depending on the chemical 
composition and storage environment, the surface of the particles can go 
through unwanted reactions and become covered with thin crystalline 
phases such as portlandite, gypsum, calcite, sodalite, and domilite [39, 
74]. By removing these impurities, the reactivity of the waste material 
increases. A possible removal way is by acidification, e.g., sodalite is 
washed by hydrochloric acid [74]. However, it needs to be taken into 
account that high acid concentration not only dissolves the crystalline 
phases but also the glassy fraction of the material [38, 87, 88]. 

Another method is by coating the particles with a more reactive layer 
or by weakening the existing structural bonds [75]. For example, by 
chemisorption of CO2 on ground slag, a highly reactive coating layer is 
formed on the surface of particles that increase interaction with alkali 
activators compared with the samples which have been processed in the 
air [75]. On the other hand, alkali-thermal treatment of red mud using 
Na2O has been used effectively for phase transformation of sodium 
aluminosilicate hydrate into nepheline and peralkaline aluminosilicate 
phases, resulting in a higher dissolution of Al2O3 and SiO2 in alkaline 
solutions. This has been attributed to the decrease in binding energies of 
Al–O and Si–O bonds due to the damaging of aluminosilicate structure, 
Fig. 4a [71]. In a similar manner, partially breakage of bonds of 
three-dimensional networks of glassy phases of FA have been correlated 
with higher reactivity of the material when it is activated with sodium 
hydroxide solution [76]. 

4.3. Chemical composition 

It is widely accepted that the chemical composition of the alumino-
silicate precursors influences the setting time and mechanical properties 
of the corresponding geopolymers. This makes the comparison difficult 
for pure precursors, and even more complicated for waste materials. 

For pure precursors, it has been demonstrated that similar final 
mechanical properties can be obtained by adjusting the molar Si/Al ratio 
when the reactivity and particle size of the aluminosilicate precursors is 
similar [38]. If the particle size distribution is not similar, different final 
mechanical properties are expected, as explained in Section 4.1. 
Obtaining similar mechanical properties has not been shown for waste 
materials due to unknown reactivity, heterogeneity, and contamination 
[38, 69]. Despite this drawback, it is still possible to identify trends 
caused by the chemical composition. 

4.3.1. Influence of Si and Al ions 
The influence of Si and Al can be discussed on microscopic and 

macroscopic levels. The microscopic level investigates the interactions 
of molecules mainly using NMR or ICP, whereas the macroscopic level 
can be measured through setting time or mechanical properties. Both 
levels are important and cannot be viewed individually. 

4.3.1.1. Microscopic level. The microscopic level considers more the 
reaction kinetics rather the mechanical properties. Here, two types of 
reaction kinetic needs to be considered: 1) dissolution of aluminate and 
silicate and 2) condensation reaction between both species and the 
formation of a three-dimensional aluminosilicate network [34, 89, 90]. 
Different rates of dissolution combine with the different tendencies of 
monomers influence the formation of further oligomers, which conse-
quently affects the whole polycondensation at different stages of the 
reaction. For the dissolution of aluminate and silicate, it can be stated 
that aluminate has a faster initial dissolution rate, and is more soluble 
than silicate at a constant pH and low temperatures, such as room 
temperature [32, 91, 92]. In this line, for a geopolymer system with high 
Si/Al (molar ration of Si/Al>3), a prompt condensation between 
aluminate and silicate species has been suggested based on Si-NMR data 
[92], while for the further reaction between silicate species, a slow 
condensation reaction has been proposed [91]. However, at low Si/Al 
(molar ratio of Si/Al<1) system, the retard presence of silicate mono-
meric species suggests a rapid condensation of silicate units with [Al 
(OH)4]– to generate aluminosilicate species. While the larger oligomers 
develop through subsequent condensation with the lately released [Al 
(OH)4]– to build-up of aluminosilicate networks gradually [31]. This 
statement is supported by reaction enthalpy data shown in Table 3 [93]. 
From this table, it can be seen that a reaction between silicate and 
aluminate is the most preferred reaction, followed by aluminosilicate 
with another silicate. It is worth to note that, apart from the clear ten-
dency of silicate in aluminate, there is also a priority on reaction rate 
among different silicate species, and some are more reactive than others. 
For example, considering the two possible stable silicate species of 
[SiO2(OH)2]2– and [SiO(OH)3]–, the latter has been registered for a 
higher possibility to condense with [Al(OH)4]– [31]. 

4.3.1.2. Macroscopic level – Si and Al from solid sources. The influence of 
silicate and aluminate from solid sources on the macroscopic level is 
shown in Fig. 8. There, various precursors have been replaced with a Si- 
rich material, such as rice husk ash and nano-silica, to increase the sil-
icate content in the system [94–97]. Details to each system are shown in 
Table 4. Independent of the initial precursor and the second source, it 
can be seen that an increasing silicate amount in the system delays the 
setting time, Fig. 8a. This effect is also independent of the curing tem-
perature [97]. The observed delay in setting time can be explained by 
phenomena at the microscopic level, as previously mentioned. As shown 
in Table 3, the speed of the condensation reaction of two silicate species 
is slower due to a lower reaction enthalpy compared to a combination of 
aluminate and silicate. This means that with increasing silicate content 
in the solution, the reaction rate of the whole system is reduced. As a 
result, the setting time increases. Next to this, the higher silicate content 
decreases the compressive strength, Fig. 8b. This decrease is probably 
due to two effects: a) increasing of the dissolved silicate concentration 
results in an unstable geopolymer gel [98] and b) the formation of less 
binder, here reactive aluminosilicate, in the system. For the shown data, 

Table 3 
Calculated energies for different condensation reaction [93].  

Reactions  Energy [kcal mol− 1] 

Si(OH)4+[Al(OH)4]- → [SiOAl(OH)6]-+H2O − 27,0 
[Si2O(OH)6]+[SiOAl(OH)6]- → [SiO3AlO4(OH)8]-+2H2O − 11,3 
2Si(OH)4 → [SiO(OH)6]+H2O − 4,9 
2[Si2O(OH)6] → [Si4O4(OH)8]+H2O − 2.8 
2[Al(OH)4]- → [Al2OH(OH)6]-+OH− 41,1 
2[Al(OH)4]- → [Al2O(OH)6]2-+ H2O 53,0  
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aluminosilicate sources have been replaced with solid silica sources, 
meaning the reactive aluminosilicate is reduced. 

4.3.1.3. Macroscopic level –Si/Al from solid sources and further Si from 
liquid sources. As shown in Fig. 8, the setting time and compressive 
strength are influenced when aluminosilicate sources are substituted 
with solid Si-sources. Another method to alter the silicate content in the 
final geopolymer system is by the addition of silicate as a solution. In this 
case, an alkaline silicate solution (such as sodium silicate and potassium 
silicate) is used next to strong alkaline hydroxide (such as sodium hy-
droxide and potassium hydroxide) to increase the silicate content in the 
final mixture and to control the mechanical properties [31, 98]. The 
silica supplied through an alkaline silicate activator is more reactive 
compared with those supplied through solid sources and reacts quicker 
with the released aluminate [92,99]. Therefore, it is an important 
controller of the geopolymer setting time. 

Fig. 9a and b show the influence of added sodium silicate and sodium 
hydroxide on the setting time and strength [100–103]. For a better 
comparison, data have been converted into SiO2/Na2O ratio. Fig. 9a and 
b show an acceleration of setting time when more sodium silicate is 
available in the solution [100–103]. Of interest is that both figures show 
that the setting time as a function of SiO2/Na2O passes a minimum 
value. In Fig. 9a, the minimum is at a SiO2/Na2O mass ratio of ~2, 

whereas when molar ratio is used, the minimum shifts to around ~1.5. 
This shift is due to the presentation of the data. When the mixing design 
is expressed in a mass ratio, the increase of silicate/hydroxide solution 
not only increases the silicates of the system but also reduces the water 
content as the density of silicate solution is higher than those of hy-
droxides. Therefore, as the side effect of variation in water content is 
eliminated in the molar calculation, an optimum value for the influence 
of silicates and hydroxide is more visible [101,103–105]. The influence 
on the setting time by altering the SiO2/Na2O content has been associ-
ated with the faster dissolution of the precursors in more alkaline en-
vironments as the presence of OH− enhances the solubility of silica and 
alumina [105,106]. The compressive strength, on the other hand, in-
creases with increasing silicate content, and after reaching a maximum it 
decreases again, as shown in Fig. 9a–c. This trend in strength is inde-
pendent of the precursor and has been expected [98,107]. At low 
SiO2/Na2O ratios, the available silicate is insufficient to react with all Al 
(OH)4

- anions. Hence, the silicate needs to be supplied from the solid 
sources with a lower rate of reaction. As a result, the maximum strength 
is not reached. With increasing the silicate solution, all the available Al 
(OH)4

- anions react with the silicates, and maximum strength is obtained. 
Once the concentration of silicates is high in the solution, as the Si/Al 
ratio is significantly increased, the gel structure becomes unstable, and 
the strength decreases again, as discussed at the microscopic level in 

Fig. 8. Effects of silicate concentration on a) initial and final Vicat setting time and b) compressive strength of geopolymers. The data have been collected from 
Refs [94–97]. 

Table 4 
Oxide composition of the aluminosilicate sources presented in Fig. 8.  

Sample Material Remarks SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O Median particle size [μm] 

A Calcined water treatment sludge Ra 58.99 24.64 6.63 0.69 1.14 4.08 1.52 13.2 
Rice husk ash [97] Sb 89.17 0 0.41 0.61 1.22 7.29 1.12 13.7 

Bc & Cd Slag R 34.44 13.31 0.47 37.42 9.89 0.34 0.47 12.4 
FA R 54.62 24.42 7.21 4.44 1.43 0.73 1.75 22.1 
Nano-silica [96] S 98.68 0.37 – 0.09 – 0.32 0.35 0.1 

D MK R 55.87 42.25 0.38 0.04 0.04 0.26 0.31 5.9 
FA [95] S 55.86 31.74 3.28 1.67 0.39 0.42 1.15 22.3 

E MK R 55.57 41.55 0.54 0.04 0.05 0.26 0.43 7.9 
FA [94] S 54.77 27.28 4.31 3.49 0.61 0.62 1.42 30.6  

a R: Reference material. 
b S: substitutive material. 
c mixture of 70 wt% slag and 30 wt% FA as the aluminosilicate sources. 
d mixture of 30 wt% slag, and 70 wt% FA as the aluminosilicate sources. 
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Section 4.3.1. 
The role of silicates in the solution form has been investigated from 

another view by adjusting the final molar Si/Al ratio of three different 
MK based on known reactivity of aluminosilicate precursor using so-
dium silicate solution. The result has shown that the setting time is 
influenced but the final compressive strength is not, as shown in Fig. 9d 
[38]. This variation in setting time is due to the existence of different 
sources of silicate in the systems (viz. dissolved silicate, and those in 
solid form). In this regard, to obtain a molar Si/Al ratio of 2:1, either 
more or less liquid silicate has to be added, see the chemical composition 
in Table 5. It can be seen that when the metakaolin had a higher con-
centration of Si, the setting time is delayed. This delay is due to the fact 
that more Si has to be dissolved from the precursor. However, when the 
Si concentration in the precursor is lower, more silicate has to be added 
as the silicate solution, thus making it “ready” for the chemical reaction. 
Of interest is that the final compressive strength is similarly independent 
of the used precursor. 

4.3.2. Influence of Na/K ions 
The data shown in this section are only focused on sodium and 

potassium-based activation solutions. These are the most common ac-
tivators due to cost and availability. 

As a main rule, it can be said that independent of the used activator 
type, sodium or potassium hydroxide, increasing the molarity of alkaline 
hydroxide leads to acceleration in setting time, as shown in Fig. 10a 
[100,103,109]. The accelerated setting has been associated with the fact 
that the aluminosilicates dissolve easier at higher alkaline environments 
as the presence of OH− enhances the solubility of silicates and alumi-
nates [105, 106]. 

Furthermore, at a constant concentration, there is a difference be-
tween alkali activators of different types, sodium- and potassium-based 
activators. A faster rate of hardening has been observed for sodium- 
based geopolymers compared with those of potassium [110], see 
Fig. 10b. This difference is mainly associated with the different charge 
densities of the activator ions, which cation-anion pair interaction be-
comes smaller when the cation size increases. This means the cation with 
a smaller size, Na+, tends more to react with the small silicate oligomers 
such as silicate monomers and dimers, and therefore, higher mineral 
dissolution and faster setting occur in NaOH than KOH [111]. On the 
other hand, when the Na+ makes pair formation with small silicate 
oligomers, it does not tend to pair with another silicate anion. This 
hinders the formation of larger oligomers. While the larger ion, K+, has 

Fig. 9. Effects of added silicate as sodium silicate to sodium hydroxide solution in a) mass ratio; b) molar ratio on final setting and compressive strength of different 
FA based geopolymers; c) effect of Si/Al molar ratio on compressive strength of the FA and MK based geopolymers; d) adjustment of the molar ratio of MK based 
geopolymer for final mechanical strength. The data have been adapted from Ref. [38,98,100–104,107,108]. Oxide composition, LOI, and particle size distribution of 
the used materials have been privided in Table 5. 

Table 5 
Oxide composition, LOI, and particle size distribution of the material used in 
Fig. 9. The data has been adapted from [38, 98, 100–104, 107, 108].  

Aluminosilicate SiO2 Al2O3 CaO Fe2O3 LOI Median particle size, 
d50 [μm] 

FA1 [101] 52,3 38,6 0,7 2,9 1,4 – 
FA2 [102] 53,7 27,2 1,9 11,2 0,7 – 
FA3 [100] 46,0 33,0 2,6 10,5 – 20,0 
FA4 [103] 39,8 17,9 15,5 15,0 0,5 – 
MK1 [108] 59,6 38,0 – – 0.5 – 
FA 5 [104] 46,1 25,0 8,0 7,6 0,5 – 
FA 6 [107] 46,0 33,0 2,6 10,5 – 20,0 
MK2 [98] – – – – – – 
MK3 [38] 42,0 35,0 – – 1,0 6,5 
MK4 [38] 56,0 38,1 – – 0,8 5,4 
MK5 [38] 53,0 43,8 – – 1,0 4,4  

Table 6 
Oxide composition of the materials used in Fig. 10.  

Aluminosilicate SiO2 Al2O3 Fe2O3 CaO MgO Others 

FA1 [100] 46,0 33,0 10,5 2,6 – 7,9 
FA2 [103] 39,8 17,8 15,0 15,5 6,5 5,4 
FA3 [45] 59,9 24,7 6,3 2,0 1,9 5,2 
MK [110] 54,4 38,4 1,3 0,1 0,2 5,6  
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Fig. 10. Effect of a) activator content,* all in mass ratio; b) type of activator, sodium hydroxide or potassium hydroxide concentration on the setting time of 
geopolymers; c) comparison of compressive strength of different aluminosilicate minerals activated with sodium hydroxide or potassium hydroxide.§ NS = sodium 
silicate; ψ KS = potassium silicate; The data have been adapted from Refs [45, 100, 103, 110, 111]. 

Fig. 11. Effect of Ca on a) initial and b) final setting time of different geopolymer matrices; c) compressive strength of geopolymer with the different replacement of 
Ca-rich sources. The oxide composition of all materials has been provided in Table 7. The data have been taken from Refs. [102,129–134]. 
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less association with small silicate oligomers, and hence, tends to form 
larger oligomers that prefer to bind with aluminates [111]. Thus, it 
shows higher mechanical properties [110–113], see Fig. 10c. 

4.3.3. Influence Ca ion 
Apart from the basic elements of geopolymerization, Si and Al, it has 

been shown that calcium can act as a charge balancing cation like Na+

and K+, which results in a complex M2O–SiO2–Al2O3–CaO–H2O system 
[114]. Calcium can be found as an inherent component of the waste 
aluminosilicates, e.g., high calcium FA and VA [115,116], or it can be 
added to a geopolymer system as an external source such as slag and 
OPC [117]. Depending on the pH of the medium and oxide concentra-
tion, the dissolution-precipitation reactions, and hence the stable equi-
librium phase assemblages of the oxides, can be varied in different 
systems [118]. At a microscopic level, calcium can either precipitate as 
Ca(OH)2 by lowering the alkalinity of the medium, and thus the driving 
force for dissolution of silicate and aluminate, or interfere with the 
formation of the geopolymeric gel by reacting with the dissolved silicate 
and aluminate species [119]. As a result of the latter interaction, the 
formation of C-A-S-H or C–S–H gel follows [120]. This formation does 
not occur solely but in coexistence form through C-A-S-H/N-A-S-H or 
C–S–H/N-A-S-H gels in the matrix [44, 118]. To this end, when low 
concentrations of alkali activator are present in a Ca-rich environment, it 
is expected that the formation of amorphous C–S–H gel dominates. 
However, when the concentration of hydroxides is high, the precipita-
tion of Ca(OH)2 will be promoted. Here, the precipitation of Ca(OH)2 
inhibits any possible formation of C–S–H gel in the geopolymeric binder 
unless a significant amount of calcium is presented initially [121]. This 
expectation has been demonstrated for MK-based geopolymers with 
incorporated Ca(OH)2 [122]. 

At macroscopic level, fast setting has been measured by substitution 
of MK and Class F FA with Ca-rich sources, such as Class C fly ash [123, 
124], slag [44, 124], oyster shell [40,125], calcium hydroxide [126], 
calcium silicate [119], and OPC [102,127]. Fig. 11 shows the Vicat 
needle setting time of different geopolymeric systems at the presence of 
two different Ca-rich sources, OPC and slag. The composition detail of 
the material can be seen in Table 7. Independent of the type of material, 
the replacement of Ca-rich sources accelerates both initial and final 
setting time of the material, as seen in Fig. 11a and b. Furthermore, it is 
notable that in cement substitution series much faster setting is 
observed, which probably can be linked to the precipitation mechanism, 
while having less Ca content in the slag substitution series results in a 
more gentle acceleration rate of setting. Interestingly, these trends have 
also been observed in the rate of compressive strength development of 

the geopolymers, Fig. 11c. With this regard, it has been discussed that 
geopolymer gel is the contributing component in a high alkalinity sys-
tem, while when the alkalinity is low, the Ca-rich components are the 
dominant contributor to the strength [121]. On the other hand, depend 
on the mechanism of Ca participation in the whole reaction including 
the formation of amorphous C–S–H gel or precipitation of Ca(OH)2, the 
Ca products can structurally increase the strength in the form of either 
strong micro aggregate or stronger binder product [44, 121]. Here, the 
reactivity and concentration of Ca in OPC particles suggest a higher 
efficiency in strength development when this material is used as a sub-
stitution rather slag, Fig. 11c. As discussed in Fig. 3b, there should be a 
cessation in the reaction of Ca-rich precursors, similar to aluminosili-
cates, and the partially reacted particles are always present in the sys-
tem. These particles can densify the matrix as micro aggregates [44, 
128]. Therefore, the reactivity of the material is again an important 
parameter here, not only to control the setting of material at an early age 
but also to control the final strength. 

4.3.4. Effect of water 
Next to the activator type and molarity factors, the alteration of 

water/solid content is another key parameter regarding the setting time 
and mechanical strength. This can be indirectly seen in Fig. 12a and 
directly in Fig. 12b and c. 

Fig. 12a shows that by increasing the amount of activator, the setting 
time is delayed. This retarding effect is due to the additional water 
concentration in the system [102,135]. However, it is assumed that the 
altered setting time is not caused by a lower dissolution of aluminosil-
icates, but a reduction in viscosity of the system which cannot be 
detected using the Vicat needle apparatus. Regarding the mechanical 
strength, it is important to note that if the activator is less than a certain 
amount, several aluminosilicate precursors remain unreacted since the 
medium in which the reaction occurs is missed. Besides, the lack of 
sufficient water has always argued to be a reason for poor compaction of 
the matrix, which weakens the mechanical strengths [136,137]. For the 
provided data in Fig. 12a, it was assumed that the amount of activator is 
more than the minimum/optimum value. Correspondingly, the sec-
ondary effect of water that is induced by increasing the activator/solid 
ratio causes a reduction in compressive strength of the material [102, 
138,139], which is mainly due to the formed porous structure [140]. 

The direct influence of water has rarely been discussed in the liter-
ature for geopolymers. However, similar to what has been observed for 
cement samples [141,142], with increasing the amount of water in the 
geopolymer paste, a delayed Vicat needle setting time is measured, 
Fig. 12b [136]. As discussed above, this is due to a viscosity change that 

Table 7 
Oxide composition of the aluminosilicate sources presented in Fig. 11.  

Sample Material Remarks SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O Median particle size [μm] 

A [129] Fly ash Ra 58.90 32.24 2.84 0.73 0.89 0.35 1.12 – 
Slag Sb 32.57 16.98 1.26 34.07 9.69 0.20 0.08 – 

B, C, D [130] Metakaolin: B R 52.21 44.08 – 1.69 – – – – 
SF: C R 85.76 1.89 0.56 0.92 0.81 0.74 0.86 – 
Fly ash: D R 62.20 27.50 3.92 2.27 1.05 0.52 1.24 – 
Slag S 32.40 14.96 0.83 40.70 5.99 0.42 0.29 – 

E [131] Fly ash R 60.11 26.53 4.25 4.00 1.25 0.22 – – 
Slag S 34.06 20.00 0.80 32.60 7.89 – – – 

F [132] Clay based material R 50.28 41.99 1.03 0.14 0.02 – 0.59 – 
Slag S 22.38 8.09 2.31 37.44 3.51 – 1.26 – 

G [102] Fly ash R 53.71 27.20 11.17 1.90 – 0.36 0.54 – 
OPC S 21.10 4.70 2.70 63.60 2.60 0.50 – – 

H [127] Fly ash R 36.0 14.9 19.7 19.4 2.6 0.7 1.0 – 
OPC S 20.8 4.7 3.4 65.3 1.5 0.4 0.1 – 

I [133] Fly ash R 29.32 12.96 15.64 25.79 2.94 2.83 2.93 8.5 
OPC S 20.80 4.70 3.40 65.30 1.50 0.10 0.40 14.6 

J [134] Fly ash R 50.97 27.83 9.21 2.62 1.43 1.13 3.73 – 
OPC S 12.22 3.85 2.85 73.82 0.73 – 1.17 –  

a R: Reference material. 
b S: substitutive material. 
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cannot be measured by the Vicat needle [43]. Of interest is that when the 
setting time is measured by rheology, in particular oscillation mea-
surements, the setting time is less dependent on the water concentration, 
see Fig. 12c. This behavior is expected because the water does not take 
part in the chemical reaction and is only the medium in which the re-
action occurs [34,143]. Besides, these results confirm the assumption for 
Fig. 12a that the changes in setting time are not due to the lower 
dissolution of aluminosilicates. Despite this, as discussed above, higher 
water concentration causes an increased porosity, which in turn, reduces 
the mechanical properties of geopolymers [52,140,144]. Therefore, 
optimized water content has to be determined for every cementitious 
system. 

5. Effect of curing temperature 

The curing temperature influences the dissolution and reaction ki-
netics of geopolymers. As shown in Fig. 13, independent of activator 
types, the setting time can be significantly reduced for MK and FA based 
geopolymers when the curing temperature is increased from room 
temperature to 100 ◦C [35,146–148]. The chemical composition of each 
sample is shown in Table 9. In principle, this high rate of setting can be 
explained by temperature-controlled dissolution characteristics of 
aluminosilicate precursors that are more reactive at higher temperatures 
[42, 66]. Therefore, more material is available for quick condensation. 
In addition, if the sample is not covered, the evaporation of water is 
higher at high temperatures, which results in a higher concentration of 
the remaining alkali activator. This phenomenon increases the 

dissolution rate of aluminosilicate particles [42, 66]. It should be noted 
that the surface in contact with hot air is hardened earlier while the core 
is still in a fresh state; therefore, heterogeneities may occur in the sample 
[28]. Furthermore, this phenomenon can be a source of mismeasure-
ment in setting using the Vicat needle [28]. 

Next to the acceleration effect on setting time, increasing the curing 
temperature influences the mechanical strength development of geo-
polymers. It has been widely accepted that curing geopolymers at higher 
temperatures results in high early strength of the material, while it has 
an adverse effect on the final strength [149]. This is clear in Fig. 13a as 
the gap between 1st and 7th days compressive strength is much lower 
when the material is cured at higher temperatures [146]. However, the 
rate of strength development at low-temperature curing is higher. Un-
fortunately, data for a longer curing age is not available for this study, 
but the higher rate of strength development when geopolymer cured at 
lower temperatures has been demonstrated in other studies, Fig. 13b 
[149,150]. This can be explained as at hot curing, both dissolution and 
condensation occur at a faster rate, therefore, more reactive material is 
available to condense, and high early strength is obtained. However, the 
fast process causes a large fraction of the aluminosilicates particles to 
remain partially reacted in the system with a very low rate of reaction 
afterward. This is due to the formation of gel products surrounding the 
particles that hinder the accessibility of solvent to inner layers of the 
particle on the one hand, and shortage of water in the system as the 
reaction medium, on the other [146,151]. In addition, curing at higher 
temperatures increases both the volume and size of pores. This has been 
correlated to the fast consolidation of material, which restricts the filling 

Table 8 
Oxide composition, LOI, and particle size distribution of materials used in Fig. 12.  

Aluminosilicate SiO2 Al2O3 Fe2O3 CaO MgO Others LOI Median particle size [μm] 

FA4 [102] 53,7 27,2 11,2 1,9 – 6,0 0,7 – 
FA5 [139] 60,0 28,0 2,5 2,5 1,0 6,0 2,5 – 
MK1 [138] 44,9 50,9 0.8 0,1 0,1 3,2 1,0 3,6 
Silica fume, SF [138] 92,4 0,7 0,8 0,4 1,0 4,7 1,7 12,5 
MK2 [145] 59,5 34,0 – – – 6,5 1,1 2,9  

Fig. 12. a) Effect of activator content, and b) water content on setting and compressive strength of different geopolymers geopolymer; c) effect of water ratio on 
gelation time, viscosity, and compressive strength of metakaolin based geopolymer; * all composition are in mass ratio. The chemical composition of the materials has 
been provided in Table 8. The data have been adapted from Ref. [102,136,138,139,145]. 

N. Ranjbar et al.                                                                                                                                                                                                                                



Cement and Concrete Composites 114 (2020) 103729

14

of pores [149, 151]. 

6. Effect of inorganic/organic additives 

Several additives have been investigated to accelerate or retard the 
setting time of geopolymers. However, unwanted chemical reactions 
that occur between solid sources, activation solutions and additives 
make the geopolymer system more complex. Here, there are two main 
challenges. First, the additives have been often selected from those 
previously used in the cement industry. However, the performance of 
them in different cementitious systems should not be necessarily the 
same. As an example, it was found that calcium aluminate acts as setting 
time accelerator in OPC based materials [152] and FA based geopolymer 
activated using a mixture of sodium hydroxide and sodium silicate 
[135]. However, when calcium aluminate is mixed with sodium silicate 
solution, the setting is retarded [153]; Likewise, unlike what is observed 
in cement [154], the addition of citric acid in geopolymer has shown an 

accelerating effect on setting time [155]. Second, the ideal criterion of 
using additives is to control the setting time while maintaining the 
mechanical properties [123]. However, meeting such requirement is 
challenging, i.e., incorporation of 2.5 wt% citric acid or sucrose have 
accelerated and retarded the setting time of FA based geopolymer up to 
about 40%, respectively, while both of them were destructive to the 
ultimate strength of the material [155]. This means that a careful 
combination of admixtures is required to design a controllable system 
for a particular application. In addition, despite large databases avail-
able for cement, there is a limited number of studies available for 
different additives in geopolymers, Fig. 14 and Table 11. In the 
following, the important accelerators and retarders have been briefly 
explained. 

6.1. Inorganic additives: alkali/earth alkali salts 

6.1.1. Salts of single charge cations 
Owing to the presence of intensive single charge cations form the 

alkali hydroxides solution in the geopolymer system, it has been sug-
gested that the setting mechanisms of the geopolymer including salts of 
single charge cations are dominantly controlled by anions rather than 
the small fraction of induced cations from the additive [156]. 

6.1.1.1. Na-salts. It has been shown that the addition of 1–2 wt% 
Na2SO4 into a high calcium FA based geopolymer delays the initial 
setting but has no influence on the final setting time and the 7th-day 
compressive strength of the geopolymer paste [123]. This has been 
correlated to the formation of ettringite surround the aluminosilicate 
particles, which is a hindrance to the leaching of aluminates and 
silicates. 

Using Na2CO3 as the activator of slag based geopolymer showed that 
Ca2+ ions from the dissolution of the slag react with those CO3

2− of the 
activator and form initial calcium or sodium calcium carbonate. This 
reaction caused an increase in viscosity of the paste, while delayed the 
setting time of the material even to the point that no setting was 
measured within three days. This delay is due to the precipitation of 

Fig. 13. a) Effect of curing temperature on the final setting time and compressive strength of different MK and FA based geopolymers; b) effect of curing temperature 
on the compressive strength of different MK based geopolymers as a function of time. * NS = sodium silicate. Data has been adapted from Refs [146–149, 151]. 

Table 9 
Oxide composition of the FAs used in Fig. 13.  

Aluminosilicate SiO2 Al2O3 Fe2O3 CaO MgO Others 

MK I [146] 52,9 43,5 1,8 – – 1,8 
MK II [147] 52,3 42,8 1,0 – – 3,9 
FA I [148] 60,0 22,3 3,7 1,5 0,8 11,9 
MK III [149] 40,9 55,0 0,6 0,1 0,3 3,1 
MK IV [151] 51,1 45,3 0,3 0,1 – 3,2 
Slag [151] 33,4 11,3 0,5 37,8 8,9 8,1  

Table 10 
Oxide composition of the FAs used in Fig. 14.  

Aluminosilicate SiO2 Al2O3 Fe2O3 CaO MgO Others 

FA I [123] 39,7 20,0 14,1 17,3 1,4 7,5 
FA II [135] 49,8 27,7 7,1 3,9 2,7 8,8 
FA III [155] 51,7 29,1 4,8 8,8 – 5,6  
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calcium carbonate on the anhydrous slag particles and builds a barrier 
that retards the progress of the subsequent reaction of the slag [106]. 

6.1.1.2. K-salts. The addition of KCl, K2CO3, and KNO3 have shown that 
the performance of each is very dependent on the silicate concentration 
in the geopolymer matrices and can be either neutral or a retarder, 
Fig. 14 and Table 11. Interestingly, the compressive strength of different 
matrixes with these additives has not followed the setting behavior, i.e., 
despite additives were almost ineffectual in changing the setting of the 
geopolymers Mix2 and Mix3, the compressive strength of Mix2 was 
reduced to nearly zero, while the compressive strength of Mix 3 was not 

affected [156]. 

6.1.2. Salts of double charge cations 
When the salts of double charge cations, such as Mg- and Ca-salts, are 

introduced to an alkaline solution, immediately metal hydroxides are 
formed, and consequently, hydroxyl ions are removed, therefore, a local 
pH drop occurs. This initiates polymerization and gelation if the silicate 
concentration is about to the saturation level. The total product of such a 
reaction has a low energy surface, due to the large particle size and small 
curvature, which enhance the conditions for coagulation upon collisions 
between the soluble silicates and the solid particles. Therefore, hetero-
geneous nucleation occurs through the matrix, which accelerates the 
hardening evolution of the matrix [156]. 

6.1.2.1. Ca-salts. In general acceleration in setting time and increase in 
strength have been often observed when Ca-salts have been used as an 
additive in geopolymers, Table 11. However, despite the low dosage of 
CaCl2 showed an acceleration effect [123, 156], when a high dosage was 
used (e.g., 0.5 M), the setting time of the geopolymer matrix was 
retarded [156]. This retarding effect was not observed in 

Fig. 14. Influences of different additive in setting time and compressive strength of different FA-based geopolymers. The plus (+) indicates the reference sample 
(geopolymer sample without additive), and the arrow shows the mixed geopolymer with additive. * Is dodecacalcium hepta-aluminate. The data have been adapted 
from [123, 135, 155]. Oxide composition of the FAs have been provided in Table 10. 

Table 11 
Influence of different additives on different geopolymeric systems. Oxide composition of the FAs and MK have been provided in Table 12. Data have been adapted from 
Ref [156].  

Matrices 
Final setting time [min] 

Reference KCl K2CO3 KNO3 CaCl2 Ca(OH)2 CaCO3 CaO MgCl2 Mg(NO3)2 MgO 

Mix1 62 153 88 95 56 58 – 40 – – – 
Mix2 48 44 47 48 29 44 14 31 39 44 48 
Mix3 67 67 69 67 43 64 30 49 67 65 67 
Mix4 34 84 52 59 22 31 7 25 30 27 31 

7th-day compressive strength [MPa] 

Mix2 11 0 0 0 13 9 9 10 13 16 9 
Mix3 36 39 45 42 37 35 47 58 41 43 35 

Mixing compositions. 
Mix1: FA1/MK = 2.02, activator/solid = 0.05, 15 M KOH/solid = 0.31. 
Mix2: FA1/MK = 9.00, activator/solid = 0.18, 15 M KOH/solid = 0.28. 
Mix3: FA2/MK = 9.00, activator/solid = 0.22, 15 M KOH/solid = 0.28. 
Mix4: FA2/MK = 4.00, activator/solid = 0.08, 15 M KOH/solid = 0.35. 
Note: dosage of additive for KCl, K2CO3, and KNO3 is 0.08 M, for the rest additive the dosage is ~0.09 M. 

Table 12 
Oxide composition of the FAs and MK used in Table 11.  

Aluminosilicate SiO2 Al2O3 Fe2O3 CaO MgO Others 

FA I 48.5 29.6 4.6 6.1 2.3 8.9 
FA II 50.0 28.0 12.0 3.5 1.3 7,8 
MK 54.5 29.4 1.4 0.2 0.2 14.3  
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water-insoluble salts such as Ca(OH)2, CaO, and CaCO3 even for high 
dosage. 

Besides the general heterogeneous nucleation, which has been sug-
gested as the accelerating mechanism for the setting of geopolymers 
containing these additives, several secondary reactions occur. These are 
depending on the nature and concentration of the additives, geopolymer 
composition, and casting condition. For example, the acceleration effect 
of CaCl2 addition has been described as the precipitation of alkali hy-
droxide, which can further react with the silicates to form C–S–H gel and 
promote the mechanical strength [156]. This mechanism is facilitated 
due to the high charge density and mobility of Cl− which makes the gel 
porous, and therefore, provides a higher diffusion of water or alkaline 
solution. This results in a higher dissolution of aluminosilicates [123]. 
Another example is, a similar mechanical strength was expected when 
using the same molar content of Ca(OH)2 and CaO as additives in the 
geopolymer, but the materials ended up with different strength. This has 
been correlated to incomplete hydrolysis of CaO in water due to the very 
short contact time of the experiment [156]. In the case of calcium alu-
minates, specifically dodecacalcium hepta-aluminate (C12A7), the ac-
celeration in setting time has been attributed to the rapid formation of 
calcium aluminate or aluminosilicate hydrates as well as increasing the 
pH of the system to ease the dissolution of aluminosilicate precursors 
[135]. 

6.1.2.2. Mg-salts. Table 11 has shown a slight acceleration in setting 
time and an increase in early age strength when MgCl2 and Mg(NO3)2 
have been used as additives. This strength increase has been correlated 
with the production of intensive heterogeneous nucleation shortly upon 
the addition of the material [156]. 

6.2. Organic additives 

Sucrose is a well-known organic retarder for OPC [157]. The 
retarding effect of sucrose additives has correlated to the conversion of 
HO–C–C––O groups from sucrose into acid complexes in an alkali 
environment. These acid complexes are supposed to be absorbed by the 
aluminosilicate particles, which hinders the nucleation of the dissolved 
products [123,155,158]. Furthermore, sucrose can be combined with 
ions available in geopolymer matrices such as Ca, Al, and Fe, and form 
insoluble metal-organic complexes, which covers the particles and de-
lays the geopolymerization process. In contrast, carbohydrate-based 
compounds have been patented in any form of monomer (e.g., 
glucose), polymer (e.g., starch), or saccharide salt (e.g., carboxymeth-
ylcellulose) as setting accelerators in geopolymeric suspension [159]. 
However, this has been discussed to be dependent on the concentration 
of the additive used in the matrix. That means at high concentration 
sucrose can be an accelerator [123,154]. Furthermore, the addition of 
organic additives influences the final mechanical strength. According to 
Fig. 14, three effects can be seen; a) increase, b) no influence, and c) 
decrease in strength. Due to the limited data, these effects cannot be 
fully explained, and further work is required. 

7. Conclusion and remarks 

In several applications, understanding the setting time of geo-
polymers is as essential as the final mechanical strength. This review 
paper provides a holistic overview of factors that affect the hardening 
evolution of geopolymers as well as investigates the correlation between 
setting time of the fresh materials and final compressive strength. It was 
shown that the hardening of geopolymer is a function of several factors 
including the specific surface area, reactivity, chemical composition, 
and processing history of the materials. Different techniques were used 
to alter the aforementioned parameters, and consequently, control the 
hardening rate. Despite the ideal concept of changing the hardening of 
geopolymer at an early age while keeping the final strength unchanged, 

it is a nontrivial task to achieve it in most of the aluminosilicate pre-
cursors. This is mainly due to the complexity of the sources which 
contain a mixture of various particles, and each can have its own 
chemical composition, reactivity, and particle size. However, few ex-
amples showed that when the reactivity and particle size of the materials 
are known, by adjusting the chemical composition of the different 
geopolymers, the setting time of the material can be controllable while 
keeping the mechanical strength similar. An identical situation was also 
observed when the chemical composition of the material was kept 
constant while the crystalline structure of the aluminosilicate precursors 
was disordered. Based on the discussed facts, this study is a platform for 
further investigation on the feasibility of having geopolymers with 
controllable reactions independent on the utilized aluminosilicate 
precursors. 
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