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the model of geopolymerization of Davidovits, can explain the observed results. “Good
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Mix design formulation range for metakaolin-based geopolymer synthesis

1. Introduction

Geopolymers are made from pow-
ders of amorphous aluminosilicate ma-
terials, which are mixed with an alkaline
solution usually prepared with an alkali
hydroxide solution and alkaline silicate.
According to Provis (2018), “alkali activa-
tion is the generic term which is applied
to the reaction of a solid aluminosilicate
precursor under alkaline conditions,
to produce a hardened binder which is
based on a combination of hydrous alkali-
aluminosilicate and/or alkali-alkali earth-
aluminosilicate phases. Geopolymers and
alkali-activated materials are likely to have
high potential to be used in common ordi-
nary Portland cement (OPC) applications.
After mixing, the obtained paste can be
molded into the desired shape and hardens
in a few hours. Despite the controversy
whether geopolymers are alkali-activated
materials or not (Provis and Bernal, 2014;
Krivenko, 2017; Davidovits, 2017; Davi-
dovits, 2018), the interest in these materi-
als is growing because of the low CO,
emission in their production compared to
OPC (Luukkonen et al., 2018; Nehdi and
Yassine, 2020). However, this issue de-
pends on the regional conditions, such as
energy matrix, supply and transportation
of raw materials, and should be handled
with care. Also, calcined clays and many
industrial residues, such as silica fumes,
fly ashes, calcined rice rusk, blast furnace
slags, etc. (Bernal et al., 2016; Geraldo et
al.,2017; Humad et al., 2019) can be used

2. Materials and methods

Kaolinite of technical degree was
purchased on the local market (white
kaolin from Sulfal company). A 10 M
solution of sodium hydroxide was pre-
pared with tap water (from COPASA,
the water supplier and distribution
company in Belo Horizonte, Minas
Gerais, Brazil) and sodium hydroxide
of a technical degree in scales. Alkaline
sodium silicate was purchased on the
local market (from the Getex com-
pany, 15 wt% Na,O, 32.20 wt% SiO,,
47.20 wt% of solids, $i0,/Na,0 = 2.15
by weight, 1.570 g/cm3, 1.195 cP at
25°C, 52.9 ppm Fe content).

Metakaolin was prepared by calci-
nation of kaolinite in a muffle furnace at
800 °C for 4 hours, with a heating rate
of 10 °C/min (Elimbi et al., 2011) and
natural cooling of the furnace to room
temperature. X-ray diffractometry and

as aluminosilicate sources. Geopolymers
have no or low content of calcium. They
are also used for immobilization of fly ash
from the incineration of municipal wastes
(Lach et al., 2018) and radioactive wastes
(Cantarel et al., 2017), and as a binder for
manufacturing products for civil construc-
tion using the fine tailings from iron ore
exploitation (Rodrigues et al., 2020).

The solid particles of the alumino-
silicate powder dissolve in an alkaline
solution and produce aluminate and
silicate species. These species in solution
and the silicate species from the alkaline
solution form a complex mix of silicate,
aluminate, and aluminosilicate species.
Thus, a supersaturated aluminosilicate
solution is formed, resulting in the forma-
tion of a gel. After gelation, the system
continues to reorganize and condense in
the three-dimensional framework of the
hardened material (Duxson et al., 2007).
Water is consumed in the dissolution of
the aluminosilicate, but liberated in con-
densation. By adjusting the concentration
of aluminosilicates, sodium hydroxide
in solution and alkaline silicate, the Si/
Al ratio, the concentration of free alka-
line ions, and water in the pores of the
geopolymer matrix can be controlled.
Some authors claim that there is water
in the three-dimensional framework of
geopolymers as hydrated alkaline ions
(Barbosa et al., 2000).

Dissolution and condensation pro-

Fourier transform infrared spectroscopy
showed the amorphous character of
the metakaolin and the absence of OH
groups. The composition of metaka-
olin measured by X-rays fluorescence
was 44.9 wt% AL O,, 53.5 wt% SiO,,
0.47 wt% K ,0, and 0.15 wt% Fe,O,. It
is a fine white powder.

Metakaolin, sodium hydroxide
solution and alkaline sodium silicate
were mixed in different weight propor-
tions, as shown in Table 1. They were
manually mixed with a spatula to get
a uniform paste, which was put in cy-
lindrical molds (5 cm diameter and 10
cm height). They were vibrated for 10
minutes to eliminate air bubbles and
let to set for 24 hours in room condi-
tions and demolded with the help of a
manual hydraulic press. After demold-
ing, the samples were visually inspected
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ceed at the same time. The dissolution and
condensation rate depends on the concen-
tration, processing, and characteristics of
the raw materials. If they are not balanced,
not setting or too fast setting, unreacted
materials, efflorescence, and cracks may
be observed in the geopolymer samples.
The objective of this article is to present a
methodology based on mix design to es-
tablish a range of quantities of raw materi-
als that can be used to obtain geopolymer
samples with good properties. Metakaolin
produced by calcination of kaolinite was
employed as the aluminosilicate source.

Mix design methods for geopolymer
or alkali-activated admixtures or con-
cretes have been reported (Adbollahnejad
etal.,2015; Phoo-ngernkham et al., 2018;
Bellum et al., 2019; Ning et al., 2019;).
De Silva et al. (2007) treated the initial
composition of the geopolymer in a phase
equilibrium diagram in molar concentra-
tion of Al,O,, SiO,, and Na,O. Oakes et
al. (2019) reported a mix design for the
composition of aluminosilicate sources
for alkali-activation, but the approach
presented herein is not reported to the best
of our knowledge.

This article presents a range of mix
design formulations to obtain metakaolin-
based geopolymer synthesis to understand
the influence of different component pro-
portions as well as the molar concentra-
tion of aluminum, silicon and sodium on
the behavior of produced geopolymers.

every day (up to 28 days) to observe
their evolution.

Water was introduced from the
alkaline sodium silicate and sodium
hydroxide solution. Figure 2 shows the
simplex design plot in molar contents
for aluminum, silicon, sodium, and
water. The contents of sodium and
water are highly correlated so that they
were summed.

After 14 days of curing, the sample
numbers 15 and 18 from Table 1 were
broken by compression. Fragments of
the samples were embedded in resin and
polished up to a 3 pm diamond paste
for scanning electron microscopy and
X-rays dispersive spectroscopy, shown
in Figures 4 and 5. Figure 5 shows the
X-rays energy dispersive spectroscopy
(EDS) map of a region of sample number
18, in which efflorescence was observed.



3. Results

The composition, molar concentra-
tion, and the results of the visual inspec-
tion of each mix produced are shown in
Table 1. They were classified in the follow-
ing categories: a) Extremely fast setting of

the paste and because of that, the molding
was impossible; b) Release of a white pow-
der by rubbing with a finger or growth of a
white mold-like layer of sodium carbonate
(efflorescence); ¢) Good result (not classi-
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fied as a, b, or d); d) Shrinkage and crack
development. Figure 1 and Figure 2 show
the simplex design plot for Table 1 (Mont-
gomery, 2019). Figure 3 shows pictures of
samples classified in each category.

Table 1 - Composition of the geopolymer samples (%wt), their

theoretical molar concentration and observed evolution (A: extremely fast setting;

m: white powder or efflorescence;

o: good result; ®: shrinkage with cracks; MK: metakaolin; SS: alkaline sodium silicate; SH: 10 M sodium hydroxide solution).

Sample Composition Molar concentration Evolution
MK SS SH Al Si Na+H,O

1 63.34 11.33 25.33 0.2 0.22 0.58 A
2 63.30 1.40 35.30 0.19 0.22 0.59 ]
3 61.50 0.00 38.50 0.19 0.19 0.61 [ ]
4 61.70 4.60 33.70 0.19 0.21 0.6 ]
5 61.70 9.60 28.70 0.19 0.23 0.59 A
6 61.70 14.70 23.60 0.19 0.19 0.62 A
7 60.00 3.00 37.00 0.18 0.21 0.61 ]
8 60.00 8.00 32.00 0.18 0.18 0.64 ]
9 60.00 13.00 27.00 0.18 0.19 0.63 ]
10 60.00 20.00 20.00 0.18 0.18 0.64 A
11 58.30 1.40 40.30 0.18 0.21 0.62 u
12 58.30 6.40 35.30 0.17 0.17 0.65 ]
13 58.33 11.33 30.34 0.17 0.2 0.63 ]
14 58.33 16.34 25.33 0.17 0.18 0.65 A
15 56.70 4.60 38.70 0.17 0.19 0.64 u
16 56.70 9.70 33.60 0.17 0.17 0.66 |
17 56.70 14.70 28.60 0.17 0.18 0.65 u
18 55.00 8.00 37.00 0.16 0.17 0.67 u
19 55.00 13.00 32.00 0.16 0.18 0.66 u
20 53.33 3.33 43.34 0.16 0.17 0.67 [ ]
21 53.33 18.33 28.34 0.15 0.19 0.66 A
22 51.67 16.67 31.66 0.15 0.19 0.67 A
23 51.67 21.67 26.66 0.15 0.15 0.7 A
24 50.00 0.00 50.00 0.15 0.2 0.66 o
25 50.00 10.00 40.00 0.15 0.17 0.68 o
26 50.00 13.00 37.00 0.14 0.17 0.68 u
27 50.00 15.00 35.00 0.14 0.16 0.7 ]
28 50.00 20.00 30.00 0.14 0.16 0.7 A
29 50.00 30.00 20.00 0.14 0.2 0.66 o
30 48.33 18.33 33.34 0.14 0.15 0.71 ]
31 48.33 23.33 28.34 0.13 0.17 0.69

32 46.66 16.66 36.68 0.13 0.13 0.74 o
33 46.67 6.67 46.66 0.13 0.16 0.71 u
34 46.66 21.67 31.67 0.13 0.17 0.7 A
35 46.67 26.67 26.66 0.13 0.16 0.71 o
36 46.67 36.67 16.66 0.13 0.15 0.72 o
37 45.00 20.00 35.00 0.12 0.2 0.67 ]
38 43.33 3.33 53.34 0.12 0.13 0.75 o
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39 43.33 13.33 43.34 0.12 0.15 0.73 o
40 43.34 23.33 33.33 0.12 0.17 0.71 A
41 43.34 26.66 30.00 0.12 0,17 0.72 o
42 43.34 30.00 26.66 0.12 0.16 0.72 o
43 43.34 33.33 23.33 0.12 0.15 0.73 o
44 40.00 10.00 50.00 0.11 0.2 0.69 o
45 40.00 20.00 40.00 0.11 0.13 0.76 o
46 40.00 26.67 33.33 0.11 0.17 0.72 o
47 40.00 30.00 30.00 0.11 0.11 0.78 o
48 40.00 33.33 26.67 0.11 0.16 0.73 o
49 40.00 40.00 20.00 0.11 0.15 0.74 o
50 40.00 50.00 10.00 0.1 0.15 0.75 o
51 39.00 25.00 36.00 0.1 0.16 0.74 o
52 39.00 36.00 25.00 0.1 0.13 0.76 o
53 36.67 30.00 33.33 0.1 0.14 0.76 o
54 36.67 33.33 30.00 0.1 0.11 0.79 o
55 36.67 36.67 26.66 0.1 0.15 0.75 o
56 33.33 23.33 43.34 0.09 0.15 0.76 *
57 33.33 33.33 33.34 0.09 0.14 0.77 *
58 33.33 53.33 13.34 0.09 0.13 0.78 ¢
59 36.67 26.67 36.66 0.09 0.17 0.74 o
60 30.00 40.00 30.00 0.09 0.15 0.76 *
61 30.00 20.00 50.00 0.08 0.13 0.78 o
62 30.00 50.00 20.00 0.08 0.11 0.81 L4

The simplex design plot in concentra-
tion (wt %) shown in Figure 1 clearly sepa-
rates the regions of different results. Most
of the “Good results” were observed where
the quantity of metakaolin was between
37 and 50 wt%, and the alkaline sodium
silicate was higher than 25 wt%. It seems

Good results

region

that there is a region perpendicular to the
base of the triangle where the results are
“Extremely fast setting”. It is delimited by
the region where the content of metakaolin
was between 43 and 63 wt% and the con-
tent of alkaline sodium silicate between 11
and 20 wt%. The results “White powder

Metakaolin
90

60
Alkaline sodium

silicate

or efflorescence” were observed where
the content of metakaolin was higher
than 45 wt% and the content of alkaline
sodium silicate less than 20 wt%. Samples
with metakaolin lower than 33.33 wt%
and alkaline sodium silicate higher than
23.33 wt% developed shrinkage or cracks.

10M sodium hydroxide solution

Figure 1 - Simplex design plot for Table 1. Components in %wt.
A- Extremely fast setting; m - White powder or efflorescence; © - Good result; - Shrinkage with cracks.

The simplex design plot in molar
concentration (Figure 2) also separates
the regions of different results. The results
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“Extremely fast setting” are close to the
diagonal of the rhombus for the molar
concentration of aluminum greater than
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0.120. The results “White powder or ef-
florescence” are above the diagonal of the
rhombus, and most of the “Good results”



are below this diagonal for the molar con-
centration of aluminum greater than 0.09.
“Shrinkage with cracks” were observed
for molar concentration of aluminum less
than 0.09.

Undissolved metakaolin and Na*
dissolved in water inside pores in the

matrix of geopolymer may explain the
observation of “White powder and ef-
florescence”. Figures 4 and 5 show undis-
solved metakaolin (related to the regions
of high concentration of aluminum) and
a high concentration of sodium in some
spots. Figure 5 shows the efflorescence in

Al
0.331
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the pores in sample number 18, point 2.
The distribution of carbon and sodium are
similar, indicating the micro-formation
of sodium carbonate in the pores. The
elemental composition of Spots 1 and 2,
identified by X-ray energy dispersive spec-
troscopy (EDS), were shown in Table 2.

Na+H20

Figure 2 - Simplex design plot for Table 1 in molar concentration.
A- Extremely fast setting; m - White powder or efflorescence; © - Good result; 4 - Shrinkage with cracks.

g

Figure 3 - Pictures of the geopolymer samples, according to the sample number of Table 1.
Sample number 18 is a case of “White powder or efflorescence”. Samples 22 and 40 are cases of “Extremely fast setting”.
Sample 22 set during the mixing. Samples 48 and 54 are cases of “Good result”. Sample 62 is a case of “Shrinkage with cracks”.

Figure 4 - Scanning electron microscopy (left) and X-rays dispersive spectroscopy map (right) of sample number 15 of Table 1.

REM: Int. Eng, J., Ouro Preto, 75(3), 225-234, jul. sep. | 2022

229



Mix design formulation range for metakaolin-based geopolymer synthesis

e IAREIEN
Map dita 283 \ { .
SE  MAG: 5000x HV: 10KV IWD: 8.7 5

Figure 5 - X-rays dispersive spectroscopy map in a region of sample
number 18 of Table 1, showing the distribution of carbon and sodium (sodium carbonate formation).

Table 2 - EDS spots for the samples 15 (point 1) and 18 (point 2).

Point 1 Point 2
Element

Wt. % Wt. %
C - 52.9
(e} 63.0 33.8
Na 10.9 10.3
Si 16.9 2.0
Al 8.1 0.9

4. Discussion

In a sodium alkaline solution, geo-
polymerization occurs in the steps shown
in Figures 6 to 11 according to Davido-
vits (2017). Water and Na* are fixed in
the ortho-sialate species in steps 1 to 5.
The sixth step is condensation, when the
ortho-sialate molecules combine, liberat-

ing Na* and OH" for performing steps 1
to 5 again. Figure 11 shows two possible
combinations of ortho-sialate molecules.

Water is particularly important
for geopolymeratization, although it is
not consumed at the end. It provides the
means for the dissolution of metakaolin

and the transport and rearrangement of
ortho-sialate molecules, silicate species,
and Na* and OH- ions. Water is also im-
portant for the workability of the paste
resulted from the mix of metakaolin,
sodium hydroxide solution, and alkaline
sodium silicate.

| | Nat OH
. = v . o= O 7
—Si—O0-—AlFO_ +Na*,, +OH,, — —Si— O-—AI—OH
AN
| | OH
o] o]
—Si— g

| |

Figure 6 - First step: Formation of tetravalent Al in the group sialate -Si-O-Al-(OH),-Na*. Adapted from Davitovits (2017).

| _Na" /OH ‘ Nat OH
—Si— g—QAl—OH +OH, —> —G)sl—ﬁ—@ [—OH
\ SOH OH | “SOH
I(’)\ |(|)\
—Si— —Si—

Figure 7 - Second step: Attachment of the base OH- to the silicon atom forming pentavalent Si. Adapted from Davitovits (2017).

‘ _Na+ /OH ’ _Na+ OH
—SSi— 0 -9 on N i 0 A on
OH™ | “OH \ “SOH
[O] [0l
. ©) OH

Figure 8 - Third step: Cleavage of the siloxane oxygen in Si-O-Si through transfer of the electron from
Si to O, formation of intermediate silanol Si-OH on the one hand, and siloxo Si-O- on the other hand. Adapted from Davitovits (2017).
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OH
Na*. OH Na‘’. OH
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—Si—O0—A[—OH +OH —>  HO—Si—O0—Al—OH
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© ©)

Figure 9 - Fourth step: Further formation of silanol Si-OH groups and isolation of the
ortho-sialate molecule, the primary unit in geopolymerization. Adapted from Davitovits (2017).

OH Na‘*.  OH "X
a | a’ OH
- 0
HO Si—O-ACOH + Na* - HO—Si O SO on
“SOH ! “OH
0] |O
©) ©
Na*

Figure 10 - Fifth step: Formation of Si-O-Na terminal bond, with attachment
of a Na' ion, forming an ortho-sialate molecule. Adapted from Davitovits (2017).
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Figure 11 - Sixth step: Possible combinations of ortho-sialate molecules during condensation Adapted from Davitovits (2017).

When there is alkaline sodium  number of neighboring Si atoms of a  the alkaline sodium hydroxide (Jansson
silicate in the solution, different silicate  given Si atom. Figure 12 shows the Q!, et al.,2015). In principle, every Si-O-Na
species can exist. Q* denotes the con-  but Q! to Q*can coexist depending onthe  end of the dissolved species can participate
nectivity of the species, where x is the  modulus n in the formula Na,O.nSiO, of  in condensation.

Na*
©
OH |O|

I
HO—Si—O—Si—O|®Na"
O HO

€]
Na*

Figure 12 - Q' species of silicate in alkaline sodium hydroxide. Adapted from Davitovits (2017).

Na* is important for the dissolution ~ molecules and in the geopolymer struc-  densation and can participate once again in
of metakaolin into ortho-sialate molecules  ture should be charge-compensated by a  the dissolution of metakaolin (Figure 12).
(Figures 6 to 11). It is consumed because  sodium ion. Another Na+ ion is attached The increase in the concentration
every aluminum atom in the ortho-sialate  to the =Si-O- end. Itis liberated in the con-  of ortho-sialate molecules in the solution
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increases the condensation rate. So, there
is an interaction between the dissolution of
metakaolin and the condensation. During
the dissolution of metakaolin, the concen-
tration of Na* and water decreases. Then,
the rate of dissolution should decrease. If
the molar relation Na/Al is less than 1, the
sodium can be totally consumed and part
of the metakaolin cannot be dissolved. If
the Na/Al s 1, the dissolution can be com-
pleted, but in a long time, provided there is
available water. If it is higher than 1, there
will be enough Na+ to sustain the dissolu-
tion, provided there is available water, and
it is expected that the geopolymerization
will proceed at higher rates. But in the end
excess sodium will be in the geopolymer
matrix, which may cause efflorescence
(Zuhua et al., 2018).

The Si/Al ratio is also important
because when it is higher than 1, more Q*
species of silicate will be in solution to in-
crease the condensation rate. It is achieved
by the addition of sodium silicate (Figure
12). But if the condensation rate increases
too much in relation to the dissolution
rate, parts of the geopolymer matrix will
be set, expelling water to the regions of no

condensation, decreasing the Na+ concen-
tration in these regions and the dissolution
rate. So, parts of the geopolymer matrix
will remain with undissolved metakaolin.

Because of the interaction between
the dissolution and condensation, the ideal
mix of metakaolin, alkaline sodium sili-
cate, and solution of sodium hydroxide is
not a trivial issue for geopolymer synthesis.
Undissolved metakaolin, unreacted alka-
line sodium silicate or sodium hydroxide
may result in the geopolymer matrix.

The complex behavior of the geo-
polymerization process was described by
Xiao et al. (2009) based on isothermal
calorimetry characterization. The geopo-
lymerization reaction was also studied by
Qian et al. (2017). Provis and Deventer
(2007) proposed a model for the kinetics of
geopolimerization based on the dissolution
of metakaolin in silicate and aluminate
monomers, the addition of polymerized
silicate species from the activation solution,
formation of aluminosilicate oligomers,
and subsequent formation of amorphous
aluminosilicate polymer and amorphous
aluminosilicate gel.

Figure 13 shows how geopolymeriza-

tion takes place from the microstructural
point of view. In the beginning, the solid
metakaolin particles are in the alkaline
solution. Dissolving these particles releases
ortho-sialate species that fix water and Na*
ions (Figure 13a). As the concentration of
the ortho-sialate species increases in the
solution, condensation begins, with the
formation of geopolymer particles, with
the release of water and Na* ions (Figure
13b). The geopolymer particles incorpo-
rate Na* ions, such that their concentration
in the alkaline solution decreases. The
lower concentration of Na* in solution
decreases the rate of dissolution of the
metakaolin particles. In this process, the
metakaolin particles decrease in size and
the geopolymer particles grow (Figure 13¢
and 13d). As they grow, the geopolymer
particles begin to coalesce, forming pores
filled with solution and surrounding the
metakaolin particles (Figure 13e). Eventu-
ally, the metakaolin particles can become
completely enveloped by the geopolymer
matrix and no longer dissolve. The solution
trapped in the pores may contain Na* in
solution and cause efflorescence. The pores
can be opened or closed.

(a)

(b) . .
§ bl ol Na
~OH . b
° - o M
N . e ° on "
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| P oH ik s s
s . s No
Na® b N o $
oH s s oM h | oy
X Na® s s . Lom
o i Na* .
Na' - Na' o | N
s Nat oH . P Y ot s No
. o . o OH OH
s s
: :

Figure 13 - Depiction of the geopolimerization process.
S represents the ortho-sialate species, ® is a metacaulim particle, and ® is a geopolymer particle.

In an ideal situation, if the Na/Al
ratio = 1 and the dissolution and condensa-
tion rates allow the complete dissolution
of the metakaolin particles, water will
remain in the porosity of the geopolymeric
matrix. If the dissolution rate is high, the
condensation rate will also be high. In this
case, the geopolymer particles can grow
and coalesce, surrounding the metakaolin

232

particles and form pores with Na+ in
solution. Rapid setting with undissolved
particles of metakaolin and efflorescence
may be observed. If the dissolution rate is
low, the condensation rate will also be low.
This is a case where setting can be slow
and the metakaolin particles may not be
completely dissolved. The pores will be
filled with Na* in solution and lead to efflo-
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rescence. If the Na/Al ratio > 1, there will
always be Na* ions in the residual solution
trapped in the pores, with the consequent
development of efflorescence. The higher
Na+ concentration increases the dissolu-
tion and condensation rates and can lead
to the situation with metakaolin particles
not completely dissolved. If the Na/Al
ratio <1, there will not be enough sodium



to dissolve the metakaolin completely and
the dissolution and condensation rates will
be slow. Metakaolin particles will result
in the geopolymer matrix.

The Si/Al ratio also has an influence.
Metakaolin has Si/Al = 1. The Si/Al ratio
> 1 is the result of adding sodium silicate
to the solution. This addition increases
the Na* content in the solution and the
dissolution rate. The condensation rate
also increases, due to the higher content
of silicate species. For greater additions of

5. Conclusions

Geopolymer samples were synthe-
sized from a mix of metakaolin, alkaline
sodium silicate, and 10 M sodium hydrox-
ide solution. Mixes of different concentra-
tion of these components were studied. It
was mixed to form a paste then molded,
vibrated, set at room conditions, and de-
molded after 24 hours. The workability
of the paste, the integrity of the samples,
and the development of efflorescence
was observed by visual inspection of the
samples for 28 days of curing at room
conditions. It was classified as “white
powder or efflorescence”, “extremely fast
setting”, “good result”, or “shrinkage with
cracks”. The simplex design plot in wt%
of the components as well as in molar
concentration of aluminum, silicon, and
sodium plus water can separate the regions
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sodium silicate, cracks in the surfaces in
the samples and shrinkage of the samples
were observed.

In summary, several factors can
influence the dissolution rate of metaka-
olin particles and condensation rates.
Besides the characteristics of metakaolin
(composition, granulometry, and calcina-
tion conditions), the concentration and
composition of the alkaline solution, as
well as the conditions of setting (at room
temperature or at a higher temperature,

where these results can be classified.
These results were explained based
on the Davidovits geopolymerization
model with qualitative consideration of
the dissolution rates of metakaolin and
condensation of ortho-sialate molecules
and silicate species from alkaline sodium
silicate. The dissolution of metakaolin
and the condensation of ortho-sialate and
silicate species interact with each other.
The Na* plays an important role both
in dissolution and condensation. Water,
although not consumed in geopolymera-
tion, is especially important to promote
the medium for transportation and rear-
rangement of ortho-sialate molecules,
silicate species, and Na* ions. The process
of geopolymerization was also described
from the microstructural point of view.
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