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Abstract In this work an inorganic polymer is developed
based on Elkem microsilica and potassium hydroxide.
Using experimental data and the partial charge model a
model for the gelation is suggested based on the hydrolysis
and condensation reactions occurring during synthesis. In
addition the optimal composition of the binder system was
determined using compressive strength test and solubility
experiments. Based on partial charge calculations and
experimental data for the hydroxide concentration and the
viscosity obtained in this study it is suggested that the
polymerization of the inorganic polymer is determined by
the concentration of silica species. It was found that the
alkalinity has a crucial effect on the condensation process.
The optimal potassium hydroxide concentration used in the
synthesis of the inorganic polymer was found to be around
3.5 M, which resulted in a compressive strength of the
product in the region of 50 MPa.

Keywords Sol-gel process - Inorganic polymer -
Amorphous silica

1 Introduction

The development of inorganic polymers is a new promising
technology that may be used in many applications. The
synthesis of inorganic polymers is normally carried out by
mixing an amorphous material for example silicium diox-
ide with a mineral base.

M. E. Simonsen - C. Sgnderby - E. G. Sggaard (D<)
Section of Chemical Engineering, Esbjerg Institute

of Technology, University of Aalborg, Niels Bohrs vej 8,
6700 Esbjerg, Denmark

e-mail: egs@aaue.dk

@ Springer

In previous work amorphous silica (fumed silica,
microsilica) has been used as one of the reactive compo-
nents in the preparation of Geopolymers usually in
combination with an alumina source in the form of fly ash
or metakaoline [1-5]. The addition of amorphous silica in
Geopolymer synthesis resulting in an increase in the Si/Al
ratio has been found to increase the strength of the binder
[3, 4]. Moreover microsilica is routinely used as an additive
in high performance cement. The addition of microsilica to
Portland cement accelerates the hydration and formation of
C;S. In the hydration process microsilica is consumed and
an increased amount of calcium silicate hydrates are
formed [6].

The reaction of silicate or aluminosilicate with a highly
concentrated alkali solution or silicate solution can produce
inorganic polymers with properties similar to Portland
cement depending upon the composition and curing tech-
nique [7]. Variation in the preparation conditions of the
inorganic polymers can result in a wide variety of prop-
erties, including high compressive strength, fire resistance
and low thermal conductivity [7, 8]. These advantages
make inorganic polymers a promising technology for new
construction materials even though the cost for manufac-
turing Portland cement is relatively low (0.05-0.08 USD/
kg, year 2006) [7].

The synthesis of the inorganic polymer is a result of
dissolution of the surface of the amorphous silica particles
by hydroxide resulting in formation of soluble silica spe-
cies in the solution. The silica species are assumed to
polymerise through condensation reaction resulting in
formation of oligomers (dimers, trimers). The size and
number of oligomers in the system increase until they
extent throughout the solution resulting in formation of a
gel. After gelation the system continues to rearrange and
reorganize resulting in a three-dimensional network [8].
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Panagiotopoulou et al. [9] studied the dissolution of
different industrial aluminosilicate minerals and by-prod-
ucts and reported that the extent of dissolution is higher
when NaOH was used compared to KOH. It was suggested
to be due to the smaller size of Na™ which better can
stabilize the silicate monomers and dimers present in the
solution, thus enhancing the minerals dissolution [10, 11].
The size of the cation is also reported to affect the mor-
phology. Na™ displays strong ion-pair formation with
smaller silicate oligomers, whereas K* favors the forma-
tion of larger oligomers. As a result more polymer
precursors exist providing better setting and stronger
compressive strength when KOH is used compared to
polymers synthesized in NaOH solutions [12]. In addition,
the fact that K has a smaller hydration sphere radius than
Na® allows denser polycondensation reactions that
increases the overall strength of the matrix [13].

In this work an inorganic polymer is developed based on
amorphous silica (Microsilica 983 U, Elkem) and potas-
sium hydroxide. Microsilica is an industrial by-product
from the silicon production and is produced in great
amounts around the world. Using experimental data and the
partial charge model a model for the gelation is suggested
based on the hydrolysis and condensation reactions
occurring during synthesis. In addition the optimal com-
position of the binder system was determined using
compressive strength test and solubility experiments.

2 Materials and methodology

The inorganic polymers were prepared by mixing 200 g
amorphous silica (Microsilica) with 200 ml of a highly
concentrated solution of potassium hydroxide in distilled
water. The inorganic polymers were mixed for 10 h using
a magnetic stirrer before casting in order to obtain
homogeneous samples. In this work the molar concen-
tration of potassium hydroxide was varied from 0.75 to
4 M. The microsilica used in the investigation is a by-
product from the silicon production. Depending on the
preparation method of silicon the microsilica vary in
particle size and composition. The particle properties of
different microsilica produced by Elkem are shown in

Table 1, when not specified otherwise the Elkem 983 U
microsilica (Elkem 983 U) was used to prepare the inor-
ganic polymers.

The pH of the solution was recorded during the syn-
thesis using a special robust combi pH electrode
(pHC2015-8) designed for alkaline samples. The evolution
of the viscosity as a function of time was measured using a
Brookfield model DV-III + programmable rheometer. The
system was configured allowing mixing to take place
between every viscosity measurement although not during
the measurement.

Electro spray ionization mass spectroscopy (ESI-MS)
analysis of the reaction solution was carried out using a
LC-MSD-Trap-SL spectrometer from Agilent Technology.
Samples for investigation were obtained during a reaction
period of 24 h. The samples were prepared by centrifuga-
tion of 50 g of slurry for 10 min at 6000 rpm. The liquid
part of the sample was filtrated using a 0.45 um filter and
diluted 1:1000 in distilled water in order to avoid clogging
of the capillary. The dry temperature was set at 325 °C and
the dry gas was 5 L/min. The capillary exit voltage was
166 V. The solution was injected into the ESI-MS at a
flow-rate of 0.3 puL/min. The ESI-MS spectra of the inor-
ganic silicate polymers were recorded in negative scanning
mode in the spectral region 50-2200 m/z.

The SEM images of the inorganic polymers were
obtained using a LEO electron microscope 1500 with a
GEMINI column.

Thermo Gravimetric investigation of the different inor-
ganic polymers was carried out using a Mettler Toledo
TGA/SDTAS852e. The samples were prepared by placing
10 mg of the inorganic polymer in an aluminum oxide
container and inserted into the instrument. The heat
transfer rate used in the investigation was 10 °C/min and
the applied temperature interval was 35-1000 °C.

The strength of the inorganic polymers was investigated
using a compressive strength test. The test specimens for
this test were cast in polypropylene containers with a
diameter of 2.5 cm and a height of 5 cm. In order to avoid
shrinking and cracks during drying 50 V/V% of quartz
sand (0.1-0.3 mm) was added. The compressive strength
test was performed on a Lloyd instrument LR 50 K, with a
piston speed of 10 mm/min.

Table 1 Particle properties and

chemical composition of Chemical composition Elkem 940 U Elkem 983 U Elkem 995 U
different Elkem microsilica Loss by combustion <3% 0.53% Not tested
Silicium oxide (SiO;) >90% 98.6% 99.5%
Carbon Not tested 0.24% Not tested
BET 17.4 m?/g 13.5 m?/g 42.6 m?/g
Particle radius (DLS) 159.2 £+ 0.6 nm 198.5 &+ 1.5 nm 127.7 = 0.5 nm

@ Springer
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3 Result and discussion
3.1 Dissolution of silica particles

The synthesis of the inorganic polymers is thought to be a
result of dissolution of the surface of the amorphous silica
(Microsilica) particles by hydroxide resulting in formation
of soluble silica species in the solution. The dissolution of
the amorphous silica in alkaline conditions can be
expressed by the following reactions.

SiOz + 2H20 — H4Si04
Si0; + Hy0 + OH™ — H;3Si0;

1
2

H;3Si0; + OH™ — H,Si03” + H,0 3

(1)
(2)
(3)
Si0, + 20H™ — H,Si02~ (4)

These reactions suggest that H,O and OH™ are consumed
during the dissolution process resulting in a decrease in pH,
which also was observed experimentally (Fig. 1). The
solubility of amorphous silica is highly dependent on pH of
the solution and a dramatic increase in the solubility is seen
above pH 10 [14]. In addition, an increase in temperature
will also increase the solubility of the amorphous silica.
Dependent on pH different monomers will be present in the
solution after dissolution (H4SiO4, H3SiO4~, and
H28i0427) [14]. It is the polymerization of these monomers
that eventually lead to the formation of inorganic polymers.

In order to investigate the synthesis of inorganic poly-
mers in greater detail pH of the solution was studied during
synthesis. In Fig. 1 the pH evolution of the inorganic
polymer synthesized from 0.75 to 4 M KOH are shown.
From the figure it is seen that pH of the solution for the
inorganic polymers synthesized using >1.5 M KOH is
higher than 14 and thus above the normal measuring range

15

L —— 4 MKOH
------ 2.5 M KOH
—-—— 1.5MKOH
—-=- 0.75 M KOH

pH of solution

11 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 5 10 15 20 25

Time after mixing / Hours

Fig. 1 pH as a function of time after mixing for the inorganic
polymer synthesized using 0.75—4 M KOH

@ Springer

of the pH electrode (pH 14). However, repeating mea-
surements of the pH evolution showed a good
reproducibility and the measured hydroxide concentration
agrees with the amount used in the synthesis, suggesting
that the pH electrode in this case could be used to measure
the pH evolution. In Fig. 2 the hydroxide concentration
calculated from the pH measurements is shown as a
function of the reaction time. The first part of the curves
can be fitted to first order reaction kinetics. However, after
a couple of hours of reaction the kinetics changes probably
due to interference from products (dimers and oligomers)
and the changes in the particle size of the microsilica due to
dissolution. The accessibility of the microsilica surface is
expected to be a limiting factor by inhibition effect from
the resulting silicate species surrounding the particles.
Moreover, it is seen that the dissolution proceeds for a
longer time period when higher hydroxide concentrations
are used resulting in higher dissolution. The increase in
hydroxide concentration observed during the first 15 min
can be ascribed to difficulties in pH measurements at high
viscosity.

Figure 3 shows that an increase in the processing tem-
perature has dramatically effect on the dissolution rate of
the amorphous silica particles. An increase in the pro-
cessing temperature of 25 °C resulted in a decrease in the
reaction time from 10 h to about 30 min. Further investi-
gations (Compressive strength test, XRD, and FT-IR
analysis) have shown that although the temperature has a
great influence on the rate of polymerization the properties
of the final inorganic polymer do not change significantly.

Another parameter which is of importance during syn-
thesis is the h ratio (mpy,0/msio,). An increase in water
content will result in a decrease in the hydroxide concen-
tration due to volume changes. Hence, the dissolution of

4.0
—— 4MKOH

3.5 ——— 15MKOH
—--— 0.75 MKOH
30
25

2.0

[OH]/M

1.5

1.0

0.5 F

0.0

10

Time / hours

Fig. 2 Hydroxide concentration as a function of the reaction time for
different compositions of the inorganic polymers
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Fig. 3 Hydroxide concentration as a function of the reaction time for
different processing temperatures of the inorganic polymer

silica will be lower thereby affecting the gel formation.
Investigations showed that inorganic polymers synthesized
using h ratio of 2 did not lead to gel formation.

3.2 Viscosity investigations

The viscosity development during the synthesis of the
inorganic polymers was investigated during both the dis-
solution stage and the gelation stage as shown in Fig. 4.
The viscosity increased rapidly during the initial mixing of
microsilica and the hydroxide solution resulting in the
development of a thick paste. After mixing the viscosity of
the paste decreases as shown in Fig. 4. The decrease in

x10°

Viscosity / cP

Time / hours

Fig. 4 Measured viscosity of the inorganic polymer as a function of
time after mixing

viscosity is thought to be due to two processes occurring
during the initial dissolution step.

e Adsorption of OH™ ions on the surface of the silica
particles resulting in negatively charged particles. As
the solution consists of only negatively charged parti-
cles surrounded by positively charged cations the
particles will be repelled by one another and hence
the viscosity will decrease.

e Dissolution of the silica particles will cause the
particles to decrease in size and number resulting in
an additional decrease in viscosity.

The decrease in the viscosity is followed by a stable
period in which virtually no change in the viscosity is
observed. The duration of the stable period is dependent on
the concentration of hydroxide used in the synthesis.
Comparison with the measured evolution in hydroxide
concentration during synthesis suggests that the dissolution
process continues in the stable period. The stable period is
followed by a significant increase in viscosity due to
polymerization of the monomers or other initiating species
leading to the extended network (gel) that results in for-
mation of an inorganic polymer.

From Fig. 4 it is seen that the stable period with low
viscosity is elongated if the hydroxide concentration is
decreased from 4 to 1.5 M. This tendency has one excep-
tion, namely the lowest hydroxide concentration which has
the shortest stable viscosity period. These results can be
explained by two mechanisms occurring simultaneously.
At high hydroxide concentration the surface of the silica
particles will stay negatively charged during the dissolution
process. As the concentration of silicate species in solution
increase due to dissolution, polymerisation and later gel
formation will occur. Higher concentrations of silicate
species result in faster gel-formation. Hence, high
hydroxide concentration results in fast gel-formation. That
the 0.75 M hydroxide solution does not follow the general
trend of faster gel formation with increasing concentration
of hydroxide may be due to the fact that the amount of
monomer produced is limited and that the hydroxide cov-
ered silica particles coagulate due to a lower surface charge
destabilized by the presence of potassium ions.

The gel formation thus appears to be accelerated at high
hydroxide concentrations and also at low hydroxide con-
centration resulting in a low surface charge density of the
silica particles. A turn over point for these two mechanisms
seems to be found with hydroxide concentrations between
0.75 and 1.5 M in the investigated systems.

3.3 Mass spectroscopy

As described above the dissolution of the amorphous silica
particles is the first step in the synthesis of inorganic

@ Springer
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polymers. The dissolution/hydrolysis process is followed
by condensation reactions resulting in the formation of
oligomers. This process releases the water that was initially
consumed during dissolution. Thus, water only plays the
role as reaction medium. The size and number of oligomers
in the system will increase until they extent throughout the
solution resulting in formation of a gel.

Electro spray ionisation mass spectrometry (ESI-MS)
was used to identify the silicate species in the solution
during polymerization. The assigned molecule ions were
confirmed by the isotopic pattern of the elemental com-
position of the ion. All molecule ions were found as single
negatively charged species, which were obtained by the
removal of a proton (H") from the molecule, thus leaving
an anion that is subsequently detected.

From the ESI-MS spectrum shown in Fig. 5, it is seen
that the most dominant peak is located at 155 m/z, which
can be assigned to a dehydroxylated dimer (Si,O;(OH)3).
The second most intensive peak is assigned to a fully
hydroxylated dimer (Si,O,(OH)5). Two monomeric spe-
cies were identified in the mass spectra at 77 and 95 m/z
corresponding to SiO,(OH)™ and SiO(OH)3 respectively.
In addition a series of trimers are found at 233 and 271 m/z.
The most intensive of these trimers are found at 233 m/z
corresponding to a linear trimer with one oxo group or a
cyclic trimer which usually is found in 2°Si NMR investi-
gations of silicate systems. It is not possible to distinguish
between these to molecules using ESI-MS because this
technique does not give information on the interconnec-
tivity of the atoms in the molecule [15]. However, from
these results it is observed that no high intensity peaks
could be assigned to fully hydroxylated linear trimers
(Si303(0OR)7), suggesting that the trimers indentified in
this system under these conditions are present in the form
of cyclic trimers. It should however be noted that Bussaian
et al. have reported that the tendency of silica species not to
appear as the fully hydroxylated ions increase with
increasing silicate chain length [16].

The peaks found at 293, 311, 331, 349, and 387 m/z are
assigned to dehydroxylated tetramers. However, the
intensity of these peaks is below 10% of the most intensive
peak. In addition pentamers and hexamers were also
observed but again the intensity of these molecule ions was
below 5%. The indentified molecule ions in the mass
spectra are listed in Table 2.

The evolution of the most dominant silicate species in
the solution is shown in Fig. 6. From this figure it is
shown that the intensity of the most dominant molecule
ions increases up until 8 h after mixing. The increase of
the intensity can be explained by the dissolution of mi-
crosilica leading to a greater amount of silicate species in
the solution. The pH evolution during the dissolution
process indicates that the dissolution process proceeds for
approx. 10 h (Fig. 1) correlating with the observed

Table 2 Silicate species indentified in the reaction solution using
ESI-MS

No. m/z Compound

1 77 Si0,(OH)™

2 95 SiO(OH)3

3 155 Si,03(OH)3

4 173 Si,0,(OH)5

5 193 Si,03(0OK)(OH)3
6 211 Si,0,(0OK)(OH)y
7 233 Si304(0OH)5

8 271 Si304(0OK)(OH);
9 293 Si406(OH)5

10 311 Si405(OH)7

11 331 Si404(OK)(OH);
12 349 Si,05(0OK)(OH)g
13 371 SisO,(OH)7

14 387 Si405(0K),(OH)5
15 447 Sis0,7(0OK),(OH)5

Fig. 5 ESI-MS spectra of an Intens.
inorganic polymer synthesized x10°
using 4 M KOH 12 h after 2.0 { 154.9
mixing

1.5 4

172.9
1.0
232.8
0.5
773 o2.8 270.7
0.0 4 \ \ L I, J I ulum

-MS, 0.0-5.0min #(1-191)

100 200 300
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Fig. 6 Intensity evolution of the most dominant peak in the ESI-MS
spectra

increase in silicate species. The rapid drop in the intensity
observed after 12 h in Fig. 6 is suggested to be due to
polymerization of the soluble silica species. This is sup-
ported by the viscosity data in Fig. 4. From Fig. 4 it is
seen that the viscosity of the inorganic polymers synthe-
sized using 4 M KOH increases approximately 10 h after
mixing, suggesting that polymerisation initiates at this
point.

A broad band of low intensity signals were observed in
the mass spectra after 12 h in the spectral region from
550 up to 1200 m/z. These signals were found to consist
of silicate species containing 6-12 Si atoms. If the
polymerization occur by addition of monomers it would
be expected to see a change in the mass spectra leading to
peaks of relatively high intensity at higher m/z values.
However, no such peaks were observed in the mass
spectra. The change in the intensity of the most dominant
silicate species in the mass spectra suggests that these
species may serve as building blocks during the poly-
merization. It is believed that the polymerization lead to
silicate species with m/z values greater than 2200 making
detection no longer possible using the ESI-MS method.
Another possibility is that the silicate species polymerize
on the surface of the undissolved microsilica particles
encapsulating the microsilica particles. During gelation
the polymer encapsulated sphere of the microsilica par-
ticles may increase in size resulting in the formation of a
network between the microsilica particles leading to
gelation.

The presence of silicate species which serves as building
blocks has also been proposed based on *°Si NMR inves-
tigation of the synthesis of zeosils and zeolites. In this case
up to 20 different building blocks consisting were identi-
fied [15].

3.4 Partial charge model

In the following the step from initial condensation to a fully
developed gel is discussed in greater detail by help of the
partial charge model developed by Livage and coworkers
[17]. Livage and coworkers have shown that the chemical
reactivity of metal ions during the processes of hydrolysis
and condensation can be predicted and explained by the
partial charge distribution of the molecular species [17].
For instance, Weng and Sagoe-Crentsil [18] has applied the
partial charge model to explain the hydrolysis and con-
densation reactions occurring during geopolymer synthesis
[18-20].

Partial charge calculations for Si monomers in solution
are shown in Table 3. The calculated SiO,(OH)37/
SiO(OH)3 ratio change from 2 to 0.2 in the pH range from
14 to 10, suggesting that the SiOz(OH)g_ ions is trans-
formed into SiO(OH)3 ions at lower pH. The pKa value for
the SiOz(OH)?/SiO(OH); ion pair has been reported to be
in the interval 12.6—-13.1 [21-23]. In comparison the cal-
culated shift in the SiOz(OH)%f/SiO(OH)g ratio using the
PCM was observed at pH 12.6.

Caullet and Guth [24] has calculated the distribution of
the ionised forms of Si(OH), versus pH, and their results
showed that SiO(OH)3 is the dominant species around pH
11 based on the equilibrium constants of the charged sili-
cate species of Si(OH),4 and that SiOz(OH)g_ increase with
increasing pH higher than 11 which is in good agreement
with the present calculation.

In the present work the pH of the slurry vary between ca.
14 to 11.5 during the cause of the reaction suggesting a
shift in the SiO,(OH)3 /SiO(OH)5 ratio during the reac-
tion. It was not possible to observe the SiO»(OH)3~ ion
(47 m/z) in the mass spectra because the m/z value was
below the detection range (50-2200 m/z).

According to the electronegativity equalization principle
electron transfer stops when the electronegativities of all
the atoms equal the mean electronegativity () which again
is equal to the mean electronegativity of the solution [17].
Using the partial charge model (PCM) it was possible to
calculate the silicate species which may be present at

Table 3 Partial charge calculation for Si monomers in solution

pH Partial charge of atoms H,Si0,%7/
H3SiO,4 ™ ratio
do On Jsi
14 —0.47 0.02 0.18 2.0
13 —0.46 0.04 0.20 1.2
12.6 —0.46 0.05 0.21 1.0
12 —0.45 0.06 0.22 0.7
11 —0.43 0.07 0.24 0.4
10 —0.42 0.08 0.26 0.2

@ Springer
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different pH. The calculated silicate species containing up
to 5 Si atoms present at pH 14 and pH 10-12 are shown in
Table 4. From the table it is seen that the silicate species at
pH 14 have a charge higher than —1 per Si atom in the
molecule compared to the silicate species at pH 10-12
which have a charge of —1 per Si atom. In addition the
average partial charges of the different atoms in the silicate
species are shown. Under the alkaline reaction conditions
the polymerization will proceed through nucleophilic sub-
stitution reactions. In the nucleophilic substitution reaction
between two silicate species the deprotonated oxygen (O™)
on silicon will act as the nucleophile and the hydroxyl
group as the leaving group as shown in the reaction scheme
below.

Fast

Si—OH + OH""'Si—0~ + H,0 (5)
Si—0~ + HO—Si"%'Si—0—Si + HO~ (6)

From Table 4 it is seen that polymerization at high pH
(pH 14) may not be favoured since the partial charge of the
leaving group and the partial charge of the nucleophile are
similar in size. In addition high degree of ionization of the
silicate species at high pH results in repulsive interaction
between the reactants hindering polymerization. Thus the
monomeric, dimeric and trimeric species may be dominant
at very high alkalinity. As the pH drop to below 12 the
silicate monomers shift toward SiO(OH); and the mean
electronegativity of the solution decrease. As a conse-
quence the condensation between silicate species becomes
more favourably. From Table 4 it is observed that the
difference between the partial charge of the leaving group
and the nucleophile is higher and the partial charge of the
Si atom increase as a function of decreasing pH. In addition

Table 4 Calculated partial charges of possible silicate species in the
reaction solution

Species do on Jsi dou m/z
High pH (14)

SiO,(OH)3 ™ —0.55 0.00 0.20 —0.55 47
Si;O4(OH)3™ —0.52 0.04 0.25 —0.47 57
Si3;06(OH);™ —-0.50 0.06 0.27 —0.44 62
Si,O5(OH)3~ —-0.50 0.07 0.28 —0.43 65
SisO,o(OH)S ™ —0.49 0.08 0.28 —0.42 67
pH 10-12

SiO(OH)5 —0.44 0.14 0.35 —0.30 95
Si,03(OH);~ —0.45 0.12 0.34 —0.33 86
Si3;05(OH)3~ —0.46 0.12 0.33 —-0.34 83
Si,O,(OH)¢™ —0.46 0.11 0.33 —0.35 82
SisOg(OH);~ —0.46 0.11 0.32 —-0.35 81
SigO,1(OH)$~ —0.46 0.11 0.32 —0.35 80

@ Springer

the overall charge of the silicate species decreases resulting
in less repulsion between the reactants. Thus, it is believed
that the polymerization of the silicate species in the solu-
tion is determined by the alkalinity.

All the molecule ions indentified in the reaction solution
using ESI-MS were found as single charged molecules.
However, partial charge calculation has shown that the
charge of silicate species at pH 10-12 is in the order of —1
per silicon atom in the molecule, suggesting that dimers
have a negative charge of 2. It is possible that the ESI-MS
technique may change the charge of the silicon species.
Due to the very high ionic potentials of the nano sized
aerosols in the spray electrons may be transferred to the
high voltage positive electrode. As a consequence the
charge of the silicate species determined by ESI-MS may
not represent exactly the properties of the solution under
examination prior to the mass analysis [25].

3.5 SEM analysis

SEM images of the inorganic polymers shown in Fig. 7
support the described dissolution/gelation model as a sig-
nificant change in the particle size of the silica particles is
observed when different concentrations of hydroxide was
used. The SEM images also show that the amount of
polymer/binder between the amorphous silica particles
increases resulting in a higher density of the material as a
result of higher hydroxide concentration used in the syn-
thesis. The undissolved particles remain tied in the matrix,
so that the strength and hardness of the microsilica particles
correlates with the final strength.

3.6 TGA

In Fig. 8 the thermo gravimetric analysis of the inorganic
polymers are shown. It was found that the amorphous silica
(blank) used in this work does not give off any mass by
increasing temperature. The amorphous silica that was used
in these investigations had a purity of 98.6% (Table 1).
Beside small amounts of carbon some metals were present,
mainly Al and Mg. From Fig. 8 it is seen that 1-2% of
water was removed from the samples at temperatures up to
100 °C. At higher temperatures excess potassium hydrox-
ide was given off up to a temperature of 500 °C. In vacuum
KOH sublimated unchanged at 400 °C forming dimeric
species [26]. Thus, by help of TGA it was possibly to
determine the amounts of excess potassium hydroxide that
was not consumed in the sol-gel process.

3.7 Compressive strength

Investigation has shown that drying of large samples con-
sisting only of inorganic polymer resulted in formation of
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Fig. 7 SEM images of
inorganic binder at different
potassium hydroxide
concentrations: a 0.75 M, b
15M,¢c25Mandd 4 M
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Fig. 8 Thermo gravimetric analysis of the inorganic polymers
synthesized using different potassium hydroxide concentrations

cracks in the material. In the reported data for the com-
pressive strength quartz sand was added in order to prevent
the formation of cracks. The results of the compressive
strength test showed that the strength of the inorganic
polymer was strongly related to the concentration of
potassium hydroxide used in the synthesis as shown in
Fig. 9. The optimal potassium hydroxide concentration
used in the synthesis of the inorganic polymer was found to
be around 3.5 M, which resulted in a compressive strength
in the region of 50 MPa. Furthermore, it is seen that the
strength of the polymer is independent of the time after

A7 days
014 days

028 days

i

40 |

20 f

Compressive strength / MPa
[3=2>2]

[KOH] /M

Fig. 9 Compressive strength as a function of the potassium hydrox-
ide concentration

synthesis (7, 14, 28 days). Similar compressive strength
values have been obtained by Bajza et al. [27] for an
inorganic binder synthesized using fumed silica, NaOH and
Na,SiFg. In comparison fly ash based geopolymers syn-
thesized from 10% metakaoline and 90% fly ash obtained a
compressive strength of 35 MPa after 14 days [28].
Addition of up to 4% slag increased the compressive
strength to 53 MPa which is comparable to the results
obtained in the present work. However, the large variations
in the fly ashes used in the synthesis of geopolymers
influences the properties of the geopolymers ranging from

@ Springer
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unworkable solutions to strengths of up to 95 MPa after
28 days [5].

In this work it was found that addition of glass fibers,
iron, kaolin, and TiO, particles increase the durability and
strength of the material (data not shown). The addition of
these materials reduces the strain in the material, and thus
prevents the formation of cracks.

In order to investigate the strength development in
greater detail the compressive strength was measured after
2 days up to 28 days as shown in Fig. 10. Figure 10 shows
that inorganic polymers synthesized at 25 °C reach its final
strength after 7-9 days. In comparison inorganic polymers
synthesised at 50 °C obtain the final strength after only
4 days. The inorganic polymer synthesized at 70 °C did not
reach a similar strength due to rapid evaporation of the
water. Further investigation of the samples showed that the
density of the inorganic polymers synthesized at 70 °C was
much lower indicating higher porosity of the samples.

In Fig. 11 the significance of the density/porosity of the
samples on the compressive strength are shown. The increase
in density of the material is due to better adhesion between
the inorganic polymer and the sand. The increase in adhesion
can be ascribed to the increase in the amount of inorganic
polymer formed at higher hydroxide concentration.

3.8 Chemical resistance

The chemical resistance of the developed inorganic poly-
mers towards different test solution was investigated and
the results are shown in Table 5. From the table it is seen
that the inorganic polymer synthesized from the highest
potassium hydroxide concentration (4 M) do not form a
stable binder. However, it is shown that the inorganic
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Fig. 10 Strength development of the inorganic polymer during
curing
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Fig. 11 Compressive strength as a function of density of the
inorganic polymers

Table 5 Solubility experiments of the developed inorganic polymers

075M 15M 25M 4M

Destilled water ND ND ND D
1075 M NaCl ND ND ND D
1073 M NaCl ND ND ND D
0.1 M NaCl ND ND ND D
107> M HClI ND ND ND D
1073 M HCl ND ND ND PD
0.1 M HCI ND ND ND PD (gel formation)
107°M NaOH ND ND ND D
10°M NaOH ND ND ND D
0.1 M NaOH D D D D

In the table the solubility of the inorganic polymers is classified in
three categories: Not dissolved (ND), Partly dissolved (PD), and
Dissolved (D)

polymers suspended in acid show higher stability. It is
believed that the acid neutralises excess hydroxide trapped
in matrix of the inorganic polymer and thus stabilizes the
inorganic polymer. In addition, it is seen that the inorganic
polymers synthesized from <2.5 M hydroxide did not
dissolve unless the inorganic polymers was suspended in
0.1 M NaOH in the present work.

In the synthesis of inorganic polymers many parameters
influence the final properties. The time required for the
inorganic polymer solution to form a continuous gel
depends not only on the processing conditions but also the
raw material (microsilica). The surface area of the particles
which are dissolved has a great influence on the rate of
dissolution and therefore on the gelation time of the inor-
ganic polymer. The BET surface area provides an
indication of how much surface area participates in the
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heterogeneous reaction. Comparison between the gelation
times for inorganic polymers synthesized using Elkem 995
(42.6 m*/g), Elkem 940 (17.4 m%g), and Elkem 983
(13.5 mzlg) microsilica showed that the reaction of Elkem
995 microsilica (gelation time approximately 1.5 h) was
significantly faster followed by Elkem 940 (gelation time
approximately 15 h), Elkem 983 (gelation time 20 h). The
gelation times of inorganic polymers synthesized from
Elkem microsilica 940 and 983 varied considerably. The
average particle size is higher for Elkem microsilica 983
resulting in the lowest BET surface area for the three
described Elkem microsilica above. The small amounts of
impurities which are present in the raw materials should
also be taken seriously into account when modeling the
gelation process.

4 Conclusions

The synthesis of the inorganic binder is a result of disso-
lution of the surface of the amorphous silica (microsilica)
particles by hydroxide resulting in formation of soluble
silica species in the solution. In the developed physico-
chemical model the silica species polymerise through a
condensation reaction resulting in formation of oligomers.
ESI-MS investigation of the reaction solution shows that
monomers, dimers, and trimers are the most dominant
species in the solution before polymerization. A drop in the
intensity of these silicate species between 8 and 12 h after
mixing was observed suggesting polymerization. It is
believed that these species may be used as building blocks
during polymerization. However, no high intensity peaks
were observed at higher m/z values in the mass spectra after
polymerization. Thus, the polymerization is believed to
lead to silicate species with m/z values greater than 2200
making detection no longer possible using the ESI-MS
method. Another explanation is that the silicate species
polymerize on the surface of the undissolved microsilica
particles leading to a polymer encapsulating microsilica
particles. During gelation the polymer encapsulated mi-
crosilica particles increase in size resulting in the formation
of a network between the microsilica particles.

SEM images of the inorganic polymers support the
described dissolution/gelation model. Partial charge cal-
culations showed that polymerization at high pH may not
be favoured since the partial charge of the leaving group
and the partial charge of the nucleophil is in the same order
of magnitude. In addition high degree of ionization of the
silicate species at high pH results in repulsive interaction
between the reactants hindering polymerization. As the pH
drop to below 12 the mean electronegativity of the solution
decreases. As a consequence the condensation between
silicate species becomes more favourably. It is suggested

that the polymerization of the silicate species in the solu-
tion is determined by the alkalinity.

The gelation of the inorganic polymers synthesized from
different concentrations of KOH was studied by viscosity
measurements. It was found that two mechanisms con-
tributed to the time required for gelation. At high
hydroxide concentration the high amount of silicate species
in the system increase the rate of polymerization and
therefore reduce the gelation time. At low hydroxide con-
centrations the surface charge of the silica particles is
limited and the particles coagulate due to destabilisation by
the presence of potassium ions. A turn over point for these
two mechanisms seems to be found at hydroxide concen-
trations between 0.75 and 1.5 M in the investigated
systems.

The optimal potassium hydroxide concentration used in
the synthesis of the inorganic polymer was found to be
about 3.5 M, which resulted in a compressive strength in
the region of 50 MPa. In addition it was found that the
inorganic polymers synthesized from <2.5 M hydroxide
have good chemical resistance towards acid attacks and
solutions with high ion strength.

The synthesis and final properties of inorganic polymers
is highly influenced by the raw material (Microsilica).
Comparison between the gelation times for inorganic
polymers synthesized using Elkem 995, Elkem 940, and
Elkem 983 microsilica suggested that the gelation time
correlated with the surface area of the microsilica particles.
In addition the content of impurities in the raw materials
should also be taken into account.
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