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The Effect of Water Glass Addition on the Mechanical
Properties of Fly Ash-Based Geopolymers

Gdbor Mucsi, Roland Szabo, Mdria Ambrus, Baldzs Kovdcs

Abstract

Due to the ever-growing consumer demand, the world is facing the challenges of the
depletion of primary raw material deposits which makes the utilisation of secondary raw
materials, i.e. industrial wastes and by-products, necessary for sustainable development
and environmental protection. The article presents data on the examination of deposited
fly ash from Tatabanya as possible raw material for geopolymerisation. With proper pro-
cessing and the use of the optimised parameters, the examined fly ash is suitable for
geopolymer production. The addition of the appropriate type and ratio of water glass to
the activator solution can lead to enhanced mechanical properties.

Osszefoglalas

Napjainkban folyamatosan novekszik a kiilonbozo elsodleges dsvanyi nyersanyagok
iranti igény, igy a fenntarthato fejlodés és a kornyezeti fenntarthatésag elérése érdekében
fontos a nagy tdmegben rendelkezésre allo, masodlagos nyersanyagforrasok felhaszna-
lasa. A cikkben bemutatott vizsgalatokhoz tatabanyai pernyét hasznaltunk, mint lehet-
séges geopolimerizacios alapanyagot. A nyers pernye felhasznalhatosaganak vizsgalatat
kovetden meghataroztuk a szilard anyag és aktivalo oldat optimalis aranyat és az aktivalo
oldat optimalis sszetételét: NaOH oldat koncentracio, megfeleld viziiveg tipusa €s
aranya.

1. Introduction

Geopolymers are inorganic alumino-silicate materials synthesized at ambient or elevated
temperatures. Geopolymerization occurs when amorphous alumina- or silica-rich materi-
als, including natural minerals, calcined clays, wastes and by-products of industrial or
natural origin, are mixed with highly alkaline solutions. As a result, a three-dimensional
amorphous to semi-crystalline polymer structure with Si*" and AI** in IV-fold coordination
with oxygen is created. The advantageous properties of geopolymers include good
mechanical properties, high compressive strength, low shrinkage, low thermal conductiv-
ity and acid resistance [1, 2, 3, 4].

Fly ash is an industrial waste produced by coal-fired power plants and collected dur-
ing flue gas cleaning, i.e. with filter bags, electrostatic separators etc. Its main consti-
tuents are SiO, and Al,0, and some further minor components can be CaO, Fe O,, MgO
etc. [5, 6]. Approximately 40 million tons of fly ash was produced in the USA in 2015
and around 30 kt in the EU-15 in 2010 [7, 8]. Due to the high reactive alumino-silicate
content, low water demand, high workability and easy availability, fly ash proved to be
a suitable base material for geopolymer synthesis.



The aim of the experiments was to determine the reactivity of the raw fly ash and to
examine the effects of various types and content of water glass in the activator solution
on the mechanical properties of geopolymers. The appropriate ratio of fly ash and acti-
vator solution and the NaOH concentration were determined before the optimisation of
water glass content.

2. Materials and methods

Landfilled brown coal fly ash from Tatabanya was used for the experiments. The moisture
content of the sample was 28.80%, and the ignition loss (L.0.I.) was 0.75%. Based on
the XRF analysis, the main oxidic components of fly ash were SiO, (46.40%), AlLO,
(27.40%), Fe,0,(6.96%), CaO (7.04%), MgO (2.23%)and K,0(1.65%)and TiO, (0.94%)).
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Figure 1. The particle size distributions of the fly ash samples

The particle size distribution of the raw and ground fly ash — 5 minutes — was exam-
ined with a Horiba LA950 V2 type laser particle size analyser, the “outer” specific
surface area was calculated from distribution data by software using shape factor 1
(Figure 1).

The median particle size of the raw fly ash was X,,=51.12 pm which decreased to
X, =31.62 pm after 5 min grinding in a ball mill, while the specific surface area (SSA)
of the raw fly ash increased from 1283 cm?g to 1539 cm¥g after grinding.

Two types of water glasses were used for the experiments, the main components of
which can be found in Table 1.

Table 1. The types and compositions of water glasses

Water glass SiO, [%] Na,O [%] K,O [%]
Betol 39T 275 83 0.0
Betol SB 25.3 13.7 2.7
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The process of geopolymer production is illustrated in the flowchart in Figure 2. First,
fly ash and the activator solution was mixed in predetermined proportions and 5 speci-
mens were prepared from each paste. Next, the moulded geopolymer paste was held
under sealed conditions for 24 hours. Heat curing was carried out at 50 °C for 6 h and
the specimens were left to cool down. The uniaxial compressive strength tests were
carried out after a five-day holding time.

| Mixingfly ash boidine i LEldine

s S ouding under sealed | Heat curing under‘u.:aled
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2o 2ah) Ty _ (sdays)

Figure 2. The simplified flowchart of geopolymer production

3. Results and discussion

3.1. The reactivity of raw fly ash

Test specimens using the raw fly ash and 6 M NaOH solution were prepared to determine
the reactivity of the base material. However, the compressive strength test could not be
carried out due to the inadequate mechanical stability of the specimens. Thus, the mechan-
ical activation of the fly ash based on our previous results [9, 10] — grinding for 5 min —
was necessary.

3.2. The liquid/solid ratio
For the determination of the optimal solid material and liquid activator ratio, the ground
fly ash was mixed with 6 M NaOH solution in the following ratios: 50/50, 55/45, 60/40
and 65/35. Due to the low mechanical stability of the geopolymers from the 65/35 mixture,
only one specimen was suitable for the compressive strength test. The average uniaxial
compressive strength and specimen density values can be observed in Figure 3.

The specimen density values increased by decreasing the liquid activator quantity
until reaching 1.5 g/cm® at 45 wt%. Then the density of the specimens started to decrease.
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Figure 3. The effects of L/S ratio on compressive strength and specimen density
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Figure 4. The effects of NaOH concentration on compressive strength and specimen density

The specimens with 60 wt% solid matter content had the highest average compressive
strength, with the individual values between 0.49-1.00 MPa. Even though the compres-
sive strength of the geopolymers with 55/45 ratio was lower, the standard deviation of
the values was lower, around 4.2%.

Based on the presented data, 45 wt% activator solution and 55 wt% fly ash was used
for the optimisation of the activator solution (0.82 liquid/solid ratio).

3.3. NaOH concentration
To optimise the composition of the activator solution, 45 wt% NaOH solution was added
to the ground fly ash in various concentrations and the compressive strength and the
density of the specimens were examined (Figure 4).

Using higher concentration sodium hydroxide resulted in higher specimen density,
reaching 1.69 g/cm’ with 14 M NaOH addition.
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Figure 5. The effects of water glass content on compressive strength and specimen density
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Increasing the sodium hydroxide concentration up to 10 M lead to higher compressive
strength values, 0.87 MPa with the addition of 8 M and 0.89 MPa with the addition of
10 M NaOH. The use of higher NaOH concentration had negative effect on the compres-
¢ strength of the specimens, as the values were significantly lower in these cases.
Similarly to the previous experiment, the optimal concentration was chosen based
on the standard deviation of the individual compressive strength values. As the compres-
sive strength values were between 0.64-1.11 MPa in case of 10 M and between 0.79-0.98
MPa in case of 8 M NaOH, the latter concentration was used for the examination of the
effect of water glass addition.

SV

3.4. The effect of water glass addition
The concentration and composition of water-glass in the activating solution has a sig-
nificant effect on compressive strength of geopolymers [11-13]. Betol 39T (sodium sili-
cate) and Betol SB (sodium-potassium water glass) were added to the activator solution
in 25, 50, 75 and 100 wt%. The geopolymer paste with 100 wt% Betol 39T was not
suitable for moulding.
‘ As it can be observed in Figure 5, the specimen densities increased with the addition
essive = of both water glasses.
pres- The addition of 25 wt% Betol 39T decreased the previously achieved compressive
ionof | strength, from 0.87 to 0.56 MPa. The highest average compressive strength of the Betol
39T specimens was 10.95 MPa, with the addition of 50 wt% water glass. Further Betol
sused = 39T addition had negative effect on the compressive strength of the specimens.
‘ Higher compressive strength values could be achieved with the use of Betol SB then
~  with Betol 39T. Even the addition of 25 wt% sodium-potassium water glass to the acti-
~ vator solution increased the compressive strength, exceeding 20 MPa with both 75 and
idded = 100 wt% Betol SB content.

d the An optimal weight percent can be observed in case of the addition of both water
glasses: the use of 50 wt% Betol 39T and 75 wt% Betol SB in the activator solution
asity, = leads to the highest compressive strength of the geopolymers.

4. Conclusions

Based on the experiments, the following conclusions can be drawn:

1. As the landfilled raw fly ash from Tatabanya was not suitable for geopolymerisa-
tion, the fly ash had to be mechanically activated. Thus, the reactivity of the fly
ash was increased because of the decreased particle size — from x,;=51.12 pm to
X,,=31.62 um — and increased specific surface — from 1283 cm?/g to 1539 cm?/g.

2. The optimal liquid/solid ratio of the ground fly ash and 6 M NaOH solution was
0.82 (55% solid matter +45% activator solution) due to the low standard deviation
of the achieved compressive strength values.

3. The increased NaOH concentration lead to enhanced compressive strength until
reaching 10 M with 0.89 MPa, after which the compressive strength decreased. 8
M NaOH concentration was found to be the optimal because of the relatively low
standard deviation of the individual compressive strength values.

‘4. Over 10 MPa average uniaxial compressive strength can be achieved by the addi-
tion of 50% Betol 39T to the activator solution. However, the use of Betol SB
sodium-potassium water glass can lead to over 23 MPa compressive strength,
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more than doubling the previously achieved values of the test specimens. Such
high values could be achieved by the addition of 75% Betol SB to the activator
solution.
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