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Abstract

The aim of this work is the development of a porous geopolymeric foam with sound absorbing
properties using silica fume as the pore generation agent. The samples were manufactured using a
coal combustion fly ash as source material for the geopolymerization reaction, an alkaline solution
as activating solution and silica fume as pore forming agent. Three parameters were studied: silica
fume proportion (0, 20 and 40 wt%), activating solution (potassium silicate and potassium
hydroxide) and setting temperature (40 and 70 °C). Once the samples were prepared, the
experimental study of the most important physical, mechanical and acoustic features were carried
out. The increase in the proportion of silica fume in the mixture and setting temperature produced a
reduction in setting time and a raise of open void porosity, reducing the compressive strength at 28
days up to a half but increasing the sound absorption. The influence of activating solution in open

porosity and sound absorbing properties was not very important.

Keywords: fly ash, foam geopolymer, pore generation, open porosity, mechanical properties,

acoustic properties

1. Introduction
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Geopolymers are considered an eco-friendly construction material [1]. This material exhibits great
potential in several applications [2]: as binder agent in the stabilization/solidification of industrial
wastes [3-6], as fire resistant material in construction [7-10], as hydraulic road binder [11], as
acoustic concrete [12-13], among others [14]. The construction field is where geopolymers can
compete with cement products [15] due to a large number of useful/beneficial properties: high
compressive strength and structural integrity [16], resistance to acids and salts [16, 17], low
permeability [16], and medium-high density [18]. The challenge of the current work is to study and
evaluate pore generation in a fly ash based geopolymer in order to manufacture a foam product. A
foam product is considered a type of lightweight material that consists of a binder with a high
degree of void space [19]. There are two traditional methods of pore generation in a mortar [19]: by
endogenous gas generation, which can be achieved by mixing gas-releasing agents such as H,O;
[20], aluminium [21, 22] or silica [23, 24], or by introducing a very large volume fraction of air
bubbles, normally using an organic foaming agent (surfactants) [20, 25, 26]. Silicon, in the form of
silica fume, was used to generate pores in this work. In general, a reactive metal powder (Si) reacts
with water and hydroxide in an alkaline environment producing bubbles of hydrogen gas [19].
These bubbles attempt to escape into the air from the geopolymer paste producing the expansion of
the geopolymer mortar [27] and generating the porous structure. Silica fume is defined as an
inorganic by-product from the metallurgical industry [28]. Several studies have been carried out in
which silica fume is added to a metakaolin based geopolymer [24, 29, 30] in order to generate a
foam. Prud"homme et al., [23, 24] studied the effect of silica fume content and temperature in the
microstructure and porosity of geopolymer foam. Henon [30] concluded that the synthesis of the
product and porosity depend to a great extent on the temperature (range 25-70 °C). In his study,
geopolymer foams with macroporosities in the range 05-1.6 mm were developed. Thermal

conductivities of 0.12-0.33 W/(mK) for porosities of 65-85 % were obtained. Papa et al., [29]
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obtained macroporous structures with roughly rounded pores and a total porosity of about 80%,
thermal conductivities of around 0.16 W/(mK) and acoustic behaviour.

In the current work, fly ash based geopolymers have been prepared adding silica fume in different
proportions in order to evaluate the physical, mechanical and acoustical properties of the final
geopolymeric foam. Two activating solutions and setting temperatures have also been evaluated. In
summary, a dual environmental design has been reached: to recycle industrial by-products produced
in large amounts and to develop an acoustic absorbing material in order to reduce noise pollution

levels.

2. Materials and methods

2.1 Materials

A low calcium fly ash (FA) (ASTM class F [31]) from a coal combustion power plant (Los Barrios,
Spain) was used as the geopolymeric precursor. The silica fume (SF) used in this work was supplied
by the Sika© company. Chemical composition of the fly ash and the silica fume (Table 1) was
determined after chemical attack and dissolution at 750 °C (ASTM D-3682-78) [32] using atomic
absorption spectroscopy. The specific gravity, in accordance with EN 1097-7 [33], was also
determined in the fly ash and silica fume (Table 1).

Table 1. Characteristics of fly ash and silica fume

Moisture | LOI Chemical composition (wt %) Specific

(%) | 750°C grav"%’
Fe,0; | CaO | MgO | Sio. | ALOs | Na.O | K.0 | (@/cm’)

FA 0,05 3,32 5,86 3,94 1,84 63,9 21,5 0,68 1,67 1,93

SF 0.03 1,48 0,5 0,51 0,39 96,7 0,43 0,2 0,79 2,04

High SiO, and Al,Os contents were observed in FA. The silica fume was practically SiO,, and its

specific gravity (2.04 g/cm®) was similar to the fly ash (1.93 g/cm®). Amorphous contents of both
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materials were determined after the X-ray powder diffraction (XRD) analysis using DIFFRAC.EVA
software. Amorphous content of FA and SF were 44.1 % and 67.1 %, respectively.

The particle size distribution of both materials was determined using a laser diffraction
granulometer provided by Micromeritics, which is equipped with an optical system and data

acquisition software. The results are shown in Figure 1.

Figure 1. Particle size distribution of fly ash and silica fume
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As can be seen in Figure 1, FA presented the finest particle size distribution, with 88 % of particles

less than 45 um. SF showed a coarser distribution than FA, with 80 % of particles lower than 100

um.
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Two activating solutions were used in this work. The first solution was a mixture of potassium
silicate solution (SiO2 23 w/w % and K0 14.9 w/w %) (Industrias Quimicas del Ebro, Spain) and
sufficient potassium hydroxide to increase the K>O/SiO, molar ratio up to 1.45 (pH = 13.5). The

second solution was KOH 8M (pH = 14).

2.2 Geopolymeric foam preparation

Geopolymeric foams were manufactured in a laboratory mixer working at 500 rpm. Fly ash was
mixed with an activating solution until a thixotropic paste was obtained (mixing time was 4
minutes). After that, silica fume was added to the geopolymer paste. A reduction in thixotropy and
workability of the geopolymers was observed as SF was mixed with the geopolymer paste, so extra
water was necessary to improve both characteristics. The pastes obtained were poured into
cylindrical plastic moulds (30 mm-diameter and 40 mm-height). Two setting temperatures were
studied: 40 °C and 70 °C (in the first 24 hours). After setting, samples were demoulded and cured at
room temperature (average temperature: 20 °C; average relative humidity: 45 %) for a further 27
days. Compositions of geopolymeric foams are detailed in Table 2. The samples were cut after 28
days in order to obtain the same sample thickness (40 mm) in the different tests.

Table 2. Composition of geopolymeric foam

Solid phase (Wt%) i : yvater Setting
Geopolymer foam Actlv/a;:nga:ﬁ IF t;on (g)g;gd temperature

A SF (g)/Fly ash (g p(g) C)
FA100SF0-KSil-40°C 100 0 0,74 0 40
FAB80SF20-KSil-40°C 80 20 0,74 0,1 40
FAB0SF40-KSil-40°C 60 40 0,74 0,225 40
FAB80SF20-KSil-70°C 80 20 0,74 10 70
FA80SF20-KOH-40°C 80 20 0,71 0 40
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As can be seen in Table 2, three parameters have been studied: FA-SF proportion (100-0, 80-20, 60-
40), activating solution (potassium silicate (KSil) vs potassium hydroxide (KOH)), and setting
temperature (40 vs 70 °C). As the silica fume content increased in the mixture, the water/solid ratio
also increased. This phenomenon suggests that SF may demonstrate inert material behaviour in the
geopolymerization reaction. As the addition of SF produced a foam material, final products
obtained from samples FA80SF20 and FA60SF40 were also named geopolymeric foams. However,

the final product of the sample FA100SFO was a geopolymeric paste.

2.3. Methods

2.3.1. Volume expansion and setting time

The geopolymerization reaction kinetic was studied analysing the setting time. The setting time was
determined using a Vicat needle (EN 196-3) [34]. The initial setting time is the time elapsed
between the initial instant and the time in which the distance from the needle to the bottom base of
the cylinder is 6£3 mm. The final setting time is the time between the initial instant and the time in
which the needle shows no visible signal on the upper base of the cylinder. The pore generation
reaction kinetic was determined by measuring the expansion volume (EV) of material during setting
(mm). EV is the ratio between the foam volume at instant t, V/(t), and the initial volume of
introduced paste, V(0). For this test, geopolymer samples were moulded in 35 mm-diameter and 80
mm-high cyclindrical plastic molds no more than half-full. Three specimens of each geopolymer
mixtures were used to determine the volume expansion and setting time.

2.3.2. XRD analysis

Geopolymer samples were studied by means of X-ray powder diffraction (XRD) to evaluate their
mineralogical composition. A D8 Advance A25 (BRUKER) (40 kV and 30 mA) instrument was

used and phase identification was carried out using DIFFRAC.EVA software (BRUKER).
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2.3.3. Physical and mechanical properties

Density (p) of the geopolymers was measured in accordance with the EN 1936 standard method
[35]. Open void ratio (open porosity) was also determined because it is strongly related to the
acoustic behaviour of the products. The method of vacuum water saturation was followed in the
determination of open porosity (OP %) [35].

Compressive strength of geopolymer samples was determined in accordance with EN 196-1 [36],
using a Tinius Olsen-TO317EDG machine. Four specimens of each geopolymer (paste or foam)
were used to determine the compressive strength, density and open porosity.

2.3.4. Acoustic properties

In order to evaluate the acoustic properties of the geopolymeric samples, sound absorption was
determined using a Kundt tube, according to EN ISO 10534-2 [37]. An ACUPRO system,
implemented by “Spectronics Inc.”, with two microphones and a SAMSON signal amplifier, was
used. Three specimens of each geopolymer have been tested. The thickness of all the tested
specimens was 40 mm. The Noise Reduction Coefficient (NRC) was determined by calculating the

arithmetic mean of the absorption coefficients at 250 Hz, 500 Hz, 1000 Hz and 2000 Hz.

3. RESULTS

3.1. Expansion volume and setting evolution with time

Figures 2, 3 and 4 show the setting curves (penetration of Vicat needle (mm) in the cylinder versus
time) (Set) and the expansion volume curves (expansion volume data (natural logarithm) (EV)
versus time), taking into account the three parameters studied: FA-SF proportion (100-0, 80-20, 60-
40) in Figure 2, activating solution (potassium silicate vs potassium hydroxide) in Figure 3 and
setting temperature (40 vs 70 °C) in Figure 4. Standard deviations are also represented as error bars.

Figure 2. Expansion volume and setting curves for different FA-SF proportions
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Figure 2 shows that the substitution of FA with SF produced a reduction in the initial setting time
(from 1410 min for geopolymer paste without silica fume (FAL100SF0) to 120 min for geopolymer
foam with 40 %wt of silica fume (FA60SF40)) and final setting time (from 1620 min without silica
fume to 450 min with 40 % wt of silica fume). Figure 2 also shows an increment in material
expansion volume as silica fume was added to the mixture due to generation of gas produced by the

use of SF (as SF content was null, EV was null).

Figure 3. Volume expansion and setting curves for different activating solutions (potassium

silicate vs potassium hydroxide)
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As can be seen in Figure 3, the change of activating solution did not bring about important
variations in setting time and material expansion volume results. A slight reduction in the setting
time in geopolymer foam activated with potassium silicate in comparison with the activation with
potassium hydroxide was observed. A slight increment in expansion volume as geopolymer foam
was activated with potassium hydroxide can also be observed.

Figure 4. Volume expansion and setting curves for different setting temperatures (40 vs 70 °C)

Setting percentage (%)
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Figure 4 shows a reduction in the setting time as the geopolymer was set at 70 °C (final setting time
was 240 min) instead of 40 °C (final setting time was 870 min). An increase in material expansion
with the temperature (more than 100 %) was also observed.

3.2. XRD analysis

XRD patterns of FA, SF, geopolymer FA100SFO-KSil and geopolymer foam FA60SF40-KSil set at

40 °C are detailed in Figure 5.

Figure 5. XRD patterns of FA, SF, geopolymer FA100SFO-KSil and geopolymer foam

FAG60SF40-KSil set at 40 °C

Setting percentage (%)
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172 SF pattern was characteristic of an amorphous material, with a broad peak in the 26 range 15-30.
173 FA showed a slight broad peak between 15-38 values of 26, so FA could be considered a type of
174  amorphous degree material. Some crystalline peaks were also detected in FA, mainly quartz and
175  mullite. The geopolymer FA100SFO-KSil and the geopolymer foam FA60SF40-KSil exhibited very
176  similar patterns analogous to the the FA pattern. They showed a slight shift of the broad reflection
177  regarding the FA pattern, with lower intensity peaks of quartz and mullite than the FA.

178

179  3.3. Physical and mechanical properties

180  3.3.1. Open porosity and apparent density

181  Open porosity and density of geopolymer samples at 28 days of curing are detailed in Table 3.
182  Standard deviations are also specified for open porosities and densities.

183  Table 3. Open porosity and density

Geopolymer foam Open porosity (%) Density (g/cmq)
FA100SF0-KSil-40°C 11.5¢1.2 1.4+0.1
FAB80SF20-KSil-40°C 18.1+1.8 1.1740.1
FAB60SF40-KSil-40°C 28.9+2.5 1.07+0.1
FAB80SF20-KSil-70°C 36.2+3.2 0.9740.1
FA80SF20-KOH-40°C 20.1+2.1 1.1240.1

184
185  Open porosity increased and density decreased as silica fume proportion in the mixture was

186  increased and as setting temperature was changed from 40 °C (open porosity of 18.1%) to 70 °C
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(open porosity of 36.2%). Open porosities displayed a slight variation as the activating solution was
modified. The geopolymer foam activated with potassium silicate showed a porosity value of
18.1%. The value was 20.1% as the geopolymer foam was prepared with potassium hydroxide.
3.3.2. Compressive strength

Figures 6 shows the effect of FA-SF proportion on the compressive strength values determined at 1
day and 28 days of curing. Standard deviations are represented as error bars.

Figure 6. Compressive strength. FA-SF proportion
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Two different behaviors depending on the curing time have been observed: a positive effect of silica
fume in compressive strength at early stages (1 day) of curing and a negative effect in the final
stages (28 days). As can be seen, there was no compressive strength data of the geopolymer paste
(FA100SFO0-KSil) because this material did not set at 1 day.

Figure 7 represents the compressive strength results at 1 day and 28 days of curing for geopolymer

foams activated with silicate and hydroxide. Standard deviations are detailed as error bars.
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Figure 7. Compressive strength. Activating solution (potassium silicate vs potassium

hydroxide)
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The setting time was slightly higher in geopolymer activated with potassium hydroxide than with
potassium silicate, so the compressive strength at 1 day of hydroxide activated geopolymer foam
was slightly lower than silicate activated geopolymer foam. The same tendency was observed at 28
days of curing; geopolymer foam activated with potassium silicate was stronger than that activated
with potassium hydroxide.

The effect of setting temperature on compressive strength of the geopolymer foams is displayed in
Figure 8. Standard deviations are specified as error bars.

Figure 8. Compressive strength. Setting temperature (40 vs 70 °C)
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As can be seen, the setting at 70 °C had a positive effect on the compressive strength at early stages
but the effect is negative at 28 days of curing.

3.4. Acoustic properties

Figures 9, 10 and 11 show the sound absorption coefficient curves, taking into account the three
parameters studied. The sound absorption coefficient is represented in 1/3 octave band of the
frequencies between 100-5000 Hz. Standard deviations are represented as error bars.

Figure 9. Sound absorption coefficient. FA-SF proportion
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Figure 9 shows that the three curves had similar shapes (with two peaks at 400 and 2500 Hz,
respectively). As can be seen, the greater the silica fume proportions in the mixture, the higher the
breadth curve, which could be correlated with the highest open porosity.

Figure 10. Sound absorption coefficient. Activating solution (potassium silicate vs potassium

hydroxide)
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As can

be seen in Figure 10, both curves were extremely similar (the curve of geopolymer foam activated
with hydroxide was marginally above the curve of geopolymer foam activated with silicate). Both
geopolymer foams had a similar open porosity (slightly higher open porosity was observed in the
geopolymer foam activated with hydroxide), which may explain the similarity between the curves.

Figure 11. Sound absorption coefficient. Setting temperature (40 vs 70 °C)
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Figure 11 shows that both curves had a similar shape. Two peaks at 400 and 2500 Hz were also
observed. The highest values of the sound absorption coefficient were observed in the geopolymer
foam set at 70 °C since this material presented the greatest open porosity.

Noise Reduction Coefficient (NRC) for all geopolymers is detailed in Table 4. This coefficient is a
numerical descriptor of the sound absorption, which is very useful to make comparisons. Standard
deviations are also detailed. Analysing Table 4 and Table 3 we can see that the NRC increased as
porosity increased.

Table 4. NRC of geopolymer foams

Geopolymer foam NRC

FA100SF0-KSil-40°C 0.08+0.01
FAB80SF20-KSil-40°C 0.1440.01
FAB60SF40-KSil-40°C 0.21+0.02
FAB80SF20-KSil-70°C 0.23+0.02
FAB80SF20-KOH-40°C | 0.16+0.01
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4. DISCUSSION

4.1. Volume expansion and setting time

Two reactions take place during the geopolymer foam manufacture: the geopolymerization reaction
and the pore generation reaction. The geopolymerization reaction occurs when the fly ash reacts
with the activating solution, producing an alkali aluminosilicate hydrated gel. The gel obtained in
the current work was mainly based on potassium (potassium aluminate silicate hydrated gel) since
the activating solution contains potassium as alkali cation [38]. The use of different types of anions
(silicate or hydroxides) also affects the final chemical composition of the gel (Si/Al ratios are higher
in gels after activation with silicate than with hydroxide) [38, 39]. The pore generation is due to the
Ha(g) released during the water reduction and silicon (from silica fume) oxidation, producing
Si(OH)a. The reaction is promoted in basic medium [24] according to:

4H,0 + Si —2H; (g) + Si(OH)a4 (eq 1)
As can be seen in Figures 2, 3 and 4, setting curves exhibited three clearly differentiated stages. The
first stage corresponded to the plastic period of the geopolymer, which goes from the time in which
needle penetrates completely to the start of setting. The second stage matched with the setting
period of the geopolymer, which is between initial and final setting time (needle shows resistance to
penetration). The final stage constituted the hardening period.

Expansion volume curves also showed three stages. The first stage began with a period of latency
during which the expansion volume was null, named latency time [30]. The second stage of the
curve exhibited an increase of expansion volume (EV) with the time caused by the generation of
gas, which follows a linear regime [30]. The last showed a final expansion volume constant through
time.

The replacement of fly ash with silica fume produced a reduction in the initial and final setting time
of the geopolymer, that is, the geopolymer paste FAL00SFO set more slowly than the geopolymer

foam FA80SF20 and the geopolymer foam FA80SF20 more slowly than FA60SF40. This behavior
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is similar in silica fume blended cement pastes [40] or in silica fume blended metakaolin
geopolymers [24] where an increment in silica fume accelerated the setting and hardening process.
An increment in material expansion volume as silica fume was added to the mixture was also
observed. This is due to the generation of gas produced by the use of SF (according to equation 1).
In addition, the latency period matched the plastic period and the setting time coincided with the
period in which gas was generating. As gas is generated, the hydrogen bubbles try to escape from
the material. When the geopolymer is still fluid in the plastic period (setting has not yet taken
place), the gas bubbles generated can leave the geopolymer. However, while the geopolymer is
setting and the material is hardening, the gas becomes trapped in the structure, expanding the
geopolymeric matrix and increasing the expansion volume.

The type of activating solution did not significantly affect the setting time or the expansion volume.
A slight reduction in the setting time of geopolymer foam activated with potassium silicate
compared with that activated with potassium hydroxide was observed. Some authors [39] noted that
geopolymers activated with soluble silicate showed higher reaction rates than those activated with
hydroxide. Furthermore, previous work of the authors [41], where the activation with hydroxide
versus silicate was studied, concluded that systems activated with hydroxide (KOH 8M) presented
(fewer) lower degrees of reaction, at the same time, than systems activated with silicates (potassium
silicate), which could provide evidence of the high rate of reaction with silicates. Furthermore, pH
of the activating solution must be also considered. Some authors [42] revealed that high
concentration solutions presented a coagulation of silica, reducing the dissolution of Si** and AI**
from the raw material. In the current work, pH of potassium hydroxide solution was >14 and pH of
potassium silicate solution was 13.5. Therefore, the increase in setting time using KOH 8M could
be the result of some silica coagulation, which may result in some setting delay.

Material expansion volume was slightly higher in geopolymer activated with potassium hydroxide,

possibly due to the different solution pH (pH>14 in the potassium hydroxide solution and pH = 13.5
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in the potassium silicate solution). As previously mentioned, the pore generation reaction occurs in
basic medium, so the addition of a more basic solution could have a positive effect on this reaction.
The effect of temperature is also displayed, showing a reduction in setting time and an increment in
material expansion as geopolymer foam samples set at 70 °C instead of 40 °C. On one hand, it is
well known that temperature is a geopolymerization reaction accelerator [39]. On the other hand,
the reaction of equation 1 is enhanced by the temperature [43]. Henon et al. [30] have proposed that
the final expansion of metakaolin based geopolymer with silica fume followed an Arrhenius law
with the temperature, obtaining a value of activation energy of 11.9 kJ/mol. The activating energy
of geopolymer foam FA80SF20-KSil in the current work was also calculated according to the
methodology of Henon’s work and the value was 27.9 kJ/mol. This value was similar to that
obtained in a study carried out by Provis [44] (33 kJ/mol) where metakaolin was used as
geopolymeric raw material.

4.2. XRD analysis

XRD results show the changes which took place in the SF and the FA after the geopolymerization
reaction. As previously mentioned, FA displayed a slight broad reflection in the 20 range 15-38
with crystalline peaks of quartz and mullite. The geopolymer paste FA100SFO0-KSil showed a shift
of the broad peak in the 26 range 22-38 regarding the FA pattern, which provides evidence of the
dissolution of SiO4 and AlQ, species during the geopolymerization reaction [24]. In addition, the
crystalline peaks in the geopolymer (quartz and mullite) were in the same 260 position as the FA
pattern but with lower intensity, which was indicative of alteration of the crystal structure [23]. SF
pattern was characteristic of an amorphous material, with a broad peak, which was not found in the
geopolymer foam FAB60SF40-KSil pattern. The geopolymer foam pattern was rather similar to the
geopolymer paste and the FA patterns, with a slight shift of the broad peak in the 20 position and
with the crystalline peaks (quartz and mullite) in the same place but with lower intensity.

Comparing the XRD patterns of the geopolymer paste and the geopolymer foam we can see that the
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silica fume addition did not produce significant differences in amorphous and crystalline phases,
except a slight difference in the intensity of the peaks. Amorphous content of both materials were
calculated using DIFRACT.EVA software to support these results. FA100SFO and FAG60SF40
showed values of 51.6 % and 53.8 %, respectively.

4.3. Physical and mechanical properties

Table 3 and Figures 2, 3 and 4 provide evidence of the direct relationship between open porosity
and expansion volume of the material. The material expansion test (Figure 2) shows higher foam
development of the geopolymer as the proportion of silica fume increased, which allows us to view
the positive effect of silica fume proportion in pore generation, and consequently, in the open
porosity. The same behavior was displayed as the activating solution effect was analyzed.
Geopolymer foam activated with hydroxide (Figure 3) showed a slightly higher expansion volume
than that activated with potassium silicate, so the amount of generated pore was slightly greater, as
was the open porosity. The values of open porosity depend greatly on the setting temperature,
producing a high increment in open porosity as the temperature increased from 40 to 70 °C due to
the increment in the expansion volume (Figure 4). Photographs of different geopolymer foams are
detailed in Figure 12. Analyzing the pore size in the right photograph, it can be observed that pore
sizes were in the range 1-3 mm, which are the most appropriate pore sizes for noise absorbing
materials [45].

Figure 12. View of the some of the geopolymer foam (A. FA100SF0-40°C; B. FA60SF40-40°C;

C. FA80SF20-40°C; D. FA80SF20-70°C) after 28 days of curing



A. FA100SF0-40 °C B. FA60SF40-40 °C
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Smm

B. FA60SF40-40 °C

C. FA80SF20-40 °C D. FA80SEF20-70 °C
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339  The effect of silica fume content, activating solution and setting temperature on compressive
340  strength depend on the curing time in which the test was carried out: early stages (1 day) or final
341  stages (28 days). It seems that compressive strength at early stages was controlled by the setting
342  rate. Therefore, variables that produce quick setting times such as using a high content of silica
343  fume (up to 40%), to set at 70 °C and to activate with potassium silicate, can improve the
344  compressive strength at 1 day of curing. However, the compressive strength at final stages was
345  controlled by the open porosity values. The parameters that reduced the open porosity (no use of
346  silica fume, to set at 40 °C and to activate with potassium silicate) also produced an enhancement of
347  the compressive strength at 28 days of curing. It is well known that an increase in voids or pores in
348  any material (while the rest of the parameters remain unchanged) always causes a reduction in the
349  compressive strength since the volume/resistant mass ratio is lower [46], so the poorest mechanical
350  properties were observed in the most porous geopolymer foams.

351 4.4, Acoustic properties
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Taking into account that sound absorption in a porous material is related to the energy loss through
friction with the wall of the holes, higher porous structures showed higher sound absorbing
properties [12]. Therefore, to increase the silica fume proportion and to increase the setting
temperature from 40 to 70 °C produced a positive effect on sound absorption. In addition, these
geopolymer foams exhibited sound absorption coefficients similar to or better than commercial
porous concrete [46] and other sound absorption materials containing wastes, such as bottom ashes

[46] or ceramic wastes [47].

5. CONCLUSIONS

The main aim of this experimental study was to develop geopolymeric foams using fly ash and
silica fume. The foam products presented porous material characteristics with relatively good noise
absorption properties. Three parameters have been studied: silica fume content, activating solution
and setting temperature. Five properties have been evaluated: setting time, expansion volume, open
porosity, compressive strength (at early and final stages) and sound absorption, all of which are
closely linked.

The substitution of fly ash with silica fume and the set at 70 °C reduced the initial and final setting
time and increased material expansion. The first observed effect was an increment in the open
porosity of the geopolymer foam. Taking into account that the sound absorption in a porous
material was related to the energy loss through friction with the walls of the holes, less porous
structures showed lower sound absorbing properties. Therefore, geopolymer foam prepared with the
highest amount of silica fume and set at 70 °C showed the greatest noise reduction coefficient. The
effect of the three parameters on compressive strength depends on the curing time. The behaviour of
the materials at early and final stages of curing is not the same since the compressive strength
values at early stages (1 day) were controlled by the setting rate. However, the compressive strength

values at 28 days were directly related to the open porosity values.
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It seems that to replace one activating solution for another did not produce significant differences. A
slight reduction in setting time using silicate, and a slight increment in open porosity (expansion
volume) using hydroxide was observed, possibly due to the variations in the pH values of solutions

and the different degrees of reaction reached by the different material products obtained.
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