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A porous geopolymer based on aluminum-waste with acoustic properties
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Abstract

Paval, a solid waste stream from the aluminum industry, is used as a pore generation agent
in geopolymers. Paval was mixed with coal combustion fly ash, as a geopolymeric
precursor, and activated with alkaline solution with the aim of obtaining porous
geopolymers to be used as noise barriers. Both geopolymeric and pore generation reactions
happen simultaneously. Aluminum from Paval can react with water and OH  from the
geopolymerization activating solution, producing hydrogen. The hydrogen gas released
generates a highly porous material. The influence of the fly ash-paval proportion and the
setting temperature on open porosity, compressive strength and noise-absorbing properties
were evaluated. To better understand these influences, the setting time, volume expansion
and mineral composition were also studied. The obtained results showed that a higher Paval
content (fly ash-Paval ratio 50:50) and setting temperature (70 °C) produced a lower setting
time and higher volume expansion, increasing the open porosity and improving acoustic
properties, but reducing the compressive strength. The material manufactured under these

conditions showed similar amorphous phase content to the non-porous geopolymers made
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without Paval. On the other hand, the obtained materials did not raise environmental
concerns in a normalised leaching test.

Keywords: fly ash, geopolymer, aluminum wastes, pore generation, sound absorption

1. Introduction

Foam concrete is considered a lightweight material with a high degree of void space (high
porosity) in its matrix (Zhang et al., 2014) which may find applications in some areas of the
construction field where thermal and acoustic insulation properties are required
(Hajimoohammadi et al 2017). Accordingly, porous geopolymers appear a more eco-
friendly alternative than conventional porous concretes made from cement. Geopolymers
are the hardened products after the activation of solid aluminosilicates with an alkaline
solution at room (or slightly higher) temperature (Davidovits, 1991). There are two general
methods to generate pores in geopolymers (or in any cementitious material) (Bai and
Colombo, 2018). On the one hand, using chemical agents (Arellano Aguilar et al., 2010,
Hlavacek et al., 2015, Prud'homme et al., 2010, Prud'homme et al., 2011, Kranzlein et al.,
2018, Papa et al., 2016, Bai et al., 2019), which reacts generally in an alkaline medium
producing gas bubbles that get trapped during the hardening of the geopolymer (Luna-
Galiano et al., 2018). On the other one, using mechanical agents such as surfactants, which
release air bubbles during mixing (Cilla et al., 2014-1, Masia et al., 2014, Xu et al., 2018,
Hassan et al., 2018). In general, a reactive metal powder (Al) reacts with water and
hydroxide in an alkaline environment producing bubbles of hydrogen gas and hydrolysed

metal complexes (Zhang et al., 2014, Mohammadian and Haghi, 2013, Mufasa Al Bakri et
2
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al., 2011, Kranzlein et al., 2018). These bubbles attempt to escape into the air from the
geopolymer paste causing the expansion of the geopolymer mortar (Neville, 2011) and
generating the porous structure. There are several studies about the generation of pores in
geopolymers using Al powder as pore generation agent (Arellano Aguilar et al., 2010,
Hlavacek et al., 2015, Hajimoohammadi et al., 2017, Kamseu et al., 2012, Kranzlein et al.,
2018) or using recycled aluminum powder (Font et al., 2017, Dembovska et al., 2017).
These works have studied the geopolymerization and chemical pore generation reaction,
kinetics and physical (porosity), mechanical (compressive strength) and thermal
(conductivity) properties. However, the use of aluminum powder involves an increase in
the cost of the material manufacture. For this reason, in this research a high- aluminum-
content waste stream generated in the recycling process of salt slag from the aluminum
industry (secondary aluminum), called Paval (Garcia Serrada, 2002), is used as aluminum
source for pore generation. This material is composed of a mixture of different aluminum
compounds (Al°, Al,Os), silicon (SiO2) and Fe, Mg, Ca and Na compounds. Its chemical
composition is variable, depending on the composition and quality of the raw materials, the
collection system and the classification procedure (Lopez Gomez, 2005). It shows potential
applications in several fields (cement, concrete, refractory, ceramics, and steel industry).
Some authors (Garcia Serrada, 2002) have studied the use of Paval as a filler in the
manufacture of hot bituminous mixtures. Tayibi et al. studied (Tayibi et al., 2016) the
production of low reactive aggregates by means of setting Paval with gypsum in order to
simplify the handling and the transport of aggregates. Lépez-Delgado et al. (Lopez-
Delgado et al., 2009) specified the production of calcium aluminosilicate inert glass from

the fusion at 1500°C of mixtures of sand, calcium carbonate and Paval. Other works
3
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(Gonzalo Delgado, 2008, Gonzalo Delgado et al., 2011) have studied the recovery of the
aluminum from the waste using a hydrothermal method at a low temperature in order to
revalue it.

One of the main applications of porous materials is as an acoustic absorbent since they are
able to attenuate the sound waves, increasing air resistance by means of the impact of sound
in the porous structure (Han et al., 2003). These materials can be used to reduce the noise
pollution, an environmental problem that is becoming an increasingly significant concern
due to its negative impact on human health.

The current work has a dual environmental design. 1) to recycle industrial wastes generated
in high amounts: Fly ashes from coal combustion, whose European production was higher
than 145 million of tonnes in 2014 (Ahmed et al., 2016), were used as geopolymerization
raw material; Paval was used as a pore generation agent and his European production was
360000 tonnes per year after recycling 1 million of tonnes of salt slags (Basque Eco design
Meeting, 2017). 2) to develop an acoustic absorbing material in order to reduce traffic
noise pollution levels. With the aim of achieving the greatest acoustic absorbing behaviour
of the product, two parameters have been studied: the fly ash-Paval proportion and the

setting temperature.

2. Materials and methods

2.1 Materials

The solid geopolymeric precursor was a low calcium fly ash (FA) (ASTM class F (ASTM

C618-05, 2005)) from a coal combustion power plant. Paval (PV) was used as an aluminum
4
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source. The chemical composition of both materials (Table 1) was determined after
chemical attack and dissolution at 750 °C (ASTM D-3682-78) (ASTM D3682-78, 1983)
using atomic absorption spectroscopy. Minor elements (Table 2) were determined by means
of inductively coupled plasma-atomic emission spectrometry. The specific gravity, in
accordance with EN 1097-7 (EN 1097-7, 2009), was also determined. PV and FA showed

values of 2.51 g/cm? and 1.93 g/cm?, respectively, for specific gravity.

Table 1. Chemical composition of FA and PV

High content of both SiO. and Al,O3 was observed in FA. Since PV is an aluminum

industry waste, it exhibited a high Al content.

The high Ba content and the medium values of Zn, Cr, Ni and V in the FA were
noteworthy. PV is a by-product with a higher metal content than the FA in this study. Mo,
Zn, Pb, Cr, Ni, Cu, Ba, Sn and Se contents were also evident in PV. Both materials were
subjected to the UNE-EN 12457-4 leaching test (Table 2). Leachate pH values were 11.5
and 9.3 for FA and PV respectively. Metal concentrations and European Landfill Directive
(EULFD) limits of Inert Waste (IW), Non-hazardous Waste (NHW) and Hazardous Waste
(HW) were detailed too. Most of the metals were under the IW limits, except Cr and Se in
FA and Mo in FA and PV. It is necessary to carry out a leaching test on the geopolymers to
evaluate the environmental impact of the final product due to these high metal

concentrations.
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Table 2. Minor elements and metal concentrations obtained after UNE EN 12457-4

leaching test of FA and PV.

Raw materials (FA and PV) were also evaluated by means of X-ray powder diffraction
(XRD) in order to study their mineral composition. AD8 Advance A25 (BRUKER) (40 kV
and 30 mA) equipment was used. Phase identification and amorphous content were
performed using the DIFFRAC.EVA software (BRUKER). XRD patterns are shown in
Figure 1. FA showed certain amorphous grade, demonstrating a slight broad peak between
15-38 values of 260. Estimated amorphous content was 44.1 %. Quartz and mullite were the
main crystalline peaks detected in FA. In contrast, PV showed a lower amorphous content
(26.3 %) than FA (44.7%). Corundum, bayerite, ringwoodite, norstrandite and kogarkoite
were the main crystalline phases detected in PV.

Figure 1. XRD patterns of FA, PV and geopolymers FA100-PVV0 and FA50-PV50

The particle size distribution of raw materials was determined using a laser diffraction
granulometer provided by Micromeritics. FA presented the finest particle size distribution
with D10, D50 and D90 of 1.49, 12.57 and 42.27 um respectively. PV was the coarsest
material of both with D10, D50 and D90 of 2.51, 50.07 and 334.7 um respectively. A wide
particle size distribution, with compensation between fractions, and percentages of 80-90 %
for particle sizes less than 45 um are considered the suitable particle size distribution in raw

materials for geopolymerization (Geoash Project, 2004-2007).
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The activating solution used in the geopolymer manufacture was prepared with potassium
silicate (SiO2 23 wt % and K20 14.9 wt %) (supplied by Industrias Quimicas del Ebro) and
enough potassium hydroxide to increase the K>O/SiO, molar ratio up to 1.1 (pH of solution

is 13.3).

2.2 Geopolymer preparation

Geopolymers were prepared in a laboratory mixer (5 kg capacity) working at 500 rpm. First
of all, FA and PV were mixed for 2 minutes. Secondly, activating solution was added to the
solid until a workable paste with thixotropic behaviour was obtained (mixing time around 4
minutes). Geopolymer samples were moulded in 35 mm-diameter and 80 mm-high

cylinders plastic moulds and filled to 40 mm-high in order to allow for the expansion of the

material.

Three geopolymers samples were manufactured. Geopolymer sample FA100-PVO0 was
prepared without paval. The final product was a non-porous geopolymeric paste.
Geopolymers FA75-PV25 and FA50-PV50 were prepared with the proportion FA:PV
specified in their name and the final product after geopolymerization was a porous material.
These three geopolymer materials were set at 40 °C for 24 hours. After setting, they were
demoulded and cured at room temperature (average temperature: 20 °C; average relative
humidity: 45 %) for 28 days. One more geopolymer (FA50-PV50) were prepared and set at
70 °C for 24 hours, in order to study the influence of setting temperature. As FA was
replaced by PV, the amount of activating solution needed to obtain a thixotropic and

workable paste was slightly reduced. Geopolymer sample FA100-PVO0 needed 0.52 g

7
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activating solution per gram of solid phase and geopolymers FA75-PV25 and FA50-PV50
needed 0.51 and 0.49 g activating solution per gram of solid phase respectively. In order to
maintain the same water proportion, water additions were carried out during the preparation
of geopolymers with Paval. FA75-PV25 and FA50-PV50 needed 0.006 and 0.016 g of
water per gram of solid phase respectively. The authors tried to prepare one sample mixing
paval (without fly ash) with the activating solution but the paste was neither workable nor

thixotropic enough.

When porous geopolymers had expanded along the mold of 80 mm in height during setting,
samples were cured for 28 days, and were then cut with a saw at 40 mm in height in order
to have the same length for the measurement of open porosity, compressive strength,

acoustic properties and leaching behavior.

2.3. Methods

Geopolymerization reaction and pore generation reactions must be evaluated in order to
study how both reactions could affect the properties of the final products. As FA and PV
are mixed with the activating solution, two reactions take place: the geopolymerization
reaction and the pore generation reaction. The geopolymerization reaction happens when
FA reacts with the activating solution generating different coexistent geopolymeric gels (N-
A-S-H, K-A-S-H) which harden and produce the geopolymer structure. The type of gel
depends on the activating solution and the chemical composition of the raw material
(Fernandez-Jiménez et al., 2006). As fly ash is activated with potassium silicate, the main

gel obtained is K-A-S-H (potassium aluminate silicate hydrate) gel (Fernandez-Jiménez et
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al., 2006, Luna-Galiano et al., 2016). The pore generation reaction occurs as metallic
aluminum reacts with water (Mohammadian and Haghi, 2013) or alkali (Al Bakri et al.,
2011), according to the following reactions:

-Aluminum with water (Mohammadian and Haghi, 2013),

2Al + 6H20 - 2AI(OH)3 + 3H2 (reaction 1)

2Al + 3H20 - Al>O3 + 3H> (reaction 2)

-Aluminum with alkali (Na or K) hydroxides (Al Bakri et al., 2011),

2Al (s) +20H™ (aq) + 6H20 (I) > 2AI(OH)s (aq) + 3H2 (g) (reaction 3)

The first and second reactions lead hydrogen and aluminum hydroxide and aluminum oxide
respectively. Both reactions are highly exothermic and thermodynamically favorable from
room temperature to 660 °C (Digne et al., 2002).

The third reaction produces AI(OH)s from Paval, so more AI(OH)s appears in the
medium available to condensate, and therefore the interaction silicate-aluminate species
could predominate instead interaction silicate-silicate (De Silva et al., 2007).

2.3.1. Volume expansion and setting time

Setting time was determined in order to evaluate the kinetics of the geopolymerization
reaction. This parameter was measured in accordance with the EN 196-3 (EN 196-3, 2005)
using a Vicat needle. The expansion volume (mm) of the geopolymer during the setting
was also measured in order to assess the kinetic of the pore generation reaction. The ratio
between the volume of the material at instant t, V/(t), and the initial volume of introduced
paste, V(0), were the parameters used to identify the expansion volume.

2.3.2. XRD analysis



195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

Geopolymer samples were also evaluated by means of X-ray powder diffraction (XRD) in
order to study their mineral composition and to evaluate the crystalline and amorphous
contents. The amorphous content is one of the key factors to consider because it gives an
idea of the extent of the geopolymerization reaction (Fernandez-Jiménez and Palomo,
2003).

2.3.3. Physical and mechanical properties

Open porosity is deeply linked with the acoustic properties of a material. Open porosity
was determined using the vacuum water saturation method (EN 1936, 2006). Compressive
strength of geopolymer was measured using a compressing test machine (Tinius Olsen-
TO317EDG). The compressive strength tests were performed in accordance with EN 196-1
(EN 196-1, 2006). Four specimens of each type of geopolymers were used to determine
these properties.

2.3.4. Acoustic properties

The acoustic properties of the geopolymeric materials were evaluated measuring the sound
absorption by the transfer-function method described in EN ISO 10534-2 (EN I1SO 10534-
2, 1998). An impedance tube (Kundt tube) was used. The arithmetic mean of the absorption
coefficients (o) at 250 Hz, 500 Hz, 1000 Hz and 2000 Hz, and the Noise Reduction
Coefficient (NRC) were determined. Three specimens of each geopolymer have been
evaluated. The specimens are placed in the Kundt tube in such a way that the incident
sound wave penetrates the material from the more porous zone (upper zone in Figure 3e) to

the less porous zone (bottom zone in Figure 3e).

2.3.5. Leaching test

10
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Given that the fly ash and the aluminum by-product (Paval) are residual materials with a
high hazardous metal content, a leaching test study has been carried out in order to
complete the characterization of the final product. A metal stabilization process may
happen during the geopolymerization reaction, so it is necessary apply a leaching test
resembling reality, e.g. waste in a landfill with rainwater acting on the surface of a
monolith. For this reason, geopolymers were subjected to one of the most commonly tests
for monolith samples in the waste management field in Europe, the NEN 7345 tank
leaching test (NEN 7375, 2005) which uses water as a leach fluid. The leachates were also
measured in the General Research Services of the University of Seville (CITIUS) using
ICP-OES equipment. Cumulative metal concentrations (mg/m?) in the leachates were

compared with the Dutch Decree on Soils Quality (DSQ) limits (DSQ, 2007).

3. RESULTS AND DISCUSSION

The obtained results are presented and discussed in this section in order to analyse the
influence of both the FA:PV ratio and setting temperature on the properties of the

geopolymeric foam.

3.1. Setting time and expansion volume results

Figure 2 represents the setting curves (as Vicat needle penetration percentages) over time of
the geopolymers (Set curves). Curves show three stages. The first stage represents the
plastic period of the setting in which the material has not started to set. The second stage is
the setting period of the material (material shows needle penetration resistance over time).

11
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The final step corresponds to the hardening period. The geopolymer (FA100-PV0)
(prepared without Paval) showed an initial and final setting time of around 15 and 20 h,
respectively.

Figure 2. Expansion volume and setting curves

As fly ash was replaced by Paval, a reduction of setting time was observed. Geopolymer
FA50-PV50 exhibited an initial and final setting time of around 4 and 7 hours, respectively.
In order to explain this fact, the Si/Al ratio in the raw material should be taken into account
since it is a parameter which plays an important role in the setting and final stages strength
(De Silva et al., 2007). Al appears to control the setting of geopolymers. When the Si/Al
ratio is around 1, a quick set is observed. However, when the Si/Al ratio is higher than 1,
the development of reactions is slow. Systems with high Si/Al ratios could produce more
AI(OH)4 in the medium available to condensate. The condensation rate between
aluminate-silicate species is higher than silicate-silicate species (De Silva et al., 2007), with
the consequence of an increase in setting time. In this work, samples FA100-PV0, FA75-
PV25 and FA50-PV50 have an initial Si/Al molar ratio of 2.53, 1.92 and 1.33, respectively.
As can be seen, the substitution of FA with PV produced a decrease in Si/Al in the system
which explained the reduction in the setting time. Setting temperature also affected to the
setting rate. Setting time was reduced when working at 70 °C rather than 40 °C because the
higher temperatures (60-80 °C) increase the dissolution of silica and alumina that
participate in the geopolymerization reaction (Ahmer et al., 2016).

Figure 2 also shows the expansion volume natural logarithm of geopolymers (EV curves).

The geopolymer FA100-PVO0 did not show expansion volume. However, as Paval was
12
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added to the mixture, an increase in the geopolymer volume was evident. This increase in
volume was due to the H> gas released during reactions 1-3. As can be seen, as Paval
content was increased, the expansion volume increased since there was more Al in the
mixture to produce reactions 1-3. In addition, setting at 70 °C instead of 40 °C also
produced a rise in expansion volume due to the positive effect of the temperature in the
Kinetics of pore generation reaction (H2 generation) (Henon et al., 2013).

All expansion volume curves have the same shape (tilted s-shape). There was a period of
time in which expansion volume was null. This period is known as the latency period
(Luna-Galiano et al., 2018, Henon et al., 2013). After that, the expansion volume started to
grow (mainly linearly) due to the release of gas. Finally, expansion volume remained
steady over time. As can be seen, the use of Paval in a proportion of 25 wt% produced an
expansion of volume in the material, which begun at 8 hours. The expansion of volume
started at 4 hours when the proportion of Paval was 50 wt%. In this case, the expansion was
greater. In addition, when th setting temperature was 70 °C the expansion of volume started
at 1 hour and the expansion volume continued growing. These expansion volume results are
related to the production of gas (Hz2(g)) from reactions 1-3.

Analyzing the “Set” and “EV” curves in Figure 2, it can be seen that PV content and setting
temperature affected the latency period (EV curves) as well as the plastic period (Set
curves), reducing both times in such a way that both practically matched. In addition, the
linear period of expansion volume (EV curves) and the setting period (Set curves) also
matched, which is related to the behavior of a bubble in a fluid-plastic medium. When a gas
bubble is generated within the geopolymer it tries to escape from the material to the air. If

the geopolymer has high fluidity (plastic period of setting), gas bubbles can escape easily.
13
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During the setting period, paste loses fluidity and the gas produced cannot escape from the
material because it is trapped in the hardening matrix, producing an expansion of the
geopolymer. So, although H> gas is produced from the initial time, it does not produce
expansion of the material until the material starts to set. If the reaction of
geopolymerization is quick, it is possible to match up the geopolymerization reaction and
gas generation reaction. However, if geopolymerization reaction is slow, gas generated
during the reaction is practically released. Therefore, controlling the geopolymerization and
pore generation reaction rate, it is possible to develop geopolymers with a certain degree of

porosity.

3.2. XRD

Figure 1 also shows the XRD patterns of the geopolymers FA100-PV0 and FA50-PV50.
These patterns have been compared with the raw material patterns (Figure 1) in order to
understand the changes that happened in the raw materials during geopolymerization.

As can be seen, there are few differences between FA and geopolymer FA100-PV0. FA
showed a slight broad reflection in the 26 range 15-38 with crystalline peaks of quartz and
mullite. Geopolymer FA100-PV0 showed a slight shift of the broad peak in the 26 range
(22-38) with respect to FA pattern, which proves the dissolution of SiO4 and AlO4 species
during the geopolymerization reaction (Prud"homme et al., 2010). Quartz and mullite peaks
in the geopolymer FA100-PVO0 were in the same 20 position as the FA pattern but their
intensities were lower, which indicates a lower degree of crystallinity in the geopolymer
than in the fly ash, so some alteration of crystal structure may have taken place

(Prud’homme et al., 2011).
14
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When FA was replaced by PV, certain changes were observed in the geopolymer FA50-
PV50 pattern with respect to the geopolymer FA100-PV0 pattern. Quartz and mullite were
observed in the FA50-PV50 pattern, which come from the fly ash. Their intensities in
FA50-PV50 were slightly lower than in FA100-PVO0 due to the smaller proportion of FA in
the mixture. In addition, other crystalline phase peaks appeared in the geopolymer FA50-
PV50 (corundum, bayerite, norstrandite), corresponding to the PV crystalline phases, but
with much lower intensities than PV. Despite these other crystalline phases, FA100-PVO0
and FA50-PV50 showed similar amorphous phase contents (53.6 and 52.1 % respectively
(calculated using the DIFFRAC.EVA software)), with the same broad peak position.
FA100-PVO0 only undergoes the geopolymerization reaction, so the amorphous content of
the initial formulation was the amorphous content of FA, i.e. 44.7 %. After
geopolymerization, the amorphous content was 53.6 %, i.e. 8.9 point increase. The FA50-
PV50 sample started with an amorphous content of 35.5 % (average between 44.7 and 26.3
% amorphous content of FA and PV, respectively) and after geopolymerization+pore
generation reactions reached an amorphous content of 52.1 % (16.6 point increase). This
involves two things: firstly, the geopolymerization reaction extension in sample FA100-
PV0 and geopolymerization+pore generation reaction extensions in sample FA50-PV50 are
quite similar, slightly higher in the formulation of FA100-PVO0. Secondly, the extent of the
reaction of geopolymerization+pore generation is not as low as expected. Taking into
account that FA is the main reactive agent in the geopolymerization (PV did not
geopolymerize) and the amount of FA is less in FA50-PV50, it seems that the increase in
amorphous content in this sample is also due to the pore generation reaction. In order to

explain this fact, it is necessary to analyze the reactions of pores generation (reaction 1-3).
15
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Reaction 1 forms AlI(OH)s. This reaction is based on the reaction of amalgamated
aluminum with water at room temperature (Pereira Antunes et al., 2002), which uses the
method of Schméh (Schméh, 1946) for bayerite preparation. A precipitate of non-
crystalline aluminum hydroxide is formed in first place, which crystalize to form bayerite.
This crystallization takes place after 20-30 h at room temperature (Pereira Antunes et al.,
2002). In the current work, geopolymer FA50-PV50 set at 5 hours, so there was no time to
form bayerite by means of the Schmah method. The slight presence of bayerite in theFA50-
PV50 pattern supports this behavior and therefore could explain the amorphous content of

the geopolymer prepared with PV.

3.3. Open porosity

Effects of PV content and setting temperature on open porosity are shown in Table 3. As
can be seen, open porosity increased as PV content and setting temperature were increased.
These results are closely connected to the volume expansion values (Figure 2) since the
higher the volume expansion, the higher the open porosity, that is, a more developed porous
geopolymer was obtained. The evolution of bulk density was opposite to open porosity, i.e.
it decreased as FA was replaced by PV, with PV content and setting temperature.

Table 3. Open porosity and compressive strength

Figure 3 shows photographs visualizing the pore size generated after the
geopolymerization-pore generation reaction. Geopolymer FA100-PVO0 (Figure 3a) did not

show visible porosity. Geopolymer FA75-PV25 (Figure 3b) showed visually appreciable
16
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pores, with sizes less than 3 mm. Geopolymer FA50-PV50 (Figure 3c) exhibited higher
pore proportion than FA75-PV25, with sizes less than 5 mm and certain connectivity
between pores. Geopolymer FA50-PV50 set at 70 °C (Figure 3d), revealed the greatest
open porosity and pore sizes, some of these higher than 5 mm.

These high pores appear when small bubbles ascend and begin to coalesce during the
setting time, which produced an improvement in the connectivity between pores. In
general, pore sizes obtained with the introduction of Paval were in the range 1-7 mm. The
range 1-5 mm is considered the most suitable for acoustic absorbing materials (Flores,
1990). Figure 3e) shows the cross section of geopolymer FA50-PV50 cured at 70 °C. As
can be seen, the generation of bubbles produced a highly tortuous macro-porous network.
This network is formed by large and irregular pores connected by small pores located in the
pore walls (Papa et al., 2016), which form a complex channel structure acting as a
Helmholtz"s resonator. As can be observed, this structure was more macro-porous in the
upper zone than in the bottom zone (due to the coalescence commented upon before). This
change in the overall porous structure (low-porous-bottom zone vs high-porous-upper zone)
causes the global channels network to appear as a system where the sound wave may enter
but not leave.

Figure 3. Geopolymer images and cross section of FA50-PV50 70°C

3.4. Compressive strength
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Values of compressive strength at 28 days of curing are detailed in Table 3. Compressive
strength of the geopolymer without Paval (FA100-PV0) was 14.8 MPa. When paval was
introduced into the formulation the compressive strength reduced significantly (to 5.32
MPa with 25 % Paval and 4.23 MPa with 50 % Paval). The setting temperature also
affected the compressive strength: FA50-PV50, set at 70 °C, showed a compressive
strength value of 3.07 MPa. These results are consistent with the open porosity values. In
general, a highly porous material (high porosities with the rest of parameters constant)
displais reduced mechanical properties due to the lower volume/mass ratio (Luna-Galiano
etal., 2018). Font et al., (Font et al., 2017) prepared geopolymer eco-cellular concretes
(GECC) with fluid catalytic cracking catalyst residue (FCC) as a raw material and additions
of recycled aluminum foil powder as pore generating agent and compared with the use of
Al powder. GECC with recycled aluminum and Al powder showed a compressive strength
of 3.5 MPa (density of 690 kg/m®) and 1.87 MPa (density of 590 kg/m?), respectively, at 7
days of curing. Work carried out by Dembovska (Dembovska et al., 2017) concerning
lightweight alkali activated material using different waste (metakaolin, aluminum scrap,
glass and steel plant wastes) showed densities between 380-470 kg/m?, open porosities in
the range 27-30% and compressive strength between 1.1-2 MPa. Zhang et al (Zhang et al.,
2015) prepared geopolymer foam concretes with fly ashes and foaming agents. Densities
were around 1000 kg/m® and compressive strength between 7-10 MPa. As can be seen, the
results obtained in the current work are in the same range of the geopolymers described in

those studies.

3.5. Acoustic properties
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Figure 4 shows the acoustic absorption (a) versus frequency for the four tested
geopolymers. The coefficients of variation were less than 9 %.

In general, all curves showed a broad peak at low frequencies (1-2000 Hz), followed by a
drop and finally a rise from 3500-4000 Hz. The main characteristic of the curves is the high
absorption at frequencies less than 2000 Hz, which are the traffic noise frequencies (road
transportation vehicles such as saloon, utility vehicle, small car, large car, articulated truck
and bus) (Berglund and Hassmen, 1996). The curves also show great absorption at high
frequencies, which are characteristic of noise from impulsive sources such as jack
hammering or pile driving (Berglund and Hassmen, 1996).

Figure 4. Acoustic absorption

The effect of Paval is clear: an increase in acoustic absorption is observed in all frequency
ranges. The effect of temperature setting also affects the acoustic absorption but it is more
apparent at low (less than 1500 Hz) and high (more than 3000 Hz) frequencies. These
results are in good agreement with the porosities. As previously mentioned, acoustic
properties are closely linked with the porous structure of the porous geopolymers since the
sound absorption is closely associated with the friction-energy loss in the wall of pores in a
porous material (Arenas et al., 2017). More specifically, the sound absorption coefficient of
a porous geopolymer is related to the porosity, pore size, tortuosity and permeability in the
pore network through which acoustic energy can travel and be attenuated inside the
material (Arenas et al., 2017b). Porous geopolymers obtained in this work presented
porosities in the range 12-22 %, that is, relatively low porosities. It is well known that

regarding porosity, only open porosity is beneficial to acoustic properties, but if the open
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porosities are very high, the impact of sound in the walls of the porous structure is reduced,
diminishing its sound absorption (Maderuelo-Sanz et al., 2016). Regarding pore size, pore
sizes of geopolymers obtained in this work are between 1-7 mm (see Figure 3). Some
authors (Park et sl., 2005, Flores, 1990) revealed that the sound absorption between 100
and 5000 Hz is produced by pore sizes between 1 and 5 mm. Concerning tortuosity, Figure
3e (cross section of FA50-PV50 geopolymer) shows the macro-tortuous structure of the
geopolymer, which increases the impact of the sound in the wall of the channels since the
wave is finding a network with long, open and tortuous channels to dissipate. With regard
to permeability, it should be taken into account how the wave penetrates in the material. As
commented upon in section 2.3.4, the incident sound wave in the sound absorption test
penetrates through the more porous zone (upper zone Figure 3e) to the less porous zone
(bottom zone Figure 3e), that is, the waves pass through great pores interconnected with
small pores that close the way and so the waves are reflected and must travel through the
channels again, increasing the dissipation of sound energy (Arenas et al., 2015). Therefore,
taking these arguments into account, it is feasible that the porous geopolymers obtained in
this work, although they presented low porosities, show great acoustic absorption, even in

comparison with other highly porous materials (Bujoreanu et al., 2017).

In order to numerically visualize the values of sound absorption, the Noise Reduction
Coefficients (NRC) were calculated as 0.148 for geopolymer FA100-PVO0 (40 °C), 0.221

for FA75-PV25 (40 °C), 0.251 for FA50-PV50 (40 °C) and 0.351 forFA50-PV/50 (70 °C).

3.3. Leaching test
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Results of NEN 7375 as cumulative concentration at 64 days for tested geopolymer are

detailed in Table 4. The Dutch Decree on Soils Quality limits are also listed.

Table 4. NEN 7375 results

As can be seen, Ba, Cd, Co, Hg, Ni, Pb, Sn and Zn are under the detection limit of the
analytical technique. The setting temperature did not significantly affect the leaching results
since cumulative concentration remains practically constant as temperature changed. The
reduction of As and V concentration in leachates as PV content increased in the matrix was
noteworthy. This is mainly due to the high concentration of As and V in the fly ash. On the
contrary, Cr, Cu, Sb and Mo concentrations increased as PV content increased, which is
due to two factors. The first factor is the high content of these metals in Paval. The second
factor is the great leaching-exposed surface of samples with more PV content since these
samples presented higher porosity (see Figure 3). In any case, the Paval by-product
contains large amounts of Zn, Cr, Cu, Ni, Sn and Se, which appear in low levels in the
geopolymeric matrix, which suggests a great immobilization degree of those metals in the
geopolymer. In addition, the fifteen analyzed metals in the four geopolymer materials fulfill
the DSQ limits. Therefore, the manufacturing materials could be used as moulded-building

material in accordance with the Dutch Decree.

3.7. Comparison with other porous geopolymeric materials

The physical, mechanical and acoustic results were compared with those obtained in other

works. Zhang et al (Zhang et al., 2015) prepared geopolymer foam concrete (as described
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in Section 3.4) with densities and compressive strength similar to the current work. They
showed a high sound absorption in the frequencies 40-150 Hz. Our porous geopolymers
(those prepared with paval) showed the highest sound absorption in medium frequency
sound (650-1600 Hz). Hung et al (Hung et al., 2014) manufactured inorganic polymeric
foam with metakaolin and blast furnace slag using different foaming agent (air bubbles)
dosages. Densities obtained were in the range 0.4-1 g/cm?® and compressive strengths
between 7-11 MPa. Their sound absorption curves are different, without peaks and they are
in ascending order with the frequencies. The geopolymer with 1 g/cm? of density (the same
as the geopolymer FA50-PV50 70°C) showed sound absorption coefficients between 0.1-
0.2 (lower than ours). Geopolymers prepared by Papa et al (Papa et al., 2016) contained
metakaolin as a geopolymer raw material and silica fume as a pore generating agent and
were activated with two types of activating solutions (Na or K sodium-silicate). The K
activated geopolymer showed 0.59 g/cm? density and open porosities of 50 %. Sound
absorption coefficient curves were similar to those in this study but with two higher peaks
(0.8-0.9) in the same frequencies as here. A previous study by the authors (Luna-Galiano et
al., 2018) studied the porous geopolymer manufactured using fly ash (geopolymerization
precursor) and silica fume (pore generation agent). The porous geopolymer prepared with
fly ash and silica fume in a proportion of 60-40 in weight (similar to the composition of
FAL0-PV50), set a 40 °C, showed an open porosity of 28 %, compressive strength of 6.9
MPa and NRC of 0.21. The geopolymer FA50-PV50 set at 40 °C showed an open porosity
of 15 %, compressive strength of 4.3 MPa and NRC of 0.25. The results have also been
compared with a conventional porous concrete (CPC) which was prepared using an

Ordinary Portland Cement (CEM 11/B-L32,5N) and coarse aggregates (CA) in a proportion
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of OPC I1: 20/CA: 80 (Arenas et al., 2017). The open void ratio of the CPC was 26%, the
compressive strength at 28 days was 4.5 MPa and the obtained NRC was 0.26. As can be

seen, all the materials show similar mechanical and acoustic properties.

4. CONCLUSIONS

The aim of this work is to analyse how the introduction of Paval (an aluminum industry
waste stream) in a carbon combustion fly ash based geopolymer can produce a porous
geopolymerwith noise-absorbing properties and characterize this porous material. Setting
time, volume expansion, open porosity, compressive strength and noise absorption were
evaluated taking into account the fly ash-Paval ratio and the setting temperature. To
increase the Paval content up to 50 %wt and to increase the setting temperature from 40 to
70 °C accelerated setting of the geopolymer and increased the gas hydrogen release, thus
enhancing volume expansion of the material. Consequently, the open porosity was
increased and therefore the acoustic properties were significantly improved. As the fly ash
and Paval used raised certain leaching concerns with respect to Cr, Mo and Se, the
geopolymers were subjected to the tank leaching test NEN 7375. The final results met the

limits for the Dutch Decree on Soils quality, so the Cr, Mo and Se problem was resolved.
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Table 1. Chemical composition of FA and PV

Moisture LOI Chemical composition (wt %)
(%) 750°C Fe,03 | CaO | MgO | SiO; | AlLOs | NaO | K0
FA 0.05 3.32 5.86 3.94 1.84 63.9 215 0.68 1.67
PV 4.58 8.62 2.45 3.06 5.87 114 75.9 1.61 0.88
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Table 2. Minor elements and metal concentrations obtained after UNE EN 12457-4 leaching test of FA and PV

Minor elements (mg-kg™)

As Ba Cd Co Cr Cu Hg Mo Ni Pb Sb Se Sn \Y/ Zn
FA 24 | 1287 | 3 | 33 | 167 | 97 | 008 | 17 | 102 | 47 | 6 | 19 | 6 | 248 | 136
PV 16 | 2794 | <2 | 18 | 802 | 3550 | <1 | 74 | 320 | 322 | 153 | 562 | 62 | 160 | 2056

UNE-EN 12457 (mg-kg™)

As Ba Cd Co Cr Cu Hg Mo Ni Pb Sb Se Sn \Y/ Zn
FA <0.05 | 037 |<0.005|<0.005| 053 | <003 | <0.05 | 11 | <0.01 | <0.05 | <0.01 | 0.19 | <0.05 | <0.01 | <0.001
PV <0.05 | 052 | <001 | <0.01| 0.02 | <0.015 | <0.005 | 2.49 | <0.05 |<0.015| 0.216 | 0.091 | <0.01 | 0.37 | 0.08
IW-
o ol 05 20 | 004 05 | 2 001 | 05 | 04 | 05 | 006 | 01 4
NHW-
ot |2 100 | 1 10 | 50 02 | 10 | 10 | 10 | 07 | 05 50
HW- 25 | 300 | 5 70 | 100 2 30 | 40 | 50 | 5 7 200
EULFD
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Table 3. Open porosity and compressive strength

Open porosity (%) | Bulk density (kg/m®) | Compressive strength (MPa)
FA100-PV0 40°C 10.0+0.9 1640 + 24 148+ 1.7
FA75-PV25 40°C 119+1.0 1238 + 18 532+0.6
FA50-PV50 40°C 149+13 1056 + 32 423+0.3
FAS50-PV50 70°C 219+22 916 + 27 3.07+04
Table 4. NEN 7375 results

Cumulative concentration (mg/m?) DSQ limits

FA-PV 100-0 | FA-PV 75-25| FA-PV 50-50 | FA-PV 50-50 70°C mg/m?

As 3.78 2.05 1.49 1.28 260
Ba <0.07 <0.07 <0.10 <0.07 1500
Cd <0.07 <0.07 <0.07 <0.07 3.8
Co <0.07 <0.07 <0.07 <0.07 60
Cr 0.31 0.96 2.61 2.65 120
Cu 0.12 0.55 2.49 2.74 98
Hg <0.07 <0.07 <0.07 <0.07 1.4
Mo 1.03 2.34 3.41 3.27 144
Ni <0.07 <0.07 <0.07 <0.07 81
Pb <0.07 <0.07 <0.07 <0.07 400
Sb 0.23 0.34 0.62 0.69 8.7
Se 2.65 2.24 2.66 2.35 4.8
Sn <0.07 <0.07 <0.07 <0.07 50
\ 28.58 19.75 11.21 11.43 320
Zn <0.36 <0.36 <0.37 <0.36 800
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692  Figure 1. XRD patterns of FA, PV and geopolymers FA100-PVO0 and FA50-PV50
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694  Figure 2. Expansion volume and setting curves
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Acoustic absorption (o)

Figure 3. Geopolymer images and cross section of FA50-PV50 70°C
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Figure 4. Acoustic absorption
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